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Circumsolar radiation is one of several factors, along with optical errors 
(contour, tracking, etc.), that determine the size and shape of the solar im- 
age at the receiver of a concentrating collector. The sensitivity of a col- 
lector to circumsolar radiation depends on insolation conditions and on col- 
lector parameters; it increases with geometrical concentration ratio and de- 
creases with threshold. In this paper the Lawrence Berkeley Laboratory (LBL) 
circumsolar data are used to calculate the effect of circumsolar radiation on 
both the instantaneous and the long-term average performance of focusing col- 
lectors. To speed up the computations, the optical properties of the concen- 
trator are expressed in terms of an angular acceptance function. The angular 
acceptance function and the brightness distribution of the sun are then convo- 
luted, a procedure which requires, for each circumsolar scan, only 56 multi- 
plications and additions (one for each of the angular intervals at which the 
brightness has been measured by the LRL circumsolar telescope). The instan- 
taneous performance corresponding to particular circumsolar scans is of inter- 
est for the analysis of test results of collectors with high concentration. 
For most predictions of long-term average performance a far simpler approach 
will, however, be adequate. For this purpose a standard synthetic circumsolar 
scan has been developed that describes the brightness distribution of the 
solar disk ("limb darkening") and of the circumsolar region. The radiation 
intercepted by a receiver is calculated once for the solar portion and once 
for the circumsolar portion of this standard sun shape. The long-term average 
radiation intercepted by the receiver is then obtained by averaging the solar 
and the circumsolar intercept factors, weighted according to the long-term av- 
erage circumsolar ratio for the location and period under study. Tested 
against hour-by-hour simulations, this simple approach was found to have an 
rms error of only 0.2%, negligible compared to typical uncertainties in system 
performance calculations. This analysis points out the usefulness of the 
long-term average circumsolar ratio as a simple measure of circumsolar 
radiation. 
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NOMENCLATURE , .  AND DEFINITIONS 

B (0 2 angular brightness distribution of sun (Wlm sterad) 

C geometric concentration ratio 

f ( 0 )  angular acceptance function (fraction of parallel beam of radiation 
incident on aperture that reaches receiver if optics perfect and no 
absorption . losses) 

fa(0) 'smeared angular acceptance function = convolution of f(f3) with 
distribution of optical errors (fraction of parallel beam of 
radiation incident on aperture that reaches receiver if no absorption 
loss but if optics has .Gaussian error distribution of width a) 

. . 

=b beam irradiance as measured by pyrheliometer at normal 
incidence (w/m2) 

I c circumsolar irradiance at normal incidence = radiation coming from 
the angular range between 6 = 0.275" and A = 3.2O (w/m2) 

I in radiation intercepted by receiver if no absorption losses in optics 

Ih 
2 hemispherical irradiance on horizontal surface (Wlm ) 

Is irradiance of solar disk at nor*al incidence (w/m2) 

2 
qabs power per collector aperture area absorbed by collector (W/m ) 

2 
ql0.,, heat 1083 per aperture area (Wlm ) 

. . 

qou t net power per aperture area delivered by collector (wImL) 

R I c /(I c + Is)= citcumsolar ratio 

xiii 



~ ' 2 1  TR-093 - iP7 

Rav ic/(Tc + T) = long-term average circumsolar 'ratio 

a absorptance of receiver 

Y intercept factor with respect to pyrheliometer = Iin/Ib 

c intercept'factor with respect to circumsolar radiation 

Ys intercept factor with respect to radiation from solar disk 

Ysc intercept factor with respect to radiation from disk and circumsolar 
region 

rl collector efficiency. 

(p~a)y = optical efficiency with respect to pyrheliometer 

relative error between model and data 

reflectance 

nus angular deviiitioa diie to optical errors of reflcctcd radiation 
from design direction 

'sun rms angular width of sun 

T transmittance of collector or receiver glazing 

8 angle from center of sun 

6 0.275' = angular radius of sun (within resolution of LBL circumsolar 
telescope) 

A 3.2" = angular range of LBL circumsolar telescope 

xiv 



Circumsolar radiation: radiation outside solar disk but within cone of 
radius A = 3.2' .. 

Sqlar radiation: radiation from solar disk (the solar disk is defined to have 
angular radius 6 = 0.275' p angular, radius of sun within resolution of LBL 
circumsolar telescope) 

Beam radiation: radiation. measured by, pyrheliometer (also called direct 
radiation) 

Scan (circumsolar): .brightness distribution of sun as measured by LBL 
circumsolar telescope ('from 0 = 0' to 8 = 3.2') . , 

Long-term average radiation: average of instantaneous radiation values yi 
defined as . , 

averaged over a large number N of data points. The plus sign next to the 
summation sign indicates that only those data are to be included that are 
above a specifiekl threshold q; 

Whereas the bar notation designates true averages and, 'in this paper, is used 
only for radiation values, a different kind of averaging procedure is used for 
circumsolar ratios .and for intercept factors. The latter quantities, denoted 
by a subscript "av,". are ratios of average radiation values. 

NIP: normal incidence pyrheliometer - 



INTRODUCTION 

Due to atmospheric scattering, a significant amount of solar radiation arrives 
at the earth's surface from directions other than the sun. The radiation 
within' a few degrees of the solar disk (the solar aureole) is called circum- 
solar radiation. Circumsolar radiation poses a problem for the analysis of 
concentrating collectors because, in general, the acceptance angle or field of 
view of a concentrator will differ markedly from that of the standard instru- 
ments available for measuring the direct or beam component Ib of solar radia- 
tion. 

By far the most common instrument that has been used and is likely to be used 
in the future for measuring Ib is the normal incidence pyrheliometer (NTP). 
Because it has a field of view characterized by an acceptance half angle 10 
times larger than the solar disk itself, it includes a sizable portion of cir- 
cumsolar radiation. Determination of the distribution of circumsolar radia- 
tion. is particularly important for collectors with high concentration because 
their field of view is considerably smaller than that of the pyrheliometer; 
hence predictions based on pyrheliometer data may overestimate the performance 
significantly. (For a discussion of the connection between concentration and 
acceptance angle, see Winston 1970 or Rabl 1976). 

Since 1974 a systematic program to measure the distribution of circumsolar 
radiation has been carried out by the Lawrence Berkeley Laboratory (LBL) 
(Grether et al. 1977a-d and 1979). Four circumsolar telescopes have been 
built that scan across the sun to measure the angular brightness distribu- 

2 tion B ( 0 )  (in W/m steradian) with an angular resolution of 1.5 minutes of arc 
from the center of the sun to 0.5 degrees, and 4.5 minutes of arc from 0.5 to 
3.2 degrees. They have been operated at several locations, including Albu- 
querque, N. Mex.; Argonne, Ill.; Atlanta, Ga.; China Lake, Calif .; and Fort 
Hood, Tex. For the calculations in this paper, data for all of these loca- 
tions with a total of about 5 years have been used. 

Some analyses of circumsolar radiation are described by Grether et al. 
(1977a-d and 1979) and Grether and Hunt (1977); these analyses served as a 
starting point for our investigation. Grether et al. (1977d) evaluated the 
radiation intercepted by an idealized optical system with a sharply defined 
Ileld of view (effective aperture radius or acceptance angle) and no optical 
errors or aberrations. In other studies, Grether et al. (1977c and 1979) cal- 
culated the loss of performance due to circumsolar radiation for two specific 
central receiver designs. Although their calculations provide a very detailed 
picture of the effects of circumsolar radiation on the performance of these 
specific optical systems at particular locations (Albuquerque, China Lake, and 
Fort Hood), the results are difficult to generalize to other concentrator con- 
figurations and operating conditions. The goal of our investigation is to de- 
velop a simple model of circumsolar effects that is suitable for most solar 



concentrator types and .operating conditions and is sufficiently accurate for 
practical purposes. 

Before developing such a model, one must detem.ine what is to be learned from 
it. Basically, there are two questions concerning the effect of circumsolar 
radiation on concentrating solar collectors. The first is: given the specif- 
ic sun shape at a particular moment, what is the corresponding instantaneous 
performance of a concentrating collector? This question is important for ver- 
ification of the detailed agreement between test data and optical analysis. 
It requires as input the solar brightness as measured by a circumsolar tele- 
scope during the test. The second question concerns the average decrease 1,n 
performance due to the loss of cjrcumsolar 'radiation. This is important for 
system prediction and economic analysis. Above all, one needs to 
know the long-term average effect. The effect on instantaneous performance 
under a range of operating conditions may also be of interest. For this pur- 
pose, accuracy in an average sense is far more important than precise agree- 
ment between model and performance for a particular moment.   el ax at ion uE the 
requirement for detailed agreement in favor of average agreement is very im- 
portant because it permits greater flexibility' in the development of an ana- 
lytical tool for modeling the effect of circumsolar radiation. Simplicity of 
the model is desirable to avoid excessive complexity of system performance 
calculations and to provide intuitive understanding. 

In Section 2.0 of this paper the Lawrence Berkeley Laboratory reports are' re- 
viewed in o'rder to prepare the basis for the development of the model. The 
optical analysis used for the calculations is outlined in Section 3.0. 

With the formula; in Section 3.0 the instantaneous performance can be calcu- 
lated within the accuracy ,of a given circurtisolar meaeuremsnt. Thie aalcula- 
tion is reasonably fast, requiring only 56 multfplications anel additions per 
scan, provided the optical properties of the collector have Been stated in 
terms of the angular acceptance function. The model for the long-term average 
effect of circumsolar radiation is developed in Section 4.0, and a correction 
factor to account for the optical propelteiee o f  the pyrhrliometer is derived 
in Section 5.0. Numerical resulta and validation are presented In 
Section 6 S O e  The. reader who is not interes,ted in the details of our analysis 
is advised to proceed directly to Section 7.0, where the key results are s u ~ -  
marized as a self-contained users1 guide. 



REVIEW OF LBL RESULTS 

2.1 MAGNITUDE OF CIRCUZISOLAB RATIO , 

For an indication of the iagnitude of circumsolar radiation I,, it is helpful 
.to look at plot of beam irradiance Ib vs. ratio Ic/Ib. The latter is ap- 
proximately equal. to the circumsolar ratio 

as defined,in Grether et al. (1977b) and in the present paper. (Ib is slight- 
.ly less than Is + 1, because of 'the angular acceptance characteristics of the 
normal incidence pyrheliometer (NIP) ; see Section 5.0 below. ) Many such plots 
are presented by Grether et al. (1977b). Figure 2-1 (from Grether 1979) for 
China Lake in February 1977 is quite typical. In this study the upper enve- 
lope 'of the data .points is explained by a simple maximum sc.attering model 
based on energy conservation. The upper envelope is very closely approximated 
by the model (solid line) and appears to' be a universal feature of circumsolar 
radiation. This is an important result because it shows that large values of 
the circumsolar ratio (in excess of 30%) occur only when the beam irradiance 
is relatively low, i..e., Ib ( 500 w/m2. These large circumsolar ratios can be 
expected to have relatively little effect on average collector performance 

2 because most useful energy is collected when Ib 2 500 W/m . 
Many of the data points in Fig. 2-1 cluster around small circumsolar ratios, 
and the average circumsolar ratio is much smaller than is implied by the upper 
boundary. An indication of typical average values of the circumsolar ratio is 
provided by Fig. 2-2 (~rether 1977d, Fig. 20). The ordinate values show how 
much the pyrheliometer overestimates the radiation available to idealized fo- 
cusing collectors. The collectors are idealized because they are assumed to 
have a sharp cutoff €Ic; i.e., they accept all rays 'incident with 0 < ec and 
reject all rays with 0 > ec. . The solid line corresponds to 8, = 0.28', the 
angular radius of the sun. Therefore, this line gives an estimate of the 
monthly.average circumsolar ratio 



Flgure 2-1. f ypical Values of Pyrhellometer Readlng I, and Clrcumsolar 
Ratio R Shown with Boundary Derived by Grether [1979]. 
China Lake, Calif; February 1977; all sky conditions 



L 1 I I 1 1 1 I I1-.11 
M J J A S O N D J F M A M  

Month of Year 

(a) Threshold = 0 W/m2 

EFF Aperture Radius 

- 0.28' (4.8 mrad) 
............. 0.38" (6.5 mrad) 
- - - 0.80" (14.0 mrad) 
- - .  1.63" (28.4 mrad) - - - 3.20" (55.9 mrad) 

Month of Year 

(b) Threshold = 50 W/m2 

1 h-i---~. 
M J  J  A . S  0 N D  J  F M  A ' M  

Month of Year 
(c) Threshold = 150 W/m2 

M J J A S O N D J F M A M  
Month of Year 

. '  (d) Threshold = 300 W/m2 
1 1 , 1 1 1 1 , 1 1 1 1  

4 - j  
M J  J A S O N D J  F M A M  

Month of Year 
(e) Threshold = 500 W/m' 

Figure 2-2. Overestimate of Pyrheliometer (NIP) in O/O at Fort Hood, Tex., 1976-77, 
for All Sky conditions. ~rom Grether et al. 197jd 
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(The Oc = 3-20' curve corresponds to negative overesttmate because the pyr- 
heliometer has a field of view smaller than 3.20°.) 

Five graphs are presented for five values of the operating threshold: q = 0, 
50, 150, 300, and 500 w/m2. Figure 2-2a, for zero threshold, shows that the 
monthly average circumsolar ratio at Fort Hood ranges from a low of 3.5% in 
summer to a high of 10% in winter. Systems with nonzero threshold are turned 
on only when the insolation is above the threshold; therefore, periods of low 
insolation, which tend to be associated with higher circumsolar ratios, are 
excluded from the computation of Rave This explains why the effective circum- 
solar ratio in Figs. 2-2b through 2-2e decreases with threshold. 

The magnitude and seasonal variation of average circumsolar ratio depends on 
location. Of particular interest is the fact that even at a location like 
Fort Hood, which has relatively high circumsolar levels, the monthly average 
circumsolar ratio does not exceed 10%. It seems that occurrences of high cir- 
cumsolar radiation are sufficiently rare to keep the average circumsolar ratio 
well below the boundary in Fig. 2-1. 

The variation of the effective circumsolar ratio Rav(q) with threshold q is 
exhibited more clearly by Fig. 2-3, where some of the data of Fig. 2-2 have 
.been replotted versus q. The crosses, connected by solid lines, represent the 
points of Fig. 2-2 for 8, = 0.28' for several months. The crosses are well 
correlated by a straight line that passes throu h a circumsolar ratio of ap- P proximately 1% to 3% at a threshold of 1000 W/m . This limiting value of ap- 
proximately 1% to 3% depends on location and time of year and corresponds to 
typical circumsolar ratios on very clear days. Figure 2-3 suggests a simple 
linear relationship for the variation of the effective average circumsolar 
ratio R,,(q). with threshold q. This general pattern persists when collectors 
with different acceptance angles are considered. For example, the circles 
connected by dotted lines in Fig. 2-3 show that the 8, = 0.8' points of . ' i 

Fig. 2-2 also decrease linearly with threshold q. 

2.2 INTERrnPTED RADIATION 

Another feature of Fig. 2-2 is that the "overestimate of NIP" for all systems 
with an acceptance half angle Bc between 0.28' and 2.8' tends to be propor- 
tional to R,,, This general brlhavi.nr i s  fniind also in the analysis of real- 
istic collectors; e.g., the central receiver (Grether et al. 1977~). To sim- 
plify the circurnsolar analysis of the central receiver, Grether and Hunt 
(1977) selected 16 standard circumsolar scans such that the shape of any real 
scans could be approximated by one of these 16. Normalized to unity at 8 = 0, 
the brightness distribution B(0) for these standard scans is plotted in 
Fig. 2-4 versus angle 8 from the center of the sun. 

Figure 2-5 shows for the 16 standard scans the fraction F of the irradiance 
Is + Ic that is lost by the central receiver designs proposed by Martin Mari- 
etta and McDonnell Douglas. F is defined such that 



Threshold (W/m2) 

Figure 2-3. Some Selected Points from Figure 2-2. Replotted to Show 
Varlatlon of Overestimate of Byrheiiome&r with Thmsheld. 
Fields of view of 0.28" (solid lines) and 0.80° (dashed lines) 
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Figure 2-4.Sixteen Standard Circumsolar Scans of LBL'. 
From ~rether '  and Hunt 1977. standard ~rofiles- (normalized) 



(a) Martln ~arletta Pllot Deslgn 

(b) McDonnell Douglas Pllot Deslgn 

Figure 2-5. Fraction F of Available Beam Insolation Lost Versus Circumsolar 
Ratio R for 16 Standard LBL Scans for Two Central Receiver Designs 



is the amount of radiation intercepted by the receiver when the solar plus 
circumsolar radiation is Is + 1,. F includes all optical errors and aberra- 

' 

tions but no absorption losses; hence, F depends only on concentrator geome- . 

try 'and sun shape. Figure 2-5 suggests an approximately linear correlation 
between F and the circumsolar ratio: 

where Fo and F' depend on the optics .of the collector 'but are independent of 
insolation. combining Eqs. 202 and 2-3 ylelda 

thus a constant fraction F' of circumsolar radiation is lost. This phenomenon 
is verified by the results of the detailed simulations that are shown in 
Fig. 2-6 (Grether et al. 1977c, Fig. 7) as the fraction of circumsolar radia- 
tion fc that is lost. For the two central receiver designs and for idealized 
optics with various acceptance half angles, the fraction of Ic that is lost 
depends only weakly (at most f 10% relative variation) on season and location. 

The near constancy of the curves iri Fig. 2-6 suggests that Eq. 2-3 may actual- 
ly be a very good correlation when averaged over a large number of solar ' 

scans, even though the points for the 16 standard LBL scans in Fig. 2-5 devi- 
. ate considerably from the straight line. The large deviations are not sur- 

prising because the 16 standard scans were not selected to be representative 
of any possible correlations between sun shape, circumsolar ratio, and beam 
insolation. The deviation from the straight line i e  parelculafly strong f u r .  
high circumaolar ratios, but this is of little concern since high circumsolar 
ratios are not associated with significant amounts of collectible energy. 

For the reminder of this paper it is more convenient to work with the inter- 
cept factor 

(ySc 1 - F in the notation of Grether, et al. 1977~). Equation 2-4, is a 
model for the instantaneous performance corresponding to a particular circurn- 
solar scan; however, as a linear equation in I, + I, and Iin, it ,also holds 

. - "  0 .  . 
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Figure 2-6. Fraction of AverageCircumsolar Radiation Lost by Two Central Receiver Designs 
and by Five Collectors with Different Effective Apertures. ~hreshold = 50 W/I+ . . 



true when the insolation values are time averaged irrespective of the frequen- 
cy distributions. Figure 2-6 and Eq. 2-4 suggest the following simple model 
for calculating the average effect of circumsolar radiation. The long-term 
average intercept factor 

is given by an expression of the form 

where Rav(q) is the effective average circumsolar ratio corresponding to a 
threshold q and given in Fig. 2-3. The coefficients (1 - Fo) and F' depend on 

' 

the optics of the collector but not on insolation. (1 -. Fo) is the intercept 
factor for a perfectly clear sky (Ic = 0)'. The questions that remain. to be 
investigated in this paper are: how accurate is this model, and how does one 
calculate (1 - Fo) and F'? 



SECTION 3.0 

OPTICAL ANALYSIS 

The crucial quantity to. be calculated in this paper is the intercept 
factor ysc of Eq. 2-5. Once ysc is known, the radiation qabs absorbed by the 
receiver is obtained by multiplying . . the intercepted radiation Iin = Ysc 
(Is + 1,) by the effective reflectance-transmittance-absorptance product ( p ~ a )  

of the collector: 

For thermal collectors,- the efficiency is found by subtracting heat loss qloSs 
2 (in W / I ~  per aperture area) and normalizing by Is + IC: 

For the calculation* of ysc it is convenient to define the angular acceptance 
function f(8) as that fraction of a uniform beam of parallel rays incident on 
the aperture at an angle 8 from the optical axis that reaches the receiver if 
the optics are perfect. This function accounts for aberrations of a perfect 
parabola at the nonzero incidence angle 8 but does not include optical er- 
rors. For a parabolic dish with a flat receiver, the calculation of f(8) is 
quite tedious (Bendt and Rabl 1979), but the results can be approximated with 
sufficient accuracy by a second-order polynomial in ce2: 

1 for fie < vl 
2 2 2 a + bC8 + c(C8 ) for vl< < v 2 

o for JZZ > v2 

C is the geometric concentration ratio, and the coefficients a, b, c, v,, and 
v2 depend only on the rim angle (I; they are tabulated in Bendt and Rabl (J.979). 

Seen through the optics of the collector, the sun appears smeared because of 
optical errors. These arise from deviatidns of the reflector contour from the 

*In the interest of brevity,.solne details are omitted thae are explained in 
~endt and Rabl 1979 and Bendt et al. 1979. 

, . 



design shape, lack of perfect specularity of the reflector surface, displace- 
ment of the receiver relative to the reflector, and incorrect tracking. Even 
though the individual error distributions may not be exactly Gaussian, their 
combination can be approximated, in most cases, by a Gaussian distribution of 
width a, the rms angular standard deviation of a reflected ray from its design 
direction. 

The intercept factor is the convolution of the angular acceptance 
function £(€I), the optical error distribution, and the angular brightness dis- 
tribution B(0) of the sun. To carry out the calculations in this paper it is 
most convenient to define a function. fa(€)) as the convolution of f (8) with the 
error distribution: 

The function fa(0), the "smeared angular acceptance function," is the fraction 
of a parallel and uniform beam of radiation incident on the aperture of a real 
collector with optical errors that reaches the receiver. The intercept factor 
is simply the product of f,(0) and the normalized brightness distribution 
B(O)/(I~ + I=), integrated over all angles 0: 

The intercept factor ysc can be computed quickly for  a large number of circum- 
solar scans if f,(B) is calculated once for each set of concentrator parame- 
ters and for each of the angles at which ~ ( 8 )  is measured and if it is then 
stored in the computer memory. 

The angular acceptance function for the line focus case is given in Bendt et 
al. (1979). The expression analogous to Eq. 3-4 is 

OD 

1 (0) = - 0 
U, line 4 5 ,  j'"' f(e - e t  e x  ( -  dew . 

The intercept factor can be computed by transforming the circumsolar scan to 
linear geometry 



If the calculation is to be repeated for many scans, however, it is faster to 
' . transform the smeared angular acceptance function fa line (8) to point focus 

geometry by averaging , it' over azimuthal directions. The result 

is the equivalent smeared point. focus acceptance function of'a line focus col- 
lector and, therefore, can be used directly in Eq. 3-5. 

I f  an accurate system simulation is needed' and if circumsolar data of the LBL 
type . are available, ' we recommend that Eq. 3-5 be use& to .calculate the instan- 
taneous collector efficiency corresponding to each scan. Since the LBL data 
are given as brightness values at 56 angular intervals, such a calculation re- 
quires only 56 multiplications and additions for each scan, assuming., of 
course, that 8fa(8) has been previously calculated and .stored in memory.* The 
angular acceptance function and .hence fa(8) can be 'readily calculated for any 
concentrator using either ray tracing or the analytical technique described in 
Bendt and Rabl (1979); which is much faster and more accurate. 

*For the central receiver. fd may vary .slightly with the zenith and azimuth of 
the sun, in which case several functions have to be stored. 
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THE PEYSICS OF TBE LTHEBR MODEL 

To understand the linear form of Eq. 2-4 and to motivate our own analysis, it 
is instructive to take another look at the 16 standard scans in Fig. 2-4. 
These scans can be characterized as a nearly uniform solar disk with a sharp 
edge around 4.7 mrad, followed by a circumsolar tail which has a similar shape 
for all scans. The brightness in the circumsolar region varies from scan to 
scan, but the relative change of brightness with angle is not very different; 
in other words, the curves run fairly parallel in the circumsolar region. 
Mathematically, such behavior can be described by a brightness function of the 
f o m  

S 
for 8 < 6 4.7 mrad 

aec(e) 
for 8 > 6 4.7 mrad , 

where the constant a is related to the circumsolar ratio R. 

The corresponding solar disk irradiance is 

and the circumsolar irradiance is 

In terms of the circumsolar ratio R = I /(I + I ), the constant a is given by 
C S C 



Now Eq. 3-5 is used to calculate the intercept factor . 

corresponding to this brightness distribution: 

It i s  convenient to define a quantity 

as the intercept factor for radiation from the solar disk, and an analogous 
quantity, which is independent of a, 

as the intercept factvr for circumsolar radiation. In t ,erm~ of Ylj and Y,, 
Eq. 4-5 can be written as 

which has a simple physical interpretation. The intercept factor Ysc is the 
weighted averaee of the intercept factor Y, for the solar disk and the inter- 
cept factor yc for the circumsolar region. By inserting the circumsolar raelo 
R, one can rearrange Eq. 4-8 in a slightly more convenient form: 

which is precisely the linear model (Eq. 2-4) suggested by the analysis of 
Grether et al. For the instantaneous performance associated with a particular 
circumsolar scan, this equation is a rather crude model, as shown by the scat- 
ter of data points about the trend line in Fig. 2-5 and as expected from the 
fact that individual circumsolar scans can deviate significantly from the av- 
erage shape suggested by Fig. 2-4. This is of little concern, however, since 
the instantaneous performance for a particular scan can be calculated readily 
from Eqs. 3-5 or 3-7. 



The linear model does turn out to be remarkably accurate for predicting the 
long-term average performance; therefore, we proceed to derive the equivalent 
of Eq. 4-9 for the calculation of the long-term average. The long-term aver- 
age irradiance is defined as the average over a large number N of data 

with appropriate subscripts indicating solar, circumsolar, and intercepted 
components. The subscript plus sign under the summation sign means that only 
those periods with intercepted irradiance above a specified threshold q are to 
be included. The average could be defined for any time period (e.g., a year, 
a month, a time of day) and, ideally, it should be calculated from many years' 
worth of data. Because a model for predicting the long-term average inter- 
cepted irradiance T is desired, given the long-term average solar and in - 
circumsolar irradiance I + yc , an average intercept factor is defined as 

S 

In contrast to the bar notation for genuine averages, the subscript "av" des- 
ignates ratios of averages in this paper. Retracing the steps from Eq. 4-5 to 
Eq. 4-9 yields an expression for Y ~ ~ , ~ ~  of the same form as Eq. 4-9: 

where Rav is the long-term average circumsolar ratio 

and Ys ,av and 'c ,av are defined as 



and 

The long-term average irradiance from the solar disk, 

is the integral over t'he disk of the long-term average brightness distribution 

and analogously the average circumsolar irradiance is 

Equation 4-12 is. a tautology when used 'with only a single set of data. The 
equation is usefui because an excellent approximation can be obtained fur any 
set of circumsolar data at any location or time or threshold if Ys av 

and Yc ,av are calculated for a single synthetic circumsolar scan. For this 
synthetic scan, we take the average over all the circumsolar scans supplied by 
Lawrence Berkeley Laboratory. This average scan B(8) is tabulated in 
Table 4-1 for point focus geometry and in Table 4-2 for line focus geometry; 
it is plotted in Fig. 4-I.* 

The fact that the brightness of the disk decreases somewhat with 6 is called 
"limb darkening." Analytical expressions for the limb-darkening effect have 
bees published in many places; e.g., Biggs and Vittitoe (1979). However, they 
were based on only a few measurements and theretore are not necessarily 
reliable as descriptions of the average brightness distribution. The 
simulations reported in Section 6.0 show that the average distribution B(B) in 

*A peculiarity of the circurnsolar data corresponding to high circumsolar ratios 
is a very slight increase in brightness at the edge of the scan. Assuming 
that this unphysical behavior is due to inaccuracies at the edge of the oper- 
ating range of the circumsolar telescope, we have corrected the last two en- 
tries (53.887 mrad and 55.196 mrad) by extrapolation from smaller angles. 
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Table 4-1, STANDARD SOLAR SCAN FOR POINT FOCUS GEOMETB~ 

.'ii(O) (w/m2 sterad)b 8 (mrad) Ws W C ~  

- - - - -  
'5.018 
5 -454 
5 -890 
6.327 
6.763' 
7.199 
7 -636 
8.072. 

Break in 8.508' 
size of - 
angular 9.381 
interval . 10.690 

11.999 
13.308 
14.617 

. .  . . 15.926 
17.235 
18.544 

. , 19.853 
21.162 
22.471 
23.780 
25.089 
26.398 
27 -707 
29.016 
30.325 
31.634 
32.943 
34.252 
35.561 
36 -870 
38.179 
39 -488 
40.797 
42,106 

12,668,456 . Solar 
12,185,726 Disk 
11,443,798 
10,061,047 
7,002,494 
1,730,196 

17,444 
13,084 
10,194. 
8,177 
6,716 

, 5,634 
4,807. 
4,147 Circumsolar 
3,633 Region 
3,213 
2,867 
2,579 



Table 4-1, STANDARD SOLAR SCAN FOR POINT FOCUS GEOWETRY~ 
, (concluded) 

- 
0 (mrad) ~ ( 0 )  (w/rn2 sterad) b c 

Ws wc 

9 23 1 0 
88 2 0 
845 0 
8 1  1 0 
777 Circumsolar 0 
747 Region 0 
7 22 

1 
0 

7 00 0 
681 0 
665 0 

- -- 

a ~ o l a r  radius 0.275O (disk plus resolution of instrument). 

b~rightness at angle 0 from center of sun. 
2 'weighting factors ws of Eq. 7-6 and wc of Eq. 7-7 (in'sterad m /w). 



Table 4-2. STANDARD SOLAR SCLW.FOR LIME FOCUS GEMTRY 

8 
. . Solar Disk ~ircumsolar Region 

(min) . . (mrad) (w/m2 rad) (w/m2 rad) 



Table 4-2, STANDARD SOLAR SCAN FOR LINE FOCUS GEOMETRY 
(cont inued)  

8 
S o l a r  Disk Circumsolar Region 

( m i d  (mrad) (w/m2 rad )  (w/m2 r a d )  



T a b l e  4-2, STANDARD SOLAB SCAM FOR LIRE FOCUS GEOMETRY 
(continued) 

8 
Solar Disk Circumsolar Region 

(mid (mrad) . (w/m2 rad) (w/m2 rad) 



Table 4-2, STANDARD SOLAR SCAN FOR LINE FOCUS GEOMETRY 
(concluded) 

0 
Sola Disk Circumso ar Region 

(mid (mrad) (W/rnr rad) (Win' rad) 

8 (degrees) 

8 

. . 

,la- 

. _ -  . ' 
0 10 20 30 40 50 

8 (mrad) 

Flgure 4-1. Brlghtness Dlstrlbutlon (In Relatlve Unlts) of Standard Clrcumsolar Scan 



Table 4-1 will predict the intercept factor Ys for the solar disk with an rms 
error of about 0.0002. The solar disk portion of the distribution in 
Table 4-1, therefore, is recommended as the best available brightness 
.distribution for the limb- darkened solar disk. 

The validity of the linear model in Fig. 2-3 for the threshold dependence oi 
the average circ&solar ratio Rav(q) is shown by Table 4-3, where Rav(q) for 
each of 'the files in the LBL data set is listed for various thresholds q.. 

. . 



Table 4-3, MO-Y AVERAGE C I R ~ O L B R  RATIO R,,(q) 
VERSUS THRESHOLD q FOR EACE F I L E  

Hours 
F i l e  Locat ion Yr/Mo of Data 0 50 150 300 500 

1 At lan ta  77/06 
77/07 
77/08 
77/09 
77/10 
771 11 
77/12 

2 At lan ta  78/01 
78/02 
78/03 
78/04 
78/05 
78/06 

3 Albq. 76/05 
76/06 
76/07 
76/08 
76/09 
76/10 
76/11 
76/12 

4 Albq. 77/01 
77/02 
77/03 
77/04 
77/05 

5 Albq. 77/06 
77/07 
77/09 
77/10 
77/11 
77/12 

6 F t .  Hood 76/07 
76/08 
76/09 
76/10 
76/11 
76/11 
76/12 



Table 4-3, MONTBLY AVERAGE CIRCCMSOLBR RATIO ~ ~ ~ ( q )  
'VERSUS THRESBOLD q FOR EACE FILE (concluded) 

q (w/m2> 
Hours 

File Location Yr/~o of Data 0 50 150 300 500 
- 

7 Ft. Hood 77/01 155 0.062 0.061 0.058 0.047 0.037 
77/02 165 0.053 0.052 0.049 0.042 0.031 
77/03 248 0.084 0.081 0.075 0.063 0.049 
77/04 101 0.027 0.027 0.026 0.024 0.021 

8 Ft. Hood 77/07 

Argonne 77/08 
77/09 
77/10 
77/11 
77/12 

9 China Lake 76/07 
76/08 
76/09 
76/10 
76/11 
76/12 

10 China Lake 77/01 
77/02 
77/03 

11 Barstow 77/07 
77/08 
77/09 
77/10 
77/11 
77/12 

12 ' Barstow 78/01 
78/02 
78/03 
78/04 
70105 
78/06 





SECTION 5.0 

MEASUREMENTS OF S O W  RADIATION 

The LBL data map out the solar brightness up to an angle A = 3.2'. This some- 
what arbitrary cutoff was chosen in order to permit sufficiently accurate cal- 
culation of the radiation measured by a normal incidence pyrheliometer 
(NIP). To appreciate this detail one must recognize that the NIP does not 
have a sharp cutoff.at 2.75' but is characterized by the angular acceptance 
function in Fig. 5-1.* For angles below 3.2', fNIp is given by 

for 9 < 0.02793 rad (or 1.6') 

f~~~ 

(5-1) 
1.714 - 25.55 8 for 0.02793 rad < 8 < 0.05585 rad . 

Because almost all available measurements of so-called direct or beam irradi- 
ance Ib have been obtained with a NIP and because this will also be the case 
in the foreseeable future, it is desirable to refer the intercept factor 
to Ib. On the other hand, we have followed the LBL group in defining the cir- 
cumsolar component I, as the total irradiance between 0.275' and 3.2'. This 
inclusion in I, of all radiation out to 3.2' is motivated by the desire to 
calculate the insolation available to focusing collectors as accurately as the 
data permit (some focusing collectors do intercept some appreciable radiation 
that the pyrheliometer misses). 

As a consequence of these definitions, Ib is somewhat smaller than the irradi- 
ance I + I on which all intercept factors calculated so far have been 
based. The difference between Ib and 1, + I, is small on clear days but in- 
creases with circumsolar ratio. 

We want to reconcile the above definition of circumsolar radiation with the 
goal of providing a single expression for an intercept factor Y that is based 
on Ib so that Iin can be obtained from 

The NIP behaves optically like a solar collector with angular acceptance func- 
tion fNIp(8); hence, the irradiance measured by a NIP is 

*Information given by D. F. Grether in a telephone conversation. 

31. 



8 (degrees) 

Figure 5-1. Angular Aoooptanoo Funotlon of Pyrheliometer (NIP) 
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where 

For the purpose of calculating long-term average intercept factors the stan- 
dard scan (Table 4-1) can be used in Eq. 5-4 with the result 

- 
Now the intercept factor ySC ,aV of Eq. 4-12, which was based on 7 s + Ic , can 
be related to the beam irradiance ybo Equation 4-11 can be rewritten as 

Replacing f + with yb/~NIP,av from Eq. 5-3 yields 
S C 

Finally, Eqs. 4-12 and 5-5 are inserted to display the dependence on circum- 
solar ratio Rav 

- - = 's ,av - ('s,av 'c ,av)~av - 
'in 1 - 0.09632 R 

av 
'b . 





W[RIISRICAL RESULTS AND VALIDATION 

To validate the linear model (Eq. 4-12), a wide range of parabolic dish col- 
lectors were considered, with concentration ratios C = 200, 500, 1000, 2000, 
5000, and 10,000; rim angles 41 = 30°, 40°, 50°, and 60'; optical errors rang- 
ing from a = 1 mrad to 30 mrad; and four operating thresholds q = 50, 150, 
300, and 500 w/m2. The validation is typical of other focusing collectors as 
well, because any practical solar concentrator of concentration sufficiently 
high to be susceptible to circumsolar radiation has an angular acceptance 
function f(0) with the same general behavior as a parabolic dish: f(8) is 
constant out to an angle. 8, and then decreases smoothly to zero at e2. The 
above range of C and 4 values covers all typical cases. 

For each collector design (i,e., for each- value of $, C, and a) and for each 
scan Bi(0) in the LRL data set,* the intercept factor YsCsi was calculated ex- 
actly; i.e., according to Eq. 3-5. Then the 'exact long-term average intercept 
factor for each file was calculated as 

the summation running over all scans in the file. With 120 collector designs, 
4 threshold values, and 12 files, this required 4 x 120 x 12 = 5760 hour-by- 
hour simulations. Then Y ~ ~ , ~ ~ , ~ ~ ~ ~ ~  for the linear model, Eq. 4-12, was 
calculated for each collector design and for each file of circumsolar data, 
and the error 

t 

was determined. To list E for each of the almost 6000 simulations may be more 
confusing than informative; hence, the results for several simulations were 
grouped together and the mean and the rms errors were calculated for each 
category. 

Let E~ designate the error (Eq. 6-2) for collector design c, threshold q, 
and fi?e f. For each collector design c (i.e., for each value of C, +, and a), 
the mean error or bias, was calculated as 

*The original LBL data were measured in 10-minute intervals. The data supplied 
to us were hourly averages of the original measurements. 



and the rms error as 

- 
E 
c , rms 

The results are listed in Table 6-1, together with the values for Ys,aV and 
(ys,,, - Y,,,~) of the linear model for the long-term average intercept 
factor. 

To evaluate possible location- or threshold-dependent trends, the mean and rms 
error for each file and threshold also have been calculated but averaged over 
all collector designs: 

and 

These results, listed in, Table 6-2, show that there is no significant pattern 
with regard to threshold or location. 

The single most important measure of the error is provided by the average over 
all collector designs, thresholds, and files. The results for the bias error 
and for the rms error are 

a .  1 120 4 12 
8 D- 

total 5760 
- 0.00056 

c-1 q;.l f=1 

and 



Table 6-1. VALIDATION OF LINRAR MODEL FOR INTERCEPT FACTOR FOR 
PARABOLIC DISH OF RIM ANGLE +, OBCElVTRATION C, BlqD OPTICAL 
ERROR Q 

u 
(mrad) . 

14. C 
18 .6  .- - 22. p 
2C. 8 
3u.  8 
10.0  
12 .0  
14 .0  
16. 8 
18.0 

6 . 0  
7.0 
8 . 0  
9 . 0  

10 .0  
3 . 0  
4 . 0  
5 . 0  
6 . 0  
7 . 0  
1.5 
2 . 0  
2 . 5  
3 . 0  
3 . 5  
1 . 0  
1 .5  
2 . 0  
2 . 5  
3 . 0  



Table 6-1. VALIDATION OF LINEAR MODEL FOR INTERCEPT F A O R  FOR 
PARABOLIC DISH OF RIM ANGLE 4, CONCENTRATION C, AND OPTICAL 
KRROR an (continued) 

a - - 
(mrad) 's ,av s,av 'c,av E 

Y 



- 

6299 '0 
0t69 '0 
6SI L'0 
16ZL90 ' 
SSEL '0 
St09 '0 
1119'0 
1S19'0 
ES19'8 
8819'8 
L0tt '0 
LtSt '8 
809t '0 
66St '0 
ttst '0 
E82Eg0 . 
09&E90 . 
20tB '0 
60tE '0 
98EE '0 
9681 '0 
0E02 '0 
61 lCeO 
tGIt '0 
ZElZ'0 
0S80 '0 
E160.0 



Table 6-2. BIAS E_ AND rms ERROR c, AVERAGED OVER COLLECCOR DESIGNS, 
FOR DIFIiERENT LOCATIONS WITH TBRESHOLD q AND CIRCUMsOLAR 
RATIO Ra,. 

4 - - 
File 

(w/m2 > R E E 
av m s  

bj . 13 5 '3 

0. [146 
0 . 111 ':: :3 
[l ClZ 4 
0.052 
l j .  846 
,?I 'C' .:- .- uk 
0 . 6 2 6  
8 .  BJ1 
0.828 
8.821 
0.C114 
8.639 
0. it35 
13 . bJ 2 3 
Cl, 

3.846 
ci . i14 .:: 
0 . o .:: g 
0 . <l .:: 0 
lil 111 3 ,3 
i i  . 0 :3 C. 
1.1 . Cl .:: 1 
$ * 024 
i1.Q55 
0.655 
11. 647 
tj, 0 3 6  
8.07'3 
8 .  05.5 
8 . 6 5 8  
,:i. 0 4 4  
Cl ,j '.:- ':. 

b- 

8.028 
b j  . 6 1 :2 
8.81 4 
<I 4 6 
8 .  i t44 
,j . IJ 3f: 
0. ozy 
0 . 111 4 2 
13 . i i  3 .j 
,-,.832 

0.625 
0.635 
6.033 
0 . 8 2 8  
cl. 0 2 3  



To put the results for the average errors into perspective, note that the cir- . . 

cumsolar ratio varies considerably from year to year. For example, .for the 
same month and for the same location (June, Albuquerque, N. Mex.), Rav for 
q = 50 w/m2 is 0.028 in 1976 and 0.053 in 1977,- as shown by Table 4-3. Since . . 
the coefficient (ysPav - Y ~ , ~ ~ )  of the circumsolar correction term for the av- 
erage intercept factor is on ,the order of 0.5, the inherent error of the lin- 
ear model is much smaller than the error introquced' by uncertainties in the 
circumsolar ratio (unless the 'alerage ..circumsoiir ratio. is known to better 

. . 
than 0.004 absolute error, which is unlikely .to be the case in the near fu- 
ture). Furthermore, an error of a fraction of a percent in an intercept fac-. 
tor is very small compared to the uncertainty in the long-term average values 
of reflectance and absorptance. Therefore, the linear model for the average 
intercept factor is satisfactory unless circumsolar ratios and material prop- 
erties are known within a small fraction of a percent. 

A n  interesting result from Table 6-1 concerns the rim angle dependence of the 
intercept factor. 'For a given C. and a, the coefficients ys av and Yc ,.av can 
vary considerably with rim angle; e.g., for C = 500 and a = lb mrad, the coef- 

- ficient (Y,,,, YcSav ) is 0.386 for 4 = 30" and 0.213 for 4 = 60". This im- 
plies that the collector with.a 30" rim angle is nearly twice as sensitive to 
circumsolar radiation as the collector with a 60" rim .angle. .Therefore, an 
optical model with sharp angular cutoff, as assumed by Biggs and Vittitoe 
(1979) and Grether et al. (1977d), may not be sufficiently accurate for calcu- 
lating the effect of. circumsolar radiation. 

For other concentrator types, e.g., Fresnel lenses and central receivers, the 
intercept factors Y ~ , ~ ~  and Yc,av can be calculated in a similar manner. 
Specific results for the important case of a parabolic trough with 90' rim 
angle and cylindrical receiver are shown in Table 6-3 for a range of concen- 
tration C and optical error a, at normal incidence. It is instructive to .com- 
pare these results with the ones for point focus' parabolas. . Whereas for. point 

- focus parabolas (Table 6-1) the value of (Y,,,, YC,,, ) ranges from 0.1 to 
0.8, values for the line focus parabolas are much smaller, in the range of 
0.03 to 0.4. Since the sensitivity to circumsolar radiation is proportional 

- , the line focus parabolas tend to be significantly less 
to (ys, av Yc ,av 
sensitive to circumsolar radiation than point focus ~arabolas. [At nonnormal 
incidence the effect of circumsolar radiation on line focus collectors may be 
enhanced, however, because of an increase in the' projected width of the sun 
(Bendt et al. 1979).] This difference is easy to understand in terms of the 
rms angular width of the sun which is a factor fi larger for point focus 
geometry than for line focus geometry. 



Table 6-3. TBE IRI!EKBPT FACTORS Y . and ( Y - y FOR PARABOLIC 
mum Y I ~  go0 UM ~GL~!!:~~I#DBI&~&CB~B, amtam~c 
C O U ~ ~ T I O I !  C, AND TOTAL OPTICAL ERROR u 



Starting with a review of the circumsolar results provided by Lawrence Berke- 
ley Laboratory (LBL) and with a description of the optical analysis of focus- 
ing collectors, we derived a simple prescription for incorporating circumsolar 
effects into any analysis of solar energy systems. Both the effect on instan- 
taneous performance (of interest for collector testing and for detailed system 
simulations) and the effect on long-term average performance (expressed as a 
correction tern for calculations that did not take circumsolar radiation into 
account) have been treated. The formulas presented are at least as accurate 
as any circumsolar data that will be available in the foreseeable future. The 
results also suggest priorities for further acquisition and analysis of cir- 
cumsolar data. 

If the greatest possible accuracy in a system simulation is desired and if 
circumsolar ,data of the LBL type are available, Eq. 3-5 should be used for 
computing the collector performance for each circumsolar scan. For this pur- 
pose one first calculates the smeared angular acceptance function fu(0).for 
the concentrator in question. The function f,(0) depends only on the optics 
but not on insolation; its calculation is described in Section 3.0. Then 
f,(0) 0A0 is stored in memory at the beginning of the simulation; this in- 
volves 56 numbers, one for each of the angles at which the brightness has been 
measured . by LBL (A0 is the increment between these angles). The intercepted 
irradiance Iin for each scan is then computed according to the discrete ver- 
sion of Eq. 3-5:* 

with B(Oi) as the brightness of the scan at angle Bi. Equation 7-1 requires 
56 multiplications and additions, certainly not an excessive computational 
effort .  

As for collector testing, the first step is to decide whether circumsolar rad- 
iation can have any detectable effect at all. For this purpose one calculates 
the coefficients Ys,av and Yc,av of the long-term average model (Eqs. 7-2 

*Even though Eq. 7-1 has been derived for point focus geometry, it can also be 
used for line focus concentrations if the line focus angular acceptance 
function is transformed to the equivalent point focus angular acceptance 
function according to Eq. 3-8. 



t o  7-5). To ensure  s tandard ized  t e s t  r e s u l t s ,  c o l l e c t o r s  should be t e s t e d  
only  on very c l e a r  days. Since on c l e a r  days the  c i rcumsolar  r a t i o  ranges 
from l e s s  than 1  percent  t o ,  a t  most, a  few percent ,  i t  fol lows t h a t  a  
c o l l e c t o r  t e s t  w i l l  be s e n s i t i v e  t o  circumsolar  e f f e c t s  only i f  v a r i a t i o n s  i n  
t he  i n t e r c e p t  f a c t o r  on the  order  of AR(Y,,,, - 'c , a v  ) w i t h  AR 0.01 can be 
measured. I f  t h i s  is  the  case  and i f  one wants t o  guarantee t h a t  t he  a n a l y s i s  
i s  a s  accu ra t e  a s  p o s s i b l e ,  the  b r igh tnes s  d i s t r i b u t i o n  of t he  sun should be 
monitored during the  t e s t  with a  circumsolar  te lescope  of t he  LRL type. The 
i n t e r c e p t e d  r a d i a t i o n  is then c a l c u l a t e d  according t o  Eq. 7-1. For example, 
Table 6-1 shows t h a t  pa rabo l i c  d i s h  c o l l e c t o r s  wi th  a  45' r i m  angle  and 
concen t r a t ion  below 1000 have ( Y , , ? ~  - Y ,  va lues  below 0.5. . I f  the  
exper imenta l  e r r o r  i n  t he  o p t i c a l  e t t i c i e n c y  

i s  g r e a t e r  than 0.5 AR 0.005, c ircumsolar  r a d i a t i o n  w i l l  have no d e t e c t a b l e  
. , 

e f f e c t  on t e s t s  of such c o l l e c t o r s  on c l e a r  days. 

7.2 LONG-TERM AVERAGIE PEBFOItMANcE 

The s imp les t  way t o  account  f o r  c ircumsolar  e f f e c t s  on long-term average per- 
formance i s  t o  s t a r t  wi th  the  usua l  pyrhel iometer  da t a  f o r  the  heam i t r a d i -  
ance Ib and t o  c a l c u l a t e  t h e  in t e rcep ted  i r r a d i a n c e  

wi th  the  i n t e r c e p t  f a c t o r  

R (q )  is  the long-term average circumsolar  r a t i o  (Eq. 4-13) f o r  the  l o c a t i o n  av 
and period i n  ques t ion ;  t o  a  good approximation i t  i s  a  l i n e a r  func t ion  of the  
th re sho ld  q.* For t h e  l o c a t i o n s  where circumsolar  da t a  a r e  a v a i l a b l e ,  R,,(q) 
f o r  q  = 50 w/m2 and 500 w/mZ f o r  each month has been c a l c u l a t e d  and l i s t e d  i n  
Table 4 - 3 .  The c i rcumsolar  r a t i o  f o r  any o the r  th reshold  va lue  q  can be found 
by l i n e a r  i n t e r p o l a t i o n .  

The denominator of Eq. 7-3 c o r r e c t s  f o r  the  f a c t  t h a t  a  pyrhel iometer  does not 
measure a l l  the  c i rcumsolar  r a d i a t i o n  out  t o  angles  of 3.2' t h a t  has been in- 
c luded i n  the c a l c u l a t i o n  of Rav ( s e e  Sec t ion  5.0 f o r  d e t a i l s ) .  

*In thermal c o l l e c t o r s  the  threshold  is  the  hea t  l o s s  divided by the  o p t i c a l  
e f f i c i e n c y .  



The c o e f f i c i e n t s  Ys  and Yc ,av needed i n  Eq. 7-3 a r e  t h e  i n t e r c e p t  f a c t o r s  
f o r  r a d i a t i o n  from the  s o l a r  d i sk  and from the  circumsolar  reg ion ,  r e spec t ive -  
l y ,  ' a s  c a l c u l a t e d  f o r  t he  s tandard  scan. This  s tandard  scan is the  s imple av- 
e rage  over a l l  c i rcumsolar  scans measured by LBL and i t  can be used f o r  any 
loca t ion .  It is l i s t e d  i n  Tables 4-1 f o r  po in t  focus and i n  Table 4-2 f o r  
l i n e  focus geometry. For po in t  focus c o l l e c t o r s ,  t he  c o e f f i c i e n t s  Y s  and 

Yc ,av a r e  c a l c u l a t e d  from these  scans  according to  the d i s c r e t e  ve r s lons  of 
Eqs. 4-14 and 4-15, 

and 

where 

f, = smeared angular  acceptance func t ion  (convolu t ion  of angular  ac- 
ceptance func t ion  f  with Gaussian e r r o r  d i s t r i b u t i o n  of width 0) 
( s e e  ~q .' 3-4) ; 

- 
B = b r i g h t n e s s ,  from second column of Table 4-1; 

ws,wc = weight ing f a c t o r s ,  f o r  c o r r e c t  normal iza t ion ,  from t h i r d  and 
f o u r t h  columns of Table 4-1; 

t he se  q u a n t i t i e s  a r e  eva lua ted  a t  ang le  8 f i r s t  column of Table  4-1. 
i ' 

- 
The va lues  f o r  f a ,  B ,  and w a r e  determined f o r  each of t he  56 a n g l e s  8 f o r  
which t h e  LBL t e l e scopes  have provided da ta .  For po in t  focus geometry, the  
weighting f a c t o r s  have been c a l c u l a t e d  according t o  t he  formulas 

and 



For line focus geometry the angle 8 is omitted in the numerator and denomina- 
tor, and hence the weighting factors for line focus collectors are constants, 
independent of 0 if Table 4-2 with its equal angular increments is used for 

i ' 
the standard circumsolar scan: 

and * 

Hence, the intercept factors for line focus geometry can be calculated most 
easily from the equations 

and 

An example illustrates the use of this formalism. Table 6-1 lists some typi- 
cal parabolic dishes with their relevant optical parameters. For each col- 
lector, YS,,, and ( Y ~ , ~ ~  - yC ,BV) have been ca1.culated according to Eqs. 7-4 
and 7-5. A parabolic dish with concentration C = 1000, rim angle 41 = 40°, and 
total optical error with rms width a = 7 mrad has the coefficients 

and 

2 Suppose the operating threshold is q = 100 W/m ; the corresponding average 
2 circumsolar ratio is found by linear interpolation between the q = 50 ~ / m  and 

the q = 150 w/m2 entries in Table 4-3. One of the lowest ratios in the table 
occurred in Albuquerque, N. Mex., in May 1976 with Rav(50 w/m2) = 0.020 and 

2 Rav(150 w/m2) = 0.019; hence, Rav(lOO W/m ) = 0.0195. The corresponding in- 
tercept factor is, from Eq. 7-3, 



with respect to the radiation I,, measured by a pyrheliometer. The highest av- 
erage circumsolar ratio observed so far is that for Argonne, Ill., in August 
1977. Interpolation yield. Rav(lOO w/rn2) = 0.120, and the corresponding in- 
tercept factor is Yav = 0.931, some 4% lower than that for Albuquerque in May 
1976. 

7.3 AVERAGE SUN SEAPR AND LIMB DARKEHING 

It is a well-known fact that the brightness of the solar disk as viewed from 
the earth is not uniform. Several investigators have recommended formulas to 
describe this so-called limb darkening (e.g., Biggs and Vittitoe 1979). These 
formulas, however, were based on rather limited measurements, and thus it was 
not clear to what extent they were really relevant for solar energy 
calculations. Our investigation has shown that a simple unweighted average 
over all circumsolar scans, when truncated at the solar radius 6 = 0.275", is 
an excellent representation of limb darkening. (This value is slightly larger 
than the actual radius because of the limited angular resolution of the LBJ, 
data.) More precisely, when the intercept factor yS of point focus solar 
collectors for radiation from the solar disk is calculated for each scan in 
the LBL set and compared with the value ys corresponding to the average sun 
shape, the rms error is at most 0.0002. de recommend, therefore, the average 
sun shape in Table 4-1 as the best choice for solar energy calculations in 
applications without spectral selectivity. 

Similarly the analysis has shown that the average effect of circumsolar radia- 
tion can be calculated by means of a single standard brightness distribution 
in the circumsolar region; i.e., at angles between 6 = 0.275" and A = 3.2". 
This distribution is also obtained from the average overall circumsolar pro- 
files. The deviation of individual circumsolar scans from this shape is quite 
large; however, the average Ill~er-cept factor yc ,av can still be caLculated 
with an accuracy of '0.002. 

As for the connection between solar and circumsolar shapes, the model intro- 
duces a discontinuity in the brightness distribution at the edge of the sun 
because the relative magnitudes of the solar and the circumsolar brightness 
profiles are allowed to vary with circumsolar ratio. This is not objection- 
able because it is carried out in a logically consistent manner. Also, at the 
edge of the sun the brightness of most scans drops very sharply by several or- 
ders of magnitude. 

7.4 SPECTRAL EFFEmS 

Because only spectrally averagcd data were available, the n~irnerical results of 
our analysis are applicable only to collectors without significant variation 



of sensitivity within the solar spectrum. However, the formalism is indepen- 
dent of the spectrum, and the same analysis could and probably should be car- 
ried out for concentrators with photovoltaic receivers since the LBL telescope 
has also measured circumsolar data for separate portions of the solar 
spectrum. 

7-5  NKED. FOR FURTEER DATA OR CORRELATIONS 

Circumsolar effects on focusing collectors are relatively small and, for prac- 
tical applications, the effect on long-term average performance is of greatest 
interest. Therefore, a simple yet accurate correction procedure has been de- 
veloped for predicting the average loss o f  performance duo to circumoolar Fa- 

: diation. The model needs. only one number as input: the averago citcumsol.ar 
ratio for the location and time period in question. As a single number, this 
average ratio ('or quantities closely rd,a.Ze.rl tn 1.t) 1.s much easier to measure 
and use than the detailed angular scans of the circurhsolar telescope'. For ex- 
ample, a modified pyrheliometer with'variable field of -view might be employed 
instead. 

As an alternative t o  collecting actual data, one could gttempt to correlate 
circumsolar ratios with beam irradiance and other quantities that might be 
relevant, such as air mass and diffuse irradiance. If reliable correlations 
of this type can be developed from the existing data base, then circumsolar 
effects.at other locations can be predicted without additional data. 
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