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1571 ABSTRACT 

A solar energy concentrator system comprises an offset 
reflector structure made up of a plurality of solar en- 
ergy reflector panel sections interconnected with one 
another to form a piecewise approximation of a portion 
of a (parabolic) surface of revolution rotated about a 
prescribed focal axis. Each panel section is comprised of 
a plurality of reflector facets whose reflective surfaces 
effectively focus reflected light to preselected surface 
portions of the interior sidewall of a cylindrically 
shaped solar energy receiver. The longitudinal axis of 
the receiver is tilted at an acute angle with respect to the 
optical axis such that the distribution of focussed solar 
energy over the interior surface of the solar engine is 
optimized for dynamic solar energy conversion. Each 
reflector panel section comprises a flat, hexagonally 
shaped truss support framework and a plurality of beam 
members interconnecting diametricallv oDDosed cor- 

2,987,961 6/1961 Cotton et al. ................... 126/451 X ners Of the framework which 
3,905,352 9/1975 Jahn .................................... 126/438 a plurality Of (sphericah’) contoured reflector facets is 
3,998,206 1211976 Jahn .................................... 1261438 disposed. The depth of the framework and the beam 
4,256,088 3/1981 Vindum ............................... 126/418 members is greater than the thickness of a reflector 
4,296,737 10/1981 Silk ...................................... 126/438 facet such that a reflector facet may be tilted (for con- 
4,408,595 10/1983 Broyles et a]. ...................... 126/424 

4,599,995 7/1986 Dane ................................... 126/438 
4,656,996 4/1987 Aharon ............................... 126/438 

trolling the effective focus of its reflected light through 

panel section. 
4,433,672 2/1984 Hale et al. ........................... 126/419 the receiver aperture) without protruding from the 

Primary Examiner-Allen J. Flanigan 11 Claims, 7 Drawing Sheets 
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OFFSET TRUSS HEX SOLAR CONCENTRATOR 

The invention described herein was made in the per- 
formance work under NASA Contract No. NASA 
3-24666 and is subject to provisions of Sec. 305 of the 
National Aeronautic and Space Art of 1958 (72 STAT 
434:42 U.S.C. 2457). 

F I E L D  OF T H E  INVENTION 
The present invention relates in general to solar en- 

ergy collection apparatus and is particularly directed to 
a space deployable solar collector system configured of 
an offset reflector shaped as a surface of revolution (e.g. 
a paraboloid reflector) made up of a plurality of multi- 
faceted hexagonal panels arranged to focus reflected 
solar energy into a receiver having an optical flux re- 
ceiving surface of revolution, the longitudinal axis of 
which is oriented at an angle with respect to the focal 
axis of the reflector surface geometry. 

BACKGROUND O F  T H E  INVENTION 

With the availability of a practical extraterrestrial 
payload delivery system (e.g. the space shuttle), science 
and engineering research and development facilities 
have accelerated their efforts to design and construct 
orbital systems (e.g. space station and orbiting defense 
weaponry), where advantage can be taken of weight- 
lessness and the absence of the electromagnetic absorp- 
tion and reflection characteristics of the earth's atmo- 
sphere. Power for such systems is expected to be sup- 
plied by large, point-focusing solar energy devices 
which will use extensive (e.g. parabolic reflector) sur- 
faces in order to concentrate the sun's energy and the 
attain the temperatures needed to operate efficient cy- 
cles for generating the vast quantities of electricity 
projected to be used. 

Currently developed point-focussing devices that 
reflect sunlight into a solar energy receiver may be 

2 
receiver positions must not deflect significantly as the 
collector tracks the sun. If the power conversion and 
condenser units are located remote from the receiver, 
hot fluid lines must be run along the receiver support 

5 struts, giving rise to additional thermal losses and struc- 
tural distortion. If the power conversion and condenser 
units are co-located with the receiver at the focal point, 
additional shading and support penalties are incurred. 

One proposal that has been suggested for solving the 
10 problems of such configurations has been to use a Casse- 

grainian optical configuration. However, upon closer 
examination several reasons why such a concentrator 
has been not been successfully constructed become 
apparent. First, a Cassegrainian configuration incurs a 

15 double reflectance loss, and the secondary reflector 
produces at least as much shading as a receiver. The 
lower total reflectance necessitates a larger primary 
reflector to gather the same amount of energy as a basic 
Newtonian dish. Also, the secondary reflector can be 

20 made only so small before the concentrated sunlight 
from the primary either melts the secondary reflector or 
mandates the use of a secondary cooling system. 

On the other hand, compatibility with presently 
available receiver configurations requires the use of a 

25 relatively large secondary reflector to produce the de- 
sired 'cone angle' (typically 90" to 120"). A sufficiently 
large secondary reflector would have to be half the size 
of the primary which, in turn, would have to be twice as 
large as a comparable Newtonian reflector! For  a space- 

30 borne application, this size penalty would eliminate any 
drag advantage over a photovoltaic approach. In addi- 
tion, the secondary reflector would have to be a deploy- 
able structure, since it would be too large to fit into the 
space shuttle in one piece, with a collateral increase in 

In addition to point-focussing devices, there have 
been proposed line-focussing configurations employing 
an offset parabolic trough, such as described in US. Pat. 
No. 4,296,737. An offset trough Drovides a simDler re- 

35 alignment criticality. 

I .  

grouped or classified into three principal configura- 40 flective surface (curved in only two dimensions\ and is 
tions: 1-large fixed dishes fed by an array of flat mirrors thereby easier to fabricate than a paraboloid. However, 
(heliostats) which track the sun; 2-fixed tower mounted because the reflective surface is only two dimensionally 
receiver arrangements with sun tracking heliostats indi- curved, it focuses sunlight along only a linear strip re- 
vidually aimed at the focal point receiver; and 3-gimbal gion of the back interior wall of the receiver, so that the 
mounted symmetric parabolic dishes which track the 45 collection area is limited (a line vs. the entire surface 
sun directly (analogous to radio telescopes). area of the interior wall of a cylinder). Consequently, 

The fixed-dish approach is secured to an anchored, the theoretical maximum concentration (wattshq. me- 
solid structure. Consequently, a very accurate parabo- ter) is less and thus inhibits system thermal efficiency. 
loidal reflector (composed of small, rectangular, second Moreover, the trough approach shares the bulkiness 
surface glass, with spherically contoured facets to allow 50 problem of the fixed dish and power tower configura- 
accurate aiming toward the focal point) can be pro- tions and the opto-structural problems of the gimballed 
duced, making this type of solar energy collection sys- dish design. 
tem a candidate for terrestrial construction. On the Thus, it will be appreciated that although a variety of 
other hand, because of its considerable size and mass, its solar concentrator designs have been proposed (includ- 
attendant heliostats, and double reflected energy loss, it 55 ing those for use in space applications), most involve 
is not a practical solution to spaceborne applications. relatively large, bulky structures which are limited in 

The power tower approach eliminates the double potential for growth by their mass and the stowed vol- 
reflectance loss of the fixed-dish, but requires an inordi- ume of their collectors. The fixed-dish and power tower 
nate amount of space to  accommodate all the heliostats approaches will not work in a planetary orbit, since 
(which must be aimed at the same point without mutual 60 they will not accommodate 360 degrees of sun-tracking. 
blockage). A parabolic trough has a significantly limited concen- 

The third type of device, the gimballed parabolic tration ability; also, conventional parabolic dishes pos- 
dish, provides a compact package with acceptable opti- sess the above-discussed shortcomings. Still, designers 
cal efficiency. However, unlike a radio telescope re- have continued to work on proposals that enable a sym- 
ceiver horn, its solar energy receiver is massive, and 65 metric dish concentrator to be practically space-deploy- 
imposes not only a shading loss due to the shadow it and able (in terms of stowability and deployment from its 
its support structure casts on the concentrator, but a transport vehicle (space shuttle cargo bay). These pro- 
substantial weight penalty, as the mirror surface and posals include petalline and hexagonal panel geome- 
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tries, various inflatable designs and electrostatically receiving aperture through which sunlight that has been 
controlled membranes. reflected (and focussed) by the facets of the offset re- 

Petalline geometries are radially symmetrical and can flector panel sections enters the interior of the receiver 
be scaled. However, they suffer from poor packaging and impinges upon its light collecting surface. The lon- 
efficiency and the need for very large spherical optics. 5 gitudinal axis of the receiver intersects the solar energy 

Hexagonal panel systems have significantly improved reflective surface and passes through the focal axis at an 
modularity and offer enhanced packaging efficiency acute angle such that the distribution of focussed solar 
and ease of deployment Over petalline designs. How- energy over the interior surface of the receiver is opti- 
ever, in sizes that can be stowed efficiently within a mized for dynamic solar energy conversion, 
transport vehicle (e.g. the space shuttle) the individual 10 Preferably each reflector panel section comprises a 
hex panels still require the fabrication Of large, aspheric flat, hexagonal1y shaped truss support frame\\rork and a 
optical surfaces. (It should also be recalled that flat or plurality of beam members interconnecting diametrj- 
substantially planar hexagonal panels that conform with tally opposed corners of the hexagonal framework 
one another edgewise to form a prescribed two dimen- recessed within which a plurali ty of contoured (e,g, 
sional shape do not readily hest' together to form a l 5  spherically or parabolically) reflector facets is disposed. 
three dimensionally contoured surface, as the dimen- Each reflector facet is triangularly shaped and contains 
sions become drastically distorted over the three dimen- a respective connector f i t t i ng  at  each of its for 
sional surface.) mechanically securing the reflector facet to a fastening 

Inflatable configurations (balloons) stow more effi- location on one of the support framework or a respec- 
ciently than hexagonal panel systems' However, sun- 2o tive beam member of a hexagonal reflector pane] set- 
light pass through the I o  reach the reflec- tion, The depth of the framework and the beam 

bers is greater than the thickness of a reflector facet 
such that a reflector facet may be t i l ted (for controlling 
the effective focus of its reflected light through the 

25 receiver aperture) without protruding from the panel 
section. To facilitate focus-contouring of the individual 
facets during the manufacturing process, each reflector 

tive surface, thus constraining the choice of materials 
used. In addition, maintaining the accuracy of the sur- 
face geometry is debatable at best, and cannot be over- 
come by increasing the size of the reflector. 

The electrostatically controlled membrane is not yet 
a practically deployable structure since it must first be 
radially pretensioned against a sturdy hoop structure 
and then provide a very stiff back-up for the million or (e.g. Or para- 
so electrostatic actuators that would be required to 30 bolic) reflective surface. By 'Onfiguring the panel set- 

facet preferably has a 

control the surface contour. In addition, even if the tlons as substantiaily flat, hexagonally-shaped units 
hoop and back-up structures could be made lighter than within which the reflector facets are recessed. i t  is possi- 
an equivalent dish and the controls made reliable ble to stow the panel sections within the cargo bay of 
enough for long life, there is still some question as to the the 'pace shuttle in a stacked arrangement 
effect that slicing through the earth's magnetic field at 35 and, at the Same time, provide protection for the reflec- 
orbital velocity would have on the delicate electrostatic tor facets. 
forces shaping the surface. BRIEF DESCRIPTION OF T H E  DRAWINGS 

SUMMARY OF T H E  INVENTION FIG.  1 is a diagrammatic side view of a conventional 

mentioned shortcomings of conventional solar energy FIG.  2 diagrammatically shows a cylindrical receiver 
collection structures are obviated by an improved solar in cross-section; 
energy system which possesses low area FIG. 3 is a diagrammatic illustration of an offset pa- 
density and mass, so as to facilitate its stowage aboard raboloidal reflector substituted in place of the symmel- 
currently employed space payload transport systems 45 rically disposed Paraboloidal reflector in the solar con- 
(e.g. the space shuttle), and which deploys to a configu- centrator of FIG. 1; 
ration that produces no shadowing of its reflector, FIG. 4 illustrates the partial flux incidence surface 
urhile maintaining close proximity of the receiver, radia- 
tor, engine and concentrator to each other and the gim- 
bal axis to minimize the moment of inertia of the very 50 
massive components, Pursuant to the invention the 
solar energy concentrator system comprises a reflector 

In accordance with the present invention the above- 40 Symmetrical parabolic dish solar concentrator; 

area O f  the interior sidewall of an untilted cylindrical 
receiver for the offset reflector geometry of FIG. 3: 

FIG. 5 diagrammatically illustrates a solar concentra- 
tor according to the present invention having an offset 
reflector geometry and a cylindrical receiver tilted at an  

structure made up of a plurality of solar energy reflec- 
tor panel sections interconnected with one another to FIGS. 6 and 7 diagrammatically illustrate the geo- 
form a piecewise approximation of a portion of a coni- 5 5  metrical disposition of hexagonally shaped reflector 
cal surface of revolution (e.g. paraboloid) rotated about Panel sections interconnected So as to piecewise approx- 
a prescribed focal axis. The reflector structure is offset imate the offset portion of a paraboloidal reflector sur-  
from the focal axis, so as to avoid shadowing of the face of the concentrator shown in FIG.  5; 
reflector surface by the solar energy receiver and its FIG. 8 pictorially illustrates the stowage of panel 
attendant support structure. Each panel section is com- 60 sections in and their deployment from the available 
prised of a plurality of reflector facets whose reflective stowage area of the space shuttle cargo bay., 
surfaces may be individually adjustable to effectively FIG. 9 diagrammatically illustrates a hexagonal truss 
focus reflected light to preselected surface portions of support framework and individual triangularly-shaped 
the flux collecting surface of a solar energy receiver. reflector facets supported thereby; 
The solar energy receiver may be a cylindrical solar 65 FIG. 10 is a graphical illustration of the relationship 
energy receiver whose collecting surface is symmetrical between optical intensity and the ratio of sidewall 
with respect to a plane containing the axis of the re- length to radius within the cavity of a cylindrical solar 
ceiver. The solar energy receiver has a solar energy engine for a prescribed tilt angle Q, of 53"; 

acute angle relative to the optical axis; 
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FIG. 11 is a geometrical diagram for explaining the penalty incurred. Additional shading from other system 
derivation of the size and curvature of the reflector components (engine, radiators, generator) is results if 
facets that make up the reflector surface of the offset the components are located close to the receiver (which 
paraboloid concentrator of FIG. 5; is desired). A reduction in the shading and support 

FIG. 12 diagrammatically illustrates the relationship 5 penalty can be obtained by using an offset reflector 
between instant radius and normalized abscissa in defin- configuration, in which the reflector surface is located 
ing the curvature of the reflector facets with the geo- to one side of the optical axis, rather than being symmet- 
metrical diagram of FIG. 11; and rically disposed around the optical axis, as is the case for 

FIG. 13 shows a typical image plot resulting from the configuration shown in FIG.  1. 
spherically configured facets located on a paraboloid of 10 More specifically, with attention directed to FIG. 3. 
interest. there is shown a diagrammatic illustration of a solar 

concentrator system having system components 17 (e.&. 
radiator, solar engine, generator) located in close prox- 

Prior to  describing the improved solar concentrator imity to the gimbal axis 18, and an offset paraboloidal 
system in accordance with the present invention, it is 15 reflector 31 to be substituted in place of the symmetri- 
initially useful to consider the problems associated with cally disposed paraboloidal reflector 11 in FIG. 1. As 
conventional gimballed parabolic dish arrangements shown in FIG. 3. because only a portion of the parabo- 
which are solved by the present invention. loidal reflector is employed (the lower portion of the 

With attention directed to FIG. 1, there is shown a reflector of FIG. 1 having been eliminated), sunlight 
diagrammatic side view of a symmetrical parabolic dish 20 which is incident on the reflector and focused through 
concentrator comprised of a paraboloidal reflector dish the entrance aperture 15 of the receiver 12 is collected 
11, rotated about optical axis 16, and an associated cy- only along a portion of its untilted cylindrical sidewall. 
lindrically configured solar energy receiver 12, which is This partial flux incidence surface area (symmetrically 
fixedly connected with dish 11 by way of an intercon- distributed on either side of plane 19) is illustrated as 
necting support structure 13. The optical axis 16 of 25 region 25 in the cross-sectional diagrammatical illustra- 
parabolic dish 11 is coincident with the axis of a cylin- tion of FIG. 4. 
drical solar receiver 12. Because receiver 12 is cylindri- As pointed out above, a cylindrically-configured 
cally configured, substantially all of the sunlight that is receiver cannot tolerate substantial temperature devia- 
reflected by dish 11 (through its focal point 20) is inter- tions in its circumferential direction. From the illustra- 
cepted by the available flux-collecting surface area (the 30 tions in FIG. 3 and 4, it will be appreciated that simply 
interior cylindrical sidewall) of receiver 12, so that the substituting an offset paraboloid reflector for the sym- 
receiver possesses a highly efficient energy coupling metrical dish of FIG. 1 in an attempt to solve its inher- 
interior surface area. The open light receiving input end ent shadowing and support problems will create ‘hot 
of receiver 12 has a tapered shroud 14 with an aperture spots’ on the interior sidewall of the receiver and effec- 
15 through which sunlight, that has reflected off the 35 tively render it inoperative for its intended purpose. 
surface of dish 11, enters into the interior and impinges Pursuant to the present invention, however, by tilting 
upon the cylindrical sidewall of the receiver 12. Re- the receiver at an acute angle relative to the optical axis 
ceiver 12 is typically located relative to the focal point of the reflector, advantage can be taken of the shadow- 
20 of dish 11 so as to provide as even a distribution as ing and support reduction features of an offset parabolic 
possible (on its interior cylindrical sidewall) of the im- 40 reflector when used with a symmetrically shaped re- 
pinging optical flux which passes through focal point ceiver (e.g. a cylindrical receiver whose interior surface 
20. is symmetrical with respect to a plane containing the 

FIG. 2 diagrammatically shows the cylindrical en- axis of the cylinder through which the shape is the 
gine 12 in cross-section. As shown therein, the interior receiver is defined. This geometric relationship is illus- 
cylindrical sidewall of the engine 12 contains a plurality 45 trated diagrammatically in FIG. 5 which shows the 
of longitudinally extending pipes 21 through which a geometry of the original symmetrical ‘parent’ parabo- 
working fluid is circulated and coupled to  a heat ex- loidal dish 11 and its offset portion 31 as viewed along 
changer (not shown). Since parabolic dish 11 is symmet- the optical axis 16, together with a sectional slice along 
ric about axis 16, which is coincident with the longitudi- the optical axis through the offset paraboloidal reflector 
nal axis of the cylindrical receiver 12, the concentrator 50 31, with the longitudinal axis 30 of the cylindrical re- 
arrangement shown in FIG. 1 ensures that there is a ceiver 12 intersecting the reflector 31 and being tilted at 
substantially even distribution of collected solar energy an acute angle Q, relative to the optical axis 16. As can 
in a circumferencial direction about axis 16. Namely, be seen from projection lines 33 representing rays of 
relative to a plane, shown at 19 in FIG. 2, that contains sunlight that have been reflected by reflector 31 and 
axis 16 and lies in the plane of the drawing of FIG. 1 so 55 focussed through its focal point 20 to be incident upon 
as to  effectively bisect parabolic dish 11 and receiver 12, the interior cylindrical sidewall of the receiver 12, re- 
whatever solar energy is reflected by dish 11 into re- flected rays are more evenly concentrated over only the 
ceiver 12 is distributed three-dimensionally around the lower portion of the cylindrical optical flux-collecting 
interior surface 17 of receiver 12 in a manner that is surface area of the interior of the receiver, (as in the 
even or symmetrical with respect to plane 19. (Cylindri- 60 configuration of FIG. 3 referenced above). Namely. 
cal receivers can tolerate a heat variation in the axial ‘hot spots’ are avoided. Consequently, a solar concen- 
direction, namely in the direction in which the working trator geometry having an offset reflector in combina- 
fluid flows down the pipes, but not in the circumferen- tion with a tilted cylindrical receiver not only solves the 
tial direction (typically no greater than a five percent weight and shadowing problems of conventional con- 
deviation in the circumferential direction).) 65 centrator systems, described previously, but permits the 

As described briefly above, one of the problems with use of a very efficient receiver. 
the symmetrical arrangement diagrammatically illus- In the solar energy concentrator configuration of 
trated in FIG. 1 is the substantial shading and support FIG. 5, what is shown is a diagrammatic illustration of 

DETAILED DESCRIPTION 
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the basic reflector and receiver geometry. When con- 
sidering the practical size of a solar collector concentra- 
tor in a spaceborne environment, the translation of such 
ideal geometry into a practical working embodiment 
requires the evaluation of a number of parameters, par- 
ticularly when considering the transport mechanisms 
that are currently available. 

More specifically, the stowage and deployment of 
any space structure is necessarily governed by the ca- 
pacity of the cargo carrier/launch system. At present, 
the optimum space cargo transport that has been devel- 
oped is the space shuttle. Using the space shuttle cargo 
bay cross-section as a constraining reference, we have 
been able to realize a modular solar concentrator system 
comprised of a tilted symmetrically shaped (e.g. cylin- 
drical) receiver and an offset reflector surface of revolu- 
tion (e.g. paraboloid) that is piecewise-approximated by 
interconnecting a plurality of flat interconnected reflec- 
tor panel sections, which are geometrically sized to 
maximize their stowage efficiency within and to facili- 
tate their space deployment from the space shuttle 
cargo bay. 

Pursuant to the present invention, the reflector struc- 
ture of the solar energy concentrator system is formed 
of a plurality of hexagonally-shaped solar energy reflec- 
tor panel sections which are interconnected with one 
another along the sides thereof to form a piecewise 
approximation of a prescribed offset portion of the para- 
bolic surface of revolution. Each hexagonal reflector 
Panel section is preferably comprised of a flat-shaped 
truss support framework within which a plurality of 
recessed triangular-shaped, spherically contoured re- 
flector facets are supported. Each recessed reflector 
facet may be individually aimed (tilted), so as to tailor 
its focussing properties in accordance with an optimized 
solar collection geometry characteristic. 

The geometrical disposition of the hexagonally 
shaped reflector panel sections that are interconnected 
so as to piecewise approximate the offset portion of a 

5 
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paraboloidal reflecto; surface of the concentrator is 40 
shown in FIGS. 6 and 7, which are respective views 
taken along and orthogonal to the optical axis 16 of the 
concentrator. Using, as an example, a thirty-six meter 
diameter ‘parent paraboloidal reflector surface 11, hav- 
ing a focal length of nine meters, (which yields a focal 45 
length to dish diameter ratio (F/D) of 0.25), then by 
choosing the width of each of a plurality of hexagonally 
shaped reflector panel sections 41 to be slightly greater 
than four meters (on the order of fourteen feet), in order 
to make optimal use (maximize the ‘fit’) of the panel 50 
sections within the available stowage area of the cargo 
bay 34 of the space shuttle 35, shown pictorially in FIG. 
8, and allowing for pairs of adjustable spacing hinged 
fasteners 38 (which may be coupled with latching 
mechanisms to secure the panel sections relative to one 55 
another) along their hexagonal perimeters, it is possible 
to compactly stow and deploy an approximately seven- 
teen meter diameter (in the direction of the optical axis) 
offset reflector 31 by assembling together nineteen such 
panel sections. As the details of the hinged fasteners and 60 
associated latching mechanisms are unnecessary for an 
appreciation of the present invention, they will not be 
described in detail. Suffice it to say that the fastener/- 
latching mechanisms may include threaded link connec- 
tions to provide for adjustment of the spacing between 65 
the panels in the course of their distribution and piece- 
wise deployment of the offset portion 31 of the parabo- 
loid of revolution shown in FIGS. 6 and 7. 

8 
As pointed out above, each individual hexagonal 

reflector panel section 41 is formed of a (hexagonally 
shaped) truss framework containing a plurality of beam 
members which interconnect diametrically opposed 
corners of the framework. Such a framework, as well as 
the individual triangularly-shaped reflector facets to be 
supported by the framework is illustrated diagrammati- 
cally in FIG. 9. As shown therein, the truss framework 
of an individual hexagonally-shaped panel section 41 is 
formed of a plurality (Le. six) interconnected outer 
perimeter wall members 42-1 . . .42-6, the vertical thick- 
ness or height of each of which is sufficient permit 
mirror facets to be recessed between the top and bottom 
surfaces of the panel sections. Interior truss bracing of 
each panel section is accomplished by a set of beam 
members 44,45 and 46 which extend between the verti- 
ces or corners 43-1 . . . 43-6 and the center 48 of the 
panel section. Each of beam members 44,45 and 46 may 
be a conventional bar beam, I-beam section, or an in- 
verted T-section to maximize the available space for 
locating a plurality of triangular-shaped facets 511. 

At the respective vertices 43-1 . . . 43-6, at the inter- 
section of the beams 44,45 and 46 at the center 48. and 
at mid-points of the wail members 42-1 . . . 42-6 and the 
beams 44, 45 and 46 there are located respective fas- 
tener anchors 55 to which respective hinged fasteners 
56 at the corners of the triangular-shaped facets 51 are 
adjustably connectable, so as to afford control of the tilt 
and extent of recess of the facets within the panel sec- 
tion. In the exemplary embodiment shown in FIG. 9, an 
individual hexagonal panel section 41 is comprised of 
twenty four facets. Each facet (or mirror) is preferably 
configured of lightweight reenforced plastic or glass, 
shaped as an equilateral triangle in plan in order to 
optimize the use of the interior space within the hexago- 
nal truss framework of the panel section 41. Because of 
their small size compared with the overall dimensions of 
the reflective concentrator, the triangular facets 51 may 
be spherically contoured and thereby facilitate manu- 
facture, without introducing large optical errors 
Threaded apertures at the corners of each facet facili- 
tate attachment of the facets (by way of threaded fasten- 
ers 56) to (the connection anchors 55 of) the truss frame- 
work, so that the focussing angle or tilt of each individ- 
ual facet may be adjustably preset within an individual 
hexagonal truss panel section prior to launch and space 
deployment. Moreover, the recessing of the facets 
within the confines of the hexagonal framework allows 
the panels sections to be manufactured flat, rather than 
in a contoured shape, thus facilitating manufacturability 
and stowability (in the compact stacked arrangement 
shown in FIG. 8). 

As noted briefly above, the hexagonally-shaped flat 
panel sections 41 cannot be simply abutted edge-to-edge 
to conform with any prescribed surface. Edge-to-edge 
abutment of all of the panels is possible only in a com- 
mon plane. The formation of a three-dimensional con- 
tour requires that there be spacing (usually uneven and 
varying among the panels) provided between the edges 
of the panels. The exact spacing chosen among the 
respective panels will depend upon the parameters of 
the intended geometry, such as surface (e.g. paraboloid) 
diameter, focal length, panel size and the location of the 
panels on the offset portion of the paraboloid, and is 
preferably determined using analytical geometry. (As 
the details of such a mathematical analysis are not nec- 
essary for an understanding of the present invention 
they will not be described here.) In the distribution of 
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the nineteen panels that are joined. together to form a 

tor for the geometry of FIGS. 6 and 7, it can be seen 
that the spacing among the various panel sections is not The instant radius in circumferencial direction may 
even and opposing faces of adjacent panel section side- 5 be taken as the distance between the point on the sur- 
walls are not necessarily parallel with one another. It face of the reflector and the axis of SYInmetrY along a 
has been found that the variation in spacing or gap normal to the surface at that point. 

which reduces to 
piecewise approximation of the offset parabolic reflec- pR=2A1 + ( T / 2 A 2 l 3 / ’ .  

between panels of the embodiment given here as an 
example may range on the order of two to fourteen 
inches. 

In addition to arranging the hexagonally-shaped 
panel sections to piecewise approximate the prescribed 
offset portion 31 of the ‘parent’ paraboloidal reflector 
11, it is necessary to Properly configure and orient the 
individual triangular facets that are recessed within the 
panel sections so as to achieve the intended focussing 
properties and. optical flux distribution on the interior 
cylindrical sidewalls of the solar engine. 

FIG.  10 is a graphical illustration of the relationship 
between optical intensity and the ratio of sidewall 
length to radius within the cavity of a cylindrical solar 
engine for a tilt angle @ of 53” in the geometry diagram 
in FIG.  5. As shown in FIG. 10, by changing the re- 
ceiver tilt angle @, the peak of the flux will translate 
axially. However, as noted previously, a cylindrical 
cavity can tolerate variations in flux intensity in the 
axial direction. The problem of engine failure occurs 
when there are variations in the circumferential direc- 
tion (unwanted hot spots) which effectively destroy the 
usefulness of the solar engine. 

As noted above, because of their small size, the tri- 
angular mirror facets of which the hexagonal reflector 
panel sections are configured may be spherically con- 
toured, to simplify their manufacturing process. The 
choice in the radius of curvature of the spherical con- 
tour will, of course depend upon the parameters of the 
geometry of both the surface area of the cylindrical 
solar engine to which the beam from an individual facet 
is directed and the location of that facet on the parabo- 
loid. Given the parameters in the example described 
here, an evaluation was conducted on the error associ- 
ated with a facet of a given size, in order to optimize the 
size of the facets to be employed. For  this purpose, the 
following procedure was employed, using the geometri- 
cal relationship illustrated in FIG.  11. 

First, the spherical radius at the point of interest P1 on 
the reflector surface is determined. Next, at a second 
point P2 an equivalent facet radius outward from the 

For a paraboloid, this value is pc=(r2+4f2)4. The 
difference between the radial and circumferential in- 

10 stant radius is illustrated in FIG. 12. The spherical ra- 
dius that yields the best approximation to the paraboloid 
at any single point is 

P=@R+PC)/2. 
15 

It is to be noted that, for a single point, corresponding 
to an infinitesimal facet, no aberrations are introduced 
by the spherical approximation. These only arise as the 
approximation is extended to facets of finite size. It 

20 should also be observed that the radial instant radius 
changes faster than the circumferential instant radius 
and, accordingly, controls the limit for the size of an 
individual facet. 

The coordinates of the point radially outward from 
25 the point of interest by a facet radius (rF) measured 

along the paraboloid are 

Q= r d l +  (r1/2n~]-~+ ‘1. and 

30 Z Z Q ~ / ( ~ ~  

The coordinates of the center of spherical curvature 
are given by 

35 r j =  - - I@~-pc)[ l+(2f / r i )~I-~,  and 

23 = i@R -p&!f/rl)[ 1 + (2f/r1)2]-2 +‘I+ 2/: 

The coordinates of the point of intersection (point 4) 
between the normal to point 2 and the spherical arc are 

40 
r4= -(b/20)+((bna)~ -(c/a))i ,  and 

a=z2+2f-(2f/~)r4, 

45 where 

first is located. Then, the coordinates of the center of 
curvature at point P3 of the mean instant radius of cur- 50 
vature is determined The next step is to find the inter- 
section point P4 of the normal to point P2 an the spheri- The at points and are 
cal arc. Finally, the slopes of the tangents to the inter- 
section and the second point P2 on the paraboloid are 

All of the instant radii of curvature for any point on 
the paraboloid lie along a normal to that point. For  
purposes of the present description, the reflector geom- 
etry may be defined in cylindrical coordinates (r,z), 
where r2 = x2 + y2. 

The paraboloid to be piecewise approximated is de- 
fined by the expression z=r2/(4f), where f is the focal 
length of the paraboloid. The instant radius in the radial 
direction may be derived from the formula of the parab- 
oloid 65 facet. 

C= (ZZ+ 2nk2+ 2n- 2 4  + rj2+z3? - P - ~ .  

m2 = n/(2fi and 

determined and compared. 55  rnq=(rj-rq)/(zq-q) and 

the maximum slope error is then Gmax=m4-m2. 
Using the mean value theorem to define the value for 

mean slope error then G = $  Gmax, where the equivalent 
radius is defined as 

r p ( A / r ) i ,  

where A is the actual area of the individual triangular 

Using the above relationships, the mean slope error 
for a spherical contoured triangular facet may be tabu- 
lated as follows: 

p ~ =  [ 1 + ( d ~ / d r ) ~ ] ~ / * / ( d ~ z / d r z )  
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TABLE I 
Mean slope error of spherical facets versus size and radial 

distance from the axis of a parabolic reflector having a 9 meter 
focal length. 

susceptible of numerous changes and modifications as 
known to a person skilled in the art, and we therefore 

scribed herein but intend to cover all such changes and 
SIZE RADIAL DISTANCE MEAN SLOPE ERROR 5 modifications as are obvious to one of ordinary skill in 
0.5 m 0.0 m 0.0 mrad the art. 

do not wish to be l imited to the shown and de- 

9.0 0.7 What is claimed: 
18.0 1. A concentrating solar collector for use in a solar 
9.0 1.6 energy system comprising: 

18.0 3.4 10 a solar energy reflective surface having the configu- 
ration of a portion of a surface of revolution ro- 
tated about a prescribed focal axis, said portion of 
said surface of revolution being offset from said 
prescribed focal axis; and 

a solar energy receiver having a solar energy receiv- 
chosen for the geometry of the presently described ing aperture and a three-dimensional optical flux 

receiving surface exposed thereby, said three-di- example. Given the one meter facet size and spherical 
mensional optical flux receiving surface being sym- radii selected for each location on the reflector surface, 
metrical with respect to a plane containing a solar it is then necessary to minimize the aspect ratio of the 

projected image. This is accomplished by making small 20 energy receiver axis which passes through and 
forms an acute angle with said prescribed focal axis changes to the radii of the facets using a reflector ray 

and intersects said solar energy reflective surface, tracing model until the best balance between the aberra- 

wherein tion in the radial and circumferential directions is 
achieved. The use of ray tracing is more expedient than said solar energy reflective surface is comprised of a direct analysis, since the actual facet geometry orienta- 25 plurality of interconnected reflector panel sections. tion and positional error are taken into account simulta- 

each panel section containing a plurality of reflec- neousl y. 
FIG. 13 shows a typical image plot resulting from tor facets the reflective surface of which effec- 

spherically configured facets located on the paraboloid tively focus light reflected thereby to preselected 

dius, the shape of the image projected by the facet can face of said receiver that are symmetric with re- 
be adjusted, to tailor the optical flux impinging upon the spect to said plane, and wherein 
cylindrical sidewall of the receiver. the perimeter of a reflector panel section is shaped in 

Although in the foregoing description, an offset pa- the form of regular polygon and the perimeter of a 
rabola of revolution has been described as the reflector 35 perspective reflector facet contained therein is 
surface which is to be piecewise approximated by the shaped in the form of a regular polygon; and 
hexagonal sections and optimized by tailoring the wherein 
spherical shape and angle of orientation of the individ- a respective reflector panel section comprises a hex- 
ual triangular facets, it is to be observed that the present agonally shaped support framework and a plurality 
invention is applicable to other surface contours. As the 40 Of base members interconnecting 
radius of curvature of the contour changes, particularly opposed corners of said hexagonal framework. 
where the radius of curvature decreases, it follows that 2. A concentrating Solar COkCtOr according to 
the depths of the hexagonal panel sections must increase claim 1, wherein a respective reflector facet is triangu- 
to allow for a greater degree of tilt of the individual larly shaped and contains a respective connection 
facets that are recessed within the panels. Such an in- 45 means located at each of the corners thereof, for me- 
crease in depth constitutes an increase in cost and cargo chanically securing said reflector facet to a fastening 
bay o.ccupation volume, of course. In a preferred em- location On one o f t h e  Support f rmework Or a respec- 
bodiment, however, the solar concentrator of the pres- tive beam member of a hexagonal reflector Panel Set- 

ent invention embodies a piecewise, approximated off- tion. 
set paraboloid surface. 3. A concentrating solar collector for use in a solar 

As will be appreciated from the foregoing descrip- energy system comprising: 
tion, the improved solar concentrator according to the a solar energy reflective surface having the configu- 
present invention overcomes the shortcomings of con- ration of a portion of a surface of revolution ro- 
ventional solar energy collection structures by means of tated about a prescribed focal axis, said portion of 
configuration which possesses low area density and 55 said surface of revolution being offset from said 
mass, so as to facilitate its stowage aboard the space prescribed focal axis; and 
shuttle, and which deploys to a configuration that pro- a Solar energy receiver having a solar energy receiv- 
duces no shadowing of its reflector. Through the com- ing aperture and a three-dimensional optical flux 
bination of a offset reflector geometry and tilted re- receiving surface exposed thereby, said three-di- 
ceiver arrangement, the concentrator structure is capa- 60 mensional optical flux receiving surface being sym- 
ble of providing enhanced dynamic solar energy con- metrical with respect to a plane containing a solar 
version and is able to maintain a low moment of inertia energy receiver axis which passes through and 
about its gimbal-mounting axis through which the con- forms an acute angle with said prescribed focal axis 
centrator is mounted to an attendant support structure and intersects said solar energy reflective surface, 
(e.g. space station). 65 wherein 

While we have shown and described an embodiment said solar energy receiver comprises a receiver hav- 
in accordance with the present invention, it is to be ing an optical flux-collecting surface of revolution, 
understood that the same is not limited thereto but is one end of which has a light receiving aperture 

1.7 
1.0 m 0.0 m 0.0 mrad 

2.0 m 0.0 m 0.0 mrad 
9.0 3.4 

18.0 7.2 

Given the above evaluation, one meter facets where 15 

' 

of interest, As Can be Seen therein, by varying the ra- 30 surface portions Of the Optical flux sur- 

50 
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through which solar energy reflected by said re- 
flective surface enters said receiver and is incident 
upon the optical flux-collecting surface of revolu- 
tion thereof, wherein 

said receiver has a cylindrically shaped optical flux 5 
receiving surface, wherein 

said solar energy reflective surface is comprised of a 
plurality of interconnected reflector panel sections, 
each panel section containing a plurality of reflec- 
tor facets, the reflective surfaces of which effec- 10 
tively focus light reflected thereby to preselected 
surface portions of the optical flux collecting sur- 
face of said receiver that are symmetric with re- 
spect to said plane, and wherein 

each reflector panel section is comprised of a substan- 15 
tially flat, hexagonally shaped truss support frame- 
work within which a plurality of recessed reflector 
facets are supported thereby. 

4. A concentrating solar collector for use in a solar 
energy system comprising: 20 

a solar energy reflective surface having the configu- 
ration of a portion of a surface of revolution ro- 
tated about a prescribed focal axis, said portion of 
said surface of revolution being offset from said 
prescribed focal axis; and 25 

a solar energy receiver having a solar energy receiv- 
ing aperture and a three-dimensional optical flux 
receiving surface exposed thereby, said three-di- 
mensional optical flux receiving surface being sym- 
metrical with respect to a plane containing a solar 30 
energy receiver axis which passes through and 
forms an acute angle with said prescribed focal axis 
and intersects said solar energy reflective surface, 
wherein 

said solar energy receiver comprises a receiver hav- 35 
ing an optical flux-collecting surface of revolution, 
one end of which has a light receiving aperture 
through which solar energy reflected by said re- 

14 
a solar energy reflective surface having the configu- 

ration of a portion of a surface of revolution ro- 
tated about a prescribed focal axis, said portion of 
said surface of revolution being offset from said 
prescribed focal axis; and 

a solar energy receiver having a solar energy receiv- 
ing aperture and a three-dimensional optical f lux 
receiving surface exposed thereby, said three-di- 
mensional optical flux receiving surface being sym- 
metrical with respect to a plane containing a solar 
energy receiver axis which passes through and 
forms an acute angle with said prescribed focal axis 
and intersects said solar energy reflective surface, 
and wherein 

said solar energy reflective surface is comprised of a 
plurality of interconnected reflector panel sections, 
each panel section containing a plurality of reflec- 
tor facets the reflective surfaces of which effec- 
tively focus light reflected thereby to preselected 
surface portions of the optical flux collecting sur- 
face of said receiver that are symmetric with re- 
spect to said plane, further including 

means for intercoupling said panel sections along the 
perimeters thereof to form a piecewise approxima- 
tion of said portion of said surface of revolution, 
and wherein each panel section contains a plurality 
of reflector facets the reflective surfaces of which 
effectively focus light reflected thereby to prese- 
lected surface portions of the optical flux collecting 
surface of said receiver, and wherein 

each reflector panel section is comprised of a substan- 
tially flat, polygon-shaped truss support framework 
within which a plurality of recessed reflector facets 
are supported thereby, so that said panel sections 
may be stowed in a compact, stacked configuration 
which provides protection to the reflector facets 
recessed therein. 

7. A concentrating solar collector for use in a solar 
flective surface enters said-receiver and is incident energy system comprising: 
upon the optical flux-collecting surface of revolu- 40 
tion thereof, wherein 

receiving surface, wherein 

plurality of interconnected reflector panel sections, 45 

said receiver has a cylindrically shaped optical flux 

said solar energy reflective surface is comprised of a 

each panel section containing a plurality of reflec- 
tor facets, the reflective surfaces of which effec- 
tively focus light reflected thereby to preselected 
surface portions of the optical flux collecting sur- 
face of said receiver that are symmetric with re- 
spect to said plane, and wherein 

a respective hexagonal reflector panel section com- 
prises a hexagonally shaped support framework 
and a plurality of beam members interconnecting 
diametrically opposed corners of said hexagonal 
framework, the depth of said framework and said 
beam members being greater than the thickness of 
a reflector facet such that a reflector facet may be 
tilted without protruding from said panel section. 

5. A concentrating solar collector according to claim 
4 wherein a respective facet is triangularly shaped and 
contains a respective connection means, located at each 
of the corners thereof, for mechanically securing said 
reflector facet to a fastening location on one of the 
support framework or a respective beam member of a 
hexagonal reflector panel section. 
6. A concentrating solar collector for use in a solar 

energy system comprising: 

50 

55 

60 

65 

-. - - 
a solar energy reflective surface having the configu- 

ration of a portion of a surface of revolution ro- 
tated about a prescribed focal axis, said portion of 
said surface of revolution being offset from said 
prescribed focal axis; and 

a solar energy receiver having a solar energy receiv- 
‘ing aperture and a three-dimensional optical flux 
receiving surface exposed thereby, said three-di- 
mensional optical flux receiving surface being sym- 
metrical with respect to a plane containing a solar 
energy receiver axis which passes through and 
forms an acute angle with said prescribed focal axis 
and intersects said solar energy reflective surface. 
wherein 

said surface of revolution comprises a parabolic sur- 
face of revolution, and said solar energy reflective 
surface is comprised of a plurality of reflector panel 
sections interconnected along the perimeters 
thereof to form a piecewise approximation of said 
parabolic surface, each panel section containing a 
plurality of reflector facets the reflective surfaces 
of which effectively focus light reflected thereby 
to preselected surface portions of the optical flux 
collecting surface of said receiver that are symmet- 
ric with respect to said plane, 

wherein the perimeter of a reflector panel section is 
polygon-shaped and the perimeter of a respective 
reflector facet contained therein is polygon- 
shaped, and wherein 
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a respective reflector panel section comprises a hex- 
agonally shaped support framework and a plurality 
of beam members interconnecting diametrically 
opposed corners of said hexagonal framework. 

8. A concentrating solar collector according to claim 
7, wherein a respective reflector facet is triangularly 
shaped and contains a respective connection means, 
located at each of the corners thereof, for mechanically 
securing said reflector facet to a fastening location on 
one of said support framework or a respective beam 10 
member of a hexagonal reflector panel section. 

9. A concentrating solar collector for use in a solar 
energy system comprising: 

a plurality of solar energy reflector panel sections 
interconnected to form a solar energy reflective 
surface having the configuration of a piecewise 
approximation of a portion of a surface of revolu- 
tion rotated about a prescribed focal axis, said por- 

said prescribed focal axis, and each panel section 
containing a plurality of reflector facets the reflec- 

axis and intersects said solar energy reflective sur- 
face, wherein 

said solar energy receiver comprises a cylindrically 
shaped receiver, one end of which has a light re- 
ceiving aperture which solar energy re- 
flected by said solar energy reflective surface en- 
ters said receiver and is incident upon the cylindri- 
cally shaped optical flux-collecting surface of said 
receiver, wherein 

the perimeter of a reflector panel section is shaped in 
the form of a regular polygon and the perimeter of 
a respective reflector facet contained therein is 
shaped in the form of a regular polygon, and 
wherein 

a respective reflector panel section comprises a hex- 
agonally shaped support framework and a plurality 
of beam members interconnecting diametrically 
opposed corners of said hexagonal framework. 

A concentrating solar collector according to 

larly shaped and contains a respective connection 
means, located at each of the corners thereof, for me- 

15 

tion Of said surface Of being Offset from 20 claim 9, wherein a respective reflector facet is triangu- 

live surface of which effectively focus light re- chanically securing said reflector facet to a fastening 
fleeted thereby to preselected surface portions of a location on one of the support framework or a respec- 
three dimensional surface; and 25 tive beam member of a hexagonal reflector panel sec- 

a solar energy receiver having a solar energy receiv- tion, so that a respective reflector facet is recessed 
ing aperture and a three dimensional optical flux within said support framework, 
collecting surface corresponding to said three-di- 11. A concentrating solar collector according to 
mensional surface exposed thereby, said three di- claim 10, wherein the depth of said framework and said 
mensional optical flux collecting surface being 30 beam members is greater than the thickness of a reflec- 
symmetrical with respect to a plane containing a tor facet such that a reflector facet may be tilted with- 
solar energy receiver axis which passes through out protruding from said panel section. 
and forms an acute angle with said prescribed focal * * * * *  
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