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[57] ABSTRACT

A fixed, linear, ground-based primary reflector having
an extended curved sawtooth-contoured surface cov-
ered with a metalized polymeric reflecting material,
reflects solar energy to a movably supported collector
that is kept at the concentrated line focus of the reflec-
tor primary. The primary reflector may be constructed
by a process utilizing well-known freeway paving ma-
chinery. The solar energy absorber is preferably a fluid-
transporting pipe. Efficient utilization leading to high
temperatures from the reflected solar energy is obtained
by cylindrical shaped secondary reflectors that direct
off-angle energy to the absorber pipe. To obtain higher
temperature levels, refocusing secondary reflectors,
that cause a series of discrete spots of highly concen-
trated solar energy to fall on the fluid-transporting pipe,
are utilized. A seriatim arrangement of cylindrical sec-
ondary reflector stages and  spot-forming reflector
stages produces a high temperature solar energy collec-
tion system of greater efficiency.

37 Claims, 28 Drawing Figures
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SOLAR ENERGY COLLECTION SYSTEM

ORIGIN OF THE INVENTION

The invention described herein was made in the per-
formance of work under a NASA contract and is sub-
Jject to the provisions of Sections 305 of the National
Aeronautics and Space Act of 1958, Public Law 85 568
(72 Stat. 435; 42 U.S.C. 2457).

* CROSS REFERENCE TO RELATED
' APPLICATIONS

This application is a division of application Ser. No.
598,969 filed July 24, 1975, for “Low Cost Solar Energy
Collection System”, now U.S. Pat. No. 4,065,053.

" BACKGROUND OF THE INVENTION

The present invention relates generally to improve-
ments in solar energy collection systems and more par-
ticularly pertains to new and improved sun-tracking
solar energy collection systems that are capable of pro-
ducing high solar energy concentration ratios.

The overriding problem confronting developers of
solar energy power systems has been the problem of
producing the required high temperatures at a cost that
would make the utilization of solar power competi-
tively attractive. Presently, systems capable of produc-
ing the required high temperatures directly from solar
energy utilize tracking devices with large moving pri-
mary reflectors. Accurate tracking devices, however,
are expensive to construct and costly to maintain if they
are to track under conditions of weather extremes and
varying high wind forces. The cost of producing large
tracking reflectors and the costs of an associated track-
ing mechanism sturdy enough to withstand expected
wind forces make a solar energy heat generating plant
that can provide sufficient power to produce electricity
in the multi-megawatt range an uneconomical prospect.

Solar energy collection systems that are to be used
for producing superheated steam for use by steam-
driven generator equipment for generating electric
power must be capable of transforming solar energy
into thermal energy in the range of 1000° F. or higher.
The prior art systems capable of such heat generation
involve tracking. concentrators such as three-dimen-
sional paraboloidal dishes which can be precisely
steered in both altitude and azimuth to follow the sun’s
movement. In order to generate temperatures in the
range of 1000° F. in sufficient quantity for use as energy
for the generation of electrical power, literally thou-
sands of 20-foot diameter, three-dimensional parabolic
dishes must be utilized. The cost of producing large
numbers of such optically finished compound curve
reflecting surfaces that are sturdy enough to hold their
figure when tilted and turned in the wind is prohibitive.

OBJECTS AND SUMMARY OF THE
INVENTION

An object of this invention is to provide an inexpen-
sive, high temperature solar energy collection system.

Another object of this invention is to provide a track-
ing solar energy collection system utilizing a fixed,

linear, ground-based primary reflector and a movable

supported collector.

A further object of this invention is to provxde sec-
ondary reflectors for refocusing the solar energy re-
flected from a fixed concentrator into concentrated
beams of solar energy.
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Yet another object of this invention is to provide
secondary reflectors that substantially increase absorp-
tion of ‘visible light and reduce emission of heat rays
from the collector.

Still a further object of this invention is to provide a
large-scale solar power system that is sufficiently effi-
cient and cost effective to be competitively attractive.

These objects and the general purpose of this inven-
tion are accomplished in the following manner. A large
fixed primary reflector is constructed at ground level by
slip-forming in concrete or stabilized dirt a trough with
a segmented one-dimensional circular cross-section
profile. This profile is covered with an inexpensive
light-reflective material. The axis of the primary reflec-
tor is optimally aligned with respect to the sun path in
the area. A heat-absorbing structure is movably sup-
ported above the primary reflector. The support mech-
anism transversely shifts the heat-absorbing structure to
track the changing position of the sun’s image diurnally
and seasonally, keeping the structure at the changing
line focus of the primary reflector. The heat-absorbing
structure carries secondary reflectors that either direct
off-angle solar energy to the structure or refocus the
line focus of the primary reflector into discrete spots of
intense solar energy. These secondary reflectors are
constructed so as to maximize absorption and minimize
heat emission from the heat-absorbing structure. Build-
ing the solar energy collection system in stages, each
stage designed for optimum efficiency within a certain
temperature range, provides a more efficient and cost-
effective overall system.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and many of the attendant advantages
of this invention will be readily appreciated as the same
becomes better understood by reference to the follow-
ing detailed description when considered in conjunction
with the accompanying drawings in which like-refer-
ence numerals designate like parts throughout the fig-
ures thereof and wherein:

FIG. 1 is a block diagram of a staged solar energy
collection system;

FIG. 2 is a perspective, partial section, illustrating a
solar energy collection system according to the present
invention;

FIG. 3 is a perspective, partial section, illustrating a
solar energy collection system according to the present
invention;

FIG. 4 is a diagrammatic illustration, useful in ex-
plaining the principle of the large-scale primary reflec-
tor of the present invention;

FIG. § is a diagrammatic illustration, useful in ex-
plaining the desired structure of the large-scale primary
reflector of the present invention;

FIG. 6 is a diagrammatic illustration of the daily and
seasonal adjustments required by the collector system
of the present invention;

FIG. 7 is a partial perspective illustration of a type of
laterally movable collector system and a cross section
of the large-scale reflector of the present invention;

FIG. 8 is a diagrammatic illustration of one type of
laterally movable supporting structure for the collec-
tors of the present invention;

FIG. 9 is a schematic illustration of the operation of
the laterally movable supporting structure of FIG. 8;

FIG. 10A is a perspective illustration of a secondary
reflector of the present invention;
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FIG. 10B and 10C are cross-sectional illustrations of
other embodiments of the secondary reflectors of the
present invention;

FIG. 11 is a cross-sectional illustration of a two-di-
mensional secondary reflector;

FIG. 12 is a cross-sectional illustration of a two-di-
mensional secondary reflector utilizing retroreflector
means;

FIG. 13 is a perspective illustration of a refocusing
secondary reflector of the present invention;

FIG. 14 is a perspective illustration of an alternate
embodiment of a refocusing secondary reflector of the
present invention;

FIG. 15 is a cross-sectional view of an alternate em-
bodiment of a secondary reflector;

FIG. 16 is a diagrammatic illustration of a surface
treatment to be used with the secondary reflector of
FIG. 15;

FIG. 17 is a diagrammatic illustration of a surface
treatment to be used with the secondary reflector of
FIG. 15;

FIG. 18 is a top plan illustration of the piping net-
work used with the solar energy collection system
shown of FIG. 3;

FIG. 19 is an end view section of one embodiment of
an absorber pipe used in the network of FIG. 18;

FIG. 20 is front view section, partially broken away
of the absorber pipe of FIG. 19;

FIG. 21 is an end view section of another embodi-
ment of an absorber pipe used in the network of FIG.
18; .

FIG. 22 is a front view section, partially broken away
of the absorber pipe of FIG. 21;

FIG. 23 is an end view partial section of the absorber
pipe of FIG. 21 illustrating internal structural detail;

FIG. 24 is a front view section, partially broken
away, illustrating the internal structural details of the
absorber pipe of FIG. 23;

FIG. 25 is a schematic illustration of the laterally
movable supporting structure of FIG. 3;

FIG. 26 is a block diagram of an alternate embodi-
ment of a staged solar energy collection system utilizing
the solar energy collection system of FIG. 3 and its
components as illustrated in FIGS. 18, 19, 20, 21, 22, 23,
24, and 25.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A cost-effective solar energy collection system for
use with steam driven generator equipment for produc-
ing electric power is illustrated in FIG. 1 as consisting
of various temperature stages, each temperature stage
comprising structure that is most efficient at that tem-
perature range. The first temperature stage 12 of the
system is preferably a solar pond. Solar ponds are well
known. An example of a superior solar pond can be
found in copending patent application U.S. Ser. No.
762,363 filed on Jan. 25, 1977 for Solar Pond by Charles
G. Miller and James B. Stephens. The function of the
solar pond is to raise the temperature of cold (40°-70°
F.) water to a temperature of 200° F. By any well
known and convenient means, the 200° F. water is
transmitted over interconnect 14 to a line-focus second-
ary reflector tracking system 16, of the type more fully
described herein.

The line-focus secondary reflector tracking system 16
would raise the temperature of the received 200° F.
water to approximately 600° F. This 600° F. steam is
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then supplied, by way of interface 18 to a spot-forming
focus secondary reflector tracking system 20, of the
type more fully described hereinafter. The spot-forming
focus tracking system 20 of the type described herein
would raise the temperature of the 600° F. received
water to approximately 800° F. The 800° F. fluid may
be raised to even higher temperatures by a three-dimen-
sional tracking parabolic dish system 24, such as is well
known in the art. The parabolic dish system 24 receives
the 800° F. fluid over interface 22 and raises its tempera-
ture to approximately 1300° F. This 1300° F. super-
heated fluid may then be'supplied by way of interface 26
to generator equipment for use in the generation of
electricity.

One embodiment of a tracking solar energy collec-
tion system according to the present invention is illus-
trated in FIG. 2. The ground-based reflector 11 can be
made up of a plurality of identical sections 13, 15, each
section having its own fluid-carrying vessel 87, 89, re-
spectively, for collecting the solar energy reflected
from the respective modular surfaces 13, 15. The width
of each modular section is preferably within the capabil-
ity of present day concrete road laying machinery.

The sawtooth segments 25, 23, 17, 21, 22, 27, and 29
will make up one module 13 that can be laid by a pro-
cess that utilizes standard highway construction or air-
strip construction methods. One example of how the
primary reflector modules may be formed follows. A
sifter mechanism mounted on wheels having a width

equal to or slightly greater than the width of a primary
reflector module is utilized. This sifter mechanism may

have the following structure. A sifter body is divided
into multiple segments, each segment utilizing a rotary
screen type mechanism for accepting a different particle
size. Conveniently, four segments of the following par-
ticle grades may be used: rocks, coarse, medium and
fine. The aggregate containing all these grades of parti-
cles is supplied to the sifter by a conveyer mechanism,
the aggregate being inserted at the “fine” end of the
sifter. The entire sifter mechanism moves in a direction
whereby its coarse segment is always in the front. Con-
sequently the rocks or very large particles are laid down
first, then the coarse particles, then the medium parti-
cles, and then the fine particles.

This aggregate material may be the in-situ soil. Or, if
the in-situ soil is unsuitable, suitable material may be
brought in. As the aggregate is being delivered to the.
sifter a binder material such as cement is mixed in with
it. Consequently all the various graded particles will be
associated with the binder. As each graded particulate is
ejected from the sifter, it is sprayed with water.

The moistened particulate of each graded layer is
partially shaped to the desired contour of the primary
reflector by a screed attached to the moving sifting
mechanism for each. A plurality of pipes 62 in FIG. 2,
having orifices therein, are preferably laid into the mul-
ti-layer substrate thus formed in the medium or fine
layers.

The multi-layered substrate having binder material
throughout is finished to the desired sawtooth seg-
mented cross-section by a roller mechanism that prefer-
ably has the following structure. A roller having the
inverse curvature of the desired profile and being the
width of a primary reflector module travels along the
graded aggregate substrate in front of a sled having the
same contour as the roller. The sled has mounted
thereon acoustic vibrators that operate at high fre-
quency to provide a very smooth surface to the saw-
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tooth segmented primary reflector. The depth of the
various segmented steps with varying radii of curva-
tures 25, 23, 17, 21, 22, 27, and 29 is determined mainly
by the slump factor of the thus stabilized soil during its
curing process. ‘

An aluminized Mylar sheeting material, 0.00025
inches thick, or equivalent reflective material is laid
over the slip-formed profile. The reflecting material is
held down by a slight vacuum created at the surface of
the reflector profile by drawing a vacuum on the pipes
laid therein. Since concrete is a porous substance, draw-
ing a vacuum on the pipes within the concrete will
create a low pressure region at the surface of the con-
crete. This will hold the reflective film material in place
without the necessity of glue or some other such fasten-
ing means. Holding the reflector covering in place by a
vacuum also facilitates rapid replacement of torn or
dirty reflector material. A vacuum level, which varies
in intensity suitable to the prevailing wind velocity, is
preferred. Any suitable method of drawing a vacuum
may be utilized. An inexpensive method of producing
the vacuum is by steam ejection, using the steam sup-
plied by the system.

Each segmented module of the reflector, such as
module 13 has a flat section 31 which can provide ac-
cess to the curved reflector segments for maintenance
and inspection purposes, using a gantry-type vehicle.
One type of support structure that may be used com-
prises a plurality of stanchions 51, 53, 55 equidistantly
spaced along a line parallel to the longitudinal axis of
each reflector module of the reflector 11. The stan-
chions 51, 53, 55, for example have a four-bar linkage
75, 71, 19, respectively, attached thereto which sup-
ports the fluid-bearing pipe 87. A hydraulic or electrical

_actuating device of well-known construction 63, 65, 67
is respectively located on the stanchions 51, 53, 55 for
moving the four-bar linkages 75, 77, 79 in synchronism.
This synchronous movement of the linkage causes the
fluid-bearing pipe collector 87 to be transversely shifted
in an area relative to the reflecting module 13. The
movement of the pipe collector can be controlled either
by a programmed source correlated to stored data relat-
ing to the apparent sun movement in the area, or alter-
natively be sun sensing and following systems similar to
that used for attitude control on spacecraft.

Every other module of the reflector 11 is similarly
constructed. Each module, such as module 15, for ex-
ample, has a flat walkway portion 33 in which the plu-
rality of stanchions 57, 59 and 61 are placed. These
stanchions support respective four-bar linkages 81, 83
and 85. Each bar linkage supports a portion of the fluid-
carrying pipe 89 which is moved transversely in an arc
by actuation of motive means 69, 71 and 73 respectively
connected to the bar linkage devices. The cylindrical
segments 40, 41, 35, 37, 36, 43, and 45 of the reflector
module 15 may have the same radius of curvature as the
segments 25, 23, 17, 21, 22, 27 and 29, respectively of
module 13.

These optimum width modules of the reflector sur-
face 11 may be laid side by side, in the manner illus-
trated in FIG. 2, for any desired distance. The length of
each reflective module, along the longitudinal axis, may
also be any length desired. It is envisioned that a reflec-
tor surface a mile square could be utilized in a staged
solar energy collection system used to generate suffi-
cient heat for a 100 megawatt power plant.

The height of the stanchions for each reflector mod-
ule depend upon the radius of curvature of the troughs,

6

as will be more fully explained hereinafter. The radius
of curvature of the troughs depend upon the width of
each module. The depth depends on the slump factor
limitations of the stabilized soil or concrete used to form
the primary reflector profile. This will also be more
fully explained hereinafter.

An alternate and preferred support structure for high
temperature reflector sections according to the instant
invention comprises the use of a single rigid assembly
for the absorber pipes, and utilizing inlet and outlet
manifolds, thereby eliminating the requirement of high
pressure and rotary slip-joints, as will be seen hereinaf-
ter.

A variation of the stanchions of the type shown in
FIG. 2, is shown in FIG. 3. A plurality of upright sup-
port members 28, 30 are provided for each primary
reflector module. Each upright support member sup-
ports at least a pair of transverse support members 34,

- 36, 40, 42, and 44. Transverse support members 34, 38,
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and 42 are located at a first level. Transverse support
members 36, 40, and 44 are located at a second higher
level.

Four-bar linkages 46 are suspended from the trans-
verse support members at appropriate locations. Each
four-bar linkage is moved by actuating devices 32 as
described hereinabove. Each four-bar linkage fastens to
and supports a secondary reflector mechanism 48 that
swings in an arc and pivots about its central axis as the
four-bar linkages are moved. Exactly how this is ac-
complished will be more fully explained hereinafter.

Each secondary reflector mechanism 48 supports an
absorber pipe 50 that carries a heat-absorbing fluid. The
exact structure of the absorber pipe will be more fully
explained hereinafter. Each absorber pipe 50 in each
secondary reflector 48 is connected to the other pipes
50 by an inlet manifold 54 and an outlet manifold 56, for
supplying a cool heat-absorbing fluid and removing the
hot heat-absorbing fluid, respectively. The absorber
pipes are connected to the manifolds by high-pressure
joints 52, thereby forming a rigid network that moves in
unison as the four-bar linkages are caused to move.

It is well known in the art, that a parabolic reflecting
trough focuses received parallel light rays, (that arrive
in a direction such that a plane perpendicular to the
directrix sheet contains the light rays in question,) into
a line focus along a line parallel to the vertex line and
passing through the axis. If the received light rays,
arriving parallel at a parabolic trough, arrive in such a
direction that they make an angle with the above-men-
tioned plane perpendicular to the directrix sheet, the
line focus suffers from coma and the focus becomes
diffuse. It is for this reason that parablic trough reflec-
tors must be guided so that they always face the incom-
ing sunlight squarely.

It is possible to achieve many of the results of the
tracking parabolic trough, with a non-tracking reflect-
ing trough if the cross-section is made to be circular.
Cylindrical reflecting surfaces of circular cross section
approximate the parallel line focusing action of an opti-
mally-positioned parabolic cylinder, if only small seg-
ments of the circular cylinder surfaces are utilized. In-
coming parallel light is brought to a substantial line
focus for most angles of approach of the sunlight to the
circular trough, albeit the location of the line focus
varies with the angle of approach of the sunlight.

FIG. 4 illustrates a circular trough 92 receiving a
plurality of differently angled parallel light beams. If
only a small segment of the circular trough 92 is consid-

































