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This paper describes a novel alternative to the laser ray trace 
technique for evaluating the optical quality of focusing solar 
collectors. The new method does not require any equipment beyond 
that which is used for measuring collector e f f i c i ency ;  it could 
therefore become part of routine collector testing. The total op- 
tical errors resulting from imperfect specularity and from inaccu- 
racies in reflector position or slope a r e  characterized by a n  an- 
gular standard deviation floptical, the r m s  deviation of the re- 
flected rays from the design direction. The method is based on 
the fact that the off-axis performance of a concentrator depends 
on Goptical. An angular  scan i s  performed; i . e . ,  t he  collector 
output i s  measured as a function of misalignment angle over the  
entire range of angles for which there is measurable output (typi- 
cally a few degrzes). This test should be carried out on a very 
clear day, with the receiver close to ambient temperature (if the 
latter condition cannot be satisfied, appropriate corrections are 
necessary). The parameter ooptical is then determined by a least- 
squares  fit between the  measured and the calculated angular 
scan. We tested the method on a parabolic trough collector manu- 
factured by Hexcel, but it is suitable for parabolic dishes as 
well. 
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NOMENCLATURE 

Effective source obtained as convolution of Bsu, with error 
distribution 

Bsun, radial(6) Angular brightness distribution of the sun for point focus 
geometry (w/rn2 sterad) 

asun,linear[ gl) Angular brightness distribution of the sun for line focus 
geometry (w/n2 rad) 

Geometric concentration ratio (for example, a trough of 
aperture width D and receiver tube diameter d has C = ~ / n d )  

f ( O )  Angular acceptance function 

Beam irradiance as measured by pyrheliometer (lJ/rn2), aiso 
called direct insolation 

a Absorptance of receiver 

Intercept factor if collector is misaligned, that is, with 
its optical axis pointing an angle 8, away from the sun 

rl qnet /Ib = collector efficiency 

rlo Optical efficiency = (p ~ a ) y  

Projection of incidence angle on plane perpendicular to 
tracking axis 

Projection of incidence angle on plane of tracking axis and 
optical axis 

Misalignment angle = angle from center of sun to axis or 
plane of symmetry of collector 

Xeflectance of reflector 

Effective reflectance-transmittance-absorptance product of 
collector 

'contour mas angular deviation of contour from design direction 

'displacement Equivalent r m s  angular spread that accounts for imperfect 
placement of receiver relative to reflector 

c specular rms spread of reflected beam due to imperfect specularity 
of reflector material 

'optical rms angular spread caused by all optical errors 

0 rns angular width of sun in line focus geometry sun 
'tracking rms angular tracking error 
0 Total rms bean spread 

T Transmittance of collector glazing, if any 

4) Rim angle 



SECTION 1.0 

INTRODUCTION 

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 solar c o n c e n t r a t o r  is  impor tan t :  t o  
t h e  d e s i g n e r ,  t o  t e l l  him whether a  c o l l e c t o r  needs improvement; and t o  t h e  
manufac tu re r ,  t o  e n s u r e  p roper  q u a l i t y  c o n t r o l .  In  a d d i t i o n  t o  t h e  o p t i c a l  
e f f i c i e n c y  no,  i t  i s  impor tan t  t o  have a measure of o p t i c a l  e r r o r s  and of 
l o s s e s  due t o  r e f l e c t e d  r a d i a t i o n  miss ing  t h e  r e c e i v e r .  The methods that a r e  
a v a i l a b l e  o r  have been proposed f o r  measuring the con tour  accuracy of s o l a r  
c o n c e n t r a t o r s  r e q u i r e  e i t h e r  l a s e r  ray t r a c i n g  o r  f l u x  mapping a t  t h e  r e c e i v e r  
s u r f a c e .  Both approaches can p rov ide  a c c u r a t e  r e s u l t s ,  but  t h e  equipment i s  
s p e c i a l i z e d  and expensive  and demands a good d e a l  of t ime and /o r  
e x p e r t i s e  [ l , 2 ] .  

The q u e s t i o n  a r i s e s ,  t h e r e f o r e ,  whether t h e  i n s t a n t a n e o u s  e f f i c i e n c y  neasure-  
ments t h a t  are performed as p a r t  of a s t a n d a r d i z e d  performance e v a l u a t i o n  [ 3 ]  
cou ld  somehow be used t o  de te rmine  c r o p t i c a l  t h e  r m s  a n g u l a r  beam s p r e a d  caused 
by o p t i c a l  i m p e r f e c t i o n s .  Th i s  paper shows t h a t  t h i s  can  indeed be ac-  
complished by m i s a l i g n i n g  t h e  c o l l e c t o r  s l i g h t l y  away from t h e  s u n  and measur- 
ing  t h e  e f f i c i e n c y  for  s e v e r a l  v a l u e s  of t h e  misalignment angle .  The o p t i c a l  
e r r o r  oop t i ca l  is  t h e n  e x t r a c t e d  by f i n d i n g  t h e  t h e o r e t i c a l  c u r v e  that b e s t  
f i t s  t h e s e  misa l ignment  da ta .  Thus, t h e  d e t e r m i n a t i o n  of O o p t i c a l r  could  be- 
come p a r t  of t h e  s t a n d a r d  t e s t  procedures  f o r  c o n c e n t r a t i n g  s o l a r  c o l l e c -  
cors .  I n  a  s e n s e ,  t h i s  method employs the r e c e i v e r  i t s e l f  a s  f l u x  mapper. 
Compared t o  conven t iona l  f l u x  mapping w i t h  p o i n t - l i k e  d e t e c t o r s ,  t h e  p r e s e n t  
method i s  much s i m p l e r  exper imen ta l ly .  The method i s  s u i t a b l e  f o r  both  photo- 
v o l t a i c  and thermal  c o l l e c t o r s .  * 
The t h e o r y  u n d e r l y i n g  t h i s  t e c h n i q u e  i s  d e s c r i b e d  i n  S e c t i o n  2.0. S e c t i o n  3.0 
p resen ts  t h e  test  r e s u l t s  f o r  a p a r a b o l i c  t rough  c o l l e c t o r  w i t h  c y l i n d r i c a l  
r e c e i v e r ,  manufactured by Hexeel. The d a t a  o b t a i n e d  w i t h  t h i s  c o l l e c t o r  i n d i -  
c a t e  t ha t  t h e  r e p r o d u c i b i l i t y  of t h i s  method i s  good (on t h e  o r d e r  of 25%). 

U n f o r t u n a t e l y ,  a  laser r ay  t r a c e  a p p a r a t u s  was n o t  a v a i l a b l e  f o r  a n  
independent d e t e r m i n a t i o n  of o o p t i c a l .  

*In  some p h o t o v o l t a i c s  c o n c e n t r a t o r s ,  t h e  r e f l e c t o r  i s  des igned f o r  u n i f o r m i t y  
of f l u x  d i s t r i b u t i o n  and i s  not a parabola .  The method i s  s t i l l  a p p l i c a b l e ,  
bu t  t h e  a n g u l a r  a c c e p t a n c e  f u n c t i o n  f ( 8 )  i n  Eq. 2-9 would have t o  b e  r eca lcu -  
l a t e d  f o r  the d a t a  a n a l y s i s .  





SECTION 2.0 

Since the theory of focusiEg solar collectors has been described elsewhere 
[ 4 , 5 ] ,  a brief summary suffices at this point. The crucial concepts are the 
angular acceptance function and the intercept factor. The angular acceptance 
function f ( 8 )  is defined as that f r a c t i o n  of a uniform beam of parallel rays 
incident on the aperture at an angle 8  from t h e  symmetry axis that reaches the 
receiver if t h e  optics are perfect; f ( 8 )  accounts for off-axis aberrations. 
Eqs. 2-1 and 2-2 list the angular acceptance function for parabolic trough and 
dish reflectors with round and with flat receivers. The rim angle is Q and 
the geometric concentration ratio C, defined as the ratio of the aperture area 
t o  the absorber  surface area- 

For a parabolic trough with cylindical receiver, the angular acceptance func- 
tion is 

f o r  01 < 101 < 9 2  

o f o r l e l > e 2  . 

where 

s i n  Q e l  = - 
TTC 

2 tan ( 4 / 2 )  
TC 

For a parabolic dish with spherical receiver, the angular acceptance function 
is the square of Eq. 2-la, with the replacement of nC by ~ J c :  

1 0  for e 2  < - ,  



with  

s i n  (6 
6 1  = - 

2Jc  
and 

- 62 - 2 t a n  ( $ 1 2 )  

2 J c  

For a  p a r a b o l i c  t rough wi th  f l a t  one-sided r e c e i v e r ,  f (  6) i s  g iven  by 

(1  f o r  161 < 6 1  , 

1 / 2 

mt + 
f t r o u g h ,  f l a t  = 

f o r  el < 8 < 82 

0 f o r  62 < 161 , (2-2a) 

t a n  3 t:nL'] -- 
0 C 

with  

s i n  cp cos  4 
611 

C 

and 

2 G2 = - 4 
C 

t a n  - 
2 ' 

For a  p a r a b o l i c  d i s h  wi th  f l a t  one-sided r e c e i v e r ,  the  exac t  e x p r e s s i o n  f o r  
the angu la r  acceptance  f u n c t i o n  is  more complicated.  For p r a c t i c a l  a p p l i c a -  
t i o n s ,  however, t h e  fo l lowing  polynomial f i t  is accep tab le :  

(0 f o r  v z  < eJc . 

The c o e f f i c i e n t s  a ,  b y  c ,  v l ,  and v2 depend on rim ang le  and a r e  t a b u l a t e d  i n  
T a b l ~  2-la; a  more a c c u r a t e  four-tsrm expansion wi th  an a d d i t i o n a l  term 
d ( ~ 0 " ) ~  is given i n  Table 2-lb. I i n p l i c i t  iil Eq. 2-1 and 2-2, and throughout  
t h i s  paper ,  is the  assumption t h a t  t h e  c o n c e n t r a t i o n  is high enough ( C  >, 10 
f o r  l ine - focus  and C >, 100 f o r  point-focus c o n c e n t r a t o r )  t o  permit  t h e  approx- 
ima t ion  of s i n  6 by 0. 



T a b l e  2-1. COEFFICIENTS OF AHGULLVI ACCEPTANCE FUNCTION FOR A PARABOLIC DISH 
N I T H  FLAT RECEIVEX: THUS-PAmlETEK F I T  (a), FOUR-PXA?lETER F I T  ( b )  

-- - 

(a) 9 
[degrees] a b c "1 v2 

( b )  0 
[degrees] a b c d v1 



The intercept factor y(em) is that fraction of rays from the sun that reaches 
the receiver of a collector with real optical errors when the optical axis is 
misaligned by an angle 9, from the center of the sun. The intercept factor is 
the convolution of the normalized angular brightness distribution of the sun, 
the distribution of optical errors, and the angular acceptance function for 
perfect optics. 

The brightness distribution of the sun has been measured by the Lawrence 
Berkeley Laboratory circumsolar telescope as brightness BSun, radial(9) in 
w/m2 steradians at an angle 8 from the center of the solar disk. To yield the 
dimensionless intercept factor, Bsun must be normalized by the beam 
irradiance: 

(The upper integration limit corresponds to the acceptance half-angle of the 
pyrheliometer, the instrument which is customarily used for measuring the so- 
called direct or beam insolation.) For line focus collectors it is conve- 
nient to transform to the linear brightness distribution (in v/D?): 

where is the angular coordinate in the plane normal to the focal line 
and el, che angular coordinate parallel to the focal line. 

To standardize the tests described in this paper, it is advisable to take data 
only when the sky is very clear. The rms width of the sun under such condi- 
tions is 

usun, linear = 2 - 6  f 0.1 mrad (2 -5a) 

for line focus collectors, and 

as,,, = 3.5 f 0.1 mrad (2-5b) 

for point focus collectors. The variation of the brightness distribution be- 
tween clear days (ratio of circumsolar over beam irradiance less than one per- 
cent) is sufficiently small that the analysis of the misalignment data can be 
based on the standard scan in Table 4-1 of Ref. [6] if a circumsolar telescope 
is not available. 

In a solar concentrator, several statistically independent factors contribute 
to the optical error: contour errors, lack of perfect specularity [ 7 ] ,  track- 
ing errors (when averaged over time), and deformation and displacement of the 
receiver. 



Each error type can be characterized by its rms angular width (one-sided devi- 
ation from the design direction). The dispersion aoptical for the total 
optical error is obtained by adding the squares of the individual dispersions: 

('contour is multiplied by two because of Snell's law; in Fresnel reflectors, 

'tracking must also be multiplied by two.) 

Note that this rule for combining standard deviations is valid regardless of  
the shape of the individual error distributions; they could be Gaussian, box- 
like, or anything else, since all distributions under discussion have zero 
mean. The total beam width a is obtained by adding the rms width of the sun 
according to 

14easurements of reflector surfaces [ I ]  have shown that the distributions tor- 
responding to ocontour and Ospecular can be treated as Gaussian. The other 
terms nay or may not be Gaussian.* However, when many statistically indepen- 
dent distributions are convoluted, the result is nearly Gaussian unless a 
single non-Gaussian contribution dominates [ $ I .  In the case of focusing solar 
collectors, the Gaussian contour errors appear to be the largest, and a Gaus- 
sian approximation for the total optical error is reasonable; this is assumed 
for the rest of the paper. 

The order of carrying out the convolution of angular acceptance function, 
solar brightness, and optical errors is immaterial. Let us first convolute 
the solar brightness distribution with a Gaussian distribution of optical er- 
rors to obtain the so-called effective source. For line focus geometry, the 
effective source depends only on 9 L .  

*Receiver displacements nay be parallel or perpendicular to the aperture (or 
some combination), and the corresponding error distribution will in general 
not be Gaussian for a single collector module. Averaged over a l a rge  array of 
collectors, a Gaussian approximation for the displacement error distribution 
is likely, however, to be quite good. 



The po in t  focus  case  r e q u i r e s  two-2imensional c o n - ~ o l y t i o n s ,  and i t  i s  conven- 
i e n t  t o  w r i t e  t h e  a n g l e s  a s  two-dimensional v a c t o r s  8. Because of az imutha l  
symeJry ,  t h e  e f f e c t i v e  source  f o r  po in t  focus  c o l l e c t o r s  depends only  on 
e = 161.  

F i n a l l y ,  the. i n t e r c e p t  f a c t o r  a s  a f u n c t i o n  of misalignment a n g l e  Om i s  ob- 
t a i n e d  a s  a convolu t ion  of e f f e c t i v e  source  and angu la r  acceptance fun? 
t i o n s .  For l i n e  focus  c o l l e c t o r s ,  6 i s  measured i n  t h e  plane normal t o  t h e  

rp f o c a l  l i n e ,  and t h e  i n t e r c e p t  f a c t o r  1s 

( I f  t h e  inc idence  a n g l e  a long  t h e  t rough i s  nonzero, f o r  example i n  a  co l l ec -  
t o r  wi th  an east-west t r a c k i n g  a x i s  a t  t i m e s  o t h e r  than  s o l a r  noon, 8, i s  t h e  
p r o j e c t i o n  of t h e  i n c i d e n c e  a n g l e  on t h e  p lane  normal t o  t h e  t r a c k i n g  a x i s . )  
For po in t  focus  c o l l . c t o r s  wi th  azimuthal  symmetry, t h e  i n t e r c e p t  f a c t o r  de- 
pends on ly  on 3, = le,] ,  t h e  a n g l e  between t h e  c e n t e r  02 t h e  sun  and t h e  sym- 
metry a x i s  of t h e  c o l l e c t o r :  

I n  a  r e a l  p o i n t  focus  c o l l e c t o r ,  a x i a l  symmetry may be v i o l a t e d  by g r a v i t y  in- 
duced deformat ions  and by manufacturing d e f e c t s .  To t e s t  f o r  such a  p o s s i b i l -  
i t y ,  t h e  a n g u l a r  s c a n  should be performed i n  d i f f e r e n t  a z i a u t h a l  d i r e c t i o n s .  

For p a r a b o l i c  r e f l e c t o r s ,  flinear and fradial a r e  given i n  Eqs. 2-1 and 2-2; 
f o r  o t h e r  l i n e a r  concentra tor- types ,  they  can be c a l c u l a t e d  by t h e  method de- 
sc r ibed  i n  Refs. 4  and 5. 

A convenient  approximat ion i s  permi t t ed  i f  t h e  o p t i c a l  e r r o r s  a r e  s u f f i c i e n t l y  
l a r g e .  I f  under c l e a r  sky c o n d i t i o n s  "Optical i s  l a r g e r  than 5 mrad f o r  l i n e  
focus  and 10 mrad f o r  p o i n t  focus  c o l l e c t o r s ,  t h e  i n t e r c e p t  f a c t o r  i s  q u i t e  
i n s e n s i t i v e  t o  d e t a i l s  of t h e  sun shape and t h e  e f f e c t i v e  source  can be re- 
p laced  by a  Gaussian d i s t r i b u t i o n  [ 2 , 4 ] .  Since  t h i s  i s  t h e  c a s e  f o r  t h e  c u r  
r e n t  g e n e r a t i o n  of p a r a b o l i c  trough c o l l e c t o r s  [ I ] ,  we have made t h i s  approxi-  
mat ion f o r  t h e  d a t a  a n a l y s i s  i n  t h i s  paper;  i n  o t h e r  words, w e  have c a l c u l a t e d  
t h e  i n t e r c e p t  f a c t o r  according t o  

2 2 
exp ( - e1 /2a ) 

Ycrough, ~ a u s s ( $ m )  = d e l  f trough( aa-el) 5 & 9 

with t h e  t o t a l  width  a of Eq. 2-7. 8 



F i g u r e  2-1 shows s c h e m a t i c a l l y  what t h e  a n g u l a r  scan  looks  l i k e  f o r  a para-  
b o l i c  t rough  w i t h  c y l i n d r i c a l  r e c e i v e r ,  r i m  a n g l e  @ = 90°, and c o n c e n t r a t i o n  
r a t i o  C = 25,  f o r  t h r e e  v a l u e s  of t h e  o p t i c a l  e r ro r :  0, 5, and 10 mrad. For 
t h i s  example, ( p r c r )  was assumed t o  b e  one;  hence, t h e  i n t e r c e p t  f a c t o r  e q u a l s  
the o p t i c a l  e f f i c i e n c y .  From t h e s e  curves ,  one s e e s  t h a t  t h i s  t e s t  i s  raost 
s e n s i t i v e  t o  da ta  t aken  around t h e  curved portion of t h e  graph;  data 
cor respond ing  t o  t h e  halfway p o i n t ,  on t h e  o t h e r  hand, do no t  provide  any 
i n f o r m a t i o n  on ooptical. 

Due t o  r e f l e c t i o n  and a b s o r p t i o n  l o s s e s ,  t h e  r a d i a t i o n  incident  on t h e  c o l l e c -  
t o r  i s  a t t e n u a t e d  by a f a c t o r  ( p r a )  , where 

p = s o l a r  r e f l e c t a n c e  of r e f l e c t o r ;  

r = s o l a r  t r a n s m i t t a n c e  of r e c e i v e r  g l a z i n g ,  i f  any; and 

a = s o l a r  absorp tance  of absorbe r .  

(The p a r e n t h e s e s  i n d i c a t e  t h a t  t h e  f a c t o r  i s  a n  e f f e c t i v e  transrni  t t ance -  
r e f l e c t a n c e - a b s o r p t a n c e  p roduc t ,  i n c l u d i n g  secondary  e f f e c t s  such a s  m u l t i p l e  
r e f l e c t i o n s  [ 9 ] . )  When t h e  a b s o r b e r  surface i s  a t  ambient  t empera tu re ,  t h e  
heat loss is z e r o  and t h e  e f f i c i e n c y  TI e q u a l s  t h e  o p t i c a l  e f f i c i e n c y :  

I f  t h e  hea t  loss is  no t  zero,  a n  a p p r o p r i a t e  c o r r e c t i o n  must be a p p l i e d .  
V a r i a t i o n  of (PTO) w i t h  i s  s u f f i c i e n t l y  small t o  be n e g l i g i b l e  f o r  t h e  pre- 
s e n t  purpose.  

Since y(0 ) depends on ooptical, i t  i s  c l e a r  t h a t  an  a n g u l a r  s c a n  
m 

o f  r1(8 ) v e r s u s  0, con ta i i l s  enough i n f o r m a t i o n  t o  determine  both  (pra) and 
rn 

ooptical, a t  l e a s t  i n  p r i n c i p l e .  
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Figure 2-1. Intercept Factor vs. Misalignment 
Angle for ooptical = 0,5,  and 10 
mrad 
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Figure 3-1. Test Data of Optical Efficiency 
vs. Misalignment Angle (Best Fit) 



SECTION 3.0 

EXPERIMENT 

In order to determine whether this method is accurate enough to be useful in 
practice, we decided to test a parabolic trough collector manufactured by 
Hexcel [lo]. The test setup is described in another publication [ I l l .  The 
collector has a cylindrical receiver coated with black chrome. The heat 
shield and receiver glazing originally supplied by Hexcel were removed for 
this test, so ( p ~ a )  is simply pa. The reflector is made of an aluminum honey- 
comb substrate, coated with FEK-163, an aluminized second-surface acrylic film 
manufactured by the 3M Company. The rim angle of the collector is = 72', 
and the geometric concentration ratio is C = 2 0 - 9 .  The tracking axis is hori- 
zontal in the east-west direction, and the tests were carried out at solar 
noon, so that the longitudinal incidence angle 0 vanishes. The collector 
time constant was less than one minute, sufficient!ly short to perform an en- 
tire angular scan in half an hour. (If the time constant is much longer, a 
rotating test stand may be desirable.) 

Inspection of the Hexcel collector after reassembly at SERI revealed that a 
significant amount of radiation missed the receiver. This suggested the pos- 
sibility that receiver placement away from the design focal length of 0.915 m 
(36 in.) might improve the performance. We therefore set the receiver at sev- / 
era1 different distances from the reflector apex and each time visually re- 
aligned the two reflector halves (which are hinged at the apex) to maximize 
the intercept of radiation. We facilitated this visual reflector alignment by 
covering one reflector half while working on the other. By this procedure, we 
found that the thermal collector efficiency was maximized for a receiver 
placement slightly (1.25 cm) further away from the apex than the design focal 
length. All subsequent tests were carried out with the receiver in this new 
position. 

h typical scan of n,(9,) versus (0,) is shown in Fig. 3-1. Positive and nega- 
tive values of 0, have been included on the same side because of symmetry. 
Plotting +Om and -8, together has the advantage of pointing out any systematic 
error in the zero alignment. A nonlinear least-squares fit to these data 
yields the values 

and 
F'pa = 0.690 

a = 6.5 mrad . 

In the test procedure, inlet and outlet temperatures of the fluid were mea- 
sured and only the product Ftrlo of heat extraction efficiency (zlso called 
collector efficiency factor [ 9 ] )  and optical efficiency could be determined. 

The theoretical scan corresponding to these parameters .is shown by the solid 
line in Fig,  3-1. To evaluate the accuracy of this method, the scan was re- 
peated several times, and F ' p a  and o were calculated for each scan. The re- 
sults are: 



F ' p a  a  (mrad) (3-3 

0.691 6.4 
0.658 6.1 
0.685 6.8 
0.690 6.5 
0.708 6.1 - 

mean 0.686 6.4 

The sample s t a n d a r d  d e v i a t i o n  f o r  t h e s e  f i v e  a measurements i s  0.3 mrad, and 
i n d i c a t e s  t h a t  t h e  r e p r o d u c i b i l i t y  of t h i s  method i s  abou t  5%. 

Lacking a  r e f l e c t o m e t e r ,  we could not  measure p and a s e p e r a t e l y .  Publ ished 
v a l u e s  f o r  c l e a n  m a t e r i a l s  sugges t  p 0.85 and a 0.95. F' i s  c a l c u l a t e d  t o  
be c l o s e  t o  u n i t y  and c e r t a i n l y  l a r g e r  than 0.95 ( i n  f a c t ,  i t  d id  not  change 
n o t i c e a b l y  when s p i r a l s  were i n s e r t e d  w i t h i n  t h e  r e c e i v e r  t o  i n c r e a s e  t h e  t u r -  
bulence) .  Hence, we would have expected F ' p a  va lues  g r e a t e r  than  0.77. T'ne 
low measured v a l u e s  may be because of m a t e r i a l s  d e g r a d a t i o n  ( f o r  example, t h e  
r e f l e c t o r  was v i s i b l y  s c r a t c h e d ) ,  but  t h e  i s s u e  remains unresolved wi thout  
f u r t h e r  da ta .  

I n  t h e s e  t e s t s ,  t h e  misalignment a n g l e  was monitored q u i t e  a c c u r a t e l y ,  hence 
t h e  t r a c k i n g  e r r o r  does not 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  beLm spread and 

Assuming a n  r m s  width  of 2.6 mrad f o r  t h e  sun, 'one t h e r e f o r e  o b t a i n s  from 
Eq. 2-3 t h e  o p t i c a l  e r r o r  

a o p t i c a l  = (6.5' - 2.62)1'2 mrad 

= 6.0 * 0.3 mrad 

f o r  t h i s  experiment.  

Unfor tuna te ly ,  we d i d  n o t  have a  l a s e r  r a y  t r a c e  a p p a r a t u s  f o r  a n  independent  
e v a l u a t i o n  of t h e  o p t i c a l  e r r o r .  Measurements of Uspecular and U c o n t o u r  have 
been r e p o r t e d  by Sandia L a b o r a t o r i e s  f o r  r e f l e c t o r s  a l s o  manufactured by 
Hexcel of a  s i n i l a r  type  bu t  d i f f e r e n t  f o c a l  l e n g t h  [1 ,12,  and a  cornnunicaticn 
w i t h  R. B. P e t t i t ] .  The contour  e r r c r  ranged from 1.8 mrad, be fo re  environ-  
menta l  exposure ,  t o  2.2 mrad, a f t e r  t h r e e  months i n  a n  environmental  t e s t  
chamber, and aspecular was on t h e  o r d e r  of 1 mrad. However, t h e  v a l u e s  of 
uspecular and aContour depend very much on how t h e  FEK-163 f i l m  i s  bonded t o  
t h e  s u b s t r a t e .  



If these values of Ocontour and ~~~~~~l~~ were applicable to the Hexcel col- - 
lector tested at SERI, they would imply that the contribution odisplacement, 
caused by displacement of the rec~iver and deformations of the parabola, is 
fairly large, on the order of 4 nrad. Visual inspection of the solar image at 
the receiver shows that the reflector is deformed; its curvature tends to be 
less than the design shape either because of the manufacturing process or be- 
cause of weight-induced sag. A value of 4 mrad for the associated beam spread 
may be realistic. In view of the d i f f i c u l t y  of measuring gdisplacement di- 
rectly, and in view of the lack of laser ray trace data for the collector 
tested at SERI, one can invoke the Sandia data only for a qualitative compar- 
ison. To this extent, our results are certainly consistent with the Sandia 
data, but further work is needed to evaluate the accuracy of the method 
described in this paper. 





SECTION 4 .g  

CONCLUSIONS 

We have shown t h a t  t h e  o p t i c a l  q u a l i t y  of  focus ing  so la r  c o l l e c t o r s  can be de- 
termined by measuring the  performance over a range of misalignment ang les ,  and 
t hen  comparing the d a t a  w i th  c a l c u l a t e d  r e s u l t s .  The calculated r e s u l t s  de- 
pend on the nns angula r  o p t i c a l  e r ror  O o p t i c a l r  and d o p t i c a l  can be found by 
means of a nonl inear  least-squares f i t  between d a t a  and calculation. The 
method has been t e s t e d  on a pa r abo l i c  t rough c o l l e c t o r  and found t o  have ac- 
ceptable r e p r o d u c i b i l i t y  ( b e t t e r  than 5%) .  For poin t  focus c o l l e c t o r s ,  t h e  
angular  scan can be carried ou t  i n  s e v e r a l  d i f f e r e n t  aziauthal d i r e c t i o n s  i n  
order  t o  provide i n f o m a t i o n  on, f o r  example, g r a v i t y  induced deformations . 
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