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Boeing Engineering has designed, fabricated, and tested a 4m diameter reflective film, parabolic dish concentrator 
proposed for use with a photovoltaic array. The concentrator is made from aluminized film gores (wedge shaped 
pieces) that are taped together along their edges to form a dish. The shape of the dish is maintained by a pressure 
difference between the front and back. The deep dish was designed to illuminate a cylindrical receiver populated 
by solar cells with a geometric concentration ratio of 145. Three full scale dishes were made in sequence, each using 
improvements suggested by the previous design. They were tested with a laser to determine surface errors and flux 
uniformity on the target. Boeing was unable to achieve a flux uniformity good enough for a photovoltaic 
application and the project was ended. 
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FOREWORD 

This document is the final report issued under Sandia Laboratories Contract 
13-5060. The obje~tive of this contract was to design, fabricate and 
evaluate a photovoltaic concentrator utilizing a plastic film reflector. 
Task I, II, III, and IV, as designated in the statement of work, were 
initiated on May 1, 1979, and completed on December 31, 1979. Tasks V, VI, 

. and VII were initiated on May 1, 1980, and were completed on November 1, 
1980. Technical management at Sandia was performed by Mr. Michael Edenburn. 
Program management at Boei ng Engi neeri ng and Construct i on (BEC) was 
performed by Mr. Donald K. Zimmerman. Mr. John Laakso was engineering 
manager. BEC engineering personnel contributing to the project were Mr. 
Harry Dursch, Mr. David Kirkbride, Mr. Henry Mayorga, and Ms. Cheryl Warner. 
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1.0 EXECUTIVE SUMMARY 

The program described in this report investigated the feasibility of using a 
pressure-stabilized plastic film with a reflective coating as a low cost, high 
efficiency concentrator for a photovoltaic array. One approach to achieving 
cost reductions in photovoltaic systems is to concentrate the incident 
sunlight onto the receiver, increasing its power output and reducing the area 
requirements and cost of the photovoltaic cells. High cost of the solar cells 
comprising a photovoltaic module has been the major obstacle to practical use 
of photovoltaics for terrestial applications. A concentrating photovoltaic 
array can be effective if the cost of the concentrator is below the cost of 
the solar cells replaced. The use of plastic films helps attain this goal by 
making possible cost reductions in the reflector, supporting framework and 
drive systems. 

Previous work the Boeing Engineering and Construction Company (BEC) performed 
in designing, fabricating, and evaluating plastic film concentrators provided 
the basis for this program. Figure 1-1 is a 2 m diameter parabolic reflector 
fabricated under a previous contract with Sandia National Laboratories, 
undergoing a solar simulation test [1], [2]. This early work established 
that 18 tapered triangular forms called gores joined together at the edges, 
could be used to achieve a high efficiency, high concentration ratio parabolic 
plastic film reflector. The reflector was fabricated from aluminized 
polyester gores and stabilized to its parabolic shape with a small 
differential pressure between the front and back of the film. Under the same 
contract, a conceptual photovoltaic concentrator design was developed, shown 
in Figure 1-2. This design provided the basis from which the current design 
evolved. The photovoltaic receiver was supported by a cantilever structure, 
which eliminates shadowing of the reflector from support struts, and a 
pedestal support. A modified parabolic plastic film reflector provided the 
illumination on the receiver. The reflector film was supported by a 
lightweight fiberglass shell and stabilized by slightly reducing the air 
pressure between the reflector film and its support shell. Concentrating 
photovoltaic cells spanned the full width of the receiver surface. A 5.2 m 
diameter, transparent, spherical, air supported plastic film enclosure 
protected the array from the environment (wind loads, precipitation, 
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particulate accumulation). This allowed the supporting structure to be 
lightweight and inexpensive. The plastic film enclosure concept was adapted 
from BEC's plastic film heliostat program [3]. The size selected was based on 
the 5.2 m diameter enclosures BEC used for subscale heliostat experiments. 
Figure 3-4 shows two of these enclosures undergoing outdoor exposure testing 
in northeast Oregon. 

Figure 1-3 shows a 5.2 m diameter parabolic point focus solar reflector 
undergoing a laser ray trace to characterize its surface errors [4]. The 
reflector was fabricated using eighteen gore segments of aluminized polyester, 
which was essentially a scale-up of the 2m reflector shown in Figure 1-1 • 
The reflector was supported by a wood box-section ring with a front surface of 
clear polyester which enabled the reflector to be pressurized. 1728 data 
poi nts were taken us i ng a 1 aser ray trace opti ca 1 test. The refl ector had an 
overall RMS surface error of 7.57 milliradians (mrad) with a random RMS 
surface error (radial systematic errors removed) of 5.52 mrad. This reflector 
again verified the use of large gore angles and provided the initial reflector 
fabrication techniques that were used during this program. 

The main objective of the Photovoltaic Concentrator with Plastic Film 
Reflector program reported herein was to determine the most practical 
configuration for a photovoltaic receiver and optimize the reflector shape to 
produce uniform i 11 umi nati on of the recei ver • ,Severa 1 refl ectors were built 
to experimentally determine the flux on the receiver using the laser ray trace 
test technique. Also a conceptual design of a photovoltaic concentrator was 
developed using the selected reflector configuration. 

Various combinations of reflector shapes and photovoltaic module geometries 
were analyzed using a ray trace optical computer model. The best 
configuration was found to have a cylindrical receiver and a deep dish 
reflector capable of providing uniform flux on the cylindrical receiver 
surface. This configuration provided a good compromise between energy 
capture, depth of reflector, solar cell layout on the receiver, energy 
incidence angle on the cells, and active reflector area. The reflector had a 
geometric concentration ratio of 145, selected to achieve 100 suns on the 
receiver. The photovoltaic receiver was covered by solar cells (each 
measuring 104 5.33 cm x 1.8 cm) providing an expected output of 1 kW at 100 
suns. 
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Figure 1-3: Previous Parabolic Reflector Optical Test 
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A steel tube yoke provided the gimbaling required for the azimuth-elevation 
sun tracking capabilities. The 5.2 m diameter enclosure limited the diameter 
of the reflector to 4 m. Figure 1-4 is a drawing of the final configuration. 

A prototype concentrator was fabricated to demonstrate and evaluate the 
conceptual design. The prototype reflectors were fabricated with gore-shaped 
segments of .05 mm (.002 inch) thick aluminized polyester film, which had a 
specular reflectance of 86% at a cone angle of .14° (2.5 mr). The reflector 
surface shape is established by the gore shape, cut with the aid of an 
accurately fabricated gore template, and careful aligning of the gores before 
taping the seams. This eliminates the need for a highly accurate lay-up 
tool. The reflector was supported by a lightweight fiberglass shell and 
stabilized with a slight negative pressure. Figure 1-5 shows the concentrator 
pressurized to its operating pressure and undergoing a laser ray trace test. 
Three 4 m diameter and two 2 m diameter reflectors were fabricated and 
installed on their respective support shells. Each reflector was evaluated, 
and changes were incorporated into the subsequent reflector to improve 
performance. Optical evaluations of the reflectors were performed using a 
laser ray trace technique in order to determine local variations in surface 
error and to relate observed errors with physical features on the reflector. 
The laser ray was reflected from the reflector surface onto a simulated 
receiver. The observed laser image on the module was then compared to the 
design intercept point to determine the local surface error, and the density 
of the images on the module provided a map of the expected solar intensity on 
the solar cells. 

Results of the fabrication and testing showed that the deep-dish concentrator 
configuration was considerably more difficult to implement than the previously 
evaluated shallow paraboloids. An initial attempt using 20° gore angles 
showed substantial surface errors caused by wrinkling, especially along the 
gore seams. In an effort to determine the cause of these wrinkles, a NASTRAN 
computer model of the reflector was developed. The analysis indicated that 
the wrinkling would become acceptably small by changing to a 15° gore angle 
and by switching to a pressurized mounting technique when installing the 
reflector to the reflector support shell. A second full scale reflector was 
built using these improvements, but again with disappointing results. An 
extensive review led to a change in fabrication techniques. 
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The third full-scale reflector was built at a sail loft by personnel 

experienced in joining panels with similar radii of curvatures. Panels were 

j oi ned on a fl at surface whi ch permi tted close observati on and, therefore, 

increased gore joining precision. This reflector was built as accurately as 

possible without the use of expensive, high accuracy lay-up tooling. The 

results improved but the reflector still provided a nonuniform flux 

di stri buti on on the recei ver. The gore centerl i nes of the refl ector had an 

overall RMS surface error of 12.95 mrad and a random RMS surface error of 7.89 

mrad, It was judged that the nonuniform fl ux profile was unacceptabl e for a 

photovoltaic application and the project was ended. 
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2.0 INTRODUCTION 

An investigation into the use of plastic film for a photovol'taic concentrator 
is described. This program draws on much of the design studies, materials 
evaluation and fabrication experience gained in BEC's previous work on 
ERDA/DOE solar development programs [1,2,3,4]. 

The BEC concentrator design concept is based on a reflector fabricated from 
gore shaped segments of metallized plastic film. The reflector is sJppo'rted 

. . 
by a conical shaped shell and stabil ized with a small reduction in pressure 
between the shell and refl ector. The refl ector and refl ector support 
shell are supported by a steel tube yoke which provides the necessary 
gimbaling required for azimuth-elevation sun tracking. The concentrator is 
protected from the environment by a transparent plastic film enclosure, 
adopted from a BEC heliostat program [3]. 

The Photovoltaic Concentrator with Plastic Film Reflector program was composed 
of 4 main tasks: 

1) Determine the most practical configuration for a dish concentrator 
and photovoltaic receiver with a concentration ratio between 70 and 
200 and optimize the reflector shape to produce uniform illumination 
on the receiver. 

2) Prepare a detailed design of the concentrator which has all 
the necessary mounting interfaces to be used in a complete, 
tracking, enclosed array. Design the other components in the system 
(enclosure, structure, tracking, receiver) to the extent necessary 
to prepare the detailed concentrator design. 

3) Fabricate the concentrator according to the specifications 
arrived at in task 2. 

4) Experimentally determine the illumination flux on the 
concentrator's receiver using a laser ray trace and a real sun 
test. 

10 
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3.0 CONCENTRATOR DESIGN 

3.1 System Description 

The concentrator system conceptual design consists of the following 
componentS which are illustrated in Figures 3-1 and 3-2. 

o Plastic film enclosure dome 
o Plastic film reflector 
o Reflector support shell (fiberglass sandwich construction) 
Q Photovoltaic cell receiver (at cylindrical focal plane) 
o Receiver support tripod 
o Reflector support yoke (steel tube) 
o Receiver cooling lines 
Q EnclosurefQundation 
a Output power bus 
a Enclosure/reflector pressurization and filtration unit 
a Azimuth and elevation tracking drives 
o Tracking and pressure control unit (microprocessor based) 

Key design considerations are: 

1) The enclosure isolates the concentrator components from wind 
loading and the environment which results in low overall 
concentrator weight and eliminates cleaning of the reflector 
surface. 

2) The yoke bearings are located at the reflector center of gravity 
axis for low drive power requirements. 

3) The reflector support shell has high structural rigidity because 
of the high shell curvature and is constructed from lightweight 
fiberglass sandwich construction • 

The photovoltaic cell receiver consists of a fluid-cooled metallic cylinder on 
which r~ctangular cells are mounted. Cell interconnections would be arranged 
to minimize performance loss due to flux falloff at the receiver's ends and 
due to cell malfunction. The receiver and reflector are sized to produce a 
nominal 100 sun concentration. 

11 
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Figure 3~1: Photovoltaic Concentrator Side View 
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The major components of the concentrator are described in greater detail in 
the following sections. 

3.2 Concentrator Design Features 

3.2.1 Enclosure 

The enclosure is a spherical, transparent, air supported plastic film 
structure. The enclosure protects the concentrator from the environment (wind 
loads, precipitation, etc.) and, with a filtration system, eliminates the 
need for cleaning the reflector surface. Figure 3-3 shows the enclosure 
confi gurati on. A seam on the north side of the enclosure allows i nsta 11 ati on 
in the field over a completed concentrator. An access door would be installed 
to permit subsequent maintenance using an air lock. A rope bead at the 
enclosure's edge is fastened to the foundation by means of a continous clamp. 

Shown in Figure 3-4 are two 5.2 m (17 ft) diameter gore formed domes 
fabricated by Sheldahl under contract with BEC and installed in Boardman, 
Oregon. The dome on the right is fabricated from ICI internally UV stabilized 
polyester. It failed during a 22 m/s (50 mph) wind storm after 23 months 
exposure. During this time it had survived severe snow loading, 31 m/s (70 
mph) wi nd storms and vol cani cash. The dome on the 1 eft was, fabri cated from 
Celanese UV stabilized polyester and failed after 13 months exposure due to 
unknown causes. The domes are pressurized to 379 Pa (.055 psi) which enables 
the dome to survive a 40 m/s (90 mph) wind. The 5.2 m diameter enclosure was 
selected for the concentrator prototype design because of the experience and 
success in fabrication and installation of this size. The enclosure limits 
the maximum reflector diameter of the selected configuration to 4 m. 

The current baseline material for the enclosure is a Pennwalt fluorocarbon 
called Kynar®. After an equivalent of over 15 years solar exposure 
(accelerated testing), and 2 years of real time desert exposure, Kynar has 
exhibited little or no mechanical or optical degradation as shown in Figure 
3-5 [5]. 
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3.2.2 Photovoltaic Cell Receiver 

The photovoltaic receiver geometry was defined by an interactive 
computer-aided design procedure that computed concentrator geometry for 
various receiver shape, size and location options. A geometric concentration 
ratio of 150 was initially selected for receiver sizing in configuration 

trade studies. This value will be reduced to about 100 due to transmittance 
and reflectance losses. 

Several conceptual receiver configurations were evaluated in terms of 
practical cell geometry, interconnections, cooling, required concentrator 
accuracy, production method and ease of servicing. These receive~ concepts 
basically are: 

cylindrical array with 
rectangular cells 

conical array with 
t rapezo i da 1 ce 11 

flat circular array with 
trapezoidal cells 

, I 
i 

, i 

, , 
i 

.. .~ 

i I 
. + ····1~--
~----'-+ ·'r-__ --.o-____ · __ 

I _-_---L_. ___ : '" . 

- -~--- -t------ .. -

The flat circular receiver was eliminated as a contender because of 
non-uniform flux distribution and complicated cell lay-out and 
interconnections. 
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Concentrator geometries that result from the cylindrical and conical shapes 

are illustrated in Fi~ure 3-6. Case I, having a conical shaped receiver and 

trapezoidal cells, represents the maximum receiver elevation permitted by 

enclosure clearance •. A conical receiver configuration is required to maintain 

acceptable incidence angles of the energy onto the cells. The remaining three 

cases, with shorter focal lengths, allow transition to cyl indrical receivers. 
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The reflector and receiver geometry will affect the concentrator efficiency 
because of the finite size of the sun's image on the cells and optical and 
tracking errors that may be present. An analysis of flux distribution was 
performed using a ray trace code adapted from previous work. Results of this 
analysis and the geometric parameters used are shown in Figure 3-7. Case 3 
was selected for development based .on these results along with the following 
considerations: 

The cells are all alike and have a rectangular configuration which 
offers high wafer yield. 

Each ring of cells can be connected in series and the rings 
can be connected in parallel. This minimizes current drop due to 
p.ossib1e flux intensity variations along the cy1 indrica1 receiver. 

The cylindrical shape has a long vertical aspect ratio which 
results in reduced flux spillage. 

The cylindrical shape requires a deep concentrator dish 
configuration which is compatible with the spherical enclosure 
envelope. 

A cylindrical receiver structure can be easily fabricated from a 
copper extrusion with flat facets (for mounting cells) and 
integral coolant passages. The receiver mounting facets (1) allow 
access to cell interconnections for install ation and repair and 
(2) permit use of interconnection details that have compliance 
for thermal expansion, (3) have good cooling of interconnects that 
are not directly illuminated, and (4) offer broad cell mounting 
area for good cell co.o1ing. 

Figure 3-8 is the selected concentrator configuration. It differs slightly 
fr.om Case 3 because the final geometric concentration ratio was changed from 
150 to 144.7, to adjust the expected flux c1.oser to 100 suns based on 
modified transmittance and reflectance values. 
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GEOMETRIC PARAMETER 
(METERS) TRACKING ENERGY INTERCEPTION FACTOR 

':ASE ERROR SURFACE SLOPE ERROR, MRAD ZT RTo LT 8 RCO RCJ U1RAD) 2 4 mEG) 
1 2.136 0.23 0.067 60 0.3 2.3 2 0.648 0.621 

2 0.260 0.15 0.098 30 0.4 2.3 2 0.688 0.678 

3 0.608 0.1 0.158 3 0.6 2.3 2 0.715 0.710 

40 0.75 0.075 0.214 1 0.6 2.3 2 0.725 

4b 0.75 0.075 0,214 1 0.6 2.3 0 0.737 

CR = 150 

ENCLOSURE DIAMETER - 5.2 m 

Figure 3-7: Reflector and Receiver Configuration Trades 
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A representative photovoltaic cell receiver concept is illustrated in Figure 
3-9. This concept is based on cell sizing to achieve good cell efficiency at a 
nominal flux intensity of 100 suns. The cell size of 5.33 x 1.8 cm results in 
a yield of 3 cells per 7.62 cm diameter silicon wafer which is a standard 
wafer size. To meet the cell area requirements, 104 cells are arranged with a 
shingle overlap in the circumferential direction as shown in Figure 3-9. The 
cells are arranged with 4 cells in the axial direction and 26 cells in the 
circumferential direction. Each axial cell group is connected in parallel. 
The cells can be bonded to the receiver using a RTV silicon adhesive having 
high thermal conductivity. 

3.2.3 Reflector Support Shell 

Because the reflector is not subjected to wind loads, the production reflector 
support shell structure would be made from ultra-lightweight sandwich 
materials. The sandwich skin would consist of two layers of vacuum bagged 
7781 style fiberglass fabric and polyester resin (.050 cm total skin 

thickness). The sandwich core is a 32 kg/m3 (2 lb/ft3) rigid urethane foam 

with a thickness of 2.5 cm. A rigid hollow fiberglass ring stiffener would be 
used at the shell rim to resist deflections due to reflector film pressure 
loads and gravity. Local reinforcement would be provided at the yoke bearings 
and photovoltaic cell array support points to sustain concentrated loads. 

Average shell weight is less than 4.9 kg/m2 ( 1.0 lb/ft2) which is comparable 
to similar sandwich shells being built for commercial communication antenna 
applications (for example, by Systems Resources Co., Billerica, MA). In mass 
production, the shell structure costs are expected to be on the order of 
$16.00 to $21.50/102 ($1.50 to $2.oo/ft2) of shell surface. 

3.2.4 Yoke, Drive and Control System 

The reflector assembly is supported by a steel tube yoke which provides the 
gimbaling required for the azimuth-elevation sun tracking capabilities. The 
elevation drive is located at one of the two bearing mount interfaces between 
the yoke and reflector support shell. A precision rotary potentiometer is 
connected to the other bearing mount to provide positioning feedback to the 
elevation control system. The azimuth drive is located at the yoke base along 
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with another rotary potentiometer to provide the positioning feedback to the 
azimuth control system. Stepper motors would be used for the drive systems 
because of the following reasons: 

A microprocessor controller would be located at each concentrator and provide 
coarse tracking for sun acquisition using ephemeris data and servopots. It 
would also provide accurate tracking once the concentrator is on line by using 
two pairs of photosensors; a suitable suntracker having paired photosensors 
has been developed by Motorola for Sandia Laboratories. The pairs of 
photosensors are used for elevation and azimuth tracking in a closed-loop Inode 
with the unit controller. The photosensor would track the sun with angular 
errors less than 2 mrad. 

3.3 Concentrator Prototype Design Features 

Some of the conceptual concentrator design features were modified on the 
prototype concentrator design. The reflector support shell was built using 
conventional fiberglass lay-up procedures and a target post was built to 
simulate the photovoltaic cell receiver. 

3.3.1 Prototype Reflector Support Shell 

A prototype reflector support shell was fabricated by a local fiberglass shop 
(Seattle Fiberglass Works). In the interest of keeping costs down, the 
prototype shell was built by a conventional fiberglass cloth layup and 
polyester resin spray process. The prototype shell consisted of sandwich 
construction; skins were two plies of 181 style fiberglass cloth and the core 
was 3.8 cm (1.5 inches) of rigid PVC plastic foam, commonly used in boat 
construction. Plywood inserts were used to stiffen the shell at the yoke 
bearings, as shown in Figure 3-10 and target post support points. Because of 
the layup process that was used, the prototype shell was excessively heavy and 
exhibited large gravity deflections. During testing, a cable tie on a 
diameter perpendicular to the elevation gimbal axis was used to suppress the 
gravity induced rim deflections. 



27 

.-.--O
J 

.c
 

V
l 

+
' 
~
 

o 0
. 

0
. 

::J 
V

l 

~
 

o 
+

' 
U

 
OJ 

.--4
-O
J 

cr: OJ 
0

. 
>

, 
+

' 
o 
+

' 
o ~ 

C
l. 

o .--I 
M

 O
J 
~
 

::J 
O

J 
...... 
lL.. 



3.3.2 Prototype Photovoltaic Module Target 

The photovoltaic receiver, discussed in Section 3.2.2, was simulated by 
building a tubular aluminum target, as shown in Figure 6-2. An inner 
concentric aluminum tube was welded to end bulkheads with pipe fittings to 
form a concentric coolant passage, which would be needed for outdoor testing. 
Also, fittings were welded in place at the center of the taryet cylinder and 
in the end bulkhead to provide mounting surfaces for flux sensors. The taryet 
has the same mean diameter as the photovoltaic receiver; excess length was 
provided to allow display of the flux spill-over. 

The target was attached to a thin wall steel tube mast. A spider mount scheme 
was used to support the target mast with adjustment provisions for alignment. 
For the planned outdoor testing, the mast was capable of being rotated and 
shifted axially to accomplish flux scanning with the flux sensor on the target 
surface. A flux sensor on the end bulkhead (facing the sun) would allow real 
time calibration of concentrated flux levels. 
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4.0 REFLECTOR DESIGN 

4.1 Reflector Design Features 

The refl ector was assembl ed from twenty-four 15° angl e gore shaped segments 
using .05 mm (.002 in) thick, acrylic overcoated, first surface silvered 
polyester film as the baseline material. While the material is not yet in 
production, lab samples indicate a specular reflectance of 85-90% can be 
achieved. Results of exposure testing of production samples using the same 
acrylic overcoating on aluminized polyester show improved weatherability 
characteristics over previous coated and uncoated metalized films. The 
reflector was designed to be wrinkle-free at a nominal stabilization pressure 
of 172 Pa (.025 psi). At this pressure level, the maximum film stress is 
6.895 MPa ( 1000) psi and occurs in the circumferential direction at the 
perimeter. Based on the results of a NASTRAN computer model discussed in 
Section 5.2, a 15° gore configuration, which minimizes compressive seam 

wrinkles, was selected. 

Figure 4-1 is the drawing of the reflector/reflector support shell/yoke 
interface. The reflector was initially attached to the support shell with two 
reflector mounting rings located at a radius of .45 m and 2.05 m. As 
discussed in Section 5.2, the inner ring was replaced on subsequent 
reflectors with a system that permits the reflector to free float around the 
target Rost. The Rrototype reflectEr had an effective surface radius of 2 m. 
The actual radius was 2.05 m which allowed the "edge roll" and wrinkles caused 
by attachment to the reflector support shell to dissipate without causing 

major disturbances of the effective reflective area. 

The reflector gore joining technique that was the strongest and most durable 
was a 12.5 mm (0.5 in) overlap seam with double-back tape and a machine sewn 
stitch down the center of the seam. This provided adequate strength with no 
apparent long term creep at the stabilization pressure. Thermoplastic 
adhesives had been used previously, but problems associated with heat sealing 
(heat shrinking of the reflective film) caused wrinkling along the seams. 
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4.2 Reflector Contour Analysis 

A reflector contour analysis was performed to generate the reflector gore 
template shape and the lay-up tool contour that provided the desired flux 
distribution on the photovoltaic module. The basic equations used in the 
computer model, SEAMS, to determine the lay-up tool and gore template 
dimensions, were adapted from those used in the previous work on parabolic 

reflectors. 

An approximate solution for the tool contour was found by assuming film 
displacements occur essentially normal to its surface. The true 
displacements may deviate somewhat froln this assumption especially in areas 
with large rotations, which increase as gore size increases. For the gore 
geometries under construction, this effect is believed to be small. 

The desired reflector contour was generated by a subroutine, MIRROR, contained 
within the SEAMS model. MIRROR employs a numerical integration procedure to 
determine the reflector contour which will provide uniform flux intensity over 
the photovoltaic receiver, by maintaining a constant ratio of projected 
concentrator area to receiver area. The reflected ray from the inner radius 
of the reflector strikes the lowest point of the receiver, and the intercept 
point moves up the receiver as the reflector radius increases. A first order 
differential equation is derived for an axisymmetric, modified-parabolic 
curve. With a design objective of uniform flux over the cylindrical 
photovoltaic cell receiver (having arbitrary size and location), coefficients 
for the differential equation are defined. The equation is then integrated 
over specified inner and outer radii using a variable step Runge-Kutta method. 
The mirror contour subroutine thus provides axisymmetric surface coordinates 
and slopes as a function of radial position. 

Analysis in the SEAMS model is similar to the previous analysis for 
parabolic shapes [1], except that the MIRROR subroutine output replaces the 

parabolic equations. 
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The edge view of the gore segment is shown in Figure 4.2. For any point (d, 
zd) on a plane intersecting the gore perpendicular to the gore centerline 
surface at (z,r): 

NOTE: r,z, and dz/dr are all outputs of the MIRROR subroutine • 

. Using this relationship to describe a point (ra,za) on the gore seam 

(1) 
r-r dz 
~=za-z dr 

If the gore width angle is y~ then 

(2) 
r = r cos y /2 a c 

Combining (1) and (2), gives an equation which relates the radius 
of the gore centerline point rc , at the height za: 

(3) r~r cos Y/2 c 

z -z a 

dz 
= dr 

The relationship between rc and za is also the (r,z) output of the MIRROR 
subroutines. Equation (3) can be solved iteratively using the MIRROR 
subroutines results until the equality is satisfied, which determines all the 
unknowns. 

The length, s, of the curved line (i.e., the gore width) described by the 
intersection of the curved gore surface and the plane perpendicular to its 
surface at (r,z) can ·now be determined. It was shown in reference 1 that the 
exact length of the curved line can be calculated, but an approximate 
solution, assuming the curve is a circular are, is very accurate and much 
easier to calculate. 
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Figure 4-2: Reflector Dimensional Analysis Geometry 
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By straightening this line and determining the position of the resulting 
singly curved gore, the dimensions of the flat pattern gore and the lay-up 
tool in Figure 4-3 can be determined. To maintain the required gore angle,', 

R = (5/2) cot '/2 

Placing this radius on the plane through the curved line, 

r-R dz 
-y:::z = dr 

allowing Z to be determined. Knowing the shape of the singly curved gore, 
its flat pattern length, £ , can be determined by integrating the length of 
the curved line described by (R,Z). 
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5.0 PROTOTYPE CONCENTRATOR FABRICATION 

A prototype concentrator was fabricated to demonstrate and evaluate the 
design. The main goal was to verify the selected reflector configuration. 
Three 4 m diameter reflectors and two subscale 2 m diameter reflectors were 
fabricated and evaluated. Fabrication of more than one reflector was 
necessary because initial results were not satisfactory, and corrections in 
deficient areas were attempted. 

The prototype concentrator was comprised of four major components: reflector, 
reflector support shell, yoke and supporting frame work, and the simulated 
photovoltaic receiver assembly. The following sections describe the 
fabrication of the reflector and the assembly of the concentrator. 

5.1 Reflector Fabrication Techniques 

The reflective film material used was .05 mm (.002 in) thick, first surface 
aluminized polyester. The polyester was metallized by National Metallizing 
and had a specular reflectance of 86% (0.14° cone angle). This material was 
selected because of its opticai and mechanical properties and availability. 
Desert exposure testing of this material suggests that it would retain enough 
mechanical strength to remain operational approximately 1 to 2 years in the 
field. 

Gore Templates 

The gore templates were fabricated from 2.3 mm (.090 in) anodized aluminum in 
Boeing Aerospace Company's template shop. The final template was fabricated 
to a ~.05 mm tolerance using numerical control machinery. The templates 
had 1.6 mm diameter holes drilled every 15.24 cm along the edges. These 
holes were used to p.in mark the gores during cutting and provided indexing 
marks for positioning of the gores during lay-up. Holes were also drilled 
in the template for use in indexing the attachment of the reflector to the 
reflector holding ring and the reflector support shell. 
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Table 5-1 shows the final gore template offsets versus gore centerline 
distance. The coordinates were the result of the analyses discussed 
in Section 4.2. 

Using the template as shown in Figure 5-1, the gores were cut out with a 
scalpel. Special care was taken to avoid wrinkles in the polyester during 
cutting. Weights were placed on the template to avoid movement of the 
template during cutting. 

Lay-up Tool 

Shown in Figure 5-2 and 5-3 are the lay-up tools used for the construction of 
the 2 m and the first two 4 m diameter reflectors respectively. The lay-up 
tool serves as a holding fixture during tapeing of the gore seams. Accuracy 
of the reflector surface is established by the pre-cut gore shape and careful 
aligning of the gores before taping. This approach was taken to avoid the 
need for a highly accurate lay-up tool. The lay-up tools were constructed 
using supporting ribs and covered with thin sheets of cardboard or plywood. 
The dimensions of the supporting ribs were determined by the same computer 
program that provided the offsets for the gore templates. Each rib on the 
full scale lay-up tool had a vacuum channel which was covered with a porous 
tape (lawn chair webbing). This vacuum hold down system helped in maintaining 
gore position during taping of the seams. Figure 5-3 shows the inside of the 
lay-up tool with the vacuum pump and interconnecting tubing. 

Reflector Gore Assembly 

The gores were placed metallized side down on the lay-up tool. Using the 
index marks to position the gores along side of each other, the gores were 
butt-joined together using polyester tape. The vacuum hold-down device 

prevented the gores from moving once they were positioned correctly. Figure 
5-4 shows the positioning of a gore on the lay-up tool before taping. Figure 
5-5 shows the method used for firmly bonding the tape to the reflector film. 
Although there is some waviness in the polyester, the seams are wrinkle-fre~. 
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Reflector Holding Ring 

A 4.57 m (15 ft) inside diameter box section wooden ring was fabricated to 
facilitate attaching the reflector to the reflector support shell after 
completion of the lay-up. Clear .127 mm thick polyester film was attached to 
the front side of the ring so that once the reflector was attached to the back 
side of the ring, it could be pressurized to its proper shape before 
installation. 

Reflector to Reflector Support Shell Attachment 

Once the gores had been joined together, the reflector was moved to the 
reflector support shell and. placed metalized side up inside of the shell. The 
reflector holding ring, with the transparent polyester in place, was then 
lowered down over the reflector support shell by using two overhead hoists. 
The support shell was not attached to the yoke at this time. The reflector 
was then attached to the holding ring using the index marks on the gores for 
proper alignment. Once attached, the reflector was pressurized to its proper 
shape. It could now be moved back and forth, by use of the overhead hoists, 
in the support shell until the index marks on the gores were in alignment with 
the support shell. Figure 5-6 is a drawing of the reflector, attached to the 
reflector holding ring, being aligned in the support shell. Velcro with 
adhesive backing was used to attach the reflector to the shell and once 
attached, the reflector was taped to the shell to provide an air tight seal. 

hortst cables ~~ 
reflector holding ring 

indexing reflector 

reflector 

Figure 5~6: ~eflector Installation and Alignment 

The shell was then hoisted into position and attached to the yoke at the two 
bearing mounts. The target post was placed through the reflector and 
attached to the target post tripod. 
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5.2 Reflector Fabrication Results 

Three 4 m diameter and two 2 m diameter reflectors were built and installed 
on their corresponding support shells. The first reflector constructed was a 
full scale prototype and was built and installed using a 20 0 gore angle and 
a gore joining technique utilizing a butt seam and 12.7 10m wide, .05 10m 
thick polyester tape. These techniques were developed in the previous 
contracts involving plastic film parabolic reflectors. 

Laser scans were made and revealed this reflector to have a number of defects 
that would produce a non-uniform flux distribution on the photovoltaic 
modules. Figure 5-7 shows laser scans made of four gore centerlines. There 
were three major sources of errors: 

1) A larger than expected "edge roll" at the outer rim (points 11-14). 
This was due to mounting of the reflector in a stress-free condition. 
Pressurized mounting would reduce this problem. In the circumferential 
direction, large slope errors existed in the gore-to-gore laser traces. 

2) Typically, the gores have a flatter shape than ideal, which caused a 
circumferential dispersion of laser beams on the receiver. Variations 
from gore to gore in the computed flux levels were large, and in most 
cases, non-symmetric about the respective gore centerlines. This 
variation is attributed to non-uniform reflector mounting. 

3) Practically all gore seams had wrinkling. These wrinkles produce beam 
scattering in the axial direction on the target. The dispersed beams 
all appeared to be incident on the receiver. 

In order to understand the cause of the wrinkles (other than the result of 
taping inaccuracies) and define improved fabrication techniques, a NASTRAN 
computer moder was developed for a symmetric half-gore section. Figure 5-8 
shows features of the.model. The model proved to be successful in predicting 
compression along the gore seams, boundary roll effects, and the effects of 
non-uniform tension during mounting. The results of the NASTRAN analysis are 
shown in Figure 5-9, 5-10, and 5-11. Figure 5-9 shows the gore centerline 
loads vs. gore angles. The load Fr is in the radial direction and the load Fo 
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is in the circumferential direction. The reflector material was .05 mm (.002 
in) thick, so a load of 350 N/m (2 lb/in) is equal to a film stress of 6.895. 
MPa (1000 psi). 

Figure 5-10 are the seam loads vs. gore angles. The NASTRAN model indicated 
that a majority of a 200 gore angle seam was loaded compressively in the 
radial direction when pressurized to 138 kPa (.02 psi). A 100 gore angle 
seam would be in tension throughout the entire length of the seam. This 
indicated that a switch from a 200 gore angle to a gore of 150 or less was 
required to minimize compressive seam wrinkling. Figure 5-11 showed that the 
reflector's stabilization pressure could be raised to 172 Pa (.025 psi) while 
retaining a seam stress equal to the allowable of 6.895 MPa (1000 psi). 

The supporting framework and yoke bearings were stiffened to compensate for 
the fiberglass reflector support shell being heavier than designed. 

Two 2 m diameter reflectors were fabricated to verify the several improvements 
in the fabrication technique before construction of another full scale 
reflector. The gore angle was changed from 20 0 to 15 0 and various gore 
joining techniques and material thicknesses were tried. Visual observations 
verified that there were fewer wrinkles due to the gore angle reduction even 
though the addition of 8 more gores increased the number of wrinkles caused by 
taping inaccuracies. 

A new method for minimizing reflector distortion caused by passing the 
photovoltaic module post through the reflector was tried and proved 
successful. The previous design, as shown in Figure 5-12, caused distortion 
in the reflector near the post due to circumferential misalignment of the 
reflector. The new method consisted of a washer with a larger inside diameter 
than the target posts outside diameter and was fastened to the reflector at 
the polar cap. When the reflector is in the support shell, the washer permits 
the polar cap to float freely and properly align itself around the target 
post. A secondary washer is installed to eliminate any air loss. Figure 5-13 
shows a subscale reflector with 150 gores and an aluminized, .05 mm thick, 50 
mm wide polyester tape (3M's YS-41) that was an improvement over the 
previously used 12.7 mm clear polyester tape. This tape was used for 
construction of the second full scale reflector. 
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The second full scale reflector was then built and installed using 15° gore 
angles, 3M's YS-41 tape, and the reflector holding ring which permitted a 
pressurized mounting of the reflector to the support shell. A laser ray trace 
was performed on the reflector to determine its surface quality. 
Approximately 1300 data points were taken. Analysis of the laser ray trace 
showed the reflector had an intercept factor of only 0.46 based on readings 
along the gore centerlines. An extensive review of the computer program that 
determine the gore template offsets and a review of the fabrication techniques 
was carried out to determine why the reflector had such a low intercept 
factor. 

Visual inspection of the mirror surface, aided by laser scanning, indicated 
there could be a problem with the mirror shape not directly attributable to 
fabrication techniques. The confidence level in the MIRROR subroutine, which 
generates the ideal contour, was high, so the computer code which converted 
the mirror contour to lay-up tool and gore template dimensions was 
re-examined. It was concluded that several assumptions which were based on a 
parabolic mirror shape, within the code, had a small but real effect on the 
final tooling dimensions. These assumptions were eliminated, and the 
rewritten code, SEAMS, was used to determine dimensions for the final 
reflector. This new program is described in Section 4.2. A new template was 
then fabricated incorporating the minor modifications. 

The main cause of the low intercept factor seemed to be gore to gore seam 
misalignment and misalignment of the reflector in the support shell. The 
lay-up tool shown in Figure 5-3 that wa~ required for the deep dish design 
made accurate alignment and taping of the gores difficult. In order to 
produce a reflector with seams aligned as accurately as possible, an 
alternative approach was tried. 

An attempt to join gores on a flat surface which would permit closer 
observation and, therefore, increased gore joining precision was tried. 
Sample reflector gores were sent to a sail 10ft (North Sails, S~att·le) and 
with close supervision, were successfully joined together with a high degree 
of accuracy. 
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Sails are constructed by joining Dacron panels together on a large, clean 
wooden floor. The thickness of the panels range from .076 to .203 mm 
depending on the desired strength characteristics of the sail. The seams are 
overlapping and constructed by using a double back adhesive tape (Seamstick) 
to correctly position the panels and then the seam is machine sewn using a 
zig-zag stitch. To give the sail its proper shape, the panels are cut to a 
predetermined curvature before joining. This curvature usually has a smaller 
radius than the reflector gore curvature. 

The fabrication sequence used for joining the reflector gores was the same as 
used for joining sail panels. First one side of the doubleback tape is 
applied to the gore, which is pinned to the floor to prevent movement. 
Another gore is then carefully attached to the preceding gore. With the 
experience the loft personnel possess, fewer taping wrinkles along with a 
higher degree of accuracy was achieved in comparison to the reflectors 
fabricated on the lay-up tool. Once the gores were held in position by the 
tape, the seams were machine sewn. The gore template was built to accommodate 
the change from butt joining to overlap seams by adding a 12.7 mm wide strip 
to one side. The loft's success at joining the full scale sample gores led to 
a subcontract to build the third and final full scale reflector. 

Creep and tensile strength tests were performed and the results showed the 
stitched seam to be superior to the previously used tape seams. Once 
completed the reflector was attached to the reflector support shell the same 
way the previous reflectors had been mounted (pressurized mounting, etc.). 
The results of the laser scans of the 3rd reflector are discussed in detail in 
Section 6.2.3. 

5.3 Concentrator Assembly and Alignment 

Once the reflector is installed in the reflector support shell, the yoke is 
attached to the bearing mounts on the shell. The yoke is raised until it is 
vertical so that the support shell rotates about the central axis. A 3.2 mm 
diameter cable is positioned on the support shell opposite the yoke bearing 
mounts to suppress the gravity deflections caused by the shell being 
excessively heavy. The cable is tensioned until the shell diameter becomes 
uniform (4.148~.003 m). 

54 



.. 

Shown in Figure 5-14 is the method used for horizontally aligning the shell. 

A hori zonta 1, rot at i ng 1 aser that is self ali gni-n9 to an accuracy of +.05 

mrad is supported by the tripod in the foreground of Figure 5-14. As the 

shell is rotated, the laser position on the rod (being examined in the 

picture) changes, indicating the amount of vertical misalignment. The shell 
is leveled to an accuracy of ~ 3 mm. Once the shell diameter has been 

corrected and the shell aligned horizontally, the target post is aligned. A 

downward looking, self aligning (~.05 mrad) laser is supported by a 
trave 1 i ng overhead support carri age. A smooth manual pos it i oni ng system was 
built which minimized disturbance of the laser auto-alignment operation. The 

laser is used primarily for optical analysis of the reflector, but also aids 
in aligning the target post. The target post is placed through the reflector 

and supported by the target post tripod which is attached to the reflector 

support shell (Figure 5-16). The post is accurately positioned in the 

vertical direction and with the downward looking laser positioned over the 

center of the reflector support shell (and reflector), the target post is 

centered by sighting the laser through a hole drilled in the center of the top 
bulkhead of the post. Once the post is aligned, the concentrator is ready for 

optical analysis. 

Figure 5-15 shows the concentrator in the vertical position, aligned and ready 

for testing. Figure 5-16 is a closeup of the base of the concentrator showing 

manometer, vacuum pump, target post tripod, and supporting framework with the 

elevation drive system that would be used for an outdoor test. Figures 5-17 

and 5-18 illustrate the concentrator before and after pressurization. The 

reflector is pressurized to 172 Pa (0.025 psi) which is equivalent to a 

maximum film stress of 6.895 MPa (1000 psi). Also shown in Figure 5-17 is the 

laser and supporting carriage • 
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Figure 5-18: Prototype Concentrator After Pressurization 
(.68 :nches of Water) 
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6.0 PROTOTYPE CONCENTRATOR TESTING 

A laser ray trace was performed on each of the three full scale reflectors to 

eval uate thei r surface errors and thei r abil ity to provi de uni form fl ux on the 
simulated photovoltaic receiver. The yoke and supporting framework, shown in 

Figure 6-1, allowed the reflector support shell to be aligned and rotated for 

indoor laser ray trace testing and outdoor, real sun flux testing. The 

following sections describe the indoor and outdoor test procedures and the 
results of the laser ray trace on the third and final full scale reflector. 

6.1 Outdoor Testing Plan 

Provisions were made in the prototype concentrator components for outdoor, 
real sun flux testing with or without the enclosure. The reflector support 

shell, yoke, and supporting framework have the necessary bearings and 

pivoting capability for azimuth-elevation polar sun tracking. 

As discussed in Section 3.3.2, the prototype target is water-cooled and has 

provisions for mounting flux sensors. By axially moving and rotating the 

target support tube, the flux on the cell plane can be mapped and 
calibrated. Also, the flux distribution can be evaluated by processing 
filtered photographic images with densitometer equipment. The outdoor test 

was not performed due to costs incurred by reflector fabrication 

difficulties. 

6.2 Indoor Testing 

6.2.1 Test Procedure 

After the co'ncentrator was al igned, a laser scan was performed on the 

reflector to obtain data for the surface error analysis. The testing was 

carried out using a Class III-B, 5 milliwatt helium-neon laser that was 

downward looking and self-aligning. The laser is shown in the top of Figure 
5-18. The testing was performed by moving the laser horizontally on the 

overhead carriage to pre-determined radial positions and by rotating the 

concentrator to pre-determined circumferential positions. 
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The x-y coordinates of the laser image reflected onto the target post were 
recorded for use in the computer ana lys is. I n test i ng the th i rd refl ector, 
two procedures were used. First, the gore centerlines were scanned radially 
every 5 cm (total of 648 data points) to determine the angular error of the 
centerlines. Eight consecutive gores were then scanned extensively for the 
purpose of flux mapping the reflected rays on the receiver. Each gore was 
divided into five circumferential intervals with each interval measured 
radially every 13 cm for a total of 480 data points for the 8 gores. The 
circumferential intervals were 7, 26.6, 50, 73.4 and 93% along the gore arc 
with each interval representative of a portion of the reflector surface. The 
measurements at 7 and 93% represented the reflector surface near the seams. 
This area had the highest slope errors due to the dispersion caused by the 
wrinkles at the seams. The 26.6 and 73.4% intervals represented the area 
between the seams and gore centerline and the 50% represented the gore 
centerline. The difference in represented projected areas was accounted for 
in the flux mapping. 

6.2.2 Test Data Analysis 

Surface errors of the reflector were analyzed with the aid of a computer 
model referred to as the ERROR code. This code allowed the analysis of a 
large number of laser ray trace data points and results in a description of 
the reflector surface in terms of: 

1. overall RMS surface error, 
2. overall random RMS surface error (determined by subtracting mean 

radial errors computed at each radius), 

3. total and random surface error relative to radial position on the 
reflector, 

4. total, radial, and circumferential surface error angle components 
over the entire reflector. 

The following paragraphs discuss the analytical methods used in the ERROR 
code. 

The MIRROR subroutine as described in Section 4.2 generates reflector film 
coordinates and slopes for the surface which will uniformly illuminate the 
photovoltaic target. The ERROR code transforms the test measurements to the 
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reflector coordinate systern. Each target-hit has a corresponding reflection 
point on the mirror surface. A representative projected area is calculated 
for each target hit reflection point pair. The ideal reflected ray vector 
from the reflector surface to the target surface can be determined knowing the 
slope at the reflection point. Using the target-hit coordinates and the 
reflection-point, the actual reflected ray vector is calculated for each test 
point. The angular error (2£) between the actual and ideal reflected rays can 
be determined from the scalar product of the two reflected ray vectors. 

cos 2£ = PA, Pr 

where 

I PAIlpr I 

PI = idea 1 rays 
P A actual rays 

The surface error angle, £, is calcul ated for each measurement. An overall 
RMS value of the £ angles can be found using 

Where A£ is the projected concentrator area corresponding to the reflection 
point from which was £ measured. 

Systematic errors in the radial direction, which move the flux up an down 
the target pl ane, are removed from the test data to reveal the random 
surface error of the reflector. The average radial component of the error 
angle is calculated for concentric radial sections. The average radial 
error angle of. each segment is subtracted frrnn the radial component of each 
error angle measured in that section. When combined with the 
circumferential component, a RMS value for all the random surface angles can 
be computed. 
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6.2.3 Test Results 

The radial centerlines of all 24 gores were scanned every 5 cm for a total of 
648 data points. The RMS angular surface errors as a function of the 
reflector radius are shown in Figure 6-2. The overall RMS surface error was 
12.95 mrad while the random RMS surface error was 7.89 mrad. The larger 
errors are at the inner and outer radii of the reflector. Tables 6-1, 6-2 and 
6-3 show the total error angle and its radial and circumferential components, 
respectively. The columns are the individual gore number (1-24) and the 
rows (1-27) are the radial position beginning with the inside radius. The 
radial component tends to be the larger component of the surface error angle. 

Figure 6-3 shows a laser scan from the outer radius to the inner radius 
along a typical gore centerline using time-lapse photography. 

The results of the flux mapping of gores 1-8, shown in Tables 6-4 and 6-5, 
showed a nonuniform flux distribution on the simul ated receiver. The target 
was divided into 6.5 cm2 (1 in2), and each data point was mapped into one of 

these subdivisions. The target had subdivisions the same diameter as the 
designed receiver; excess length was provided to allow display of the flux 
spillover. Table 6-4 is a "bean count i ng" map of the 1 aser rays impacting the 
receiver. Each number represents the total of reflected laser rays that 
impacted that particular 6.5 cm2 subdivision. With 100% of all reflected rays 
striking the target, 91.5% of the rays landed within the actual receiver 
boundaries. The upper and lower receiver boundaries are shown in Table 6-4 
and 6-5. The first two columns and the last three represent 
circumferential spill-over onto the preceding and following gores. 

Table 6-5 is the flux map showing the total projected area of the reflector 
surface associated with the target hits within each target subdivision of 6.5 

cm2. While 91.5% of the rays landed within the upper and lower receiver 
boundaries, these rays represented 94.5% of the reflector area. Columns 3, 4, 
5, 6, and 7 have an integrated reflector projected area in the radial 
direction of .501, .996, .856, .623, and .353 m ,respectively. In the 
circumferential direction, rows 4-12 have an integrated reflector projected 
area of .148, .336, .528, .345, .746, .419, .575, .420, and .289 m 
respectively. 
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Table 6-3: Gore Centerline Error Angles, Circumferential Components 
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The flux map is further illustrated by the three dimensional plot in Figure 
6-4. The data of Table 6-5 were used. Spill-over in the circumferential 
direction outside of the 5 column area encompassing the aim points was added 
in on the opposite side, assuming three identical cycles of this flux map 
around the receiver. This plot reveals the nonuniform nature of the flux 
distribution within the receiver area. 
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7.0 CONCLUSIONS 

The objective of the program was to design and evaluate a photovoltaic 
concentrator using a plastic film reflector. 
built incorporating the key design features. 

A prototype concentrator was 
The deep dish configuration with 

a cylindrical photovoltaic cell receiver was selected as the concentrator 
configuration because it was predicted to have a high energy intercept factor, 
good solar cell module configuration and a large active reflective area. 

Three 4 m diameter reflectors were fabricated to enable experimental 
determination of the illumination flux on the receiver by use of a laser ray 
trace. Fabrication of more than one reflector was necessary because results 
were not satisfactory, and corrections in deficient areas were attempted. 

Efforts to improve performance of the reflector by changing the gore segment 
width, fabrication techniques, and assembly procedures provided improvements 
to specific problem areas. However, these efforts were largely unsuccessful 
in fulfilling the most important objective, optical performance needed for 
efficient receiver operation. All of the reflectors exhibited optical 
performance inadequate for efficient operation where both a high intercept 
factor and uniform energy distribution is required. 

The disappointing results can be attributed to several factors. Plastic film 
reflectors with a short focal length, deep-dish configuration proved to be 
much more difficult to assemble than the previously fabricated parabolas with 
a f/D = .5. The difficulties are due to reduced accessibility to the work, 
more curvature in the radial direction, and increased angular change across 
seam locations of the lay up tool. The fabrication and assembly techniques 
were based on those successfully used to build a reflector of comparable size 
but with f/D = .5. This approach relies on accurate cutting and joining of 
the gore segments to obtain the desired concentrator shape, instead of using 
an accurately made lay-up tool to define the shape. The required accuracies 
could not be obtained with the increased assembly difficulties noted above. 

Major expansion of the effort would be needed to overcome the difficulties 
encountered. In particular, high accuracy lay-up tooling would be 
necessary, and the tool would probably have to include vacuum hold-down over 
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the entire gore surface, built in gore edge trimming, and equipment for 
automatically aligning and applying the seam tape under uniform tension. A 
detail ed process development program woul d be requi red to assure accurate 
and structurally adequate joints • 
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