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A.TURE 

Symbol 

Nu 

Pi (n) 

p (n) 
0 

Pr 

q 

R 

Re 

s 

T 

T . aJ.r 

U = 1/R 

v 

y 

. Description 

Average number of reflections for full CPC, for radiation 
outside acceptance angle 

Average number of reflections for truncated CPC, for radia
tion that cari get from S to L 

Average number of reflections for truncated CPC, for radia
tion that cannot get from L to S 

Average number of reflections for truncated CPC, for radia
ti.on inside acceptance angle 

Nusselt number 

Probability that radiation inside Rr.c.eptanca angle makes n 
-r of lee t iot'l.!l wlu:m lt passes through CPC 

Probability that radiation .outside acceptance angle makes n 
reflections when it passes through CPC 

Prandtl number 

-2 . -2 -1 
Heat transfer (in W em or Btu ft hr ) 

Thermal resistance 

Reynolds number 

InsolaLlun (d:Lrect p.l.ns diffus;Q), or circumferenc::t;~ uf a tube 
receiver 

Temperature (in °K or 0 R) 

Ambient air temperature 

Rauiation temperature of sky 

Temperature difference 

Thermal conductance 'fin W cm-Z(uK)-l or Btu ft-:l hr-1 (°F)-l] 

Wind speed 

Volume coefficient of expansion 

Fraction of insolation S that is accepted by CPC 
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The subscripts S, R, and L refer ~o absorber (small), reflector, and 
aperture (large); for example, the concentration is C ==At/As, the ratio of 
aperture to absorber area, and qSR is\the radiative heat transfer from the 
absorber to the reflector. Barred quantities refer to a truncated CPC;. 
the concentration of a truncated CPC trough, for example, is C = AtlAs = i/s. 

i 
I 

Symbol Description 

A 

a out 

c 

dl 

d2 

f 

f = 
d 

f 
0 

f = 
u 

FSL 

g 

Gr 

h 

k' 

k ' X 

n 

fd(e:R) 

fo(e:R) 

fu(e:R) 

k ' k 
y z 

Area 

Fraction of the radiation emitted by L that cannot get to S, · 
even if the mirrors were perfect 

Concentration 

Diameter of entrance pupil 

Diameter of exit pupil 1 

Focal length of parabola 

Fraction of the radiation emitted by R that goes to S 

Fraction of the radiation emitted by R that hits L outside 
the acceptance angle 

Fraction of the radiation emitted by R that hits L inside 
the acceptance angle 

I 

Shape factor for radiation going from S to L 

Acceleration due to gravity 

Grashof number 

Height of CPC 

TI1ermal conductivity 

Direction cosines of light rays. These are projections of the 
ray directions along the x, y, and z coordinate axes. In 
the text, ~is also used to denote the· direction of the extreme 
ray accepted by thP. consentrator. 

W:!.dth of aperture 

Index of refraction 

Average number of reflections for full CPC, for radiation 
inside acceptance angle : 

NOME~ 
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NOMENGLATURE 

Symbol Description 

e:=l-P Emissivity 

e:Ri = 

e:Ro 

n 

p 1 

PRi = 

T 

6 

61 

6 
max 

1 - PRi Effective· absorptivity of CPC. for radiation inside acceptance 
I 

angle ! 
I 

1 - p Effective absorptivity Jf CPC for radiation outside acceptance 
Ro angle 

Collector efficiency 

- e: Reflectivity 

1 - e:Ri Effective "reflectivity•'• (transmissivity) of CPC for radiation 
inside acceptance angle· 

1 -·E: Effective "reflectivity" of CPC for radiation outside accep
Ro tance angle 

Transmissivity of cover 

Acceptance half angle of CPC 

Angle of incidence of a particular ray 

Maximum divergence (half-angle) of a light beam; also, the angu
lar acceptance (half-angle) of a collector. 



USE OF COMPOUND PARABOLIC CONCENTRATOR FOR SOLAR ENERGY COLLECTION 

by 

Ari Rabl, Vaclav J. Sevcik, Raymond M. Giugler, and Roland Winston 

ABSTRACT 

The joint team of Argonne National Laboratory (ANL) and the 
University of Chicago is reporting their midyear results of a 
proof-of-concept investigation of the Compound Parabolic Con
centrator (CPC) for solar-energy collection. The CPC is a non
imaging, optical-design concept for maximally concentrating 
radiant energy onto a receiver. This maximum concentration 
corresponds to a relative aperture (f/number) of 0.5, which is 
well beyond the limit for imaging collectors. We have con-
structed an X3 concentrating flat-plate collector 16 ft 2 in area. 
This collector has been tested in a trailer laboratory facility 
built at ANL. The optical and thermal performance of this collector 
was in good agreement with theory. We have constructed an XlO 
collector (8 ft 2) and started testing. A detailed theoretical 
study of the optical and thermal characteristics of the CPC design 
has been performed. 

I. INTRODUCTION 

The ·CPC is a nonimaging optical-design concept for maximally concentrat
ing radiant energy onto a receiver. The design incorporates a trough-like 
reflecting wall-light channel, which concentrates radiant energy by the maxi
mum amount permitted by physical principles. This maximum concentration 
corresponds to a relative aperture (f/number) of 0.5, which is well beyond 
the limit for imaging collectors. Consequently, for concentrations up to 
about 10, diurnal tracking is not needed. The sun remains within the angular 
field of view of the stationary collector for one entire day (annual average 
of 8 hr). In one version of the design, radiation is collected over an en
trance aperture of width d1 and angular field view of 28max• and concentrated 
onto. an exit aperture of width d2, where d1/d2 = 1/sin 8max· 

The profile curve of this collector consists of two distinct parabolas 
whose axes are inclined at angles ±8max; it should not be confused with the 
simple parabolic collector. In another version of the design, radiation is 
concentrated onto a tub~ receiver of very general shape. The concentration 
achieved is d 1/S = 1/sin 8max• where S is the circumference of the tube. For 
certain applications, notably photovoltaic, the index of reflection (n) is 
greater at the exit than at the entrance (n2 > n1). The concentration is 
then increased by n2/n1. For some applications requiring very high concen
trations, a conelike collector with the compound parabolic profile curve may 
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be advantageous. All CPC designs are characterized by a large angular field 
of view and a high, uniform-throughput efficiency (the average number of 
reflections is < 1 for concentrations < 10). In many areas of solar-energy 
technology where optical concentration is indicated, the CPC design offers 
significant advantages, which may have important consequences. The flexibili
ty of the concept permits advantageous application to many areas of solar
energy technology. 

II. CONCENTRATING FLAT-PLATE COMPOUND PARABOLIC COLLECTORS 

A. Introduction 

1 2 A concentrating solar heater based on the compound parabolic design ' 
has been constructed and tested at Argonne National Laboratory. A schematic 
drawing of the 4 ft x 4 ft collector is shown in Fig. 1. The principal 
characteristics ~f the collector a~e: 

1. Concentration factor = 3. 
2. Angular acceptance. (full angle) = 38°. The large angular accept

ance implies that biannual adjustment of the collector orientation is suffi
cient to accept direct solar radiation .. 

The modest concentration factor of 3 was chosen to permit efficient 
operation at 130°F above ambient temperature. Our experimental results 
from outdoor tests show good agreement with a detailed theoretical analysis 
(see Appendix A) and confirm the expected improvements in performance re
sulting from concentration. 

Fig. 1. X3 Collector Panel 



B. Details of Construction 

The collector consists of a black absorber plate, an array of 20 
mirror bars with the compound parabolic profile shape, and a Plexiglas cover. 
The entire assembly is insulated on the back and sides and is contained in 
an aluminum box. The absorber plate is roll-bonded aluminum painted with a 
nonselective black having an absorptivity of 92%. The mirror bars (48 in. 
long by 3 in. high) were cast of epoxy resin from a master mold. The reflec
tive surface is evaporated aluminum deposited on the sides and bottoms of 
the bars (reflectivity over the solar spectrum ::: 88%). · The Plexiglas cover 
(1/4 in. thick) transmits 86% of the solar spectrum. 

C. Description of Experiments 

Tests were conducted outdoors at Argonne National Laboratory during 
October-December 1974. The collector was mount'ed on a tilted platform appro
ximately normal to solar noon. The incident solar radiation was monitored by 
three Epply pyranometers with the following geometries: 

1. Horizontal. 
2. On the tilted collector plane. 
3. On the tilted collector plane, 

(the acceptance angle of the collector). 

0 but masked for an angle of 38 

The heat output of the collector was determined by flowing a 50% 
mixture of ethylene glycol and water and measuring the temperature rise 
.in the collector and the flow rate. The flow rate was made sufficiently 
high (0.3-0.5 gpm) to maintain the collector fairly isothermal. To measure 
performance at elevated fluid temperature, the fluid was preheated. For 
diagnostic purposes, 22 temperatures of various points on the collector 
were monitored. All 24 temperatures were recorded on a single chart re~ 
corder. The three pyranometers were recorded on a separate chart recorder. 
Finally, wind speed and· direction were recorded on separate charts. Our 
useful data were obtained on~y in clear-sky conditions with stable pyrano
meter .. ·readings. We required steady-state conditions for various temperatures 
on the collector. This especially applied to the epoxy mirror bars, which 
have large thermal capacity and can add or subtract heat from the system 
during transie~t conditions. 

D. Experimental Results 

1. Flat-plate Collector Without Concentrators 

By removing the mirror-bar assembly, we are left with a simple 
flat-plate collector. Our data with this configuration serve to calibrate 
our data-taking system. A convenient form to present results is to plot 
the efficiency n = Q /Q. against !J.T/S, where out 1.n 

Q = heat extracted by the fluid, out 

Q SA, 
in 

!J.T = TC - TA, 

15 
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and 

s = solar insolation (Btu 

A collector window area 

-1 -2 hr ft ) , 

(= 16.67 ft
2
)' 

TC average collector-plate temperature, 

TA = ambient temperature. 

One expects an approximately linear plot in these variable. This 
is shown in Fig. 2. The relevant parameters are the intercept at TC ~ TA 
and the slope. From these, one infers the no-thermal loss efficiency 
n(O) = 80% and the heat-loss coefficient U = 1.0 Btu hr-lft-2 ( 0 F)-1. 
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1/4" PLEXIGLAS COVER 

tiT= TCO!,!,!;c;:TOR -TAMBIENT (° Fl 
1) e ~I'Fil;ltNCY ~ Qour/OIN ( %) 

S =INSOLATION BTU/HR FT 2 

o= WIND:!:: 2 MPH 

,a: WIND BETWEEN 2 AND 7 MPH 
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~-
d>"~ .. ~ 

J. HRFT'DEGF 

+ 
0 

............. . 

~·~ 

... J 
0.1 0.2 0.3 0.4 0.5 0.6 

tiT/S 

2. Concentrating Flat-plate 
Collector 

A plot of our data with 
the mtr.:r.Cir i\iiwrimbly in place io 
shown in Fig. 3. In this plot, 

.we have divided by the insolation 
S measured by the masked pyra
nometer in order to make the data 
independent of atmospheric 

2 haze, and the area A = 15.36 ft 
(8% of the window is obscured by 
the mirror assembly). From this 
we infer n'(O) = 80% and the heat
loss coefficient U' = 0.65 Btu hr-1 
ft-2(°F)-l. The effect of concen
tration on suppressing heat loss 
io clear by comparing Figs. 2 and 
3. To convert these to more use
ful values, we note that on a 
clear day the masked pyranometer 
detects 92% of the total insola
tion. The area for heat loss to 
the collector is 16.67 ft 2 • The 
converted values are n(O) = 74% 
and U = 0.60 Btu hr-lft-2(°F)-l • 

Fig. 2. Measured Efficiency of 

To compare our findings 
with theory, we must know the 
back and edge thermal-leas coef
ficient of our collector box.. We 
have measured this by covering 
the front of the collector with 

d. on 
this 
that 

4 ft x 4 ft Flat-plate 
Collector without Concentra-
tors. 

6 in. of Styrafoam plus 1.5 in. 
of Fiberglas and measuring the 
heat loss. For this configura

(see Fig. 4), we obtain U = 0.32. Allowing for the heat leak of even 
thick front insulation, we estimate UBOX ~ 0.20 to 0.25. We conclude 
the threefold concentrating collector ~s characterized by 
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Fig. 3. Measured Efficiency of 
X3 Concentrating Collec
tor. 
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Fig. 4. Front-cover. In.sulation Used for Measuring Losses through Back and 
Sides of Collector. 
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n (O) 74% 

and 

U = 0.35 to Q.40. Front 

This UF value (see Sec. Ill) is in good agreement with the result 
UF ;o5;40 calculated by Kreider. 

rant 

3. Angular Acceptance 

The theoretical angular acceptance of a X3 CPC is an elliptic cone 
of 38 x 180° and should require no tracking between the equinox and the 
solstice. To ·check diurnal acceptance, we took data up to 3~ hr away from 
solar noon. Figure 5 shows that Q t is comparable with the cosine decrease . ou 0 
of projected frontal. area. In this plot, ~Twas fairly small (~ 55 F), so 
that heat loss is small. To check the Seasonal acceptance, we took data 
with the collector oriented at 50° from vertical, during winter solstice 

0 . 
(solar angle 65 _from vertical). ·No dacr9a&a in afficiancy was observ9d. 
In fact, this measurement is plotted as one of the largest 6T data points 
in Fig. 3. 
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E. Conclusions and Recommendations 

Fig, 5. 

c., 

Heat Output on a Clear 
Day. 

The X3 CPC we have tested is characterized by an optical efficiency 
n(O) = 74% of total clear-sky radiation and a frontal heat loss UF = 0.35 to 
0.40 Btu hr-1 ft- 2 (°F)~ 1 • A practical collector would have a more trans-
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CONDITIONS; INSOLATION : 240 BTU/HR FT 2 

AMBIENT TEMPERATURE: 85° 
SKY CONDITION: CLEAR 

LEGEND: SOLID LINE: CPC 

DASHED LINE: Fl:AT PLATE COLLECTOR 
WITH TWO COVERS 

0 100° 150° 200° 250° 

COLLECTOR TEMPERATURE ( DEG. F) 

Fig. 6. Expected Performance of 
X3 CPC Concentrating 
Flat Plate. 

parent cover (1/8 in. glass) and 
improved back insulation. Extrapo
lating our results to a collector 
with U = 0.50 and n(O) = 80% would 
give the thermat performance shown 
in Fig. 6. Such performance would 
be useful for space-conditioning 
applications in a temperature range 
in which.flat-plate collectors are 
marginal (130°F above ambient). In 
the present CPC, the absorber area 
is as large as the frontal area, 
with the mirror bars acting as 
radiation shields. We will test a 
version of the X3 CPC with the absor
ber area one-third the frontal area. 
This should produce improved ther
mal performance without reducing 
the optical performance. 

III. OPTICAL AND THERMAL PROPERTIES OF COMPOUND PARABOLIC CONCENTRATORS 

The optical and thermal properties of compound parabolic collectors 
have been extensively investigated during this reporting period. The results 
have been accepted for publication by Solar Energy7, and the abstract of the 
paper is presented below: 

Compound Parabolic Concentrators (CPC) are relevant for solar 
energy collection because they achieve the highest possible concen~ 
tration for any acceptance angle (tracking requirement). The 
convective and radiative heat transfers through a CPC have been 
calculated, and formulas for evaluating the performance of solar 
collectors based on the CPC principle are presented. A simple 
analytic technique for calculating the average number of reflec
tions for radiation passing through a CPC was developed; this infor
mation is necessary for computing optical losses. In most practical 
applications, a CPC will be truncated because a large portion of 
the reflector area can be eliminated without seriously reducing 

. the concentration. The effects of this truncation are described 
explicitly. The paper includes many numerical examples, displayed 
in tables and graphs, which should be helpful in designing CPC · 
solar c.ollec.tor.s. 
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APPENDIX A 

PERFORMANCE STUDY OF THE COMPOUND PARABOLIC CONCENTRATOR SOLAR COLLECTOR 

1. Summary 

a. Purpose and Scope 

The purpose of this study is to provide Argonne National Labora
tory with a computer model of the Compound Parabolic Concentrator (CPC) 
solar collector. The study predicts performance for a single section of the 
CPC collector for three specific geometries defined by ANL •. The model in
c~udes all first-order radiative and convective heat-transfer mechanisms. 
Optical data from ANL are used to describe the reflection properties of 
the CPC. 

b. General Results 

(1) The CPC collector performs well with one glass cover and fluid 
flow rates above a minimum value dependent upon collector area and concentra
tion ratio. 

Performance is better than that for a flat-plate collector with 
the same flow rate and inlet condition. 

(2) The most important parameters governing collector performance 
for a given orientation are: 

Mirrored surface reflectance. 
Concentration ratio. 
Working-fluid flow rate. 
Radiation-·surfaee properties of absorber. 
Insolation level. 

(3) The ·computer program developed for the present study can 
easily be integrated into a complete solar-building climate-control model 
including storage and building energy~demand elements. 

c. Quantitative Conclusions 

(1) Collector efficiencies of 40-50% for a nonselective absorber 
are easily achievable for concentrat'ion ratios in the range 3-10. 

(2) A solcctivc nboorbcr ourfocc will improve collector efficiency 
fro~ 2 to 10% over the levels in (1) above. 

(3) For the three geometries studied, efficiency .gains are small 
for fluid flow rates beyond 20 lb/hr. 

(4) For year-round use, the collector should be repositioned at 
least twice annually to favor the winter and summer sun angles. 

(5) Collector efficiency falls off to 50% if its maximum value 
fqr insolation levels below 0.5 langley/min and for hour angles greater 
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than 55° under typical ambient climatic conditions. 

(6) Subatmospheric wet steam used as a working fluid will result 
in better perform~nce than liquid water at the same inlet temperature. 

2. Introduction 

The CPC is a nontracking solar collector consisting of two sections 
of a parabola of second degree located synunetrically about the collector 

.mid plane. The two sections form a single curvature, or trough-like solar 
concentrator with an angular acceptance of 2 x 8max as shown in Fig. A.l. 
The acceptance depends upon the ratio of aperture and absorber areas and 
can be quantified by ttte relationship 

8 = sin-1 (W /W ). 
max a e 

(A.l) 

The collector is oriented in an eas.t-west direction and is tilted 
toward the south at an angle 8 from the horizontal plane. When· the angle 
y C=ITI/2- 8- cl) is less than emax' the CPC accepts both direct .and dif~ 
fuse components of sunlight. When the angle y is greater than 8max, the CPC 
accepts only diffuse skylight over a portion of the aperture equal to the 
. absorber area. 

The depth of the collector hcoll depends on the concentration ratio 
CR as given in 

h call 
w a 

(CR + 1)/2 + lcR2 - 1 

ABSORBING SURFACE 

REFLECTING 
SURFACES. 

(Pm) 

(A. 2) 

Wu 

Fig. A.l. Schematic Diagram of Compound Parabolic Concentrator (CPC) 
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In practice, it has been found adva~tageous to use a smaller value of 
hcoll than that dictated by Eq. A. 2. T.he advantage of such a truncation is 
that, for a significantly reduced mirrored surface, the angular acceptance 
is reduced only slightly for a given concentration ratio. In addition, 
the greatest number of reflections of sunlight between the aperture and 
the absorber would take place in the truncated region. Removing this high
reflectance density zone reduces the number of reflections of normally 
incident incoming light by about 20%. The present study considers only the 
less costly truncated collector. 

Three relatively low values of concentration ratio CR have been consi
dered in the present study. The CR values and collector dimensions are 
shoW11 in Table A.l. 

TABLE A.l. Important Collector Dimensions 

Nominal Aperture Absorber Height Length 
Cuu~.;t:iili.:T at :i.ot'1 Width Width 

Ratio in. ::i.p. in. ft. 

3 27.7 9.44 36 4 

5 18.0 3.56 36 4 

10 12.0 1. 20 36 4 

Although mathematical models are amenable to performance prediction 
by means of dimensionless variables (e.g., efficiency nasa function of CR), 
this approach has not been used exclusively in this work. Instead, the 
three specific geometries of Table A.l were used with.dimensional parameters 
and outputs. 

The primary parameters that determine CPC performance are:· 

a. CR, concentration ratio. 
b. m, working-fluid throughflow rate. 
c. B, collQctor tilt. 
d. Pm, mirror reflectance. 
e. n, number of glass covers (zero or one). 
f. Gs, 1usolaL:iou. 
g. TI.adiation surface properties of reflector and absorber. 

The manner in which these variables interact is described in Sec. 3. 
Four basic configurations have been analyzed. 

a. Uncovered collector, water-cooled. 
b. Uncovered collector, otcam-coolcd. 
c. Covered collector, water-cooled. 
d. Covered collector, steam-cooled •. 

The results of the model runs are given in Sec. 4. 

l~· 



In creating the ePe mathematical model, we used the philosophy of 
constructing it so that it could easily be integrated into a total system 
model in the future, i.e., into an integrated model of a collector, a storage 
unit, and a building with specific energy demands. It is the total system 
study, not the component-by-component study, that enables the engineer to 
determine optimal component specifications. 

3. Analysis 

H. b d w· 5 w· 3 ' 11· d s ·k 1 2 h d 1nter erger an 1nston , 1nston , an evc1 et a . ave es-
cribed the optical characteristics of the ePe collector in detail. The 
purpose of the present work is to complete the collector-performance 
picture by coupling thermodynamic and sun-earth geometric relationships 
to the preceding optical analyses. A detailed analysis of convective and 
radiative processes within the collector is used to predict total collector 
performance. · 

The energy exchanges between the absorber, the collector mirror, and 
the collector cover are complex. They include radiative exchanges and 
forced- and natural-convection exchanges. To make the system tractable for 
analysis, some higher-order effects can be neglected so that the analysis 
is simplified without loss of any important, first-order effects. It has 
therefore been assumed that the radiative processes can be modeled by a 
dual-band method consisting of a long-wavelength (IR) band in which all 
lower-temperature radiat:ion occurs and a short-wavelength (UV, e.g., 
ultraviolet +visible) band in which solar-radiation exchanges occur. 
Surface radiation properties, except for those of the collector cover, 
are assumed angle-independent and constant. Free and forced-convection 
processes are represented by empirical correlations. The effects of polar
ization of sunlight by atmospheric scattering are not" considered, since 
insufficient data are available with which to quantify this phenom~non. 

The absorber has not been modeled in great detail to permit flexibi
lity in using any absorber design in the future. It is represented para~ 
metrically by five quantities: 

a. aa,uv' surface absorptance for uv. 
b. CL . d ' surface absorptance for diffuse uv (skylight). 
c. a, surface emittance. Ea,IR' 
d. m, absorber fluid throughflow (water or steam). 
e. A ' absorber area (projected parallel to aperture plane). a 

Effects of reflecting-surface errors have not been considered, since 
errors in the transverse or longitudinal planes, unless very large, will 
not cause insolation rejection; only the point of impingement on the absorber 
will change from the ideal optics location. Because of a similar argument, 
the divergence angle of the sun's disk is ignored. The ends of the collector 
trough plane were assumed to be mirrored. 

In a low-temperature, uniform-flux concentrator, the longitudinal 
variations of cover and absorber temperature need not be considered in either 
continuous or finite-difference form. Detailed computer studies by EeS, Inc., 
Of a Sula·t collectOr Sl:Cililar tO the ere haVe Shown that calculations UEJing 
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a single average temperature for cover and absorber will give performance 
results within the accuracy of parametr .. ic inputs when compared to calcula
tions using a temperature distribution on the cover and absorber. 

a. Heat Fluxes 

The following heat fluxes, all based upon a unit absorber area, 
are considered: 

(1) Quv,a (UV wavelength region), direct solar radiation absorbed 
by the absorber both directly and indirectly after reflection from the enve
lope. 

(2) Quv e (UV wavelength region), direct solar radiation abso·rbed 
by the cover both directly and indirectly after reflection from the absorber. 

(3) Qd,a (UV wavelength band), diffuse solar radiation absorbed 
· by the absorber. 

(4) 
by the cover. 

Qd,e'(UV wavelength band), diffuse :sola! i.'aulat,..lon gbi:;H.>t"bed 

(5) Qir,ae (I~ wavelength band), radiative exchange between 
the absorber and cover. 

(6) Qe~sky (IR wavelength band), radiative exchange between the 
cover and the env1ronment. 

(7) 

(8) 

(9) 

Q ae' convective exchange between the absorber and the cover. 
c' . 

~c,e• convective loss from cover to the environment. 

Q
0

, useful heat extraction. 

'!'he heat loss through the collector and absorber outer walln can be 
made very small by proper insulation and is therefore of higher order than 
the above nine heat fluxes and can be ignored. 

The heat-flux terms are.given· in the following equations with 
acronymic subscripts: 

Quv,a 

Quv,e = 

G i 'e,uv(i) cos 
s 

G cos i [a (i) . 
s e,,,v 

Xd• da d' e, a, 

+ 

r 
a (1 + p p ~), Pm a,uv a,uv e,uv. 

(i) r ](W /W) 
'e,,_,,PmPa)uvae;uvd · a· •' 

(A.3) 

(A. 4) 

(A. 5) 

(A. 6) 

(A. 7) 



4 
= t: • a (T 

e, 1.r e 
4 

T ky) (W /W ) , s e a 

= h (T - T ), 
c,ae a e 

and 

h (T - T )(W /W ), c,e e ® e a 

in which 

~· = 0.78 + 1.07a. + 6.17CC (diffuse skylight 

sin a. 

cos i 

T sky 

= 

= 

sin 0 sin 
s 

sin 0 sin 
s 

L + cos 0 cos L 
s 

(L - S) + cos 0 
S• 

h (1/h + W /W h )-l, 
c,ae ca a e ce 

cos h, 

cos (L - !3) 

(A. 8) 

(A. 9) 

(A.lO) 

magnitude), 

cos h, 

h or h 0.54(kf/W)(Gr. Pr) 1/ 4 
ca ce· (h ,h convection coefficients ca ce 

from absorber or cover to air entrapped in collector), 

h c,e (cairn environment, free convection), 

and 

h c,e 
C (kf/L )(Rn - A) 

c e 
(forced convection over cover; 

C,A,n in Ref. 12). 

The effective emittance t: ff contains cover and absorber radiation 
properties and g~Qmetric shape factors.l3 The angle-dependent cover 
transmittance T{l.J and absorptance a,(i) for direct UV radiation are calcu
lated from the ~qtlXtions of StokesJ4 e,uv The viscosity and thermal-conduc
tivity temperature dependence of air are represented by a power law in the 
mean film temperature for convective coefficient computations. 

b. Energy Equations 

The energy equations relate input energy terms to losses and to 
the useful output of the collector. The unknown quantities in the ·energy 
equations are Q

0
, T , and T

8
, for which there are three ~quations to be 

solved simultaneousiy. The absorber energy equation is 

Quv,a + Qd,a = Qo + Qc,ae + Qir,ae' 

The cover energy equation is 

(A.ll) 

(A.l2) 
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The transport-fluid energy equation is (h
0
,hi - enthalpy) 

h - h. = Q A /rn. 
o 1 o a 

An order._of-:magnitude analysis showed that the resistance offered 

(A.l3) 

to heat transfer for steam or water at the inner surface and in the wall. of 
the ~bsorber were of higher order than the external surface resistance. 
Consequently, the fluid and absorber temperatures are the same to lowest 
order. The energy-balance equations are solved in simultaneous iterative 
manner by computing T from Eq. A.l2, Q0 from Eq. A.ll, and h

0 
(or T 

0
) from 

Eq. A.l3. This itera~ive technique is continued until Te' Q
0

, and h~ (or 
Ta0 ) are known to 0.1%. 

Collt!ctor efficiency n is defined as the sy'stem output, divided by 
maximum possible output, limited only by the second law of thermodynamics: 

(A.l4) 

4. The Computer Model 

'l'he analysis presented in the preceding section can be used to predict 
the performance of a CPC collector by means of a computer. This section 
describes the computer model CPCMOD and :i.tl'l method of operation. 

The FORTRAN IV code consists of one main routine CPCMOD and four 
subroutines. The main routine CPCMOD reads in all data, performs the 
heat-transfer calculations, and prints out the'results. Subroutine SHAPE. 

·computes E:~ff' the effective emittance for IR racltat:hrr=>. P.xchange botwccn 
the absorber and cover. Subroutine HCAE computes hc,ae' the coefficient 
of convective exchange between the absorber and cnver. Subroutine HCE 
computes hr. e' the coefficient of convective exc-.b<'l.nge between the cover 
and the environment. Subroutine REFL determines th~ average number of 
reflections r that an entering beam at angle y experiences between aperture 
and absorber. The main routine and all subroutines are listed in Sec. 7. 

a. Structure of Input-data Deck 

The input data contain ·all the parameters and initial values 
required for a unique solution of the equations alone with cartain computa·., 
tional parameters. 

(1) TITLE card. The'£irst card of the data deck is the card on 
which the title of the current run is entered in AlO format. If the first 
work of the title is STEAM, the working fluid is steam. · For any other first 
word, the fluid is water. 

(2) Control Card. For identifying the type of data, an integer 
from 1 to 9 is used in the first column of each data card in Il format. 

(3) Parametric Values. Up to seven parameters appear on each 
data card, each in FlO format as specified below for each· data type. 



(4) STOP Card. The last card of the data deck has the word 
STOP in the first four columns. This card terminates the run. 

There are six data ·types, each of which must be identified by a 
digit 1-6 in the first column. The card following the six data types has 
a 9 in column one; this card causes the program to execute for the given 
input data. The data types are described below. 

Type 1 Data 

These data include: 

GS, direct· insolation (Btu hr-1ft - 2). 
WIND, average wind speed (knots). 
XTINF; ambient temperature (°F). 
XPINF, ambient pressure (in. Hg). 
DAY, day of year counted from January 1. 
XLAT, latitude of collector (deg). 
CC, average· cloud cover index. 

Type 2 Data 

These data include: 

AAUV, absorber UV absorptance. 
EAIR, absorber IR emittance. 
AAD, absorber skylight absorptance. 

Type 3 Data 

These data include: 

REUVD, cover diffuse UV reflectance. 
AEUVD, cover diffuse UV abso:r.ptance. 
TG, cover material thickness (in.). 
Na, cover index of refraction. _

1 K, cover extinction coefficient (in. ). 
TED, cover· skylight transmittance. 
AED, cover ~kylight absorptance. 

Type 4 Data 

These data include: 

.I:!:EIR, cover IR emittam;i::l. 
REIR,. cover IR reflectance. 

Type 5 Data 

These data include: 

LC, collector length (ft.). 
XHCOLL, Collector height (in.). 
RM, mirror reflectance. 
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CR, nominal concentration ratio. 
XWE, aperture width (in.). 
XWA, absorber.width (in.). 
XBETA, collector tilt (deg). 

Type 6 Data 

These data include: 

. -1 
XMDOT, working fluid flow rate (lb hr ). 
XTAIN, working fluid flow inlet temperature (°F). 
DDT, calculation time increment (hr). 

The assembly and contents of a typical deck of data cardR arP. Rhm.vn 
in Table A.2. 

TABLE A.2. Content and Order of Input Cards for One MoclP.l Run 

Data Field (Column Numbers) 
1 2 12 22 32 42 52 62 Format 

(TITLE CARD) A5,7Al0 

1 GS WIND XTINF XPINF DAY LAT cc I1,7Fl0.2 

2 AAUV EAIR AAD Il,3Fl0.2 

3 REUVD AEUVD TG NR K TED AED I1,7Fl0.2 

4 EEIR REIR I1,2Fl0.2 

5 LC XHCOLL RM CR XWE ·XWA XBE'rA 11, 7Fl0.2 

6 XMDOT XTAIN DDT I1,3Fl0.2 

9 (Causes execution) Il 

s TOP (Terminates run) A4 

More than one simulation can be made in one computer run. This is 
done by placing the decks of inp.ut cards in consecutive order. Dota that 
are the same from one simulation to the next, ar.P. r.arried over automatically 
without the need to respecify. Each new data deck or partial deck mnRt 
be f.fi:~~.:~J:~u by a TITLE card. '!'his feature- of the program permits an entire 
parameter traverse (e.g., m or CR) to be made in one computer engagement. 

b. Outputs 

The first portion of output is simply a printout of the input data, 
a sample of which is shown in Fig. A.2. The computed output follows the 
input data. A unit of output con~ists of one line; the contents of each 
line are the values of the vari~bles appearing at the head of each.page of 
output. 
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CL..H-111 r()LC>(~TC;.:L LJJ.ITA: 
D I 1-1 E C T 1 N S 0 Lt. T !II t-1 ( r< T U I H ~~ S CJF T ) : 
II vtR .tH~f Iii HJLJ SPlfr· 1 ~NOT~) : 
A M l:l I n.: T T U•1 f.J E ~ L1 Till-' t: 1 lit.. G F l : 
til..., t1 IF-~ i\1 T P ~ t S S U ~f.. I I N h G l : 
[j A Y 0 F y E AI-< F P 0 t ! ,) A N l : 
LAT!Tlll>t OF CULLF(:TUH (lJ[Gl: 
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Ad~() PH F H FH P 1 /1 T 1 u ~; P 1-~ rw l R T ll S : 
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Fig, A.2. Example Printout of Input. D;;~ti'l. 
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The outputs are: 

HOUR, time from solar noon (hr). 
COLLECTION, delivery ~Q0A8)(Btu hr-1). 
EFFICIENCY, (Q0 A8 )/[Ae(XD + G9 )]. 

INLET TEMP, inlet fluid temperature (°F). 
OUTLET TEMP, outlet fluid temperatore (°F). 
COVER TEMP, cover temperature (°F) .. 

A sample of output is shown in Fig. A.3. 

PE.t-.1- O~MAI\JCF ~[SULTS 

1'1UUR COLU Cl I ('Ji·.J 1:· F F T C 1 t. r ~ (; Y 11\iLt:T TEr-1P OlJTLt.T TtMP 

n.o 7#:>3 ~1.4 110.0 lon.<7 

. ~ 7'=.11:1 . ~1.0 1111.0 . '16!1. 4 

1 • (I 7~::> '+'1.~ llo.o 159.0 

1. s 700 47.6 I 1 0. 0 156.7 

2.fl f.7tt! 4~.() 110.0 153.5 

-~. !'J fjq(J ~ l • 1 l.lo.o. 1 (j"'. 3 

3.11 '-;J3 3t).3 llll. 0 l"~-2 

Jo':. 42;1 3u.4 11 0. 0 1::1 tl. 2 

4.0 321! tJ.3 11o.o !31. 3 

4.~ ~:lh l~.~ 110.11 1?3.7 

~.II 90 (I • tj 11 0. 0 llb.O 

!:>.':l .-4 -. :i 110.0 lOY.,7 

CULLF.:C T 1 u~: Pt~lUL' 1 f..,:~~ I t 111 H. D - 1 NC l Dt,\JCE Af\GL.t GHF..~·lt.k 

Fig. A.3. Example Printout of Model Output. 
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c. General 

The important variables in the FORTRAN program are shown in 
Sec. 6 along with.their equivalents in the symbolism used in Eqs. A.l-A.l4. 
Computations are carried out from solar n·oon to sunset for any magnitude 
of time increment desired. When the model is integrated into a full system 
model, this feature is removed and calculations are carried out on an hourly 
basis using National Weather Service data, 

5. Collector Performance 

Performance of the CPC collector as modeled in CPCMOD depends upon 
specification of 34 different parametric inputs. The role of each parameter 
in collector performance can.be traced by use of the computer model. In 
thi.s section, the effects of the most important parameters are described 
by means of some demonstration computer runs. Any combination of the 34 
parameters may be modeled, howevl:lr. The most important parameters for a 
given working fluid are: 

and 

m, fluid throughflow rate (lb hr-1); 
CR, nominal concentration ratio (ratio of aperture to absorber.area); 
Gs, insolation (Btu ft-2hr-l); 
n, number of covers (0 or 1); 
aa,uv• absorber solar absorptance; 

absorber IR emittance. 

The effect of each parameter is described in summary fashion below for 
water as the fluid. The results.for steam are similar and are not presented' 
in detail. Unless otherwise specified, the following fixed values for the 
remaining parameters were used: 

Wind 0 knots, 
T00 = 30°F, 
Poo = 30 in. Hg, 

Day= 81 (vernal equinox), 
Latitude= 41.7° (Argonne, Ill.), 

cc 3, 
aa,d 0.90, 

Pe,uvd 0.18, 
ae,uvd = 0.04·, 

t = 0.125 in., 
ng = 
k 

1.52, -1 
0.13 in. , 
0. 77' 
0.04~ 
0.88, 
0.05 

Te,d 
ae,d 

E:e, ir. 
Pe ir = 

'Lc = 4 ft, 
hcoll = 36 in., 

Pw = 0.85 (specified by ANL), 
~ = 41.7° (= latitude), 

Tai = 110°F, 
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L'lt = 0.5 hr, 
and 6max = so for CR 10 

= 11° for CR = 5 
= 19° for CR. 3 

The average number of reflections r were determined by ANL using a 
Monte Carlo method. 

a. Effect of Fluid Flow Rate 

The effect of flow rate m on performance is shown in Figs. A.4-A.6 
for CR = 3, 5, and 10. At flow rates greater than 15 lb hr-1 , the efficiFmey 
is nearly constant, except for CR = 3. All other things remaining constant, 
the. fluid flow. re1te controls the nnt1 P.t. temperature. As m dccrcaoco below 
15 lb hr-1 , efficiency suffers because of higher absorber temperature. 

b. Effect of Concentration Ratio 

The effect of concentration ratio CR is to improve performance 
by reducing the area from which heat loss occurs. However, in ·the CPC, 
increased CR results in increased reflection losses. If a selective surface 
is used to reduce IR losses from the absorber by 90%, the lowest concentra
tion-ratio collector is the most efficient because of this reflection effect. 
The effect of CR is $hown in Figs. A.4-A.6. 

50 
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G m 200 Dtu/lu flz s 
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co 
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f:l ~ 41. 7~ 

Selective: aa,uv = 0.9, Ea ir = 0.1 
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6:0 

0.9 

Fig. A.4. Midday Efficiency vs Flow Rate for CR = 3. 
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Nonselective: aa,uv = Ea,ir 0.9 
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Fig. A.5. Midday Efficiency vs Flow Rate for CR = 5. 

c •. Effect of Insolation / 

Figure A.7 shows the effect of direct insolation Gs for a selected 
collector configuration. Efficiency drops off sharply for G < 125 Btu hr-1 
ft- 2 . This follows from the relative magnitude of losses an~ inputs. 
Losses depend primarily upon absorber temper.~tur.e and do not vary with G8 • 

As a result, losses are relatively higher for lower., insolation levels. 
'!'his behavior is common to all solar collectors. \ 

d. Effect of Number of Covers 
i 

The effect of using one glass cover or no glass cover is shown in 
Figs. A.4-A.6. The effect of a cover is a reduction in convection losses, 
.put_also an increase in insolation attenuation due. to cover absorption and 
n~fl~l:tion. The effect of a cover varies with CR. 1 For CR = .3, a cover 
is beneficial; for CR = 10, it is not. For CR = 5, it is beneficial when 
used with a· selective surface, but is detrimentai with a nonselective absor
ber surface. The curves in Figs. A.4-A.6 also show the effect of a 10-knot 
breeze on an uncovered collector. Performance of a collector without a con
vection shield suffers in any breeze above 0.5 knot. In practice, a cover 
would be used for a.ny vfl.lue of CR for performance and maintenance reasons. 
A cover.serves as a dust shield in addition to its thermal function. 
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0 
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£33:---- Nonselective, no cover, 10 knot wind 
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Nonselective, 1 ·cover 

10 20 

G = 200 Btu/hr ft 2 
s . 

Day 81 

T = 30°F 
co 

T - = ll0°F aJ. 
cc = 3 

h = 0 

8 = 41.7° 

Selective: a = 0.9, c . = 0.1 a,uv a,1r 

Nonselective: a = E - = 0.9 a,uv :1 1 1r 

30 40 50 60 

m - lb/hr 

Fig, A.6. Midday Effici~n~y vs Flow R::~.te for CR - 10: 

e. Effect of Selective Surface 

Figs. A.4~A.6 show that a selective surface always improves per
formance. The selective surface,used assumed surface properties of -~a,uv = 
0.9 and f-a,ir = 0.1. 

[. Otlu:!r Effects 

Wind speed and ambient-temperature effects are not great for a 
covered collector, except during extreme conditions. The effP.rt of tilt 
is similar to that for other collectors, except that seasonal adjustments 
may be needed for larger. CR collectors because of the CPC angular acceptance 
r:strictf~n. This property of ~he CPC has been treated thoroughly by 
W1nston. 

The effect of time of day is shown in Fig. A.8. As the sun moves 
away from noon (in the Ptolemaic sense), the angle of incidence increases 
and cover reflection and absorption losses increase. These two synergistic 
effects cause a significant dropoff in efficiency with hour angle and are 

. a fundamental source of reduced performance in a nontracking collector. 
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Fig. A.7. Midday Efficiency ys Direct Insolation. 

The transmission portion of the loss can be eliminated by removing the cover, 
but this is done at the expense of increased convection losses. 

Wet steam as a working fluid can have advantages, since the 
absorber temperature remains constant. If steam.at subatmospheric pressure 
is used, improved performance over that of water at the same inlet tempera
ture is experienced. Collector performance for three steam pressures is 
shown in Fig. A.9 .. Other parametric effects on a steam-cooled collector 
are similar to those described above for water. 
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Fig. A.8. Hourly Performance for Day-81, Equinox. 
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Fig. A.9. CPC Performance for Weat-steam Working Fluid. 
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Symbol 

c 

cc 

CR 

DAY 

G 
s 

h 

h c,ae 

.h 
c,e 

i 

L 

. 
m 

n 
r 

p 
r 

g. Nomenclature* 

FORTRAN 
S bol 

c 

cc 

CP 

CR 

DAY 

GR 

GS 

H 

HCAE 

HCE 

XHCOLL, HCOLL 

INC 

K 

XLAT, LAT 

LC 

XMb6T, MDOT 

NR 

PR 

XPINF, PINF 

Description Units 

Solar altitude ang~e projected deg 
on transverse plane 

Cloud cover (0, clear; 
10, overcast) 

Specific heat.of water 

Concentration ratio 

Day number from January 1 

Grashof Number 
(p2L3g6T/)J 2T) 

Direct insolation 

Hour angle from noon, 
enthalpy 

Convective coefficient, 
absorber to cover 

Convective coefficient, c.over 
to environment 

Collector height 

Solar incidence angle 

Extinction coefficient of 
cover 

Collector latitude 

Collector length 

Fluid flow rate 

Index of refraction of 
cover 

Prandtl Number (C )J/k) 
. p 

Ambient pressure 

-1 -2 Btu hr ft 

-1 
Btu lb 

-1 -2o -1 Btu hr ft R 

in., ft 

rad 

-1 in.· 

deg, rad 

ft 

-1 
lb hr ,lb --1 -2 

hr ft 

in.}ig, psia 

*Infrequently used notation or notation used intermediately in CPCMOD calcu
lations is not included. 



Symbol 

r 

T 
a 

T . 
al. 

T ao 

T 
e 

T sky 

T 
co 

w. 
a 

w 
e 

FORTRAN 
S bol 

QCAE 

QCE 

QDA 

QDE 

QESKY 

QIRAE 

QX 

QUVA 

QUVE 

REFL 

RE 

TG 

TA(I) 

XTAIN, TAIN 

TAOUT 

TE(I) 

TSKY 

XTINF, TINF 

XWA, WA 

XWE, WE 

Description 

Convection exchange between 
cover and absorber 

Convection from cover 
to environment 

Diffuse solar radiation 
absorbed by absorber 

Diffuse solar radiation 
absorbed by cover 

Infrared radiation from 
cover to sky 

Infrared radiation exchange 
between cover and absorber 

Useful energy delivered by 
collector 

Direct solar radiation ab
sorbed by absorber 

Direct solar radiation ab
sorbed by cover 

Average number .of reflections 

Reynolds Number (VL/v) 

.cover thickness 

Absorber temperature 

' Fluid inlet temperature 

Fluid outlet temperature 

Cover temperature 

Sky temperature for 
radiation 

Ambient temperature 

Absorber width 

Cover width 

Units 

Btu hr-1ft- 2 

-1 -2 
Rtu hr ft 

Btu hr-1ft- 2 

in. 

in., ft 

in., ft 
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Symbol FORTRAN Description Units 
Greek Symbol 

WIND . Average wi~d speed knots 

XD XD Diffuse, skylight radiation Btu 
-1 ·-2 

hr ft 

a ALT Solar altitude deg 

a 
a,d AAD Absorber diffuse solar (sky-

light) absorptance 

a AAUV Absorber direct solar absorp-a,uv tance 

a 
e,d AED Cover diffu~e solar (sky·· 

light) absorptance 

a o,uvd .A.EUVD Cover diffue:e solar o.boorp-
tance 

a e,uv(i) AEUV Cover direct solar absorp-
tance 

13 XBETA, BETA Collector tilt deg, rad 

0 DEC Solar declination rad s 

£ a,ir EAIR Absorber IR emittance 

E: eff 
EEFF Effective IR emittance, cover 

to absorber 

E: e,ir EEIR Cover IR emittance 

n EFF Efficiency 
.. 

RAUV Absorber direct solar ref lee-Pa,uv 
tance 

P e,ir REIR Cove'J: IR reflectance 

P e, uv. (i) REUV Cover direct solar ref lee-
tance 

P e,uvd REUVD Cover diffuse solar reflec-
tance 

rm RM Mirrored surface reflectance 

a SIGMA Stefan-Bottzmann constant: Btu 
-1 -2o -1 hr ft R 

T e,d. TED Cover diffuse solar (skylight) 
transmittance 



Symbol 
Greek 

T e, uv(i) 

FORTRAN 
Symbol 

TEUV 

Description 

Cover direct solar 
transmittance 

41 
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7. Listing of CPCMOD Program 

PROGRAM CPCMODIINPUT~OUTPUTl · 
C**THI S PROGRAM COMPUTES THE PERFOI<MANCE OF' T~o!E CCMPQtJND PARAI=!OL. I C 
C SOLAR cOLLECTOR UNDER DEVELOPME~T AT ARr.ONNf NATIO~AL LARORATORY 
C PROGRAM VERSION SEPTEM~EH 1St 1974 WRITTEN ~y ~K 
C COMPUTATIONS ARE CARRIED OUT FOR ONE H~~F OF' EAC~ ~AY SPECIFIED. 
C PERFO~MANCE IS ~OMPUTED AT TIME INTERV~L~ SELECTED AY THE US~R. IODTl 
C MODEL WILL MAKE REPF.ATEO HUNS II\ WHtCH.nNE PAt'<AMtTFR IS VARlt.D TH~U 
C A RANGE OF VALUES. ALL CTHER PARAMETEQ~ wtLL I<E~ATN THE SAME, 
C MODEL RUN EXECUTION IS ACTIVATEC RY A Q IN COL 1 OF A DATA CAHD 
C PROGRAM RUN IS TERMI~ATED AY THE WORD STOP IN COL ,.4 OF LAST CARD. 

DIMF=:NSION TITLEIAI ,TAI2l tGMIJl tTEI21 
. DlMEN'.iiON JCX!Bl 

REAL M~OT•LCtLATt~RtNDAYtKt!~C 
FDfrlf):l-?3o5°3·14l5911SO•l~COSI~•'q~18°1T•lo.~l/3~S.l 
F'TSKY(Xl=0.914*X . 
FINCIOtXLtRtHlmSI~IDl~SJN<XL•Al•COS!ni*C05lXL•Rl°C0SlHI 
FALTin•XL•Hl~SINI01°SI~!XL.l+COSlOl~~oscxLl~CUSI~l 
DATA IGMlll•T=1•3ili9••ll••S•/ 
SIGMA= •171.4E-8 
PI•4••ATAN(l,Ol 
CP= l • 

969 FiEAD ]t(T!TL.fllltl=lt81 
1 FURMATIA5t7A101 

IFITITLEill•EQ.c;HSTOP lCALL EXIT' 
IFlTITLElll•FO•c;HSTEA~IIF5TM=t 
IFlTITLElll oNEo5HSTEA~ltFSTM=n 

101 11EAD ?t(JT,IXXllltl=\'7)1 
2 F'ORMATII1•7F1~•0l 

GO TO ll1•12tl3t14tl5tl6tl7tlBtlq)JT· 
c~oHEAO IN ~ETE0ROL0GICAL DATA 
11 GS=XXtll 

.w!NO=XXI?I 

.ICTINF=XX 131 
XPJNF'=XXI4l 
OAY:X)((Sl 
XLAT=XX(61 
CC=XXI7l 
PINF=XPINF•14•696130. 
TINF=XTtNF+4Ci9e7 . 
LA1=~LAT~Pf/i8n. 

GSSTOR=c;S 
GO TO 101 

c•~~fAD IN ABSOR~ER R~OIATJCN PROPERTIES 
1 &: AAUV=XX ( 1) 

EAI~=.ICX12l 
AA0:X..I((31 
~AUV=1 ··AAUV 
~A!R=l··EATR 

GO TO 101 
C 00 ~~AC IN COVE~ RADIATION P~~PEHTIES 
lJ ~fUVOaXXIll 

a :: v v 0 = .o. I 2 I 
TG.z: X X 1.31 

"~=;l..l.(4l 



I<=XXIc;l 
TEO:XX!~l 
AEO:XX 171. 
IF!TG.EQ.Q,ltC•~ 
IFITG.Nf.•Ool IC•q 
GIJ• TO l<l 1 

14 EEIR=XXI!l 
REIR=XX!2l 
GO TO lCll 

C0 0Hf.AD IN COLLECTOR PARA~ETERS 
15 LC=XX!ll 

XHCOLL=AX ( 'l 
~M:XX13l 

CR=XX<4l 
XWE:XXIS! 
JIWA:XXI6) 
XBETA::aXXI7l 
wE=XwEii?.• 
wA=XwAii2• 
~COLL=XHCOLL/12• 
AA=LC*WA 
AE=LCOWF. 
IFICR.EQ.3,l tCRsj 
IFICR.EQ.S,liCRc? 
rFic~.Ea.t,., ICR .. 3 
BETA=XBETAoPtllBO• 
GO TO l(ll 

C0*HEAO IN COLLE~TQR OPERATING CONCITION ~~0 ~QMPLTATTONAL PA~AMETERS 
lO XMOQTaXXIll 

XTAtNzXXI?.l 
OOT=XXI3l 
FN=j2,/DI')T 
t~;zFN 

t-.HP1=N•l 
TAIN=XTAIN•4~9,7 

GO TO 101 
17 CONTINUE 
1 B CUNT H<UE 
1'1 CONTINUE 

C 0 *PRtt~;T OUT ALL INPUT DATA 
PRINT 2QtiTITLF.!Ilti:rl•fll 

20 FORMATI1H1,A~,7Al0//) 
PRINT 2ieGSSTCR,W!NO,XTtNFtX~INF;OAVtXLATtCC 

21 FORMATifHO*CLIMATOLOGICAL DATAl*/' 
J5X* D!RF.CT INSOLATION. (~TU/Ht:05QF'T! :44X.e~c;.O/ 
?SX 0 AVERAGE WINO SPEED (KNOTS! 1°1 nX,t:'~oOI 
3SX 0 At-48!ENT TEMPERAlURE IOE.G Fl :oAX.t:'4o(l/ 
45Xo A~BIENT PRESSliRE liN HG! IO}lXeFi.,(l/ 
5SX 0 DAY OF YEAR ~~OM JAN l1°l3X•F4o~/ 
t'>5X 0 LAI!TUDt C~ CCI..LECTI)R IOEG!I•~X.~4o1/ 
75X 0 AVE~AGE CLOUD COVE~ lNDEXr*l?.X•F~oO/l 
~RINT 2?•AAUVtEA!RtAA0 

22 ~ORMATi)HO~ARSORBfR PADIATIO~ PRQPEPTIES:~/ 
t5l~ A~SQRdE~ UV ABSO~PTANCE:~t?Xt~4.~/ 
2SX~ A8SORB~M IR E~ITTANCE'I 0 14X,F4.2/ 
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~sxo ABSQR~~R SKYLIGHT ABSORPTANCEI*~XtF4o21l 
. PHINT 2~•REUVO•AEUVO,rG,NReKtTEDtAEn•EE!RtREIH 

23 FO~MATCiHOOCOLLECTOR COVER P~OPERTIF~t 0 / 
?.SXo COVER ~IFFUSE UV REFLECTANCE:o7voF4,,/ 
25X* COVER DIFFUSE U~ A8SURPTANCE1*7XoF4.~/ 
3SA° COVER MATERIAL THIC~NESS CINl1°~KtF5o3/ 
45X~ COVER REFRACTIVE INoEX1*12XtF5o~/ . 
~SX° COVE~ FXTINCTION CUfFFIC~ENTC/I~l 1°?XoF4o3/ 
6SX° COVER SKYLIGHT TRANSMJTTANCEl*7Xt~4o?j 
7SX* COVER SKYLIGHT AB50RPTANCE: 0 9X•~4o2/" 
ASX° COVER tR EMITTANCE1*17XtF4o2/ 
QSX~ COVE~ tR ~EFLECTA~CEl*lSXoF4o?ll 

PHINT 24•LCtXHCOLLt~MtCReXWEtXWAtXRF.TA 
?.4 FORMATC]HQOCOLLECTOH SPECIFICATIONS!•/ 

ISX* COLLECTOP LENGTH (FT) :olJX,FSo?./ 
25X° COLLECTOR HEIGHT ClNl 1*13X,FSo2/ 
35X* COLLECTOR REFLECTANCEl*l4X,F4.2/ 
4SX 0 ~OMi~AL C0NCE~TRATl~~ RATIQI#?X.~].~/ 
SSX* APERTURE WIOTH Ct~ll* 15XtFSe21 
6SX* A8SOR~E~ wiOT~ II~ll*lSXtFSo?/ 

75X* COLLECTOR TILT IQEGI l*lSXtF4olll 
PRINT 2SoXMOOTtXTAIN,QDT 

25 FORMATilHO*OPERATING ANO COM~UTATICNAL PARA~ETEgS:*/ 
}SX* FLOW RATf CL81HRl 1°12XtFlOo2/ 
25X* FLUID INLET TEMPERATURE1*12XeF4,n/ 

· 3SX* TIME INCREMENT ~HR) 1*16XtF4oil 
C**CALCULATE ANGLES FOR HALF OA~ ITERATION 

TSKY=FTSo<Y CTINFl 
DEC:FD'Ec <DAY! 
~S=A8SCAC0SI-TANCLAT! 0 TANfOEClll 

C0 °CALCULATE RADIATION VIEW FACTORS 
IFIIC.EQ.Q)GO TO ~7 

CALL SHAPEILC•WEtWA;HC0L~•Fl24!l 
FAM:l.-Fl245 
FEM=t.•WA°F1?45/WE 
EEF = 1 ,I ( IRA I R/E A I R l • ( (REI R/EE I R l o I VI~ /WE l l • 

1 ( 1./ 1Fl245•1,/ I ft e/F~IIo') • (WA/IIIEctFE._.I ·, l II 
27 · TACtl=TAIN 

TE C 1"1•TINF 
~OOT=XMDOT/ILC~WAl 

DO 999 I=l,NHP1 
FI•l 
~=tFI-l.l*ODT*lS••PI/18~. 
IFIHtGT.HSlGO TO An· 
COSINC=FINCCnEC•LATt~ETAtHl 
IF' ICOSINC.LT•O•lGO TO 77 
INC=ACOSCCOS"t~Cl 

C**COMPUTE SOLAR INCIDENCE ANGLE I~ T~E COLLE(TOR T~A~SVERS~ PLANE. 
SINALT=FALT(nEC•LATt~) 
~LT•ARS(AStNIStNALTI I 
XALT=ALT 0 1FIQ,/PI 
CsATAN( CSINIALTI°C0S(L.ATil/ISIN(ALT!oSINCLATl-STN(0~Cl I IOlBQ,/P! 
GAMMA~A85(QQ.-XBETA-CI 

1,::-(GA"'~A•GToG""IlC~I lG5"n• 
IF <GA,..MAoLF"·G"' I ICRl l GS=r,SSTOR 



c•~COM~UTE COVEH RADIATION PROPEHTlES ~RON STOKE~ EGUATtONS 
SINREF;SINIINCl/N~ 
AREFzASINISINRE~l 

PATH;TG/COSIAREFl. 
GG=EXPI•K 0PAT~l 

I F I I N C • E U • n • l R H 0 G • I ( N R • 1 • l I ( f\ R + 1 • .l l o o 2 • 
IFIINCeNEtl)•l 

1 IcHOr. :a 'l• 5 ~I I IS IN I I NC• AREF l 0 5 t f\•( INC•AREF I l/ 
~ISINIINC+AREFl*SINIINC•AREFlll• 
JITANIINC•AR£Fl*TA~IINC•AREFI 1/ 
41TANIINC+AREFI*TA~IINC•AREFl) I 
~EUV=HHOG•I}.•RHOGl 0 1l•·RHOGl*RHOG 0GG*GG/Il•·~HOG•RH0R0 GG 0 GGl 
TEUV=Il.•RHOGl*ll••RHCGl*GG/I(le•RHOA*GGl~ll·•RHOG*G~ll 
AEUV=J .-REUV-TEUV 

C~°CA~CULATE HEAT FLUX TERMS 
GUVA=GS•IRM*~~E~LIGAM~AtCRll*C05INC•TEUV 0 AAUV*I1 •• 
l~AUV 0 REUVDl 0 WE/WA 
QUV~=GS•COSINC*IAEUV+TEUV*IR~ooREFL(~AMMAtC~l l•RAUV*AFUVOl••~F./WA 
XD=n•78•l•n7*XALT•6•17°CC 
GDA:XO*TED•AAD 
GO~aXD*AED•WE/WA 

903 CONTINUE 
QI~AE•EEF*SIG~~*ITAitl 0*4i•TEill**4.l 
IFitC.EQ•OlGJRAF-•EAlR*SIGMA*(TAiil**4••TSKY**4•1 
CCAE•HCAEITA(ll•TEilltPINFtWEtWAtBETAl*ITAill•TEiill 
I~IIC.EQ.Q)QCAE=HCEIWINDtTAilltTINF,PINFt~C~dETAtWEl 0 1TAill•TEilll 
~ESKY•EEIR•SIGMA*ITEcll**4e•TSKY**4,l 0WE/WA 
IFIIC.EQ.Q)QFSKY=O• . . 
QCE•HCEIWINOtTEill tTINF,PINFtLC•BETieWEl*ITEill·TINFloWEIWA 
IFIIC.EQ•Ol~CE=n. 
IFitC.EQeOlGO TO 67 

C00 SO~VE FOR TE ITERATIVELY BY NEWTONS METHOO 
FTEaYESKY•QCE•QUVE•YIRAE•QCAE•QDE ' 
FPTE=I4.*WE*EEIR*SIGMA 0 TE11l*•~·l/Wi• 
l~CEIWINDtTEitl eTtNFtPINFfLCt8ETAtWEl~WE/WA 
2 +4. •EEFF* SIGMA oTE ( ll oo 3. •HCAE ITA 1.1 l • TE Ill 'PI NF t wE' WA • BETA l 

TE12l•TEill•FTE/FPTE 
IFITEI2l oLT•O•lTEI2l=O• 
OT=A~SITE1tl-TE12l.l 
IF II) T. GT • 0. 1 l TE I 1 l =TF. ( 2 l 
IFIQT.GT.Q.llGO TC 9o3 

67 · GX=QUVA-~IWAE•QCAE+QQA 
TAOUTaQX/IMOOTOCPl+TAIN 
IFITFST~.EQ.JlTAOUT=TAIN 

C0 •1TERATE ~OR VALUE OF TA IF REQUIRED 
TAI?l=ITAOUT•TA!Nl/2. 
OT=ABSITAI21-TAII l l 
IF<oT.GT.Q.llTAI1l=TAI2i 
IFIOTeGT.u.llGO TC 9n3 
to<OUR=IFI•J.lUOOT 
XTE:TE1tl-45Qo7 
..< T AOUT =TAOtJT -4c;q • 7 
COUT:aQXoAA 

( 0 °CO~PUT~ COLLECTiC~ EFFICIE~CY BASE" uPn~ TOTAL I~c·oEN~ QA,!AriON 
EFF:QQUT/1 !GSSTO~•XDl~A~l 0 1QO. 

tF!HoEI.IoO•lP~INT 71 

45 



46 

71 · FO~~ATii~t•PERFORMANCE RESULTSO/F 
11 x~loiOUR•2hCOL.L.ECTI ON*2X*EFF IC I ENCh,X* I.NLE T TE~Po 
22X*OUTL.ET TEMP*'X*COVER TEMP*//) 

PRINT 7?tHOURtQOUTtEFFtXTAINtXTAOUT,(TE 
72 FORMATI2)(tF3.lt5XtF7,Qt7XtF5•1•6XtF~!t•l•7XtF~.1.6XtF~.l/l 
9'll9 CONTINUE 

GO TO 969 
77 PwiNT 7A 
7a FO~MATIJHO~COLL~CTION PERIOD TE~MINATEO • l~ClOFNCE ANGLE G~EATER 

]THAN qo. bEGREES*l 
GO TO 9h9 

&0 PRINT 8} 
81 FOHMATI}HO~COLL.ECTION PF~IOD TF.R~INcTEO • SuNSET*! 

GO TO 91'-q 
END 

5URRUUTINE 5HAPE!XLCe•E,~AtHCOLL•F1,4Sl 
cooTHIS SUBROUTINE CALCULATES THE HAOtATIO~ SHAPE FACTORS 

~EAL LC . . . . . 
Fl2!XoY)~I?•/(J,1415926~*X 0Yll*IAL0r.!SQRTIIl••XoX) 0 1l.•Y 0 Yl/ll•• 

. l~*X•Y~YI l l•Y~SQRT[J••X0Xl~·TANIY/ISQqTI~.•A9~l~l• 
2X~SQHT!i.•V0 Yl*ATANIX/ISQRTile•Y•Yl)l• . 
2Y*ATA~!Yl•XOATANIXll 

L<;cXL.C 
A 1 =Lt••wA 
A3=~·~ 0 1wE-~Al 0LC 
Al3=Al•A1 

C0 05HAPE FAt:TOR Fl124. 
X 1 =LCIHCOLL . 
Y\=o•5*1WA•WFl/H~OlL 
~ l1?4=F 1 ~ ( l( 1 • Y 11 

c•~Sio~APE ~1\CTOrl ;o)lt . 

X2=LC/11C0LL 
Y2•0•S 0 1WE-WAl/HC0LL 
FJ4:FJ21.l~,Y?l 

Fl245=1J,IAll 0 (A\3°F1324•A3°F34l 
"ETII~t. . 
fNO 

c••THtS SU~~OUTINE DETE~MINES. THE ~EFLECTi~CE fXPCNENT TO BE APPLIED TO 
C THE MtP~OR SURFACE REFLECTANCE . 
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FUNCTION REFLIXtCRl 
IFICR.EQoSolGO TO 5 
IF!cW.EQoln•IGO TO ln 
IFIXeLT•l•q6,ANOeX,GEeO,OOIREFL•ci.A~ 
IF1Xo~T~2oAS.ANOeXeGEol.9~lREFL=~.Ai 
lF!XoLT•3•AOoANOoXeGEo2.851REFL=•78 
IFIXeLT•4•75.AN~.X.GEo3.80lREFL~o76 
lFIXoLTeS•70eANOoXoGEo4.7~1REFL••73 

IFIXoLT•6•~S.ANOoXoGE•So70lREFL=o70 
I~IXoLTo7•~0.ANDoXoGEob.651REFL••~8 
IFIXoLTe8•5SoANn.X.uEo7.6QlRE,L=·~7 
IFIXoLTo9•SO•ANOoX.~E•8.55lREFL=o66 
IFl~oLT.t5.2o•ANOoXoGE•QoSOl~EFLs.6Q 

IFlXoLTol6.15•AND•X•GE•lS•20lREFL=•~i 
IF1XoLTo}7olri•ANOoX•GE•i6•15lREFL••~l 
IFIXoLTel9eOO•ANOoX•GE•l7olOIREFL••?7 
~ETU~N 
IFIXoLToO•~S.ANQ.X.GEoO.OolREFL•l·ll
tFIXoLT•l •65oANOoXoGE•O.SSIREFL=t•OQ 
IF!XeLTo2•~0oANOoX.GEolo65lREFL•l•O~ 
IF!X~LTo2o7S.ANOoXoG~e2.20lREFL•i•O~ 
IFIXoLTe3•~0·ANOoXoGEo2o75lREFL•J•Oj 
IFIXoLTe3•~S.ANOoXeGEo3o30IREFL~lo0n 
IFIXoLTo4•40oANOeXoGEo3o8SlREFL•0·9~ 
IFIXoLTe4•Q5.ANn.X.GEo4.40lREFL~0•9n 
IFIXeLTe5•SO•ANOoXoGEe4.95lREFL•Q•8~. 
IFIXoLTo6onS.ANDoXoGEe5.SOlREFL•Q•8~ 
IFIXoLTolloOoANOoXoGEo6oOSlREFL•0•8n 
1-lETUI-IN 
IFIXoLT•1•75oANOoXoGE•OeOOIREFL•l•2Q 
IFIXoLT•2•nO.ANQ.X.GE~l.7SIREFL•J·2~ 
IFIXoLTe?.·~S.ANO•XoGEe2.00lREFL•io2~ 
IFIXoLTo2•50oANDoX.GEo2.2SlREFL•l•2n 
IF!XoLTe2•7SeAN~.X.GE•2.50lREFL•i·l~ 
IFIXoLTe3•nOoANOoXoG~.2.7SIREFL•l•l~ 
IFIXeLT•3•~S.ANDeX,Gf.•JoOOIREFL•}•OA 
IFIXoLT•3•~0.ANDoXoGEo3e25lREFL•1•07 
IFIXoLTo3o75oA~O•X•GE•3~50lREFL•i·n~ 
IFIXoLTo4onn.ANQ.X.GEo3.75lREFL=i•Oi 
IFIXoLTe4•?5oANOoXoGEo4.00lREFL•n.9q 
IFIXoLTo4•50oANI)oXeGEo4e2COIREFL=Q•97 
IF!X~LTe4•75.ANO•X•GE•4•50lREFL•0•9~ 
IF!XeLT.~.nn.ANOoXoGE•4•751RtFL•0•9~ 
RETURN 
EN I) 
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FUNCTION HCAECTEtTAtPlNFtWE~~AtBETA~ . 
c••THIS SUBROUTINE DETERMINES THE COEFFICtENT OF ~O~VFCTIVE HFAT 
C . TRA~SFER HETWFEN THE. ABSORBER A~D THF rOVER !lf ANVI 

REAL t<·K.NU 
G•3~o17 
PR=.'7 
flA:r:;J,J 
TM•o•S•CTE•TAI 
VIS=l.7•!TM0 •n.6711lOOOoOOO. 
KK•o·343*360~·*VIS . 
~HO:PJNF*l44,/!RA 0 TMI ···· - ·. 
GR•RHOORH0*G*COSIBETAl 0 WA*WA 0 WA*A8S!TA•TFIIIVISoVIS•TMl 
~U~~oS4•(G~0 PRl 0*•2~ . 
I'!C•KK•NU/WA 
I"CAE=l o/! ( 1•/HCI • tWA/ (WF.: 0 HCI I l 
RETURN 
END 

FUNcTION Hr.ECWINDtTE,TlNFePI~F•LC•RF.TAtWEl 
C**THIS SUBROUTINE DETERMINES THE COEFFICTENT OF FUF'CF.O OR FRF.E CON• 
C VECTION RETWEEN THE CO~LE,TOR C~VE~ ANn THE ENYl~O~MENT 
C IF THE WIND SPEED IS LESS THAN OoS KTt FREE CO~VECTION DOMINATES 

REAL KK~~UEX,LC .. 
~;'~·)'7 
PR=,7 
HA•S3o3 
TM=n•S 0 1TE•Ttt\Fl 
vxsot.7•cT~••o.67ltlooooooo. 
KK=oo343°3~0Qo*VIS 
RHOFILM:PINF*l44,/(RA•TM) 
IF!wi~U.GE,Oo51GO TO 10 

c~vF~Et CONVECTION 
G~Ex=HHOFlLMORHOFILM•G*SlN!RETAl*WEoWE*WE*ABSIT~-TI~Fl/IVIS0 VISuTM 

11 
IF!G~fA,GT,7oOOOOOOO~lNUEXco•ln*(G~F~ 0 PRI 00 o333 
~UEX•~•55~*(GR~X•PRl•••~5 
I'ICE:KI( 0 NUEX/WE 
RETURN 

C0 °FORCED CONVECTIO~ 
C WIND HAS UNITS OF KNOTS PER NWS 
10 RE=WIN0°1•13•1•46°LC•RHOFILMIVIS 

IFCRE.LTo500600ol~UEX•0.664oSQRT!RE~*PRo•,J33 
IFIRE.GEe500000ei~UEX•0,0~6°(PR0•.,~~~·cRE 4~•e-~320no) 
"'CE11KK*NUEXILC 
RETU~N 

END 



8. Summary--Performance Study of the Compound Parabolic Concentrator 
Solar Collector 

We have studied the ·:heat-transfer characteristics of CPC' s coupled 
with a thermal-heat-exchange system using a computer simulation devised 
by Dr. Jan Kreider of Environmental Consultants, Boulder, Colorado. Using 
data on the optical properties of the CPC supplied by us, Dr. Kreider's 
program includes all first-order radiative and conductive heat-transfer 
mechanisms. The program models a single trough and neglects the heat loss 
through the sides and back of the collector, since, in practice, one may 
minimize these losses with sufficient insulation. 

Dr. Kreider's program needed some modification to be able to run on 
the IBM 370 available at the University. These modifications were due to 
some dissimilar FORTRAN conventions and involved extensive format changes 
and a careful checking of formulas to ensure accurate computer representa
tion. Runs were then made to ensure the credibility of the program. 

During testing of the X3 and XlO concentrators at Argonne National 
Laboratory, we matched the program parameters as closely as possible to 
the test situation. The results of the program have improved our understand
ing of the heat-transfer processes in the colle.ctor. 

For the purpose of evaluating collector configurations, we singled out 
a parameter that can be easily measured on our experimental arrangement 
and that can be calculated from the computer results. The efficiency of a 
collector as a function of temperature is of the form 

UL(T- Tamb) 
n (T) = n (T ) - ----=---=-

amb S 

where Tamb is the ambient temperature and S,is the solar flux. For our 
collectors and over a wide range of temperatures,.u1 is approximately 
independent of temperature. This factor represents the slope of an effi
ciency; versus operating-temperature curve as shown in Figs. A.lO and A.ll. 

Figs. A.lO and A.ll are graphs of performance results for an X3 and 
XlO concentrator taken from the results of a simulation program. For the 
X3 concentrator, the heat losses are approximately linear with !::.T/S, and 
we obtain a value for u1 "' 0.60. The temperature range spanned here is 
from ambient to 250°F. For the XlO collector, the linear approximation 
is no longer quite true, but the temperature range considered here is from 
ambient to 500°F. If we consider the temperature range of the XlO test 
unit, we get a UL "' 0.22. 
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Fig. A.lO. Computer Simulation of 
X3 Collector. Flow 
rat~, 5 lb hr-1. No 
clouds, one cover. 
Wind speed, 10 knot~. 

Fig. A.ll. Cumpult~t' Simulation of 
XlO. Collector. No 
·clouds, one cover. 
Wind speed, 10 knots. 
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APPENDIX B 

PRINCIPLES OF CYLINDRICAL CONCENTRATORS FOR SOLAR ENERGY 

R. Winston and H. Hinterberger* 

ABSTRACT 

Ideal cylindrical light collectors are trough-like reflect
ing-wall light channels of a specific shape which concentrate 
radiant energy by the maximum amount allowed by phase-space conser
vation. We propose a principle for maximally concentrating radia
tion onto a tube receiver of general shape. Using this principle, 
we give a general prescription for designing concentrators appro
priate to such tube receivers. This design may have advantages 
for solar-thermal and photovoltaic applications. 

1. Introduction 

In a recent paper, a cylindrical mirror was proposed for concentrating 
radiant energy by thi maximum amount permitted by physical principles (phase
space conservation). This mirror collects radiation over.an entrance 
aperture of width d1 , and an angular field of view of 8max (half angle) in 
the plane transverse to the cylinder, and concentrates it onto an exit aper-
ture of width d2 , where · 

d1/d2 = 1/sin 8 
max 

(B.l) 

The plane profile curve of this mirror as proposed by us in an earlier paper5 

consists of two distinct parabolas whose axes are inclined at angles ± 8max 
with respect to the optic axis of the collector; it should not be confused 
with the simple parabolic collector.. 

Here we propose a cylindrical mirror for concentrating radiation onto 
a tube of very general cross section. This cross section may, for example, 
be circular, oval, rectangular, o·r even fin-like. The concentration achieved 
is 

d
1
/s =· 1/sin 8 , 

max 
(B. 2) 

where S is the circumference of the tube. This design may have advantages 
over the compound parabolic one proposed in Ref. 1 for certain types of 
receivers, both solar-thermal and photovoltaic. 

2. Principles of Concentrators 

To motivate the pr.esent design, it is helpful to discuss the compound 
parabolic design from a different point of view. 

Fig. B.l is the transverse cross section of the cylindrical mirror. 
The origin is placed at the edge of the exit aperture. '!'he extreme accepted 

*Fermi National Accelerator Laboratory, Batavia, Illinois 60510 
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ray (direction cosines) is denoted by 

k = (sin e . , 0, -cos e ) . 
+ max max (B.3) 

The dashed (shadow) lines intersect the edges of the exit aperture and are 
inclined at angle emax to the optic axis. The profile curve of the mirror 
r(~) reflects the extreme ray into the origin. Thus, 

dr/d~ - -(dr/d~) • k 
+ +' 

(B. 4) 

where the angle ~ parameterize's the profile curve. We extend the curve r(~) 
to where it turns parallel to the optic axis and intersects the shadow ltnes. 
Then, integrating Eq. B.4, we obtain 

rl - r2 = -(r - ;_2) . 
+1 

From the geometry of Fig. B.l, 

Therefore, 

and 

r i!l dl slu 0 
1 max 

d2 = dl.sin e max' 

which agrees with Eq. B.l. 

= ~r - 1 

k. 
·-~ 

- ;_2) . k. 
+ 

Fig. B.l. 

(B. 5) 

(B. 6) 

(B. 7) 

(B. 8) 

Profile Curve of the 
Compound Parabolic Con
centrator. The axis 
of llit! !J<:il'abula ls 
inclined at angle e 

h . . max to t e. opt1c ax1s. 



Notice that we have obtained the concentration factor of Eq. B.l 
without explicit reference to the parabolic form of the curve. It arises 
from integrating the condition imposed on the extreme ray in Eq. B.4, remi
niscent of the way one obtains conservation laws. We remark that, with 
the extreme. ray conditions satisfied, rays incident at angles 8 > 8max are 
reflected out. It follows from phase-space conservation that all rays with 
angles 8 < 8max are accepted. 3 

We may now proceed to the present design of a cylindrical mirror that 
maximally concentrates radiation onto the surface of a tube receiver. The 
tube's cross section may have any shape, provided only that it is convex 
and synnnetric about the optic axis. In fact, the "tube's" surface need 
not even be closed. The convex requirement keeps a tangent from crossing 
the receiver boundary. With reference to Fig. B.2, the construction pro
ceeds as follows: 

~dl 

\ 
\ 
' 

\ 
\ 

l 

Ulll 
j::-
a..X 
o<t 

k 
' I 

To facilitate the discussion, 
we define some reference lines and 
points. The dashed (shadow) lines 
are tangent to the receiver at 
B and C and inclined at angle 8max 
to the optic axis. Vectors ~and 
R lie on .the mirror and .receiver, 
+ 
respectively. Both are parameterized 
by the arc length S along the circum
ference of the tube as measured from 
point A. It is convenient to write 

(B. 9) 

where 

t = dR/dS 
+ + 

(B.lO) 

is the tangent to the receiver and 
£ is the distance from R to r. 
Eetween points A and ~, we impose 

dr/dS • t = 0 
+ + ' 

(B.ll) 

which is the usual condition for an 
involute. Then, since, from Eq. 9, 

Fig. B.2. Profile Curve of X3 Concen-
------------~~~~~~------------X trator for Oval Tube 

Receiver. 
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(d!;/dS) • t = 1- dt/dS, + . . 

we obtain, upon integrating Eq. B.ll between points A and B, 

a familiar geometric property of the involute. Between points B and C, 
we require the extreme ray k to be reflected into the tangent t to the 
receiv~r in analogy with Eq. B.4. Thus, + 

(d~/ ~S) • .!;. = (d~ dS) • ~· 

Since Eq. B.ll and B.14 coincide at point B, there is no discontinuity 
in slope. 

(B.12) 

(B.13) 

(B.14) 

Integrating Eq. B.14 between points Band C (using Eq. B.12 and B.13), 
wP. nhtr:t.in 

(B.lS) 

From the geometry of Fig. B. 2-, 

(B.16) 

Therefore, we find for the circ~mference (using Eq. B.l3), · 

G .. GC I GB .. 3C + !/, ~ u ~lu 6 , B 1 · max (.IL 1/) 

which is the maximum possible concentration. 

3. Examples of Concentrators 

In discussing some simple examples of the present de!jlign, we .note that 
the case of circular cross section and unit concentration Js thi

5 
invol1.1te 

employed by Meine! and co-workers in their "cusp concentrator." Moreover, 
the present scheme for concentrating onto a circular pipe has, in our under
standing, been approached by their design.16 Our construction for this case 
is shown in Fig. B.3. 

An interesting example of our general design is shown in Fig. B.4 
for a finlike receiver. In cl1is case, the construction is a titcle of 
radius W centered at P, extended by parabolas with foci at P. The concentra
tion factor is 

(B.l8) 

where the factor 2, in comparison with Eq; B.l, results from radiation 
illuminating both sides of the fin. This design could be used, for example, 
to illuminate both sides of a photovo"ltaic strip or both sides of an absor
bing fin. 

.. 
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It is apparent from the figures that concentrators of our design can 
be truncated substantially with very iittle loss of entrance aperture. This 
property is illustrated for.the compound parabolic design (see Fig. 10). In 
most applications, tru~cated concentrators would be used on practical grounds. 
Note that truncation reduces concentration but not angular acceptance. 

A characteristic property of our design is the _small number of reflec..:.. · 
tions when averaged over the angular acceptance. This is plausible, since 
rays incident at large angles 8 ~ ernax have at most one reflection. The 
average number of reflections has been calculated by A. Rabl (see Sec. III) 
using an elegant analytic technique. The result for the compound .parabolic 
case is shown in Fig. 12. 

4. Conclusion 

~ ·we have given a prescription for designing a cylindrical mirror to 
concentrate radiation onto a tube of general shape. The concentration factor, 
appropriately defined, is 1/sin e·m.;~x' which is the maximum possible. Unlike 
the parabolic case, this design is not applicable to rotationally symmetric 
(cone-shaped) mirrors. For certain applications involvi.ng specific 
receiver configurations, the present design may offer advantages over the 
·compound parabolic cylindrical mirror proposed in Ref. 1. 
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