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Abs t r ac t  

The in t e rmed ia t e  range of concen t r a t ion  r a t i o s  (1.5X-1OX) which can be  achieved 
wi th  CPC's wi thout  d i u r n a l  t r ack ing  provides  both  economic and thermal advan- 
t ages  f o r  s o l a r  c o l l e c t o r  des ign  even when used wi th  non-evacuated absorbers .  
The p resen t  paper summarizes more than  3 y e a r s  of  r e sea rch  on non-evacuated 
CPC's and reviews measured performance d a t a  and c r i t i ca l  des ign  cons ide ra t ions .  
Concentrat ions i n  t h e  upper p o r t i o n s  of t h e  p r a c t i c a l  range (e.g.  6X) can 
provide  good e f f i c i e n c y  (40% t o  50%) i n  t h e  100°C - 160°C temperature  range 
wi th  r e l a t i v e l y  f requent  t ilt  adjustments  (12-20 times per  y e a r ) .  A t  lower 
concent ra t ions  Ce.g. 3x1 performance w i l l  s t i l l  be  s u b s t a n t i a l l y  b e t t e r  than  
t h a t  f o r  a double glazed f l a t  p l a t e  c o l l e c t o r  above about 70°C and compet i t ive  
below, wh i l e  r e q u i r i n g  only semi-annual adjustments  f o r  yea r  round opera t ion .  
I n  both  cases t h e  c o s t  sav ings  a s soc ia t ed  wi th  inexpensive r e f l e c t o r s ,  and t h e  
opt imal  coupl ing t o  smaller, s imple inexpensive absorbers  (e .g .  tubes ,  f i n s ,  
e t c . )  can be as important an  advantage as t h e  improved thermal  performance. 

The des ign  problems f o r  non-evacuated CPC c o l l e c t o r s  are e n t i r e l y  d i f f e r e n t  
from those  f o r  CPC c o l l e c t o r s  w i th  evacuated receivers. For example, hea t  
l o s s  through t h e  r e f l e c t o r  can become c r i t i ca l ,  s i n c e  i d e a l  CPC o p t i c s  demands 
t h a t  t h e  r e f l e c t o r  extend a l l  t h e  way t o  t h e  absorber .  Recent improvements 
i n  r e f l e c t o r  s u r f a c e s  and low c o s t  a n t i r e f l e c t i o n  coa t ings  have made p r a c t i c a l  
a double-glazed non-evacuated CPC design.  
s i o n  of such a c o l l e c t o r  would have an  o p t i c a l  e f f i c i e n c y  TI 
l o s s  c o e f f i c i e n t  U = 2.2  W/m2"C and a h e a t  e x t r a c t i o n  e f f i c i e n c y  f a c t o r  
F' - > 0.98, wh i l e  r e q u i r i n g  no tilt  adjustments .  

It is c a l c u l a t e d  t h a t  a 1 . 5 X  ver- 
= 0.71, a h e a t  
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I. In t roduc t ion  

I n  1974 when t h e  s u i t a b i l i t y  of  t h e  Compound Pa rabo l i c  Concentrator (CPC) 

1 f o r  s o l a r  energy c o l l e c t i o n  w a s  recognized i n  t h e  U.S.,  

w a s  begun t o  b u i l d  and test  c o l l e c t o r s  of t h i s  type.  Such c o l l e c t o r s  a t t a i n  

o r  c l o s e l y  approach t h e  m a x i m  concen t r a t ion  p o s s i b l e  f o r  a given acceptance ang le  

( f i e l d  of view) making p o s s i b l e  in t e rmed ia t e  concen t r a t ion  levels wi th  only 

seasona l  t i l t  adjustments.  For t h e  f i r s t  genera t ion  of CPC c o l l e c t o r s 2  t h e  

o p t i c a l  performance and t h e  convect ive and r a d i a t i v e  hea t  l o s s e s  agreed wi th  those  

predicted.However, t h e  e f f i c i e n c y  a t  h igh  temperature w a s  somewhat poorer  than 

expected. Carefu l  a n a l y s i s  of t h e  d a t a  showed t h a t  t h i s  was due t o  conduct ive 

l o s s e s  through t h e  r e f l e c t o r  and/or  t h e  i n s u l a t i o n .  This experience serves 

t o  emphasize t h e  care which must be  taken  when implementing t h i s  novel des ign  

p r i n c i p l e  i n  s o l a r  energy app l i ca t ions .  

a r e sea rch  program 

One s o l u t i o n  t o  t h i s  problem presented  i t s e l f  when evacuated receiver 

3 tubes of p o t e n t i a l l y  low c o s t  became a v a i l a b l e  i n  1975. By coupl ing CPC 

r e f l e c t o r s  w i th  evacuated receiver tubes e f f i c i e n c i e s  above f i f t y  percent  

i n  t h e  temperature  range of 100 t o  2OO0C have been demonstrated with non- 

tracking solar collectors , and even 300'C a t  reasonable efficiency appears 

t o  be  f e a s i b l e  f o r  f ixed  c o l l e c t o r s  of advanced des ign  . O n  t h e  o t h e r  hand 
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a t  lower temperatures  around 100°C, c a l c u l a t i o n s 6  i n d i c a t e d  t h a t  even non- 

evacuated CPC c o l l e c t o r s  w i th  proper  des ign  can ope ra t e  wi th  accep tab le  e f f i -  

c iency,  su rpass ing  a v a i l a b l e  f l a t  p l a t e  c o l l e c t o r s .  The p resen t  paper desc r ibes  

t h e  design,  cons t ruc t ion  and test of two pro to type  non-evacuated CPC c o l l e c t o r s  

w i th  concen t r a t ion  r a t i o s  of 6.5 and 3.0 and ana lyzes  t h e  t es t  r e s u l t s .  After 

completion of t h e  f i r s t  phase of  t e s t i n g , t h e  i n i t i a l  version'  of  t h e  6.5X 

c o l l e c t o r  w a s  modified t o  have enlarged absorber  tubes t o  Inc rease  i t s  o p t i c a l  
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- t o l e r a n c e s .  The u s e  of overs ized  absorber  tubes reduced t h e  n e t  concen t r a t ion  

t o  5.2 hence t h i s  ve r s ion  of  t h e  c o l l e c t o r ,  which exh ib i t ed  t h e  b e s t  performance 

achieved, is  r e f e r r e d  t o  as t h e  5.2X. This  performance i s  i l l u s t r a t e d  i n  

Figure 1, where t h e  measured e f f i c i e n c y  of  t h e  5.2X is  superimposed on a per- 

formance p r e d i c t i o n  which w a s  publ ished several yea r s  ago . 
cha rac t e r i zed  by an o p t i c a l  e f f i c i e n c y  n o  = 0.68 and a h e a t  l o s s  c o e f f i c i e n t ,  

U = 1.85 W/m 'C. 

p r e d i c t i o n s  confirms t h a t  CPC c o l l e c t o r s  of a des ign  s u i t a b l e  f o r  p r a c t i c a l  

a p p l i c a t i o n  can be  r e l i a b l y  designed and b u i l t .  It took a slow and sometimes 

p a i n f u l  l e a r n i n g  experience t o  reach t h i s  po in t ,  and f o r  t h e  b e n e f i t  o f  

f u t u r e  e f f o r t s  i n  development o r  manufacture of CPC co l lec tors  w e  summarize 

6 The d a t a  can be  

2 The agreement between t h i s  observed performance and t h e  

t h e  c r u c i a l  des ign  cons ide ra t ions .  Details can be  found i n  References 2, 6 

and 8. 

CPC r e f l e c t o r s  can be designed f o r  any absorber  shape: f o r  example, f l a t  

one-sided absorbers  as i n  F igure  2a, f l a t  two-sided absorbers  ( f i n s )  as i n  

Figure 2b, wedge-like absorbers  as i n  Figure 2c o r  t u b u l a r  absorbers  as i n  

Figure 2d. The f i r s t  genera t ion  of CPC c o l l e c t o r s  w a s  based on conf igu ra t ion  

2a ) ,  and a c a v i t y  w a s  used as absorber  because high absorptance w a s  thought 

t o  outweigh h e a t  l o s ses .  

c u l a t i o n s  and t h e  emergence of a v i a b l e  selective coa t ing  indus t ry  convinced 

us  t h a t  t h e  absorber  of a CPC should have a select ive coa t ing  and t h a t  a c a v i t y  

is undes i rab le  because of i t s  high h e a t  l o s s e s .  P a r a s i t i c  hea t  l o s s e s  through 

t h e  back and through t h e  r e f l e c t o r  can be s e r i o u s .  Conduction through t h e  

back i s  minimized by t h e  "backless" conf igu ra t ions  of Fig.  2b) and d ) ;  t h e  

2 

Later, a n a l y s i s  of t h e  tes t  d a t a ,  hea t  t r a n s f e r  cal- 
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Fig. 1 Efficiency predictions for single glazed non-evacuated CPC with selective coating for concentration 
values 1.6, 4.0 and 8.0 (from Ref. 6). The data points show the measured performance of a collector 
of this type with concentration 5.2. 
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Fig.  2 Four d i f f e r e n t  conf igura t ions  of t h e  CPC. 
a) Flat one-sided receiver 
b) Fin receiver 
c) Wedge receiver 
d) Tubular receiver 
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h e a t  l o s s  r educ t ion  more than  compensates f o r  t h e  f a c t  t h a t  t h e  average 

number of r e f l e c t i o n s  is approximately (2.5 h ighe r  than  f o r  conf igu ra t ion  2a).  

The "backless" ve r s ions  are p r e f e r a b l e  f o r  economic reasons  as w e l l  because 

they r e q u i r e  only  h a l f  as much of the r e l a t i v e l y  expensive absorber  material; 

a l s o ,  they  are less deep and have less r e f l e c t o r  s u r f a c e ,  as can b e  seen  

d i r e c t l y  from Fig. 2 .  

Reduction of heat t r a n s f e r  i n t o  t h e  r e f l e c t o r  s t r u c t u r e  is c r u c i a l ;  i n  

f a c t  it is easy t o  e n l a r g e  t h e  hea ted  area s o  much as t o  n u l l i f y  a l l  b e n e f i t s  

of  concent ra t ion .  U s e  of aluminum sheet as r e f l e c t o r s  i s  problematic  un le s s  

t h e  r a t i o  of absorber  width t o  aluminum th ickness  is  s u f f i c i e n t l y  l a r g e  and/or  

t h e  r e f l e c t o r  is S u f f i c i e n t l y  decoupled from the absorber  by a small gap 

maintained by i n s u l a t i n g  s t a n d o f f s  o r  b e t t e r  by means of a g l a s s  envelope. 

I n  s i n g l e  glazed (:cover only) nonevacuated CPC's, aluminized o r  s i l v e r e d  p l a s t i c  

w i t h  foam o r  f f b e r g l a s s  backing is c e r t a i n l y  p r e f e r r e d  from a thermal po in t  

of view. 

Contour accuracy of t h e  r e f l e c t o r  s u r f a c e  h a s  never posed a problem w i t h  

any of t h e  manufacturing technrques t h a t  were t r t e d ;  even an "orange pee l "  

s u r f a c e  turned  out  t o  be  acceptab le .  The s u r f a c e  need no t  be  very specu la r  9 

( i . e . ,  look  s h i n y ) ,  b u t  i t s  t o t a l  r e f l e c t a n c e  should b e  as h igh  as p o s s i b l e .  

Correc t  placement of t h e  absorber  relative t o  t h e  r e f l e c t o r  does, however, 

r e q u i r e  some c a r e  w i t h  t h e  back le s s  conf igu ra t ions .  

and a l l o w  f o r  placement t o l e r a n c e s  we  recommend ove r s i z ing  of t h e  absorber  by 

about twenty pe rcen t ,  choice  of low concen t r a t ion  r a t i o s  (less than  f i v e ) ,  and 

s u f f i c i e n t l y  large s i z e  (say absorber  widths  of a t  least a few cen t ime te r s ) .  

To minimize o p t i c a l  l o s s e s  

. The two c o l l e c t o r  modules which are t h e  b a s i s  f o r  t h e  experimental  r e s u l t s  

i n  this paper were b u i l t  w i t h  d i f f e r e n t  o b j e c t i v e s  i n  mind. The f i r s t  des ign  

( t h e  6,5X) is an experimental  c o l l e c t o r  whose des ign  parameters (acceptance 
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Absorber  Tube 

Fig. 3b Cross  s ec t ion  of 6.5X. 
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angle ,  concen t r a t ion  r a t i o ,  degree  of t runca t ion ,  etc.) were s e l e c t e d  t o  

examine what was f e l t  t o  b e  the l i m i t s  o f  t o l e r a n c e  on a p r a c t i c a l  non- 

evacuated design.  The second Cthe 3x1 was a working pro to type  of a produc- 

t i o n  (al though n o t  commercial) des ign  f o r  the f i r s t  experimental  a r r a y  of  

CPC c o l l e c t o r s  t o  b e  i n s t a l l e d  i n  a h e a t i n g  a p p l i c a t i o n  ( the  Bread Spr ings  

Elementary School, Navajo Reserva t ion  nea r  Gallup, N.M.) . Both c o l l e c t o r s  10 

used 

91 x 

"backless" conf igu ra t ions .  

The 6.5X w a s  b u i l t  as a panel  w i t h  7 CPC troughs and an active area of 

183 crn 2 2 ( 3  x 6 f t  ) and depth  30.5 c m  (1 f t ) ,  as shown i n  Figure 3a. 

The absorber  was o r i g i n a l l y  a tube  w i t h  0.64 cm C1/4" )  o u t e r  diameter ,  a l l  

t roughs  be ing  connected i n  series flow. The c r o s s  s e c t i o n  of  t h e  r e f l e c t o r  

and receiver is i n  Figure 3h. 

corresponding t o  a n  i d e a l  concen t r a t ion  of 9.0. The r e f l e c t o r  w a s  t runca ted  

t o  about one-third of i t s  f u l l  h e i g h t ,  r e s u l t i n g  i n  an  a c t u a l  concen t r a t ion  

The des ign  acceptance h a l f  ang le  is 6 . 4 " * ,  

of 6.5.  I n  the l a t e r  v e r s i o n  descr ibed  below an overs ized  absorber  of diameter  

0 . 8 0  cm was used r e s u l t i n g  i n  an e f f e c t i v e  geometric concen t r a t ion  r a t i o  of 

5 . 2 . ,  I n  o rde r  t o  minimize conduct ive heat l o s s e s  through t h e  r e f l e c t o r ,  t h e  

r e f l e c t o r s  w e r e  f a b r i c a t e d  by pouring a h i g k  temperature  ure thane  foam over 

aluminized mylar which had been s t r e t c h e d  over  a mold wi th  the CPC p r o f i l e ,  

This method w a s  most convenient  f o r  the f a b r i c a t i o n  of a s i n g l e  r e sea rch  proto- 

type; f o r  a c t u a l  m a s s  product ion,  d i f f e r e n t  techniques might be more p r a c t i c a l  

( f o r  example, t h e  u s e  of  f i b e r g l a s s  p l u s  epoxy). 

S ince  t h e  3X c o l l e c t o r  was  designed f o r  h e a t i n g  a p p l i c a t i o n s  only,  t h e  

des ign  acceptance ang le  w a s  chosen t o  b e  +18" t o  i n s u r e  c o l l e c t i o n  f o r  a t  

least 7 hours a day f o r  t h e  s i x  month per iod  between t h e  f a l l  and s p r i n g  

*This r e q u t r e s  approximately 24 tilt  adjustments  pe r  yea r  and al lows a t  least 
a week between success ive  adjustments  assuming a minimum of  seven hours of 
c o l l e c t i o n  p e r  day. 
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equinoxes without  any tilt adjustments .  The absorber  is  a f i n ( c o n f i g u r a t i o n  

of Fig. 2b) w i th  c e n t e r  tube,and each c o l l e c t o r  c o n s i s t s  of a two t rough 

module so t h a t  t h e  c r o s s  s e c t i o n  a p p e a r s  as shown i n  Figure 4 .  Each module 

is  76 x 170 c m  (14 f t  ) i n  n e t  area and t h e  troughs w e r e  46 cm (18 i n )  deep. 

Kinglux s h e e t  0.5 mm (20 m i l s )  t h i c k  is used as t h e  r e f l e c t o r  ( t o t a l  re- 

f l e c t a n c e  p = 0.84)  backed by ure thane  foam i n  t h e  pro to type .  I n  t h i s  con- 

f i g u r a t i o n  t h e  l a r g e  r a t i o  of c o l l e c t o r  depth t o  aluminum s h e e t  t h i ckness  

is  s u f f i c i e n t  so  t h a t  t h e  relative h e a t  l o s s e s  through t h e  r e f l e c t o r  are 

2 

small. The o u t e r  enc losure  i s  a f iberglass-epoxy tub w i t h  water wh i t e  g l a s s  

as a cover. The absorber  is a 1.59 c m  (5/8 i n )  o u t e r  diameter  copper tube  

w i t h  two f i n s  of 2.54 c m  (1 i n )  he igh t  p l a t e d  wi th  b l ack  chrome. 

The paper is- organized as fo l lows:  Sec t ion  I1 d i scusses  c o l l e c t o r  

parameters and tes t  procedures wi th  emphasis on t h e  s p e c i a l  f e a t u r e s  of t h e  

CPC. Pre l iminary  and d i agnos t i c  tests are descr ibed  which have proved va luab le  

f o r  t h e  development of CPC c o l l e c t o r s .  Since t h e r e  w a s ,  and s t i l l  i s ,  no 

s t anda rd  t es t  procedure f o r  c o l l e c t o r s  of t he  CPC type, our tests evolved as t h e  

work progressed. 

conform w i t h  what w e  now recommend as s t anda rd  test procedure. The s p e c i f i c a -  

t i o n  of c e r t a i n  c o l l e c t o r  parameters  is a matter of convent ion,  f o r  example, 

t h e  choice  of i n s o l a t i o n  measurement (pyranameter, pyrhel iometer  o r  o t h e r )  

and the choice  of c o l l e c t o r  temperature  ( f l u i d  i n l e t ,  mean f l u i d  o r  o t h e r ) .  

Therefore  some of t h e  e a r l y  tests r epor t ed  i n  t h i s  p a p e r  do not 

Lacking a gene ra l ly  accepted test procedure, w e  have taken  c a r e  t o  r e p o r t  a l l  

t es t  r e s u l t s  w i t h  s u f f i c i e n t l y  d e t a i l e d  informat ion  t o  permit  conversion t o  

any o t h e r  reasonable  set of conventions.  

s u l t s  f o r  t h e  6 . 5 X  and f o r  t h e  5.2X are presented .  Sec t ion  I V  d e a l s  wi th  t h e  

3X c o l l e c t o r .  Resul t s  are summarized i n  Sec t ion  V,  and a new des ign  is  desc r ibed ,  

In Sec t ion  I11 des ign  and test re- 
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a nonevacuated double glazed 1 . 5 X  which does not r e q u i r e  any tilt  adjustments;  

t h i s  c o l l e c t o r  is  p r e f e r a b l e  t o  t h e  5 . 2 X  when low c o s t  a n t i r e f l e c t i o n  

coa t ings  are a v a i l a b l e .  

IT. T e s t  Procedures 

A .  Diagnost ic  Tests 

When b u i l d i n g  a new c o l l e c t o r  type,  i t  is adv i sab le  t o  avoid expensive 

unpleasant  s u r p r i s e s  by f i r s t  performing c e r t a i n  pre l iminary  tests on a s m a l l  

c o l l e c t o r  module which is e a s i l y  f a b r i c a t e d .  For t h e  thermal  tests t h e  small- 

n e s s  of such  a module r u l e s  ou t  measurements w i th  h e a t  t r a n s f e r  f l u i d ;  a l s o  

one must c o n s t r u c t  t h i s  module w i t h  s u f f i c i e n t  back and s i d e  i n s u l a t i o n  t o  

s imula t e  t h e  environment i n  a complete c o l l e c t o r .  We b r i e f l y  d e s c r i b e  t h r e e  

tests which are s u i t a b l e ;  s p e c i f i c  r e s u l t s  are r epor t ed  in t h e  r e s p e c t i v e  

s e c t i o n s  on t h e  3X and t h e  6.5X. 

i )  Op t i ca l  Measurements 

For a pre l iminary  e v a l u a t i o n  of t h e  o p t i c a l  q u a l i t y  of a CPC r e f l e c t o r  

w e  found t h e  fo l lowing  techniques most convenient.  

angles g ives  a measure of the acceptance angle .  One simply looks a t  t h e  a p e r t u r e  

of a CPC, w i th  r e c e i v e r  in place, and estimates what f r a c t i o n  of t h e  a p e r t u r e  

looks  b l ack  when viewed from v a r i o u s  inc idence  ang le s .  I d e a l l y ,  i . e . ,  f o r  

p e r f e c t  r e f l e c t o r  contour  and f o r  p e r f e c t  placement of t h e  r e c e i v e r ,  the 

Visual  i n s p e c t i o n  from va r ious  

a p e r t u r e  w i l l  appear completely b l ack  when viewed w i t h i n  t h e  acceptance angle ;  

t h e r e  is a sha rp  t r a n s i t i o n  from f u l l  'a 9 
a t  t h e  acceptance  angle ,  101 3 

acceptance t o  r e j e c t i o n  of a l l  r ays  (for an unt runca ted  CPC) o r  r e j e c t i o n  of 

most r ays  ( for  a t runca ted  CPC] . 
is smeared o u t  over an angular  range  which is approximately fou r  t i m e s  t h e  

In a real  CPC t h e  t r a n s i t i o n  around 18 I = 9 a 
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average contour  e r r o r  of t h e  CPC. Such v i s u a l  estimate of t h e  f r a c t i o n  of 

I t h e  a p e r t u r e  which appears b lack ,  is  a c c u r a t e  enough d e s p i t e  i ts  s u b j e c t i v e  

element t o  determine t h e  u s e f u l  acceptance angle  of a c o l l e c t o r  w i t h i n  a 

f r a c t i o n  of degree. The only caut ionary  no te  about t h i s  test concerns t h e  

d i s t a n c e  from which t h e  a p e r t u r e  must b e  viewed: f o r  a f i n i t e  viewing 

d i s t a n c e  t h e  angle  from t h e  eye t o  t h e  l e f t  edge of t h e  a p e r t u r e  d i f f e r s  from 

t h e  ang le  t o  t h e  r i g h t  edge, and t h i s  d i f f e r e n c e  l i m i t s  t h e  accuracy t o  which 

the  acceptance ang le  can b e  determined. One should be  a d i s t a n c e  L away which 

is l a r g e  ( i . e . ,  % 50 times) compared t o  the  ape r tu re .  This test a l s o  reveals 

l o s s e s  due t o  contour  e r r o r s  o r  receiver misplacement i f  t h e  a p e r t u r e  shows 

s i g n i f i c a n t  r e f l e c t i v e  s p o t s  when viewed w e l l  w i t h i n  t h e  acceptance angle .  

Op t i ca l  measurements of t h e  cover t r ansmi t t ance  T of t h e  r e f l e c t a n c e  cover' 

p of t h e  CPC w a l l  and of t h e  absorptance 01 of t h e  r e c e i v e r  a r e  necessary.  

Knowing p one can approximate t h e  throughput o r  e f f e c t i v e  t r ansmi t t ance  of t h e  

CPC by t h e  formula 

<n> 
CPC = T (11-1) 

where <n> is t h e  average number of r e f l e c t i o n s  which has  been c a l c u l a t e d  i n  

Refs. 6, 15 and 16 .  For the  CPC's i n  t h i s  paper T can be  measured d i r e c t l y  

based on t h e  fol lowing observa t ion :  a CPC of t h e  f i n  o r  t u b u l a r  conf igu ra t ion  

and wi th  a p e r f e c t  r e f l e c t o r  i n  p l a c e  of t h e  r e c e i v e r  is o p t i c a l l y  equ iva len t  

CPC 

t o  t h e  same CPC without  any r e c e i v e r .  Therefore  t h e  e f f e c t i v e  r e f l e c t a n c e  of 

t h e  a p e r t u r e  of a CPC without  r e c e i v e r  i s  ( T  cpc> . 
are too  small t o  measure t h i s  r e f l e c t a n c e .  

tometer,  c a l l e d  " l i g h t  box", c o n s i s t i n g  of a phototube a s  d e t e c t o r  and a cubi- 

cal  box, 70 cm each s i d e ,  wi th  f l u o r e s c e n t  l i g h t  tubes and whi te  w a l l s  on t h e  

2 The usua l  spectrophotometers  

Ins t ead  w e  b u i l t  a l a r g e  r e f l e c -  
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i n s i d e  as an i n t e g r a t i n g  "spher ica l"  source.  

r 

Having measured T cover ' a and 

one can p r e d i c t  t h e  o p t i c a l  e f f i c i e n c y  w i t h  r e s p e c t  t o  r a d i a t i o n  w i t h i n  CPC 

t h e  acceptance ang le  as 

= T  T a cover CPC 
" T  pen' a 

cover 
(11-2) 

u n l e s s  the o p t i c a l  e f f i c i e n c y  is f u r t h e r  reduced by an i n t e r c e p t  f a c t o r  cor- 

responding t o  r a d i a t i o n  missing t h e  receiver. 

i i )  Heat-Lo s s Measurements 

The second test series measures the heat l o s s  by l e t t i n g  t h e  absorber  

reach  equ i l ib r ium when i t  is  hea ted  by e lectr ic  r e s i s t a n c e  hea t ing .  This 

de te rmina t ion  of t h e  heat l o s s  c o e f f i c i e n t  

- * e l e c t r i c  
1 

- - 
'lab A (Tabsorber Tambient 

(11-3) 

is  s imple  and accu ra t e .  This test procedure can a l s o  determine t h e  relative 

magnitude of f r o n t  and back l o s s e s ,  i f  the measurement is  repea ted  when t h e  

c o l l e c t o r  module is  covered w i t h  i n s u l a t i n g  material o r  w i t h  a p l a t e  which 

is t h e r m o s t a t i c a l l y  c o n t r o l l e d  t o  have t h e  same temperature  as t h e  absorber .  

However, one must keep i n  mind t h a t  U may d i f f e r  somewhat from the real l a b  
h e a t  l o s s  c o e f f i c i e n t  U under a c t u a l  ope ra t ing  cond i t ions  when t h e  r e f l e c t o r s  

are warmed by d i r e c t  absorp t ion  of s o l a r  r a d i a t i o n .  

i i i )  Masked S tagna t ion  Tests 

By hold ing  a mask of known t r ansmi t t ance  T f o r  example, a pe r fo ra t ed  m' 
metal s h e e t ,  i n  f r o n t  of t h e  c o l l e c t o r  module, one can c o n t r o l  t h e  amount of 

s o l a r  r a d i a t i o n  q T r reaching  the receiver. When the r e c e i v e r  s t a g n a t e s ,  

i .e. reaches  equ i l ib r ium t h e  h e a t  l o s s e s  are e x a c t l y  equal  t o  t h i s  amount of 

r a d i a t i o n ,  hence t h e  s t a g n a t i o n  temperature  T 

o m h  

s a t i s f i e s  
S 
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(11-4) 

This test  y i e l d s  an independent de te rmina t ion  of the r a t i o  U / n  

to o p t i c a l  e f f i c i e n c y .  

of U-value 
o,h 

B. Direct Measurement of Operat ing Ef f i c i ency  

The thermal output  q [ i n  W ]  of  each c o l l e c t o r  was  determined by mea- 

s u r i n g  (wi th  plat inum r e s i s t a n c e  thermometers) t h e  temperature  rise of  

water* flowing through the c o l l e c t o r ,  and mul t ip ly ing  i t  by h e a t  capac i ty  

c and mass flow rate i 
P 

(11-5) 

The flow rate w a s  found by means of s t o p  watch and graduated beaker.  

For t h e  measurements nea r  ambient temperature ,  which were taken t o  determine 

t h e  behavior  of  t h e  o p t i c a l  e f f i c i e n c y ,  w e  found open loop  ope ra t ion  t h e  most 

convenient ,  i .e.,  d i sca rd ing  t h e  water after it has  gone Qnce through t h e  

c o l l e c t o r .  W5th open loop  ope ra t ion  it  is  easy t o  maintain s t a b l e  l o w  

temperatures  f o r  i n d e f i n i t e  per iods .  To re la te  heat output  t o  e f f i c i e n c y  

(11-6) 

t h e  hemispherical  (also c a l l e d  t o t a l )  i r r a d i a n c e  w a s  measured wi th  a Ih 

*Use of o t h e r  l i q u i d s ,  i n  p a r t i c u l a r  commercial an t i - f r eeze ,  is l i k e l y  t o  b e  
inaccura t e  because t h e  h e a t  capac i ty  may not  be  known c o r r e c t l y ,  o r  i t  may 
change during t h e  t e s t i n g  i f  t h e  l i q u i d  changes a t  high temperature,  by de- 
composition o r  by evapora t ion  of  some component. 
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pyranometer, mounted In t h e  p l ane  of the c o l l e c t o r .  

c a l i b r a t e d  f o r  tilt dependence of s e n s i t i v i t y . A  is  t h e  (net)  a p e r t u r e  area 

of t h e  c o l l e c t o r .  The f r a c t i o n  y of t h e  hemispherical  i r r a d i a n c e  5 which 

f a l l s  w i t h i n  t h e  acceptance angle  of a CPC c o l l e c t o r  depends on i t s  con- 

c e n t r a t i o n  and on t h e  haz iness  of t h e  atmosphere, ranging  from about 92% 

f o r  a 3 X  C9Q% f o r  a 6.5X) on clear days t o  80% o r  less on hazy days (one 

should n o t e  t h a t  f o r  high concen t r a t ion  focus ing  c o l l e c t o r s  the corresponding 

v a l u e s  of y are s i g n i f i c a n t l y  lower). Therefore,  t h e  c o l l e c t o r  performance 

can d i s p l a y  cons ide rab le  scatter when analyzed i n  terms of hemispher ica l  

i r r a d i a n c e  under d i f f e r e n t  weather  cond i t ions .  To minimize t h i s  scatter 

w e  have t e s t e d  s o l a r  c o l l e c t o r s  only under reasonably clear sky cond i t ions .  

During t h e  t es t  series w e  evolved a s imple  procedure f o r  monitor ing t h e  r a t i o  

Id/Ih of d i f f u s e  over hemispher ica l  i n s o l a t i o n ,  f o r  f u t u r e  r e fe rence .  

measured t h i s  r a t i o  Id/% simply by hold ing  an o c c u l t i n g  d i s k  i n  f r o n t  of t h e  

pyranometer t o  block out  t h e  beam r a d i a t i o n .  

he ld  approximately 1 m above t h e  pyranometer is adequate. 

r e c t i o n  procedure which compensates f o r  v a r i a t i o n s  i n  t h e  Id/% r a t i o  we n o t e  

t h a t  t he  i n s o l a t i o n  w i t h i n  t h e  acceptance angle  of a CPC of geometric concen- 

The pyranometerk was  

W e  

A d i s k  of about 0 . 1  m diameter 

To provide  a cor- 

t r a t i o n  C is very well approximated by 

rc = rb + 

= % +  

where I is t h e  beam ( a l s o  c a l l e d  d i r e c t )  component of i n s o l a t i o n .  b 

(11- 7 )  

*Model Eppley 8-48, which had been c a l i b r a t e d  a g a i n s t  a p r e c i s i o n  Eppley PSP 
pyranometer. 
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The e f f i c i e n c y  should t h e r e f o r e  b e  n e a r l y  independent of Id/\ i f  it is 

r e f e r r e d  t o  IC i n s t e a d  of  Ih. This sugges ts  t h a t  t h e  e f f i c i e n c y  nh w i th  

wi th  r e s p e c t  t o  hemispherical  i r r a d i a n c e  b e  co r rec t ed  according t o  
- 

(11-8) 

W e  have used t h i s  formula wi th  a clear day r a t i o  of 

= 0.11 (11-9) 

t o  reduce t h e  scat ter  in t h e  5 . 2 X  data. 

S ince  t h e  i n s o l a t i o n  & t h i n  t h e  acceptance ang le  of  a CPC of concentra- 

t i o n  g r e a t e r  than 2 is  c l o s e r  t o  t h e  heam i r r a d i a n c e  r 
ir r a d i  anc e \, i t  is  perhaps more a p p r o p r i a t e  t o  r e f e r  t h e  e f f i c i e n c y  t o  a 

pyrhel iometer .  However, s i n c e  nonevacuated CPC's are low t o  in t e rmed ia t e  

than  t o  t h e  hemispherical  6 

temperature  c o l l e c t o r s ,  more l i k e l y  t o  h e  compared t o  f l a t  p l a t e s ,  w e  maintained 

t h e  convention of r e f e r r i n g  t h e i r  e f f i c i e n c i e s  t o  the  hemispherical  i r r a d i a n c e  

as ind ica t ed  by t h e  s u b s c r i p t  h of t h e  e f f i c i e n c y .  

C .  Co l l ec to r  Performance Parameters 

It is d e s i r a b l e  t o  summarize c o l l e c t o r  test r e s u l t s  i n  terms of a few 

simple parameters.  I n  t h i s  subsec t ion  w e  l ist  a se t  of parameters f o r  CPC 

c o l l e c t o r s  which is simple,  conforms c l o s e l y  w i t h  common p r a c t i c e  f o r  o the r  

c o l l e c t o r  types and w i l l  permit system performance p r e d i c t i o n s  wi th  b e t t e r  

than f i v e  percent  accuracy. 
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Experience wi th  s o l a r  c o l l e c t o r  tests and performance c a l c u l a t i o n s  has 

can be charac- ‘h’ shownthat  t o  a good approximation t h e  ope ra t ing  e f f i c i e n c y ,  

t e r i z e d  by a s i n g l e  curve i f  i t  is p l o t t e d  versus  t h e  r a t i o  of t h e  c o l l e c t o r  

temperature  ( r e l a t i v e  t o  ambient) t o  t h e  i n s o l a t i o n  l e v e l .  I n  most cases  one i s  

i n t e r e s t e d  only i n  a r a t h e r  narrow range of temperatures  where t h i s  curve can 

be approximated by a s t r a i g h t  l i n e .  One can t h e r e f o r e  w r i t e  

where 

Tambient AT = Tf - 

i s  t h e  d i f f e r e n c e  between mean f l u i d  temperature  

(11-10) 

(11-11) 

(11-12) 

and ambient and t h e  f a c t o r  F’ accounts  

f o r  temperature  d i f f e r e n c e s  between f l u i d  and absorber  su r face .  

addressed i n  t h e  fo l lowing  subsec t ion  and shown to  b e o f  minor importance f o r  

c o l l e c t o r s  i n  t h i s  paper because F’ i s  very c l o s e  t o  un i ty .  The s u b s c r i p t s  h 

f o r  e f f i c i e n c y  and i n s o l a t i o n  i n d i c a t e  t h e  choice  of hemispherical  i r r a d i a n c e  

as i n s o l a t i o n  base  ( t h e  analogous formula can of course be  w r i t t e n  down wi th  

r e s p e c t  t o  beam i r r a d i a n c e  I b ) .  

This p o i n t  is 

Equation 11-10 is based on measurement a t  normal inc idence  ( 8  = 0 ) .  To 

p r e d i c t  long term performance one a l s o  needs t o  know t h e  inc idence  angle  

modi f ie r  which m u l t i p l i e s  rt i n  Eq. 11-10 i f  8 is  no t  zero.  For t h e  CPC OYh 

t h e r e  are t w o  p r i n c i p a l  angular  coord ina te s ,  81 I measured a long  t h e  trough, 

and 8 measured perpendicular  t o  i t .  

wi th  acceptance h a l f  angle  8 should b e  cons tan t  f o r  a l l  a 

I d e a l l y  t h e  e f f i c i e n c y  of a CPC trough 1 
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< 1 ~ / 2 a n d  I I < ea. (11-13) 
0 1  

Due t o  e r r o r s  i n  mir ror  contour and t n  r ece ive r  placement, t he  u s e f u l  angular  

range i n  8 

angle  26 . In t h i s  paper t h e  angular  behavfor is repor ted  as an angular  scan,  

i .e.,  a measurement of t h e  inc idence  angle  modif ier  K(8 8 ) as func t ion  

of 8 and of 8 . TJie 6 scan  is s u f f i c i e n t l y  f l a t  a t  t h e  c e n t e r  t o  a l low 

c h a r a c t e r i z a t i o n  by a s i n g l e  number 6 

F'n 1n the l o n g i t u d i n a l  

d i r e c t i o n  t h e  e f f i c i e n c y  f a l l s  o f f  e s s e n t i a l l y  l i k e  the  w e l l  known inc idence  

of a real CPC w-211 b e  s l i g h t l y  smaller than t h e  design acceptance L 
a 

I I '  1 
1 I I  1 

the angular  range over which a usefu l '  

a t t a i n s  a t  least n ine ty  percent  of i t s  peak value.  
0 

angle  modif ier  of a f l a t  p l a t e  c o l l e c t o r  and can be  summarized by an a l l  day 

average va lue  K. 

Most c a l c u l a t i o n s  of long term energy de l ive ry  by a CPC, i n  p a r t i c u l a r  

Ref. 11, w i l l  assume as inpu t  t h e  zero  AT e f f i c i e n c y  

wi th  r e s p e c t  t o  i n s o l a t i o n  w i t h i n  t h e  acceptance angle .  

Eq. 11-10 i s  based on hemispherical  i n s o l a t i o n  and must t h e r e f o r e  be  con- 

The va lue  Qh(AT=O) 

ve r t ed  according t o  

nh (AT=O) 
(AT=O) = 

1 I d  

'h C 

C -  
1 + (- - 1)- 

(11-14) 

where I /I i s  t h e  r a t i o  of  d i f f u s e  over hemispherical  i n s o l a t i o n  during the  
d h  

c o l l e c t o r  tests and C i s  t h e  geometric concent ra t ion  r a t i o .  
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D. I n t e r p r e t a t i o n  of Performance Parameters 

While t h e  use r  of a c o l l e c t o r  need no t  worry about t h e  o r i g i n  of t h e  

c o l l e c t a r  parameters ,  t h e i r  o p t i c a l  and thermal  i n t e r p r e t a t i o n  is of con- 

ce rn  t o  c o l l e c t o r  d e s i g n e r s  and manufacturers  who want t o  assess t h e  p o t e n t i a l  

f o r  performance improvement. As a f i r s t  approximation q(AT=O) = F'q 

t h e  o p t i c a l  throughput from a p e r t u r e  t o  receiver and U r e p r e s e n t s  t h e  c o l l e c t o r  

r e p r e s e n t s  
0 

heat loss. This s imple  p i c t u r e  is, however, complicated by several e f f e c t s ,  

i n  p a r t i c u l a r  f n  the case of nonwacuated  concen t r a t ing  c o l l e c t o r s .  

F i r s t  of a l l  t h e r e  is t h e  d f f f e r e n c e  Eetween t h e  absorber  s u r f a c e  

temperature  and t h e  f l u t d  r e f e r e n c e  temperature.  This d i f f e r e n c e  can be  

accounted f o r  by the heat e x t r a c t i o n  or heat removal f a c t o r s  of t h e  Hot te l -  
12,13 

W h i l l i e r - K l i s s  model wh2ch i s  w e l l  known from t h e  f l a t  p l a t e  l i t e r a t u r e  

and which is a p p l i c a b l e  for concen t r a t ing  c o l l e c t o r s  as well. 

paper,  the mean f l u i d  temperature  Eq. TI-12 has  been used as r e fe rence ,  t h e  

r e l e v a n t  f a c t o r  i s  the e f f i c r e n c y  f a c t o r  F' f o r  t h e  h e a t  e x t r a c t i o n  from ab- 

s o r h e r  s u r f a c e  t o  f l u i d ;  f t  i s  given Ky t h e  r a t i o  

I f ,  as i n  t h i s  

12 

F? = Rra 
R f r  + Rra 

(11-15) 

of t h e  thermal  r e s t s t a n c e  R from receiver s u r f a c e  t o  ambient over t h e  

thermal r e s i s t a n c e  a,, 4- Rra) from f l u e d  to  ambient. 

r e l a t e d  t o  U-value U and a p e r t u r e  area A by 

ra 
R is ,  of course ,  r a  

1 
Rra AU 

The r e s i s t a n c e  between f l u i d  and receiver s u r f a c e  is given by 

(TI-16) 

1 
(11-17) 
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where U is t h e  conductance from f l u i d  t o  r e c e i v e r  s u r f a c e ,  p e r  r e c e i v e r  

s u r f a c e  area A . I n  most t ubu la r  r e c e i v e r s  of s o l a r  c o l l e c t o r s  t h e  r e s i s t a n c e  

a c r o s s  t h e  tube  w a l l  is  small compared t o  t h e  r e s i s t a n c e  ac ross  t h e  f l u i d  

f r  

r 

f i lm;  one can t h e r e f o r e  set U equa l  t o  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  of 

t h e  f lu id14 .  When water is used as h e a t  t r a n s f e r  f l u i d  t h i s  c o e f f i c i e n t  is  so 

l a r g e ,  on t h e  o rde r  of 1000 W/m " C y  t h a t  t h e  r e s u l t i n g  F' i s  very  c l o s e  t o  u n i t y  

f r  

2 

and flow rate  dependent v a r i a t i o n s  i n  U have no n o t i c e a b l e  e f f e c t  on t h e  col- f r  

l e c t o r  e f f i c i e n c y .  For example, t h e  6.5X i n  its rev i sed  ve r s ion  has  concentra- 

t i o n  r a t i o  C = A/Ar = 5.2 and U-value U = 1.85 W/m O C ,  and 2 

1 F' = 
1 + c U/Uf r  

- - 1 = 0.99 (11-18) 1 + 5 . 2  x 1.85/1000 

Since  t h e  U-value scales approximately l i k e  1 / C ,  F' is  nea r ly  independent of 

concen t r a t ion  r a t i o .  

about 0.98, because of t h e  a d d i t i o n a l  r e s i s t a n c e  i n  t h e  f i n .  

For t h e  3X c o l l e c t o r  w e  estimate F' t o  be  s l i g h t l y  smaller, 

The next  comment concerns t h e  d i f f e r e n c e  between t h e  e f f i c i e n c y  a t  zero  AT 

and t h e  o p t i c a l  e f f i c i e n c y  0 t h e  l a t te r  be ing  def ined  as f r a c t i o n  of a v a i l a b l e  

i r r a d i a t i o n  a t  t h e  a p e r t u r e  which reaches t h e  absorber  and is absorbed. I n  non- 

evacuated CPC c o l l e c t o r s  0 (AT501 i s  no t i ceab ly  l a r g e r  than  q because d i r e c t  

abso rp t ion  of s o l a r  r a d i a t i o n  by t h e  r e f l e c t o r  reduces t h e  h e a t  l o s s  from t h e  

0' 

h o,h 

r e c e i v e r .  This e f f e c t  is d i f f i c u l t  t o  c a l c u l a t e  a c c u r a t e l y  because i t  involves  

c l o s e  coupl ing  between r a d i a t i v e ,  convec t ive  and conduct ive h e a t  t r a n s f e r  

modes i n  a r e l a t i v e l y  complicated geometry. 

t h a t  t h i s  e f f e c t  t ends  t o  s h i f t  t h e  e n t i r e  e f f i c i e n c y  curve upward by a few 

The s imple model of Ref. 6 showed 

I percentage  p o i n t s .  This is  p l a u s i b l e  because t o  a f i r s t  approximation t h e  

s o l a r  r a d i a t i o n  absorbed by t h e  r e f l e c t o r  raises t h e  e f f e c t i v e  average 
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temperature  of t h e  environment of t h e  absorber  tube by a n  amount p ropor t iona l  

t o  i n s o l a t i o n  but  n e a r l y  independent of c o l l e c t o r  ope ra t ing  temperature.  

Relative t o  a c a l c u l a t i o n  which d i s c a r d s  t h e  power absorbed by t h e  r e f l e c t o r ,  

warming of t h e  r e f l e c t o r  has  t h e r e f o r e  t h e  s a m e  e f f e c t  as a r educ t ion  i n  t h e  

d i f f e r e n c e  T v This  impl ies  t h a t  t h e  e n t i r e  e f f i c i e n c y  

curve is s h i f t e d  t o  t h e  r i g h t ,  o r  which amounts t o  t h e  same th ing ,  upwards. 

absorber  Tambient. 

I n  semiquan t i t a t ive  f a sh ion  w e  can say  t h a t  c o l l e c t o r  e f f i c i e n c y  n 

o p t i c a l  e f f i c i e n c y  q are r e l a t e d  

and h 

0 ,h 

nh = F' [F - T/lhl ho t  mi r ro r  'o,h (11-19) 

where F is  a f a c t o r  i n  t h e  range 1 . 0  t o  1.05 which i s  d i f f i c u l t  t o  

measure o r  c a l c u l a t e .  A s i m i l a r  e f f e c t  exis ts  f o r  f l a t  p l a t e  c o l l e c t o r s  due 

i s  d i f f i c u l t  t o  t h e  warming-up of t h e  cover g l az ing ( s )  . Since  F 

t o  measure as a s e p a r a t e  f a c t o r  i t  has  been absorbed i n t o  t h e  d e f i n i t i o n  of 

n 

n o t  mi r ro r  

1 2  
h o t  mi r ro r  

throughout t h e  rest of t h i s  paper. 0 ,h  
F i n a l l y  t h e  i n t e r p r e t a t i o n  of tes t  r e s u l t s  f o r  concen t r a t ing  c o l l e c t o r s  

may be obscured by t h e  mixing of o p t i c a l  and thermal  e f f e c t s .  

t h e  r e c e i v e r  may deform a t  h igh  temperature  and move a w a y  from i t s  des ign  posi- 

t i on .  When Eq. 11-10 with cons t an t  n o  and U is used t o  f i t  t h e  r e s u l t i n g  d a t a ,  

it f a l s e l y  a s c r i b e s  p a r t  of t h e  e f f i c i e n c y  drop a t  high temperature  t o  thermal  

r a t h e r  than o p t i c a l  l o s s e s .  Evidence f o r  such an  occurance can be seen  i f  

t h e  U-value i n  Eq. 11-10 exceeds t h e  h e a t  l o s s  c o e f f i c i e n t  U measured a t  

n i g h t ,  o r  i f  monitor ing of t h e  s o l a r  f l u x  nea r  t h e  r e c e i v e r  s u r f a c e  i n d i c a t e s  

a decreased i n t e r c e p t  a t  high temperature.  

In  some c o l l e c t o r s  

n i g h t  
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111. Test ing  of t h e  6.5X 

A. Developmental Emphasis 

Both c o l l e c t o r s  underwent ex tens ive  performance t e s t i n g  according t o  

t h e  procedures  descr ibed  above. However, s i n c e  t h e  6.5X c o l l e c t o r  w a s  b u i l t  

s t r i c t l y  f o r  experimental  purposes a g r e a t  d e a l  of e f f o r t  w a s  devoted t o  i t s  

d i a g n o s t i c  t e s t i n g  and improvement modi f ica t ions .  This emphasis is r e f l e c t e d  

i n  what follows. 

B . Diagnost ic  Tests 

Before c o n s t r u c t i n g  t h e  f u l l  7-trough panel  a s h o r t  (2 ,  50 cm) l e n g t h  of 

trough w a s  f a b r i c a t e d  and sub jec t ed  t o  t h e  pre l iminary  d i a g n o s t i c  tests out- 

l i n e d  above i n  Sec t ion  11-A. The r e s u l t s  are summarized below. 

i) O p t i c a l  Measurements 

For t h e  s h o r t  trough made from aluminized mylar and ure thane  foam, w i t h  

a 6.35 mm o u t e r  diameter  absorber  tube,  v i s u a l  i n s p e c t i o n  y i e lded  a use fu l*  

acceptance ang le  of 28 

des ign  acceptance ang le  of 20 

The absorp tance  of t h e  b l ack  chrome absorber  

= 11'. This i s  i n  accep tab le  agreement w i t h  t h e  a 
= 13'. a des ign  

17 tube w a s  measured by 

D r .  K. Reed of Argonne Nat iona l  Laboratory wi th  a Beckman spectrophotometer  

and found t o  b e  

a = 0.96 

For t h e  e f f e c t i v e  t r ansmi t t ance  of t h e  CPC r e f l e c t o r  

<n> 
T = P  

CPC 

t h e  " l ightbox" descr ibed  i n  Sec t ion  I1 A i )  y i e l d e d  a va lue  

= 0.85 CPC T 

(111-1) 

(111-2) 

(111-3) 

*Angular range over which a t  least n i n e t y  percent  of t h e  a p e r t u r e  
appeared b lack .  
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For a 6.5X CPC w i t h  f i n  or tuEiular a6sorber  t h e  average number of r e f l e c t i o n s  is 

(11 1-4 1 qnp 2 1.5 

as can be seen  Ky t n t e r p o l a t i o n  from Fig. 11 of Ref. 6,  Hence Eq. 111-3 

is  c o n s f s t a n t  with a r e f l e c t a n c e  p 3 0.9.0 f o r  a l u d n f z e d  mylar. 

Combinlng the measured va lues  TIT-1  and TIT-3 w i t h  t h e  t r ansmi t t ance  

o f  the 3 mm thick a c r y l f c  c w e r  sheet t o  6e used i n  t h e  complete c o l l e c t o r  

T 0.90 (111-5) 
cover 

we p red ic t ed  an  o p t f c a l  e f f e c t e n c y  

a T  ‘ o , ~  c w e r  

= 0.90 x Q.85 x 0.96 

= 0.73 (I1 1-61 

w i t h  r e s p e c t  t o  r a d i a t i o n  witFdn t h e  acceptance angle .  

t o  b e  a t y p f c a l  va lue  f o r  t h e  f r a c t i o n  of clear day hemispher lca l  i n s o l a t i o n  

which is w i t M n  t h e  acceptance ang le  of t h e  6.5X CPC, w e  thus  f i n d  t h a t  t h e  

o p t i c a l  e f f i c l e n c y  f o r  the f u l l  co l lec tor  w i t h  respect t o  a pyranometer is 

expected t o  range from 

Taking y = 0.90 

= 0.66 - - 
0 ,h ‘0,c n 

= 0.11 and y = 0.9) (111-7) I d  ./‘h ( c l ea r  day, i .e. 

t o  
n = 0.59 
o,h 

fiazy day, i . e .  Id /‘h = 0.23 and y = 0.80) 
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i i )  Heat Loss 

For t h e  pre l iminary  tests a s h o r t  trough module (aluminized mylar 

on f iberglass-epoxy s u b s t r a t e )  w a s  p laced  i n  a box 75 cm long, 45 c m  wide 

and 30 c m  deep. The space between t h e  module and t h e  w a l l s  of t h e  box w a s  

f i l l e d  wi th  i n s u l a t i o n  and t h e  a p e r t u r e  w a s  covered wi th  an a c r y l i c  s h e e t  

3 mm t h i c k  i n  o rde r  t o  s i m u l a t e  cond i t ions  i n  a real  c o l l e c t o r .  This seem- 

ing ly  ex t ravagant  amount of i n s u l a t i o n  a t  t h e  s i d e s  of t h e  CPC module w a s  

needed t o  compensate f o r  t h e  f a c t  t h a t  t h e  module w a s  not surrounded by o t h e r  

CPC troughs a t  t h e  same temperature  as would b e  t h e  case i n  t h e  complete 

c o l l e c t o r .  The ahsorber  tube was  hea ted  e l e c t r i c a l l y ,  and t h e  d i s s i p a t e d  power 

w a s  monitored as w e l l  as t h e  temperature  a t  va r ious  p o i n t s  of t h e  absorber  

s u r f a c e ,  of t h e  r e f l e c t o r  and of t h e  i n s u l a t i o n .  

A comprehensive t h e o r e t i c a l  a n a l y s i s  of t h e  expected heat l o s s e s  w a s  

c a r r i e d  out  and a d e t a i l e d  set of experiments t o  determine t h e  r e l a t i v e  impor- 

t ance  of t h e  va r ious  components w a s  performed. S ince  t h e s e  methods may be  

a p p l i c a b l e  t o  t h e  gene ra l  development of nonevacuated CPC's a summary of t h i s  

s tudy  is  given i n  t h e  Appendix. For t h e  n e t  e f f e c t i v e  h e a t  l o s s  c o e f f i c i e n t  

based on t h e s e  d i a g n o s t i c  tests we measured 

2 ' t o t a l ,  b l ack  chrome, f i b e r g l a s s  = 1.88 w/m O C  (111-8) 

us ing  a real  absorber  tube,  coated wi th  b l ack  chrome,and a r e f l e c t i n g  t rough backed 

w i t h  ure thane  foam i n s u l a t i o n .  We had no means of measuring t h e  emi t tance  of 

t h e  b l a c k  chrome, b u t  from t h e  d a t a  w e  have seen  r epor t ed  f o r  b l ack  chrome 

supp l i ed  .by Olympic P la t ing17 ,  w e  f e e l  conf ident  t h a t  the emi t tance  is i n  t h e  

range of 0.05 t o  0.2.  Ca lcu la t ion  g ives  a r a d i a t i v e  c o n t r i b u t i o n  of 
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= 0.14 ' rad ia t ive ,  E = 0.1 

f o r  an emft tance  of 0.1; hence t h e  r a d f a t i v e  

c o e f f i c i e n t  is q u i t e  s m a l l  f o r  the ope ra t ing  

Several d i f f e r e n t  t e c b i q u e s  were t r i e d  

(111-9) 
2 W/m O C  

c o n t r i b u t i o n  t o  t h e  heat l o s s  

temperatures  of i n t e r e s t .  

f o r  making t h e  CPC r e f l e c t o r .  

F i b e r g l a s s  p l u s  epoxy, w i t 5  either a l u m h i z e d  mylar o r  vacuum depos i ted  

a l d n u m ,  turned  o u t  no t  t o  b e  p r a c t i c a l  f o r  a la l ioratory pro to type ;  t h e  

alumfnfzed mylar tended t o  wrfnkle  o r  de lamina te  from the s u b s t r a t e ,  and 

wi thout  alurnintzed mylar t h e  mold release agent  prevented a s u f f i c i e n t l y  

smooth s u r f a c e  f i n i s h  f o r  h igh  r e f l e c t i k i t y .  As an a l t e r n a t i v e  w e  poured 

h i g h  temperature  ure tbane  foam over aluminized mylar which was s t r e t c h e d  over 

the CPC mold; the results were accep tab le  and this t e c b i q u e  w a s  adopted f.or 

f a b r i c a t i n g  t h e  f u l l  pane l ,  The conduct ive heat l o s s e s  for a ure thane  foam 

r e f l e c t o r  are expected t o  b e  smaller than  f o r  a f i b e r g l a s s  r e f l e c t o r .  This 

was  confirmed by a new- h e a t  l o =  measurement, w i th  t h e  same absorber  tube  as 

used t n  t h e  prevfous  test ,  whtch pfelded 

2 = 1,73 W/m "C ' t o ta l ,  f i n a l  v e r s i o n  (111-101 

iii) Stagna t ion  Tests 

These tests were c a r r i e d  ou t  w3th two p e r f o r a t e d  metal s h e e t s  which 

t r ansmf t t ed  26% and 51%, r e s p e c t i t e l ? ,  of t h e  €nci;dent s o l a r  r a d i a t i o n .  The 

ambient temperature  was around 2Q'C and the hemispher ica l  i n s o l a t i o n  a t  normal 
2 i nc idence  was i n  the range  of 900 t o  lQOO W/m . The i n s u l a t e d  module, des- 

c r i b e d  i n  t h e  preceeding subsec t ion  was used, with a l u m h i z e d  mylar r e f l e c t o r  

and u r e t b n e  foam i n s u l a t i o n .  

meane of thermoconples i n s i d e  the tube. 

The absorber  t ube  temperature  w a s  monitored by 

The f i r s t  tests w e r e  done w i t h  t h e  
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c o r r e c t  absorber  s i z e ,  i .e . ,  6.36 mm ou te r  diameter .  S ince  overs ized  b l a c k  

chrome coated absorber  tubes  wi th  9.54 mm o u t e r  diameter  were a l s o  a v a i l a b l e ,  

w e  repea ted  t h e  tests w i t h  the la t te r  t o  eva lua te  t h e  e f f e c t  of  absorber  s i z e  

on performance. The r e s u l t s  are l i s t e d  i n  Table I. 

Table I. Resu l t s  of masked s t a g n a t i o n  tests f o r  6.5X. 

absorber  
o u t e r  diameter  'm*h [OCI u / ~ ~ , ~ [ w / ~ ~ o c I  
[=I 

6.36 241 122 30 2.61 

459 186 33 3.01 

9.54 244 112 2 1  2.67 

472 167 20.5 3.22 

These r e s u l t s  ag ree  very w e l l  w i t h  p rev ious  d i agnos t i c  tests of t h e  

2 6.36 mm absorber  U = 1.73 W/m "C of Eq. TTI-10 and q 

which imply 

= 0.66 of Eq. 111-7 
0,E 

= 2.62 W/m 2 'C. 
u / n O  ,6 (111-11) 

Somewhat s u r p r i s i n g  is t h e  mall t n c r e a s e  i n  U / q  

one would have expected rl t o  remain cons t an t  and U t o  i n c r e a s e  w i t h  absorber  ' 

s i z e .  A t  h i g h  temperature  the aijsorher tube  may deform somewhat and m i s s  some 

w i t h  absorber  s i z e ,  because 
o,h 

o , h  

of t h e  inc fden t  s o l a r  r a d i a t i o n  i n  the case of t h e  smaller absorber .  Thus t h e  over- 

s i z e d  absorber  tube  can have a s i g n i f i c a n t l y  h ighe r  o p t i c a l  e f f i c i e n c y  a t  high 

temperature  and t h e  r a t i o  U/r l  need no t  b e  much worse than f o r  t h e  c o r r e c t  
0 
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absorber  s i z e .  Another explana t ion  may b e  t h a t  t h e  dependence of h e a t  l o s s e s  

on a concen t r a t ion  i n  t h i s  conf igu ra t ion  and range of concen t r a t ion  r a t i o s  

i s  weaker than  expected. 

C. Performance 

The pre l iminary  d i a g n o s t i c  tests revea led  no fundamental problems and 

indeed t h e  measured o p t i c a l  e f f i c i e n c y  and h e a t  l o s s  c o e f f i c i e n t ,  c o n s i s t e n t  

w i t h  s t a g n a t i o n  measurements,were very encouraging. Thus w e  proceeded wi th  

t h e  c o n s t r u c t i o n  and tes t  of t h e  f u l l  7-trough panel i l l u s t r a t e d  i n  Fig.  3a 

us ing  t h e  procedures  descr ibed  i n  Sec t ion  I1 B. The r e s u l t s  are summarized 

i n  Figures 5 t o  8. 

F i r s t  w e  determined t h a t  t h e  time cons tan t  of t h e  c o l l e c t o r  w a s  very 

s h o r t  ( l e s s  t han  a minute),  as expected from i ts  s m a l l  h e a t  capac i ty .  Figure 5 

shows t h e  c o l l e c t o r  response when, under f u l l  sunshine ,  a cover is  p laced  over 

t h e  ape r tu re .  

w a s  a l s o  very  s h o r t ,  on t h e  o rde r  of two minutes,  thus  pe rmi t t i ng  r a p i d  

a c c u m u l a t i o n  of d a t a  p o i n t s  which i s  p a r t i c u l a r l y  h e l p f u l  f o r  angular  s cans .  

The t r a n s i t  t i m e  of a f l u i d  element through t h e  t h e  c o l l e c t o r  

F igure  6 shows t h e  angular  response,  t h a t  is, t h e  v a r i a t i o n  of o p t i c a l  

p ro j ec t ed  t r a n s v e r s e  t o  the t rough.  e f f i c i e n c y  ll0 w i th  t h e  inc idence  ang le  8 

These d a t a  p o i n t s  w e r e  ob ta ined  by p o i n t i n g  t h e  c o l l e c t o r  normal t o  t h e  sun and 

then  changing its tilt  up and down. The dashed l i n e  shows t h e  behavior  expected 

i f  t h e  o p t i c s  w e r e  p e r f e c t .  The e f f i c i e n c y  is n e a r l y  cons t an t  throughout t h e  

c e n t r a l  p o r t i o n  of t h e  des ign  acceptance ang le  29 = 13", dropping o f f  near  t h e  

edge, i .e . ,  between 5 and 7 degrees  from the c e n t e r .  

L 

To e v a l u a t e  long t e r m  average energy d e l i v e r y  one a l s o  needs t o  know t h e  

v a r i a t i o n  of 0 wi th  0 t h e  p r o j e c t i o n  of t h e  inc idence  angle  a long t h e  
0,h I I '  
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trough (east-west], For t h t s  purpose the c o l l e c t o r  was placed i n  a f iked  

p o s i t i o n  (due south ,  and t i l t e d  so that  the sun a t  noon is j u s t  w i t h i n  t h e  

acceptance ang le ) ,  and i t  was opera ted  f o r  t h e  wFrole day, This test w a s  run  

near  s o l s t i c e  and hence 0 was n e a r l y  equal  t o  t h e  hour angle;  the v a r i a t i o n  

of 8 wi th  8 was negl2giEle  a t  t h i s  t i m e  of year .  The measured o p t i c a l  

e f f i c i e n c y  is p l o t t e d  versus  8 i n  Fig.  7. The apparent  morning-afternoon 

asymmetry was caused by 'Fclosed loop" opera t ion .  

1 1  
L I I  

I I  
Even though t h e  t i m e  cons tan t  

of the c o l l e c t o r  i t s e l f  is s h o r t , t h e  input  of s o l a r  energy caused a s low rise 

of t h e  temperature  of t h e  f l u l d  t n  t h e  test loop and thus  prevented t h e  at- 

tainment of s teady  s ta te  cond i t ions  dur ing  most of t h e  day, (That is why w e  

now recommend open loop ope ra t ion  f o r  th i s  t e s t . )  By averaging morning and 

af te rnoon d a t a ,  one can p a r t i a l l y  compensate for t h i s  t r a n s i e n t  e f f e c t .  

The measured ins tan taneous  thermal performance is  shown i n  Fig. 8. The 

d a t a  p o i n t s  correspond t o  i n d i v i d u a l  e f f i c i e n c y  measurements p l o t t e d  as a 

func t ion  of AT/Ib. The s o l i d  l i n e  is  a least  squares  f i t  t o  the d a t a  assuming 

the form given by Eq. TI-10 and corresponds t o  va lues  f o r  t h e  c o l l e c t o r  

parameters of 

(111-12) 

and 

( I I I=13)  
2 F'U = 2.2 t 0.2 W/m O C  

Also shown i n  t h e  f i g u r e  is a do t t ed  l i n e  corresponding t o  t h e  expected per- 

formance based on t h e  pre l iminary  d i agnos t i c  tests. 
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The u n c e r t a i n t i e s  

on our best e s t h a t e  of 

32 

i n  the measured c o l l e c t o r  parameters above are based 

the e r r o r s  a r r s i n g  from a] v a r i a t i o n s  i n  t h e  re la t ive 

f r a c t i o n  of dzf fuse  2nso la t ion ,  b j  u n c e r t a i n i t e s  i n  the abso lu te  va lue  of Ih 

due tgnon-horizontal orlentation of the Eppley pyranometer used and c)  pos- 

sible sl l lght  d e v i a t i o n s  from staljlle thermal equilfhriurn of t h e  c o l l e c t o r  

d u r b g  the measurements, That is, the s t anda r i zed  c o r r e c t i o n  f o r  d i f f u s e  

i n s o l a t i o n  and t h e  u s e  of "open looptt  f low tests were no t  p a r t  of our  proce- 

du re  a t  that t i m e .  

bettipeen the expected performance (dashed line) and o6served ( so l fd  l i n e ) ,  

mever, even t a w n g  these u n c e r t a z n t i e s  i n t o  account and a l lowing  f o r  some 

additional heat l o s s  due t o  t h e  in t e rconnec t ing  tulies between t h e  t roughs ,  

i t  can Fre seen  tha t  the o p t r c a l  e f f i c i e n c y  is s l i g h t l y  lower and the e f f e c t i v e  

thermal l o s s  scnne-qbt higher than expected based on d i a g n o s t i c  measurements on 

the  pro t o  type trough. 

Tliese f a c t o r s m a y  account f o r  some of t h e  d i sc repanc ie s  

One p o s s t h l e  explanateon f o r  t h e s e  e f f e c t s  has t o  due w i t h  t h e  "gap 

lasses." a s soc fa t ed  ~ t 6 m t s a l i g n m e n t  off the absorber  t ubes ,  These tubes i n  

t h e  6.5X versLon were made of copper and tended t o  h e  s l i g h t l y  ben t  even a f t e r  

the i n i t f a l  i n s t a l l a t i o n .  T t  has been c a l c u l a t e d  t h a t a  1 mm la teral  d i s -  

placement of a 6 mm diameter  tuhe  can cause a 10% o p t i c a l  l o s s .  

can lie enhanced 

tuKes causes- them tQ become f u r t h e r  warped, ThLs would r e s u l t  i n  a thermal ly  

dependent o p t i c a l  l o s s  sd that the thermal performance of the c o l l e c t o r  would 

be cha rac t e r i zed  € 5 ~  a spuriously hfgh  U-value, 

some o f  the poorer  than expected performance of t h e  6.5X w a s  due t o  j u s t  such ' 

an e f f e c t  s i n c e v t s u a l  B s p e c t t o n  o f  the c o l l e c t o r  a p e r t u r e  showed that i t  

l o o k d  less d a r k  a f t e r  the h i g h  tempera ture  t e s t i n g  had been completed, 

8 

This e f f e c t  

a t  h i g h  tempera tures  i f  the thermal expansion of t h e  

There is  some evidence that 
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Fig. 8 Ins tan taneous  e f f i c i e n c y  of 6 . 5 X  CPC: f i t  t o  d a t a  ( s o l i d  l i n e ) ,  
expected performance a f t e r  pre l iminary  tes t s  (_dotted l i n e )  
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To ava ld  s u c h  sensAt2vtty. t o  -rmCsallgment and thermal deformation, 

p a r t i c u l a r l y  en t h e  caseswf ie re  W g h  concen t r a t ion  (: 4x1 is c d i n e d  with 

abso rbe r s  of sma l l  a b s o l u t e  d2mensions 1 . 2 5  crn], w e  s t r o n g l y  recommend 

a;! t h e  u s e  of a6sorEers  crvers2zed by\ &out 2Q% wtth r e s p e c t  t o  the ?' theoretical ' '  

mathematical alisor6er s u r f a c e  f o r  which the r e f l e c t o r  p r o f i l e  s u r f a c e  is gen- 

e r a t e d  and 6) tlie u s e  of steel or  o t h e r  r e l a t i v e l y  s t r o n g  raaterial f o r  t h e  

absorber tulies, , 

Followfng this p r e s c r t p t l o n  we decided ,as  f i n a l  phase  of this development 

e f f o r t ,  t o  r e f u r l i M i  the 6 . a  co l l ec to r  wtth l a r g e r  steel aKsor€ier t u b e s  of 

7.9 utm o u t e r  diameter  C5/16 2 n I  i n s t e a d  of tFLe o r e g i n a l  6.4 mm C1/4 I n )  copper 

t u b e s  and measure 2 t s  tkermal performance as descr lhed  ln the next  s e c t i o n .  

D, Reytsed Yersion,  the 5,2X 

Since  the r e f l e c t o r  p r o f i l e  and a p e r t u r e  are unchanged and only  t h e  

a6aorber  t u b e  d f m e t e r  2s l nc reased  from 6.4 t o  7,55 mm the concen t r a t ion  r a t i o  

is reduced fram 6.5 t o  5.2 and i t  2s more a p p r o p r i a t e  t o  refer t o  the modified 

c o l l e c t o r  a* a 5,2X, 

The measured eff ic lencqr  fs p l o t t e d  f n  Ftg, 9 ,  This time scatter of t h e  

d a t a  p o i h t s  due t o  varl"a6le atmospheric Faze  Ems 6een reduced by c o r r e c t i n g  

the measured e f f f c t e n c y  and 2nso la t ion  v a l u e s  according t o  Eq, CT.I-81 with 

a r e f e r e n c e  ratiQ r / 
sured  $n an Itopen loopf' f l o w  conf igu ra t ion  and the Edgh temperature  p o i n t s  

standard a Q*ll? the low temperature  p o i n t s  w e r e  mea- 
d k 

w e r e  ohtatned a f t e r  c a r e f u l l y  a t t a i n t n g  a cond i t ion  of temperature  equi l ibr ium 

f o r  t h e  f u l l  c o l l e c t o r ,  The  s o l i d  l i n e  i s  a least squares  s t r a i g h t  l i n e  f i t  

t o  the d a t a  and cor responds  t o  the c o l l e c t o r  parameters 
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F'nh(0) = 0.68 5 0.01 (111-23) 

2 F'U = 1.85 W/m *C f 0 .1  (111-24) 

These are t h e  d a t a  p o i n t s  which have been shown i n  Fig.  1, superimposed on t h e  

performance p r e d i c t i o n  of several y e a r s  ago , 

p r e d i c t i o n  implied by t h e  C = 4 and C = 8 curves  f o r  CPC's w i t h  selective 

absorber .  This  c l o s e  agreement is  f o r t u i t o u s  i n  t h e  sense  t h a t  t h e  material 

p r o p e r t i e s  whlch had been assumed do n o t  a l l  agree  e x a c t l y  wi th  t h o s e  of t h e  

a c t u a l  c o l l e c t o r ;  t hey  are, however, q u i t e  c l o s e  and do r e p r e s e n t  t h e  c o l l e c t o r  

6 They agree  very  w e l l  w i th  t h e  

on t h e  average ,  

The angular  s can  ln t h e  t r a n s v e r s e  p l ane  f o r  8 

h 

f o r  the 5.2X is  shown i n  L 
Fig.  10. The r eg ion  where n CO) can b e  assumed cons t an t  has been en larged  

s l i g h t l y ,  hy aliout h a l f  a degree  compared t o  t h e  o r i g i n a l  6.5X (exact compari- 

son is  d i f f 2 c u l t  f o r  lack of d a t a  In  tk reg lon  around 9 

the ga in  i n  angular  acceptance  a s s o c i a t e d  with reduced concen t r a t ion  has occured 

= 6.4'). Nost of 1. 

o u t s t d e  the des ign  acceptance  a n g l e  and is no t  very  u s e f u l .  

The improved thermal  performance of t h e  5.2X modi f i ca t ion  shown i n  F ig ,  9 

compared t o  the o r i g i n a l  6.5X in Fig. 8 r e p r e s e n t s  b o t h  the improvements asso- 

c i a t e d  w i t h  the ove r s i zed tubes  and the ref inement  of our tes t  procedure,  i n  

p a r t i c u l a r  the s t a n d a r d i z a t i o n  of t h e  e f f l c l e n c y  measurement t o  a very  c l e a r  

day v a l u e  of 

p red ic t ed  performance based on a t h e o r e t i c a l  model CFig. 1 )  and with t h e  experi-  

mental measurements from the p re l imina ry  d i a g n o s t i c  tests shows c l e a r l y  t h a t  

w i t h  s u f f i c i e n t  care one can des ign  and h u i l d  a non-evacuated CPC wi th  e x c e l l e n t  

performance a t  i n t e r m e d i a t e  tempera tures ,  

Id/Ih' 0.11. The f i n a l  achievementof good agreement wi th  t h e  
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I V .  Tes t ing  of t h e  3X 

A .  Product ion h p h a s i s  

Tn c o n t r a s t  t o  the 6.5X a c h  was a f u l l y  experimental  c o l l e c t o r  devel- 

opment, t h e  3X c o l l e c t o r  was conceived, b u i l t  and t e s t e d  as a f i e l d  c o l l e c t o r  

f o r  u se  i n  a r e l a t i v e l y  l a r g e  array C73 m 1, 

and development procedures  w e r e  no t  c a r r i e d  out  I n  the s a m e  d e t a i l .  

2 Therefore  t h e  d i a g n o s t i c  t e s t i n g  

E, Preliminary Diragnostic Tes t ing ,  

For t h i s  purpose a s i n g l e  t rough  pro to type  module c o n s i s t i n g  only  of 

the absorber  f i n  and CPC r e f l e c t o r  Cpro f i l e  conf igu ra t ion  shown i n  Fig,  1b) 

was b u i l t .  lXe r e f l e c t o r  was f a s t ened  t o  wooden r i b s  and mounted w i t h i n  a 

plywood hox w i t h  an a c r y l i c  cover g l a z i n g ,  

51 O p t l c a l  c h a r a c t e r f s r f c s :  the v i s u a l  fn spec t ion  method w a s  

app l i ed  only  t o  e v a l u a t e  t h e  q u a l i t y  of t h e  mir ror  contour by 

making s u r e  there w e r e  no r e f l e c t i n g  s U n y  pa tches  wken t h e  a p e r t u r e  was  viewed 

from a d i s t a n c e .  A q u a n t i t a t t v e  measurement of the acceptance  a n g l e  was n o t  

c a r r i e d  o u t ,  The o p t i c a l  parameters  of t h e  components w e r e  taken t o  b e  a 

t r ansmi t t ance  of  
T = Q,9Q c w e r  

for the acrylic g l a z t n g  and a r e f l e c t a n c e  of 

f o r  t h e  sheet alumhum r e f l e c t o r s  CJCtnglw @'-I w i t h  an average number of r e f l e c t i o n s  

With a b lack  chrome p l a t e d  absorber  f i n  wi th  absorptance 

a = 0.94 
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and a c o r r e c t i o n  f a c t o r  y = 0.93 f o r  l o s s  of d i f f u s e , s t a n d a r d i z e d  t o  a d i f f u s e  

f r a c t t o n  of O..ll,one expec t s  an  o p t i c a l  e f f i c t e n c y  of 

cn> 
rl =!T ' P  . a . y  o,h cover 

Note tk t  i f  the a c t u a l  d i f f u s e  f r a c t i o n  under hazy test cond i t ions  is  as 

h igh  as 0,23  the l o s s  of d f f f u s e  c o r r e c t i o n  is 0.85 so t h e  expected 

o p t i c a l  e f f i c i e n c y  may h e  as low- a s  

ii) &at loss tests: the  heat loss c o e f f i c i e n t  of t h e  p ro to type  

t rough i n  the wooden b x  w%th e s s e n t i a l l y  only  dead a i r  space  i n  back of t h e  

r e f l e c t o r  as an h s u l a t i o n  was measured us ing  an electrical r e s i s t a n c e  heat 

source  a long  the l e n g t h  of the f n s i d e  of the  ab.sor6er tube,  A v a l u e  of 

was found. T t  Fs Tnterest ing to n o t e  that later tests w i t h  the f u l l  p ro to type  

u n i t  t n  which t b  r e f l e c t o r  wasbacked  Lyure t l zane  foam l n s u l a t i o n  yfe lded  

values only. 1QZ lover tiian th2s and as a result the f u l l  p roduct ion  v e r s i o n  w a s  

i n  f a c t  f a b r i c a t e d  usfng o n l y  dead air space  as 2nsu la t ton ,  

2frl Stagnat fon  tests: kth the  wooden p ro to type  u n l t  and bo th  

t roughs  of the f u l l  two-trough p ro to type  c o l l e c t o r  were su6 jec t ed  i n d i v i d u a l l y  

t o  s t a g n a t f o n  tests under f u l l  solar t n s o l a t i o n  levels, 'Values of the s t a g n a t i o n  

tempera ture  ranglng from 2QU°C tQ 22Q'C a h w e  m 6 t e n t  were observed corresponding 

t o  v a l u e s  of U/rt  2 
F 4 , 6  5 0.3 W-lm 'C, This 2s t o  be compared w i t h  the expected 

Q 
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values  f o r  t h i s  r a t i o  of 4.76 based on the  numbers f o r  rl and U d i scussed  

i n  i) and i i )  above. 

0 

C. Performance Tes t ing  

The o p t i c a l  and thermal performance of t h e  f u l l  two trough module w a s  

measured us ing  t h e  same procedures  as used f o r  t h e  o r i g i n a l  6.5X c o l l e c t o r  and 

un fo r tuna te ly  d id  not  u t i l i z e  some of  t h e  ref inements  and s t a n d a r d i z a t i o n  

procedures which w e  developed a t  a la ter  t i m e .  

L' The inc idence  ang le  modi f ie r  as a func t ion  of  9 

t h e  inc idence  angle  p ro jec t ed  i n t o  t h e  t r a n s v e r s e  p l a n e , i s  shown i n  Fig.  11. 

Note t h a t  t h e  output  is  r e l a t i v e l y  f l a t  w i t h i n  216" of t h e  a p e r t u r e  normal 

and i t  drops o f f  t o  no less than  80% of f u l l  response a t  +20". The des ign  

acceptance ang le  w a s  +18". It should b e  noted t h a t  t h e  cover  g l a s s  used f o r  

t h e  c o l l e c t o r  module h e r e  w a s  t h e  ASG water-white g l a s s  which has  a s l i g h t  

s u r f a c e  t e x t u r i n g  r e s u l t i n g  i n  a b l u r r i n g  of t r ansmi t t ed  images. 

The e f f e c t  of t h e  s c a t t e r i n g  caused by t h i s  t e x t u r i n g  is only t o  c o n t r i b u t e  

t o  t h e  rounding of t h e  response p r o f i l e  i n  t h e  "shoulders" between +16" and 

k20" and no t  t o  degrade t h e  o p t i c a l  performance of t h e  concent ra tor  i n  any 

s i g n i f i c a n t  way. This can be understood i n  terms of t h e  f a c t  t h a t  t h e  magni- 

tude  of s c a t t e r i n g  of  t r ansmi t t ed  l i g h t  r a y s  i s  of  t h e  o rde r  of 

1" - 3" which i s  a s m a l l  f r a c t i o n  of  t h e  des ign  acceptance angle .  

The inc idence  ang le  modi f ie r  i n  t h e  l o n g i t u d i n a l  p l ane  w a s  no t  

measured f o r  t h e  pro to type  s i n c e  t h i s  w i l l  b e  measured i n  t h e  f i e l d  f o r  elements 

of  t h e  a c t u a l  a r r a y  whose long  t e r m  performance and comprehensive angular  

response c h a r a c t e r i s t i c s  w i l l  be  t h e  s u b j e c t  of a forthcoming s tudy .  

The thermal  performance of t h e  3 X  c o l l e c t o r  i s  shown i n  Fig.  12 as a 

func t ion  of AT/I  The s o l i d  l i n e  r e p r e s e n t s  a least  squa res  f i t  t o  t h e  h '  
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efficiencies measured under typical clear day conditions and as in the case 

of the 6.5X, the &.#eel line represents the expected performance based on 
doc Shed 

preliminary diagnostic testing. The collector parameters corresponding to 

the fit in the figure are 

= 0.59 L 0.Q2 F'no,h 

and 

2 F'U = 2.7 5 Q.2WIm O C  

The heat loss coefficient is in good agreement with expectation as is 

the optical efficiency when consideration is made f o r  the probable effect of 

somewhat more "loss of diffuse" than under the standardized clear day conditions, 

Although quantitative information on this correction is lacking for the time 

period of the measurement (spring of 1977) this interpretation is born out 

by two features: a> the "very clear day'' points shown as open squares in Fig. 12 

which correspond to an optical efffciency above 65% and b] the "typical 

Chicago winter day" conditions we now know correspond to a diffuse/total fraction 

of %0.16. 

which is precisely in agreement with the o6servations. All of these observations 

are consistent with a value of 

This in turn corresponds to a predfcted optical efficiency of 0.60 

F'q = Q.63 k 0.02, 
o,h 

when referred t o  the standardized clear sky conditions of a diffuse/total 

fraction of 0,11. 

V. Conclusions 

The instantaneous efficiency results forthe nonwacuated CPC collectors 

described in this paper are summarized in Fig, 13 and compared to a flat 

plate collectar. The Plat plate, 
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20 
double glazed and selective, is one of t h e  very b e s t  a v a i l a b l e  . On t h i s  

graph t h e  5.2X outperforms t h e  b e s t  f l a t  p l a t e s  when t h e  mean f l u i d  tempera- 

t u r e  is more than  approximately 4OoC above ambient. The 3X, cor rec t ed  t o  

s tandard ized  cond i t ions  and normalized t o  an o p t i c a l  e f f i c i e n c y  corresponding 

t o  materials i d e n t i c a l  to t h e  5.2X would outperform t h e  very  b e s t  f l a t  p l a t e  

above about  60°C above ambient. This is  p a r t i c u l a r l y  important  when i t  is  

recognized t h a t  t h i s  3X could be  f a b r i c a t e d  very  economically s i n c e  t h e  ab- 

so rbe r  is  only a 6.4 cm (2.5 i n . )  f i n  and no i n s u l a t i o n  o t h e r  than  dead a i r  

between the  r e f l e c t o r  and o u t e r  housing w a s  used i n  t h e  product ion v e r s i o n  

i n s t a l l e d  a t  t h e  Bread Springs School. 

Cons idera t ion  of t h e  h e a t  t r a n s f e r  from absorber  t o  ambient shows t h a t  

g l az ing  i n  a , c o n e e n t r a t i n g  c o l l e c t o r  i s  more e f f e c t i v e  as thermal  b a r r i e r  

i f  placed c l o s e  t o  t h e  absorber  r a t h e r  than  a t  t h e  a p e r t u r e .  On t h e  o t h e r  hand, 

i n  a CPC t rough a l igned  i n  t h e  east-west d i r e c t i o n  a cover a t  t h e  a p e r t u r e  

appears  t o  be  necessary i n  o rde r  t o  p r o t e c t  the r e f l e c t o r  from excess ive  d i r t  

accumulation. Therefore  a g l a s s  envelope around t h e  receiver of a CPC would 

b e  i n  a d d i t i o n  t o  t h e  cover g l az ing ,  and w e  s h a l l  r e f e r  t o  such a des ign  as 

double glazed CPC. A s t a t i o n a r y  double glazed CPC of concen t r a t ion  C = 1 . 5  

is sketched i n  Fig.  14 .  T h e  e x t r a  g l a s s  t o  a i r  i n t e r f a c e s  cause o p t i c a l  l o s s e s  

which w e  thought t o  be  excessive when w e  designed t h e  3X and t h e  6.5X (5.2X). 

A t  t h e  t i m e  h igher  concen t r a t ion  seemed t o  b e  t h e  b e t t e r  approach. Since then ,  

however, low c o s t  a n t i r e f l e c t i o n  coa t ings  have become a v a i l a b l e  even f o r  

t u b u l a r  g l a s s ,  and wi th  t h a t  a double  glazed 1 . 5 X  CPC is  p r e f e r a b l e  t o  a 

s i n g l e  glazed 5.2X. 
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To ana lyze  t h e  performance expected of an  advanced douKle glazed lV%? 

l e t  u s  a s ~ u m e  the fol lowtng o p t i k a l  p r o p e r t t e s  

= a,Y5 = t r ansmf t t ance  of c m e ~  -5 
P <nr 7 Q,P5 = t€irougfiput of CPC w$th second s u r f a c e  s21ver 

r e f l e c t  o r  s 

T~ = 0 .92  = t r ansmi t t ance  of receiver envelope 

a = 0.94 = absorptance of receiver 

= 0 .94  = 1 - l o s s e s  i n  gap between envelope and absorber .  
gap Y 

The product of t h e s e  numbers y i e l d s  t h e  o p t i c a l  e f f i c i e n c y  wi th  r e s p e c t  t o  

r a d i a t i o n  w i t h i n  t h e  acceptance a n g l e  as TI = 0.734.  For comparison wi th  

f l a t  p l a t e s  t h i s  is  converted t o  
C 

according t o  Eq. 11-14. The h e a t  l o s s  can be  c a l c u l a t e d  by t h e  methods of 

Ref. 6 .  Choosing t h e  width of  t h e  a i r  l a y e r  between absorber  and inne r  s u r f a c e  

of t h e  g l a s s  envelope involves  a compromise because f o r  a s m a l l  gap conduction 

is l a r g e  whereas a l a r g e  gap impl ies  h igh  o p t i c a l  l o s s e s .  The a i r  space  should 

no t  b e  increased  beyond t h e  th re sho ld  f o r  t h e  onse t  of n a t u r a l  convect ion;  

t h i s  corresponds t o  a Raleigh number of approximately 1000, w i th  t h e  width 

r2 - r of t h e  gap as c h a r a c t e r i s t i c  dimension. For t h e  ope ra t ing  temperature  1 

under cons ide ra t ion  t h i s  Raleigh number corresponds t o  a gap of r - r % 0.8 cm. 2 1 

This  cond i t ion  can e a s i l y  be  m e t  wi thout  excessive o p t i c a l  l o s s e s  i n  t h e  gap, 

because tube  r a d i i  on t h e  order  of 2.5 c m  are p r a c t i c a l  f o r  such a c o l l e c t o r ,  

and t h e  r e s u l t i n g  o p t i c a l  l o s s  i s  on t h e  o rde r  of 6% only ,  as assumed above. 
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When t h e  h e a t  loss i s  c a l c u l a t e d  f o r  such a conf igura t ion ,  one ob ta ins  a 

U-value around 2 . 2  W/m K. 2 The performance of such a c o l l e c t o r  is shown by 

t h e  do t t ed  l i n e  i n  Fig.  11. It is  s l i g h t l y  b e t t e r  than t h e  5.2X and does 

n o t  r e q u i r e  any tilt  adjustments .  
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Nonmenclature 

C 

C 
P 

F' 

'b 

I C  

Id  

'h 

rh 

<n> 

q 

rn 

= geometric concen t r a t ion  (= r a t i o  of  a p e r t u r e  area over  absorber  

s u r f a c e  a rea )  

= h e a t  capac i ty  

= c o l l e c t o r  e f f i c i e n c y  f a c t o r  ( s e e  Ref. 12 & 13)  which accounts  f o r  

d i f f e r e n c e  between mean f l u i d  temperature  and absorber  s u r f a c e  

temperature 

2 
= t h e  beam component of s o l a r  i r r a d i a n c e  [W/m ] 

= s o l a r  i r r a d i a n c e  [W/m ] wi th in  acceptance angle  of concen t r a t ing  c o l l e c t o r  2 

= d i f f u s e  i r r a d i a n c e  

= hemispherical  ( a l s o  c a l l e d  total o r  g loba l )  i r r a d i a n c e  

= flow r a t e  [kg/sec l  

= average number of r e f l e c t i o n s  

= n e t  h e a t  ou tput  of c o l l e c t o r  [W] 

= ambient temperature  lamb i e n t  

= mean f l u i d  temperature  Tf 

amb i e n  t AT = Tf - 
2 U = h e a t  l o s s  c o e f f i c i e n t  [W/m "C] re la t ive  t o  c o l l e c t o r  a p e r t u r e  area 

a = s o l a r  averaged absorptance 

E = emi t tance  

= e f f i c i e n c y  wi th  r e s p e c t  t o  I (pyranometer) 

= e f f i c i e n c y  wi th  r e s p e c t  t o  I 

'h h 

C ' e  

I h 
= o p t i c a l  e f f i c i e n c y  wi th  r e spec t  t o  I 

= o p t i c a l  e f f i c i e n c y  wi th  r e s p e c t  t o  I 
0 ,h  

0, c 

rl 

rl C 

P = s o l a r  averaged r e f l e c t a n c e  

T = s o l a r  averaged t ransmi t tance  

= s o l a r  averaged throughput of  CPC r e f l e c t o r  CPC T 
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= p r o j e c t i o n  of incidence angle  a long  t rough 

= p r o j e c t i o n  of incidence angle  perpendicular  t o  trough 

= acceptance h a l f  ang le  

e l  I 

a 8 

~ ( 0  1 I , e l )  = q 0 ( B  1 I , 0 ~ ) / q ~ ( B  1 I =  0 ,  e l =  0) = inc idence  angle  modif ier  
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Appendix 

Heat Loss Analysis  

This series of measurements w a s  concerned w i t h  comparison between d a t a  

and a n a l y t i c a l  p r e d i c t i o n s  f o r  t h e  h e a t  l o s s  i n  t h e  CPC conf igu ra t ion .  

T h e o r e t i c a l  t rea tment  of t h e  problem i s  d i f f i c u l t  because c o r r e l a t i o n s  f o r  

n a t u r a l  convect ion i n  CPC enc losu res  are not  known ; furthermore,  t h e r e  is 19 

s t r o n g  coupl ing between conductive,  convec t ive  and r a d i a t i v e  h e a t  t r a n s f e r  

modes. When t h e  absorber  i s  s e l e c t i v e ,  n a t u r a l  convection, which is most d i f -  

f i c u l t  t o  c a l c u l a t e ,  i s  expected t o  dominate. I n  view of t h i s  s i t u a t i o n  w e  

have sh ied  away from an a t tempt  t o  improve upon t h e  s imple f i r s t  o rder  estimate 

d iscussed  i n  Ref. 6. I n  t h a t  paper conduction, convection and r a d i a t i o n  were 

assumed t o  be decoupled from each o t h e r ,  and convect ion w a s  ca l cu la t ed  by means 

of t h e  w e l l  known c o r r e l a t i o n s  f o r  n a t u r a l  convect ion from f l a t  s u r f a c e s  . 
Whether t h e  l e n g t h  o r  t h e  width of t h e  absorber  is  t o  be  chosen as c h a r a c t e r i s t i c  

dimension, depends on t h e  n a t u r e  of t h e  convect ion c u r r e n t s  ( l o n g i t u d i n a l  o r  

t r a n s v e r s e ) .  For t u r b u l e n t  convect ion t h i s  does not matter because t h e  h e a t  

t r a n s f e r  c o e f f i c i e n t  is  s c a l e  i n v a r i a n t ,  For laminar  convect ion on t h e  o t h e r  

hand, t h e  hea t  t r a n s f e r  c o e f f i c i e n t  varies l i k e  t h e  1 / 4  power of t h e  charac- 

t e r i s t i c  l eng th .  We have t h e r e f o r e  c a l c u l a t e d  t h e  convect ive h e a t  t r a n s f e r  

f o r  bo th  cases; t h e  d i f f e r e n c e ,  about f o r t y  pe rcen t ,  g ives  an i n d i c a t i o n  of 

t h e  r e l i a b i l i t y  of t h i s  na ive  model. W e  a l s o  i n j e c t e d  smoke i n t o  t h e  CPC t o  . 

observe t h e  flow p a t t e r n s :  w i t h  h o r i z o n t a l  CPC a p e r t u r e  w e  found l o n g i t u d i n a l  

convect ion c u r r e n t s ,  bu t  wi th  t h e  a p e r t u r e  a t  t y p i c a l  t i l t  angles  (30" t o  60") 

t h e  flow took on a mixed o r  s p i r a l i n g  p a t t e r n .  

14 
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To l e a r n  more about t h e  magnitude of t h e  convect ion h e a t  t r a n s f e r  w e  

rep laced  t h e  absorber  of t h e  tes t  module descr ibed  i n  Sec t ion  111 B i i )  by a 

w e l l  po l i shed  aluminum tube  t o  minimize r a d i a t i v e  e f f e c t s ,  

ment t h e  f i r s t  p ro to type  r e f l e c t o r ,  made of f i b e r g l a s s  and epoxy wi th  vacuum 

depos i ted  aluminum, w a s  used and t h e  i n s u l a t i o n  between r e f l e c t o r  and box w a s  

f i b e r g l a s s  (conduct iv i ty  es t imated  a t  k = 0.005 W/m "C). 

For t h i s  measure- 

A t o t a l  U-value of  

2 = 1.86 W/m "C aluminum , t o t  a 1 U 

w a s  measured a t  

= 93°C 
= Tabs - Tamb 

The accuracy of t h e  h e a t  l o s s  measurements 

r e f l e c t o r  w a s  f i l l e d  wi th  f i b e r g l a s s  and a 

= 
aluminum, f i l l e d  U 

(A-1) 

2 i s  about 0.02 W/m "C.  Then t h e  

new U-value of 

w a s  found a t  t h e  same AT. From t h e  geometry w e  estimate t h a t  about seven- 

e igh ths  of t h i s  is  due t o  conduction through back and s i d e s  

(A-3) - 
aluminum, back - o.88 'aluminum, f i l l e d  ii 

The t i l d e  i n d i c a t e s  t h a t  t h i s  is not  t h e  real back l o s s  c o e f f i c i e n t  because 

t h e  r e f l e c t o r  temperature  w a s  d i f f e r e n t  between t h e s e  two measurements even 

though t h e  r e c e i v e r  temperature  w a s  t h e  s a m e .  With i n s u l a t i o n  i n s i d e  t h e  

r e f l e c t o r ,  t h e  CPC w a l l  i s  not  cooled by convect ion c u r r e n t s  and reaches 

h igher  temperatures.  We have t h e r e f o r e  r e s c a l e d  6 by t h e  f a c t o r  
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- 
= 0.79 'ref lec tor 

Treflector,filled Tambient 

Tamb ien t 
F 

( A - 4 )  

taking the measured temperature at the bottom of the reflector as relevant 

reflector temperature. Combining the correction factors (A-3 )  and ( A - 4 )  

we obtain the backlose coefficient 

aluminum,filled = 0.88 x 0.79 x U 

= 0.77 w/m "C 

'back 
2 

2 with an estimated error of k0.1 W/m OC. 

Hence the front loss is 

= u  Ualuminum, front aluminum, total - 'back 
2 = 1.86 - 0.77 W/m O C  

2 = 1,09 W/m aC 

( A - 5 )  

Our lack of knowledge aEout the precise value of the emittance of the aluminum 

surface does not matter because the radiative contribution to U 

is calculated to be small, about 0.05 W/m OC for an estimated emittance of 0 . 0 4 .  

The radiative contr2bution is comparable to the uncertainty of the measurements. 

aluminum,front 
2 

Therefore we conclude that the convective contribution to the U-value of the 

6 , 5 X  CPC is 

= u  -U convecthe aluminum,front aluminum,radiation U 

0 1.09 - 0.05 

= i.a4 5 0.1 W/m20c 
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By comparison, the c a l c u l a t f o n  based on the na ive  model d i scussed  i n  Ref. 6 

and o u t l i n e d  aEove y r e l d s  

(A-8) 
2 = 1.07 W./m O C  f o r  l i d n a r  convect ion 

convect ?ye, t heo ry  U 

and 
2 = Q,7Q W/m O C  f o r  t u r b u l e n t  convect ion (A-9) c o n v e c t h e , t h e o r y  U 

We n o t e  that t h e  measured convect ive h e a t  l o s s  agrees  wi th  t h e  h igher  of t h e  two 

estimates p r w t d e d  Eiy the t h e o r e t i c a l  model of Ref, 6 ,  
2 Since  the back l a s s  c o e f f t c f e n t  of 0. 77W/m O C  was l a r g e r  than  d e s i r e d ,  

w e  r ep laced  the ftTierglass insu la tEon 2x1 t h e  test  box by polyurethane foam. 

Repeatfng t h e  measurements and d a t a  c o r r e c t i o n  procedure abwe w e  found t h a t  

the back  loss c o e f f i c r e n t  had d e c r w s e d  t o  

2 = Q.51 W/m O C ,  UEack, foam CA-10) 
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