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ABSTRACT

Compound Parabolic Concentrators (CPC) achieve the highest possible’
concenlralion for a given acceptance-angle, permitting geometric concen-
tration ratios up to about 2 in fixed solar collectors and up to about
10 in collectors with day-to-day tilt adjustments. Design, construction
and test results are reported for several CPC collectors with evacuated
receivers supplied by Corning Glass, by General Electric and by Owens-

- I11inois. Efficiencies of 45% at AT = 150° K above ambient have beer
reached with a fixed collector. This collector accepts more than half
of the diffuse radiation in addition to all of the direct beam, for at
Teast seven hours per day.
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Compound parabolic concentrators] (cpPC) reach the thermodynamic
limit of concentration2, that is, they achieve the highest possible
concentration

1/sin 6 for 2-dimensional or trough-like concentrators (1)
1/sin2 ¢ for 3 dimensional or cone-like concentrators.

_consistent with a given acceptance half angle 6. For nontracking solar
collectors with maximal concentration, one will use CPC troughs aligned
in the east-west direction. Demanding at least seven hours operating
time3-5 at solstice, the time of the year with the largest apparent
solar motion, one finds a concentration 1imit of 10 if tilt adjustments
from one day to the next are permitted. A completely fixed collector
can have a concentration ratio of 1.5 to 2.0. For some applications,
~collection of solar energy is required only during half of the year; in

that case threefold concentration becomes practical with a fixed
col]ector

The first examp]e] of a CPC shown in Fig. 1 was found indepen-
dently in the U.S., Germany, and the U.S.S.R. about 1966. It consists
of parabolic reflectors which funnel the radiation from aperture to
absorber. The right and left half belong to different parabolas, as
expressed by the name CPC. The axis of the right branch, for instance,
makes an angle 8 with the collector m1dp]ane, and its focus is at A.

At the end points C and D, the slope is para]]e] to the collector
midplane.

~ AXIS OF
CPC

Vo l

PARABOLA

FOCUS OF S
PARABOLA “MBSORBER 4

Fig. 1. Cross section of CPC with
: one-sided flat absorber.
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Subsequent to the discovery of the basic CPC, Fig. 1, several
generalizations of the ideal concentrator have been described which are
relevant for special applications. These generalizations concern

(i)
(i)

(iid)

(iv)

the use of arbitrary receiver shapesb, for example fins and’
tubes (the latter being important because of their ability

- to carry a heat transfer fluid), see Fig. 2.

the restriction of exit angles © at the receiver to values
| < 8, < m/2 (important becguge some receivers have poor
absorpt1v1%y at large angles of incidence), see Fig. 3.

asymmetric orientation of source and aperture (for the design
of collectors with seasonally varying outputs)®, see Fig. 4.

the matching of a CPC. to a finite source of radiation7
(second stage concentrators have to collect radiation from a
source, the first stage, which is a finite distance away).

A
CIRCLE

Ideal concentrator for tube. The example shown has
. concentratxon = 1/(sinf ) = 2 (ratio of aperture width to absorber
diameter = 27).

Fig. 2. ' Examples of non-imaging concentrators
with fin absorber and with tube absorber.



0, — 8- transformer, consisting of parbolic section Pg and P
and of straight sections Sp and S..

Fig. 3. CPC with restricted exit
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! Asymmetric ideal concentrator with acceptance angle

20, = + & . The

effective concentration varies with angle of incidence. A =

aperture, Aoy, = absorber, R = right parabola, L = left parabola,
F, =focusof R, F, = focusof L.

Fig. 4. Asymmetric CPC.
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A1l of these reflector geometries are 1obse]y referred to as CPC, even.
though some of them are not even parabolic. More generally, they may
be classified as non-imaging concentrators.

As for the coice between different absorber types, the configur-
ations with fin or tube absorbers, Fig. 2, will be preferable for most
solar applications. Not only is the absorber material used more A
efficiently than in other designs, but heat losses through the back are
Tow. This will more than compensate8 for the slightly higher optical '
losses (the average number of reflections for the configurations of
Fig. 2 is about 0.5 higher than for the CPC of Fig. 1).

. In their optical properties, all CPC types are exactly or almost
exactly alike. Above all, they have the same relation, Eq. 1, between
. concentration and acceptance angle. All rays incident on the aperture

within the acceptance angle, i.e. with |6, | < 6 will reach the
absorber, while all rays with |6, | > 8 wi?l bounce back and forth
between the reflector sides and }gemerge through the aperture. This
property is shown schematically by the solid line in Fig. 5. =~

FULL CPC
----------- TRUNCATED PG
........... CPC WITH MIRROR ERROR &

L
Al

Kad ‘.\\
8

ANGULAR ACCEPTANCE
(o]
(3]
T

. Q

ein

Fraction of the radiation incident on aperture at angle 6,
which reaches absorber, for ideal concentrator in two dimensions, ‘
with acceptance halfl angle 6, assuming reflectivity p =1,

. untruncated ideal concentrator with perfect reflectors;
----- . truncated ideal concentrator with perfect reflectors:
--------- ,untruncated ideal concentrator with surface errors A.

Fig. 5.  Angular response of CPC
(schematic).
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As for the flux dlstr1but1on at the absorber, it depends on- ang]e
of incidence and on absorber shape, and has to be determined by
detailed ray tracing. However, the following important statement can
be made about all CPC's, without any need for ray tracing: if the
radiation incident on the aperture is uniformly spread over the entire
acceptance angle, then it will be isotropic when it reaches the
absorber - (unless the design was chosen to restrict the exit angles
to values.below 8, < w/2, in which case the radiation at the absorber
will uniformly fi%l the angular range from -6, to +6, This consid-
eration of uniform illumination is very 1mpor%ant beEause it gives a
simple and reliable estimate of the average performance of a CPC solar
collector. [For certain angles of incidence, hot spots of high flux
concentration (of the order .of 50) may appear on the absorber but
they do not cause any problems in the collectors described in this
paper].9 . '

CPC's have a rather large reflector area. Fortunately this dis-
advantage can be alleviated by truncationl0: the top portion of a CPC
does not intercept much radiation and can therefore be cut of f w1th
little loss in concentration.

The number of reflections varies both with angle of incidence
e.n and with. point of incidence on the aperture. To calculate the

optical transmission cqefficient Tt for a CPC, the simple approximation

1= - e (2)

11

can be used where p is the reflectivity and <n> is the average number
of reflections. For the configurations of practical interest for solar
energy <n> is between 0.5 and 1.5. More detailed information on opt1ca]
and thermal propert1es of CPC's can be found in Ref. 10.

In this paper, design, construction and test resu]ts are reported
for solar collectors with evacuated receivers and non-imaging concen-
trators (CPC used for convenience). Concentration ratios of 1.5, 3.0
and 5.0 were chosen. (Fivefold concentration will necessitate about
12 tilt adjustments per year.) Concentration achieves two goals:. it
improves the high temperature performance, and it reduces collector
cost because reflectors cost less than receivers.

The receivers are evacuated tubes, sup?11ed by Corning G 1ass]2
. by General Electricl3 and by Owens-I11inois!4. - Several techn1ques for
low-cost manufacture of the reflectors have been evaluated, in
particular vacuum formed plastic, roll formed aluminum sheet, fiber-
glass plus epoxy and aluminized mylar on urethane foam, and




aluminized mylar on paper honeycomb. With all these processes, the
resulting mirror surface quality was quite satisfactory in view of

the large acceptance angle of the CPC. This fact is illustrated by the
angular scan shown in Fig. 6. It is the measured angular response of
a 1.5x CPC with roll formed aluminum sheet reflector and Owens-I11inois
receiver. The most durable reflector is obtained by roll forming
anodized aluminum sheet. Even with this process which is the most
‘expensive of the ones considered, the projected cost!® of the reflector
assembly is only around $25.-per m2 of the collector aperture. With
alum1n%zed vacuum formed plastic, the ref]ector cost could be reduced
to 5.-$/ml

ANGULAR RESPONSE
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'Fig. 6. Measured angular response (relative units on y-axis)
“of 1.5x non-imaging concentrator. ‘
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FIGURE 7, CROSS SECTION OF 3x CPC
WITH CORNING RECEIVER
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"FIGURE 8, NONIMAGING 1.5X CONCENTRATOR COUPLED
TO TUBULAR EVACUATED RECEIVER (GENERAL -
ELECTRIC OR GWEMS-ILLINOIS)
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Fig. 9. Measured performance of fixed 1.5x nonimaging
concentrator with General Electric receivers.

The cross section of the Corning receiver (one-sided flat absor-
ber) with its matching CPC reflector is shown in Fig. 7. The CPC
configuration appropriate for the Owens-I1linois and for the General
Electric receivers {(tubular absorbers) is shown in Fig. 8. In order
to prevent the accumulation of dirt and snow in the reflector troughs,
we choose to cover the aperture of all collectors with a flat sheet of
glass or acrylic. Even though such a cover causes reflection and ab-
sorption losses, it enhances the long term performance by keeping the
reflector clean. Furthermore, it allows the use of low-cost light-
weight reflector structures which need not be protected against wind
loading. : : :

The following collectors have been built or are under construc-
tion: .

(i) a 1.5x with General Electric receiver (i.e. geometfic
concentration ratio’ C = 1.5).

(ii) a 1.5x with Owens-I11inois receiver.

(iii1) a 3x with Corning receiver.




-10-

(iv) a 5x with Corning receiver (etched g]ass]6 used for cover
'and for receiver, silvered plastic film used for reflector.)

(v) a 5x with Owens-I11inois tubes (but with heat transfer fluid
loop modified to be like that of the General Electric
receiver). -

- Several optical and thermal tests were carried out in order to measure
optical efficiency and heat loss of the collectors. The most important
of these are the measurement of angular acceptance characteristic (see
Fig. 6), the measurement of optical efficiency n., and the measurement
of the heat loss coefficient U. For collectors with General Electric
~and Owens-I1linois receivers, the optical efficiency can best be
determined by the following method. One fills the inside of the
receiver tube of a single CPC module with cold water and then exposes
the receiver plus reflector module to steady sunshine tor about half
an hour. The resulting temperature rise multiplied by the heat
capacity of the water (with small corrections for heat losses and for
heat capacity of the inner glass tube) gives a direct measure of the
energy absorbed and thus of the optical efficiency. The heat loss
coefficient U can be measured in the laboratory or outside at night

- by flowing water through the collector and measuring temperature drop
and flow rate. The efficiency n of a collector operating at a plate
temperature Tp which is AT = Tp - Ta above ambient, is then given by

n=n,-UAT/I (3)
(In most collectors, U will increase

where I is the insolation.
somewhat with AT).

In addition, one can perform the so called masked stagnation test.
This test simply involves running a collector under stagnation con-
dition, i.e. at zero efficiency. To control the stagnation temperature,
one reduces the indicent sunshine by means of a mask, for example a
perforated sheet (which should be painted black on the side facing
the collector). This method measures the ratio of U value (at
temperature Tp = Ta + AT) and optical efficiency as

n AT

u(at) _fI (4)
o .

where f is the fraction of insolation I transmitted through the mask.

A1l of these tests are valuable because they permit determination
of collector performance from a single small collector module con-
sisting of just a single receiver in one reflector trough. Only when
these tests prove satisfactory will one proceed with the construction
of a complete collector panel. These tests correlate well with the
performance of the collectors under actual operating conditions. Test
data for collector i) are given in Fig. 9 implying operating
efficiencies above 40% at AT = 150°C above ambient with a fixed
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collector. Note that the efficiency is stated in terms of total.
insolation on clear days. The quoted efficiency would be about 15%
higher (dashed Tine in Fig. 9) if it were referred to direct insolation
as is customary for most concentrators.

70 ' :
| ' advanced technology -
60[@ ) 4 ' . . |

r © N state-of-the-art
50t
! . .
EEQO-
> b
W
&
=30
(S}
n ,
w MEASURED EFFICIENCY
20} @ Hp0 :
+ ETHYLENE GLYCOL
10}
0 ' 0.1 ' 0.2

81/s (°C u2/watr)
i EFFrciency vs. at/s For 5x CPC's

Fig. 10 Performance data of 5x CPC.

Data for a 5x CPC with Corning receiver are shown in Fig. 10. Two
versions were tested, a state-of-the-art collector with untreated glass
and aluminum reflectors, and on advanced technology version with etched
glass-.and silvered reflectors. For the latter, only the optical
efficiency has been measured so far; the heat losses should be the same
as for the state-of-the-art version. The corresponding efficiency-
curve indicates operating efficiencies above 50% at 250°C making this
nontracking collector a suitable candidate for electric power gener-
ation.

\
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The state-of-the-art collectors, using aluminum
reflectors and glass without antireflection surface treatment,
have optical eff1c1enc1e521n the range of 55 to 60%. Their U-values
are on the order of U~ °w/m2 °K where C is the concentration ratio;
the quoted U-value 1nc1udgs heat Tosses from the collector manifold.
The collector efficiency factor F' (in the notation of Duffie and
Beckmanl8) is better than 0.95; in other words, the difference
.between fluid and plate temperature does not significantly reduce the
efficiency. This is due to the combination of vacuum and selective
coating in collectors of this type.

New technologies are becom1ng available which will 51gn1f1cant]y
improve the performance of nonimaging concentrating collectors. For
example, etching of glass is a low-cost process which can reduce .
reflection losses from 4% to 1% per surface. By using etched glass
and silvered ref]ectors, the optical eff1c1ency can be ra1sed above
70%.
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