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ABSTRACT or flux mapping at the receiver sucrface.

Both approaches provide very accurate e~

Designers and manufacturers need a tool for
aevaluating the optical quality of solar con~
centrators. In addition to the optical ef=~
Ficiency Ny it is important to have a meas-—
ure of optical errors and of losses due to
reflected radiation missing the receiver.
This paper describes a novel alternative to
the laser ray trace technique. The new
method does not require any equipment beyond
what 1is used for measuring collector effi-
ciency; it could therefore become part of
routine collector testing. The total opti-
cal errors resulting from imperfect specu-
larity and from ipaccuracies in reflector
position or slope are characterized by an
angular standard deviation dopti 21’ the rms
deviation of the reflected rays %rom the de~
sign direction. The method is based on the
fact that the off-axis performance of a con~
centrator depends on ooptic 1+ Ao angular
scan is performed; i.e., the collector out—
put 1is measured as a function of misalign-
ment angle over the entire range of angles
for which there 1is measurable output (typi=~
cally a few degrees). This test should be
carried out on a very clear day, with re—
ceiver close to ambient temperature (if the
latter condition cannot be satisfied, appro—~
priate corrections are necessary). The pa-
rameter O is then determined by a
least squares tit between the measured and
the calculated angular scan. We tested the
method on a parahbolic trough collector manu-
factured by Hexcel but it 1s suitable for
parabolic dishes as well. The method ap-—
pears to be accurate enocugh to determine

Iyptical ¥ithin about 10Z.

1. INTRODUCTION

Evaluation of the optical quality of a solar
concentrator is important: to the designer
to tell him whether a collector needs im-
provement, and to the manufacturer to easure
proper quality control. The. methods that
are available or have been proposed for
measuring the contour accuracy of solar con-
centrators require either laser ray tracing

sults but are costly: the equlpment .3
specialized and expensive and demands a good
deal of time and/or expertise (1,2).

The question arises, therefore, whether the
instantaneous efficiency measurements the.t
are performed as part of a3 standardized pei
formance evaluation (3) could somehow ha
used to determine %ptical? _t:he rme angualart
beam spread caused b}) optical imperfections.
This paper shows that this can i{ndeed be ac-
complished by wmisaligning the collector
slightly away from the sun and measuring the
efficiency for several values of the mis~
alignment angle. The optical errur dopt.icm"
is then extracted by finding the theoretical
curve which best fits these wmisalignment
data. Thus, the determination of cOPtIiC:E‘\l.
could become part of the standard test pro-
cedures for concentrating solar ollector:u.
The method 1is suitable for both photovolta:.:
and thermal collectors.

The theory underlying this technique ls do-
seribed in Section 2. Section I present:
the test results for a parabolic trough co.-
lector with cylindrical receiver, manufac-
tured by Hexcel. The daca obtained wiih
this collector indicates that the acsuracy
of this method 1s acceptable (or the order
of 210Z).

2.  IEEORY

Since the theory of focussing solar collec~
tors has been described elsewnere (4,3), 1
brief summary suffices at this polnt, and
for simplicity we consider the lime focus
case. The crucial concepts ire the angular
acceptance function and the intarcept fac-
tor. The angular acceptance functiom ((H, )
is defined as that fractior of a uaifo’m
beam of parallel rays incident on the ape:-
ture at an angle 3, from the optical axus
that reach the receiver if the optics aue
perfect. For the" example of & parabol.ic
trough with cylindrical receiver, £(9 ) s
ziven by h
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The LIntercept factor Y(9 ) is that fraction
of s from the sun that reach the receiver
of a collector with real optical errors when
the »ptical axis is misaligned by an angle
‘3‘1 f-om the center of the sun. The inter-
cept Ffactor i3 the convolution of the nor—
malized angular distribution of the sum, the
distribution of optical errors, and the an-
gular acceptance function for perfect op—
tfcs. The order of carrying out the convo-
lution is immaterial; hence the problem can
be t-eated as an equivalent source (defined
as convolution of real source and cptical
errors) that is incident on a perfect conm~
centrator.

In a gsolar concentrator several statistical-

lv independent factors contribute to the op—

tical. error: coutour errors, trackixn_gr ar=
rors (when averaged over time), deformation
and displacement of the receiver, and lack

of perfect specularity (6).

Each error type can be characterized by its
tms angular width (one-sided deviation from
the design direction). The rms width for
the total optical error is obtained by add-
ing vhe squares of the individual widths:

2 2
T

a” = 40 +
opt:ical contour specular [2-2]

“dis placement ‘+ tracking®

EJC"“FFD“f 1s multiplied by two because of
Srel.’s law) .

Wote thatn this rule for combining standard
deviations is valid regardless of the shape
of tie@ Individual error distributions; they
could be Gaussian, boxlike, or anything else
gince all distributions under discusaion
have Zero mean. The total beam width 7 is
cohtsaed by adding the rms width of the sun
accetdiag to

2 -2

optical + <’iun' (2-31

Measurements of vreflector surfaces have
shown that the distributions corresponding
Lo 9 nrour and cspeculat can be treated as
Gaussian. The otheér terms may or may not be
Gaussian. However, when many statistically
independent distributions are convoluted,
the result is nearly Gaussian unless a sin-—
gle non-Gaussian contribution dominates (7).
In the case of focussing solar collectors,
the Gaussian contour errors appear to be the
largest, and a Gaussian approximation for
the total optical error is reasonable.

Therefore, the equivalent source (convolu-
tion of sun and optical errors) is given by

o
8 ) = er 9,-8"
Befrectivel L) _/_-,d lBsun,linear( st
exp(-0%/28 )
L optical [2-4]
oS
an oopt:ical
where B (GL) is the linear bright-

ness diss‘ghlbjﬁt}ﬁao% of the sun (in W/m“ rad)
obtained from the circumsolar scans of the
Lawrence Berkeley Laboratory (8). 1Ia terms
of the radial scams, B,,4i,1(%), measured by
Lawrence Berkeley Laboratory, the linear
brightness distribution is L

2 R
Bsun,linear(el) - _,deinradial((ezl'+al] )
To obtain the dimensionless intercept fac-—
tor, Eg. [2-4] must be normalized by the
beam irradiance Ib of the sun (measured by a
pyrheliometer):

For simplicity we have replaced all integra-
tion limits by infinity, assuming that the
distributions are negligible beyond a few
degrees. The intercept factor corresponding
to a misalignment angle em is

V8 "j_-“del f(em.el) Beffe::timz(el)/Ib'
[2-6]

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

g = 2.6 £ 0.1 mrad [2-7]

sun
for line focus geometry. This {8 narrow
enough to Jjustify a Gaussian approximation
even for the equivalent source, Eq. [2-4],
provided the optical errors are on the order
of 5 mrad or larger. Since this i{s the case
for the current generation of line focus
parabolic collectors, we have made this ap-
croximation for the data analysis in this
paper. The resulting intercept factor is



exp ( ~ 52_L/202)
In o

() =j-‘=d3l £(8-% [2-8]

with the total width ¢ of Eq. [2-3].

Jue to reflection and absorption losses the
radiation Incident on the collector is at-
tenuated by a factor (PTa) where

P = reflectance of reflector;

T = transmittance of receiver glazing, 1if
any; and

@ = gbgsorptance of absorber.

(The parentheses indicate that the factor is
an effective transmittance~reflectance—-ab—
sorptance product, including secondary ef-
fects such as multiple reflections.) When
the absorber surface 13 at ambient tempera-—
ture the heat loss 1s zero and the effici-
ency N equals the optical efficiency:
n(em) = no(em) = (pTa) Y(em). [2-9]
If the heat loss 18 not zero, an appropriate
correction must be applied. Variation of
(pta) with & 1is sufficiently small to be
negligible fof the present purpose.

Figure 2-1 shows schematically what the an-—
gular scan looks like for a parabolic trough
with cylindrical receiver, rim angle ¢ =
90°, and concentration ratio C=25, for three
values of the optical error: O, 5, and 10
mrad. From these curves one sees that this
test is most sensitive to data takem around
the curved portion of the graph; data cor~-
responding to the halfway point, on the

other hand, do not provide any information
on UOptical'
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3.  EXPERIMENT

Since Y(€ ) depends ou 9 it is clear that aun
o

angular scan  of N(® ) versus B contains
enough information to determine Foth {(9Ta)
and ¢, at least in principls. In order o
determine whether this mechod is accugarce
enough to be useful in practice, we decided
to test a parabolic trough collector nauu-
factured by Hexcel (9). The test setup Is
described in another publication (10). The
collector has a c¢ylindrical receiver cogted
with black chrome. The heat shield and re-
ceiver glazing originally supplied by Hexcal
were removed for this test, so (Fta) is silz-
ply Pa. The reflector is made of an alymi-
num honeycomb substrate, coated with FEX-
163, an aluminized second-surface acrylic
£11m manufactured by the 3M Corporatioa.
The rim angle of the collector is ¢ = 727,
and the geometric concentration ratio is C =
20.9. The tracking axis is horizomtal :in
the east-west direction and the tests were
carried out at solar noom, so that the lou-
gitudinal incidence angle 8 vanishes.

A typical scan of N (8 ) versus ¥ {sg shown
in Fig. 3-i. Posifive" and negal:g"ve va Jues
of & have been included om the same side
becalise of symmetry. Plotting 4»% and -3,
together has the advantage of pointing out
any systematic error in the zero alignment.
A nonlinear least—squares fit to these data
vyields the values
F'oa = 0.69 [3-1)]
and
9 = 6.5 mrad. [3-2"
{In the test procedure, inlet and outlet
temperatures of the fluid were mezsured, and
only the product F'no of heat extraction e~
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Fig. 3-1. Test data of optical eificiency
vs., misalignment angle. e= jcsilLive
angles; x = negative angles; solid line =
best fit.



Ficien and optical efficiency could be de-
terniaad.

"he thdoretical scan corresponding to these
parameters is shown by the solid line. To
ava.nitle the accuracy of this method, the
scan was repeated several times, and F'pa
and ¢ were calculated for each scan. The
resuits are

F'pa S (mrad)
0.66 6.1
0.69 6.8
0.69 6.5
mean .68 mean 6.5 [3-3]
The sample standard deviation for the three
0 meszsurementa is 0.2 mrad, and gives some
tndlcagion of the accuracy and reproducibil-
ity. Jowever, a sample of three is not

largze enough for any reliable statisties,
and we conservatively estimate the accuracy
as .5 mrad, l.e., 107 relative error.

In these tests the misalignment angle was
monizored quitea acczurately, hence the track-
ing ertor does not contribute significaantly
te the ‘beam gpread and

y .
2 - Lt
aptigal *“sontour + specular
'y
", -
displacement [3-41
Assuming an ras width of 2.6 mrad for the

sun, oipe therefore obtains from Eq. [2--3] the
aptical error

1
2 2, -
Toptical T (6:37-2.6%) 2prad  [3-5]

= 6.0 £ 0.5 mrad
for ‘:hd;is axperiment.

U‘uzfor:g;tnately‘ we did not have a laser ray
trace #apparatus for anm independent evalua-
tlon of the optical error. However, meas-—
aremengs of O . and © have been
:'e'po:rtgd by fs?’aw.%edci‘;laﬁaborat:ocroinetsoufor reflec—
tors also manufactured by Hexcel of a simi-
lar r:y%e but different focal lemgth (1,11,
12y, e coutour error ranged from 1.8 wmrad
befare anvironmental exposure to 2.2 wmrad
aftar x{(‘:hx‘ee months f{n an envirommental test
chambez. The value of O depends
very mpch on how the FEK—16§pe§iﬁris bgnded
to the| substrate; a value of 1 mrad is pos-
sivie (12).

T -1y - "
If theBe values of o, . . . and sggcular
w#er2 dpplicable o the Hexcel collector
tegzad at SERY, they would imply that the
com ﬂmtion_ Crdisp*acement’ caused by dis~-
aslaceament of rhe receiver and deformations
of the parabela, {s fairly large, on the
i of 4 =rad. Visual inspection of the

image at. the receiver shows that the

reflector 1is deformed; its curvature tends
to be less than the design shape either be-
cause of the manufacturing process or be-
cause of weight ianduced sag. A value of 4
mrad for the assoclated beam spread may be
realistic. In view of the difficulty of
measuring ¢ directly, and in
view of the ggigl% eufa%tet ray trace data for
the collector tested at SERI, one can invoke
the Sandia data only for a qualitative com
parison. To this extent our results are
certainly consistent with the Sandia data.

NOMENCLATURE

(GL) Equivalent source obtained
as convolution of B un Vit
error distribution (W/m
rad)

Beffect::l.ve

B ¢)] Angular brightness distri-
radial bution of sun for, point fo-

cus geometry (W/m° sterad)

B (%) Angular profile of sun fog
’ line focus geometry (W/m*
rad)

c Geometric concentration ra-
tio (for example, a trough
of aperture width D and re-
ceiver tube diameter d has
C = D/md)

f(aL) Angular acceptance function
for perfect optics

I‘b Beam irradiance as mezasured
by pyrheliometer (W/m“)

Q Absorptance of receiver

Y(Bm) Intercept factor 1f collec-
tor is misaligned; that {s,
with its optical axis
pointing an angle 8 away
from the sun ®

n dpee/Ip = collector effici-
ency

Optical efficlency = (PT@)Y

9, Projection of incidence an-
gle on plane perpendicular
to tracking axis

3l Projection of incidence an-
gle on plane of tracking
axis and optical axis

8 Angle from center of sun to
plane of symmetry of col-
lector

{pTa) Effective reflectance~
transmittance-absorptaace
product of collector

rms angular deviation of
contour from design direc—
tion

g
coantour



g . Equivalent rms angular

displacement spread that accounts for
imperfect placement of re-
ceiver

g
rms spread of vreflected

specular beam due to imperfect spec-
ularity of reflector mate-
rial

g rms angular spread caused

1

optica by all optical errors

g mms angular width of sun in

sun
line focus geometry

g Total rms beam spread

T Transmittance of collector
glazing, if any

% Rim angle
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