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ABSTRACT

These proceedings present the papers and a panel discussion given at the
. Parasbolic Dish Solar Thermal Power Annual Program Review held in Atlanta,
Georgia, from December 8-10, 1981, 1% was sponsored by the U.S, Department of
Energy (DOE) and conducted by the Jet Propulsion Laboratory.

The primary objective of the review was to present the results of
activities of the Parabolic Dish Technology and Applications Development
element of DOE's Solar Th¢rmal Energy Systems Program. Twenty-four papers
were presented on the subjects of development and testing of concentrators,
receivers, and power conversion units; system design and development for
engineering experiments; economic analysis and marketing assessment; and
advanced development activities. A panel discussion concerning industrial

. support sector requirements was also held.
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INTRODUCTION

The Parabolic Dish Solar Thermal Power Annual Program Review was held in

. Atlanta, Georgia, December 8-10, 1981. The three-day review was attended by

approximately 100 representatives from industry, universities, national
1aboracories, the U,8. Department of Energy (DOE), and foreign research
institutes,

Introductory remarks were made by Charles Stein, member of the technical
staff at the Jet Propulsion Laboratory; Gerald Braun, director of the DOE
Division of Solar Thermal Technology, and Dr. Vincent Truscello, manager of
the Solar Thermal Power Systems Project at JPL,

Thirty papers were presented document*ng the development and testxng of
concentrators, receivers, power conversion units, and system level engineering
experiments. Also included were presentations on the development of
point-focusing technology in France and Germany, a panel discussion on
requirements of the industrial-support sector, and a session on the economic
considerations of the parabolic dish program. Tours of the Georgia Institute
of Technology Advanced Component Test Facility (ACTF) and the Solar Total
Energy Project (STEP) at the Georgia Power Company site in Shenandoah took
place on the final day.
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ABSTRACT "
This paper summarizes the status of development of the 12 m. diameter parabolic
_dish concentrator which is planned for use with the Small Community Solar Thermal
Power System under concurrent development by Ford Aerospace for the Jet
Propulsion Laboratory. The PDC-I unit was designed by the General Electric Co.
and ‘features the use of plastic peflector film bonded to structural plastic goras,
supported by front-bracing steel ribs. An elevation-over-azimuth mount arrange-
ment is employed, with a conventional wheel-and-track arrangement; outboard {
trunnions permit the dish to be stored in the face down position, with the added
advantage of easy access to the power conversion assembly. The PDC-1 unit will
- be fabricated by Ford Aerospace under JPL contract, with JPL providing -the
reflective panels and the controi/tracking subsystem.

_ INTRODUCTION

-

The PDC-1 unit is shown in Figure 1; detajls of the General Electric design
were reported at previous Parabolic Dish Solar Thermal Power Annual Reviews
(Refs. 1 and 2). The General Electric effort was completed in mid-1981 and the
Aeronutronic Division of Ford Aerospace was subsequently selected by JPL to
fabricate and erect the first PDC-1 unit under an extension to the Small Commu-
nity Solar Experiment (SCSE) Contract. A team of carefully-selected vendors
will carry out the work; Table 1 shows the participating organizations and
their planned activities. A major procurement consists of the reflector
panels to be produced by DE-4 of Lebanon, Ohio under separate countract to JPL.,
These panels, including a spare set, will be provided to Ford Aerospace as
GFE along with the sensors and other control equipment to be procured by JPL.
The PDC-1 program was initiated effective 1 December 1981 and~ is expected to be
completed in approximately twenty-five weeks as shown jii Figure'2, the master
schedule, Installation will be at the JPL Paraboli¢ Dish Test Site (PDTS) at
Edwards AFB, California. The activities of each vepdor will be coordinated by
Ford Aerospace to assure timely execution of the program. The following para«
gggphs sgwwmrize the current status of the major procurement elements of the

-1 effort. .

CONTROLS

The control system is comprised of a Central Computer (LSI 1123), a manual
contro? panel, a Concentrator Control Unit (CCU), two motor contraollers, a
sun sensor, and two angular position resolvers. A manual control panel and
a CCU are shown in Figure 3. The system is designed for the simultaneous
control of several concentrators. A CCU is mounted on each concentrator and
all CCU's talk to the one Central Computer. Each CCU generates its own
ephemeris data. The CCU responds to commands from the Central Computer and
directs its concentrator to follow the desired action. Commandable actions
are: ~

W R e Vel g, 0

O

STOW - Go to stow _ V 1
" COORD 1 & 2 - Go to either of two programmable fixed locations
+ OFFSET TRACK -Track the sun offset by programmable azimuth and elevation
angle offsets .
COARSE TRACK -Track the sun by ephemeris predictions
FINE TRACK - Track the sun under sun sensor control
DETRACK - Emergency motion in azimuth and elevation by predetermined
amounts. Then stop and wait.

4
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During tracking, the CCU monitors the resolver readings and makes a comparison
with the ephemerjs predictions. Depending uipon the magnitude of any error
found, the CCU will switch from fine track to-cszasse track or from coarse

track to detrack.

The Central Computer can be commanded from any of three sources: a keyboard
terminal, another (system) computer, or a manual contro) panel. The Parabolic
Dish Test Site is an experimental facility and, therefore, a manual control
panel 1is provided for each concentrator. The manual control panel enables
inputting commands by pushbuttons. Lights in tle pushbuttons indicate the mode
under which the concentrator is operating. The manual control panel is also
hardwired to the concentrator to allow display of resolver readings and to
permit manual control or override of the central computer. ~

The system is set up so that a detrack can be implemented by ‘he central

- computer, the CCU, the manual control panel, the system computer, or by any

other source required. Detrack overrules all other modes and commands.

Developmental problems involving the JPL supplied central computer and
operational system were encountered during the initial system integration
tests but have been resolved. The control system for the prototype concen-
trator is currently at (7. and is being set up in preparation for final
operational debugging anid test. ‘

PANELS

The reflective surface is an aluminized plastic film (Llumar) laminated to a
plastic sheet which is then bonded to a molded fiberglass/balsa/sandwich panel
substrate. Thirty-six (36) panels are arranged into three (3) concentric rows
and are attached along their radial edges to 12 radial steel ribs. The ribs
are located in front of the reflective panels.

Each of the 36 reflection panels s approximately 34 square feet in frontal
area. The molding subcontractor, Design Evolution 4 of Lebanon, Ohio,

completed fabrication and installation of the molding facility. Figure 4

shows the molding press and two of the three mold transfer tables. The press
platten is 7' x 11-1/2' long and is raised by six air bags to provide a clamping
force of 180 tons. This is one of the largest resin transfer presses in the
United States. E :

System Resources of Boston, Massachusetts, fabricated tooling masters for each
of the three panels. The middle panel master is shown in Figure 5. The
master represents the desired panel laying on a curved surface; it has the
proper front contour and thickness. DE 4 made a mold from eiich master. The
bottom half of the outer panel mold is shown in Figure 6. The tubing manifold
is used to control the mold temperature during cure of the panels. The
compiete middle panel mold is shown in Figure 7. _

Panel substrates are fabricated by loading the mold bottom half with a mat of
continuous strand glass fibers, a layer of end grain balsa blocks, and
another mat. The mold is then closed and polyester resin flows tnroughout the
cavity, filling the glass fiber mats and all gaps between the balsa blocks.
Figure 8 shows all three panel substrates, arranged as a compiete gore.
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The reflective film laminate (Llumar on .060" Plexiglas DR) is bonded to the
panel substrate using contact cement. The top layer of a folded separator
film is pulled out from between the laminate and substrate and the laminate
progressively pressed down onto the substrate, Figure 9. Two pieces of
laminate are required to cover a panel. The laminate is protected by a

~ strippable film, shown in Figure 10 being removed from an inner panel. The

completed inner and middle first article panels are shown in Figure 11. Al
three first article panels were then shipped to JPL for optical testing. This
completed GE's involvement in the Parabolic Dish Concentrator program.

OPTICAL TESTING

The first article panels were installed in a test fixture, Figure 12, which
simulated two radial ribs. The panels were placed on the fixture face down,
as is planned in the field installation, the clamp blocks installed along the
radial edges of the panels, and the fixture inverted to the face-up
orientation shown, The mating surface of the rib is simulated by a precision
gut edge of a 1/2" plywood sheet. The plywood. is bolted to an aluminum tubing

The optical tests were performed in the JPL 25' diameter space simulator
facility, Figure 13, using a single zenon arc lamp which acts as a 1 mr
diameter source at 1400' distance. The reflected beam focused a few feet
3e1ow the pulley wheels which are illuminated at the top of the chamber
oorway.

The optical tests consisted of qualitative and diagnostic procedures. The
light pattern at the focal plane was photographed for each individual panel
and for all three combined. Figure 14 shows the pattern for a full gore.
The concentrated 1ight beam at the focal plane was also scanned using a
photocell flux mapping device, yielding the data shown iin Figure 15, the %
intercepted versus the aperture diameter. Finally, a diagnostic optical system
was set up consisting of a large lens at the panel focal point and a photo-
graphic target at the lens focus. Varjous sized apertures were introduced
immediately in front of the lens. Figure 16 shows a pattern produced by a
5.6-inch diameter aperture for the inner panel. A1l light areas are
reflecting light into the aperture while the dark areas have slope errors
large enough to reflect 1ight outside of the aperture.

The panels are considered adequate for Organic Rankine although the optical
test did not simulate wind or gravity deflections when looking at the
horizon. However, stiffening the middle and outer panels to reduce deflec-
tions appears to be beneficial. In addition, the method of bonding the
Jaminate to the substrate using contact cement is being reviewed as it is
suspected that adhesive thickness variations may be a major contributor to
the observed slope errors.

REFERENCES

Y. Zimmerman, J. J., lst Generation Low Cost Point Focus Solar Concentrator,
Pages 63-67, DOE/JPL 1060-33 (Proceedings of First Semi-Annual Distributed
Receivers Systems Review - Lubbock, Texas, January 22-24, 1980).

2. Zimmerman, J. J., General Electric Point Focus Solar Concentrator Status,
Pages 143-147, DOE/JPL 1060-46, (Parabolic Dish Solar Thermal Power Annual
Program Review Proceedings - Pasadena, California, January 13-15, 1981).
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Ford Asrospace &
Communications Corporation
Aeronutronic Division

TABLE 1 PDC-1 VENDGR OPGANIZETIONS

i i S

YENDOR CIASK

ALCO MACBINE CO., INC. FAB COMPLETE STRUCTURE, FIXTBRES ARD SPARE RIBS, TRIAL ASSEMBLY,

MATCH MARK, PAINT, CRATE AND SHIP

JAMES W. PRICE & ASSOCIATES PROVIDE ARCHITECTURAL SUPPORT AND SUPERVISION GF FOUKDATIOK
COXTRACTOR

ASHLARD CONSTRUCTION CO. SITE PREPARATION, FOUNDATION AKD RAIL INSTALLATION

YELLEY IRON EBECTION, CABLING AND PAINT TOUCH-UP

RELIANCE ELECTRIC PROGVIDE MOTORS, COMTROLLERS AMD ASSOCIFTED HARDWAPE

DESIGH EVOLUTION 4, INC. PROVIDES REFLECTIVE PANELS 70 JPL

*JPL WILL PROVIDE THE SUN SENSOR, RESOLVERS, CCU, LSI COMPUTER AND ASSOCIATED EQUIPMEKT.
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FIGURE 2.

PDC-1 FABRICATION/INSTALLATION SCHEDULE
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FIG. 3 MANUAL CONTROL PANEL AND
CONCENTRATOR CONTROL UNIT

FIG. 4 AIR BAG RESIN TRANSFER FIG. 5 MIDDLE PANEL TOOLING MASTER
MOLDING PRESS
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BILACK AND WHITE PHOTOGRAPH

FIG. 6 BOTTOM HALF OF OUTER PANEI FIG. 7 MIDDLE PANEL MOLD
MOLD

FIG. 8 THREE PANEL SUBSTRATES FIG. 9 BONDING REFLECTIVE LAMINATE
TO OUTER PANEL SUBSTRATE

11




ORIGINAL PA 13

BLACKX AND WHITE PHOTOGRAPH

F1G. 10 REMOVING PROTECTIVE FILM .
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ABSTRACT

Acurex Corporation is under contract to the Jet Propulsion Laboratory
(JPL) to design, fabricate, install, and test a cost-effective point-focus
solar concentrator. The key to concentrator cost effectiveness is propor
design of the reflector surface panels. The Low-Cost Concentrator
reflective surface design is based on the use of a thin, backsilvered
mirror glass reflector bonded to a molded structural plastic substrate.
This combination of reflective panel material offers excellent optical
performance at low cost. This paper briefly describes the design
approach, rationale for the selected configuration, and the development

status. Reflective panel development and demonstration results are also
presented.

INTRODUCTION

The overall objective of the Low-Cost Concentrator project is to develop
and demonstrate a state-of-the-art technology concentrater which is
cost-effective in high-volume production and has a 30-year life under wide
environmental extremes. The development project is structured into a
three-phase effort. Phase I, completed in March 1979, encompassed the
concept selection, preliminary design and cost assessment, and
demonstration of the mass production reflective panel fabrication
approach. The Phase Il efforts, which began in September 1980 and were
completed in July 1981, included detailed design and analysis and
demonstration of the prototype reflective panel fabrication approach.
Phase 1il, which encompasses fabrication, installation, and testing of
three prototype concentrators, is scheduled to begin in December 1981 and

will provide fully checked-out prototype units at the JPL, Edwards,
California Test Site in December 1982, '

DETAILED DESIGN SUMMARY
The design of the 11-meter diameter (95-m2 gross aperture area) Low-Cost
Concentrator is shown in Figure 1. The concentrator is a two-axis

tracking system designed to interface with a 1,500-1b therma)l
receiver/power conversion unit package. Predicted performance of the

PRECEDING PAGE BLANK NOT FILMED
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Figure 1. Design Description
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concentrator is 63.9 kW through a 0.049-m receijver aperture based on
the following design conditions:

e 800 W/ml insolation

e 94 percent reflectance (clean mirror)
e 15 mph operating wind

A detailed design weight statement by major subassembly is as follows:

® Reflective panels : 3,950 1b
e Support structure 7,000 1b
e Drives 2,050 b
e Tracker control and electrical 500 1b
e Subtotal 13,500 1b
e Foundation 26,575 1b
¢ Total 40,075 1b

The major design features of each of the subassembiies of the concentrator
are discussed in the following paragraphs. Prototype-specific
modifications for the reflective panel subassembly are also presented.

Reflective Panel Subassembly

The reflective panel subassembly consists of inner and outer groups of
gore-shaped panels forming a complete but physically discontinuous
reflective surface. The subassembly consists of 40 outer and 24 inner
panels. The reflective panels are a composite construction of thin

(0.028 in.), backsilvered mirror glass with a sheet molding compound (SMC)
supporting substrate. A thin glass reflector was chosen because of high
performance and long life characteristics. In terms of performance,
backsilvered mirror glass provides the highest practical solar
hemispherical reflectance (0.94) and has excellent specularity. Glass is
highly abrasion-resistant and environmentally durable. The reflective
panel substrate is a compression-molded material generically referred to
as SMC. SMC is a ready-to-mold polyester resin material with chopped
fiberglass reinforcement processed in continuous sheet form. Parts of SMC
are typically molded at 3009F and 1,000 psi in 3- to 5-min cycle times.
SMC molding is a high-volume production process and offers the potential
for low-cost reflective panel substrates. The reflective panel substrate
design consists of a thin (0.15 in.) face sheet with an integrally molded
rib structure. The glass mirror is bonded to the SMC substrate.

Two-foot square compression-molded SMC-mirror glass panels were fabricated

and tested in the Phase 1 effort. Compliance with the requirements of the
Low-Cost Concentrator were successfully demonstrated. :

17
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Support Structure Subassemblies

The three support structure subassemblies are:

o Panel support structure
® Receiver support structure
o Intermediate support structure

The lightweight space frame subassemblies feature welded-steel shop
subassembly construction using standard size, commercially available steel

tubing. Finite element analysis techniques were used to optimize the
support structure for minimum weight.

Foundation and Drive Subassemblies

The foundation design features simple installation and adaptability to
sloping or rough terrains. The foundation consists of a single steel pipe
pedestal which is set in a cast-in-place, reinforced concrete pier. At
the top of the pedestal is an azimuth turret mount. The single pedestal
foundation was selected to minimize site preparation and foundation
installation labor costs. Electric motor power units were selected for
both the azimuth and elevation drive systems. The azimuth system uses

a pinion/bullgear drive and the elevation system uses a ballscrew
actuator/linear jack drive. Al) drive system components are commercially
available items.

Tracking and Control System

A hybrid, two-axis, sun-tracking control system based on microprocessor
technology, has been selected. Coarse synthetic tracking is achieved
through a microcomputer-based control system to calculate sun position for
transient periods of cloud cover as well as sundown and sunrise
positioning. Accurate active tracking is achieved by two-axis optical
sensors,

Reflective Panel Prototype Modifications

Prototype-specific modificatigns to the mass producible reflective panel
design were made to reduce prototyping cost. The most significant
modification is in the area of the compression-molded SMC substrate. The
cost of a fuil-size mold is prohibitive for prototyping purposes.
Prototype panels are fabricated by hand lay-up of glass-reinforced
polyester (GRP) on a contoured epoxy tool. The panel face sheet is
fabricated on this tool in a similar manner as boat hulls. The ribs are
cut from GRP sheet stock, assembled, and bonded to the face sheet. The
mirror glass is then bonded to the assembled substrate.
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Prototype Reflective Panel Development and Demonstration

Subsize (24 by 48 in., rectangular) and full-size (33 in. max width by
91 in., gore-shaped) prototype engineering evaluation panels were
fabricated and tested in the Phase I efforts. Compliance with the
requirements has been successfully demonstrated with the one excepticn of
torsional stiffness. A torsional-stiffness design inadequacy has been
identified and will require a design-fabrication-testing iteraton to
complete the demonstration of the prototype hand lay-up GRP=mivror glass
reflective panel,

The primary objectives of the Phase Il engineering evaluation panels were
to:
e Develop and verify the prototyﬂe fabrication techniques
e Evaluate the optical quality, hail impact survivability, and
temperature-humidity cycling effects
o Determine structural strength-deflection characteristics

Ten subsize panels and one full-size panel were fabricated.

The substrate face sheets were fabricated using two plies of style 7500
and four plies of style 2454 fiberglass-woven fabric, The resin was
Polylite® 33-402 room-temperature polygster resin. The face sheet was
laid up on an epoxy female tool cast trom a male wooden master tool,

Flat stock for rib members was fabricated using four plies of style 2454
cloth and Polylite® 33-402 resin. Ribs were cut from the flat stock using
templates and assembled and bonded in an egg-crate fashion using Epon®
828-Versamid® 140 two-part roow temperature curing adhesive. The face
sheet and rib subassemblies wery oonded together using the face sheet tool
as the assembly fixture.

Mirror glass was bonded to the completed substrate, again using the face
sheet tool as the assembly fixture. The mirror glass was taped face down
to the tool, and the volume between the mirror and the tool was evacuated
forcing the glass into the desired curvature. After applying a mixture of
Epon® 815 and Epon® 828 epoxy, the substrate was placed over the mirror
glass and left in place until cured. The attachment pads were then bonded
to the substrate, and the reflective panel was edged-sealed and painted.

The engineering unit panels were tested at both JPL and Acurex. A summary
of the test results follows:

e Slope Error -- Measured slope error.was approximately 1.5 mrad
(std. dev.). Note that, due to ‘inadequate torsional stiffness
the panel was torsionally distorted. The slope error ,
measurement result was obtained with the panel twisted and held
in the best optical orientation (minimum image size).
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Hail Impact Survivability -- Survived six impacts of 3/4-in.
diameter ice balls at 66 ft/sec (terminal velocity) with no
structural damage observed.

Temperature-Humidity Cycling -- Withstood 50 freeze-thaw cycles
(-20 to +1409F, 0 to 100 gercent relative humidity) with no
damage or deterioration observed,

Longitudinal Strength/Bending Stiffness -- Simulated most severe
wind loading on panels with no structural damage observed.
Structural deflections correlated with analytical predictions.

Torsional Stiffness -~ Torsional deflections did not correlate

with analytical predictions. The cause of this problem was
traced to a design inadequacy.

In our assessment, the hand lay-up GRP-mirror glass.reflective panel
concept provides a prototype panel low in cost due to a minimum tooling
investment and capable of meeting all concentrator technical
requirements. Torsional stiffness of the panel can he upgraded by
diagonal rib bracing without significant weight penaity.

KEY RESULTS

The key results of this develooment project to date are:

A state-of-the-art point-focus siolar concentrator based on
SMC-mirror glass reflective panels has been shown to be highly
cost-effective in high-volume production

A prototype of the high-volume production design based on hand
lay-up GRP-mirror glass reflective panels has been shown to be
cost-effective for producing prototype units

SMC-mirror glass subsize reflective panels manufactured with the
required precision have been demoriztrated

Prototype hand lay-up GRP-mirror glass panels have been
demonstrated, with the one exception of torsional stiffness. A
design-fabrication-testing iteration is required to complete the
prototype demonstration,
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Mark P. Rice

President

Power Kinetics, Inc.
Troy, New York

The PKI Collector

by

Introduction

The PKI solar collector system has undergone seven years of
development through construction of six generations of
prototypes to achieve an integrated system optimized for cost
performance tradeoffs, durability, ease of assembly, low
operating costs, maintainability, and safety.

This research and development effort has culminated in the
demonstration of the first production unit under JPL's EE3
experiment at Capitol Concrete Products:-in Topeka, Kansas, which
has been installed within the last month. It should be noted
that the EE3 experiment included manufacturing and installation
of two PKI collectors, as well as plant level design. System
level design was not included, although naturally improvement of
system design has been an ongoing process.

The experiment and preliminary resuvlts are presented
elsewhere in this review by Applied Concepts Corporation

personnel. Consequently, this paper will review system
characteristics, design improvements, and manufacturing
advances.

The PKI collector has three primary subsystems:
concentrator, receiver/fluid 1loop, and controls. Identical
curved reflective columns are utilized in a faceted Fresnel
design to support 864 one foot square flat inexpensive second-

surface, silvered glass mirrors. The columns are ganged
together and rotated through their centers of gravity to provide
elevation tracking. The concentrator is supported by a

lightweight spaceframe structure (composed of steel tubing
members and steel plate joints), which distributes all wind and

gravity loads to the base supports. The base of the structure-

is a track (inverted to eliminate problems of dirt and ice
build~-up) which rotates on wheels mounted on concrete piers.
Azimuthal tracking is accomplished by rotation of the entire
structure from east to west throughout the day.

A parallel tube steel heat exchanger is mounted at the
concentrator focal area in a well insulated, galvanized steel
housing. Two rows of vertical clowe-packed, staggered~ tubes
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connect a mud header and a steam header. Level control switches
connected to a solenoid valve in the feed line maintain a water
level in the steam header, For this experiment, the system
output is 40 pound saturated steam at a peak rate of about
200,000 BTU/hr.

Automatic two axis tracking and operational control is
provided with a microprocessor based package. Concentrator-
mounted shadowbands are the basis for active tracking. A
software program provides azimuthal tracking during cloudy
periods so that collection c¢can begin immediately upon
reappearance of the sun. The control package also includes a
real time c¢lock, digital display, and an integral digital
voltmeter,

Design Improvements

One key feature of the PKI collegtor is its ability to
operate in an unattended mode. This is a reflection of the
safety features built into the system, microprocessor control,
and overall system reliability. Controller initiated shut-down
conditions include boiler overtemperature, low feedwater
pressure, high winds, user initiated manual stow and controller
failure, Collector initiated shut down conditions include AC
power loss, low focus, and activation of the low limit switch on
the elevation drive. The collector is protected to a reasonable
degree from significant damage due to any system malfunction or
dangerous @nvironmental condition,

The system components most susceptible to critical failure
are the controller, the feedwater supply, and the elevation and
azimuth tracking drives. Controller failure initiates automatic
stow of the mirrors and system shutdown. The feedwater system
incorporates a maximum degree of simplicity. Controel via the
level switch/scolenoid valve approach 1is external to the
microprocessor. Monitoring of key parameters such as feedwater
pressure and boiler temperature by the microprocessor provides
protection in case of c¢ritical fluid loop malfunction.
Azimuthal tracking employs a simple, reliable motor driven
sprocket/roller chain approach. Because of the Fresnel design
for the concentrator, the elevation drive involves more
compl.exity than the azimuthal drive. A single drag link serves
half of the mirror assemblies, and each drag link is driven by a
single lead screw worm gear drive, both of which are
mechanically connected to the elevation drive motor. Through
modularity of design and careful quality control in
manufacturing and assembly, the elevation drive system provides
reliable elevation tracking.

Microprocessor control allows for automatic active tracking
.via shadowband sensors during sunny periods. Azimuthal tracking
during cloudy periods is provided through computer memory. This
feature permits the system to begin collection of energy after
an extended cloudy period within 10 minutes of detection of a
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threshold insolation level. An added advantage is the reduction
in parasitic 1losses, since a large motor is not required in
order to '"catch up" to the sun position. As mentioned
previously, fluid loop control is provided independently of the
microprocessor, In conclusion, all control functions are
automatic and do not require a human operator. Periodic
inspection is naturally required to take care of maintenance and
to resolve shutdowns.

It should be noted that reliability has been enhanced
through recent design modifications which either reduce the

number of parts or provide for additional standardization. For
example, the fifth generation collector located on the roof of
the RPI Scier.ce Center utilized four drag link assemblies, The

new model utilizes two, thereby cutting in half the number of a
majority of the parts incorporated in the elevation drive.

Significant design modifications have been incorporated to
enhance ease of installation and maintenance. The space frame
supporting structure incorporates platforms allowing safe and
easy installation of mirror assemblies and the elevation drive
package. The drag link assemblies are located behind the face
of the collector, providing ready accessibility f£rom the working
platforms. An electric winch permits raising and lowering the
boom for servicing the receiver.

Manufacturing Capabilities

One of PKI's primary concerns during the past year has been
preparing the collector design and the company personnel  for a
production level operation. To that end as many components as
possible have been designed to be off the shelf or readily
manufactured by existing industries during +this gearing up
period. Figure 1F indicates current manufacturing capacity.
The limiting component is in-house production of mirror drive
and support assemblies. However, 1it 1is now <clear that a
considerable percentage «¢f the components incorporated into this
assembly could be sub-contracted out to reduce PKI's immediate
responsibility to assembling those components.

At present PKI maintains over 3000 square feet of assembly
and manufacturing space rented from Rensselaer Polytechnic
Institute in Troy. PKI is one of about a dozen small high
technology companies being nurtured in RPI's "incubator
program," which is designed to promote companies which can
participate in RPI's new Technology Center (modeled after the
likes of Stanford Research Institute). A doubling of factory
space 1is planned for early 1982, 1In any case we anticipate
sales in 1982 of 10 to 100 units, and expect this to provide an
opportunity to further gear up.

One primary benefit ¢to PKI from involvement in JPL's EE3
experiment has been the experience gained from the requirement
to grow beyond our strengths in research and development.
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Manufacturing bottlenecks; quality control requirements;
difficulties in installation, operation and maintenance at a
distance from the factory; supplier-related problems; and
demands for management and organization of production have all
been experienced. These learning experiences have established a
basis for building a manufacturing capability in-house.

In the initial phases of production, development of quality
control systems for ensuring satisfactory performance of sub-
contracted manufacturing will take top priority along with
continuing to identify the best component suppliers. Only the
most critical production elements will be reserved for closely

controlled in-house manufacturing. As potential for cost
savings  warrant or quality control requires, additional
manufacturing functions will be absorbed in-house. PKI will

continue to provide R&D expertise for design and testing of
renewable energy technologies. With these first steps towards a
professional production capability, PKI is also carefully
preparing itself to be able to meet the anticipated demand for
its systems.
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///;hin Film Concentrator Panel Development

“ Donald K. Zimmerman
Boeing Engineering and Construction Company

SUMMARY

This study shows that a thin film reflective surface is acceptable for use on
solar concentrators, including 816°C (1500°F) applications. In addition, it
shows that a formed steel sheet substrate is a good choice for concentrator
parels. The concept selected and described here uses a thin reflective film
adhesively bonded to the structurally stiffened formed steel sheet substrate
. to form a concentrator gore. A description of the design, fabrication and
evaluation of two test panels is presented. The work was performed under JPL
Contract 955804; Dr. Edwin W. Dennison was JPL. Technical Manager.

REFLECTOR PANEL CONCEPTUAL DESIGN

The objectives of the contract were to (1) identify candidate design concepts
for thin-film reflector panels, (2) screen the panel concepts and (3) select
an optimum panel concept for development in subsequent tasks. Table 1 1ists
the five most promising candidates along with comparative cost and technical
data for each. The stiffened steel skin concept was the heaviest concept, but
was among the lowest in material cost and bus bar energy cost and offered the
lowest manufacturing complexity and technical risk. This concept is shown in
Figure 1 and was selected for development.

The gore configuration selected consists of 22 gage (.76 mm) formed steel
substrate, stiffened with radial and circumferential stiffeners .as shcwn in
Figure 1. The steel sheet is primed with epoxy prior to bonding the acrylic
overcoated, aluminized polyester film (3M-YS91A).

CONCENTRATOR CONCEPTUAL DESIGN

The primary emphasis of this program was to identify and develop a low cost
thin film concentrator panel. To provide a basis for panel design and .
evaluation, a representative concentrator was conceptually defined. Figure 2
shows the concentrator concept description and features. The concentrator
reflective surface consists of 45 gore shaped panels, 15 inner and 30 outer.
The weights of the receiver and concentrator are balanced and the
azimuth-elevation drive actuators are located at the center of gravity. The
concentrator design allows for inverted stowage for environmental protection.
Reflective panel supports are located behind the gores, and the receiver
support structure is aligned with the slot in the dish to eliminate blocking
of the solar energy.

CONCENTRATOR PERFORMANCE
Computer simulations of the concentrator optics were run using the selected

reflector panel design. Experimentally determined values for reflector
surface specularity and reflectivity along with dimensional data were used in
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the analysis. The simulations provided intercept factor and net energy into
the aperture as a function of aperture size for different surface errors and
pointing errors.

Figures 3 and 4 are example results of analyses for a 12 meter diameter
concentrator with 1000 W/m insolation. Inputs to the analyses included sun
shape, hemispherical reflectance and specularity experimentally determined in
coupon tests, small scale roughness (orange peel), and a receiver temperature
of 816°C (1500°F). Four curves are provided on each plot showing the effects
of surface error on performance. Cases with lower receiver temperatures were
also analyzed.

The curves suggest that a surface error of 2 mrad or less will be required to
capture the desired 80 kW of thermal energy. As the surface errors increase,
the net energy rapidly drops off. Analysis results not shown indicate that
larger surface errors could be tolerated on lower temperature systems. For
example, at 815°C a peak energy of about 82 kW would be achieved with a 2
milliradian surface error, while at 370°C, 82.kW would be achieved with about
7 mrad surface error.

Figure 4 shows that surface errors of 1 mrad would add a few percent to the
energy collected, provided the aperture diameter is reduced from .25 m (the
optimum for 2 mrad surface error) to 0.175 m. However, the effects of
pointing error and structural deflections also should be considered. At a 2
mrad pointing error, the 2 mrad surface error/.25 m aperture drops to 76 kW,
but the 1 mrad surface error/.175 m apertur2 drops even more to 73 kW.
Selecting the larger aperture not only permits more surface error but is also
less sensitive to other errors. Allowing .5 mrad of the 1.52 mrad budgeted
for environmental effects for gravity and temperature deflections, the
manufactured panel error budget should be reduced to 1.5 mrad to achieve a 2
mrad total. Variable deflections due to wind loads will further degrade
performance. For the average wind speed in the study (about 3 m/s) the
equivalent panel surface error will be negligible. At higher wind speeds the
concentrator truss deflection will have a significant effect on optical
performance. This effect is not shown, but it can be concluded that losses
would be lower at larger aperture sizes.

Based on these factors it is concluded that (1) achieving panel optical
performance suitable for a Brayton cycle would also meet the needs for lower
temperature applications, (2) a budget of 1.5 mrad RMS surface error or less
for panel manufacturing tolerances is acceptable, and (3) the aperture
diameter should be at least .25 m to reduce sensitivity to other errors.

TEST PANEL FABRICATION

The test panel design shown in Figure 5 represents a section of a full size
parabolic gore reflector panel. The same stiffener configuration is used and
the spherical radius of curvature closely matches the parabolic curvature

midway on the full size panel. The overall dimensions of the test panel match
dimensions of the JPL glass/foamglas Test Bed Concentrator panels.

The test panels were fabricated using the techniques and processes resulting
from the coupon development work. Square steel sheet blanks were bulge formed
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to the desired radius of curvature. The blanks were then cleaned and painted
with zinc-rich two part epoxy primer and baked. Stiffener shapes were
fabricated by brake forming. The curvatures were formed on a mechanical press
and roller blocks. Stiffeners were cleaned and primed by the same method as
the substrate blanks. The stiffeners were assembled with close-out tubes into
a subassembly by holding the parts on the master tool while installing the
fasteners. The stiffener subassembly was then bonded with gap filling epoxy
adhesive to the back side of the substrate blank, which was vacuum chucked to
its proper contour on the master tool. After curing, the frame side was
painted with 2-part polyurethane paint. The reflector side primed surface was
lightly sanded in preparation for film application. Film application was by
the 3M "wet application" method which involved positioning the film on the
wetted surface and squeegying out the trapped water and air bubbles. Figure

g iz a ph?tograph displaying the front and rear sides of the completed

est panels.

~ TEST PROGRAM

Coupon Testing

Coupon tests were performed early in the program to aid the selection of
materials and dimensions used in the desian and to provide optical data needed
in the performance analyses. Table 2 lists the tests, their purposes,

and the results.

The selected materials and processes resulted in reflective surfaces
exhibiting 85% spectral reflectance and a 10 specular reflectance of 1.5
mrad. The .76 mm thick substrate survived hailstone impact without damage.
Preliminary temperature/humidity tests indicated a potential problem with the
gm YS91A film, which has since been resolved by minor process modifications by

Panel Testing

The ¢wo test panels were subjected to both point source and sun source optical
testing. The first test involved the use of a point source and a target
collocated in a plane at a distance from the test panel equal to the radius of
curvature. The test setup was aligned to project the image formed by the test
panel onto the target. An aperture series, lenses, and detector located at
the target plane were used to quantify the angular scattering of light rays
resulting from panel surface errors. Figure 7 shows the optical equipment and
configuration. = : ‘ o

The test panel was moved toward and away from the target plane while
observing the image size until the smallest diameter was observed. This
established the radius of curvature. Next, apertures of 2 mrad through 16
mrad in diameter were successively placed in front of the image at the target
plane while the response of a photovoltaic detector was observed and recorded.
This process was repeated several times to allow statistical data treatment.
The response data were normalized to the full open aperture (16 mrad) and
tabulated.
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Test results for each panel, SN7 and SN10 are plotted on the intercept factor
graph shown in Figure 8 for the purpose of comparison with the analytical
panel simulation. In this simulation, a one mrad source at infinity,
hemispherical reflectance, specularity, and orange peel from coupon tests and
~ zero pointing error were assumed. The solid lines are 1o surface errors of
1, 2, and 3 mrad. The dashed lines are test data. It is apparent from the
graph that the surface error for both panels is between 1 and 2 mrad.
Additional apalyses estimate the errors to be 1.4 and 1.5 mrad for SN7 and
SN10, respectively.

The sun source test was performed as an alternate approach to measuring the
image size and distribution and to measure peak fluxes. Figure 9 is a
photograph of the outdoor setup, which included a target board, water-cooled
radiometer, digital voltmeter readout, and a manually guided test panel
support. Not shown in the photograph were a 35 mm camera and an Eppley 5°
normal incidence pyrheliometer (NIP?.
Measurements were made by aiming the panel at the radiometer and carefully
moving the image about until the peak flux was located. The image was then
moved horizontally across the radiometer in one inch increments, reading the
response at each increment, thereby obtaining an intensity distribution scan.
Direct insolation readings were taken with the NIP and 35 mm photos vere taken
during the same time period.

Data from the radiometer scans and optical densitometer measurs wents of
positive transparencies made from the 35 mm negatives indicated that
negligible energy existed outside a 6 inch diameter circle. This is in close
agreement with the point source data after accounting for geometry differences
between the two experiments. Peak fluxes for the measurements were 101 suns
for SN7 and 99.5 suns for SN10. This compares with 103 suns derived
analytically from intercept factor curves.

PROGRAM CONCLUSIONS

This study has met its general objective of developing a rigid panel concept
that utilizes a thin film reflective surface for application to a low-cost
point-focusing solar concentrator. It shows that a thin film reflective
surface is acceptable for use on solar concentrators, including 1500°F
applications. Additionally, it shows that a formed steel sheet substrate is a
good choice for concentrator panels. The panel was shown to have good optical
properties, acceptable forming tolerances, environmentally resistant substrate
and stiffeners, and adaptability to low to mass production rates. The final
estimates for the reflector panel material costs indicate a price of
approximately $16/ml.
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Table 1. Concept Evaluation and Ranking

S
Materfal | manufacturing Technical BBEC
Welght |  cost . 9 ' . ~
Concapt ib /m'é 4/m2 complexity + risk  + mils’kWy-h = Ranking
_ ‘q
Stiffened steel skin | 21,3 11.73 Low Low 3.7 (Sel 1 d)
electo
Stiffened steel clad 15.6 12.06 Moderate Moderate 3.9 2
plastic core
laminate
Stiffened steel clad 17.7 11.86 Moderate Moderate 3.3 ]
WFHB core to high :
laminate (_ »
Aluminum clad/ 11.8 15,05 High High 48 .5
paper hone',comb :
sandwich ,
Steel clad/paper 14.9 14,98 High High 4.8 4
honeycomb
sandwich

Acrylic overcoat

Aluminum ¢ /’_/* 3M-YS91A film
Polyester film —hp s as
Adhesive

Circumferential
stiffeners

Radial
stiffeners

support beam

Figure 1. Outer Reflector Gore Concept

29

nazes

kPSRRI



* ’ i =
cy o wed B

ORIGINAL PAGE 1S
OF POOR QUALITY

Formed steel concentrator
*12m dia,, .
©104.75m
*7.2m focal length

R ‘ , ——
o
e , kuW;—;\ Prestressed concrete pedestal
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Figure 2. Thin Film Concentrator Conceptual Design

Thin film concentrator
receiver temperature = 8167C (1500°F)

1.0
Re] 8
.003 Rad surface error
08 ™
Tk
6F Pointing error = ,000 Rad
Intercept factor
. sk
AF
3
2
' Run1
OF Run2
Run3
0.0 i l i e J Rund
10 20 30 40 .50
Aperture diameter, meters 28-Oct-81 10:47.53

Figure 3. Intercept Factor Curve 815°C (1500°F) |
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Thin film concentrator ,
Recelver temperature = 815°C (1500°F)

90,000
80,000
£ 70,000+
g .001/.002 /.003 Rad surface error
g 60.000 -
§ so000} Pointing error = ,000 Rad
]
£ 40,000
? [}
& 30,000
e
2
20,000 t+
Runi
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Run3
0 i . - i 1 - 1 Rund
0.00 .10 .20 .30 40 50
Aperture diameter, meters 28-Oct-81 10:50:30

Figure 4, Net Energy Curve 815°C (1500°F)

® Basic components
o Reflective film
o Steal sheet 22 gage, ASTM-A620 12.9m radius
» Hat section stiffeners i (6.45m focal length)
¢ Tube end stiffeners
o Structural adhesive

® Reflective area
* 0.4m? (4.3 ft?)

o Assembly welght
¢ 11,0 Ibs calculated

Hat section stiffener
{22 gage steel)

Figure 5. Test Panel
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Test Panels S/N 7 and S/N 10

Coupon Development Testing
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Lens (plano-convex)
Fresnel lens

Aperture series
/— (D = 2,4,8,12, 16 inches)

Test panel
Z

?en'sor ) \
Solar cell 1
| Radiusof* .. |
| curvature S
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Detector readout S T ———
(DVM) \ | j——————Radius of curvaturg ————"

Intercept factor, é

enclosure

]
( AQ "\ Light tight
1 mrad point source

(carbon &;4;

Figure 7. Point Source Panel Evaluation Apparatus

Computer optical analysis

Surface errors = 0 =1 mrad =2 mrad

& / / /

) S~y 10

Test data
O SN7
O SN10
0 2 4 6 8 10 12 14 16

Aperture radius, R, (mrad)

Figure 8. Test Results — Analysis Comparison
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<A Transmittance-Optimized, Point-Focus Fresne)
Lens Solar Concentrator
/W, 0'Neill, WR. Goldberg, D.B. Muzzy
E-Systems, Inc.
Energy Technology Center
P.0. Box 226118
Dallas, Texas 75266

INTRODUCTION

E-Systems is currently developing a pnint-focus Fresnel lens solar
concentrator for high-temperature solar thermal energy system applications.
The concentrator utilizes a transmittance-optimized, short-focal-length,
dome-shaped refractive Fresnel lens as the optical element. This unique,
patented (Ref. 1) concentrator combines both excellent optical performance
and a large tolerance for manufacturing, deflection, and tracking errors.

Under Jet Propulsion Laboratiry (JPL) funding, E-Systems has completed
the conceptual design of an ll-meter diameter conc¢entrator which should
provide an overall collector efficiency of about 70% at an 815°C (1500°F)
receiver operating temperature and a 1500X geometric concentration ratio
(1ens aperture area/receiver aperture area).

In the following paragraphs, a review of the Fresnel concentrator
development program will be presented, including a description of the con-
centrator, a summary of its expected performance, results of optical and
thermal analyses of the collector, a discussion of manufacturing methods

for making the large lens, and an update on the current status and future

plans of the development program.

CONCENTRATOR DESCRIPTION
~ The point-focus lens concentrator is shown in Figure 1 and described in
Table 1. The optical element is a convex, dome-shaped, acrylic Fresnel
lens. The dome consists of ten conical-segment rings, which are each flat
in the radial direction and curved in the circumferential direction. The
rim angle of the lens (from optical axis to outermost prism) is 45 degrees.
Each of the conical-segment rings is about 61 cm wide, with a smooth outer
surface and a prismatic inner surface. The lens is made of uv-stabilized
acrylic plastic, about 2.4 mm thick. Steel space-frame structure is

35

S o i a




P L N :t
HEUE A | 8 \ .

employed for both the basic concentrator and the pedestal. Reinforced con-
crete is used for the foundation. The tracking system provides full two-
axis sun-tracking and inverted (lens-down) stowage. The Fresnel concentra-
tor will be adaptable to a wide variety of receivers currently under devel-
opment by JPL and others. The air volume between lens and receiver is
enclosed with a thin aluminum conical shroud to minimize dirt and moisture
accumulation on the inner surface of the lens. A slight pressurization of
this air volume may be desirable for dust infiltration prevention. The
total concentrator weight is about 13,000 pounds (13 pounds per square foot
of aperture).

CONCENTRATOR PERFORMANCE SUMMARY

The point-focus Fresnel concentrator performance js summarized in Table
2 for two cases of'practical 1mportance. "The first case corresponds to a
high-temperature receiver which would be required for a Brayton or Stirling
engine application. For this case, a 1500X geometric concentration ratio
is utilized {corresponding to a receiver aperture diameter of 0,28 meter).
After treating reflection/absorption losses in the acrylic lens, 90% of the
sunlight is transmitted. Of this transmitted sunlight, about 92% is con-
taired within the limited 0.28 meter receiver aperture circle, i.e., 92% is
the receiver intercept factor. About 6% of the Jens aperture is biocked by
structure; thus the blocking/shading factor is 94%. After all of these
loss mechanisms are considered, the overall optical efficiency is 78%.
Still considering Case I, this 78% optical efficiency for an 11 meter dia-
meter concentrator (aperture area = 95 mé) corresponds to a black-body
receiver energy absorption rate of 59 kw (thermal) under a direct insola-
tion of 800 w/m2, Assuming an 815°C receiver temperature, the black
body thermal radiation loss will be 5 kw (thermal). Thus the net collector
output will be 54 kw (thermal), corresponding to a 71% overal] collector
efficiency.

For the second case in Table 2, a lower temperature receiver is
assumed, corresponding to a Rankine engine application. For this lower
temperature, a lower geometric concentration ratio (500X) provides better
overall collector performahce. After considering the same loss factors
described above, the concentrator optical efficiency is 83%, this higher
~value being attributable to a better receiver intercept factor for the
larger receiver aperture diameter (0.49 meter). After subtracting the

36

/ . . )
77 L T - e e e il e i

T P




e

s oA

S T LT

2 kw (thermal) black-body radiation loss corresponding to a receiver tem-
perature of 371°C, the net collector output will be 61 kw (thermal),
equivalent to an overall collector efficiency of 80X.

CONCENTRATOR ANALYSIS

Figure 2 1s a schematic of a point-focus Fresnel lens concentrator,
showing three possible lens contours (of an infinite set) which could be
used on the concentrator. These possible lens designs all have smooth
exterior surfaces and prismatic inner surfaces, Of this infinite set of
lens possibilities, E-Systems has selected a convex, non-spherical-contour
lens, in which each prism transmits direct solar rays with equal angles of
incidence and excidence, as shown in Figure 3. This incidence/excidence
symmetry (also called the minimum deviation condition) provides each prism
with the lowest possible reflection losses, and thereby the highest pos-
sible transmittance, for that prism's light deviation (turning) angle, as
proven rigorously in Reference 1. In addition to maximal transmittance,
this minimum-deviation-prism lens also provides a maximal tolerance for
lens contour errors (slope errors), an improved tolerance for lens manufac-
turing errors (prism angular errors and rounded prism peaks), and a smaller
solar image size (including finite solar disk angular diameter and chro-
matic aberration effects), when compared to previous flat and spherical
contour lenses. The optical performance superiority of the new lens is
fully described in Reference 2. Perhaps the most important attribute of
the new transmittance-optimized lens is its high slope error tolerance,
which allows a substantial relaxation of the support structure stiffness
requirements, and thus a significant reduction in weight and cost of the
concentrator. Compared to a reflective concentrator (e.g., a 45 degree rim
angle parabolic dish), the Fresnel lens concentrator is more than 100 times
more tolerant of radial slope errors and 8 times more tolerant of circum-
ferential slope errors.

Optical analyses of the transmittance-optimized lens concentrator have
been completed. These analyses are based upon cone optics, i.e., the theo-
retical mapping of the conical bundles of radiation which originate at the
solar disk, which are incident upon the lens outer surface, and which form
elliptical images in the focal plane, as shown in Figures 2 and 4. Because
of dispersion (chromatic aberration), the solar images of different wave-
lengths are spread across the focal plane as shown in Figure 4. For any
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fixed receiver aperture diameter and any particular prism in the lens, the
design wavelength can be selected to minimize the energy missing the
receiver aperture, and thus to maximize the intercept factor. Thus the
lens can be tailored for a particular design concentration ratio by pro-
perly varying the design wavelength for the various prisms comprising the
lens. Once this lens design tailoring is completed, the radiant flux
profile in the focal plane can be calculated by integrating over all con-
tributing portions of the lens (treating the local lens transmittance),
and over all contributing wavelengths, to define the total radiant flux
concentration at each point in the focal plane. Results of such a flux
profile calculation for several design concentration ratios are shown in
Figure 5. The radiant flux is normalized by the one-sun direct solar flux
incident on the lens, while the radial position in the focal plane is nor-
malized by the lens aperture radius, for the results shown in Figure 5.
Note that for the 1500X design geometric concentration ratio lens, the peak
radiant flux at the center of the focal plane is about 15,300 suns. Also
note that, for the same 1500X-tailored lens, very little radiant energy
misses a receiver circle with a normalized radius (p/R) of 26 x 10-3,

which corresponds to a 1500X geometric concentration ratio.

The flux profiles of Figure 5 can be integrated over various size
receiver circles to define the overall energy interception rate for various
geometric concentration ratios. The results of such an integration are
shown in Figure 6, wherein the intercepted energy rate has been normalized
by the energy rate incident on the lens outer surface; thus the effective
transmittance (optical efficiency) is shown as a function of ¢geometric con-
centration ratio for lenses tailored for four different geometric concen-
tration ratios. As one should expect, the 500X-taijlored lens is the most
efficient of the four lenses at 500X, the 1000X-tailored lens is the best
of the four at 1000X, etc. Note that for low concentration ratios, all
lenses converge in transmittance value to about 91%, which corresponds to
the aperture-integrated-average lens transmittance after treating reflec-
tion losses for all regions of the lens. More importantly, note that the
1500X-tailored lens provides about an 84% optical efficiency for a 1500X
application. The results of Figure 6 do not include absorption losses
within the thin acrylic lens, which are expected to be 1-2%, based upon
measurements for similar acryl‘ic Fresnel lenses. Thus, the basic lens
transmittance has been reduced by one percent from the values in Figure 6
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to the values in Table 2, to roughly account for this absorption loss.
Also, the results in Figure 6 do not include structural blocking/shading
losses, although this 6% loss has been included in Table 2,

The optical results presented above can be combined with a black body
receiver thermal radiation loss calculation to define collector efficiency.
A parametric study of colletor efficiency for various lens design concen-
tration ratios, varijous actual concentration ratios, and various receiver
operating temperatures, has been completed. The results of this study are
shown in Figure 7. [These results do not include structural blocking/
shading losses (a 94% factor) or acrylic absorption losses (a 99% factor);
thus the collector efficiencies shown are higher than will actually be
achieved in practice, by as much as 6% in collector efficiency. However,
these additional losses have been treated in Table 2.]

It is interesting to note in Figure 7 that there is an optimal concen-
tration ratio for each receiver temperature, this maximum collector effi-
ciency point corresponding to the best tradeoff of optical efficiency and
heat loss. Note that for the 1500X-tailored lens and for a receiver tem-
perature of §15°C (1500°F), the highest collector efficiency corresponds to
about a 1500X actual concentration ratio; the peak collector efficiency at
this optimal point is about 77%. When blocking/shading losses and acrylic
absorption losses are subtracted from this peak efficiency, the overall
collector efficiency is reduced to 71%, as previously presented in Table: 2.
Based upon the results of Figure 7, the 1500X-tailored lens was selected as
the best lens of the four considered for use over a wide range of concen-
tration ratios and receiver temperatures.

LENS MANUFACTURING METHODS

Based upon an analysis of potential lens manufacturing methods, the
best long-range mass-production method is probably extrusion-embossing,
using conical rollers to directly produce the conical-segment rings shown
previously in Figure 1. A schematic of this production technique is shown
in Figure 8. Since this production technique will require further develop-
ment, a more proven lens production method will be used in the near-term.
This technique utilizes a parquet of linear lens elements to approximate
the desired conical gecmetry, as shown in Figure 9. The performance degra-
dation due to the parquet approximation is very small, e.g., about 1% for 4
inch wide parquet segments used in a 1500X concentration ratio application.
The linear lens parquet elements will be solvent-bonded to a thin sheet of
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acrylic plastic to form a one-piece panel. Both the mass production of
linear lens elements and the lamination methodology have been used by
E-Systems for the past three years on a lirnear Fresnel solar coilector,
with excellent results (Reference 3).

CURRENT STATUS

E-Systems has completed the conceptual design of the Fresnel concentra-
tor, and the optical/thermal analyses of its performance. Based upon its
predicted high performance and its low mass-production cost potentiai (due
to its error tolerances and light weight), the Fresnel concentrator concept
shows excellent promise for high-temperature, point-focus, solar thermal
power system applications. Currently, the main thrust of the development
program is to fabricate and test prototype lens panels (as shown in Figure
9) to verify the expected optical performance levels of the lens. These
prototype panels should be completed and ready for JPL testing in early
1982. If the test results confirm performance levels in close agreement

~ with theoretical predictions, the next step in the development program

should be the fabrication and testing of a full-scale prototype concentra-
tor.
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: FIGURES AND TABLES
Figures 1 through 9 and Tables 1 and 2 are located on the pages following
this text.
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TABLE 1
E-SYSTEMS
- RECOMMENDED SYSTEM DESCRIPTION
e PHYSICAL
CONCENTRATOR APERTURE DIAMETER 11M (36 FT)
CONCENTRATOR RIM ANGLE 45 DEGREES
OVERALL COLLECTOR WEIGHT 13,000 POUNDS (EXCLUSIVE OF RECEIVER)
e LENS PANELS
REFRACTIVE MATERIAL ACRYLIC (2.4 MM NOMINAL)
PANEL CONSTRUCTION BONDED CONICAL SEGMENT PANELS
DUST PROTECTION PRESSURIZED INTERIOR (BETWEEN LENS AND
SHROUD)
o LENS/RECEIVER ASSEMBLY
LENS SUPPOR ' STRUCTURE STRUCTURAL STEEL SPACE FRAME WITH MAIN RING
BEAM, 12 RADIAL BEAMS, AND INTERMEDIATE
SUPPORTS.
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