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Abstract

A small experimental solar collector test facility has been established on the
campus of the University of Chicago, This capability has been used to explore
applications of nonimaging optics for solar thermal concentration in three
substantially different configurations: 1) a single stage system with moderate
concentration on an evacuated absorber (a 5.25X evacuated tube Compound
Parabolic Concentrator or CPC), 2) a two stage system with high concentration
and a non-evacuated absorber (a 16X Fresnel lens/CPC type mirror) and 3) mod-
erate concentration single stage systems with non-evacuated absorbers for
lower temperature (a 3X and a 6.5X CPC). Prototypes of each of these systems
have been designed, built and tested. The most important performance char-
acteristics are as follows:

a) The 5.25X evacuated tube CPC achieved an operating efficiency (rela-
tive to beam insolation) of 58% measured at AT = 220°C above
amhient., The measured acceptance angle was z8° in precisc agrcement
with design, allowing year round energy collection with 12 to 14
ti1t adjustments, collection of the circumsolar component and at
least 20% of the diffuse,and the use of optically "sloppy" mirror
surfaces.

b) The 16X (non-evacuated) two stage lens mirror concentrator achieved
an operating efficiency (also relative to beam) of 42% at aT = 240°C
above ambient. The measured acceptance angle was *3° as designed
and would allow sloppy tracking with only a constant speed clock
device.

c) The 3X CPC and a modified version of the 6.5X CPC with non-evacuated
absorbers achieved efficiencies (relative to total insolation)
referenced to operation at AT = 95°C above ambient of 39% and 50%
respectively. The acceptance angles were as designed and inexpen-
sive materials and fabrication techniques could be used in large
scale production.

In addition a 73 m2 experimental array of 3X non-evacuated CPC's has been in-
stalled in a school heating system on the Mavajo Indian  Reservation in New
Mexico. The full array has a peak noon time efficiency of ~50% at AT = 50°C
above ambient and has supplied about half the school's heat load for the past
two heating seasons. Several theoretical features of nonimaging concentration
have been investigated including their long term energy collecting behavior.
Despite several unanticipated delays the results of this study have achieved
the essential elements of the original objectives. The measured performance
of the different systems shows clearly that non-tracking concentrators can pro-
vide solar thermal energy from moderately high "low temperature" reyimes

(> 50°C above ambient) up into the mid-temperature region (well above 200°C
above ambient). The measured efficiency at 220°C for the 5.25X CPC was as
high or higher than that for any of the commercial tracking systems

tested at Sandia Laboratories. In addition nonimaging second stages.can bring
to focussing high concentration devices many of the advantages of thermody-
namically maximal concentratina optics.

ii
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Nonimaging Concentrators for Solar Thermal Energy

I. Introduction

A. Background

Since early 1974 a new family of optical concentrators referred
to as "ideal"” light col]ectors[]'z] has been under study at Argonne
National Laboratory and the University of Chicago. These concentratqrs
differ from those based on traditional focussing optics in that they
are optimized for a wide angular field of view and attain the maximum
possible concentration permitted by physical principles. Single stage
reflecting troughs for solar energy collection designed according fo
these methods have come toAbe called Compound Parabolic Concentrators
or CPC's and are by now well known for their abi]ity to achieve moderate

(31

levels of concentration without active tracking of the sun
[4-6]

AThe pro-
files of commonly ‘recommended CPC cohfigurations are shown in

Figure 1 and illustrate the wide angular acceptance possible. Reflecting
troughs with thesé profiles achieve geometrical concentrations of

C = (sinec)']'directing all rays within iec at the aperture to the

absorber, be it a flat surface, fin, wedge or tube. Designs similar to

that of Figure 1 coupled to an evacuated tubular absorber With'a selective
coating have been developed to a high degree at Argonne National Laboratory[7]
as totally stationary collectors. These serve as the basis for several
collector models which are commercially available now or will be in the

near term future.



1 Four basic CPC configurations.

Fig;



After a period of close collaboration with the Argonne effort
the Solar Energy Group at the University of Chicago established a small
but separate experimental progfam to investigate selectéd advanced
+ prototype designs and develop further the principles of nonimaging optics
for §olar applications. This report summarizes the work at the Univer-
sity supported during the Period July 1, 1977, to September 30, 1978,
by Contract DE-ASOZ-?GER20236 under the auspices of the ‘Advanced Tech-
nology Division of the Solar Thermal Branch of the U.S. Department of

Energy with a total funding level of $300,000.

B. Task Outline

The overall effort was divided into five separate hardware tasks
in addition to some general topics in basic research. The fiQe hardware
tasks had to do with CPC prototype construction and test and supporting
activities and are listed below.

"1. Establishment of a Roof Top Test Station

A project to construct a small faci]{ty‘on the roof of the High
Eneréy Physies Building on campus on Chicago's South Side was bequn with
the object of achieving the capability for testing small collector proto-

types and monitoring insolation characteratics.

2. Construction and Test‘§f a 5.25X CPC with an Evacuated Tubular
: Absorber ' |
The object of this program was to examine experimentally, the per-
formance of a high‘temperatUre CPC capable of effjcient operationvap-

proaching 300°C. -
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3. Construction and Test of an Advanced Two Stage (Fresnel Lens/

CPC Type Mirror) Nonimaging Concentrator

This project involved the design and experimental evaluation of a
high concentration (16X) nonimaging system with greatly relaxed tracking
tolerances (* 3°).

4. Construction and Test of Non-evacuated CPC's for Lower

Temperture (~ 100°C) Applications
A detailed prograﬁ to evaluate design and construction methods for
CPC's with nonevacuated absorbers was oriented around the development
of two specific collector designs, one a 6.5X for a tubular absorber
(Figure 1d) and the other a 3X concentrafor for a vertical fin receiver
(Figure 1b).

5. The Field Test of an Array of 3X Non-evacuated CPC's in New Mexico

'This task represented the actual imp]ementation_of a project initiated
in 1975 in collaboration with the Bureau of Indian Affairs. Its main
objective has been to install an experimental array of non-evacuated CPC's
as part of the space heating system at the Bread Springs Elementary School
on the Navajo Indian Reservation near Gallup, New Mexico.

In addition, the following basic research areas were identified as

“being gf immediate interest:

1. the development of a mathematical model and computer code capable
of predicting the long term éverage performance of CPC's given
climatological data for a particular location, |

2. the investigation of the effect of non-specular features in the
optical elements of nonimaging concentrators, and

3. the study of further applications of the basic formalism of

nonimaging optics in the quest for possible new concentrator designs.



C. Program Highlights

During the spring and summer of 1977 a permanent test facility
consisting of a low temperature water test loop and a small high tem-
perature Therminol test loop was constructed on the proposed location.

A comprehensive data acquisition sysfem was installed and during the
subsequent year a program of prototype collector testing was carried out.
Some of the major accomplishments of these activitigs are listed below:

1. Two high temperature 5.25X CPC modules with acceptance angles of
+8° were constructed and tested. The second model had a measured optical
efficiency of 63% aﬁd has been operated at a temperature'of 220°C (~400°F)
above ambient with a measured efficiency of 59 * 2%. This performénce
is comparable to that achiéved by the besf fu]]y_tfacking parabolic
trough concentrators and yet is achieVed with a collector requiring only
12 tilt adjustments per year, |

2. Ahigh concentration 16X concentrator using a Fresnel lens com-
kbined with a nonimaging mirrdr to aéhfeve a meaﬁured full angle of.accep—
tance .of 6° was built and tesfed. "In a polar moﬁnt this wide acceptance
would permit continuous tracking of the sun with only a constant speéd
clock drive. |

3. It was shown that non-evacuated CPC's, a]though c]ear]y not
classified as high temperature collectors, have a measured .performance |
wh1ch exceeds that for typical flat plate co11ectors at temperatures above
roughly 60°C (140°F) -and should have economic advantages as well 1f properly

constructed. As part‘of this prototype development effort, a comprehensive



set of design methods and test procedures for non-eVacuated CPC's was
developed.

4. .The full arraybof 73 m2 (784 ft.z) of 3X non-evacuated CPC
modules was installed at the Bread Springs School 1in the spring of 1977.
There has been é dramatic drop in the consumption of fuel 0il by the
school. The array has been supplying approximately half the building's
heating load for two years and the full collector array noon time ef-
ficiency (including the effect of disfribution.losses) has typically
been about 50% at AT = 50°C (90°F) above ambient. The array is fully
instrumented: a data acquisition system is in place and for the first
time data on the long term optical performance of a CPC array is being
systematically monitored.

Studies in basic research have contributed substantially to our
understahding of nonimaging solar concentrators. A model for the pre-
diction of long term annual energy collection by CPC's and other concen-
trating co11ectors'has been developed and is now in wide use. The re1é-
tionship between mirror slope errors and concentrator acceptance ang]e,‘
optical throughput and intensity distribution on the absorber is now well

understood. Finally, the basic family of concentrator designs has been

expanded and new developments continue to occur.

A11 of the collector development efforts are reviewed in some detail

in separate subsections of Part II of this report. Part III summarizes

the basic research work and Part IV is an dverall summary of the accom-

plishments and potentia1 for future applications of nonimaging concentra-

tors to solar thermal energy.
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D. Explanatory Note

Some of the activities described in this report continued until
the summer of 1979. It has been our desire to include the results of
those effﬁrts that accodnt in part for the delay in issuance of this
final report. In particular we wish to‘acknowledge additional support
from Argonne National Laboratory under the auspices of the Department.
of Energy Office of Solar.Applications, Market Ané]ysié,Division, which
permitted the fina] field adjustmenté on the Bread Springs array to be

completed.

II. Review of Prototype Development Tasks

A. The Roof Top Test Station

The test station was built on a 41' x 20' wooden deck surroﬁnded
by a 40 inch high railing constrﬁcted on the south portion of the roof
of -the High Energy Physics Building of the University of Chicago campus.
This 1ocation‘was selected because it gives a completely unobstructed view
of the southern sky énd the sun's path throughout the year énd because it
is easj]y a;cessib1e by inside stairs through the mechanicai equipment
room of the building. The layout of the essential e]eménts making up the
facility is illustrated inAFigure«Z. :There are two éo]1ector test stands
(one permanént'and one portable), two test loops (water and Therminol),"

a storage and support shed and finally a fu]] support laboratory located

- one fioor down inside the building.

The permanent collector test stand consists of a 4' x 8' aluminum

frame mounted on a gymbals so as to be adjustable in elevation and set on
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a turntable which is bolted to the wood deck, permitting rotation about
a vertical axis as well. The small portable stand is adjustable in
elevation only, but is mounted on wheels so that is also can be positioned
manually to any orientation desired. The permanent stand was used for
the 5.25X evacuated CPC and the 6.5X non-evacuated CPC collectors. The
portab1g stand has been used for the lens mirror éoncenffator and the
3X non-evacuated protptypevmodule.

A schematic of the Therminol test loop system is shown‘in Figure 3.
A reservoir of Tﬁermino] is maintained undgr a nitrogen atmosphere in an
expansion tank. The fluid ¥s drawn past three 1-kilowatt jmmersion
heaiers by a small capacity positive displacement metering pump(Bran
and Lubbe Model N-P 31). The latter requires a pulsation dampener which
works gquite effectively to smooth the surges in flow caused by the Strokes
of the pump. The fluid is circulated through the external collector loop
or partially diverted through an internal by-pass loop. Although a tur-
bine f1owmetér is used to measure the flow in the collector loop, an
essential feature of the system operation is the ca]orihéter based on a
technique developed by K. Reed at Argonne National Laboratory[s]. This
device allows direct measurement of the thermal characteristics of the
circulating fluid as {t passes around an insulated, calibrated heat source
in series with the collector being tested. Thus direct calculation of
the heat gain across: the collector is possible from a simple comparison
of the temperature increases in the collector and the calorimeter. Specifi-

ca]]y'the heat gain the collector Q is given by

coll



University of Chicago.-
Hi Temperature Test Loop

relief — A\
valves H—g&
( Sight | |
@ glass
o b— ——— 1 J;_cooling,
I‘C('“S_E (S
~ ———Drain
; _
X Bypass Ey Solenoid
Tout Valve Ie VIO.""’]
Tn 7 Calori- — r
Flow _J |mefer 1’@
Control |
Valve
P M Ty F
P = Pressure Gauge I:emperﬂture
ontroller
FM=Flow Meter 1

F= Filter

Druin Tap
water

Fig. 3 Schematic of University of Chicago high temperature Therminol 66 test loop.

Nitrogen

Ta
water

-

o



- N

8T .
coll Q

Ql T —— .
coll GTcal

cal (1)
where Qcal is the measured electric power dissipated in the calorimeter

heater and GTca1 and sT are the measured temperature increases

coll
across the calorimeter and collector, respectively. Note that Eq. (f)
is independent of both the fluid flow rate and the fluid properties ex-
cept for very small second order-(ml%) corrections which are made in thé
data acquisition system described below to account for differences_in
the fluid properties due to the different temperatures at the calorimeter
and co]]eétor.

The low temperature loop is a éimp]e unpressurized water or ethylene
glycol system consisting of a small reservoir, variable speed motor
driven gear pump, 2-kilowatt heater, and visual flow meter. During tests
the flow is measured at regular intervals (v every 10 minutes) withla
beaker and stop watch and monitored visually in the interim. This loop
is used mostly in an "open-loop" or "once through" configuration in which
the water is drawn directly from the mains, heated to the desired tempera-
ture and then returned to the drains. This allows continued stable
operation at very low temperatures near or at ambient so that very accurate
measurements of the optical efficiency can be made.

Insolation measurements are based on a variety of instrumentation.
An Eppley Black and White Pyronometer‘(Model 8-48) is used for monitoring
of the total insolation on a horizontal plane. This instrument is not used
as a reference for collector efficiency tests. The data is continuously

recorded on a strip chart recorder for reference purposes, but no effort
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as yet is being made to provide a reliable quantitative data base over
.long term periods. During active collector testing the beam component |
is routinely monitored with a Normal Incidence Pyroheliometer (Eppley
Model N.I.P.) and total insolation is measured with a precision spectral
| pyroheliometer (Eppley Model PSP). Measurements of the diffuse compo-
nent ére made directly at regular intervals during tests'by using an
occulting disk 9 cm in diaheter held 90 cm in front of the PSP. In
addition to these instruments we also use an Active Cavity Radiometer
(Radiometrics Model 10, ACR: California Méasurements) for measurements
of the beam component. 4

Temperature measurements are made uéing either Platinum Resistance
Thermometers (PRT's) or thermocouples. The most critical temperatures,
for instance at the collector and calorimeter inlet and outlet, are made
using matched four-terminal PRT's. Other less critical fluid ;emperatures
are monitored with three terminal PRT's. Collector component temperatures
and ambient temperatures are monitored with type E (chromel or nickel-
chromium versus Constantan or copper-nickel) thermocouples.

A1l critical parameters whjch are to be routinely monitored are
measured by the data acquisition system illustrated schematically in
Figure 4. The heart of this system c¢onsists of a Hewlett-Packard 9125A '
programmable calculator with peripheral equipment including a 40 channel
multiplexer-scanner, a controllable digital voltmeter And a X-Y plotter.
A1l of this equipment is 1dcafed in the support laboratory one floor down

inside the building. Signal leads from the test facility are brought
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to a 40 channel terminal board in the support shéd, f?om which the signals
are rodted_downstairs to the indoor laboratory and connected to thé 40
channe]iscanner. . | | | |

| During col]ectorltesting‘all relevant sgnsoks are interrogated évery
2-4 secondé. The célcu]ator is'programmed to make al]_neceséary con-
versions and corréctions. 4Ihe'resu1ting'data is accumulated over a pre-
set time.interval,Ausually 1 to 3 minutes, and then-fhevéverage efficiency,
insolation, collector inlet temperature and other data are printed out on .
paper tape and plotted .in real time. An example of the output of this
system is shown in Figure 5 which is an all day performance test of the

5.25X evacuated tube CPC discussed in the next section.

B. .The 5.25X Evacuated Tube CPC

Because nonimaging éoncentrators of.the Compound Parabolic Concen-
trator (CPC) type are_liﬁited to concentration factors < 10 in non=tracking
applications, it is sometimes not recognized that they are capéb]e of
competitive performance at the high temperature (~300°C)‘requifed for power
generation. In particuTar, when an intermediate concentration is combined
with other recent high teéhnology improvements in absorber design,-f.e.,
selectively coated vacuuﬁ'ehclosed receivers, collector heat losses can be
reduced to values per unit aperture area usuai]y aésoqiatéd with much
higher'concentration,(%"IBX). BaSed onAcalgulateg performgnce prbjections[g’]ol
a 5.25X CPC coupled to commercially available evacuated tubular receive;s

of the Owens-I11inois or General Electric type, was selected as a baseline

design for two prototype modules for experimental study.
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The basic CPC trough module design selected for this experiment is
illustrated in two views in Figure 6. The CPC reflector shape is the
solution for the tubular absorber with a design acceptance half angle
of +8°. This angle allows an ideal concentration of7.2X but the profile
has been truncated to yield the desired effective net concentration of
5.25X and a more practical aspect ratio, while still requiring only
12-14 annual tilt adjustments (depending on the particular minimum daily
collection time desired). The solution was scaled so as to match either
of the two commercially available evacuated tubular absorbers cited
above, both of which have an absorber diameter d = 4.3 cm (1.7 in). If
an absorber of say, 1 cm diameter were available the aperture and height
of each trough would be correspondingly reduced by more than a factor
of four.

Note that the effective concentration of 5.25X is applied to the
entire circumference of these absorbers so that the corresponding collecting
aperture is (5.25) x m x d or 71 cm. for the absorbers used here. This
results in a concentrator module of rather large overall dimensions but
at the same time serves to emphasize that, in terms of the precise thermo-

: TS : . - aperture area
dynamic definition of concentration ratio (C = Sotal fabctiber area)’

a 5X concentrator represents a large collecting power. There remain
throughout the general solar concentrator literature considerable discrep-
ancies in the definitions of C which require that one must be careful not

to use quoted values as a relative figure of merit unless they arec all

aperture
illuminated area

defined consistently. For example, the definition of C =
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can lead to large numerical values of C which are misleading in terms
of thermal performance since heat losses may occur from some areas of
the absorber which are not if]uminated.

Two different prototype reflecting trough modules (A and B) were
built. Both used generally the same fabrication techniques but in the
second trough (mbdule B) a'réf1ecting foil with a higher reflectance
(o = 0.94) Qas used to improve the optical efficiency. In both modules
the reflector was formed from the same mold, machined to the desired CPC
shape. Each'§ide of ‘a half-trough was then built up 6f,a laminate,
formed of (1) the reflecting foil, (2) epoxy fiberglass cloth, (3) Héxce]
honeycomb, and (4)-énother layer of}epoxy fiberglass. The laminate thus
formed yfe]ds a rigid‘SUbétraté carryiﬁg the reflector. ‘Two symmetric
halves were then mounted ih;a frame consisting of four wooden ribs along
the length of the trough an& end pieces covered on the inside with re-
flecting foil.” Of course, since the outer glass envélopé containing the
~ vacuum enclosed glass absorber tubes must have a 1ar§er outer diameter of
- 5.3 cm (2.0 - 2.1 in), the reflector was terminated somewhat short
of the theoretical solution. This gap between the mirrors and the physical
abéorber qubwé éome rays td,miSé the absorbers and escape back out through
the aperturéi The resul;ing "gép loss" in éhis case is'qujte small; about
1 - 2% as can be shown from abp]icatipn,of the thermodynamically derived
formula fn Réf. [6]‘br by detai]édiray trace (W. McIntire, pfivate com-
munication). | | | y | |

 de're£eiyer'tybeS,éfe mbunted ﬁiong:the ]engtﬁ of ihe trough with

the open ends facing one another: in the trough center. The heat transfer
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fluid is carried down and back each absorber through a U-Tube which is
welded to a copper heat collecting sleeve of circular cross section.
The whole trough is then covered with a glazing to protect the reflecting
surfaces and prevent accumulation of dust or dirt in the deep troughs.
The ‘active length of the trough modules is different for the two types
of absorber and yields net aperture areas of 1.5 m2 and 1.7 m2 for A and
B respectively. The optical properties are summarized in Table 1. The
only differences befween the two modules are that Module é used Sheldahl
silvered foil reflectors and G.E. tubes whéreas Modu]e‘A used aluminized
mylar foil receivers and O-i tubes. A1l of the differences in performance
to be discussed below can be attributed to the higher reflectance of
Module B. |

~ The optical efficiencies of each collector are calculated from the
formula - |
n>

_ <
n ‘t]p

0 fz a (1 -1) (2)

(where T and T, are the transmissivities of the cover glazing and absorber
tube envelope respectively, p is the reflectivity of the foil surface,

<n> is the average number of reflections and o is the absorptivity of the
selective coating on the receiver tube and L is the fractional "gap Toss").
Note that the values of 0.52 and 0.63 for Madules A and B respaectively

do not include a correction of "loss of diffuse" and so should be inter-
preted as being with respect to direct beam radiation, not tota]kinsolation
as had been conventional for lower concentration CPC's (% 3X) and.f1at

plates. A Sma11 "bonus" due to the collection of ~ % of the diffuse
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Table 1

_. Optical Paranmeters of Prototype 5.25X Evacuated Tube CPC's

Cover transmissivity (ty) | 0.90
Reflectance (p)

Module A ' o .. 0.85

Module B | | 0.95
Average number of reflections <n> ' 1.4
Glass envelope transmissivity (rz) | - ' 0.90

"Gap. Toss" correction (1 - L) | .0.98
Absorptance (a) 0.85

Net optical efficiency (ﬁo)
Module A ‘ . 0.529
Module B | ~0.625



22

component might be expected to add'l to 2 percentage points to these
efficiencies with respect to beam and is not quantitatively accounted
for by Eq. (2). ‘ |

Both collector modules, particularly Module B, have been tested
e&tensive]y, both Qith our water test loop- and our Therminol 66 loop.
The operating efficiencies were determined following what we have now
developed as standard operating procedure which is very similar to the
methods employed at Sandia Laboratory's Mid-Temperature Test Faci]ity[]zl.
In particular, we require that the f]ow rate, collector inlet temperature
and insolation all be stable during the measurement. To attain this
stability at high temperatures sometimes requires several hours and in
many cases only one efficiency point is determined from an entire day's
testing - although sometimes two or more points can be obtained. The
actual measurement represents an average over 15-30 minutes of stable
operation at the desired temperatures. The efficieney is determined from
the following relationship
) -

Q. (T
_ out® coll
o) = —R15, ' - 3)

where A is the co]]ector area and IDN is the direct normal component of
the insolation measured by either a NIP (when the collector is normal to
_ the .sun) or by a PSP in the plane of the collector after subtracting the
diffuse component measured: by occulting the éun's image with a 9 cm disk,
held 90 cm from the PSP. The numerator of Eq. (3) is determined by the

calorimetric ratio technique. In particular
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L ST
= h(T T ) . =S, Q
coll, ‘cal §Tcal

(4)

Qout(Tcol1) cal

which is the same as equation (1) except for the factor h(Tcoll, Tca])
which is the ratio of the specific heat per unit mass at the collector
temperature to that at the calorimeter temperature. Typically ‘
h ~0.99. - 1.01. As a check we often also use the .metering capability of

the pump,adjustable with a micrometer dial, to determine bout from

= po(T ) - C(T F o ST

out pump

Q

coll) ° coll . (5)

where F is the volumetric flow rate from the metering pump, p is the fluid
denéity evaluated at the pump- and C_is the specific heat per unit mass evalu-
ated at the collector.
The performances for both Modules A and B measured inthiénwnner are
shown in Figure 7. Also shown is the predicted performanee based on the T
calcilated optical efficiencies in Table 1 and theoretical heat losses based Y
on thermal properties of the tubes. In both cases, the data insofar as it
" extends is.in good agreement with the calculated performance[]]]. ~To drama-
tize how good this performance is, we show for reference a dashed straight
Tine characterizing the performance of the Hexcel parabolic focuss1ng concen-
trator as measured by Sandia LaboratoryL ]Thlsprototype CPC, the first of
its kind ever built, has essentially the same performance. around200°C-as the
Hexcel trouqh which in turn was the best among ‘all of the commercia] focu551ng
concentrating collectors tested to date at Sandia. An operating efficiency

of 58 + 2% at a temperature 220°C above ambient has been measured for the
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CPC. Extrapolation to 300°C based on the calculated performance curve
y1e1d§ an anticipated efficiency well above 50%, quite suitable for
electric bower‘generation applications. C]eariy lower temperaturevin-
dustrial process heat uses are also of great potential. This has been
achieved with a collector whose angular acceptance properties are broad
enough so that it requires only 12 adjustments a year.

The measured angular response is illustrated in Figure 8.and is
precisely as designed. The relative output remains flat (within 1%) 6ver
a full angle of 16° (i8° with respect to the optic axis). In the top
poftion of the figure the response is plotted in polar coordinates with
respect to an optic axis oriented as it would be in actual operation for
the ten week period centered‘on summer solstice if it were located at a
1atitude of 35° (e.g., Albuquerque, N.M.). This "wedge" of acceptance in
e]evatiqn would then be adjhsted 12 times a year to one of the 7 tilt
positions between summer and winter solstice and back as indicated in the
bottom portion of Figure 8. The time interval between adjustments is not
constant being shortest near equfnox and longest near solstice.

The gda] of operation at 300°C has not yet been achieved. No funda~
mental difficulties have been encountered, but certain technical difficulties
have been encountered, which have prevented the extension of testing to
3005C. In particular the following two'problems are of concern.

1. The Therminol test loop apparently occasionally allows a small
seepage of Therminol vapor out of some of the connections inside the co11e§tor,
thus depositing a thin oil film on mostlof the reflector surfaces, and re-

sulting in degraded performance while operating above &200°C.
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2. We have encountered overheating of the tube-and-fin heat ex-
traction sleeve, which is situated inside the evacuated tubular absorber.
These tube-and-fin assemblies are essentially as designed for low con-
centration 1.2X CPC's with only slight modifications to improve their
heat transfer capabilities. Our tests now indicate that these modifica-
tions have been adequate only for operation up to about 225°C. We are
now working on a solution to improve the thermal contact between the
tubes and the sleeves and increase the thickness of the heat carrying fins
inside the sleeve. Calculations show that this should improve the heat
transfer so that the full operating range can be extended to 300°C as

planned.

C. Advanced Two Stage Lens/CPC Type Nonimaging Concentrator

To attain high temperatures in solar thermal application without
the use of evacuated receivers it is necessary to use selective absorber
surfaces under high concentration. If this concentration is accomplished
through traditional focussing optical systems, the relationship between
the concentration and acceptance angle falls short of the limit estab-
lished by the 2nd law of thermodynamics. Practical consequences of this
are the requirement for a precise tracking mechanism (typically a few
tenths of a degree) and the loss of some circumsolar and diffuse radiation.
The present project involved the fabrication and testing of a proto-
type ideal type collector, consisting of a nonimaging Fresnel lens and
a secondary concentrator of the Compound Parabolic Concentrator (CPC) type

[13,14,15]

with a tubular receiver The overall concentration is 16X, the
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III. The lens mirror concentrator
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acceptance angle is #3° (65 full angle) and the tracking is doné with

a polar axis orientation, This system has the following advantages over
conventional tracking systems: (i) it a]iows tracking of the sun with a
tolerance of +3°, which would permit a simple clock mechanism (constant track-
ing Speed) to perform the‘tracking, rather than a sun sensor (or micro-
'processor) and a variable speed tracking mechanism,v(ii) it allows the
collection of circumsolar radiation which is.typica11y a few percent of

[16]

the beam » (iii) it matches optically in an optimum way a plane entrance
aperture to a cylindrical receiver, which'implies no "back losses", i.e.,
‘conductive heat losses through a nonilluminated back of the absorber, _
(iv) the system makes very little use of reflecting materials and since
it is enclosed, use can be made of first surface g]asS/alumindm reflectors
of high ref]ectivify, (v) the system has all the inherent advantages of
polar and N.S. tracking systems which typically collect in all year per-
formance 25% more than E.W. oriented tracking systems[]7]; (vi) becéuse
it maintains a wide acceptance angle for rays.inclined to the_trécking axis,
it. does not require seasona] tilt adjustments of the tracking axis, as other
Fresnel lens collectors do. Furthermore the lens acts as a cover and makes
the whole system as immune to dust and dfrt as possible.

A comprehensive description of the collector cohstruction is contained
in Ref. [18]. The overall configuration of the optical elements is shown
in Figure 9 and schematically in perspective in Figure 10, |

The lens was made out of acrylic and was produced by Optical sciences

Group in San Rafael, California, according to our design. It consists of
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Fig. 9 Transvérse cross section profile of 16X 1ens/CPC mirror two

stage concentrator. -
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Fig. 10 Perspective schematic of overall Tens/CPC mirror cohcentrafor.
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two symmetric flat halves tilted at an ahg]e Q with respect to the aper-
ture plane. This has an effect similar to that obtainable by curving

the lens. Radiation incident within angles +3° of the normal to AR is
refracted to the plane BB' in such a way as to produce the minimum spread
possible. It is further concentrated by a second stage concentrator

of the CPC type which makes the best possible match between a flat effec-
tive entrance aperture and a tube. The second stage was made out of
sagged glass with evaporated aluminum as the reflecting surface. The tube
15 stainless steel pipe, selectively coated with black chrome.

The Aetailed dimensions of the overall system are summarized in
Table 2. A 1 mm gap was left between the tube and the reflecting surface
td prevent direct thermal contact. This results in a calculated optical
"gap loss" of 2 pércent; The second stage was enclosed in a box, sur-
rounded by insulation. The whole system, lens and second stage, was framed
in an aluminum box, with the lens acting as the cover (see Figure 10).

The collector was mounted on our portable test stand and its per-
formance was measured with both the water and Therminol 66 test loops using
the same methods as for the 5725x eVacuated CPC described in the preceeding .
section, except that the incident direct beam was measured with an Active
Cavity Radiometer rather than a NIP or PSP and occulting disk. All required
tracking was done manually by repositioning the poftab]e test stand from
time to time. An adjustment was required about every 20 minutes.

The insfantaneous optical efficiency was measured using water in an

"open loop" configuration and found to be
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Table 2

Dimensions of Fresnel Lens/CPC Type Nonimaging Concentrator

Half acceptance angle | 9 £3°
Concentration (= AR'/nd) | c 15.6
Slope angle Q . 25°
Effective entrance width AR © 62.15 cm
Distance between lens and second

stage entrance P 73.5 cm
Height of second stage h | 12.93 cm
éntrance of second stage BB" 10.04 cm
Tubular absorber diameter d Tl27 cm
Second stage length . L 1.82 m
Entrance aperturé area A 1.13 m2
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no(meas) = 0,66 + 0.01

This value is in good agreement with the calculated value based in Eq. (1)
with 7, = 0.8 (1ens transmittance), Ty = 1.0 (no glass envelope), p = 0.91
(front surface aluminum), <n> =-1.2 (from ReferenCe 19) and a = 0.94

(black chirome) and "gap louss" correction (1 - L) =-U.98 which yields
- g (calc) = 0.666 .

The acceptance angle of the col1ector was measured by monitoring
the change in the optical efficiency as the sun moved across the field of
view of the collector. It is also important to determine the acceptance
- angle for off-meridian rays, i.e., rays that are not in the plane of the
paper of Fig. 9. This because the collector is intended to function with
a fixed tilt position (polar mount);fon the tracking axis throughout the
year, 'The angle ell that the ‘sun makes with the y-axis. of Fig. 10 will
vary from N -23° at winter solstice to v +23° at summer so]st1ce A com-
plete descript1on of this effect and of the measurements made is given 1n
Reference [18] A full summary of the results is shown in Fig. ]1 and
it can be seen that the full acceptance angle is 1ndeed 6° for merd1an rays
(ell 0°) and becomes sma11er for 1ncreas1ng ell in agreement w1th predic-
tions. .The def1n1t10n of eff1c1ency in Fig. 12 1nc1udes a correction for
cqsine'effects of oblique incidence with respect to tne longitudinal axis

of the trdugh'according*to'the eq0ation

Oo"

inc‘f A - IACR'°:COSQl| : 5f | S (6) ’
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where A is the nef aperture area = 1.13 m2 and IACR is the ACR reading
(in'watt/mz).

The results of thermal performance heaéurements are shown in Fig. 12.
The testing was done with two different absorber tubes with slightly dif-
ferent black chrome coatings as showh by the solid and open data points.
Data were taken extending to values of as high as 240°C above ambient
before encountering small Therm1n61 Jeaks in the fluid loop similar to
these mentioned in the description of the 5.25X CPC testéd. This corres-

ponded to a AT/l of 0.28°C-m> for I = 850 Watt/m? and yielded an

ACR
efficiency of 0.42. At a AT of 200°C (T/1 = 0.235°C-m2) the measured
efficiency of,0¢48< was in good agreement with the predictions[IZJ. The
solid 1ine is a quadratic least squake'fit to all the data points; the

fit is
| n = 0.656 = 0.435 (AT/I) - 1.462 (AT/I)2

with AT/1 in °C-n’/Watt.

The triangles in Fig. 12 are heat-loss measurements converted to an
operating efficiency by normalizing to an optiéa] efficiency of 66% and an
insolation of IDﬁ = 1000 W/mz. ‘They were conducted at temperatures as
high as 200°C and are seen to be»in very good agreement with the operatfng
efficienﬁy.measurements. |

The calculated behavior of the collector in a "double glazed" config-
urétion (i.e: with a second tubular g]azihg as a convection barrier arduﬁd

the tubular absorber) is also shown in Fig. 4. The measurements were of
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the heat loss only since high transmissivity etched glass (¢ ~ 0.96)

of the proper size was not available at the time of the study. The
dashed line in the figure shows the results of these heat loss measure-
ments referred to an optical efficiency-of 0.63 (obtained by multiplying

N, by t = 0,96) and I = 1000 W/mé. It can be seen that

etched glass
extrapolation to AT/I = 0.3°C-m2/Watt would yield an efficiency of 0.48.

D. Non-evacuated CPC's (6.5X and 3X) for Applications near 100°C

‘Two different non-evacuated CPC designs Qere assembled and evaluated
as part of a development program with two basic objectives. First we
wanted.to examine the optical toleraﬁces, angular acceptances, and co]]éction
propertfe§Aof basic CPC désigns inc]ﬁd%ng a hiéﬁ concentration, narrow angu-
lar acceptance design. Second, we wanted to'study tﬁe thermal problems
whichvare unique to low concentration, non-tracking non-evacuated collectors.
The results of these stu&ies have dppeared in preliminary form in a number

[20,21] [22]'

of short reports and in greater'detail in a full technical report

to be pub11shed in So]ar Energx, The major features of these efforts are

,ummar1zed here

The de;1gn prob]em; for non- evacuated CPC co]]ectors are ent1re1y dif=
ferent from those for CPC's with evacuated absorbers. The former are '
particularly vulnerable to high heat losses if one uses an improper design.
The recommended design constraints based on more_thén\two years of non-
evaéuate& collector deve]opﬁent are sUmmarized.belowzvl) use of one of the
"backless" or "wrap-around“'designs'such as the’cuﬁp for‘a tu5u1ar absorber

or vertical fin designvof Fig. la or 1b'respective]y, 2) use of selective
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coating on the absorber, 3) avoidance of the use of‘cavity absorbers
since they are characterized by high heat losses, 4) mihimization or
elimination of heat loss via conduction through the reflectors. This
can be accomplished by using reflectors whose thickness is neé]igible
compared to the overall dimension (e.g., height, aperture) of the trough
such as metalized plastics or films or by thermally decoupling the ab-

sorber from the reflectors by a small gap maintained by insu1ating stand-

offs,AS)'uSe of a CPC profile calculated for an imaginary absérber sﬁrface

which is inside the actual absorber surface. A resulting oversize of the

actual absorber size of 5% - 20% is recommended.

The two prototype non-evacuated CPC designs built in theilaboréfory
at fhg University of Chicagd had differént'objectives in mind. An ex- |
perimenta] 6.5X for a tﬁbular absorber and with a veky narrowfaccepténce
angle (t6.4°) was built to examine the'behavior of a high Eonéentration,
shal] acceptance angle CPC. The .absorber was § 6.4 mm diémetér (1/4")
copper tube coéted with black chrome. Thé profile of a cfoéé'sectidn'of'
the reflecting trough is shown in Fig. 13. The design accebt;nce angle'
was 6.4°, corresponding to an ideal concentration of 9.0X, but the broff]e
was truncated to ~1/3 of its full height resulting in a net cpncehtratidn
of 6.5X. The fu11'c011ector consfﬁted of 7 troughs' each 6'ft;'1oﬁg with

a total area of 1.67 m2 2).

(18 ft. | |
A prototype of a 3X for a vertical fin absorber was built to verify

the production designAfor the experimental array'bf 19wAtempé}afure CPCi

collectors at the Bread Spriﬁgﬁ School .. Sinéezéhis t011éctof«wa§:desighed

for heating applicatfohé only, the design acceptance angle was chpsgn to



40

1/ in. Acrylic Cover |

L

Aluminized
Mylar Reflector

Backed by
Urethane Foqm

174" 0.0.
Absorber Tube

Fig. 13 Profile curve for non-evacuated 6.5X CPC.



41

be +18° to insure collection for at least 7 hours a day for the six
month period between the fall and spring quinoxes with no tilt adjust-
ments. The absorber is a fin (configuration of Fig. 1b) with a center
tube and each cbl]ector consists of a two-trough module with a cross
section as shown in Fig. 14. Each module is 1.3m% (14 t.2) in net
area and the troughs were 46 cm (18 in.) deep. Kinglux aluminum sheet
0.5 mm (.020 in.) thick was used as the reflector (p = 0.84). The
outer enclosure was a fiberglass epoxy tub with ASG water white glass
as a cover.

We summarize below the performance parameters of these two collec-
tors as determined from a series of measurements conducted over the past
two years.

The performance is characterized in the usual two parameter form as
nh (AT/I) = nO’h - U AT/Ih (7)

where n is thé'"optical efficiency" (including heat removal factor) and U
the bgst fit 1fnear heat-loss coefficient, AT is the difference bétween
average f1uid.femperafure and ambient temperature and Ih is the total

. hemispherical insolation on the collector aperture and -the subscript h
refers to the'effiqiency relative to this quantity.

| The measured instantaneods performance for the 6.5X collector is
shown in Fig. 15. The solid line is a least sqdares fit to the data

assuming the form of Eq. 7 and corresponds to collector parameter values of

o,h ° 0.65 + 0.02
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and

U=2.2%6/2 Wml-°C.

The shaded region in the figure defines the range qf expected berforﬁ&hée
based on preliminary diagnostic feéts. The agreement between overall
observed performance and predicted behavior'is quite good. However, the -
heat loss coefficient was somewhaf higher than expected, possibly dug,
to unceytain corrections for variations in the level of diffuse on dif-
ferent days during the measuremént but a}so possibly due to some 1oss”inj
effective optical efficiency due to warping of the absorber tubes. The
collector was rebuilt with oversize absorber tubes, 7.9 mm (5/16") in
diameter and made of steel in an effort to reduce optical losses. This
also, of course, reduced its net concentration from 6.5X to 5.2X. The
rebuilt collector was.}etested using carefu1“c6rrection for variations in
‘the diffuse component yielding the revised performance shown .in Fig. 16.
This performance is felt to be representative of what a high cbncentration
non-evaucated CPC can achieve using'éluminized mylar reflectors (p = 0.90)
and a black chrome absorber under a single glazing. Note that it is char-
acterized by an efficiency of 50% at temperatures around 100°C and thus
could be a re]étive]y simple low technology collector for indu§tria1 pro-
cess heat app]ications. A straight line fit in the data in Fig. 16 yields
parameter values of "o.h = 0.68 + 0.01 and U = 1.85 + 0.1 w/m25°C. |

The thermal performance of the 3X fin receiver CPC is shown in Fig. 17.
~ The solid Tine is a least squares fif_to the efficiencies measured under

clear day conditions and as in the case of the 6.5X collector in Fig. 15
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the shaded region bounded'by dashed 1ines represents the expected per-
formance based on preliminary diagnostic testing. Again the agreement’

is quite -good. Here the cdrresponding performance are

Ng,h =:0-8 £ 0.02

and

U=2.7+0.2 WnP-°C.

When corrected to the same re]&five sky conditions as the data in

Fig. 16 (very clear day; diffuse fraction = 0.11) this corfesponds to

ng.p = 0-63 ¢ 0.02.

' The angular acceptances of both collectors were well within eXpec;
tations of the design values. For example, fhe measured response for the
"3X is shown in Fig. 18 and éhows.wpgt.canlbe‘attained with simple aluminum

sheet reflectors held in place by rfbs spaceq sevefa] feet apart. .
Finally we show for comparisen in Fig.'ld, the 6.5X and 3X performance
curves along with those for typica]‘double glazed and single giazed flét

p]ates[23].

(These latter represent an averaée over the best.coliectors
of each type tested by tﬁe Florida Solar EnergyvCenter in a niﬁe month
period during 1978.) Also shown is the calcu]atedfperformance for a noh-
evacuated;1.5X CPC with a second glazing (around the épsorberytubé)iin
‘addition to the cover. Thislw001d‘be a totally statibnary collector with
the same thermal performance of the: modified 6.5X whibh required over 20-

tilt adjustments per year.
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The performance of each CPC collector described above has been shown
to agree quite well with calculations and wfth predictions derived from
pre]iminary optical and thermal diagnostic procedures. This'means that
with proper care one-can ‘design practical non-evacuated CPC collectors
with confidence that their performanoe will meet expectations.

In partiCular we found that the‘angular acceptance properties, on
which the seasona] tilt schedule depends agreed very well with nominal
design values With convent1ona1 reflectors the opt1ca1 efficiencies
are somewhat lower than for flat pTate collectors but at the same time
the heat Toss coefffcients are also substantial]y lower, yielding a con-
parat1ve1y ‘better performance at h1gher temperatures .

Desp1te lower opt1ca1 eff1c1enc1es, the CPC's outperform typ1ca1
flat plates above temperatures of as low as 10°C above ambient {for the
5.2X) to about 35°C abovelamb1ent (for the 3X). Th1s is particularly
1mportant when 1t is recogn1zed that the 3X should represent a'relatively
1nexpens1ve collector des1gn Wh11e a deta11ed economic analysis cannot
be based on the prototype construction methods used here and is beyond
the scope of the present ‘work there are several’ unique features listed
below wh1ch contrlbute to 1ts Tow cost potent1al

1. The meta] absorber fin of on]y 6 4 cm (2 5 1n) height effectively
covers 30 cm (15 in) of col]ector aperture Thus the cost per unit aperture
area of absorber p]ate is redueed by a_factor of 6.  (Both sides of the

fin surface are utilized.)
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2. No insulation (other than dead air space behind the reflectors)
was used inside the actual production modules deployed in the field with
no noticeable change in thermal loss coefficient. Thus what is a sig-
nificant cost component of most non-concentrating collector designs could
be eliminated.

3. Inexpensive reflector materials (i.e. aluminized pTastic re-
flectors or aluminized films on a thin substrate) could be used.

We reiterate our caution that care must be taken in the design of
any non-evacuated CPC to avoid large parasitic losses through the
reflector. Furthermore, to avoid sensitivity to misalignment and thermal
deformation, particularly in the cases where high concentration (3 4X)
is combined with absorbers of small absolute dimensions (< 1.25 cm), we
strongly recommend a) the use of absorbers oversized by about 20% with
respect to the "theoretical" mathematical absorber surface for which the
reflector profile surface is generated and b) the use of steel or other

relatively strong material for the absorber tubes.

E. Field Test of 3X Non-evacuated CPC's at the Bread Springs School

1. Project Background

On June 22, 1978, a dedication ceremony was held for the new solar
array at the Bread Springs School near Gallup, New Mexico. This event
marked the transition between the first and second phases of an unusual
experiment involving the first deployment of CPC collectors. Although the
principle for CPC solar collector design was first developed in 1973[3],

all the experimental work to date had been concerned with fabrication and
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testing of individual prototype units under selected environmental
conditions. In early 1976, in an effort to establish a basis for ob-
taining performance data relevant to the long term average optical ré;
sponse %f such non-tracking concentrators, a cobperat1ve projecl was
initiaté&i This effort involved the collaboration of the Navajo Area
Office &fithe Bureau of Indian Affairs and the Solar Energy Group at
the UniQé;sity Of'Chicago. At a higher level it involved interagency
cooperation bétween the Department of the Interior'supporting the BIA
activities and the Department of Eneray (then ERDA) which provided sup-
port for.the University and some support for the BIA as Well.

| The-basic project was to retrofit a small elementary school (three
cfassroqhs'and a multipurpose- gym/cafeteria room) with a space heating .
and domestic hot water heating solar system including nominally ~1000 ft.2
of non-evacuafed GPC cg]lectdrs. The division of responsibility was as
f611ows. The University was Fespdﬁsibfe for the CPC col]ectbr design,
- procurement, insprumentation and data co]]eétion and analysis. The BIA
Office of Facilities Management was responsible for overall solar system .
.degign, required building modifications (i.e. new insu]ation, new roof
and support structures for the collector array); as well as the installation
aﬁd operation of the full system. .

The project has had its share of delays and unanticipated difficulties,
but on'the'who1e, judged in terms of the original objectives it must be
regarded as quite sﬁccessfui. Operation of the_érray is'nearing the end of
its second heating season. During the rather severe winter of 1978/79 the

consumption of fuel 0il at the school was reduced to about half of what it
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had been the preceeding year. During thé 1879/80 winter, while the solar
system was operating there has been little or no furnace activity at all.
During 1978/79, data on the array performance was obtained only at inter-
mittent intervals due to our need to ac;umu]ate axperience with the nroblems
associated with maintaining routine automatic data acquisition at a remote
site. In this regard we note that there are no phone lines to the school,
no technically trained personnel regularly present, frequent power outages
(several times a week) and no financial suppoft for the maintenance of
.this activity. With the cooperation'of BIA personnel in Gallup and at the
school we have been somewhat more successful during 1979/80 and have data
taken cbvering operation of the system nearly continuously from mid-December
to mid-March.

In the next section the technical features of the collector array and
overall system aﬁe described and some preliminary results of the array
perforﬁance are presented. A more cbmprehensive analysis of the array's
long term average performance will be carried out after sufficient data

has been accumulated.

2. System Technical Description

The CPC collector array at the Bread Springs School consists of 56
of the two-trough 3X vertical fin modules whose’prototype was described
in Section D above. The layout of the individual modules on the building
roof and a simplified scheﬁatic of the distribution network and perform-
anée monitoring sensors is shown in the fwo different perspectiVes in

Fig. 20 and Fig. 21. There are 7 rows of 8 collectors each, 5 on the
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main portion of the roof and 2 more on the raised portion over the gym
which is about 3 feet higher than the rest of the roof. A long closet
at the west end of the gym inside the building containé tﬁe‘main system
control e]éments; the data acquisition system and a 450 gallon 6pen-drain
tank. A large 1800 gallon insulated tank (housed in a 5ma11'prdtective
shed outside the north wall of the building) comprises the main system
storage. |
In operation water is pumped frqm the drain tank through a heat ex-
changer in the large storage tank and from there directly to and through
the collectors on the roof. The feed is' split between the two halves
(east and west) of the array; The two troughs in each module are fed in
parallel with the four troughs in each half row connected in series.
Each array half is mounted so that it s]obeé up towards the center at a
4° angle and the collection pipe also slopes gradually up as it rises to
the high paint of the system where it spii]s back down through the 3" di-
ameter oben pipe to tpe dbain tank. Upon pump shut—off the entire fluid
capacity drains back ‘down under gravity.to the tank in the Storage closet,
so that ordinary water with antifreeze is used as the heat transfer fluid.
Each trough has a net active length of 67 inthés (1.70 meters) and a
width of 15 inches (0.38 meters) yieiding a net'col1ecting area for each |
2) '

trough of 7 ft.z (0.65 mz) of 14 ft.z (1.3 m”) per module. Thus. the entire

collecting area of the 56 module 1is 784 ft.2 (72.8 mz). This is slightly
less than the nominal array size of.~1000 ft.2 becaUSé~the BIA decided
not to install an eighth how'originally planned. Since the gross area of

each module is ~16 ft.z, this would have yielded almost exaétly 1000’ft.?,
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but the actual installed array size is more. than adequate to meet all
the project objectives, both technical and operational. In fact the

1000 t.2

flat plate array installed on the west portion of the roof
which is connected to a separate pump'and storage loop has not been in
operation for the last two heating seasons, due to small leaks in the
plastic bag storage which was slightly damaged in installation. Pre-
sently the BIA is considering removing this array and deploying it else-
where since the building heating needs are being met by the CPC array

. alone.

The basic test points in the system instrumentation are also indi-
cated in Fig. 20 and Fig. 21. Type T (copper vs. Constantan) thermo-
couples from Omega Engineering are used to measure 611 temperatures.

Four array temperatures corresponding to the full array inlet (T]) and
output (T,) as well as the inlet and outlet of the west half of the front
row (U] and U2, respectively) are measured. The temperature T] is measured

down inside the storage closet immediately after the fluid returns from -
chérging the storage tank and T2 is measured just after the heated water
spi11s into the open drain return. Thus the temperature difference,

Ty = Tys includes the effect of distribution and collection losses. The
four collector sub-array in the front rowis measured separately to providé
a data base closer to individual module performance for comparison with the
known prototype perfdrmance measured in Chicago. Additional temperature
measurements are those for the water temperature as it leaves the drain

tank TS and the ambient temperature Ta of the outside air. Flow rates for
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the full array (F1) and front half row (F2) afe measured separately using
a paddle wheel flowmeter and a magnetic sehsor flowmeter respectively,
both frdm S{gnet Engineering. Finally three Eppley que] 8-48 black and
white pyronometers are used to measure a) global insolation on a hori-
zontal plane (IO), b) hemispherical insolation in the plane of the tilted
collector aperture (I and c) insolation masked to be within £18° in
elevation of the normal to the collector aperture {the collector acceptance
ang1e)'(IM).
A simplified schematic of the data acquisition system is 'shown in

Fig. 22. The heart of the system is a Hewlett-Packard 9825A programmable
calculator. It is augmented by two peripherial devices: a) a 40 channel
multip]eker-scanner and 5) a Hewlett-Packard ﬁigh resolution digital volt-
meter (DVM). Both the scanner and the DVM are controllable by the pro-
grammable calculator. Signa1s'are selected by command for connection
through the scanner to the DVM. The digitized measurement is then inter-
rogated by the calculator and can be converted tovappropriate scales ahdv
dimensions by preprogrammed calibrations. Zero-point compensation‘for

all the thermocouple readings is made by the calculator using a thermistor
reférence in the scanner. | -

During routine data collection all six temperatures, both flow rateé

_and the three pyronometers are each read evefy.ZO seconds. These values
are accumulated for 10 minute intervals after which the cumulative avefage
is determined and stored in the computer.-'Data is recorded on a magnetic

cassette with a capacity for storing approximately 50 days worth of
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operatihg data. At regular intervals (normally every 4 to 6 Qeeks) these
cassettes are rep]aced and ma11ed to Ch1cago for analysis.

As is clear from the above descr1pt1on, the emohas1s of the Un1ver-
sity s effort {s devoted to an evaluation of the array rather than the
full system performance. No automated system for recording building
functions (i.e. furnace on and 6ff times, fuel consumption, bui]dihg tem-
peratures, .thermostat settings, etc.) has been incorporated. A semi-
quantitative analysis of these functions may be pos;ib]e from written

records but- it is not a major objective of our continuing ana]ysis.

3. Summary of Operatinq Experience to Date

During the near1y two full héating seasons of operation to date the
array has sUccessfu]]y provided substantial heat to the bqi]ding and we
have gathered but not yet systematically analyzed a nef total of several
months worth of performance data. However, it is only ét this writing
in the late winter of 1980 that the'fu]l system has really reachedlthe
point where the data and experience aécumulated henceforth can be expected
to meet the original objective in full. By overcoming seyeral problems
and difficulties we have learned a great deal in three.specific areas:.
a) the collectors themselves, b) the system operation and c) operation
of the data system.

As Was described in some detail in the monthly reports filed in the
activé term qf support under this contract, we were very disappointed
in the actual physical condition of the collectors as they were delivered

to the site. A total of seventy-two qoﬁ]ector modules was fabricated for
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the University of Chicago by the Ceilheat DTv1svon of ITE Gould. A pro-
totype was fabricated to spec1f1cation by Ceilheat tested by the Unie
versity and approved for product1on. However, Jn,implementrng the final
production run the fabficators made several chanées.from the approved
design and failed to incorporate several recommended changes from the-
prototype with the résu]t that the»finai units were unsatisfactory for
severul_reasons; The mbst important prob1ems'were ihe.f'ol"lowingT i
1. The 7é mass produced. units were madé without reflectors at ea;h .
end of the trough. The purpose of éuch reflectors iﬁ to make the troughs
éppear.infinitely Tong when viewed obliquely from the aperture (the
"barber shop mirror" effect) whjch_is‘necessary to eliminate shading and
end losses. Althouah both prototypes approved by the University had beén
made with end reflectors, the production units were all madebﬁithout themi
2. Recommended strengthing of the énd fixtures and supports to
contro]lthe.orientation of the vertical fin absorbers which had been
agr?ed to was not carried out in the production units. In fact, if anything,
these were weaker than in the prototype units. : |
| 3. ' A recommended method for sealing the glass covers on thg'units
in such a way that they could bé easily.removed was not incorporated.
In fact the final sea]s were not tight ih most units, however, the sealing
compound was inaccessible. to tools so that the covers were very difficult
to remove for maintenance.
An attempt was made to have Ceilheat remedy the situation by restoring

the modules to the approved design, however, they refused to do this without
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additional cost and shortly thereafter ‘this division was Tiqui&ated '

by the parent company (ITE Gould). | | o

| The difficulties with the collectors led to pro§]¢ms. >Qﬁr{ng.in;tal-
lation many of ﬁhe fins were tdrn from their fixturesiaﬁd 1hpfopgr1y posi-
tioned. - The all day“pérformahce‘of.the collector array was.degréded due to
shading losses with no end fefTectors and after one season of éperation
sand and/or dirt had penetrated the collectors through the bad seals and
affected the operation. Despite these: problems the front'roQ efficiency
near midday was 60% at low temperature as reported ear]ier[24] and the
who]e'col1ector array performance was surprisingly good, typically about
45% at noon. ‘ V |

One additional difficulty with the co]]ectdr design wOrth'ﬁotingtwas
our use of ASG "Sunadex" waterfwhite»vefy Tow iron‘g]assQ . Although ﬁhis
glass has a transmittance of ~93%, bgttef by about 3 percentége points than
the next best low iron glass avai]ab]é, it:has a’sukfacé texturiﬁgfwhich dis-
torts the view of therinside of the collector. Whiie-this,has‘ho‘significant
effect on the angularlacceptance properties of the CPC it is a great:disad-
vantage for visual inspection and diagnosis of a new coi1ect6r design. It
is very frustrating and unsatisfying psychologically not.  to be able to see
inside to verify absorber placemeanand‘orientation, mirrof cpndition etc.

The operation of -the system as a whole with which the'University has.no
connection or responsibility has had a. few minor prob]ems;-The three way valve
has not functioned properly. As a result the control sysfem has beeh simplified
so that it is always wide open such that feed water the the boiler always.passes

through the storage tank. In addition, a simple differential thermostat turns
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the array pump on when the temperature of the absorber fin in a control
coliector reaches a preset temperature wfth respect to storage.

The open drain system has operated routinely without major problems
but there was one small "freeze-up" when a small amount of water was trapped
in between two collectors in a flexible coupling that was improperly positioned.
These couplings have been replaced with straight through hoses (no valleys to
trap water) and the problem has not recurred;

We have had numerous problems with the data system as described above.
When first installed the system would not operate properiy due to regular,
nearly continuous line voltage variations. The nominal 115V AC power at the
school varies typically over a range from 130V down to 90V or even less.
To overcome this problem we installed a 1ine voltage regulator
for the supply to the Hewlett-Packard equipment which solved that problem.
Regular power failures have also been a problem since the time base reference
is lost and must be reset by personnel at the school. We now feel that we

have established a good relationship with the on-site people and recently the

data taking reliability has improved.

To remedy the defects in the collector modules we carried out an
extensive overhaul of the entire array in August, 1979. Since support for
all this activity terminated in September, 1978, this was accomplished with
the partial support of DOE through programmatic funds allocated through
the Solar Group at Argonne National Laboratory, and some private funds from

the University's Solar Fund. The major stebs undertaken in this work were:
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1. removal of the old cover glazing on all the modules,

2. installation of end reflectors of aluminum sheet,

35 installation of new stainless steel support fixtures for the
absorber fins,

4. cleaning of sand and water from many of tﬁe reflector surfaces, and

5. installation of new clear glass cover glazings with a hermetic
seal which is readily removable.

Inspection of the refurbished collectors in March, 1980, indicated no

evidence of sand penetration, fin warping or other degradations in six months

of exposure.

4. Summary of Collector Array Performance

As noted above we have just recently (since November-December, 1979)

begun to accumulate on a regular and reliable basis, comprehensive data on
the array with collectors which meet design specifications. A detailed analysis
of this data is being deferred until a later date. However, for completeness
we show in Figure 23 instantaneous efficiency data for the entire array as a
function of temperature for typical times during clear day operation.
The data are compared with a 1ine showing measured performance from the prototype
module. Note that even though the array is not in thermal equilibrium and the
efficiency is that for the entire array including distributive and collector
losses, the agreement is quite good. This data is shown in another form in
Figure 24, which is an all day performance curve for very clear sky conditions.

In general we conclude that the array performance is meeting predicted

expectations (this was true even before the array overhaul last summer) and
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that such non-evacuated CPC's can be high performance, low cost collectors
for space heating applications. In addition we expect to gain an under-
standing of features of the optical response of CPC's in general in regard
to questions that will affect all CPC's, evacuated as well as non-evacuated.
For instance, questions involving a) behavior as the sun passes out of the
acceptance angle with seasonal changes in declination, b) the importance

of effects associated with cut-off times when the sun goes out of the ac-
ceptance angle late in the day near solstice, and c) the {mportance of

deviation from true E-W alignment or true horizontal alignment.

III. Basic Research in Nonimaging Optics

A well developed, comprehensive and broadly defined basic research pro-
gram in nonimaging optical principles and techniques was specifically excluded
from the effort supported by this contract. However, three topics were
identified in the proposal review period as being relevant to the needs of
the solar thermal program. These were a) long term energy projections,
b) analysis of non-specular optical effects and c) analysis of new optical

configurations. The results of studies on these areas are summarized below.

A. Long Term Performance Projections

For some time the classical method of Liu and Jordan[zsl has formed the
basis for predicting the long term average energy collection capabilities of
flat plate collectors. This method is based on correlations between averages
of the diffuse and total insolation data observed at particular locations on

hourly, daily and monthly bases and avoids the tedious procedure of summing
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for an entire year the hour by hour contributions calculated from weather

tapes and the instantaneous thermal behavior of the particular collector

being studied. Until recentIy, however, the latter procedure has been

the only method applicable to CPC's and other concentrating collectors

because no model existed for incorporating quantitatively the relative

effects-of the diffuse components at differing concentration. The recent

works of Collares-Pereira and Rabl in our group[26’27’]7] have now ex-

tended and updated the Liq and Jordan approach and generalized it to

include all types of concentrating collectors. ‘A detailed explanation of

the method is inappropriate here, but their major conc]@sions are listed

below. .

a)

c)

d)

The validity of the Liu and Jordan approach has been confirmed but

numerical inaccuracies in their correlations were found due in part

to their reliance on uncorrected measurements using a pyronometer

‘ plus shade ring for the diffuse component.

~ New parameters characterizing the cdrrélations have been established.

These new correlations imply that the diffuse component is signifi- .
cantly larger than predicted by Liu and Jordan.

The new model gives a complete description of the long-term average
solar radiation on any surface. It has been found to predict radi-
ation availability for solar concentrating collectors to better

than 3%.

The model provides a framework for optimal matching between solar

radiation and ideal concentrators,in particular CPC's.
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o As an example of the utility of this model we show in Fig. 25 the
.pfedicted annual energy delivery ( per mz of collector aperture) as a
function of operating temperature for aﬁ East-ﬁest aligned tracking para-
bolic trough and a 5.25X evacuated tube CPC. The instantaneous perform-
ance curves used for these model caiculétions are that for the Hexcel
“parabolic trough[12] and the 5.25X collector built and measured here at
Chicago (Fig. 7 of this repert).(’The pfedicted output has been found to
agree withinl3 percent with calculations made on an hour by hour basis.

Thus as a result of tﬁis work a simple procedure now exists far making
the kind of‘tredeoff studies necessary fof optimizing a particular co]]ecto}

design or comparing different generic collector types.

~ B. Non-specular.Optical Effeéts
,Since their discovery, it hasbbeen‘known that near-ideal nonimaging

concentrators would be more forgiying iﬁ terms of mirror slope and contour
errors and small aﬁg]e'scattering assecfated with duﬁt and scratches on
the optical élements than focussing concentrators. However, a quantitative
understanding of the tradeoffs between the tolerance limits and'optical
losses has been lacking. Furthermore there are applications where perfect
mirrors‘lead to.effects which ere'undesirable, in particu]ar severe non-
uniforhifies in the energy.flux‘distribufibn on the,absefber.

':'Toiunderstand‘the're]ationship between many of these features a ray
trace procedure was developed which‘incerpOrated a parameter o, character- -
izing the degree of non-specularity of e reflector surface. The definition

of this parametef’is illustrated in Fig. 26. Effectively o is a measure
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of the amplitude of the optical error characterized by the deviation from
a mathematically perfect mirror‘shope. A great variety of optical con-
figurations were then ray traced while varying o from zero (perfect
mirrors) to values comparable with the acceptance angle itself. The main
results of this analysis can be summarized as follows:

1. the major effect of non-specularity is a rounding of the
corners of the angular response.function of the-co]]ectbrs
relative to the "1dea1" rectangular response function (which
has a sharp cut off at the design acceptance angle tec),

2. the width of the sloping region (from ~10% te 90% of full
rgsponse) is approximﬁte1y 20 centered on the original sharp
-gdt off, ) | | '

3. there is no appre;iable loss near the center of the response
curve as long as ¢ X 0.5 8.> and

4. non-uniformities can be dramatica]]y reduced by values of

o & 0.25 ec without prohibitive optical loss.

C. PrOpefties‘of Other Non-imaging Optical Confiqurations

1. Asymmetric Concentrator Designs

One sub-class of ideal EOncentrators whose existence has been known
sihce the initial symmetric CPC design principles were under study, but
which has not been studied in great detail as yet, consists of shapes opti-
mized for collection between two extreme rays which are not symmefrically
oriented with respect to an optic axis (normal to an aperture plane).

These have been discussed briefly by Rabl[19] and in somewhat more detail

i

Lot
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by}Mi11s,and_Guitronich[zsl. The latter authors have pointed out that
such devices may be advantageous in certain applications where variable
concentration is desired. We have carried out a comparative study of. :
these designs relative to-CPC's.A The 1imiting case of asymmetric concen-
trators (refefred to as Extreme Asymmetric Concentrators) consisting of
onIy one curved mirror designed'for a tubular absorber is illustrated in
Fig. 27. The major advantages of these designs is that they have.an
effective concentration which varies with'incidence angle and at the same
time conserves phase spacé over well defined 1imit$ so that for the saﬁe
peak concentratian they have a broader angular ranye of partial acceptance
than a CPC (although their average concentration is only 1/2 that of the
CPC witﬁ the same limits of acceptance). This triangular shaped response.
can be oriented such that the solar angle of incidence is near the peak
concentration value for a long time near noon and yet tﬁe-absence of a
sharp cut off allows practical non—tracking operatihg (tilt adjusting per-
.haps eVery.few days) at higher peak concentration ratios (X 10X) than

are considered practical with CPC's. 'Oﬁr ana]ysis»éhows that it is in
this high concentration region that the main potential for this family of
concentrators lies. A sayings in nﬁrror area coupled with’the non-tracking
optioh combine to suggest attractive possibilities. At peak concentrations
<5X where seasonal load matching has beenﬂsuggested[?gl the asymmetric
concentrator has comparable or 1arger mirror area than the corresponding
CPC (and half the average concentration). Thus it appears from this StUdy
to be limited to applications where the load matching capability is of

significant economic benefit.
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Fig. 27 Profile of "ideal" extreme asymmetric concentrator based on non-
imaging design principles.
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2. Solution for Ideal Solar Concentrators with Ref1ector Ggps

In designing a thermally efficient solar absorber one is often led
to the requirement that it be enclosed by a glass shield for vacuum con-
tainment or as a convection barrier. On the other hand Welford and
winston[30] have shown that reflectors which extend from the entrance
aperture to contact the absorber are a necessary condition for coupling
any absorber to an ideal concentrator. Therefore one cannot desian a
truly "ideal" concentrator fér such an aBsorber where there must beua\

(61

"gap" between the end of the reflector and the absorber One approaéh
to a practical collector design has been simply to calculate the ref]ector
profile for the given absorber but to terminate the reflectors at the point
at which they intersect the obstruction. However, in this case the optical
losses become quite large if the gap size is comparable to the ébsorber
dimensions. Winston has analyzed this problem in work partially supported
by this project and developed a new solution which attains the therﬁodynamic
maximum in flux concentration on the absorber for a given design acceptance
ang]é. (Although it is not an ideal concentrator since the geometrical
concentration ratio, C, of entrance aperture A1, to absorber area A2
actually exceeds the thermodynamic limit.)

The new solution is illustrated by the mirror profile curve shown in
Fig. 28 for a case with a gap g = ro = 1 equal to the absorber radius it4
self. The conventional approach requires the mirror.simply to be terminated
leaving a gap g = ro = Ty» which results in a "gap loss" of ~ 22%, and thus

the actual energy reaching the absorber even for otherwise perfect optics
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Fig. 28 Cross section profile of new "extended _cdsp'f solution _foﬁ‘ ;
nonimaging concentrator for.a tubular absorber with reflector gaps.
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will be only 78% of.what_it could‘be fof thé design acceptance angie 8-
For the new solution in Fig. 28, the profile curve is generated by con-
structing a.fvirtual absorbgr" by laying oﬁt'tangent lineg to the absofber
from the'point D (the poiht along the extension of the désired optic axis
where'if‘meetﬁ the obstrUction).~ The reflector curves then begin. at D

and are the ideal solution obtainéd by applying the fundamenta] design .

pr1nc1p1e[4]'to fhe virtual absorber (D B A A' B' D). This new solutioh

will accept no radiation outside 8, but it is not an.ideal concentrator
in the usual sense since itVWi11fstil1 reject-sqme-réys entering the
aperture within £8,, due fn the gap; AAlthopgh these gap lusses as a frac-
tion ot aperture area are not'redﬁceq dramatical]y below that of the old
solution, the new design,haé an apérture A] > nr]/sinec such that the net
flux concentration seen by thé gbsorber is l/sinec and is therefore the
maximum'permitted:for this_acgeptance angle by the Second Law of Thermodynamics.
The above modification in design i§ not simply a subtle improvement.
It should be emphasized that botﬁ of the fundamental motivations behind
concentration, thermal and economic, have.to do with the recéiver (heat
loss/unit area and cost/unit area). This new &esign increases the total
amount of energy‘withinfa:giVen acceptance angle which is directed onto
a given receiver from roughly 4/5 of the thermodynamic maximum to the maximum

allowed; a relative increase of about 25%.
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IV. Summary and Conclusions

The field of nonimaging optics represents a new technology. Its
first application to solar energy concentration dates back only a little
more than six years. The first years of its development were marked by
a close collaboration between the University of Chicago and Argonne
National Laboratory. This effort led to the evolution of a variety of
optical designs and eventually to the Argonne prototype of a stationary
1.5X concentrator for evacuated tubular absorbers which has been the model
for several non-tracking evacuated collector designs now emerging into
the commercial market place.

This report has been concerned with a subsequent advanced hardware
development phase at the University of Chicago beginning in 1976 and con-

tinuing until the present. Specifically we have described those activities

supported by DOE Contract DE-AS02-76ET20236 (formerly EY-76-S-02-2446) which
was in effect from July 1, 1977 to September 30, 1978 with a total funding
of $300,000. During this phase a small but well equipped test station

was established on the roof of the four story High Energy Physics Building
on campus in the heart of Chicago's South Side. This facility is des-
cribed in the recent SERI survey of existing solar thermal collector test
faci]ities[31] and recommended there for continued low level support to
maintain its capabilities. Furthermore the fundamental goals associated
with all of the objectives outlined in the May, 1977 proposal have either
been fully achieved or brought close enough to realization to identify

a few remaining minor technical obstacles. In addition to the construction

of the roof top test station, three quite different thermal applications

of these new techniques were explored, an operating system using
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CPC's has been installed and instrumeﬁted to provide the basis for a-
long term fié]d test and selected topics in basic nonimagihg optical
problems were studied. -

The specific thermal applications invb]ved a mediﬁm concentrafion
(~5X) evacuated tube CPC, a two-stage high concentration (16X) nonimdging
concentrator designed for sloppy tracking and non-evacuated CPC's for low
to mid-temperature applications.

a) The large evacuated tube CPC has been operated with an ef%idiency
6f nearly 60% at a temperature of 200°C above. ambient. This per-
formance meets or exceeds the efficiency prediction in the preliminary -
analysis, is comparable to that attained by the best tracking systems and
c]éar]y demonstrates the viability of the non-tracking optidn for solar
thermal app]ications'in this temperature regime. | .

b) Thé 16X two stage lens-mirrqr system has a measured efficiency of
48% at 240°C and a measured full angle of acceptance of 6° which was the
design goal. This clearly demonstrates the potential of nonimaging tech-
niques for increasing angular to]erahces of tracking concentrafors. |

c) Two non-evacuated CPC's have shown performance significantly better
than that for double glazed flat p1éte collectors at temperatures abovgjmsooc
and have been demonstrated to have a good efficiency (noon time eff1¢1enc1es
of 50% in the temperature range near 100°C above ambient) in tﬁe temperature
'fegime from 80°C to 150°C without the requirement for high techndlogy systems.

The Bread'Springs Elementary School on the Navajo Reservation near
Gallup, New Mexico, now has an array of nearly 800 ft.2 (net area) of 3X.CRC

collectors which have operated for two heating seasons. The array Supplies_
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nearly 50% of the bui]ding's‘heéting requfrement which exceeds the design
load fraction by about a factor of 2. After a variety of operationq1
prohlems: the instrumentation and automated data system is functioning
properly and about 6 months of nearly cont1nuous (2 years of 1nterm1ttent)
data has been acqu1red. The noon time eff1c1ency of the entire array (in-
cluding- distribution Tosses) is typically just under 50% at a AT = 50°C
(90°F) above ambient. |
A'comprehgnsive method for predicting long term energy collection
capability of CPC's and all fypes of concentrating collectors haslbeenﬁde;‘
veloped: A quantitative ray trace program to analyze non-specular effecfﬁ
in the reflector surfaces has been developed and a variety of both old and
new nbnimgging ideal concentratbr configurations have been and continue to
be studied. |
In Eonc]usion We.emphaéize that this work and the worklat Argonne Na-
tionai Labdratbry musf be regérded as just the beginning of the exp]oratibn
of appl1cat1ons of non1mag1ng concentrators for solar thermal collectors.
It must be recognized that the best developed focussing systems ex1st1ng
today,‘for 1n$tance? the parabolic trough and dishes have been under devel-
opment fo?‘mény decades or even centuries. The potential for the field of
noniméging optics is open ended. The most obvious immediate applications
are cha?é;térizéd by the three widely different prototypes studied in this

effort. - In particular



33

1. Low technology (non-evacuated) Tow .cost (inexpensive reflectors)
CPC's suitable for temperatures around 100°C are particularly well
suited for application in rural areas or in less developed countries.

. Second stagé nonimaging'e1ements in both line focus and point '

focus geomefries can combine in one system the'advantages'of focussing
systems and near ideal optics to‘result in truly optimized optical cohcen;
tfating systems. |

3. fhe use of mbderate noniméging éoncentrators (2X - 6X) combined
with Qood materials (high reflectivity, good selectivity in the absorber
surface, evacuated absorber surface) has thé greatest potential for a
high performahce'but'Operationally simple mid-temperature (around 250°C)
solar co1]ecfor. The margina].gain in increasing concentration is most
dramatic at lgy_concentrétion ratios as is illustrated in ?ig. 29. It is
not generai]y recognized that at 250°C, for instance, the gain in pér-
formance in gdfng from 1.5 to 5X is many times greater than in going from
5X'£o 25X. ft is this fact toééther with the operational sfmp]icity of
these systems which makes the ndn;tracking option ‘a really viable approach

to mid-temperature solar»energy'c011ection.':
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