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DEVELOPMENT AND DEMONSTRATION OF COMPOUND PARABOLIC CONCENTRATORS
FOR SOLAR THERMAL POWER GENERATION AND HEATING AND COOLING APPLICATIONS

by

John W. Allen, Norman M. Levitz, Ari Rabl, Kent A. Reed,
William W. Schertz, George Thodos*, and Roland Winston

ABSTRACT

Work on the development of Compound Parabolic Concentrators

(CPC) during the reporting period is described. A tenfold concen-

trator with a cavity receiver was constructed and tested. The

optical efficiency was very good (65%), but the thermal performance

was degraded by heat losses of the cavity receiver.

A 20 ft2 (1.86 m2) concentrating collector (5.3x) fabricated

by Chamberlain Manufacturing Corp. under contract with Argonne

National Laboratory has been tested for thermal and optical

performance, and the optical efficiency was excellent (68%). In

this collector, aluminum extrusions were used to define the CPC

shape and provide the fluid-flow path.

A 30 ft (9.14 m) long collector (10x) has been designed and

is being built for daily-cycle testing. The expected performance

of this collector has been evaluated.

The conceptual design of a lightweight collector using

evacuated glass tubes around the absorber is presented. Various

construction techniques fo use with low-cost materials, such as

plastics, are being evaluated for this collector.

Optical design studies of Compound Parabolic Concentrators

for tubular absorbers and for use as secondary concentrators are

diFcussed. Comparison of the CPC with tube and the CPC with one-

rided flat absorber shows that the tubular configuration is

preferable not only because of lower heat losses but also because

of lower collector cost. For tracking concentrators with line

focus, the use of second-stage concentrators is found to be cost

Visiting Professor from Northwestern University, Evanston, Illinois 60201.
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effective; the CPC is found to be significantly better for this

application than a V-trough.

A surunary of the results of subcontracts described in the

previous progress report are presented, and the influence of

these results on ANL programs is noted.
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I. INTRODUCTION

The Compound Parabolic Concentrator (CPC) is a nonimaging optical-

design concept for maximally concentrating radiant energy onto a receiver.

The design incorporates a trough-like reflecting wall channel by which

radiant energy Jo concentrated to the maximum allowed 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). Radiation is collected over an

entrance aperture of width d and angular field of view of 26max, and concen-

trated onto an exit aperture of width d2, where d1/d2 = 1/sin emax'
All CPC designs are characterized by a large angular field of view and

a high, uniform-throughput efficiency (the average number of reflections is

< 1.5 for concentrations < 10). In many areas of solar-energy technology

where optical concentration is indicated, the CPC design offers significant

advantages such as the elimination of tracking requirements, which has

important consequences. The flexibility of the concept permits advantageous

application to many areas of solar-energy technology including heating and

cooling, process heat, thermal power generation, and photovoltaic power

production.

The design and construction of solar collectors based on the CPC

concept for power generation cycles and process heat applications have

progressed to the point that the optical characteristics and design require-

ments are relatively well known. The design of the absorber for thermal

uses of the optically concentrated energy requires careful attention to

avoid energy loss and performance degradation.

Considerable effort has been devoted to determining the suitability of

materials and fabrication techniques for the mass production of reflectors

for CPC solar collectors. The effort is oriented toward the use of low-

cost materials, such as plastics, foams, and thin sheet metal, which, when

combined with appropriate forming techniques, will lower the cost of

producing reflector surfaces. Some of these materials require that the hot

absorber tube be thermally isolated from the mirror surface; therefore,
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investigations have begun on the use and design of an evacuated tube for

insulation around the absorber and on the coupling of such absorbers to

reflectors.
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1I. lOx COLLECTOR DESIGN

A. Description of Collector Construction

The lOx CPC array for daily-cycle testing has a 40 ft2 (3.72 m2)

frontal area and a design goal of operating temperatures of 350-450*F (176-

232*C). It was originally conceived as a 6 ft x 10 ft (1.83 m x 3.05 m)

array composed of ten 6 ft (1.83 m) long channels, with each channel having

an 8 in. (20.32 cm) aperture (See. Fig. 1). The disadvantage of this array

is that each channel requires two end mirrors. With a nontracking collection

system, the extra reflections due to end mirrors would decrease collection

efficiency. The reflectivity (p) of the Kinglux* aluminum mirrors is 0.85.

The loss that can be attributed to the end-mirror reflections is most

prominent at the beginning and end of the day, which can be minimized by

reducing the number of end reflections (i.e., by making the collector

longer).

-F

FIG. 1 ORIGINAL 1Ox CPC ARRAY

To limit the losses due to end mirrors, the design was modified to a

2 ft x 30 ft (0.61 m x 9.14 m) array consisting of two channels, 30 ft

(9.14 m) long, with each channel having an 8 in. (20.32 cm) front aperture

(see Fig. 2). This configuration reduced the total number of end mirrors

from 20 to 4.

*
Product of Kingston Industries, '07 E. 37th St., New York, New York 10016.
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Fir.. 2 50.,, (9.14-on) IN. CPC

To facilitate construction and handling, the 30 ft (9.14 m) array was

designed to be made of 5 modules, each module being 6 ft (1.83 m) long (see

Fig. 3). Insulation sections 1 ft (30.4 cm) long are attached at the ends of

the collector.

VIon

. ._FIGi. 3 MODULE WITH END INSULATION
* 2 FT (1.61 m -- SECTION ATTACHL0

2.125 FT (OWs P --

The modules are constructed by using 3 ft (0.91 m) long rib subsections
*

made up of 5 plywood ribs with pieces of G-10 plastic on the top and bottom

to hold the mirrors in the CPC shape (Sea Fig. 4); the bottom G-10 plate

*Fiberglass-reinforced epoxy, product of Synthane Corp., Oaks, Pennsylvania.
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actually is two strips separated by an air gap to reduce the thermal conduction

path from the receiver to the exterior as shown in Fig. 4. Two subsections

are bolted together to form a 6 ft (1.83 m) long rib section. Four rib sections

are then used to form a 6 ft (1.83 m) long module containing two channels (see

Fig. 3). The two center rib sections are bonded together back to back. The

center ribs are supported by a 2 x 6 board bonded to the 1 in. (2.54 cm) thick

plywood bottom. The two outside rib sections are attached to the 3/4 in. (1.9

cm) thick plywood sides. The bottom aperture spacing is maintained with U-

shaped phenolic brackets. These U-brackets also support the receivers in

proper alignment to the mirrors. The top aperture spacing is maintained by

1/8 x 1/4 in. (0.32 x 0.64 cm) steel spacer bars.

4-10

0

o Fir,. Y Pit Assinty

The cover glass is composed of 6 ft x 2 ft x 3/8 in. (1.82 m x

0.914 m x 0.95 cm)-thick glass plates supported by an aluminum frame. The

glass is held in place in the aluminum frame with rubber gasketing. The

joints between the glass plates are sealed, using hollow plastic tubing held

in place with clear silicone rubber. This method should result in minimum

blockage of the frontal area. The tubing-silicone rubber seal was selected to

allow for the thermal expansion of the glass as the cover heats up in the sun.

The cover glass is expected to be 50*F (28 C) hotter than the aluminum frame

when the receiver is at 450*F (232C).

B. Reflector Assembly

The module design utilizes pins in one end and holes in the other to

allow alignment of one module to the next. Brackets on the side of the modules

are used to rigidly fasten the modules together.
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Tests have been run to determine the best method for attaching the

mirrors to ribs with the least distortion due to thermal expansion. The

Kinglux aluminum mirror sheets are 18 in. x 23 in. (45.7 x 58.4 cm). They

may be expected to heat up to i170OF (t77*C) when illuminated in sunlight;

this will result in a linear expansion of about 1/16 in. (0.16 cm) over a

20-in. (50.8-cm) length. The test section mirrors were attached using (1)

silicone rubber, (2) regular epoxy with epoxy-fiberglass reinforcement

between rib sections, (3) slotted aluminum tabs held on by pop rivets i

(4) slotted aluminum tabs held on by rubberized epoxy. The regular ep ,

with epoxy-fiberglass reinforcement broke loose from the Kinglux sheets

when heated to 175*F (80C). The silicone rubber held the aluminum sheets

to the wooden ribs, but since the metal sheets could not move, they were

severely distorted after thermal cycling. The slotted aluminum tabs held

with pop rivets were the most effective. "hey allowed the Kinglux sheets

to move relative to the wooden ribs without causing distortion, even after

temperature cycling up to a maximum temperature of 225*F (107C). The

metal tabs that were held onto the aluminum sheet by rubberized epoxy

failed because of stretching of the epoxy during thermal cycling.

Slotted aluminum tabs held with pop rivets were selected as the best

method of attachment. The slots are cut parallel to .he ribs to allow

vertical expansion, and the tabs are spaced away from the vib by fiber

washers to allow for horizontal expansion by bending of the metal tabs.

Six tabs are used along each rib. The reflective sheets are spaced approxi-

mately 1/16 in. (0.16 cm) apart at room temperature to allow for horizontal

expansion.

The mirror curvature at the bottom of the reflector assemblies initially

did not conform to the CPC shape in the region between the ribs. To correct

this problem, the bottom 2.5 in. (F.35 cm) of the reflective aluminum

sheets were rolled to the approximately correct radius. This prebending of

the sheet aids in maintaining the correct shape between the ribs.

C. Receiver Design

The receiver chosen for the lOx CPC was manufactured by Chamberlain .

Manufacturing Corporation. These receivers are the same as those used in

the 5.3x collector constructed for ANL by Chamberlain and described in

Section IV. A cross section of the extruded aluminum receiver is shown in
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Fig. 5. The shape of the absorbing surface results in a "cavity" effect

and increases the absorptivity slightly. The receivers are cut 6.021 ft

(1.835 m) long. This will allow the receivers, when assembled, to extend

beyond the end mirrors when the receivers are at ambient temperature. The

receivers in the center module are firmly attached near their center

section with screws. The receivers in the other modules are allowed to

slide in the phenolic U-brackets. The 30 ft (9.14 m) length of 6063-T5

aluminum is expected to expand %2 in. ("5 cm) when heated from 50-500*F

(10-260*C) (maximum temperature anticipated). With the 30 ft (9.14 m)

receiver held at its center, each end will move 1 in. (2.54 cm).

1.125 N. + 0.03)

(2.857 a ! 0.076)

0.418 5N. D 0.0I RECEIV--

1.112 an ! 0.C51

-- 1.051 IN. + 0.010+

(2.697 an t 0.025)
-1.688 IN. + 0.020

(4.286 o+ + 0.051)

FIG. 5 EXTRUDED ALUMINUM RECEIVER

The interconnection of the 6 ft (1.83 m) receivers is accomplished by

aluminum tubing and tubing connections, using aluminum Swagelok to 1/8 in.

(0.32 cm) NPT fittings located 1 in. (1.83 m) from the end of each receiver.

The ends of the flow channels in each 6 ft (1.83 m) receiver are drilled and

tapped for 1/4 in. (0.64 cm) NPT. The ends of each intermediate receiver

section will be plugged with aluminum socket head plugs to allow butt-

joining the receiver sections. The connections to the ends of the 30 ft

(9.14 m) long interconnected receivers will be made using the 1/4 in.

(0.64 cm) NPT tapped holes in the ends of the flow channel.

The receivers in the two channels will have different absorbing surfaces

to allow a direct comparison of the performance of the surfaces. The

receiver in one of the channels will have a black-chrome selective-surface
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finish. The surface has been applied by Olympic Plating of Cleveland,

Ohio, and was done under contract to Chamberlain Manufacturing Corporation.

This black-chrome finish should have an absorption (a) of 0.90 and an

emissivity (c) of 0.10. However, the emissivity (c) is expected to increase

to 0.2 at 450*F (2320C).1 The receiver in the other channel will have a

nonselective flat black finish applied by Chamberlain Manufacturing Corporation

with an a and c = 0.9-0.95. The sides and bottom of the nonselective receiver

were polished, and the top was coated with Caldwell flat black Nu. 129-38F

paint which was then cured at 350 10*F (176 5.6*C) for 15 to 30 minutes.

This paint is manufactured by Caldwell Chemical Coatings Corporation, 209

Ardmore Road, Fayetteville, Tennessee. The maximum temperature capability

for the paint is 900*F (482*C) without blistering.

D. Mirror Insulation

The insulation of the CPC modules was studied to limit the heat losses

from the receiver. Polyurethane was considered for the insulation behind

the mirrors, but was rejected for two reasons: (1) the maximum operating

temperature could exceed the temperature limitation of polyurethane (250*F

or 121*C); and (2) during the curing process, polyurethane foam develops

forces that are capable of bending the mirrors out of their proper curvature.

The insulation chosen was rockwool, which has a thermal conductivity of

0.022 Btu ft/ft2 hr*F (3.8 x 10-4 W/cm*C) compared to 0.012 Btu ft/ft2

hr*F (2.07 x 10-4 W/cm C) for polyurethane, and has a maximum temperature

capability of 1300*F (704*C).

E. Receiver Insulation

The G-10 pieces at the bottom of the ribs are made in two pieces, with

a gap between them to increase the thermal resistance, as shown in Fig. 6.

The resistance, R, was calculated by R - L/Ak, where L is the thickness, A

is area, and k is the thermal conductivity, as shown in Table 1. The heat

loss by conduction through the G-10 pieces for a 400*F (204 C) receiver

temperature and a 50 F (10*C) ambient is calculated to be 2.2 Btu/hr lin.

ft (0.2 W/lin. cm). This corresponds to a loss of 3.3 Btu/hr per ft2 of

frontal area (0.001 W/cm ).

The heat lost through the insulation behind and to the sides of the

receiver is an important loss which can be minimized by careful material
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selection. To evaluate different insulations, the assumption was made that

the receiver insulation could be considered as a composite cylindrical

insulation for which R = ln(ro/ri)/2n k 1, where r is the outside radius,

ri is the inside radius, k is the conductivity, and 1 is the receiver

length. The heat lost by conduction through the insulation is then equal

to q - T - T0/ER.

(0.635 cm)
0.25 I N. (2.60 cry)

3.0625 IN. (7.78 CM) --- 4 1.025 IN.

0.1 IN.

(0.254 CI

FIG. 6.

FIBERFRAX
I)

INSULATION OF RECEIVER SUPPORT

TABLE 1. Thermal Resistance

L A k R

ft cm 2  Btu in. j W hr*F ( C

in (cm) li 1 f 1t lin cm hr f t2 F cm*C Btu/lin f t W/lin cm

Fiberfrax 0.1(0.254) 0.0208(0.634) 0.3(0.00043) 16(926)

1st G-10 1.25(3.175) 0.0208(0.634) 2.0(0.0028) 30(1737)

Rockwool 0.25(0.61) 0.0208(0.634) 0.47(0.00067) 25.5(1476)
in gap

2nd G-10 3.625(9.21) 0.0208(0.634) 2.0(0.0028) 87(5037)

158.5 Bturin ft 9148 W/Cin cm

A product of Carborundum Co., Niagara Falls, New York

Total R

I
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The insulation originally considered was 2 in. (5.08 cm) of Foamglas*

[which has a k value of 0.05 Btu ft/hr ft 2 F (8.65 x 10-4 W/cm*C) at 350*F

(1.77 C)] combined with 2 in. (5.08 cm) of polyurethane. The maximum

acceptable temperature at the Foamglas-polyurethane interface is the temperature

limit of polyurethane (250*F, 121C). One of the limitations of this

composite insulation is that the maximum allowable receiver temperature is

only 320*F (160*C) for a 250*F (121 C) interface. Increasing the Foamglas

to 3 in. (7.62 cm) while decreasing the polyurethane to 1 in. (2.54 cm)

lowers the interface temperature so that the receiver can operate at 500*F

(260*C), but this increases the heat loss (based on frontal area) from 28.5

Btu/hr ft2 (0.0089 W/cm2) to 45 Btu/hr ft2 (0.0142 W/cm2).

.An improved insulation was chosen for high-temperature operations,

i.e., 2 in. (5.08 cm) of Microtherm backed with 2-in. (5.08 cm) of polyurethane

foam. Microtherm is manufactured by Micropore International Ltd. of England,

and has a thermal conductivity of 0.012 Btu ft/hr ft2 F (2.07 x 10-4 W/cm*C).

The maximum operating temperature for Microtherm is 1832 F (1000*C). The

Microtherm-polyurethane insulation should have a heat loss of only 15 Btu/hr

per ft2 of frontal area (0.00473 W/cm2) at 500*F (260*C) operating temperature.

This is considered to be an acceptable back loss for this collector.

F. Predicted Performance of lOx Collector

The computer model SOLAR-CPC has been used to predict the performance

of the lOx CPC collector. This model is based on the methods described in

the report "Optical and Thermal Properties of Compound Parabolic Concentrators"

to be published in Solar Energy. In addition to the radiation and convection

modes of heat loss through the front of the collector, conduction losses

through the back and sides are incorporated by means of a lumped parameter,

Uback. The back-loss calculations were discussed in the preceding section

on receiver insulations. The values obtained were used in the computer

program for Uback. The model also accounts for the decrease in heat losses

due to the warming of the mirrors because of absorption of solar radiation.

Since both nonselective and black chrome absorber coatings will be employed

in the lOx CPC, the program has been run for both cases. The predicted

performance curves for the 30 ft (9.15 m) collector are shown in Fig. 7 for

both the selective and nonselective receivers. For example at AT a 300*F

A product of Pittsburgh Corning Co., Pittsburgh, Pennsylvania.
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(166*C), the efficiency should be 38% for the black chrome, 32% for the

nonselective black surfaces at an insolation of 300 Btu/ft2 hr (0.0945

W/cm2).

AT/S "C 
2/W

',1 J.2 0.3

100

T RECEIVER - ArISENT

S - IhSOATION (BTU/2 R 'F)

me

LACK CHROME

NON-SELECTIVE

0.5 1.0 1.5 2.0

I/S "'F F T MR /B1U

FIG. 7 EXPECTED PERFORMANCE OF 1OX CDC
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III. LIGHTWEIGHT COLLECTOR DESIGN

A. Description of Collector Concept

The cost of CPC collectors is very dependent upon the cost of the

mirror surfaces. This was stressed by the goal studies by A. D. Little and

Bechtel2,3 and by the study for photovoltaic applications by Mobil-Tyco.4

The goal studies indicated that the unique features of the CPC shovid allow

attainment of operating temperatures of from 350-450*F (176-232*C) without

the need for diurnal tracking, but that periodic adjustment would be required.

The use of an evacuated receiver and a selective absorber coating is considered

necessary to obtain the high-temperature performance.

A program to design a CPC-type collector that utilizes a selective

surface absorber in an evacuated glass tube, as well as low-cost lightweight

reflectors, was initiated as a result of ANL's earlier experimental program

and the recommendations of the goal studies. The use of an evacuated glass

housing around the absorber thermally decouples the mirror surfaces from

the absorber and allows the use of a broad range of low-cost materials as

potential mirror materials. These include plastics, glass, thin sheet-

metal with plastic reflector film overcoatings, as well as conventional

aluminum sheets. The procedure for accomplishing the design of a collector

using lightweight, low-cost materials with an evacuated glass housing was

to evaluate the requirements of each component and the interaction between

the components to arrive at a design that has good potential for mass

manufacture at low cost. The initial version of the collector resulting

from this approach is shown in Fig. 8. This collector utilizes lightweight

thermoformed plastic mirror sections that have been vacuum-metallized.

These mirrors concentrate the energy onto the absorber fin inside an evacuated

glass tube. A thermoformed plastic container with molded-in reinforcement

ribs that also support the absorber tube contains the reflector-absorber

assemblies and provides the weatherproof enclosure required. The design

and analysis of each component of the collector have been started during

this reporting period.

B. Lightweight Reflectors

The use of glass plates sagged over a steel mold to obtain the CPC shape

as reported in the previous semiannual reports was not successful because of

poor shape definition.
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LIGHTWEIGHT COLLECTOR PANEL

-ENCLOSURE BOX

s r ,# lRPLATE CLASS A:

-r TOP

A ~' REFLECTOR SHAPE
METALILED INSIDE

_ TUBE
SUPPORT-

ABSORBER FIN

EVACUATED
" CLASS ENVELOPE

FIG. 8 LIGHTWEIGHT COLLECTOR PANEL

The glass surface did not follow the mold surface precisely; therefore, the

acceptance angle for the collector was reduced. This fabrication approach

has been deferred at the present time because of the large tooling requirements

that would be required to make acceptable glass reflectors. The use of

thermoformed plastic reflectors is being investigated as an alternative

method of making lightweight mirrors.

To evaluate the ability of thermoformed plastics to conform to the

mold surface, an epoxy reflector bar from an old 3x collector (reported in

ANL-75-42) was used as a male mold. This allowed a quick test of the

thermoforming process without the fabrication expense of a mold. The epoxy

bar was 24 in. (61 cm) long by 3 in. (7.62 cm) high and was 1.5 in.

(3.81 cm) wide at the base. The bar was mounted on a wooden base. A 0.005

in. (0.0127 cm) slot was located at the base-bar junction by using periodic

brass shims. This slot was connected to the vacuum source to remove air

from the space between the mold and the hot plastic sheet. A sheet of

polyvinylchloride (PVC) plastic that was 0.020 in. (0.51 cm) thick was then

clamped in a frame, heated in an oven, and placed over the mold with the

vacuum source on. The experiment was repeated using acrylonitrilebutadiene-

styrene (ABS) plastic stock. The thermoformed reflector substrate is shown

in Fig. 9. These experiments were performed with the extensive assistance

of Jim Spitzer of Plastofilm, Inc., Wheaton, Illinois. The therforming

experiments are discussed more fully below.
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FIG. 9 THERMOFORMED REFLECTOR SUBSTRATE

The resulting hollow, lightweight plastic pieces were vacuum-metallized

with aluminum and tested on the light box apparatus as described in

ANL-75-52. The results of the lightbox tests are shown in Fig. 10 for the

PVC plastic. The shape definition of the thermoformed plastic was excellent,

with the measured acceptance angle from the formed piece being as good as

the mold surface, and being equal to the design value ( 6m). The PVC

material had a good gloss after metallization, and, therefore, made s good

mirror when vacuum-metallized. The ABS plastic was a glossy material

1.

1.

1.2

X1.0

X0.8

JO.6

L0.4
L.2
W0.2

19
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FIG. 10 THERMOFORMED PLASTIC CPC
ANGULAR ACCEPTANCE TEST
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before thermoforming, but a microroughness that resulted from the stretching

of the plastic over the mold reduced the spectral reflectivity to a low

value. To use ABS plastic as the substrate, an undercoating material will

have to be used to smooth the microroughness of the as-formed piece.

The thermoforming process imposes several limitations on the depth of

the part, the width of the entrance aperture, and the thickness of the

plastic sheet stock. In cooperation with Plastofilm, Inc.. the overall

dimensions of the mold for forming a reflector mc le that would be suitable

for use with an evacuated tube receiver were determined. The mold was

designed to produce four channels at a time and is shown in Fig. 11. The

channel length is 24 in. (0.61 m), the entrance aperture is 4.5 in. (11.43 cm),

and the concentration ratio is 3. The semicircular region at the base of

the troughs is sized to fit the 0.D. of an evacuated-glass-tube receiver

described in the next section. The fabrication of the mold from aluminum

has been completed and trial parts are scheduled to be fabricated at Plastofilm

Industries during the next reporting period.

FIG. 11A MOLD FOR FOUR FIG. 11B PLUG ASSIST FOR FOUR

CHANNEL REFLECTOR CHANNEL REFLECTOR

C. Evacuated Receiver Design

An absorber operating within an evacuated glass envelope (tube) is

under development for use with the 3x compound parabolic reflectors mentioned

in the previous section. The use of a vacuum significantly reduces convection

and conduction losses from the receiver and will allow the reflector surfaces

to operate near ambient temperatures. The absorbers presently under
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consideration are of metal, are tubular, and may also have a fin. The use

of a heat pipe is also being considered. A number of evacuated receiver

designs have been suggested, as shown schematically in cross section, in

Fig. 12. The options include vertical or horizontal absorbers, once-

through fluid flow and flow paths with a return, such as the hairpin or

concentric tube arrangement. All receiver designs are compatible with the

reflector shapes described in the previous sections. Several evacuated

receiver designs are being evaluated analytically; the results of this work

are given later in this report.

A) VERTICAL FIN, HAIRPIN F) HORIZONTAL FIN,
FLUID LOOP, EXTERNAL HAIRPIN FLUID LOOP
REFLECTOR

G) VERTICAL FIN,
CONCENTRIC TUBE
FLUID LOOP

B) TUBE ABSORBER, ONCE- 0
THROUGH FLUID LOOP, INTERNAL

AND EXTERNAL REFLECTOR

H) SEPARATED

BAFFLES WITH

HAIRPIN FLUID LOOP

p

C) ONCE-THROUGH FLUID

LOOP, EXTERNAL I) VERTICAL FIN,
REFLECTOR ONCE-THROU'H

FLUID LOOP

FIG. 12 VARIOUS RECEIVER-REFLECTOR DESIGNS FOR HIGH TEMPERATURE OPERATION WITHIN A VACUUM JACKET

A number of design features and operating parameters for the evacuated

receiver assembly have been selected on the basis of a preliminary analysis:

a. Temperature range, 350-450*F (117-232*C).

b. Receiver material: copper, steel, or aluminum.

c. Selective coatings for the front receiver surface.

d. Vertical or horizontal. l'ceiver configurations; the design effort

is to minimize the area and mass.

e. Commercially available soft-glass tubes are being considered as

the prime candidate for the envelope (because of lower cost);

however, borosilicate glass will be used for laboratory prototypes.

f. Vacuum below 10 torr, which eliminates convection and reduces

conduction losses markedly; the main heat loss is then by radiation

and by conduction through support brackets.
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g. The use of Dowtherm A* as a heat-transfer fluid.

h. The use of "getters" to remove residual gases from the tube that

may arise from outgassing during operation.

The temperature range of interest is for power-producing applications.

Eventually the CPC collector will be coupled to a power cycle, such as a

Rankine engine.

The use of selective coatings on receivers to suppress energy loss by

infrared radiation has been reported in the literature.6 Black chrome has

been selected for the initial work in this program. Tests are planned to

show differences in performance between selective coatings and high-temperature

flat-black paints.

Receiver designs include concentric tubes and hairpin loops that have

the fluid inlet and outlet at the same end of the glass envelope or a

single tube that provides once-through (unidirectional) flow. The latter

requires glass-metal seals at both ends of the glass envelope, and the

design must allow for the stress resulting from thermal expansion of

different materials. The "floating-type" receivers (inlet and outlet at

the same end) tend to simplify this situation. The concentric tube design

has been selected as a reference design and is undergoin, thermal analysis

and mockup. The thermal analysis is reported later in this section.

Penetration of the soft-glass tube with a metal receiver-fluid loop

requires glass-metal seals; these are not as readily available as KOVAR-

borosilicate glass seals. The use of soft glass will require extensive

development work. During this reporting period, alloys of nickel and iron

(Niron-52), which have expansion coefficients compatible with that of the

soft glass, have been obtained. A vendor willing to prepare some glass-

metal seals for testing at ANL has been located, and an R-F heating technique

will be used. The test specimens will be vacuum-tested at ANL. Assembly

of test receivers made of Pyrex (borosilicate) glass and KOVAR seals is

also planned. "Getters" are considered necessary to help maintain the

vacuum. The practice of depositing these materials is commercial, so no

difficulty is expected in having the depositing done, when needed for

assembly of the receivers.

*
Dowtherm A is a product of Dow Chemical Company, Midland, Michigan.
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Numerous other factors have been evaluated in developing the receiver

design. For example, the vertical fin receiver which has an overall height

about equal to the radius of the glass tube will require less material than

the horizontal fin receiver which has a width slightly less than the

diameter of the tube. However, this must be balanced against the receiver

area which should be minimized to reduce radiant energy losses. Preliminary

calculations show that the horizontal fin receiver with the fluid tubes on

the underside of the baffle (the absorbing surface) has only 2/3 the area

of the vertical hairpin configuration and about 83% of the area of the

concentric tube unit.

D. Thermal Analysis

Reference 18 describes a method for calculating the heat-transfer

performance of an evacti'.ted glass-jacketed absorber. This analysis applies

to absorbers which are fixed at one end o the glass jacket while the other

end remains unattached to allow for expansion and contraction. This structural

design requires that the heat-transfer-fluid flow be countercurrent as

shown in Fig. 13.

FLUID IN

GLASS-METAL SEAL SOLAR INPUT

FLUD

OUT -- -- -----

METALLIC FLANGE

FLUID IN CPC-RECEIVER GLASS TUBE
(METALLIC)

FIG. 13 SCHEMATIC FLOW DIAGRAM FOR THERMAL ANALYSIS

The optical efficiency of this collector using an Alzak* reflecting

surface, a cover glass, and a receiver surface treated specifically for

high absorptivity and low emissivity has been calculated to be 0.536. The

Alzek is a product of Alcoa Aluminum Co.
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countercurrent performance of the heat-transfer fluid within the receiver

has been analyzed mathematically, and effective thermal efficiency values

have been calculated and related to the difference in temperature between

the receiver temperature within the evacuated glass envelope and the ambient

air surrounding this glass jacket.

The use of an evacuated glass jacket minimizes heat losses due to

conduction, convection and radiation from the CPC collector. If absolute

pressures of 10-4 to 10-9 mm are established, substantial reduction of

convective and conductive losses from the absorber should be realized. The

proper application of a selective coating on the exterior surface of the

absorber should substantially reduce heat losses from the receiver due to

radiation. Therefore, the combined effect of a selectively treated surface

and the presence of an evacuated space surrounding the receiver should be

effective towards minimizing heat losses from the receiver, and thus effectively

increase the thermal efficiency of the collector.

A thermal energy analysis of the countercurrent flow arrangement of

the receiver presented in Fig. 13 shows that the temperature of the fluid

flowing through the annular section of this heat-exchange facility increases

steadily to a maximum value at the end of the receiver; and when the fluid

flow is reversed, the temperature decreases steadily until the fluid exits

from the receiver. A typical temperature profile for the flow of fluid

through the annular-side and tube-side of the receiver is presented in

Fig. 14. This temperature reversal results from the thermal short-circuit-ng

experienced in the flow of heat from the fluid inside the tube, through the

tube wall and into the fluid flowing countercurrently in the annular space.

A thermal energy balance made at a differential length of receiver results

in differential equation expressions, which when integrated, produce the

following temperature profiles:

k k
T - T + 1 - (21 - x) (annulus-side); (1)

t -t + - 1 + k2 (2L - x) x (tube-side) (2)
p p
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"0

k 0 k 2 L

T - T + 1-2-- (3)L 1 me &c2 '
p p

and

k1L k L k
tL 1 ilc &c aic (

P Sao

where TL intL. In Eqs. (1) and (2), the constant kgis defined as the

incremental radiant energy influx per unit length of receiver
dQ1

(k1 - d) and k2is associated with the overall heat-transfer coefficient

between the tube-side and annular-side as follows:

k dQ2 (5a)2 (T -t)dx

and

S1 1 1
- - + -- + -- , (5b)

k2 h km~ h~p
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where h and h have the usual connotation of inside and outside film

coefficients; Z and km are the thickness and thermal conductivity of the

tube wall; and pi, pm, and p0 are the inside, mean, and outside tube

perimeters.

The expression for the pttical efficiency no reported by Rabl (Ref. 7)

has been applied

<n>

n, = Yp T a (6)

where

y = fraction of insolation S accepted by CPC,

p = reflectivity of reflecting surfaces,

T = combined transmissivity of single cover and glass jacket,

a = effective absorptivity of receiver surface, and

<n> = average number of reflections from aperture to receiver surface.

The optical efficiency, for a typical CPC collector accommodated with

an evacuated glass-jacketed receiver, becomes

n- 0.92(0.88)1.3(0.85 x 0.90)(0.90) = 0.536.

This value implies that 46.4% of the insolation incident to the aperture of

the collector is dissipated before getting to the receiver surface. The

fraction of insolation incident on the aperture of the CPC collector that

it eventually directed to and absorbed by the receiver is noS, but only a
portion of it is retained as useful heat, Quseful, for raising the temperature

of the fluid flowing through this unit. The difference, noS - Quseful is

dissipated in the form of a heat loss which is directed from the absorber

surface to the glass jacket by the mechanism of radiation. In turn, the

glass jacket, whose temperature is correspondingly increased, loses heat to

the environment by radiation and by convection to the surroundings. Any

conductive heat losses, which can be minimized, can be ignored for this

analysis.
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The inside and outside film coefficients, required to establish parameter

k2 of Eq. (5b), can be calculated from well-established relationships

presented in the literature.8 For flow inside the tube, the expression

h D = . 6 D G 1 / 3 c u / 3 / 3 0 .1 4 
( )(P 

) ( S
.k = 1.86 (7)

is used for laminar flow conditions. For flow through the annular cross-

sectional area, the outside film coefficient can be determined for laminar

flow conditions with the relationship

h D D G 0.45 c 1 0.5 .14 D 0.4 D2 3 p g A t 0.05
o e 1.02 ( - ) ( D e ) (8)

where-D and D2 are the diameters associated with' the annular space and

D = D2 - D . The establishment of k2 req .res a trial-and-error procedure

wherein a collector efficiency n is assumed to affix Quseful = nS, k1 =

Quseful/L, and for a designated temperature rise of the fluid, T1 - t1 , the

product nc = Quseful /(T1 - t1). In addition to this assumed efficiency, n,

a value of k2 is assumed so that the terminal temperature can be established

using either Eq. (3) or (4). Either of these expressions should yield the

same numerical terminal temperature wherein TL = tL, regardless of the k2
value assumed.

The value of the parameter k2 corresponding to the assumed CPC efficiency

is then checked by calculating hi and ho using Eqs. (7) and (8) and checking

their consistency with k2 through the use of Eq. (5). If a disparity

exists between assumed and calculated values of k2, the process is repeated

using the latest k2 value in Eq. (3) or (4) to reestablish TL or tL, and

the process is repeated until a balance is established. In these calculations,

the average temperature of the fluid has been assumed at all times to be

the arithmetic mean temperature between TL and T1 ; or between tL and t ,

where TL - tL'

With the proper selection of the parameter k2 and the consequent

establishment of the average fluid temperature within the annular space,

the receiver surface temperature can be established using 'q. (7) to
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approximate a heat-transfer coefficient for the fluid film adjacent to the

receiver. This receiver surface temperature, Tr, is then used in the

calculation of heat losses from the receiver absorber to the surroundings.

The intervening presence of the glass jacket must be coupled into the

heat balance requirements of the system. The absorber at average temperature,

Tr, is losing heat by radiation to the evacuated glass jacket surrounding

it to raise the temperature of the glass to some equilibrium value, T . In
g

turn, the glass jacket loses heat by radiation to the environment and also

by convection to the air surrounding it. When the heat entering and leaving

the glass jacket are in balance, then the heat losses from the system

become determinant. Therefore, the heat exchange between the receiver and

glass jacket becomes

q * = o A F [T -T , (9)
r g r rg r g

and the heat loss from the glass jacket becomes

loss g g g a g g(sky) g - sky ] (10)

At the glass-jacket equilibritam temperature, Tg, qr g loss, and

therefore, when Eqs. (9) and (10) are equated, the equilibrium value, Tg,

can be established. Hence,

ciA F [T - T I=h A [T - TJ]+oaA F [T - T 1] (11)
r rg r g g gg a g g(sky) g sky

The value for the sky temperature can conveniently be obtained from

the relationship given by Duffie and Beckman9

T
Tsky (*R) = 0.09936 (8)1.5 (12)

where T. - air temperature, *R.

For air at 100*F (38'C), Tsky - 545*R (85*F)(29 C). The implementation

of areas A and A and the calculation of the configuration factors F andr g rg

Fr(sky)' taking into account the geometry of the system and emissivities of

the surfaces involved, as well as the choice of a reasonable value for hg,

the natural convection coefficient, permits the resolution of Eq. (11),
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through a trial-and-error method, to calculate Tg, the glass-jacket temperature

and consequently

Qoss = hg A[T - T a] + A Fg(sky)[T 4 - T 4 ] . (13)

Dowtherm A will be used as the heat-transfer fluid, and when the

physical properties of this fluid are incorporated into the calculations

described above, the results presented in Table 2 are obtained. The results

of these three cases are presented graphically in Fig. 15 as collector

efficiency, n, versus the difference in temperature between the receiver

and ambient air (100*F)(38*C). These results show that, for small values

of tr - t associated with relatively low fluid outlet temperature or

for small temperature increases across the tube, the efficiency is satis-

factory, whereas larger temperature differences of the flowing fluid

coupled with higher outlet temperatures will produce large differences of

tre - tair and consequently lower efficiencies.
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This efficiency, n, versus trec - tair relationship constitutes a

preliminary estimate for the thermal performance- of the 3x-CPC collector

under investigation. Calculations following the same basic approaches will

be continued and they will be extended to involve other key variables such

as the inlet and outlet temperatures of the fluid, and glass-jacket temperature

with the efficiency performance of the collector.



TABLE 2. Calculated Performance of 3x CPC Collector

Aperture = 4.5 inches

Length = 8 feet

Aperture Area = - x 8 = 3.0 square feet

Insolation = 200 Btu/hr ft 2

Entering
= 200 x 3 = 600 Btu/hr

Temperature of Surroundings = 100*F

Useful +Qsses 0.536(600) = 322 Btu/hr

Fluid Temps., Qloss, Heat Loss Efficiency,

*F Flow Rate Average Temps., *F At from Glass Jacket, Quseful/ 6 0 0

In Out Max lb/hr Receiver Glass-Jacket Receiver-Glass Btu/hr Assumed Calculated

100 200 276 6.71 216 100.2 116 27 0.48 0.49

380 400 405 21.0 410 128 310 108 0.35 0.357

200 400 835 1.12 541 136 441 210 0.19 0.187
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IV. COLLECTOR TESTING

A. Introduction

The performance parameters of two solar thermal CPC collectors have

been measured. The first collector tested is a lOx CPC built at Argonne;

this collector is an improved version of the lOx CPC described in the

preceding report in this series (ANL-75-52). The second collector tested

is composed of 5.3x CPCs; it was built by the Chamberlain Manufacturing

Corporation.

B. Test Procedure

An efficient test procedure has been evolved which quickly establishes

performance parameters for solar thermal CPC collectors. The CPC thermal

performance is first characterized in nighttime or indoor measurements of

heat losses to the environment from preheated receivers. The results are

expressed in terms of a heat-loss coefficient

Unight Q/A (Treceiver ~Tambient (14)

where

Unight - night heat-loss coefficient (Btu/hr ft 2F or w/m 2C)

Q = heat energy lost (Btu/hr or w)

2 2
A = input aperture area (ft or m )

and T - temperature (*F or *C).

Experience has shown that Unight is an upper limit to the heat-loss coeffi-

cient that is characteristic of daytime performance. This is so because,

in sunlight, the heat losses are partially suppressed by the general warming

of the collector and the mirror surfaces.

The contribution to the heat loss arising from conduction losses

through the back and side insulation of the CPC, denoted Uback, is found by

repeating the heat-loss measurements with the front of the CPC covered

generously with insulation.
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The optical performance of the CPC is determined by measuring the

energy-collection efficiency with the average receiver temperature at

ambient temperature, so that the net heat loss to the environment is reduced

to a second-order effect. This efficiency is given by

no = q/SA1, (15)

where

no optical efficiency

q = heat energy collected (Btu/hr or W)

S = total (direct beam + diffuse) insolation falling on the

collector plane (Btu/ft hr or W/m2)

2 2
A1 = input aperture area of the collector (ft , m2).

In practice, it is difficult to maintain t' receiver at ambient

temperature, and hence, no is extrapolated from numerous measurements made

at various temperatures near ambient. For CPCs with receivers and mirrors

in the same enclosure, it is essential that the mirror surfaces also remain

near ambient temperature during the optical-efficiency measurement. If

light energy, absorbed by the imperfect (< 100% reflectivity) reflector

material, is allowed to warm the mirrors, then the CPC will appear to have

too high an optical efficiency since some of the (optically lost) energy

will be transferred thermally to the receiver- To insure that this cold-

mirror criterion is met, the optical efficiency is measured with the cover

glasses removed. If necessary, fans are used to move ambient temperature

air over the mirrors. The experimental result is then corrected for the

transmission of the removed cover glasses; this is measured separately.

The performance of the CPC under test is then confirmed by the usual

daytime measurements of energy-collection efficiency with covers in place.

At intermediate temperatures [Trecei% 220*F (1060C)1, a linear relation

is found for the efficiency

n - q/SA1 = no - Uday(AT/S), (16)
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where

q = heat energy collected (Btu/hr, W)

S = total (direct beam + diffuse) insolation falling on collector

plane (Btu/hr ft2, W/m2)

2 2
A1 = input aperture area (ft , m )

no = optical efficiency (previously determined)

Uday = day heat-loss coefficient (Btu/hr ft2 *F, W/m2 *C)

T = Treceiver Tambient (*F).

As described earlier, the day heat-loss coefficient is somewhat smaller

than the Unight coefficient measured indoors, due to the general warming of

the collector surfaces in sunlight.

At low receiver temperatures, the measured efficiency is found to

exceed this linear prediction due to the radiative transfer of energy from

the warm mirrors to the receivers, a process explicitly excluded in the

determination of the optical efficiency.

C. lOx Collector Tests with Cavity Receivers

1. Construction

A second version of the lOx-CPC collector discussed previously

(January-June 1975 progress report, ANL-75-52) was constructed

and tested at ANL during the present reporting period to show that the

optical performance could be substantially improved. The collector consisted

of two lOx-CPC channels, each 4 ft (1.22 m) long and 3 ft (0.91 m) high,

with a 12 in. (30.5 cm) input aperture and a 1.2 in. (3.05 cm) exit aperture.

The total input aperture area was 8 ft2 (0.744 m2). The mirrors were

sheets of 0.020 in. (0.051 cm) Kinglux metal* (measured specular reflectivity

averaged over the solar spectrum = 76%) fastened with small wood screws to

exterior plywood ribs spaced 12 in. (30.48 cm) apart. Careful attention

was paid to the fabrication of the mirror sections, and deviations from the

desired mirror shape were held significantly smaller than in the case of

the previous lOx collector. As before, the ends of the CPC troughs were

*
Aluminum with a proprietary finish, Kingston Metal Corporation.
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closed by flat Kinglux sheets to minimize the effect of the short collector

length. The entire mirror structure was thermally insulated on the exterior

by at least 1.5 in. (6.45 cm) of urethane foam or styrofoam sheeting. The

modules were covered by a sheet of 1/8 in. (0.318 cm)-thick Plexiglass

(transmission averaged over the solar spectrum = 88%).

The major modification in this lOx collector concerned the receivers.

For each module, a "cavity" receiver was fabricated by milling a 4 ft

(1.22 m) long slot in a 3 in. (7.62 cm) diameter copper tube to match the

1.2 in. (3 cm) wide exit aperture of the CPC. Fluid-flow channels were

provided by brazing 1/4 in. (0.64 cm) diameter copper tubing to the exterior

of the receiver. Six such tubes ran the length of each receiver, and were

connected for series flow. The interior of the 3 in. (7.62 cm) diameter

receiver was painted with the same nonselective (3-M "Nextel" velvet) black

paint used in the lOx collector reported in ANL-75-52 (absorptivity ~ 90%).

The receivers were nested in a bed of cast urethane foam and styrofoam

sheeting with at least a 4 in. (10.16 cm) path length through the insulation

from any part of the receiver to the outside aluminum framework.

For these tests, a 50-volume percent mixture of ethylene glycol

and water was used as the heat-tr-.nsfer fluid. The fluid was circulated

via an external flow loop containing heaters and heat exchangers for con-

trolling the temperature of the fluid at the inlet of the collector. Flow

rates near 0.5 gpm were maintained, and the fluid temperatures at the inlet

and outlet were monitored by immersed-platinum resistance thermometers.

2. Results

The improvements introduced through the maintenance of the proper

mirror profile and the use of a cavity receiver for better absorptivity are

verified by the optical-efficiency measurements. This version of the lOx-

CPC collector has a measured optical efficiency no = 0.64, relative to the

total insolation falling on the collector plane, compared to no - 0.51,

found for the previous version of the collector.

However, the thermal performance of this version was seriously

degraded. The night heat-loss coefficient was measured to be U - 0.58
2 -4 2~ night

Btu/ft hr*F (3.28 x 10 W/cm *C) of which the back loss was Uback = 0.27
2 -4 C back

Btu/ft hr*F (1.53 x 10 W/cm0*C). This large back component, which is
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2
almost an order of magnitude greater than the value Uback = 0.03 Btu/ft hr*F

(1.7 x 10-5 W/cm2*C) measured for the previous lOx CPC collector, is attri-

buted to the unfavorably large exterior surface area of the cavity receivers,

which promotes conduction losses through the back of the collector. No

significant improvement resulted from lining the interior of the urethane

foam bed with shiny aluminum foil in an attempt to reduce radiative heat

transfer from the receivers to the insulation.

The day heat-loss coefficient was measured to be U = 0.48
2 -4 2~ day

Btu/ft hr*F (2.72 x 10 W/cm 2C) at the receiver temperatures in the

range 180-220*F (82-104*C). Subtracting the measured Uback gives Ufront
0.21 Btu/ft2 hr*F (1.19 x 10-4 W/cm2 C), the component due to radiation and

convection losses related to the front of the collector. This value is

consistent with Ufront = 0.19 Btu/ft2 hr*F (1.06 x 10-4 W/cm*C) found for

the previous lOx version.

The use of a cavity receiver and the improvement in mirror profile

has increased the optical efficiency of the lOx CPC test collector to 0. 4

Btu/ft2 hr*F (3.63 x 10-4 W/cm2 C), an improvement of 25%. The attendant

penalty in conduction losses due to increased receiver area doubled the day

heat-loss coefficient. The extra insulation which would be required to

reduce the conduction losses to an acceptable level would seem to make the

cavity receiver an unfavorable configuration for high-temperature collectors.

D. Chamberlain Collector Tests

1. Description of Collector

A 5.3x-CPC collector was constructed for ANL by Chamberlain.*

The collector consisted of nine CPC troughs 6 ft (1.83 m) long, mounted

side by side in a common enclosure. Adjacent troughs shared common 6.75 in.

(17.15 cm)-high aluminum extrusions of the appropriate contour to which

0.02 in. (0.051 cm) Kinglux metal sheets were fastened on each side with 3-M

AF-lll adhesive to form the mirror surfaces. The ends of the troughs were

closed by flat Kinglux sheets. The last mirror on each side of the collector

was supported by similar aluminum extrusions, but from which one side had

been machined off. The entrance aperture of each trough was 4.2 in.

Chamberlain Manufacturing Corporation, Waterloo, Iowa.
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(10.67 cm) wide, and the exit aperture was 0.8 in. (2 cm) wide. The total

input aperture area of the nine troughs was 20 ft2 (1.86 m2

The receivers were also 6 ft (1.83 m)-long aluminum extrusions with

an integral fluid-flow channel and a profile designed to insure good optical

coupling to the mirrors (Fig. 16). Milled aluminum crosspieces, spaced

15 in. (38.1 cm) apart, supported the mirrors and receivers in five places,

assuring correct alignment of the separate pieces in a common assembly. The

receivers were thermally isolated from the crosspieces by 0.125 in. (0.318 cm)

thick Teflon mounting pads. The mirror and receiver assembly was contained

in an aluminum box enclosure 86.3 in. long x 50.4 in. wide x 13.75 in.

(2.18 m x 1.28 m x 34.9 cm) deep. The interior of the box was lined with

4 ..n. (10.16 cm) of API 520-2 urethane foam [K factor % 0.13 Btu-ft/ft2 hrF

(0.0022 W/cm*C) at 75*F (24*C)]. The 2.75 in. (6.98 cm) gap between each end

of the 6 ft (1.83 m) mirror-receiver assembly and the inside of the box

enclosure contained manifolds which interconnected the ends of the receivers

for series fluid flow through the collector.

(XTEU0[D ALLUIM

rIR3top SV""I~

I I

TEFLON SPACER ALLIS"

The collector was covered by a sheet of 0.188 in. (0.478 cm)

Clearlite* glass (transmission averaged over the solar spectrum = 85%). The

collector, as delivered, had the enclosed volumes containing the fluid manifolds

at each end of the troughs exposed to incoming radiation under the glass. To

*
Fourco Glass Company, Harding Division, Ft. Smith, Arkansas.
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avoid an ambiguity in the definition of the collector input aperture, these

volumes were filled with fiberglass insulation, and corresponding portions of

the cover glass were masked with aluminized Mylar* on the glass exterior,

thereby limiting exposure to the 20 ft (1.86 in ) input aperture area of the

CPC troughs.

As in previous tests, the heat-transfer fluid was a 50-volume

percent mixture of ethylene glycol and water, which was circulated at a low

flow rate [ti 0.5 gpm (31.5 cc/sec)]. Immersed platinum-resistance thermometers

monitored the inlet and outlet fluid temperatures.

2. Results

Indoor tests determined the night loss coefficient to be Unight
0.80 Btu/ft2 hr*F (4.54 x 10-4 W/cm2*C) for average receiver temperatures of

about 185*F (85*C). It was noted that the mirrors were warme Shan expected

in the test, averaging 145*F (63*C). With a 6 in. (15.2 cm) slab of styrofoam

covering the collector, the heat-loss coefficient was U = 0.32 Btu/ft2 hr*F

(1.8 x 10 W/cm2*C). Correcting for conduction through the slab, one obtains

Uback ~ 0.26 Btu/ft'' hr*F (1.47 x 10 W/cm2*C).

Optical efficiency measurements in daylight established no = 0.80

for the collector with its cover glass removed. The transmission of the

glass was found to be 85%, so that the optical efficiency of the assembled

collector is n = 0.68, relative to the total insolation falling on the

inclined plane of the collector.

Measurements of the collector performance at receiver temperatures

in the range 180-210*F (82-99*C) show the day heat-loss coefficient to be

Uday - 0.74 Btu/ft2 hr*F (4.2 x 10-4 W/cm2*C), given the above determined

optical efficiency. As in the indoor tests, the mirrors were observed to be

very warm, averaging only 40*F (22*C) lower than the receiver temperatures.

The air tei perature inside the enclosure was essentially the same as the

mirror temperatures.

The optical performance of the Chamberlain collector is quite good,

demonstrating the close conformance of the mirrors to the correct CPC shape.

However, the thermal performance as characterized by the heat-loss coefficient

U d 0.74 Btu/ft 2 hr*F (4.2 x 10-4 W/cm2*C) is disappointing. Theoretical
day 2
calculations suggest that a Uday in the range 0.4-0.5 Btu/ft hr*F

*A product of DuPont Co., Wilmington, Delaware.
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(2.3-2.8 x 10-4 W/cm2C) should be attainable. A clue to the poor thermal

performance is the generally high mirror temperatures which suggest undesirable

coupling of the thermal energy between the receivers and the mirrors, thereby

increasing the effective area for loss mechanisms. Work in the next quarter

will be directed toward reducing this coupling and removing other heat leaks

as found, with indoor heat-loss tests being conducted to quantitatively

measure the improvements.
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V. AUXILIARY EQUIPMENT AND TEST FACILITIES

A. High-temperature Flow System

Assembly of a high-temperature flow loop for use in the testing of CPC

collectors is nearly complete. Dowtherm "A" will be used as the heat-

transfer fluid, with the loop operating in the temperature range 350-450*F

(117-232*C). A schematic diagram of this loop is shown in Fig. 17.

i5

' I
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FiO. 17 HIGH-TEPERATuIE (4501, 232%) FLOW SYsTEM

The main components of the flow loop are turbine flow-meters, electrical

heaters, in-line filters, a pump, a storage tank, and a cooler system for

dumping the heat. Sufficient valves were provided to allow reversing the

flow, pump draining and filling, and general flexibility of operation.

Because Dowtherm "A" has a relatively high melting point (53.6*F), and is

relatively viscous at low temperatures, the system will have to be maintained

at an elevated temperature at all times. Trace heating of the flow lines

will be used for this purpose. Dowtherm "A" also has a relatively low

flash point (255*F); so to reduce concern over the potential fire hazard,

the loop will be installed directly on the outdoor test stand where the

collectors are to be tested and will be enclosed in a metal container.

B. Light-box Construction and Analysis

The tests on the mirror sections reported in the last semiannual

progress report (ANL-75-52) were performed with a light-box apparatus

located at the University of Chicago. To facilitate analysis of solar
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collector sections, a light box has been constructed at ANL, and an optical

system for the box has been designed. The light box and the optical system

are discussed in the following paragraphs.

1. Construction

A light box has been constructed that is capable of diffusely

illuminating CPCs with input apertures up to 18 in. (45.72 cm) wide. The

light box, which was built of masonite sheets, is a 4 ft (121.92 cm) cube

and is shown in Fig. 18; the interior of the box is coated with a highly

diffusing white paint. A 2 ft2 (0.19 m2) opening in the side that faces

the CPC under test is surrounded (inside the box) by four 36 in. (91.4 cm)

fluorescent lamps, positioned in such a way that there are no direct lines

of sight from the lamps to the CPC. A hole in the rear face of the box

allows light reflected from the CPC to pass through to the light detector.

The light box is suspended from vertical poles and can be manually raised

or lowered.

FIG. 18 LIGHT BoX

A rotatable stand is being fabricated which will support CPC modules

up to 6 ft (182.9 cm) long, maintaining the long axis of the CPC vertically,

and holding the CPC close to the light-box aperture. Rotation of the stand

in the horizontal plane changes the angular orientation of the CPC relative

to the light box, enabling the CPC reflectivity to be measured as a function

of angle; provision is made for reading angles to t 0.5*.
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The light detector is a 931A photomultiplier tube. A two-stage

system of lenses and apertures has been designed to couple this detector to

the light box, as shown in Fig. 19. The first-stage optics consist of a

1.9 in. (4.8 cm) diameter achromatic objective, 0.020 in. (0.05 cm) diameter

field stop, and a 0.4 in. (1.02 cm) diameter ocular. The entrance aperture

is 1.5 in. (3.8 cm) in diameter and the full angular field of view is 0.20.

The exit pupil is matched to the active area of the photomultiplier tube.

By itself, this one-stage system is suitable for investigating the optical

performance of small-aperture CPCs, as well as measuring relative reflectivities

of various materials.

For the investigation of large-aperture CPCs, the system described

above is preceded by a second stage of optics, composed of a Fresnel-lens

objective and a 1.9 In. (4.8 cm) diameter ocular. The two-stage system

maintains the 0.20 full angular field of view, but increases the entrance

aperture diameter to 8 in. (20.32 cm).

The necessary lenses and photomultiplier tube have been obtained,

and suitable mountings are now being devised.

2. Analysis

For a solar collector, one wants to know the fraction 2(O) of

the radiation incident on the aperture at angle e that is absorbed by the

absorber:

F(8) - L - function of cover, reflector, absorptivity, (17)
Iin(e) geometry, mirror errors, etc.

Assuming that the collector aperture A is close to the light box

opening L and that their areas AA and AL satisfy AA << AL, the illumination

S' of the aperture is uniform and constant for the whole range of angles 6

to be considered. The light box serves as a reflectometer for measuring

the reflectivity pdiff + for diffusely incident radiation that is reflected

at an angle 0; therefore, the signal S detected by the detector D is

S S' pdiff +0 (18)
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Isolating the cos 0 factor from the illumination, this can be rewritten as

S = So cos 6 -+diff (19)

where So is another constant and pe + diff is the total diffuse reflectivity

for radiation incident at 6. (So is constant as long as the light-box

power output, aperture of collector, and the detector are not changed.) To

relate p0 + diff to the properties of the CPC, let

f(0) = angular acceptance characteristic; (20)

- radiation reaching absorber, if reflector has pR= 1

radiation incident on aperture at angle 0

pa = reflectivity of absorber;

TR = effective average transmissivity of CPC averaged over all
incident radiation which can reach absorber;

TR(6) = effective transmissivity of CPC for radiation incident
at angle 0 which can reach absorber;

TR out (0) = effective "reflectivity" of CPC for radiation which
cannot reach absorber.

With these definitions, one can write p6 diff as

pe + diff = f(0) TR(6) paTR + [1 - f(0)] TR out(0). (21)

contribution from + contribution from
radiation which radiation which does
reaches absorber. not reach absorber.

Indicating the dependence of the signal S on incidence angle 0 and on

absorber reflectivity pa explicitly, one can rewrite Eq. (19) as

S(e,Sa) = So cos e{f(o) TR(O) PaTR + [1 - f(6)] TR out(0)} . (22)

Let us return to Eq. (17) for the quantity we really want to know,

F(e) o Iabs

Iin(e)
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and express it in terms of f(O), TR' TR(0), pa, and TR out(0) as

F(0) = f(0) TR(0) (1 - pa). (23)

This is not measured by the light box. However, one can come close to

extracting the desired information by measuring S(0,pa) both with a black

(pa = 0) absorber and with a white (pa = 1) absorber. When these two measure-

ments are subtracted from each other, the term [1 - f(0)] TR out (0) drops

out of Eq. (22) and one obtains

- S(O,p = 1) - S(0,p = 0)a a )
f(0) -RC() TR = as cos 0 a (24)

0

The value of the constant S can be determined by measuring the signal

S(0, p, flat) = S0 cos e p (25)

from a simple flat reflector of known reflectivity p. [This is a special

case of a CPC with unit concentration,-TR = TR(0) = 1, f(0) = 1, see Eq. (21).]

Note that the reflectivity of any material can be measured with the light

box, once S0 has been determined by a single normalizing measurement with a

material of known reflectivitiy p.

For a highly truncated CPC (such as the ones to be used in practice),

the average number of reflections <n(O)> does not vary significantly with

angles (less than 10%); therefore, the transmissivity TR(0) is nearly

independent of 0, and one can rewrite Eq. (24) as

S(e, p = 1) - S(0, p = 0)
f (0) (TR) S cos 0 a (26)

Since the mirror error A (angular deviation of mirror shape from correct

slope) is small compared to the acceptance angle of the CPC, f(e) = 1 for

values of 0 within the acceptance angle and Eq. (26) provides a direct

measure of the desired transmission factor TR'

C. Computer-controller Data System

A data-acquisition system capable of controlling several solar-collector

tests simultaneously is under construction. The system is based on a Data

General NOVA 2/10 minicomputer and uses the industry standard CAMAC to
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interface the computer to test instruments and control systems. A Texas

Instruments Silent 700 ASR terminal with dual magnetic-tape cassettes

functions as a data logger, as well as the operator's console. A high

degree of system flexibility is assured by the function module organization

of CAMAC and the large body of software available for the NOVA-line of

computers.

All the major hardware components have arrived and have been interfaced

with one another. Numerous diagnostic programs have shown the NOVA-to-

CAMAC interface to be functioning reliably. A number of modifications made

to the Silent 700 terminal and its associated electronic interface have

rendered it fully compatible with both the NOVA hardware and the NOVA

software. As a consequence, unmodified Data General computer programs as

well as data is stored and read from the tape cassettes.

The primary analog input device for the system is a Systron-Donner

7110A Digital Voltmeter (DVM), with 0.005% accuracy and resolution to

1 pV. Several standard CAMAC digital input/output modules have been modified

to give complete computer control and readout of the DVM. CAMAC relay

multiplexer modules provide the capability to switch the DVM among various

analog devices such as temperature and insolation transducers. Digital

inputs from devices such as flow meters will be monitored directly by CAMAC

digital input modules.

The capability to control a solar-collector test is provided by a

CAMAC digital-to-analog converter module which gives analog reference

signals for such systems as the flow system temperature controller. In

addition, several CAMAC digital output modules give switching capability to

turn pumps on and off, open and close valves, etc.

The CAMAC modules described above have been tested in a closed loop by

connecting the digital-to-analog converter through the multiplexer to the

DVM, which allows the computer to produce an analog signal, select it as

the input to the DVM, and read it back for comparison.

Software for the data-acquisition system is being developed in as

modular fashion as is possible. A software module has been written and

debugged which allows Data General's interactive BASIC language to access

the CAMAC interface as well as several NOVA devices (such as the real time

clock) to which BASIC did not originally have access. This development
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permits one to quickly write and execute programs in an easily-learned

language for the monitoring and controlling of single solar-collector

tests.

Work is in progress to specify software modules which will maintain

the CAMAC interface under Data General's Real Time Operating System (RTOS).

This level of support will permit the development of real-time programs for

conducting tests of several solar collectors simultaneously and independently,

using the well-known, high-level FORTRAN language.
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VI. ANALYSIS OF COLLECTOR OPTICS

The design and analysis of nonfocusing concentrators for flat absorbers

and vertical-fin absorbers have been reported in previous ANL semi-annual

reports and in the open literature. This section presents further analyses

required for some advanced applications of the collector concept.

The use of an evacuated glass envelope around an absorber to reduce

heat losses imposes a constraint on the optics of the system because light

reflected from the mirrors must pass through the glass surface before being

absorbed. An analysis of the optical aberrations is reported in Section

VI.A.

Section VI.B describes the design of concentrators for cylindrical

absorbers (such as tubes). Advanced solar collector designs using tube

absorbers are in progress, and the results of this analysis are directly

applicable. Section VI.C describes work done on the analysis of nonimaging

concentrators for us! as second stage of primary line-focus concentrators.

Section VI.D discusses mirror modifications that may be used to accommodate

a gap between mirror and absorber required by an evacuated glass tube.

A. Optics of Glass Tubes

To reduce heat losses in solar-thermal collectors, it may be desirable

to place the absorber inside an evacuated glass tube. The effects that

refraction in the glass tube might have on the optics of a solar concentrator

can, of course, be determined by detailed ray tracing. However, a much

simpler method is provided by the relationship between rotational symmetry

and angular momentum conservation. 1 0

For this purpose, it is convenient to invoke the Hamiltonian theory of

geometrical optics according to which a light ray propagating in the

direction s in a medium with index of refraction n is associated with a

canonical momentum

p = ns. (27)

If a ray has momentum p at a point r, then its angular momentum relative

to another point r is
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k = (r - r0) x p. (28)

In a system with rotational symmetry, the corresponding angular momentum is

constant for all points along a given light ray. For example, if a system

is rotationally symmetric about the z axis, the conserved angular momentum

is

Qz = nr 1 - sz2 (29)

where r is the impact parameter of the light ray (= shortest distance

between light ray and z-axis). For the'glass tube shown in Fig. 20,

conservation of angular momentum implies that the impact parameters r0 , r1

and r2 of the light ray R outside the tube, in the tube wall and inside the

tube, respectively, are related by

r = nr1 = r2  (30)

if R is in the plane,12 and by

r 1 - sz2 = nrl 1 - (sz/n)2 = r2 I - sz2 (31)

if R is nonplanar with z component sz. If R would have been tangent to the

absorber tube in the absence of the glass envelope, it would also be tangent

to this absorber (at a different point) after passing through the envelope.

Therefore, the concentration value of the whole system is not changed by

FIG. 20 REFRACTION OF LIGHT RAY BY GLASS TUBE
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the addition of an envelope. This result holds both for planar and for

nonplanar rays, and is independent of the index of refraction or the size

of the tube.

The local intensity distribution at a particular point on the absorber

may be changed somewhat by refraction, in a way which depends on the distri-

bution of radiation incident on the envelope. However, in the important

special case of uniform illumination, not even the intensity distribution

on the absorber is changed by the glass envelope. The laws of radiation

concentration13,14 imply that the illumination of the absorber is isotropic

in any system which achieves the maximum concentration value

1/sin 0 for 2-dimensional concentrators
{C si (32)

0(1/sin e)2 for 3-dimensional concentrators

where 0 is the angular half-width of the radiation source (assuming the

source is uniform over all angles 16'I < 6; this is very well satisfied by

the sun, with 0s = 1,'4*). The closer the concentration is to the limit C

of Eq. (32), the more uniform is the illumination of the absorber and the

less it is changed by the addition of a glass envelope.

Analogous results hold, of course, for spherical arrangements.

B. Design of Second-stage Concentrators

Second-stage concentrators collect and further concentrate radiation

coming from a primary concentrator such as Fresnel lens, parabolic trough

or Fresnel mirror as shown in Fig. 21. The acceptance half angle $ of the

second stage should be at least equal to the rim angle of the first stage

(about 30* in some typical line-focus systems). The highest possible

concentration value Eq. (32) of the second stage is 1/sin $ for line focus

and (1/sin $)2 for point-focus systems.

For a sample analysis, the Fixed-Mirror-Moving-Receiver collector of

General Atomic has been evaluated and a comparison is made among three

modes of operation: (1) without a second stage, (2) with a V-trough second

stage, and (3) with a CPC second-stage concentrator. The conclusions

reached are also applicable to other line-focus systems. (The second

stages analyzed for the General Atomic Collector are shown in Fig. 22.)

Under normal operating conditions, a V-trough will increase the system
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output by a factor J.06, and a CPC by a factor 1.1 over a system without

second stage. (These numbers represent estimates based on reasonable

operating conditions.) Since the second stage is only a small component of

the overall system, tI incremental cost of the unit is small and its use

is recommended.

The design principle is very flexible and several design variations

can easily be incorporated, for example, restricted angles of incidence on

the absorber (at a slight decrease in concentration), arbitrary absorber

profiles, and reflectors that surround the absorber (to reduce or eliminate

losses through insulation in back of the absorber). Beyond the obvious

advantages of higher concentration (or equivalently lower tracking and

mirror accuracy requirements), a CPC distributes the radiation on the

absorber more uniformly. It can also be used to suppress convection.

C. Analysis of Non-focusing Concentrators for Tube Absorbers

Recently, Winston and Hinterberger14 have shown that in two dimensions,

radiation with 101 < 0 can be concentrated by a factor 1/sin 6 onto

an absorber of arbitrary (convex) cross section. However, they did not

calculate the required reflector shape explicitly. In fact, until now the

reflector shape has been known explicitly only for absorbers consisting

entirely of straight sections as in the examples in Fig. 23, where the

reflector is formed by appropriate parabolic and circular sections (for

details see Ref. 15).
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The reflector shape is determined by a first-order differential equation.

As usual, with such equations, considerable simplification can result from

a suitable choice of variables. It is convenient to describe the absorber

by polar coordinates (r,6) and to characterize any point B on the reflector

by its distance p = BC from the point C at which the tangent CB touches the

absorber. The angle 6 is measured from the negative y-axis as shown in

Fig. 24. The general solution is described in Ref. 15.

\

G

A

FIG. 24 IDEAL CONCENTRATOR FOR TUBE ABSORBER

For the special case of a circular absorber (i.e., a tube), the explicit

solution for the reflector shape is

p = a6 for 161 < 6max + (33)

and

6+ma + - cos(6 - 6 ) 3n
p a 1+ sin(6 - 0 ) for 6ax +- 2 6max(34)

max

where a is the tube radius. An example with 6max - 30* (concentration - 2)

is shown in Fig. 25. In most practical applications, a large portion of

the reflector at the inlet aperture end can be cut off with little decrease

in concentration. 7,16

Because of absorption at the reflector surface, only a fraction T

of the radiation incident on the aperture will be transmitted to the absorber.

Since in concentrators of this type the number of reflections varies both



50

//

/

6 ca OKAJ

BrAX Q Bi

FIG. 25 COORDINATES AND PARAMETERS USED FOR
DESCRIBING ABSORBER AND REFLECTOR

with angle and with point of incidence, an exact calculation of T is

difficult. But in nest cases, a good approximation is provided by the

formula

<n>

where p is the reflectivity of the reflector and <n> is the average number

of reflections. The value of <n> can be calculated either analytically17

or by ray tracing. For low concentrations (two to ten), <n> ranges from

about 1 to 1.5 and it increases logarithmically with concentration. For the

convolute portion of Fig. 25, the formula for the average number of reflections

is particularly simple. If the radiation incident on the aperture FG of

Fig. 25 is uniformly distributed over all angles 191 < em, then it will

be isotropic when it reaches the surface BCDE. On its passage from surface

BCDE to the absorber tube ACD itself, this radiation undergoes

<n> olte -(emax+ 2)X4w

reflections at the convolute reflector section EAB, and is attenuated by a

factor

(ea + Tr/2) .

(35)

(36)
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In particular, a cusp with unit concentration (i.e., aperture width = tube

circumference) corresponds to 6a = 7/2; hence <n> = n/4 and the transmission

factor is

Tr/4D = p TD.e

D. Optical and Thermal Design Considerations

(37)

In the compound parabolic concentrator (CPC), as well as in any other

concentrator with maximal concentration, the reflector must extend to the

edge of the exit aperture or absorber surface. Thermal considerations, on

the other hand, necessitate a gap between absorber and reflector in order

to minimize conductive heat losses as shown in Fig. 26. The potential

cooling-fin effect is particularly serious if the reflector is made of

aluminum. Clearly, a compromise is called for between absorber and thermal

performance. In this section, the effect of a gap between absorber and

reflector is studied systematically.

REF

NEED GAP
ABSORBER

LECTOR

GLASS TUBE

ABSORBER

NEED GAP

FIG. 26 OPTICAL AND THERMAL DESIGN PROBLEMS

Three solutions are possible without any alteration in the basic

reflector shape:

(i) Unchanged reflector plus cavity absorber as shown in Fig. 27B.

(ii) Unchanged reflector plus truncated absorber as shown in Fig. 27A.

(iii) The truncate reflector near the absorber, leave the absorber

unchanged as shown in Fig. 27D.



52

The optical effects can be evaluated analytically and stated as simple

expressions involving radiation shape factors. Solution (i) is free from

optical losses, but entails practical thermal or mechanical problems

(increased convective and conductive losses due to the larger absorber area;

also, solution (i) is an impractical shape for an evacuated glass tube).

Since a cavity is undesirable, solution (iii), with optical losses of

approximately 0.3 g/a, is preferable to solution (ii), with optical losses

equal to g/a, where g/a is the ratio of gap width to absorber width. Since

values of g/a ti 0.1 can easily be obtained, the optical losses can be kept

below 3%.

Altering the reflector shape, for example, by a parallel displacement

of the two reflector sides (Fig. 27C), is optically inferior to solution

(iii). These conclusions hold not only for the CPC, but also for other

ideal concentrators, e.g., concentrators with restricted exit angles, with

other absorber shapes, and with finite sources (second-stage concentrators).

A B C

/
/

/
/

/

FIG. 27 SOLUTIONS ILLUSTRATED FOR FLAT RECEIVER CPC

D

/
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VII. SUBCONTRACT RESULTS

A. Chamberlain Manufacturing Corporation

The subcontract to Chamberlain Mfg. Corp. was to fabricate two collectors

using the CPC concept. Each collector was to be 20 ft2 (1.86 m2) in aperture

area, complete with an enclosure bar, cover glass, fluid-flow channels, and

insulation. The unit was delivered and has been tested at Argonne National

Laboratory; the results of the testing are reported in Section IV-D.

B. American Science and Engineering, Inc.

A contract similar to that awarded to Chamberlain Mfg. Corp. was

issued to American Science and Engineering, Inc. (AS&E) for fabrication of

two panels each with a 20 ft2 (1.86 m2) aperture area. The method of

fabrication chosen by AS&E was to roll-form the reflective aluminum sheets

into the CPC bars. Because considerable trouble was experienced in producing

acceptable parts, a new fabrication technique has been devised. This

technique consists of pressing the sheets to the proper shape and then

bonding them to ribs. The testing of the AS&E collector will be reported

in a future ANL quarterly progress report after receipt of the collector

panels.

C. Mobil Tyco Solar Energy Corp.

The subcontract to Mobil Tyco Solar Energy Corp. was to perform an

evaluation of the potential for coupling a CPC to photovoltaic cells. The

final report of this study has been released to the NTIS, Springfield, Va.,

for reprinting. The Mobil's executive summary of the report is reproduced

below.

"A brief (7 weeks) but intensive program was conducted to determine

the potential of using silicon solar cells in Compound Parabolic Concentrators

(CPC) as a means for effecting considerable reduction in the cost of

photovoltaic systems.

"The specific tasks which were performed included:

"1. Determination of the performance characteristics of state-of-the-

art (i.e., Czochralski N on P) sili..on solar cells as a function

of concentration ratio (up to 10 times) and temperature (20-100*C).
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"2. Maximization of solar cell performance under concentration and at

elevated temperatures, including electrode grid design, junction

depth, and antireflection coating.

"3. Analysis of CPC/solar cell performance as a function of concentration

ratio and degree of truncation (and hence of acceptance angle),

including determination of the energy distribution on the cells

to provide design guidance for the location of the grid structure.

"4. Analysis of the cost effectiveness of the CPC/silicon solar cell

system.

"The major findings in each of these areas were as follows:

"1. Silicon solar cells can readily be designed to increase in efficiency

with concentration up to 10 suns. This result is expected from

theory so long as the series resistance can be made adequately

low. Simple improvements in grid structure permit the attainment

of the requisite value in series resistance.

"2. The specific cell parameters required to achieve enhanced efficiency

with increasing concentration have been defined, and these are

readily attainable with minimum modification of standard solar

cell fabrication techniques.

"3. Based on a novel computer program which we developed, we have

determined the energy distribution on the exit slit of a CPC as a

function of concentration ratio, degree of truncation, and direction

of incident light. The results are both novel and unexpected.

They have two important consequences, namely provision of accurate

design data for optimizing total energy received on the exit slit

over a period of time, and determination of energy distribution

data necessary to optimize the design of the electrode structure.

"4. The cost of a CPC/solar cell system was determined as a function

of concentration ratio, taking into account specific materials of

construction, means for maintaining the cells at reasonable

operating temperatures, and construction costs of the CPC array.

Cost calculations were performed based on projected silicon solar

cell devices down to $12/sq. ft. It was determined that the

total cost of a CPC/solar cell system will be between 4 and 5
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times lower than for flat plate silicon cell arrays. This lowest

cost occurs at a concentration ratio of between 8 and 10 times, a

range of values consistent with achieving good total energy

collection with a minimum of positional adjustment throughout the

year.

"In the brief time available for this study, it has not been possible

to carry out the very detailed work necessary for optimization of this

clearly extremely potent approach to low cost photovoltaic systems. For

example, little or no consideration has been given to the fact that the

CPC/solar cell system at 8-10 times concentration ratio, provides valuable

low grade heat output as well as electricity. The ratio of energy output

as low grade heat to that as electricity is close to ideal for use by

domestic residences. The overall cost effectiveness of this system is much

improved if this is taken into account.

"Despite the inevitable shortcomings of such a brief effort, we believe

that the basic validity of the CPC/solar cell system has been amply demonstrated,

and that further work in its development will lead rapidly to low cost

photovoltaic systems which consume a relative minimum of silicon, and which

will continue to benefit from lower silicon solar cell prices as they

become available.

"We recommend that urgent consideration be given to continuing and

expanding this work with the objective of constructing an operating prototype

system which can be evaluated outdoors over an extended period. A first

goal of such a program might be a combination photovoltaic and thermal

system, the electrical output being sufficient to operate all of the pumps,

fans, controls, etc., required to provide heating, hot water and air conditioning

for a particular dwelling. The second phase would be to construct a completely

energy self-sufficient dwelling.

"Finally, it should be noted that the EFP process for making silicon

ribbon has the prospect of providing low cost solar cells of a geometry

ideal for use in CPC/solar cell systems. Parallel programs in CPC/solar

cell systems and in EFG silicon solar cell development will provide the

basis for low cost photovoltaic systems of general applicability, and of

particular value for providing combined electrical and thermal outputs for

domestic residences."
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The positive results of the study have been an additional stimulus to

ANL to expand the development of the concept from one with strictly photothermal

applications to one that also includes photovoltaic applications. A program

plan to develop CPCs for photovoltaic applications has been submitted to

ERDA.

D. Spectrolab, Inc.

The contract to Spectrolab was to evaluate the CPC-type collector for

use as the second stage for line-focus-type primary concentrators for

photovoltaic applications. The study concluded that "the two-element

concentrator is superior to any single element concentrator for use in

photovoltaic systems." Spectrolab and Arizona State University, on the

basis of this study, then requested and received funding from ERDA to build

and test a second-stage concentrator for a photovoltaic application.

E. Arthur D. Little, Inc.

The A. D. Little subcontract was to perform a goals study for the

technical development and economic evaluation of the CPC concept for solar

collector applications. The objective of this study was to determine the

technical applicability and the economic viability of the compound parabolic

concentrator concept for all solar energy applications except lirge central

power plants. The conclusions and recommendations from the study are

presented below, and the entire report may be ordered from NTIS in Springfield,

Va.

"Conclusions

"1. The CPC concept is not competitive when compared with other flat

plate solar collectors for use in low temperature heating and domestic hot

water applications. This is because the temperature requirements for these

applications are modest (100-150*F) and can easily be met by low cost flat

plate collectors that are often used to share the heating load with conven-

tional gas or oil fired heating systems.

"2. The potential applications for the CPC are in systems where the

working temperature is greater than about 190*F. The CPC is particularly

attractive for use with solar hot water systems that use an insulated water

tank for solar thermal storage in the 150-200*F range. Such high temperatures

can be used to facilitate the load management of conventional hot water
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heating systems. Space cooling with lithium bromide - water absorption

units operating at temperatures in excess of about 190 F are particularly

attractive when used iu conjunction with high temperature storage.

"3. The CPC is particularly attractive for on-site power generation

concepts that require temperature in excess of 200*F (for example the

Rankine-cycle engine). The major application for such on-site power generation

systems is water pumping at remote locations where power frcm central power

stations is not available. Although technically feasible, the potential

market for Rankine-cycle power systems is uncertain at this time because

commercial units are not available, they are expensive, and competition is

from electrical power.

"4. The principal competition for the CPC are evacuated selective

surface collectors that can be manufactured on highly automated production

lines. The use of CPC reflectors for modest augmentation (up to 3 X) of

evacuated selective receivers offers reduction in the predicted cost of

delivered energy when compared with non-augmented evacuated selective

surface collectors.

"5. The CPC concept is attractive for moderate concentration of

energy for photovoltaic applications. However, the CPC is limited to concen-

tration ratios of approximately 10 X and, at this concentration, requires

f-equent adjustments of the pointing axis. The competition is with high

concentration focusing devices that have concentrations greater than about

30 X. Consideration should be given to the use of a CPC as a terminal

coupling element in focusing optical systems.

"Recommendations

"The following recommendations are presented in order of priority for

early implementation.

"1. The performance of CPC units should be measured in terms of the

average daily, average monthly, and average yearly heat absorbed. These

data along with the cost per unit area and expected lifetime are the important

parameters required by system designers.

"2. The feasibility should be investigated for incorporating CPC

collectors into high temperature heating and cooling systems. Systems

analysis must be made for each application to determine the optimum arrangement
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of components, the amounts of conventional and solar energy to be used, and

the savings to be expected over the lifetime of the installed system.

"3. The applicability of CPC collectors to Rankine-cycle power generation

systems, particularly in sizes up to 100 HP should be studied.

"4. Further investigations should be made into the feasibility of

using an evacuated-selective surface collector as the receiver for the CPC

with a concentration ratio of about 3 X. Fabrication optimization studies

should include this system and units should be assembled for evaluation.

"5. A demonstration program should be defined to establish the credi-

bility of the CPC system for use by the HVAC industry. HVAC designers will

not specify solar devices until they are proven, commercially available,

and are competitive with other systems."

The recommendations of A. D. Little (numbers 1-5) have heavily influenced

the direction of the present program as described in Sections II through VI

of this report.

F. Bechtel Corporation

The objectives of the Bechtel Contract were identical to those for the

Arthur D. Little contract discussed above. The conclusions substantially

supported those previously stated, and are quoted below. The entire report

is available from NTIS at Springfield, Va.

" The goals study should be continued in significantly greater depth

to direct CPC solar collector development.

"e Residential and commercial solar applications seem to offer greater

near-term potential than do industrial process heat applications.

"e In particular, absorption air conditioning, Rankine engine driven

generators and air conditioning compressors, and photovoltaic devices for

residential and commercial space conditioning applications seem to be

compatible systems with CPC solar collectors. CPC collector development

should be coordinated with the development of the principal ancillary

devices of these systems.

"0 Design and manufacturing methods required for the economic mass

production of CPC solar collectors should be investigated. The collectors

must be durable, efficient and of low cost.
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"e A 20-year design lifetime appears to be a minimum requirement for

solar collectors.

". The economics and market potential of CPC solar collectors depends

on local climatological factors, specific applications, competing fuel

costs, and acceptance by the building industry. All of these factors

should be investigated further to provide marketing goals.

"" To promote market acceptance of the CPC collectors, the panels

should be integrable into building structures and should satisfy applicable

building codes.

"o Once the market potential is determined, a plan should be developed

for the dissemination of technical and economic data to potential fabricators,

distributors, dealers, builders and consumers."
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