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[57] ABSTRACT

“An optical concentrator and cooling system in which a

photovoltaic cell array is immersed in a liquid inside an
elongated tube having a curved transparent wall for
incident radiation, said liquid having a refractive index
suitable for concentrating the incident radiation onto
the photovoltaic cell array.

22 Claims, 6 Drawing Figures
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OPTICAL CONCENTRATOR AND COOLING
SYSTEM FOR PHOTOVOLTAIC CELLS

Matter enclosed in heavy brackets [ § appears in the
original patent but forms no part of this reissue specifica-
‘ion; matter printed in italics indicates the additions made
by reissue,

BACKGROUND OF THE INVENTION

This invention relates to a means for reducing the
cost of electrical energy from photovoltaic cells. These
celis are remarkable energy sources having no moving
parts and a lifetime of many years when suitably pro-
tected. However photovoltaic cells are very expensive.
As a result, their applications have been limited to space
power systems and to a few special terrestial applica-
{10ns.

The power that a photovoltaic cell can produce is a
function of the insolate sunlight and a typical solar cell
can utilize efficiently many times the normal solar inso-
lation, provided that the temperature of the solar cell
does not increase excessively. Therefore, a solar con-
centrator can be effective; and within limits, the electri-
cal output of the photovoltaic cell will increase with the
concentration factor. At appreciable concentration fac-
tors, cooling is required, since the efficiency of photo-
voltaic cells may decrease rapidly with increasing tem-
peratures. In fact some silicon solar cells become com-
pletely ineffective at temperatures below 200° C.

Many types of solar concentrators have been studied
including reflective and refractive devices. The large
amount of material in refractive devices of conventional
design adds to the cost. The precise construction re-
quired for solar concentrators and for the tracking
mechanism to point the optical system towards the sun
and the requirement for cooling systems have made
optical concentrators uneconomical for most applica-
tions.

SUMMARY OF THE INVENTION

An optical concentrator and cooling system for pho-
tovoltaic cells has been invented which system is effec-
tive 1a concentrating the sunlight and in cooling the
celis economically. This new system consists of an elon-
gated tube with a curved transparent area for admitting
sunlight. This elongated tube is filled with a clear non-
conducting liquid having a refractive index suitable for
concentrating the sunlight onto the photovoltaic cells
mounted inside the tube and immersed in the liquid.
Solar cells have been demonstrated to function satisfac-
tonly when immersed in a clear nonconducting liquid.

Heat from the solar cells in transferred to the tube
walls by the clear liquid through convection and con-
duction. The area of the tube walls is much larger than
the area of the solar cells for transferring heat to the
surrounding. Also the clear liquid can be recirculated
through an external heat exchanger, if additional cool-
ir.g 18 necessary for efficient operation. Additional cool-
ing also can be obtained by circulating a cooling fluid
through heat exchange surfaces immersed in the clear
:iquid inside the elongated tube or through external heat
exchange surfaces attached to the sides or bottom of the
elongated tube. |

The lower inside surfaces of the elongated tube can
be made reflective and with an orientation and shape to
reflect onto the solar cells part of the sunlight entering
the top of the tube. The combined reflection from the
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sides and refraction through the liquid filling the tube
can produce the desired concentration of the sunlight
onto the solar cells. Reflective surfaces can be placed
inside the elongated tube independent of the sides of this
tube.

The tube containing the solar cells can be fixed in
position or the device can be moved to track the sun so
that the insolate solar radiation is normal to the plane of
the active surface of the solar cells. An advantage of
mounting the solar cells inside an elongated tube is that
effective tracking of the sun can be achieved by rotating
the tube about its longitudinal axis without the more
complicated mechanism required for continual sun
tracking in both elevation and azimuth.

An objective of the invention is to provide improved
apparatus for concentrating solar energy on a trans-
ducer and for cooling the transducer.

Other objectives and many of the attendant advan-
tages of this invention will be readily appreciated as the
same becomes better understood by reference to the
foltowing description.

BRIEF DESCRIPTION OF THE DRAWING

FI1G. 1 1s a transverse sectionized view of a system:

FIG. 2 is a transverse sectionized view of a modified
form of a system:

FIG. 3 is a longitudinal sectionized view:

FIG. 4 1s a transverse sectionized view of another
modified form of a system.

FIG. 5 is a transverse sectionized view of still another
modified form of a system.

FIG. 6 is a perspective view of transducers in a tube
for recirculating a liquid coolant.

DESCRIPTION OF PREFERRED
EMBODIMENTS

For a more complete understanding of the invention
reference may be made to the following description
thereof and to the drawings of which FIGS. 1, 2, 4, and
S are transverse sectionized views of forms of a system,
and FIG. 3 1s a longitudinal sectionized view. More
specifically in FIG. 1 the numeral 12 designates a
curved transparent surface of plastic or glass. A clear
Iiqud 14, which is compatible with the other material
used in constructing the system, has a refractive index
suitable for concentrating the entering sunlight on the
photovoitaic cells 10 mounted inside the elongated tube
formed at least in part by the curved transparent surface
12. These solar cells 10 are immersed in the liquid 14 for
cooling. The electrical energy produced by illumination
of the photovoltaic cells 10 is connected to an external
load through power leads 16 and 18. The photovoltaic
cells are electrically interconnected by connectors such
as 24 and 26. The cells may be interconnected in parallel
or in series or in some combination of parallel and series
so as to provide desired voltage at power leads 16 and
18. The elongated tube formed at least in part by the
curved transparent surface 12 and containing the liquid
14 is closed on the ends by end plates 21 and 22. The
curved transparent surface 12 may be coated by a non-
reflective coating to reduce reflection of the sunlight
striking this surface and thereby increase the amount of
sunlight entering the tube. The curved transparent sur-
face may be cylindrical as shown in FIG. 1 or, as shown
in FIG. 2, the transparent surface 20 may be eliptical in
cross section or some other shape to produce a higher
concentration of sunlight on the solar cells 10.
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The lower sides of the elongated tube may have a
reflective surface 38 as shown in FIGS. 4 and § so that
the combined effects of refraction through the curved
upper transparent surface and the clear liquid 14 and
reflection from the surfaces 38 produce the desired
concentration of sunlight on the solar cells. The reflec-
tive sides 38 may be flat or curved. The reflective sur-
face 38 may be placed inside the elongated tube as
shown in FIG. 5.

Sunlight can be concentrated effectively on the solar
cells without image formation. Also bubbles or slightly
incomplete filling of the elongated tube with liqud have
been found not to reduce significantly the electric
power output of the solar cells. The liquid for filling the
elongated tube must be clear, electrically nonconduct-

ing, low viscosity, and compatible with materials of

construction of the system. Also the liquid must have a
refractive index suitable for concentrating the entering
sunlight on the solar cells. Examples of suitable liquids
are water and aliphatic hydrocarbons such as decane or
clear mixtures of aliphatic hydrocarbons derived from
petroleum. Aromatic hydrocarbons such as benzene
and toluene have desirable high indexes of refraction,
however many such aromatic hydrocarbons are not
compatible with plastics that may be used for the
curved transparent surface.

Fins or other extended heat transfer surfaces 34
shown in FIG. 4 may be attached to the lower sides 32
of the elongated tube to increase the rate of the heat
transfer to surroundings.

FIG. 6 is a perspective view of photovoltaic cells 10
cemented or otherwise fastened inside an elongated
tube with inlet and outlet pipes 48 and 50 for circulating
a liquid coolant 14 which also refracts the entering
sunlight onto the cells 10. The inlet and outlet pipes 48
and 50 are attached to the end plates 40 and 42. These
pipes 48 and 50 can be used to support and rotate the
device about its longitudinal axis for tracking the sun.

Obviously many modifications and variations of the
present invention are possible in the light of the above
teachings. It is therefore to be understood that within
the scope of the appended claims the invention may be
practiced otherwise than as spectfically described.

What i1s claimed 1s:

1. Apparatus for converting solar radiation to electri-
cal energy comprising:

1. a plurality of solar cells;

2. a tube of elliptical cross section, comprising a trans-
parent wall section having elliptical inner and outer
wall surfaces, said solar cells being secured to an
inner wall of said tube near one end of the major
axis of the elliptical shape opposite said transparent
wall section;

3. a liquid surrounding said cells and substantially
filling said tube whereby radiation impinging on
sald transparent wall section 1s concentrated on
said cells through the curved surface of said liquid.

2. The apparatus of claim 1 wherein said tube com-
prises a transparent curved wall section and a radiation
reflecting section whereby radiation entering said tube
but not refracted directly to said cells is reflected to said
cells.

3. The apparatus of claim 2 wherein said reflecting
section 1S a metai.

4. The apparatus of claim 3 comprising in addition
cooling fins secured to said metal.
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5. The apparatus of claim 1 comprising in addition
reflector surfaces disposed inside said tube effective to
concentrate incoming radiation to said cells.

6. A method for converting solar radiation to electrical
energy which comprises the steps of (1) passing solar radia-
tion through an elongated transparent curved wall tube of
glass or plastic substantially filled with a clear nonconduct-
ing liguid having a refractive index suitable for concentrat-
ing solar radiation on photovoltaic cells; (2) concentrating
said radiation on a plurality of photovoltaic cells mounted
in a linear configuration in the axial direction inside of
said tube and electrically connected to one another; and (3)
thereafter recovering electrical energy from said voltaic
cells.

7. The method of claim 6 wherein the tube is cylindrical.

8. The method of claim 6 wherein the tube is closed

9. The method of claim 6 wherein the tube has inlet and
outlet means.

10. The method of claim 6 wherein the photovoltaic cells
are electrically interconnected in parallel, in series, or in
combinations thereof.

11. The method of claim 6, 7, 8 9, or 10 wherein the
tube comprises a transparent curved wall section and a
radiation reflecting section whereby radiation entering said
tube but not refracted directly to said cells is reflected to
said cells.

12. The method of claim 6, 7, 8, 9 or 10 wherein a
surface of the transparent tube is coated with a non-reflec-
tive coating.

13. The method of claim 6, 7, 8, 9 or 10 wherein the solar
cells are located near one side of the tube and face the
distant side.

14. Apparatus for converting solar radiation to electrical
energy comprising:

1. a plurality of solar cells mounted in a linear configu-
ration in the axial direction inside an elongated trans-
parent curved wall tube, and

2. a liguid surrounding said cells and substantially fill-
ing said tube whereby radiation impinging on said
tube is concentrated on said cells, said liquid having a
refractive index suitable for concentrating radiation
onto said cells.

15. Apparatus of claim 14 wherein the tube is cylindri-

cal,

16. Apparatus for converting solar radiation to electrical
energy comprising.

1. a plurality of solar cells mounted in a linear configu-
ration in the axial direction inside a closed, elongated
transparent cylindrical tube, and

2. a clear liguid surrounding said cells and substantially
filling said tube whereby radiation impinging on said
tube is concentrated on said cells, said liguid having a
refractive index suitable for concentrating radiation
onto said cells.

17. Apparatus for converting solar radiation to electrical

energy comprising:

I. a plurality of solar cefls mounted in a linear configu-
ration in the axial direction inside an elongated trans-
parent cylindrical tube with the ends closed for hold-
ing liguid and having inlet and outlet means for for
circulating a liguid coolant, and

2. a clear liguid surrounding said cells and substantially
filling said tube whereby radiation impining on said
tube is concentrated on said cells, said liguid having a
refractive index suitable for concentrating radiation
onto said cells.
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18. Apparatus of claim 14, 15, 16, or 17 wherein the not refracted directly to said cells is reflected to said cells.
solar cells are electrically interconnected in parallel, in
series, or in combinations thereof. 21. Apparatus of claim 14, 15, 16, or 17 wherein a sur-
19. Apparatus of claim 14, 15, 16, or 17 wherein the  face of the transparent tube is coated with a non-reflective
solar cells are located near one side of the tube and face the 5 coating.
distant side. 22. Apparatus of claim 14, 15, 16, or 17 wherein the
20. Apparatus of claim 14, 15, 16, or 17 wherein the tube liguid is water, an aromatic hydrocarbon, or an aliphatic
comprises a transparent curved wall section and a radiation  hydrocarbon.
reflecting section whereby radiation entering said tube but * 0 x x %
10

15

20

25

35

45

55

65



r_____ - — ettt e . ______—_________———l
UNITED STATES PATENT OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. @ Re. 30,584
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INVENTOR(S) : Charles R. Russell

| It is certified that error appears in the above—identified patent and that said Letters Patent
are hereby corrected as shown below:

Col. 1, line 53, "in" should be --i1s--.

Col. 4, line 65, "impining" should be --impinging--.
Signed and Sealed this

Twenty-third D a )’ of February 1982
{ISEAL]J

Attest:

GERALD J. MOSSINGHOFF

Attesting Officer Commissioner of Patents and Trademarks
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