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INTRODUCTORY COMMENTS 

Roy Lee 
Sandia Laboratories 

Livermore, Cal ifornia 

Good morning. large,  be made aware of these computer codes.and tech- 
. . . . 

niques so they can make the best '  use of these e f for t s  . '  

George Kaplan who i s  the Branch Chief of the ~ e n i r a l  for the i r  response to  ERDA's request for  proposa1.s fo r  

Reteiver Solar System a t  ERDA headquarters i s  unable . future central receiver pro jec ts .  Therefore, the  main 

to  come because of his involvement with the selection purpose of. t h i s  get together i s  to  disseminate infor- 

process for  the design of the lOMWe pi lo t  plant. He mation about the existing s t a t e  of the a r t ,  techniques 

has asked me to say a few words in his behalf. Conse- and .compute.r codes, and also t o  encourage exchange .of 

quently, t h i s  morning I am representing .ERDA and Sandia . information amongst special.ists and potential users. 

a t  the same time. F i rs t  of a l l ,  on behalf of ERDA and Let us' hope this.workshop f u l f i l l s  i t s  purpose and 

of Sandia ~abora tor ies ,  I would 1 i ke to  extend a warm will be beneficial for everyone concerned here. 

welcome to those attending th i s  solar workshop and hope 

th i s  workshop will be .beneficial t o  a l l  people here. .This i s  t h e . f i r s t  workshop on the central receiver 

In the l a s t  few years, during the conceptual~develop- system, and we would certainly l ike  to  have. your opin- 
ment of the central receiver solar systcim, considerable , ' ion and feedback on the usefulness of th i s  .works.hop a t  . . 

e f fo r t  has been expended t o  "develop techniques, method- ,.. . :. tomorrow's- session or by phone .or . in writing. 

01 ogy, and computer codes to .  study the optical perform- . . 

ance of the central receiver system. . I t  i s  the inten- I would l ike  to  take th i s  opportunity to thank the 

tion of ERDA to  disseminate these techniques and also University of Houston for  providing f ac i l i t i - e s  :and a l -  

t h i s  collection of computer codes to  as wide an audi- so t o  thank the Solar Energy Laboratory, especially 

ence as possible so that  . this  e f for t  can be p u t  to  good the people who .a re  involved in the workshop and have. 

use. I t  i s  also especial'ly important tha t  prospective expended e f fo r t  t o  make the.workshop a poss.ibility. 

contractors and commercial - companies , ' be they small o r .  
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L o r i n  Vant-Hul l  
Sol a r  Energy .Laboratory 
U n i v e r s i t y  o f  Houston 

. . 

. . 

I n  h i s  in fo rmal  g ree t ings  t o  p a r t i c i p a n t s  o f  t he  Work- . proposals on storage. To fund those on a con t i nu ing  

shop, U n i v e r s i t y  o f  Houstori V ice-President  Barry Muni tz '  . basis,  we have formed a conso r t i a  between-Texas Tech 

mentioned the  So lar  Energy Laboratory and the  Energy and the  U n i v e r s i t y . o f  Houston c a l l e d  t h e  Energy Founda- 

Foundation o f  Texas. I wonder i f  you would say a few t i o n  o f  Texas. . It i s  e s s e n t i a l l y  a research foundat ion 

words about those organ iza t ions  . . t o  c l a r i f y  terms f o r  . . between the  two un i ve rs i ' t i es .  The main reason f o r  t h e  

t h e  group. Foundation i s  t o  be responsive t o  ERDA on proposals. 

U n i v e r s i t i e s  a r e  known f o r  having overhead and f i n a n -  

A l v i n  F. H i ldebrandt  
So lar  Energy Laboratory 
U n i v e r s i t y  o f  Houston 

The So lar  Energy Lab was s,tarted a t  t he  Uni.versi.ty o f  

c i a1  problems w i t h  the  s t a t e  l e g i s l a t u r e s  and, t o  a 

c e r t a i n  ex ten t ,  being somewhat unresponsive t o  l a r g e  

proposals and l a r g e  operat ions. For t h a t  reason, t he  

Energy Foundation o f  Texas was formed t o  have a . r a t h e r  

Houston th ree  years ago. Professor  Vant-.Hull and I . 
s h o r t  response t ime .  and t o  operate more d i r e c t l y  re -  

. . 
sponsive t o  ERDA. were t h e  key people from the  Physics Department t o  s t a r t  . . .  

t he  Lab. Since t h a t  t ime, we have been j o i n e d  by a . . 

number o f  o thers  from the  academic d i  sci .pl  i.nes , i .nc l  ud- 

i n g  Ray Ventworth (Chemistry), Ni.l.1 i.am Prengl e (Chemi-cal L o r i n  Vant-Hull 

Engineering),  and D r .  Waldron who i.s i n  the 'aud ience 

today. We have twenty-f i .ve f a c u l t y  and twenty graduate i e t  me..say a. few words about our  ERDA grant .  We have 

students i nvo l ved  i n  a summer program t o  develop pro- support i n  t h a t  g ran t  f o r  computer code development 

posals and concepts and t o  submit proposals. Through and a l so  support t o  develop the  code center .  This  t ask  

the  years we have submitted programs t o  ERDA and f o u r  i s  two-fold. F i r s t ,  we w i l l  document a reasonable s e t  



o f  o u r  own. codes, prepar ing a  users '  guide f o r  them, 

and-submi t t ing  t h i s  s e t  t o  our  own code center .  These 

w i l l  be made a v a i l a b l e  f o r  qua1 i f i e d  d i s t r i b u t i o n .  

Second,.we w i l l  r ece i ve  codes from those o f  you'who are 

i n . a  -pos.i t.i.on. t o .  submit a  .reasonably documented code.: 

-Sui.ely,HELIOS and MIRVAL w i l l . . b e  among the f i r s t c o d e s  . . 

a v a i l  ab le  from the  1  i brary ,  and o the r  government funded 

.. codes wi.11- be.:fol.lowing s h o r t l y  t he rea f te r ,  I am sure. 

. 1 f a n y o n e h a s . a p r i v a t e l y  developed code t h a t  he wishes : .  
t o  c o n t r i b u t e  t o  the  l i b r a r y ,  we would be w i l l i n g  to. 

accept' i t  a1 so. 

La te r  i n  t h i s  session, D r .  L ipps w i l l  d i s t r i b u t e  a  pre-  

1 imi,.nary. document du r ing  one o f  h i s  t a l  ks which w i  j 1 be 

a  pre.1 im inary  e f f o r t  t o  organize the in fo rmat ion  t h a t  

. . w i  11 be- mai n t a i  ned i n  .the. code center .  

I 
. . . . M ike  Walzel is :  c u r r e n t l y  designated as the coord ina tor  

of t he  code-center ,  a l though he has no t  as y e t  had an 

opportun,i t y  t o  respond t o  the  code center  requirements . 
Our funding became e f f e c t i v e  on l y  a  month o r  so ago. 

He, Fred Lipps, and I w i l l  at tempt t o  ensure t h a t  our  

inventory  of  documented codes i s  kept reasonably up t o  

date and ava i l ab le .  We w i l l  no t  be opera t iona l ,  i n  any 

sense, f o r  several months, f o r  our U n i v e r s i t y  computer 

i s  cu . r ren t l y  being converted from Uni vac t o  ~oneywel  1  , 

.. . . . 

and .we must become f a m i l i a r  . w i  t h  Honeywell operat ions . .  ' , 

before we undertake any opera t ions .  w i  t h  con t r i bu ted  
. . 

codes--reading them, t r a n s l a t i n g  them i n t o  a  form corn-. 

p a t i b l e  w i t h  ours o r  any o ther  computer, e t c .  , I t h i n k '  

t he re  are subs tant ive  problems invo lved i n  t r a n s l a t i n g  

o r  t r a n s f e r r i n g  codes from one computer t o  another, and 

I am n o t  y e t  s u r e  how these problems w i l l  be reso l  ved. . . 

. . 

I' would now 1  i ke t o  t u r n  the  f l o o r  over  t o  Roy Lee 

who w i  11 c h a i r  the. f i r s t  techn ica l  session.. 



~ e o r ~ e  L. Schrenk 
Department of Mechanical Engineering ' . 
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ABSTRACT 

New and powerful analytical techniques.were developed 

in the early 1960's for the design and analysis of 

solar-thermal energy conversion systems for space .power 
applications; these techniques are also most useful in 

the design and analysis of terrestrial .solar-thermal 

systems. The primary uniqueniss.of these techniques is 

that they are based on the fundamental physical reali- 

zations that we have an extended finite-sized source 
and that the resultant radiation transfer must there- 

fore be analyzed using cones, either infinitesimal or 

finite, rather than optical rays as the basic vehicle 

for energy transport. Classical analytical optical 

procedures do not deal with the energy flux distribu- 

tion in the image of an extended source. Accordingly, 

direct analytical methods and their accompaning compu- 

ter codes have been developed for using finite-sized 

cones to treat the finite size flux distribution on any 

arbitrarily shaped absorber surface.. . .  These analytical 

methods include' provisions for evaluating' theeffects 

of both concentrator surface errors and orientation , - - - -- 

-. --& - 

errors. Moreover, a unique distinction is made be- 

tween the prediction of the performance' of a solar 

concentrator before it -is actually built and calcula-' 

tion of the performance on a solar concentrator after 

construction. Utilizing the physical insights gained 

from these direct analytical, methods, a comprehensive 

approach to the design, analysis, testing, and opera- 

tional u'se of solar-thermal systems has been developed 

and 'wi 1 1  be presented. The accompanying computer . 

codes, originally written as large FORTRAN IV programs, 
have recently been rewritten in APL on the APL-PLUS 

Scientific Time Sharing corporation System. As a re- 
sul t , an. extremely powerful and versati 1 e interactive 
mathematical 'solar simulator has been created. APL- 

PLUS service is readily available on a nationwide basis; 

thus, it is. quite easy for anyone, even with only 

1 imi ted programming experience, to uti 1 i ze these exist- 

ing APL routines. 



. - . . 
INTfKlDUCTION .. . . realizations that we have an extended finite-sized 

'M 
'A central plroblem with solar-thermal. energy conversion source. and that the resultant radiation transfer must 

systems utilizing focusing solar concentrators is the be analyzed using cones, either infinitesimal or fin- 

efficient concentration of an adequate quantity of ite, rather than optical rays as the basic vehicle for 

diffuse solar energy into a sufficiently confined energy transport. Classical analytical optical proce- 

space and the subsequent absorption thereof at the dures primarily deal with information transfer and 

desired, often rather high, operating temperatures. resolution, not with the energy flux distribution in 

Furthermore, these desired temperatures must be aPProP- the image of an extended source. Accordingly, proce- 

riately distributed and maintained over a range of dures were developed for using finite-sized cones to 

power demands and environmental operating conditions treat the-finite size of the solar source and there- 

without exceeding local material design limitations. fore to calculate the energy flux distribution on any 

The problems are similar in nature both for distribut- . arbitrarily shaped absorber surface. Direct analyti- 

ed systems (wherein each concentrator has its own cal methods and their accompanying computer codes were 

absorber) and for central tower systems (wherein a - developed--methods that not only can be faster in com- 

1 large field of concentrators utilize a single absorbed. puter time than alternative ~onte-car16 ray trace codes 

In addition,..thermal.energy storage m y  also be,usedto , but also can offer additional valuable physical in- 

stabilize system operation in the presence of wide sights . 
variations in input flux and output load. 

These analytical methods include provisions for evalu- 

Extensive work was carried out by this author and co- ating the effects of both concentrator surface errors 
1 

I workers ,in .the .19601s (Ref. 1-9) to develop. general : . .  ,: and orientation errors. . Moreover, a distinction is 
mathematical simulation procedures to analyze various made between the prediction of the performance of a 

solar-thermal energy conversion systems proposed for solar concentrator before it is actually built and the 

spacePpower systems. Almost all of this work is calculation of the perfornance of a solar concentrator 

I directly applicable to the systems under.consideration after construction. In the first case, before a solar 

today. The primary uniqueness of this 'work is in the . : concentrator is constructed, only the most probable 



solar flux dis.tribution can be predicted at any one Mathematical Solar. Simulator Input Specifications 

point in time. To do 'this, a statistical description 

of the reflector surface contour (accuracy) niust be 

used. This requires a priori knowledge about' the sur- 

face and must therefore be based on engineering- judg- 

ment. 

After construction of a solar concentrator, the basis . 

of the calculation of the solar flux distribution on , , 

the absorber.surface is deterministic rather than 

probabilistic. The concentrator is now a unique, exis- 

ting entity .from which the actual surface contour can _ 
be measured. Only through a detailed measureinent of 

the surface contour and its optical characteristics 

can sufficient information be specified about the solar 

concentrator to allow .a unique simulation of its per- 

formance at any given point in time. This is most . . 

readily accomplished through the use of various.types 

of experimental ray 'trace p.&cedures (Ref. 4):'. There- 

after, the calculation proceeds via the actual reflec- 

I. ,Source Parameters 
A. Solar half angle 

' B. Source type 
1. Uniform 
2. Limb darkening 

I1 ,, 'Ref lector. and Surface Parameters (including 
blockage effects ) 
A. Arbitrarily shaped hypothetical reflector 

surf ace 
1. Perfect surface' 
2. ~mperfect surface (statistical errors 

of all sizes) 
a. One-dimensional normal distribution 

applied to .surface normals 
b. Two-dimensional normal distribution 

applied to surface normals 
Be Actual reflector surfaces (as determined 

by experimental ray trace procedures) 

111. Orientation Parameters 
Orientation errors of all sizes 

IV. vignetting Parameters:: 
~rbitrar~ shape, position, size, and 

. . orientation of opening 

V,. Focal Surface ~arafneters . . 

' Arbitrarily shaped focai surface ' . 

tor contour rather ,than the hypothetical route. 

MATHEMATICAL SOLAR S LMLTLATOR 

The broad sco~e and aeneralitv of this mathematical "-- The term vignetting refers specifically to blockage - . . 

.solar simulator can readily.be seen from the following 
of reflected light by a cavity opening. This is in 
contrast to the term blockage, which is used to 

outline of the available input parameters: - . _  _ refer specifically to blockage (shadowing) of irici- 
.. -. .--- - dent light on the ref'l'eetor? - - ' - .  



The fundamental equat ion  t h a t  must be evaluated f o r  a  A = d i s t a n c e  from (x z  ) t o  r e c e i v i n g  
Q* Yo' 0 - 

given p o i n t  ( i n f i n i t e s i m a l  a r e a )  on a  r e c e i v e r  s u r f a c e  su r f ace  p o i n t  (x4, y-< z-') 

i s  = angle  between l i n e  from (x0, yp, zO)  t o  

111 =[ T ha ? ' X r e c e i v i n g  su r f ace  p o i n t  (XI ,  y  !, 21) and O oncen t r a to r  ~ 1 %  &zd t 3 
s u r f  ace  -5  C' c e n t e r  l i n e  ( c e n t r a l  r a y )  of r e f l e c t e d  

where 
. . 

I/,-,= concen t r a t ion  r a t i o  f o r  t h e  s p e c i f i e d  ' . 
',.' ' I' . . 

p o i n t  (x , y', z ) o n ,  t h e  r e c e i v e r  s u r f a c e  . . 

= c o e f f i c i e n t  of r e f l e c t i v i t y  of t h e  s u r f a c e  
. . 

of t h e  concen t r a to r  

JA = i in f in i tes imal  a r e a  of t h e  concen t r a to r  

perpendicular  t o  t h e  p r i n c i p a l  a x i s  of t h e  

concen t r a to r  ( i . e .  t h e  pro jec ted  a r e a )  loca-  
. . 

t e d  around t h e  p o i n t  x ,  yo, z0) , 

p =, t h e  p r o b a b i l i t y  t h a t  t h e  a r e a -  a t  t h e  p o i n t  

(x0, yo, z ) of t h e  c o n c e n t r a t o r c o n t r i b u t e s  
-0 

t o  t h e  energy f l u x  a t '  ( X ' , ~ ' , Z ' ) . ( O , ( ~ $ ~ )  '* . 

1 . . 

4 = s o l a r  h a l f  ang le  

cone 

@ J J  ' . 8 1 ~ 3 =  : d i r e c t i o n  c o s i n e $  of  concen t r a to r  s u r f a c e  

' . incident  cone ar,d t h e  concen t r a to r  su r f ace  

normal a t  (x0,: yo, zO) 

This equat ion  is  exac t  f o r  a  uniform s o l a r  disk' .  An 

energy f l u x  d i s t r i b u t i o n  i s  obta ined  by eva lua t ing  

thi's double.  i n t e g r a l  over  t h e  concen t r a to r  s u r f a c e  f o r  

var ious  v a l u e s  of (x', y.', and (A+, B+ , 5 ) .  
Furthermore, it i s  no t  necessary  t o  r e s t r i c t  ou r se lves  

t o  uniform s o l a r  d i sks ;  t h i s  equat ion  can e a s i l y  be 

expanded t o  inc lude  Limb Darkening e f f e c t s ,  

1 ' 8 ' = angle  between s u r f a c e n o r m a l  of r ece iv ing  
s u r f a c e  ( A + ,  B+, C+ ) and' l i n e  . . from . : 

.. . . . 

z ) t o  r ece iv ing '  s u r f a c e  p o i n t  (x0, YO, 

(x', y l ,  2') . . 

$: For a  p e r f e c t  c o n c e n t r a t o r , - P  takes  on only  two 

i' . . 
I 

values-1 o r  0-depending on v?hether 3 5 .( Ir 8 >d ', 
I . .  r e s p e c t i v e l y .  For an  imperfect  concen t r a to r ,  P can 

I t ake  any va lue  between 0 and 1. 



. . 

' A d e t a i l e d  d e s c r i p t i o n  'of t h i s  mathematical s o l a r  . a c t u a l  energy f l u x  p e r . u n i t  a r e a  i n c i d e n t  on a 
. . 

I sisiiulator i s  beyond t h e  scope of t h i s  paper; a  more . ,  given f o c a l  s u r f a c e  poin t ;  

I zomplete d e s c i i p t i o n  is given i n  Ref. 2-4. A s  can .. = p o l a r  o r i e n t a t i o n  ang le  between t h e  c e n t r a l  r a y  

r e a d i l y  be seen,  t h e  outp& of t h i s  s imula t ion  i s .  t h e  from t h e  sun and t h e  o p t i c a l  a x i s  of t h e  r e f l e c -  
. . energy f l u x  d i s t r i b u t i o n  on a s p e c i f i e d  absorber  sur -  . ' t o r ;  

= power concent ra ted  i n  brea  ljrr2 a s  a  face--assuming a  s p e c i f i c  d e f i n i t e  o r i e n t a t i o n  e r r o r ;  7 c o l l e c t i o n  
f r a c t i o n  of t h e  t o t a l  power r e f l e c t e d  such r e s u 1 . t ~  must then  b e ' i n t e g r a t e d  over  " typica l"  

ope ra t ing  days wi th  an  appropr i a t e  s t a t i s t i c a l  d i s t r i -  . . .  from t h e  reflector;:" 

I bu t ion  of o r i e n t a t i o n  e r r o r s  being fo lded  i n t o  t h e  

r e s u l t .  

The power of t h i s  mathematical . so l a r  s imula tor  can  

b e s t  be seen  by examination of some t y p i c a l  r e s u l t s .  

The importance of s u r f a c e  contour  -and o r i e n t a t i o n  

accuracy  can  be e a s i l y  understood by examination of 

t h e  i n c i d e n t  f l u x  d i s t r i b u t i o n  on a p lane  f o c a l  sur-  

f a c e  perpendicular  t o  t h e  o p t i c a l  a x i s  and: i n t e r s e c t i n g  . , 

, . 

t h e  o p t i c a l  a x i s  a t  t h e  p o i n t  source  focus. .Let t h e  

I source be a uniform d i s k  subtending a h a l f . a n g l e  . . 

I of  .00465 r a d i a n s  (approximately 1 6  mine of a r c ) .  Le t  

(5; = c i r c u m f e r e n t i a l  s tandard  d e v i a t i o n  df t h e  s u r f a c e  
, . 

. . $3: Tota l  power r e f l e c t e d  from t h e  . r e f l e c t o r  t (co- 
normal: . 

I 
- 

=,radial standard deviation of thO , . e f f i c i e n t  of r e f l e c t i o n )  x  ( t o t a l  power i n c i d e n t  
Y 

= l o c a l  concen t r a t ion  r a t i o  of r e f l e c t e d .  l i g h t .  . . 
on' t h e  r e f l e c t o r ) ;  r denotes .  t h e  f o c a l  p l ane  

I 
- 

rad ius .  M u l t i p l i c a t i o n  of I by t h e  s o l a r  cons t an t  and 

t h e  c o e f f i c i e n t  of r e f l e c t i o n  r e s u l t s  i n  t h e  

PROCEEDINGS--SOLAR WORKSHOP. 



FUNDAMENTAL PHYSICS OF CONE OPTICS 2 4 

Figure 1 shows t h e  e f f e c t  of su r face  contour e r r o r s  on po in t s  i n  a f o c a l  plane (Ref. 4). Such a choice, how- 

t h e  performance of a p e r f e c t l y  al igned parabol ic  con- ever, i s  a s u p e r f i c i a l  approximation bearing no r e l a -  

c e n t r a t o r .  Figure 2 shows the  e f f e c t s  of s o l a r  mis- t i o n  t o  the  f ab r i ca ted  s t r u c t u r e .  For a d i s t r i b u t i o n  

o r i e n t a t i o n  on t h e  performance of a parabol ic  s o l a r  funct ion  t o  have any re levance  t o  manufacturing proce- 

concentrator:. with a p e r f e c t  surface.  However, s ince  . . dures,  it. must be applied '  d i r e c t l y  to, the  su r face  nor- . . 

no energy transformation occurs a t  t h i s  point  i n  an mals; only the choice of d i s t r i b u t i o n  funct ion  remains 

a c t u a l  system, these  r e s u l t s ,  though v a l i d  f o r  the  det-  unanswered. 

ermination of 
T c o l l e c  t i o n  

can be taken only i n  a qual- 

i t a t i v e  sense f o r  design purposes. These r e s u l t s  show, Considerable research  has been devoted t o  e s t a b l i s h i n g  

f o r  example, the  extreme s e n s i t i v i t y  of c o l l e c t i o n  the  v a l i d i t y  of  the  normal ,d i s t r ibu t ion  a s  applied t o  

eff . icier icy. to both su r face  and o r i e n t a t i o n  e r ro r s . .  The surface  normals. While t h e  quest ion has not  been 

random e r r o r s  of the  surface  normals'which a r e  r e l a t e d  answered f o r  a l l  conceivable types of s o l a r  c o l l e c t o r s ,  

t o  concentra tor  f a b r i c a t i o n a l  techniques a r e  most in- those s tudied  t o  d a t e  have been found t o  possess sur-  

s trumental  i n  spreading the  r e f l e c t e d  f l u x  beyond a f ace  e r r o r  c h a r a c t e r i s t i c s  t h a t  a r e  reasonably wel l  

f ixed ape r tu re  i n  the  f o c a l  plane. The f l u x  spreading represented by a normal d i s t r i b u t i o n  applied t o  sur- 

due, to- mFsorientation i s  l a r g e l y  d i r e c t i o n a l  and. can 

. b e  compensated 'somewhat by automatic con t ro l  o f - t h e  

concentra tor  and c a v i t y  locat ions .  

E i t h e r  a one o r  two dimensional normal d i s t r i b u t i o n  of 

su r face  normals i s  employed i n  t h i s  s imulat ion t o  

p r e d i c t  the.most  probable performance.of a s o l a r  con- . ' 

cent ra tor , .before  it i s  b u i l t .  ,Other choices of e r r o r  

d i s t r i b u t i d n  functions and frames of .  re ference  a r e  

poss ib le  and have been employed. For example, a normal 

d i s t r i b u t i o n  funct ion  can be applied t o  a s c a t t e r i n g  of 

f ace  normals., For example, experimental r a y  t r a c e  

d a t a  (Ref. 5)  taken on  the  . TAPCO S I N  4 r e f  l e c t o r  ,' and 

reduced t o  5 ' s  and 5 ' s  i n  the  mthemat ica l  s o l a r  .. 

simulator  i s  shown i n  Figure 3 .  This f i g u r e  r ep resen t s  

the  a c t u a l  cumulative probability'distribution p l o t s  

. re fer red  t o  a normal d i s t r i b u t i o n  taken about t h e  mean 

e r r o r s .  The. da ta  cons is ted of 5771 individual  r a y  

i n t e r c e p t  po in t s  measure& :by TAPCO1s g r id  inspect ion  
. .  . 

technique (Ref. 5). A s  would be expected from d e t a i l e d  

inves t iga t ion  over the  re'f l e c t o r  surface ,  the  l o c a l  

values of q a n d G  can vary considerably from hub t o  r i m  Y 



. , . . 
. . 

60' Paraboloidal Concentrators R ' = 1.0 ': 

Figure 1. Surf ace error e f  f e c t s  f o r  a 60° paraboloidal so lar  concentrator 
wi'tPi'=perF@ct so lar  orientation; r= f o c a l  zone radius,, R= pncentrator  radius .  - . 
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60' Paraboloidal  Concentrator  -- R - 1.0 0 r =  Y 0 

0 ,do\( .608. - 0 1 2  .Olb -020 ' .02y .OL8 .03L . . 

. Focot Plone Rodlus ,  r . . 

Figure 2. O r i e n t a t i o n  e f f e c t s  f o r  a  60' paraboloidal  concentra tor  with a 
p e r f e c t  s u r f a c e  contour. qo =Z of  energy c o l l e c t e d  wi th in  a c i r c l e  of  
r a d i u s  .011 centered  about the  p r i n c i p a l  axis .  



Error in units o f  (Up o r  dJ?.,. ' 

Figure 3. Surface error distribution for the TAPCO SIN 4 solar concentrator. 
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and. from azimuthal  zone t o  another .  ' For t h i s  TAPCO . 

r e f l e c t o r  by s o r t i n g  t h e  d a t a  i n t o  a  number of small 

azimuthal  and r a d i a l  zones, it - w a s  found- t h a t  6& 

ranged from 1.3 '  t o . 9 . 8 '  a n d Q  va r i ed  from 9.0' to4.8' .  : 
Y 

A s  pointed out  prev ious ly ,  u s e f u l  q u a n t i t a t i v e  r e s u l t s  

from a  s o l a r  concen t r a to r  s imula t ion  r e q u i r e  a  de t e r -  

minat ion of t h e  a c t u a l  f l u x  d i s t r i b u t i o n  on t h e  absor- 

ber- .  s u r f a c e  i t s e l f  (as  opposed. t o  a  p lane  f o c a l  sur -  

f ace ) .  This r e q u i r e s ,  i n  t u rn ,  t h a t  a  p a r t i c u l a r  fo- 

c a l  zone s u r f a c e  be s p e c i f i e d  p r i o r  t o  use  of t h e  

mathematical s o l a r  s imula tor .  F igure  4 sho~rs  t h e  

d i s t r i b u t i o n  of i n c i d e n t  s o l a r  f l u x  on the  wa l l s  of a  

t y p i c a l  c y l i n d r i c a l  c a v i t y  absorber  with su r f ace  e r r o r s  

as s p e c i f i e d  thereon.  The sharp v a r i a t i o n  of f l u x  

d i s t r i b u t i o n  on t h e  c y l i n d e r  i s  r e a d i l y  apparent  and 

sugges ts  t h a t  r a d i c a l  means m u l d  be necessary i n  

c a v i t y  des ign  t o  equa l i ze  t h e  r e s u l t a n t  temperature 

and n e t  h e a t  t r a n s f e r  d i s t r i b u t i o n s  i f  t h i s  configura-  
I 

t i o n  i s  t o  be employed wi th  a h e a t  exchanger expect ing 
I 
I a  r easonably  uniform f l u x  d i s t r i b u t i o n .  The s p h e r i c a l  

c a v i t y  con f igu ra t ion  shown i n  F igure  5 ob ta ins  a  con- 

s i d e r a b l y  more unif.orm f l u x  d i s t r i b u t i o n .  The l a r g e  

d i f f e r e n c e  i n  f l u x  l e v e l  between.Figures  4  and 5 i s  

due t o  t h e  r e l a t i v e  . . s i z e s  chosen f o r  t hes~e  c a v i t i € s  i n  

ob ta in ing  t h e s e  sample r e s u l t s  and i s  not  i n h e r e n t l y  
. . 

. r e l a t e d  t o  t h e  c a v i t y  con f igu ra t ions .  

SOLAR-THERMAL INTERFACES . . ' 

. . 

Fundamental t o  solar- thermal  energy co'nversion systems 

i s  a  thorough understanding o f  t he  solar- thermal  i n t e r -  

f ace .  . . 

This mathematical s o l a r  s imula tor  has allowed us  t o  

explore i n  d e t a i l  t h e  app ropr i a t e  i n t e r f a c e s  between 

var ious  system components. For example, t he  concen- 

t r a to r / cav i ty -abso rbe r  i n t e r f a c e  has been explored i n  

d e t a i l .  Plane f o c a l  s u r f a c e  r e s u l t s  have been used i n  

t h e  p a s t  both a s  a  means of comparing var ious  concen- 

t r a t o r s  and f o r  opt imizing concent ra tor  des igns .  The 

v a l i d i t y  of t h i s  approach, however, i s  r a t h e r  dubious. 

.This  approach was based on the  premise t h a t  t h e  pre- 

. d i c t i o n  of t h e  performance of t h e  h e a t  r e c e i v e r  could 

e f f e c t i v e l y  be i s o l a t e d  from t h e  r e f l e c t o r .  More spec- 

. i f i c a l l y ,  It was usua l ly  assumed t h a t  r e r a d i a t i o n  

l o s s e s  from t h e  h e a t  r e c e i v e r  could be c a l c u l a t e d  a s  
. . . . 

. i f  t he  c a v i t y  opening were a  simple gray body. . The 

r e f l e c t o r  des ign  was then  opt imized .on  the  b a s i s  , o f .  

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

T ~ P C O  S/N 4  i s  a '  5.0 f t .  diameter  60' rim. ang le  

parabolo ida l  r e f l e c t o r  f a b r i c a t e d  from e i g h t  r i g i d  

aluminum honeycomb-sandwich segments. 



60' ~araboloidal  concentrator 

. . . . Normalized Axial Position - . Z . . Normalized Radial Position - X 
- 2 9 Figure 4 .  Incident solar f lux  distribution on the.  walls of a typical cylindrical cavity .. 
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55O Paraboloidal Solar Concentrator 
e e 

e.3, 5-6 , p = 0  

Figure..-5. Incident.. so lar  f l u x  distr ibut i  . . 

. . . . 

.on o ~ t h e -  wal ls  o f  a typical  hemispherical cavity.  



Deta i led  c a l c u l a t i o n s  of h e a t  r e c e i v e r  performance have 

shown t h a t  t h e  assumption t h a t  t h e  c a v i t y  opening.can 

be considered a s  i f  it were a simple gray body i s  in- 

c o r r e c t ;  i n  f a c t ,  t h e  r e r a d i a t i o n  l o s s e s  f o r  h igh  temp- 

e r a t u r e  c a v i t i e s  a r e  u s u a l l y  much g r e a t e r  than  would 

be. expected f r o m  s impie' g ray  and/or  black body c a v i t y .  

concepts  (Ref. 1,2,10). Thus, t h e  opt imiza t ion  of t h e  

concen t r a to r  des ign  can  no 1onger .be  considered inde- 

pendent of t h e  cav i ty ;  i n s t ead ,  they  must be op t imized .  

as a system. Deta i led  c a l c u l a t i o n s  of t h e  h e a t  r 'eceiv- 

e r  performance a r e  e s s e n t i a l .  

NOW, i n  t h e  d e t a i l e d  p r e d i c t i o n  of c a v i t y  performance 

another  ques t ion  a r i s e s  t h a t  makes t h e  use fu lnes s  of 

p lane  f o c a l  s u r f a c e  r e s u l t s  even more dubious. I n  or- 

d e r  t o  c a l c u l a t e  t he  performance of t h e  c a v i t y , . i t  i s '  

necessary  t o  know the  energy f l u x  d i s . t r i b u t i o n  on t h e  

wa l l s  of t h e  cav i ty .  Before t h e  development of t h i s  

extended mathematical model (Ref. 3 ) ,  it was .not .pas- 

s i b l e  t o  c a l c u l a t e  t h i s . e n e r g y  f l u x  d i s t r i b u t i o n  d i - '  

r e c t l y .  In s t ead ,  it was necessary t o  t ake  p lane  f o c a l  

s u r f a c e  r e s u l t s  and m k e  a c r u c i a l  assumption about  t h e  

cording . to  ~ a n i b e r t l s  Law ( i  .e . , t h e  cos ine  law). ' Thus, 

t h e  predic ted  e n e r g y . f l u x  on plane f o c a l  s u r f a c e s  was 

'used--via'-Lambert's law--to c a l c u l a t e  t h e  s o l a r . e n e r g y  

f l u x  inc iden t  on t h e  wa l l s  of t h e  c a v i t y .  C lea r ly ,  

t h i s  type of .approach tends  t o  i s o l a t e  t h e  s tudy  and . . 

des ign  of t h e  c a v i t y  from t h a t  of t h e  r e f l i c t d r ,  al- 

though t o  a l e s s e r  degree than  t h e  s imple gray c a v i t y  

approach. (An a l t e r n a t i v e  assumption occas iona l ly  

.made i s  t h a t  t h e  energy f l u x  d i s t r i b u t i o n  on a spher i -  

c a l  su r f ace  i s  uniform (Ref. 9 ) .  This  can  a l s o  be 

shown t o  be i n  s u b s t a n t i a l  e r r o r  - s e e  Fig.  5 ) .  With 

t h e  development of t h i s  genera l ized  mathematical model. 

(Ref. 3 )  i s  was p o s s i b l e . f o r .  t h e  f i r s t  time to .  inves- 

t i g a t e  t h i s  assumption. Various systems have been 

analyzed (Ref. 1 , lO) and t h e  r e s u l t s  c l e a r l y  i n d i c a t e  

. . t h a t  Lambertls Law is  i n  s u b s t a n t i a l  e r r o r  f o r  b o t h .  

p e r f e c t  and imperfect  concent ra tors .  I n  fac t ,  t h e  

v a r i a t i o n s  & r e  o f t e n  such t h a t  t h e  use  of t h i s  assump- 

. t i o n  f o r  t h e  des ign .  of a system could lead  t o  s i g n i f i -  

c a n t  .problems and/or  f a i l u r e s .  F igure  6 shows a t y p i -  

c a l  f l u x  d i s t r i b u t i o n  on t h e - w a l l s  of a c y l i n d r i c a l  

r ece ive r .  The concen t r a to r  cannot be i s o l a t e d  and in-  

d i r e c t i o n a l  d i s t r i b u t i o n  of t h e  r a d i a t i o n  e n t e r i n g  t h e  dependently optimized from t h e  absorber;  they must be 

c a v i t y .  The d i r e c t i o n a l  assumption o r d i n a r i l y  made s t u d i e d  a s  i n t e r a c t i n g  components of a ,  t o t a l  s y s t e m ' ' .  

(Ref. 7,8) i s  t h a t  t h e  c a v i t y  opening can be t r ea t ed .  a s  wi th  t h e  system being optimized from a '  t o t a l  system 

i f  it were a plane su r f ace  t h a t  emi t ted  rad-iati0.n ac- view-po int. .  . . 
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6 0' PARABO M IDAL RE FLEC TOR 

R = 1.0 

q =  ry = o  
CYLINDRICAL CAVITY 

R = .03 
C 

R = :006 
open 

T c o l l e c  t i o n  = .90 

LAINBERT ' S LAW 

LAMBERT'S LAW k 
- : - 

7 - = s  L-u 
0 2 .03 06 .09 ,,A12 .I5 x.18 .03 - x 0 .03 - x 0 - 0 3  - r 0 - 

Figure 6 .  Inc iden t  energy f l u x  on t h e  w a l l s  of  a  t y p i c a l  c y l i n d r i c a l  c a v i t y  f o r  a  60' 
parabolo ida l  r e f l e c t o r  wi th  5 = G = 0. 

Y 



The next  s t e p  i s  t h e  s imula t ion  of t h e  c a v i t y  absorber  

systen--the intermedi.ate l i n k  i n  t h e  energy transforma-. 

t i o n  between t h e  s o l a r  concen t r a to r  and t h e  conversion .' 

subsystems. I t s  i n t e r f a c e  wi th  t h e  s o l a r  c o l l e c t o r  i s  

t h e  s o l a r  f l u x  d i s t r i b u t i o n  on the c a v i t y  wal l ,  a s  de- , 

termined above, while  - i t s  i n t e r f a c e  wi th  t h e  conversion 

subsystems i s  taken a t  t h e  same phys i ca l  s u r f a c e  and i s  , 

descr ibed  by a s p e c i f i c a t i o n  of t h e  n e t  l o c a l  h e a t  

t r a n s f e r  r a t e  a s  a f u n c t i o n  of c a v i t y  wa l l  ( i n t e r f a c e )  . 

temperature.  

Because of t h e  many v a r i a b l e s  p r e s e n t  i n  t h e  s p e c i f i c a -  

t i o n  of a c a v i t y  con f igu ra t ion ,  a c a v i t y  absorber  does 

no t  r e a d i l y  lend i t s e l f  t o  a genera l ized  des ign  anal-  

y s i s .  To d a t e ,  only s p e c i f i c  geometries have been ex-. 

p lored .  While it i s  no t  app ropr i a t e  t o  go i n t o  speci-  

- f  i c s  i n  t h i s  paper,  t h e  r e s u l t s  and experience tha t  

have.  been obtained c l e a r l y  show t h a t  t h e  c a v i t y  can be 

a major des ign  problem (Ref. 1,9,10); a very  de ta i l ' ed  

c a v i t y  a n a l y s i s  must always be made i n  o rde r  t o  estim- 

a t e  c a v i t y  performance accu ra t e ly .  Furthermore, s i n c e  

t h e  i n c i d e n t  f l u x  d i s t r i bu t iox i  on t h e  c a v i t y  w a l l  i s  a . 

f u n c t i o n  of t h e  a c t u a l  concen t r a to r  con f igu ra t ion  used 

and s i n c e  t h e  c a v i t y  w a l l  temperature d i s t r i b u t i o n  i s  

a f u n c t i o n  of whatever connects t o  t h e  c a v i t y  wa l l s  

( thermal  energy s t o r a g e  m a t e r i a l  (Ref.. 9 ) ,  h e a t  exchan- 

ger ,  e t c . )  t h e ' c a v i t y  cannot be s. tudied and optimized . .  

independently.  A t o t a l  systems approach must be u t i1 . i -  

. zed. . . 

A s  r e a d i l y  apparent ,  t h i s  s o l a r  s imu la to r  i s  n o t  r e -  

. s t r i c t e d  t o  .parabolo ida l  concen t r a to r s  wi th  c a v i t y  . . 

r e c e i v e r s .  . I t . i s  f u l l y  a p p l i c a b l e  t o  va r ious  c e n t r a l -  

r e c e i v e r  systems wi th  t h e  app ropra i t e  i nc lus ion  o f .  

shading 'and blocking e f f e c t s  i n  t h e  d e f i n i t i o n  of t h e  

concent ra tor '  surface. ,  It i s  a l s o  a p p l i c a b l e  t o  va r ious  

d i s t r i b u t e d  systems - e.g., l ine- focus  s p h e r i c a l  con- 

c e n t r a t d r s  (Figure 7 shows t h e  s o l a r  f lux d i s t r 2 b u t i o n  

of a s p h e r i c a l  concen t r a to r  l ine- focus  system - ~ e f . 1 1 )  

MATHEMATICAL SIMULATOR STATUS 

The mathematical s o l a r  s imula tor  descr ibed  h e r e i n  w a s  

o r i g i n a l l y  made ope ra t iona l  a s  l a r g e  FORTRAN I V  pro- 

grams. More r e c e n t l y  t h e  o r i g i n a l  o p t i c s  programs 

:have been rewr i t . t en  i n  APL on. t h e  APL-PLUS S c i e n t i f i c  ..' 

Time Sharing Corporation System. A s  a r e s u l t  o f  com- 

b in ing  t h e  power and v e r s a t i l i t y  of APL wi th  t h e s e  

d i r e c t  a n a l y t i c a l  methods, a n  extremely powerful and 

v e r s a t i l e  i n t e r a c t i v e  mathematical s o l a r  s imu la to r  has  

been c r e a t e d .  



1
 

r
.c

n
 

P
,

m
 

=I
 

0
'
 

In
 

o
 

z
m

 r
 

n
o

.
 P

, 
r
r
r
-
n

 *
l
 

3
-

<
 I
D

 
0
 

P
,

m
 

.o
.r

tl
 

n
 

'
n

C
r

 
P

, 
3

m
 C

 
O

+
P

,
 

X
 

r
t

l
+

r
t

c
n

 
'U

 
4
 

n
r

t
r

r
~

r
 

I
T

3
-
c

o
V

,
 

ru
 

tu 
ID 

t-
1 

1.
1'

 
..

 
r
.
r
l
 

C
o

n
c

e
n

tr
a

ti
o

n
 R

a
ti

o
 

r
r

-
1

 



APL-PLUS service is readily available' on a nationwide 

basis; thus, it is quite easy for anyone, even with. . 

only limited programming experience, to .utilize these 

existing APL routines -,without the.numerous difficul- 

ties inherent in making large programs operative.on . 

different computers. .. . 

CONCLUSIONS - 
The design of a solar-thermal energy conversion system 

0 * 
depends on a large .number of parameters that relate to 

the characteristics of the solar concqntrator and the - 
absorber. Some of these parameters are.readily.. amen- . . 

able to experimental determination; others are not. A 

balanced experimental-mathematical s.imulation procedure. 

for the solar-thermal.subsy5tem has been described. 

This procedure has':.been demonstrated to be capable- of ' 

quantitative evaluation of the variables critical to 

.the design of a realistic solar-thermal energy convec-. 

sion system. 

The basis for an actual system design cannot be inferr- 

ed from the specific results presented in this paper. 

These results have been presented solely to illustrate 

the power of the tools now available and to.indicate 

problem areas which must'be'subjected to a thorough 

thermore, once a design is obtained and reduced to 

practice, these same simulation tools can be used to 

evaluate the performance of the hardware. 

A mathematical model for analysis .of actual solar con- 

centrators 'has been developed. This solar concentrat~r 

model is truly a mathematical solar simulator; thus it 

is a necessary and indispensable tool in any realistic 

.systems study involving a solar concentrator, . Because 

of the broad scope and generality of this model and the 

ease of availability through' the nationwide Scientific 

Time Sharing corporation APL-PLUS ~ e t m r k ,  its perfec- 

tion now provides the solar-thermal energy conversion 

system designer with tools that have been heretofore. 

unavailable. Its use can lead, to substantial econom- 

ies--bo.th in time and in money--in the d'esign, con-. 

struction, and testing of solar-thermal energy conver- 

sion power systems ." 

parametric investigation for any proposed .design; Fur-. 
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ABSTRACT 

Michael D. Walzel 
So lar  Energy Laboratory 
U n i v e r s i t y  o f  Houston 
Houston, Texas 77004 

Computer programs developed a t  the  U n i v e r s i t y  o f  Houston 

So la r  Energy Laboratory i n v o l v i n g  the  ca lcu l .a t ion  of 

images formed by he1 i o s t a t s  comprise an . i n t e g r a l  p a r t  of 

t h e  system s imula t ion ,  op t im iza t i on  .and design phases 

f o r  . the s o l a r  tower method o f  s o l a r  energy c o l  lect ton. .  

Four subrout ines a re  c u r r e n t l y  ava i l ab le .  The kout ines 

vary  i n .  method, capabi 1 i ty, .computer -t ime requirements, 

and accuracy. 

Two subrout ines can s imulate f l a t  polygonal r e f l e c t o r s .  

A subrout ine  c a l l e d  FLASH provides an exac t , .ana ly t i c  

r e s u l t  f o r  r e f l e c t e d  sun1 i g h t .  The sun. i s  represented : 
by an a n a l y t i c  func t ion ,  and an i n t e g r a t i o n  i s  performed 

over  t he  v i s i b l e  p o r t i o n  o f  t he  sun as viewed from s e l -  
l 

ec ted nodes on an image plane. HCOEF i s  a subrout ine  

u t i l i z i n g  Hermite'polynomials.'resulting i n  an a n a l y t i c  

func t ion  f o r  .the image which may be evaluated a t  any 

p o i n t  on the  image plane. The Hermite f u n c t i o n  method 

i s  much faste.r,. b u t  l ess  accurate. than FLASH.. 
. . 

. . 

TWO o the r  subrout ines can :handle a r b i t r a r y  r e f l e c t o r  ' . , ' - 
surfaces and boundaries. . I n i t i a l l y  a s e t  o f  c e n t r a l  

rays . f rom the  sun i s  t raced t o  the  image plane f o r  a ' . 

se lec ted  s e t  of nodes i n  t he  m i r r o r  surface. SUNCONE 

places a s o l a r  image o f  c o r r e c t  - s i z e  and power a t  each 

r a y ' s  impact po in t .  This  neglects the  s i z e  o f  t he  

m i r r o r  element which the  ray  represents. HFOCUS, a 

m o d i f i c a t i o n  o f  HCOEF, uses the  'same s e t  o f  'impact 

PROCEEDINGS--SOLAR WORKSHOP 
.,. . 



. . IMAGE GENERATION .FOR SOLAR CENTRAL RECEIVER, SYSTEMS 4 0  

I p o i n t s .  t o  f i n d  moments f o r  t he  m i r r o r  as r e q u i r e d  by t r a c i n g  sub rou t i ne  which c a l l s  e i t h e r  SUNCONE o r  
t h e  Hermi te  f unc t i on  method. The moments o f  t h e  image 

approach t h e i r  a n a l y t i c  values t o  an extend dependent 

upon t h e  number o f  t r a c e d  rays.  

1.0 INTRODUCTION - IMAGE GENERATION FOR SOLAR CENTRAL 

RECEIVER SYSTEMS 

F o r t r a n  subprograms which c a l c u l a t e  t h e  f l u x  o f  s u n l i g h t  

from a  h e l i o s t a t  on an image p lane  comprise t h a t  p o r t i o n  

o f  t h e  system s i m u l a t i o n  package known as image genera- 

t o r s .  l les ted w i t h i n  loops o f  t he  c a l l i n g  program, YEAR, 

these  subrou t ines  can be c a l l e d  t o  compute f l u x  f o r  any 

h e l i o s t a t  l o c a t i o n  f o r  any t ime o f  t he  year .  Coupled 

w i t h  assoc ia ted  subrout ines,  image generators  p rov ide  

i n t e r c e p t i o n  f r a c t i o n s ,  a im ing  s t r a t e g y ,  and f l u x  'maps 

on a  rece i ve r .  These ou tpu ts  a r e  necessary f o r  t h e  sim- 

u l a t i o n ,  o p t i m i z a t i o n  and f i n a l  performance da ta  needed 

HFOCUS. 

A c o n f i g u r a t i o n  common t o  a l l  t h e  image generators  and 

every image generated i s  the. r e1  a t i o n s h i  p. between t h e  

.sun, he1 i o s t a t  and image plane. ( F i g u r e  1  ) The u n i t  

normal a t  t h e  o r i g i n  o f  t h e h e l  i o s t a t s  ' r e f 1  e c t i  ng sur-  
A 

face, w, b i s e c t s  t h e  ang le  between a  c e n t r a l  r a y  o f  t h e  
A A A 

sun, s  and t h e  o p t i c  ax i s ,  ro. ro i s  a  u n i t  v e c t o r  
0 ' 

o r i e n t e d  a long  a  1  ine. f rom t h e  c e n t e r  o f  t h e  he1 i o s t a t  

t o  t h e  o r i g i n  o f  t h e  image plane. The o r thogona l  u n i t  

vec to rs  h and 1  i e  i n  t h e  p lane  o f  t h e  he1 i o s t a t  w h i l e  
A A A  

(x ,y , ro)  o r i e n t s  t h e  image plane. The d i s t a n c e  a long  
A 

r f rom t h e  h e l i o s t a t  t~ t h e  image p lane  i s  c a l l e d  t h e  
0 

s l a n t  range. 

The o r i g i n  o f  t h e  image p lane  i s  l o c a t e d  a t  t h e  c e n t e r  

o f  t h e  rece i ve r .  The ph i losophy  of  r e c e i v e r  subrou- 

t i n e s  i s  t o  t ake  t h e  i n te rmed ia te  image p lane  s tep  t o  

t o  des ign and. c h a r a c t e r i z e  a  s o l a r  ' cen t ra l  r e c e i v e r  a l l o w  severa l  r e c e i v e r s  t o  be s t u d i e d  f rom one s e t  o f  
. . 

. system.. . . .  
. . 

images. The p o i n t s  on t h e  r e c e i v e r  wh i ch  r e q u i r e  a  ; . .  . 
. . 

. ,. . . . f l u x  e v a l u a t i o n  a r e  p a r a l l e l  t o  t h e  o p t i c  . 
Four subprograms named FLASH, HCOEF, SUNCONE and HFOCUS 

a r e  ava i  l a b l e  f o r  c o n s t r u c t i n g  images. The c a l l  i n g  

s t r u c t u r e  i s  dev ised so t h a t  e i t h e r  FLASH, HCOEF o r  

TRACE can be c a l l e d  from YEAR. TRACE i s  a  r a y  t r a c i n g  

a x i s  t o  a  p o i n t  i n  t h e  image plane. The va lue  o f  t h a t  

f l u x  m u l t i p l i e d  by the cos ine  o f  t h e  ang le  o f  inc idence  

on t h e  r e c e i v e r  r e s u l t s  i n  an adequate e v a l u a t i o n  of  

t he  r e c e i v e r  f l u x  s i n c e  t he  d i s tance  o f  t h e  p r o j e c t i o n  
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IMAGE GENERATION FOR SOLAR CENTRAL RECEIVER SYSTEMS '. . . 

n ,. 
t o t h e  image p lane  i s  smal l  compared t o  t he  s l a n t  range. ( r o '  r )  = cosa . . 

. . - a, i s  t he '  1  imb angle o f  t h e  sun and we r e q u i r e  

2.0 FLASH 

The method employed by FLASH i s  based upon an incoming a The f l u x  i n t e g r a l  then reduces t o  

r a v  f o rmu la t i on  ( 1 ) .  An a n a l y t i c  i n t e g r a t i o n  i s  per -  F(x,y) = p lcosa  S(a) d ~ .  
4 

formed over  t h e  v i s i b l e  p o r t i o n  o f  t h e  sun i n  a  f l a t  The r e g i o n  o f  i n t e g r a t i o n  i s  taken over  t he  i n t e r s e c -  

m i r r o r  as viewed from se lec ted  (x,y)  p o i n t s  on an image t i o n  of  t h e  s o l a r  d i s c  and t h e  s o l i d  ang le  subtended 

plane. ( F i g u r e  1 )  Th i s  i s  t h e  s o l i d  angle i n t e r v a l  : by t h e  r e f l e c t i n g  r e g i o n  o f  t h e  h e l i o s t a t  p lane  as 

F ( x , ~ )  = j ( r O a  ;) R ( x Y y , ~ ) d n .  seen f rom (x ,y) .  a becomes t h e  p o l a r  angle o f  an image 

o r i e n t e d  sphe r i ca l  coo rd ina te  system (a,+,r)  w i t h  t h e  

F(x,y) i s  t h e  f l u x  a t  t he  p o i n t  (x ,y)  i n  t he  image 

p lane.  R(xYy;  j ) d n  represen ts  t he  i r r a d i a n c e  o f  t he  

r e f l e c t e d  rays  a t  t h e  p o i n t  (x ,y)  w i t h i n  t h e  i n f i n i t e -  

s imal  s o l i d  ang le  dn hav ing a  d i r e c t i o n  s p e c i f i e d  by 
n n 

t h e  u n i t  vec to r  r. r i s  t h e  d i r e c t i o n  o f  a  r a y  f rom 

a  p o i n t  (u,>v) i n  t he  h e l i o s t a t  p lane t o  t h e  p o i n t  (x ,y)  

u n d e r c o n s i d e r a t i o n .  I f  we l e t  H denote t he  luminous 

r e g i o n  ( n o t  shaded o r  b locked)  o f  t h e  he1 i o s t a t ,  then 

,. pS(a) ,  i f  (u,v) E H 
R(x,y,r)  = 0  , o the rw i se  

p i s  t h e  c o e f f i c i e n t  o f  r e f l e c t i v i t y  o f  t h e  h e l i o s t a t  

f o r  s u n l i g h t .  S(a) i s  a  f u n c t i o n  d e s c r i b i n g  a  s o l a r  

d i sc .  a i s  t he  ang le  measured f rom t h e  cen te r  o f  t he  

s o l a r  d i s c ,  and t h e r e f o r e  

p o l a r  a x i s  p a r a l l e l  t o  t h e  o p t i c  a x i s  ro. 
A 

I f  we make 

t he  f o l  l ow ing  s u b s t i t u t i o n s ,  

dn cosa = d@ da s i n a  cosa 

= 112 d@ dy 

where 
2 

Y = ( s i n a )  , 
the  f l u x  i n t e g r a l  becomes 

. , .  
. . 

S (Y )  i s  conven ien t l y  cons t ruc ted  as a  po lynomia l  i n  r .  

We c u r r e n t l y  f i t  t h e  s o l a r  d i s c  w i t h  f o u r  cons tan ts  so 



t h a t  14 =' 3  i n  t he  summation. The in tegrand i s  i n  a  , 

s imple form, b u t  the  r e g i o n  of in . tegra t ion  can become 

q u i t e  complicated.. The boundary o f  t he  i n t e r s e c t i o n  

cons i s t s  o f  c i r c u l a r  sun segments ,and l i n e a r  m i r r o r  - , .  

segments. The hand1 i n g  o f  such a r b i t r a r y  conf igurat io 'ns 

o f  ' the  i n t e r s e c t i o n  requ i res  more ana lys is  be fore  coding 

can take place. The readqr i s  d i r e c t e d  t o  References 

(2)  and (3)  f o r '  f u r t h e r  de r i va t i ons  concerning t h i s  

method. 

FLASH has no 1/0 through arguments o f  t he  subrout ine. 

N a t u r a l l y ,  a l l  references t o  the  f o u r  image generators 

by  the  c a l l i n g  program a re  compatible. This  a l lows the  

interchange of t he  subrout ines w i thou t  code modi f i ca-  

t i o n s  i n  the  c a l l i n g  rou t ine .  A l l  110 i s  managed 

through group common statements and there  a re  no con- 

s tan ts  t o  be i n i t i a l k e d  w i t h i n  FLASH. The fo l l ow ing  

1  i s t  revea ls  the  var iab les  i n p u t  through common. s t a t e -  

ments: 

1. Boundary v e r t i c e s  o f  t he  f l a t  polygonal r e f l e c t o r  

g iven as (u,v) p o i n t s  i n  .the plane o f  the  he1 i o s t a t  

2. c o e f f i c i e n t s  C i  f o r  the  s o l a r  br ightness d i s t r i b u -  

t i  on 

3. Ambient d i r e c t  beam s o l a r  i n t e n s i t y  .. . 

4. Orthonormal t r i p l e t s .  ( tower based coordinate sys- 
A A A .A 

tem) fo r  t he  u n i t  vectors u,v and x,y . , 

PROCEEDINGS--SOLAR WORKSHOP 

5; S lan t  range 

6. Cosine o f  t h e  angle o f  inc idence a t  t he  m i r r o r  

plane 

7. DELR, t h e  step s i z e  i n  meters between (I, J) nodes 

on the  image plane where a  f l u x  eva lua t i on  takes 

p lace 

The output  ..of FLASH cons i s t s  o f  a  . m a t r i x  . o f  f l  ux va l  ues 

i n  wat ts  per  square meter. This  i s  c u r r e n t l y  a  21 x  21 

square a r r a y  represent ing  nodes on the  image plane; 

(F igure 2 ) -  The a r r a y  i s  re tu rned t o  a  rece i ve r  v i a  a  

group common statement where p ro jec t i ons  and i n t e r p o l a -  

t i o n s  take p lace f o r  the  determinat ion o f  rece i ve r  f l u x  

values. The s tep  s i z e  DELR va r ies  f o r  d i f f e r e n t  loca-  

t i o n s  i n  the  he1 i o s t a t  f i e l d  such t h a t  t he '  angle- sub- - 

fended by the  a r ray  o f  nodes i s  a  constant  as viewed 

f r o m p o s i t i o n s  throughout t he  h e l i o l s t a t  f i e l d .  Since 

d i s t a n t '  he1 i o s t a t s  have 1  arger  images than .nearby. tie- 

l i o s t a t s ,  a  constant  DELR f o r  t he  21 x  21 a r r a y  t h a t  

,does n o t  a l l ow  a  ,remote image t o  o v e r s p i l l  t he  nodes 

would ha've much l e s s  i n fo rma t ion  about .smal le r  images. 

The v a r i a b l e  DELR' co r rec ts  t h i s  s i t u a t i o n .  

The 1  im i  t s  t o  t he  c a p a b i l i t i e s  o f  FLASH a l l o w  o n l y  

images formed by f l a t  polygons . to  be cons t ruc ted  and 

a1 low o n l y  one m i r r o r  segment p e r  c a l l  t o  be 
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FIGURE 2 

Shows a  sample he l i o s t a t  imcge. A t  5.33 hours before noon on the 162nd day a f t e r  
vernal equinox, the  s u n  i s  almost exact ly  due e a s t  a t  an e levat ion of 12.87' f o r  a  
s i t e  a t  35' of l a t i t ude .  A t  t h i s  e a r l y  morning hour we expect a considerable amount 
of shading. We have se lected a  h e l i o s t a t  locat ion one-half a  tower height north of 
the  tower. The tower height i s  110 meters, the s l a n t  d is tance t o  the  h e l i o s t a t  
i s  123 meters, and the2he l ios ta t  i s  an octagon of width 6.5 meters. The t abu la r  da ta  
i s  f lux density in W/m versus x and y coordinates in  meters. 



as determined by the  i n p u t  boundary ve r t i ces .  However, 

t h e  polygons may be any shape. I f  shading and b lock ing  

occur, t he  boundary v e r t i c e s  a r e  changed accord ing ly  by 

the  shading and b lock ing  subrout ine. The r e s u l t i n g  

polygon can be q u i t e  d i f f e r e n t  than the  o r i g i n a l .  

FLASH i s  capable of i n t e g r a t i n g  the  f l .ux from a  uniform 

sun, a  l i m b  darkened sun o r  a  degraded sun. The choice 

o f  suns i s  determined by the  i n p u t  c o e f f i c i e n t s  t o  the  

f u n c t i o n  d e s t r i  b ing  t h e  s o l a r  b r igh tness  d i s t r i b u t i o n .  

The degraded sun i s  formed by a  f i ne  numerical convolu- 

t i o n  o f  a  guidance e r r o r  d i s t r i b u t i o n  and 'a  l imb  dark- 

ened sun. A  l e a s t  squares f i t  on t h i s .  data determines 

t h e  c o ' e f f i c i e n t s  o f  S. The image formed by broadening 

t h e  s o l a r  b r igh tness  d i s t r i b u t i o n  can rep resen t ' a  popu- 

l a t i o n  o f  . h e l i o s t a t s  w i t h i n  a  ;zone o f  t he  f i e l d ,  where- 

as the  image formed by the  1.i-mb darkened .sun represents 

t n e  f l u x  from one p e r f e c t l y .  . f l a t  he l ios ta t :  

FLASH can a l so  s imulate.  f l a t  canted segmented h e l i o -  

s t a t s .  c u r r e n t l y  one image i s  generated f o r  a  square 

segment representa t ive  o f  t he  ac tua l  segments o f  t he  

h e l i o s t a t .  This  image i s - t h e n  s h i f t e d  w i t h i n  the  

r e c e i v e r  program according t o  t h e  abe r ra t i on  associated 

w i t h  each segment. Shading and b lock ing  ori a  p a r t i c u -  

i n t e n s i t y  o f  t he  rep resen ta t i ve  segment's image by t h e  

. f r a c t i o n  .of t he  p a r t i c u l a r '  segment t h a t  i s  n o t  shaded 

o r  blocked. . . 

Th is  approach can g i ve  an adequate approximation t o  the  

image p rov id ing  the  segment subtends a  smal l  angle com- 

pa red . to  the  sun. An obvious m o d i f i c a t i o n  t o  make i s  

c a l l i n g  FLASH f o r  each segment and cons t ruc t i ng  t h e  

image .,exactly'. However, s i x  segments wo'ul d .  r e s u l t  i n  

a  run  t ime s i x  t imes as long. The e x t r a  computer t ime 

..may n o t  be worthwhi le  i f  the  image i s  formed near the.  

focus o f  t he  segments w i t h  moderate aber ra t ions  and 

small 'segments. I n  t h i s  case the  representa.t ion 

approach fo r .  the' segments may perform as w e l l  as t h e  

exact model. 

A d e t a i l e d  d e s c r i p t i o n  o f  t he  tasks performed by t h e  

.'code i n  FLASH can be obta ined by examining a  copy o f  

the  FORTRAN source as we l l  as a  f l o w  c h a r t  generated 

by a  processor on the  c u r r e n t l y  a v a i l a b l e  'UNIVAC 1108. 

A'. use r ' s  manual w i  11 a1 so descr ibe FLASH and other .  

image generat ing subrout ines when completed. 'The 

general program s t r u c t u r e  o f  FLASH appears as fo l l ows :  

l a r  segment i s  taken i n t o  account by mu1 t i p l y i n g  the 

PROCEEDINGS--SOLAR WORKSHOP 



IMAGE GENERATION FOR SOLAR' CENTRAL R E C E I V E R  SYSTEMS. , : 

I 

00 loops  over  nodes of  t he  image p lane  ( I ,  J) The accuracy o f  FLASH a l l ows  i t s  use as a  norm f o r  I 
I 

I DO loops over  boundary v e r t i c e s  o t h e r  image generators  i n v o l  v i n g  f l a t  po lygonal  r e f 1  ec- 

Summation of sun segments and m i r r o r  segments t o r s .  There a r e  no i n t e r n a l  v a r i a b l e s  o r  swi tches t o  

extend t he  accuracy o f  t he  r e s u l t .  However, any node 

FLUX (1,J) i s  determined where f l u x  i s  eva lua ted  would have t he  f o l l o w i n g  

e r r o r s .  The a n a l y t i c  f i t  on t h e  cho ice  o f  sun, be i t  

I END . . un i form,  1  imb darkened fa . r  degraded, has some e r r o r .  

I . . There i s  a1 so no s te reograph ic  p r o j e c t i o n  f rom'  e'ach 
The p r ima ry  t a s k  o f  FLASH i s  t o  : f i l l  t h e  FLUX (I , J ) .  (x ,y)  f l u x  po ' in t  when shading and b l o c k i n g  occur .  

m a t r i x  w i t h  a p p r o p r i a t e  values o f  i n t e n s i t y  ( ~ / m < )  and These p r o j e c t i o n s  a r e  taken p a r a l l e l  t o  so and ro, 

1 r e t u r n  t h i s  i n f o r m a t i o n  t o  a  r e c e i v e r  program. r e s p e c t i v e l y .  These e r r o r s ,  o f  course, a r e  n o t  t h e  

I 
f a u l  t o f  t h e  mathematical  methods employed i n  FLASH, 

1 FLASH r e q u i r e s  about 1995 msec o f  computer t ime  on t h e  b u t  a r e  1  i m i t a t i o n s  on t h e  model used t o  r ep resen t  

I UNIVAC 1108 t o  generate one image. About h a l f  o f  t h e  image. format ion.  

I nodes on. t h e  image p lane  represented by t h e  21 x 21 

. : a r r a y  a r e  non-zero. Nodes hav ing a  zero f l u x  va lue  

t a k e . l e s s  t ime  t o  process. An image w i l l  t a ke  more o r  3.0 HCOEF 

l e s s  t ime  depending upon t h e  number o f  non-zero nodes 

as w e l l  as t h e  number o f  v e r t i c e s  o f  t h e  m i r r o r  segment 

and t h e  e x t e n t  of t h e  compl i ca t ions  a t  t he  boundary o f  

t h e  i n t e r s e c t i o n  o f  S  and H. The o v e r a l l  t ime  r e q u i r e d  

t o  generate a  s e t  o f  120 images t o  represen t  120 c e l l s  

o r  zones of t h e  h e l i o s t a t  f i e l d  i s  on t he  o rde r  o f  270 

sec o r  about 4% minutes. P r i n t i n g  o f  t he  f l u x  m a t r i x  

FLUX( I ,J )  can be suppressed t o  save some t ime  i n  t h e  

o v e r a l l  program execu t ion .  

HCOEF i s  a  subrou t ine  which uses a  Hermi te  f u n c t i o n  

expansion ( 4 )  a t  t h e  image p lane  t o  represen t  an image. 

I n  o rde r  t o  make such a n  expansion, c o e f f i c i e n t s  must 

be c a l c u l a t e d  t o  t he  des i r ed  o rde r  f o r  t h e  Hermi te  
I 
I 

po lynomia ls .  Th is  i s  t h e  task  performed by HCOEF. I 

Th i s  a l l ows  an a n a l y t i c  f u n c t i o n ,  F(x ,y) ,  t o  be eva lu -  1 
a t ed  a t  any p o i n t  on t h e  image p lane f o r  t h e  app rop r i -  

a t e  f l u x .  I n  con t ras t ,  FLASH r e s u l t s  i n  a  nodal 



representa t ion  of F(x,y) which must be ' i n t e r p o l a t e d  fo r  Each o f  the ' d i s t r i b u t i o n s  has a s e t  of moments def ined 

f l u x  between the  nodes. . . by the  fo l l ow ing :  

CO 

The expansion i n  .quest ion i.s one o f  a convo lu t ion  i n t e -  : = xiyj f (x,y) dxdy 
",j -m 

g r a l  . The convo lu t ion  o f  d i s t r i b u t i o n s  represent ing  

the  sun, he1 i o s t a t  and guidance e r r o r s  gives an excel - . where. f i s  e i t h e r  F,' M, S o r  G. The convolut i -on i n t e -  

l e n t  representa t ion  of t he  image format ion process. By . g r a l  d e f i n i n g  F(x,y) can be s u b s t i t h e d  i n t o  t h e  moment 

making a good approximation t o  the  convolut ion, images 
' 

i n t e g r a l  above f o r  F(x,y). . A f t e r  a change o f  v a r i a b l e  

can.  be constructed which g i ve  good agreement w i t h  those . and use o f  binomial formula, the  r e s u l t  i s  

produced by FLASH. 

The convo lu t ion .  i n t e g r a l  can be w r i t t e n  

m 
I f  G i s  included, r e s u l t  i s  

M i s  the  d i s t r i b u t i o n  a t  the  image plane t h a t  would re -  . I n  t h i s  way, t he  moments o f  F can be obta ined if the 

su l  t if the sun were a p o i n t  source. For a f l a t  m i r r o r ,  moments ' o f .  M y  S and G a re  ca l cu la ted  and combined. 
t h i s  i s  t he  p r o j e c t i o n  o f  t he  h e l i d s t a t  onto the  image. -. 

. . 

p lane a long ; S i s  the  normal ized d i s t r i b u t i o n  a t  - The moments of.  F a l l ow  the  c a l c u l a t i o n  o f  t he  ~ e r r n i t e  
0 ' 

the  image plane due t o  the  r e f l e c t i o n .  o f  the  s o l a r  d i s c  . c o e f f i c i e n t s . .  The expansion o f  F i n  Hermite polynomi- 

by an i n f i n i t e s i m a l  m i r r o r . .  A normal ized d i s t r i b u t i o n ,  a l s  can. be w r i t t e n  

G, can be convolved w i t h  M and S t o  produce an image CO o3 2 2 
1 -x+y 

represent ing  a popu la t ion  o f  he1 i o s t a t s  i f  desired. ' G F(x,y) = Cm,n(2nm!n!)-. Hm(x) H m ( y )  e . 2 
m=O n=O 

represents the  d i s t r i b u t i o n  o f  e r r o r s  i n  the  angle o f  

r e f l e c t i o n .  1n' t h i s  case, F = M*S*G. . . 
*. 
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Due t o  t h e  or thogonal  i t y  o f  t h e  Hermi t e  po lynomia ls ,  t h e  

c o e f f i c i e n t s  Cm a r e  g iven  by 
Y n  

I f  t h e '  i n t e g r a t i o n  i s  per fomled term by term, each term 

i s  mere ly  a  p a r t i c u l a r  moment o f  F. 
. . .  

The problem a t  t h i s  p o i n t  . reduces ' t o  f i n d i n g  t h e  moments 

o f  M y .  S and G. I f  they  a r e  known, t h e  f u n c t i o n  F(x ,y)  

can be cons t ruc ted  and eva lua ted  i n  a  s t r a i g h t f o r w a r d  

manner.. S  and G a r e  ro ta t i ona l1 . y  symmetric d i s t r i b u -  

t i o n s  and t he i , r  shapes a r e  n o t  cons idered t o  be func-  

t i o n s  o f  t ime. Thus t h e i ' r  moments can, be p r e c a l c u l a t e d  

and a r e  n o t .  s u b j e c t  t o  change f o r  d i f f e r e n t  h e l i o s t a t  

shapes', d i f f e r e n t  h e l i o s t a t  l o c a t i o n s  o r  d i f f e r e n t  sun 

p o s i  t i 'ons. '  .M v a r i e s '  f o r  a l l  o f  the, preceding occur-  

rences. For  a  f l a t  m i r r o r ,  t h e  moments o f .  M can be 

c a l c u l a t e d  i n  terms o f  t he  v e r t i c e s  o f  i t s  po lygonal  ' .  

boundda.ry which a r e  p r o j e c t e d  t o  t h e  image p lane  p a r a l -  

l e l  t o  ro. 

The f o l  1  owing 1  i s t  revea l  s  t he  i npu t s .  HCOEF r e q u i r e s  .. 

A1 1' a r e  i n t r oduced  v i a  'group common statements.  . : 
1. Orthonormal tri p l  e t s  ( tower  based coo rd ina te  

A A A h  

system) f o r  t he  u n i t  vec to rs  u,v and x,y 

2. Boundary v e r t i c e s  o f  t h e  f l a t  po lygonal  

r e f l e c t o r  g iven  as (u,v) p o i n t s  i n  t h e  p lane  

o f  t h e  he1 i o s t a t  

3 .  The number o f  boundary v e r t i c e s  

4. S l a n t  range 

5 .  S o l a r  l i m b  ang le  

6 .  Choice o f  sun, e i t h e r  u n i f o r m  o r  l i m b  darkened 

7. Ambient d i r e c t  beam s o l a r  i n t e n s i t y  

8. S ize  o f  t h e  degrad ing  f u n c t i o n  I G g'i,ven i n  

m i l l i r a d i a n s  f o r  t h e  one sigma p o i n t  

There i s  an i n t e r n a l  i n i t i a l i z a t i o n  o f  t h e  norma l i zed  

moments o f  S and G. Th is  i n v o l v e s  t h e  c a l c u l a t i o n  o f  

a l l  moments i n ' t e r m s  o f  t h e i r  r a t i o s  t o  t h e  second mo- 

ment. For S, t h i s  i s  done f o r  a  l i m b  darkened sun and 

a  un i f o rm  sun. Th i s  cho ice  i s  c o n t r o l l e d  by a  s w i t c h  

v a r i a b l e .  The s i z e  o f  these d i s t r i b u t i o n s  i s  con- 

t r o l l e d  by t h e  i n p u t  l i m b  ang le  f o r  S and t h e  one sigina 

p o i n t  g iven  i n  rad ians  f o r  G. But  t h e  d i s t r i b u t i o n  o f  

p r o b a b i l i t y  i n  these  f u n c t i o n s  remains t h e  same when 

s tandard ized  t o  t h e i r  sigma, t h e  square r o o t  o f  t h e  

second moment. I f  t h e  guidance e r r o r s  change f o r  t he  

he1 i o s t a t s  o r  i f  one r e q u i r e s  a d i f f e r e n t  d i s t r i b u t i o n  

of energy i n  t h e  s o l a r  d i s c ,  t he  p r e c a l c u l a t e d  moments 

of S and G w i  11 have t o  be rep laced  w i t h  t h e  newer 

values . 



. . .  

The output  from HCOEF .a t  ' the present  i s  j u s t  29 c o e f f i  - 
c i e n t s  f o r  t h e  pending expansion, which can be up t o  

s i x t h  order,  and f o r  t he  image plane f l u x  eva lua t ion  ... 

The rece i ve r  program accepts these i n  one group 'cornon 

statement and .can then c a l c u l a t e  f lux ,  a t  des i red  p o i n t s  

i n  t he  r e c e i v e r  a f t e r  a  p r o j e c t i o n ,  a long Fo t o  t h e  

image plane. Thus the  f u n c t i o n  eva lua t ion  takes p lace 

i n  a  rece i ve r  program. HCOEF has. no ou tput  t o  p r i n t ,  

b u t  code c o n t r o l l e d  by a swi tch  va r iab le  cou ld  be con-. 

s t r u c t e d  t o  g i v e  image plane output  on nodes, 1  i ke 

FLASH. The coe f f i c i . en ts  can a l so  be s to red  i n  a  perma- 

nent  f i l e  t o  be used w i t h  o the r  rece i ve r  geometries if 

des i red. 

The r e s t r i c t i o n s  on the  c a p a b i l i t i e s  .of HCOEF are  such 

t h a t  o n l y  f l a t .  polygons can be processed .and on l y  one 

segment i s  t r e a t e d  per  c a l l .  L i k e  FLASH., HCOEF can con- 

s t r u c t  images f o r  d i f f e r e n t  sun models, var ious degrad- 

i n g  func t ions ,  f l a t  o r  Canted h e l i o s t a t s  w i t h  o r  w i t h o u t ,  

shadjng and, b lock ing.  Changing sun models i s  done w i t h  .. 

t h e  same swi tch  va r iab le  tha' t  FLASH uses, choosing a  

un i fo rm o r  l i m b  darkened sun. I f  a  d i f f e r e n t  l i m b  dar-k- 

ening func t ion  i s  requi red,  FLASH and HCOEF',can adapt by 

i n s e r t i n g  new f u n c t i ~ n  c o e f f i c i e n t s  f o r  S ( Y )  and new mo- 

ments f o r  S, r espec t i ve l y .  However, HCOEF 'has the  ab i  1  - 
i t y  t o  change the  degrading f u n c t i o n  G by a  simple. 

PROCEEDINGS-SOLARW WORKSHOP . 

moment c a l c u l a t i o n  and s u b s t i t u t i o n .  FLASH must employ 

a  c o s t l y  numerical convol.ut ion ,on each image, o r  a  new 

degraded run  must be cons t ruc ted . '  This  invo lves  a  

. f i n e  numerical convo lu t ion  and l e a s t  .squares . f i t  t o  - ' 

r equ i re  new c o e f f i c i e n t s  f o r  S ( Y ) ,  a  much more i nvo l ved  

and l e n g t h l y  process than a n a l y t i c a l l y  c a l c u l a t i n g  a  

few moments f o r  G. 

A  poss ib le  m o d i f i c a t i o n  of t he  HCOEF subrout ine  would 

be to.  c a l l  i t ' f o r  each segment 0 f . a  canted h e l i o s t a t .  

Cu r ren t l y  HCOEF deals w i t h  a rep resen ta t i ve  segment as . ' 

does FLASH.' HCOEF i s  many times f a s t e r  than .FLASH and 

such a  m o d i f i c a t i o n  might  be feas ib le .  Another ,possi-  

b l e  change would be t o  cons t ruc t  t h e  i n p u t  boundary 

veFt ices so t h a t  a l l  segments o f  a  h e l i o s t a t  have t h e i r .  

,moments cal.cul 'ated together .  This  would r e s u l t  i n  one 

s e t  o f  c o e f f i c i e n t s  per  h e l i o s t a t  f o r  the  r e c e i v e r  

r o u t i n e  t o  handle. r a t h e r  than a  s e t  f o r  each segment. 

This  would r e s u l t  i n  a  savings i n  t ime when one wishes 

t o  deal w i t h  each. segment i n d i v i d u a l  l y .  

The general program s t r u c t u r e  looks l ' i k e  the  f o l l o w i n g  

when compared w i t h  t h a t  o f  FLASH: 



. C 
DO l oop  over .  boundary v e r t i c e s  

C a l c u l a t i o n  o f  the.moments o f  M . . 

C a l c u l a t i o n  o f  t h e  moments of S and G 

.Combination o f  moments r e s u l t i n g  i n  moments of  F 
. . C a l c u l a t i o n  o f  c o r f f i c i e n t s  from t h e  moments . . o f  F  

END 

Note there.  a r e  no loops f o r  t h e  ( I . ,J)  nodes ' o f  t h e  image 

p lane  a s : i n  FLASH, o n l y  t h e  loop  over  t he  boundary ver -  

. t i c e s -  .A lso ,  t h e  combinat ion o f  moments by t h e  quadru- 

p l e  sum. shown e a r l i e r  i s .  coded e x p l i c i t l y  w i t h o u t  .sub- 

s c r i p t s .  The r o t a t i o n a l  s y m e t r y  o f  S and G make many 

o f  t h e i r  moments zero,. and coding t h e  combinat ion w i t h  

subscr i ,p ts  and loops would r e s u l t  i n  many m u l t i p l i c a -  

t ions;  by zero. These two c h a r a c t e r i s t i c s -  o f  HCOEF 

i ncrea.se. i t s  speed and e f f i c i e n c y  o f  word usage. 

HCOEF r e q u i r e s  an average o f  17.2 m i l l i s e c o n d s  o f  compu- 

t e r  t i m e ' o n . t h e  UNIVAC 1108. Th is  i s  f o r  c o e f f i c i e n t s  

.oi-~ly,  n o t  ' f o r  funct i .on e v a l u a t i o n  o r  image p r f n t s .  -A 

s e t .  o f  120 images would t h e r e f o r e  r e q u i r e  about 2.06 

.seconds.. The .overa l1  program execu t ion  u s u a l l y  takes 3 0  

t o  4 0  seconds. The e x t r a  t ime  i s  spent i n  t h e  assoc ia-  

t e d  programs whi.ch resu1.t . i n  r e c e i v e r  f l u x  maps, i n t e r -  

c e p t i o n  f r a c t i o n s ,  contours  o f  data,  aim p o i n t s ,  e t c . -  

N o t i c e  t h a t  images c rea ted  by FLASH t h a t  cover a  

m a j o r i t y  o f  t h e  nodes i n  t h e  image p lane  w i l l  t a ke  

l onge r  than images which cover fewer nodes. HCOEF, on 

. t he  o t h e r  hand, w i  11 t ake  same t ime  f o r  e i t h e r  case. 

'More t ime  i s t a k e n  o n l y  i f  a  ' f i n e r  node s t r u c t u r e  i s  p u t  

on t h e  r e c e i v e r ,  and t h i s  i s  t ime. r e q u i r e d  o f  t h e .  r e -  

c e i v e r  program, whether HCOEF or'FLASH i s  used. O f  

course, more boundary v e r t i c e s  w i l l  i n c rease  t h e  r u n  

t ime f o r  HCOEF, b u t  FLASH a l s o  has a  s i m i l a r  loop .  

F i gu re  3  revea l s  t h e  k i n d  o f  accuracy one can expect  

when us ing  HCOEF ( 4 ) .  The peak f l u x  e r r o r  o f  HCOEF 

compared w i t h  FLASH i s  graphed versus s l a n t  range. A  

square h e l i o s t a t  6.1 m  on a  s i d e  was used w i t h  t h e  

s l a n t  range va ry i ng  f rom 300 m t o  1300 m. D i f f e r e n t  

amounts o f  degrading were employed and f o u r t h  and s i x t h  

o rde r  expansions were produced. Our t y p i c a l  degrading 

f u n c t i o n  G has one sigma va lue  o f  3  mrad and i s  a  

gaussian f u n c t i o n .  S i x t h  o r d e r  expansions a r e  used on 

a l l  runs. HCOEF can t h e r e f o r e  c l a i m  a  2% maximum e r r o r  

i n  peak f l u x .  Usua l l y  t h e  g r e a t e s t  e r r o r  occurs a t  t h e  

peak o f  t h e  image when HCOEF i s  used, and thus o t h e r  

r eg ions  o f  t h e  image a r e  b e t t e r  represented.  

Proo f  o f  t h i s  comes when i n t e r c e p t i o n  f r a c t i o n s  a r e  

compared t o  those. o f  FLASH. A .2% maximum e r r o r  occurs 



PROCEEDINGS--SOLAR WORKSHOP 
. . 

Figure 3 .  The percentage o f  e r r o r  

18- 

16- 

14- 
I 

I 
I 1 2- 
I 

PEAK FLUX ERROR (%) VS. DISTANCE i n  t h e  peak f l u x  o f  HCDEF 
as a func t ion  o f  d i s t a n c e  
f o r  fou r th  and s i x t h  o r d e r  

/- - -\ \ expansions wi th  0 ,  1 .5 ,  
/ '\ and 3 m i l l i - r a d i u s  

I 
/ 

\ 
\ 

degrading.  I 

/ 
/ 

\ 
\ 

-------- 

(I: 
K - 2- 

- - S I X T H  ORDER 

F O U R T H  ORDER 

* 



. . 
. . IMAGE. GENERATION FOR SOLAR CENTRAL R E C E I V E R  SYSTEMS 

f o r  i n t e r c e p t i o n  f r a c t i o n s  i n  t h e  range o f  ..800 t o '  .999. 

.'Thi.s i , s  because-. t h e .  expansion . i n  or thogonal  po lynomia ls  

works i n  t h e  weighted l e a s t  squares sense, and f o r  
2 2 Hermi te  po lynomia ls ,  t he  we igh t  f u n c t i o n  i s  ,+ x  + y , . 

T h i s  weights  the  per iphery:of  t he  image more 2 .  

than  - the-  c e n t r a l  . r eg ion  . r esu l  ti ng i n  good i n t e r c e p t i o n  

f r a c t i . o n s  and poorer  peak f l  ux estimates.. 

The f l u x  p r o f i l e  on a r e c e i v e r  should n o t  have e r r o r s  

worse than  2% s ince  a g r e a t  number images a r e  p r o j e c t e d  
- 

t o  t h e .  r ece i ve r .  Ihe  h i g h  and low est imates o f  many 

p r o j e c t e d  images should tend t o  cancel o u t  and make 

t h e  e r r o r  much l e s s  than ,2%. 

The HCOEF model has t h e  same l i m i t a t i o n s  as FLASH i n  

t h a t  shading and b l o c k i n g  i s  cons idered p a r a x i a l  t o  
A - 
so and r r e s p e c t i v e l y .  A1 so t h e  convo lu t i on  assumes 

0 
a l l  c e n t r a l  r ays  of t h e  sun f rom t h e  h e l i o s t a t  t o  t h e  

image p lane  a r e  t h e  same l eng th .  These e r r o r s  a r e  

l i m i t a t i o n s  t o  t h e  mode,, an'd cannot be improved by 

i n c r e a s i n g  t h e  o r d e r  o f  the .expans ion  o r  t he  amount o f  

degrading. . However, they  have o n l y  a  minuscule e f f e c t  

on t h e  r e s u l t s  'and can be ignored  i n  p r a c t i c a l  a p p l i -  . 

c a t i o n s .  

4.0 SUNCONE 

F i g u r e 4  revea l s  two t h i n g s  t h a t  can be done t o  i nc rease  A t h i r d  sub rou t i ne  used t o  c a l c u l a t e  s o l a r  f l u x  a t  t h e  

t h e  accuracy o f .  HCOEF. The  amount o f  degrading can be image. p lane i s  c a l l  ed SUNCONE. Cent ra l  r ays  f rom t h e  

inc reased  w i t h  a  gaussian type  of  func t ion .  This. tends .. sun a r e  t r a c e d  f rom elemental  areas i n  t h e  m i r r o r  t o  

. . t o  make t h e  image more gaussian l i k e -  and t h e  d e n s i t y  ' t h e  image p lane  by a sub rou t i ne  named TRACE. -SUNCONE 

f u n c t i o n -  o f  t h e .  Hermi t e  po.lynomia1 s  i s  gaussian. The . i s  c a l l e d  by TRACE t o  p r o j e c t  s o l a r  d i s c s  about  t he  im- 

approx imat ion  i s  thereby  be t t e red .  However, i f  t h e  p a c t  p o i n t s  on t h e  image p lane.  The f l u x  i s  then eva l -  

s i m u l a t i o n  does n o t  c a l l  f o r  increased degrading o r  if uated a t  s p e c i f i e d  p o i n t s  i n  t h e  image p lane  producing 

t he  f u n c t i o n  G i s  n o t  gaussian i n  nature,  t h e  o rde r  of a  nodal r ep resen ta t i on  o f  t h e  f l u x  as FLASH does. 

t h e  expansion cou ld  be increased f o r  more accuracy i n  

t h e  image. O f  course, more accuracy would c o s t  .more ' . . ' F i gu re  ' 4  shows how' t h e  f 1 . u ~  .o f  a  f l a t  m i r r o r  m igh t  be 
.. . 

computer t ime.  . . represented by SUNCONE. The' boundary o f  t h i  s  p r o j e c t e d  



Figure. 4. A montage: of s o l a r .  images which would approximate 
the  f l u x  i n  the  image plane a s  suggested, by the  
SUNCONE subroutine.  

. .  . 
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m i r r o r  i s  a  para l le logram.  Because t h e  m i r r o r  i s  f l a t ,  FLASH can be used t o  c o n s t r u c t  a polynomia l  i n  r f o r  

t h e  r e g u l a r  a r r a y  o f  nodes i n  the  m i r r o r  r e s u l t s  i n  a  t he  d i s t r i b u t i o n  S. 

r e g u l a r  p a t t e r n  of  impact p o i n t s  on t h e  image p lane .  2 4 S = A + B r  + C r  + D r  6 

However, t h e r e  a r e  n o t  enough rays  t r a c e d  i n  t h i s  par -  r i s  t h e  d i s tance  away f rom t h e  cen te r  o f  a  p r o j e c t e d  

t i c u l a r  schematic t o  g i v e  a  good rep resen ta t i on  of  t h e  s o l a r  d i s c  a t  t h e  image plane. O f  course S i s  ze ro  i f  

f l u x .  The s o l a r  d i s c s  a re  about t he  same s i z e  as t h e  

p r o j e c t e d  elemental  areas o f  t h e  m i r r o r .  The i dea  i s  

t o  have t h e  elemental  areas very  smal l  compared t o  t h e  

p r o j e c t e d  s o l a r  d iscs .  I n  t h i s  way, t h e  elemental  area 

can be neg lec ted  i n  t h e  image f o rma t i on  process. 

The f l u x  F(x,y) can be evaluated a t  any p o i n t  on t h e  

image p lane  us ing  t h e  f o l l o w i n g  equat ion.  

N 
F(x,y) = nxny cos i P I  S(X - xi ,y - yi) 

O i = l  
F 

axay = elemental  area o f  t he  r e f l e c t o r  

cos i = cos ine  o f  t h e  angle o f  inc idence  of 

s u n l i g h t  a t  t he  m i r r o r  p lane  

p = r e f l e c t i v i t y  o f  m i r r o r  su r f ace  

I 0  
= ambient d i r e c t  beam i n t e n s i t y  

S = d i s t r i b u t i o n  o f  power i n  a  s o l a r  image 
t h  

Xi Y Y ~  = p o s i t i o n  o f  i- c e n t r a l  r a y  t r a c e d  t o  
image p lane 

I = number o f  t r a c e d  rays  

The same c o e f f i c i e n t s  de r i ved  f o r  t h e  sun f o r  use i n  

r > r ., where r i s  t h e  r a d i u s  af a s o l a r  d i s c  a t  t h e  
0 0 

image p lane.  

The f o l l o w i n g  l i s t  r evea l s  t h e  i n p u t s  t o  SUNCONE, a l l  

o f  which a r e  made through group common statements.  

1. S o l a r  l i m b  angle ( c h o i c e  o f  t r u e  l i m b  angle 

o r  degraded sun ' s  l i m b  ang le )  

2 .  S l a n t  range 

3. Traced rays  (xi ,yi ) 

4. Elemental area ~ x a y  ( a l l  a r e  presumed t o  be 

t h e  same s ize ,  b u t  t hey  cou ld  va ry )  

5. Cosine o f  inc idence  angle 

6. Ambient d i r e c t  'beam i n t e n s i t y  .. 

7 :  R e f l e c t i v i t y  o f  m i r r o r  

I n  t h e  p resen t  design, t h e  c o e f f i c i e n t s  o f  t h e  f u n c t i o n  

S r ep resen t i ng  t h e  s o l a r  di .sc a r e  i n i t i a l i z e d  i n t e r n a l  - 
. . 

. l y .  However, these cou ld  a l s o  come t o  SUNCONE v i a  a  

'group comnon statement.  This. would s t a b i  1  i z e '  t h e  code 

by n o t  r e q u i r i n g  e d i t i n g  and c o m p i l a t i o n  o f  , t h e  source 

when var ious  se ts  o f  c o e f f i c i e n t s  f o r  S a r e  des i red .  



SUNCONE has no output  t o  p r i n t  a t  present  a l though the  

c a l l i n g  program TRACE can w r i t e  t he  m a t r i x  o f  t raced 

rays  (xi ,yi ) . YEAR, which c a l l  s TRACE, can a1 so w r i t e  

a f l u x  m a t r i x  l i k e  t h a t  of F igure  2. SUNCONE outputs 

t h i s  FLUX (1,J) ma t r i x ,  j u s t  as FLASH does, t o  a re -  

c e i v e r  program f o r  subsequent p r o j e c t i o n  and i n t e r p o l a -  

t i o n  t o  determine r e c e i v e r  f l u x  pa t te rns .  FLUX (1,J) 

can a l s o  be se t o  permanent s torage f o r  l a t e r  rece i ve r  

work i f  desi red.  

SUllCONE has the  added c a p a b i l i t y  o f  dea l i ng  w i t h  dished 

o r  curved r e f l e c t o r s  whereas FLASH and HCOEF cou ld  han- 

d l e  o n l y  f l a t  polygonal m i r ro rs .  Canted segmented he- 

l i o s t a t s  w i t h  o r  w i thou t  dished segments are  a l s o  w i t h i n  

the  c a p a b i l i t i e s  o f  SUNCONE. SUNCONE i s  s t i l l  i n  a 

developmental and changing stage, and needs t o  have 

shading and b lock ing  included. This  can be done by 

d e l e t i n g  the  appropr ia te  t raced centra l .  rays from e l e -  

mental areas a f f e c t e d  by shading and b lock ing.  

Another poss ib le  ref inement  o f  SUNCONE would be t o  re -  

q u i r e  t h a t  t he  s o l i d  angle subtended by an elemental 

area as seen from the  image plane a lways 'be . . i n  a c e r t a i n  
p r o p o r t i o n  t o  t h e . s o l i d  angle o f  t he  sun o r  degraded 

sun. Th is  would i nsu re  an image o f  adequate q u a l i t y  

regard less  o f  t he  s l a n t  'range. This  would mean t h a t  

remote h e l i o s t a t s  would r e q u i r e  l e s s  t raced  rays w h i l e  

nearby r e f l e c t o r s  would r e q u i r e  more rays. Thus the  

number o f  rays t raced would be p ropo r t i ona l  t o  t he  

rec ip roca l  o f  t he  square o f  t he  s l a n t  range. Once t h e  

r a t i o  o f  run  s i z e  t o  elemental area s i z e  was def ined 

fo r  a q u a l i t y  image, comparably accurate images f o r  

any s l a n t  range cou ld  be constructed. 

The general program' s t r u c t u r e  o f  SUNCONE appears as 
. :  

f o l  1 ows : 

I n i t i a l i z a t i o n  o f  constants ,- DO . loops sampying t raced rays 

I R e s t r i c t i o n s  f o r  f o l l o w i n g  loop parameters (window) 

DO 1 oops' sampl i ng image p lane nodes 

R e s t r i c t i o n s  on S, i . e .  S = 0 i f  r > r o 

  valuation o f  FLUX (1,J) 

END 

Sampling a great  many rays 'and image plane nodes .can 

g r e a t l y  increase the  run t ime f o r  a p a r t i c u l a r  image a s '  

t h e  s t r u c t u r e  above reveals.  Thus t h e  programmer must 

pay f o r  increased.accuracy w i t h  increased run  times. 

c u r r e n t l y  SUNCONE' requ i res  an .average 2700 msec compu- 

t e r  t ime per  image.. This  image i s  constructed. w i t h  121 
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. . .  . . 
. ' rays.  r e f 1  ec ted  o f f  a  square he1 i o s t a t  w i t h  an 11 x  11 5.0 HFOCUS. 

: .  . 
. s q u a r e  a r r a y  of nodes centered.  i n  elemental  a r e a s  111 21 

. . 

t imes  t h e  area o f  t h e  h e l i o s t a t .  The 21. x  21 image .: HFOCUS i.s .a sub rou t i ne  u'sing t h e  same .metho'ds: as HCOEF, 
. . 

. t han  zero. As w i l l  be shown i n  t h e  nex t  's.ection,- i t  i s  - a r b i t r a r y  shape v i a  a  r a y  t r ace .  The moment a c q u i s i -  
; ' n o t  t h e  r a y  t r a c e  s u b r o u t i n e  TRACE which . r e q u i r e s  so t i o n  f o r  St1 i s  based .on a r a y  t r a c e  r a t h e r  than  on t h e  

much t ime, b u t  t h e  loops around t h e  f unc t i on  e v a l u a t i o n  p r o j e c t e d  boundary v e r t i c e s  o f  a  f l a t  po lygonal  m i r r o r .  
i n  S i n  SUNCONE. Both SUNCONE and HFOCUS a r e  t imed i n -  

c l u d i n g  t h e  TRACE subrou t ine  t o  a r r i v e  a t  t h e  average As shown be fo re ,  t he  moments o f  M a r e  ob ta ined  u s i n g  

CPU. t i r i le -  per '  image. Overa l l ,  program execu t ion  has n o t  the  equat ion  

been r u n  a t  t h i s  t ime  s i nce  SUNCONE i s  s t i  11 undergoing 

m o d i f i c a t i o n s .  However, due t o  t h e  t i m e . r e q u i r e d  f o r  

one- image, image, we expect r u n  t imes comparable t o  o r  

OD 

1.1 = ff xkyl M ( x , ~ )  dxdy. 
k , l  -a 

g r e a t e r  - than. t h a t  t h a t  of. FLASH, i .e.. - > ,270 seconds f o r .  FOP a f l a t  mi r ror , .  M i s  j u s t  t h e  ambient d i r e c t  beam 

120 images. . . - i n t e n s i t y  i n s i d e . - t h e  pro jc?cted boundary o f  t h e  he1 i o -  

As ' w i t h  most ' ray t r a c i n g  ,rout: ines, :SUNCONE seems t o  be 

' c o s t l y  . i n .  CPU t ime  requirements.  But  i t  . i s  an extreme.ly. 

simp1 e program, and increased accu'racy .i.s. s,impl e  t o  

o b t a i n  by mere ly  t r a c i n g  more rays. Th is  seems t o  be 

t h e  1 i m i t i n g  f a c t o r  i n  t he  use o f  a  r a y .  t r a c e  r o u t i n e .  

Accuracy i s  good i f  enough rays a r e  t raced ,  b u t  enough 

rays. may be t o o  many when CPU' t ime and cos ts  a r e  con-' 
. . 

s ide red .  '. . . . .. 
. . 

. . 

. . . . 

s t a t  and i s  zero ou ts ide .  The i n t e g r a l  needs t o  be 

done o n l y  over  t h e  non-zero p o r t i o n  o f  M y  so a conver- 

s i o n  i s  made t o  p o l a r  coord ina tes  and t he  i n t e g r a l  i s  

done by i n t e g r a t i n g  f rom one boundary ve r t ex  t o  t h e  

nex t  i n  a  coun te r -c lockwise  d i r e c t i o n .  Each moment 

can be cons t ruc ted  i n  terms o f  t h e  boundary v e r t i c e s  

o f  M. 

Dished r e f l e c t o r s  cannot use t h e  above method. i4 i s  

t he  d i s t r i b u t i o n  a t  t h e  image p lane i f  t h e  sun were a 

p o i n t  source, and f o r  a  curved r e f l e c t o r  i s  no l onge r  



a constant inside the projected boundary and zero out- 'Powers of the x;y coordinates of each ray. resu l t  i n  

side. Therefore the traced central rays of t h e  sun are  ' the moments of M. If  the elemental a reas  are  not a l l  
used t o  construct the moments of M .  The moment integral: equal , the bxidyi would stay w i t h i n  the symation and, 

. . becomes weight each ray according to  the area i t  represents.  

The following. 1 i s t  shows the inputs required by HFOCUS. 
1. Orthonormal . t r ip1 e t s  (tower based coordi- 

t h  . A  A 

X i  ,Yi a re  the coordinates of the i- ray a t  . .. nates) for  mirror plane unit  +. A vector u , v  and 
the .image plane image .plane unit  vectors x,y. . . 

AX . ~ y .  i s  the projected elemental area repre- 
1 . I  

2. xi,yi impact points of traced rays a t  the 
t h sented by the i- ray image plane 

M(xi ,yi ) i s  the solar  intensity reflected by the 3 .  . Slant range . . 

elemental area 4. Solar limb angle and sun choice (uniform or 

14 i s  the number. of rays . . . 1 imb darkened) 

M(xi ,Yi ) A X i A Y i  represents the power ref1 ected. 5. Ambient d i rec t  beam solar  ' intensity 
reflected by the elemental area, and i f  a1 1 the elemen- . . 6. Size of degrading function 

t a l  areas are taken t o  be equal and the solar in tens i ty .  Just  as HCOEF, the moments of S and G require i n i t i a l i  
. . i s  the same for  a l l  elements, the moment integral can . z a t i o n  within HFOCUS. , . 

be written 
The,outputs from HFOCUS are identical t o  those of . .  

HCOEF. The'29 coefficients go to  a receiver program 

via a group common so the Hermite function expansion 

Since M i s  required to be normalized for  the moment can take place' fo r  the evaluation of F(x,y). These 
combination with S and G ,  the moments of M become simply coefficients can go to  permanent storage to  construct 

flux on other receiver .if desired. HFOCUS has no out- 

p u t  to  pr int  a t  t h i s  time, b u t  image plane o u t p u t  
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s i m i l a r  t o  t h a t  i n  F igu re  2  cou ld  be an o p t i o n  on a  loop  samples t r aced  rays  i n s t e a d  o f  boundary v e r t i c e s .  

s w i t c h  v a r i a b l e .  TRACE, which c a l l s  e i t h e r  HFOCUS o r  S ince t h e r e  a r e  many more rays  than  boundary v e r t i c e s ,  

SUNCONE, can o u t p u t  t h e  m a t r i x  of  xi,yi t r a c e d  r a y  t he  r u n  t ime  i s  expected t o  be somewhat l onge r  f o r  

coo rd ina tes  t o  p r i n t  f o r  i nspec t i on .  HFOCUS than HCOEF. 

The range o f  c a p a b i l i t i e s  o f  HFOCUS i s  t h e  same as 

SUNCONE i n  t h a t  HFOCUS i s  a b l e  t o  h a n d l e . f l a t  h e l i o - - '  

s t a t s ,  canted segmented h e l i o s t a t s  and. d ished h e l i o -  

s t a t s .  The p o s s i b l e  m o d i f i c a t i o n s  o f  codes a r e  t h e  

same as SUNCONE. Shading and b lock ing .  should be i n -  

c luded, and a  v a r i a b l e  number o f  t r a c e d  r a y s  should be 

cons idered  such t h a t  the.  angle o f  t he  e k m e n t a l  area- o f  

t he  m i r r o r  remains cons tan t  and i n  a  . c e r t a i n  p r o p o r t i o n  

t o  t h a t  of t h e  sun. These m o d i f i c a t i o n s  a r e  r e a l l y  ones 

HFOCUS requ i res .  an average o f  64.3 more p e r  .image, o r  . .  

about four  t imes as much as HCOEF. - Th is  . r un  t ime  i n -  
. . 

c ludes t h e  t r a c i n g .  of 121 rays.  S ince these a r e  t h e  - - ' 

same rays  used by SUNCONE, t h e  conc lus ion  i s  t h a t  t h e  

2700 msec r e q u i r e d  f o r  a  SUNCONE image i s  indeed used 

by t h e  SUNCONE sub rou t i ne  and n o t  t h e  TRACE sub rou t i ne  

which c a l l s  i t. S ince  t h e  TRACE-HFOCUS combinat ion i s  

f a i r l y  f a s t ,  t he  number of rays  cou ld  be inc reased  i n  

TRACE t o  g i v e  b e t t e r  es t imates  o f  t h e  moments o f  M 

t o  be a p p l i e d  t o  TRACE, b u t  they  a f f e c t  HFOCUS and w h i l e  s t i l l  be ing  CPU t ime  e f f i c i e n t  and c o s t  e f f e c t i v e .  

SUNCONE. 
. S i n c e  HFOCWS i s  four  t imes s lower  than HCOEF, a  s e t  o f '  

The genera l  program s t r u c t u r e  o f  HFOCUS i s '  as , f o l l ows .  . ,120 Hermite.  image c o e f f i c i e n t s .  r ep resen t i ng  a h e l i o s . t a t  . . '  . : 
. . 

DO 1  o6p bver  t r a c e d  r a y s '  . . . f i e l d  cou ld  be generated i n  about e i g h t  seconds. Th i s  , 

: . has n o t  been .-done y e t  s i  nc& f u r t h e r  m o d i f i c a t i o n s  and C a l c u l a t i o n  o f  moment's of' M : 

L developments of  HFOCUS a r e  t a k i n g  p lace.  However, over-  

C a l c u l a t i o n  o f  moments o f  S and G a l l  program execu t ion  i n v o l v i n g  a l l  t h e  assoc ia ted  sub- 

Cbmbi n a t i o n  of moments r e s u l t i n g  i n  t h e  moments of  F  . r o u t i n e s  ' S ~ O U ~  d  t ake  on t h e  o r d e r  of 40 t o  60 seconds - .  ., ..- 

C a l c u l a t i o n  o f  c o e f f i c i e n t s  f rom t h e  moments o f  F - based upon t h e  run  t imes encountered when us ing  HCOEF. 

END 
The accuracy of HFOCUS has n o t  been determined t o  t h e -  -The  s t r u c t u r e  i s  identica1:to t h a t  o f  HCOEF except  t h e  

.. . 



same e x t e n t  as HCOEF, b u t . t w o  types of.comparjsons are  

possib le.  F l a t  h e l i o s t a t  images..can be compared w i t h  

FLASH and d ished h e l i o s t a t  i'mdges can be compared t o .  

SUNCONE i n  the  f o l l o w i n g  way. An image from SUNCONE 

and HFOCUS can be cons' tructed f o r  a p a r t i c u l a r  number. 

o f  t r aced  rays. Then. t he  same images can .be constructed 

fo r  an increased, number o f  rays .and compared t o  the  pre-  

v ious images. This  technique i s  analogous t o  doing a . ,  

numerical  i n t e g r a l  and subsequently decreasing the  s tep  

s i z e  u n t i l  t h e  r e s u l t  no longer  changes s i g n i f i c a n t l y .  

I n  t h i s  way HFOCUS can be compared t o  SUNCONE a f t e r  they 

bo th  reach a p o i n t  where adding rays does n o t  a l t e r  the  

image' s i g n i f i c a n t l y .  O f  course, SUNCONE should be a .  

very accurate representa t ion  o f  t h e  image g t  t h i s  po in t ,  

and considered the  standard image. j u s t  as FLASH i s  con- 

s idered standard f o r  f l a t  he1 i o s t a t s .  

There a re  two ways t o  increase the  accuracy o f  HFOCUS ., 
T h e  number o f  t r a c e d ' r a y s  can be increased and the o r d e r .  

o f  t he  H e m i t e  f u n c t i o n  expansion cawbe increased. I n -  

c reas ing  t h e  order  o f  t he  expansion i s  much eas ie r  i n  

HFOCUS than i n  HCOEF s ince the  moments o f  M a re  essen- 

t i a l l y  powers o f  ray  coordinates. Increasing the  order  .. 

o f  expansion i n  HCOEF invo lves  some long tedious, analy- 

t i c  c a l c u l a t i o n s  t o  s e t  up the  moments of M i n  terms o f  

the  boundary ve r t i ces .  

For the  reasons g iven above f o r  ease i n  i nc reas ing  the  

accuracy o f  HFOCUS and t h e  d i f f e r e n c e - i n  speed between 

SUNCONE and HFOCUS, HFOCUS seems t o  be t h e  most l i k e l y  

candidate f o r  everyday use i n  c o n s t r u c t i o n  o f  images due 

t o  curved glass. Another reason f o r  optimism i s  t h a t  

focusing tends t o  decrease t h e  r e l a t i v e  s i z e  o f  M a t  

the  image plane r e s u l t i n g  i n  a more accurate represen- 

t a t i o n  o f  t h e  image. S and G then become more dominant 

i n  the  convolut ion.  The image there fore  tends t o  be- 

come more l i k e  S*G which i s  much eas ie r  f o r  t he  Hermite 

funct ions t o  f i t  than t h e  f l a t - t o p  d i s t r i b u t i o n  o f  M 

f o r  a f l a t  h e l i o s t a t .  

. . 
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ABSTRACT c e n t r a l  rece i ve r  system. There a re  ex terna l  ( i  .e. con- 

vex) types, c a v i t y  (i .e. concave) types, and f o r  each 
The CYLN subrout ine i s  designed fo r  the  MDAC ex terna l  o f  these we can have a  n o r t h  f i e l d ,  o r  an a l l  around 

c y l i n d r i c a l  rece iver ,  .but i s  t y p i c a l  o f  rece i ve r  pro-  f i e l d .  Concave types i nc lude  s t a r  bodies, pagodas, 

grams. I t generates a  s e t  o f  rece i ve r  nodes. Secondly, honeycombs, and var ious c a v i t i e s  w i t h  p lanar  o r  non- 

i t  incorpora tes  t h e  f l u x  from each c e l l  i n  the  c o l l e c t e r  p lanar  apertures. We have s tud ied  the  f o l l o w i n g  cases: 

f i e l d  sub jec t  t o  a  v a r i e t y  o f  opt ions concerning canted 1. Truncated Sphere 

h e l i o s t a t s ,  shading and b lock ing,  aiming s t ra tegy ,  and 2. Crossed Planes w i t h  F l a t  Top 

choice o f  image generator.  F i n a l l y ,  i t  outputs the  f l u x  3. N-Prong S ta r  Bodies 

dens i t y  map and the  var ious i n t e r c e p t i o n  factors,  etc .  4. Cyl inders w i t h  Base and Stem 

5. 24 Panel Cy l inder  - CYLN 

6. I n c l i n e d  F l a t s  and/or Aperture 

1.0 INTRODUCTION 7. True Cav i t i es  ( i n  fu tu re)  

However, c u r r e n t l y ,  on l y  CYLN i s  a v a i l a b l e  i n  up-to- 

Many d i f f e r e n t  rece i ve r  types can be considered fo r  t he  date versions. 

PROCEEDINGS--SOLAR WORKSHOP 



The CYLN subroutine i s  util.ized in the program environ- - 
I MPUT 

' ments as shown in ~ i ~ h r e  1 ,  which shows ' the s t ructure 

of system simulation C Y L N  has multiple entry . . 

points as shown in Table 1 .  
Table 1 .  Multiple Entry Structure of CYLN 

CALL CYLNl Generates Receiver Nodes 

{ ( x , Y , Z , ~  n , ~ I , , A ) ~  11 = l...NRECl 
x '  Y 

CALL SAB Shading and B l  ocki ng (He1 i 0s. ) 

CALL FSEG Shading and Blocking (Segs. ) 

CALL ANAINT Image Generator 

CALL C Y L N 2  Incorporates flux from given cell  in-  

collector fie1 d 

CALL CYLN3 Outputs Flux Density Map, Interception 

Factors, Aims, Aberrations, FSEGS 

Panel Interception Fi 1 e 

2.0 TASKS PROVIDED BY THE SECOND ENTRY 

. . . . 

1 . .  Optional Ray Trace f o r  Canted Flat ~ e l ' i o s t a t s .  , . 
. Location of Segment Centers required. . . 

. . Choice of Focai strategy i s  provided. . 

2 .  Optional, Use of Shading and Blocking I n p u t  
A .  No .shading or blocking. 

YEAR 

CORTLI R 

FIEUI 
S AB 
FSEG 

HCOEF 

I/ 
(FLUXES) 

i m s )  . . 

. PAF!P@W 
TRIM 
RELPOW 

SUMIT 

S AB 
FIELD 
COMTU R 

4. 
(INTERCEPTS) I 
(PANEL) h YEAR 

B .  Normalize total  flux from cell  by FMIRR or 
FIGURE 1 STRUCTURE OF SYSTEM S IMULAT I O N  

FSEG factors.  



. . 
. . 

. C. . SAB inc luded i n  image Data Input .  

'3.  Opt iona l  Aiming.Strategy ' . . 

A. No'Aiming St ra tegy  = A i m a t  B e l t .  
. . 

B. . 3 o r  5 Po in t  Aims f i x e d  w i t h  respect  t o  

r e c e i v e r  f o r  a1 1 c e l l s .  

C. ~i -Lo optimum, aim - fo r  each .ce l l , ,  opt imized 

a t  spec i f i ed  . t ime.  

4. Ca1culate.s Cosine of Incidence and Absorpt ion 

Factor .  

5. Evaluates F l u x  Densi ty  Con t r i bu t i on  . . 

A. I n t e r p o l a t i o n  from Image Plane fo r  FLASH 

B. Polynomi a1 Eva1 uati.on f o r  HCOEF. 

6. Loads F lux  ~ e h s i t ~  and PANEL I n t e r c e p t i o n  

Mat r ices  Separately 

The choice of aiming s t r a t e g y  i s  c u r r e n t l y  being pro-  

v ided by mapping i n  t he  appropr ia te  CYLN version, ,, 

i .e. CYLN, CLYN3, CYL~ , .  o r  ' C Y L N ~  which i s  t h e  Hi-Lo 

optimum. A l l  o the r  op t ions  are  c o n t r o l l e d  by i n p u t  

- va r i ab les  l oca ted  i n  t he  INPUT program.. See 'Table 2. 

Table 2. Inputs f o r  Receiver Model 

ICYLN = 1 EQUALS 1 t o  'CALL CYLN SUBROUTINE, 

0  NOT 

JTAPE = 1 EQUALS 1 TO -.OUTPUT FILE FOR FINT OR 

PANEL 

PROCEEDINGS--SOLAR WORKSHOP 

LIMB . = EQUALS 1, TO READ IMAGES, o TO USE 
: . INTEGRATOR .. . 

EQUALS 2 TO READ AIM FOR .CYLNSHRD, 

, . 3 TO WRITE A I M  . . 

' ' NFLAT . = 1 : . EQUALS NUMBER OF SEGMENTS/HELIOS . 

: 'NCI RCL = '24 EQUALS NUMBER OF DIVS FOR CIRCUM- 

FERENCE 

IFOC. = 0 EQUALS 1 TO FOCUS, 0 .  NOT 

YUP = 1'.0 FRACTION OF IMAGE RADIUS USED FOR . " 

. (HI)  HI-LO 2-PT AIM 

FRACTION OF IMAGE RADIUS USED FOR YDN . = 1.0 

. . (LO) HI-LO 2 PT AIM, 

ALPHAD = .00466 DEGRADED SUN LIMB ANGLE FOR HI-LO 

.A IM IN MRAD 

HCYLN = 25.5 EQUALS HEIGHT OF CYLN. IN METERS 

RREC = 8.46 EQUALS RADIUS OF CYLN' IN METERS 

INTERCEPTION 

Table 3 g ives a l i s t  o f  CYLN outputs'. 

Table 3. CYLN Outputs 

' FIRST ENTRY 

c e l l  S t ruc tu re  i n  Rece iver .  '. 
\. - 

Coordinates o f  Nodes 
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. . . . . . .  ------------------------------------------------------- 
. . .  SECOND. ENTRY . . . .  . . ! . ' 2 2 2  : 3 3 2 3  . 4 4 1 1 4 4 4 4 9 ~ 4 4 '  . . 7 3 3 3  2 2 2 , .  ! 

! 22 , 33,' 4 4 4 4 4 4  Aber ra t ion  .Vectors . . 44444Q ' 3 3 3  2 2  ? 
' ! 33 '  - 44.4. 5 5 55.55' :  575.  4 4 4 4  . 7 3 3  2 : 

S h i f t . U p . a n d  Down f o r  Aiming Po in t  . . ! . 33 . 444. 555555. . . .. .=55555 . ~ l c b  . 3 3  . ! 
. . ! 3 s4.  E E C S '  ~ E E € E E E E ~ € E  5 5 5 5  44 7-7- i 

 ores shortened Receiver Height and Image Radius ! . rc4 5 5  666666 666665. 55 0 4  ! 
! -4'4 0 5 5 ' .  o E 1 6  o7717777.77.  E66.. 5 5 -  44. ? 

THJRD .ENTRY ! 5 s  6 6  7 7 7 7 7  7 7 7 7 7  6 6  5 s  Y ! 

Summary o f  S h i f t  Up 

Summary o f  Shi . f t  Down. ! 6 77 . 8 8 8  8  88 7 7  6 S !  
. . ! 6 7 8  88 ,835 7  6 !. . . .  

. . summary. o f  ,Image. Radius r . 6 - 7 .  e8  . 9 9 5 9  . . s d C , o '  . 8 8  7. E . !' 
. . ! . 6  7 E 9 9 9  9 9 9 . 8  7 S ! 

Flux  Der is i ty  on Receiver r 7 8 g ?  9 5 8 7 6 !  
. . 

Day, Hour, Rec. Radius 

Tota l  Recei ver  Power, Average F lux  Densi t y  , ! 7 9 9  7 !  
! . 7  8 F • • • - 9  0 8  7. ! 

Concentrat ion Rat io  ! 7 e  ? 9 8 7 !  
! 7  8  a 9  8 7 !  

Panel Geometry ! - 7  8  ? . f . 0 9  - 8  7  ! 
! 7 8  9 9  8 7 !  

F lux  Densi ty  Ma t r i x  (See F igure  3 . j  ! 7 8 9  9 8 7 !  

Panel Power Vector ! . 7  . . . . . . . 9 7. ! 
! 7 8 9 9 9 7 !  

I n te rcep ted  Power/Cell Versus C e l l s  (See F igure  2 .  ) ! 7 8  o 9 8 7 !  
! 7 .  8 .  990 • • 0 9 9  0 8  - 7  - !  

F r a c t i o n  o f  Beam In tercepted Versus C e l l s  ! 7 8  9 9 9 9 8  7  6 !  
! 6  7 8 999 999  3 7 6 !  

Panel F i l e  P r i n t  ' . . . . . . . . .  . . r 
. ----------_---_---------------------------------------- 

F i g u r e , l  shows the  data t r a n s f e r  v i a  the PANEL f i l e  

f r o m t h e  i n i t i a l .  i n t e r c e p t i o n  run  t o  the  ' f i ,na l  .ou tpu t  ~ i ~ u ~ e  2. contour of ' ~ r a c t i o n  ,intercepted.' 
run  f o r a n  annual summary o f  opt imized system p e r f o r -  

mance.. The i n i t i a l  run  i s  usual-ly.made a t  equinox 

noon, so t h a t  t h e  i n t e r c e p t i o n  d a t a  i s  r e l a t e d  t o  . . 

equinox noon cond i t ions ,  however, we assume t h a t  

i n t e r c e p t i  on . i s  t ime i ndependent. 



. . 

FLUX D E N S I T Y  FCR .2 PT A I M  TN W/MZ : UNTVERSITY OF HOUSTON 
. .  . . 

. .. 

'ON DAY 1 8 2  AT - 0 0  HOURS FOR A RECIEVFR RADIUS= 8.50 
. . . . 

RECEIVFR POWER FOR' 2 PT +!I-L.o A T M ,  = ..854f!+'oC- IN WATTS. . : ' BVERACF FL* Of NSXTY =' mE;3E*06 . '  

PHIA = o 1 3 1  , 3 9 3  654 - 9 1 6  1.178 1 - 4 9 0  1.702 1.963 2.225 2.487 2.749 3-!?11 
RRECXZ P.427 7.e52 E.744 5.174 2 - 2 5 ?  1.105 -1m1CS -2.253 -5.174 -6.794 -7eI!EZ -8 .927 
R Q E C Y  = 1.109 3.253 5.174 6.74Q 7 .953  9,927 8.427 7.853 6.744 5.174 3.253 1.139 

Figure 3 .  Flux Density Matrix 

PROCEED1,NGS--SOLAR WORKSHOP 
. . . . 

\ 
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He1 i o s t a t  aspect  and var ious  f o c a l  a b e r r a t i o n s  cause Table 4b. v a r i a b l e  Aims 
- 

time dependent i n t e r c e p t i o n .  Shading and b l o c k i n g  a l s o  DAY HOUR ELEV F  I NT Worst C e l l  

causes t ime dependence, however, t h e  main e f f e c t  o f  ' .  AE. 0  55.2 ' .984 

shading and b l o c k i n g  i s  i nc l uded  by t he  FMIRR fac to r ,  ' SS.  5.70 15. .OOO -070 , (1  ,6)* 
. . 

which i s  eva lua ted  f o r  a  good sample o f  times'. .The AE. 4.78 15. +. 003 -036 ( 1  $ 6 )  

i m i  t i a l  r un  a t  equinox noon i s  made w i t h o u t  any know- WS. 3.58 15 .  . , - .005 -032 (6.7) 

ledge  o f  t h e . c o l l e c t o r  f i e l d  and hence t he  no shading , *  + Cases. on eas t s i de  and  - o n w e s t  as, expected f o r  
, . 

. . 
and b l o c k i n g  o p t i o n  i s  necessary. The smal l  amount of . ' sun. i n  west. 

shading and b l o c k i n g  which occurs a t  equinox noon w i l l  

cause overest imates and underest imates o f  t h e  i n t e r c e p -  Large a b e r r a t i o n s  occur  a t  15' o f  s o l a r  e l e v a t i o n ,  

t i o n  i n t e r c e p t i o n  f r a c t i o n s .  H e l i o s t a t  aspec t  and b u t  they  do n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  g l ass  - 
f o c a l  a b e r r a t i o n s  m igh t  cause a  s i g n i f i c a n t  r e d u c t i o n  weighted average i n t e r c e p t i o n  f a c t o r  FINT. Th i s  i s  a 

o f  i n t e r c e p t i o n  a t  e a r l y  and l a t e  hours. We have b r e -  consequence of t h e  360' f i e l d  which always has some 

v i o u s l y  no ted  t h a t  t h i s  i s  n o t  t h e  case f o r  t he  corn-. c e l l s  w i t h  a  good cos i and t h e  t a l l  c y l i n d r i c a l  r e -  

m e r c i a l  system w i t h  f l a t  uncanted h e l i o s t a t s .  We w i l l  c e i v e r  which can s tand  app rec iab le  a b e r r a t i o n s  i n  t h e  

now'present  evidence t h a t  i t . i s  a l s o  t r u e . f o r  t h e  P i l o t .  v e r t i c a l  d i r e c t i o n .  N o t i c e .  t h a t  t h e  wo rs t  t ime  depen- 

p l a n t ,  which has f l a t  canted h e l i o s t a t s ,  assuming an dent  losses  occur  i n  t h e  n o r t h  f i e l d .  The f i x e d  aims 

MDAC c y l i n d r i c a l  r e c e i v e r .  See Table 4. case assumes t h a t  aims were op t im i zed  f o r  equinox 
. . . .. noon, whereas t h e  v a r i a b l e  aims. case 'op t im izes  aims 

Table 4a. F i xed  Aims con t inuous ly .  C l e a r l y ,  v a r i a b l e  aims a r e  b e t t e r ,  b u t  

DAY HOUR ELEV FINT Worst C e l l  i m p r a c t i c a l .  

0 '  55.2 .984* A€. 

SS. 5.7.0 15. - .003 -.070 ( 1  $6 )  

A€. . . 4.78 15. . 000 -.048 (-1 ,6). 

3.58 +. 003 -.039 (6,7) WS. 15. 

* Incrementa l  values g i ven  below. 



ABSTRACT 

THE SHADING AND'BLOCKING PROCESSOR . . 
. . . . 

. . 

Fred W .  L ipps . . 

So la r  Energy Laboratory 
.Un ive rs i t y  o f  Houston . . . . 

..' Houston, Texas 77004 . . 

s e t  o.f he1 ios . ta ts  c o n s t i t u t e s  the  c o l l e c t o r  f i e l d ,  

1 which ac ts  as though i t  were a very l a r g e  movable par- I 
1 Shading and b lock ing  events -reduce the  r e f l e c t i v e  e f f i -  abola. .However, t h e . c o l l e c t o r  f i e l d  i s  segmented and I 
I c iency  o f  a g iven h e l i o s t a t  due t o  i n te r fe rence  b y  i t s  can be .  regarded as a Fresnel r e f l e c t o r .  . As . i n  a1 1 

, I 
neighbors. Shading r e s t r i c t s  the  incoming , rays .  and Fresnel o p t i c a l ,  systems, we expect i n t e r f e r e n c e  be- 

b lock ing  r e s t r i c t s  the  outgoing rays. The shading. and , tween the  segments. I n  t h i s  ciise, i t  i s  rea.sqnable 
' 

I . .  b l ock ing  subrout ine can process. any number o f  events . .by .  . to  c a l l  t h i s .  in te r fe rence shading and blocki 'ng. I 
I updat ing t h e  boundary vec tor  o f  t he  h e l i o s t a t .  I 

I shading .occurs when a neighbor ing he1 i o s t a t  i n t e r c e p t s  

a r a y  incoming t o  the  shaded h e l i o s t a t .  

1  .0 INTRODUCTION. 

I B lock ing occurs when a neighbor ing . h e l i o s t a t  i n t e r c e p t s  

The c e n t r a l  rece i ve r  system concentrates sun l i gh t ,  by 

deploy ing a l a r g e  number o f  i n d i v i d u a l l y  guided he1 i o -  ' ,. 

a  ray  outgoing from the  blocked h e l i o s t a t .  
. . . . 

I s ta tes  which a re  aimed. a t  t he  tower top  rece iver .  The . Shading and b lock ing  programs have b e e n '  i n c r e a s i n g l y  

PROCEEDINGS--SOLAR WORKSHOP 



THE SHADING AND BLOCKING PROCESSOR AND THE RECEIVER MODEL 

soph is t i ca ted  and are.' now app l i ed  i n  a v a r i e t y  o f  

program- envi ronments . I PIPUT 
. . .  

I 
His t o r i  ca l '  Development ' 

Rectangles .( RECT) See Reference 1 

J. 
YEAR 

Regular N-gons r(- SAB') See Reference 2 

( BOOL) i n  p lann ing  . . Polygons CONTUR . . 

. . 

Program Envi ronments (See ~i gure 1 . ) F IEU)  , ' 

CONTUR f o r  output  of f r a c t i o n s .  
. ,  SAB 

YEAR'. ' . SAB 
FSEG 

.HCOEF ' .  YLN2 f o r  YEAR SAB. FSEG 

output  o f  ' f l u x  dens i t i es  and In te rcep t i on .  
HCOEF 

f o r  exact images. 
CYW2 

YEAR SAB FLASH 
1 

RCELL SABR . PLOT$ f o r  opt imized f i e l d .  C . . 
. . 

' .  LOSS SAB$ f o r  LOSS, f r a c t i o n  p l o t s .  
. , (FLUXES 

(AIMS) 
See:.Reference 3 fo r  a b r i  e f  descr i  p t i o n  o,f programs.. (INTERCEPTS) 

b . . 

Shading and b l  ock i  ng processors can be c l  ass i  f i e d  i n t o  

two pr imary types: . . (1 ) f o r  s i n g l e  events and ( 2 )  f o r  
. . 

mu1 ti p l  e events. The LOSS program u t  i 1 i zes type .(.I ) .. 
We: a re  p r imar i  ly concerned, however, w i t h  proc'essors 

f o r  mu1 ti p l  e events. I n  opt imized geometry a t  midday, 

mu1 t i p l e , e v e n t s  are  r a r e  bu t  can o c c u r .  On.. the. o the r  . . 

hand, f o r  low suns a t  s t a r t u p  and shutdown, mu1 t i p l e  

events become very complex and cannot be ignored'. 

PAMPOW 

TRIM 

RELPON 

S U I I T  

S AB 
FIEU)  

CONTUR 

. . (PANEL) - YEAR 

INPUT - :  



A t  present we do,not have a type (2) processor f o r  
. . !  

round he1 iostats , '  a1 though we wi 11 be able to.'handl e ! .  

arbi t rary polygons in the near future. Historically; . . -  

we have progressed from rectangles to  regular N-gons-- 
t o  polygons. .If necessary, rounds can also be proc- .. 

essed b u t  the trigonometric relations will be  slow. .. 

Figure 2 shows some typical events for  rectangular . ,  . . 

heliostats.  These events can be classif ied by the 
control variables a s  shown i n  Table 1. 

. . 

Tab1 e 1. ~ o o ~ ~ o n t r o l  Constants 
centered Shading . .Inn Ordinary Picture I 

I KA KB KC KA K B '  KC 

3 -1 4 .o 
1 2 . '  0 2 Corner Bite 

3 1 2  2 1 1 0 Edge Bite 
3 2 2 0 BiggerBite,  

3 3 0  4 1 3 - 2  etc.  i 

5 2 4 - 2  I 

I When an event occurs, the f i r s t  corner. point to...be . . i 

i recomputed i s  designated by the subscri'pt .K.. The _ ;  

number of corner points in the boundary is. increased' 
. . 

! 

by KC. After computi ng the' new corners,  control : Figure 2 .  'Typical' Events f o r  Rectangular H e l i o s t a t s  

reads the remaining old corners into the updated 
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boundary vec to r s  SU(K) and SV(K) w i t h  t h e  statements soph i s t i ca ted .  One p o s s i b l e  approach i s  suggested 

SU(K + KA) = BU(K + KB),  below.. . . 

. . 
and:. 

. . 
SV(K.+ KA) .= BV(K + KB). . . BOOLEAN PROCESSOR . I 

' 

Given Polygons X and, Y , Compute: 
1 

. I 
The above t a b l e  shows t h a t  va r i ous  types o f  events Z = X ~ Y  

r e q u i r e  va r i ous  combinat ions o f  t h e  s u b s c r i p t  c o n t r o l s  L e t  

KA, KB, and KC. Th i s  p a r t  o f  t he  program r e q u i r e d  X E {(Xui,Xvi)li = 1.2 ,... H x l  

cons ide rab le  e f f o r t  t o  develop. The program i s  f as t ,  and s i m i l a r l y  f o r  Y and X .  

a l though n o t  y e t  op t ima l .  I n  some cases t h e  boundary L e t  

v e c t o r  c o n t r a c t s  because KC<O. F o r t r a n  V i s  somewhat X + A1 U b2...U AM 

inconven ien t  because we r e q u i r e  c y c l i c  vec to rs ,  i . e .  where 
I BU(K + ICgRN) = BU(K), ai U A j = 0 ( a rea ) ,  

and so t h a t  

BV(K + ICgRN) = BV(K). Z = Zi U Z2... z~ 
where 

F igure :3shows a t y p i c a l  event  f o r  an octagon, a long  Zi = pi  n Y .  

w i t h  most o f  t h e  c o n t r o l  words which a r e  requ i red .  

However,,. t h e  l o g i c a l  s t r u c t u r e  i s  more complex i n  t h i s  However, t h i s  w i l l n o t  be t he  most e f f i c i e n t  approach ' ... 

case. The new boundary p o i n t s  r e q u i r e d  by t h i s  e v e n t  . . when many cases w i l l  h a v e a  n u l l  i n t e r s e c t i o n .  .. 
. . 

- :  must be so lved  f o r ,  s i nce  they  represen t  t h e . i n t e r s e c -  

t i o n  o f  r a t h e r  a r b i t r a r y  s t r a i g h t  1 ines .  I n  f a c t ,  t h e  

2 .o SHADING AND BLOCKING F O R  REGULAR N-GONS s o l u t i o n  f b r  t h e  new p o i n t s  w i l l  be nq  more d i f f i c u l t  . . 
, . 

i n  t h e  genera l  case o f  polygons. 

Most o f  our  c u r r e n t  work r e l a t s  t o  squares o r  oc ta -  

The problem of polygons, however, becomes s t i l l  more gons, and, consequent ly,  t h e  c u r r e n t  SAB subrou t ines  



a r e  based on concepts. which a re  repor ted  i n  ~ e f e r e n c e  2. . f i e l d  and i s  supported by a  tower of s u i t a b l e  height .  

. E. The Boundary Vector i s  .a .set o f  poi 'nts i n  t h e  : 

. . 

Table. 2.' Table o f  Contents f o r  Reference 2 , . ; plane o f  t h e  h e l i o s t a t  which.represents the  v e r t i c e s  . . . 

1  Terminology o f  a. plane polygonal r 'egion. This  reg ion .  i s  t h e  

2. Purpose and Scope o f  Programs . , . . .. ' e f f e c t i v e .  luminous regi,on o f  t he  he1 i o s t a t .  

3. Task S t ruc tu re  Common t o . B o t h  Versions . .. 
. F. T h e W V i e w s e e n  - i n  t h e r e f l e c t i n g h e l i o s t a t  

4. He1 i o s t a t  Boundary Vector from a  p a r t i c u l a r  p o i n t  i n  t he  rece i ve r  i s  l i m i t e d  
5. The Test  Procedure by the  neighbor ing h e l i o s t a t s .  The sky view def ines  

6. Ca lcu la t i ng  t h e  New Po in ts  i n  t he  Boundary the sky vers ion  o f  t he  shading and b lock ing  pro jec-  
7. De r i va t i on  o f  t h e  Receiver Version 

8. D e r i v a t i o n  o f  t he  Sky Version 
. '  . t i o n .  This  vers ion  i s  used t o  c a l c u l a t e  t h e  f l u x . .  

.. 
' 

dens i t y  r e c e i v e r  a t  t he  view p o i n t  i n  t he  rece iver .  

G. The Receiver View seen i n '  the  r e f l e c t i n g  h e l i o -  

s t a t  f rom a  p o i n t  i n  t h e  cen te r  o f  the  s o l a r  ' d i sk  i s  
2.1 TERMINOLOGY l i m i t e d  by the  neighbor ing h e l i o s t a t s .  The r e c e i v e r  I 

1 view def ines  t h e  r e c e i v e r  vers ion  o f  t he  shading and 

A.  Shading i s  t he  lo.ss o f  i l - l u m i n a t i o n  . .  on a  . g iven '- b l ock ing  p ro jec t i on .  This  vers ion  i s  r e l a t i v e l y  sim- I 

he1 i o s t a t  due t o  the  i n t e r c e p t i o n  o f  i n c i d e n t  s u n l i g h t  . . p l e  and provides a  rapi.d est imate o f  he1 i o s t a t .  e f f e c -  

by a  'ne ighbor ing he1 f o s t a t .  . . ' t iveness . . . 

' '  B.  locki in^ i s  t h e  l o s s  of i l l u m i n a t i o n  o n  t h e c e n -  

t r a l  rece i ve r  due t o  the  i n t e r c e p t i o n  o f  r e f l e c t e d  

s u n l i g h t  by a  neighbor ing he1iosta.t. ' . :2.2 'THE .PURPOSE AND SCOPE OF PROGRAMS 
. . 

C.  The Col l e c t o r  Fi.eld' contains. a  l a r g e  number o f  . . 

independently o r i en ted  he1 i o s t a t s  which are  s u i t a b l y  The shading and b lock ing  phenomena p l a y  a  m a j o r  r o l e  
arranged on a  f l a t  gro.und .plane. i n  1 i m i  t i n g  the  e f fec t iveness  o f  t he  tower t o p  s o l a r  

D .  The Centra l  Receiver i s a  r a d i a n t  energy absorber concentrator .  The arrangement o f  h e l i o s t a t s  i n  t h e  

which i s  l oca ted  a t  t he  o p t i c a l  center  o f  the  c o l l e c t e r  t o1  lec tor .  f i e l d  i s  opt imized t o  reduce the  losses due I 
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t o  shading and b l o c k i n g  w i t h o u t  was t ing  the  i n c i d e n t  program r e c e i v e  an i.ni t i a l  boundary vec to r  and o u t p u t  

sun1 i g h t  unnecessar i l y .  A1 1  segmented o p t i c a l  systems a  f i n a l  boundary vec to r .  These programs w i l l  be gen- 

s u f f e r  f rom i n t e r f e r e n c e  between ne ighbor ing  segments. era1 enough t o  cope w i t h  t h e  f o l l o w i n g  geomet r i ca l  

However, t h e  geometr ica l  s i t u a t i o n  i n  t h e  tower t o p  s i t u a t i o n s :  

s o l a r  concen t ra to r  i s  unusual l y  complex. A. The r e f l e c t i n g  sur face  of t he  h e l i o s t a t  can be 

the  i n t e r i o r  o f  any r e g u l a r  p lane  polygon. I n p u t  

The r e c e i v e r  v e r s i o n  o f  t he  shading and b l o c k i n g  p ro -  NGON = Number o f  Sides. 
. . 

. gram prov ides  a  rap , id  es t imate  o f  he1 i o s t a t  e f f e c t i v e -  ' B,  So.lar t r a c k i n g  i ,s.  assumed b u t  t h e  he l i ' o s ta t  , .  . ' .  

ness.  I t  i s  n o t  a b s o l u t e l y  exac t  because of umbka.and mounti.ng system i s  a r b i t r a r y .  

penumbra e f f e c t s  ; these e r r o r s  a r e  .ve ry  smal l  , tiowever, C. '  The arrangement o f  h e l i o s t a t s  i n  t h e  p lane  o f  

because of  t h e  p r o x i m i t y  o f  t h e  ne ighbor ing  h e l i o s t a t s .  t he  c o l l e c t o r  f i e l d  i s  a r b i t r a r y ,  and any 1  i s t  o f  

The r e c e i v e r  ve rs i on  p rov ides  an i n i t i a l  o p t i m i z a t i o n  ne ighbors i s  accepted. 

o f  t h e  c o l l e c t o r  f i e l d  geometry, e i t h e r  by i g n o r i n g  D.  The c o l l e c t o r  f i e l d  i s  assumed t o  be f l a t  b u t  

t h e  i n f l u e n c e  o f  r e c e i v e r  e f f i c i e n c y  o r  by e s t i m a t i n g  can be i n c l i n e d  o r  l e v e l .  The c o l l e c t o r  f i e l d  i s  

t h e  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  f o r  a  sphe r i ca l  r e -  subd iv ided  i n t o  ce lTs  which can be l o c a t e d  and s i z e d  

c e i  ver.  a r b i t r a r i l y .  The i n n e r  and t h e  o u t e r  boundaries o f  

the c o l l e c t o r  f i e l d  a r e  de f i ned  by exc lud ing  t he  un- 
. The sky v e r s i o n  o f  t h e  shading and b l o c k i n g  program : 

becomes a  sub rou t i ne  t o  t he  f l u x  d e n s i t y  c a l c u l a t i o n .  : 

T h i s  v e r s i o n  p rov ides  - a  s te rog raph i ca l  l y  exact.  p ro -  

j e c t i o ' n  o f .  each .neighbor f o r  a  .g iven p o i n t  ' . in t he  r e -  

ce iver ' .  . A l . l  o f  these p r o j e c t i o n s  a r e  combined t o  gen- , . 

e r a t e  t he .  f i n a l '  boundary v e c t o r  which, represen ts  t he  

sky view. . . 

Both ve rs i ons  of t h e  shading and b l o c k i n g  computer 

des i r ed  c e l l s  v i a  t he  i n p u t  c o n t r o l  m a t r i x  IGRND. 

E .  For  t he  sky vers ion ,  . t he  ' l o c a t i o n  o f  t h e  r e -  

c e i v e r  p o i n t  R w i t h  respec t  t o  t h e  o p t i c a l  c e n t e r  0 . 
. 

. . 
i s  a r b i t r a r y  . (See F igure  3. ) ' For t h e  r e c e i v e r  ve r -  

s ion ,  t h e  corresponding p o i n t  i s - f i x e d  a t  t h e  c e n t e r  

o f  t he  s o l a r  d i sk .  

F. Al though'  we an t i c i pa te ,  the' ro le .  o f  guidance 

e r ro rs '  i n  degrading t h e  image,'we a r e  f r e e  t o  assume 

p e r f e c t  t r a c k i n g  f o r  t h e  pu rposes 'o f  t h e  shading and 
' '  



. . 

b l ock ing  programs. Shading and b l o c k i n g .  c a l c u l a t i o n s .  

a re  performed f o r  t he  rep resen ta t i ve  - h e l i o s t a t  a t  t he  

cen te r  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 .  The ce1.l 

s t r u c t u r e  i s  assumed f o r  convenience b u t  must sample 

t h e  geometr ical  sit iation .adequately.. , . 

6 .  ' The rep resen ta t i ve  he1 i o s t a t s  a re  assumed t o  

r e f l e c t  t he  c e n t r a l  r a y  f:rom the  sun t o  o p t i c a l  c e n t e r .  

o f  t h e  rece i ve r .  For convenience, we w i l l  assume t h a t  . '  

t he  neighbor ing h e l i o s t a t s  a re  para lqe l ,  whicti i s  n o t  

q u i t e  p e r f e c t  t rack ing ,  b u t  t he  e r r o r i n d u c e d  i n  the  

shading. and b lock ing .  ca. lcu' lat ion i s  very smal l .  

2.3 THE BOUNDARY VECTOR PROCESSOR 

generate a  new boundary vec to r  every t ime an event 

occurs. I n  s h o r t  form 

Bo - B1 - B2... - By , 
f o r  N events. 

Table 3 summarizes the  s t r u c t u r e  o f  t h e  SAB sub- 

rou t i nes .  

Table 3. The Boundary Vector Processor 

A. Requirements 

I n i t i a l  o r  Std. Boundary Vector  

L i s t  o f  Displacements fo r  Neighbors 

U n i t  Vectors f o r  Opt ic  Axis  and Sun 

Orthonormal Basis f o r  H e l i o s t a t  

B. Tasks 

The most c h a r a c t e r i s t i c  aspect o f  our  approach to .shad-  Se lec t  Highest  Boundary Poi,nt 

i ng and b lock ing  concerns' ou r  use o f  the  plane o f  the  : . ' , Excl ude Neighbors behind R e f l e c t o r  Surface 

h e l - i o s t a t .  Given an orthonormal bas is  f o r  the  he1 i o -  . ~ r o ~ e c t  ~ e i ~ h b o r  onto Plane o f  H e l i o s t a t  

s t a t  frame, we no longer 'care what .type of mounting Excl ude Neighbors having Remote Images 

system was used and i t .becomes convenient t o  i n t roduce  Detect  Events .(See F igure  4. ) -. 

(u,v) coord inates f o r  the v e r t i c e s  o f  t he  m i r r o r  l y i n g  ' ,  . . . .  . Calculate New Boundary Po in ts  

i n  t h e  plane o f  t he  h e l i o s t a t .  The s e t  of ve r tex  . . Update Boundary Vector 

p o i n t s  determines a  polygonal r e f l e c t i n g  region.  We . - .  C. Output 

can w r i t e  F ina l  Boundary Vector 
. . 

6 = { (u i ,v i ) l i  = l...NGONI Area of  E f fec t ive  Region 

f o r  t h e  boundary vec to r  so t h a t  t he  processormust  . .. . . V i s i b i l i t y  o f  Sun by Sun Sensor P r i n t  Options 

. . . . 
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!ABSTRACT 
! . .  . 

!This paper describes a computer program tha t  was devel- 

/oped t o  calcula te  thermal power ref lected i n t o a  re- 

ceiver from a f i e l d  of he l ios ta t s  and to  determine pow- 

e r '  losses .  Inputs to  the program are  the geometry of I ,  
( t he  he1 i o s t a t ,  co l lec to r  f ie1  d and receiver; a1 ignment 

land operating times; insola t ion;  mirror r e f l ec t i v i t y ;  

/r .eflected . f l  ux patterns'; and mi r r o r  s t ruc tura l  deflec- - 

/ t ions  as funct ions  of he l i o s t a t  elevation angle,  wind 

' The program determi nes power 1 osses caused by poi nting 

. e r ro r s ,  off-axis aberrat ion and he1 i o s t a t  s t ruc tura l  

' . def lect ions .  The computation of aberrat ion e f f ec t s  

has been veri f i  ed by comparison of computer resul t s  

with . tes t  . data;  . t h i s  comparison i s  included in  the 

paper. Also included are examples of program outputs 

showing power losses as  a function of time of day and .  . 

time . ~ f . . ~ e a r . ~ n d  . . .  as a function of wind vel.ocity and 

di rect ion.  
. ' 

iveloci ty and w i h  di rect ion.  The paper inciudes exam- The program i s  b r i e f l y  described i n  terms o f  a top- 
i 

Iples of ref lected f lux patterns obtained from radio- level flow char t  and .major subroutines. .Program run 
I 
:meter measurements and used as the basis fo r  .the re- time on a CDC 6500 i s  approximately half  a minute 

if lected f lux patterns employed in the program. Mirror f o r  100 he l i o s t a t s .  
1 : s t ruc tura l  deflecti-ons a re  ca1culate.d by another. com- 

jputer program and have been ver i f ied  by tes t ing .  Ex-. . PROGRAM DESCRIPTION 

:ample s t ruc tura l  deflection data are  included j n  the Figure 1 i s  a top-level flow diagram of the co l l ec to r  
i . . .  
, Paper- f i e l d  power program. The program f i r s t  ca lcula tes  
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TOP-LEVEL FLOW. D I AGRAM . '  . . 

Calculate az imuth  and elevation gimbal angles 
for  operati n g  t i  me. , ,  

t. 
. Add in heliostat point ing errors. : - 

Calculate m i r r o r  po in t ing e r ro rs  due t o  
s t r u c t u r a l  de f lec t ion-we igh tand  wind. 

Deter mine m i r r o r  po in t ing e r r o r s  due t o  1 
aberration. 

I. 

Using f l u x  patterns based on  test data, com- 
pute power. and percentage. power i n t o  aperture. 

I Repeat for additional heliostats. 

Figure 1 



- 

I - '  

a the azimuth and elevation gimbal angles that are re- 

'quired to d i rec t  the reflected beam from the he l ios ta t  

into the aperture of the receiver. Next, pointing 

errors are computed. Then, using flux patterns based 

I on t e s t  data,  the program computes the power and the 

percentage of total  reflected power into the receiver. 

'The program calculates the pointing er ror  and the 

power into the aperture for  each mirror on a he1 io- 

s t a t  and then calculates the to ta l s  for  the hel iostat .  

The calculations are then repeated fo r  each hel iostat  

in the f i e l d ,  or  for  a representative group of helio- 

s t a t s  . 
He1 i o s t a t  pointing errors a f fec t  the whole he3 ios t a t ,  

e .g. ,  errors due to the resolution of the device that 

measures the gimbal angles and errors .i n the. 'cal c.ul a- 

tion of sun position, The program has normally been 

run using several different  values of pointing error  

/ in sequence to determine power loss a s .  a function of 
I 
I pointing error .  Then, using information on the s ta - '  

i t i  s t i c s  of the poi nti  ng er rors ,  power losses can be 
I 
I estimated for the f i e ld .  

"Pointing errors,, due to structural deformation are cal-  
i culated for  each mirror. These pointing errors are 
:.calculated using input data defining mirror rotations 

..'as a function of elevation gimbal angle andlwi.nd 

velocity and direction. 

PROCEED1 NGS--SOLAR WORKSHOP 

The program determines mirror pointing errors due to 

off-axi s aberration by f i r s t  ."a1 i gni ng" 'each of the 

, mirrors on the..heliostat a t  a sele'cted time of day 

and time of year--normal ly noon, vernal equinox. 

- I  That same relat ive mirror orientation i s  then main- 

! tained when the heli6s.tat i s  positioned to center the 

: i reflected beam on the target a t  other times of t h e  day 

and times of' the year. Because of off-axis aber- 

ration, the centers -of the reflected beams from the 

.i ndi vi dual mirrors spread apart for  operati ng times 
I 

I other than the setup time. 

The reflected flux pattern used in the program i s  a 
normal. distribution chosen to approximately match t e s t  

! data. Power into the aperture i s  computed by f i r s t  

calculating the projection of the aperture onto a 

plane perpendicul a r  to. the center. of the ref1 ected 

beam and .then i.ntegrati ng under the flux dis t r ibut ion 

within. the l imits of the projected aperture. 

Inputs to the program include the geometry of the 

hel iostat ,  collector f i e ld  and receiver; align- 

.merit time and operating time; insolation; mirror re- 

f l ec t iv i ty ;  mirror reflected flux dis t r ibut ion;  and 

mirror structural rotations as functions of he1 i o s t a t  
elevation angle, wind velocity and wind direction. 

Heliostat geometry i s  input in terms of the. location 

of the center of each mirror with respect to  the 
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c e n t e r  o f  r o t a t i o n  o f  ' t he  he1 i o s  t a t .  The. ' l o c a t i o n '  ' .  .are a l s o  p r i n t e d  ou t '  i n c l u d e  h e l i o s t a t  gimbal angles,  

o f  each h e l i o s t a t  i n  the  f i e l d  i .s spec i . f i ed  w i t h  cos ine l o s s  f a c t o r s  and the.  l o c a t i o n s  on the  r e c e i v e r  

r e s p e c t  t o  a  ground re fe rence  p lane  and a  v e r t i c a l  . .  ape r t u re  o f  the' cen te rs .  o f  the. r e f l e c t e d  beams. The 
. . 

l i n e  thro'ugh t he  c e n t e r  o f  the a p e r t u r e .  ' The r e -  p r imary  purpose o f  t h i s  program i s  t o  determine power 

c e i v e r  i s  d e f i n e d  by tower h e i g h t ,  ape r t u re  w i d t h  losses .  Other  programs a r e  used t o  compute the de- 

and h e i g h t  and t he  s lope  o f  the  a p e r t u r e  opening t a i l e d  maps o f  f l u x  d i s t r i b ~ t i d n  i n s i d e  the  r e c e i v e r  

w i  t h  r e s p e c t  t o  a  v e r t i c a l  p lane . t h a t  a r?  r e q u i r e d  f o r  des ign o f  t he  b o i l e r  and super-  
. . hea te rs  . . . 

I n s o l a t i o n ,  - m i r r o r  r e f l e c t i v i t y  and m i  r r o i -  area a re  . . 

no rma l l y  combined i n t o  a s i n g l e  i n p u t  cons t a n t - - t h e  Major  subrou t ines  used . i n  the  program i nklude ' the sun 

t o t a l  r e f l e c t e d  power f rom the  m i r r o r  fo ' r  normal i n -  p o s i t i o n  computat ion,  c o n t r o l  a1 g o r i  thm, a b e r r a t i o n  

c i  dence and r e f  1  e c t i  on. computation., s t r u c t u r a l  d e f l  e c t i c n  computat ions , f l  ux 

. pa t t e rn  determi  n a t i o n ,  a p e r t u r e  p r o j e c t i o n  and f l u x  
The program uses a  two-d.i mensi ona l  normal d i s t r i b u t i o n  

'dens i t y  i n t e g r a t i o n .  
t o  approximate t he  r e f 1  ec ted  f l u x  d i s t r i b u t i o n  f rom 

each m i r r o r .  The r e q u i r e d  i n p u t  t o  the  program i s  the  The sun p o s i t i o n  sub rou t i ne  c a l c u l a t e s  the  sun v e c t o r  
d iamete r  o f  the  f l u x  d i s t r i b u t i o n  a t  the  p o i n t  where f o r  the  s p e c i f i e d  t ime o f  day and t ime o f  y e a r  and 
the  i n t e n s i t y  has dropped t o  1.11% o f  t he  peak i n t e n -  

, f o r  the  s p e c i f i e d  s i t e  l o c a t i o n .  The c o n t r o l  a lgo -  
s  i ty : . . r i  thm determines the m i r r o r  normal v e c t o r  and t he  

M i r r o r  r o t a t i o n s  a r e .  i n p u t  t o  the  program f o r  h e l i o -  az imuth and e l e v a t i o n  gimbal ang1.e~ t o  c e n t e r  t he  r e -  

1 s t a t  . e l e v a t i o n  angles o f  0, 55 and 90' degrees, f o r  f l e c t e d  beam on the  t a r g e t .  
. . 

w ind v e l o c i t i e s .  o f  zero and. 8.94 m/s. (20  mph) a n d  f o r  - -  
To. deternine. the o f .  the 

f r o n t  and back winds. program f i r s t  so lves  t he  c o n t r o l  a l g o r i t h m  f o r  each 

The p r imary  program ou tpu ts  a re  power i n t o  the  aper-  o f  the mir:eors on a  h e l i o s t a t  f o r  t he  s p e c i f i e d  a l i c n -  

t u r e  and power losses  as f u n c t i o n s  o f  o p e r a t i n g  t ime,  men t t ime--usual  l y  noon, ve rna l  equ inox.  Then the  

w ind  v e l o c i t y  and d i r e c t i o n  and he1 i o s t a t  p o i n t i n g  c o n t r o l  a1 g o r i  thm i s  so l ved  f o r  t he  c e n t e r  m i r r o r  f o r  

e r r o r s .  Other  q u a n t i t i e s  t h a t  a r e  computed i n  the  the  s p e c i f i e d  o p e r a t i n g  t ime.  The u n i t  v e c t o r  normal 

process o f  genei-at ing these p r imary  'outputs  and t h a t  t o  each o t h e r  m i r r o r  i s  equal -  t o  the' u n i t  v e c t o r  



i normal t o  the center  m i r r o r  co r rec ted  f o r  the d i f -  

! ference i n  the a1 ignment ang1e.s. The t a r g e t  vector .  

i ( v e c t o r  from the center  o f  the m i r r o r  t o  the center  

o f  the t a r g e t )  i s  d i f f e r e n t  f o r  each m i r r o r  and can 
! 
' be ca l  cu l  a ted  from the he1 i o s t a t  geometry and the 

, known gimbal angles. The e r r o r s  i n  the r e f l e c t e d  

. beams from each m i  r . r o r  (except  the center,  m i  r r o r )  
j . 
, a r e  computed by s o l v i n g  the vec tor  equat ions f o r  the 

! r e f 1  ected beams w i t h  the sun vector ,  m i r r o r  normal. . 

vec to r  and t a r g e t  vec tor  a1 1  known. 

To determi ne po i  n t i  ng e r r o r s  caused by s t r u c t u r a l  

! de f l ec t i ons ,  the program f i r s t  ca l cu la tes  angle of 

: a t t a c k  from the wind d i r e c t i o n  and azimuth gimbal 

j angle. M i r r o r  r o t a t i o n s  a r e  determined from the i n -  

; p u t  da ta  f o r  the opera t ing  e l e v a t i o n  gimbal angle f o r  

i a  wind v e l o c i t y  o f  8.94 m/s (20 mph) . These m i r r o r  

/ r o t a t i o n s  a re  then scaled t o  account f o r  the ac tua l  

Iwi,nd v e l o c i t y '  and angle o f  a t tack .  
I 

l ~ h e  f l u x  p a t t e r n  used i s  a  normal d i s t r i b u t i o n  w i t h  

/The. apparent s i z e  o f  the rece i ve r  aper tu re  var ies  as a 

' f unc t i on  o f  l o c a t i o n  i n  the h e l i o s t a t ,  f i e l d .  The pro-  
I 
[gram ca l cu la tes  the p r o j e c t i o n  o f  the aper tu re  o n  a 
i 
!p lane t h a t  passes through the center  o f  the aper t l r re 
I 

/and i s  perpendicular  t o  th,e r e f l e c t e d  ray  f rom the 

;center  o f  the center  m i r r o r .  Numeri ca l  i n t e g r a t i o n  

techniques are  then used t o  determine the t o t a l  power 

'be ing r e f l e c t e d  onto the p ro jec ted  aper ture.  
! 

EXAMPLES OF INPUT DATA 

Figure 2 shows an example o f  m i r r o r  r o t a t i o n  data used 

; i n  t he  c o l l e c t o r  f i e 1  d  power program. M i r r o r  ro ta -  

t i ons  caused by weight  o n l y  and by weight p lus  an 

8.94-m/s (20-mph) wind were computed us ing  a  space-. 

frame computer program. The r o t a t i o n s  due t o  wind 

.: on ly  are ca l cu la ted  by s u b t r a c t i n g  the weight-only  

data f rom the wind p lus  weight  data. The wind-only 

* data are used w h e n . i t  - i s  necessary t o  sca1.e the r o t a -  
I 

' t i o n s  f o r  a d i f f e r e n t  wind v e l o c i t y .  The r o t a t i o n s  

: a d i a r n e t e r t o t h e + 3 s i g m a . p o i n t s o f 1 7 m r a t t h e  . , 

j caused by weight a re  then added back i n  t o  ob ta in  the 

' s l a n t  range f o r  which the m i r r o r  i s  focused. The pro-  t o t a l  . r o t a t i o n s .  

,gram ca l cu la tes  the increase i n  beam diameter caused i The computer program used t o  c a l c u l a t e  m i r r o r  s t r u c -  

'by us ing  f i xed- focus  m i r r o r s  a t  s l a n t  ranges n o t  equal : t u r a l  r o t a t i o n s  was v e r i f i e d  .by t e s t .  A h e l i o s t a t  

I t o  t h e i r  focal 1  ength. The program scales the f l u x  s t r u c t u r e  was s e t  up i n  the s t r u c t u r e s  l a b  and loads 
! 

; d i s t r i b u t i o n  so t h a t  the c o r r e c t  t o t a l  beam power i s  i were, app l ied  t o  produce azimuth and e l e v a t i o n  torques. , . . 

imai n t a i  ned. ! Measured d e f l e c t i o n s  o f  the he1 i o s t a t  s t r u c t u r e  agreed 
. . . . 

I 
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EXAMPLE'OF MI-RROR ROTATION DATA . . 
. . .  

Wind + 'Weight (20 mph) . . . . 

Weight Only 

Figure 
Elevation ~ n b l e  - Deg 

2.. 

. . 
. . 

. . .  , 

Wind Only (20 mph) 

Elevation Angle - Deg 

. Y -- Azimuth 'Axis f ,  . . . . 

X -- Elevation A x i s  



with calculated values w i t h i n  about 15%. 

Reflected flux distributions were measured a t  cb~th ., 

A1.buquerque and Denver. Measu:rewnts were made i'n 
Denver using the four heliostats of the stibsystem, re- .-. 

search .experiment (shown in. Fi gure 3 )  and' radi,ometers 
mounted on a boom as shbwn in Figure 4. The styu@tu,re. 
on the l e f t  i.r, F i g u e  4 i s  a calbrinkter that wasused 
to &sure, total energy into the aperture.. Thirteen 
radiowiers- were munted on the boom and f l u x  patkerns 
were det;&rmihed by sweeping the reflected beam from. a 
t e s t  .heiiostat -across the boom and recordi'ng .the 
radi@kiCer outputs. 

The radiometer outputs as functions of time were con- 
verted to' functions of distance using the geometry of 
the, test setup and the velocity of the drive motor 
and the sun. 

Example flux patterns from one of the heliostdts are 
shown i n  Figure 5. I t  can be seen that d normal dis- 

tribution provides a good approximation of the t es t  
data . 
VERIFICATION OF OFF-AXIS ABERRATION COMPUTATION 

The technique used to calculate pointing errors of 
the ref1 ected beams f rom individual mirrors has been 
previously described. Verification of this part of 

the program was accomplished by comparing calculated 
results with tes t  data. 

\Patterns of reflected beam centers were available 
from a t es t  that was run May 29, 1974. Pictures of 

the reflected beam pattern had been taken a t  one-hour 
intervals from 8 am to 3 pm. The computer program was 
used to calculate and plot the reflected beam centers 
for the same times using the same geometry as the 
t es t  setup. 

Figure 6 i s  a picture of the heliostat used in the 
tes t .  The mirrors were aligned so the reflected 
beams overlapped a t  11 am. Figure 7 shows the re- 
flected beam pattern a t  1 pm. (One of the inside mir- 

r o r s  in the row of five i s  missing in this  case.) 
Covers were placed over the mirrors with an opening 
in the center of the cover to obtain an approximation 
to the central ray from the mirror. 

I 

Figure 8 shows the computer plot of the target and 
the centers of the reflected beams for this case. 
Good general agreement was obtained between the com- 
puter results and the t es t  pictures throughout the 
day. 

EXAMPLES OF PROGRAM RESULTS 

Examples of program results will be shown for the 

PROCEEDINGS--SOLAR WORKSHOP 
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Figure 3 Four Heliostats of Subsystem Research Erperiwnt 



Figure 4 Radiometers Used tc Measure Heliostat Flux Distributions 
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EXAMPLE FLUX PAl lERNS FROM RADIOMETER TESTS 

i; .- 
V) 
C .  
0) c. 
c - loo0 

Radiometers 1-7 

500 

0 
-4 -2 0 2 4 

Distance, m 
Slant Range = 506 rn 
Figure 5 



I Figure 6 Hel iostat  Used f o r  Aserration Tests 
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Figure 7 Reflected Bern, Pattern a t  1 prn (A1iyt1t.i  a t  11 am) 

I 



C COMPUTED BEAM CENTERS FOR COMPARISON WITH TEST RESULTS 

Distance, m 

Align ment ti me: May 29, 11 a. m. 
Operating ti me: May 29, 1 p. rn. 
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Martin Marietta, 10-W pi l o t  plant design. Ar i ,a r t i s t ' s  , 

drawi;ng of the p i l o t  plant is shown j n  Figere $., Thy 
a n d y t i c a l  resu l t s  shown- i n  the figures th$ ~ ~ o 1 . j ~ ~  . , 

were obtain9d u s i n g  a tower height, of. 90 meters, an 
ape&ure 7.5 meters square ?nd a f i e l d  of 1554 helio- 

sats:;.  Each, he1 i o s t a t  has nine f i  xed-focus pj r rors  . . 

2-13 meters square; each mirror i s  adjustable i h a z i -  

mutkand-elevetion so  the ref lected beams f r o g  a1 1 o f '  . . 

the mirrors on a he1 i o s t a t  can be- a1 i gned to overlap 

a t -a  selected time of day and time of year. 

Figure 10 shows the e f f e c t  of off-axis aberration on 

t h e  percentage of re f lec ted  power t ha t  enters  the 

aperture. The mirrors are  aligned a t  noon on the day 

of vernal equinox, so the 1 osses a t  t ha t  time a r e  

caused by sp i l lage  due to  the s i z e  of the reflected 

beams r e l a t i v e  t o  the projected aperture. The i n -  
crease i n  losses a t  other times is caused by off-axis 

aberration.  He1 ios t a t  pointing e r rors  and s t ructural  

deflection e f fec t s  were not included i n  these runs. 

Alsa,.shading and blocking losses are  calculated using 

another computer program and a re  not included i n  the 

p lo t s  shown i n  Figure 10. 

T h e  dashed l ines  i n  Figure 10 apply t o  the tota l  col- 

l ec to r  f i e l d .  The sa l id  l ines  apply to  individual 

he l io s t a t s  a t  the three corners on the e a s t  s i d e  of 

the col lec tor  f i e ld ;  location 1 i s  the f ron t  corner, 

and location 3 i s  the beck corner. 

Figures 11 and 12 are  p la t s  showing the projected 

aperture and the centers of the ref lected beams from 

each of the nine mirrors on the projected aperture.  

These computer-generated plots a r e  an aid in  visual- 

iz ing the e f f e c t  of off-axteis' aberratioh.  They show 

tha t ,  f o r  the he l io s t a t  i n  the northeast corner of 

the f i e l d ,  the spreading of the centers of the re- 

f lected beams is much greater a t  6 am than a t  6 pm. 

Figure 10 shows tha t  the power loss  for  t h i s  helio- 
s t a t  ( location 3) i s  s ignif icant ly  greater a t  6 am 

than a t  6 pm. 

Figure 13 shows the effect of he l io s t a t  pointing 

errors  on power loss .  Tke program was r u n  using the 

same pointing e r r o r  far each heTiostat i n  the f i e l d  

to generate t h e  p lo t  af: power loss  versus pointing 

e r ror .  Using the resuTts shown i n  Figure 13 and the 

known o r  estimated d is t r ibu t ion  of pointing e r rors ,  
annual average energy l a s s  can be calculated.  

Power loss  as  a function of wind velocity and direc- 
tion i s  shown i n  Figure 14. The program was run using 

wind veloci t ies  of 8.94 rrl/.s (20 mph) and 13.4 m/s 
(30 mph) and wind directions a t  45-degree steps from 
north. The plots shown were calculated for  noon, 

vernal equinox. The resu7ts are  s imilar ,  b u t  not ex- 

ac t ly  the same, f o r  other times of day and times of 
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y e a r .  Using these  r e s u l t s ,  and s t a t i s t i c s  on wind 

ve loc i ty  and wind di  r e c t i  on f o r  the p a r t i c u l a r  p l a n t  

l o c a t i o n ,  the annual average energy l o s s  due t o  wind- 

i nduced s t r u c t u r a l  r o t a t i o n s  can be ca1 cul a t e d .  

R E L A T E D  PROGRAMS 
! 
I Other computer programs t h a t  requi r e  cons iderably  more 

i computer run time a r e  used t o  c a l c u l a t e  the f lux  maps 

requi red  f o r  r ece ive r  des ign .  

The l o s s e s  due t o  wi nd-i nduced s t r u c t u r a l  r o t a t i o n s  

shown in Figure 1 4  were ca l cu la t ed  f o r  cons tan t  wind 

v e l o c i t i e s .  Another computer program .developed t o  

model the  he1 i o s t a t  d r i v e  mechanisms and cont ro l  feed- 

back loops has been used to  determine h e l i o s t a t  re-  

sponse t o  wind g u s t s .  

A computer program has been developed and used f o r  

a1 i  gni ng the mi r r o r s  on the he1 i  os t a  t s  a t  the A1 b u -  

querque Sol a r  Thermal Tes t  f a c i  1 i  t y  . That computer 

program uses subrout ines  s i m i l a r  t o  o r  i d e n t i c a l  to  

some of  the  subrout ines  used i n  t he  c o l l e c t o r  f i e l d  

power program. Examples a r e  sun pos i t i on  c a l c u l a t i o n  

and the  cont ro l  a lgor i thm.  The alignment program a l s o  

c a l c u l a t e s  mirror  r o t a t i o n s  caused by weight f o r  the 

s p e c i f i e d  a1 ignment time and compensates f o r  those 

r o t a t i o n s  i  n the a1 i  gnment procedure. 

. . 

As s t a t e d  previous ly ,  a  s t r u c t u r a l  a n a l y s i s  program 

i s  used. to  c a j c u l a t e  the mir ror  r o t a t i o n s  t h a t  a r e  

i npu t  t o  the c o l l e c t o r  f i e l d  power program. 

CONCLUSIONS 

The c o l l e c t o r  f i e l d  power program i s  a  useful  tool  f o r  

determining power 1  osses  caused by of f -ax i  s  aber-  

r a t i o n ,  he1 i o s t a t  po in t ing  e r r o r s  and he1 i  o s t a t  s t r u c -  I 
t u r a l  d e f l e c t i o n s .  The program uses r e f l e c t e d  f l u x  

pa t t e rns  based on t e s t  d a t a .  The computation o f  beam 

spreading due to  o f f - a x i s  abe r r a t ion  has been v e r i f i e d  

by comparison with t e s t  d a t a .  H e l i o s t a t  s t r u c t u r a l  . 
d e f l e c t i o n s  due t o  weight and wind loads t h a t  a r e  i n -  

p u t  t o  the progran have a l s o  been v e r i f i e d  by t e s t i n g .  

Program run time on a  CDC 6500 i s  approximately 30 

seconds f o r  100 he1 i  os t a  t s  . 

'. A C K N O W L E D G E M E N T  - .  . . 
. . 

The computer program described i n  t h i s  paper was de- 

veloped pr imar i ly  by John W .  Evans. Others who con- 

t r i b u t e d  t o  w r i t i n g  and checking ou t  the program i n -  

c lude D .  . E .  Buck,. D .  D .  Os t rander ,  E .  G .  Page and 
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i t s e l f  o r  by opera t iona l  cond i t i ons  b lank ing a  p o r t i o n  

of t h e  f i e l d  (due, f o r  instance, t o  maintenance o r  c loud 

1 An a n a l y t i c a l  formulat ion o f  t he  s o l a r  f l u x  dens i t y  d i s -  cover) are shown t o  set .  up f l u x  gradients around t h e  

s t r i  bu t ions .  produced on the  sur face.  o f  a. - cen.tra1 t0we.r rece iver  which.can be computed using a  f l u x  superposi t -  

r e c e i v e r . b y  l a rge  m i r r o r  f i e l d s  i s  developed which ac- i o n  technique., The methodology e laborated i n  t h e  case 

counts f o r  d ispers ion,  .shading and screening e f f e c t s  .of o f  t h e  v e r t i c a l  . cy l  i n d r i c a l  rece ive r  f o r  simp1 i c i  t y  

m i r ro rs ,  and f o r  degradation o f  i n s o l a t i o n  l eve ls .  I n  and i n s i g h t  o f  treatment i s  appl i -cable t o  many o the r  ; .  

t h e  case ' o f  symnetr ica l  geometries- i n v o j  v ing  c i r cu l .a r  geometries presqnt ly  envisioned i n  rece ive r  s tud ies  f o r  
. . s o l a r  power tower.. .systems. . . ' m i r r o r .  f i e l d s  and v e r t i c a l  cy l  ind i - ica l  receivers,  a  .gen- . . 

I .era1 'method of c a l c u l a t i o n  y i e l d s  closed-form so lu t i ons  

1 fo r  the  concent ra t ion  r a t i o s  i n  terms o f  .normalized par- 

&meters descr ib ing  the  m i r r o r  f i e l d  conf igura t ion ,  t he  . . 

1 r ece ive r  dimensions, the  i n s o l a t i o n  l eve ls ,  t he  m i r r o r  

I c h a r a c t e r i s t i c s  , .and the  t ime o f  the  'day. Aiming st ra- .  

I teg ies  o f  m i r r o r  focusing are  devised t o  reshape the  i n -  

I sol a r  f l  ux i n  accordance w i t h  desi red d i s t r i b u t i o n s .  

M i r r o r  f i e l d  a s y m e t r i e s  created by the '  conf igura t ion .  

L 
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Abstract-An analytical formulation of the solar, flux density distributions produced on the surface of a central 
'tower receiver by large mirror fields is developed which accounts for dispersion, shading and screening effects of 
mirrors, and for degradation of insolation levels. In the case of synlmetrical geometries involving circular mirror 
fields and vertical cylindrical receivers, a general method of calculation yields closed-form solutions for the 

i 
concentration ratios in' terms of normalized parameters describing the mirror field configuration, the receiver 
dimensions, the insolation levels, the mirror characteristics, and the time of the day. Aiming strategies of mirror 

' focusing are devised to reshape the solar flux in accordance with desired distributions. Mirror field asymmetries 
crcated hy the configuration itself or by operational conditions blanking a portion of the field (due, for instance, to 
maintenance or cloud cover) are shown to set up flux gradients around the receiver which can be computed using a 
flux superposition technique, The methodology elaborated in the case of the vertical cylindrical receiver for .  
simplicity and insight ,of treatment is applicable 16 many other geometries presently envisioned in receiver studies 
for solar power tower systems. 

INTRODUCTION 

Among the various solar thermal conversion systems 
proposed for large-scale generation of electricity, the 
central-receiver lower coticept of a solar power plant is 
attracting today a great deal of attention for its promising 
potentials to conserve fossil fuels, to effect minimal 
environmental impact, and to become, as a ready tech- 
nology, cost competitive in the future mix of power 
generating plants. In this concept, a large field of in- 
dividually steered Sun-following mirrors or heliostats on 
two-axis tracking mounts reflects solar radiation to a 
tower-top receiver or boiler where the concentrated 
energy is converted to' heat in a working fluid for tem- 
porary storage and for use in a conventional thermal- 
electric conversion equipment or in a total energy 
system[l]. This paper develops an analytical approach 
for the determination of the 'solar flux density distri- 
butions produced by the large mirror field-the concen- 
trator--on the surface of the central receiver. Serving 
the function of an optical transmission system, the mir- 
ror field essentially is an approximation to the Fresnel 
equivalent of a parabolic mirror. Although there exists an 
abundant literature dealing with solar concentrators for 
such applications as solar furnaces or space power, most 
of the studies are not directly applicable to the central 
receiver scheme which is characterized by different 
constraints, requirements, and 'operational modes. Typi- 
cal factors to be accounted for in considering the central 
receiver concept are the large flux or power levels en- 
countered with the concomitant long optical transmission 
distances, the shadow effects created by neighboring 
mirrors which can block the incident andlor reflected 
radiation, the time-varying nature of the characteristics 
corresponding to continual changes in Sun altitude dur- 
ing the day, the effects of "blanking" certain zones of the 
mirror field as a consequence of a partial cloud cover, 
maintenance, or even malfunction. The mirror field is not 
so much designed to produce the largest possible 
concentration of solar energy in a focal zone as is the 

case, for instance, of a solar furnace; rather its function 
is to establish controllable concentrations through the 
use of appropriate time-dependent aiming strategies for 
focusing (or defocusing) the mirrors in order to. reshape 
the flux density distributions in accordance with'receiver 
design specifications. With such factors and design ob- 
jectives in mind, this paper develops a methodology for 
the analysis (and synthesis) of the solar flux density 
distributions on a central receiver. Using a continuum 
characterization of the mirror field, the approach which 
is totally analytical is also general enough to apply to 
many concentrator-receiver configurations of interest. In 
the special case of symmetrical arrangements (as ex- 
hibited by the vertical cylindrical open receiver), the 
solutions reduce to closed-form exbressions which 
provide insight into the behavibr of the central receiver 
system and also serve as useful tools in preliminary 
designs artd optimization studies. For dctailed analysis of 
the solar flux produced by specific shapes of mirrors (or 
blocks of mirrors) placed in defined arrays around the 
tower, other computer approaches have been developed 
based on the summation of individual cell 
contributions[2] or on the use of Monte-Carlo techniques 
applied to ray trace simulation. 

Consider the geometry shown in Fig. 1 in which a 
mirror 'M reflects the central ray of the Sun to a fixed 
focus or aim point F at a height H above horizontal 
ground. The location of this mirror is given by the 
angular coordinates (0,. PI) measured with' reference to F. 
0, being the distance angle (the linear distance to the 
tower base B is R = H tan 0,) and p, the azimuth angle 
referred to north counted positive eastward. The locatiih 
of a point P on the receiver i s  specified in terms of the 
cylindrical coordinates (z , ,  r,, 0,) having F as origin. The 
orientation of the receiver surface at P is established by 
the unit normal vector ri, making an angle 0, to the 
vertical, with the proviso, however, that it intersects the 
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Fig. 1. Geometry of mirror and central receiver. 

central vertical line (or tower line) FB. This condition 
imposes restrictions on the shape of receivers to which 
the analysis directly applies; it does include, however, 
many surfaces of revolution (around the tower line) such 
as inverted truncated cones, semi-spheres, cylindrical 
shells, flat horizontal planes, and combinations of these 
forms that are considered applicable to various open- 
type central receiver designs. The tangent plane to the 
receiver at P will be called the image plane; its in- 
tersection with the vertical plane containing the tower 
line FB and point P will be referred to as the image line 
GP, where G is the perpendicular projection of F on the 
image plane and is labeled the image focal point. 

The Sun image is the ellipse formed by the intersection 
of the solar cone of half angle a with the image plane. If 
the receiver point P is interior to the ellipse, mirror M is 

errors and limb darkening effects of solar illumination 
could be included in the analysis of mirror performance. 
a constant dispersion factor, possibly field dependent, 
will be introduced here for simplicity of treatment. A 
simple definition of k  is arrived at by considering a 
planar mirror of dimensions L x L located at the (large) 
distance T = H s e c  8, f r ~ m  an image plane. At normal 
incidence, the total dispersion or spread of the solar 
image can be expressed as 

The dispersion factor defined as the ratio 'of the effective 
reflected solar half angle to the actual Sun disc half angle 
(a, = 4.65 X lo-' rad) is then given by 

said to be active at P ;  on the other hand, if P is exterior, k = a = l + e m f e l :  L + - cos 8,. 
the mirror is inactive at P. It is shown in the appendix a, a, 2a,H. 
how the size and placement of the ellipse in the image 
plane can be determined in terms of the specified lo- 
'cation .parameters for M and P in order to ascertain 
whether M is active or not at P. The concentrator field 
region (possibly- multiply connected) in which all mirrors 
are active at P will be referred to as the mirror visibility 
zone relative to the receiver point P. 

DEBATING FACMlPS 

To account for the degradation in concentrator per- 
formance due to inherent imperfections in the mirrors 
and to environmental effects on insolation levels, three 
derating factors are introduced as intrinsic design 
parameters to be specified: the dispersion factor k, the 
mirror utilization factor u, and the degrading factor g 
imposed on the insolation level. 

Dispersion factor k 
Although probabilistic models of surface and steering 

.--- . . - - -  

Thus errors of the order of ? I  m rad in steering and 
surface errors produce an approximate doubling of the 
solar disc in the case of an infinitesimal mirror; with a 
finite planar mirror, the dispersion is further increased as 
indicated by the last term which depends on radial field 
position and mirror-to-tower length ratio. Because tower 
height is a function of the square root of the power level, 
mirror dimensions may also have to be varied as function 
of power in order to achieve tolerable LIH ratios, 
especially in the field near the tower. The condition is 
particularly stringent at low power necessitating un- 
wieldy small planar mirrors. To alleviate this problem, 
larger but focused nonplanar mirrors can be used to 
reduce the size of the Sun image and achieve also a 
modicum of concentration. 

In this paper, the dispersion factor k  will be assumed 
to cover a range from 2 to 4, with k  = l representing 
ideal conditions. 

. . - -- - . - - . - . . . . . . -- 
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Mirror utilization factor u 
This geometric factor provides a measure of the local 

effectiveness of a mirror area in reflecting solar energy to 
a central focal point. For an isolated mirror, it is simply 
the cosine of the incidence angle of sunlight impinging on 
the mirror surface. For close-packed arrays, shadow 
effects are produced by neighboring mirrors, blocking the 
incident sunlight (Sun shading) andlor the reflected light 
(screening of receiver). For such situations, it has pre- 
viously been shown[3,4] that the mirror utilization factor 
u is equal to the cosine of the Sun zenith angle 8, when 
Sun shading predominates (i.e. u = cos 8, when 8, < O,), 
and to the cosine of the mirror distance angle 8, in the 
case of receiver screening (i.e. u = cos 9, when 9, > 8,). 
It is significant to note that, in both shadowing cases, the 
utilization factor is uniquely a function of radial distance 
and not of azimuth. 

Insolation degrading factor g 
The reduction in the direct component of the in- 

solation So (a function of Sun angle 8,) due to air mass, 
turbidity, and cloud cover effects (which in turn depend 
on time and geographical location) is lumped in a single 
factor g which, for convenience, also includes mirror 
reflectivity and area coverage losses. Thus an effective 
insolation S = gSo is introduced as ad input design 
parameter to be specified. For lack of information but 
mostly for comparison purposes, it will often be ap- 
propriate to assign to So a constant value of I kWlm2. 

nux  DENS^  CALCULATION^ 

Taking account of shading' and screening effects, the 
effective area of an incremental mirror located at M in a 
continuum mirror field can be expressed as . . 

where u is the pertinent mi,rror utilization factor. The 
solar flux reflected by this elementary mirror is SdA,, 
where S is the effective insolation. If the energy density 
is considered to be uniformly distributed over the ellip- 
tical Sun image of area A, (see (eqn 'A2)-a reasonable 
assumption for a geometry involving large target dis- 
tances-the elementary solar flux density at P can, 
therefore, be written as 

SdA,'  S . -- dq=-- , , u tan el cos y do, do,, 
A, nk a, . . 

provided, of course, that the elementary mirror is active 
at P. In general, the total flux density q at the receiver 
point P can be obtained by integration over the mirror 
visibility zone associated with P. Note that q depends 
only on angle variables (and S) but not on tower height 
H. 

In order to derive analytical closed-form solutions for 
the flux density distributions, it is necessary to apply eqn 
(2) to symmetric geometries for both receiver and 
concentrator mirror field around the central tower. In the 
case of a vertical cylindrical receiver (discussed in the 
appendix), the elementary flux density at point P situated at 

the height H on the receiver (measured from theimage focal 
point G) can be written explicitly in the form 

S -sin2 8, cos fi,, de, dj?,,(e, 2.8.) 

(3) 

sir? 8, sec 8, cos 8, sos B,. do, do,, 
nk a ,  

(B,, <el  < 0,). 

For a circularly symmetric mirror field, the total flux 
density at a given receiver height h can be obtained by 
integrating first with respect to B,, so that 

I& 1; sin' 8, sin p,.de,(8, 2 8.) 

4 = (4) I&[ sin' 4 set 8, coi 8, sin A d91(4. < el < 

in which sin B,, can be derived'from cos B,, given in eqn 
(AIS) in terms of h and 8,. The explicit final expression 
is, however, complicated so that numerical integration 
over the visibility zone will be resorted to in obtaining 
the results presented in the following section. 

nux  DENS^ D ~ ~ O N S  ON 
VERTICAL CYLINDRICAL ReCElVERS 

Mirror visibility characteristics 
The mirror field visibility zones for a vertical cylin- 

drical receiver of radius r can be obtained on the baqis of 
eqn (A14) derived in the Appendix. However;. for 
generality, it is desirable to rewrite the equation in a 
non-dimensionalized form'in which lengths on the re- 
ceiver are normalized with respeci to a base length 
ro= a,H equal to the perfect Sun disc radius at the 
dis!ance H. Thus, after noting that the reflected Sun disc 
radius r, = aH = ka,H = kro, eqn (A14) divided by ro 
assumes the normalized form 

hik = csc B,{(ilk) cos 8, cos PI, 2 [sec2 8, .- (ilk)' sin2 fi,,]"3 
(5) 

where the tilde is a mark denoting per-unit lengths. This 
equation defines visibility curves which are plots of the 
intersection points of the Sun ellipses with the image line 
as function of the relative mirror-to-receiver azimuth 
angle o,, for various mirror distance angles 0, and 
receiver radii i. Figures 2(a) and 2(b) are two typical 
plots, the first illustrating the dependence on 8, for a 
fixed ir'k = 3, and the second the dependence on Hk for a 
fixed 8, = 50". The mirror visibility zone corresponding to 
a specified location on a receiver of given radius is 
readily obtained from a plot such as Fig. 2(a). As an 
illustration, consider the location i lk  = 1 .5 on a receiver 
having ilk = 3: Fig. 2(a) shows that all mirrors located in 
a region where 8, <40" are inactive at the specified 
receiver location, while mirrors at a fixed radial distance 
8, greater than 40" are active only within specific az- 
imuthal limits *PI, (which can be calculated from eqn 
AIS). The maximum azimuthal limits of visibility are 
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AZIMUTHAL MIRROR LOCATION Btr 

Figs. 2(a,b). Mirror visibility curves. 

+.90", while tde radial limits are given by the extreme rim place of the flux density q. Application of these stipu- 
angles olM and 8,, of the mirror concentrator field. lations to eqn (4) yields 

Single aim-point strategy 
Flux density distributions on a vertical cylindrical Ck' = 5 lr sin2 8: sin PI, d8,(8. 5 8,) ( 5 )  

receiver can be computed by applying the limits of the 
pertinent visibility curves to the integrals given in eqn whose integration within ,the previously determined 
(4)'. A universal set of curves can be derived as shown visibility limits can be represented by the universal cur- 
typically in Fi. 3 yielding the flux distributions under the ves of Fig. 3 whicti, show the dependency of the concen- 
following stipulations: all the mirrors are located inside a tration ratio upon vertical position on the receiver for 
circular ring field with the tower at the center having various receiver dimensions i lk. The plots of Fig. 3 are 
inner and outer rim angles of 8, and 4,; a single-point derived for a virror field size bounded by 8 , ~  = 70" and 
aiming strategy is adopted so that all mirrors focus on 8,, = 30". These concentration ratio curves exhibit no- 
point F ;  the dispersion factor k is taken to be a constant table features: An increase in receiver radius i. or 
over the whole mirror field; to achieve maximum solar dispersion factor k is accompanied by a reduction of the 
flux levels, the Sun zenith angle is assumed to satisfy the solar flux concentration and a linear stretching of the 
conditions 8 , s  8,, (which occurs around local noon) total solar image together with an enlarged tail in the 
producing a mirror utilization factor u = cos 8, for the distribution and a shift of the peaks toward lower 
whole field which is then dominated by receiver receiver locations; these changes produce an effective 
screening effects; finally, a non-dimensional quantity C = defocusing action. The local concentration ratio C is 
q1S representing the local concentration ratio is used in independent of .azimuth and is constant around the'cir- 
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Fig. 3. Concentration ratio distributions. ~ependence on receiver 
.dimensions. 

X 
3 cular per~phery of the receiver at a fixed height The total 
A 
LI solar flux Q reaching the receiver can thus he expressed 

I w 
6- 

by 

I -I 
0 ~ v, Q = 2 ~ r r l  cl dh  = 2m.?H2( i /k )S 

To  capture all the solar flux reflected by  the mirror field, ~ the receiver radius must satisfy the condition f l k  2 
I sec OtM. This means that, wi th a r im angle of O,, = 70°, 

receivers having ' i lk  < 2.9 are subjected to a smaller total 
flux because, being too thin, they do not intercept all the 
reflected flux. On  the other hand, all receivers with 
f ik  > 2.9 must intercept the same available total reflected 
flux, I n  a previous paper[3], this total Rux or power was 
shown to.be equal to ., . . 

Q =.2~rH~S(sec O,, - sec-O,,) for  O,T 5 O,,. (7) 

The identity resulting from comparing eqns (6) and (7), 
namely 

( i l k )  Ck2 d(fik) = sec O,, - sec 8,. 

can serve as a means of checking the accuracy of the 
universal curves, since the integral on the left-hand side 
is given by  the area under the concentration ratio curve 
for any given i l k  (greater than sec O,,). 

ly distributions 189 

Multiple uiming strategies 
With a single aim-point strategy'of mirror focusing. the 

distributions illustrated in  Fig. 3 exhibit rather hip11 pc i~k-  
to-average flux density ratios which are not suited to 
mcet normal boiler design requirements. To  flatten the 
Rux distributions, i t  is necessary. to resort to multiple 
aiming strategies by '  which various rings of mirrors 
concentric to the centraltower-the AO, bands-ail11 at 
different focal points along the center line of thc re- 
ceiver. Figure 4 presents the concentration ratio con- 
tributions of various AO; mirror bands when all the 
mirrors in  the entire field are aimed.at one focal point so 
that the slim of  all these individual baild contributions , 

produces the curve of Fig. 3 corresponding to the same. 
' , 

' 

set of parameters.. When .a particular r ing o f  mirro: s is 
reaimed at a new focal point, its flux contribution o n  the' 
receiver maintains the original distribution in  shape, 
magnitude, and azimuthal symmetry though shifted ver- 
tically by the identical distance through which the focal 
point has been displaced. This preservation of the shape 
of . the  contributing flux distribution is a valid ap- 
proximation here when one considers the large distances 
between mirrors and receiver compared to the dimen- 
sions o f  the receiver. Thus by applying selectively mul- 
tiple aiming strategies to different bands of mirrors, the 
snlar RIIX density distributions can essentially' he 
reshaped to meet desired specifications. A t'ypical il- , . . . 
lustration o f  a possible strategy that wil l  produce a 
trapezoidal flux density distribution is shown in  Fig. 5 .  

Asymmetrical mirror fields, . : 

This section examines the effects o f -  asymmetrical 
mirror fields on the flux density distributions under the . 

. . 

CONCENTRATION RATIO ck2 
0 1000 2 0 0 0  3 0 0 0  4 0 0 0  5 0 0 0  6 0 0 0  
1. I 
t I 

TIME : 0, r 3 0 °  

RECEIVER RADIUS : \ = 3 

: AIM POINT : h/k = 0 

RING WIDTH:AO, = 10" 
-- 

Fig. 4. concentration ratio distributions. Circular ring contribu. 
tions. 
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CONCENTRATION RATIO C k2 radial limits still being 8,, 5 8, 5 &M. Figure 6 illustrates ! 

single-aim point focusing strategy. Asymmetrical fields 
can be encountered in various situations, normal or even 
abnormal: the actual mirror field may indeed not be 
circular; the tower may be displaced from the center 
(normally southward to improve mirror area utilization); 
portions of the mirror field may become ineffective due 
to a cloud cover or maintenance or perhaps malfunction. 
With asymmetry in the mirror field, the solar flux density 
distributions around the cylindrical receiver are no lon- 
ger uniform but exhibit azimuthal gradients which must 
be taken into account in the receiver design or in the 
establishment of new focusing strategies to reduce their 
magnitudes. To render the annlysis mathematically trac- 
table, the field asymmetry to be considered here will be 
established by effectively removing a sector from the 
original circularly symmetrical mirror field. Thus, having 
previously examined the symmetrical contributions of 
A@, bands, we turn here to the contributions of AB, 
wedge segments upon the flux distributions. A wedge 
segment is identilied by its width A@, and_ by its bisecting 
radius vector of relative azimuth p,, = B, - 8, measured 
with respect to a reference 8, on the rec'eiver (absolute 
azimuth is 8, measured with respect to north where 
6, = 0"); mirrors inside this wedge are, therefore, within 
tL azimuthal limits 6, - (A/3,/2) 5 fl,, 5 b,, + (Aj3,/2), the 
.- -- . - . -- - - - - - . - -- 

0 1000 200@ 3000 4 0 0 0  XK)0.6000 
I I 

W 
a 

" 

B,,,m70. 
nELD SIZE :glmm30* 

TIME 8 & UO" 

RECEIVER RADIUS I k, 8 3 

A 

A@, Ring 

30"- 
40"-50" 
5o0-55" . 

550-60"' 
60"-70" ' 

CONCENTRATION RATIO ck2 
0 1000 2000 3 0 0 0  4 0 0 0  5000  .6000 ' 

WEDGE IDENTIFICATION j,, 

Fig. 6. Concentration ratio distributions. Wedge. segment con- 
tributions. 

. .- 

the flux contributions of 15" wedge segments for the set 
of parameters indicated. Because K, represents a rela- 
tive azimuth angle, the curves in Fig. 6 can be interpreted 
either as showing. the contributions produced at one 
receiver 'location 6, by. various IS0 wedges located $,, 
away, or as giving the distributions at various receiver 
locations due to a, single wedge segment situated at p,. 
For the chosen parameters, wedges of mirrors in the field 
range 75" s B,, I W0 h e  inactive at the receiver and thus 
do not appear in the figure. By superposing the above 
individual cotrtributions of wedges, positively in the 
presence.of active wedges and negatively in the case of 
removal of wedges, the flux density distributions created " 
by various asymmetrical, though circular, mirror 'field 
configurations can readily be obtained. As an example, 
consider'the original circular field which, for one reason 
or another, finds its effective area coverage reduced by 
one quarter; assume that the 90"-noncontributing sector 
is located due north of the central tower so that it is 
bounded by the limits -45" < 8, <45". For this. field 
configuration and for the given parameters, the concen- 
tration ratio characteristics are shown in two equivalent 
sets of plots, one as a function of receiver height with 
receiver azimuth as parameter (Fig. 7a), the other ex-. , 

Aim point Nk 

- I  (and -0.5) 
t2 
t2 

-15 
. 0 

CL 
0 
ZE 
m 
Y 
r x .  
0 
3 

Fig. S, .Concentration ratio distributions, Multiple aim-point hibiting the dependency upon azimuth at various heights 
strabgics. i' on the receiver (Fig. 7b). Both figures show the flux 

distributions to be symmetrical with respect to the nor'th- 
facing image line at.8, = 0 where the'minimum flux levels 

. . occur. Figure 7(a) indicates that the receiver zone where. 
18,1> 120" (facing due South) experiences the original 
total. fluxes produced by the circular mirror, field; the 
reason is that the 90°:northern sector is simply inactive in 



Solar flux densily distributions 

--I AZIMUTHAL LOCATION ON RECEIVER /3, 

Fig. S(a.b). ~z'irnuth~l dependence of concentration ratios produced by Asymmetrical mirror field. Size: O,&, = 70": 
O,., = 30". Non-contributing sector: -45" < P,  < 45". 

this southern receiver zone. Figure 7(b) shows that the 
azimuthal flux gradient at a fixed height on the receiver is ' 
approximately constant and that the 50 per cent flux 
levels occur at p, = 45". Ttie high flux density gradients 
observed here are obviously the -result of the extreme 
asymmetry assumed for the mirror field. Nevertheless, 
the example is not atypical of the type of severe 
problems that could be encountered in central receiver 
operation. To alleviate the problem and develop a more 
symmetrical flux density distributiorl around the receiver 
from an inherent asymmetrical field may require off-axis 
strategies of mirror focusing. 

Time efects 
Thus far, the Sun zenith angle 0, was assumed to 

satisfy the condition 0, 5 %,, which occurs (if at all) 
around noon and provides for maximum flux density 
levels. At a different time when 0 , ~  el,, the mirror field 
experiences shading effects which lower these flux 
levels. The computation of the concentration ratios is 
now based on using the complete eqn (4) in which the 
shading effect clearly appears as the reduction factor 
p = sec 0, cos 0, whenever 0, -< 0,. The concentration 
ratio distributions resulting from a low Sun on .the 
horizon of 0, = 65" are illustrated in Fig. 8 for a receiver 
having i l k  = 3 and a tircularly symmetric mirror field 
(having .B,, = 30" and OtM = 70') focusing at one central 
point. Showh are the AB, hand contributions and the total 
flrix density distributions. .By comparing Figs. 4 (for 
which 0,, 530") and 8 ,  i t  'can. be seen that a A0, band 
contribution of a selected midband location (&,, < 9,) in 

Fig. 8 can be approximated by multiplying the cor- 
responding distribution in Fig. 4 by the constant factor 
sec 6, cos 65" which is less than unity. In ~ i g .  9, a similar 
reduction in the contributions of 15" wedges can be 
observed for 0, = 65" when compared to the distributions 
of Fig. 5 obtained when 0, 30". Using such techniques. 
the daily time effects as they translate into changes in 
Sun angle 0;can be accounted for in the determination 
of the time-varying solar flux density distributions and 
hence in the establishment of aiming strategies designed 
to control these distributions. 

CONCLUSIONS 

The solar flux density distributions produced on the 
surface of a central tower receiver by large mirror fields 
have been determined using an analytical formulation 
that accounts for dispersion, shading and screening eff- 
ects, and insolation degradation. Simple closed-form 
solutions for the concentration ratios effective at the 
receiver have been obtained in the case of symmetrical 
geometries involving circular mirror fields and vertical 
cylindrical receivers. The significance of such solutions 
which are presented as universal curves with dimen- 
sionless parameters is that they can readily.be used to 
study the effects of changes in system parameters such 
as mirror field geometry, receiver dimensions, mirror 
characteristics, time of the day, and insolation level. 
Furthermore, the universal 'curves. have demonstrated 
their usefulness in the 'establishment of mirror aiming 
strategies for reshaping the solar fluxes on the receiver to 
achieve desired and controllable distributions. Finally, 
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b 
0 

. CONCENTRATION RATIO c k 2  contributions of pertinent segments of the mirror field. ! F 

0 1000 2000 3000 4000 5000 6000. The flux density calculations detailed here in the con- 
text of cylindrical receivers for simplicity of treatment 
and insight afforded by the closed-form results can fur- 
ther be applied to many other concentration-receiver 
configurations subject to this proviso: the whole mirror 
field most focus on a vertical tower line where the ' . 

receiver .surface normals also intersect. Thus, the ma- 
thematical analysis may readily be extended to cover . 
receivers having surfaces of revolution (about the tower 
line) such as inverted truncated cones, semispheres, half 
vertical cylindrical shells, flat horizontal planes, as well 
as combinations of such shapes. However, special con- 
siderations must be given to open receivers with re- 
entrant surfaces' and cavity receivers which produce 
partial blocking of the incoming solar flux. Off-axis or 

. azimuthal aiming strategies of mirror focusing also 
require further study. 
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. NOMENCLATURE 

a semi-major axis of elliptical Sun image 
. a b semi-minor axis . . 

Fig. 8. Cnncentration raiio distributions. Time effects on ring A, area of ellipse ' , 

contributions. A, mirror effective area 
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Fig. 9. Concentration ratio distributions. Time effects on wedge 
contributions. 

asymmetries in the mirror field created by design or by 
operational conditions (for instance, maintenance or 
cloud cover which effectively blanks a whole region) 
have been shown to produce flux gradients around the 

. receiver which can be evaluated by superposing the flux 
. - . --- 

concentration ratio = q/S', 
tower height 
distance of mirror to tower base 
distance of mirror to focal'point F 
radius of cylindrical receiver 
normalizing length = a,H 
distances on receiver image line 
dispersion factor.= ala, 
unit vector normal' to receiver 
total solar power or flux reaching the receiver 
solar flux density 
effective insolation 
insolation derating factor 
mirror utilization factor , 

Sun disc half angle = 4.65 m rad 
effective reflected Sun cone half angle 
azimuth angles measured with respect to north 

eastward 
mirror distance angle 
Sun zenith angle 
profile angle in image plane 
incidence angle on image plane 
mirror surface contour error 
steering or pointing error 
shading parameter = sec 8, cos 8,,(8, < 8.) 
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APPENDIX 

SUN IMAGE ON RECENER PLANE 
' 

DUE TO A SINGLE MIRROR 

General case of inclined image plane 
In this appendix the size and placement of the solar image in 

the image. plane are found in terms of specified location 
parameters for the mirror M and receiver point P. The object of 
the exercise is to determine the conditions for which minor M is 
active at P. Referring to Fig. I ,  (hi6 condition is Satisfied when P 
is .inside the ellipse and, therefore, rotated between paihis'tt and 
V representing the intersection.of the'ellipse with the image line. 

The center 0 of the ellipse which is the piercing point.of the 
tower line or cone axis MF on the image plane is defined in 
terms, of the cylindrical coordinates (2,. r,, 8,) referred to the 

' focal point F as origin. The incidence angle of the tower line MF 
with respect to the image plane is denoted by y. The major axis 
of the ellipse is oriented along the line OG which makes a profile 
angJe & with respect to the image line. The lengths of the 
semi-minor and semi-major axes are respectively . 

b = r, sec 8, 
(All 

a = b sec y = r, sec 8, sec y. 

where r. = a H  = ka.H is the radius of the reflected ckcular solar 
image on an image plane at normal incidence located a distance 
H from the mirror. Thus the area of the sun ellipse is . . 

A, = nab = nk2a.'H2 sec' 8, sec y (A2) 

Implicit in these relations is the justified assumption that receiver 
and Sun image dimensions. are small compared to the tower 
height H ;  consequently, the, distance, MO is approximated as 
H'sec 8,. 

To evaluate the piofile'and incidence angles 6 Piid y'in terms 
of the location parameters sbecifying M and Pi it is convenient 
to examine a profile view of the image plane as shown in Fig. A 
from which the following relations are 'readily derived 

h = GP = z, sin 13, - r, cos 8, 

FG = z, cos 0, + r, sin 0, 

= zo cos 8, + ro sin 8. 

GJ = zo sin 8, - ro cos 0, 

The right triangles NIO and FNO yield 

01  ='r, tan B,, and ON = r,, sec p,, = z, tan 13, 

so that rolz, = tan 8, cos p,. where B,, = B, - 8, is the relative 
azimuth angle between mirror and receiver point. Similarly. the 
right triangles FGO and FNO yield 

OF = FG sec y = zo sec 8,. 

These relations can now be used to.express y and 6 in terms of 
the location parameters as follows, 

cos y = @ = tcos 9, + ( r o / ~ )  sin 8.1 cos 8, 
FO . . 

= cos 8, cos 8, +sin 8, sin 8, cos g,, (A31 

8 sin 6 sin y = 01 x OG = 0/ = r , c ~ s  0, tan 8,. 
OG OF OF zo 

= sin 8, sin 8,. 

= [sin 0. - (rolzo) cos 8,) cos 8, 

= sin 8, cos 8, - cos 8, sin 8, cos B,, (145) 

sin 8, sin p,. 
t a n & =  s ~ n  . 8, cos 8, - cos 8, sin 8, cos @,, (A6) 

The intersections of the solar ellipse with the image line at U 
and V can be obtained by solving simultaneously the cor- 
responding equations of the ellipse and image line. Using x-y 
axes coinciding with the principal axes of the ellipse, these 
equations are 

where 

m = OG = FG tan y = (z, cos 8, + r, s,in 8,) tan y. (A7) 

Eliminating y gives the quadratic equation 

x2 - a' + (a21b')(rn - x)' tanz 6 = 0 
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whose so~utidns are the projections of U and V measured from 
0' along the major axis. To find the distances h. = GU and 

. h. = GV measured from G along the image line, define the new 
variable 'x' = ni - x so that h = x' sec 6 and solve the quadratic 
equation in x', namely 

[I t ( ~ ' l b ~ ) t a n ~ & ) x ' ~  - 2mx' t m'- a 2 =  0. 

The result is . 
m 2011 +tana 6 (aa -  m')lb2]"' h.. = sec 6 

I + tan2 6(a11b') (A8) 

with the plus sign associated with V, the minus with U. A 
negative h. means that the image focal point is between U and 
V. 

The mirror M will be active at the receiver point P (located at 
h = GP)  when the condition h. s h c h. is met. 

Special case o( vertical cylindrical receiver ' 

The previous results simplify considerably when applied to the 
special case of an open receiver having the shape of a cylinder of 
radius r whose axis coincides with the vertical tower line FB. 
Not only are image line and plane vertical, but the image focal 
point G is at the ,same altitude H as the central focal point F 
above ground. More significantly. because the vertical cylindrical 
receiver imposes the co.nstraint 8, =,W on the image plane 
orientation, all the previous relations can now be written ex- 
plicitly in terms of ttie location parameters. 

The incidence and: profile angles are given by the simpl'er 
expressions 

cos y = sin 8, cos 6,. (A9) 

, .  . tan 6 = tan 8, sin B,, (A101 . . .  
which canbe  further written in these equivalent forms. 

sln y = \/A cos 8, cos P,,; tan y = \/A cot 8, . (All)  
I I .  

sin 6 = - tan 8, tan p,,; cos 6 = -set p,, 
\/A \/A 

where 

A = 1 + sec2 y tan' 6 = l t sec' 8, tan' B,, (A 12) 

The location of the center 0 of the solar ellipse formed in the 
vertical image plane can be defined by the lengths of.these line 
segments 

r n = O G = r t a n y = r \ / A c o t 8 ,  (All)  

01 = r tan p,, . 

JG " r  cot 8, sec B,, 

Finally after noting that '. 

the. general expression ( ~ 7 ) ' f o r  the distances h.,. between the 
image focal point G.and the intersections U, V of the ellipse with 
the image line can be reduced as follows , . 

.h.,, = A " A T s  [ r d A  cot 8, + r, sec 8, csc 8, sec p,, 
i .  

x A - 7 ~ o s '  e,A cot' 8, tan2 8, sin' p,,)"' 
r 7 .  I 

= csc 8, [r cos . 8, cos . j3,,,2 (r: sec' 8, - r' sin2 /3,.)"21. (A14) 

' I t  is important to recognize the simplicity of the final result from 
which the visibility zones are readily obtained.. In particular, 
corresponding to a specifies position h on the receiver, the 
azimuthal visibility,limits for a ring of mirrors located at a distance 
angle 0, are given by . , . . 

. . 
. . 

.COS j3,, = -%[-.h cqs o,.? (hl + P - rS2 sec2 
r sin 8, 

(A19 

Resumen-Una furmulacion analiIica.de las distribuciones de densidad de flujo solar producidas por grandes campos 
de espejos en lit superficie, de una torre central receptora. rs  desarrollada incluyendo efeclos de dispersion , 

oscurecimiento de 10s espejos debido a sombras y degradation de 10s niveles de aislamiento. En el caso de geometrias 
simitricas que involucran campos .circulares de' espejos y receptores cilindricos verticales, un metodo. general de 
calculo permite obtener expresiones analiticas para los radios de concentration en funcion de 10s parametros 
normalizados que describen la cofiguraci6n del campo de espejos, las dimensiones del receptor, 10s niveles de 
aislamiento, las caracteristicas del espejo, y la hora del dia. Estrategias de orientation para enfoque de 10s espejos son 
desarrolladas a fin de modificar el flujo solar de acuerdoa las distribuciones deseadas. Se demuestra que asimetrias en el 
campo de 10s espejos creadas por la configuraci6n misma o por eliminaci6n parcial del campo debido a condiciones 

. operacionales (por ejemplo, debido a mantenimiento o cielo nublado) producen gradientes de flujo alrededor del 
receptor que pueden ser calculados usando una tecnica de superposici6n de flujos. La metodologia elaborada para el 
caso de un receptor vertical cilindricoes aplicable por simplicidad e intuition de tratamiento a muchas ptras geometrias 
actualmente consideradas para sistemas de torres solares. 

Rkupri-Une methode analytique pour la determination de la densjtt du flux solaire prgduit par un large champ de 
mirroirs sur la surface d'un capteur place sur une tour centrale est devplopte en tenant compte des effets de dispersion, 

' 

. . . . .  . 
d'ombies des mirroirs, et de la degradation des niveaux du rayonnement sola'iie. Dans le cas de geometries symClriques .. a 1 
comprenant des champs circulaires de mirroirs el de'capteurs cylindriques verticaux, une methode generale de calcul 0 

I 
permet d'obtenir des expressions analytiques pour la concentration qui est bvalu6e ii partir de parametres normalises V, 

represen~ant la configuration du champ des mirroirs, les dimensions du capteur, le niveau du rayonnement solaire. les Y 
CL 

caracteristiques des mirroirs, et I'heure du jour. Des strattgies d'orienlation pour la focalisation des mirioirs sont 0 

deduites afln de redistribuer le flux solaire selon des profiles desires. Les,asymetries du champ des mirroirs etablies par x 
des configurations particulitres ou par des conditions d'6ptration tliminant une partie du champ (caustes, par example. ct 
par des reparations ou par le passage de nuages) produisent des changements de la densite du flux sur la periphkrie du 

Q 
1 

capteur qui peuvent itre ivaluts par un procedi de superposition des flux. La mtthode dtvelopee ici en detail pour Ie 0 

cas d'un capteur cylindrique vertical par raison de la simplicite du raisonnement et de I'analyse peut aussi etre appliquee 
v, 

I 

B d'aulres geometries Je c;tpteurs qui son! actuellement considCrees dans les etudes de lours 6enrr;tles solitires. I 
v, 

. . C3 
Z 
U 
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I 
ABSTRACT o r i e n t a t i o n s ,  f o r  e f f e c t i v e  concent ra t ion  areas ( i  .e, 

i 
r e f 1  ected s o l a r  f l u x )  , and f o r  concent ra t ion  r a t i o s  

The model i n g  o f  t he  'performance o f  large-area s o l a r  . 
es tab l  i s h  theore ' t i ca l  1  i m i  t s  o f  ~e r fo rmance  a ~ a i n s t  " 

concentrators f o r  c e n t r a l  rece i ve r  power p l a n t s  - i s  f o r -  which ac tua l  o r  r e a l i s t i c  s o l a r  power systems can be 
mulated us ing  a  continuum f i e l d  representa t ion  of i d e a l  compared and assessed. 

! . h e l i o s t a t  a r rays  t h a t  accounts fo r  two governing fac-  

i t o r s :  t he  law of r e f l e c t i o n  o f  l i g h t  rays imposes. 

1 s t e e r i n g  c o n s t r a i n t s  on m i r r o r s  o r i en ta t i ons ;  the  pro-  

I x i m i t y  o f  m i r r o r s  .creates shadow e f f e c t s  by b lock ing  . . 

1 t he  i n c i d e n t  and/or r e f l e c t e d  s o l a r  rad ia t i on .  The re-  
. . 

1 s u l t s  o f  a  . s tee r ing  ana lys i s  which develops the  -space- 

1 t ime c h a r a c t e r i s t i c s  o f  h e l i o s t a t s  and o f  a  shadow an- 

a l y s i s  which determines the  l o c a l  e f fec t iveness  of m i r -  

r o r s  i n  r e f l e c t i n g  s o l a r  energy t o  a  cen t ra l  p o i n t  a re  

combined t o  o b t a i n  i n  c losed a n a l y t i c a l  form the  g loba l  

c h a r a c t e r i s t i c s  of c i r c u l a r  concentrators. These char- 

I a c t e r i s t i c s  which appear as t ime p r o f i l e s  f o r  m i r r o r  

I . PROCEEDINGS--SOLAR WORKSHOP 
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I A Theory of Concentrators of 
I Solar Energy on a Central . . .  . . . 

I Receiver for Electric Power I Generation 
The modeling of the performance of large-area solar concentratprs for central rrcrirrc~r 
power plants is formulated using a continuum field representation of ideal heliostnt a r -  
rays that  accounts for two governing factors: the law of reflection of light rays  impose:.^ 
steering con.9traints on mirror orientations; the proximity of mirrors creates shodorr~ r/- 
fects by blocking the incident andlor reflected .solar radiation. T h i  results o/ a strering 
.analysis which develops the space-time characteristics of heliostnts and  o/ a shndr~ro 
analysis which determines the local effectiveness of mirror.? in reflecting solar enrJrXy 1.0 

a central point a re  combined to obtain in closed analytical form the global charncteris- 
tics of circular concentrators. These characteristics which appear a s  time proliles for 
mirror orientations, for effective concentration areas LC. ,  r ~ / l e c t r d  solar flux), and  for 
concentration ratios. estahlish theoretical limits of prrformancr against which actunl or 
realistic solar power systpmn can he compared and  assrssed. 

Introduction. ,. . .. . . ,  

. . 
Several methods are under consideration for converting solar ra- 

-diadon to electricity a t  levels commensurate with conventional . 
power generating plants. The conversion process is either direct, 
utilizing photovoltaic cells [I ] '  or solar-thermal, typically employ- 
ing concentrating solar collectors to raise the temperature of a 
working fluid operating a heat engine 12-51, The impetus for tap- 
ping the abundant and nondepleting, albeit intermittent and di- 
lute, energy of the sun stems from the possibilities solar power 
plants offer to conserve fossil fuels, to  impact minimally the envi- 
ronment, and to compete economically in the existing mix of power 
generating plants. 

This paper is an attempt to develop some of the basic physical 
and theoretical performance characteristics underlying solar-ther- 
mat power systems. I t  is confined, however, to the study of a gener- 
ic concept of particular interest known' today as the central receiv- 
e r  system 13-51, This system consists of a'large field of heliostats 
(mirrors) that  collects the solar radiation, concentrates it o n a  re- 

Numbers in hrackets designate References at end of paper. 
(:ontril)uted hy the Solar Energy Division and presented at the Winter An- 

nual Meeting. Houston. Texas. November 30-Decemher 5. 1975 of THE 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. Manuscript re. 
ccived at ASME Headquarters July 14. 1975. %per No. 75-WAfSol-1. , 

. .  . 

ceiver (located a t  the top of .a  cehtral tower).which, acting as a 
hoiler, raises a. fluid to high temperatures .and pressures compat- 
ihle with modern power generating plants. The  analysis postulates 
an ideal model for ihe heliostat arrays which assumes that  the mir- 
rors are perfectly flat with unity reflectivity. perfectly steered to 
redirect sunlight to the central receiver, and may be placed in any 
desired field configuration around the central tower. A continuum 
field approach is adopted to describe the ideal heliostat arrays as a 
function of location and time of the day. Two fundamental consid- 
erations govern the space-time characteristics of the mirror field: 
( a )  the steering relations needed to satisfy the constraint of the re- 
flection law of light rays, that  is the equalily of incidence and re- 
flection angles; (b)  the presence of neighboring mirrors which 
creates the possibility of blocking the incident an?/or reflected 
solar radiation. Steering and shadow analyses are therefore per- 
formed to determine the local properties of the mirror field. The  
integrated properties of the whole ensemhle of heliostats, i.e., the 
concentrator, are then derived in closed analytical fo.rm for a circu, 
lar field with the tower a t  the center. The principal results are pre- 
sented as time profiles for mirror steering angles, for effective con- 
centration areas (or, equivalently reflected solar flux), and for con- 
centration ratios (which depend upon receiver geometry). The  
ideal characteristics of circular concentrators establish theoretical 
upper limits nf performance against wh,ich actual or realistic sys- 
tems can he evaluated with the introduction of suitahle derating 
factors to account for such effects as  steering errors, mirror size- 
and reflectivity, area coverage and geometry, and solar insolation. 
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Flg. 1 Gaomelrlcal conflguratlon of unn v d o r s  auoclated wlth sun. 
tower. and mlrror . 

Mirror Steering Analysis 

Fundamenta l  S teer ing  Relations. The  geometrical configu- 
ration of a steered planar mirror a t  a given instant of time and a 
given location with respect to the central tower is illustrated in Fig. 
1. T h e  fundamental steering.relation for the mirror is obtained as a 
result of satisfying the constraint imposed by Euclid's law equat- 
ing the angles of incidence and reflection of light rays on a planar 
mirror. 

Let the sun's position be determined.at a given instant of time 
by the unit vectors pointing toward the sun or, more'precisely, the 
center of its disk. Let the location of a given mirror with respect to 
the targeted top of the tower be represented by the unit vector t 
(directed positively from mirror to tower). The orientation of the 
mirror, specified by its unit normal (outward) vector n ,  is then 
given by 

in order to  satisfy Euclid's law, namely that  

n-s = n. t 

These relations can be written conveniently in terms of the re- 
sultant vector N. = s + t as , 

, n = N/N (3) 

and . . 
nos = n * t  = N/2 (4) 

If the vectors n and s are specified, then the tower vector t is de- 
rived from 

t = 2(n.s)n - s  ( 5) 

Equation (1) constitutes the basic steering relation for'a mirror 
defining its orientation as a function of time (because of the sun's 
time-varying positipn s) and space (because of the specific location 
of the mirror with respect to the tower). Equation (2) giving the 
cosine of the incidence angle is an important parameter of mirror 
behavior which will be referred to as the incidence factor hi. 

The apparent diurnal motion of the sun relative to  a given sbot 
on the earth can be obtained from well-known trigonometric calcu- 
lations in terms of three specifying parameters-the area location, 
the day of the year, and the time of the day-which can be defined 
by the following three angles:, 

A = latitude (positive in Northern hemisphere) 

6 = declination (positive in the summer for Northern 
hemisphere) 

r = time angle (positive in the afternoon, measured from local 
apparent noon) 

The  sun position vector s can be described by two angle compo- 
nents: a zenith angle'8, measured from local vertical, and a hori- 
zontal azimuth angle 8, measured from.true South and counted 
positive in the westerly direction. The zenith angle a t  any time of 
the day is given by , ' ' 

and the azimuth angle by either 

A; = actual concentrator area 
A, = receiver area 
A, = effective concentrator area 
a, = per-unit effective concentrator area = 

A , / ~ H ~  
C = concentration ratio = A,/A, 
D = per-unit $stance between two parallel 

mirrors (referred to mirror width) 
E = offset tower distance angle from center 

of circular concentrator field , 
H - tower height 
i = unit local vector pointing EAST 
j = unit local vector.pointing NORTH 
k = unit vector pointing to local zenith 

(vertical) 
n = unit mirror vector (outward,normal) 
s = unit sun vector (toward sun) 
t = unit tower vector (toward receiver) 
N = resultant vectors + t 
N = magnitude of N 
kd  = derating factor 
k; = incidence factor nes = N / 2  
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k, = ground utilization factor = I/D, 
. 

k ,  = mirror area utilization factor 
ko = overall area utilization factor = k,k, 
k ,  = shading (sun) factor = cos8, 
k t  = screenipg (tower) factor = cos8, 
q = parameter = c0sO,/cos8~ 
L = per-unit length of mirror 
W ,  = width of mirror (unity) 
R = distance of mirror to tower base 
T = distance of mirror to  receiver 
P ,= solar power a t  receiver 
S = solar constant, 
X = top exposure of mirror 
1' = side exposure of mirror 
x, = shadow length (perpendicular to  mir- 

ror horizontal edge) 
ym = shadow skew (parallel to mirror edge) 
p,, = azimuth orientation of mirror 
/j. = azimuth orientation of sun 
f l ,  = azimuth orientation 'of mirror location , 

with respect to  tower 
/ j d  = azimuth orientation of separation dis- 

tance between two parallel mirrors 
8,  = mirror tilt angle (from horizontal) 
0,  = sun zenith angle 
0, = mirror-tower distance angle 
q = concentiator efficiency = AJAi 
p = receiver dimension 
L = declination 
A. = latitude 
7 = time angle 

i n 
W, = sun apparent velocity . 0 

I. 
o = sun disk angle v, 

Y 
cc 

Subscr ip t s  0 

s = sun 3 

I = tower cc 
n = mirror normal . '5 
M = maximum (rim) 0 v, 

.m: = minimum I 

p = mirror profile view 
I 
v, 

f = mirror front view C3 
Z 

h, = projection of vector on horizontal - 
plane n 

W 
W 
0 
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I t  is convenient to indicate the sun's hourly position by combin- 
ing the pair of angles (B,, 6,) in quasi-polar plots as  illustrated in 
Fig. '2. T h e  plots are symmetrical with respect to the North-South 
axis. Fig. 2 shows sun paths corresponding to the summer and win- 
ter solstices, and the equinoxes; also shown are equivalent polar 
plots in the tan&, 6, plane. The  sun's apparent velocity w ,  = dr/dt  
is 15 deg per hr or 7.2722 X 10-Qadian per s. 

As indicated in Fig. 1, the location of a given mirror is specified 
by the unit vector t pointing from the mirror to the top of the 
tower (assumed to be a point a t  a height H from horizontal 
ground). Again, it is convenient to describe this uhit vector by two 
angle componerltk: a zehith angle fl, tntrespondiht to P radial dis- 
tance R = H tan& relative to the hase of the tower, and a horizon- 
tal azimuth angle fit. measured with respect to S o l ~ t h ,  positively 
westward. 

Finally, the mirrnr orientation. defined by the outward normal 
unit 'vector n, is also described by a zenith angle I), (elno equal to 
!ha tilt profile angle with respect to the horizontal plane) and a 
horizontal azimuth angle 4, from South. 

The  three vectors s. t ,  and n subject to the steering constraint 
are shown in Fig. 1 with their associated pairs of angular orienta- 
tions. The  componenb of these three unit vectors can he expressed 
in a local cartesian coordinate system defined by the  triad of unit 
vectors i, j, and k pointing toward East, North, and the local verti- 
cal, respectively. Specifically, these components are 

S t  = -sin%, sin& I 
St = -sing, cosfl, . Sttn (a)  
s, = coseh , ) 

The magnitude of the resultant vector N = s + t is then 

The orientation of the mirror can be obtained using equation ( I )  in 
terms of sun and mirror location angles with the result that  the an- 
gular mirror tilt is given by 

or equivalently, 

[sin2es + sin2%, + 2slne, sine, cos(P, - fl,)!1'2 
tang, = 

( C O S O ,  + C O S ~ , )  

( 1 2 )  

and the mirror azimuthal orientation is 

sine, s i d ,  + sin%, sinP, 
= sin8,c0s8~ + sine, C O S P ,  (13) 

or equivalently 

sin(@, - 0,) - - sine, - - 
sin(0, - P> sin%, 

Finally, the incidence factor is given by 

k ,  = n - s  = N/2 

where N is computed from equation (lO)..Equations (10)-(15) will 

WEST )O. 

Fig. 2 Polar plots 01 sun's hourly posltlon ( A  = 35 deg N) 

serve as the starting relations from which the properties of helio- 
s tat  arrays are to be derived. . 

In order to develop. an understanding of the space-time charac- 
teristics of ideal mirrors suhject ti) the above steering equations, it 
is helpful to consider the heliostat arrays as a continuum field and 
to view this mirror field first as  a function of space a t  fixed times 
and then aR'a function of time for fixed positions. 

Space  Mapping of M i r r o r  Orientat ions.  Consider a fixed in- 
s tant  of time of day which specifies the sun vector s in terms of its 
zenith angle 0, and azimuth angle fi,, and examine corresponding 
field space distributions of mirror orientations. A mapping of these 
distributions can he conveniently visualized hy introducing two 
sets of loci: 

( a )  loci of constant azimuthal o r ie~~ta t ions  (constant 4, lines); 
( b )  loci of constant tilt (constant 0. lines). 
A typical set of polar plots of these Ioci in the tanfl,, fll plane is 

shown in Fig. 3. The plots are symmetrical ahout a line repre- 
senting the projection sh of the sun vector s in the horizontal 
plane. For convenience of plotting, all azimuth angles are shown ns 
relative angles, namely O,, = /j, - Ij." and (f,, = fl, - 6.-, therehy 
producing a mapping that  is a function of a single parameter-the 
sun 7.enith angle I),. (If ahsolute a z i m ~ t h  angles are to he exhihited, 
simply rotate the plots hy the specified sun azimuth angle ( j " . )  

The simplest mapping occurs when the sun is a t  zenith (0, = 0) 
because then 0, = ./3: and 0, = I),/2, signifying that  constant If. Ioci 
are radial  line^ intersecting a t t h e  origin (where the t.ower is 1r1c:nt.- 
edj, and that  the constant lilt lines form cnncentric circlas with 
centers a t  the (!rigin. For other values of fl,, the li)ci hecr)me tlis- 
torted as shown in Fig. 3 for the case where I), = 45 deg. However. 
they possess interesting properties. For instance, constant 1.1, lines 
are made up of portions of hyperbolas interqecting H L  a singular 
point located a t  8, = 0, and /f, = fl. + 1x0 deg (or d,, = 1x0 deg). 
This  particular point shall he referred to as the nt!d~ of the ,map- 
ping. A specific hyperhnlic locus defined hy a fixed angle'/j... = /f,, 
- /j." has its major axes tilted a t  an angle -R,, ,  with respect to the 
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ISO-AZWUTM LINCI 180-TILT LWC8 N = d [ l  + cosOl(sinAsind + cosXcosd cosr) + sinOlsin&cosd sin+ L n  - 

xy axes. The  constant 8, nr isotilt lines are quartic curves which 
form closed paths only when 8, S 45 deg - (8,/2). At the node, 0, 
= 0 deg so that  this nodal mirror (in fact, the only one) is horizon- 
tal. 

Since the node constitutes a singular characteristic point defin- 
ing the mirror field distribution a t  a given time, the time-variation 
of the distribution can be visualized by observing the motion of 
this node. The  path of the node is in fact identical to that  of the 
sun as shown in Fig. 2. The  complete distribution can be obtained 
by superimposing the pertinent mapping,(for a given 8,) on Fig. 2 
such that node and sun position coincide. 

T ime Profi les  of M i r r o r  Orientations. The time evolution of 
mirror orientation for a fixed location specified by O,, 8, can be de-  
rived from equations (11) and (13) after expressing the solar angles 

' 0, and H, in terms of the time angle r using equations (6) and (8) so 
that  

1 
cose,  = -(cos6,  + s i n h  s i n 6  + cosX c o s b  c o s r )  (16) 

N 

in which 

Flg. 4 Thne profile of mirror litl angla 

+ sin8tcos~l(ainAcosb cosr - cos~s inb) ]"~  

and 

sine, s i n &  + c o s b  s i n 7  

'= s i n e ,  cosfl, + s i n k  c o s 6  c o s r  - cosX s i n 6  
(17) 

As illustrations, Figs. 4 and 5 show time profiles of angular ori- 
entations for a ring of neven mirrors located 30 deg apart  in the 
E a ~ t e r n  quadranta a t  a constant radial distance from the tower ex- 
pressed by fJt = 60 deg (because of symmetry, only the eastern half 
of the field is considered); the chosen day is the equinox (6 = 0 
deg) and the latitude is X = 35 deg N. I t  is of interest to note tha t  
the mirror situated a t  19, = 60 deg, 8, = 120 deg is close to a node of 
the field distribution occurring about 8:30 a.m. ( I  - -52.4 deg) at  
the location 8, = 60 deg and 8, = 113.8 deg, and thus exhibits a t  
that  time very large time rates of change of angular orientations; 
this will be a characteristic feature of mirrors in the vicinity of a 
passing node. In general, time profiles of angular velocities and ac- 
celerations can be derived from the orientation time profiles; they 
provide useful information regarding the controls and torques re- 
quired for steering action. 

Shadow Analysis 
The performance of ideal heliostat arrays is to  a large measure 

governed by the effects of shadows cast by neighboring mirrors. 
Two types of shadows can render a mirror (or portions of ita sur- 
face) ineffective: (1) a-mirror can be shaded from the sun by an ad- 
jacent mirror which effectively blocks the incident light rays; (2) a 
mirror, though in.sunlight (i.e.. unshaded), can be screened from 
viewing the top of the tower by a neighboring mirror which effec- 
tively blocks the reflected rays. T o  distinguish between thene two 
shadowing possibilities, the first shall be referred. to as shading 
and the second a s  screening. T o  analyze the shadowing effects of 
neighboring mirrors, the shadows produced by a single mirror on 
the horizontal surface are first examined as a function of space and 
time; such horizontal shadows can be viewed as defining the "foot- 
prints" of a mirror. The  analysis is confined to rectangular (or 
square) shaped mirrors having an edge (i.e., two corners) placed on 
the ground which is assumed to be horizontal. 

M i r r o r  Shadow "Footprints." Consider a single rectangular 
mirror of unit width (W = 1) and length L a t  a field location speci- 
fied by 8, and 8,. At a given instant of time specified by the sun's 
position angles 4, and 8,. the mirror orientation angles 0 ,  end 8, 
are determined by the steering equations. The shading and screen- 
ing footprints have the shape of parallelograms as illustrated in the 
plan view of Fig. 6(a). In order to determine the exact size of these . . 

Fig. 5 Time proflle of mlrror azlmulh angle 
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a parallelograms, two special views of the mirror are introduced: a 
side (or profile) view'of the mirror (Fig. 6(b)), and a front (or face) - 
view of the mirror (Fig. 6(c)). Projecting the sun zenith angle 6. in 
the normal plane to the mirror resulta in a sun profile angle O,, 
given by . . . 

tane,, = tane, cos(6, - 8,) (18) 

In the front view, the sun angle 8, appears as the front angle B,, 
Kiven' by 

tanO,, = tan0, sin(\ln - I{,) (19) 

The two corner points'of the parallelogram, of sun shade represent 
"piercing points" on the horiiohtbl surface of sun rays pass in^ 
through the upper corners of the mirror in a directit)rl ehtipatelle~ 
to the sun vector e. In the frame of reference of the mirthr; a pierc- 
ing point is a t  a d i s t d n ~ e  rms perpehdicular to the mittot horiioit- 
tal edge given from inspection of Fig. 6(b) hy 

x,, = C O S O ,  + sine, tane,, = cos(8, - B,J/COSO, ,  

= cose, + sine, tang, cos(C1, - PJ (20) 

This distance will be referred to  as the sun shadow length. The 
skew length or lateral displacement of the piercing point parallel 
to  the mirror edge is found from Fig. 6(c) to  be 

y,, = sine, tane,, = sine, tang, sin(& - 0,) (21) 

I t  is desirable to express the position of piercing points in a fixed 
coordinate system in the horizontal plane defined by East-North 
xy axes. The  components ro, and yo, of the piercing points along 
these new axes can be derived from the components x,, and y,., in 
the mirror frame by performing a rotation of axes involving the 
mirror azimuth angle fin. Thus, 

Because of the significance of the quotient cos8,lc0s8~, it is denot- 
ed by the parameter 9. Equations (26) and (27) which summarize 
the resulta of the shadow footprint analysis can be interpreted as 
follows: 

( a )  The parameter 9 uniquely characterizes the relative extent 
of shadows for the sun shade and tower screen: when 9 < 1. (i.e. 8, 
< O,), the sun shade is larger than  the tower screen; if 9 > 1. (i.e. 8, 
> 0,), the reverse situation holds. 

(h )  The  normal to the horizontal e d ~ e  of the mirror a t  its cor- 
ner hisects the sun and tower line shadow8 produced in the hori- 
zontal plane hy the tilted side edge of the mirror. Thus, while the 
horizontal projections of the three hasic vectors (nh, th ,  and s,,) do 
not satisfy the equality of incidence and reflection angles, this 
equality prhperty is recovered ih the edge shddows. 

(c) The .ske\uing of the two parallelogram shadows occurs in . 

opposite directiohs (from the normal to  the horitbntal mirror 
edge) which are determined by the.sign of the relative angle P, - 
&(orS.-PO. . , 

( d )  Shadow computations need he performed for only one type 
of shadow, .the other being derived from i t  hy simple scaling with 
the parameter 9. 

Shadows Cast  on Adjacerct Para l le l  Mirrors.  Consider next 
a neighboring mirror of identical dimensions (1 X L )  and orienta- 
tion (8.. B,) located a t  a per-unit distance D (hetweeri center) from 
the original shadowing mirror; the separation distance between 
mirror centers has an orientation specified by the azimuth angle Bd 
measured as usual from South. This parallel mirror may he par-. 
tially shaded from the sun andlor screened from 'the tower; the 
"union" of shade and screen areas constitutes the total shadow 
whose "complenient" area is the exposed or available area of mir- 
ror. T o  obtain t.his exposed arco, it is agait~ convenient to examine 
a side (or profile) view of the mirrors as well as a plan (or top) 
view. 

. xoS = x,, sin@, - y,, cOspn \ In a sid,e view, the mirrors 'appear to' be separated by the profile 
yOs =.xms COS& .+ Yms sinon ( ' (22a)  ' distance . . 

' : . '  ' . . or 
x,,. = cos8; sin& + sine, ta.0, sin& 

. .  . .  . . .  ,. . . . 
yOs = . C O S O ,  cosp, + sinen-tang, cosp, 

0 1  PLAN VIEW Following a similar process, the corner or piercing points of the 
screening shadow of the tower (interpreted as the shadow pro- 

:duced by a fictitious light source a t  the top of the tower) can be oh- 
tained by simply interchanging the subscripts s and t .  Thus, the 
tower shadow length becomes ' , . . 

x,, = cosf?, + sine, tan0, cos(p, - 0,) (23) 
4' 

whilc thc tower shadow skew is ah 

(24) y,, = sine, tan0, sin(@, - P,) R I 
b )  SDE VIEW 

However, because the piercing points are established by lines par- 
allel to the s and t unit vectors which. are in turn related hy the 
steering equations, the sun and tower shadows are not indepen- 
dent  of one another. Specifically, equation (2) yields 

n. s = cos0, cos0, + sine, sine, cos(P, - PJ ' . 

= C O S ~ ,  x,, = n o t '  
(25) 

= cos8, cos8, + sine, sine, cos(Pn - 0,). 
N .  . c l  FRONT VIEW 

= cose, X,, = - - 2 
so that 

Xmt  - C O S ~ S  - - 9 .  x,, C O S ~ ,  I C.m,LL.--l 

Furthermore, using equation (14): Fig. 6  hab bow "lootprlnto" 01 a square mlrrw 
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Fb. 7 Dlstributbn ot +or utllkatla, lactar h a clrcdw dng concontra- 
tor . 

As seen from Fig. 6(b), the exposed top distance.for the case of 
sunshading is 

x, = {D&, for Do < 
1 f o r  D, 2 

while in the case of tower screening it is 

Dp/xmt = X s / q  f o r  D, < q x ,  xt = {, f o r  Do r q x ,  (29) 

The side exposure distance (for either sun or tower) can be ob- 
tained from the geometry of Fig. 6(a)  as  

in which br = tan-' xolyo is the azimuth angle of the edge shadow 
line. If either X 2 1 or 1 kl I L, the mirror is fully exposed. For 
simplicity, the subscripts s or t have been dropped by not referring 

' 

specifically to  either sun or tower shadows. 
The  final step in the determination of the effective mirror area 

used for reflecting the solar radiation to the central receiver must 
account for the incidence factor ki. The effective area is simply the 
available or exposed area times ki. . 

Utilization Factors. Utilization factors are introduced to pro- 
vide, some localized measures of effectiveness of mirror field cover- 
age. They are defined in the context of top mirror exposures ( X  
type) as illustrated by the profile view of two parallel mirrors in 
Fig. 6(b). Side exposures (Y type) cannot occur in the case of close- 
packed arrays of mirrors. . 

Ground Area  Utilization Fac tor  k,. This is simply the in- 
verse of the per-unit profile separation distance D,. Clearly Dp 1 1 
to  avoid overlap of mirrors when placed in the horizontal position; 

. , Dp = 1 means that  the  horizontal, parallel mirrors are just touch- 
' ing. 

M i r r o r  Area  Utilization F a c t o r  k,. This factor represents 
. the top exposed per-unit length X (or, more precisely, the least of 

X; or XI)  which is equal to 

Overal l  Area  Utilization Fac tor  ko. This is simply the prod- 
uct k,k,, that  is' 

k Incidence Fac tor  ki. As usual, this is equal to the cosine of the 
incidence angle or 

I- 
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N 
k t  = no 8, = cost), x,, = n* t = co~t) ,  x ,  = (33) h 

7 

Effective Shadow Factor .  This  factor is a measure of the  
total effectiveness of a mirror in reflecting solar power to  a central 
point; it  is equal to  the product koki. 

Three situations can be encountered: 
(a)  A mirror which does not experience shading or screening 

has an effective utilization factor equal to the incidence factor ki. 
(b) In the case of sun shading, the maximum utilization factor 

is,given by the shading factor 

1 
k s  = -(no s) = cost), (34) 

X ,  

(c) In the case of tower screening, the maximum utilization 
factor is given by the screening factor 

1 kt = - (n t )  = cos0 ,  
xmt 

(35). 

I t  is important to  stress the significance of these simple-looking 
results. In the presence of either shading or screening, the effective 
mirror utilization factor is a function of only the cosine of the ap-  
propriate zenith angle (8, or 8,) but  not of azimuth angles or mirror 
orientation. (This is in contrast to the case of an isolated mirror for 
which the'utilization factor is the incidence factor k;, a function of 
both 8, and 0, as  well as  8, and B1.) When 8, < 0. (q .< I) ,  k, < kt, 
so that  sun shading overlaps the tower screening and, as  such, pre- 
dominates. Conversely, when 8, > 0, (q > I), kl < k,, signifying the 
predominance of tower screening over sun shading. 

Concentrator' Analysis 
Configurat ion of Concent ra tor  Model. T o  develop the theo- 

retical characteristics and  performance limits of an ideal array of 
heliostats, the following model of the concentrator is postulated: 

( a )  The  mirrors constitute infinitesimal close-packed arrays all 
arranged a t  any instant of time so as ' to satisfy the steering equa- 
tions while reflecting makimum solar flux without shadowing ef- 
fects. The  mirrors can -& viewed a s  small concentric ribbons sur-  
rounding the node and coinciding with the isotilt lines of the field 
distribution. In order to achieve full exposure with maximum field 
coverage, the ribbons are separated by the smallest distances com- 
patible with avoiding shading and screening. 

(b) The concentrator is assumed to have the shape of a circular 
ring with the tower of height H a t  the center. The  outer radius is 
R M  = H  tan&^, where BIM is the rim angle of the concentrator; the 
inner radius is R, = H tan&,. The geometry of the concentrator is 
illustrated in Fig. 7. 

(c) The  land is taken to be horizontal with no obstructions 
anywhere in the field. In particular, the blocking effects of the cen- 
tral tower are ignored. 

(d l  The  days are considered to be cloudless. 
(e) Because of the close-packed configuration of mirrors, no 

side exposure (Y type) to sun or tower is possible; only top expo- . 
sure ( X  type) matters. 

Mathematical  Model of Concentrator .  Since shading and 
screening effects are differentiated by the value of the parameter 
q. 'it  is appropriate as shown in Fig. 7 to dividePhe concentrator n 

0 
field into two regions separated, by a circle of radius R, = H cos8, X 
which passes through the node (at the azimuth angle 8,): inside. v, 

Y 
this circle (q < 1) sun shading dominates, while outside it (q > 1) . tX 

tower screening is the governing feature. If the node occurs.inside 
0 
3 

the circular hole (8, < B,,), the whole concentrator experiences tX 
tower screening effects; un the other hand, with the node outside 
(8, > 8 1 ~ ) ~  the concentrator is influenced by sun shading. The total 5 

0 
effective concentrator area A, which intercepts a t  a given time U-I 

(i.e., given node location) the maximum solar flux and redirects it 
I 
I 

to the central receiver without shadowing effects can now be ob- ' ~7 
C3 

tained in closed form by integrating a circular differential ring ele- Z 
CI 

ment of area dA subjected to the reduction k, = cos0, if located in a 
the shading zone and io the reduction factor k l  = cos8, in the w 

W 
0 
0 
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screening zone. The  ring element area is given by 

&I = 2nRdR = 2nH2 sing, ~ e c ~ B , d 0 ,  

Depending upon the location of the node with respect to the 
concentrator, three expressions for its total effective area A, can be 

0.6 - . 
obtained by integration: 

(a)  Nodeinside concentrator (8,  I 81,): 

A, = 2nH J~~~ ~ i n ~ , s e c ~ ~ ~ , d B ,  = 2 n ~  2 ( s e c 9 t ,  - sec  O f , )  
't m 

(364 
( b )  Node on concentrator (Of, < R8 < RBIM): 

A, = 2 i r ~ ~ [ ~ ~ ~  sin9,sec36', cosQ,de, + ,let" sinetsec2etde, ]  
et m ' s  

= kH2(2SecBtM - ~ b s O , s e c ~ 6 ~ ,  - see83 (36h) 

i c )   ode outside concentrator . (8.. 1 . RIM): , . . 

A, r 2nH2 J '" sin0,secR8, ~os8 ,dB,  
et m 

= nH2(tan28,, - tan29,,)cos8, ( 3 6 4  0.1 - 

Since the concentrator total area A; = nH2(tan2fltM -'tan2fIf,), a 
coricentrator area efficiency defined as 7 = A,IAi can be evaluated 
as 

t 
w For convenience and generality, it is desirable to express the 
0 concentrator effective area in a per-unit dimensionless form by 
0 using as 'normalizing base the area *Hz of a circle of radius equal'to 

' the tower height. In this per-unit system, equations (36) become 
LI 
0 

. . 

2. 2(secotM - seco,,) (0 ,  9 ,  A (a)  
cf 
0 .  2secBt,  - c o s ~ , s c c ~ ~ , ~  - seco,  ( g f m  < O s  < O f M )  ( h )  
W 

(0 ,  2 e,,) (c) (38) 

I 
OQ 1;- &- 45. 60- 7Y 90' 

RIM ANGLE eVY 

FIg. 8 Concontrator area ofliclancy cheractorldlcs 

In the regions where'/), exceeds BIM (i.e.. when the node is outside 
the field of the concentrator), the curves drop rapidly as indicated 
due to t.he predominating sun shading effects on the whole concen- 
trator. 

The ahscissa of the characteristic curves of Fig. 9 can also be 
viewed as representing time since zenith'angle I), and time are 
known for any given day. For example, in Fig. 10, effective concen- 
trator area-time profiles are plotted for a given size concentrator 
( 0 1 ~  = 70deg) for various days of the year. It is significant to note 
the rather small change in maximum output effective area (occur- 
ring a t  noon) that  takes place ovcr a year. Aiain, it is stressed that  
these characteristics are independent of azimuth angles. The im- 

4 
I t  is worth emphasizing that, because the shading and screening 

10 - 
factors are not functions of azimuth angles, the integrated effects 
expressed hy t h e  coricentrator effective per-unit area a, .and the 
area efficiency 7 are also i n d e ~ e n d e n t  of these angles and are only 9 - 

. functions of radial distances. 
' Ideal  Per formance  Characteriet ice of Ci rcu la r  Concentra-  e - 

' t o r s .  T o  simplify the presentation of the characteristics. the con- 
centrator is taken here to he a full circle (i.e.. with no central hole 
or 81, = 0 deg) of rim angle RIM.  

Plots of the ideal concentrator area efficiency 7 as a function of 
size for various sun zenith angles are given in Fig. 8. The curve for 
the vertical sun a t  8, = 0 corresponds to the well-known ideal char- 
acteristics of a Fresnel mirror;'in this case, only tower screening oc- 
curs.' With an oblique sun, t h e  efficiency is further reduced due to  . 

. sun shading effects (Of < I?,) which are added to  the tower screen- 
ing effects. 

Plots of effective per-unit concentrator area a, versus sun zenith 
angles 0, for various field sizes /JIM are given in Fig. 9. It is inter- 
esting to note the flat nature of the effective area over a wide range 
of sun angles; this flatness is due to the combined effects of shad- 
ing and screening whdn /), < RIM. In fact, in that  region all curves 
are essentially displaced from one another, exhibiting identical ah-  
solute droops given by ' 

- 
( z , ( ~ , , ~  ar les  = C O S O ,  + . s e ~ B , -  2  ( 0 ,  5 Ow) SUN ANGLE B. 

Fig. 9 Effective concentrator area characterlstlcr 
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Fig. 11 . Charaderlsllcs of tower oflret 

the area of the receiver, assuming that  all solar energy reflected by 
the heliostat array reaches the receiver. Clearly the shape and size 

~ i g .  10 0a1)r t k  protlte 04 efledlve concentrator area of receiver will affect this concentration ratio: Three specific re- 
ceiver geometries are considered here: a semisphere, a horizonhl 
flat circular disk, and an inverted truncated cone. T h e  minimum 
size of receiver placed on -top of the central tower a t  a height H is 

portance of these curves is that  they can readily be translated into determined by the complete interception of the sun ray cone of 
reflected solar power profile curves, once the pertinent. solarcon- angle a ( a  = 9.3 mrad).reflected by the far-field mirrors.located a t  
s tant  S is introduced as a multiplier. If, as  a base, the solar con- the rim of the concentrator (at  8 , ~ ) .  Table 1 summarizes the  re- 

. stant  is taken to  be equal to 1 kW/m2, thcn a, can also he interpret- sults of the analysis and indicates the concentration characteristics 
ed as an effective output'power density referred to the base area of the three receivers for three possible riul angles of interest. A 
nH2. The  total solar power reflected to the receiver is then, a,- comparison of the ideal concentration ratios for the three types of 
nH2kW (H expressed in meters.) However, to obtain accurate receivers is also illustrated in Fig. 12 which shows the superiority 
power profiles, complete and detailed insolation data must be of the conic receiver for large rim angles of the concentrator. 
used, expressing S as a function of 8, (or time): The product of cbncentration ratio C by the solar constant S 

Effect  of Tower  Offset. So far in the model of the concentra- yields a measure of the average solar flux density available a t  the 
tor, it has been assumed that  the tower is located a t  the center of receiver. Again it is important to recognize that  the  flux density 
the circular field. It is of interest to examine the effect of placing distribution is not a function of azimuth angles around the receiver 
the tower anywhere in the field. Suppose that  the tower is located surface. 
a t  an angle E (in degrees) or'at a distance H tan E from the center 
of the circular field (azimuth again plays no role). The  analysis can Conceptual Design' , 

he performed in the same manner as in the case of the central As an application of the theory developed and an'illustration.of 
tower except that the integrations must he performed numerically. the orders of magnitude involved, a conceptual design for a 500 
Fig. 11 gives plots of a, versus 8, for various offset angles E (in the MW (thermal) solar power, plant is sketched based on the fol- 
case of a circular field of rim angle R,M = 70 deg). Interestingly lowing simplifying assumptions and specifications: 
enough, the reduction in output effective areas due to  the tower 1 The design point is defined by a power level P = 500 X 1 P W  
offset is small; even when the tower is close to the rim of the field to he achieved a t  noon ( r  = 0 deg) a t  equinox (6 = 0 deg) for a site 
(a t  65 deg), the reduction in,a, is about 17 percent. located a t  A = 35 deg N (i.e.. this means that  the solar zenith angle 

Ideal  Concentrat ion Ratios. A geometric concentration ratio 8, = 35 deg). . 
can he defined as the area of the effective concentrator divided by 2 The ring-shaped circular concentrator has a rim angle 8 , ~  = 

Table 1 CMlcenlrallon characterlrtlcs tor three recelver QoomOtrler 

. . 
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70 deg and a central hole with 01, = 30 deg. 
3 T h e  central receiver has the geometry of a truncated cone. 
4 T h e  direct component of the insolation (disregarding the dif- 

fuse component) is taken to have a value S = 800W/m2 a t  noon 
and normal incidence. 

5 A derating factor of kd = 0.72 is assumed to account for loss 
of mirror area coverage of 0.85 and for a mirror reflectivity of 0.85. 

6 A maxirirum angular spread of the reflected light beam a t  the 
outer rim is assumed to be OM = 2 . 5 ~  where the multiplying factor 
is to  account for the finite width of mirrors and for steering errors. 

Since the expression for the power available a t  the receiver is 
given by 

> P = .nH20,kdS 
OC 
0 (?here a, = 3.53 from equation (386)). the tower height is found to 
w be equal to  
I 

With the knowledge of the tower height, the overall sizing of the 
solar power plant can he completed as summarized in Tahle 2. 

. ~onclusio'ns 
The principal results of the analysis of the ideal solar concentra- 

to! developed in this paper can be summarized,as follows: . , 

( o f  A fundamental theory of solar concentrators for central re- 
: ceiver power plants has been formulated in t e r h s  of a continuum 

field model of ideal heliostat arrays. The  analytical results derived 
from this ideal model are inherently simple and, more importantly. 

' 

provide the physical basis underlying the central receiver concept 
, of solar power concentration. 

( b )  A steering analysis has yielded the space-time characteris- 
tics of heliostat arrays in the form of field mappings exhibiting iso- 
tilt lines and iso-azimuth lines, and of time profiles of mirror ori- 
entations. The  notion of a node for the mirror field distribution 
coinciding with the sun's hourly path is extremely useful in de- 
scribing the properties of heliostat arrays. 

(c) A shadow analysis has been performed for rectangular mir- 
rors showing the relationship between sun shading and tower 
screening. Two key parameters defining the utilization factors 
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cos& for sun shading and cos0, for tower screening express the . . 

local elkcliveness of mirrors in reflectitig solar energy. . 

( d )  The ideal characteristics of circular concentrators 
have been derived from the preceding steering and shadow analy- 
ses as closed-form expressions for effective concentrator areas (or; 
equivalently, reflected solar flux), concentrator efficiencies, and 
cri~ite~itration ratios (which ate dependeht upon the choice of re- 
ceiver geometries). prom thcae expressions, din~ensiur~le~s.curves 
have been obtained to characterize the behavior of latge-area con- 
centrators and to establish theoretical limits of performance 
against which actual or realistic systems can be compared. With 
the ideal model providing a best performance benchmark, the base ' 

design of a solar power plant can proceed with the introduction of 
correct.ion terms or derating factors accounting for such effects as 
steering errors, mirror s izeand reflectivity, area coverage and ge- 
ometry. solar insolation, cloud cover, and wind loads, to cite a few. 

(e)  A major feature of the ideal solar plant characteristics is 
their unique dependency on just two parameters: the sun zenith 
angle 0, (i.e.. the time of day) and the size of concentrator. As a 
corollary, the characteristics do not depend upon azimuthal orien- , 

tations. In particular, the solar flux density a t  a given time is uni- 
formly distrihuted around the receiver. (This would not he the 
case had shadowing effects been ignored.). 

(1). Although the present. model has emphasized a circular field 
configuration with the tower a t  the center, it can'readily bsadapt -  

. . 
ed to'the study of more complex geometrical configurations. The 
added complication is that  integrations must now be performed 
numerically. A specific study of this type has shown that  offsetting . 
the.tower away from the center,of a circular field does not suhstan- 
tially alter the ideal characteristics of the concentrator. The  analy- 
sis of square, e1liptical;or other shaped fields (including multiply- 
connected fields containing holes or regions without mirrors) can ' 

he performed using,the present formulation. . . 
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I r)ISCUSSION for best summer (and annual) performance, and a second designed ;J 
for beet performance on winter morninga and afternoom (to minimize t- 

The author's paper develops the usual steering relations and 
shadow geometries for heliostata in a central receiver array, but  then 
goes on to analyze the properties of the sun and tower shadows in a 
very clear and useful manner. In particular, the relations between the 
sun and tower shadows expressed through his parameter "q" are in- 
structive as is the concept of the nodal point. 

The concentrator analysis, which results in maximum realizable 
energy reflected toward the receiver provides a useful algorithm for 
field scaling relations, etc. It provides a much more realistic upper 
limit to the energy one can collect from a specified area than the 
zero-order limits of S' cos8. ground area, or S* mirror area, because 
now the effects of incidence angle and shading are recognized through 
the efficiency factor 11. For a specific time, one now has the tools to lay 
out  a field of mirrors and compute the reflected power using only a 
hand calculator. However, the algorithm requires that  no light ever 
bypass the mirrors and does not allow for edge shadows. Thus a t  a 
time other than the design instant, the performance will suffer unless 
the heliostat locations are continually changed, which is not very 
practical, in general. In particular, this analysis provides no guide for 
locating the heliostats in the field or for optimizing the heliostat 
field. 

A parallel effort in which the same problem haa been programmed 
in detail on a Univac 1108 allows us to generate data similar to that  
of Fig. 10 for a specified nonuniform heliostat distribution. After 
evaluating numerous arrays with mean rim angles of about 70 deg a t  

variations in peak power to the receiver). In Fig. 13 we show the 
diurnal behavior of these fields in cornpariaon to Fig. 10. (WS and SS 
refer to winter solstice and summer solstice, while EQ refers to  equi- .. 
now The curve marked "Riaz" has been generated by reducing values 

. 

of a, obtained from Fig. 10 by 0.85 as suggested by Riaz to account 
for loss of mirror area coverage.) . 

The summer perturbed array has a reflector area 49 percent of the 
ground area and the tower. is in the center of the field. At noon, the 
reflector effectiveness varies from 82 to 62 percent with the solarel- . 
evation as a result of the average value of the  angle of incgence . ' 
(0.87-0.83) and of shading and screening (0.94-0.80). Because of the . 
lower solar evaluation in the winter, the winter perturbed array has , . 
a.reflector area only 34 pecent of the field area, and its noontime ef- 
fectivity varies from 76 to 66 percent over the year. The  tower is lo- 
cated 45 deg south of the  field center in this case, to take advantage . 
of the more normal angle of incidence in the north field in the win- . 
ter. 

The  general congruence between these results is heartening. The  
major reason for the lower values for our fields is that  considerable 
sunlight is bypassed -at all.times so that  excessive shading will not 
occur as the solar azimuth changes. e heliostat cost predominates, so 
every.effort is made to maximize the efficient use of the mirrors. In 
conclusion. it appears that  intelligent use of the author's algorithm 
will aid greatly in the design and analysis of central receiver heliostat 
field arrays. 

a latitude of 35 deg north, we have obtained two arrays, one designed L. Melamed3 ' , . , . 

. . Several independent analyses of real-world 40 MW, Central Re- 
, - ceiver Systems have indicated an optimum cost effective unit heliostat . 

'Solar Energy Laboratory, University of Houston. Houston. Texas. . size of about 6-m dia.,Although the author's derivations based on a 
continuum field representation are mathematically attractive, they 
may not be useful for a discrete (quantized-type) reflector field. A tacit 
acknowledgement of this is suggested in the author's own analysis of 

3.6' I a 500 MW, plant in which 740.000! mirrors (of 1 M2 area) are stipu- 
lated: this is virtually a "continuum".of mirrors. The near-impracti- 
cality of this approach arises from the requirements of 740,000 indi- 

3.2 - - vidual tracking systems. I t  would have provided a stronger argument 
for the validity of the.sample calculation had a mirror area of 25 - 
30 M' been chosen as the elemental heliostat. Presumably, discarding - the continuum field representation for a discrete (quantized) field 
would require numerical integration since closed-form integration . 
could not be accomplished. I t  is not clear to me whether the analysis 

' 2;4- - as presented would require any major modification in this case.'One 
question that troubles me is the following: In the presented continuum 
field analysis, the reflector is postulated to consist of iso-tilt concentric - ribbons, consisting of infinitesimal close-packed mirrors. The author's 
analysis postulates that  shading effects are-independent of azimuth 
angles. If a discrete-heliostat concentric collecting ribbon be substi- - tuted for the infinitesimal array. Will shadowing still be independent . . 
of azimuth angle of the individual heliostats within a given ribbon? a 

2 
m 
Ld 
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cZ 
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It is grat i fying to  f ind i n  Vant-Hull 's discussion a computational 
confirmation o f  the genqral theory developed in  the paper as well as 

an est imation o f  the ext,ent to  which (.he "best" performance char- 
acteristics o f  the idealized concentrator exceed those of  an actual 
heliostat field. Indeed. the slated Ijurpose ol'the paper was to  estnhlish 

analyt iral ly those theoretical l imi ts  of  perfcrrmancc against, which 
realistic hrl iostat arrays can hc compared and assessed: t.he (:ompar- 
ison and assessment now I)ro;idctl hy  Van t -Hu l l  for his sptv.ific 
configural.icrns ol'c~ptimized hrlirlstat arrays in  effect. answer stlnic. o f  

the queries p ~ ) s r d  I)v Me lnn~r r l  w i th  regard to  rea l -w~)r ld  hel i f~stats. 
For the I x io r r  did not. ;ttl(Iress the admitterl lv impcrrt.ant pr~rtr lem o f  
designing ol,timum cc~st -efl'ccl.ive heliosl.al arrays i n  t.erms ol';tct.ual 
size, siting, ant1 separ:tt.ion o f  mirrors i n  t.hv Iielcl: rathrr.  it. was mainlv 
crrncerned wi th  dr te t tn in ing t.hr m a x i m t ~ m  ~l~rss i t ) l l -  reflet*t.t-cl scllnr 

I~IIWW or  l111x ;~v:~il:tlrlv a t  I hcs c rn l ra l  tec,eivcsr. 'l'his tnaxitniz;itirrn 01' 
I hc. solar l l t ~ x  rcll(.c,t.r(l from c.losr-p;~cked hrlirlslat ;Irrnvs " r rc i t~ i r rs  
th;~t no light r v r r  Irvlrass I.hr mirrors and dors 1101 il l low ftrr rtlgcs 
sh;~dows." I lnc l r r  thc.se c ~ ~ n t l i t i r ~ n s .  the reflect.cr1 solar IIIIX is only :I 
l't~ncl.ion 01: rat1i;ll tlist.;~nce, even t h ~ r t ~ g h  t h r  ah;ldowirig lrl '  rnirrtlrs ant1 

I h r  Irngt hs 11s t h r  sh;~tlows tlepend on I)ot h r;~lli;~l tlist;~ncc! and ;,xi- 
n i t ~ t h  anglc: t.hl~s. I;)r ;I r;~dially symmet.ric mirrtrr f i t b l c l  i n  the fqrrm l r f  
;I r ing c.rrnc.cmt.ric: I.rr I h~ eent.ral t.owrr. the I.III,;II I h ~ x  impihging 111i I tie 

rc,c.river is const;~nt l'or al l  direct.ir~ns. 
As is also plrinted ot~t.. m a x i m r ~ m  reflected fltlx can he realized only 

i f  I h r  mirr l l r  ctrnl' igt~r~t.i~rn is clrntinually a t l j ~ ~ s l r d  as a l'unc:t.ion of t.ime 

to ctrnli)rm wi1.h the ritrhon-like distrihuticlns discl~ssed i n  t h r  paper. 
A n  interesting scheme t,y which this ;~djustment can he sirnply 
mechanized is to  m1,unt rcrws o f  mirrors trn a r ~ ) t a t i n g  ~) la t form.  The 
io ta t ion  of  the ~)l;itform ahout a central axis cc~ntrols azimut ha1 or i -  
cmtat.ions; the mirrors ran Ire moved in  ganged fashion 1.1, control thchir 
1 ill angles. Alt.hor~gh (.he mirrors are arr;lngetl i n  rt~c:t.ilincar rows ;111d 
c1)111nins l;~l)proximat.ing t hc throret,ic;~l r i h t ~ o n  conl ' igt~r;~t ionl,  t h r v  
~irr(l n t r ~  l r r  I~I~I~;II~;I~ h111 1i1ay exhih i t  ;I "t~rc* i11";lt i~) i t . ihl  ; ~ I i g ~ i ~ n v r i t  
11, IM.IIS 1111 I hc rr.vviv~-r. 11, ;~rldil.i l ln 1.1) I.hr g;~ngcbtl mot ion, srcontl-l(*vr-l 

;~c! j l~stmrnts  can IIP ~ncnrpnrated to  correct periot l i ral ly the t i l t  and 
ro l ;~ t ion ~ r f a  given mirror i n  order to reduce excessive steering errors. 
A tlrt.ililetl descr i l~ t ion o f  such t r~rntahle heliostat arranpenients for 

;I central tower rrreivcr system can be fcrund in  a recent United States 
1';111511t No. :1.924.604 dated Ilecemher 9. 1975. T h e  size o f  turntahles 
~;II) range fr l lm I 0  t,o I00 m i n  diameter. Small turntahles o f  ahout 10 
n i  i n  t l i ; ~met r r  can I r t~ rq~~ ip l ,ed  w i th  some 70 individual mirrors o f  I 

~ n "  ;lrr;t mrr~~nt t r t l  i n  :I g;~ngrd f;tshion wi thout  incurr ing excessive ' 

stcc.ring vrrllrs: a T,O(I MM't sr~lar 11!1wer p lant  would then require the 
st(.t'ring t.ontrc11s ~rl 'only 22,000 s11c.h Ic~rntahles needed to  cover this 
I ' i c . l c l  i n  c ~ l ~ ~ s r ~ - ~ ~ a ~ ~ k e t l  hexagon;tl arrays ! n r ~ t  a million-and-a-hall' 

t i i i rr~rrs!).  I.argr t.urntal)lt~s r ~ l ' n l ) o ~ ~ t  60 m 10 100 m i n  diameter can 
;IC.I.II~~~II~IB~~;I~,~ l;~rgrr ~nirrtrrs of, s;tv. 5 20'm2 area, hu t  now each mirror 
wi l l  r1-1111irc ;i s t ~ ~ ~ r ~ i ( t  i r v r l  t ) l 's t~~er ihg conlrol.  

11 s l ior~ l t l  fir c.mphasizrrl thnl ir' t.hc3 tks igh ohject.ive is to  alwavs 

rt.;Iircv.t Iht* m;~x im~ l tn  s t ~ n l i g l i ~  11, t h r  viwt.r;tl rr(:eiver. I.he row-to-row . 
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, ABSTRACT . . .  

Black & Veatch Consul tlng Engineers has developed [using' a  function of ppsi t ion i n  the- f ie ld ,  includes' average 
internal funds, a  computer software ,package for  a'nalysis . . - '  insol ati'on, average insolat i  on-weighted cosine of 
of central receiver s ~ l a r  power plants. This software . . the angle of incidence, and insolation-and-cosine- 
package was written in HPL-PLUS, an interactive weighted shadow and block etficiency. 
language, and i s  implemented on the Scient i f ic  Time . . 

This package i s  highly f l ex ib i l e  with regard to  helio- 
Snaring System. This software package has three funda- s t a t  f i e ld  parameters such as ground cover., f i e l d  - 
mental capabil i  t ies. ,  a s  fol lows. shape, and he l ios ta t  array pattern and orientation. 

1. To calculate,  for a  single time point, a  flux Because the software package i s  written i n  an inter-  
map on a  given receiver geometry. 

To calculate ,  for  a , s i n g l e  time point, the 

performance of a  he1 ios t a t -  f i e ld .  This 
. . 

performance, which i s  calculated as a  function of 

position i'n the f i e l d ,  includes the cosine of the 
angle of incidence, the losses at t r ibuted to  

- 
active language and because the hardware i s  extremely 

f a s t ,  a user can generate dozens of runs in 2 single 

day. Because the APL-PLUS language i s  interact ive,  and 
'because i t  i s  so cond~nsed, a  programmer can make 

major changes to  the codes in 'a short time. 

shadow~ng and blocking, and the cleanly re- 

directed power. 

3 .  To calculate ,  for  any given time period, the 

integrated average performance of a  he l ios ta t  

f i e l d .  This performance, which i s  calculated as 

PROCEEDINGS--SOLAR WORKSHOP . 



Computer Software Package. f o r  t h e  
.Op.tical Ana lys is  .of Cent ra l  Receivers .  and H e l i o s t a t  F i e l d s  . : . ' 

. . 

. . 
1.0 INTROOUCTION . . 

. . . . 

 lack & Vea tch  has been i n v o l v e d  i ?  study, design, a n d c o n s t r u c t i  o n a c t i v i  t i e s  i n  connec t ion  w i t h  s o l a r  power f o r  I 

about  f o u r  years .  Dur ing t h i s  pe r l od ,  u s i n g  i n t e r n a l  funds, a  computer so f tware  package w i t h  the  capabi 1  i ty t o  

analyze cen t ra1 , rece i ve rs  and h e l i o s t a t  f i e l d s  w i t h  d i v e r s e  des ign  c h a r a c t e r i s t i c s  was developed f o r  des ign,  

performance, and c o s t  c a l c u l a t i o n s .  Those personnel r espons ib l e  f o r  s e l e c t i n g  t h e  a n a l y s i s  techniques t o  be used 

examined t he  pub l i shed  d e s c r i p t i o n s  o f  s i m i l a r  so f tware  packages. They at tempted t o  s e l e c t  and combine a n a l y t i c  

techniques so as t o  y i e l d  a  software package w i t h  h i g h  f l e x i b i l i t y ,  ease o f  use, ease o f  mod r f i ca t i on ,  and low 

. ope ra t i ng  cos t .  Th is  paper descr ibes  t h a t  so f tware  package. 

2.0 HARDWARE AND LANGUAGE 

The Black & Vea.tch o p t i c a l  anal .ys is  codes a r e  . w r i t t e n  i n  APL-PLUS, a  language which i s  t h e  p r o p e r t y  o f  t h e  

Sc ien t i f . i . c  Time Sharing Corporat ion.  The codes a re  executed on a n  Amdahl 470 computer. : Using t h i s  combinat ion, 

a  s i n g l e  a n a l y s t  .can e a s i l y  generate r e s u l t s  from dozens of computer runs i n  a  s i n g l e  day. 
. . 

. . .  
. . 

. , 

2.1 Language 
. . 

APL-PLUS u t i i  i z e s  a  l a r g e  number o f  p r i m i t i v e  operators .  and, as such, can per fp rm w i t h  a  s i n g l e  s ta temen t  a  

c a l c u l a t i o n  which would r e q u i r e  a  l a r g e  number o t  FORTRAN statements.  Because the  language. 5s condensed, and 

because t h e ,  system . i s  . i n t e r a c t i v e ,  i t  i s '  n o t  . d i f f i  c u l  t, f o r  . . a  programmer t o  generate and debug, i n  one day, a  

program which would requ i  r e  hundreds o f  FORTRAN cards a n d  t h e  cons ide rab le  associ  a ted  checkout t ime.  ; 



2.2 Hardware ' . .  . . 

The computer on which t h i s  package i s  executed i s  an Pmdahl 470, a computer w i t h  a cyc le  time o f  29 nanoseconds. 

This computer i s  owned by S c i e n t i f i c  Time Sharing Corporation and i s  located i n  Bethesda, Maryland: Black & Veatch 

uses a so le l y  dedicated terminal f a c i l i t y  f o r  the.execution o f  these codes. The' terminal i s  a t h i r t y  character 

per second Xerox 1700 Communication terminal w i t h  an Omni tec  accoustic coupler. 

3.0. CAPABILITIES . . 

The software package has the capab i l i t y  t o  perform three basic types o f  analyses. They are s ing le  t ime p o i n t  f l u x  

maps, s ing le  time p o i n t  he1 i o s t a t  f i e l d  performance, and integrated t ime average he1 i o s t a t  f i e l d  performance. 

3.1 Flux Maps 

This package can generate f l u x  maps on the fo l lowing rece iver  geometries. 

o Hor izontal  plane a t  any he igh t '  . . .  ' . 
o v e r t i c a l  plane w i t h  any o r i en ta t i on  . . 
o Right  c i r c u l a r  cy l inder  w i t h  v e r t i c a l  ax is  . . : 

o Right c i r c u l a r  c y l i n d r i c a l  cav i t y  w i t h  a downward-facing c i r c u l a r  aperture 

o Right  c i r c u l a r  c y l i n d r i c a l  cav i t y  w i t h  a s ide fac ing c i r c u l a r  o r  rectangular aperture . . 

The software gives t he .  user the. opt ion o f  viewing the standard e r r o r  o f  the f l u x  map. For the c a v i t y  geometries, 

the. program inpu t  and o u t p u t  are stored i n  a f i,be .for l a t e r .  use by a de ta i led  cav i t y  ana lys is  software package. 

3.2 F i e l d  performance . . .  

For a h e l i o s t a t  f i e l d  and a ta rge t  and f o r  a s ing le  t ime po in t ,  as a func t ion  o f  pos i t i on  i n  t h e f f i e l d ,  the 

software package can .generate the fo l lowing data 

o Cosine o f  the angle o f  incidence 

o Shadow-block e f f i c i ency  . . 

o Cleanly red i rec ted power . . 

PROCEEDINGS--SOLAR WORKSHOP . 



The so f tware  pe rm i t s  m u l t i p l e  runs f o r  a  s i n g l e  f i e l d - t a r g e t  combinat ion. Th i s  p e r m i t s t ' h e  user  t o  e n t e r o n l y  an . . 

a d d i t i o n a l  day and, t ime and e l  im ina tes  the  'need f o r  r e p e t i t i o n  of t h e  p o s s i b l y  complex he1 i o s t a t  f i e l d  data.  
. . . . 

3.3 Average F i e l d  P e r f  omance 

Th is  package can generate. f o r  a  h e l i b s t a t  f i e l d  and t a r g e t  and f o r  a  g i ven  i n t e r v a l  o f  time., as a  f u n c t i o n  o f  
. . .  

p o s i t i o n  ' i n  t he  f i e l d ,  t he  f o l l o w i n g  da ta  

.: o .  Average i n s q l a t i o n .  Th i s  i s .  c a l c u l a t e d  by . f i n d i n g  . t he  t ime  i n t e g r a l  o f  t he  i n s o l a t i o n  and d i v i d i n g  by 
. . .  the.  t ime i n t e r v a l  . 

o  -Average cos ine  o f  t he  .angle o f  inc idence,  .we igh ted  by i n s o l a t i o n ;  Th is  i s  calcu. lat 'ed by. f i n d i n g  t h e -  t ime ' . 
, 

. . .. . - . i n t e g r a l  o f  t h e .  p roduc t  o f  t h e . c o s i n e  o f  t h e  angle o f  inc idence  and. t h e  i n s o l a t i o n ,  and then d i v i d i n g  t h a t  . 

i n t e g r a l  by the'  t ime  i n t e g r a l  o f  the  i n s o l a t i o n .  

o  Average shadow-block e f f i c i e n c y ,  weighted by t h e p r o d u c t  o f  i n s o l a t i o n  and t h e  cos ine  o f  the angle o f  

I ' i nc idence .  Th i s  i s  . c a l c u l a t e d  by . f i n d i n g  t h e  t ime  i n t e g r a l  o f  t h e  p roduc t  o f  i n s o l a t i o n  and cos ine  o f  
I 
I t he  angle o f  inc idence  and shad.0~-b lock e f f i c i e n c y ,  and d i v i d i n g  t h a t  i n t e g r a l  by t h e  t ime i n t e g r a l  o f  the  

p roduc t  o f  the  i n s o l a t i o n  and t h e  cos ine  o f  t h e  ang le  o f  inc idence.  

4.0 FLEXIBILITIES AND CONSTRAINTS 
. . 

Th i s  so f tware  package has the  f o l l o w i n g  f l e x i  b i l  i t i e s  and c o n s t r a i n t s .  

4.1 Targe t  Po in t s  

There may be any number of t a r g e t  p o i n t s .  Each p o r t i o n  o f  t he  h e l i o s t a t  f i e l d  may aim a t  any des ignated t a r g e t .  

An o p t i o n  e x i s t s  t o  aim each p o r t i o n  o f  t he  f i e l d  a t  i t s  nea res t  t a r g e t .  

4.2 Focussing S t ra tegy  

There a r e  severa l  op t i ons  f o r  t ocuss ing . s t r a tegy .  Only one focuss ing  s t r a t e g y  may be se lec ted ;  i t  must app ly  t o  the  

e n t i r e  f i e l d .  These op t i ons  a r e  as f o l l o w .  

o  F l a t  m i r r o r s .  



I 

o  Parabol ic m i r ro rs  w i t h  s l an t  range equal t o  foca l  length. . .  . ! . . 

I o  M i r ro rs  which are pe r f ec t l y  'focussed f o r  the time po in t  i n  question; i .e., there are no o7f-axis.- ' 
aberrat ions a t  t h i s  time po in t .  

o M i r ro rs  which are p e r f e c t l y  tocussed f o r  some time and t a r g e t  point; .  neigker o f  which i s required t o  - be 

the t ime and t a rge t  being ana1yze.d'. - . .  I f '  th is .  opt ion i s  selected, there must be o.nly one t a r g e t  p o i n t  f o r . :  

which the m i r ro rs  are pe r f ec t l y  'focussed; .a1 though t h e r e  'may b e  any number o f  t a rge t  po in ts  bei rig analyzed .. 
. . 

The f i r s t  option, f l a t  mi r rors ,  i s  t reated as a degenerate case o f  the four th :  option; This i s  accomplished by 

I making the pe r f ec t  focussing t a rge t  p o i n t  a v e r y  large distance from the h e l i o s t a t  f i e l d .  

The o f f - ax i s  aberrat ions o f  the second opt ion are. t reated by.f inding',  i n .  closed form, the s i ze  and shape o f  the 

image on the ta rge t  plane; and then se lec t ing . loca t ions  from w i t h i n  t h i s  image using Monte Carlo techniques. 

The t h i r d  opt ion i s  most eas i l y  t reated as a degenerate case o f  the second option. This- i s  accomplished by s e t t i n g  
. . the m i r r o r  s i ze  equal t o  zero. 

The four th  opt ion i s  t reated by f ind ing,  a t  the per fec t  focus time, the s a g i t t a l  and transverse curvatures o f  the 

m i r r o r  surface. Then, f o r  the time po in t  under. analysis, the curvatures i n  the new s a g i t t a l  and transQerse planes 

are calculated. This permits the ca lcu la t ion,  i n .  closed form; o f  - the image s ize and. shape on the t a rge t  plane. 
From which po in t  the 'ca lcu la t ion proceeds as f o r . ' t he  second option. . . ' .  , . 

. . . . 

4.3 He l ios ta t  Size and Shape . . . . 
. . . . .  

This code w i l l  analyze he l i os ta t s  o f  any s i ze  and shape. Only one shape and s ize  may be used f o r  the e n t i r e  f . ie ld.  

Options e x i s t  f o r  square, rectangular, o r  c i r c u l a r  mirrors.  He1 i os ta t s  o f  an a r b i t r a r y  shape are t rba tea  by 

analyzing an'oversized square array .of'ones and zeros, wi.th ones.wherever t h e r e . i s  m i r r o r  surface, and zeroes 

wherever there i s  not. 

4.4 He l i os ta t  F i e l d  Shape . . 

This code w i l l a n a l y z e  a h e l i o s t a t  f i e l d  o f  any s i i e  and shape. Options e x i s t  ;or rectangular a n d c i r c u l a r  f i e l ds .  

PROCEEDINGS--SOLAR WORKSHOP 



COMPUTER SOFTWARE PACKAGE 
. . 

The.option for  a c ircular  f i e ld  will ana1yze.a f ie ldwhich can be described by two radii  and two azimuths. The 
rectangular and circular  options may be used only when the f ie ld  has a uniform ground cover and when a l l  portions I 

I 
of the f i e ld  aim a t  the nearest target and when t h e  orientation (discussed in 4 .7)  of the hel iostat  array pattern I 

(discussed in 4.6) i s  constant throughout the f i e ld .  

He1 ios t a t  f i e l d s  with arbi t rary shape are  treated by analyzing an extra-large he7 ios t a t  f i e ld  with a rectangular 

shape. This extra-large f ie ld  i s  broken into a rectangular array of small ce l l s .  A ground cover of zero i s  used 
to denote areas of th i s  extra-large f i e ld  in which there are no he1 ios ta t s .  

. ' . . . . 

4.5 Ground Cover . . 

This code wi 11 analyze variable ground cover. The ground cover may vary in any manner 'througnout the f i e l d .  The 
variation in ground cover may be expressed as a function of x and y or as a tunctian of radius and azimuth or may 
be input as a tabular function. 

For variable ground cover, the code requires the ground cover a t  the center of each cel l  of the extra-large f i e ld  
(discussed i n  4.4).and uses that constant ground cover throughout that  c e l l .  Where the vari.ation in ground cover 
can-be expressed in closed-form, the calculation.of tho.se ground covers can be performed internally;  otherwise 
they a re  -entered. in tabular form. . . 

4.6  He1 ios t a t  Array Pattern 

The hel iostats  may :be arrayed, on the ground, ,i,n four different  ways: square, rec'tangular, hexagonal .close-packed,, 
. or rhombic. For a rectangular array, the long side to short side r a t io  i s  required. For rhombic, both the long - 
side to  short  side r a t io  and angle from the long. side to  the short side a re  required. Only one array pattern may 
be used in a f i e ld .  

4.7 He1 i o s t a t  Orientation 

The hel iostat  array pattern may be oriented, three ways. The-long side of the array pattern may be a t  a fixed angle . . 

from north. The long side of the array pattern may be a t  a fixed angle from a radial  l ine .  The long side of the 



array pa t te rn  may be or iented as a  tabular  o r  closed form func t ion  o f  pos i t i on  i n  the f i e l d .  
. . . . . . . . 

4'. 8 Screeni n'g 

This code w i  11 consider shadowing only, .blocking only,. shadowing .and blocking, o r  ne i ther .  
. . 

Shadowing and b lock ing  . . a r e  t reated i n  closed form. The c a l c u l a t i o n  i s  performed by con i idk r ing  the  overlay o f  the 

he' l ' iostat b inary matr ix  (discussed i n  4.3) w i t h  t h a t  o f  adjacent he1 ios ta ts .  A1 1  h e l i o s t a t s  w i t h i n  f i v e  array 

pa t te rn  u n i t  c e l l  s  are  considered. An ' i n te res t ing  feature o f  APL-PLUS. i s  t h a t  i t  automat ical ly  recog.nizes t h a t  

i n  array i s  b inary and a l l o t s  oniy.one storage b i t  per var iable,  thereby permi t t ing ca lcu la t ions o f  t h i s  nature 

t o  be performed w i t h  very l i t t l e  core space. Further; the calculat ions~.employ Boolean algebra and are very rapid.  

4.9 R e f l e c t i v i t y  . .  . . 1 
R e f l e c t i v i t y  i s  a  s ing le  value f o r  the f i e l d ,  independent o f  angle o f  incidence. I 

4.10 Solar Disk 

The so la r  d isk  i s  model l'e'd as a  c'i.rcle, o f  diameter 9.3 m i  l l i r ad ians ,  with, uniform rad ia t ion  i n tens i t y .  I 
A1 te rna t i ve  so la r  models can be incorporated w i th  l i t t l e ,  e f f o r t . ,  - .  . ' 

4.11 Inso la t ion  
. . . .  

The i nso la t i on  i s  calculated, as a  funct ion.  o f  s o l a r  e levat ion and date,, us ing  the A ~ ~ ~ A E - r n o d e l .  I t  i s  possib le . ' . 
. . 

t o  dverr ide t h i s  model, w i t h  any numetical value, f o l l o w i n g  the i n te rna l  ca lcu la t ion.  

4.12 Slope and Track Errors . . . . 

Slope and t rack  e r ro rs  are t reated i den t i ca l l y .  .Each i s  assumed t o  be a  random 'var iable,  i n  two independent 
. . 

perpendicular d i rec t ions,  w i th  a  Gaussian d i s t r i ba t i on . .  The- user. i -nput  f o r .  each e r ro r  i s  the standard deviat ion,  

i n  m i  11 i radians,  o f  the .p robab i l i t y  ' d i s t r ib l i t i on .  These values are constant across the f i e l d .  



COMPUTER S0FTNAR.E PACKAGE 
1 

i 4:13 U n i t s .  

I Th is  code..uses.: S I u n i  ts,. D is tances a r e  i n  meters,  power i s  i n  megawatts, and f l u x e s  a re  i n  k i l o w a t t s  per  square 

meter .  

5.0 EXAMPLES . '  

An example o f  each o f  the t h r e e  types o f  analysis.  . i s  p resen ted  and. exp la ined.  Because o f f o r m a t  cons ide ra t i ons ,  

these examples a r e  n o t  t r u e  cop ies  o f  ccmputer ou tpu t ,  b u t  have, been retyped.  

Flux.  Map 

An i n p u t  summary and an .ou tpu t  f rom a  f l u x  map r u n  a r e  shown. Th is  case i s  descr ibed: as f o l l o w s .  

o  The h e l i o s t a t  f i e l d  i s  a  90" sec to r  t o  t he  n o r t h  o f  t h e  tower.  The i n s i d e  and: o u t s i d e  r a d i i  a r e  37 and 

115 m. The un i f o rm  ground cover i s  .3125 and t h e  a r r a y  p a t t e r n  i s  r ec tangu la r ,  The s h o r t - s i d e  t o  

long-s ide r a t i o  i s  0.8 and t he  long  s ides  a r e  i n  a  nor th -sou th  d i r e c t i o n .  

o  The h e l i o s t a t s  a r e  square, 6.096 rn on a  s i d e .  A l l  h e l i o s t a t s  aim a t  t he  s i n g l e  aim p o i n t  and a r e  p e r f e c t l y  

focussed a t  t h a t  aim p o i n t .  

o  The a n a l y s i s  i s  a t  s o l a r  noon on December 21 ; w h i l e  t h e  h e l i o s t a t s  a r e  p e r f e c t l y  focussed a t  s o l a r  noon 

on September. 21 : 
o  The t a r g e t  ' i s  a  c y l i n d r i c a l  c a v i t y ,  w i t h  a  h e i g h t  o f  1.524.111 and a  r a d i u s  o f  1.454 m.  The a p e r t u r e  i s  a  

n o r t h - f a c i n g  square, .75 m' on a  s ide ,  w i t h ' t h e  bottom edge even w i t h  t he  base o f  t he  c a v i t y .  The 

. s i n g l e  .aim. p o i n t  i s  t h e  cen te r  o f  the  ape r tu re .  - . 
. . . . 

o  The f l u x  maps a r e  se l f -exp lana to ry .  



INPUT SUMMARY FOR RUN .OF FLUXMAPS, WSID BUFLUX . . . , 

RUN MADE AT 11 :21:39 AM 7 / 1 2 / 7 7  

o THE 1 A I M  POINT I S  LOCATED AT X=O, Y=8.69, Z=44.5 

HELIOSTATS ARE SUPER-SMART. 

THE SUPER-SMART A I M  POINT COORDINATES ARE: 0.000, 8.69, 44.50. . 'A 

o HELIOSTAT F I E L D  I S  A STRIP OF INNER. RADIUS 37, OUTER RADIUS 115, BETWEEN 3 1  5' AND 45'. 
i 
1 I T  I S  D I V I D E D  INTO 6 CELLS ALONG A RADIAL COORDINATE, AND INTO 8 CELLS ALONG' AN AZIMUTHAL COORDINATE. 

THE UNIFORM.GROUMD COVER RATIO QS 0.3125. 

HELIOSTATS AIM AT NEAREST AIM POINTS. 

o HELIOSTATS ARE 10 FACET BY 10 FACET ARRAYS . . 

THE HELIOSTAT FACE ARRAY I S  6.096 METERS SQUARE. 

THE ACTUAL HELIOSTAT AREA I S  37.161216 SQUARE METERS. 

THE MAXIMUM PROJECTED HELIOSTAT DIAMETER I S  8 . 6 1  9 7 4 4  METERS. 

I 0 THE HELIOSTAT ORIENTATION I S  UNIFORM, WITH A CELL ANGLE OF OO.CW .FROM Y AXIS.  

o THE HELIOSTAT ARRAY PATTERN I S  RECTANGULAR, WITH A UNIT  CELL WIDTH. TO LENGTH RATIO OF. 0.8. 

o .THE F I E L D  I S  LOCATED AT.LATITUDE 55.5'. 
. . . . .  . . " 

. . 
. . 

o SCREENING TESTS PERFORMEU: BLOCKING AND. SHADOW I NG. 

o SLOPE ERROR = 0.65 MILLIRADIANS, TRACK ERROR = 0.65 MILLIRADIANS. 

o APPROXIMATELY 10000 RAYS TRACED. .. 
. . 

o MIRROR REFLECTIVITY I S  8& PER CENT. 

I o THE TIME POINT UNDER TEST I S  DEC. 2 1  AT 12:OO. 

o THE SUPER SMART .TIME BOINT' IS SEP. 2 1  AT 12:oo. . .  

PROCEEDINGS--SOLAR WORKSHOP' ' 
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COMPUTER SOFTWARE PACKAGE 

o THE CAVITY I S  A RIGHT CIRCULAR CYLINDER PERVENDICULAK TO THE GROUND, OF RADlUS 1 . 4 5 4  MtTERS, HEIGHT 1 . 5 2 4  

METERS CENTERED AT X=O, Y=7.236, Z=44 .887 .  

THE CAVITY WALL MAP HAS 1 2  AZIMUTHAL AND 5 VERTICAL ZONES. 

THE C E I L I N G  I S  MAPPED INTO 1 0  BY 1 0  ZONES. 

THE APERTURE I S  KECTANGULAR, 0 . 7 5  METERS WIDE, HEIGHT 0 . 7 5  METERS. 

THE APEKTURE I S  CENTERED AT X=O, Y=8.69,  Z=44.5 .  

I T S  OUTWARD NORMAL I S  0' CW FROM NORTH. 

OUTPUT SUMMARY FOK FLUXCAV I T Y * * l l  : 25:  4 3  AM 7 1 1  2 / 7 7  

EXACTLY 9 9 7 8  RAYS TRACED 

TOTAL POWER WAS 2 . 1 5 0  MEGAWATTS 

1 . 1 9 6  MW ENTERED THE APERTURE 

, 9 5 0  MW MISSED T H t  APERTURE 

MAP OF THE INCIDENT FLUX (KWISQ METER) ON THE CAVITY WALL I S :  

METERS 

ABOVE BASE 

OF CAVITY 

1 

I ' CW FROM NORTH 

15 4 5 7 5 105 * 1 3 5  1 6 5  195 2 2 5  2 5 5  28 5 3 1 5  3 4 5  

I I I I I I I I I I I I 
0 0 6 0  1 4 6  9 8  5 9 6 5 8 4 1 6 0  7 7 0 0 



CEILING FLUX MAP (KWISQ METER3 IS: 

NORTH 

0 .  

7  9  

145 

194 

227 

209 

199 

138 

0  46 74 7  4  82 120 9  9  89 6  1  0  

0 0  23 38 43 61 - 59 15 0  0  

SOUTH 

5.2 F i e l d  Performance 

1 An i npu t  summary and an output  f o r  a  f i e l d  performance run are shown. This case i s  described as fo l lows.  

o  The f i e l d  i s  an i r r e g u l a r  shape. I t  i s  described by constant ground covers, as shown, w i t h i n  each 10 m b y .  .: 

.10 m c e l l  o f  the f i e l d .  . . 

o The h e l i o s t a t  ar ray  pa t te rn  i s  rhombic. The he l ios ta ts  are arranged,at  the corners o f  a  diamond. The ' . - 

I diamond i s  8 u n i t s  i n  an east-west d i r e c t i o n  and 6  u n i t s  i n  a  north-south d i r ec t i on .  The distance between 

I nearest he l i os ta t s  i s  10 un i t s .  

o  The he l i os ta t s  are c i r c u l a r ,  2.134 m' in 'd iameter .  A l l  he l i os ta t s  aim a t  the s ing le  aim po in t ,  32.5 m 

above the center o f  the heliostkt;. Each h e l i o s t a t  has i t s f o c a l  l eng th  equal t o  i t s  s l an t  range. ' . . . 

o  The t ime p o i n t  i s  11 :30 a.m.; so la r  time,. On. June 21. 



.COMPUTER SOFTWARE PACKAGE 

o POWERCELL shows, for each c e l l ,  t h e  power ( k i l o w a t t s )  c l e a n l y  red i rec ted .  

0'. COSANGIND.shows, f o r  each c e l l ,  t h e  cos ine o f  t h e  ang le  o f  inc idence.  

o SBF.RAC shows, f o r  each c e l l ' ,  t he  f r a c t i o n  o f  i n c i d e n t  power which was c l e a n l y  r e d i r e c t e d .  

INPUT SUMMARY FOK RUN OF FIELDPOWER, W S I D  BVFIELDPOWE 

RUN MADE AT 10:23: 12 AM 6120177 

o THE 1 AIM POINT I S  LOCATED AT X=O, Y=O, Z=32.5. 
. . 

o HELIOSTAT , . FIELD I S  A MATRIX OF 9 CELLS ALONG N - S A X I S  BY 8 CELLS ALONG E-W AXIS. . . ' 

. . 
CELLS ARE. 10 METERS NS BY 10 METERS EN. 

THE FIELD IS CENTERED AT X=O, ~ = 5 .  

THE4iROUND-COVER RATIOS FOR THE FIELD ARE: 

0.80 y0.80 0.80 0.80 0.80 0.80 

' 0.80 . 0.80 

HELIClSTATS A I M  AT NEAREST AIM POINT 
. . 



THE ACTUAL HELIOSTAT AREA I S  3 .577 SQUARE METERS. 

THE MAXIMUM PKOJECT~D HELIOSTAT DIAMETER I S  2.1.34 METERS. 
. . 

0 THE HELIOSTAT ORIENTATION IS UNIFORM, WITH A CELL ANGLE OF o0 C W F R O M  Y AXIS. . . .  

o THE HELIOSTAY ARRAY PATTERN I S  RHOMBIC. THE LONG-SIDE TO SHORT-SIDE RATIO OF I S  1.2,.AND THE'ANGLE FROM 

LONG S I D E  TO SHORT S I D E  I S  53.1° CW. 

o THE F I E L D  I S  LOCATED A T  LATITUDE 33'. 

o SCREENING TESTS PERFORMED: BLOCKING AND SHADOWING . .. . 

o SLOPE ERROR = 0 MI.LLI.RADIANS, TRACK ERROR = ' 6  MILLIRADIANS.  . .  . . . . .  

0 APPROXIMATELY 1000 RAYS TRACED. 

o MIRROR REFLECTIVITY I S  88 PER CENT. 

o THE T IME POINT UNDER TEST I S  JUN. 2 1  AT 11:30.  

POWERCELL . . . . 
. . 

0 0 .  3 9  3 6  3 6  3 8  0 .  . 0' . . . .  . 
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COMPUTER S O f  TWARE PACKAGE 

COSANGIND . . . . 

-.OOO ,000 . : .925 '.925 .920 .908 ' .OOO .OOO., 

.923 . . .936 .945 ' .947 .940 .926 , .906 ,884 '. , 

,934 .951 ' .965. .970 .963 .944 .9 1.8 . 8 9 i  

. .  . ..940 . .963 . .982. . ,991 . 9 8 3  .958 .926 ' ;895 
. . . : .940 .965 .988 .OOO . .OOO ' .  .963 .927 . . .892' . ' " '. 

,931 .955 .977 .OOO .OOO .951 ,916 .883 

.914 ,955 .950 .957 .948 ,925 .896 .867 

.OOO .933 .916 .918 .911 .8  93 .871 .OOO 
I .OOO .OOO .OOO .882 .87 5 . 000 . 000 .OOO 

SBFRAC 

,000 .OGO .975 .975 1 .987 ,000 .OOO 

.975 ,975 1 1 1 1 1 1 

.987 .950 1 1 1 1 1 1 

.950 .975 1 1 1 1 1 1 

.925 .975 1 .OOO .OOO 1 1 1 

.975 .975 1 . 000 . 000 1 .975 .937 

.950 1 1 1 1 1 .962 .900 

.950 . .OOO .OOO .OOO : .ooo . COO ' .  .ooo . ,-. 1 

TOTAL POWER. CLEANLY REDIRECTED FROM THE FIELD I S  2.744 MEGAWATTS. 

5.3 Average F i e l d  Performance 

~n i n p u t  summary and an o u t p u t  f o r  an . a v e r a g e  . f i e l d  performance r u n  a r e  shown.. T h i s  case i s  d e s c r i b e d  as f o l l o w s .  

.o The sampl ing t imes and days were chosen t o  r e p r e s e n t  'an annual average 'between 8' a.m. and 4 p .m., s o l a r  t i m e .  



o The h e l i o s t a t  f ' ~ e l d  i s  square w i t h  a ground cover o f  0.7. The h e l i o s t a t  array pa t te rn  i s  as was descr ibed 

i n  the previous example. 

o The he l i os ta t s  are  c i r c u  la'r, w i t h  a diameter o t  2.134 m. Each h e l i o s t a t  i s  aimed a t  the s i ng l e  target ,  

37.5 m above the center  of the he l ios ta ts .  Again, s l a n t  range equals foca l  length. 

o SUN shows the average inso la t ion ,  i n  kw/rn2. 

o SUN x COSINE shows the average product o f  i n so la t i on  and the cosine o f  the angle o f  incidence. 

o SUN K COSINE x SBFRAC shows the average product o f  i n so la t i on  and the cosine o f  the angle o f  incidence and 

the shadow-block e f f i c i ency .  

o COSINE shows SUN x COSINE d iv ided by SUN. 

o SBFRAC shows SUN x COSINE x SBFWC d iv ided by SUN x COSINE. 

INPUT SUMMARY FOR RUN OF ANNCELLEFED, WSID BVACED. .. 

RUN MADE AT 11:17:24 AM 6/10/77 

o HOURS OF SAMPLING WERE 8:30 AM, 9:30 AM, 10:30 AM,.11:30 AM. 

THE DAYS SAMPLED WERE JUL.' 22, SEP.22, NOV.22. 

o THE 1 A I M  POINT I S  LOCATED AT X=O, Y=Q, Z=37.5. 

0. 'HELIOSTAT FIELD I S  A MATRIX oF 12 CELLS ALONG N-S AXIS BY 12 CELLS ALONG E-W AXIS. 

CELLS ARE i 0  METERS NS BY 10 METERS EW. . .. . . 

THE FIELD IS  CENTERED AT X=O,'Y=O. 

THE UNIFORM.GROUND COVER RATIO IS 0.7. 

HELIOSTATS AIM AT NEAREST A I M  POINTS. 

o HELIOSTATS ARE CIRCULAR, WITH 10 FACETS ACROSS THE DIAMETER. 

THE HELIOSTAT FACE ARRAY IS  2.134 METERS SQUARE. 

THE ACTUAL HELIOSTAT AREA IS  3.577 SQUARE METERS. 

i THE MAXIMUM PKOJECTED HELIOSTAT D~AMETER IS z .134 .METERS. 

. ,  . 
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CO~IPUTER SOFTWARE' PACKAGE . 
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. . 
138 ' 

. . 

o THE HELIOSTAT ORIENTATION I S  UNIFORM, WITH A C E L L A N G L E O F  0' CW FR0M:Y A X I S .  

. . . o THE HELIOSTAT ARRAY PATTERN IS RHOMBIC; T H E  LO'NG-SIDE TO SHORT-S.IDERASIO OF A UNI~CELL. IS  1 . 2  

ANGLE, FROM- LONG-SIDE TO SHORT-SIDE I S  53.1  " CW . . . 
. . 

-. ' o THE FIELD. .  I S  LOCATED, AT LATITUDE 3 3 " .  . . 
. . . .  

. . 

o SCKEEN,ING.TESTS PERFORMED: BLOCKING AND SHADOWING. 

o .  SLOPE ERROR = 0 F I ILL IRADIANS,  TRACK ERKOR.= 6 MILL IRADIANS.  . . . . 

o -APPROXIMUTELY 5 0 0 0  RAYS TRACED. 

o MIRROR REFLECTIVITY I S . l O O  PER CENT. 

SUN x COSINE 

. 6 9 8  ,684 .672.  . , 6 5 8  . - 6 4 1  

SUN . ' 

.' . a 6 5 9  

, AND' THE 



SUN x COSINE x SBFRAC 
L 

COSINE .968 .965 

.965 .969 
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- - - - 
SBFRAC 

.677 .736 .761 ,786 .797 .780 .774 .816 .828 ,829 

.680 .731 .782 .825 ,827 .849 .840 .863 .880 ,867 

.692 .747 .793 .844 .859 .881 .894 .909 .81T ,887 

.683 .754 .820 .860 .874 . . 8 8 6  .906 .924 .924 ,915 

.734 ,760 .826 .869 .892 .894 .901 ,923 ,939 .945 

.787 , .828 .866 .894 .897 .917 .928 .937 .947 ,962 

.836 .873 .897 .902 .907 .920 .937 .953 .961 .969 

.837 .875 . ,894 .914 .917 ,920 ,955 . .962 .974 ,961 

.824 .853 . .877 .903 .920 .83d .949 ,972 .979 .977 

.775 .815 .850 .b89 .914 .933 .953 .968 .980 ,972 

.746 ,781 .885 .888 .926 .Y20 .932 .957 .967 . 9 6 ~  

.715 .769 .824 .878 .8Y5 .898 .908 .919 .951 ,951 

6.0 COSTS 

The f o l l o w i n g  a r e  r e p r e s e n t a t i v e  computer costs ,  t o  B lack & Veatch, o f  t h e  t h r e e  d i f f e r e n t  types o f  a n a l y s i s .  

These cos ts  i n c l u d e  CPU charges and t ime-shar ing  connect charges. 

o  F lux.  Map - $ 65 

- $ 10 
. . 

o  F i e l d  performance 

o Average . F i e l d  .Performance - $ l O C  . . 

These cos t s  w i l l  va r y  w i t h  t he  complex i t y  o f  t h e  h e l i o s t a t  f i e l d  data.  The cos t s  g i ven  he re  a re  conse rva t i ve  

and represen t  f a i r l y  complex h e l i o s t a t  f i e l d  data.  

Since t h i s  software package was developed w i t h  B lack & Veatch funds and i s  cons idered p r o p r i e t a r y ,  i t  has n o t  

been made a v a i l a b l e  t o  ou t s i de  users,  b u t  has o n l y  been used on Black & Veatch p r o j e c t s .  Consequently, the  t o t a l  

c o s t  i n c l u d i n g  Black & Veatch engineering setup t ime  and recovery  o f  development cos ts  has n o t  been determined. 



These cos ts  would be developed f o r  p rospec t i ve  users o f  t h e  so f tware  package.. . . 

7 .0  CONCLUSIONS . . 

B lack & Veatch has developed a computer so f tware  package f o r . t h e  o p t i c a l  a n a l y s i s  o t  c e n t r a 1 , r e c e i v e r s  and 
' I 

he1 i o s t a t  f i e l d s .  This. package i s  h i g h l y  f l e x i b l e  .w i t h  regard'  t o ,  h e l i o s t a t  f i e l ' d  parameters su,ch as ground. 

cov.er, f i e l d  shape, and he1 i o s t a t  a r ray  pa t te rn ,  and o r i e n t a t i o n .  ' Because t h e  s o f t w a r e  package' i s  w r i t t e n  i n  a n  

. :  . . I i n t e r a c t i v e  1 anguage a n d  because t h e  hardwarel i s  ext remely  f a s t ,  a use r  c a n  generate dozens o f  runs i n  a s i n g l e  . . 

I 

I day.  Because t h e  APL-PLUS language i s  i n t e r a c t i v e ,  and because i t  i s  so condensed, a programmer can make ma jo r  I 
changes t o  t he  codes i n  a s h o r t  t ime.  

PROCEEDINGS--SOLAR WORKSHOP 
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CIRCUMSOLAR RADIATION DATA FOR ,CENTRAL RECEIVER SIMULATION 

Ar lon  Hunt, Donald Grether, and ~ i c h a e l '  Wahl l g  . . 

. ' Lawrence Berkeley Laboratory ' . . 

' . U n i v e r s i t y  o f  C a l i f o r n i a  
Berkeley, C a l i f o r n i a  94720 

. . ABSTRACT 
.- - 

The c i rcumso lar  measurement p r o j e c t  i s  being c a r r i e d  c i rcumsolar  r a d i a t i o n  w i  11 fa1  1 ou ts ide  the  r e c e i v e r  

o u t  t o  p rov ide  data t o  assess the  e f fec ts  o f  circum- aper ture.  The r e s u l t s  o f  t h i s  p r o j e c t  p rov ide  . t h e  

s o l a r  r a d i a t i o n  on the  opera t ion  o f  s o l a r  them21 con- d e t a i l e d  type o f  i n p u t  data f o r  c e n t r a l  r e c e i v e r  simu- 

vers ion  systems us ing  concentrating,collectors, especi-  l a t i o n  codes t h a t  a re  necessary f o r  determin ing these 

a1 l y  c e n t r a l  r e c e i  ver  systems. Four c i  rcumsol a r  t e l  e- losses, op t im iz ing  the  r e c e i v e r  o r  f i e l d  s ize ,  and 

scopes have been constructed and are  p rov id ing  d e t a i  1  ed determin ing the  d i s t r i b u t i o n  o f  s t r a y  f l u x  due t o  

i n t e n s i t y  vs. angle p r o f i l e s  o f  the  s o l a r  and circum- c i rcumsolar  r a d i a t i o n .  

s o l a r  region,  as we1 1 as o the r  s o l a r  and, c l  i .matologica1 
. . .  

data. These measurements have been underway f o r m o r e  , INTRO'DUCTION. ., . ... 

than one' year  a t  several lo 'cat ior is. .  The cu r ren t  'pro-. ' ' 

gram emphasis i s  on reducing .the data and making i t  

a v a i l a b l e  t o  groups analyz ing the .performance of cen- 

t r a l .  r e c e i v e r  systems. I n  most h i g h l y  concent ra t ing  

s o l a r  systems, the  s i s e  o f .  the  rece i ve r  i s  determined 

by the  r a y  bund1.e 0 r i g ina t i n .g  from the  most d i s t a n t  

h e l i o s t a t .  I f  the  bundle s i z e  i s  ca l cu la ted  by us ing  

the  s o l a r  d isc ,  i t  i s  c l e a r  t h a t  some f r a c t i o n  of the 

PROCEEDINGS--SOLAR WORKSHOP 

Circumsolar r a d i a t i o n  r e f e r s  t o  the  l i g h t  t h a t  has i t s  

apparent o r i g i n  i n  the  reg ion  o f  the sky around the  

sun. The - te rm s o l a r  aureole i s  o f t e n  used t o  descr ibe 

e a s i l y  o b s e r v a b l e o r  c h a r a c t e r i s t i c  occurrences o f  

c i  rcumsolar r a d i a t i o n .  The phenomenon can e a s i l y  be 

observed by us ing  a f i n g e r  o r  nearby o b j e c t  t o  b lock  

the  d i r e c t  sun1 i g h t  from e n t e r i n g  the  eye and examin- 

i n g  t h e  l i g h t  t h a t  streams around the  o c c u l t i n g  ob jec t .  



C I RCUMSOLAR R A D I  AT1 ON DATA 

C i rcumso la r  r a d i a t i o n  i s  caused by t h e  s c a t t e r i n g  o f  

l i g h t  by smal l  p a r t i c l s s  i n  t h e  e a r t h ' s  atmosphere. 

The ae roso l  p a r t i c l e s  may be composed of i c e  c r y s t a l s  

o r  wa te r  d r o p l e t s  i n  t h i n  c louds.  They may be dus t  o r  

sea s a l t  p a r t i c l e s ,  smoke o r  fumes, photochemical  p o l -  

l u t a n t s ,  s u l f u r i c  a c i d  d r o p l e t s ,  s o l  i d  p a r t i c l e s  w i t h  

a  wa te r  mante l ,  f l o cks  formed o f  a  l oose  aggregates o f  

s m a l l e r  pa r t i c l es . ,  o r  any o f  a  l a r g e  v a r i e t y  o f  s o l i d ,  

1  i q u i  d  o r  heterogeneous m a t e r i a l  s  ' t h a t  a r e  smal l  enough 

t o  be a i r  borne. The amount and cha rac te r  o f  c i rcum- 

s o l a r  r a d i a t i o n  va r y  w i d e l y  w i t h  geographic l o c a t i o n ,  

c l i m a t e ,  season, t ime  o f  day and observ ing  wavelength.  

Some o f  t h e  more s t r i k i n g  cases can be observed i n  t h e  

presence o f  h igh,  t h i n  c i r r u s  c louds.  

Under some c i rcumstances these aeroso ls  can cause a  

s i g n i f i c a n t  f r a c t i o n  o f  t h e  s o l a r  f l u x  t o  be dev ia ted  

t o  ang les  o f  severa l  degrees o r  more. So la r  energy 

convers ion  techniques u s i n g  h i g h  c o n c e n t r a t i o n  r a t i o s ,  

such as t h e  c e n t r a l  r e c e i v e r  concept,  o n l y  c o l l e c t  

l i g h t  f r om  t h e  s o l a r  d i s c  and a  sma l l  p o r t i o n  o f  t h e  

c i r c u m s o l a r  r eg ion .  ~ ~ r h e l i o m e t e r s ;  t h e  ins t ruments  

n o r m a l l y  used t o  es t ima te  t h e  d i r e c t  s o l a r  r a d i a t i o n ,  

t y p i c a l l y  have a  f i e l d  o f  v iew o f  5-6'. The p y r h e l i o -  

meter  measurement i nc l udes  a  l a r g e  p o r t i o n  o f  t h e  c i r -  

cumsolar r a d i a t i o n  and thus overes t imates  t h e  amount 

o f  d i r e c t  s u n l i g h t  t h a t  would be c o l l e c t e d . b y  a  concen-. 

t r a t i n g .  system. The d e t a i l e d  angu la r  d i s t r i b u t i o n  o f  

t h e  c i r cu rnso la r  r a d i a t i o n  i s  i .mpgrtant,  as i t  a f f e c t s  

t h e  r a d i a n t  energy d i s t r i b u t i o n  on t h e  su r f ace  of t h e  ''. . ' 

r e c e i v e r  i n  s o l a r  thermal  power p l a n t s .  ' . .  

I n  t h e  n e x t  s e c t i o n  t h e  o ~ e r a t i o n  o f  t h e  te lescope  i s  

descr ibed  and sample da ta  a re  g iven .  The f o l l o w i n g  

m a t e r i a l  i n c l u d e s a d i s c u s s i o n  o f  t h e  e f f e c t  o f  c i rcum- 

s o l a r  r a d i a t i o n  on t h e  losses  of a  s o l a r  power p l a n t ,  

p resen ts  16 s tandard  p r o f i l e s  far  use w i t h  a  s i m u l a t i o n  

program, and descr ibes  t h e  reduced da ta  base t h a t  w i q l  

be a v a i l a b l e  t o  genera l  users .  

CIRCUMSOLAR TELESCOPE 

The b a s i c  i n s t r u m e n t  was designed and f a b r i c a t e d  a t  

LBL and c o n s i s t s  o f  a  "scanning te lescope"  t h a t  i s  

mounted on a  p r e c i s i o n  soTar  t r a c k e r .  A d i g i t a l  e l e c -  

t r o n i c s  system p rov i des  c o n t r o l  f o r  t h e  t r a c k i n g  and 

scanning mechanisms. A phatograph o f  t h r e e  i ns t r umen ts  

near  comp le t ion  i s  shown i n  F ig.  1.  The des i yn  has 

been desc r i bed  i n  more d e t a i  1  easewhere. l The t e l  e- 

scope uses as i t s  bas i c  o p t i c a l  e lement an o f f - a x i s  

m i r r o r  o f  7.5 cm-diameter and 1-m f o c a l  l e n g t h .  A 

fused  s i l i c a  window p r o t e c t s  t h e  m i r r o r  from t h e  en- ' 

v i ronment.  The m i r r o r  forms an image o f  t h e  sun and 

sky around i t  on a  p l a t e  t o  t h e  s i d e  o f  t h e  te lescope  



Fig. 1. The circumsolar telescopes nearing c o n p l ~ t i o n .  

axis. A small hole i n  t h i s  plate, the detector aper- 

ture, defines the angular reso lu t ion (1/20 o f  the so l -  

a rd iawter ,and  the amount o f  l i g h t  passing through 

the aperture i n t o  the detector assembly const i tutes 

the fundamental measurement. I n  the detector assem- 

b l y  the l i g h t  i s  mechanically chopped, o p t i c a l l y  f i l- 

tered, and focused onto a pyroelect r ic  (thermal) de- 

tector.  This type o f  detector was chosen f o r  i t s  uni- 

form wavelength response i n  the 0.3 t o  2.5 pm region 

and i t s  wide dynamic range. 

The telescope scans through at -6' arc w i t h  tke sun a t  

the center and measures the brfghtness o f  the so la r  

and circumsolar rad ia t ion as a funct ion of angle. The 
instrument scans i n  dec l inat ion so t h a t  a t  sunrise and 
sunset i t  t rave ls  near ly pa ra l l e l  t o  t he  horizon and 
a t  noon i t  moves i n  a ve r t i ca l  plane. 

Each 6' scan requires one minute o f  time. The brfght- 
ness i s  d ig i t i zed  every 1.5' o r  arc, blfth$n 0.5'an 

e i t he r  side o f  the sun an aperture of s i ze  1.5' oP arc 

i s  used, and outside t h i s  neafwt the aperture Ss 4n- 
creased t o  5 '  o r  arc. A set  o f  measur'ements consists 

o f  one scan a t  each o f  10 " f i l t e r M  posft ions". There 
are e igh t  op t i ca l  f i l t e r s ,  one open (o r  "clear") post- 
t ion,  and one opaque posi t ion.  fhe opaque pos f t ton  4s 
used t o  monitor the detector noise. The absolute dB- 
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terminat ion o f  the normally inc ident  f l u x  (wi th in 2.5' 

of the sun center) i s  provided by an ac t i ve  cav i ty  

r a d i ~ m e t e r . ~  This device i s  sel f - ca l i b ra t i ng  and has 

an accuracy o f  0.5%. This pyrheliometer i s  provided 
w i th  a matched se t  o f  f i l t e r s  t h a t  ro ta te  synchronous- 

l y  w i t h  those on the scanni ng telescope. Thus the 
telescopes produce an absolute measurement o f  the 

normally inc ident  f l u x  along w i th  the deta i led so la r  

p r o f i  1 e i n  e igh t  wave1 ength bands. Two pyranometers 

are used, one mounted i n  the conventional hor izontal  
posi t ion,  and one t rack ing the sun. 

The telescopes are capable o f  unattended operation f o r  

up t o  a week, although they t y p i c a l l y  receive a d a i l y  

inspect ion dur ing the work week. During the n igh t  the  
so la r  trackers run backwards and automatical ly I n i -  

t i a t e  operation a t  the beglnning o f  each day. The 
data i s  recorded on magnetic tape and processed a t  the 

laboratory 's  computer center. 

Four o f  these circumsolar telescopes have been con- 

structed. Three o f  them have been maklng measurements 

automatical ly f i f t e e n  hours each day f o r  approximately 

one year a t  the fo l lowtng locat ions:  A1 buquerque, 
New Mexico (5 MWth t e s t  s i te ) ,  Ft .  Hood, Texas (plan- 

ned s i t e  f o r  demonstration o f  a so la r  t o t a l  energy 

system), and China Lake, Ca. 

Figure 2 shows a computer-plotted graphical d isplay o f  

a c lear  f i l t e r  scan made by SCOPE 1 a t  Berkeley a t  

12:50 hours on May 20, 1976. The brightness i s  i n te -  
grated from the center t o  the  edge of the sun and from 

there t o  the end o f  the scan t o  gtve the i n t e n s i t i e s  

of the d i r e c t  and circumsolar rad ia t ion  respect ively.  

The r a t i o  o f  circumsolar t o  so la r  rad ia t ion  i s  then 

calculated and i s  given a t  the top o f  the graph (C/S 

=). The normal incidence measurement provided by the 
pyrheliometer (NI = ) i s  also indicated. This p a r t i -  

cu la r  scah i s  f o r  a s l i g h t l y  hazy day, w i t h  a circum- 

so la r  t o  so lar  r a t i o  o f  5.5% and a normal incidence 
value o f  81 1 w/m2. 

Figures 3 t o  6 display the time dependence o f  various 
parameters o f  the so la r  rad ia t i on  f o r  two separate 

days. These measurements were taken by SCOPE 2 which 

i s  located a t  Albuquerque, New Mexico. The t o t a l  los- 

ses t ha t  would be experienced by a h igh ly  concentrating 

co l l ec to r  due t o  circumsolar rad ia t ion  can be calcula- 

ted by in tegra t ing  the product o f  the normal inc ident  

rad ia t ion  and the  circumsoliir t o  so la r  ra t i o .  If the 

c o l l e c t o r  system f i l l s  the receiver w i t h  the so la r  

disc, the t o t a l  in tegrated losses f o r  the day i n  Fig. 

3 and 4 would be equpl t o  1.2%. Figures 5 and 6 

i l l u s t r a t e  a day tha t  probably had a blue sky s l i g h t l y  
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F ig .  3. The t ime dependence of var ious parameters o f  
the  s o l a r  ' r a d i a t i o n  on June 26, 1 9 7 6 ' i n  Albuquerque, 
New Mexico showing the  normal inc idence readings f rom 
the  pyrhe l iometer '  (0 ), and the  t o t a l  r a d i a t i o n  read- 
ings  f rom t h e  h o r i z o n t a l  pyranometer ( A )  .and from t h e  
sun t r a c k i n g  pyranometer ( 0 ) .  
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Fig .  2. Computer-plot ted graph ica l  d i s p l a y  o f  a c l e a r  . .  

f i l t e r  scan made'by SCOPE 1 a t  Berkeley a t  1250 hours . ', 

on May 20., 1976. The do ts  a r e  t h e  i n d i v i d u a l  scan 
d i g i t i z a t i o n s .  The scan s t a r t e d  a t  +3, as i n d i c a t e d  .. 

by t he  l a r g e  h o r i z o n t a l  arrow, c r o s s e d  the  sun near oO, 
and ended a t  -30. The small v e r t i c a l  arrows i n d i c a t e  
t he  angles where the  aper ture.was switched f rom 5 '  o f  . .  

a r c  t o  1 .5' o f  arc ,  and then back again. 

\ . .f 
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F i g .  4. I 1  1 u s t r a t i , n g  t h e  r a t i o .  o f  c i r cumso la r  t o  s o l a r  
r a d i a t i o n  f o r  t h e  same day as i n  F i g .  3. . 
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XBL 772-7464 

F i g .  5 .  The t i m e  dependence of  va r i ous  parame'ters o f  
t h e  s ~ l a r  r a d i a t i o n  on  December 23, 1976 i n  Albuquer-  
que, New Mexico showing t h e  normal i nc i dence  read ings  
f rom t h e  py rhe l  i omete r  ( 0  j , and t h e  t o t a l  r a d i a t i o n  

r e a d i n g s  f rom t h e  h o r i z o n t a l  pyranometer ( A )  and fron; 
t he  sun t r a c k i n g  pyranometer ( 0 ) .  
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Fig .  6. I l l u s t r a t i n g  ,the ra-t7o o f  c i rcumsolar  t o  s o l a r  
r a d i a t i o n  f o r  t he  same day as i n  Fig. 5. 

whitened by c i ' r r o s t r q t u s  cover. (Note the  d i f ference 

i n  scale.  f o r  t he  c i rcumsolar  graphs i n  F igs.  4 and 6), 

The normal i ,nc i  dence readings a r e  moderately h igh  

throughout t he  day. The c i rcumso lar  t o  s o l a r  r a t i o  i s  

low e a r l y  i n  t he  morning b u t  from 10 a.m. onward i t s  

average i s  very h igh  (many p o i n t s  a re  above t h e  t o p  o f  

the  graph).  The pyrhel iometer  data i n d i c a t e s  s u f f i c i -  

e n t  f l u x  f o r  p l a n t  opera t ion  most o f  t he  day b u t  the  

, in tegra ted  amount o f  c l  rcumsolar r a d i a t i o n  fo r  the  

whole day i s  ca l cu la ted  t o  be over 17%. ' Thus t h e  

e r r o r s  i n  u t i l i z i n g  pyrhel iometer  data ' f o r  t h i s  k i n d  o f  

day would be considerable. 

It i s  a n t i c i p a t e d  t h a t  s o l a r  power p l a n t s  w i l l  be oper- : 

ated whenever the  s o l a r  i n p u t  exceeds the  r a d i a t i v e  

losses f rom. the  rece i ve r .  I n  order  t o  accu ra te l y  as- 

sess t h e  e f f e c t s  o f  c i rcumso lar  r a d i a t i o n  f o r  a  g iven .' 
. 

l o c a t i o n  and t y p e  o f  c o l l e c t o r ,  i t  i s  necessary t o  de- 
, . , 

termihe t h e  p o t e n t i a l '  i b s s e i b y  an o p t i c a l  s imu la t i on  : . ' : 

procedure combined w i t h  a  knowledge o f  c i rcumso lar  
r a d i a t i o n  throughout the  year  f o r  var ious v iew ing  a- . . 

per tu res  and minimum thresholds o f  normal l y  i n c i d e n t  

f l u x .  I n  t he  nex t  sec t i on  two se ts  o f  data a re  pre- - 
sented t o  determine the  impact o f  c i rcumso lar  rad ia -  

t i o n  on var ious s o l a r  c o l l e c t i o n  systems. 
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. '. Table  I 
!ETERMINING LOSSES DUE TO CIRCUMSOL84R RADIATION .2 S e l e c t e d  Ci rcumsola r  P r o f i l e s  

There a re  severa l  ways t o  es t ima te  t he  e f f ec t  o f  c i r -  \ c l ( c + s ) ( x )  NI  (w/m2) STD Time D a t e - s i t e *  - 
cumsolar r a d i a t i o n  on a  c o n c e n t r a t i n g  s o l a r  c o l l e c t o r .  . \ 0 . 8  9  5  3 11:56 761817-A b -  - 
The l e a s t  ambi,guous method i s  t o  use measured r a d i a l  , 

' 1 . 0  714 9  :54 
i n t e n s i t y  p r o f i l e s  o f  t h e  sun i n  c o n j u n c t i o n  w i t h  an 

o p t i c a l  s i m u l a t i o n  code. By u s i n g  t h e  code w i t h  and 2.7 918 11 : 29' ' 7 6 / l i j 2 0 - ~ ~  ..> 

. . , . ::I 
w i t h o u t  t h e  c i r cumso l  a r  component, t h e  f r a c t i o n a l  2 . 9  794 1 5  : 1 0  7'6111122-FH I 

energy l o s s  from t h e  system due t o  t h a t  p a r t i c u l a r  p ro -  
3.5 948 

f i l e  can be determined. If t h i s  i s  done f o r  a  v a r i e t y '  

o f  p r o f i l e s  w i t h  v a r y i n g  r a t i o s  o f  c i  rcumsolar  t o  so- .. 5 , 7  

l a r  r a d i a t i o n ,  and t h e  f requency o f  occurrence and co r -  8 . 9  
responding normal i n c i d e n t  f l u x  i s  known, t h e  o v e r a l l  

1 0 . 6  
e f f e c t  can be determined. Th i s  procedure i s  be ing  ca r -  

r i e d  o u t  f o r  severa l  l a r g e  h e l i o s t a t  f i e l d s  w i t h  t h e  

s e t  o f  p r o f i l e s  shown i n  F i g u r e  7 and 8. The p r o f i l e s  . 

a re  p l o t t e d  i n  two s e t s  o f  8; one s e t  i s  s e l e c t e d  from 

data. taken  a t  Albuquerque, New Mexico and t he  second 

.: s e t  from F t .  Hood, Texas. The corresponding r a t i o s  o f  

c i r c u m s o l a r  t o  so l a r -p l us - c i r cumso la r ,  va lues o f  normal 

i n c i d e n t  f l u x ,  and t imes o f  occurrences a r e  g i ven  i n .  

t a b l e  I. The va l  ues o f  c i  rcumsolar  r a d i a t i o n  f o r ,  these 

p r o f i l e s  va r y  ove r  a  cons ide rab le  range. It should  be 

poin, ted o u t  t h a t  these  p r o f i l e s  a r e  meant t o  r ep resen t  ,- 

t h e  range  o f  p o s s i b l e  p r o f i l e s ;  they  do n o t  occur  w i t h  

equal  f requenc ies  n o r  . do . 
t hey  t y p i c a l  l y  have comparable * S i t e  c o d e ,  A f o r  Albuquerque,  New Mexico, FH f o r  

F t .  Hood, Texas ' . 
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F i g .  7. 
Standard solar and circumsolar profiles,  selected from 
Albuquerque, New Mexico. . . 
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F i g ,  8. 
Standard solar and circumsolar profiles,  selected from 
F t .  Hood, Texas. 
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v a l  ues o f  normal l y  i n c i d e n t  f l .ux.*  
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normal i n c i d e n t  f l u x ,  c i r c u m s o l a r  t o  s o l a r  r a t i o ,  p y r -  

! The approach d iscussed abo've. i s  use fu l  i n  de te rm in i ng  : .  he1 iomete r  e r r o r s ,  e t c .  Th i s  reduced da ta  base i s '  p ro -  
I 

duced i n  t h e  form o f  one magnet i c  tape  per  y e a r  pe r  ! 
I t he  s e n s i t i v i t y  o f  a  s o l a r  power p l a n t  t o  t h e  e f f e c t s  

o f  c i r cumso la r  r a d i a t i o n .  I n  o r d e r  t o  determine t h e  te lescope  and w i l l  be a v a i l a b l e  t o  i n t e r e s t e d  users  i n  

a c t u a l  month ly  losses  t h a t  would be exper ienced over  t h e  f u tu re .  

the'. course o f  a  year ,  measurements must be performed a t  

t h a t  s i t e  f o r  t h e  cor responding p e r i o d  o f  t ime .  Once, 

these  measurements a r e  i n  hand, t h e  losses  can be de- 

te rm ined  by s o r t i n g  a l l  t h e  p r o f i l e s  t h a t  occur .  a t  t h a t  

s i t e  i n t o  one o f  t he  16 s tandard  types.  I f  t h e  f r a c -  

t i o n a l  energy l o s s  cor responding t o  each o f  t h e  16 p ro -  

f i l e s  known, t h e  m e a s u r e d , p r o f i l e  can be weighted w i t h  

t h e .  co r respond ing  va lue  o f  normal i n c i d e n t  f l u x .  These 

l osses  then  can be t a l l i e d  and compared t o  t h e  t o t a l  

p l a n t  o u t p u t  f o r  t he  d e s i r e d  p e r i o d  o f  t ime .  

The o r i g i n a l  da ta  base f o r  t h e  te lescopes rep resen t s  a  

ve rv  l .arae amount o f  da ta  To P U ~  t h e  da ta  i n t o  a more 

CONCLUSION ' . 

The LBL c i r cumso la r  te lescopes  have completed ove r  one 

y e a r  o f  near1.y cont inuous measurements a t  seve ra l  1  o-. 

c a t i o n s .  The r e s u l t i n g  s e t  o f  measurements r ep resen t s  

one of t h e  most i n t e n s i v e  and exten.s ive c h a r a c t e r i z a -  

t i o n s  o f  t h e  e f f e c t  o f  t h e  atmosphere on t h e  s o l a r  i n -  

t e h s i  t y  ' p r o f i l e .  I n  o rde r  t o  eva. luate t h e  e f f e c t  of 

c i  rcumsol a r  r a d i a t i o n  on so l  a r  energy c o l  1  e c t i o n  sys- 

tems, t h e  da ta  a r e  b e i n g  t r e a t e d  i n  a  number o f  ways. 

' A  s e n s i t i v i t y  . a n a l y s i s  o f  l a r g e  c e n t r a l  r e c e i v e r  sys-  

tems, u t i l i z i n g  a  s e l e c t e d  s e t  o f  i n t e n s i t y  p r o f i l e s  
# ., 

" , manageable form a  reduced da ta  base has been generated w i l l  i n d i c a t e  whether a  s u b s t a n t i a l  f r a c t i o n  o f  t h e  

t h a t  con ta i ns  a  subset  o f  t h e  o r i a i n a l  data .  T h i s  i n -  c i r c u m s o l a r  r a d i a t i o n  i s  l o s t  f rom t h e  p l a d t .  S ince  
4 

c ludes  t h e  w h i t e  l i q h t  p r o f i l e s ,  t h e  py rhe l i ome te r  and p l a n t  performance es t imates  a re  based on py rhe l iomete r ,  
- . - 

pyranometer data,  t h e  s p e c t r a l  py rhe l i ome te r  data,  c e r -  measurements t h a t  i n c l u d e  t h e  c i r cumso la r  component i t  

t a i n i n d i c a t i v e  i n f o rma t i on  i n c l u d i n g  date, t ime, s o l a r  . i s  l i k e l y  t h a t  a v a i l a b l e  normal i nc i dence  da ta  shou ld  

angle ,  e t c . ,  and some d e r i v e d  da ta ,  i n c l u d i n g  t r u e  be co r rec ted ,  o r  more accu ra te  measurements performed. 
* 

D e t a i l e d  numer ica l  va lues f o r  these p r o f i l e s  a r e  
The amount o f  t h e  c o r r e c t i o n  w i l l  depend on l o c a t i o n  

and season as w e l l  as p l a n t  des ign,  b u t  t h e  a v a i l a b l e  a v a i l a b l e  f rom LBL on computer punch cards.  
da ta  f rom t h e  c i  rcumsolar  te lescopes i n d i c a t e  t h e  



e r r o r s  a r e ' f r o m  a  few percen t  t o  n e a r l y ' t e n  percen t .  

Since i t  i s  n o t  y e t  c lear ' .  how t o  e x t r a p o l a t e  t h e  da ta  . . 
t o  new l o c a t i o n s ,  l o n g  te rm measurements o f  t h e  c i rcum- 

s o l a r  r a d i a t i o n  a r e  s t i l l  necessary t o  determine t h e  
I magn i t ude  and seasonal., v a r i a t i o n s  o f  . the e f f e c t  a t  l o -  . . . . . 
I 

: c a t i o n s  w i t h  s ' u b s t a i t i a l l y  d i f f e r e n t  c l i m a t i c  cond i -  . . 

t i o n s  than  those a1 ready kxp lo red .  
. . 
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ABSTRACT 

and the thermal absorption and t ransfer ,  i t  i s  neces- . . 
sary to  determine the input.optica1 power proffle 
accurately as a function of position on the receiver 

and location o f  the sun with respect t o  the fixed axis 

of the mirror bowl. In the spherical segment bowls, 

I 

certain sharp structure (concentration peaks and 

caustics) i s  present' and. i t  i s  of in te res t  t o  deter- 

mine th i s  behavior accurately for  purposes of thermal 

s t ress  analysis as wel l -as  for  the heat t ransfer  

analysis. 

A method of calculation of optical concentration dis- 

INTRODUCTION 

tr ibut ions,  developed and implemented for  the Crosbyton 

Solar Power Project,  i s  described. The concept.exam- 
ined by th i s  implementation i s  the Solar Gridi-ron, 

sometimes cal led FMDF (Fixed Mirror-Distri buted Focus), 
differ ing from the TowerIHel io s t a t  in that  the. concen- 

t r a t o r  i s  a large,  . fixed . spherical segment . . mirror.  he . 

only tracking element' in the Solar   rid iron i s  a r e -  

ceiver/boiler suspended in the mirror bowl. A crucial 

feature for  the thermallfluid performance of th i s  

receiver i s  the non-uniformity of the optical concen- 

t ra t ion  over the receiver surface. The f lu id  flow 
strategy for  the boiler must be mated for  advantage to  I t  i s  a pleasure to be i n v i t e d  to th is  workshop as 

~ the input power profi le  of the distributed focus. a v i s i to r  with the background of another perspective 

In order to  develop and confirm the f luid flow strategy on optical concentration calculations.  I am very 

PROCEEDINGS--SOLAR WORKSHOP 
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1 . 
impressed by t h e  qua1 i t y  and l e v e l  of e f f o r t  o n  t h e  Archimedes was k i l l e d  d u r i n g a  l a t e r ,  success fu l ,  Roman 

I adap t i ve  o p t i c s  concepts which a re  ev idenz a t  t h i s  i n v a s i o n  as he s a t  upon t h e  beach drawing geometr ic  

I workshop. The S o l a r  G r i d i r o n  concept upon which I have f i g u r e s  ir, t h e  sand. There i s  a  l egend  t h a t  he was, a t  

I been work ing  l a c k s  t h e  romance of f u l l y  adap t i ve  op- t h e  t ime,  absorbed i n  t h e  development o f  an a l t e r n a t e  

I t i c s ,  so my d i s c u s s i o n  w i l l  be b r i e f l y  p resen ted  w i t h  F i xed  S h i e l d  S t ra tegy  which 1  would now l i k e  t o  de- 

1 due apology t o  t h e  r o m a n t i c a l l y  i n c l i n e d .  s c r i b e .  I n  t h i s  approach t h e  h i g h l y  p o l i s h e d  s h i e l d s  
would be s taked i n t o  place,'  l a shed  t o  spears p l a n t e d  i n  The cho i ce  between adap t i ve  o p t i c s  and f i x e d '  o p t i c s  .may 

be i l l u s t r a t e d  w i t h  t he  o l d  s t o r y  o f  Archimedes' o p t i -  t h e  ground. The advantage: fewer  s o l d i e r s  would be . . 

c a l  defense o f  t h e  harbor  o f  Syracuse a g a i n s t  Roman r e q u i r e d  and those a v a i l a b l e  c o u l d  be deployed on o t h e r  

missions., such as manning t h e  f o s s i l  f ue l  c a t a p u l t  a t t a c k .  . I n  t h e  s t o r y ,  Archimedes had t h e  de fend ing  
backup system. The d isadvantage:  a  crew o f  vo l un tee rs  army p o l i s h  i t s  s h i e l d s  t o  a b r i g h t  m i r r o r  f i n i s h  and . \ 

t hen  deployed h i s  s o l d i e r s  ' i n  d e n ~ e l ~ - ~ a c k e d  f a s h i o n  would have t o  be appo in ted  t o  man a  decoy o r ,  p o s s i b l y ,  

around .the concave r i m  o f  t h e  harbor ,  s h i e l d s  i n  hand. a  t u g  g a l l e y  . t o  Tead t h e  Roman f l e e t  i n t o  t h e  f o c a l  

The s t o r y  does n o t  i n d i c a t e  whether shading and b l o c k -  .zone. Though t h i s  " f i x e d  m i r r o r "  scheme m igh t  i n v o l v e  

i n g  f e a t u r e s  were p r o p e r l y  analyzed, b u t  i t  does de- s o m e ' s a c r i f i c e ,  i t  cou ld  amount t o  cons ide rab le  sav ings 

s c r i b e  t h e  d u t y  o f  each s o l d i e r  t o  o r i ' en t  h i s  s h i e l d  t o  when i t  came t i m e  t o  pay t h e  s o l d i e r s .  The cho i ce  be- 

d i r e c t  t h e  sun ' s  rays  upon t h e  s a i l s  of t h e  Roman war tween t h e  two a l t e r n a t i v e s  m i g h t  w e l l  come down t o  t h e  

g a l l e y s .  Here t h e  s t o r y  d i v i d e s  i n t o  two vers ions .  I n  number o f  s o l d i e r s  t h a t  Syracuse c o u l d  r a i s e  o r  a f f o rd  

t o  pay. t h e  more romant i c  v e r s i o n  t h e  sun b r i g h t l y  shone and 

t h e  Roman s a i  1  s  b r i  g h t l y  burned. I n  t h e  , ~ o m p e t i . ~ g  Even though Archfmedes ' 1  a t e r ,  un tes ted ,  s t r a t e g y  may 

.account ,  t h e  sun was ove rcas t  and t h e  morning gray,  so have l acked  a  c e r t a i n  element o f  romance, . those . of us 

t h a t  t h e  defenders  r e v e r t e d  t o  t h e  o l d e r . ( f o s s i l  f u e l  ) who 1  i v e .  on t h e  Staked P l a i n s  o f  Texas. can t ake  some 

techno logy  o f  c a t a p u l t i n g  b a l l s  o f  f l a m i n g  p i t c h  on to  t h r i l l  f rom t h e  spear stakes. i n  t h e  s t o r y .  We .have had 

t h e  Roman decks. The vers ions  converge a t  t h e  end t o  t o  become accustomed i n  t h e  pas t ,  due t o  t h e  economic 

conc lude w i t h  t h e  v i s i o n  of a  saved c i t i z e n r y  h a p p i l y  and c l i m a t i c  r e a l i t i e s  o f  o u r  t e r r i t o r y ,  t o  o b t a i n i n g  a  

wa tch ing  t h e  Roman sh ips  burn.  . .. . ' l a r g e  share of o u r  romance v i c a r i o u s l y .  



i 1 g ives a  sketch o f  re levan t  geometry and no ta t i on .  i 
I convenien&z 

The s o l i d  angle o f  the.  sun viewed d i r e c t l y  'from a  p o i n t  1 - . .. . . . 
Axis 

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

. . . . . . - 
i The a d a p t i v e  o p t i c s  approach fea tured i n  t h i s  workshop 

/ and so w e l l  described by the o t h e r  speakers invo lves  

I shading and b lock ing  fea tures  which have received a  -, / g rea t  deal o f  c a r e f u l  a t t e n t i o n  and ana lys is .  The. 

I f i x e d  m i r r o r  o f  t h e  So lar  G r i d i r o n  concept a l so  under- 

i. .goes. shading,. which i s  . r e l a t i v e l y  easy t o  analyze, b u t  

; i s  n o t  sub jec t  t o  t h e  b lock ing  fea ture .  The emphasis 1 1 o f  the  ana lys i s ,  there fore ,  has been placed upon accu- 

/ r a t e  mapping o f  t he  o p t i c a l  concent ra t ion  i n  the  d i s -  

' t r i b u t e d  focus reg ion .  I would l i k e  t o  descr ibe one o f  

the  fo rmula t ions  t h a t  I have' used f o r  the  problem. The. 

f o rmu la t i on  i s  r a t h e r  general and may prove t o  be use- 

I f u l  f o r  concent ra t ion  mapping on f i x e d  rece ivers  moun- 

1 t ed  oa- towers. 

I 
on the  e a r t h  i s  Rs and i n f i n i t e s i m a l  patches o f  area on 

, the  rece i v ing ,  r e f l e c t o r ,  and s o l a r  d i s c  surfaces are 

. '  

F igure 1. General ized M i r r o r  Geometry 

THE OPTICAL APPROACH 

A method o f  ana lys i s  has been developed which a l lows 
... . 

the  o p t i c a l  concent ra t ion  t o  .be computed a t  any p o i n t  
-b 
q i n  t he  v i c i n i t y  o f  a  r e f l e c t o r  Surface. The p o i n t  
-b 
q i s  understood t o  l i e  on a  sur face o r i en ted  as i n d i c a -  

4 . . 

,PROCEEDINGS--SOLAR WORKSHOP 

I 
I t ed  b y  a  l o c a l  u n i t  sur face normal 6 and t h e  d i s t a n t  

i source i s  taken t o  be o f  f i n i t e  angular ex ten t .  F igure 
I 
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labeled.. L i g h t  r e c e i v e d  a t  4 through dni i s  subtended 

, by i n f i n i t e s i m a l  patches o f  area on the re f l ec . to r ,  and 

u l t i m a t e l y ,  on the -sun  d isc.  

If, f o r  p r e l  i m i  nary .considerat ions , the i n p u t  from the  

sun i s  modeled. as being o f  un i fo rm dens i ty  i n  so l  i d  

angle, then the  d i f f e r e n t i a l  o f  o p t i c a l  concentrat ion,  

measured. i n  "suns ", received through d6 i s  p ropo r t i ona l  
I 

' t o  dR;/R- : + -  ' 

where the, un . i t  vec tor  v  ̂ i nd i ca tes  the d i r e c t i o n  o f  the  

so l  i d  angle d i f f e r e n t i a l  and 

where a i s  t h e  angular , rad ius  o f  the. sun viewed from 

the ear th,  approximatel-y 0.265'. The t o t a l  concentra- , . 

t i o n  a t  f o r  a  sur face o r i e n t e d  w i t h  d i r e c t i o n  b  ̂ i s  
obta ined by adding up a l l  c o n t r i b u t i o n s :  

1  
c(G,6) = 11 6-d6  . ( 3  

S Q M  
. , 

The reg ion  o f  i n t e g r a t i o n ,  , i s  the s o l i d  a n g l e  o f  

the  sun when viewed i n  the  r e f l e c t o r .  For a  concen- 

t r a t i n g  r e f l e c t o r  t he  so l  i d .  angle, &, subtended by 

the  sun as viewed i n  the  r e f l e c t o r  may be hundreds o f  

times l a r g e r  than the  s o l i d  angle, Rs, o f  the  sun viewed. 

, d i r e c t l y .  Except f o r  a  cosine weight  f a c t o r ,  Eq. (3 )  

simply i nd i ca tes  t h a t  the  concent ra t ion  i s  e s s e n t i a l l y  : 

the r a t i o  %/as. . . 

The bas ic  formula shown i n  Eq. ( 3 )  i s  extremely general 

and can be used as the s t a r t i n g  p o i n t  f o r  computation o f  

concentrat ion d i s t r i b u t i o n s  f o r  any r e f l e c t o r  o r  r e f l e c -  

t o r  a r ray .  The complexity o f  t he  problem i s  hidden i n  

the range o f  i n t e g r a t i o n ,  &. For a  h e l i o s t a t  a r ray ,  

f o r  example, the  shading and b lock ing ,  as w e l l  as the  

f a c e t  shapes and loca t ions ,  must be considered i n  o rder  

t o  determine the  reg ion  &. I n  the Solar  G r i d i r o n ,  the  . 

b lock ing  f e a t u r e  i s  absent, b u t  a  m u l t i p l e  r e f l e c t i o n  

fea tu re  i s  added. L i g h t  can be used which has bounced 

from the r e f l e c t o r  several t imes, as i n d i c a t e d  i n  F igure 

2. 

It should be emphasized t h a t  the  Solar  G r i d i r o n  i s  n o t  

a  p o i n t  focus concept, b u t  a  d i s t r i b u t e d  focus concept. 

The mu1 t i p l e  bounce r a d i a t i o n  i s  p a r t  o f  what those de- 

s i r i n g  a  p o i n t  focus would c a l l  a  "spher ica l  abe r ra t i on "  

e f f e c t .  From t h e  So lar  Gr id i ron ,  d i s t r i b u t e d  focus, 

v iewpoint  a  p o i n t  focus would be an undesi rable e f f e c t  

r e s u l t i n g  from "parab lo ida l  aber ra t ion" ,  the  f a i l u r e  o f  

a  pa rab lo id  t a  adequately represent  a  spher ica l  segment. 

I n  sho r t ,  a  d i s t r i b u t e d  focus i s  essen t i a l  f o r  good heat  

t r a n s f e r  and, i n  the Solar  Gr id i ron ,  "spher ica l  aberrs-  

t i o n U , i s  the mechanism f o r  achiev ing the d i s t r i b u t e d  

focus. 



I . . . . 
. . . . . .  . . . . . . .  . . . . . . . . . .  . . . .  - I To deal w i t h  m u l t i p l e  r e f l e c t i o n s ,  i t  i s  s imp les t  t o  

LIGHT FROM dA 

j I \ j ON THE SUN 

. . 
T I  . , 
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AT ,=' ( ¶ ,  $1 
n BOUNCES 

Figure  2. Hemispherical D i  s  b Mu1 t i  p l  e 
R e f l e c t i o n  Geometry 
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' modify t h e  form o f  Eq.  (3)  s l i g h t l y .  L i g h t  i n  a d i f -  ! 

1 f e r e n t i a l  o f  s o l i d  angle w i l l  always consider  t he  r e -  '- 

: f l e c t b r  t o  be l o c a l l y  f l a t ;  i .e., w i l l  r e f l e c t  repeat- '  
i 

i j ed l y  i s  i f  f r o m  the  l o c a l  tangent planes. Thus Eq. ( 3 ) .  . . 

; may be used i n  the  presence o f  mu1 t i p l e  r e f l e c t i o n s  i n  

j t he  m i r r o r  by separat ing and adding the  c o n t r i b u t i o n s ,  i 
. . 

i from l i g h t  t h a t  has r e f l e c t e d  n t imes: 
I 

! The s o l i d  angle i s  t he  apparent s i z e  o f  t he  sun as I 

/ viewed i n  t h e  m i r r o r  w i t h  r a d i a t i o n  t h a t  has r e f l e c t e d  i ( n t imes. A r e f l e c t i o n  c o e f f i c i e n t  R has been inc luded . 
I 

i 

,: i n  Eq. (4)  t o  account f o r  r e f l e c t i v e  losses. The fac-. 
i 
i t o r  ! R must be kept  i n s i d e  the  i n t e g r a l  i f  one wished 

t o  i nc lude  angle o f  inc idence dependence. 
, ! 

S i m i l a r l y ,  i f  the  wavelength dependence of t he  r e f l e c -  

I t i v i t y  i s  o f  i n t e r e s t ,  one must add an i n t e g r a l '  over  

i W( A )  dA t o  the  form shown i n Eq. (4 ) ,  where \(A) i s  a 

' s p e c t r a l  dens i t y  weight .  I f  one wishes t o  use an e f -  

j f e c t i  ve sun s i z e  an, depending upon the  numbe.r o f  re -  

1 f l e c t i o n s ,  t o  represent  m i r r o r  imper fec t ions ,  then RS 

; , should be expressed: 
a 2 

R, = 41~(sin+) (5)  

l and inc luded i n s i d e  the  sumn~ation . shown . i n  Eq. ( 4 ) .  The 
.. . . .  . . . . . . . . . . . . . . . .  - . .  
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"se l f -ev iden t "  d e r i v a t i o n  o f  Eq. (1 ) re1 i e d  upon model - 
i n g  t h e  sun as being o f  un i fo rm dens i t y  i n  s o l i d  angle. 

The a b i l i t y  t o  i nc lude  l imb  darkening e f f e c t s ,  apparent- 

l y  s a c r i f i c e d  t o  p rov ide  a t r i v i a l  de r i va t i on ,  can be 

recovered i n  a way t o  be mentioned l a t e r .  

I n  o rde r  t o  per form t h e  i n t e g r a t i o n  i nd i ca ted  i n  Eq. ( 4 )  

t h e  i n t e g r a l  can be parameterized us ing any convenient 

ax i s ,  as  i n d i c a t e d  i n  F igure  1: 
1 

cn( f , f )  = -If (6.;) sinBdBdG , $ 0 ;  > 0 on l y  ( 6 )  
'S %n 

I f  a ca r tes ian  coordinate system (x,y,z) i s  se lec ted  

w i  th: o r i g i n  a t  G ,  then, 

s i n  BcosG 

.l=(si,;:~nG)and6 = [ i l l  where b:b q Z . ( 7 )  

The. r e s t r i c t i - o n  f o  p0s.i t i v e . v a 1  ues o f  t he  d o t  .product  i n  

Eq. (6 )  i s  t he  requirement t h a t  on ly  1 i g h t  impinging 

f rom one s i d e  ( t h e  "ou ts ide"  o f  the r e c e i v e r  o r  probe) 

i s  o f  i n t e r e s t - a t  t he  f i e l d  p o i n t .  

I f  t h e  m i r r o r  shape i s  extremely d i f f i c u l t  t o  descr ibe 

a n a l y t i c a l l y  o r  bears s tochas t i c  e r ro rs ,  then one might  

d i v i d e  the m i r r o r  sur face i n t o  c e l l s  f o r  i n t e r r o g a t i o n  

by a numerical i n t e g r a t i o n  code. On the  o t h e r  hand, f o r  

s imply descr ibab le  surfaces such as spher ica l  segments, 

c y l i n d r i c a l  sur faces,  parablo ids,  and so f o r t h ,  i t  i s  

des i rab le  t o  proceed a n a l y t i c a l l y .  For t h i s  purpose 

the  m i r r o r  shape and the  des i red  reg ion  o f  i n t e g r a t i o n  

may be descr ibed i n  terms o f  M i r r o r  S t r u c t u r e  Relations. 

As an example, t h e  spher ica l  segment m i r r o r  o f  the So lar  

G r i d i r o n  w i l l  be b r i e f l y  considered. A1 though the i n -  

tegrand shown i n  Eq. (6)  i s  p a r t i c u l a r l y  smooth and 

convenient f o r  i n t e g r a t i o n ,  i t  i s  d i f f i c u l t  t o  descr ibe 

the s o l i d  angle sZMn i n  terms o f  the  var iab les  6 and 6.  
One way t o  descr ibe sn i s  t o  cons ider  i n t e g r a t i o n  over 

var iab les  o ther  than B and 3.  

Consider a m i r r o r  which i s  a segment o f  a sphere o f  r a -  

d ius R w i t h  center  a t  C as i l l u s t r a t e d  i n  F igu re  2 .  

[Normalized u n i t s  a r e  used so t h a t  R = 1 . ]  L i g h t  from 

an element o f  area dA on the  sun enters the d i sh  as a 

plane wave f r o n t  from d i r e c t i o n  BS. Such l i g h t ,  s t r i k -  

i n g  the  d i sh  a t  z e n i t h  8 bounces n t imes and comes t o  

the  f i e l d  p o i n t  from d i r e c t i o n  $. The f i e l d  p o i n t  i s  

l oca ted  by sphericaT coordinates:  q, the  d is tance from 

C, and I), the zen i th  from the  " sun ax i s " ,  S I C .  The 

"outward normal" ^b associated w i t h  an element o f  area 

dA a t  may o r  may n o t  1 i e  i n  the  plane o f  t h e  f i g u r e .  

For convenience, the angle B employed as a parameter i n  

Eq. (6 )  w i l l  be measured as the  zen i th  angle o f  w i  t h  

respect  t o  the a x i s  QC passing through the f i e l d  p o i n t  
+- 
q from C.  I t  i s  des i red  t o  ob ta in  the  geometr ical  con- 

nec t ion  r e l a t i n g  6, 8, and $ .  Using Figure 2 ,  one can 



deduce t h a t  

i K = (0-$) - (n-1) ( IT-20) and B = K + 0. (8) . . . . .  

I E l i m i n a t i n g  K  from these r e l a t i o n s ,  

6 = 2n0 - 9 - (n-1) IT. (9 
Using t h e  Law of Sines i n  t h e  t r i a n g l e  CQPn, one ob ta ins  

q  s i n  f3 = s i n  0  '(10) 
so t h a t  

d0 - cos B 

Using t h e  M i r r o r  S t ruc tu re  'Re la t ions  ( 9 )  ,and (10)  a long 

w i t h  Eq. ( l l ) ,  a  change.of  i n t e g r a t i o n  va r i ab les  may be 

accompl i shed i n  Eq. ( 6 )  : . . 

where w I T .  Now t h e  d i f f e r e n t i a l  sin$d$dw i n  Eq. (12) 

may be i n t e r p r e t e d  as an element of s o l i d  angle dRCM, 

measured f rom t h e  cen te r  C of the  sphere. The angle $, 

t h e  f i e l d  p o i n t  z e n i t h  , is measured from the  SICS l i n e  
. . 

, which va r i es  i n s i d e  a cone ' o f  angular  r a d i u s  a as S  i s  
1 swept over  t h e  face of t h e  sun. A l t e r n a t i v e l y ,  as il- sl s:, 

I l u s t r a t e d  i n  F igure  3, $ may be i n t e r p r e t e d  as the  ze- 

n i t h  o f  t he  sun a x i s  SICS measured from the  l i n e  Q ' C  

passing through t h e  f i e l d  p o i n t .  N o t i c i n g  now t h a t  

s i n  d$dw performs an average over p o s i t i o n s  on the  sun, 

one can recover  l i m b  darkening e f f e c t s  by we igh t ing  t h e  

average w i t h  a  b r igh tness  f u n c t i o n  B($,w). 

F igure  3. General ized Receiver Geometry 

and Sun Cone. 
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STRATEGY OF OPTICAL CALCULATIONS FOR FIXED MIRRORS 

The " p r i n c i p a l  sun a x i s "  i s  t he  l i n e  S O 1 C S o  pass ing  The i n t e g r a t i o n  r e g i o n  i s  fo lded and cons iderab le  corn- 

through the  c e n t e r  o f  t h e  sun d i s c .  The cone generated p l e x i  ty  i s  i n v o l v e d  i n  accompl ish ing the  de te rm ina t i on  

by S I C ,  shown i n  F i g u r e  3, i s  c a l l e d  t h e  "sun cone". of  t he  p roper  r eg ion  of  i n t e g r a t i o n  w i t h  t he  g e n e r a l i u  

The i n t e g r a l  i n  Eq. (12)  can be i n t e r p r e t e d  as an aver-  r e q u i r e d  t o  handle a l l  cases o f  i n t e r e s t .  S ince brev-. 

age ove r  t h e  s o l i d  angle of  t h e  sun cone o f  t he  q u a n t i -  

t y  : 

The q u a n t i t y  shown i n  Eq. ( 1 3 ) m u i t  be t he  " n b o u n c e .  

c o n c e n t r a t i o n  produced a t  t h e  f i e l d  p o i n t  q  by a  p o i n t  

sun a t  i n f i n i t y " .  Th i s  i n t e r p r e t a t i o n  i s  c o r r e c t  and 

can be con f i rmed b y  d i r e c t  d e r i v a t i o n .  Th i s  p o i n t  sun 

c o n c e n t r a t i o n  i s ,  i t s e l f ,  a use fu l  approx imat ion be- 

cause t h e  angu la r  s i z e  o f  t he  ac tua l  sun i s  so sma l l .  

I t  should be noted, however, t h a t  the  denominator can 

van ish  i n . . t he  d i s t r i b u t i o n  shown i n  Eq. (13)  so t h a t  

c a u s t i c  i n f i n i t i e s  a r e  p resen t  i n  the  p o i n t  sun d i s t r i -  

i t y  was promised i n  t h e  i n t r o d u c t i o n  and s i n c e  t h e  ba- 

s i c  s t r a t e g y  of  t h e  approach has been exposed, f u r t h e r  

d e t a i  1  s  ( ava i  1  ab le  i n  Vol . L I  o f  t h e  February 1977 

I n t e r i m  Technica l  Report  t o  ERDA on t h e  Crosbyton Solar 

Power P r o j e c t ) ,  w i l l  be suppressed and I wi 11 conclude 

by showing some r e s u l t s .  

EXAMPLES OF OPTICAL CONCENTRATION DISTRIBUTIONS ON . 

CONICAL RECEIVERS I N  THE SOLAR GRIDIRON 

I n  o r d e r  t o  i l l u s t r a t e  t h e  power o f  t h e  o p t i c a l  method 

descr ibed  above, seve ra l  f i g u r e s  a r e  i n c l u d e d  showing 

computed c o n c e n t r a t i o n  d i s t r i b u t i o n s  on a  c o n i c a l  r e -  

b u t i o n .  A l though these s i n g u l a r i t i e s  a r e  i n t e g r a b l e ,  c e i v e r  suspended i n  a  s p h e r i c a l  segment m i r r o r  as  il- 

t h e  p r o p e r t i e s  o f  t h i s  express ion make Eq. (12)  d i f -  l u s t r a t e d  i n  F igu re  4.  One o f  the  i n t e g r a t i o n s  i n  Eq.  

f i c u l  t t o  handle numer i ca l l y .  ( 6 )  was performed a n a l y t i c a l l y  and one w i t h  a  h i g h  

A c o n v e n i e n t . i n t e g r a t i o n  p o l i c y  i s  t o  i n t e g r a t e  t he  .speed computer. The a x i s  0.f symmetry o f  t h e  cone pas- 

form shown i n  Eq. (6), o b t a i n i n g  t h e  i n t e g r a t i o n  l i m i t s  ses through t he  cen te r  C o f  t h e  s p h e r i c a l  segment and, 

f rom t h e  ($,LO) range a p p r o p r i a t e  f o r  Eq. (1 2 ) .  The m i  r- f o r  the  cases shown, i s  p e r f e c t l y  a l i q n e d  so t h a t  the 

I .  r o r  r i m  and i t s  shadow and t i l e  r e s t r i c t i o n  > 0, a r e  a x i s  a1 so passes throuqh t h e  c e n t e r  o f  t h e  .so la r  d i sc .  

expressed i n  terms o f  $,LO, and 8 and then t he  s t r u c t u r e  I n  F igure  5 t h e  d o t t e d  curve shows the  p o i n t  sun con- 

r e l a t i ons , .  Eqs. (9 )  and ( l o ) ,  a re  used t o  determine t he  c e n t r a t i o n  ( i n  "suns") f rom Eq. (13)  f o r  a  c o n i c a l  

i n t e g r a t i o n  r e g i o n  i n  ( 6 , ; )  app rop r i a te  f o r  Eq. ( 6 ) .  r e c e i v e r  o f  angu la r  r a d i u s  $,= 0.5'. The cont inuous 



F igu re  4. M u l t i p l e  Con t r i bu t i ons  t o  t h e  

S ing le  Bounce Concentrat ion 

I dROCEEDINGS--SOLAR WORKSHOP 
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Figure  5 .  Symmetric Concentrat ion D i s t r i b u t i o n  

o n  Receiver With $0=0=0.50, R=1.0, 
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. . 

c u r v e s h o w s t h e .  concen t ra t i on  f o r  a f i n i t e  sun o f  angu- . . 

l a r  r a d i u s  6 = 0. 5Ofrom Eqs. ( 4 )  and ( 6 ) .  The absc issa 

i s  t h e  d i s t a n c e  q  (as a  f r a c t i o n  o f  t he  sphere r a d i u s )  I\ 
: 1 

o f  t he !  f i e l d  p o i n t  on t he . con i ca1  sur face  from the  cen- I \  . . .  
I 

ter:.C .o.f ,the.-. s.pheri cal. segment. Thi  s. coo rd ina te  i s  i 1  - -L; p- $0 
i \ 

l u s t r a t e d .  in::Figure 6. The. i n . f i n i t . i e s  i n  t h e  po i .n t  . . sun 1 \ 
c?,c;3\ .- . .  

d i  s t r i  but.i.on . loca te  the,- c a u s t i c s  which a re  conver ted t o  
.; q , =  0 . 5 0  

l a r g e  peaks i n  t h e  f i n i t e  sun d i s t r i b u t i o n .  No l i g h t  IT\ \ 
i s  rece i ved  on t h e  interva.1 o f  q  f rom 0 t o  0.5. The 

ve ry  sharp s t r u c t u r e  f o r  q  > 0.9 r e s u l t s  f rom m u l t i p l e  

bounce r a d i a t i o n .  Very 1  i t t l e  t o t a l  power i s  under 

these  peaks, as one can see i n  t h e  i n t e g r a t e d  d i s t r i b u -  

t i o n  shown i n  F igu re  7. I I , \ L  
T h e  r i m  angle erim i s  9 0 ~  f o r  these f i g u r e s ,  i n d i c a t i n g  

a  full hemisphere, and t he  r e f l e c t i v i t y ,  R = 1.0. The 

i i n c l i n a t i o n  7 o f  t h e  sun w i t h  respec t  t o  t he  d i s h  sym- 
1 

! 

met ry  a x i s  i s  zero f o r  t h i s  case, i n d i c a t i n g  t h a t  t he  0 . 9 9  

symmetry ax is ,  .passes through t he  cen te r  o f  t h e  sun. 

There - i s .  complete az imuthal  symmetry o f  t h e  d i s t r i  bu- 

t i o n  around. . the  b a r r e l  o f  t he  cone f o r  t h i s  con f i gu ra -  

t i o n .  F i gu res  8 and 9 show d e t a i l s  o f  the. s i n g l e .  

bounce and double bounce peaks from F igure  5, i l l u s t r a -  

t i n g  t h e  accuracy and r e s o l v i n g  power o f  t h e  procedure. 
F i g u r e  6. Geometry of Conica l  Absorber 

The accuracy i s  t o  f i v e  o r  s i x  s i g n i f i c a n t  f i g u r e s  i n  

t h e  concen t ra t i on  and i s  e s s e n t i a l l y  exac t  f o r  t he  i de -  

a l i z e d ,  p e r f e c t  m i r r o r  sur faces assumed. 
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F igure  9. D e t a i l  o f  n=2 Peak. 

- .  - - . , -  - . . 
I . . . .. . -  . . 

. . The f i n a l  four teen f igures ,  ~ i ~ u r e s  10-23, show the  j 
i concent ra t ion  d i s t r i b u t i o n s  f o r  sun i n c l i n a t i o n s  o f  
I 
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I u 
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u 
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200 
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0.91 0.93, 0.95 d ius$ ,  equal t o  t he  e f f e c t i v e  sun angular  rad ius ,  o. 

q(Surface Length Along Cone) The sun angular  rad ius  o i l l u s t r a t e d  i s  approx imate ly  
. . 

. .  tw i ce  as l a r g e  as the  ac tua l  sun. Such enlarged suns 

' a re  considered i n  an e f f o r t  t o  p a r t i a l l y  account f o r  

s t o c h a s t i c .  m i r r o r  imper fec t ions  and i r r e g u l a r i t i e s .  We 

c a l l  t h i s  t he  " e f f e c t i v e  sun s i ze "  approach. 

I , a I I I 30' and 60' from the  symmetry a x i s  o f  t he  d ish.  The i 
I 

r i m  angle of the  d i s h  i s  60' f o r  these cases, p r o v i d i r g  i - 

' 

' 

- 

- 

- ' 

- 

- 

- 
- 

I I I I , -were. considered. A "matched r e c e i v e r "  has angul a r  ra -  

9 ! an inc luded angle of 120' o f  a rc  f o r  t h e  bowl. ~ i ~ u r e r  i 
10-16 show the  d i s t r i b u t i o n  f o r  I = 30' a t  seven values / 

- 

- 

- 

- 

o f  t he  azimuth 4; around the b a r r e l  o f  the  con i ca l  re -  ; 
I 

! c e i  ver:  The azimuth $0 = 0 corresponds t o  t h e  b r i g h t -  - 1 
e s t  s i de  o f  the  rece iver ,  t he  s i d e  c l o s e s t  t o  t h e  d i s h  ':" 

I . symmetry axis,and Qo = 180' l o c a t e s  t h e  azimuth o f  t h e  

oppos i te  .-side. F igures 17-23 show t h e  d i s t r i b u t i o n  a t  i 
I 

the  same seven azimuth s l i c e s  f o r  a sun i n c l i n a t i o n  o f  ' 
1 

1 1. = 60' f rom the  symmetryaxis.  The d i s t r i b u t i o n  i s  ; 

i d e n t i c a l l y  zero a t  $, = 180°, F igure  23, because when 
! 

I = 60°, t h e  a x i s  o f  t he  a l i g n e d  cone passes through ! 
t he  m i r r o r  r i m  and the re  i s ,  t he re fo re ,  no m i r r o r  sur-  

! 
face' suppor t ing  c o n t r i b u t i o n '  a t  t h i s  azimuth. '. . .... . 

, . For these f i gu res ,  p e r f e c t l y  a1 i gned "matched receivers" 
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F igure  10. Concen t ra t i on  D i s t r i b u t i o n  a t  $k=O 

With $ = ~ r = 0 . 5 ~ ,  R=l .O, Brim=600, 
0 

and So la r  1ncl  i n a t i o n  =30°. 

. . 0 
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F igure  11. concent ra t ion  D i s t r i b u t i o n  a t  $0=300 

With $ '=0=0 .5~ ,  R=1.0, Bri,,,=600, and 
0 .  

So la r  I n c l i n a t i o n  = 30'. 
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0 

0 .5  0 . 6  0 - 7  2 .@ : . 9  1.0 " 
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F igure  12. Concentrat ion D i s t r i b u t i o n  a t  $0=500 

w i t h  j, =0=0.5:O, R=1.0, eri,=600, and,  . 
0 .  

. . 
So la r  I n c l i n a t i o n  = 30°.. 

"- i.5 0.5 0 .7  0 . 8  0 . 9  I  .L 

G I S U R F R C E  LENGTH GCOSG C 3 N E I  

F igu re  13. C o n c e n t r a t i o n  ~ i s t r i b u t i o n  a t  @,=90° 
. . 

With j, o =0=0.5' ; R = I  .0, 0-rim=600, and 

So la r  I n c l i n a t i o n  = 30'. 



Figure  14. Concentrat ion D i s t r i b u t i o n  a t  @0=1200 Figure 15. Concentrat ion D i s t r i b u t i o n  a t  $0=1500 
With lyo=o=O. S o ,  R=l .O,  Bri,fl=600. and With yo=o=O. 5O, R=1.0, ~ ~ ~ , , , = 6 0 ~ .  and 

So lar  I n c l i n a t i o n  = 33'. So lar  I n c l i n a t i o n  = 30'. 
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FOR FI XED MIRRORS 
. - 

Figure 16. Concentration Distribution at, $d=1800a . Figure 17. Concentration Distribution at +,=0° 

With +,=0=0.5~, R=1 .O, Orim=600, and With $0=0=1).50, R=l .O, Orim=600, and 

Solar Incl ination = 30' . *  ' . . Solar Inclination = 60'. 



. , 
0 . 5  0 . 6  0 . l  0 - 8  0 . 9  I . C  

G I  SURFRCE L E N G T H  RLONG CONE I 

. . 

F igure  18. Concentrat ion, D i s t r i  bu't ion a t  $0=30° 

kJi t h  yo=o=O. 5', R=l .O, Brim=600 , and 

So lar  I n c l i n a t i o n  = 60'. 
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F i g u r e  19. Concentrat ion, D i s t r i b u t i o n  a t  ~ $ ~ = 6 0 '  

With ~0=0=0.50,  R=1 .O, Brim=600, and 

So lar  I n c l i n a t i o n  =. 60'. 



. . . - c .  ., , . . . . &...:%:.:?;, < .-e . ' - .  
, . .  . . . .  - - 

., .. - . . ".q+., 4-'*sLd-*.-L.4. .. 2 '. - .... -,.. . . *$,. . , " . .  . - .. 
. . . - .. . . 

. _ . . . .  . . . . . . . . .  , . .-: , . : . - . : . . - .  ,:.. . ' - .. 5 :  -..,< 
. . . .  . .  . 

- . ... !: . . ,. - . ' .  , . . .  . . . . . .. . . ~ .- .. . .. .. . . 1::. 
. . 

,a . . . . .. . . . ; . . . - 
', . ' 

. :  . .  STRATEGY - OF OPTICAL: CALCULATIONS. FOR FIXED MIRRORS' . . . . ... 172 
. . 

. . - . .  . . . . _ _.. . _ _I  

Figure: 20. ~once~tra-ti on ~ i s t i i  ~ u t i o n . . a t ~ - . $ ~ = W ?  
. . : . . . W i  t h  '.$o'=o;~ .,So , . R = 1  0 9 8 : .-.-,'60°; and 
. . r i m  

. , , 

. . ' so l  ar: Encl i nat ion '= 60° .' . ,.. :. .'. ! . 

. . 
. ___._ - . . . . . _,_ . . .  . . 

. . : . 

,- ' ' Figure 21. Concentration D i s t r i b u t i o n  a t  40=1200 

With qo=o=O. 5'. R=1.0, 8rim=600, and 

Solar I n c l  * i nat  i on = 60'. 



. . 

F igure  22. Concentrat ion D i s t r i b u t i o n  a t  $0=153.0 , 

W i t h . ~ = a = 0 . 5 ° , R = 1 . 3 , 8  =60° ,and. .  
o r i m  

~ o l . a <  Inc- l . ina t ion  = 60'. . . 

. O .  

0 : 5  0 . 6  0 . 7  0 . 8  . 6 . 9  : -0  
. G (  SURFGCE LENGTH 4LONG CONE l 

. . . . . . . .  

. F i g u r e  23. Concentrat ion D i  s t r i  b u t i o n  a t  9,=180~ 

With, 1$~=o=0.5~,  R=1.0, Brim=600, and . '  
'So.lar I n c l i n a t i o n  = 60'. 
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CONCLUSION 

The c a l  c u l . a t i  onal  approach which has been i 11 u s t r a t e d  

. .  here has proved t o  be use fu l  i n  our  So la r  G r i d i r o n  p ro -  

b l  em. Hi gh.ly stream1 i n e d  vers ions  o f  good accuracy 

. have been developed f o r  p roduc t i on  runs t o  analyze r e - .  

i .  c e i v e r  thermal per.formance on hou r l y ,  . . d a i l y ,  and annual 

I 
i 

bases. There i s  ,perhaps a chance t h a t  these ideas may 

I . , b e  use fu l  f o r  some o f  t h e  adapt i ve  o p t i c s  computations. 

A t  l e a s t ,  t h i s  . i s  t he  approach I am f a m i l i a r  w i t h  and 

woul-d use. 

. : I t  has been a p leasure  to.  be : i n c l  uded here, t o  have a 

. . . chance. t o  tease a 1 i ttl e and t o  1 earn o f  t h e  excel  1 e n t  

' w o r k  you f e l l o w s  have done. We a l l  have some i n t e r e s -  . .  

f t i n g  and. romant ic  problems t o  work on and i t  i s  a g r e a t  . . 
- p r i - v i l ege  t o  e n j o y . t h e  discuss. ions o f  t h i s  workshop. 
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ABSTRACT 

The HELIOS computer code c a ~ c u l a t e s  the  Power. Concen- factors  such as sun-traclri'ng errors  and facet-surface . 
! 
I t r a t e d  by a f i e l d  of individually guided hel iostats  and errors are described s t a t i s t i c a l l y  and combined v l t h  

the  resul t ing flux density (watts/cm2) f a l u n g  upon an . the simshape by  numerical convolution. Shadowing and 

arb i t ra ry  ta rge t  grid. The pmblem has , i n d i d d u a l  sub- . bhcking  .are included. several output choices are  

routines f o r  each task i n  order t o  incorporate options available, including graphical display of flux density 

fo r  a var iety of facet  shapes, he l ios ta t  designs, f i e l d  distributions,  of shadowing and blocking and of 

layouts, and tower-receiver apertures, and t o  f a c i l i -  sunshape. 

t a t e  additions and code improvements. HELIOS evolved 

concurrently with the construction of the Solar Thermal of the modelin@; i n  HELIOS and samples of resu l t s  

I Test Fac i l i ty  (STTF) a t  Sandia Laboratories and has : will be described. 

1 'been used extensively by the STTF engineers t o  analyze . . 

I . . .  
. .questions on safety,  performance, design trade-offs:$ . . . . . . 

and tower protection engineering. Comparisons of .': . . 

HELIOS resu l t s 'w i th  measurements have given good , . 
. . 

. . 

agreement. 

HELIOS calculates , t he  "sun .position" and uses it t o  
. . 

I establ ish alignment geometries. Atmospheric attenua- . .  . . 

I t i o n  effects  a re  included. Measured angular-distribu- . . . . 

t i ~ n s  of incoming photons (sunsha~es)  and effects of q h i s  work supported by t h e  U. S. Energy &search and 
aureole scat ter ing $re incorporated.. Norideterministic. . . 

I % 
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target-grid specifications. 
. . . . 

The computer Program ~ ~ O S ,  calculates the Power con- . . A s  KELIOS continued t o  evolve, there were fewer new 

1 .' 
centrated by a f i e l d  of individually guided h e ~ o s t a t s  . Mnds of questions t o  answer and the emphasis shifted 

I 2 and the  f lux density ( ~ / c m  ) faUlng upon an arbi trary from adding new capabilities t o  improving existing ones, 
" 

I ta rge t  grid. The program evolved over the past two streamlining the code, and documentation work. We are 

years concurrently with the,construction of the Solar s t i l l  i n  the l a t t e r  phases of the project. A users 

Thermal Test Faci l i ty  (STTF) a t  S€%ndia Laboratories i n  guide is now available (Ref, 1) and a report giving the 

Albuquerque, NM. We worked closely with the STTF development of the model i s  i n  progress ( ~ e f .  2). Pre- 

engineers and as new questions arose, options were - Uminrsry versions of HELIOS have now been distributed I 

1 . ,  
. ' added t o  the- code t o  answer. them, and t o  present the , t o  s'everal agencies. oukside Sandia Laboratories. 

.- I - solutions i n  a convenient, form. 
The r d n d e r  of this report i s  org6nized a8 follows: 

.'. . It. . b e c k  clear  early i n  the,,code development. tha t  the . (1)  .an m e m e w  summarizes the important functions of 

p r io r i ty  of questions t a b e  answered changed with time. the mod&, ( 2 )  some of the s t a t i s t i c a l  optics are 
, An early pr ior i ty  was performance predictions but soon examined, (3)  a more detailed description of the com- 

safety analyses took tup priori ty.  Later the emphasis puter  code i s  given emphasizing the input parmeters,  

shif ted more t o  design trade-off studies, then t o  an and Nnally (4)  some examples of auxiliary programs are 

analysis of calibration and alignment effects and t o  presented. 
general parameter studies.. This required us. t o  adopt 

- 

tb philosophy of constructing a usable camputer program MODEL DESCRIFTION 

. quickly using approximations where necessary, then t o  . F i v e  1 shows a schematic drawing of a central-receiver 

improve upon them as the needs were identified. More- , solar-collector system empkrasizkng the important ele- 

over, it was necessary t o  structure the program with ments, Three hel iostats  are shown on a small h i l l  t o  

individual subroutines f o r  each major task t o  f a c i l i t a t e  i u u s t s a t e  tha t  the ground may not, be level. There 

the addition of new options for an everchanging variety . are, of course, more than three hel iostats  i n  the usual 

of facet shapes, hel iostat  designs, f i e l d  layouts, and collector f i e l d  but these w i l l  be adequatetoi l lustrate  
- 



t he  main ideas of 'the model including ,shadowing and corresponding hel iostat  slant-range . . The "target-grid" 
. . blocking . i s  a gr id  of points a t  which HELIOS calculates the  

1 
2 "flux density"' i n  watts per cm . 

~ r o m  the time a '  photon leaves the sun . u n t i l .  it reaches 

the receiver aperture, it f s subjected to.many effects.  , 

HELIOS i s  designed t o  simulate these effects and t o  ' . 

determine the honsequences of them on the perfomanc& . . . 
. . .  . 

of the  col lector  system. W e ,  now give an overview. of 

the  model organizing the  dliscussfon i n  roughly the  

order a .photon encounters the system. . . . .  

. . . . 

We first go through the  system t o  deflne . a  few special . . 

terms, .then go back through it describiw ef fec ts .and.  . . 

how HELIOS simulates these effects.  he "central ray" 

from the sun origipates  from the center of the solar  ,. 

d i s k .   h he " sun position" i s  the direction (azimuth. and 

elevation) of the incoming central  ray. Each hel lostat  . 

consists of one o r  more reflecting surfaces called , 

"fa&ets". Figure 1 shows 9 facets for  .convenience i n  - . . 

drawing: The he1iostat"is guided so tha t  a central  ray . .  .. 

from the sun w i l l  r e f l ec t  from the center of the 

"reference facet" (center facet) . to  intersect  the  "aim 

point". The distanc.e from a he l ios ta t  reference-facet 

t o  the aim point i s  called the "slant range" fo r  tha t  

he l ios ta t  and the  path followed by a reflected central  

ray i s  called the "slant-path". The facets also have 

slant-ranges, these may d i f f e r  s l ight ly  fram the 

. . 
Figure .l. A schematic drawing.of a central-receiver 

solar-collector system shuwing a three- 
.he l ios ta t  portion of the collector f ie ld.  

The central  ray does not follow.a.  s t ra ight .  path through 

the atmosphere but i s  curved by refraction. HELIOS 
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determines the sun posit ion (actual ly  apparent sun posi- a1.ignmen-t rotations may cause Ssplacements of the 

t ion)  tha t  corrects for atmospheric refraction. This - reflecting surface, the  aug-d calculation i s  i t e r -  

information i s  subsequently used by the code t o  help ated u n t i l  t he  calculation i s  based on the correct 

es tabl ish alignment geometries for  the hel iostats .  f i n a l  posit ion of the ref lect ing surface. 

:,. 
Photons a re  incident on. the atmosphere, not as a co l l i -  . The facets  are prealigned with respect t o  the helio- 

mated beam of l i gh t  but with an angular dis t r ibut ion .of s t a t  frame t o  obtain the desired focal  properties f o r  

directions,  called the " sunshape" , about the central  the hel iostat .  Figure 1 shows 9 facets per he l ios t a t  

ray. The so lar  disk subtends an angle of approximately for  s inp l i c i ty  i n  drawing; however, zone-A hel ios ta t s  

10 m a d  as viewed from the earth. As sunlight traverses of the STTF have 25 facets,  If: i s ,  of course, possible 

the  atmosphere scat ter ing (aureole scat ter ing)  broadens t o  have only one facet per heEas ta t ,  A common "pre- 

the sunshape. This i s  especially evident during hazy alignment" option i s  designated as "on axis" where t h e  

atmospheric conditions. HELIOS uses,sunshapes tha t  are 

measured a t  the  col lector  s i t e .  

As sunlight traverses the atmosphere, it i s  attenuated 

by absorption and scattering. Several models of the 

atmosphere are  available t o  determine insolat ion a t  the  

s i t e  and t o  calculate absorption losses along the s lan t  

paths from each he l ios ta t  t o  the tower receiver. Mea- 

sured values of solar  insolation can also be used as 

input. 

Each he l ios ta t  i s  aligned by rotat ion about two axes. 

The alignment i s  calculated so tha t  the cent ra l  ray 

ref lect ing *om the center of the reference facet 

(center  face t )  w i l l  in tercept  the aim point. Since the 

facets  are  s e t  so tha t  Light incident and ref lected 

a t  a zero angle of incidence wuuld come t o  a focus a t  

a distance from the he l ios ta t  equal t o  i t s  s lan t  range. 

I n  t h i s  option, the totail heEas ta t  surface approxi- -. 
mates a paraboloid of revolutloa as c1osel.y as i s  

possible by the prealignment of facets.  Another op- 

t i o n  i s  obtained by speciQ1ng a date and time of day 

from which HELLOS calculates an apparent sun posit ion 

and then uses it t o  dete-mine the prealignment condi- 

t ions  tha t  w i l l  permit c e n t r a l r a y s  t o  r e f l ec t  from 

the center of each facet t o  intercept  the aim point a t  

the  specified time. The preaEgnment information I s  1 
stored and used i n  subsequent sctlculations. 



Several options are  available f o r  specifying facet calculations but these are specified separately. from 

shapes, among these are  f l a t ,  spherical, paraboloidal, 
' 

.those. used i n  the simulation, 'I run-time" calcuPat'ions. 

andsolne surface shapes obtained fromstress-analysis . The run time consists of a date and  time of day which 

caldulations. If the  shape i s  speci'fied t o  be para- i s  used by HELIOS t o  calculate the corresponding . '  

boloidal; a focal  length equal t o  the islant range i s  apparent sun position which it then uses t o  determine 

used. I n  the present stress-ana1ysi.s options a fackt . the he l ios ta t  a l igment  geometry. . 

center pull-down distance f s used t o  .adjust the focal 
- 

The target  gr id  i s  s h o p  i n  Figure 1 t o  coincide with, 
properties of the facet. HELIOS,uses an optimization . 

the receiver aperture and, centered on the  aim point. routine t o  f ind the  value of the pull-down parameter , . 

. . .  Although t h i s  i s  a common arrangement for  performance . 
t ha t  nnaudmizes the  flux density i n  the solar  image 

projected on the  ta rge t  gr id  for  each facet. .. . . 
calculations, . . the specification o f t h e  target  gr id  i s  

independent of ' the aim point; it caxi be placed any- ' 

A s  shown schematically i n  Figure P, a hel iostat  may be where. It may be positioned on the  tower t o  simulate 

pa r t i a l ly  shadowed from the sun by another hel iostat  or  spillage effects i n  order t o  answer questions on tower- 

a he l ios ta t  may block l igh t  tha t  i s  reflected from protection engineering. The ta rge t  g r id  i s  shown as 

another one. These effects  are calculated by IBUOS rectangular i n  Figure 1, but options are available for  

and options are available t o  display the  results.  graph- ' .  it t o  be spherical, cylindrical,  o r  an arbi t rary shape' 

ica l ly .  t o  be specified by the user. Currently, the  code ii 
s e t  up t o c a l c u l a t e  the fl& density (w/cm2) a t  121 

The aim point i s  used for '  hel iostat  guidance calcula- 
. . - points - (dn, an 11 by 11 grid) '  on the ta rge t  grid. It also 

t ions.  It would usually be placed a t  the center of the ' 

the radiant poier obtained by,integrating . 

receiver aperture for  ' most .performance 'calculations, over the  target  grid. 
but it would be someplace e lse  fo r  purposes of simula- : . . .  

t i ng  a standby mode of operation. Separate aim points When the computer calculates hel iostat  alignments, it 

f o r  different  hel iostats  can be specified i f  desired. . does so t o  machine accuracy whereas the sun-tracking 

T h i s  would be necessary for  some shapes of receiver , . .  . mechanism can guide the .he l ios ta ts  . to  within Some '(much 

ape.rtures. A i m  points are - a l so  used i n  the prealignment . more course) . error  tolerance. A similar effect  occurs - . 

PROCEEDINGS--SOLAR WORKSHOP 
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i n  t h e  prealignment of facets .  There are  a l so  many 

other  nondeterministic fac to rs  t h a t  degrade t he  per- 

formance of  the  system.   he face t  shapes vary about 

t h e i r  designed shapes because of manufacturing t o l e r -  

ances, because of temperature e f f ec t s ,  and even because 

of changes i n  gravi ty  loading as  the  he l i o s t a t  t racks  

t he  sun. Turbulent wind-loading may cause t h e  face t s  

t o  vibrate .  There i s  a  non-specular component t o  t he  .. 

reflection of sun l i gh t .  These nondeterministic fac to rs  

degrade t he  average performance of t h e  so l a r  col lector .  

It i s  important t o  include them i n  a  model t h a t  simu- 

l a t e s  t h e  b e h a ~ o r  of t h e  system. 

HELIOS subdivides each f ace t  i n t o  an in tegra t ion  mesh. 

It then calcula tes  a  contribution t o  the  f l ux  densi ty  a t  

each of t he  t a rge t  g r i d  points from one of these in te -  

gration-mesh areas. The program then cycles over the  

in tegra t ion  mesh of t he  face t  t o  obta in  the  face t  con- 

t r ibu t ion .  It cycles over the  face t s  of the  h e l i o s t a t  

and f i n a l l y  over the  he l i o s t a t s  of the  f i e ld .  

Figure. 2 shows one block of the  in tegra t ion  mish within 

a  face t .  The incident central-ray from tke 'sun l i e s '  . .  

along vector I. The cone drawn about I d € p i c t s ' t h e  

angular d i s t r i bu t i on  of incoming sun rays (sunshape). 

The vector N shows .the nomixial d i rec t ion  of the  normal 

f o r  t h i s  element of surface and the  cone drawn about N 

Figure 2. The broadening of the e f fec t ive  sunshape due 
t o  uncertainty i n  the d i rec t ion  of the  
reflecting-surface normal. 

depic ts  t ke  nondete-nistic nature of t he  d i rec t ion  of 

t h i s  surface-normal due t o  the  uncer ta int ies  mentioned 

above. If the  surface normal were known t o  l i e  along N 

(no uncertainty) then t he  re f lec ted  sunshape would be 

as shown by the  dotted cone about the  re f lec ted  cen t r a l  

ray R. With uncer ta int ies  i n  the  d i rec t ion  of  t he  sur- 

face  normal, the  re f lec ted  cone i s  spread out (on the  

average) as indicated by the  s o l i d  cone drawn about R. 

We c a l l  this the  "effect ive  sunshape". The e f f ec t i ve  

sunshape i s  projected onto t he  t a rge t  g r i d  t o  obta in  

t he  average contributions t o  t h e  f l ux  density a t  each 



of the target-grid points. 

The distr ibut ion of directions of the surface normal i s  .. 

mapped in to  a dis tr ibut ion of! directions of. reflected 

.rays about R and conibined numerically with the reflected 

sunshape using the two-dimensional f a s t  Fourier trans- 

form t o  obtain the effective sunshape. This c.harecter- 

izes  the dis tr ibut ion of reflected sun-rays &en aver- 

aged over time .and reflecting surface. 

AN ILLUSTRATION 

A s  an i l lus t ra t ion  of the  use of- HELIOS, we examine the. 

flux-density pattern on the Martin Marietta one Mega- , 

watt Receiver t h a t - i s  produced by the 78 hel lostats  of 

zone A of the STTF. We als'o analyze some of the factors 

tha t  cause t h i s  flux-density pattern t o  change with 

time. 

The shadowing projection of Figure 3 i s  convenient for  

showing the hel iostat  arrangement. The 78 hel iostats  

and the tower are projected onto a plane through the 

base of the tower and perpendicular t o  the central ray 

from the s m  a t  noon on March 21. This i s ,  therefore,. 

a veiw,of the collector f i e l d  and tower from the south' 

Figure 3. The tower and 78 heliostate, of zone A of the 
STTF. . T h i s  is  a projection on a plane through 
the base of the tower and perpendfcular. t o  
*he central ray from. the sun a t  noon on March 
21. ,The xprime axis i s  horizontal. 

.The 1-m by 1-m receiver aperture on the tower faces 

north, it  i s  centered a t  an al t i tude  of 44.5 m above 

- the  base of the tower, and i s  inclined downward 20' 

from the vertical.  The prealignment of facets i s  fo r  

noon of March 21. This means tha t  the facets are pre- 

aligned with respect t o  the  hel iostat  frame so tha t  

central rays from the sun ref lec t  from the center of 

each facet t o  intercept the aim point while i n  the geo- 

metry of Figure 3, i . e. , a t  noon on March 21. ' We 
2 a s s a e '  an insolation 'of 800 ~ / m  and a facet reflec- 

t i v i t y  of 0.8 for  t h i s  example. . . 

a t  an elevation of 55 degrees. 

Figure 4 shows the sunshape (dotted curve), the er ror  . 

cone (dashed curve), .and the resultant effective sun- 

shape (so l id  curve). A circular-normal error-cone of 

I PROCEEDINGS--SOLAR WORKSHOP 
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Figure' 4. The sunshape (dot ted curve), t he  e r ror  cone 
(dashed curve) and t he  e f fec t ive  sunshape 
( s o l i d  curve). 

dispersion equal t o  2 mil l i radians  i s  used, The sun- 

shape i s  one t h a t  was measured i n  Albuquerque, NM'at 

Figure 5. Flux-density pat terns  on t he  1 - m  tower 
receiver aperture from the  78 h e l i o s t a t s  
of zone A of tlr-e S T F  on March 21. The 
preal ign time i s  noon of March 21. 

1 PM on June 25, 1976. 2 average of 66 watts/cm (825 suns) over the  aperture 

2 which i s  a l i t t l e  more than ha l f  the  peak value. There 
Figure. 5 shows f lux  density ( ~ / c m  ) pat terns  on the  

i s ,  .-therefore, a s ign i f ican t  f l a t t en ing  out of t he  f l ux  
receiver. aperture-. Par t  a corresponds t o  8 AM and p a r t  

. . density pa t t e rn  between t he  noon and the  8 AM r e su l t s .  
b t o  noon,-both a re  f o r  March 21. The peak f l ux  densi ty  

2 a t  noon i s  about 300 watts/cm (3750 suns) .and t he  . Let us take a more de ta i l ed  look a t  t he  reasons f o r  t he  

i n t e g r a l  of t h e  f l u x  density over the  1 - m  by 1-m aper- differences between these two f l q  density pa t te rns .  

t u r e  i s  1.36 MW which corresponds to ,  1700 suns when . . The t o t a l  co l lec to r  area .  f o r  t he  zone A f i e l d  i s  

averaged over t he  aperture. Thus t he  average f lux  A = (1.2212(25) (78) = 2902 m2. I f  t h i s  area were 

densi ty  i s  a l i t t l e  l e s s  than ha l f  the .peak value. .. A t  normal t o  t he  cen t r a l  ray from the  sun, it would i n t e r -  

8 AM ( p a r t  a )  t h e  peak value of the  f lux  density i s  2 2 cept a power of P = AQ = (2902 m ) (800w/m ) = 2.32 MIST 
2 about 120 watts/cm (1500 suns) and t h e  power i n t e r - .  where Q = 800 w/m2 i s  t he  insola t ion.  O f  course, the  

cepted by t h e  aperture i s  0.66 MW. This gives an area A i s  not a l l  p e r p e n ~ c u l a r  t o  the  sun's  rays but  



i s  effect ively reduced by the '.'cosine )?ffecttt . shadow- 1.36 MK. 

ing and blocking toget.her with other factors also con- . .' 

t r i b u t e  t o  losses in '  the  power cd lec ted .  It i s  of . . 
Table 1 - Loss factors f o r  performance o f  the 78 

heliostarts of zone A of the  STTF with the 
in t e res t  t o  use r e su l t s  from KELIOS t o  compare the 1-m by 1-m Martin Marietta 1 MW receiver 

loss  factors  corresponding t o  the two flux-density 
and using acircular-normal error-cone of 
d ispers ion .equal to  2 milliradians. Pre- 

patterns of Figure 5 .  ' . alignment time i s  noon of March 21. The . .  

.run times l f s t e d  below are also fo r  March . ' 

The f i r s t  row of Table 1 gives the cosine-effect loss  

factors  f o r  the two run-times, The number i n  paren- 

thes i s  i n  the 8 AM co1umn.i~ the r a t i o  of t h e . 8  AM 

21. The facet  pef lec t iv i ty  i s  p = 0.8 aad 
P = (2902m2) (800 w/m2) = 2.32 IW. The 
numbers. given i n  .parenthesie i n  the  8 AM 
, c~ luqn  are  r a t io s  of the loss  factor  a t  
8 AM t o  f t s  value a t  noon. 

value t o  the  corresponding noon-time value. Thw the . . .  

cosine-effect loss-factor  a t  8 AM i s  8846 of i i s  value 

a t .  noon. The ref lected power (neglecting shadowing and 

blocking) i s  given i n  the  next TOW. T h i s  i s  the product 

of the t o t a l  col lector  area A = 2902 m2, times the 

insolat ion (800 w/m2), times the  r e f l ec t iv i ty  p = 0.8, 
times the cosine-effect Poss-factor from the  f i r s t  row. .' 

The next row gives the  shadowing and blocking loss  

factors;  multiplying t h e l e  by the numbers i n  the row, 

above gives the  effect ive . ref lected .power. However, 

not a l l  the effective ref lected power i s  intercepted by. 

the receiver-aperture. There i s ' a . s p i l l a g e  loss-factor ' 
. . 

which i s  given i n  the .next t o  the  l a s t  row of the table.  

A t  8 AM, only 4%. of the  effective ref lected power 

intercepts  the aperture t b  give a collected power of . . 

0.66 Mw. A t  noon, 8% of the effect ive ref lected power 

intercepts  the aperture ' giving a collected power of 
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Note t h a t  the  loss  fac tor  t ha t  changes most between the I.+ 
noon and 8 AM run-times i s  the spi l lage loss-factor  

( t he  smallest of the numbers i n  parenthesis of the n n 

8 AM column). I n  order t o  i l l u s t r a t e  how hel iosta t -s ize  f 1 O' 
u 

astigmatic-aberrations contribute t o  the  spi l lage loss  

fac tor ,  we use some more HELIOS resu l t s .  r 

C, 0.5' 
1 
W 

Consider the  flux-density pat terns  resul t ing from only CS 
x 

the four corner facets  of he l ios ta t  #18 of the zone A . 
3 
2 

LL 

f ie ld .  This he l ios ta t  i s  i n  the  bottom row of helio- ' Z 

s t a t s  shown i n  Figure 3 and just  t o  the  l e f t  of the  2 

shadow of the  tower. Figure 6 shows the f lux density 

pat tern i n  pa r t  a fo r  a run time of 11 AM and i n  par t  b 
Figure 6. Flux-density pa t te rns  from the four corner 

fo r  a run time of 3 PM. The prealignment of facets  facets  of he l ios ta t  #18. In  par t  a, the  run 
and the run times i n  t h i s  example a re  dif ferent  fkom time i s  11 AX on March 21 and i n  par t  b the 

run time i s  3 PM on March 21. The facets  
those used i n  the previous r e su l t s  but the concepts t o  are prealigneL on-axis, 
b e . i l l u s t r a t e d  are the  same. These four facets  are 

assumed t o  be aligned on-axis (zero angle of incidence). The he l ios ta t  alignment i n  both par t s  of Figure 6 i s  

This. i s  approximately the s i tua t ion  i n  par t  a of such. that  the  center facet  would project  a so la r  image 

Figure 6 where.the angle of incidence i s  only.3  degrees. centered on the aim point ( t he  center of the ta rge t  

The ta rge t  g r id  i s  centered on the Martin Marietta - gr id  here).  I f  a l l  the- face ts  of the he l ios ta t  were 

One-Megawatt receiver-aperture but we have enlarged i t .  used i n  the  calculation,  the  flux-density pat tern i n  

t o  2.5-m i n  order t o  show niore of the  spi l lage pa t t e rn .  . ' p a r t  a of Figure 6 would be s imilar  i n  shape but more 

and t o  b e t t e r  i l l u s t r a t e  the e f fec t  of astigmatic intense by a factor  of about 25/4 = 6.25. I n  par t  b,  

aberrations. The 1-m by 1 - m  receiver aperture would 'however, the individual peaks would no longer be 

occupy a 4-block by 4-block square i n  the center of the  resolved: but a generally smeared out pat tern would be 

ta rge t  g r id  Shown i n  the figure. obtained. 



This i l l u s t r a t e s  t h e  major reason fo r  the change i n  the . .  . i 
spf Llage loss-factors 'between the a and b parts of . .. 

Figure 5. Of course, i n  Figure 5, the flux pa t t e rn ,  

are fo r  the 78 helf ostats  of zone A of the f ield.  The 

extent of the astigmatic aberrations changes from one. - . . ' . , . . . I  
he l i s s t a t  t o  another because of the different geometric . .  . ' .  

relationships beheen each hel lostat  and i t s  prealign- . .: . 
. ' 

.merit conditions. HELIOS i s  designed t o  f a c i l i t a t e  such.. 
. I : 

i 

parameter studies as . these.  . . 

CODE ORGANIZATION AESD INPUT CAPABILITY . : . . ! 

I n  keeping with the conference objective of provid%ng . . . 
. j 

a description of the computer code fo r  special is ts  . . : I 
and potent ial  users, we now concentrate upon the code . I 
input as a means of f'urther indicating the capab i l i t i e s .  I 
of HELIOS. The discussion should convince you t h a t . '  . .  ,. 

use of HELIOS i s  easy and i s  reasonable for  many .types 
. . 

of problems'. 

;The basic flow chart is. given i n  Figure 7. The 

and NTLOCK parameters allow calculation .of the energy 

flux pattern i n  two emergency situations, (1) .the sun 

continues across the sky a f t e r  motors have been locked 

by a failure, '  o r  (2 )  the SF continues across 

the sky a f t e r  an emergency caused the motors t o  slew 
. . toward the storage positfon.. . . .  

. : .. . . 

. . 

Set up problem parameters 
(Overlay 1.0 -program A1 

Find elevation and azimuthal 

blocking factors for each 
heliostat - orientation 
information stored o n  
tape 14 ( Overlay 2,0 - 

I I Calculate energy flux at 
each targei point 

'( Overlay 3.0 - program. C 1 I ' . 1. 
Figure 7. HELIOS Flow Chart 

Program P. i s  further subdivided i n  Figure 8 where con- 

t ro l l ing  s&,routines are identif ied by parenthesis. 

DATA1 se ts  the default values appropriate fo r  the' 

Solar-Thermal Test Facif i ty a t  Sandia Laboratories. 

.INDATA .accepts a l l  the input variables. This subrou- 

t i n e  should be studied by prospective users t o  increase - - .  



H E L I O S  : : A COMPUTATIONAL MODEL FOR SOLAR CONCENTRATORS 

Figure 9 gives the  group 1 input. Do yoc xsnc p r in t  

~ n p u t  v a r ~ a b l e s  ( DATAI J out f o r  each f ace t ,  o r  f o r  each he l i o s t a t ,  o r  only for  

t he  he l i o s t a t  f i e ld?  Are graphs t o  be generated? 
R e a d  i n p u l  for  f ~ r s t  p r o b l e m  
set ,  f i n d  e f fec t ive  s u n s h a p e  Which shadowing and blocking options are  t o  be used? 

Do you want rapid calcula t ion with l e s s  ecc7uracy or  

1 .  I ~ r i n t  i n p u t  p a r a m e t e r s  I OUTP I I Figure 8. Program A 
Flow Chart 

F i n d  f o c u s i n g  p a r a m e t e r s  for  
. . e a c h  facet of e a c h  he l ios ta t  - 

s t o r e  o n  tape  11 ( CPQR 
. . 

C *  

I 

understanding of code capab i l i t i e s  and to' ideZi t i fy  

poss ible  e r ro rs  i n  input data. 

The HELIOS input data a re  separated i n t o  seven groups: 

problem- and output-type data,  sun-parameter data, 

receiver  data,  f a ce t  data,  hel ios ta t -posi t ioning data, 

time data, and atmospheric data. Each s e t  i s  charac- 

t e r i z e e b y  a group number NGRUP. As each new problem 

i s  encountered, new data need only be read i n  f o r  

groups with data  d i f fe r ing  from the  previous problem. 

Hence, each s e t  of data may be discussed separately 

improved accuracy with extended computer time? I s  a 

new he l i o s t a t  d i s t r ibu t ion  t o  be input o r  i s  the  STTF 

defaul t  d is t r ibu%ion suf f ic ien t?  I s  the propagation 

' lo is  between d r m r  and receiver t o  be  included? 

NGRUP I I N P U i  

FORMAT i. VARIABLES 
PROBLEMTYPE COMMENl CARD 

20 A4 I , . I 
NGRUP I I P R l M  I P l O T l  ISHAD IACCU I S ? *  i f  LD IPROP 

81 10 I 1 I I 1 I .. . .  1 1  

I 
END 

Figure 9. Group I input flow chart.  

Group 2 data control  t he  e f fec t ive  sunshape. The 

parameters i n  Figure 10 determine t he  sunshape, e r ro r  

cone, and effectFve sunshape. They a l so  allow so l a r  

inso la t ion  as  an input variable.  The sunshape may be 

inse r ted  v i a  parameters o r  as a t ab l e  of values. 

from the  other  groups. Each of the  data groups i s  now 
The receiver data a re  i n ~ u t  as group 3 i n  Figure 11. 

examined b r i e f l y  with mention of decisions t o  be made - They speci* t he  number of t a rge t  points,  pr int ing 
f o r  each group. 

options, t a rge t  or ienta t ion,  t a rge t  shape, receiver 

' l a t i t u d e ,  coordinates of the' t a rge t  center,  of the  



NGRUP 2 INPUT ' 

SUN PARAMmR COMMENT CARD ' 

. 20A4 1 1 
NGRUP INS01 JSUN I D  lNlT J I D  16 ICON 

81 10 I 1 1 I 1 I 
1 k 

1 ' IREDUC = 1161 

I " 10X. E10.2 EPSV = 
1 

END I N 0  
INTERP ' N D I V .  JSUNG IDG 14 JlDG 1 16 17 

8110 I I I I 1 I 1 I 1 , 

ff 10.5 

B y  , EPSG , BLIMG , ~ L O G G  AHIG ,f . 

j 

Figure 10. Group 2 input flow chart. 

aim point, and of the prealignment.point, and effective 

tower dimensions for  shadokng 6 lcu la t ions .  . . - . 

TOWER RECEIVER COMMENT CARD 

.END 

Figure KL. Group 3 input flow. chmt. 

Figure 12' gives the flow chart for  the 'facet data. 

How many facets &re on each hel iostat?  Are the facets 
. . 

circular  or  square? How many subdivisions..of the facet 

are  to be taken along each edge? What i s  tbe surface . 
, 

shape? IT' a shape res.ulting from s t r e s s  malyeis i s  t o  

be used, what i s  the  radius of a stressed ring o r  disk, 

and what i s  Poisson's r a t io  fo r  the stressed material? 

What.is the facet dimension? , Reflectivity? .Distribu- 

' t i on  on the heliostat? 

The facet distribution'  on the hel iostat  i s  given i n  . . 

Figure 13. 'The U3 axis completes the r ight  handed 
. -  - -- - 

-coordinate system. The coor&ate of the facet' centers 

PROCEEDINGS--SOLAR WORKSHOP 



H E L I O S :  A COMPUTATIOYAL MODEL FOR SOLAR CONCENTRATORS 
I 

. . 

NGRUP 4 INPUT are  .needed t o  properly locate. each face t  i n  space. 
FACD COMMENT CARD . 

I 1 
20 A4 . I . . .  . ,. 

I Helios ta t  parameters a re  furnished by the  group 5 data 
16 

1 I 
i n  Figure 14. Hel ios ta t  ident i fying numbers, the  ' 

TI10 . 4 
. . 

Z N F A C D ~ 2 5  . . . number.of he l i o s t a t s  t o  be t rea ted ,  the  prealignmerit 
RNAUT POIS . . 

2E2D. 4 I 
I 

s t ra tegy,  and t he  emergency parameters a r e  a l l  input  
I here. If a new he l ios ta t  d i s t r ibu t ion  i s  t o  be input,  

i t s  x, y, z coordinates are  read here along with hel io-  

' . . . s t a t  design parame.ters. These variables a r e .  shown i n  

Figures 15-16. 

The time-data input  for-group - 6 are  shown i n  Figure 17. 

Here- the  calcula t ion times and prealignment time a r e  

41 10 

END 

Figure 12. Group 4 input flow chart  .- 

1 I I 
PLANE PROJECTION OF FACET ARRAY 

ON ONE HELIOSTAT 

specified.  

Group.7 of the input gives the  atmospheric data. The 

var iables  i n  Figure 18 specify the  model atmosphere 

t o  be used when so l a r  inso la t ion  i s  t o  be c a s u l a t e d .  

The pressure and temperature var iables  a l so  have a 

s l i g h t  e f f ec t  on the  so l a r  refract ion.  - 
The appendix describes gexeral program cha rac t e r i s t i c s ,  

l imi ta t ions ,  runn5ng time, hardware and software re-  

quirements. An ear ly  version of the  users manual i s  

a l so  avai lable  f o r  g rea te r  d e t a i l  ( ~ e f .  1). Let us 

assume you are  now convinced t h a t  HELIOS i s  easy t o  

use. I s  i t  reasonable t o  use? What r e a l  t e s t s  of t he  

code a re  avai lable  f o r  checking code accuracy? 



NCRUP 5 IYWI 
i 

BLANK 

IOX, f 10.5 

NCRUP NHELi s t  NHESl ICPQR LOCK IS NTLOCK 17 

I I ' I  / 1 .  I 
(NHEST 5 559) 

HDM I N  FEEl IF 17 < 0, OTHERWISE M. # 

CALL FOR 

FOR DATA 

END 1 
HE HN ' HZ H L l  I-U 

I I I I I YES 

I r::k::AT BASE , 

CENTER OF TOWER BASE 
i J 

HELIOSTAT DEPLOYMENT I N  TOWER . . COORDIMATE SYSTEM 

HeUostat deployment i n .  Tower . 

Coordinate System. x ='HDM(NH,~), 
y = m-(m,.2), z = HDM(NH,~). 

CENTER PORTION OF. .  

. . 

1 1 
SAMPLE HELIOSTAT MOUNTING . , PN QN RN ~i-,FOR,l l. iv+ . . !  I 

Figure 16. Sample he l ios ta t  mountiw. 
. . 

ZYIX.  KI8 . IO.  / I  
NO 

* 
END . . 

- - +-4m - *  . *I " 

Figure 14. Group 5 input*flow chart. ' 
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H E L I O S :  A COMPUTATIONAL MODEL FOR SOLAR CONCENTRATORS 

... 

NGRUP 6 INPUT HELIOS ZHECKS 
. . 

TI~IE COMMENT CARD ' Figure 19 summarizes t h e  checks of HELIOS t o  date. : 
I 0 20 A4 1 

I ~ e v e r a l ~ v e r i f i c a t i o n s  of t h e  shape of t h e  i n t ens i t y  
NGRUP -NDY NTD 13 

6 I I 1 - pa t t e rn  f o r  a  s ingle  mirror were made by Larry1 
41 10 

Matthews. Shapes were checked near t h e  s agg i t a l  and 
TYI I I ,  I 1. NDY 

4 ~ 8 ~ 1 0 . 4 .  . I  I 1 I 1 1 I 1 . . Figure 17. , t angen t ia l  focal  planes. shape checks were a l so  made 
NTP = NTD WHEN NTD548 

TDII). I = I. NTP NTP = Z.\VHEN N T D > ~ ~  - Group 6 input f o r  a  few facets  on a  s ing le  h e l i o s t a t  i n  -scale model 
I . I  I I I I flow chart.  M8F10.411 . . . . . . . experiments ( ~ e f .  3). . The . .  shape of thelenergy f l ux  

.< 

2F10.5 ' 13<0 

END 

NGRUP 7 INPUT 

AThIOSPHERIC DATA COMMENl CARD 

20 A4 I I 

P PO TEMP 

I . I  

lox. F10.2 l r ~ - & ~  = 10R 3? 

END 
PROBlEM INPUT END SIGNAL . , 

DATA TERMINATION COMMENT 

20 A4 1 I 
I 

4 
. END 

Figure - 18. 

. . 
pa t t e rn  f o r  a  f i e l d  of h e l i o s t a t s  was verifi:ed by ' '  

John Holmes . . . 

Group 7 input 
flow chart  
and end s igna l .  

CHECK POINTS FOR HELIOS 

1. Scale model experiments for  one  heliostat by  
E. A. Igel, G. F. Bott, R. L. Hughes, A p r i l  1977. 

2. MIRVAL computer code comparisons by J. D. Hankins - January  19T: 

3. Comparisons w i th  shape of ho le  in i r o n  plate by  
J o h n  Holrnes - May 1977. . 

4. Shape comparisons w i th  image formed b y  80" focai length 
spher ical  n i r ror :  by  L a r r y l  Matthews - A p r i l  1976. 

5. Comparisoiis w i th  Mart in-Mar iet ta data for one  facet b y  
.W. Hart  a n d  C. N. Vi t t i toe - A p r i l  1977. 

Future:  

1. Compar ison w i t h  measursments at Georgia I n s t i t u t e '  
of Technology by B. G. Levi. 

2. Comparison w i th  measurements at t h e  Solar Thermal. 
Test Faci l i ty  with c o n c u r r e n t  measurement o f  i nc iden t  
s u  nshape. 

Figure 19. Check points  f o r  HELIOS. 



I 

. . ~ 
Magnitude and shape comparisons f o r  the energy f l u x  . . 

from one hel ios ta t  were reported by Joe Hanhins t o  be 

consistent with his MIRVAL code. , Magfitude and shape ' .  

comparisons have also been made with experimental data , 
. 

collected by Martin Marietta f o r  one facet,  These .data.. 

are given i n  Figures 20-21. uncertainty i n  the sun- . , 
i 
! 

shape and i n  the time of data collection suggest .the ' . 

agreement can be improved with more camplete inform8-a 
I 

t ion. The sunshape used i n  the calculation i s  given, i 
. (  . I  

i n  Figure 4. A larger  error  cone should.improve the . . ' 

consistency shown here. 
.. . 

THE SHADOWING AND BLOCKING ! . . .. . . 

One of the HELLOS options which.is sometimes useful i s  ~ - + t  i s  56.4 n along a . Y n e  34' t o  the east  of south of the facet. Insolation is  / normallzed to 0.08 w/m2. Latitude i s  39.8' A as for Denver, Colorado. Taqet  and 

the computer drawn plots  indicatin@;,the extent of , facet heights are identical . .  The distance ia  horleontal distance acrbsa the target 
: I center. ' The planar target faces the facet. 

shadowing and blocking. The shadowing i s  i l lus t ra ted .  
Figure 20. Energy f k  comparison with .Martin Marietta 

by projecting the corners of each heliostat onto a data ' collected on November 23, 1976. 
plane through the tower base,. orthogonal t o  the sun's .'. . . . . . . . 

central ray. A n  example was given i n  Figure 3. The ' ,  ' .  . . 

. . 
blocking i s  given i n  ,22 as the  projection of 

. . . .  
the corners- of 'each hel iostat  onto a unit  sphere with 

i t s  origin a t  the center of the target  aperture. The, . . 

bar graphs a t  the bottom-befi. indicate .the effective 

facet area (m2) before  and af'ter shadowing and block- 

ing. Other bar graphs give the power intercepted by, . . 

the hel iostats  and the power incident upon the target  - 

aperture ( i n  uni ts  of 105-w); rCLSdr I .  



H E L I E :  . A COt lPUTATIONAC YODEL FOE SOLAR CO[..ICEF..!TRATORS 

Horizontal Dbtance ( m ) 

Target i s  106.68 m along a l i n e  3b3 t o  the e a s t  o f  south o f  the f a c e t .  Insolat ion 
i s  normalized t o  0.08 'd/cm2. Latitude i s  39.8" N as for ? e w e r ,  Colorado. Target 
and facet  heights are i d e n t i c a l .  The distance is  horizontal distance across the 
target  center .  The planar target faces the facet .  

, . . . . . - . . . - - -. . . . .  

Figure 21. Energy f lux  comparison with Martin 
Marietta data c o l l e c t e d o n  September 28, 
1976. 

. . 
I ;  ~ o j r r t t o n  to unit spbrrt (targtt r tn t t r )  
.: ' i . . :  , . I *  I . : I ' : i , j :  I 

Figure 22. Blocking diagram. 
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APPENDIX .I. HnIOS CODE SUMMARY HELIOS input: Input variables include.atmospheric 
. . . . 
. . -- . . .  . -. -. . . . . . . , . - - - - . . . -- . - --- variables; sunshape parameters; coordinates f o r  helio- 

. . - -  . . .  s t a t  bases re la t ive  t o  the tower; he l ios ta t  design 

parameeers , re f lec tor .  shape ,information; data describ- 

ing the uncertainty resulting: f& surface errors ,  

HFLIOS purpose: The code was developed t o  evaluate pro- 

posed designs fo r  central  receiver so lar  energy collec- 

t o r  systems, t o  perform safety calculations on the 

threa t  t o  personnel and t o  the f a c i U t y  i tse1f; to  de- 

termine how various input parameters a l t e r  the power 

collected, and t o  evaluate pos.sible design trade-offs. 

HELIOS structure: The code i s  designed with numerous 

subroutines f o r  t rea t ing  individual effects .  This 

s t ructure f a c i l i t a t e s  additions t h a t  have been necessary 

suntracking errors ,  non-spectral ref lect ion,  and wind 

loading; focusing and alignment strategy; aim point 

. coordinates'; receiver design; calculation, time; para- 

meters. indicating effects  t o  be included; and the  

chosen.output options. 
. . 

HEXIOS output: Three output options a re  available. 
2 The first gives the f lux dens i ty  ( ~ / c m  ) produced by 

. '  a l l  the hel iostats  a t  ..the gr id  of target  points. The 

power intercepted by the mirrors and tha t  incident 

as special  requirements appeared o r  as improvements upon the target  are 'given. The facet  area reduced by 

became necessary. The additions a l so  resulted i n  the angle of incidence effect  and the area- f'urther 

non-optimum code design which w i l l  l i k e l y  .?~main for  . . ,. reduced by shadowing -and. blocking e f fec t s  are  given. 

some time as, e f fo r t  remaios concentrated .upon addi- , ' . These data are 'given fo r  each designated calculation 

t i o n a l  options. time . 
. . 

Mathematical method: The method f o r  evaluating flux .. The second output option yields  the above output 

density i s  basical ly  the.cone-optics approach. Reflec- variables fo r  each hel iostat  i n  addition t o  the t o t a l .  

t o r  surfaces are divided in to  small segments tha t  are  The loss  factor  caused by l igh t  prapagation between 

t rea ted  as inf ini tesimal  mirrors tha t  r e f l ec t  a solar  .. facet  and receiver .'is a l so  given f o r  each hel iostat .  

image onto the . t a rge t  surface. 
. . 

I . .  
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H E L I O S :  A C O M P U T A T I O N A L  MODEL FOR S O L A R  CONCENTRATORS 

The t h i r d  ou tpu t .op t ion  i s  s t i l l  more complex. It i s  RELATED CODES : 

espec ia l ly  usef'ul f o r  d e t a i l e d  examination of r e s u l t s  . BLOSH - movie generat ion fo r  shadowing and blocking 

f o r  checking p r i o r  t o  a l a r g e  computer run. It CDC-7600 15  s/frame f o r  p l o t  tape generat ion 

includes f a c e t  and h e l i o s t a t  alignment information, f o r  moderate shadowing and blocking. About 50 

sun o r ien ta t ion ,  t a r g e t  point  alignment.information, s/frame f o r  222 t e l i o s t a t s  i n  zones A-B o f t h e  

and d e t a i l e d  shadowing and blocking information includ- Solar  Thermal Test F a c i l i t y  f o r  4-5 PM on 

i n g  l i s t s  of t h e  blocked (shadowed) and blocking December 21. 

(shadowing.) h e l i o s t a t s .  . . . . .  . ..  

C D C - ~ ~ O O  7 s/fra.me f o r  post  processing t o  

A l l  t he  output options include (1) a t a b l e  describing cb ta in  tape  f o r  microfiche generat ion of t h e  

t h e  b u i l t - i n  model of atmospheric mass as  a f lmction of ~ ~ 4 4 6 0  microfilm system. 

apparent e l eva t ion  angle of the  sun, ( 2 )  a  t a b l e  

describing the  b u i l t - i n  model of atmospheric r e f r a c t i o n '  PLO - p l o t t i n g  program f o r  f l u x  densi ty  d i s t r i b u t i o n ,  

as a  funct ion of s o l a r  e l eva t ion  angle, ( 3 )  b r i e f  shadowing and blocking ttiagrams , sunshape 

descr ip t ions  of t h e  input  data  groups, ( 4 )  t abu la r  d i s t r i b u t i o n ,  e t c .  

d i s t r i b u t i o n s  of t h e  sunshape, t h e  e r r o r  cone, and the  

e f f e c t i v e  sunshape, ( 5 )  tower coordinates of each 

t a r g e t  point  and the  components of t h e  u n i t  vector  

normal t o  the  t a r g e t  surface  a t  each point  i n  t h e  gr id ,  

Running time: The required running time i s  highly 

dependent upon input  options. It i s  dominated by t h e  

f l u x  densi ty  ca lcu la t ion  except a t  very l a t e  o r  e a r l y  

times when shadowing and blocking may be extensive. 
and (6 )  a l i s t i n g  of t h e  main problem paraxeters .  A s  

On CDC-7600 with perfect-focus option,  the  f l u  
a s p e c i a l  output option,  the  t h r e e  components of t h e  

densi ty  ca lcu la t ion  requires  -14.4 ms per  f a c e t  f o r  
energy f l u x  densi ty  a r e  ava i l ab le  a t  each t a r g e t  point  

1 2 1  t a r g e t  points .  Zones A-B and A-C-D-E (222 he l io -  
i n  t h e  grid.  

s t a t s )  of t h e  Solar  Thermal Te'st F a c i l i t y  require  11 

Present  HELIOS l i m i t a t i o n s  : 

1 5 number of h e l i o s t a t s  < 559 
1 2 number of f a c e t s / h e l i o s t a t  5 25 

t o  18 s f o r  shadowing and blockEng ca lcu la t ions  as  

those e f f e c t s  reduce t h e  e f f e c t i v e  mirror  area by 

f a c t o r s  0.99 . t o  0.81. m i c a 1  CDC 7600 run time f o r  

1 s number of t a r g e t  points  ,121 



. . 

222 hel ios ta ts  with 25 facets lhel iostat  and 121 target  

points i s  ,120 s including generation 0.f the p lo t  tape. 

. . These times should be multiplied by 4 n2 i f  the face ts  

are  div%ded.into a n x n mesh fo r  more precise inte- 
. . 

gration. . . 

computer hardware requirements: HELIOS . i s  .operational, 

on the  Sandia Laboratories' CDC 6600 computer operating 

under Scope 3.3. The code requires 142,000 oc ta l  

storage which may be reduced t o n , 0 0 0 .  oc ta l  locations 

a f t e r  the  few seconds required f o r  effective sunshape 

calculation. HELIOS is  also operational on the  Sandia 

Laboratories 'CDC 7600 under. Scope 2.1. . 
. 

Some auxiliary equipment are necessary. Printer  - 
required; microfiche outpct - useful; punch - necessary 

fo r  some options; auxiliary storage - necessary for  . , 

r e c a l l  of data temporarily on magnetic tape (disk) .. 

 compute^ software -requirements: The co'ding language 

i s  FORTRAN extended - version 4. Required subroutines 

from the Sandia Laboratories l ibrary tha t  are not . ' .  . 

distr ibuted by the computer manufacturer are: 

FOURT - f a s t  Fourier Transform 

MINA - f ind minimum of a function 

Q,NC7 - integration routine with checking routines .. 

. ERRCHK, .ONECHK, ERRPRT , =SET, ' and ERRGET. 
. . 

SAXB - solve system of r e a l  Linear algebraic equations 

. .., with checking routines RFBS, . RULD, and ERSTGT.. 

These routines are  included on HELIOS program tapes. 

The. routines are mentioned i n  the following reference. 

R. E. Jones and C. B. Bailey, Brief Instruc- 

- t i 6 m  for  using MATHLIB (version 6.0), San.dia 
. . Laboratories. Report SAND-75-0545, February 

1976. . . . . 

. For. CDC 6600 use, one other supplementary routine i s  

available.. The REDUCE subroutine allows reduction. of . . . . . 

the .core storage by deletion of  blank common tha t  i s  

no longer needed. REDUCE i s  written i n  COMPASS 

assembly language. 

HELIOS status:  The code i s  operational on CDC. 6600 and 

. C D C . ' ~ ~ O O  computers. Itis evolution' is'  s t i l l  i n  progress. 

. . 

' ~ e v e l o ~ e r / ~ p o n s o r :  . . 

C. N; Vit t i toe Central Receiver 
F. Biggs Systems Branch 
R. E. L5ghthill Div. of so la r  Energy 
Theoretical. Division 5231 Energy Research and Dev. 
Sandia Laboratories Administration 

" Alb . , "New Mexico 8 7 ~ 5  Washington, D. C . 20545 

Documentation: C. N. Vi t t i toe,  F. Biggs, and 'R. .E. 

Lighthi l l ,  HEUOS: A Computer Program fo r  Modeling 

. t h e  Solar.Thernal Test Faci l i ty ,  A Users Guide, Sandia 



Laboratories Report SAND-76-0346, March 1977, Second 

ed i t i on  JWe 1977'. 

F. Biggs and.C. N. V i t t i t o e ,  A Computational Model f o r  

Solar Concentrators., Sandia Laboratories Report 

SAND-76-0347, t o  be published. 

. . .  Availability': .  HELIOS i s  avai lable  from the  developers 

a f t e r  t he  po t en t i a l  user  obtains approval by ' the  

.sponsor. 

Date: HELIOS became operational  i n  April 1976. The 

-present  version of the  code was formed i n  August 1977. 
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COMPUTER PROGRAM CONCEN FOR CALCULATION 
OF IRRADIATION OF ' SOLAR POWER CENTRAL RECEIVER 

R. H. McFee 
\ 
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ABSTRACT 

Program CONCEN has been developed f o r  the purpose o f  . . effec.ts such as. waviness , spherical curvature, 

cmput ing the f l u x  density d is t r ibut ion,  t o t a l  incident deformation, and canting f o r  fosusi ng purposes. I 
and .received instantaneous p e r ,  d i  urnal i nci  dent . -.. 

and received energy, and re la ted  q imnt i t ies for.  a 

so la r  them1 parer system consis t ing o f  an  array o f  

he1 i os tat-supported m i  r r o r s  and a central  recei ver, 

under a var ie ty  o f  conditions o f  insolat ion, m i r r o r  

Any segment' o f  the he1 i o s t a t  array can. be selected, 

f s o m  a s ing le he l i os ta t  t o  the.eni i re '  array. 

Systemt i  c o r  Monte Car10 random processing .can be 

used as required. Output data include power con- 

t r i b u t i o n  by he l ios ta t  array region, t o t a l  power and . 

surface character1 s t i  cs , and receiver getmetry. energy figures, f l u x  density table, and a , f l u x  density 
I Computation i s  accomplished by subdividing each contour diagram. 
I 

1 m i r ro r  i n t o  121 elements and s w i n g  element solar . . . . 

1 d isk images a t  the receiver surface. Shading and 

blocking e f fec ts  are treated by test ing each element 
. . 

and se t t i ng  i t s  contrib.ution t o  zero i f  shaded o r  . . 

blocked. Mir ror .  surface ef fects  are included by 

computing the slope var ia t ion  o f  the element due t o  



INTRODUCTION 

COMPUTER PROGRAM CONCEN 

from elements o f  the mirror.  Each mi r ro r  element 

Program CONCEN was o r i g i n a l l y  developed f o r  the 

purpose o f  studying the e f fec t  o f  mir ror  surface 

i rregul a r i  t i es on the performance o f  central -receiver 

so lar  power systems (Ref. 1 ) . As the program 

developed, i t  has become more widely emibloyed i n  the 

analysis o f  co l lec to r  system performance (Ref. 2). 
A t  the present time, i t s  purpose i s  t o  provide computa- 

t i o n  o f  f l u x  density d i s t r i bu t i on  on receiver surfaces, 

t o t a l  incident power a t  the receiver location, t o t a l  

received power i n  the receiver aperture, f rac t i on  o f  

power l o s t  by shading and blocking, t o t a l  diurnal 

energy incident and received, and several re1 ated 

quant i t ies.  The co l lec to r  system includes a f i e l d  o f  

he l iostats  i n  an a rb i t ra ry  array, any o f  four types 

o f  receiver configuration, and any aabitrar i ly-def ined 

mi r ro r  surface shape. The program has been used as a 

too l  i n  parametric studies, including er ro r  analyses, 

r e l a t i v e  performance o f  d i f f e ren t  mir ror  geometries, 

safety considerations, and m i  rror focusing ef fect ive-  

ness. 

ANALYTICAL AeQROACH 

The pr inc ipa l  feature o f  the CONCEN program i s  the 

synthesis o f  the image from a he1 i o s t a t  mir ror  by the 

superposition and in tegrat ion o f  c i r cu la r  sun images 

behaves op t i ca l l y  as a pinhole camera, forming a 

c i r cu la r  image that  can be described i n  t e n s  o f  the 

solar disk angular diameter and the s lan t  range (see 

Fig. 1). The locations o f  the element images are 

referred t o  the plane normal t o  the l i n e  connecting the 

center o f  the he l ios ta t  mir ror  w i th  the center 

reference po in t  on the receiver (ca l led  the r e f  1 e c t i  on- 

normal plane [RNP]), located a t  the receiver reference 

point. A g r i d  of points on the receiver surface, a t  

which f l u x  density d i s t r i bu t i on  i s  t o  be calculated, 

i s  then projected para l le l  t o  the re f lec ted  beam 

onto the RNP, where re lat ions between g r i d  points  and 

image locat ion and image f l u x  density can be determined. 

The posi t ion o f  the elemerrt image on the RNP i s  re la ted 

t o  the element locat ion on the mi r ro r  and the 

or ientat ion o f  the element normal w i th  respect t o  

the reference Tine. This o r ien ta t ion  i s  infTuenaed by 

mir ror  deviations caused by waviness, curvature, 

canting f o r  focus, and st ructura l  de fona t ions . 
The loss o f  power due to shading and blocking of  one 

mi r ro r  by adjacent mirrors i s  simply calculated by 

detenni ning whether the element center 1 i e s  w i th in  a 

shaded o r  blocked region o f  the m i r r o r .  I f  so, the 

element's contr ibut ion i s  assumed t o  be zero. 



For he l i os ta t  arrays arranged i n  rectangular configura- 

tions, i t  i s  convenient t o  d iv ide the array i n t o  c e l l s  
i n  11 rows and 11 columns. As the size o f  the array 

changes, the number o f  he1 ios ta ts  i n  each c e l l  changes 
accordingly. Computation then i s  conducted w i th  the 

c e l l  arrangement. For some arrays i t  i s  desirable t o  

t r i m  out some o f  the cel ls.  

With the large number o f  he1 ios ta ts  i n  the array, i t  

becomes impractical t o  compute image posit ions f o r  

every element o f  every hel iostat .  Therefore, two 

approaches are enployed t o  approximate the array 

performance. I n  one, the center he l ios ta t  i s  assumed 

t o  represent the performance o f  a l l  he l iostats  i n  the 

ce l l .  Every element on the he l ios ta t  i s  computed. 

The f l u x  contr ibut ions are then mul t ip l ied  by the 

number o f  he l ios ta ts  i n  the ce l l .  A l l  c e l l s  which 

have not been trimmed are calculated t o  give the t o t a l  

array performance. I n  the other approach a Monte Carlo 

random sampling i s  used t o  approximate the whole array 

behavior. Ind iv idual  elements are selected randomly 
f& any he l i os ta t  i n  the array. By continuing t o  

sample elements u n t i l  the maximum f l u x  density con- 

verges su f f i c ien t ly ,  o r  u n t i l  a maximum number o f  

samples has been completed, the en t i re  array perfor- 

mance i s  approximated. The l a t t e r  approach has proven 

t o  be the more useful for  analysis o f  f u l l  arrays o f  

he1 iostats.  For ind iv idual  he1 i o s t a t  mir ror  perfor-  

mance, the systematic approach, where every element of 

the mi r ro r  i s  included, i s  more appropriate. 

Solar pos i t ion i s  determined by approximate ephemeris 

relations, given date, hour, and local  l a t i t ude  data. 

Insolat ion i s  co~puted by in terpolat ion i n  an appro- 

p r ia te  insolat ion versus sun elevat ion curve. 

Tracking er ro r  i s  simulated by applying randanly a 

normal d i s t r i bu t i on  a f  angular e r ro r  t o  the or ien ta t ion  

~f each element, which i s  more convenient than 

requir ing tha t  a l l  elements o f  a given m i r r o r  have the 

same tracking error. 

Diurnal energy quant i t ies are approximated by s m i n g  

the power f igures a t  equal time in terva ls  fm noon t o  
sunset, then mul t ip ly ing by two, times the time i n t e r -  

val i n  hours, t o  give energy i n  watt hours. Annual 

energy f igures may be determined by p l o t t i n g  the 

d l  urnal energy f i gums against date and in tegrat ing 

under the curve f o r  a year. 

I n  order t o  f a c i l i t a t e  re la t i ve  evaluation o f  co l l ec to r  

performance, a contour diagram i s  prepared fm the 

table o f .  f l u x  density d i s t r i bu t i on  g r i d  values by 

in terpolat ion between adjacent rows and columns. The 
diagram i s  normalized a t  the peak f l u x  density point  

f o r  convenience. It appears i n  the pr in tou t  along w i th  

PROCEEDINGS--SOLAR WORKSHOP 



t h e  tabu lar  data. 

COMPUTER PROGRAr.1 CONCEN 

M i  rror-Recei ver Geometry 

. . . .  . 
: . .  The he l i os ta t s  are assumed t o  be. l a i d  out  i n  known 

ANALY s I s .. . 
. . locatSons. on a  hor izonta l  plane. The geometry .of 

Solar. Posi t i o n  ? .  . .  the re l a t i ons  between a  m i r ro r  o n  'an az-el mount ,. 
incoming and outgoing beams,- and the rece iver  i s  The. sun's .angular ' .posi t ion a t  'any t ime '  i s  computed from 
shown i n  Fig. 2. Ground coordinates are defined ' the  apprbxi'rnate ephemeris re la t ions .  ' 

. .. . as x0, yo, zO, w i t h  x0 d i r e c t e d  south, yo east, and 
' 1  ' - 1  s i n  h .. . = tan [cos h s i n  L - t an  6  sin^ : . . (.I ) Z; v e r t i c a l  l y  upward. Mi rkor  coordinates . . .  (az-el  ) , -. 

. .  . 
xm , y,, z,, are defined w i t h ' .  xm hor izontal ,  ym 

E =  sin-'(.cos 6 cos h cos L + s i n  6 s i n  L )  d i r e c t e d  upward, and z,,, para1 l e l  t o  the m i r r o r  normal. 

where: . ,. . Coordinates associated w i t h  the inc ident  rays, xs, ys, 

a = so la r  azimuth angle zs * are taken t o  be x, hor izonta l ,  yS  d i rec ted  upward. 

c = so la r  e levat ion angle zs d i rec ted toward the sun. The re f l ec ted  beam 

h  = hour angle = 15(12-H) deg coordinates xr, yr, z  r' a re  defined w i t h  xr hor izonta l ,  

H = number o f  hours a f t e r  midnight, so la r  t ime yr d i rec ted upward, and z, along the re f l ec ted  beam 

6 = dec l ina t ion  angle toward the receiver. 

3 6 0 ~  = s in - ' ( s in  23O sin(.w5)) deg. The re l a t i ons  between ground coordinates and inc ident ,  

D = number o f  days a f t e r  vernal equinox re f lec ted,  and m i r r o r  coardinates are given i n  terms 

L  = l oca l  l a t i t ude ,  deg. . I .  . o f  t h e i r  d i r e c t i o n  coe f f i c i en t s  by: 

For the purposes o f  t h i s  analysis, the f i n e  correct ions cosa 0 

t o  describe the so la r  ephemeris prec ise ly  are no t  , - s i n a s i n €  cos]{::] (3) 
necessary, s ince the image pos i t ions are ca lcu la ted 

r e l a t i v e  t o  the nominal t rack ing l i n e  f o r  each he l io -  cosa cose s i na  c o s ~  s in& 9 

.- stat., and s l i g h t  so la r  pos i t i on  e r ro rs  would have a  

neg l i g i b l e  e f fec ts .  



F i g u r e  1.  ELEMENT IMAGE FORMATION . - -  - .  
.. .. - . . 

Fi  qure 2. MIRROR-RECEIVER GEOMETRY- - 
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I s i  nB -cosS 0 From Equations ( 3 ) ,  (41, (5)  
A  

COSB sine sin6 sine case] (4)  
n A 

S' = cosa cosei o + s i m  cos€jo + s in tko 
A  

(8) 
A  A  - cosB cose -sin6 cose sine 3 S = -cosB coseib - sins cosej, + sinOko (91 

A A  A  

M = cosy cosqi, + s iny cos$jo + sinqk, 
cosy 

(10) 
0 

A A A  

ko are u n f t  vectors along the xo, yo, 

z axes. 
cosy cos* siny cos9 sing 0 

With Equation (6) 
where: 

8 =-m i r ro r  locat ion angle from rece iver  base,. 

8 = receiver elevation angle from mirror, A  h 

+(sins cosc - sin@ cose)jo + (s in€  + sine)ka) 
y = azimuth angle o f  mir ror  normal, 

JI = elevation o f  angle o f  mi r ro r  normal. Equating d i rec t ion  coeDnes and solving f o r  Y and $, 

, From the re f l ec t i on  law 
. . . . . . -1 c o s ~  s l m  - cos0 sinBl ' tan 

[COSE cosa - cose cosB 

, . (6)  -1 sing. + sine. $ =  s i n  L2 cos (912r1 
where: 

9 = angle between incident and ref lected beens Image Posi ti on on Ref 1 ectbon-Normal Plane 

= cos-I (s*s') .. . The locat ion of the center o f  the disk image from a 

= c ~ s - ~ ( s i n c  sine - cosc cose cos(a-6)) (7)  mir ror  element on the RHP i s  given by: 

M '= ,un i t  vector normal. t o  the mir ror  surface 
, ,  . 

. ' . S = unit.. vector, toward the receiver 

S' = u n i t  vector toward the sun - 
Yn - Yr + Sr(hmy + 'try) 



where: )x,6y = components o f  element angular deviat ion i n  

Sr . . = s lan t  range frcm mi r ro r  t o  receiver . . . . 
m i  rrbr coordinates. 

= coordinates o f  image center on RNP 'n Jn 
By re fe r r ing  a l l  quant i t ies t o  RNP coordinates, 

'r mYr = RNP coordinates o f  mi:rror element center : the slope deviation components can be determined as ' , I 

S i  n6my 
= angular components o f  el.ement slope 

I 

6 -  ' = 26,('cos0 cosrl, - sin0 sin* cos(B-y)) 
deviat ion mx 

= angular canponents o f  t racking er ro r  . . 
' t rxg6try 

. . . .  - 26. sin0 sin($-9).  
Y 

(16) 

I n  t eas  of m i r ro r  coordfnates, xr, yr can be ' 6 . = 2dx s i  tnl, s i  n($-y) - 26 cos (6-0). 
my Y 

determined by inver t ing Equation (5) and. subs t i tu t ing . '  . . 

. . 

i n  Equation (4). Then Equation (13) becomes: 

r = sine sin(f3-y)xm + (core cos$ - sine sin$ - sin0 sin$ cos($-y)) - 26 sin0 sin($-y) + 6trx) 
Y 

cos ( B-Y) )Y, (14) = sine s i n ( 6 - y ) ~  + (cose cosy - sine sin$ Y n 

The e f fec t  o f  the angular deviat ion o f  the element 
. cos(f3-y))y, + Sr(26, si,n$ sin(8-y) - 26ycos(~-y) 

surface or ientat ion may be derived fm the re f l ec t i on  : 

law (Equation 6). A t  any ins tan t  S' i s  constant, and, 
+ ' t ry)  (17) 

f o r  small changes i n  M, 
- 

The element angular deviat ion components. 6x.6y. are 

62 +62 = 2 (S6M)dM - Z(S*dM)H (15) made up o f  several subcomponents due t o  as ma6 
uu mY d i f f e ren t  causes. Thus 

A A A  

where i,. j,, k, are u n i t  vectors along the x,, y,, z, . . - (18) 
6y - 6xy + &cY + 6s3 + 'dlewy + 6 ~ y  + '6y + 'by 

axes. -. 

PROCEEDINGS--SOLAR WORKSHOP 



COMPUTER PROGRAM CONCEM 

where: then are assumed t o  contribute zero f l u x  t o  the 
I 

I = waviness components receiver. The geometry o f  the shading and blocking 
%x a6wy 

= spherical curvature components s i tua t ion  i s  shown i n  Fig. 3. 
6cx*6cv - 
!sx,6sy = focus canting components By expressing mi r ro r  coordinates i n  terms of 

6slewx~6alewy = he1 i o s t a t  slewing components incident coordinates, f o r  shading , and RNP coordinates, 

6 ~ x * 6 ~ y  = temperature Beforma.tion components f o r  b1ock.i ng , the shadow and blockage center pos i t ions 

%x . : 
= g rav i ty  de fonat ion  components on the mi r ro r  surface may be determined. The shadow 

. . 
6 ~ x s 6 ~ y .  . 

= wind.load. deformation components positions, x,,,~, Y,,, zms , are given by: 
I 

Shadi nq and B l  ocki ng C O S ( ~ - ~ ) ,  - s ins  sin(ac.mY), cos sin(a-y) 

With the close proximity between neighboring m i  rro6s 

i n  an e f f i c i e n t  array under some solar pos i t ion and s in (wY) ,  s in€ sCn$cos(a-y) + c o s ~  cozq, 

m i r ro r  locations, loss o f  e f fec t ive  mi r ro r  area sin$ cos(a~-e) + s i m  cosq I 
occurs by shading o f  one mi r ro r  by others and by 

I blocking the re f lec ted  rays from one m i r r o r  by others. sin0 (cos8xho + s i  n6yho) 
Since, i n  a large array, the or ientat ion o f  one m i r r o r  

I i s  almost ident ica l  t o  tha t  o f  i t s  nearest neighbors, - c ~ s e ( c ~ s ~ x ~ ~  + s i  n$yho) 
I 
I the shadows and blockage projections are the same 

s ize and or ientat ion as the mi r ro r  i t s e l f ,  when viewed 

on.the mi r ro r  plane. The posit ions o f  the projections and the blockage center posttions, x ,  y ,  by 

I vary wi th  the mirror, receiver, and sun locations. It . 

i s  necessary t o  consider. the' possible shading o r  (xmb) = -  COS(B-y), sine sin(8-7). - cose sin(8-y) 1 
blocking by each o f  the nearest neighboring m i  r ro rs  . - sin$ sin(8-y), - sine sin* c o s ( ~ - y )  
Thi s i s  done by determining which, i f  any, mir ror  + cose cos*, case sin$ c o s ( ~ - y )  + sine cos-s 
elements fa1 1 w i th in  the shadow o r  blockage from any 

J 
neighbors. Those elements tha t  are shaded o r  blocked 



sin8xho - cos8yho 

sine (cos8xh0 + s i  n8yho) 

: i 
M i  rror Focusing 

For some types o f  receiver where i t  i s  desirable t o  
concentrate the ref lected f l u x  t o  pass through a 

small aperture, i t  i s  advantageous t o  shape the m i r r o r  
surface t o  p d v i d e  some focusing action. I t  i s  

apparent that, even w i th  idea l  focusing, the smallest 
image t h a t  can be produced from a s ing le m i r r o r  i s  

a disk of dlameter equal t o  the angular d i m e t e r  o f  
the sun (9.3 mr) times the s lant  range fran mi r ro r  t o  

receiver. Ideal focusing can be obtained by shaping 
the m i r ro r  t o  conform t o  a section o f  a paraboloid 

whose ax is  i s  along the 1 i ne  from the receiver t o  the 

sun. As the sun changes location, the-paraboloid 

changes accordingly, as does the section representing 

the m i r ro r  surface. 

To detennine the slope departure components re1 a t i ve  

tm the average m i  r r o r  .normal , i t  i s  only necessary 

t o  set the image posi t ion components on the RNP equal 

t o  zero and solve f o r  the deviation angles as functions 

Equation (1 7), se t t ing  'the tracking e r ro r  t o  zero. 

The slope deviat ion components, bS, ,6sy. requi red 

f o r  focus are then 

- siny sin(&y)y,) - sine sin(8-Y) 

(sine sin(6-y)x, + (cose cos$ - sine sin+ 

- sin$ ~ i n ( 8 - ~ ) y ,  - (cose cos+ 
. . 

- sine k in$ cos(6-y)) (sine s i n ( 8 - y ) ~  

+ (cose c o s ~  - sine sin9 cos(8-y))ym 

Image Irradiance 

 he t o t a l  f l u x . i n  the i k g e  from each element i s  equal 

to the product o f  the d i rec t  insolat ion a t  the mirror,  

, the element area, A,, the cosine o f  the incident 

angle, cos(+/2), the mi r ro r  reflectance, p, and the 
transmission o f  the atmospheric path between m i r r o r  

and recei  ver , T i  ., 
re: +ecos(412)~~a 

o f  the m i r r o r  coordinates. This i s  done w i th  

PROCEEDINGS--SOLAR WORKSHOP 



COMPUTER PROGRAM CONCEN 

The f l u x  density i n  the element image on the RNP, as a coordinates are obtained by ro ta t i ng  the receiver 

funct ion o f  the distance from the image center,'r,. is surface coordinates i n t o  tRe RNP coordinates . 

1 where rs = radius o f  so lar  image.. 

i = 4.65 x ~ o - ~ s ,  

The solar  l imb darkening factor, Fld, i s  gi,ven by 

the empirical r e l a t i o n  (Ref. 3). 

To obtain the t o t a l  received power oato a receiver, 
(23) the f rac t ion  o f  each element image which f a l l s  

w i th in  the projected boundaries o f  the receiver i s  

calculated and sumned. The geometry o f  the s i t ua t i on  

i s  shown i n Fig. 5 f o r  an external cy l  i nder receiver 

and a rectangular aperture cav i ty  receiver. Tbe 

.projection o f  the cyl inder f s  independent o f  azimuth 

/1.23("4~ + 0 . 5 6 - J ~  
angle, and may be approximated by a rectangle of 

(r  < r s )  
Fld(') = 

equivalent area. The pmjec t i on  o f  the cav i ty  aperture 
rs 

0 ( r  > r s )  (24) 
i s  a para1 lelogram whose shape i s  re la ted  t o  azimuth, 

elevations, and cav i ty  ti 1 t angles. By detennininq - 
The image i rradiance on the receiver surface, Erece. the intersect ions o f  the c i r cu la r  image w i t h  the 
i s  then receiver pro ject ion s i  der by means o f  simul taneous 

a Ee cos rWc . (25) equation s@lution, t he f rac t i on ,  Fi, o f  the image 

i ins ide the receiver boundaries can be calculated. The 
where cure, = angle o f  incidence on receiver surface. t o t a l  received power i n  the receiver aperture i s  then 

The f l u x  density a t  a par t i cu la r  po int  on the receCver given by: 

surface. i s  determined by locat ing the point 's 

I p ro ject ion along the ref lected.ray t o . t h e  RNP. The 

project ion i s  then referred i n  posi t ion t o  the locat ion 

o f  the image center on the RNP, and Ee i s  determined COMPUTER PROGRAM 

from Equation (23). The project ion geometry depends The approach used i n  Program CONCEN f o r  the computation 
on the receiver configuration. An external cy l  inder o f  power and energy quant i t ies may be followed by 

receiver geometry i s  shown i n  Fig. 4. Project ion reference t o  the f low chart  shown i n  F ig 's  6 thru 9. 
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COMPUTER PROGRAM COMCEM 

Subrout ines are  used f o r  the f o l  lowing computations: 

1. Tr im unused c e l l s  from h e l i o s t a t  a r ray  

2. Gimbal angles 

3. Shadow and blockage center  p o s i t i o n s  

4.  M i r r o r  element coordinates 

5. Temperature, g r a v i t y ,  and wind l o a d  deformation 

6. Shading and b lock ing  l o g i c  

7. Cant angles f o r  segment focusing 

8. Receiver sur face f l u x  dens i t y  d i s t r i b u t i o n  

9. C y l i n d r i c a l  r e c e i v e r  aim s t ra tegy  

10. P r i n t  ou tpu t  t ab les  and o the r  data 

11. P r i n t  contour diagram 

M u l t i p l e  subrout ines are prov ided where a l t e r n a t e  

func t i ons  a r e  requi red.  Two gimbal arrangements, two 

m i r r o r  conf igura t ions ,  f o u r  rece i ve r  designs, and f o u r  

focusing approaches are  inc luded i n  the  present  program. 

Both systemat ic  and random Monte Car lo processing 

methods a r e  ava i l ab le .  Where the  h e l i o s t a t  a r ray  i s  

subdiv ided i n t o  121 c e l l s ,  the computation i s  looped 

121 times f o r  the systematic approach. For each c e l l  

the center  m i r r o r  elements are processed by loops 

w i t h i n  the  c e l l  loops. For random processing, the  

elements are  looped once, w h i l e  t he  randomly-selected 

element, h e l i o s t a t ,  and c e l l  numbers are  looped u n t i l  

t he  des i red  convergency i s  obtained, o r  u n t i l  a pre- 

determi ned maximum number o f  h i  s t o r i e s  ( t y p i c a l  l y  

5000-1 0,000) has been completed. Where a s ing  1 e 

he1 i o s t a t  i s  examined, systematic processing o f  a1 1 

elements on the m i r r o r  i s  used. 

D iurna l  and annual energy f i g u r e s  are computed by 

summing power f i g u r e s  a t  i n t e r v a l s  du r ing  the  day, 

f o r  d i u r n a l  energy, and i n t e g r a t i n g  under the  curve 

o f  d i u r n a l  energy versus date, f o r  annual energy. 

The output  o f  the  computation may be v a r i e d  t o  

s u i t  t he  requ i  rements, w i  t h  appropr i  a t e  swi tches t o  

t u r n  o f f  f l u x  dens i t y  computation, data heading, e t c .  

T y p i c a l l y ,  a run t o  determine t o t a l  rece ived power -. 
and f l u x  dens i t y  d i s t r i b u t i o n  on a rece i ve r  sur face 

w i l l  c o n s i s t  o f  the  f a l l o w i n g  items i n  the  p r i n t o u t .  

1. I n p u t  data dump 

2. I npu t  data l i s t i n g  

3. 11 x 11 a r ray  l i s t i n g  f r a c t i o n s  o f  power l o s t  

by shading and b lock ing  and i n c i d e n t  angle cosine 

f o r  each c e l l  

4. To ta l  i n c i d e n t  power and t o t a l  power rece ived by 

rece i ve r  

5. 11 x 11 a r ray  l i s t i n g  average power r e d i r e c t e d  

and average power rece ived by r e c e i v e r  per  

h e l i o s t a t  f o r  each c e l l  

6. 21 x 21 a r ray  l i s t i n g  f l u x  dens i ty  values a t  

441 p o i n t  g r i d  on r e c e i v e r  sur face 



7. Contour po in t  diagram, derived from f l u x  density 

table, g iv ing contours i n  tenths o f  peak f l u x  
density . 

8. Number o f  histori.es, .and r e l a t i v e  error; if . . 

random processing I s  used. 

An example o f  a contour diagram o f  the f l u x  densi ty. .  , 

d i s t r i bu t i on  on a screen from a s ing le rectangular . : 

he l i os ta t  i s  shown i n  Fig. 10. 'The expected paral le lo- 

gram shape i s  demonstrated, ni t h  the rounded corners 

due t o  the sun's disk shape. 

3. 
P R O M  EXTENSION . . . . 

H i t h  the f l e x i b i l i t y  o f  the baslc COMCEN program, 

i t  i s  possible t o  extend computation t o  several other 

receiver configurations, he1 i o s t a t  arrays, and gimbal . .  

mounts. .An al ternate gimbal mount arrangement, ca l led '. 

p i t ch - ro l l ,  i s  already i n  the program, as i s  a . . 

c y l i nd r i ca l  cav i ty  receiver. Several he1 i o s t a t  

arrays have been accomnodated by minor changes i n  : .  . 

the program. A var ie ty  o f  special receiver configura- 

t i o n  subroutines have .been. developed, including a 

general i zed f lat-wal l ed  cavity, cruciform, star-shape, .. 

and spherical receivers. 

Using the elemental image numerical in tegrat ion 

technique, a versa t i le  and f l e x i b l e  analy t ica l  t oo l  

has been developed which can be applied t o  a great 

var ie ty  o f  solar power system design 'problems. 
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HASCM - A PROGRAM FOR CALCULATING THE PERFORMANCE 
OF A HELIOSTAT FIELD 

. . 

Ma'rk Rubeck . . 

So la r  Energy Systems Analyst  
Boeing Engineering & Construct ion . - 

Sea t t l e ,  Washington 

ABSTRACT .. . and var iab les  a v a i l a b l e  t o  the user. It w i l l  then 

The He1 i o s t a t  Array ~ i m l l  a t i o n  Computer Model (HASCM) descr ibe the  .model i t s e l f ,  i n c l u d i n g  the  assumptions - .  

was developed by Boeing t o  a i d  i n  the desi.gn and eva l -  , and a lgor i thms which a re  u t i l i z e d  i n  computing f i e l d  . . 

ua t i on  o f  the  h e l i o s t a t  f i e l d  i n  s o l a r  thermal e lec -  performance. In fo rmat ion  w i  11 a1 so be prov ided r e l a t -  . . 

t r i c  power generat ing f a c i  1  i ty . The program .accepts . i n g  t o  the  opera t ion  o f  the  program. The c a p a b i l i t i e s  . .  

as i n ~ u t  the dimensions and oerformance c h a r a c t e r i s t i c s  o f  the  model w i l l  .be expla ined i n  more d e t a i l  by pre-  

o f  the  h e l i o s t a t s  and the  rece i ve r .  I t  takes i n t o  sent ing  t y p i c a l  ou tpu t  and examining the r o l e  o f  t h i s  

account the  r e l a t i v e  geometries o f  the var ious elements, data i n  t he  d e t e r m i n a t i ~ n ~ o f  optimum h e l i o s t a t  design 

as we l l  as the e f f i c i e n c i e s  o f  the  system components, and o v e r a l l  f i e 1  d  con f i gu ra t i on .  

. . t o ,  a r r i v e  a t  t he  he1 i o s t a t  f i e l d  performance f o r  a  - .  

I INTRODUCTION 
g iven design p o i n t  t ime and l o c a t i o n .  The program I 
uses a  f i n i t e  element method t o  compute ' f i e l d  p e r f o r -  The He1 i o s t a t  A r r a y .  S imula t ion  Computer Model was 

mance. I t  averages the  performance o f  several r e f l e c -  . o r i g i n a l l y  w r i t t e n  i n  1974 t o  support s tud ies  Boeing 

ted  rays t o  . a r r i v e  a t  an e f f i c i e n c y  fo r . .a  p o r t i o n  o f  was conduct ing f o r  the  E l e c t r i c  Power Research 

.the r e f l e c t o r - ~ t  then ave rages the  p o r t i o n  e f f i c i e n c i e s .  . .  I n s t i t u t e . .  I t  was i -ewr i t ten i n  1976 t o  conduct ana ly -  

t o  compute t h e  p e r f o m ' n c e  .o f  a given hel iostat; :  - . . . . . . ses o f  t he  c o l l e c t o r  subsystem as p a r t  o f  t he  Energy 

This paper w i l l  present  a l i s t  o f  the  i n p u t  op t ions  Research & Development Admin i s t ra t i on  10MWe P i l o t  , . :  

. . 
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HASCY--A PROGRAM.FOR CALCULATING THE PERFORMANCE OF A HELIOSTAT FIELD 

I P l a n t  p r e l  i m i n a r y  d e s i g n  e f f o r t .  d e f i n i t i o n  v a r i a b l e s .  

I A s k e t c h  o f  t h e  h e l i o s t a t  des igned  b y  Boe ing i s  shown Severa l  o p t i o n s  a r e  a v a i l a b l e  i n  d e s c r i b i n g  t h e  h e l i o -  
I 

i n  F i g u r e  1 .  The key f e a t u r e  o f  t h i s  he1 i o s t a t  i ,s i t s  s t a t s .  The m i r r o r s  can be square  o r  round, '  and o f  any 

me ta l  1  i z e d  p l a s t i c  membrane r e f l e c t o r ,  s t r e t c h e d  . a c r o s s .  . s i z e .  They cam be f l a t ,  g r a v i t y  focused,  o r  mechani-  

a  c i r c u l a r  r i n g ,  housed i n  a  p r o t e c t i v e  e n c l o s u r e  o f  c a l  l y  focused.  G r a v i  t y  f o c u s i n g  a f f e c t s  membrane 

t r a n s p a r e n t  p l a s t i c .  The n e c e s s i t y  o f . a n a l y z i n g  t h e  . , r e f l e c t o r s  whose g r a v i t y  c.aus.ed d e f l e c t i o n  , and t h e r e -  

per formance o f  such a  h e l i o s t a t  had a  m a j o r  i n f l u e n c e  f o r e  f o c a l  l e n g t h ,  v a r i e s  as a  f u n c t i o n  o f  t h e  r e f l e c -  
. . 

on. t h e  methodo logy o f  t h i s  computer  model . :. t o r  e l e v a t i o n  a n g l e .  Mechan ica l  l y  focused  r e f 1  e c t o r s  

a r e  o f  two t y p e s .  F i x e d  focused r e f l e c t o r s  keep t h e i r  

f o c a l  1  e n g t h  c o n s t a n t ,  w h i l e  " smar t "  f ocused  r e f l  e c t o r s  

v a r y  t h e i r  f o c a l  l e n g t h  t h r o u g h o u t  t h e  day so as t o  

m i n i m i z e  o f f - a x i s  a b e r r a t i a n ,  and t h e r e f o r e  m i n i m i  ze 

o v e r f l o w  1  osses a t  t h e  r e c e i v e r .  
/ 

The a i m i n g  e r r o r  o f  t h e  h e l i o s t a t  i s  assumed t o  be 

n o r m a l l y  d i s t r i b u t e d  i n  b o t h  t h e  e l e v a t i o n  and a z i m u t h  

axes.  So t h e  o n l y  i n p u t s  needed a r e  t h e  s t a n d a r d  

d e v i a t i o n  o f  t h e  d i s t r i b u t i o n  i n  each a x i s .  The s u r -  

F i g u r e  1 : 'Boeing Heliostat Design f a c e  i r r e g u l a r i t y  o f  t h e  m i r r o r  i s  a l s o  assumed t o  be 

normal . ly  d i s t r i b u t e d ,  and i t s  s t a n d a r d  d e v i a t i o n  i s  an 

i n p u t .  
INPUT OPTIONS AND VARIABLES 

The i n p u t s  t o  HASCM can be grouped i n t o  f i v e  m a j o r  
The r e f l e c t i  v i  t v  o f  t h e  m i r r o r  i s  a n o t h e r  v a r i a b l e .  

The model c o n s i d e r s  r e f l e c t i v i t y  as a  f u n c t i o n  o f  t h e  
c a t e g o r i e s .  There a r e  those  wh ich  r e f e r  t o  t h e  h e l i o -  i n c i d e n c e  a n g l e  o f  t h e  i ncoming  1  i g h t  w i t h  t h e  m i r r o r  
s t a t s ,  t h e  r e c e i v e r ,  t h e  h e l i o s t a t  f i e l d  l a y o u t ,  t h e  s u r f a c e .  M a t e r i  a1 ~ r o ~ e r t i e s  o f  t h e  r e f l  e c t o r  cause 
des ign  p o i n t  ( o r  p o i n t  o f  e v a l u a t i o n ) ,  and t h e  g r i d  

, . 
i t s  r e f l e c t i v i t y  t o  v a r y  w i t h '  t h i s  i n c i d e n c e  a n g l e .  



The to  which t h e  hel iostat  i s  to  d i rec t  the aperture. can face any directi.on and be t i 1  ted q t  any 
. . .  

. . reflected l i g h t ,  i t s  aim point , .  i s  also an ' i n p u t  t o  ang1.e from vertical  t o  downward faci.'ng . 
the model. The f i e l d  i s  assumed to be square w i t h .  the receiver 
The program has the capabili ty to analyze hel iostat  .... tower a t  i t s  center. The he1 ios ta t s  a re  arranged in 
f i e lds  of enclosed, or  domed, hel iostats .  In th i s  a ~or th-south  , East-West rectang'ul a r  @id pattern.  
case, the s i ze  of the dome and the transmissivity of The. f i e l d  i s  described by i t s  width, the receiver 
the dome material are  inputs. ds w i t h  r e f l ec t iv i ty ,  height, and the center-to-center spacing of the he1 io- 
transmissi v i  ty i s  considered as a function of incidence s t a i s  in the North-South and East-West directions.  
mgle  with the incoming and reflected d i rec t  insola- The'desiqn boint, o r  point a t  which the f i e ld  perfor- .. 0 

t ion.  ' The e f fec t  of incidence angle i s  more pronounced. . ' 

mance i s  t o  be evaluated, consists of .three variables: 
in th i s  case, than with re f lec t iv i ty ,  as. normal and the s i t e  la t i tudk,  the solar  declination anqle (which 
highly obtuse. transmissi.vi ty ,differ  substantially.  

In order to examine the performance of the he1 ios t a t  
f ie1 d when used in conjunction -with various receiver 
designs, the model provides several receiver geometries 
to  choose from. A cylindrical surface receiver, 
annular aperture. cavity receiv.er, rectangular aperture 
cavi ty 'recei ver, and circular  aperture cavi ty receiver 
are  a l l  modelled. The. inputs relating to  these four 
receivers are  as follows: cylinder - a l t i tude ,  radius, 
absorptivity versus incidence angle; annular aperture- 
aperture radius, height, slope; rectangular aperture - 
aperture height and w i d t h ;  c i rcular  aperture - aperture 
radius. The azimuth. and elev.ation angles of the rec- 
tangular and circular  apgrture are  also variable. The 

. . 
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- .  - 
corresponds to  the date) ,  and the time. 

The final category of inputs are  the grid def ini t ion 
variables. Since the program analyzes large numbers 
of elements by examining' the performance of a few, i t  

i s  necessary to specify exactly.  how many will be con- 
. . 

sidered. . The he1 i b s t a t  ' f i e ld  i s  analyzed by di vidi'ng 
i t  into sections,  the number of which i s  a variable. 
In addition, each section can have a different  mirror 
s ize ,  hel iostat  spacing, and mirror aim point. The 
ref lectors  are  also modelled as a grid of elements, 
again a variabie.  ina all^, the cone of reflected 
l igh t  from each mirror element i s  examined by looking 
a t  a square grid of rays wi th in . th is  cone. - '  

.* 



HASCM--APROGRAMFOR CALCULATING THE PERFORMANCE OF A HELIOSTAT FIELD., 

. . .  

THE MODEL variables.  I t  them makes any necessary changes t o  the  

The He1 i o s t a t  Array Simulation computer Model i s  
broken into  several subroutines , each performing a 

defaul t  conditions as  indicated in  the input deck. 
The resul tant  l i s t  of inputs i s  then printed out.  

pa r t  of  the to ta l  he l i o s t a t  f i e l d  analysis .  - A top HELSUN calcula tes  the  coordinates of the sun r e l a t i v e  

level flow char t  of the  program i s  presented i n  Figure t o  the he l i o s t a t  f i e l d .  The l a t i t u d e ,  da te ,  and time 

2. A br ie f  description of each of these subroutines a t  the power p lan t  a r e  used t o  determine the  elevation 

f o l l  ows. angle of the sun ahove the horizon and the azimuth 

F) angle of the  s u n  from South. These values pravide the  

Set default values and read inputs 
information necessary t o  compute the coordinates of 
the  sun i n  a 3-dimensional coordinate system centered -- Compute Sun's position 

I r a t  the  he1 i o s t a t  f i e l d .  This system regards South as  

I VI Determine field configuration - posi t ive  x,' West as. posi t ive  y ,  and up as pos i t ive  z. 

Compute cosine and reflectivity lotset 

0.. Calculate mirror position and shape . 

:'Compute path of reflect& rays 

0 ' .  Compute mirror shadoviing and blocking losses 

Compute dome transmission lows 
. . 

. Compute.receiver capture efficiency 

HELCRD determines the configuration of the he1 i o s t a t  
f i e l d .  F i r s t ;  the f i e l d  i s  ana ly t ica l ly  divided in to  
a square gr id .  The input values f o r  f i e l d  w i d t h  and 

number of gr id  sect ions  a r e  used t o  compute t h e  loca- 
t i on ,  i n  the he l i o s t a t  f i e l d  coordinate system, o f  the  
central  o r  representative he l i o s t a t  in each f i e l d  sec- 
t ion .  The performance calculated f o r  t h i s  he l i o s t a t  
wil l  be used to  typ i fy  the performance of every helio- 
s t a t  in t ha t  f i e l d  section.  Values of he l i o s t a t  

center-to-center spacing in the North-South and East- 
Figure 2: HASCM Subroutines . . - '  . . .  West di rect ions  aflow the program t o  compute t he  to ta l  

HELIN -reads and. writes ' the values of the inp.ut " h'el iostat  area anct number of he l i o s t a t s  in each fieTd 

variables.  I t  f i r s . t  s e t s  the defaul t . -val  ues. (jf these - . section.  . These values, combined w i t h  the  performance 



of the represeritati.ve he1 ios ta t s  , will be used to  
derive the performance of every f i e ld  section. 

HELANG calculates mirror cosine and ref lec t iv i ty  1 oss- 
es. The coordinates of the representative he1 ios t a t  

center,  the center of the solar  disk, and the aim 
point are  combined to yield the u n i t  normal vector to  

the mirror center. This allows computation of the 
incidence angle of the incoming specular insolation 
w i t h  the mirror surface. The cosine of th i s  angle i s  
the fraction of the mirror area which i s  perpendicular 
to  the insol ation. The incidence angle i s  used to 
find the mirror re f lec t iv i ty  i n  a table look-up pro- 
cedure. 

HELELM calculates mirror position and shape. The 
previously computed mirror unit normal - yiel ds val ues 
for mirror azimuth and elevation angles. The radius 
of curvature of t h e  mirier i s  'computed as a function 
of i t s  focusing strategy: f l a t ,  gravity focused, or  
mechanically focused. The mirror i s  a.nalytica1 l y  
partitioned into a square grid and the 'un i t  normal to  
each of . these mirror elements i s  computed. A random 

number generator i s  coupled w i t h  a normal distribution 
function to give values for  mirror surface smoothness 
and aiming er ror  i n  both azimuth and elevation. 
These are  used to  modify the values fo r  mirror element 

. . 

unit  normals. An aiming er ror  i s  assigned.to each 

element on the mirror to  represent the f a c t  t ha t  every. 
mirror i n  the f i e ld  section has a d i f fe rent  aiming 

. . error .  
. . 

HELFWY takes- the mirror element uni t normal s and the' 
' ' 

sun's position' to  arrive.  a t  the ref lected.ray from' . . 

each element. I t .  also ca l l s  the remaining subroutines, 

which calculate shadowing; blocki,ng, transmission, and 

overflow losses fo r  each mirror element. I t  averages 
these element eff ic iencies  over the en t i r e  mirror and 
combines th i s  with re f lec t iv i ty  and cosine losses to  

. . compute representative mirror efficiency. 

HELSHD calculates mirror efficiency with regards to  
shadowing and blocking by- surrounding mirrors. I t  
considers the eight mirrors ,which surround a represen- 
t a t i  ve hel, ios ta t .  The incoming .and ref1 ected ray from 
every mirror element i s  tested to  see i'f i t  i s  shadow- 
ed or  blocked, i .e . ,  i f  i t  intersects  a surrounding 
.mi rror .  

HELTFW i s  called o n l y  i f  the he1 ios ta t s  being evaluated 
have protebti  ve dome enclosures. I t  calculates energy 

l o s t  .due to  l i g h t  passage through the dome of the 
representative hel iostat  o r  through the dome of a 
surrounding he1 ios t a t .  I t  t e s t s  not only for  in te r - '  
iectibnl-of '  incoming and re.flected 1 i g ' h t  with a dome;. 
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b u t  computes the  angle of inc idence o f  the  i n t e r s e c t i o n ,  versus inc idence angle considerat ions.  HEtRC2 i s  

and accesses a t a b l e  look-up func t i on  t o  a r r i v e  a t  

1 t r ansmiss i v i  ty as a f u n c t i o n  o f  inc idence angle. This  
I 
I subrout ine w i l l  handle 1 i g h t  rays which pass through 

more than one dome. 

HELREC c a l c u l  ates the  f r a c t i o n  o f  r e f l e c t e d  energy 

captured by a c y l i n d r i c a l  sur face rece i ve r .  U n t i l  
- now the program has assumed the  sun , t o  be a p o i n t  

source o f  1 i g h t .  I n  o rder  t o  accurate1.y model the  

re f Jec ted  image, accounting f o r  the w id th  o f  the sun, 

t h e  i n s o l a t i o n  r e f l e c t e d  from a m i r r o r  element i s  

t r e a t e d  as a cone o f  l i g h t .  A g r i d  i s  o v e r l a i d  on the 

c i r c u l a r  cross sec t i on  o f  the  cone t o  determine the  

c a l l e d  when the  power p l a n t  has a c a v i t y  r e c e i v e r  w i t h  

an annul a r  aper ture.  

OPERATORS INFORMATION 

The Hel icrs tat  A r ray  Simulat ion Computer Model i s  coded 

i n  standard IBM FORTRAN I V  language us ing  EBCDIC c a r d  

format, compat ib le w i t h  IBM 360/370 computer systems. 

The program cons i s t s  o f  about 1200 cards ( i n c l u d i n g  

comments) and i s  t o t a l l y  se l f -conta ined i n  batch. 

execut ion, with tLsa except ions. A random number 

generator f u n c t i o n  and i t s  i n i t i a l  i z a t i o n  subrout ine  

a re  bo th  p a r t  o f  the  system software. A user  would 

r e f l e c t e d  rays t o  be examined. Each ray  i s  t es ted  f o r  have t o  change these i n s t r u c t i o n s  t o  access h i s  own 

i n t e r s e c t i o n  w i t h  the  rece i ve r .  The inc idence angle system software. Otherwise, t h e  program uses o n l y  

o f  t h e  i n t e r s e c t i o n  i s  ca l cu la ted  and table. look-up standard FORTRAN i n s t r u c t i o n s ,  and conversion t o  o the r  

gives a b s o r p t i v i t y  f o r  a g iven inc idence angle. The ' computer systems would n o t  be d i  ffi cu1 tt 

e f f i c i e n c y  o f  the  rays r e f l e c t e d  from an element a re  Cent ra l  Processing U n i t  run t ime f o r  FORTRAN compila- 
averaged t o  g i ve  an e lement 's  r e c e i v e r  capture t i o n  i s  f i v e  seconds and f o r  LINKEDIT i s  one second. 
e f f i c i e n c y .  Execut ion t ime i s  i n p u t  dependent, r e l a t i n g  ma in l y  t o  

If the rece i ve r  being considered i s  a c a v i t y  r e c e i v e r  the  number o f  f i e ld  sect ions,  m i r r o r  elements, and 

w i t h  a p lanar  aper tu re  (square o r  c i r c u l a r )  then HELRCl r e f l e c t e d  rays  used i n  each case. A t y p i c a l  case 

r a t h e r  than HELREC, w i l l  c a l c u l a t e  the  f r a c t i o n  o f  takes about seven CPU seconds and requ i res  f i v e  pages 

r e f 1  ected energy captured by: the rece i ve r .  I t  i s  o f  ou tpu t .  

s i m i l a r  t o  HELREC b u t  doesn ' t  r e q u i r e  absorpt i-v i  t y  
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PROGRAM OUTPUT 

The. ou tpu t  from each case begins w i t h  a - . l i s t i n g  o f  t he  

HASCM. Combining the  r e s u l t s  wi.t.h c o s t  data w i l l  

a1 low s e l e c t i o n  o f  a cost-optimum design. 

I i n p u t s  and t h e i r  d e f i n i t i o n s .  This  i s  fo l lowed by t h e .  As an 'example, r e f e r  t o  F igure  5. The f i r s t  graph 
I e l e v a t i o n  and azimuth angles o f  t he  sun f o r  the  l a t i -  : .  shows t h a t  as re f1  ec t o r  diameter increases, t he  number 

I tude, day, and t i m e . s p e c i f i e d  i n  t h e ' i n p u t s .  The.  ' o f  h e l i o s t a t s  needed t o  meet the  'thermal requi rement  . . 

I remainder o f  the  ou tput  i s  a t a b l e  o f  performance f o r  o f  the  rece i ve r .  decreases. This  i s  because each 

t h e  rep resen ta t i ve  he1 i o s t a t s .  It. inc ludes m i r r o r  

rad ius  ( o r  ha1 f s ide '  . length f o r  square mi.rrors),  

h e l i o s t a t  i s  d e l i v e r i n g  more energy t o  the  rece i ve r .  

But i f  these l a r g e r  h e l i o s t a t s  s u f f e r .  g rea te r  .over f low i 

I spacing, aim p o i n t  (he igh t  on z ax is) ;  representa t ive  . 1  osses , the , t o t a l  requ i red  r e f l  e c t o r  area w i  11 be 

he1 i o s  t a t  coordinates, m i r r o r  azimuth angle, m i r r o r  

e l .evat ion angle, and' he1 i o s t a t  e f f i c i e n c y  f o r  each 

greater .  So going to.  b igge r  he1 i o s t a t s  reduces .per  

u n i t  costs,  such as c o n t r o l  e l e c t r o n i c s ,  b u t  increases 

f i e l d  sect ion.  It a l s o  p r i n t s  the number . o f  he1 i o s t a t s  . per  -area. cos ts  j such as m i r ro rs .  A cos t  study, shown. 

and t o t a l  r e f l e c t o r  area i n  each sec t ion .  F igures 3 , i n  the second graph, takes i n t o  account the  . r e l a t i v e .  

I and 4 are  the  f i r s t  ' two pages o f  a t y p i c a l  ou tpu t . '  weight  o f  these cos ts .  .When the  performance and c o s t  

I These outputs a re  f o r  a s i n g l e  s e t  o f  i npu ts .  Several data a re  combined, the t h i r d  graph r e s u l t s .  From t h i s ,  

I i n p u t  cases can be conta ined i n  the  i n p u t  deck and the  . a  cost-optimum,design p o i n t  can be selected.  

program w i l l  r un  each case separate ly  and p r i n t  the  . '  Another. appi i c a t i o n  o f  HASCM i s  the' determinati.on o f  
. . 

outputs f o r  each.. 
. . . . 

. . h e l i o s t a t  f i e l d  conf igurat ion. .  I n  t h i s  case, the  

APPLICATIONS 
output  from HASCM serves as i n p u t  t o  the  F i e l d  Layout 

Opt imiza t ion  Program (FLOP). As seen i n  F igure  6, 

I HASCM i s  used i n .  conduct ing parametr ic  s tud ies  t o . a i d .  . HASCM computes h e l i o s t a t  e f f i c i e n c i e s ,  number of 

i n  t he  de terminat ion  o f  p r e f e r r e d  he l . i os ta t  design. . . he1 i o s t a t s ,  and . e f f e c t i v e  he1 i o s t a t  area ( t o t a l  r e f -  
. . 

He1 i o s t a t  dimensions and c h a r a c t e r i s t i c s ,  such as l e c t o r  area times e f f i c i e n c y )  f o r  e a c h f i , e l d  sec t ion .  

I m i r r o r  s ize,  aiming e r r o r ,  and focusing . s t ra tegy  can FLOP takes t h i s  data, a long w i t h  the specular i n s o l a -  

I be s tud ied  by i n p u t t i n g  d i f f e r e n t  values. f o r  them i n t o  t i ' on  and the rece i  ver  thermal .requirement t o  determine 

PROCEEDINGS--SOLAR WORKSHOP 
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= 0  P L A S T I C  M E M B R A N E ,  G R A V I T Y  F O C U S S E D  F O C U S  = . 0  
= 1 M E C H A I I I C A L L Y  F O C U S S E D  
= 2  F L A T  

R C V R  = !' , '  

D E L T A  = 
L  - - 
H  - - .. 
W - - 
N  - - 
N E  . = 
A S I G A Z  = 
A S I G E L  = 
S S I G T  = 
N  R  - - 
H  T  - - 
R . =  
A L T  - - 
R A T I O  = 

I N A N G  = 
R E F  ..= 
T R A N S  = 
A B Z  . = 

= 0  C I R C U L A R  
= 1 S Q U A R E  

= 0  C Y L I N D R I C A L  S U R F A C E  R E C E I V E R  
= 1 A N N U L A R  A P E R T U S E  R E C E I V E R  
= 2 R E C T A N G U L A R  A P E R T U R E  R E C E I V E R  
= 3  C I R C U L A R  A P E R T U R E  R E C E I V E R  

0 . 0  D E G R E E S  D E C L I N A T I O t I  
3 4 . 9 0  D E G R E E S  N O R T H  L A T I T U D E  

0 . 0  D E G R E E S  t I U C ? S  A F T E R  NOON T I M E S  F I F T E E N  
8 0 0 . 0 0  M E T E R S  F I E L D  L I I D T I i  

8 .  t I U M D E 2  O F  F I E L D  S E C T I O N  ROWS 
5 .  N U C B E R  OF  I I I R R O R  E L E M E N T  ROldS 
0 . 0 0 2 0 0  R A D I A N S  S T A N D A R D  D E V I A T I O N  O F  A I M I N G  ERROR I N  T H E  A Z I M U T H  
0 . 0 0 2 0 0  R A D I A N S  S T A N D A R D  D C V I A T I O N  O F  A I M I N G  ERROR I N  T H E  E L E V A T I O N  
0 .0  R A D I A N S  S T A N D A R D  D E V I A T I O N  O F  M I R R O R  S U R F A C E  ERROR 
3.  t4UPlBER O F  S O L A R  W I D T H  C I R C L E  ROWS 

8 0 . 0 0  M E T E R S  I I C I G W T  O F  R E C E I V E R  C E N T E R  
3 .50  M E T E R S  R E C E I V E R  R A D I U S  

1 2 . 5 0  M E T E R S  R E C E I V E R  H E I G H T  
0 . 9 2 0  R A T I O  O F  M I R R O R  R A D I U S  T O  DOME R A D I U S  ( R A T I O  = 0 .  M E A N S  N O  D O M E S )  

0 . 0  1 0 . 0 0 0  2 0 . 0 0 0  3 0 . 0 0 0  4 0 . 0 0 0  5 0 . 0 0 0  6 0 . 0 0 0  7 0 . 0 0 0  8 0 . 0 0 0  9 0 . 0 0 0  I N C I D E N C E  A N G L E  
0 .886  0 . 9 0 8  0 . 9 1 9  0 . 9 3 0  0 . 9 3 2  0 . 9 3 5  0 . 9 3 5  0 . 9 3 5  0 . 9 3 5  0 . 9 3 5  M I R R O R  R E F L E C T I V I T Y  
0 . 8 7 6  0 . 8 7 1  0 . 8 6 9  0 . 8 6 4  0 . 0 5 4  0 . 8 3 1  0 . 8 0 3  0 . 7 0 0  0 . 5 0 6  0 . 0  DOME T R A N S M I S S I V I T Y  
1 , 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  1 . 0 0 0  0 .770  0 . 5 3 0  0 .300  R E C E I V E R  A B S O R P T I V I T Y  

I 
J 
S 
D N S  
DEW 
A P  
x M  
Y  t i  
A M S E C  
N U M  
P H I  
P S I  
M E F F  

F I E L D  S E C T I O N  ROW 
F I E L D  S E C T I O N  CULUP lN  

M E T E R S  K!ZRO!? R A D I U S  
M E T E R S  C E t I ' r E R - T O - C E N T E R  N O R T H - S O U T H  H E L I O S T A T  S P A C I N G  
M E T E R S  C E t I T E R - T O - C E N T E R  E A S T - W E S T  H E L I O S T A T  S P A C I N G  

. E IETERS H F I G t I T  OF  ATPI P O I N T  
M E T E R S '  E E F R E S E N T A T I V E . I I E L 1 O S T A T  X - C O O R D I N A T E  ( W H E R E  W E S T  I S  P O S I T I V E )  

, M E T E R S  R E F R E S E N T A T I V E  I - I E L I O S T A T ' Y - C O O R D I N A T E  ( W H E R E  S O U T H  I S .  P O S I T I V E )  
SQ M E T E R S  TU 'TAL  . M I R R O R  A R E A  

. . t4UPIDEP. O F  I l E L I O S f A T S  
. . D E G R E E S  f l I E P . 0 9  A Z I N U T H  A N G L E  

D E G R E E S  M I R R O X  E L E V A T I O N  A N G L E  , 

H E L I O S T A T  E F F I C I E N C Y  

* . . * .  * . *  * * * * * * * * * * * - i  ,* * * * * * * * * * .* * ,* * * * * * 

A L P H A  = 5 5 . 1 0  D E G R E E S  S O L A R  E L E V A T I O N  A N G L E  
z - - - 0.0 D E G R E E S  S O L A R  A Z I M U T H  A N G L E  - 

F i g u r e  3: Sample  Output 



C )  - i 

I A P x Y H ' '.AMSEC N U M  PH 1 -PSI MEFE : - - . -- - - ----- --- --- --- , ---- 

F i g u r e  4 : 

..PROCEEDINGS--SOLAR.WORKSHOP 
- - . - - - - 

3 2 3 4 . 7 7  6 6 . 6 7  

3 2 3 4 , 7 7  6 6 . 6 7  

3 2 3 4 . 7 7  6 6 . 6 7  ' 

3 2 3 4 . 7 7 , .  6 6 . 6 7  

3 2 3 4 . 7 7  6 6 . 6 7  

3 2 3 4 . 7 7  6 6 . 6 7  

Sample output 
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- 
the optimized f ie ld  layout. The f i e ld  design process begins by running HASCM 

several times, each time with different  values for  the 

North-South and East-West he1 ios t a t  center-to-center 

spacing parameters. Smaller spacings will increase 

shadowing and blocking, while larger spacings will 

increase the f i e ld  s ize and the distance from outer 

he1 ios ta t s  to  the receiver (causing larger image s izes  

and more overflow losses).  As a resu l t  of these runs, 

performance data for  every section of the f i e ld  for  

several spacing configurations will be available.  

FLOP will then determine which sections and which of 

F i g u r e  5 :  P a r a m e t r i c  S t u d i e s  

. . 

Receiver Receiver thermal 
Heliostat WOmetrY Design requirement 
characteristics I p i n t  Insolation I 

'HASCM ,' -----------+ FLOP . . 

Heliostat efficiencies U 
Number of heliostats 
Effective heliostat area 

F i g u r e  6 :  F i e l d .  D e s i g n  ' . 

the candidate spacings in each yield the f ie ld  tha t  

del i vers the speci f i ed receiver thermal requirement 

with the fewest number of he1 ios ta t s .  Modifying FLOP 

by providing cost calculating algori thrns to  minimize 

f i e ld  cost will allow optimum f ie ld  configuration by 

u t i l iz ing  not only non-uniform spacing, b u t  non-uni form 

hel iostat  s ize or focusing strategy. 

An optimized f i e ld  i s  pictured in Figure 7 .  (The 

receiver being considered i s  the cylindrical surface 

receiver. I t  has additional circumferential flux 

l imitations which require some modification of the 

FLOP r e su l t s ) .  Note how FLOP determined the f i e l d  

perimeter as well as the spacing in each section. Jus t  

as one would expect, in order t o  minimize blocking, 

optimum North-South spacing increases as he1 ios t a t s  



get further from the tower in the North or South: 

The same i s  basically true for  the East-West spacings. 

The clear  area around the tower i s  accounted for  out- 

side the Field Layout Optimization Program. 

1 OOm 
(328 ft) 7 ' (1968ft) . 

4 .  

20 . . 
20 

15 15 .------- i-" -' I '  
20 1 15 1 20 j 20 15 I 20 

I .  I I 
10 1 15 . I  10 / 10 I 15 j 10 

I - - - I  -------- - ,- -'- -1 - -- - I - - - -  - 
I I 

15 10 15 1 1 5  / 10 I 15 

Center-:o-center 
spacing (meters) 

F i g u r e  7 :  . O p t i m i z e 6  F i e l d  L a y o u t .  . . 

. " 

Once the f i e l d  i s  tota.1 ly described, as in Figure 7 ,  

a detailed determination of i t s  performance can be 

computed by rerunning HASCM for  th i s  f i e ld  configura- 

t ion. The performance of the f i e l d  a t  off-design 

points, i . e . ,  other dates, and times, can be calculated.. 

Finally, a detailed breakdown of the hel iostat  f i e ld  

efficiency into the various loss categories can be 

computed, as .in Figure 8. . 

100% 
Drect 
lnaolstinn . 

93% 
L e a :  
reflection 
lossos 
(7%) 

67% 
L e n :  
wanmission 58% ' 56% ' 55.5% 55.5% 
hue¶ 
(includes L a ¶ :  ' 

dome wsine Less: Less: L e n  : 

shadowing torres Overflow re!lector tower 

and lone¶ shadowing shadwuing, 

blockingi 
(14%' . (includes (* 0%) 

(28%). aiming blocking 
error and (1%) 
off-axis 
aberration) 
(3%) 

F i g u r e  8 :  X e l i o s t a t  F i e l d  ~ f f i c i e n c i e s  
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G. A .  Smith 
Honeywell, Inc . 

Energy Resources Center . . 

2600 R.idgway Parkway 
Minneapolis, Minnesota 5541 3 . . 

A BST R.AC T . . 
. . 

A Monte Carlo ray trace'  technique for the optical ' 
. 

simulation of a solar  central receiver system using a 

field of heliostats.is presented. The ray t race  tech- 

nique has been used in analyzing heliostat and helio- 

stat  field trade-off issucs and can provide flux maps 

for  receiver design evaluhtion. The general technique 

has been applied to a variety of designs. This  paper 

describes a specific design and the computer code 

INT R.0  DUCT I0 N 

A solar  central  receiver system consists of a field of 

individually sun-tracking mir ror  units (heliostats) 

redirecting sunlight to a central station (receiver)  

where energy is. absorbed by a working fluid' for ' la ter  

conversio'n to'electricity; 'Quite a variety of design 

options exist for both the heliostats and the receiver. 

The general.Monte Carlo ray trace approach has been 
. . 

applied to several  heliostat and heliostat fietkl config- 

used to calculate 'desired performance' parameters. urations and various receiver geometries, including 

Sample results a r e  shown. both exposed tube receivers and cavities. (1,2,4). 
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The use of Monte Carlo ray t r ace  methods'was f i r s t  this paper to present the vectdr derivations used in the 

applied by Honeywell over.five years ago for the simu- ray trace code, however, interested readers will find 

lation of parabolic trough solar  collectors (3 ) .  The . . complete' documentation on the methodology in Refer- 

extension of this work to paraboloid of revolution solar ence 4. This documentation also contains complete 

collectors and solar  central receiver concepts deve,lop- .subroutine descriptions, a computer listing and other 

ed gradually as  Honeywell's involvement in solar energy information pertinent to potential users .  

systems widened. For  the simulation of solar central  

receiver systems, the Monte Carlo ray trace software 

at f irstmodeled a quite simple design involving single CONCEPT DESC R.IPTION 

facet heliostats, a rectilinear field packing geometry 
An a r t i s t ' s  drawing of the 10 MWe solar  pilot plant, 

and common geometric shapes for exposed tube r e -  
.. designed by the team of Honeywell, Black & Veatch and ceivers. A s  the design of a specific central receiver - 

'Babcock & Wilcox, i s  shown in Figure 1. The design system evolved, the software was modified to accurate- 

ly model the details of a more sophisticated system. 
consists of the heliostat, receiver, storage and elec- 

t r ic  power generation subsystems. The storage and 
In fact, the final computer code used in the analysis of 

electric power generation subsystems a re  located in a a 10MWe pilot plant (4)  i s  necessarily quite design 
. clear a rea  of the heliostat field surrounding the base 

specific. It is a feature of the Monte Carlo ray trace 
of the tower. The tower is located one-half of the field 

technique that a great deal of design detail can be 
outer radius south of the field center. Heliostats sur-  handled in the simulation. 
round'the tower and redirect incoming solar  radiation 

. to the receiver at the top of the tower. The optical 
T h e  central receiver system, the computer code and ' .  

performance of the concept can be simulated by model- simulation results described in this -paper will show the 
ing the heliostat and receiver subsystems. 

level of detail which can be modeled using the Monte 

Carlo ray trace technique. It is beyond.the scope of 



A r t i s t ' s  Drawing o f  the  10 MWe Solar  P i l o t  P l a n t  Designed by the  Team o f  
Honeywell, Black & Veatch, and Babcock & Wilcox 
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in the heliostat field has four mi r ro r  Within the cylindrical cavity, the steam generator unit 

I modules mounted on a single frame. The heliostat is is mounted. Areas around the cavity aperture a r e  

shown in Figure 2. Each heliostat will be aligned so covered with heat shields t o  protect the concrete and 

I that each mir ror  module is aiming to  a preselected metal surfaces-from spilled radiation. 

1 point on the receiver aperture. This i s  done by toeihg- 

in the outer mi r rors  slightly more than the inner ELEMENTS MODELED 

mi r ro r s .  This alignment will be done for  every helio- 
The Monte Carlo ray t race  airnulation code models 

stat in the field. 
each element of the optical system including so la r  

limb darkening, finite quality optics, a variable field 
The heliostats t rack the motion of the sun to  keep the 

geometry, tower and receiver shading, the details of 
reflected image on the receiver. Tracking is accom- 

the heliostat structure, the receiver supports and 
plished by rotation of the heliostat frame around the 

structure, and a heliostat aim strategy. Each element 
outer  axis and the mi r ro r  facets about the inner axis. 

will be discussed and the assumptions used in  each 
This  movement is accomplished by motors operating 

element will be described. 
two ball screw linear actuators for  the outer axis and , 

a motor acting on crank a r m s  on each mi r ro r  connected 

to  the motor through tie rods. Heliostats are non- 
e Solar limb darkening involves the process of 

accounting fo r  the finite size of the sun and the 
uniformly spaced in the field with a resulting average 

degradation in solar  intensity as a function of 
ground cover (mir ror  a r ed f i e ld  a rea)  of 0.29. 

angular distance from the sun's center.  The 

limb darkened solar  intensity profile used in the 
The receiver is shown in Figure 3. It is located atop 

simulation code is shown in Figure 4. When 
the concrete tower and is supported by three corbels. 

used with the Monte Carlo technique, the inten- 
The tower top, the corbels and the receiver lower 

sity profile creates  a weighted draw of rays over 
s t ructure  form the boundaries of the cavity aperture. 
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the sun radius.  The weighted draw must be 

accomplished such that a sufficient number of 

randomly selected rays  will statistically repre-  

sent  the sun ' s  -intensity pattern a t  the ea r th ' s  

surface. 
. . 

The assumed intensity -distribution shown in . . 

Figure 4 is based on measured data available 5 - - .  . .  

years  ago and the .effect .of circumsolar  radia-  ' . ' . . ' 

tion is ignored in this curve. An option to model . 

the sun with limb -darkening and circumsolar  

radiation does exist  in the code, however, we 

have primarily used the limb darkened sun only. 

E r r o r s  in the redirected flux profile will be 

present  t o  the extent that this data is in e r r o r .  

Finite quality opt ics  a r e  introduced into the 

model to account f o r  uncertainties in tracking 

accuracy and m i r r o r  quality. There  a r e  four 
. . 

uncertain optical piirameters that a r e  assumed . ,. ' . , . 
' 

t o  be known only statistically.  The first two 

parameters  a r e  uncertainties in the angular 

position of the two tracking drives.  The second 

two parameters  a r e  the angular uncertainties 

in the m i r r o r  surface normal at any point on 

the .mi r ro r  surface. We assume.that  each of 

these four parameters  is statistically .indepen- 

dent of each other o r  *any other design:para- 

meter .  F o r  example, a given e r r o r  in the 

m i r r o r  normal is equally likely anywhere on 

the m i r r o r  surface. The m i r r o r  is not known 

a s  a continuous surface with smooth waves o r  I 
ripples but rather  a s  a probability distribution I 
of m i r r o r  normals perturbed f rom the mzth- 

ematically co r rec t  shape by an  assumed 

pro'bability distribution. For-  each of the 
. I 

tracking drives, .  the distribution is assumed to 

be 'a normal distribut.ion of. angul.ar,- e r r o r  .. .For  . . 

the m i r r o r  surface normal, the angular e r r o r  

f rom the ideal normal is' also assumed to.be a. 

normal. distribution. and this.  e r r o r  i s  assumed 

to be equally likely in any rotational direction. 

No dependence of these e r r o r s  on wind, m i r r o r  

attitude o.r position on the m i r r o r  i s  now 

included in the analysis.  
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e Variable field geometries available in this code such that shading and blocking interference 

a r e  accomplished by changing the radial' spacing caused by the heliostat support structure i s  

between heliostats. Both uniform and non-uniform calculated. 

field packing may be used. The mir ror  module- 

to-mirror  module spacing may also be varied but Receiver supports and surrounding structures 

the code, as  exists, is limited to four mi r ro r  a r e  modeled as  shown in Figure 3 such that the 

modules  per heliostat. Limits oh the  variability 

of the layout a r e  largely dictated by the particu- 

l a r  heliostat geometry as shown in Figure 2 .  If 

the specific frame structure shown were elimi- 

nated, the code can be applied to any number of . 

m i r r o r  modules. This modification is relatively 

simple . 
e 

.o Shadows cas t  by the tower and receiver a r e  cal- 
. .  . 

culated assuming 'a sun. To keepthe . .  . . .. ' , . 

shadow test .  simple the aperture- i s  a l io '  assumed . . * .  . . . .  . . 

to block incoming solar radiation. 

e The details of the hleiostat frame structure a r e  

modeled by evaluating ray interactions with the 

remaining aperture opening consists of a por - 
tion of a cone. This portion of a cone is com- 

plex in that the slant width of the aperture varies 

around the azimuth. Each support is modeled 

a s  a flat plane tangent to the aperture at the 

support center.  

Heliostat aim strategy is required to cause each 

heliostat to redirect energy at the 'nearest aper-  

ture:opening. Thus, the.aim s t ra tegy~must  . , 

. . 

'guide the heliostat to'.misk the support stiuctlii-e. . .  

Unknowns in recetver position relative to the 

heliostat, as  may be caused by wind, a r e  

ignored. 

I-beam f rame,  ~ 0 t h  outer I-beams, as well a s  In addition to the above elements, the program now 

three c ross  support I-beams a r e  accounted for  assumes that mi r ror  reflectance and atmospheric 

attenuation effects can be accounted for by a simple 
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loss  fraction of the incoming direct  normal intensity. cavity divided by the total number of rays  drawn uni- 

Thus, the wavelength dependence of these factors  is formly over the heliostat field. Appropriate scaling 

ignored. Other versions of the Monte Carlo software of each ray  value for  reflectance and absorptance 

have included the wavelength dependence of reflec.tance . losses,  tracking and reflective surface e r r o r s ,  e t c . ,  

(2). is included in the Monte Carlo simulation. 

METHODOLOGY 

Using the above models of the system elements,  the 

method used to solve for the system performance i s  a 

Monte Carlo technique. Any Monte C a r lo  computation 

that yields quantitative resul ts  may be considered a s  

estimating the value of a multiple integral. The s im-  

plest Monte Carlo approach is to observe random 

numbers, selected in such a way that they directly 

simulate the physical random processes of the problem 
. . 

The simulation is accomplished by randomly selecting 

a number of sun rays  to describe the sun ' s  intensity 

pattern, allowing the rays  to impinge upon an imagi- 

nary plane covering the heliostat field and tracing 

the rays  to determine whether they s t r ike  the ground, 

a m i r r o r  surface, the receiver ,  e tc .  The rays  drawn 

must represent  the sun ' s  power at the time simulated 

s o  each ray is given a relative weighted value a s  a 

function of -the time and the number of rays  drawn. 

If .annual energy is being calculated then each ray  

c a r r i e s  the appropriate amount of energy. 
a t  hand, and to deduce the required'solution from the 

behavior of these numbers. A s  an example, the pro- The general program flow to follow the  physics of 
g r a m  can solve for  the power entering the cavity each interaction of individual r ays  through the optics 
aperture.  Using the Monte Carlo technique, it i s  t r a in  i s  shown in Figure 5 .  A l l  executive-level t e s t s  
known that the ratio of the power into the cavity to the a r e  shown in the flow chart,  f rom the m i r r o r  hit test  
total power on the heliostat field i s  equal to the conver- to the receiver  hit tes t .  At each check point along 
gent ratio of randomly drawn rays  which enter  the 

the ray  path the value of the ray  i s  appropriately 
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sca led  and the f inal  destination of each  r a y  t r a c e d  i s  - focusing s t ra tegy  -- 
kept t r a c k  of in  the p rog ram accounting. - toe-in s t ra tegy  

Receiver  Specifications 

- tower  height 

INPUT/OUTPUT - tower  location 

Simulations a r e  initiated by c a r d  input us ing the  

FOR.TR.AN NAMELIST fea ture .  ' All  var iab les  in the  

NAMELIST table  are defaulted t o  a specif ic  c e n t r a l  

- r e c e i v e r  baseline model.  Only those portions of the  

model  which change f r o m  the basel ine  need be input by 

c a r d .  .The input p a r a m e t e r s  which may be var ied  a r e  

shown below; 

T i m e  Point o r  T i m e  Integration Option 

F i e ld  Specifications 

- ou te r  f ield r ad ius  

- inner  f ield rad ius  

- ground cove r  (uniform o r  nonuniform) 

Hel iosta t  Specifications 

- facet  d imensions  

- f r a m e  dimensions  

- t rack ing  e r r o r  s t a t i s t i c s  

-- opt ical  e r r o r  s t a t i s t i c s  

- support  s i z e  

- support  location 

- ape r tu re  s i ze  and shape 

- a i m  height 

- cavity dimensions 

P lan t  Latitude 

Init ial  Random Seed and Number  of Draws  

Outputs of the r a y  t r a c e  code include both non-dimen- 

s iona l  and dimensional  p a r a m e t e r s .  Non-dimensional 

r a t i o s  a r e  fo rmed  by any des i r ed  r a t i o  of r a y  counts  

by f inal  r a y  destination.  F o r  example,  the r a t i o  of 

r a y s  which hit suppor t s  t o  the r a y s  which w e r e  r e d i r -  

ec ted  f r o m  the field is convenient in  analyzing the 

effect  of var ious  a i m  s t r a t eg i e s .  The  possible r a y  

destinations which a r e  kept t r a c k  of a r e ;  

Rays drawn before  sun r i s e  

Rays drawn when the sun  was  too low o n  horizon 



Rays which were  in the tower shadow Total lost in m l r ro r  shadows 

Rays drawn that hit the open field ' Total leaving mirrors 

Rays which f rame shadowed on adjacent heliostat 

Rays which f rame shadowed on same heliostat 

Rays which f rame blocked on same heliostat . . 

Total lost to blockage 

Total on cavity supports 

Total which whistled-through 

Rays which m i r r o r  blocked on same heliostat Total which missed aperture 

Rays which f r ame  blocked on adjacent heliostat Calculated. Maps. Include: 

I Rays which m i r r o r  blocked on adjacent heliostat Flux on cavity walls 

I Rays which missed low of the aperture Flux on. cavity ceiling. 

1 R.ays which missed high of the aperture R.edi.re'cted flux from field c e l l s  

Rays which missed wide , . 

R.ays which hit supports 

R.ays which whistled-through the aperture 

Rays which hit walls of the cavity . 

R.ays which hit roof .of the cavity . 

The ray  counts, modified by weighting each rays value, 

a r e  turned.into dimensional performance parameters .  . 

Available, a s  outputs a r e  the following: . . . .  

e Power o r  Energy Value Calculated are: 

T'otal available 

Total on m'i 'rrors . . 
. . .  

Total lost in tower shadow 
. .  . 

Shadow losses in field cells . , 

Blockage losses in field cel ls  

Aperture m i s se s f rom field cel ls  . . 

.whistles-through from field ce-11s 

. Support.-hits ' from field cel ls  

In addition,'.the distrib~ition of redirected-.energy over 

the year  is  output for  annual energy runs.  

RESULTS 

A's an example of the use of the simulation code output, 

Figure 6 shows the 10  n4We pilot plant power s t a i r  s tep 
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for  design time plant performance. The design time 

! for the pilot plant was specified as Winter Solstice at 
I 2 p.m. The output of the ray trace code provides the 

power values from the top of the stair-step (total 

power available = 6 0 . 7 0  MWt) to the cavity input power 

(40.85 MWt). Power losses due to cosi-ne effect, 

shading, blocking and aperture effects a re  al l  comput- 

isopleths are  shown over'the cavity interior. The flux 

shown is an inci,dent, o r  direct, solar  flux striking 

the cavity walls. The view of the flux map has opened 

the cavity cylinder to look at a planar surface. 
, 

The flux map shows two relatively high flux spots on 

the south wall. South is,defined a s  180 degrees and 

ed within the ray trace code. The code can provide north is zero o r  360 degrees in the figure. The hot 

this performance break-down for any time point, o r  fo r  spots occur on the south wall because a majority of the 

any time integration interval desired. A separate heliostats a re  in the north field. These heliostats aim 

computer program, which accounts for reradiation at the north aperture opening and the energy str ikes 

conduction and convection losses is used to convert the opposite o r  south wall. At the bottom of the south 

direct solar  power into the cavity to the absorbed wall we see  that the flux isopleths r u n  off the cavity. 

power. The absorbed power i s  converted to net elec- The slight loss of flux is approximately one percent of 

t r i c  power using turbine heat balance data. the redirected power. This loss could be avoided if 

the receiver had been designed with a larger upper 

To establish cavity performance, the program which 

calculates absorbed thermal power needs more infor- 

mation than simply the cavity input power.   he 
distribution of this input power on the cavity walls is  

required. The ray trace procedure can provide this 

type of data. F o r  the pilot plant design, a map of the 

distribution of power on the cavity walls is  shown in 

Figure  7 for the equinox day at solar  noon. Flux 

aperture tilt angle. The baseline aperture tilt was 

selected to optimize the net annual energy and some 

loss through the'aperture. is acceptable. The pilot 

plant preliminary design receiver upper aperture tilt 

is shown in the flux map figure by the dashed line 

representing the cavity interior boundary. 
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It i s  important  t o  point .out that  the high flux regions  

a r e  located a t  the  bottom half of the cavity wal l  where  
I the  boi ler  su r f ace  i s  p resen t .  The  boi ler  su r f aces  c a n  

accept  a local  flux peak of 400 kw/m2., while the 

supe rhea t e r  su r f aces  should not exceed 150 k ~ / m 2  

I absorbed flux. T h e  dif ferences  in  allowable. peaks i s  

I pr imar i l y  due to  the  poorer  heat  t r a n s f e r  ' in . the  supe r -  

hea t e r  tubes:  P o o r  heat t r a n s f e r  c a n  cause over tem-  

pe ra tu re  and s t r e s s  p rob lems .  In the -upper,  - o r  

supe rhea t e r  regions, a sl ightly m o r e  uniform c i r cum-  

f e r en t i a l  flux dis t r ibut ion 'is shown, with the flux peak 

n e a r  100 k ~ / m 2 .  . . . . 

CONCLUSIONS 
I 

Thi s  pape'r has  shown how Monte Ca r lo  r a y  t r a c e  

s imulat ion techniques c a n  effectively be used f o r  the 

analysis  of the opt ical  performance of a specific 

detailed s o l a r  c e n t r a l  r ece ive r  design.  It has  a l so  

been pointed out that  the s a m e  bas ic  Monte C a r l o  r a y  

t r a c e  technique has  been applied t o  a wide var ie ty  ,of 
. . 

design a l ternat ives .  The  fkchnique has  been shown to  

be a n  ex t remely  powerful. ' tool f o r  predicting the : 

. . opt ical  per formance  of s imple  to  sophist icated s o l a r  
. . 

cen t r a l  r e c e i v e r  s y s t e m s .  . . ,  

. . 
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MIRVAL (MIRrpr e ~ ~ ~ u a t i c l n )  . i s  . a  Monte Ca r l e  r a y  t r a c e  .' s t r i k e s  a  he1 i ' o s t a t  .mus't s t r i k e  an ill uminated , f ace  

I program which i s  designed t o  assess t h e  o v e r a l l  o p t i c a l '  of t he  box f i r s t .  A  condenseddesc r i p t i on  o f  a  Monte 

I performance o f  a r b i t r a r y  deployments o f  he l . i os ta t s  used Car lo  . t r i a l  w i l l -  now be g i ven  t o  communicate- a' f e e l  ' 

I i n  t h e  c e n t r a l  r e c e i v e r  o r  power tower  concept-  f o r  t he  way t h e  program works. 

B r i e f l y ,  t h e  geometry o f  t h e  h e l i o s t a t  f i e l d ,  t h e  A t ime i s  se lec ted  a t  random f rom a  predetermined 
tower,  and t h e  r e c e i v e r  a long  w i t h  misce l laneous phys i -  accordinq to a unifom distribution. To - 
c a l  da ta  such as m i r r o r  r e f l e c t i v i t y ,  i n s o l a t i o n ,  e tc . ,  o b t a i n  t h e  performance a t  a  f i x e d  t ime,  t h e  beg inn ing  
a r e  i n p u t  and thermal power i n t o  t h e  r e c e i v e r  and t h e  

and ending p o i n t s  o f  t h e  t ime  i n t e g r a t i o n  i n t e r v a l  a r e  
thermal power d e n s i t y  on t h e  p l ane  o f  t h e  r e c e i v e r  

made equal .  The sun p o s i t i o n  i s  then  determined f r om 
opening a r e  ou tpu t .  By p r o p e r l y  choosing c o n t r o l  t h e  se lec ted  t ime  and l a t i t u d e  o f  t h e  s i t e .  

11 parameter va1 ues, anyone o f  t h r e e  v e r s i o n s  of. . f o u r .  

d i f f e r e n t  h e l i o s t a t s  .and any o f  t h r e e  r e c e i v e r s  can be Next, a  sun r a y .  i.s se lec ted  by choosing a  p o i n t  

se lec ted  f o r  a run.. . . un i fo rmly  f rom t h e  p a r a q l e l  p r o j e c t i o n  o f  t h e  i l l u m i -  
. . 

nated faces o f  t h e  box on to  a  p lane  pe rpend i cu la r  t o  
P r i o r  t o  t h e  beg inn ing  o f  t h e  Monte Car lo  t r i a l s ,  an 

impact  r e g i o n  f o r  randomly se lec ted  r.ays ..is determined 

as f o l l ows :  F i r s t ,  a  sphere i s  cons t ruc ted  about t h e  

cen te r  o f  each he1 i o s t a t  which ' i s  j u s t  l a r g e  enough t o  

c o n t a i n  t h e  he1 i o s t a t  i n  any p o s s i b l e  o r i en ' t a t i on .  

Then,a r e c t a n g u l a r  box i s . c o n s t r u c t e d  which i s  l a r g e  

enough t o  c o n t a i n  t h e  spheres. Any 1Sght r a y  which 

t h e ' d i r e c t i o n  o f  t h e  c e n t e r  o f  t h e  sun. The d i r e c t i o n  

o f  t h e  ray  i s  determined by s e l e c t i n g  a p o i n t  u n i f o r m l y  

f r o m . t h e  apparent sun dis.k. I f  N . rays .  a r e  t o  be 

t raced ,  t h a t  i s  , i f  N Monte Car l  o  ' t r i a l  s  a r e  t o  be 
. . 

made, then t he  r a y  c a r r i e s  AI/N u n i t s  o f  power where A  

i s  ' t he  p r o j e c t e d  area and I i s  t h e  i - n s o l a t i o n  (power  . . 

pe r  u n i t  o f  area normal t o  t h e  d i r e c t i o n  o f  t h e  sun). 
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The v a l i d i t y  of  t h e  Monte Ca r l o  process i s  most e a s i l y  r a y  i s  t r aced  f rom t h e  p o i n t  o f  e n t e r i n g  t h e  box t o  

seen f o r  a  f i x e d - t i m e  run .  Then t h e  p o s i t i o n  of t h e  . . t he  p o i n t  o f  e x i t .  P r i o r  t o  t h e  beg inn ing  o f  t h e  

sun i s  cons tan t  and thus  t h e  amount o f  s o l a r  power t r i a l  s, t h e  box i s  p a r t i t i o n e d  i n t o  an a p p r o p r i a t e  s e t  

f a l l  i n g  on t h e  box i s  t h e  same f o r  each Monte Ca r l o  run .  o f  r e c ~ t a n g u l a r  c e l l s  and an a r r a y  i s  c rea ted  t h a t  con- 

I n  t h i s  case one counts t he  number o f  r ays  t h a t  s t r i k e  

t h e  box, N, and a l s o  counts  t h e  number o f  rays,  NR, 

which e n t e r  t h e  r e c e i v e r .  It i s  i n t u i t i v e l y  obv ious 

t h a t  t h e  r a t i o  NR/N approaches t h e  p r o b a b i l i t y ,  p, t h a t  

a  r a y  which s t r i k e s  t h e  box w i l l  en te r  t h e  r e c e i v e r ,  as 

N increases.  The q u a n t i t y  o f  power i n c i d e n t  i n  t h e  

r e c e i v e r  i s  then  p  t imes  t h e  amount o f  power, AI ,  i n c i -  

den t  on t h e  box. Thus (NR/N) ( A I )  p rov ides  a  good 

es t ima te  o f  t h e  power p rov ided  N  i s  l a r g e  enough. I t  

i s  a l s o  c l e a r  t h a t  i n  t h i s  ( f i x e d  t ime )  case t h e  s e t  

o f  Monte Ca r l o  exper iments forms a  B e r n o u l l i  sequence 

and thus  conf idence l e v e l s  a r e  e a s i l y  found [I]. The 

t a i n s  t h e  m i r r o r  numbers o f  those m i r r o r s  whose cen te rs  

l i e  approx imate ly  w i t h i n  a  h e l i o s t a t  r a d i u s  o f  any 

p o i n t  i n  t h e  c e l l .  Thus, t h e  c e l l s  th rough  which t h e  

r a y  has passed a r e  q u i c k l y  computed and a  l i s t  o f  

p o s s i b l e  m i r r o r  t a r g e t s  i s  p rov ided .  P a r t i t i o n i n g  t h e  

box i n  t h i s  manner i s  ex t reme ly  u s e f u l  s i nce  i t  reduces 

t h e  number o f  cand ida te  m i r r o r s  f o r  impact;  i r r e g u l a r  

deployments o f  m i r r o r s  a r e  handled w i t h o u t  app rox i -  

mat ion  as read iTy  as r e g u l a r  ones and t h e  machine t ime  

f o r  a n a l y s i s  i s  independent o f  t h e  number o f  h e l i o s t a t s  

depl  oyed . 
From amongst t h e  m i r r o r s  which a r e  candidates f o r  

con f idence  1  eve1 f o r  a  g i ven  number o f .  tri a1 s  i s  impact,  an e f f i c i e n t  method i s  used t o  o b t a i n  t h e  
e s s e n t i a l l y  independent o f  t h e  number o f  l o s s  processes (if any), of the.mirrors hit. If none is hit, 
and/or i n t e g r a t i o n s  t h a t  t h e  r a y  i s  s u b j e c t  t o  on i t s  

. -  t hen  .a " h i t s  t h e  ground" t a l l y  i s  augmented and a  new 
j ou rney  t o  t h e  aper tu re .  Th i s  accounts f o r  t h e  r a y  i s  se lec ted .  I f  :one i s  h i t ,  then i t  i s  f i r s t  
p o p u l a r i t y  o f  Monte 'Car lo  methods whenever t h e  c o r r e -  .determined whether- t h e  impact a c t u a l l y -  l i e s  between two 
sponding numer ica l  i n t e g r a t i o n  method would l e a d  t o  a  m i r r o r  f ace t s .  I f  so, t h e  " h i t s  t h e  ground" t a l l y  i s  
l a r g e  number o f  i t e r a t e d  i n t e g r a t i o n s .  augmented and a  new r a y  i s  se lec ted .  Otherwise, one 

If t h e  r a y  h i t s  t he  tower before i t  would have h i t  t h e  n e x t  determines 'whe ther  t h e  r a y  i.s absorbed d u r i n g  

box,.a t a l 1 y . c o r r e s p o n d i n g  t o  t h i s  event  i s  augmented . r e f l e c t i o n .  I f  i t ' i s ,  then an a p p r o p r i a t e  t a l l y  i s  

by one and t h e  n e x t  r a y  i s  se lected. .  Otherwise, t h e  made and a  new. r a y  i s  se lec ted .  Otherwise, t h e  n e x t  



s tep  i s  t o  determine t h e  d i r e c t i o n  o f  t h e  normal t o  t h e  permi ts  u n c e r t a i n t y  i n  ach iev ing  a  g i v e n  a im ing  1 

s u r f ace  o f  t h e  f a c e t  a t  t h e  p o i n t  o f  impact.  To f i n d  p o i n t  s t r a t e g y .  I n  MIRVAL, t h e  azimuth and e leva-  

t h e  normal, t h e  f o l l o w i n g  i n f o r m a t i o n  i s  needed: t i o n  angles o f  t h e  c e n t r a l  normal a r e  no rma l l y  

1. The in tended s.urface f i g u r e .  . I n  MIRVAL, t h e - f a c e t .  d i s t r i b u t e d  random v a r i a b l e s  whose means are.equa1 '. 

t o  t h e  in tended values. determined by t h e  a iming '. su r faces  .are . e i t he r  sp t ie r i ca l  o r  p a r a b o l i c  w i t h  ; ' 
- . . 

. . 
. ' . .  . . , . po i n t  s t r a t e g y .  and, whose .standard. devi.at'io'ns a r e  a r b i t r a r i l y  ass ignab le  f o c a l  l e n g t h  i n c l u d i n g  . :  ' 

i n f i n i t y  f o r  f l a t  f a c e t s  and n e g a t i v e  val'ues' f o r  ' i n p u t  parameters. . . 

. . 
. . 6. The magnitude o f  s l ope  e r r o r s .  I n  a d d i t i o n  t o  t h e  m i r r o r s  which have. been d i s t o r t e d .  . . 

2. The c a l i b r a t i o n  t ime  o f  t he  p a r t i c u l a r  m i r r o r  ,. ., p e r t u r b a t i o n  o f  t h e  normal . due . t o  p r e v i o u s l y  

impacted. t a l i b r a t i o n  t ime  r e f e r s  t o  t h e  t ime  o f .  . .' .- d.ef ined .aiming p o i n t  e r r o r s  t h e  normal . t o  . the  sur -  

yea r  and day when a  m i r r o r  i s  ad jus ted  t o  g i v e  t h e  f a c & . a t  t h e  impact p o i n t  i s  g iven  an add i - t i ona l  

( ind.ependent) e r r o r  . ( t h e  s l o p e  e r r o r )  t o  account des i r ed  p d t t e r n  on t h e  , i n t e r i o r  o f  t h e  rece iver ; .  

3. The a iming s t . ra tegy.  An a iming s t ra tegy .  i s .  d e f i n e d  f o r  imper fect ions '  i n  ach iev ing  t h e  des i r ed  smooth - ' 

f i g u r e .  by spec i fy i 'ng a  p o i n t ,  re1  a t i v e  t o  the- r ece i ve r , .  t o -  ' 

which a  r a y  f rom t h e  c e n t e r  o f  t h e  sun s h a l l  b e '  . . 

r e f l e c t e d  i f  it impacts  i n  t h e  c e n t e r  o f  t h e  c e n t e r '  

f a c e t  o f  t h e  .given h e l i o s t a t .  Th is  p o i n t  - i s  t h e  

a impo in t  and may be d ' i f f e r ' en t  f o r  d i f f e r . e n t  

.he1 i o s t a t s .  

The r e l a t i v e  o r i e n t a t i o n  o f  m i r r o r  f ace t s .  :  he 
o r i e n t a t i o n  o f  ' t h e  c e n t r a l .  f a c e t  o f  a  he1 i ' o s t a t  ' i s  

determined by t h e  a i m p o i n t . .  The r e l a t i v e  o r i e n t a - '  

t i o n  o f  t h e  rema in ing  f a c e t s  can be p r e s p e c i f i e d  

i n  severa i  d i f f e r e n t  ways. The re1  a t i v e  o r i e n t a -  

t i o n  need n o t  be the 'same f o r  d i f f e r e n t  h e l i o s t a t s .  

The magnitude o f  a iming p o i n t  e ' r ro rs .  MIRVAL 

Wi th  t h i s  i n f o r m a t i o n ,  t h e  . s u r f a c e  normal and t h e  . "' 

, r e f l . ec ted  r a y .  a r e  determined. The r e f 1  ec ted  r a y  i s  
: 

aga in  t r a c e d  through t he  b o x  t o  t h e  p o i n t  o f  e x i t  and 

a  1 i s t  o f  m i r r o r s  whose backs ,may be, h i t  i s  obta ined.  

These a re  c u l l e d  'and then checked f o r  impact .  I f  an 

.' impact occurs,  an app rop r i a te  t a l l y  i s  made and a  new 

, t r i a l  s t a r t s .  Otherwise, t h e  r a y  i s  t r a c e d  t o  t h e  

r e c e i v e r .  I f  i t  misses t h e  r e c e i v e r  a  new t r i a q  i s  

s t a r t e d ;  otherwise', the' p o s i t i o n  o f  impact  w i t h i n  o r  

on t h e  r e c e i v e r  i s  computed and a  power f l  u x d e n s i  t y  

..'map . i s  b u i  1  t up. 

The. sun ' p o s i t i o n  i n  MIRVAL i s  de te rmined  by assuming 

PROCEEDINGS--SOLAR- WORKSHOP 



t h a t  one year  i s  e x a c t l y  365 days and the  e a r t h ' s  o r b i t  . . 
i s  a  c i r c l e .  The i n s o l a t i o n  a t  t he  p l a n t  s i t e  i s  an 

i n p u t  i n  the  f i xed - t ime  case. For t i m e . i n t e g r a t i o n .  

runs, t he  i n s o l a t i o n  I a t  t ime t i s  g iven i n  

M I  RVAL 

where M ( t)  i s  t he  atmospheric mass t raversed by a  

l i g h t  r a y  a t  t ime t, Mo i s  the  atmospheric mass t h a t  

would be t raversed by a  v e r t i c a l  ray, and. K and p are  

emp i r i ca l .  constants (See . .  [Z]) . . ' . . . .  

The output  obta ined from t ime p o i n t s  runs i nc lude  the  

f o l l  owing : 

Tota l  power i n t o  the  rece i ve r .  

Power f l u x  dens i t y  map on ( o r  i n  t he  i n t e r i o r  o f )  the  

r e c e i  ver  . $ 

Diagram showing l i g h t  rays impacts on the plane i n  the  

rece i ve r  opening. 

Views o f  t he  m i r r o r  f i e l d  as seen from the  rece i ve r  and 

as seen from the  sun. 

Performance o f  m i r r o r  f i e l d  averaged over t he  zones o f  

a  predetermined p a r t i  t i o n ,  i nc lud ing :  

- F rac t i on -  o f  m i r r o r  area shadowed by tower, by o the r  

m i r r o r s ,  and by tower o r  o ther  m i r ro rs .  
- Frac t io r i  o f  t he  r e f l e c t e d  power. t h a t  i s  .blocked by 

m i r r o r s .  

- Spi l . lage - f r a c t i o n  o f  t he  power t h a t  c lea rs  ' the 

m i r r o r s  b u t  which f a i l s  t o  h i t  t he  des i red  p a r t  of 
. - -  

the  rece i  ver  . 
- Power eff ici 'ency - power to.  t h e  desired. p a r t  of the 

- r e c e i v e r  d i v ided  by the  sum of t he  area o f  the  m i r r o r s .  

- F i e l d  e f f i c i ency  - cosine o f  inc idence angle t imes 

s p i l l a g e .  

.The output  i s  app rop r ia te l y  mod i f ied  f o r  a  t ime i n t e -  

g r a t i o n  run. 

The code i s  o,rganized i n t o  po r t i ons  which deal w i t h  

f i e l d  geometry, m i r r o r  geometry, m i r r o r  sur face f i g u r e ,  

aiming p o i n t  s t ra tegy ,  and i n s o l a t i o n .  These p o r t i o n s  

are modularized so t h a t  changes i n  one o f  them produce 

very few i f  any changes i n  the  o thers .  

MIRVAL i s  w r i t t e n  i n  CDC Fo r t ran  Extended and i s  opera- 

t i o n a l  on a  CDC 6600. A CDC extended core i s  used f o r  

storage o f  l .arge ar rays  and a  l o c a l  graphics package 

- i s  u t i l i z e d .  These two fea tures  would no> doubt r e q u i r e  

mod i f i ca t i on .  i f  MIRVAL were t o  be used a t .  o the r  i n s t a l -  

l a t i o n s .  Run times f o r  accurate m i r r o r  by m i r r o r  

performance and 100+ e n t r y  f l u x  maps r e q u i r e  from one 

t o  th ree  hours. For t o t a l  power i n t o  t h e  r e c e i v e r  o r  

f o r  the performance on one m i r r o r ,  f a i r  accuracy i s  

achieved w i t h  runs o f  about 10 minutes. These running 

times are  t o  be expected w i t h  a  Monte Car lo  program i n  

which the  ob jec t i ves  a re  d e t a i l e d  and accura ,e simula- 

t i o n  and simp1 i c i t y  o f  programming changes t o  modules. 



Thus, MIRVAL ,provides a -  f l e x i b l e  to.01 f o r  eval ua.t.ing ..-,:: . ' . . 

proposed des igns .  I t  may not  be t h e  bes t  too l  f o r  

synthes iz ing  a  design i n  which many computer runs a r e  

requi red  and in  which some of t h e  f e a t u r e s  modeled i n  

MIRVAL may be i r r e l e v a n t .  

I 
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COLLECTOR FIELD OPTIMIZATION AND LAYOUT ' 

F. w.' L'ipps 
So la r  Energy Labara to ry  
U n i v e r s i t y  o f  Houston 
Houston, Texas 77004 

ABSTRACT 

A p r e l  i m i n a r y  s tudy  v i a  t h e  LOSS program suggests t h a t  

r a d i a l  s tagger  neighborhoods a r e  d e s i r a b l e  f o r  an o p t i -  

mized c o l l e c t o r  f i e l d .  Th i s  conc lus i on  i s  supported by 

t h e  more comprehensive RCELL o p t i m i z a t i o n  program, and 

t h e  subsequent l a y o u t  processor  which generates a com- 

p l e t e  s e t  o f  h e l i o s t a t  coord ina tes .  

ob ta i ned  by i t e r a t i n g  t h e  s o l u t i o n  w i t h  success ive. ly  

sma l l e r  v a r i a t i o n s  and by a d j u s t i n g  t h e  i n p u t  f i g u r e  

o f  m e r i t  t o  equal t h e  ou.tput f i g u r e  o f - m e r i t .  Th i s  

program con ta i ns  an adequate c o s t  model., and an ade- 

quate ' o p t i c a l  model f o r  t h e  n e t  annual r e c e i v e r  power, 

so t h a t  .a meaningfu l  f i g u r e  o f  m e r i t  can be 'computed. 

I t  ,a1 so ou tpu t s  a b r i e f  performance summary. . . . . 

The RCELL generates .opt imized.  he1 i ' o s t a t  spac ing ...I .O INTRODUCTION 

coo rd i na tes  f o r  t h e  y e p r e s e n t a t i v e  he1 i o s t a t s  o f  a u n i  - 
form. c e l l  s t r u c t u r e  i n  t h e  c o l l e c t o r  f i e l d  f o r  t h e  power . I n  t h i s  t a l k  we a r e  concerned . w i  t h . . t he .  o p t i c a l .  behav io r  

tower  system. RCELL i n p u t s  a t r i a l  s e t  of spacing.-coor- .  of. t h e  . c o l  l e c t o r  f i e l d '  and . i t s .  i n t e r a c t i o n  w i t h  t h e  . . 

d i n a t e s  and ou tpu t s  an improved s e t  o f  es t imates  based r e c e i v e r .  We have a computer. ,model o f  t h i s  behav io r  

on a sample of v a r i a t i o n s .  A convergent  o p t i m i z a t i o n  i s  and. w i l l  cons ider  methods which l e a d  t o .  an economica l l y  
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op t im i zed  des ign o f  t he  c o l l e c t o r  f i e l d .  We w i l l  con- 

s i d e r :  

1. The na tu re  of t h e  des i r ed  o p t i m i z a t i o n  and t he  

r e s u l t i n g  f i g u r e  o f  m e r i t .  

2. The economic model f o r  t h e  c o m e r c i a l  system. 

3. The des ign requirements.  

4. The bas i c  v a r i a b l e s  o f  t h e  c o l l e c t o r  f i e l d  geometry 

and var ious  p r a c t i c a l  subsets.  

5. The mathematical  f o r m u l a t i o n  o f  t he  o p t i m i z a t i o n  

and i t s  computer ized s o l u t i o n .  

6. The op t im ized  c o l l e c t o r  f i e l d  geometry. 

The c o l l e c t o r  f i e l d  con ta ins  a  l a r g e  number o f  h e l i o -  

s t a t s  whose l o c a t i o n  w i t h  respec t  t o  t he  r e c e i v e r  and :. 

w i t h  r espec t  t o  each o t h e r  c rea tes  an i n t r i c a t e . d e s i . g n  

problem. H e l i o s t a t  l o c a t i o n  i s  measured w i t h  respec t  

t o  t h e  base o f  t h e  tower. An op t im ized  s e t  of. h e l i o s t a t  

coord ina tes  p rov ides  an op t im ized  c o l l e c t o r  f i e l d  f o r  

t h e  p resen t  purposes. 

The tower- top r e c e i v e r  i s  designed t o  absorb s o l a r  

energy and t o  d e l i v e r  t h i s  energy t o  an e l e c t r i c  u t i l i t y  

f o r  e l e c t r i c  power p roduc t ion .  The b e s t  economic meas- 

u r e  o f  performance f o r  t h i s  composite system i s  a  s u i t a -  

b l y  ad jus ted  busbar c o s t  es t ima te  f o r  t he  o u t p u t  e l ec -  

t r i c  power. However, we f e e l  t h a t  an e f f o r t  t o  op t im i ze  

t he  c o l l e c t o r  f i e l d  geometry v i a  busbar c o s t  would make 

t h e  c o l l e c t o r  f i e l d  des ign t o o  d i f f i c u l t ,  and much t o o  

dependent on t h e  des ign o f  t h e  thermal s to rage  system, 

t h e  tu rbo-genera to r  system and t h e  c a p a c i t y  d i sp lace -  

ment c r e d i t s .  I t  seems d e s i r a b l e  t o  cons ide r  t h e  

tower- top r e c e i v e r  as a source o f  thermal energy which 

can be "so ld "  t o  t h e  u t i l i t y  system and t h e r e f o r e  t h e  

c o s t  o f  thermal energy a t  t h e  base o f  t h e  tower can be 

used as a s u i t a b l e  f i g u r e  o f  m e r i t  f o r  t h e  o p t i m i z a t i o n  

o f  t h e  c o l l e c t o r  f i e l d .  

S p e c i f i c a l l y ,  we assume a  f i g u r e  o f  m e r i t  equal t o  

system c o s t  d i v i d e d  by n e t  annual thermal energy de- 

l i v e r e d  a t  t h e  base o f  t h e  tower.  The use o f  annual 

thermal energy i m p l i e s  t h a t  thermal energy i s  always 

u s e f u l  t o  t he  u t i l i t y .  Th is  assumption would be i n -  

v a l i d  f o r  a  seasonal a p p l i c a t i o n  such as i r r i g a t i o n  

pumping. I t  i s  n o t  u n i f o r m l y  v a l i d  f o r  u t i l i t i e s ;  

however, i t  should be v a l i d  i n  an energy hungry commu- 

n i t y ,  i f  t h e  power p l a n t  i s  assumed t o  i n c o r p o r a t e  

t h r e e  t o  s i x  hours o f  thermal s torage.  I n  t h e  f u t u r e ,  

we may cons ider  ways o f  b i a s i n g  t h e  energy towards 

d e s i r a b l e  t imes, b u t  f o r  t h e  p resen t  we accept  t h e  

v e r d i c t  o f  t h e  system performance ana l ys i s .  By cos t ,  

we mean c o s t  t r a c e a b l e  t o  t h e  system p r i o r  t o  de l  i v e r y  

o f  t h e  energy a t  t h e  base o f  t h e  tower.  O f  t h i s  cos t ,  
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t h e  h'el i o s t a t  f i e l d '  i s  .predominant, and hence i.s a  .' 7 .  . ~ a . r a s i  t i c  energy requi rements .  f o r  he1 i o s t a t  gu i d -  . . 

w o r t h l y  o b j e c t  . for  o p t i m i z a t i o n .  . . ance a n d  c o o l a n t  pumping. . . . : 
I 

I 

A t  t h i s  p o i n t  we must ment ion t h e  source o f  energy,  The c e n t r a l  r e c e i v e r  system concept i s  an o p t i c a l  con- 
1 

I i . e . ,  t h e  i n s o l a t i o n ,  and t h e  l o s s  model f o r  o u r  system. cep t  and as such i t  can be op t im i zed  ove r  many des ign  
I 

I The system c o l l e c t s  d i r e c t  beam s o l a r  i n s o l a t i o n  a t  a  v a r i a b l e s  which a r e  n o t  i n c l u d e d  i n  t h e  c o l l e c t o r  f i e l d  

i . s i t e  which w i  11 experience l oca l ,  weather c o n d i t i o n s .  l a y o u t .  The h e l i o s t a t s  a r e  op t im i zed  - f o r  mass -produc- 

! However, we a r e  n o t  concerned w i t h  t h e  s p e c i f i c  d e t a i  1's . . t i o n  c o s t  sav ings and performance under reasonab-le 

I o f  t h e  i n s o l a t i o n  record,  b u t  ins tead ,  .we a r e  concerned loads .  Th i s  i s  b a s i c a l l y  a  mechanical problem and t h e  

1 w i t h  p r e d i c t a b l e  average inso1,at ion behav io r  .whi.ch wi  11 rdsu l . t ing  he1 i o s t a t  des ign  i s  an i n p u t  t o .  t h e  c o l l e c t o r  

I determine t h e  outcome c j f  investment  .dec is ions.  - Conse- f i e ld .p rob lem. . .  U s u a l l y  h e l i o s t a t  s i z e  i s  f i x e d .  The 

I quen t l y ,  i t  i s  reasonable  t o  use ou r  a n a l y t i c  i n s o l a t i o n  tower des ign  i s  a l s o  b a s i c a l l y  a  mechanical problem; 

model w i t h  a  percen t  o f  poss ib ' le  i n s o l a t i o n  f ac to r .  T h e .  however, i n .  t h i s  case we s p e c i f y  tower  h e i g h t  t b s a t i s -  

f o l l o w i n g  l i s t  o f  energy l o s s  mechanisms i s  'proposed: fy  t h e  name p l a t e  power r equ i r emen ts  f o r  t h e  u t i  1  i ty  

1. Percent  o f  p o s s i b l e  i n s o l a t i o n  due t o  l o c a l  weather power p l a n t .  Consequently, t h e  tower  h e i g h t  becomes a  

condi  t i  ons . by-product  o f  t h e  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 .  

2. He1 i o s t a t  r e l a t e d  f a c t o r s :  r e f l e c t i v i t y ,  dus t ,  

guidance e r r o r s  and ma1 f u n c t i o n .  The r e c e i v e r  des ign  a l s o  a f f e c t s  t h e  o p t i c a l  p e r f o r -  

3. Shading and b l o c k i n g  losses  due t o  ne ighbo r i ng  mance o f  t h e  system. However, f o r  o u r  purposes, i t  

he1 i o s t a t s .  i s  assumed g iven.  Receiver  s i z e  was op t im i zed  a t  an 

I 4. S t a r t  up and shu t  down losses  due t o  wasted i nso -  e a r l i e r  s tage when va r i ous  r e c e i v e r  geometr ies were 

I l a t i o n  and heat .  be ing  cons idered.  The r e c e i v e r  s i z e  i s  adequate t o  

I 5. Atmospher ic  t r ansm iss i on  1  osses between' he1 i o s t a t  handle t h e  . requ i red  power and i t s  c o n f i g u r a t i o n  i s  

.and r e c e i  ve r .  a p p r o p r i a t e  f o r  t h e  a n t i c i p a t e d  v a r i a t i o n  i n  f l u x  d i s -  

6. Rece ive r  r e l a t e d  f a c t o r s :  i n t e r c e p t i o n ,  abso rp t i - -  t r i b u t i o n  w i t h  t ime .  The r e s u l t i n g  i n t e r c e p t i o n  must 

v i  t y ,  e m i s s i v i  ty, convec t ion  and conduct.ion, :be accep tab le  and can be op t im i zed  by v a r y i n g  t h e  
. , 

. . . . 
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aiming. s t r a tegy ,  which i s  independent o f  t he  c o l  l e c t o r  

f i e l d  l a y o u t .  See Table 1. 

Table 1.  I n t e r c e p t i o n  Performance Averages f o r  

MDAC Ex te rna l  Cyl i n d r i  c a l  Receivers 

System Aiming S t ra tegy  I n t e r c e p t i o n  F lux  S p i l l a g e  

3 P o i n t  95.8% 4.2% 
Conimerci a1 Hi -Lo 97.0% 3.0% 

P i  l o t  H i  -Lo 98.0% .2.0% 

The r e c e i v e r  des ign i s  compl' icated by many cons idera-  

t i o n s .  Fo r  t h e  present ,  we assume e i t h e r  a  c y l i n d r i c a l  

e x t e r n a l  r e c e i v e r - o r  a  f l a t  e x t e r n a l  r e c e i v e r .  - The two' 

most se r i ous  des ign requirements ( i n  a d d i t i o n  t o , - i n t e r -  

c e p t i o n )  a r e  t h e  peak f l u x  d e n s i t y  l i m i t  and t he  average 

f l  ux dens i  ty requirement.  Any hea t  t r a n s f e r  dev ice  has 

a  f l u x  d e n s i t y  1  i m i t ,  beyond which some form o f  damage 

o r  ma l func t ion  w i l l  occur.  

each o f  t he  tubes i n  a  g iven  panel , i f  t h e  f l u x  g r a d i  - 
. e n t  across t he  panel i s  excessive. ' Hence, we a1 so have 

.a' maximum f l u x  g rad ien t  1  i m i  t. S i m i l a r  cons ide ra t i ons  

app ly  t o  any rece i ve r .  

The des ign procedure i s  as f o l l o w s :  

1. Set  s c a l e  of system by s p e c i f y i n g  t h e  t o t a l  t h e r -  

mal power a t  equinox noon. 

2. Scale r e c e i v e r  dimensions t o  s a t i s f y  f l u x  d e n s i t y  

l i m i t  assuming t h a t  ad justments  w i l l  be made i n  

t h e  a iming s t r a tegy .  

3. Opt imize t h e  c o l l e c t i v e  f i e l d .  

4. A d j u s t  t h e  a iming s t r a t e g y  t o  reduce t h e  b r i g h t  

spots  on t he  r e c e i v e r .  

5 . .  A d j u s t  t h e  t r i m  o f  t he  f i e l d  t o  s a t i s f y  panel 

power minimum i f  necessary. A t  35' l a t i t u d e ,  t h e  

southern f i e l d  tends t o  be weak, and becomes 

weaker as l a t i t u d e  increases.  A s l i g h t  depa r tu re  

f rom o p t i m i z a t i o n  may be r e q u i r e d  here, a l t hough  

The c y l i n d r i c a l  r e c e i v e r  con ta ins  24 panels each hav ing  t h e  use o f  preheat  panels i n  t h e  southern quadrant  

I an i n p u t  and an o u t p u t  man i f o l d  w i t h  sensors and con- o f  t h e  r e c e i v e r  removes most o f  t h e  problem. 

t r o l s .  Flow c o n t r o l  must be p o s i t i v e ,  and f o r  two phase 6. Scale tower h e i g h t  and c o l l e c t o r  f i e l d  t o  ach ieve 
I f low, a  l i m i t e d  range o f  f l o w  c o n t r o l  i s  poss ib l e .  Con- e x a c t l y  t h e  des i r ed  system power l e v e l .  

sequent l y  we must ma in ta i n  a  minimum panel power a t  a l l  7. Generate f i n a l  he1 i o s t a t  coord ina tes .  We must 

t imes d u r i n g  u s e f u l  opera t ions .  Furthermore, t h e  mani - g i v e  a  complete l i s t  o f  coord ina tes  f o r  r ough l y  

f o l d s  w i l l  f a i l  t o  d i s t r i b u t e  f l o w  s a t i s f a c t o r i l y  t o  20,000 h e l i o s t a t s  a l l o w i n g  f o r  f r e e  t u r n i n g  of  



t h e  h e l i o s t a t s ,  roads, tower  exc l us i on ,  and h e l i o -  

s t a t e  access ways. Each h e l i o s t a t  must have a  

s u i t a b l e  des igna t i on  f o r  t h e  surveyors ,  and t h e  

subsequent c o n t r o l  connect ions.  

A t  t h i s  p o i n t  w e  u s u a l l y  assume t h a t  t h e  he1 i o s t a t s  a re  

i ' d e n t i c a l  and t h a t  t h e  cen te r s  o f  t h e  h e l i o s t a t s  a r e  

co -p l ana r  so t h a t  t h e  c o l . l e c t o r  f i . e l d  i s .  f l a t ,  a1 though 

i t m a y  have a  s lope .  A1 lowance f o r  con tours  i n  t h e  c o l -  

l e c t o r  f i e l d  i s  a s t ep  beyond t h e  c u r r e n t  s t a t e  o f  t h e  

a r t .  The i n t e r s e c t i o n s  o f  t h e  tower  c e n t e r  l i n e  w i t h '  

t h e  p lane  o f  t h e  he1 i o s t a t s  determines. a  n a t u r a l  o r i g i n  

f o r  t h e  coord i 'nates o f  t h e  h e l i o s i a t s  i n .  t h e  c o l l e c t o r .  

f i e l d .  The complete l i s t  o f  h e l i o s t a t  coord ina tes  can 

be v i s u a l i z e d  as a  s e t  w i t h  t h e  f .o l l .owing a d d i t i o n a l  .. 

s t r u c t u r e .  L e t  H  be a  h e l i o s t a t  i n  t h e  s e t  o f  h e l i o -  
A 

s t a t s  S, so t h a t  t h e  l i s t  o f . h e l i o s t a t  coord ina tes ,  L, 

can be expressed as . . 

L = {(xH,yH) IH E S I ,  

where (xH,yH)  g i ves  t h e  cao td i na tes  o f  he1 i o s t a t  H . .  Now 

l e t  H  be i d e n t i f i e d  by a  pai'r o f  i n t e g e r s  ( i  , j ) .  such 

t h a t  

H  t* ( i H , j H ) ,  

i .e., H  i s  one t o  one correspondence w i t h  ( i H , j H ) .  .: 

Consequent ly t h e  l i s t  o f  coo rd i na tes  can be w r i t t e n  as 

= { ~ x ( i , ~ ) , y ( i , ~ ) ~ l ( i , ~ )  E s }  

and the.  mapping f rom S t o  t h e  c o l l e c t o r '  f i e l d  i s  g i ven  

by t h e  . . funct ions . x ( i , j )  and y ( i , j )  which a r e  determined 

by t h e . o p t i m i z a t i o n  procedure.  , If t h e  coo rd i na tes  a r e  

expressed i n  u n i t s  o f  he1 i o s t a t w i d t h ,  we can v i s u a l  i z e  

t he  coo rd i na te  mapping as an a c t u a l  l a y o u t  process i n  

wh ich ,  . . t h e  :he1 i o s t a t s  a re  moved f rom a  s to rage  area 

where they  a re  kep t  i n  .a s t a t e  o f  r e c t a n g u l a r  c l o s e s t  

packi'ng, s o t h a t  t h e i r c o o r d i n a t e s - a r e  ( . i  , j )  i n ' . .  . 
H  H 

h e l i o s t a t .  u n i t s .  C u r r e n t l y  we expect  t h a t  i w i l l  be 

a  c i r c l e  l a b e l .  and j w i l l  be an az imuth l a b e l .  . 

H i s t o r i c a l l y ,  we have.approached t h e  c o l l e c t o r  f i e l d  

des ign by assuming t h e  s i m p l e s t  p o s s i b l e  . l a you t  and 

gradual  l y  -adding. v a r i a b l e s ,  b u t  never  a1 l o w i n g  a  chao- 

t i c  s o l u t i o n  t o  occur .  I n  genera l  t h e  o p t i m i z a t i o n  i s  

non-unique and leads t o  c h a o t i c  s o l u t i o n s  s i m i l a r  t o  

: d i s l o c a t i o n s  i n  a  c r y s t a l .  .Th is  - t y p e  o f  r e s u l t  i s  t o  . .' 

be expected f rom a  s t r a i g h t  fo rward  -r'i gorous mi n im i  za- 

t i o n  o f  t h e  f i g u r e  o f  m e r i t .  For exampl.e, i f  L  i s  an 

. a r b i t r a r y  . se t  o f  h e l i o s t a t  coord ina tes  and F . i s  . the 

f i g u r e  o f  m e r i t ,  then  t h e  o p t i m i z a t i o n  imp l . i es - t ha t . ,  

i = M I Y  F (L )  = ~ ( i ) ,  

{ L )  

where i i s  t h e  op t im i zed  coo rd i na te  s e t .  :The f u n c t i o n  

F (L )  i s  d i f f i c u l t  t o  c o n s t r u c t ,  f o r  severa l  reasons. 

1.. .There a r e  many independent vari.ab1 es. 
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I 
I 

2 .  The i n s o l a t i o n  average must be performed numeri- The c o e f f i c i e n t s  a and b con ta in  a l l  o the r  losses, so 

c a l  l y .  t h a t  E(L) becomes the  n e t  thermal energy de l i ve red  a t  
I 

I 3. The instantaneous r e f l e c t e d  power from each h e l i o -  the base o f  t he  tower. 

s t a t  i s  a func t i on  o f  the h e l i o s t a t  coordinates, 

whicn has a t  l e a s t  e i g h t  a n a l y t i c  branches. (We 

expect non-ana ly t i c  behavior from every shading 

and b lock ing  event. Normally e i g h t  neighbors can 

c o n t r i b u t e  events, hence e i g h t  branches. ) 

However, F(L) ,  can be def ined as fo l lows.  L e t  

F(L)  = C(L)IE(L) 

where C(L) i s  the  d o l l a r  cos t  o f  the system and E(L) i s  

t he  n e t  annual thermal power de l i ve red  a t  the base o f  

the  tower. C(L) i s  determined by the  economic model. 

E(L) i s  determined by the  o p t i c a l  model o f  the  system. 

We can w r i t e  

E(L) = a Eo(L) - b y  

and then 

Eo(L) = 1 qHgH(L)AH, 
where HES 

i s  t he  r e f l e c t i v e  area o f  a h e l i o s t a t ,  

gH(L) i s  t he  annual t o t a l  thermal energy r e f l e c t e d  

by h e l i o s t a t  H i n  a f i e l d  s p e c i f i e d  by L, 

'' H i s  the  rece i ve r  i n t e r c e p t i o n  f a c t o r  f o r  

h e l i o s t a t  H, which i s  assumed t o  be t ime 

independent f o r  purposes o f  simp1 i c i  ty, and 

Eo(L) i s  t he  annual thermal power i n c i d e n t  on the  

rece i  ver. 

Cur ren t ly ,  our  computer f a c i l i t y  i s  ab le  t o  generate 

q u a n t i t i e s  such as Eo(L) f o r  a c o l l e c t o r  f i e l d ,  on l y  

if the summation i s  l i m i t e d  t o  several hundred terms. 

Consequently we a re  fo rced t o  a system o f  representa- 

t i v e  h e l i o s t a t s ,  which i s  c a l l e d  the  " c e l l - w i s e  approx- 

imat ion  f o r  l a r g e  co l  l e c t o r  f i e l d s " .  The expression 

f o r  Eo(L) i s  replaced by 

Eo(L) = 1 ncocg,(Dc)AH' 
where nc i s  t he  nuhber o f  he1 i o s t a t s  i n  a c e l l  c. 

Consequently, 

o c ~ c ( D c )  = qHgH(L) 9 

where H i s  the  representa t ive  he1 i o s t a t  f o r  c e l l  c .  

The va r iab les  Dc a re  the  displacements o f  the  appro- 

p r i a t e  neighbors w i t h  respect  t o  t he  rep resen ta t i ve  

h e l i o s t a t .  Hence Dc i s  a f u n c t i o n  o f  L, bu t  n o t  v ice-  

versa i n  general.  

The c e l l - w i s e  op t im iza t i on  procedure presented i n  

Reference 1 proceeds a long l i n e s  suggested by the  

expression f o r  Eo(L).  Unfor tunate ly ,  i t  leads t o  a 

s o l u t i o n  f o r  t he  displacements and n o t  t he  coordinates 

themselves. For tunate ly ,  the  r e s u l t s  f o r  t he  d isp lace-  
ments vary smoothly f rom c e l l  t o  c e l l .  The use o f  



r e p r e s e n t a t i v e s  i m p l i e s  t h a t  each h e l i o s t a t  i n  a c e l l  ' ' .  . 

has a s i m i l a r  neighborhood. Th i s  assumption g r e a t l y .  ' :  

reduces t h e  number' o f  independent displacements.. I n  

p r a c t i c e  we s o l v e  f o r  two components, a r a d i a l - x  compo- 

nen t  and an  az imutha l -y  component, as shown i n  F i gu re  1.  

The r e s u l t s  show t h a t  y i s  n e a r l y  cons tan t  th roughou t  

t h e  c o l l e c t o r  f i e l d ,  and t h a t  x i s  n e a r l y  independent 

o f  az imuth w i t h  r espec t  t o  t h e  tower.  Furthermore, x 

can be represen ted  as a quad ra t i c  f u n c t i o n  o f  t h e  tower 

e l e v a t i o n  angle .  F i g u r e  1 de f i nes  c o r n f i e l d  and s tag-  

gered neighborhoods. 

2.0 THE LOSS PROGRAM ,FOR'A P.RELIMINARY OPTIMIZATION-. '' ' 

The LOSS program sh.ows t h e  'amount o f  ground space r e -  

q u i r e d  by a h e l i o s t a t  a t  each of t h e  r e p r e s e n t a t i v e  

. l o c a t i o n s  i n  t h e  c o l l e c t o r  f i e l d .  Th is  program ca l cu -  
2 l a t e s  t h e  MWH/m o f  l o s t  energy due t o  a s in .g le  n e i g h b o r '  

as a f u n c t i o n  o f  d isp lacement  f rom t h e  r e p r e s e n t a t i v e  

h e l i o s t a t .  The LOSS program prov ides  a good sun sample 

f o r  t h e  whole yea r  and u t i l i z e s  a ve ry  e f f i c i e n t  v e r s i o n  

of  t h e  shading and b l o c k i n g  processor  which neg lec t s  

ove r l app ing  events .  Over lapp ing events a r e  r a r e  under 

op t im i zed  c o n d i t i o n s .  T.he LOSS p r i n t s  p rov i de  a good . . F i gu re  1 Upper f i g u r e  shows a Radia l  C o r n f i e l d  
neighborhood; Lower f i g u r e  sh0ws.a 

s t a r t i n g  p o i n t  f o r  f u r t h e r  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  Radia l  Stagg.er neighborhood. 
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studies. See .F igure 2. Th i s  i s  a  smal l  s tand a lone 

pl.Qgram which can :provide var ious  comparison and/or 

~ ; e n s i t i v i  t y  s tud ' ies .  

The LOSS' program prov ided  t h e  f o l  l ow ing  tab1 e, which 

shows t h e  percentage o f  advantage ( e .  h i g h e r  

coverage3 f o r  t h e  r a d i a l  s tagger  arrangement as compared 

t o  t h e  n e x t  b e s t  a l t e r n a t i v e .  Negat ives i n d i c a t e  t h a t  

a  b e t t e r  a l t e r n a t i v e  occurs.  The r a d i a l  c o r n f i e l d  i s  

never bes t  a l though i t  beats  r a d i a l  s tagger  i n  3  o u t  o f  

121 c e l l s .  The 24 nega t i ve  e n t r i e s  represen t  14 c e l l s  

i n  which W-S c o r n f i e l d s  a r e  bes t  and 10 c e l l s  i n  which 

  able 2. Percent  o f  Advantage f o r  Radia l  Stagger 

! 

(Note t h a t  J = 1 t o  6  i s  t he  West H a l f  F i e l d )  

14-S s taggers a r e  -best.  The occurrence o f  l a r g e  nega- 

t i v e s  i n '  t h e  southern f i e l d  suggests t h a t  i t  migh t  need 

spec ia l  t reatment,  b u t ' t h i s  i s  n o t  conf i rmed by: t h e  

p i l o t - p l a n t  s tudy  which assumed r a d i a l  s tagger  throu,gh- 

o u t .  The compl i ca t ions  and unaccounted losses assoc i -  

a t e d  w i t h  c h a o t i c  c e l l  boundaries and va ry i ng  c e l l  

c o n f i g u r a t i o n s  were avoided by us ing  t h e  r a d i a l  .stagger. 

a r r a y  throughout  ou r  f i n a l .  commercial and p i l o t .  p l a n t  

s t ud ies .  

8 12.8 3.8 3.0 -11.8 5.1 Tower 

9 -6.6 -1.5 -6.5 -12.8 4.8 0.0 

3.0 .TYPICAL. RESULTS FROM RCELL 

. . .. . 

3.1 Purpose 

The RCELL program generates op t im i zed  h e l i o s t a t  spac ing 

coord ina tes  f o r  t h e  r e p r e s e n t a t i v e  h e l i o s t a t s  of  a  

un i f o rm  c e l l  s t r u c t u r e  i n  t he  . c o l l e c t o r  f i e l d .  RCELL . I 
1 

, . i n p u t s  a  t r i a l  s e t  o f  spacing coord ina tes  and' outputs .  I 

an improved s e t  o f ' e s t i m a t e s  based on a sample . o f  I 
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v a r i a t i o n s  and by a d j u s t i n g  t he  i n p u t  f i g u r e  of m e r i t  . Each neighborhood i s  parameter ized by an x and a y 
. . 

t o  equal t he  o u t p u t . f i g u r e  o f  m e r i t .  Th i s  program con- spacing coord ina te .  Both coord ina tes  a r e  g i ven  f0u.r 

t a i n s  an adequate c o s t  model and an adequate o p t i c a l  . v a r i a t i o n s  independent ly .  I n  t h e  r a d i a l  s tagger  case 

model f o r - t h e , n e t  annual r e c e i v e r  power so t h a t  a mean- x i s  t h e  r a d i a l  coo rd ina te  and 

i n g f u l  f i g u r e  o f  m e r i t  can be computed. It a l ' so .  ou tpu t s .  y i s  t h e  az imuthal  coord ina te .  

a b r i e f  performance summary. 
~ .. . Th i s  s e t  o f  16 v a r i a t i o n s  p rov ides  a bas i s  f o r  est ima-  

t i n g  a l l  o f  the. p a r t i a l  de r i ' va t i ves  which a r e  r e q u i r e d  

3.2 Main Features 

The RCELL program i n t e g r a t e s  t h e  r e f l e c t e d  power from a 

s e t  o f  r e p r e s e n t a t i v e  h e l i o s t a t s  over  a u s e f u l  day which 

s t a r t s  and s tops a t  a s p e c i f i e d  e l e v a t i o n  angle.  The 

t i m e  between sun samples i s  v a r i e d  t o  emphasize t h e  more 

complex behav io r  a t  low sun angles. We t y p i c a l l y  use 19 

sampleslday and 7 days from s o l s t i c e  t o  s o l s t i c e .  Con- 

sequent ly ,  we assume a symmetric yea r  and an east -west  

symmetric c o l l e c t o r  f i e l d .  

The neighborhood o f  t he  r e p r e s e n t a t i v e  h e l i o s t a t  can be 

se lec ted  f rom t h e  f o u r  op t i ons :  

Radia l  Stagger, l4/S Stagger, 

Rad ia l  Corn f ie ld ,  and N/S C o r n f i e l d .  

However, a t  p resen t  we a r e  committed t o  t h e  r a d i a l  s tag-  

ger  op t i on ,  as t h i s  o p t i o n  has been found t o  g i v e  b e s t  

performance i n  a m a j o r i t y  o f  t h e  c e l l s .  

by t h e  o p t i m i z a t i o n  theory,  p rov ided  t h a t  t h e  s o l u t i o n  

occurs w i t h i n  t h e  range o f  t h e  v a r i a t i o n s .  Consequent- 

l y  we expect  t o  app ly  our  i t e r a t i v e  approach t o  t h e  

f i n a l  s o l u t i o n  by p r o g r e s s i v e l y  decreas ing t h e  s i z e  o f  

t he  v a r i a t i o n s .  

A f t e r  e s t i m a t i n g  a s e t  o f  optimum coord ina tes  t h e  da ta  

base i.s i n t e r p o l a t e d  t o  p r o v i d e  es t imates  f o r  t h e  per-  

formance o f  t h e  op t im ized  system. A t  t h i s  p o i n t  i t  i s  

a l s o  p o s s i b l e  t o  determine t h e  optimum t r i m  ( i  .e., t h e  

s e t  , o f  .excluded c e l l s  which a r e  t o o  remote f o r  e f f e c -  

t i v e n e s s ) .  And f i n a l l y ,  we o u t p u t  a performance sum- 

mary which i nc l udes  a. n'ew f i g u r e  o f  m e r i t .  

3 . 3  Execut i ve  Requirements : 

The execu t i  ve program con ta i  ns permanent assignments 



f o r  t he  f o l l o w i n g  f i l e s :  

PFICE f o r  t he  p r i n t  f i l e ,  

XYPLOT f o r  coovd ina te  p r i n t  f i l e ,  
. . 

SAMPLE s to rage  f o r  expensive data, 

. DATA f o r  c o e f f i c i e n t s  o f  (x,y) data f rom  PLOT^ 
o r  . a l t e r n a t i v e l y  t h e  ( x , ~ )  data i t s e l f .  

I t  a l s o  requ i res .ac t i v . e  assignments f o r  

c o n t a i n i n g  t h e  source programs, and . , .  AA 1  

PANEL. f o r  ' i .nter.cept ion .data.  . . 

The SAMPLE data can .be reused in an .op t iona l  mode which 

a l l o w s  m o d i f i c a t i o n s  o f  va r i ous  i n p u t s  such as t h e  f i g -  

u r e  o f  m e r i t  o r  even the i n t e r c e p t i o n  data," w i t h o u t  - r e -  

pea t i ng  t h e  most.CBU c o s t l y  run. See F igu re  3. ' ,  

The (x ,y )  data f i l e s  a re  smal l  da ta  f i l e s  of 66' l i n e s  

which can be accessed and e d i t e d  t o  remove bad c e l l s  

and t o  merge da ta  f rom severa l  runs .  , . 

The XYPLOT o u t p u t  f i l e  ' i s  designed f o r  PLOT4 which . 

p r i n t s ,  p l o t s  and performs a  v a r i e t y  o f  1 i n e a r  f i t s  on 

t h e  (x ,y)  data.  I n  t h e  f u t u r e  PLOT4 can be expanded t o  

d r i v e  a  CALCOMPER; 



COLLECTOR FIELD OPTIMIZATION AND LAYOUT 260 . 
I 

3,4 I n p u t s  t o  RCELL 

The f o l l o w i n g  l i s t  i s  s e l f - e x p l a ~ a t o r y  and i s  comp le te  

e x c e p t  f o r  a n  a l t e r n a t e  sou rce  o f  i n p u t  f o r  s e l e c t e d  

v a r i a b l e s  v i a  t h e  DATA c a r d s  a f t e r  t h e  BXQT c a r d  i n  t h e  

e x e c u t i v e  program. 

INPUT DATA 

JDVEQ = 2442859 JULIAN DAY OF VERNAL EQUINOX 

ALPHAL = .004660 

XLAT = 35. 

ESUIID = 15.0 

I~GON = 4 

NTOW = 2 

IMAX = 19 

JMAX = 7 

NREAD = 66 

JTAPE = 1 

LTAPE = 1 

KTAPE = 1 

KPANL = 1 

IJCEL = 1 

i4GEO = 4 

NDIV = 10 

ICNTR = 1 

SOLAR LIMB ANGLE I N  RADIANS 

LATITUDE OF SITE I N  DEGREES 

ELEVATION OF SUN AT STARTUP . . 

NUMBER OF SIDES FOR HELIOSTAT 

CELL.S FROM CENTER .TO TOWER . 

SAMPLE HOURS = 3,7,11, ... ' 

SAMPLE DAYS 

LINES I N  (x,y)  DATA FILE ACELL 

1 TO WRITE BCELL; 0 NOT 

1 TO WRITE SAMPLE; -1 TO READ; 0 NOT 

1 TO .READ PANEL ; 0 NOT 

FIRST PANEL FOR FINT 

CELLS ACROSS COLLECTOR FIELD 

CELLS IN DISPLACEMENT ARRAY 

DIVISIONS, f o r  INTERPOLATOR ' 

0 FOR NO DAILY, PRINT; 1 FOR 3 DAYS,;' . 

2 FOR EVERY DAY 
% .  

IAXIS = 1 INDEX OF MOUNTING SYSTEM 1 

ISUN = 1 0 FOR UNIFORM WTS; 1 FOR SINE WTS 

HT = 259. HEIGHT OF TOWER I N  METERS 
i 

DA = HT/1.41421 SPACING BETWEEN CELL CENTERS 

DMIR = 6.502 WIDTH.OF HELIOSTAT I N  METERS 

HGLASS = 37.932463 AREA OF GLASSIHELIOS. 

DGEO = 1 . / l o .  CELL SPACING FOR LOSE PRINTS 

CMW = 1 .44 CM OF ATMOSPHERIC WATER VAPOR 

REARTH = 6370. RADIUS OF EARTH I N  KILOMETERS 

HATMOS =. 8.430 HEIGHT OF ATMOSPHERE I N  KILOMETERS 

RH = REARTHIHAIMOS CONTAINS CONSTANTS FOR COST MODEL 

(100 MWE) 

CFIXD = 7.260E6 FIXED COST I N  DOLLARS 

CTOWR = 8.5E6*((HT-22. ) /308.  )**2 + 1.86E6*HI/315 

TOWER COST' 

C1.=  66. HELIO. COST' I N  $/M2 -- 1ST' OPTION 

C2 = 83. HELIO. COST I N  $/M2 -- 2IiD OPTION 

C3.= 100. HELIO. COST I N  $/M2 -- '3RD OPTION- 

FM1 = 45.6 FIGURE OF MERIT I N  $/MWH FOR C1 

FM2 = 53.4 . FIGURE OF MERIT I N  $/MWH FOR C2 

FM3 = 61.2 FIGURE .OF MERIT I N  $/MWH FOR C3 

CL .=.1.08 COST OF LAND I N  $/M2 

CW = 3.3.0 COST OF. WIRING I N  $/M. 

NF = .25 HELIOS./FIELD CONTROLLER 

BOILER.= 1.525 CONV&RAD. LOSSES 'IN MWIBOILER PANEL 



HEATER = .762 CONV&RAD. LOSSES I N  MWIPRE-HEAT PANEL 

HYEARS = 3 3 1 5 .  HOURSIYEAR FOR SUN ABOVE 1 5  DEG. . 

PREPAN = 3 HALF OF. PRE-HEAT PANELS 

ABSOR = . 9 5  ABSORPT- IV ITY 

REFLT = . 9 1 k 1 .  0 R E F L E C T I V I T Y  AND DUST 

3 . 5  S u m m a r y  o f  O u t p u t s  f r o m  RCELL 

L I S T I N G  FOR EXECUTIVE PROGRAM 

L I S T I N G  FOR RCELL I N P U T S  

. . OPTIMUM LOCATOR PLOT . 
. . 

' ZEROS FOR. a t E  = 0 

S T A R S  FOR E~ = E 

' O P T I M I Z E D  F I E L D  SUMMARY 

T R I M  CONTROL M A T R I X  

NUMBER OF H E L I O S T A T S I C E L L  

TOTAL NUMBER OF H E L I O S T A T S  

TOTAL AREA OF GLASS 

MAXIMUM.NUMBER OF H E L I O S T A T S I C E L L  

RCELL FACTOR 

AREA OF H E L I O S T A T  

INTERCEPTION FACTORS FROM ;RECEIVER PROGRAM AREA OF SEGMENTS 

SLANT DISTANCE FROM H E L I D S T A T  TO RECEIVER ' .LAGRANGIAN'  PARAMETERS FOR O P T I M I Z A T I O N '  

SAMPLE OF SUN P O S I T I O N S  FOR G I V E N  L A T I T U D E  TOTAL ENERGY I N  MWH/M2 FOR OPTIMUM. SPACINGS 

LOSS PARAMETER SUMMARY EQUINOON POWER I N  KW/M2 FOR OPTIMUM SPACINGS ' 

LOSSES/YR I N  MWH/M2 VERSUS DISP-LACEMENT FOR CELL (.I , J )  ACCURACY OF SOLUTION FOR. OPTIMUM SPACINGS 

OPTION FOR NEIGHBORHOOD. FRACTION OF ENERGY LOST FOR OPTIMUM SPACINGS 

I N P U T  ( x , y )  I N  H E L I O S T A T  WIDTH P A R T I A L  OF 'ENERGY BY DENSITY FOR OPTIMUM SPACI.NGS 

OUTPUT ( x , y )  I N  H E L I O S T A T  WIDTH . T R I M  R A T I O  FOR OPTIMUM SPACINGS 

OPTIMUM V A R I A T I O N  ( x , y )  . ( d i m e n s i o n 1  e s s  m u t l  i p l  i e r )  FRACTION OF GROUND. COVERED ( f )  F O R  OPTIMUM SPACINGS 

D A I L Y  KWH/M2 AND ANNUAL ' MWH/M2 FOR ZERO. S & B ORTHOGONAL COORDINATE ( t ) FOR .OPTIMUM, SPACINGS 

LOSS FRACTION ( 4  x 4)  ( A ~  i n  O p t i m i z a t i o n  N o t e s )  F I R S T  SPACING COORDINATE ( x )  FOR OPTIMUM ;SPACINGS 

TOTAL ENERGY ( 4  x 4 )  ('E i n  O p t i m i z a t o n  N o t e s )  SECOND SPACING COORDINATE (y ) FOR OPTIMUM SPACINGS 

LbGRANGIAN ENERGY ( 3  x 3 )  ( E + f a f E  i n  O p t i m . .  N o t e s )  

GRADIENT ENERGY ( 3  x 3 )  ( a f E  i n O p t i m i  z a t i o n  N o t e s )  PERFORMANCE SUMMARY AND COST BREAKDOWN 

TRAiISVERSE ENERGY ( 3  x 31 '  ( a f E  i n  o p t i m i z a t i o n  N o t e s )  EQUINOX POWER . 



AI~NUAL POWER 

FIXED COSTS 

TOWER COSTS 

.. . 

COLLECTOR FIELD OPTIMIZATION AND LAYOUT 

I .LAND COSTS 
1 .  W I R I N G  COSTS 

HELIOSTAT COSTS (3 op t i ons )  

TOTAL COSTS ( 3  op t i ons )  

FIGURE OF MERIT (3 op t i ons )  

3.6 Summary o f  Theo'ry f o r  RCELL 

cos t  o f  wirelm. AL i s  t he  area of 1  a n d l c e l l  , mc i s  t he  

f r a c t i o n  o f  c e l l  inc luded i n  t h e  f i e l d ,  and fc i s  t h e  

ground coverage i n  t he  inc luded p a r t  o f  t he  c e l l .  

AT i s  t h e t o t a l  area o f  g lass i n  t h e  c o l l e c t o r  f i e l d ,  

and i s  g iven ,by 

AT 5 C LAc = c  IrncfcAL y 

where 7 represents a sum over c e l l s  i n  t he  c o l l e c t o r  

f i e l d . c  The t o t a l  thermal energy i s  g iven by 

ET = LE,~, = s ~ ( ~ A ~ ~ ~ A ~ )  , 
C C 

where  is the  i n t e r c e p t i o n  f r a c t i o n  which i s  i n p u t  
L 

See Reference 1 f o r  a  complete d iscuss ion  of t h e  o p t i -  from t h e  PANEL f i l e ,  So i s  annual t o t a l  d i r e c t  beam 

m i z a t i o n  theory. The f i g u r e  o f  m e r i t  i s  g iven by i n s o l a t i o n  as discussed i n  appendix By  and i s  a 

F = C S / E T s  dimensionless e f f i c i e n c y  f o r  c e l l  c. hc depends on 

where ET i s  t h e  t o t a l  thermal energy ou tpu t  per  year  shading and b lock ing  events which can occur throughout 

and C, i s . t h e  re levan t  t o t a l  system c o s t  i n  d o l l a r s .  the  year .  
J 

The economic model g ives 

CS = Co + CH(AT + C+Ai) A t  t h i s  .po in t .  we..parametrize ' the  c o l l e c t o r  f i e l d  neigh- 
borhood a t  c e l l  c.  L e t  (xc,yc) represent  t h e  r a d i  a1 

C+ = :I+C +  BE$^^^' and azimuthal spacing coord inates i n  u n i t s  o f  h e l i d s t a t  
C C 

width.  We have 
a = CL/CH = .0164 

f c  = a c I ~ c ~ c  

6 = cwB/cH = .0145, . and i t  . i s  useful  t o  def ine a shape parameter 
2 2 

where Co i s  t he  f i x e d  cost ,  CH i s  t h e  c o s t . o f  tc = % ( X ~ - Y ~ ) .  . . 

he l ios ta ts /m2,  CL i s  t he  c o s t  o f  land/m2, and CW i s  t he  . so t h a t  . ' 



" c ( c c ' ~ c )  = hC( fC , tC ) .  

The f u n c t i o n s  ( f c y t c )  form, a  system o f  o r thogona l  hyper-  

x l a  as shown i n  F i gu re  4. 

* * 
Accord ing t o  ~ e f e r e n c e  1, a t  t h e  optimum p o i n t  (x;,yc), 

we have - * * 
w = ! J c ( x c Y ~ c )  

and * * 
0 = a t ~ - c ( x c y ~ c ) .  

where - 
!J ,= CH/(FS0) 

and 
P ~ ( x ~ ' Y ~ )  = (hC + fcafhc)nc. 

4.0 TYPICAL RESULTS FROM RCELL . . 

Tab le  2 snows a t y p i c a l  performance. summary f rom RCELL. 

The more i n t e r e s t i n g  ( x , ~ ' )  ou tpu t s  a re  p r i n t  p l o t t e d  by 

PLOT$. Some e a r l y  r e s u l t s  a r e  shown i n  F igures  5 and 6. 

Remember t h a t  RCELL may be i t e r a t e d  for t h r e e  -reasons: 

1. t o  converge t h e  i n p u t  f i g u r e  o f  m e r i t  t o  t h e  
I 

I. o u t p u t  f i g u r e  of m e r i t ;  

I 
2. t o  reduce t h e  s t e p  s i z e  i n  t he  sample o f  v a r i a -  

I t i o n s  i n  o r d e r  t o  b e t t e r  approximate a f  and a t ;  

and 

I 3 .  t o  converge t h e  o u t p u t  power on t h e  des ign day 

F igu re  4 The f u n c t i o n s  ( f , t )  fo rm a  system o f  
, . or thogoned hyperbo lac (xo,  y o )  a re  

i n p u t  coord ina tes  and (x ,y)  a re  
o u t p u t  ' coo rd i na tes  f o r  c e l l  geom'etry. 
Heavy 1  i nes  f o r  '$ and a t  x=O c o n d i t i o n s  
determine t h e  optimum. 
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t o  t h e  d e s i g n  requi rement .  ( T h i s  i s  ach ieved by t r y .  a t  s e l e c t e d ,  r e p r e s e n t a t i v e  p o i n t s  i n  t h e  c o l  1  e c t o r  
. .. a d j u s t i n g  t h e  tower  h e i g h t  and computing new f i e l d  w i t h o u t  r ega rd  f o r  t h e  i n t e r a c t i o n  between ne igh-  

PANEL f i 1 es . ) b o r i n g  c e l l s  which occurs  when an  a c t u a l  l a y o u t  i s  

On ly  t h e  s t e p  s i z e  ad justment  can a f f e c t  t h e  s c a t t e r  i n  a t tempted.  If each c e l l  w e r e  f i l l e d  with a  u n i f o r m  I 
I 

t h e  (x,Y) p l o t s  as shown i n  F igures  5  and 6 .  Exper ience f i e l d  hav ing  t h e  (x,y)  spac ing parameters o u t p u t  by 

shows t h a t  Some p o i n t s  w i l l  Converge as t h e  s t e p  s i z e  i s  RCELL t he  mismatch a t  eel 1  boundar ies would be  ve ry  

decreased b u t  most w i l l  n o t .  Th i s  i s  due t o  a c c i d e n t a l  i n  terms of d e l e t e d  h e l i o s t a t s .   he boundary 

shading and b l o c k i n g  behav io r  i n  c e r t a i n  c e l l s  which problem w i l l  s t i l l  occur  i f  an a t t emp t  i s  made t o  b lend  

cannot  be comple te ly  averaged ou t .  However, c a u t i o n  i s  t h e  be1 1  s  i n s t e a d  of fill i n g  them w i t h  u n i f o r m  a r rays .  

needed i n  these i n t e r p r e t a t i o n s  because t h e  sun sample Bu t  f o r t u n a t e l y ,  t h e  r e s u l t s  f rom RCELL i n d i c a t e  t h a t  

may n o t  be good enough i n  some cases. c i r c u l a r  f i e l d s  a re  ve r y  near  op t ima l ,  so t h a t  o n l y  

zonal  boundary problems occur .  F i gu re  7 shows t h e  

We.conclude t h a t  t h e  express ions 

x  = A/e + 0 + C e ,  

and 

where 
2 - 2  t e = t a n - l ( ~ , / ( x  + y  ) 

I 

r ep resen t s  t h e  c o l l e c t o r  f i e l d  geometry f o r  f i e l d  l a y -  

o u t ,  i n  terms o f  t h e  cons tan ts  A,  B, C ,  and 0. 

5.0 THE LAYOUT PROGRAMS 

5.1 I n t r o d u c t i o n  t o  t he  LAYOUT Programs 

The RCELL program determines t h e  c o l l e c t o r  f i e l d  geome- 

s t r u c t u r e  o f  t h e  LAYOUT programs. 

INPUTG 

+ 
MECHLIM 

f 
LAYOUT 4 (AIMS) 

F.igure 7. S t r u c t u r e  o f  LAYOUT Programs. 



5.2 The COMMECH sub rou t i ne  

The r e s u l t s  o f  t h e  RCELL o p t i m i z a t i o n  program suggests 

t h a t  t h e  f i e l d  o f  h e l i o s t a t s  f o r  t h e  commercial system 

c o n s i s t s  o f  c o n c e n t r i c  c i r c l e s  o f  h e l i o s t a t s  w i t h  t h e  

tower  a t  t h e  cen te r .  The sub rou t i ne  COMMECH i s  designed 

t o  u t i l i z e  t h e  i n f o r m a t i o n  p rov i ded  by RCELL t o  produce 

t h e  conimercial system's  s e t  o f  h e l i o s t a t  coo rd i na tes .  

I n  a d d i t i o n ,  a  minimum spac ing,  o r  mechanical l i m i t ,  i s  

imposed such t h a t  no two h e l i o s t a t s  a r e  a l lowed t o  be 

c l o s e r  t han  t h e  measure s p e c i f i e d .  

COMMECH i s  c a l l e d  by INPUTG, t h e  i n i t i a l i z i n g  and c a l l -  

i n g  program, and determines t h e  r a d i i  and azimuths o f  

t h e  c i r c u l a r  f i e l d .  A s t a r t i n g  r a d i u s  i s  t h e  l a r g e s t  

o f  a l l  c i r c l e s  t o  be generated. A  maximum az imutha l  

spac ing i s  chosen f o r  t h e  f i r s t  c i r c l e .  A r a d i a l  spac- 

i n g  f u n c t i o n ,  produced b y  RCELL, generates t h e  n e x t  two 

remains cons tan t  u n t i l  t h e  n e x t  zone i s  encountered. 

A zone con ta i ns  a group o f  success ive c i r c l e s  hav ing  

t h e  same number o f  h e l i o s t a t s  p e r  u n i t  az imutha l  ang le .  

Zone boundar ies occur  when two ne ighbo r i ng  c i r c l e s  have 

d i f f e r e n t  az imutha l  spac ings.  For  coun t i ng  purpcses, 

t h e  vec to red  v a r i a b l e  ISLIP i s  ass igned t h e  va lue  one 

f o r  t h e  f i r s t  c i r c l e  i n  each zone and i s  ze ro  f o r  a l l  

o t h e r  c i r c l e s .  The c i r c l e  p reced ing  t h i s  f i r s t  c i r c l e  

u s u a l l y  has d e l e t e d  h e l i o s t a t s  due t o  excess ive  b l ock -  

i n g  so t h a t  t h e  number o f  h e l i o s t a t s  on i t  i s  t h e  same. 

However, de l e tes  a r e  reckoned w i t h i n  ano ther  sub rou t i ne  

which c a l c u l a t e s  a c t u a l  coo rd i na tes  based on t h e  occur -  

rence o f  u n i t y  i n  t h e  ISLIP vec to r .  

Each zone i s  r e q u i r e d  t o  have an odd number o f  c i r c l e s  

t o  exped i t e  t h e  l a y o u t  o f  a  s y m e t r i c  f i e l d .  The ex- 

c e p t i o n  i s  t h e  l a s t  zone which te rm ina tes  a t  an e x c l u -  

c i  r c l  es , each .having t h e  same angu la r  spac ing between . . . s i o n  r a d i u s ,  No h e j  iosta. t< a r e  p e r m i t t e d  w i , th i  n  t h e  

t h e i r  h e l i o s t a t s .  Th.is process i s  repeated u n t i l  t h e  e x c l u s i o n  rad ius .  Should t h e  l a s t  c i r c l e  i n  a  zone 

az imutha l  spac ing a l ong  t h e  a r c  reaches. a  s p e c i f i e d  g i v e  t h a t  zone a n  even number o f  c i r c l e s ,  t h a t  c i r c l e  

minimum. A t  t h i s  po in t ,  the .  number o f  he1 i o s t a t s .  on . becdmes t h e  . f i r s t  c i r c l e  o f  .the n e x t  zone t o  meet t h e  I 

t h e  n e x t  c i r c l e  i s  reduced by some i n t e g e r  r a t i o  ( f o r  above.. requ i~rement  . 
example, 7 / 6  o r  4 / 3 ) .  T h i s  i s  t u r n  g i v e s  t h e  maximum 

az imutha l '  spac ing a l ong  t h e  a r c  f o r  t h e  f i r s t  c i r c l e  i n  ~ . ~ : ~ d d i t i ~ ~  t o  t h e  s t a r t i n g  r a d i u s ,  .which def ines t h e  

t h e  new zone as w e l l  as t h e n e w  angu la r  sepa ra t i on  which ohte+most c i r c l e ,  a  t r i m  v e c t o r  RSECT i s  ob ta i ned  from , 

0 

. . 
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RCELL.. RSECT con ta ins  t h e  ang le  a t ,  which each c i r c l e  

o f  h e l . i o s t a t s  te rn i i  nates. Th i s  angle i 's measured from 

due south.  For  ins tance,  if RSECT i s  45'' f o r  a  c e r t a i n .  

c i r c l e ,  i t  te rmina tes  Southeast o f  t h e  tower ,  and South- 

west of  t h e  tower due t o  t h e  symmetry o f  t h e  . f i e l d .  . ,  

T h i s  . e f f e c t . i s  expected f o r  t h e  Nor thern  l a t i t u d e s  

.where an optimum f i e l d  has more h e l i o s t a t s  No r th  o f . t h e  

tower.  RSECT can be i n p u t  as da ta  o r  can t ake  a  func- 

t i o n a l  form such t h a t  the. t r i m  angle i s  a  f u n c t i o n  o f  

rad5us. RSECT i s  never zero f o r  a  c i r c l e ,  because . 

t h e r e  i -s  a  road  south o f  t h e  tower which i s  c u r r e n t l y  

66 f e e t  wide. I f  t h e  i n p u t  f u n c t i o n  o r  data g i ves  zero, 

a  d e f a u l t  va lue  o f  t h e  RSECT i s  c a l c u l a t e d  based on 

t h e  i n p u t  w i d t h  o f  t h e  South road. 
. : . . . . 

Throughout t he  c a l c u l a t i o n  o f  r a d i i  and azimuths f o r  t h e  

f i e l d ,  mechanical l i m i t s  must be s a t i s f i e d .  The minimum 

spacing. between h e l i o s t a t s  on t h e  same c i r c l e  as d e t e r - . .  

mined f rom RCELL i s  w e l l  above t h e  l i m i t .  . Li .kewise 

he1 i o s t a t s  l o c a t e d  on a  r a d i a l  l i n e  f rom t h e  tower, a r e  . 

spaced we.11 above t h e  mechanical l i m i t  s i n c e  they  a r e  

separated by another  c i r c l e  o f .  he1 i o s t a t s  accord ing .  t o  

t h e  r a d i  a1 s tagger  procedure. The i n te rmed ia te  c i r c l e  

con ta ins  h e l i o s t a t s  t h a t  a r e  l o c a t e d  n e i t h e r  r a d i . a l l y  

n o r  t ange r i t i a l  l y  f r om a  given, r ep resen ta t i ve .  They a r e  

l o c a t e d  on a  d iagonal  o r  s p i r a l  t h a t  runs through t he  

f i e l d  and c o n s t i t u t e s  t h e  o n l y  i m p o r t a n t  c o n s i d e r a t i o n  

f o r  mechanical l i m l t s .  The d i s tance  t o  a  d iagonal  

n e i g h b o r i n g  h e l i o s t a t  i s  c a l c u l a t e d  a t  each c i r c l e  as 

t he  r a d i i  a r e  be ing  cons t ruc ted .  I f  t h e  d i s t a n c e  i s  

s h o r t e r  than  t h e  l i m i t ,  t h e  r a d i u s  o f  t h e  i n n e r  c i r c l e  

i s  reduced u n t i l  t h e  mechanical l i m i t  i s  s a t i s f i e d .  

Then t h e  c a l c u l a t i o n  i s  repeated f o r  t h e  c i r c l e  o f  

reduced rad ius ,  . unt . i  1  a1 1 diagonal  r a d i  i a r e  p r o p e r l y  

separated. T h i s  i nc l udes  t he -more  compl i ca ted  compu- 

t a t i o n  i n v o l v i n g  those c i r c l e s  near  a  zone boundary 

which may. have changed, azimuths i n  t h e  v i c i n i t y  o f  a  

d e l e t e d  he1 i o s t a t .  See F igu re  8. 

The f i e l d  i s  c u r r e n t l y  d i v i d e d  i n t o  e i g h t  45' sec to r s .  

Based upon t h i s  c i r c l e - s e c t o r  c e l l  model, t h e  f o l l o w i n g  

ou tpu t s  a r e  produced i n  a d d i t i o n  t o  those  mentione'd 

above: The 'ground area p e r  c e l l  and t h e  number o f  he- 

l i o s t a t s  per  c e l l  a r e  d i s p l a y e d  as we1 1  as t h e  f r a c t i o n  

o f  ground covered by h e l i o s t a t s  i n  each c e l l .  Frac- . .  

. t i o n a l  (1,J) values .are a l s o  o u t p u t  f o r  c o r r e l a t i n g  t h e  ; 

l o c a t i o n  of  t h e  c i r c l e - s e c t o r  c e l l s  w i t h  t h e  (1 , J )  

c e l l s  f rom t h e  RCELL program.. 

COMMECH generates t h e  r a d i u s  o f  each c i r c l e ,  t h e  a z i -  

muth, t h e  RSECT and ISECT vec to r s  and NROW, which i s  

t he  number o f  c i r c l e s .  COMMECH ou tpu t s  t o  a sub rou t i ne  
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5.3 The COMMLAYOUT Subrout ine 

The a c t u a l  (x ,y)  coord ian tes  f o r  t h e  commerical f i e l d  

a r e  generated by t h e  subrou t ine  COMMLAYOUT.  h he sub- 

r o u t i n e  i s  c a l l e d  by COMMECH which supp l i es  t h e  in fo rma-  

t i o n  needed t o  produce coord inates.  I f  a iming p o i n t s  

f o r  t h e ' h e l i o s t a t s  a r e  supp l i ed  i n  terms o f  (1,J) o r  

c i r c l e - s e c t o r  c e l l  l o c a t i o n s ,  each h e l i o s t a t .  can a l s o .  

have a' s p e c i f i c  a iming p o i n t  assigned ' t o  i t  i n  terms o f  

a  p o s i t i v e  o r  nega t i ve  v e r t i c a l  d isplacement on t h e  r e -  

c e i  ver.  

The main p o r t i o n  of COMMLAYOUT c o n s i s t s  o f  a  l oop  which 

runs  f rom one t o  NROW, t h e  number o f  c i r c l e s  i n  t h e  

f i e l d .  A t  each c i r c l e  t h e  p roper  i n t e r n a l  sub rou t i ne  i s  

c a l l e d  accord ing  t o  t h e  p o s i t i o n  o f  t h e  zone boundaries 

as determined by ISLIP. Once a  s p e c i f i c  s e t  o f  azimu- 

t h a l  s l i d e s  and d e l e t e d  h e l i o s t a t s  has been determined 

f o r  t h e  chosen zone r a t i o s ,  i . e . ,  716 o r  413, s p e c i f i c  

i n t e r n a l  subrou t ines  can be cons t ruc ted  and c a l l e d  when 

app rop r i a te .  

The i n t e r n a l  subrou t ines  a r e  s imp le  i n  p r i n c i p l e  s i nce  

a l l  t h e  h e l i o s t a t s  a r e  cons t ra i ned  t o  a  c e r t a i n  r a d i u s .  

Th i s  leaves o n l y  t h e  azimuth t o  be determined i n  l i g h t  
< 

o f  h e l i o s t a t  de le tes ,  s l i d e s  and t h e  t r i m  angles con- 

t a i n e d  i n  RSECT. The f i r s t  and l a s t  c i r c l e s  i n  a  zone 

a r e  begun a  f u l l  az imuthal  spac ing o f f  ' o f  due No r th  

and con t i nue  c lockwise  u n t i l  the. t r i m  angle i s  encoun- 

tered: Between t he  f i r s t  and l a s t  c i r c l e s  o f  a  zone, 

t he  s t a r t i n g  p o i  n.t ,a1 t e r n a t e s  between a  ha1 f and f u l l  

az imuthal '  spacing. o f f  o f  due i l o r t h .  Th is  r e s u l t s  i n  

' t h e  r a d i a l  s tagger  l a y o u t .  H e l i o s t a t  l o c a t i o n s  due 

No r th  o f  t h e  tower a r e  n o t . i n c l u d e d  because a  No r th  

road  i s  assumed. 

An a im ing  p o i n t  i s  assigned t o  a  h e l i o s t a t  based on 

i n p u t  da ta  f o r  (L,J) o r  c i r c l e - s e c t o r  c e l l s .  A f t e r  t h e  

(x ,y)  l o c a t i o n  has been ca l cu la ted ,  t he  h e l i o s t a t  i s  
determined t o  l i e  w i t h i n  a  c e r t a i n  c e l l  which i s  asso- 

c i a t e d  w i t h  an a iming p o i n t .  The a iming p o i n t s  a l t e r -  

na te  i n  s i g n  a long  a  c i r c l e  i n c o r p o r a t i n g  t h e  two p o i n t  

h i  gh-1 ow a iming s t r a tegy .  

The coord ina tes  and a im ing  p o i n t s  a r e  dumped t o  a  tape  

and/or p r i n t  f i l e  one c i r c l e  a t  a  t ime. For  t h e  symme- 

t r i c  Western h a l f  o f  t h e  f i e l d ,  which i s  n o t  ou tpu t ,  

one need o n l y  r ep lace  t h e  p o s i t i v e  y coord ina tes  by 

t h e i r  negat ives.  



APPENDIX A . .  REMARKS CONCERNING THE SEL/UH COMPUTER 

PROGRAM REFERENCE MANUAL AND CODE CENTER 

dav ing  j u s t  g i ven  o u t  cop ies o f  t h e  Reference Manual, 

l e t  me hasten t o  add t h a t  a1 1  suggest ions i n  . regard t o  

t h e  code cent,er and t h e  Reference Manual a re  welcome. 

The manual w i l l  serv.9 t o  i d e n t i f y  programs. I t  w i l l  

p r o v i d e  a  c u r r e n t  1  i s t  o f  re fe rences ,  and i t  can serve  

as a l o g  f o r  i n g o i n g  and' ou tgo ing  programs a t  t h e  code 

c e n t e r .  I have made an e f f o r t  t o  o rgan ize  t h e  v a r i o u s -  

approaches t o  t h e  s i m u l a t i o n  problem. There i.s a l s o  a  

1  i s t  o f  components which a re  r e q u i r e d  by t he  centra.1 

r e c e i v e r  system model. Obv ious ly ,  t h i s  l i s t  needs 

en1 a rg i ng .  

. . 

APPENDIX B. ANNUAL INSOLATI.ON VERSUS LATITUDE AND 

STARTUP ANGLE 

A t  t h e  end o f  t h e  manual t h e r e  a r e  t h r e e  e x t r a  t a b l e s .  

which can be .cons idered  as desse r t  a f t e r  a  s-alad . o f .  . 

programs. The t ab1  es g i v e  annual sun1 i g h t  hours,  annual 
. 

d i r e c t  beam energy a t  normal i nc i dence  and .annual 

d i r e c t  beam energy a t  ho r i zona l  i n c i dence  versus l a t i  - . 
t ude  and s t a r t u p  angle .  :Each e n t r y  represen ts  an i n t e -  

g r a l  over  t h e  y e a r  f o r  a ' g i v e n  l a t i t u d e  and s t a r t u p  

. PROCEEDINGS--SOLAR WORKSHOP . 

ang le :  S t a r t u p  ang le  d e l i m i t s  t h e  d a i l y  t i m e  i n t e g r a l s  

t o .  t h a t  p o r t i o n  o f  t h e  day f o r .  whi'ch t h e .  s o l a r  el.eva- 

t i o n  ang le  exceeds t h e  s t a r t u p  angle: D i u r n a l  .and 

annual mot ion  a re  un i f o rm  b u t  s o l a r  o b l i q u i t y ,  d e c l i n -  

. a t i o n  and mean' l o n g i t u d e  f o l l o w  t h e  N a u t i c a l  Ephemeris 

Handbook formulas.  Compensation f o r  v a r y i n g  s o l a r  

d i s t a n c e  i s  i n c l u d e d  b u t  t h e  y e a r  i s  symmetrized about  

t h e  s o l s t i c e s  which m is represen ts  s o l a r  d i s t a n c e  t o  

.some ex ten t .  These t a b l e s  r ep resen t  a  guassian quad- 

r a t u r e  based on 35 po in t s / day  and 37 days lyear .  The 

i n t e g r a t e d  s u n l i g h t  hours would be exact ,  except  f o r  

e f f e c t s  due t o  t h e  equa t ion  o f  t i m e  which render  t h e  

n o r t h  and sou th  l a t i t u d e s  s l i g h t l y  asymmetric. The 

d i r e c t  beam i n s o l a t i o n  a t  normal i nc i dence  i s  based on 

A l l e n ' s  c l e a r  a i r  model which i s '  somewhat o p t i m i s t i c .  

We have assumed sea l e v e l  and 1.44 cm o f  water .  

I t  i s  i n t e r e s t i n g  t o  cons ide r  t h e  s t a r t u p  l osses  a t  35' 

o f  l a t i t u d e ,  assuming a  15' s t a r t u p  angle .  The t a b l e s  

show 

22.0% l osses  f o r  t h e  s u n l i g h t  hours,  

13.3% losses  f o r  t h e  d i r e c t  beam a t  normal 

inc idence ,  and 

3.7% losses  f o r  t h e  d i r e c t  beam a t  h o r i z o n t a l  

i nc idence .  

The c e n t r a l  r e c e i v e r  system makes reasonably  e f f i c i e n t  
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use of the, d i r e c t  beam. a t  .normal inc idence  so t h a t  t h e  e f f i c i e n c y  o f . g l a s s  use becomes- 

13.31 f i g u r e  becomes a rough es t ima te  o f  s t a r t u p  losses.  nG = (Pt/AT)/FN 

N o t i c e  t h a t , . t h i s  i s  t h e  l a r g e s t  s i n g l e  l o s s  i n  t h e  sys- = 1.76513.214 = 54.9% 

tem, except  f o r  t he  ,sun1 i g h t  which h i t s  on t h e  ground.. C lea r l y ,  FH/Fr4 = ,627, and 

The ques t i on  o f  l and  use can be cons idered as fo l lows .  

A t y p i c a l  c e n t r a l  r e c e i v e r  system may d e l i v e r  a  t o t a l  

thermal  power Pt = 1.534 x  l o6  MWHIYR a t  t h e  base o f  t h e  = 22.9% . 
6 2 tower.  Th i s  system requ i res  .869 x 10 m of g lass  a t  We fee l  t h a t  t h i s  i s  an adequately good use o f  land ,  

a  ground coverage of .261, so t h a t  t h e  t o t a l  l a n d  used and compares f a v o r a b l y  t o  photosynthes is .  

i s  g i ven  by , 

6 6 2 AL = .869 x  10 /.261 = 3.33 x  10 m . 
Consequently, t h e  energy'  d e n s i t y  - o f  useful  thermal power REFERENCES 

p e r  square meter o f  l a n d  i s  g iven  by 

'TI~L = 1.534 x  10~13 .33  x  l o 6  (1 )  Lfpps, F.W., and L.L. Vant-Hul l ,  A C e l l w i s e  

= ,461 M W H / ~ ~ Y R ,  Method f o r  t h e  Op t im i za t i on  o f  Large Cent ra l  Receiver  
2  which compares t o  2.014 MWH/m YR f o r  t h e  annual d i r e c t  - Systems, accepted by SOLAR ENERGY. 

beam a t  h o r i z o n t a l  inc idence,  35' l a t i t u d e  and 15' o f  

s t a r t u p .  The e f f i c i e n c y  o f  l a n d  use becomes 

= .461/2.014 = 22.9%. 

F o i  a  comparison we can fo rmu la te  t h e  e f f i c i e n c y  o f  

g l ass  use as f o l l o w s .  ' From t h e  t ab les ,  we see t h a t  
2  FN = 3.214 MWH/m YR a t  normal inc idence ,  

and 
2 F,, = 2.014 MWH/m YR a t  ho r i zona l  inc idence  

assuming 35' l a t i t u d e  and 15' o f  s t a r t u p  angle.  The 



CONCLUDING DISCUSSION 

INTRODUCTION 

The two-day workshop concluded wi th  a  genera l  

d i scuss ion  Thursday af te rnoon,  August 11. The d i s -  

cuss ion  covered a  number of i s s u e s  summarized i n  t h e  

fol lowing pages. Major p o i n t s  of d i scuss ion  he re :  

1. The d e s i r a b i l i t y  of . a d d i t i o n a l  workshops 

sha r ing  information on Ce,ntral Receiver Systems. 

2. The es tab l i shment  o f  a b ib l iography of m a t e r i a l s  

r e l a t e d  t o  Cen t r a l  Receiver Opt ics :  e .g .  EP3A r e p o r t s ,  

p u b l i c a t i o n s  by t h o s e  working i n  t h e  f i e l d ,  and re-  

l a t i v e l y  i n a c c e s s i b l e  information from abroad, such 

a s  Russian papers .  

I 3 .  Standa rd iza t ion  o f  terms i n  a  g lossary .  

4. Standa rd iza t ion  of  terminology i n  t h e  t rea tment  

of rad iometr ic  q u a n t i t i e s .  

5 .  Prepa ra t ion  of  a  s tandard  s e t  of i n i t i a l  i npu t s  

' t o  enable  v a l i d  comparisons o f . d i f f e r e n t  models, 

such a s  programs s i m i l a r  t o  MIRVAL. 

6 .  The need t o  c o r r e l a t e  simulations wi th  we l l  in- 

strumented and w e l l  def  iried experiment s .  

7. The need t o . e s t i m a t e  t h e  accuracy of a  r e s u l t ,  

f o r  example, by keeping- t rack  of thenumber  of cones 

c p n t r i b u t i n g  t o  a p a r t i c u l a r  answer. 

8.  A v a i l a b i l i t y  of  codes and t h e  e x t e n t . t o . w h i c h  d a t a  

a r e  of a , p r o p r i e t a r y  na tu re .  

9. Maintenance of codes f o r  r e t r i e v a l  i n  a nationwide 

system. w.ith t he . . c rpab . i l i t y  of a l lowing t h e  programmer t p  . 

.- update daca [code c e n t e r ] .  

10. Provis ions  f o r  inc luding  information about sucess- 

f u l  t r a r x f e r s  of:a code from one .computer t o - a n o t h e r  i n  

t h e  c e n t r a l  d a t a  bank [code c e n t e r ] .  

11. ' Code. Exchange. "standard" For t r an .  

12.  A common I n s o l a t i o n  Model. 

13 .  The pub l i ca t ion  of an aper iodic  news le t t e r  t o  i n -  

volved and i n t e r e s t e d  personnel  and . f i rms . .  

14. Problems i n  s tudying s t o c h a s t i c  da t a  ir: t h e  analy-  

s i s  of f l u x  d i s t r i b u t i o n s ;  problems i n  determining t h e  

e f f e c t s  of sys temat ic  o r  s t o c h a s t i c  process  .on f lux."  

d i s t r i b u t i o n s  and on o v e r a l l .  system per f  ormznce .. 
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1. The d e s i r a b i l i t y  o f  a d d i t i o n a l  workshops sha r ing  

information on Cent ra l  Receiver Systems. . . 

The establ ishment  of  a b ib l iography o f . m a t e r i a l s  

r e l a t e d  t o  Cent ra l  Receiver o p t i c s :  e. g. ERDA' r e -  

p o r t s ,  pub l i ca t ions .  by those  working i n  t h e  f i e l d ,  

and r e l a t i v e l y  inacces s ib l e  information from 

abroad, such a s  Russian papers .  

S t anda rd iza t ion  of  terms i n  a g l o s s a e .  

p repara t ion  of  a s tandard  s e t  of i n i t i a l  i n p u t s  t o  

enable  v a l i d , c o m p a r i s o ~ s  of  d i f f e r e n t  models, a s  

formulated i n  programs such as MIRVAL. . . 

Roy Lee, Sandia Labora tor ies :  I would l i k e  t o  thank 
a l l  t h e  speakers  and p a r t i c i p a n t s .  I f e e l  it has been 
very  u s e f u l  and very  h e l p f u l  t o  l i s t e n  t o  a l l  t h e  
d i f f e r e n t  t a l k s  on codes and techniques.  I t h i n k  it 
has been a very  u s e f u l  workshop, and I ' d  l i k e  t o  s e e  
o t h e r s  organized i n  t h e  f u t u r e .  I n  t h e  l a s t  two days, 
people .have  t a l k e d  t o  me about p o s s i b l e  t h i n g s  t h a t  we 
might want t o  d i scuss .  For example, Professor  Riaz 
had mertioned a p o s s i b l e  s e t  of s tandard  inpu t s  f o r  
code v e r i f i c a t i o n  among t h e  d i f f e r e n t  codes. 

Prof .  M .  Riaz,  Electrical Engineering Department, 
Univers i ty  of Minnesota: Well, I ' v e  a l i s t  of  fou r  
i tems t h a t  I thought might be of  some i n t e r e s t .  
F i r s t ,  everybody who a t t e n d s  he re  might provide Lorin 
Vant-HCL1 wi th  a complete l i s t i n g  of r e f e rences  t h a t  
can be  added so  t h a t  we have a l i b r a r y .  Probably most 
of t h e  people working i n  t h e  f i e l d  a r e  he re  and y e t  
a r e  not always aware o f  what everybody e l s e  i s  doing. 
The l i s t  should inc lude  a v a i l a b l e  l i t e r a t u r e ,  not  
i n t e r n a l  memos; c e r t a i n l y  ERDA r e p o r t s  and l i t e r a t u r e  
you have discovered from abroad t h a t  o t h e r s  may not  
know o f ,  Russian o r  French papers ,  f o r  example. 

Riaz: -Tha t ' s  one s e t  o f  comments. The o t h e r ,  which I 
have mentioned, i n  p a r t ,  was some s o r t  o f  a sugges t ive  
g los sa ry  o r  nomenclature of terms so  t h a t  t h e r e  might 
be some s o r t  of s t anda rd iza t ion ;  so  we ag ree ,  f o r .  
example, whether zero degrees i s  no r th  o r  south  and 
whether an angle  g ives  a l t i t u d e  wi th  respec. t  t o  t h e  
v e r t i c a l  o r  t h e  h o r i z o n t a l ;  I can never be q u i t e  su re .  

Riaz: Then it appeared t o  me t h a t  we've seen  a number 
of approaches and very  similar answers i n  many cases .  
A t  l e a s t  f o r  my own e d i f i c a t i o n  as an o u t s i d e r ,  I 
would l i k e  t o  s e e  a comparison even tua l ly  be ing  per- 
formed. T h a t ' s  perhaps t h e  i d e a  of  MIRVAL. I ' d  l i k e  
t o  suggest  t h a t  t h e  comparison can be done by hypothe- 
s i z i n g  a case  where we a l l  agree  on an a r b i t r a r y  s e t  



. Standard iza t ion  of terminology i n  t h e  t rea tment  of  

of  rad iometr ic  q u a n t i t i e s .  

of i npu t s  s imp l i f i ed  a t  t h e  o u t s e t  and s e e   hat t h e  
outputs  a r e .  Let me j u s t  t a k e ,  f o r  example, Alb- 
uquerque. w e  know t h e  s i z e  of t h e  m i r r o r s , ' a n d  we know 
where they  a r e ,  and we've decided on a  tower and a  
p a r t i c u l a r  r e c e i v e r .  With a  c e r t a i n  s e t  of assump- 
t i o n s ,  no g ~ i d a n c e ,  no t r a c k i n g  e r r o r  t o  s t a r t  w i th ,  

. l e t ' s  compare. some of t h e s e  ou tpu t s  t h a t .  y o . ~ ' l l  have 
a v a i l a b l e ,  using t h e  same i n s o l a t i o n  models sp ' t h a t  
one can s e e  t h e  f e a t u r e s  i n  terms .of l eng th  of t ime 
taken .  T h a t ' s  something t h a t  would be very u s e f u l  
f o r  an o u t s i d e r  l i k e  myself ,  and, I would assume, f o r  
ERDA, a s  we l l .  

R.  H .  McFee, McDonnell Douglas: I am su re  we would be 
very happy t o  p a r t i c i p a t e  i n  running a  problem which 
has been submitted t o  va r ious  o rgan iza t ions .  Another 
a r e a ,  t o o ,  I th ink  t h a t  r e a l l y  needs t o  be cleaned up 
i s  t h e  proper  terminology i n  what we c a l l  rad iometr ic  
q u a n t i t i e s .  As an example, when you a r e  t a l k i n g  about 
wa t t s  per  square meter on t h e  su r f ace ,  you may t a l k  
about f l u x  dens i ty .  You t a l k  about power r ~ c e i v e d ;  
you t a l k  about f l u x .  This  has been used very care-  
l e s s l y .  I d o n ' t  t h i n k  i t ' s  n i t p i c k i n g ;  I t h i n k  it i s  
a bas i c  t h i n g  t h a t  should be considered s e r i o u s l y  t o  
e f f e c t  proper communications. Use t h e  propor terms 
when we a r e  d i s c ~ s s i n g  var ious  q u a n t i t i e s  wo wish t o  
inter-compare. 

P a r t i c i p a n t :  Along t h a t  l i n e  of t h e  sample problem, 
i t  would be n i ce  i f  t h e  sample problem could b e s e l e c -  
t ed  a s  one where measurements were e i t h e r  on t h e  way 
o r  planned because we g e t  var ious  ranges of  r e s u l t s .  
The experiment might p lay  a  r o l e  i n  dec id ing  which 
model i s  b e s t ,  r z t h e r  than  t r y i n g  t o  argue it out  i n  
pure modeling. 

C .  L .  Laurence, Aerospace Corp.:  Yes, 1 r e a l l y  f e e l  
t h e  u l t i m a t e  determinat ion should be whether o r  not  it 
agrees  wi th  what we would consider  t o  be t h e  b e s t  
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avai lable  experimentation. 

McFee: Well, what i f  i t ' s  not a clear-cut  experiment. 
This i s  n ~ t  an easy thing t o  come by because you may 
f ind  it i s  very difficult t o  r e a l l y  know the  para- 
meters under which t he  experiment i s  conducted. 

I Lee: That 's  what we do a t  t he  t e s t  s i t e .  

6. The ne'ed t o  cor re la te  simulations with well ins t ru-  Par t ic - ipant :  .It. took them a long time t o  correlate.  
the  r e s u l t s  of t h e  Odellio t e s t .  

mented and well defined experiments. 

George G. Schrenk, Department o f  Mechanical Engineer- 
ing,  U n i v e r s i t y  of Pennsyl vania: But it i s  c e r t a i n l y  
b e t t e r  t o  work against  the  experiment as  a check, even 
though you woula ra ther  argue against  one another f o r  
models. 

Let?: That ' s  why 1 suggested t h e  t e s t  a t  Albuquerque 
a s  a reference. 

Charles N. V i  tti tae, Sandia Laborator ies,  A1 buquerque: 
[~easurement i s ]  one place where we learned from 
Odellio, For our  t e s t s  the re ,  we had b u i l t  spec i f i c  
pieces of measuring equipment t h a t  we had gone t o  
great  pains t o  make a s  accurate as  we possibly could 
fo r  measuring f u l l  f i e l d  i n t ens i t i e s .  So a t  Albu- 
querque, ( t h e  SMW STTF) we w i l l  have t h e  capab i l i ty  t o  
give you a wide se lect ion of data of what's going on. 
We have, fo r  instance,  equipment t o  measure aerosols 
i n  t he  a i r ,  i f  you want t o  include t h a t .  

We have a circumsolar telescope there .  We can get  t h e  
da ta ta t  t he  same time. We'll have a measuring system 
which w i l l  be avai lable  i n  t he  same November or  
December time frame, as  v i l l  the  f i e l d  h e l i o s t a t s ,  
which could be used t o  measure an actual  f u l l  f i e l d .  
And, of course, we have t h e  conventional equipment 
such a s  pyreheliometers, Eppleys, a s  wel l  a s  a Kendall 



(which i s  a much more accu ra t e  i n s t rumen t ) .  And a 
wide range of ins t rumenta t ion  c e r t a i n l y  w i l l  be  a v a i l -  
a b l e  i n  a November o r  December t ime frame. 1 t h i n k  we 
could g ive  you good information and probably more than  
you could use.  

.Lee: I t h i n k  confirmation of e ~ e r i m e n t a l  d a t a  i s  
probably t h e .  b e s t  t e s t .  On t h e  o the r  hand, some 

' t i m e s  it might be kind of a complex type  o f . t h i n g . t o  
s e t  up t o  go i n  terms of i n s o l a t i o n ,  ' e t c  . . 

V i t t i t o e :  Seems t h e r e ' s  a need f o r  s e v e r a l  t ypes  of  
t e s t s ,  t o o ,  because t h e r e  a r e  s e v e r a l  p a r t s  t o  a l l  t h e  
codes--msybe a one f a c e t  t e s t ,  a one h e l i o s t a t  t e s t ,  . . 

and a one f i e l d  t e s t .  

Schrenk: I concur wi th  t h a t ;  I t h i n k  t h e r e i n  l i e s  t h e  
t e s t  of t h e  bas i c  models. It i s  b e s t  not  t o  compound 
t o o  many t h i n g s  t o g e t h e r  a t  t h e  s t a r t .  Deal wi th  a 
s i n g l e  h e l i o s t a t  o r  a s i n g l e  concent ra tor .  Deal w i th  
something t h a t  you can we l l  de f ine .  Then worry about 
bu i ld ing  up t h e  f i e l d  complexi t ies ,  t h e  shading and 
blocking,  and a l l  t h e  o t h e r  t h i n g s  you a r e  going t o  
f o l d  i n t o  t h e  systems model. 

McFee: This w i l l  be s e t  up i n  st .ages.  . . .  

..Schrenk: ' y e s ,  S e t  up i n  . s tages  and concen t r a t e  . f i r s t  

.Fiit.h t h e  b a s i c  problems. . . 

. . 
.Lee: And then ,  maybe t h e  f i n a l  stages-- 

I . . 
P a r t i c i p a n t : .  The f i n a l  s t a g e s  w i l l  be  wi th  t h e  t o t a l  
sys t em ' tha t  you w i l l  s imula te  a s  f a r  a s  t h e  thermal .  
system. 

7. The need t o  ,estimate.  t 'he accuracy of a r e s u l t ,  f o r  Schrenk: One s p e c i f i c  comment.. cont inuing  along t h i s  
l i n e  bu t  toward s p e c i f i c s  on t h e  codes, t hose  codes 

example, by keeping t r a c k  of t h e  number of cones . . ' .  t h a t  use  cone concepts .  We've s e e n ' a  l o t  of approxi- 
c o n t r i b u t i n g  t.0 a p a r t i c u l a r  answer. ., 

. . 
. , 

PROCEEDINGS--SOLAR WORKSHO:P 
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mations of curved su r faces ,  p laner  su r faces ,  and so 
f o r t h ,  by s i n g l e  cones. I ' d  l i k e  t o  urge a word of  
caution i n  t h i s  respect .  I f  your image s i z e  i s  l a r g e  
compared t o  t h e  f a c e t s  you ' re  approximating by a 
s i n g l e  cone . . . t h a t ' s  a necessary condi t ion  f o r  
you .  approximation t o  hold; i t ' s  not a s u f f i c i e n t  
condit ion.  And t h e  reason I say i t ' s  not s u f f i c i e n t  
i s  t h e  f a c t  t h a t  you've go; t o  be near t h e  zone of 
focus. I f  you g e t  away from t h a t ,  you're going t o  
ge t  approximation e r r o r s ,  and you're going t o  approxi- 
mate, f o r  example, a smooth surface  by planes and, 
depending on how you subdivide it, you ge t  q u i t e  
d i f f e r e n t  r e s u l t s  and s c a t t e r  a s  you get  away from 
the  f o c a l  zone. So a suggestion I ' d  l i k e  t o  make a s  
a handle f o r  accuracy, a back of t h e  envelope ap- 
proach, i s  keep t r a c k  of t h e  number of  cones con- 
t r i b u t i n g  t o  a p a r t i c u l a r  answer. 

McFee: Oh, yes,  I agree with t h a t .  

Schrenk: So that.  i f  you've got t e n  cones a s  a back 
of t h e  envelope approximation t o  a p a r t i c u l a r  answer, 
wel l ,  i f  you add one more, t h a t ' s  t e n  percent .  A 
very simple approximation. On t h e  o ther  hand, i f  you 
have two cones., beware. That gives you a judge a s  an 
approximation and it would be use fu l ,  I th ink ,  t o  
know some of these  numbers. Perhaps, some people a r e  
already bringing them o u t ,  bu t  I th ink  i t ' s  u s e f u l  a s  
a genera l  r u l e  t o  deal  with t h i s  type of number a s  a 
f e e l  f o r  approximate accuracy. 

Lee: You- cer ta inxy want t o  look a t  t h e  s e n s i t i v i t y  
. - [ t o  consider]  how good t h e  approximation i s .  

2. The establishment of  a. bibliography of  ma te r i a l s  Lee: Here's another  a rea .  P h i l l i p  Torvinen, not 

r e l a t e d  t o  Central  Receiver o p t i c s :  e.g. ERDA re- here now, mentions [ s e t t i n g ]  up a bibl iography,  a s  
Professor Riaz a l s o  mentioned. I wonder where we 

p o r t s ,  publ ica t ions  by those  working i n  t h e  f i e l d ,  should have t h a t  s e t  up. Where i s  t h e  c e n t r a l  p lace  
. t h a t  we can put [ i t ] ?  Houston w i l l  have t h e  code 



and r e l a t i v e l y  i n a c c e s s i b l e  information f r o n  

abroad,  such as 'Russian papers .  

13. The publ ica t ion '  o.f an aper iodic  news le t t e r  t o  , i n -  

volved and i n t e r e s t e d  personnel  and f i rms .  . . 

11. Code Exchange. "Standard" For t ran .  . 

c e n t e r . ,  I was wondering whether t h e  documentation 
should a l s o  be a p a r t  of t h e  c e n t e r .  

Vant -Hu l l  : Perhaps. I a m  s u r e  we w6uld be  w i l l i n g  
t o  do t h a t .  

Schrenk: . I n  t h a t  r e s p e c t ,  a news le t t e r  o r  pe r iod ic  
pub l i ca t ion  t h a t  would c a r r y  t h i s  type  ,of information 
could 5e  very u s e f u l .  . 

Lee: l e r h a p s  i.t would be a ,good idea  [no t  . t o  pub l i sh ]  
un less  information had been obta ined  and [" rs t ]  
c i r c u l a t e d  around. 

' . V a n t - H u l l : .  Something l i k e  an. ape r iod ic  update t o  t h e  
r e f e rence  volume on our e x i s t i n g  codes which Fred 
Lipps :Solar  Energy Laboratory,  Univers i ty  of  ousto on] 
d i s t r i b u t e d  e a r l i e r .  

Schrenk: And along wi th  t h a t ,  it could c a r r y  l i s t i n g s  
of dif'erent programs, whether they  would be i n  a 
code c e n t e r  o r  n o t .  Also, a synopsis  of d i f f e r e n t  
people working i n  d i f f e r e n t  a r e a s  would be u s e f u l .  
What codes a r e  around? [Are they ]  i n  your l i b r a r y  o r  
no t?  What a r e  t h e  d i f f e r e n t  codes around? And who 
has them? What's t h e  purpose of  each code? 

A v a i l a b i l i t y  of  codes and t h e  ex t en t  t o  which d a t a  . L e e :  Another a r e a  t h a t  q u i t e  a l o t  of people a r e  
asking about i s  t h e  code exchange, of course ,  and 

a r e  of a p r o p r i e t a r y  na ture .  
t h e r e  a r e  l o t s  of problems i n  r e l a t i o n  t o  code ex- 
change. One of t h e  primary problems i s  t h e  propr ie -  
t a r y  type  problem. I was wondering, j u s t  a s  a ma t t e r  
of c u r f o s i t y ,  [ i f ]  t h a t  wasn ' t  q u i t e  decided on by 
each ind iv idua l  con t r ac to r  o r  company. How many of  
those  codes a r e  a c t u a l l y  p r o p r i e t a r y  and how many a r e  
a c t u a l l y  going t o  be r e l ea sed  t o  t h e  pub l i c?  

McFee: Our: code [ ~ c ~ o n n e l l  ~ o u g l a s ]  a t  t h e  p re sen t  
' t ime i s  . . . considered t o  be b a s i c a l l y  p r o p r i e t a r y .  

. . 
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However, I th ink t he r e ' s  a good chance t h a t  t he  
management w i l l  make a decision t o  make it ava i lab le  
on some s o r t  of bas i s .  I can ' t  say  myself at t he  
present  time. 

Lee: I assume the  Houston code w i l l  be released t o  
the  public.  

Vant-Hul 1 : You bought it. [ laughter]  O r  paid fo r  
it, anyway. 

Lee: How about t h e  Honeywell code? 

Gary S m i t h ,  Honeywell , Inc. : We delivered t h a t  t o  
r n A  . 
Lee: So t h a t  w i l l :  be public domain. How a b u t  
Boeing? 

Mark' -Rubeck, Boei ng Engineering '& Construction: 
Boeingls.code i s  a l so  ERDA property now. Tha&.'s the  
s imulat ion~code.  The optimization program i s ,  proprie- 
t a ry .  

Lee: The optimization i s  propr ie tary .  Le t ' s  see,  
what e l se?  

Fred Lipps, Solar  Energy Laboratory, University o f  
Houston: T h e t w o  Sandia codes. I take  it they ' re  
both non-proprietary. 

Lee:' Yes, they a r e  i n ' t h e  public domain--when they 
are ' ready f o r  re lease .  When it is i n t e rna l ,  we don ' t  
want t o  re lease  it. But when i t ' s  ready f o r  re lease ,  
it w i l l  be released.  

Frank Biggs,  Sandia Laboratories, Albuquerque: 
HELIOS has already been t rans fe r red  t o  several  ex- 
t e rna l  agencies. We w i l l  continue t o  do t h a t  with 



ERDA approval  even while  it ' s  evolving.  ~ a o r ~ i a  Tech 
h a s . i t  [and] s e v e r a l  o the r  p l aces .  

. . 

Lee: I t h i n k  t h a t  a s  long a s  it i s  not. r e l a t e d  t o  
c o n t r a c t  a p p l i c a t i o n s  we need ERDA1sappro-gal on a  
case  by case  b a s i s  f o r  d i s t r i b u t i o n  of MIRVAL o r ,  

9. ' Maintenance of  codes f o r  r e t r i e v a l  i n  a  nat ionwide - 

system w i t h  t h e  c a p a b i l i t y  of a l lowing t h e  program- 

mer t o  update  d a t a  . . [code c e n t e r ] .  

L ipps :  With regard  t o  t h e  code c e n t e r ,  it may be 
t h a t  it d o e s n ' t  have t o  be l o c a l i z e d .  For i n s t ance ,  
it doesn ' t  ma t t e r  t o  me whether a u s e r  o b t a i n s  M I R V G  
fr,om me o r  from Livermore. I f  I put  it i n  he re  (our  
u s e r ' s  document) wi th  an explana t ion  of what it i s ,  I 
can say r i g h t  t h e r e  where t o  g e t  it. We d o n ' t  have t o  
have i r  j u s t  so someone e l s e  can g e t  it. 

Lee: You'd t h i n s  t h a t  one performs a  s e r v i c e  d i s -  
t r i b u t i n g  it. We c e r t a i n l y  app rec i a t e  t h a t .  

L ipps :  Well, we d o n ' t  have t o  be t h e  middle man, do 
we? 

Lee : I d o n ' t  know. 

Vant-Hull:' We can d i s t r i b u t e  it i f  you l i k e .  We, 
probably c a n ' t  read  t h e  code a t  t h e  moment; S o , . i t  
might be . ' t he  people would r a t h e r  g e t  a c o p y  from t h e  
au thor  r a t h e r .  t han  from someone who i s  simply main- -~ 

t a i n i n g  a  copy of t h e  code. 

L ipps :  That, 's  exac t ly  r i g h t .  I f  a l l  of you a r e  CDC 
people,  then  why b r i n g  it over he re  and t r y  t o  s e r v i c e  
you frcm our  Honeywell computer? 
. . 

Lee: I n  t h a t  sense ,  t hen ,  t h e  code c e n t e r  w i l l  be 
j u s t  an information documentation depos i tory .  

L ipps :  Sure,  a l l  I have t o  know i s  t h e  name of t h e  
code, where it i s ,  and what documents a r e  on it. 

PROCEEDINGS--SOLAR WORKSHOP 
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VafIt-tlull: I think i n  t h e  long run t h a t  we would be 
in te res ted  i n  having t h e  codes and t r a n s l a t e  them 
onto our computer and perhaps do some in,terchanges, 
but t h a t ' s  a long term effort--on t h e  l e v e l  we a r e  
working now. 

Schrenk: Go a s tep  fu r ther  than t h a t .  I think t he  
r ea l l y  key r o l e  i s  information exchange, and t he  code 
i s  secondary. --That i s  a s  f a r  as  t he  ac tua l  punched 
cards can make out from your l o c a l  machine. What I ' d  
l i k e  t o  suggest is  t ha t  those who want t o  make t h e  
codes avai lable  o r  plan t o  make them avai lable  
consider maintaining those  codes on nation-wide ser-  
v ices .  For example, those with CDC codes-consider 
maintaining them on CDC Cybernet, which means t h a t  
you no longer have t o  t ranspor t  them from computer t o  
computer and deal  with compat ibi l i t ies ,  You have the 
c rea tor ,  who can maintain t h a t  code an a b i g  machine, 
one s imilar  t o  what he's developed it on, and anybody 
tha t  wants t o  us it contacts CDC, pays fo r  the  time, 
and goes and uses it. 

Lee: Well, you know, not everybody's on Cybernet. 

Schrenk: I t ' s  avai lable  i n  p r ac t i c a l l y  every b ig  
c i t y  i n  t h e  country. You can c a l l  your l o c a l  CDC 
o f f i c e  and walk over t o  t he  terminal, drop your cards 
i n  and use it. That deals with t h e  compatibil i ty 
problem. 

. L e e : , ' l . a g r e e ,  but most of t he  time youtd l i k e  t o  run 
. . 

. it' i n  ,your own .computer, and using' the.  commercia.1 CDC 
i s  an expensive operation. 

Schrenk: Shal l  I simply say t h e  problems of real -  
i s t i c a l l y  t rans fe r r ing  many thousand card programs 
across computers become very d i f f i c u l t ;  even t he  same 
mar~ufacturer's computers have many machine-dependent 

i specia l  features .  When you cut  across machines from 



CDC to IBIVI, good luck. You've a major rewrite' on your 
. . hands. And then you have to question the validation 
against [the author's meaning], or have you made some 
changes that louse something up or chang? something. 

" 

I'd like to really encourage the original creator of 
the code to maintain it on a nationwide service to 
make it available. 

L i p p s :  Well, we can put such 'information in the 
manual. .If it is on a Cybernet system;we can. put it 
in as such. B J ~  mostly I think we're not dealing with 
conversational computers. 

Schrenk: The Cybernet is not conversational and 1 
doesn't have to be. Cybernet is bulk Fortran and . 1 
remote access. So I'm not talking APL. APL's another 
system, but Cybernet happens to be the nationwide CDC 
hook~p with remote access so that you can maintain any 
program you want in the system. 

Lee: Yes, that's one-approach. But if you don't have 
a Cybernet hookup and you have to go to Cybernet, you . ' 

might just as %;ell go to the source rather than pay 
for time. 

Schrenk: Well, but you don't. Cybernet 3as an 
operative program. You don't have to get the punch 
cards and fight the compatibility. There's a source 
deck salled Cybernet Source and object decks there, or 
maybe just object decks alone, and you're essentially 
putting the input into the program. So it's like 
walking into Sandia, for example, for MIRVAL, and 
having the thins already operational. Ali you [must 
do] is create the inputs and drop it into the hopper, 
drop r,he proper cards in and use it. 

lo. Provisions for including information about. sucess- ' P a r t i c i p a n t :  Along these lines, i f  someone does . . 

ful transfers of a cdde from one computer to. successfully transfer codes from one computer to 
another, that might be valuable information to put in - 

another in: the central data bank [code center]. . . the data bank. 

P.R'OCEEDINGS--SOLAR WORKSHOP 
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Lee : That ' s a good suggestion.. See how marly. codes 
had been implmente& i n  combination. 

1 8. Ava i lab i l i ty  of  codes and t h e  extent  t o  which data  Vant-Hull: I don' t  be l ieve  you f in i shed  your l i s t  of 
1 a r e  of a propr ie tary  nature. p ropr ie ta ry  codes. For example,. Black and Veatch? 

Lee: Oh, yes.  I assume it w i l l  be propr ie tary  and 
w i l l  not be re leased t o  t h e  public.  

Edward J. McBride, B lack  & Veatch: Black and Veatch 
has never s p e c i f i c a l l y  considered t h e  terms and 
condit ion on which we would re lease  t h e  codes, e i t h e r  
f o r  use a s  a seeled  black box o r  a s  an open l i s t i n g .  
I f  t h e r e  a r e  se r ious  prospective users ,  I would 
suggest they c a l l  me at Black and Veatch. I w i l l  not 
be t h e  person who w i l l  make t h a t  decision.  I don ' t  
even know who w i l l  make it now, which is  why I suggest 
you c a l l  me, and I w i U  make sure  t h a t  within a day or  
two I do have t h e  name of t h e  person a t  Black and 
Veatch who w i l l  be making t h e  decisions under what 
s i t u a t i o n s  our codes wodd be released.  We're total1.y 
f l e x i b l e  a t  t h e  moment. It wodd probably be t h e  
e a s i e s t  code t o  t r a n s f e r  i n  the sense t h a t  a person 
can c a l l  S c i e n t i f i c  !The-sharing and get a use r  number 
and through i n t e r n a l  software modifi--not modifica- 
tion--I j u s t  type t h e  number i n t o  my machine, and you 
can d i a l  your l o c a l  nmber  and you can use t h e  code. 
I have t o  know your nmber ,  and I ' l l  have t o  know your 
log ,  but I j u s t  have t o  know what number you want t o  
load it onto,  and I hzve t o  give you c e r t a i n  informat- 
ion. And then you can c a l l  up and use it. So a l l  
t h a t ' s  necessary i s  t h a t  we do it beforehand. There 
i s  no p o s s i b i l i t y  of converting t h e  code t o  any o the r  
system. 

Lee: Let me ask a r e l a t e d  question. W i l l  you supply 
all t h e  information t o  Houston' s code center ,  [ i n ]  
t h i s  form and give them a t a p e  o r  whatever? 



. McBride: I c a n ' t  speak f o r  Black & Veatch management, 
.bu t  t h e r e  a r e  two chances of it happening--slim and 
none. [  aught e r  ] . . 

Van t -Hu l l :  There ' s  t h e  in te rmedia te  l e v e l  where you 
might maintain your p r o p r i e t a r y  r i g h t s  t o  it. Give us  
documentation on it f o r  u s e r s  so t h a t  people can f i n d  
out  by looking a t  our  l i b r a r y  whether t hey  want t o  go 
t o  your codes. 

McBride: That involves  one small  problem, and i t ' s  
j u s t  whether t h e r e  a r e  p o t e n t i a l  u s e r s .  We have not  
spent  our t ime and money developing t h e  t y p e  of 
u s e r s '  manual t h a t  someone not  f a m i l i a r  wi th  t h e  code 
would need t o  use it. Now every code has l i t t l e  
t r i c k s .  You remember not  t o  put  t h e  h e l i o s t a t  loca-  
t i o n s  a t  i n t e g e r  p o i n t s ,  bu t  you always add .001 
meters .  L i t t l e  t h i n g s  you j u s t  remember. I mean 
occas iona l ly  t h i n g s  happen. Our u s e r s '  manual f o r  
i n t e r n a l  use enables  me and t h e  people t h a t  work wi th  
me and fo r -me  t o  use  t h e  codes. But i f  they  have a 
l i t t l e  mistake,  t hey  can walk e i g h t  f e e t  and say,  
"Hey--I forgot . "  Unless t h e r e  a r e  s e r i o u s  p rospec t ive  
u s e r s ,  I do not  know whether xe would spend our  t ime 
and money d e v e h p i n g  t h a t  manual. Obviously, t h e  one 
we have i s  near  what you saw today. 

Vant -Hu l l :  Which i s  nea r ly  enough f o r  someone t o  
dec ide  whether he would l i k e  t o  u se  your code. And 
I ' m  sugges t ing ,  i n  t h a t  sense ,  t h a t  you hzve . a l r eady  

' p u t  . t h i s  i n t o  a pub l i ca t ion  manual. .i 
I 

McBri de: I 'm . s u r e  something of '  t h a t  . n a t u r e  can be 1 
arranged wi th  no problem. 

Lee: How about Aerospace? 

Laurence: Anything t h a t . w e  have, wi th  t h e  permission 
of  anything we might have g o t t e n  f r o m ~ s o m e b ~ d y ' e l s e ,  
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would be avai lable .  Presently,  we have a program t h a t  
has been special ized fo r  use i n  t h e  p i l o t  p lant  
evaluations. So, primarily,  i t ' s  got all t h e  geome- 
t r i e s .  The basic theory and operation of t h e  program 
i s  t he  theory shown by Ray McFee. That's t h e  
[ issue o f ]  basic equations and fundamental techniques, 
and so fo r th .  It has been changed a l o t ,  expanded a 
l o t  t o  f i t  a l l  t h e  various geometries and t he  various 
techniques t h a t  have been advanced f o r  t h e  p i l o t  p lant  
designs. But s ince  it does contain D r .  McFee's 
techniques and equations, and so fo r th ,  we couldn' t  
r e lease  it unless McDoraell Douglas sa id  it was okay. 

Vant-Hull: And then one might be b e t t e r  o f f  ge t t ing  
it from them, where it would not be special ized.  

Laurence: The' two versions a r e  differen*. We've gone 
our way, and he l s ,gone  h i s .  

Lee: You know, i n  t h e  fu ture ,  i f  the re  a r e  other  
projects  t h a t  a r e  r e l a t ed  t o  t h e  p i l o t  p lant  and a 
prospective contractor wants t o  use t h a t ,  I can t e l l  
you, it remands t o  t he  public t o  be ce r t a in  he can use 
it. No other comment on t h i s  area  of propr ie tary  
codes? 

11. Code Exchange. "Standard" Fortran. Yesterday afternoon, Lorin, Fred, Mike, and Steve 
Orbon and myself ta lked about code exchange. Our 
problem involves code exchange, especia l ly  between 
d i f fe ren t  computers. There a r e  problems even between 
the  same computers. The r e s u l t  of t h a t  conversation 
i s  t h a t  maybe there  should be some kind of standard 
required of people who generate codes so t h a t  t h e  
"por tabi l i ty"  problem w o d 4  be eas ie r .  

Lee: You know there  i s  such a th ing a s  ANSI Standard 
Fortran,  which e s sen t i a l l y  a l l  computers can accept. 
Maybe, some people should t r y  t o  use some kind of 
standard s e t  of graphics, s t a t i s t i c a l  packages e t c . ,  



f o r  ease  of exchange. 

McBride: Nost of t h e  codes t h a t  we.'re t a l k i n g  about  
here  a r e  not  p r o p r i e t a r y ,  with.development v i a  ERDA 
funding many of them. I s n ' t  t h e  problem.not  s o  much 
developing a s e t  of s tandards ,  bu t  implementing one? 

. We've never developed a  code t h a t  I know of a t  Black 
and Veatch under'ERDA .funding, so  I ' m  j u s t  a ' l i t t l e  
b i t  ignorant  on t h i s .  But I personal ly.worked st 
Boeing one summer, and 'I was w r i t i n g  some computer 
sof tware i n  For t ran  f o r  t h e  A i r  Force, and I had a  
r i g i d  l i s t  of r u l e s  t h a t  I was r equ i r ed  to ,comply 
wi th .  I s  it poss ib l e  t h a t  . the  r u l e s  have j u s t  no t  
been enforced,  r a t h e r  than  needing r u l e s ?  

Lee: There a r e  no s tandard  r u l e s ,  f o r  example a t .  
ERDA. I ' m  su re  i f  you'd been i n  t h e  Army, t hey  might 
have b e t t e r  gu ide l ines .  

Laurence: I was wondering about t h e  ANSI; - i s  it 
s tandard  FORTRAN? I f  you s t i c k  t o  those  . r u l e s ,  do 
most computers compile i t ?  

Lee: Well, with some minor modi f ica t ions .  

Laurence: Because I invoked an opt ion  on our  CDC t h a t  
t e l l s  me every s tatement  I ' v e  got  t h a t ' s  ANSI in-  
compatible.  And I got  l o t s  of comments. [ l a u g n t e r ]  
Unfortunately . . . I ' m  not s u r e  i t ' s  very f l e x i b l e  
because I su re  l i k e  those  l i t t l e  extras--format 
s ta tements  and th ings  l i k e  t h a t .  

Lee: I th ink  t h i s  i s  a  very d i f f i c u l t  problem, and I 
j u s t  want t o  b r ing  it up so anybody can say  a  few 
words about it .  People a r e  cons t an t ly  t r y i n g  t o  
exchange codes,  and t h e r e ' s  always a  problem. 

Lee: I s  t h e r e  any o t h e r  a r e a  people would l i k e  t o  
d i scuss?  
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12. A common inso la t ion  Model. 
I 

Vant-Hull: I guess one more p o s s i b i l i t y  i s  t o  say 
something about t h e  inso la t ion  model t h a t  people use. 
It may be t h a t  i t ' s  impossible t o  convince everyone t o  
use t h e  same inso la t ion  model, b u t ,  sure ly ,  it should 
be poss ib le  t o  crank out t h e  inso la t ion  model. . . i n  
most cases ,  anyway. I don ' t  know t h a t  t h e r e  i s  a  
standard insolatkon model t h a t  we can agree on. If 
someone th inks  t h e r e  i s ,  I would l i k e  t o  hear h i s  
suggestions. me model we use i s  a pure, c l e a r  air 
which has no allowance f o r  clouds o r  t u r b i d i t y .  . . . 
Riaz: I would say one ki lowatt  per meter squared a t  
a l l  t imes . [ laughter  ] 

Vant-Hull : WeIL, I th ink  t a t ' s  what ERDA has done, 9 only they chose 950 watts/m t o  confuse t h e  i ssue .  
But f o r  optimization t h a t ' s  u n r e a l i s t i c  because you 
c l e a r l y  don ' t  g e t  t h a t  when t h e  sun i s  va r iab le  in t h e  
sky. What we d o  i s  a l s o  not completely r e a l i s t i c .  

Lee: I s n ' t  t h e r e  a one year data  tape  from China.Lake 
t h a t  we can use  f o r  d i r e c t  inso la t ion?  Is one year 
enough? It 's b e t t e r  than none. 

Vant-Hull: But t h e  Aerospace inso la t ion  t apes  a r e  
made up by picking a  year of hor izonta l  da ta  a t  
Inyokern and t r y i n g  t o  f igure  out  how t o  ge t  d i r e c t  
beam data  from t h a t .  So I th ink  t h a t ' s  probably even 
l e s s  good than t h e  yea r ' s  da ta  t h a t  has been obtained 
recent ly  a t  Barstow. 

Lee:' Well'; I guess we don ' t  r e a l l y  want t o  t a l k  about 
r e a l i s t i c  data .  

Laurence: I ~ d i s a v o w  a l l  knowledge of those  Aerospace 
tapes .  

~i pps : 1. object  s t rongly  t o  using r e a l  inso la t ion  
da ta ,  a s  d a t a ' f o r ' a n y  one year i s  t o t a l l y  spurious. 



P a r t i c i p a n t :  I th ink  t h e  Inyokern t a p e s ,  f o r  example, 
have very low i n s o l a t i o n  f o r  w in te r .  There a r e  months 
t h e r e  with e s s e n t i a l l y  no d i r e c t  beam s u n l i g h t ,  bu t  
t h e r e ' s  your problem. 

L i p p s :  The only  t h i n g  t h a t  you can do which i s  b e t t e r  
than i d e a l i z e d  i n s o l a t i o n ,  i s  [provide]  well-founded 
c o r r e l a t i o n s .  For i n s t ance ,  i f  you know ve ry  we l l  
t h a t  a t  t h e  s i t e  you have problems i n  t h e  w i n t e r ,  you 
ought t o  put  it i n ;  b u t ,  i f  you d o n ' t  r e a l l y  know what 
t h e  c o r r e l a t i o n s  a r e ,  t hen  you r e a l l y  ought t o  use an  
idea l i zed  i n s o l s t i o n .  Now, t h e r e  a r e  two ways t o  g e t  
t h a t :  you e i t h e r  g e t  it out  of  t h e  astronomical  people 
who have good a i r  measurements t h a t  a r e  smooth t o  
begin wi th ,  o r  you t a k e  . . . a  l o t  of d a t a  and smooth 
it ouf s t a t i s t i ~ a l l y .  The kind of  d a t a  t h a t  we need 
now--direct bean--there i s n ' t  enough o f .  There s u r e l y  
i s n ' t  enough t h a t ' s  been looked over w e l l  enough t h a t  
t h e  "g l i t ches"  a r e  a l l  ou t  of i t .  

L i p p s :  There ' s  g e t t i n g  t o  be q u i t e  a b i t  of  d i r e c t  
. . 

beam d a t a  accumulated. But p u t t i n g  t h a t  i n  a format 
where I th ink  anyone would be happy wi th  us ing  it 
o the r  than  t o  crank through t h e  performance of  a 
t y p i c a l . y e a r  of a  p a r t i c u l a r  power p l a n t ,  i f  t h a t  
should be a  requirement,  would be a l o t  of work. . . 

Lee: , There a r e  TDF 1 4  t a p e s  wi th  .a h o r i z o n t a l  s enso r ,  
' ' a n d  w e  use  t h a t  w i th  an  accu ra t e  model t o  come up with 

at  l e a s t  a whole stream of d i r e c t  i n s o l a t i o n .  That 
would mean everybody uses  t h e  same t h i n g  and t h a t ' s  
impossible.  

P a r t i c i p a n t :  That r e q u i r e s  you t o  run .your  s imula t ion  
r o u t i n e  f o r  every hour o f . e v e r y  day of t h e  yea r  be fo re  
you can use  t h a t .  

.Lee: That c o r r e l a t i o n  i s  very  cheap. T h e r e . a r e  c loud  
covers ,  e t c . ,  t h a t  can be involved i n  a , s t a n d a r d  
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cor re la t ion .  Any o the r  comments? 
- 

McFee: I th ink you have a s imi la r  s i t u a t i o n  impressed 
on t h i s  circumsolar r ad ia t ion  a s  wel l  a s  t h e  atmos- 
pheric a t t enua t ion  i n  t h e  intermediate path between 
h e l i o s t s t  and receiver  . . . not a s  s i g n i f i c a n t  a s  t h e  
inso la t ion  period.  However, we do need t o  use them i n  
any model of precis ion,  and t h a t  needs t o  be stand- 
ardized t o  some degree, perhaps. 

Lee: Right. 

L a ~ r e n c e :  As I ' v e  heard various, papers, I ' v e  heard 
people who a r e  t ak ing  i n t o  account d i f f e r e n t  e f f e c t s .  
Some people neglect  t h i s ;  some people a r e  taking t h i s  
i n t o  account; some people get  concerned about d i f -  
f e r e n t  th ings .  Very few of  us have got ten  it a l l  i n  

, the re ,  and I ' d  l i k e  t o  encourage everybody t o  wr i t e  up 
those specia l ized aspects .  I clon't know how w e ' l l  
disseminate t h a t  kind of information, but it would be 
very use fu l  ma te r i a l  t o  o ther  people. I ' m  t a lk ing  
about th ings  l i k e  wind def lec t fon e f f e c t s  and s p e c i a l  
s tud ies .  And I know a l o t  of people a r e  going t o  be 
modelling t h e  circumsolar e f f e c t s .  Again, t h a t  v a r i e s  
an awful l o t ,  too ,  and I don't  know how t h a t ' s  going 
t o  be done. 

Aelon Hunt, Lawrence Berkeley Laboratory: Right, 
Berkeley i s  working very hard on t h a t  problem and w i l l  
come up with some spec i f i c  answers designed f o r  appl i -  
ca t ions  such a s  ours.  

. l .  'Lee: LBL w i l l  come out. with tapes ,  da ta  t apes ,  t h a t  
. . .  

. . .  we can get  o r ' c a r d  d.ecks t h a t  you can get  and go o f f  
. , 

. . . . and u s e . i t  a s  a standard. 

Laurence: Yes, but  I agree with Fred t h a t  with t h e  
computer programs we're going t o  need models. 



The p u b l i c a t i o n  of  an aper iodic  news le t t e r  t.0 in- 

volved and i n t e r e s t e d  personnel  and f i r ins;  

Lipps :  Well, anyhow, I ' d  s t a r t e d  a  c h e c k l i s t ,  and t h e  
circumsolar  i s  an i tem t h a t ' s  no t  i n  t h e r e ,  and I can 
put  it i n .  [ l a u g h t e r ]  And you ' r e  welcome t o  r e t u r n  a s  
many ideas  l i k e  t h a t  as p o s s i b l e .  T h a t ' s  t h e  reason 
we can update  t h e  th ings  l i k e  t h i s  ca ta logue .  Of 
course,  it won't be any good un le s s  we m a i l  it out  
o f t e n  enough . . . and I donl ' t  know about t h a t .  

Hunt . :  .I t h i n k  t h e  f i r s t  t h i n g  i s  50 g e t  people t h a t  
look a t  our c i r c m s o l a r  d a t e  t c  make any comments t hey  

. a r e  w i l l i n g t o  make. , Arid I t h i n k  we can at tempt  t o  
update t h i s  once wi th in  a few xonths and ge t  it ou t  
and then  cons ider  where we go from t h e r e .  

Lee: Again, I t t i n k  an i d e a  of an ape r iod ic  news- 
l e t t e r  i s  t h e  b e s t  t h ing .  Anytime you f e e l  you ' r e  
comfortable,  you send out  some information.  You send 
it t o  everybody. 

Vant-Hull: For example, t h e  b ib l iography t h a t  people 
send us--bibl iographic l i s t s - -we can compile a f t e r  a  
whi le ,  and [when] we seem t o  be not g e t t i n g  many 
anymore, e i t h e r  send it out  o r  send a  no te  t h a t  we 
have it a v a i l a b l e  f o r  anyone who asks  f o r  it. 

I Lee: I t h i n k  t h a t  i s  a  g r e a t  t h i n g  f o r  information 
exchange, and I t h i n k  we should t r y  t o  enco.xage 
everyone t o  t r y  and do t h a t .  Concentrate i3formation 
l i k e  t h e  bibl iography and o t h e r  . information l i k e  t h a t  
[ i n ]  Houston, and Houston, i n  t u r n ,  can d i s t r i b u t e  '5t. 

. . Any o t h e r  a r e a ?  

1 14. Problems i n  s tud ing  s t o c h a s t i c  d a t a  i n  t h e  a n a l y s i s  John D .  Reichert, E l e c t r i c a l  Engineering Department, 
of  f l u x  d i s t r i b u t i o n s ;  problems i n  determining t h e  . .  

Texas Tech Universi.ty:. I ' m  kind of cur ious  vha t  t h e  
s t a t e  of t h e  a t t i t u d e  i s  towar& t h e  kind o f -  s t o c h a s t i c  

e f f e c t s  of sys temat ic  o r  s t o c h a s t i c  processes  on . - . .  .data t h a t  you have i n .  t h e  d i s t r i b u t i o n  i n s i d e  a re -  

f l u x  d i s t r i b u t i o n s  and on o v e r a l l  system per for -  

manc e  . 
ce ive r  where you ' re  t r y i n g  t o  i n t e r f a c e  w i t 3  t h e  guys 
who've go t  t o  p i ck  up t h e  l i g h t  and absorb it and 

P R O C E E D I N G S - - S O L A R  WORKSHOP . 
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and get  it t o  t h e  f l u i d ,  and they,  f o r  some reason o r  
o the r ,  d i d n ' t  ca re  what t h e  d i s t r i b u t i o n  i s  e i t h e r  on 
the  outs ide  o r  on t h e  ins ide  of t h e  receiver .  

Lee: You!re t a l k i n g  ab0u.t t h e  F l u  d i s t r i b u t i o n ?  

Reichert: Yes. The guy a f t e r  us [who] has t o  get  it 
i n t o  h i s  f l u i d .  Some Sins  i n  computing t h e  o p t i c a l  
d i s t r i b u t i o n  a r e  forgiven by t h e  thermal t r a n s f e r .  
The f l u i d  doesn' t  ca re  about some of these  th ings ,  
but we have various deploys and presences of winds 
and t h i s  deploys them a  l i t t l e  b i t .  And then t h e r e ' s  
a  s tochas t i c  kind of e r r o r  t h a t  has t o  do with the  
specs t h a t  we met when we put t h e  mirrors up. So 
t h e r e ' s  a  kind of uncer ta in ty  involved when we p red ic t  
a  concentrat ion d i s t r i b u t i o n .  I th ink t h a t  before we 
bu i ld  t h e  system, we would.like t o  est imate what i s  
t h e  l ike l ihood t h a t  t h e  spec i f i c  system t h a t  you 
bu i ld ,  t ry ing  t o  represent  t h i s  idea l i zed  case,  w i l l  
a c t u a l l y  give a  d i s t r i b u t i o n  t h a t  looks l i k e  t h e  one 
we expect.  Now, t h e  methods-I th ink  people a r e  using 
a r e  of two kinds: [ l ]  Some people t r y  t o  blame it 
on t h e  sun and speak of an e f f e c t i v e  sun s i z e .  
That ' s  l a r g e l y  when t h e  wind r a t t l e s  t h e  r i g  a  l i t t l e  
b i t ,  so t h a t  i t ' s  j u s t  sweeping t h e  sun back and 
f o r t h  a  l i t t l e  b i t  i n  t h a t  p a r t i c u l a r  element and you 
t r y  t o  blame it on t h e  sun . . . and i t ' s  kind of 
l i k e  t h e  sun i s  bigger i n  t h e  sky. And then you need 
some r u l e  of thumb f o r  how much bigger and what kind 
of wind o r  how much bigger and what kind of to lerance  
i n  t h e  specs o r  how much bigger and what kind of work 
crew you've got t o  s e t  them up. [ 2 ]  The other  kind 
of philosophy would be t o  ass ign some kind o f &  
p r i o r i  p robab i l i ty  d i s t r i b u t i o n  fuxiction and then 

attempt t o  do an expected concentrat ion and, maybe, 
moment of t h a t  concentrat ion.  . . and [es t imate]  whac 
kind of shape : . . t h e  world [ i s ]  i n  i n  t h a t  s i t u a -  
t i o n .  
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. . : . '  

Lee: I don ' t  know; it depends. I t h i n k  t h e  hea t  
t r a n s f e r  people would probably be happy t o  d i scuss  a 
f l u  map--a s i n g l e  average map. I d o n ' t  know anybody 
who has given t h a t  much thought t o  t h e  p r o b a b i l i t y  of  

' 

d i s t r i b u t i o n .  

Vant-Hul l :  . Well, one can do some wcrst case  t h i n g s .  
For example, wi th  t h e  wind;rather than  p u t t i n g  it i n  
s t o c h a s t i c a l l y , ,  you could say t h e  wind i s  blowing from 
t h e  no r th  and every h e l i o s t a t  d e f l e c t s  . . . . What 
does t h z t  do t o  t h e  l o c a t i o n  of t h e  f l u x  zone o r  t h e  
peakedness of  t h e  f l u x ? .  . . . . 

Re i che r t :  I t ' s  .hard,  Lorin,  t o  know what 'wcrs t  case  , 

i s .  .The  wind blows and r e d i s t r i b u t e s  t h e  f l u  i n  t h e  
peak, and t h e  thermal  guy s a y s ,  "Great,  t h a t  spreads 
t h e . f l w :  over a b igger  t r a n s f e r  a rea ." .  . . I t ' s  a  
l i t t l e  hard t o  judge what worst l i m i t  i s  i n  t h e s e  
t h i n g s ;  performance i s  so  many codes downstream from 
t h e  o p t i c a l  concent ra t ion  code t h a t  youf-ve got t o  t a l k '  
t o  t h r e e  guys l a t e r  down t o  f i n d  i f  t h a t  change i n  t h e  
d i s t r i b u t i o n  h u r t  them'. 

Vant-Hul 1  : But you can f i n d  out  how b i g  t h e  change is .  

Lee: ' Get an e s t ima te .  I don ' t  know. 

Reiche'r t :  I th in$  t h e r e ' s  a  l o t  t o  be s a i d  i f  you can 
ge t  some kind of  c o r r e l a t i o n  j u s t  f o r  ove r s i z ing  t h e  
sun a  l i t t l e  b i t  . . . say,  i f  t h e  d i s c  of t h e  sun i s  
bigger  t han  it r e a l l y  i s .  That ' s  simple.st  of a l l .wrong  
methods, and I t h i n k  t h a t  one has. a l o t  t.o be s a i d  f o r  
it. 

Lee: Tha t ' s  one vay . . . one experiment we can do. 

Re iche r t :  Yes. I t h i n k  we can use  t h a t  method, and I 
t h i n k  a number of people i n  t h e  room have done so.  
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Lee: Well, i f  t h e r e ' s  no o t h e r  coment  then,  w e ' l l  
c lose  t h e  meeting and everybody's f r e e  t o  organize h i s  
own discuss ion group and continue from t h e r e .  And 
again,  I thank everybody f o r  p a r t i c i p a t i n g .  I ' d  a l s o  
l i k e  t o  thank t h e  Houston people f o r  organizing t h i s  
[workshop]. 

The. t r ansc r ip tkon .  of t h e  d iscuss ion has been ed i t ed  i 
t o  r e t a i n  e s s e n t i a l  dialogue.  , , 

I i 
A complete record of t h e  d iscuss ion i s  a v a i l a b l e  on r 
two c a s s e t t e  t apes  a t  a  cos t  o f  $8.00 f o r  t h e  s e t .  1 

i 1 Tapes may be ordered by wr i t ing  t o :  
f i 

Coordinator, Solar  Workshop 
Solar  Energy Laboratory 105 EOA 
Universi ty of Houston 
4800 Calhoun Roa& 
Houston, Texas 77004 

i t 
Responsib i l i ty  f o r  e d i t i n g  t h e  d iscuss ion r e s t s  1 
with t h e  Coordinator of t h e  Solar  Workshop on 
Methods f o r  Opt ica l  Analysis of Centra l  Receiver 

i 
Systems. 

i I ! 

I 
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. . . >  
1 0 : 4 5  A.M..  . . . . A B E R R A T I O N S ,  APERTURE EFFICIENCY,  E T C . ,  FOR THE 
S O L A R  'ROOM--180 5MW T E S T  F A C I L I T Y  H E L I O S T A T  

W a l t e r  H a r t ,  M a r t i n - M a r i e t t a  

1 1 : 4 5  A.M.. L U N C H E O N  - ( R E ' C O N V E N E  A T  1 : 0 0  P .M. .  i n  S O L A F . : R O O M )  
A Q U A R I U S  R O O M - - 2 1 0  

P R E S E N T A T I O N S  AND D I S C U S S I O N S  WILL  B E  R E C O R D E D  ON A U D I O  C A S S E T T E S .  C A S S E T T E S  W I L L  
B E  A V A I L A B L E  F O R  P U R C H A S E .  D E T A I L S  W I L L  B E  A N N O U N C E D  A T  T H E  W O R K S H O P .  



1 : 0 0  P . M .  2 N D  S E S S I O N - - H E L I O S T A T  A R R A Y S  
S O L A R  R O O M - - 1 8 0  R o y  L e e ,  S a n d i a  L a b o r a t o r i e s ,  L i v e r ' m o r e  ( C h a i r m a n )  

W O R K S H O P  O N  M E T H O D S  F O R  O P T I C A L  A N A L Y S I S  O F  C E N T R A L  R E C Z I Y X ?  SYSTS!!S E R D A  

. O R G A N I Z E D  B Y  ' T H E  S C L A R  E N E R G Y  L A B O R A T O R Y  
U N I V E R S I T Y  O F  H O U S T O N  

A U G U S T  10-11, 1 9 7 7  . . F O R  S A N D I A  LABORATORIES--LIV.ERMC;F:E 

A N A L Y T I C  C A L C U L A T I O N  O F  C E N T R A L  R E C E I V E R  F L U X  
M a h m o u d  R i a z ,  U n i v e r s i t y  o f  M i n n e s q t a  

. . . . . 

S C H E D U L E  , 
. .  . W E D N E S D A Y ,  A U G U S T  1 0 ,  1 9 7 7  

2 : 0 0  P . M .  C E N T R A L  R E C E I V E R  O P T I C S  
S O L A R  R O O M - - 1 8 0  E d  M c B r i d e ,  B l a c k  & V e a t c h  C o n s u l t i n g . E n g i n e e r s  

. 

3 : 0 0  P . M .  R e f r e s h m e n t s :  P u n c h  a n d  C o o k i e s  
S O L A R  . R O O M - - 1 8 0  

. . . .  

3 : 1 5  P . M .  C I R C U M S O L A R  R A D I A T I O N  D A T A  F O R  C E N T R A L  R E C E I V E R  S I M U L - 4 T I O N  
S O L A R  R O O M - - 1 8 0  Arlen R u n t ,  D o n a l d  G r e t h e r  a n d  M i c h a e l  W a h l i g  

L a w r e n c e  B e r k e l e y  L a b o r a t o r y ,  B e r k e l e y ,  C a l i f o r n i a  

S T R A T E G Y  O F  O P T I C A L  C A L C U L A T I O N S  F ' O R F I X E D  M I R R O R S  3 : 4 5  . P . M .  
. . S O L A R  R O O M - - 1 8 0 .  : John  D .  R e i c h e r t ,  T e x a s ,  T e c h  

4 : 1 5  P . M .  H E L I O S :  C O M P U T E R  S I M U L A T I O N  O F  A  F I E L D  O F  H E L I O S T A T S  
S O L A R  R O O M - - 1 8 0  F r a n k  B i g g s  a n d  C h a r l e s  V i t t i t o e ,  S a n d i a  L a b o r a t o r i e s ,  ~ l b u q u e r q u e  

5 : 3 0  P . M .  C O N C L U S I O N  O F  W E D N E S D A Y  W O R K S H O P  

6 : 3 0  F . M .  L O A D  B U S E S  T O  S A N  J A C I N T O  I N N  F O R  S E A F O O D  D I N N E R  
F R O N T  E N T R A N C E .  . 

C O N T I N U I N G  ' E D . U C A T I O N  
C E N T E R  & .  H O T E L  . . 

D I N N E R  A T  T H E  S A N  J A C I N T O  I N N  ( D U T C H  T R E A T )  



ERDA -WBELSBOP ON E~ETHODS POR OPTICAL ANALYSIS OF CENTRAL RECEIVER SYSTEMS 

- 7 ~ 3 0  A.M. ' CONTINENTAL BREAKFAST 
LEO ROOM--216D . 

. -. 
. . 

, 8: 08 A..M. : 
. . CONTINUATION OF 2ND SESSION . . 

SOLAR ROOM--180 Lorin L. Vant-Hull., uaidersity of  ousto on [Chairman] 

.. . 

. .  . 

. . 
CONCEN: A HELIOSTAT O R  ARRAY RAY TRACE' SI~ULATION CODE 

. . .  ' Ray McFeL;. ' ~ c ~ o n n e l l  Douglas A'stronautfcs Co. 

. . -  

g:00 A.M. EELLOSTAT ARRAY SIMULATION 
SOLAR ROOM--180 Mark Rubeck, Boeing Engineering & ConsCruction Co. 

r 
. . .  

SCHEDULE . . THURSDAY, AUGUST 11, 1977 

. . : .. . .. 
b 

- .I0100 A.M. Coffee Break 
SOLAR ROOM--180 

10:15 A.M. MONTE CARL0 RAY TRACE SIMULATION FOR A HELIOSTAT OR 
SOLAR ROOM--180 POWER TOWER FIELD 

Gary Smith, Honeywell 

11.:30 A.M.. Check-out, University Hotel 

NOON 
AQUARIUS ROOM--210 ' 

LUNCHEON . . . . 
. . 

. . 
1 1:00 P.M. RECONVENE 

SOLAR ROOM--180 . . 



ERDA WORKSEOP ON METHODS FOR OPTICAL ANALYSIS OF CENTRAL RECEIVER SYSTEMS 

ORGANIZED BY THE SOLAR ENERGY LABORATORY 
UNIVERSITY OF HOUSTON 

AUGUST 10-11, 1977 FOR SANDIA LABORATORIES--LIVERMORE 
F- I 

SCHEDULE THURS.DAY, AUGUST 11, 1977 

. . 

3RD SESSION--OPTIMIZATION / DISCUSSION' -.. l:00 P.M. 
SOLAR ROOM--180 ,   or in L. Vant-Hull,. University of Houston [chairman] , . 

'MIRVEL: A MONTE CARLO RAY TRACE CODE F0.R SOLAR .TOWER OPTICS 
Joe Hankins, Sandia Laboratoriee, Livermore . .  . 

2 : 0 0  P.M. COLLECTOR FIE'LD OPTIMIZATION ANDLAYOUT 
SOLAR ROOM--180 F r e d  Lipps', University:. of Houston , "  , . . . . 

. . 

2:45 P.M. 
SOLAR ROOM--13.0 

GE.NERAL DISCUSSION . . ,. 

Roy Lee, Sandia. Laboratories, Livexmor,e . . . .. . . 
. .  . 

--Suggested Code Improvements 
--Authorst Desires 
--Userst Desires 
.--Future Developments 

R.e.freshments: Coke, 7UP 3:15 P.M. . .  . .  

SOLAR ROQM--180 

O.PEN AND GROUP DISCUSSIONS (.SELF-ORGANIZED) . 3:30 P.M. 
SOLAR ROOM--180 ' CODE INTERCHANGE. .' . 

Departure to airport; check flight departures. Interconti- 
nental Airport is 25 miles from the Univereity by freeway 
through central Houston: 
Latest cab departure: 4:00 4:20 4:30 4:40 5:00 5:30 6:00 7:00 
Flight deparEures : 1 5:30 6:OO 6:30 7:OO 7:OO 7:15 7:30 8:30 - 

5:00 P.M. 
UNIVERSITY HOTEL. 

NO-HOST DINNER [DUTCH TREAT] 
(Room Reservations may be held over Thuraday evening in the 
University Hctel) 

PROCEED.1NGS--SOLAR WORKSHOP 
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TAPED PROCEEOINGS 

Cassette tape reco rd ings  a.re. .avai  1 a b l e  o f  t h e  com- . . . . :.. . 

p l e t e  proceedings o f  t h e  ERDA So la r  Workshop on 

Methods f o r  O p t i c a l  Ana l ys i s  o f  Cent ra l  Receiver 

Systems, Organized by t h e  U n i v e r s i t y  o f  Houston So la r  

Energ'y Labora to ry  f o r  ' ~ a n d i a  Laborator ies. ,  ' L i  vermore, .: .. ~ 

- August 10-1 1 , 1977. A complete s e t  o f  f ou r t een  -90- ' . 

minute tapes may be purchased a t  a c o s t  o f  . $ 5 6 . 0 0 .  . , 

Tapes o f  i n d i v i d u a l  papers may' be purchased a t  a c o s t  , : 

o f  $4.00 each. . . 

Coord inator ,  So la r  Workshop 
So la r  Energy Laboratory- -1  05EOA 
U n i v e r s i t y  o f  Houston 
Houston, Texas 77004 
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