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ABSTRACT

The preliminary design and economic analysis of a low cost, pneumatically
stabflized plastic film point focus solar concentrator are described.
Potential applfications for the concentrator -are in conjunction with Brayton
cycle engines or supply of thermal energy. The study cbjectives were (1)

to develop a concentrator having maximum energy collection per unit cost, (2)
investigate the related manufacturing, installation and maintenance methods
and (3) predict the concentrator costs in mass production. The concentrator
has a gore-formed, aluminized polyestar parabolic reflector whose shape is
stabilized by a slight vacuum. The reflector is mounted on a lightweight
conical shell having a rear vacuum membrane. The reflector assembly is
supportad by a lightweight 2-axis tracking steel framework. The concen-
trator is completaly protactad from wind and weather by a pneumatically
stabilized clear plastic film enclosure. A sub-scale reflector was fab-
ricated and optically tested by laser ray tracing to determine focal deviations
. of the surface slope and best focal plane. These test data were then used
for comparisons with theoretical concentrator performance modeling and pre-
dictions of full-scale design performance. Design concepts and plans for
mass-production facilities and equiphent, field installapion, and maintenance
were developed and used for cost analysis. Results of the economic study
indicate the concentrator design will have low cost wnhen mass-produced and
has cost/performance parameters that fall within current Jet Propulsion
Laboratory goals. |
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1.0  SUMMARY

-

This report describes the preliminary design and evaluation of & pneu-
matically stabilized plastic film parabolic concentrator for use in a
Brayton cycle system operating with a receiver temperature of 1700°F.
The concentrator has a 13 m diameter reflective surface made from metal-
1ized film and stabilized with a small differential air pressure. A
spherical enclosure made of a clear plastic film completely protects the
concentrator and Brayton unit from the environment.

A general goal of this phase, the first of a three-phase project, was to
study the pneumatically stabilized plastic film concentrator concept to de-
velop a technical and economic basis for subsequent detajled design
approach and implementation. Specific objectives of the projact were to:
0 Optimize the concentrator design parameters for maximum
solar energy collected per concentrator unit cost
0 Develop 2 preliminary design’ |
Investigate the manufacturing, installation, and maintenance
of the concentrator
0 Predict the costs for mass production

In Task [ of the project, a parameter optimization study was conducted to

define an initial optimum desién configuration for the concentrator. This

design point, with a fixec enclosure and a reflector diameter of 13 m limited

by shipping constraints, yielded high net useful energy per unit cost compared to a
number of concepts having various reflsctor support and protection schemes.

With JPL's concurrence this design concept was adopted as the baseline
concentrator design satisfying the first project objective.

The remaining Phase I project objectives were fulfilled with development

of the preliminary concentrator design in a suries of tasks: preliminary

design, subscale reflector testing, performance analysis, production

plant planning, installation. studies, maintenanca studies and economic
analysis..
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Preliminary Cesian

A preliminary design was developed for a concentrator that can be mass-
produced at low cost. The concentrator has a gore-formed, 2luminfzed
polyester reflector which fs supported by a conical shell and a 2-axis
tracking steel framework. The reflector is stabilized by a s1ight vacuum
formed in the cavity between the reflector and a rear film membrane also
supported by the conical shell.

Because of the 1ight weight of the refTectof and protection from wind
-offered by the enclosure, the reflector's supporting framework is very
light weight. Conventional components are utilized in the design of the
structural, mechanical and electrical systems. For tracking control, low-
cost system and unit controller architectures were defined. Tracking is
based on a closed loop control law and uses a photosansor sun tracking unit
and stepper motors for accurate tracking.

The protective enclosure has.a 14.7 m diameter and is designed as a

pressure stabilized clear plastic film structure employing Kynar (poly-
vinylidene fluoride) which is inherently stable to ultraviolet '
radiation., Fabrication of the enclosure would be by an extension of current
gore forming techniques. An access door in the enclosure is provided

for maintenance of the concentrator. While having a high material cost/
unit weight, the enclosure is an essential design feature to achieving low

overall concentrator weight and cost with high performance in windy, disty
conditions. '
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Subscale Reflector Test Program

Feasibility of the pneumatically stabilized reflector was demonstratad by
fabrication and testing of a 4.57 m didmeter subscale model. Several
fabrication issues were resolved which allowed construction of the sub-
scale reflector using (1) simple vacuum-assisted lay-up tooling, (2)
taped gore seams which were wrinklé-free. and (3) reflector {nstallation
technique that minimized edge mounting errors. The reflector mounting
was accomplished by first pneumatically stabilizing the reflector in &
holding fixture then attaching the test edge ring which was smaller thin
the holding fixture. In this.manner, the majority of edge mounting re- -
Tated film buckles were outside of the active reflector area and could
be trimmed away; a similar mounting technique would be used for rapid
field reflector assembly.

In testing the subscale reflector, a laser ray test procedure was used
that involved computar-aided data acquisition and post-processing. Final
testing collected laser/target intercept data at 72 angular positions

(2t 5°) and 24 radial points for a total of 1728 data points. These data
were anaiyzed ty determine surface slope errors which were used for

(1) comparisons with theoretical ccncentrator performance modeiing

and (2) predictions for full-scale concentrator performgnce.

Correlations of the surface slope quality with fabrication procedures were
found; mishaps in reflector-to-ring mounting were particularly harmful

to surface quality.

Taking the "best quadrant" of the reflector and removing systamatic
radial daviations from a paraboloidal surface, resulted in a computad AMS
surface slope error of 3.54 mrad ja significant improvement over previous
testing). For all 1728 test points and with systematic errors included,
the surface quality was 7.57 mrad RMS. Judging from tre results of this
single large reflector test, additional fabrication experiance and more
sophisticated tooling will result in surface quality near the BEC mass
producticn goal, '
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Performance Analysis

A performance analysis for the full-scale concentrator was performed using
the actual surface slopes of the above-mentioned "best quadrant"”, 3.54 mrad
RMS test reflector. Based on the test data, and with O mrad tracking error
the 13 m concentrator delivers 68 kW of net energy. (61 kW with all test
data points considered). For the design goals of 2 mrad for surface quality
and tracking errors, the concentrator delivers 71 kW at an optimum F/D of
0.5 and aperture diameter of 0.288 m.

Plant Design

A plant design was conceived for mass production of 100,000 concentrator units
per year at a rate of 2.1 units per hour, operating at 2 shifts per day. Opera-
tional plans, workstation definition and tooling concepts and plant layout

were developed from & study of mate al flow and plant function isolation
zoning.

Automated tooling concepts needed to realize the high oroduction rate were
defined for three critical workstations: enclosure gore forming, reflector
gore lay-up and joining and refiector support shell panel fabrication.

Most of the more conventional parts would be made from vendor-furnished
ftems.

An integrated automatic materials handling system was found to be

essential to achieving high production rate at low cost, A key feature of this
system s the use of returnable shipping containers, which flow through the
plant. Two containers, shipped on a single truck trailer, would be needed for
each concentrator. These containers would also provide temporary field storage
érior to installation of the concentrators,

The plant design study resulted in a facility having the following character-
istics: 732,500 sq. ft. floor area, S41 million building and site cost (556/ft2)
and $25 million tooling and equipment cost (534/ft2).
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Field Installation and Maintenance

A preliminary field installation plan was developed that will resyit in
rapid assembly and erection of factory pre-assembled conceni ator parts.
A critical field operation is reflector assembly which is envisioned to
be done on portable precision fixtures under shelter. Temporary shelter

will be required during reflector and enclosure installation {n windy con-
ditions. '

An analysis of maintanance requirements over a 30 year lifetime indicates
washing of the enclosure will be a major 1ife-cycle cost component followed
by enclosure replacement programmed at 15 years. 'Washing could be done with
4 mobile washing truck traveling from field to field. Maintenance of the
concentrator in the inflated enclosures would be done using portable

service equipment having air locks. .

Cost Analysis

A cost analysis was performed to determine precduction, field installations
and maintenance costs. The concentrator's estimated selling price based

on 1978 dollars is $7835 (SS?/mz) FOB factory. Installed concentrator cost,
including related construction site and equipment costs, is $9624 (S73/m2).
With 1ife cycle costs considered, the concentrator cost is $17,510 (Sl32/m2).

gconomic Analysis

The resulting performance/cost for & 1ife cycle cost including washing is
0.0041 kwth/S. This figure-or-merit would be improved with any re-

duction of washing and/or enclosure film cost which are the major portions
of the total life maintenance cost. In terms of concentrator unit cost/
efficiency, the concent: tor has an installed cost/efficiency ratio of
SlZS.SO/m2 for a reflector surface quality of 5.52 mrad RMS (representing

the full subscale test reflector with systematic errors removed) and
S108.17/m2 for the 2 mrad RMS surface.design goal, These ratings compare
favoradbly with JPL's goals for concentrator costs of S100 to 150/m2($111 to

' 157/m2 when factored for efficiency) for 1982.
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Design Sensitivity Analvsis

Design sensitivity studies were done to verify the optimality of the base-
1ine concentrator size. Cost data developed in Task I for varfous con-
centrator sizes vere updated with the preliminary design cost data. The
resulting levelized bus bar energy costs, based on 1ife cycle costs, show
the cptimum concentrator diameter to be 13 m. Other cesign trades con-
ducted indfcated the concentrator cost to be sensitive to Brayton unit
weight, receiver operations temperature, and enclosure cost. In particular,
success in current vendor research on {nherently stabilfzed polyester

film would result in large concentrator cost savings.

LRt S
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2.0  INTROOUCTION

An approach to achieving s{gn1f1cant cost reductions in point focus solar
energy concentrators is the use of yltra-lightweight pneumatically stsadi-
1ized plastic film reflectors. This report describas a preliminary
concentrator design having 2 pneumatically stabilized plastic film re-
flector and 7rasents an evaluation of the design by subscale reflector
‘testing and scoramic analysis in a Brayton cycle system application

with & receiver operating at 1700°F.

The resert summarizes work performed by Beeing Engineering and Construction

(BEC) for the Jet Propulsion alnratory (JPL) under JPL Contract 9332C¢9.
This project is managed by JPL .s nart of a broad Department of Energy
Program concerned with small solar-thermal power systems for providing
therma] and/or electrica: power, JPL's overall objiectives guiding tnis
projecs are dirscted toward developing high temperature point focusing
concantrator. tachnology with & major emphasis on low cost in large
quantity production.

The BEC concentrator design concept, shown in Figure 2.0-1, is based

on a paraboloidal reflective surface consisting of a thin, metallized
plastic film wnich is supportsd on a conical snell and stabilized with

a small differential pressure between the enclosure and a cavity behind
the reflector. The film is fabricated in & shape closely approximating
the desired paraboloid; final shaping is accomplished with the pressure.
The reflector assembly {s supportad by a structural steel framework
which {s gimballed for azimuth-elevation sun tracking. The coacentrator
is placed in a clear plastic film enclosure which {is adopted from BEC'S
heliostat programs. The enclosure {s an essential design feature that
protects the concentrator from the environment (wind loads, precipitation,
dust, hail, etc.).
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Potential advantages of the design‘concept include:

0 - Lightweight structure which minimizes material cost,
minimum drive system loads and costs

0 Minimum amount of close tolerance structure

o Environmental protection for the reflective surface and
Brayton unit

6 Elimination of wind-induced distortions of the concentrator

0 Convex outar surface of the enclosure which should remain
cleaner than a concave concentrator and maintain higher
performance between cleanings. '

o Simple foundation

The design concept draws on much of the design studies, matarials evaly-
ations, and processing experience gainad in Boeing's work on the ERDA/DQE

heliostat development programs. In particular, the basic conceptual design,

analysis methods and test procedures for the reflector were developed in a

recent BEC program for Sandia Laboratories under Mr. M. W. Edenburn s
direction (Ref. 3)

The report is divided in sections that correspond to the Phasa I task
activities. Section 3.0 gives a summary of work done in Task I Parametar
Optimization work, Task Il Concentrator Preliminary Design, and Task IIl
Interface Requirements. Section 4.0 presants a subscale raflector fest
program done in conjunction with the preliminary design development The
results of concentrator performance analysis are given in Section 5.0.

Task 1Y Assessment of Production [mplementation studies are described in
Section 6.0. As part of the Task II pre11minary design evaluation, design
sensit1vity studies were conducted and are reported in Section 7.0 Con-
tlusions from the Phase I activities are given in Section 8.0.

e A i o
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3.0 CONCENTRATOR DESIGN

The design requirements, interfacs requirements, design concept studies,
preliminary design and design analysis are described in Sections 3.1
through 3.6. '

3. Design Rsquiresments

The concentrator design was governed by design requirements furnished by
JPL. These requirements are given in (1) JPL Document DM 512142, Exhibit II,
Design Req'ts. Specification-point Focusing Concentrator (preliminary),
10 February 1979 and (2) JPL Lettar, G.E. Saunders to E. J. Valley (BEC),
dated 12 January 1979, In general terms, the design requirements are the
basis of the following criteria for concentrator design:

0 Mass-producible at low cost

Maximum kwth/S

o

Configuration suitable for a wide range of Brayton receiver/
engine units

30 year life

Survive environmental extremes

Full 2-axis tracking capability

Fail-safe operation

High reliability

Easily serviced

o 0 0 0 o o
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3.z Design Parameter QOptimum Study (Task I)

This section presents a brief review of the design configuration studies
conducted in Task I. The configuration variables that are important to
the development of 2 low cost pneumatically stabilized film concentrator
were identified as: '
0 Reflective surface stabilization method
Vacuum
Positive pressure
0 Reflector cavity closaout type
Separate
Integral with enclosure
Receiver/engine interface
Enclosed
Partially enclosad
Exposed
0 Enclosure configuration
Separate or fixed
Integral or rotating _
Each of these variables, singly or in combination, were studied in Task [
to arrive at the design concepts shown in Figures 3.2-1 to -4.

o

Concept 1 shown in Figure 3.2-1 has a lenticular enclosure permitting the
concentrator to be feathered in high winds to reduce survival wind load re-
quirements. [nvestigations showed the shape would be subjected to nigh

1ift and gimbal moments while operating during normel winds. This configura-
tion has a double transmittance loss through the enclosure. The latter
problem is eliminated in Concept 2, Figure 3.2-2, but some 1ift and gimbal
moment remains for operation in normal winds. The near spherical enclosure
of Concept 3, Figure 3.2-3, eliminates the 1ift and high loads for the sur-
vival wind condition. Finally, Concept 4 shown in Figure 3.2-4 completely

‘eliminatgs the wind loads from the concentrator, at the expense of more

difficult access and the need for the intake/exnaust ducting.

12
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A comparison given in Table 3.2-1, of the configuration candidatas with re-

spect to cost-effectiveness, reljability, producibility and state-of-the-art

(readiness) indicated two concepts wera leading candidates. 'They are differ- :
entiated by their enclosure types: a rotating spherical enclosure and 2 :
fixed spherical enclosure (referred to as’"rotating" or “fixed").

The parametric design studies in Task I proceeded with balanced comparative
studies of the fixed and rotating enclosure ¢oncepts; these studies involved
conceptual design, fabrication, installation, and maintenance studies and
‘ g performance/cost analysis. A summary of the performance/cost trades for the
e candidate concentrator concepts appears in Figure 3.2-5. '

13.
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Table 3.2-1. Concept Comparison

No. 1 No.3
Support trussas ||
Cancupt receiver A \ +
Reflector — -j
Pratective snclosure A
1

Cost elfectivenass

Thermal Lowaest Good Good Bast- T

performance {2 t°9) Higher

Cost Mighest Near highest Near lowest Lowest

{Drive loads) —+—
Overall Lowest Near lowast Near best Best
Lower Lower Best
Relianility {Gimbal and :\'G""!?‘l‘t‘ d (Complete
drive [Qads) imbal loads) __protection)
Producibility Good Good Good Slightly lowsr,
. (Fuil sphare)
Currant- Currant-- c .
State.of-the-art Current {Enclosure arret w.' o
: thermolorm) +— —

No. 3 and No. 4 selected for avaluation

As shown in Figure 3.2-5, the performance/cost figure-of-merit for both
enclosure concepts falls off at the iarger concentrator diameters. This

is due primarily to increased costs for (1) yoke structure, (2) increased
field assembly costs, and (3) enclasure replacement. The rotating concept
has an overall lewer value and mo}e rapid fall-off for the figure-of merit
because of wind lToad effects on yoke weight. Note that effects of wind-
induced yoke deflactions are not included fn the performance parametears;

if considered, the rotating enclosure would have even lower relative figures-
of-merit..

Based on the figure-of-merit data developed in Task I, the optimum concen-
tration concept has a fixed enclosure and will have a large size. The con-
centrator diameter recommended for the following Task II preliminary design
was then selected to be 13 m. At this diameter, the cOncentrator appeared
to offer near maximum k' h/S and reaches the limits for reflector and en-
closure shipping configurations that allow shipment without special perm1ts

14
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Figure 3.2.5. Concentrator Performance/Cost Summary
3.3 Selected Design Concept
The design concapt selecte& for the baseline preliminary design as a result
of the Task [ studies is illustrated in Figure 2.0-1. This design is
characterized by:
0 Fixed enclosure diameter 14.7m
o Reflector diameter 13m
. o F/0 0.5
0 Receiver aperture diameter 0.228 m
0 Reflector surface slope quality goal 2 mrad RMS
¢ Tracking system accuracy goal 2 mrad RMS
.-
L
1 15
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INTERFACE REQUIREMENTS

Design of the interfaces between the LCPFC and the receiver/power conver-
sfon unit is based on the following requirements:

o O O O o

o

3.5

Receiver/PCY space envelope is 32 in. diameter x 43 in. long
Receiver/PCU combined weight is 825 1bs.

Receiver/PCU support ring is a C6 x 10.5 charnel

Temperature of the PCU exhaust gas s 416°F

PCU supply/exhaust lines are sized for a mass flow of 0.533
1b/sec with a total prassure drop of 1.6 in. w.c. (.045 psi.}
PCU supply/exhaust lines are 6 in. pipes with band type clamps
Raceiver/PCU power and instrumentaticn cables are attached to
concentrator structural components

CONCENTRATOR PREL IMINARY DESIGN

Major components of the LCPFC systam are shown in Figure 3.5-1 and consist
of the following assemblies:

0

o O o o

Reflector asgembly-section 3.5.1
Structural/mechanical'assemblfes-section 3.5.2
Enclosure-section 3.5.3

Pneumatic systems-section 3.5.4

Control system-section 3.5.5

16
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Figure 3.5.1. Structurai/Mechanical Design

3.5.1 - Reflector Assembly

The reflector assembly consists of a pneumatically stabilized plastic

film reflector, a conical reflector support shell and a rear plastic

film vacuum membrane. Reflector stabilization is achieved with a vacuum

of nominally 0.0037 psf and in this condition the reflector assembly

can be safely handled during field installation. As shown in Figure 3.5.1.1.
four attachment points are provided to mount the assembly on the concentratir
truss. The following describes the reflector asseambly components in more
detail,

3.5.1-1 Reflector
The reflector {s assembled from 18 20° gore sections and {s designed
to be wrinkle-free at a nominal stabilization pressure of 700 psi., At this

pressure level, the maximum f{lm stress is 700 psi. and occurs in the circumferential

direction at the perimeter. B8ased on testing done in a Sandia Laboratories
Contract (Ref. 3), a 20° gore configuration is a good ccmpromise be-
tween minimizing surface errors related to flat gore facets and lay-up
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20° reflector yores

Plan view
Reflector assambly

sheil

Supponx /

Upper ring

Vacuum '\
membrane ‘\

Support v(- Lowet ring
sheil WV

Lowar i e
Vacuum [Saction B3]

membrane

Truss attachment e—mu/
fittings every 90°
Reflector

Figure 3.5.1-1. Reflector Configuration

costs. The reflector is designed with a F/D of 0.5 to give good per-
formance, as discussed in Section 5.0, with a ccmpact enclosure. Also,

at this F/D, the reflector can be easily rolled on a mandrel for shipping.

At the reflector's perimeter, a thermoplastic adnesive would be used to
attach the reflector to the support snell in the field using special tooling,
discussed in Section 6.2.

The reflector seam configuration is a butt-type joint having adhesive splicing
tape on both sides. A tape thickness of 2 mil and width of 0.5 inch are
believed to be adequate frcm strength considerations. One polyester tape
product, having a pressure-sensitive acrylic adhesive, Permacel-255,

was used in the sub-scale reflector and was found to have impressive
adherence. As part of a follow-on detail design program, adhesive studies
will be done to insure taped seams will have the requisite 30-year life.
Thermoplastic adhesives, such as of?ered by Sheldahl, will also be con-
sidered for reflector_seams. One potantial-problem associated with heat
sealing is heat shrinking of the reflector film which may produce surface
errors,

18
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The reflective #{im material is specified to be a UV stabilized aluminfzed
polyester filn with an antioxidation coating (first surface reflector).

The weatherability of the reflector is esxpected to be good by virtue of the
metalized side protecting the polymer substrate from the ultraviolet solar
radiation and the clean, dry environment inside the protective enclosure.
Further, the mechanical loading on the film is approximately an order of
magnitude below the film's yield point; a substantial margin even {f de-
gradation with time did occur.

However, bacause of the desirability of long 1ife (30 years) and its associated
economy in labor and materials, development work has been underway to

assure long term stability of properties. Samples of aluminized Mylar were
enclosed in Tedlar envelopes and exposed on & rack at Albuguerque, New

Mexico for 16 months. The frontside of the samples were south facing and

the backside shaded from the sun. At the end of the 16 months the following
degradation was observed:

Property % Loss
Reflectivity 1.4

Yield Strength
Ultimate Strength
Ultimate Elongation 16

The data suggests the material would be servicable for at lec.t several
years, however, it {5 not known how the degracdation mechanisms vary with
time and exposure (linear, increasing or decreasing rate, etc.). Tnis
nas led to a Boeing Plastic Film Industry cooperative program aimed at
increasing reflector film 1ife,
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Table 3,5.1-1 14sts the materials and respective suppliers for candidates re-
ceived for test., To the right, in the appropriate columns, are shown the
specular reflectances taken on the Boeing bi-directionz}l raflectometar 2t
0.15° cone angle with a 633 nanometer wavelength scurce, As can be seen, 2
variety of film processors are represented. The reflectance 's, of course,
generally higher as the cone angle {s increased from 0,15° upward. [t should
be noted that the values in the table have been adjusted upward by about

3 percent to convert to integrated solar speciular reflectance (air mass 2).

Table 3.5.1-1. Candicate Reflector Film

Specular reflectancs
@ .15%0ns angie

No overcoat ' Overcoated

Aluminized (National Metalizing) .89
Mylar D - Aluminizad 9

(Nstional Metalizing)
Myiar D — Aluminized (Dunmors) .89
Melinex 442 — Aluminized (Dunmors) .86 .79
Melinex "0 = (U/V stabilized) — 81

Aluminized (Martin Procsssing)
Malinex “ 0O’ — Aluminizsd .88 .69

{Mortan Chemical)

Polyester — (U/V stabilized) —
I ‘i
Metalized (CCLY) Silverized 91 a0

Aluminized .63

The protective coated material supplied by National Metah‘z&'ng was improved
in two iterations from a reflectivity of .71 to .89 (at 633 nm wavelergth).

This compares with reflectivity of .91 for an unprotscted aluminized surface
at the same wavelength, -
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Uunmore provided Mylar 0 {in earl{er research and it was seen to have a 633 nm
refiectance of 0.89 for the present effort, they provided candidates of over-

As seen in the table, the reduction

Late in the

coated and uncoated aluminized Melinex 442.
fn specular reficctance due to the overcoating was 0.07, an unacceptadle loss.
Melinex "0" provided by Martin Processing exhibited 2 large amount of scattering

e

process and {ts effect on the surface quality of the substrate.
program, Morton Chemical provided aluminized polyester with and without over-
Test results were & 633 nm reflectance of 0.88 without

cvercoating, and 0.59 with overcoating, Further {terations may improve the Iow
Aluminized polyester with overcoating

coating for evaluation.
value obtained for overcoated material,
and silvered polyester with and without overcoatings were provided by Optical
Coating Laboratory. The overcoated aluminized material had low reflect{vi:y
at a1l cone angles and was not 2 viable candidate 25 received. The overcoated

silvered material had comparable reflectance to the best aluminized specimens

evaluated thus far.

Accelerated simulated sunlight exposure tests were performed con srlected
specimens. The purpose of this testing was to evaluate resistance of pro-
tective coatings %o UV. The testing was quite severe because of the speciral

mismatch between the simylator and real sunlight in wavelengths cf high
sensitivity for polyesters. No attampt was made to relate exposure time
under the simulator with equivalent real time under sunlight. The samples
submitted for test did not generally have acceptahle reflectivities, but

were exposed primarily to evaluate the coatings.
Generally, the reflectances remained constant, while the mechanical groperties
The tests revealed no optical deégredation of the

dropped with exposure.
metalized surface, but did substantiate the need for substrite protection

from the ultraviolet,
and OCL! overcoated materials were selected for real time and accelerated
exposure testing in the desert. Although the Dunmore material reflectivity

Base’ :pun the inftial and accelerated UV data, samples of National Metalizing
was lower than cesired, its survival to the acceierated UV test exposure was
good. All samples have been enclosed in weatherable polyester "bogs" to

simulate the protectics they would receive in a protective enclosure.
~ The bag material used was Martin Processing weatherable poiyester (Melinex "0")

P
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At the time of this report, data was not yet availadle from the desert testing.

Based upon initial test results, accelerated UV tests and materfal availa-
bility, the reflective film product offered by Kational Metalizing would be
favored for near-term hardware applications.

The 3M Company has recently announcsd an aluminized polyester fiim having
an acrylic overccating {product number YS-91). This produzt has shown
promise in real time and accelerated testing and will scon be evaluated
by BEC. It is avatlable in both roll widths of 52 in. and tape wilths.

‘The later product, called Front Side Seaming Tape, is made with & high

shear contact adhesive and {s a candidate material for t-e reflector
gcre seams. '

3.5.1.2 Rear Plastic Film Yacuum Membrane

The rear vacuum membrane would be fabricated from polyester fi'm; UV pro-
tection would be provided by either UV stadilization similar t0 the re-
flector or by surface cladding with UV screening material. The membrane
shape needs to be approximately spherical to minimize film stress and
will require fawer gores th:n the reflector lay-up.

3.5.1.3 Reflector Supnort Shell

The reflector support shell consists of a8 conica’ s-ell with roll-farmed
gluminum upper and lower edge rings. An aluminum faced, kraft paper hcrey-
comb sandwich construction is used for the shell panels. Because of light
loading, the sandwich faces are 0.007 in. aluminum and the core is 0.5 in,
thick and is & minimum weight ccmmercial qrade product (2.3 pcf pranolic
treated kraft paper, 0.375 in. cell size). The honeycomb sandwich would be
bonded with low-cost one-part acdhesives (such as Horton's MOR-/AD 336 uretzhane)
3s are used in the recreational vehicle industry. Structural analysis of
the reflector support shell was performed to determine stresses and de-
flections and {s discussed in Section 3.6.1.

22




k4

2

4
t

0 |
o |
w
(@]
)
ro |
~ ]
- .
b m?.xm

3.5.2 STRUCTURAL /MECHANICAL COMPONENTS

Structural/mechanical components of the concentrator are shown in Figure 3.5-1
and are described in the following sections:
0 Tfuss beam assembly, including drive system for elevation
positioning (section 3.5.2.1)
o Yoke beam assembly, including drive system for azimuth positioning
(section 3.5.2.2)
Receiver/PCU and counter weight support rings (section 3.5.2.3)
0. Foundation (section 3.5.2.4)
0 Electrical/piping interface skid (saction 3.5.2.5)

3.5.2.1 TRUSS BEAM ASSeMBLY

The truss beam assambly shown in Figure 3.5.2,1-1 prevides structural ' 2
support and elevation positioning for the receiver/PCU, counter weight
and reflector assambly.

Truss beams are open web equilateral triangle structures with chords of

3/4 in. o. d. tubinﬁ and continuous cross bracing. Cross bracing is 1/2 in. o0.d.
tubing electrically welded to.the chord members. The truss beams are

fabricated in sections for ease of handling and employ, a double bolted

joint for joining sections on site. Figure 3.5.2.1-2 shows a cross section

of truss beam and a truss joint.

End plates with welded on end stubs and double boltad joints are usad to
join the truss beams that make up. the truss beam assembly. Figure 3.5.2.1-3 ;
shows the interface of the truss beam assembly with the yoke box beam. 1
1 1/2 in. o.d. hollow shafi{s are welded into the truss beam assamoly'and plates

.and are supported by Morse SF saries ball bearings. The bearings are

sized to support the radial and thrust loads imposed by the truss beam
assembly and are fully self-aligning. Elevation drive for the truss
beam assembly is provided at one shaft by 3 Superior Electric Mo 93
stepping motor and Morse 266 speed reducer mounted on the yoke box
beam as shown in Figure 3.5.2.1-3. .A precision rotary potentiometer

23




B

ORIGINAL PAGE I8 ; 9950-279
OF POOR QUALITY |

P

E(FoNg!

)

YL
.,‘ﬁ“
N\

(R TF o

D)
e

PRl

(ki

ﬁwmliZLl7ﬁwB&mAsmww

{s connected to the other shaft to provide positioning feedback to the
elevation control system. A 3/16 in. aircraft cable between the two
shafts prevents lateral spreading of the truss beam assembly at the bearing

points. .

PCU supply/exhaust air pipes and instrumentation/power cables are attached
to and supported by the truss beam structure.

3.5.2.2 YOKE BEAM ASSEMBLY

e,
i E

The yoke beam assembly provides structural support and azimuth positioning
for the truss beam assembly.
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8 in dia sir exhaust pipe

.

Pipe tie strap

insulation

%" Q.D. tube (typ}
cross bracing

Truss
sssembly
"3/4" 0.D. tubse {typ)
Swaged/bolted joint {typ)
Rohn spacial purpose
communication tower
Figure 3.5.2.1-2. Truss Details
Encoder sidg Drive side i
{piping not shown) . {piping nat shown) Rohn special purposa
b

comumunicatian towar
Rainfaccing pi g

%' base pl

%" reinforcing

12 shaft —, plate
, s/s"
o turnbuckile
= ) Swaged —\ &
Rehn special fitting o
purposa
communication | g/1
tower aircraft

cable
A" hase pl

Marse SF series | View 183
flanged bearing L——L——

Shaft coupling
o - Morse 266
{1 .JA seriesspaed] Shaltcoupling ! Section 283
L ER reducer .
29 Optical,rotary e
Soooi puise yanerator ;

shaft position —7

encoder
A, . Morse SF series
oy Superior electric Sracket Hanged
Bdgyn/ M093 stepping motor baarings

Figure 3.5.2.1-3. Truss Bearing & Elevation Drive
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Yoke beams are open web box beam structures with chords of 1 1/4 in,

: equal leg angles joined together by continuous 1/2 in sclid rod I cress

o bracing on top and bottom and 1/2 in. solid rod V cross bracing on the sides.

The cross bracing is electrically welded to the chord angles. The yoke
beam assembly is 10 fn. x 14 {n, at the bottcm bearing point tapering to
10 in, x 10 in..at the interface with the truss beam assembly. Yoke
beams are fabricated in sections and joined together on site with a bolted
splice plate as shown in Figure 3.5.2.2-1. |

-

View 1A Yoke saction /'\1A
Rod (typ) A% YoKe bo
: ° x
¢ross hracing / . i
/’ A)
< "\\ \
Spiice pl e ¢
- —/\\. // Al}gll . E
> e i
g Yoka joint
N
Yoke box beam
exnaus
Rod o)
bracing .
ORIGINAL PAGE Ib Figure 3.5.2.2-1. Yoke Details =
OF POOR QUALITY s
The yoke beam assembly is supported on a Keene K series turntable bearing
sized for the thrust and moment loads imposed by the yoke. The ycke
beam assembly is secured to the fnner race of the bearing which is free
to rotate. The outer bearing race is fixed to the concrete foundation
. by anchor belts. /lzimuth pasitioning is accomplished through a stepping
€ motor/gsar reducer 1unted in the yoke structure as shown in Figure

3.5.2.2-2. The gear reducer spur gear engages exterior gear teeth in
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turntable hearing
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MO93 stepping %in
motor intsrfacs plats

Optical, rotary pulss Elevation view
generator shaft position Yoke box
encoder ; beam
:_T. : )
Shaft coupling r~ - 2 /
zn e
' %" interfaca plute

___L_
Spur year _____,_u_--hn—a-u....._.. =T~

[

Concrate anchor View A5-1 Keane K saries

(typ) turntabie baaring

Hex head bolt {typ)

TR b

Figure 3.5.22-2. Yoke Bearing & Azimuth Drive

the outer bearing race providing the driving force for positioning. A pre-
cision rotary potantionmeter is connected to the gear reducer shaft to
provide positioning feedback to the azimuth control-system.

PCU suéply/exhaust air pipes and instrumentation/power cables are attached
to and supportad by the yoke beam structure.

3.5.2.3 RECEIVER/PCU SUPPORT RING

The receiver/PCU support ring pﬁovides the interface between the receiver/PCU
and the truss. The support ring is a C6 x 10.5 channel formed to an in- '
side diameter of 32 inches with the flange pointing out. The support

ring is joined to the truss beam assambly by a bolted joint as shown in
Figure 3.5.2,3-1.

A similar support ring containing a concrete weight is attached to the
opposite side of the truss beam to countar balanca the recaiver/PCU.
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[View 1241
M8 x 4.4 ’\\\ /éf;z%/ -

C8 x 10.5

- Rohn special
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cominunication
tower

View C5

Hex head bolt
(typ)

o

NS~ CRRE S

Figure 3.5.23 1. Receiver/PCU Support Ring

3.5.2.4  FOUNDATION | | -

The foundation.supports the yoke beam assembly, provides a structural
attachment for the enclosure and anchors the anclosure against moment
and uplift wind loads. The foundation is a reinforced concrete slab-

" on-grade 6 in thick and 29 ft. in diameter. A 1/4 x 6 in, steel ring :

integrated with the slab reinforcing steel is used as an outer form during }
concrete placament. The ring is then used as a clamping plate for the
enclosure film and clamp as shown in Figure 3.5.2.4-1,

A door frame is welded to the clamping plate on the north side of the
enclosure and a sheat steel door provides access to the inside of the
enclosure. To prevent loss of enclosure air during ingress, provisions

for attaching an air lock are incorporatad into the door frame design.
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-l -l .
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Figure 3.5.24-7. Foundation & Encicsure Actachment

3.5.2.5 Electrical/Pining Interface Skid .
The electrical/piping interface skid shown in Figure 3.5.2.5-1 contains’
the enclosure air pressure system, electrical interface panels and PCU
pipe terminations. The skid is located outside the enclosure for ease of
accass and maintenance,

A filtering system for enclosure air contains a pleated pre-filtar ratad
at 555 efficiency and a Mine Safety Appliance final-filter rated at 99.97%
efficiency. With normal- atmospheric dust conditions, the filters will
trap epproximately 1 1b. of dirt per year. A set of lousers is located at
the air intake to prevent ruisture from impinging upon tne filters. A
power interface panel and an instrumentation interfacz panel are provided
for termination of electrical wiring and for location of the concentrator
drive controls. Provisions for remote adjustment and monitoring of con-

trol system functions are located in these panels.
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Figure 3.5.25-1. Electrical/Piping Interface Skid

Parasitic power comsumption of controls, drive motors and air pressurization
systems are shown in Table 3.5.2,5-1,

systems is less than 1% of the concentrator generative capacity.

Table 3.5.2.5-1

Air Blower

Unit Controller
Stepper Motors (2)
Solenoid Valves (2)

Total

Parasitic Power

2.2 KWH/day
Megligible
0.5 KWH/day
Negligible

2.7 KWH/day

Te (CYWYIevny Al 15
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- 3.5.3  Enclosure

The enclosure {s designed as a spherical, pneumatically stabilized, single
wall plastic film structure. The spherical shape s selected to minimize
enclosure surface area and membrane loads (f.e. film thickness and cost)
without restricting movement of the concentrator, as shown in Figure 3.5.3-1,
Near the base of the enclosure, the shape may deviate from a true spherical
shape to provide a smooth transition to the foundation perimeter.

Oesign of the enclosure is governed by static and dynamic pressure loads,
matarial selection, and fabriéation method' (thermoformed vs. gore-formed).
The follawing discussion treats material selection and enclcsure design
faatures; structural analysis and fabrication are discussed in Sections 3.6.1
and 6.1.4 respectively.

i

—-

Section B4

, \
D“ ; View AS

/ t

Elevation view

N
L

Figure 3,5.3-1. Enclosure Configuration
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A side seam is provided on the north side of the enclosure; this is re-
quired to allow (1) removal of the enclosure from a rigid faprication
mandrel and (2) installation in the field over a completed concentrator.
The seam is a hook-and-l1o0p type for ease of field assembly; the seam
would be permanently fastened in the field by heat sealing.

An access door would be installed in the field to permit subsequ nt
maintenance operations using air locks. The door {s a pre-fabricated

unit made from galvanized steel. The door is secured to a light-

weight stesl door jamb which fs attached to the enclosure. A rope-type

bead at the enclosure's edge is ratained by a continuous clamp at the founda-
tion edge to anchor the enclosure.

[n previous work at Boeing, & plastic £i1m industry search was conducted for
purposes >° determining an optimum enclosure material in terms of specular
transmittance, mechanical strength and weatherability. Fourteen companies
were visited, saveral others were contacted by talephone. Ten companies
participated by providine -ample materfals and data where available.

As sample materials were received, they were screen tasted to determine
applicability to our solar collector needs. Micro tensile coupons were cut
and tested for ultimate strength, yield strength and ultimate elongation.
(per ASTM 01708). Specular transmittance was measured on a Beckman DK-2A
spectrophotometer with integrating spnere within an acceptance cone angle
of 0.5°, as a function of wavelength from 250 to 2500 nanometers. Samples
showing promise were.exposed to accelerated ultra-viclet (UV) radiation
testing for purposes of ranking materials according to their UV stability.

Oue to the lack of real time weatherability data and the fnability to correlate
accelerated UV test data with real UV life, selected samples were installed

on racks at the Oesert Sunshine Exposure Test Facility near Phoenix, Arizona

to receive outdoor exposure. Samples were mounted on south facing racks,

tilted at 45° and on sun tracking racks, equipped with multiple mirrors

that provide 8 suns exposure (EMMA). Coupons are removed perfédicalIy and
returned to the laboratory for optical and mechanical testing. At the time . -
of this writing, 3 month and 6 month exposure data were available.
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Table 3.5.3-1 shows the loss in optical and mechanical properties for the 5 candi-
dates after 6 months on the 45° rack, which most closely simulates real time
exposure, and after 6§ months exposure on the EMMA. EMMA data will eventually

be used to predict material 1ife, after the acceleration factor has been
determined.

Table 3.5.3-1. Optical/Mechanical Degradation — § Months Environmental Exposure

6 month degradation, %

Real tima (1 sun) [>% Acceleratad (8 suns) 0>
Ultimats| Yield Spec. | Ultimate | Yiald Spec.

Material identification swrangth | strengeh [ Elongation | trans, | strangth |strength | Elongation| trans.
Kynar = Pennwalt 4 0 0 2 8 0 0 2
Tediar = DuPont 8 4 17 3 13 2 14 ]
Melinex-O

- Martin Processing 28 17 56 0 72 78 90 39
Polycarbonate )

=~ Cryovac 24 10 39 ] 25 7 94 52
Polyester

= National Metalizing as 9 86 0 60 100 97 35
Patra A

= Allied Chamical 40 85 98 1 100 100 100 24

> Fixed, south facing, 48 rack
(> Eyuatorial mount with mirrors for accelaration (EMMA)

Table 3.5.3-2 shows the fluorocarbons, Kynar and Tedlar, to be superior in
weather resistance. Examination of the real time data revezls that while
other materials may hold up well optically, the degradation in mechanical
properties is more severe than the fluorocarbons. In addition, the fluoro-
carbons showed little or no property lgss in the accelerated exposure (EMYA).
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Table 2532 Enclosure Film Candidate Evalvation

e Wl o
Waar o snposiad
Avpilenility ility e - St daindbility |w s -
Poiynnun | 10 Neets UV § yoars Stabilizer Therme 15200} .08 | * Toar ressuanee
o Calonsss sabiler inproveunt | wning ¢ Flammebitity
poym sshaiive « Manatollity
s Aliied Cramesel hond « Seabiliser
o« Martin ‘ GOvelapTen
« Nations!
Motniizing
Potyvinyisine |  Pannwett Inharangy Byean | Mosustion | Mot $4.00 6.1 | + Praduction
Pusrise (Kynar) nable in WV fim seslable suantity
reeishing irlabeiity
Prosen
Sevelopmant
Lminated Bime Cryovms ¢ Eapiorstary
Savelopment
for wiar

[f one we e to simpiy assume an acceleration factor of 8 (8 suns

for 1 year=l sun for 8 years) the data shown in the accelerated gata column
would correspond to an equivalent 4 years of 1 sun exposure. Experience has
shown this assumption to be invalid, however, as different materials show
varying sensitivity to acceleration of exposure. The conclusions to be

grawn about the last four materials in the table are that cither the materials
have a relitively short UV 1ife or the acceleration factiocrs are much larger
than for fluorocarbons. It {s possible that the real time degrada-

tion will level off after the large initial values observed in the first

§ months., For this reason the real time testing of all materials will continue.
Accelerated testing will be continued on the fluorocarbons only, since all
others have shown damage that renders them impossible to test.

Kynar, which is 2 polyvinylidene fluoride, shows the most promise of all
materials in terms of weatherability and transmittance at this time. Uhile
fts cost per pound is higher than polyesters, it is likely that its longer
life will compensate. Work on polyester stabilization is still being pursued
however, and testing of potential candidates will be performed as they be-
come avafiable.
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3.5.4  PNEUMATIC SYSTEM

The pneumatic system supplies/exhausts afr to mafntain inflation air
pressures within the enclosure and reflector cavities. Air pressure is
controlled as shown in Figure 3.5.4-1 11d as follows:

Atmosgharmic | Qifterential Enclosura Raflsctor Ditferntial | Enciosurs
sir pressure U] Pressure PR o ressure 8ir pressure pretsure air pressura
control cantrnl
’ ]
[ |
r prm—en - 4
. . | g
pply 8ir H
. L \1 to enclosure |
Chack vaiva i
- {
Blower Air from ~ I Supply sir
snclosurs i i to raflactor
Normally ¢losed J
. solenoidvaly. ™7
i Exhaust 3ir H Exhaust sir
S - : from enclature i "0 raflector
Pressure .L- . Narmally closed
raliaf valve selencid valve
From from
encloure reflector
[-Enclown aif ccnuouJ Ijomcwc ar controld

Figure 3.5.4-1. Air Pressurization Control Schematics

Enclosure Air

A Rotron spiral regenerative blower rated at 80 CFM, 10 in. of water, and
§30 wacts is controlled by a Owyer di“ferential pressure switch sensing
atmospheric and enclosure afir pressure. When the enclosure air pressure
is below set point the pressure switch starts the blcwer 2and 2ir is de-
livered to the enclosure through a pressure activated check valve. then

i enclosure pressure reaches set point, the blower stops. When enclosure
- air prassure is above set point, air is exhausted to the atmosphere by
3 pressure activated relief valve. .
3
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Reflector Air

On a call for increased pressure between the reflector cavity and the eén-
closure, a Owyer differential pressure switch, sensing reflector air
pressure and enclosure air pressure, opens a normally closed solenoid

valve to allow air from the enclosure to pressurize the reflector cavity.

On a call for decreased pressure between the reflector cavity and the
enclosure, the differential pressure switch opens a normally closed solenoid
valve and allows reflector air to be exhausted to the atmosphere.

3.5.5 Control Svstem

The control system concept selected for the collector is based on micro-
processor technology. A microprocessor pased system lends itself well to
providing 3 "sun tracking" capability and the expansion for controlling
other components of an energy coilesction system. Other advariages ire:

1) low power consumption

2) compact packaging

3) low production cost

4) easy modification of operational parameters

§) simple intarfacing with a datz aguisition system

In a typical installation, the control sysiem's primary functions are to:
1) position the collectors toward the sun,
2) reposition the collectors and sound & warning in case of failure,
3) control the system during start-up.

Primary components of the entire sun tracking control system are icentified
in Figure 3.5.5-1, they are the -vstem controller, unit controller, photo-
sensor, servo-pots, drive motors, and interconnecting serial dat2 busses.
General control system architecture is shown in Figure 3,5.5-2 along with
the respective functions of the system and unit controllers.
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Butfer amplifier
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Elevation
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Unit controller
in concentrator \
equipment cabinat .

Azimuth drive

Sys«wm bus - To system coatroller
~e TQ system controiler
Systam bus Y

L. - Figure 3.5.5-1. Tracking System Cormpanents
To other
unit controllers
S
Systam T ) .
controller . Unit 1 Solar
loneper | controller (""" callector
system)
o Provids. * overall system monitoring, « Provides independent coilector control
initial aiignment, and fault isclation » Usas both photasansors and solar
o Uses triple-redundant processors and calculations to parform tracking
control logic « Has two processors with some redundancy
o Communicates over mutiple serial ing ¢ i
Dusses ta unit controllers « Has self checking capability ‘
L o Provides off-tina control for alignment
_» Provides intertacs to central power and maintenance
systam controller
urotl Ib
g™ ORIGINAL I AUST‘Y
e OF POOR QUALILY

Figure 3.5.5-2 Tracking Systam Architecture
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The system controller architecture is illustrated in Figure 3.5.5-3. The

microcomputer systems working in parallel.

“architecture utilizes triple redundancy; that is, there are three indepéndent

The outputs of the micro-

computers. are combined in a majority logic network before being transmitted

to the unit controllars.

I I Vertical busses to unit controilars ceeea I ------- -

Majority logic and bus transceivers

$ 3 3
Microcomputer Microcomputar Microcomputer
( A 8 c
s e o e o — 2 ——
S niitiet et ms——
Bus Secondary ! )
cru UART select starage  e——— To floppy disk or

controller | | bubbie memory
I | (A unit only; for data

o fogging, back-up information
i in casa of power failurs)

UART Fe=r———> To gxternal terminal,

h modam, or both
! {A unit only)

Figure 3.5.5-3, Systemn Controller
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Each microcomputer consists of a microprocessor, RAM, a serial interface
(UART), ROM and PROM. The ROM holds the system control program, and the

PROM holds coefficient data which can change from system to system and from
year to year, such as solar ephemeris data. On one of the three microcomputers
there is provision for a secondary storage device controller. The controller
provides an interface to memory devices such as magnetic bubble memories or
floppy disks. These devices can be used to store system parameters, fault
1oc3tion tables, and other system information.

There is also a serial intarface on the same microcomputer board which permits
connection %o an on-site tarminal, or to a modem, 2r Scth. The modem allows re-
mote monitoring of the system contrcller from a central station via standard
telephone lines.

The added cost of having the triple redundancy in the system is small when
compared with the overall systam cost and the cost of the psssible down-

time in a system without redundancy. The cost of one of the redundant
microcomputars is expected to be approximately $500, with the total system
control1er cost (including a disk, tarminal and other electranics) being

$3,000. A less sophisticated system controller (without data storage) is
estimated to have a distfibuted unit cost of S50 for a fiald of 50 concentrators.

Unit Controller

The unit controller Figure 3.5.5-4; rrovides detailed control of each indi-
vidual collector. Specificaliy, the unit controller functions are:

a) Track the sun using photosansars

b) Calculata the sun position using solar equations

¢) Position the collector via azimuth and elevation stapping motors

(2-axis controls)
d) Monitor possible fault conditions at the collector, such as over-
' heating
e) Communicate with the system controller
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Figure 3.5.5-4. 2-Axis Unit Controller

Physically the unit controller consists of two single-chip microcomputers and
associated peripheral circuitry. Each microcomputer is a Motoroia 6801 and
includes 2K bytes of RCM, 128 bytes of RAM, a timer, a serial interfacs, and
an 8-bit processor. The 6801 processor executes the same instructions

{with several additiona]_ones) as the Motorola 6800; Hence, it could use
much of the same software already developed on existing 6300-basad Motorola
sun-tracking system,

The rational for using two microcomputers rather than one was that the 2K

of ROM available on one microcomputer is thought to be insufficient for the
total control task. As a comparison, the current Motorola sun tracker uses
3.5K of memory for these tasks, plus a mathematical function chip. Hence, it
is felt that two 6801 microcomputers providing 4K total of ROM and an enhancad
instruction set will be sufficient for the.job. Additionally the use of two
microcomputers allows two completely redundant serial interfaces (to x and y
busses) and improved capability for built-in checking and fault-tolerance.
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"One of the microcomputers, MCU-A, is tasked with providing a calculated position
of the sun based on the time of day and information undates from the system
controller. [t also accepts switch inputs from the collector, including azimuth
and elevation 1imit switches and a thermal overheat switch, In addition
there are six switches which select the device address for the unit con-
troller, and two push button switches for manually operéting the azimuth
and elevation motors. ‘

The other microcomputer, MCU-B, is tasked with positioning the stepper

motors and inputting data from an 8-bit analog-to-digital (A/0) converter,

The 4/0 converter has 16-channels, with 10 being used, and accepts analog
signais for azimuth and elevation potantiometers, and from photosansors.

The offset potentiometers allow for compensation for the imperfect positioning
of the photosensor unit. Two pairs of photosansors are usad to track the

sun with angular errors less than 2 mrad as discussed 1atef.

System and Unit Controller Fabrication

As indicated in Figure 3.5.5-5, tﬁe controllers would be rugged siagle

poard computers assemblies. Both the unit and system controller can be
fabricated using standard double-sided printed circuit (PC) boards. For the
unit controller, all the electronics excapt for a power transformer can be
mounted on a single PC board. Holding approximately 20 integrated circuits
and miscellaneous discrete components, the board should require approximately
50 square inches of area. For a production quantity of 10,000 or more

units over a several-year period, mass production techniques, such as Ragen
semi-automatic assembly, can be used in the fabrication process. Tnis will
help keep the cost/unit extremely low for the unit controllers. As part

of the automated controller fabrication process, circuit burn-in and computer-
aided check-out would be performed prior to chassis packaging.
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¢ Unit and system controllers are rugged single board computers
e Automated manufacturing processas

PC boards are double sided and gang-drilled by N/C
Ragen equipment used for parts installation

e Unit controller costs

Parts $140
No of PCB pins 400
Total fab cost $228 @ 10,000 units

. Disltributed system controller cost — $50/concentrator

Figure 3.5,5-5. Controller Fabrication/Costs

The system controller can be fabricated as three jdentical PC boards and a
mother PC board holding the majority logic and bus transceivers. Each of
the three identical microccmputer boards can be fabricated using identical
‘assembly steps. The microcomputer board with the additional electronics
(secondary storage cantroller and spare serial interface) can be fabricated
] using additional stens. These steps assemble the axtra electronics into

3 ~ board positions that are de-populated on the other two boards. With this
technique, the number of identical units is essantially increasad and the

] cost is lowered.

Costs for the unit controller were estimated by pricing a preliminary
parts list having a total of 75 discrete components, The discrete com-

; ponent cost including chassis is $140; an estimate for total assembled
board cost for a 10,000 production run is $228. As mentioned previously,

an estimated distributed system controller cost for a typical field is $50/
concentrator.
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System Bus Organization

The system bus organization {s depictad in Figure 3.5.5-6. The individual
unit controllers would ba connected to this network to receive sun tracking
position coefficients, as needed for the solar position equations programmed
fn the unit controller. Also, the system bus would distribute sun tracking
position information needed for checking the unit controller computations.
Specific unit controllers could be addressed by the system controller

to remotely monitor individual unit controller functioning or isolate

faults. An orthogonal bus erganization provides redundancy in case of
breaks in the system bus; in this scheme, each unit controller relays bus
informaticn in a daisy-train manner.

- : Serial
- r ; / herizontal bus
u u 4 Uy fmgm
1 1 ts .
Fiaid of Lxm ’ L 2 s /Serial vartical bus
collectors .
and nnit
controllers
U2y U 521-—
_XIT 123 2y
v 1 » 2
- ~ T .
T L =]
Up a9 i Un s 4 U
S i iy
e ™ G
for . provide fail-safery
system
operations

System controller

Figure 3.5.5.6. Two-Dimensional 8us Scheme
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Photosensor Tracking Unit

Tre photos=nsor tracking unit consists of a shadow box, two pairs of tracking
1inear photosensors and two refersnce photosensor cells.. This unit is
fllystrated in Figure 3.5.5-7 and is patterned after a photosensor tracker
developed by Motorola for Sandia Laboratories. The pairs of linear photo-
sensors are usaed for elevation and azimuth tracking in a closad-loop inter-
face with the unit controller. Two reference photosensors are used in an
automatic daily calibration procedure involving programmed elevation and
dzimuth sweaps. The outputs from the refersnce photosensors are used %0
compute numerical sofiware corrections for the tracking photosenscr that
compensate for sansor aging and temperature effects. With their photosensor
unit and sel”-calibrating software procedure, Motorola has achieved pointing
accuracy of i 7 mrad with a shadow box depth of 7 in.; a shadow box depth

of 13 in. {s shown in Figure 3.5.5-7 which will offar increased accuracy.

/—- Suspended shadow plate

§ with slits for raference sensors
-~

¢ IxIx15inbax
attached to receiver
SuUpport ring

® Concept similar to
matorcia unit

2 teferencs sensors

2 pairs tracking linear /
photo sensors

Figure 3.5.5.7, Photosencor Unit
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Drive Component Features

Table 3.5.5-1 shows the drive component features. It {s assumed thﬁt slewing
need only be done by elevation drives which must accelerate the receiver to

a slew rate of 1/2%/sec (JPL requirement) in a distance of 4.5 inches. For
this slew condition, a torque of 1013 in. 1bs. is required basad on rotational
mass inertia derived from a finfte element ANSYS computar model (see Section
3.6.1).

Table 3.5.5.1. Drive Component Features

Elevation Azimuth
Stew rate : 1%%/sec
Tracking rate 15%he (max) 15%hr {max)
Inertia 6.332 x 105 in-Ib-sec? 7x10° in/lb sec?
Output torque required 1,013 in-lb 20in-ib
Stepper motor type 18.75in-lb  1.8%step |5 in-Ib. 72%/step
Speed reducer type 70:1 20:1

Stapper motors were salected for the drive system because of the following
reasons (for example, sea Ref., 6):
o Oirect interface with unit controller
0 Provides braking
0 No brushes
0 Competitive cost

The speed reducers have two functions; one of which is to provide enough
output torque and the second one is to resduce the angle per step for accurats
tracking. UWorm gear speed reduces are specified because of their good life,
smooth operation, low maintanance requirements and low cost.
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Non-Mormal Tracking Conditions

Possmg non-ncrmal tracking conditions are listed in Table 3.5.5-2.
The responses to these conditions can be activated by commands sent out
by the system controller.

Table 3.5.5.2. Non-Nermal Tracking Conditions

Event Automatic remedial actions o
prevent enclosure overheating

Pneumatically de-focus reflector
with standby power

De-track with stand-by power
{or mgnual method)

Loss of drive power

Control system pointing error De-focus
De-track
Return-to-servica Re-track
. Re-focus -
Brayton unit overheating De-track per thermal sensor signal

to unit controller

st
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3.6 Design Analysis

Preliminary design analyses were performed to verify structural adequacy

and to determine air flow rates needed to maintain enclosure pressuri-
zation. These analyses found the concentrator design to have ample strength
margins and low gravity-induced deflactions. Several computer models were
developed which will be useful for design optimization in the subsequent
detail design phase.

3.5.1 tructural Analysis

The structural analyses investigated the major structural components
- which are categorizad as:

Enclosure
Truss
_ Yoke
] Reflector ¥ilm
Reflector Support Snell
Foundation

3.6.1.1 Enclosure

The enclosure design thickness is governed by combined. inflation and wind
induced preséure loads. As indicated in Figura 3.6.1.1-1, snow and hail Toads
are not governing design conditions according to experimental data frem

i previous heliostat enclosuras davelopment programs. I[nflation pressure
F is set at a level that prevents enclosure buckiing due to wind-induced
] positive local pressuras. This pressure level and the wind-induced
local negative pressures superimpose to produce local film loads which
determine the enclosure design thickness.
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E i o Internal pressure

« . * Combines with most other load conditions

5 * Minimum to limit inward deflections or collapse
2 * Wind

E4

. * Critical design condition
_ o Loads based on wind tunnel tests

o Snow

o Load less than 3/4 P; to limit deflection
* Not eritical for southwast USA

o Hail

« Evaluation hased on tests with 1 inch jceballs
*» Candidate films withstand southwest USA hail

Figure 3.6.1.1-1. Enclosure Strucutral Analysis Loading Conditions

ravn
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Analysis of the wind-induced pressures is based on wind tunnel test data,
In a previous heliostat enclosure development project, over 140 wind

: tunnel rests were nerformed ¢2 estinlish 2 design nomograph which aooears
; fi Figu @ 3.6.1.1-2, These tasts involved various boundary protection

' conditions, enclosure base shapes, and field arrangements. Using this data,
the enclosure design, with a diameter of 48 ft. and assuming a base skirt,
has an internal pressure requirement of 0.15 psi &nd a maximum film
membrane load of 105 1b/in, due to combined internal and wind-induced
negative local pressure, At this enclosure diameter, the single en-
closure and most critical interior field enclosure position cases give
equivalent film loads. The maximum film load ocCurs near the top oF the
enclosure as shown ¢n FigL e 3,6.1.1-3, Integration of the pressure loads
gives slightly lower ioads at the enclosure base.

! o . 3 ) O Typicai wind tunnal
‘&’ ‘ / Q . Y e tast configuration

" o Instramanted ol A Oummy mode! (7.8 in dia)

LS -_.__.._-s,i ‘ = T

Lol

Allowable membrane force, Ib/in

Z 0 20 30 40 50
Protactive fence (8% poromity) " i / "

105 1b/in
Combined
wind and
intgrnsl
pressure

Enctosurs wind loads D

design nomograph Enclosure with — Nofenct . with
- O'.G eylindneal ;him( I / )" lence
g . ' / _
3 ' ‘ 0. - ~
: -
3 E 0.2 ,.'*(:&
2ia

Enclosure without skirt

o

Figure 3.6.1.1-2 Enclosure Wind Loads

-l
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0.15 psi internal prasiute
"N lence
o Singie enciovurs
Intarior encloiure i 3r2ay
108 ib/in
Using 7 mil kynar film,
@ = 105/.007 = 15,000 psi

MS *20/18 = 1=+0.33

Wind
am———
N
92 ib/in ’

Figure 3.6.1.1-3. Enclosure Eilm Stresses Combined Wind and Intsrnal Pressure

BEC test data for Kynar film are shown in Figurs 3.6.1.1-4, For an allowable

gleimate design stress of 20,000 psi, the resulting margin of safety Tor

a Kynar enclosure with 2 7 mil thickness is:

g = 108 = 15,000 psi
7.007

MS= 20,000 -1 = +0.33
15,008

A charactaristic of biaxially-oriented Kynar is =qat it has a low “yielg"

point and consiceratle work hardening (non-1inear stresg-strain curve).
The ncminal film stress due 1o internal pressure dlone is well within’
linear behavior. At nigh wind loadings, thv enclosures will develop @
limited amount of local permanent serain which i

detrimental to enclosure performance.
: £0

s not telieved to be
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Unweathered films Palyest
BEC test data yesr

Enclosure Design
ultimate stress

k|| — — Nominal enclosure stress

— — Nominal reflector stress . '

Y 0.25 0.5¢ 075 100 125 150

Strain {in/in)

Figure 3.6.1.1-4. Typical Stress- Strain Froperties

uirements are to anchor the enclosure and provide

a stable footing for the yoke azimuth bearing with a low constructicn cost.

The governing design requ
design wind load conditio

irement is enclosure anchoring under the 100 mph
ns. Because of the Tight weight of the concentrator,
the Toads on the foundation in the yoke bearing area are low.
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- = = Qutir row with fence 4D high
——= nner row
qQ maasured at height of 1.60

g
6}
$ \\ \\ Aesrodynamic lilt
g2l \ 24,500 Ib
53 Orag o
e '
i3
a
e S ai
£J-
- .
3 \ Aerodynamic
2 2} 1 Salected loads D drag 11,0000
w 1 {single enclosure,
no fence)
At |
11 } AN
06— a5 10 15 20 25 g
Aarodynamic coatficients, Concentrator and
0 L foundation weight
R2q ' R2q

Figure 3.6.1.221. Foundation Loads

Enclosure loads transferred to the foundation were determined by intz-
gration of the local internal and wind-induced pressures which are basad

on wind tunnel test data. The resultant 1ift and drag forces for :he en-
closure design are shown in Figure 3.6.1.2-1. Based on these forces, thres
foundation conceptg were sized, as illustrated in Figure 3.6.1.2-2, to give
ample margin against soil bearing failure and overturning. The slab
foundation is the preferfed design and requires the least amount of ra-
inforced concrete of the gravity foundation concapts; this advantage is a
result of internal pressure acting on the slab to reduce foundaticn uplift
loads. Estimates of the respective in-place foundation costs are given in
Table 3.6.1.2-1. The slab foundation cost of 5863 is usad in the cost
analysis discussed in Section 6.4.
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Bearin :
% : 1ounduigm Slab I )
in
ey . ‘
‘ —( - 58000ib
u Ring & canter pilc] ) 5.88 fc2

1 70,000 b
1,200 psf (max)
Piis \--———/

4

foundations
pites | 12in x 15 in beam
Piles sized using l
MAy;rhof l
and Adamg T -
s, . | Eoror 18-in dia x
Canadian - ! rF
Geotechaical ‘-1 : --1= : 10-ft long
Journal, V.5, no.d L L

Figure 3.6.1.2-2. Candidate Foundation Sizing

s iV

Table 3.6.1.2-1. Foundstion Estimated Costs

Foundation type Cost basis Estimated cost

Slab $71/CY less adge forms S 868
(Edga form left in place for anclosure attachment)

Ring Ring at $170/CY 3,577
Concentrator support
pile @811/t x 10 ht
+ S95 setup

Pile S piles at S11/1t 1,235
+ S35 setup
Ring at $140/CY

* Ring and pile foundations require enclosure acrach provisions
and ground seal

PN
"

 Slab foundation design selected
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3.6.1.3 Truss Loads and Raflections

The truss structure functions to support the reflector assembly, Brayton

" engine/receiver, Brayton system lines, control system components and

counterweight, 8ecause of the importance to low cost of minimizing
structural weight (a2 pound saved is 75¢ earned!) while maintaining
accurate receiver/reflector alignment, truss loads and deflections were
analyzed to verify that the preliminary lightweight truss design was
satisfactory. ‘

The finita element model shown in Figure 3.6.1.23-1 was analyzed with the
ANSYS code to compute loads and deflections. This model represents a
generalized truss and yoke design which furnished the data needad for
structural design iterations. Features of the model include rigid joints,
3-0 general beam elements, 8 inch eccentricity between the elevation
bearing truss point and the yoke neutral axis, and symmet-y about the

x-2 plane. Properties of the elements are given in Table 3.6.1.3-1. The
element weights shown correspond to a "half" model. For simplicity, the
lattice strut members were modaled with effective axial areas which
correspond to the weights shown; the miscellaneous weights include allowances
for lattice web parts.
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i b x
e 120 . Node 33
18 Elemant
z
267 in, /
20 3D beams : ?(2"
S Masses 0 Receiver/engine
18 Nodas w .
2 Load cases l iy
X =1Q ! //
”
220.25G NP Ls”
/ I
. e ’ \ -
~ { \ ,51 o Elevation :
Co: neerweight 51(11Bearring

S

123 o1y \
Y
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3% 2
-275
{201 Yoke
Azimuth beanng
Figure 3.6, 1.3-1. ANSYS Half-Concentrator Mode!
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Table 3.6.1.3-1. Finite Elament Model Properties

Elenent Part ueignt Area Mowent of . Torstonal
fo dach {nertia Property
(A) n (Jl
L. tr t? (u
1 Rod 10 0.5 . .
ttas Sesn 98 0.5 .13 1.5
9 [ 117} 29 0.2 1.37 9.5
nwn Rigid Links 9 - - -
12 2 17 Upper Yoke LT} 1.3 3.3 10
FLT .
17 ¢ 20 foke Canter 22 1.5 119.4 137.2
fean
4 Brayton Unic 500 - - -
rd Countarweignt 500 - - -
a3 Reflector 00 - .
Assemobly
* misc. wt,
24 to 2§ Rertector 200 - - -
Assemdly
+ misc. wt,
4

Selectad load and deflection results from the finita element analysis are
givgn in Figure 3.6.1.3-2. The effective t-acking error of C.37 mrad shown is
due to a computed lateral deflection of 0.0 7 inches for the worst case
concentrator orientations for gravity loading. This deflection-relzted
error does not include effects of joint flexibilities and member sag
which will be modeled in the subsequent detail design pnase.

The maximum truss member load for combined 1 g vertical and 0.25 horizznzz
(siesmic) accelerations is 1585 1b. in alement 4 (see Figure 3.6.1.3-7).
member was checked for Euler buckling and local chord crippling and was

‘found to have a margin-of-safety governed by Euler buckling. For a tri-

angular design lattice strut section having an effective area of 0.339 in.
and side width of 6.92 in., the margin-of-safety for Euler buckling is:

I 2.73 in* |

L 331 in

Pee.= m2EI/L® = 5568 L8

M.S.= 5577/1585 - 1 = 2.52 >>0.
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8¢ = 0.37 mrad -

¢ Gravity loading
¢ Caoncentrator aimed at horizon
* ANSYS model results

Figure 3.6.1.3-2. Truss Loads and Deflections

Yoke Loads and Reflections

Yoke moment loads computed with the finite element
Figure 3.6.1.4-1. The yoke moments were found to be effectively reducad by
the presence of the crosstis (element 1 in Figure 3.6.1.3-1).
box section varying in depth from 10 in. at the ends to 14 in. at the

center and with a constant effective axial area of 2.70 inz, the ¢ritical
section is on the yoke arm at the maximum posiiive moment Tocation,
resulting margin-of-safety with respect to a2 chord yield strength of 38,000 psi

is ample:

M.S.

o AR R PR AT S S i

model are shown in

For a yoke

58.36 in”

+142472 in 1o

142472 (5) = 24412 1b/in?
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§ B
L 21431 2,143 10
T I~ [y =087
, U, =85in
{out-of plane)
for k= 1G
f §#0.25G
4,286 1b°
M, distribution
276,567 Ib-in
% , Figure 3.6,1.4-1. Yoke Loads and Deflections
Local buckling of the yoke chords and web bracing are not critical failure
modes for the vertical or horizontal load conditions. Under the lateral
seismic 1o0ad condition of 0.25 g, the Brayton unit will deflect 4.4 inches
towards the enclosure; this deflection is allowable and is primarily due ,
to torsional flexibility of the yoke. Vertical yoke deflection for gravity ;
y]
loading is 1.77 in. which is acceptable. (Both yoke loads and defiections ‘
would be significantly reduced if outrigger supports were added to the design).
g ES
® 2 -
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itnj 3.6.1.5 Reflector Shell Analvsis

A preliminary structural analysis of the reflector support shell was per-

formed considering film loads, pressure loads and gravfty for an upward

reflector orientation. This analysis was done using the STAGS-C Computer

: code and a S row by 11 column shell quadrant model illustrated in Figure 3.6.1.5-1.
; Radial and vertfcal deflection results from this model are plotted in

: Figure 3.6.1.5-2; these deflections are very small and are not expected to
significantly degrade reflector surface quality. In a subsequent de-

tailed design phase, the ultra-light reflector shell model will be refined _

to include other tracking orientations and deflecting truss mounting ooints.

Rings f
.0.5:02 :
A‘ - g: ”:4 Al H/C sandwich
’ ) h. = 0.5 in impregnated kraft paper
ts ® 0.007 in aluminum
§ ; Sym@Q
% . . N I
=16 __ i 4 S S
Rigid truss suppert points
Rear :/—
membrane .- ¢ Quadran® modeled
louds NS ) e Finite difference mesh
/"’;‘ Srows x 11 cols.
Oifferential - /\ Reflector
pressura film loads
loads
Figure 3.6.1.5-1. Stags-C Mode! for Gravity-Included Deflections
The maximum shell loads obtained from the STAGS-C model are in the lower
edge ring mid-way between the truss support points. The resulting sand-
wich face stress s $96 psi wnich is satisfactory, The ring load at
- this location is 498 1b., which results in a margin-of-safety of +).27
i . with respect to local ring flange crippling. ‘
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3.6.1.6 Reflector Film Stress

nerimeter:

O, = 609 psi (radial direction)

2
]

RN Y

60

700 psi (circumferentiai direction)

Stags:C modsl resuits

Vartical Uy, ®

- -0.013in-

Figure 3.6.1.5-2 Reflactor Support Shell Deflections

Tne reflector film is stabilized with 2 nominal differential pressure of
0.0037 psi. At this pressure, the maximum film strasses occur at the
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The above maximum strass is well within the linear elastic behavior range
of biaxially-oriented polyestar film (see the polyester stress-strain
curve in Figure 3.6.1.1-4). Also, this stress is below the assumed
creep limit stress of 2000 psi, which gives an ample creep limjted
margin-of-safety of + 1.86. An evaluation of creep tendencies can also
be made based on the logarithmic creep strain law:

€ = gt 8

where € = total accumulated creep strain
€. = strain at 100 hours

v = time in hours
B » ¢reep exponent

Without having long term creep test data, a conservative value for g8 is
assumed to be 0.06 which givaes a total creep strain at 30 years (252080 hours)
as follows:

g 0.06
€ = €t = €,(262080) = 2.1€,

The initial average strain of the reflector is low (approximately 0.0005 in/in

_ for an average stress level of 300 psi). This strain will be approximately

doubled 1a 30 years and so resultant reflector quality dagradaticn is ex-
pected to be insignificant.

3.6.1.7 Margin-of-Safetv Summarv

The preceeding margin-of-safety analysas are summarized in Table 3.5.1.7-1.
Ample margins exist in all of the components.

3.6.1.8 Weight Distribution

The concentrator's weight distributicn is itemized in Table 3.5.1.8-1,

Because of the results of the structural analysis, soma2 consarvatism

exists in the concantrator design which may allow future weight (and cost)
reductions, (In the detailed design phase, alternate truss ard yoke configurations
should be investigated that could reduce structural weight and reduce or

eliminate the countarweight.)
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Table 2.6.1.7.1, Margin of Safety Summary

Compenent Dmiga condition Analyria rsuiy Morgin-of.sefety
Trua stret
Ag= M ind Seismie 1 G vortianl Asial loed o 1,648 1 (eemp)
122734 0.25 G lawrad uter Duildinng lead © 5,568 1% >0
Conamirsior loeh Chverg srippting load © 28,600
51 he hacizen e
Yokeo
A o270 Same 2 abeve Maa mement = 276,567 in-a
125830 Mas shord strom © 26,412 10/in? .47
Allow shord stress » 36,000 to/ind
Sncioeure fim
Kyner fim ¢ » 0.007 in mmmo Max fim stras = 18,000 B/ind
(811 nfaven (ac top) 2 .33
Prossre Algw fim strem = 20,000 18/i0
Refiector tim
Pelymswer fiim ¢ * 0.002 in| Nomwnal staddization Mas film seene = 700 /ind
Browurs @ 0.0037 1bvind Lot sppan) *1.08
Allow strows © 2.000 ta/ind
{areep limuted)
Rellegtor wgpent whell
Lower sdee ring Qrawmty * aatarnal Asisiinglovs * 488 Ib orn
Asasmd Prouure + film leses Fig crigping streas © 328 iind
Foundstion '
Waeight = $4,000 i 100 mph wind Lifv « 34,900 I» s
Dismatsr o 20 1t Coad werght overtiuming | Orag @ 11,000 10

Table 3.6 1.8-1. Concentrator Weight Distribution

Brayton engine/receiver 8251b
Counterweight 825
Reflector assembly 808
Truss 658
Yoke ) 808
Misc parts 336
Total moving weight 4,360
Enclosure {ilm 436
Misc enclosure/foundation parts 625

5421 1b
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3.6,2 Tracking Error Estimate

Estimates of tracking errors are listed {n Table 3.6.2-1. A major source

of error is expected to be due to fnaccurate alighment of the photosenscr

unit during installation. Photosensor related errors, however, can be

reduced by software corrections that would be performed during installation

and routine maintainence, The overall root sum square tracking error is
estimated to be 1.43 mrad which compares favorably with a design goal of 2 mrad.

Table 282.1. Angular Tracking Error Estimates

j) : 1g error mrad
Errors source Component Root sum squares
srror Groups Total
Static errors '
Contro! system
Ephemaeris data 0.1
Computations 0.06
Clock resolution 0.02°
Photosensor caiibration 1.30 1.306
Drive system ] 40J
Gimbal axis alignment 0.30 0.30 )
Structural deflections 0.40
Dynamic errors 1.43 mrad
Structural deflections 0.25 .27
Drive system stepping error 0.10

Frd
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3.6.3 Control System Reliability

Relfability of the concentrator system is governed to large extent by the
unit and system controllers. OQther concentrator components are either
unlikely to fafl or are less sophisticated and easily maintained.

The MT3F (mean time between failure} estimate for the unit controller fis
detomined by summing the discrete part failure rates as chown fn Tadle
3.6,3-1, The faflure rates usad fn the table were derived frcm rates used
in previous helfostat programs. The actual MTBF {s determined by taking
the reciprocal of the sum of failure rates. For the unit centroller

the resulting MT3F is 51,200 hours based on a 90% confidence level., This
relatively high MTBF is due to the use of just a few relfable LSI circuits
to implement the controller,

The faflure rate for the system controller is aiso based on rates used

in previous helfostat programs, and the MTCF is determined to be approximate
8000 hours for a single microcomputer. This relatively lower MT3F (as
compared to that of the unit contro11ér) is due to the greater complexity

of the individual microcomputer systams. However, the triple reduncancy
improves the MT3F considerably (about an order of magnitude), and the

system controller MT3F i3 consarvatively astimatzd %0 he about $0,000 hours
or § years; that is, about the same as that of the unit controller,
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Table 3.6 3 1. Mean Time 3etwaen Failure Analvsis Data
1 .
. Component No. Used Fajlures per Millign Total Parts
. operating hours at a
90% conftidence level/ .
componant

é microcomputer 2 .2 .4
: 7400 series -
i, logic 8 .6 48
3 capacitors 1 A 1.6
E transistors 10 .9 9
1 resistors - 10 .02 .2
5 transformer 1 .07 .Q7
E requlators 2 3
3 A/D converter 1 2 .2
F bus transcajver 1

g Total failure : 18.45

.......... rate

MTBF 54,200 hours
&
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3.5.4 :za:losure Air Flow Rates

The Boeing Thermal Analyzer computer program (Ref. 1) was used to determine
transient temperature profiles for the collector components. The primary
componants modeled are shown in Figure 3.6.4-1.

Daily ambient temperature profiles were provided by JPL. The profiles were
adjustad to the extreme surmer and wintar temperatures tor the Edwards

Air Force Base area. The average daily insolation value is 845 w/m2

with a maximum value of 1000 w/mz. The insolation profiles are for the
winter and summer solstice.

Ground temperature is assumed to be ambient temperature with the sky tem-
perature 6.1°C lower. The aperture temperature profile was cbtained from
previous transient analyses.

Convection coefficients for the intarnal components are computed basad on
data for vertical and horizontal plates; a no wind condition was assumed.

Radiation view factors were calculated by the 3oeing AS2814 Thermal Radiative
Interchange Factor Prcgreii. The program employs a Monte Carlo methed; it
uses a specular/diffuse reflectances model and can also handle transmitting
surfaces with refraction at interfaces. '

The temperature profiles for the reflector (with no anti-oxidation coatingl,
enclosure, and enclosure air are shown in Figure 3.6.4-2 for the winter ax-
treme and Figure 3.6.4-3 for summer extreme. Temperatures for the production

reflectors will be lower due to use of an anti-oxidation coating which increases .

emfssivity.

The m2ximum enclosure air temperature chznge is C.25°C/minute. Thnis leads
to a maximum enclosure air flow of 60 cfm. MNegligible air flow in and out

of the reflector cavity is required to maintain proper stabilization pressure.

-
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* Ambisnt
Recaiver « Enclosure
* Transient thermal analysis
Enclosure air * * Temperature profiles for extreme
summer and winter
» Maximum temperature change
T = 259C/min
Reflector * . ¢
* Maximum enclosure flow rate
60 cfm
Reflector * . ..
Smbiane * Reflector amhient flow rate negligible
e Figure 3.6.4-1. Enclosure Air Flow Rates
i o
Temperaturs 10 .
80 - 2 1 Ambient
2 Reflector
0+ 2k 3 Enclosurs
3 4 Enclosure air
-] 601~ -] '
F o
3
S0+~ 10
A0
L 1
30+ 0
20
-0
104
o
-20 -
1 i 1 { ] 1 | } 1 | K
' 0 2 4 6 8 10 12 14 16 13 20 22
- Timae, hrs
L E
=

Figure 3.6.4-2. Extreme Winter Temperature Profiles
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3 Temperature
: 4 160 70
g [

150 2 1 Ambient

2 Reflector
1401 60 - 3 Enclosura
4 4 Enclosure air

130
’ o o¢ 3
120 sof-
3 1

1104~

40}
100+
90
30
80
! } ¢ 1 1 ) [ | ‘ s y
0 2 4 6 8 10 12 14 16 18 20 22
Time, hrs
Figure 3.6.4-3 Extreme.Summer Temperature Profiles
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4,0 SUB-SCALE REFLECTOR TEST PROGRAM

A 4.57 m diameter sub-scale reflector was built and tested by laser ray
tracing for the purpose of demonstrating a prototype reflector fabrication
technique and surface slope errors. The test evaluation of resulting data
was subsequently used in performance studies of the full-scale reflector
design. The following sections describe the test program activities with
respect te: . ,

0 Sub-scale reflector fabrication

o Reflector testing

0 Tast data acquisition

¢ vest data analysis

4.1 Sub-scala Reflector Fabrication

Staps fellowed in the test hardware fabrication are identified in Figure
4.1-1. Thesa steps and related tooling were refined with trial fabrication
of four 2 m diameter reflectors. A single 4.57 diameter (active reflactor
area) was then fabricated and tasted by laser ray tracing. Most of the
fabrication techniques proved to be successful; difficulties were encountered
in reflector mounting which will be discussed in the remaining section.

aterial recaived from
National Metalizing
‘Q Gore tampiate
fabricated

abricated fixtures:
15 ft dia reflector ring

18 ft dia lay-up tooi

8 tr dia reflector holding fixtur

18 gores cut

ores butt-joined with
apa on lay-up tool

Reaflector turned over anad
pasitioned on 18 ft dia
olding fixture

Ring lowered and
attached to reflector
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The polyaster film used for the reflector was Melinex-0 aluminized by
National Metalizing. Melinex-0 is a biaxially-oriented film produced by

. 1Cl Americas. This material was selected because of its excellent optical
and mechanical properties and availability.

A roll of 2 mil, 56" wide aluminized polyester was received from Netional
Metalizing and was subjectad to and passed an acceptance test of 39%
minimum reflectance at a cone angle of 0.15°,

Gora Temoplate

The aluminum templates for the 2 m and 4,57 m reflector gores were fabricated
at the Boeing Commercial Airplane Division's template shop. The template

was made in halves to assure symmetry and was machined to within a 10 mil
tolerance.

The same gore shape 2nalysis method that was derived for Sandia Laboratories
(Ref. 3) was used for this project. Tnis analysis was coded and axscutad
interactively on Boeing Computer Service's CDC 6600 computar. Figure 4,1-2
shows the offsets for the 4.57 m reflector gore template versus gore center-
line distance from the pole.

The template has 1/16 in. holes drilled every foot along the edges. These
holes were used to pin-mark the gores which provided indexing marks for
positioning on the lay-up tool. Holes were also drilled into the tempiate
to index the attachment of the reflector to the holding fixture and the
reflector ring. '

"

Using the template as shown in Figure 4.1-3, 18 gores were cut out with a
scalpel, Special care was taken to avoid wrinkles in the polyester during
cutting. Tne 21 index marks were then punched in and the finished gore
rolled up and placed on the table at the le®t. To minimize wastage, & second
gore was cut along side of the first one. Weights were placed on the tam-
plate to -avoid movement of it duriné cutting.
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Figure 4. 1.2 Gore Template Coordinates
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Figure 4.1.3. Gore Cutting
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Figure 4.1-4. Lay-up Tool

Lay-up Tool

Because of the large reflector size, a decision was macde early in the pro-

& _ ject to abandon heavy conventional plaster tooling and use instead light-
weight portable wooden lay-up tooling. The resulting tcoling approach is

: shown in Figure 4.1-4 and Figure 4.1-5. In this tooling concept, the tooling
nearby serves as a nolding fixture during taping of the gore seams. Accuracy
of the reflector surface is established by the pres-cut core shape and caraful
butt-joining to the gores prior to taping. Thus, nighly accurate lay-up tool
contours are not necessary.

The lay-up tool was constructed from plywood by a Tocal cabinet shop. The

missing panel in Figure 4.1-4 allowed assambly of the first 17 gores and

was replaced ?or attachment’ of the final gore. E£ach rib has a yvacuum channel
4 wnich is coVefed with a porous tape (lawn chair webbing). A conventional

shop vacuum cleaner was attached to the tubing visible im Figure 4.1-5.
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Figure 4.1.5. Vacuum Hold-down

This vacuum hold-down technique was very effactive in maintaining gore position

m

during taping (previous static attraction caused gore movement and wrinkled
seams),

Reflector Gore Assambly

The gores were placed metalized sids down on the lay-up tool. Using th
index marks to position the gores along side of sach other, they were b

T

n

(48]

Joined together using 2 mil 1/2 in. polyestar tape (Permacel 253).
vacuum hold-down device preventad the gores from moving cnce they were
positioned correctly. Figure 4.1-5 shows the taping together of two gores.
Notice that even though there are wrinkles in the polyester, there arsz
none at the joints. Figure 4.1-7 shows the method used for firmly bonding

the tape to the reflector film.




P Y

e =

il e ndaning L o

ORIGINAL PAGE I8
OF POOR QUALITY

B e Bl

’

b |

Figure 4,1.7. Final Step in Joining of Gores
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Figure 4.1-8. Reflector Holding Fixture

Reflector Holding Fixture

Figure 4.1-8 shows the reflector holding fixture built from plywood. This

tool permitted attachment of a reflector test support ring to the reflector
while it was stabilizad by vacuum. The reflector-to-ring joining operation

is {1lustratad in Figure 4.1-9. The four hoisting hooks in the middle of

the picture were hooked into corresponding eye bolts on the ring. Running

the main rope through an overhead pulley permitted lowering and raising the ring.

Reflector Support Ring

The ring is a box-section having 0.5 in. router-cut plywood webs and C.25 in,

plywood inner and cuter flanges. Iaternal stiffening diaphragms were placad

every two feet., The "rear" side of the ring had a small plywood circum-

ferential rib that was router-trimmed to form an accurate reflector mounting

surface. A clear 5 mil polyester film was attached to the "front" side of

the ring. After the reflector was attached it could then te stabilized

with air pressure supplied by a biower. \

-~
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Reflecior taped
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Figure 4.1.9. Reflector Mounting Fixture

Reflector-to~Ring Joining

Once a1l the reflector gores were joined together, the reflector was inverted
and carried to the reflector holding fixture. Great care was taken in fastaning
the reflictor to the holding fixture. The gore seams were aligned with the
index marks on the fixture to provide equal tansion in the tangential di-
rection. At tne same time, index marks put in the gores from the gore template
were 2ligned with the inner edge of the fixture to provide egual tension in

the radial direction. Once the reflector was positioned correctly it was

taped to the fixture to provide an air-tignt seal.

Using the vacuum pump to provide a differential pressure of 0.5 in. of water,
the reflector was fully stabilized with 311 wrinkles removed. The reflector
ring which fits inside the holding fixture, was then lowered and fzstened

to the reflector. Velcro with self-adhesive backing was used for fastening
the ring to the reflector. After mount{ng the reflector, the excess edge
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was then trimmed off. A besd 6f sealant was placed around the Velcro edge
to make 1t afr tight, and the edge of the reflector was 3ped to the ring rib.

An important feature of this tooling concept §s that by having an excass

width of film around the reflector, mounting errors at the reflector hoidine
fixture would in theory be distant from the ring. In practice, a uniform

edge mounting tension was not activated as will be highlighted in the following
test data analysis section. Future reflector mounting i¢ planned to be
accomplisned using prneumatically actuated grips that will preduce 2 uniform
edge tension.

Completed Sub-scale Refleztor

Views 0f the cempleted sub-scale reflector, general fabrication, and test
area appear in Figures 4.1-10 to -13. [Items aprearing in Figure 4.1-10
fnclude: lay-up tocl, reflector holding fixture, laser lathe ted (lower
left), laser test targe*t stand (in front of the reflector), and tro auto-
collimation mirror ( small square supported by the adjustablie cross-frane

at the center of the reflector). Figure 4.1-12 illustrates the pressureized.
reflactor's apparent quality when viewed frem the rear. A slant tube
manometer used for pressure measurement can also be seen.

Figure 4.1-13 1s a frontal view of the test set-up showing the bass roller
supports and an adjustable upper roller used for autocollimation. A close-
up of & base rollar appears in Figure 4.1-14; also shown ere air supply and
vent lines and a 1ine to a manometer. OQOuring the laser ray tracing testing,
the reflector was e2sily rotated on the rollers to different positions.
Spacing of the base rollers was determined from a finite element model of the
ring; various spacings were analyzed to determine the value that minimized
radial ring deflection under gravity loading.




'y

R T SN 1 8 WY N AT 1 sty ey 4 T

sy R A S
I

B

9950-279

.

Vo

AL PAGE IS
QUALITY

ORIGIN.
OF POOR

o -
D

R Y

BY

-

P

WA W

1o

ﬂ.
»
v

g

I

N -
m ‘- e
.~
PR

/ me i L
v v /\ [ P i
TR 11445 X T V3 At R iﬂ,i?i ¢ "

NI A WA B p— p——

Casy UOHIRILIGR PUR 53 ) JO MIIA [JC19AC QL -1 b 2anlity

Bk e ol

| SRR <,

e

P e I
25 o

3

s

79




o !
: ~ W
S ! )
- o
L o
M : o~
o~

e
\‘i ‘.

Figure 4.1-11. Lay-up Tool and Inflated Reflector
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Figure 4.1-14. Reflector Subport Roller
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4.2 Peflector Testing

The sub-scale reflector was testad to obtain data for survace slope error
analysis. This tasting was done, as indicated in Figure 4.2-1, by rotating
the reflector and laser ray tracing along a horizontal radial line.

Testing was accomplished with a Class I, 1 milliwatt helium-neon laser. The
laser was mounted 30 ft. from the reflector ring on a traveling iathe bed

as shown in Figure 4.2-2. This set-up allowed the laser to be moved verti-
cally during actoccilimation and horizontally along pre-datermined radial
pasitions.

/EGore
D A
A/
NN/ N
ANY N
VA

Incident laser rays
3 » Purpose

« Siope deviations
» Qverail surface geomaetry
s Method
[7\\\\\\\ \ » Laser.on transiating sptical table,
aligned with raflector axis

[7\ &\\ \ s Target at approximate best focal plane

» Reflected ray intarcept at focal plane
"N\\\\\ \ for several radii and azimuth of

\}\ : incidant ray

| ‘ : + Reflector rotated during testing
a —+ .
i \- Reflecting laser {

rays

Figure 4.2-1. Laser Ray Trace Testing
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Figure 4.2-2. Laser and Laser Lathe 8ed

A general view of the test set-up appears in Figure 4.2-3. Adjustable bolts
support the autocollimation framework in front of the reflector. The center
of the reflector is 8.5 ft. above the floor. The laser target is suppcrtad

on a stand a distance close to the reflectors focal point (7.5 ft. out .
from the reflector center). Actual recording of laser impact points at

the target is seen in Figure 4.2-4. Because of a focusing effect, the re-
flected laser converged to 2 fine spot on the target which could be accurately
recorded with a pen.
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Autocollimate laser at reflector centarling <+
Gora cantarling tes s Laser seam at 24 radii b—pd Complets gore tast
Rotate reflector 20° Rotate raflactor 5°
Y Y
L_| Repeat for 18 gores Repeat for 72 angular  jomd
. positions
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‘d!’! A

]
ey
%

432 points 1,728 points

Figure 4.2.5. Laser Test Procedures

Two basic laser test procedures were followed and are summarized in Figure 4.2-5.
A series of gore centarline scan tests were first performed followed by
a detailed reflector scan at 5° angular increments yielding a total of

1728 data points. The initial centerline gore testing were pertformed &t
reflector stabilization pressure levels of 0.44 and 0.66 in. of water,
At the 0.686 in. pressure level, the reflector stabilized to a "best fit"
paraboloid and was therefore used in all data acquisition tests. Other
- test conditions were: 63°F ambient room temperature and 75°F internal
reflector air temperature.
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Figure 4.2-6. Laser/Target Intercept Points (Worst)

T}pica1 laser intercept recordings are shown in Figures 4.2-6 to-3 for
worst, average and best cases, resgectively. The divergence in the data

is due primarily to radial surface slope errors which are most savere near
the ring. The dotted circles in the recordings represent the concentra-
tion ratio associated with the full-scale design (3250:1); the 2ctual dotted
circle diameter fs 3.15 in.
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Slight ““disgonal tension”
bucitlus due to unsven edge
tension

Raflactor tape joint
debondad prior to

mounting
o Retlacsor
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£
Partial inflation @ 0.2 in H,0 YAy

Figure 4.2.9. Comparison of Test Data Quality With Reflector Mounting Imperfections

A review of the laser intercept recordings, together with computerizec 2nalysis
of the test data, revealed & correlation between surface slope quality and
reflector fabrication mishaps as sncwn in Figure 4.2-9. Fyur fabricaticn
events seriously degraded the surface quality:
1) During installation of the last gore on the reflector lay-up

tool, there was some difficulty in reaching to the center area.

Consequently, one tape seam was wrinkled near the pole. It

should be noted that the receiver's diameter is 10% of the

reflector diameter which would hide poiar ca2p errors.
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rFigure 4. 2-10. Tension Nrinkles

Ouring mounting of the raflector con the reflector hu.:ing
fixture, four people were tensicning the reflector prior %o
securing the reflector with tape. Two diametrically cpposed
fndividuals pulled harder, causing 2 slight tension buckiing
effact. These buckles were seen ¢t pressures less than 0.2 in.
of water. Wnile the photograph shown in Figura 4.2-10 dces
not completely capture this effect, some tension buck'.es ara
visibie (those that are non-normal to the gore se2ms).
One heavy-handed individual actually tore a gcr2 seam ar the
1607 edge locatica during the above reflecter mounting process.
A defect-free tape repair was not done so the reflector ned
residual wrinkles in this area as appears in Figure 4.2-11,
Hook-and-loop fastening was used to attach the -eflsc-or 3 thsz
ring. Tnis type of fastening hdas high lateral fiexidbility and
curing compaction with a roller, a "bow wave" occurred wnicn
caused local gatiering of film as shown in Figure 4.2-12.
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4.3 Test Data Acauisition

The large amount of test data was acquired, formatted and stored by a computer-
aided data management procedure. Each reflector test produced data shown
on Figure 4.3-1 and defined as 7ollows:

0 Laser target intercepts 1Y
0 Target distance 2T

o Reflector orientation angle ¢

0 Radfal laser position RL

o Stabilization pressure P

The laser target intercasts, xT and YT , were transferrad from the recording
sheats to a desk-top microcomputer via a digitizer as c<hown in Figure 4.3-2.
This data was directly stored on 8 in. soft-sectorad floppy disks. After all
of the data for a particular test was digitized, the microcomputer was used to
reformat the digitized data into compact files and transmitted the files to a
COC 85800 mainframe computer via a telephone/modem link.

The remaining test data was interactively added to the test datz files in
the mainframe computar ready for the subsaquent data analysis task; a sample
test data file is shown in Figure 4.3-3.

Otfice
= Terak Diskatte
XT'YT :—‘f;_ * microcomputer Ll o0
- —_t = - storaye
Data post-processing -
’ SN Digitizer
Laser/target intercept _l_ .
data shests X, Yy .I Teisphone link

COcC 6800 Disk data

computer storuge RMS code

Figure 4.3-1. Test Dara Processing
o4
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Figure 4,3-2 Laser/Target Intercept Data Recording Using a Digitizer
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Figure 4.3-3. Typical Concantrator Test Data File -
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4.4 Test Data Analysis

Surface errors of the sub-scale reflector were analysed with the aid ~f

a3 computer model referred to as the RMS code. This code allowed analysis

of & large amount of test data to evaluate surface errors with aoptions for
consideration of (1) removal of systematic radial surface errors and (2)
pertinent test data groups (best quadrant). The main features of the

RMS code are shown in Figure 4.4-1; Figure 4.4-2 {llustrates the coordinate
systems and analytical parameters used in the code. The following discussion
describes the analytical methods used in the RMS code.

Initially, the AMS code transforms the test measurements to the reflector
coordinate system. A representative reflector projected area is calculated
for each measurement. The best optical axis which is the centroid of data
at the measurement focal plane fs then calcuylated. To eliminate any test

alignment problems the test measuramenis are corrected to coordinate through
the best optical axis.

The angular error {2c)between the actual and ideal reflected rays as shcwn in
Figure 4.4-2 can be determined from the scalar product'§F the two reflected
ray vectors: '

,
; bkl R i e i Ml T G ATl R R -
Sl B S i i ; i i

Pe * Py
[Pl 19,]

cos 2€ =

The reflector surface error, €, is half the reflected ray deviation. From
Figure ¢4.3-2 we can determine the actual ray,
Pe = ?-I-—E‘-‘F{

and ideal ray, _

po=f‘!\

Where f {s the focal distance vector, € fs the error vector, and R s
the radial vector to the reflector measurement point.-
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cr = 1/2 cos”! (-':_:_".’gjl.)

, R and T can be defined as

~I
!

F3
TR s¢ ﬁin«#je-lk
T 3

[
>
[ ]
-ot
+
[

Where f is the focal distance,R is the reflector radial distance to measure-

ment, ¢ is the rctatfon angle of the reflector, Zp is the Z component of R .

xo ard YD ire the measurement coordinates that have been transformed into the
reflector coordinate system and adjusted to the best optical axis.

Combining the above ecuations:

€ «1/2 cos™! | -(Xp-Reosd) Reos-(Yp-Rsing) Rsing- (f-z,,r"
[("o"‘“"”z'* (Yp-Rsing)? + (1=-zp>z‘]”2 [ﬁ" v (£-1)? } "

The surface error adgle. € ,is caiculated for each measurement. An overall
RMS value of the € angles can be fourd using

z[ez "] 1/2

AroTaL.

rms

where A is the projec_ted concentrator area corresponding to the measurement
from which € was determined. Atotal fs the total concentrator projected area.

The ideal focal plane {is found by calculating €. g for 2 series of planes. For
each plane the {deal ray is projected to an assumed focal point at the best
optical axis intersection with that plane.
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Figurs .43 Removal of Systematic Reflector Errors

" The intersection of the actual ray with he focal plane is determined.
Individual surface errors and the overall RMS error {s calculated at each

focal plane, and the lowest value of the RMS error-identifies the best
focal plane.
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The RMS code has the capability to remove radial systematic errors from

the test data. This {s done by calculating the average angular error in

the radial direction and subtracting this error from the data. This {s done

for each radial section of the concentrator's tast data. The result is a
corrected random RMS surface error as a function of radius and an overall

random RMS value. As part of a full scale reflector fabrication program,

the gore template pattsrn would be modified to remove the first-order systematic
errors. This would be accomplished as shown in Figure 4.4-3, by adjusting

the gore offsets to correct the reflector's local circumferential distances

to those of a pervect parabaloid.
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Random RMS » 4,31 mnd Random RMS = §.52 mnad Random RMS = 3.54
Overall RMS = 5,78 mrad Overall RMS = 7,57 mrad Oversll AMS = 5,32

Gore centerting Masturamants for every Bast quadrant of 5 degree
maessuremants only five degrevs around the mircor measurermants

Figure 4. 4-4, Surface Errors — 15 foot Concentrator

Surface error values are given in Figure 4.4-4, for three different cases:
centerlines only, complete data set, and best quadrart. The centerline data
fs for the gores centerlines only. The complete data set was generated by
taking measurements every five degrees. One quadrant seemed to have less
error than others (see Fig. 4.2-9) so ft was evaluated as a third case.
Numbers given in Figure 4.4-3 are for random RMS with the radial systématfé
error removed, and overall RMS including all errors-systematic and randem.
Figure 4.4-5 shows the random errors as a function of radfus. ‘

10 All points
i Canteclines only
]
RMS surface Bast quadrant
error, mead .
4
F
{
0 T D YA WA SN SN S SO IO N S
0 .2 4 6 .8 1012 14 16 1.8 202224

Concen:rator rodius, m

Figure 4.4.5. Surface Errors
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- The R4S code also creates a file of test data, with the radtel systematic . .
e srrors removed, which {s an input to the performance model for performance ' %
,7 ;_é;pr3dict1on:. This analysis {s discussed in Section 5.2. -

Table 4.4-6. Laser Ray Trace Uncertainty Analysis

4 fstimand Reilector surfsta
Srrer soures Medsuromont MUAUTING WTOr ar10r uneurtainty
Awvrage Munimun Avarage Maximum
Lasr/mirrer snquier Last refisstion irom mirror -8 3od [ % 2.233me 1.68 e
misaligament ack to Limar '
Lasar/mirror uansiational | Laser 590t on mirtas [ Ti-of er [8: ¥ 088 me ,
missligneant p
Torgt/eatientor Laser refiattion from F X o .9 004 v Y me g
misslignment 18rget Dask 10 laser
Mirror/reliestor {Remaved by AMS sade) - - - -
misalighrrent
Focal dasanes Fomi disunm a0 0.08" 0.08 mr Q20 mr 2
Morking fanie Vissal conter of Lasers 3p8t - 6.0%” - .08 me E y
interaegt 00 trget =
Ceordinsts matshing Visudl sllgnment - a0 - 0.08 mr
Poiitoning of sigtizar Vil canwr of dot - Q.002~ - . - =
inwrnal sssuracy - ' - ao01s” - 0.1 mé =
g
Rootwunsqurs® 20,8 si.8mw zji
; |

D AR b

An analysis was performed to evaluate the significarce cf tes* data uncer-
tainties; the results of this analysis are summarized in Tabla 4,4-5,

Nine sources of surface slope error were studied in terms of measurement
errors, misalignment errors and equipment tolerances. An average root

sum square value for surface slope error uncertainty is estimated to be +0.4
mrad; which is on the order of less than 10% of the computed surface sloge
error values given in test data analysis section (Section 4.4). An estimated
upper bound on uncertainty is +1.8 mrad which is believed to be unlikely

to have occurred. ‘
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5.0 - CONCENTRATOR PERFORMANCE ANALYSIS

5.1 Performance Analysis Model

Performance, as measured by net energy into the receiver aperture, is pre-
dicted with the aid of a discrete ray tracing computer model. The model
treats the various geometrical, optical, and system parameters that are im-
portant to performance. Basic model consideratigns are shown in Figure

§.1-1. A list of modeled parameters is given in Figure 5.1-2., Note that

the model can use actual data for surface errors or 2 representative RMS value
assocfated with a theoretical Gaussian error distribution of the surface
slope.

0t

vl

A comparison with Titerature data indicates that the SEC performance model
gives results that are comparable with those of other fnvest.,ators. Com-
parison with a model developed by Or. George Schrenk is shown in Figure
5.1-3 (Ref, 2). In the figure, the interception factors shown reprecent
the amount of energy which goes into the receiver with respect to the
amount of energy that is incident on the concentrator,

The performance model is based on 2 discrete fdealfzation of the reflector,
outlined in Figure 5.1-4 a,b,c,d. A grid is projected onto the parabolic
- reflector dividing it into elements. If actual surface error tast data is
being {nput, each element represents & test data point. The upit normal for
each element {s rotated according to surface slope and tracking errors. A
cone of light representing a uniform intensity solar disk, is simulated by
equal energy rays clustered around the unit normal. The amount of energy in
the cone {s determined by the solar intensity and the element area. The
cone of light is reflected about the rotated unit normal and projected onto
the receiver aperture grid at the focal plane. The computer model prints
the resulting energy distribution map at the aperture, and computes the
ratio of energy captured by the aperture to energy into the concentrator
(interception factor). :

L i 0 T T o i i i oo A
P i i . S

PRECEDING PAGE BIANK NOT FILMED
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oSize - racking ereor
*Radlation lows

Figure 5.1-1, Performance Model Basic Considerations

* Reflactive surfacs properties
* Reflactive surfacs error

¢ Solar tracking error

* Focal length/diamater ratio
¢ Concentrator diamater

o Enclosure transmittancs properties
including dust effects on the « ternal surfacs

o Enclosure size and location
» Aperture size and location
s Structural blockage

* Program option to accept tast data

Figure 5.1-2 Parformance Parsmeters Modeled
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Figure 5,1-2 Comparison-of Theorstical Interception Factors
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Retlector slement grid

Figure 8, 1-4a, Parsbolic Reflector

Figur2 5,1-4b. Rocating Unit Normal
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Figure 5.1.-4d. Recsiver and Aperture Detalls
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Normally, perfarmance {s predicted 2ssuming equal cone angles for incoming
and reflected light. A study was done to determine the effect of an increase
in reflected cone angle on performance predictions due to non-specular
reflections. Figure 5.1-5 shows performance comparisons for various cases

of reflectance and cone angles. The reflectance and added cone angles
correspond to actual measurements of an aluminized polyestar Film made with
the Boeing bi-directional reflectometar. For each case, one curve was generated
using the performance model with a sun cone angle only; the other curves

were generatad with the reflectance cone angle increment added to the sun

cone angle. These two cases should provide the lower and upper limits of

the beam spreading effact. " As indicated in Figure 5.1-5, the effact of beam
spreading performance is minimal. A comparison was also made between actual
surface error data and the representative theoretical RMS surface error

value. Net energy is plotted versus the aperture radius/concentrator radius
ratio for each case as shown in Figure 5.1-6. The differences that resulied

are primarily due to the assumption of a Gaussian normal distribut.on for the -
theoretical surface errors. The-actual surface errors are dominated by the

. perfodic gore seams and edge mounting in perfections which should be accounted
for in future theoretical modeling.
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Figure 5.1-5. Reflectance - Cone Angle
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Figure 5.1-6, Actual Data with RMS Value
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5.2 Performance Analysis Results

The following paragraphs describe the results of the performance analyses.

The effects.of saveral parameters are studied before discussing the final
performance predictions.

Performance of the concentrator is influencad by the enclosure transmittance

and reflector reflectance. The production design choices are Kynar for

the enclosure, and aluminized Melinex 0 for the reflector. The effect of
transmittance or oerformance is snown in Figure 5.2-1. The specular trans-

mittance of Kynar is 0.91; based on other studies, the average long-term

effects of soiling could reduce this to about 0.86. The range of performance

for different reflector film candidates is shown in Figure 5.2-2. Since the

relative effact on performance is minimal, the choice of reflector material

is based primarily on other film characteristics, such as availability and durability.
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Figure 5.2-1. Enclosure Transmittance Effects %
1.0 State of the art candidates
« OCL! P =091
' Mylar 0 90=0.89
§ 0.8+ : Melinex 0 0 =0.88
'=' 4
2 1980 goal clean film = 0.95
§ 0.6- Surface arror = 2 mrad
F Tracking errur = 2 meac ’
= ) No structural shadowing
~ 04l Recyiver shudowing
0.2 A

L1 T T

T L) v
0 005 01 .018 02 025 0.03
Aperture radius/concantrator radius

Figurs 5,2.2 Reflective Surface 'Reflectance Effects )
m




. 9950-279

Quring Task [, two types of enclosure were considersd. Performance was
affected by the type of enclosure (fixed or rotating), due to differing
enclosure diameters, The incidence angle of the incoming 1ight rays to the
enclosure vary over the enclosure. Enclosure incidence angles are higher at the
periphery of the reflector. The performauce model treats the transmittance
losses by a table look up procedure that relates transmittance to local
incidence angle, Interception factors for the preliminary design enclosure
size relative to the reflector diameter {s shown in Figure 5.2-3.

———

Results frem a sensitivity analysis of éperture axial location, Figure 5.2-4,
indicate that the receiver can be supported by conventional steal truss
structure without performance degradation due to thermal axpansion.

e

Structural shadowing has a noticeable effect on concentrator performance,
Figure 5.2-5, Shadowing for the production design is estimated to be 5%.

" This includes structural members, enclosure seams, reflector seams, and
Brayton unit air supply lines.

The reflector focal length to diameter was optimized in Task [, as shown in
Figure 5.2-6. The figure is the result of an aperture optimization pro-
cedure. Net energy into the aperture, incident energy minus the reradiated
energy, was optimizad for each F/D configuration. The optimum F/D data
plot shows that performance reaches a plateau at about F/D=0.4 and reaches

a maximum value at about F/D=0,5. The production design is selected to
have F/D=0.5.

G R0 i M

VA A A

Predicted performance using actual test data {s shown in Figure 5.2-7.
Curves are shown for the complete test data set, and the best quadrant
data as described previously in Section 4.4. The performance prediction

for the preduction design goals of 2 mrad surface error and 2 mrad tracking

error is in Figure 5.2-8. Figure 5.2-9 gives net energy versus surface and

tracking errors. This data was developed by an optimization procedure
. similar to that used in the F/D optimization study. Concentrator performance

fall-off due -to surface and tracking errors is predicted to be small up to
respective values of 2 mrad. . '
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No structural shadowing
Recuiver shadowing:

1 Aperture radius/concantrator
tedius » 0,18

[ ]
/Conmmm diameter

02
o N + 1 e Y T T 0
1.0 1.1 1.2 13 14 1.5 1.8
Dome diameter/concentrator diameter
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Figure 5.2.4, Effect of Apsrturs Location
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i L 6.0 CONCENTRATOR SCONOHIC EVALUATION

Ty

ii;? f Conceptual design, planning and economic studies were performed to determine
- - mass-production costs, 1ife cycle costs and performance/cost ratings for the L
praliminary concentrator design. These studies, described in this section, 4 j
fnvolved conceptual design of a plant for producing 100,000 units annually,
production cost estimates, field installation and maintenance cost estimates,
and economic parameter evaluations. ; '

§.1 Production Plan

The steps 7ollowed in the production plant design are illustrated in Figure
6.1-1; these steps are discussed in the following sections.

1 ?* ; The design approach for the physical plant consisted of developing design
'fgé objectives for the building and then relating those objectives to the

1 physical plant design required to produce 100,000 solar concentrators per
year. These design objectives are listed in Figure 6.1-2.

o 00,
" - i gt - B L Y T

Plans design
critarin

Figure §.1-1. Plant Design Approach
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» High production rate goal: 2.1 min/unit
* 100,000 concantrators/yesr
» Computar controllad automation
+ Inprocass quality control
« Linesr flow production
* Uniform containarization

Figure 6.1-2 Plant Requirements

i ’
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manufacturing ~ 7 manufacturing

N, Storrgd R4
N, 5
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Figure 8.1.1.1, Isolating Zoning

6.1.1 lsolation loning

As shows in Figure 6.1.1-1. the plant was divided into two manufacturing
areas of differinrg cleanliness requirements and a distribution ares. The
three are2s have support activities of administration, computer control,

final storage, and shipping. In this zoning concept, materfal receiving/
storage, material preparation, nanufactu}inq assembly, and packaging for the
plastic concentrator components with clesn manufacturing requirements were on
one side of the common support activities while the conventional manufacturinrg
sctivities for the other structural, mechanical and electrical components

were located on the opposite side of the buflding.
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This would allow a saparation of activities that would meet the

different levels of cleaniingss and allow the raw materials to flow into the
factory on one side, bacome assembled within the building, and finally exit
the othar side of the factory as a solar concentrator ready for shipping.
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Figure 8.1.2.1. Related Autormated Macerisl Handling Equipment Application

b g

. 6.1.2 Material Handling

bbb, e

Cook-Newhouse and Associates, Inc. conducted & preliminary snalysis of the
mater{al handling requiremen:s. Their analysis included the square footage,
manloading, and equipment costs needed t0 support & high speed production rate.
In order to have a 100,000 concentrators per year production rate, 8
computer-controlled materfal handling inventory system was conceptually
designed. This type of system exists end {s being used successfully through-

" out the manufacturing industry as 1Tlustrated {n Figure 6.1.2-1.
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After selecting the equipment based on the nature of the ftams being handled,
the system would be prograsmed to synchronize the receiving/inventory/ dis-
tridution of the raw materials and parts with the production requirements

of each manufacturing 1ine all the way through to packaging and distribution
of & solar concentrator,

The receiving/inventory/distribution building ares for raw materials {s de-
signed for a 30 day inventory of materfals and parts. Another 15 days of
material and parts would be in transit from suppliers or in preduction.
While only trucking delfvery is {1lustrated in our conceptual layout,

1t s recommended that the factory be located on a rail siding.

The same matarial handling equipment that distributes the ~aterial and parts
to the manufacturing 1ines will also pick-up the wasts materfal from the manu-
facturing areas and dump them in respective waste hoppers.

Waste materials can then be recycled for their salvage value although the
volume of waste material 1s expected to be very small,

The final height of the building in this area would be based on & study

to optimize vertical storage costs versus horizontal bui!dfng costs as they
relate to material handling equipment cost. '
8uilding areas assocfated with the containers are stacked ccatainer

storage areas, cleaning and maintenance area, and along the packaging

lines. Externally, on the receiving and distribution sides of the building,
container storage and handling areas are provided on the loading 2nd un-
loading docks.
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Containerized shippiﬁg, as illustrated 'n Figure 5.1.2-2, provides a concept
for packaging that will facilitate the required high production rate as well

as provide Qéather tight transportation and field storage benefits. There-
fore the development of uniform containers that will fit on a standard

45 foot-long trailer will be essential to the manufacturing process. One
container would pass down one side of the factory and the clean manufactured
{tems would be placed in it while a second one would pass down the other side
of the factory and the shop manufactured items would be placed in it. The
containers can be color coded for easy identification as to their correct

side cf the factory. The’flow of the containers would also be part of the
material handling program so that they would phase in with each manufacturing
line. At the distribution end of the building a container frem each side of
the factory would be stacked together and then placed on a truck trailer.

With the activation o% quick hold-down devices, the trailer, holding two
containers that are housing the components for one solar .concentrator, would be
ready for shipping. From the dock the trailer would be towed to a sti2ging

1ine ready for connecting to a truck tractor and transported tc a field site.
With one solar concentrator per truck/trailer, Togistic frventorying and
monitoring of the concentrator while in transit is very ¢imple.

The frequency of truck/trailer departures chld be 28 per hour, for 14 hours of
plant production hours. Since the trailers depart from a staging line, . '
the’ truck departures could be spread over a 2¢ hour‘period, thereby reducing
the frequency of departures to 16 -per hour. With the high level of truck
traffic, the demand for punctual departures #ill require a dedicated truck/
trailer transportation system. With the diversity and remoteness of the site
locations, rail shipments of the concentrators do not seem practical,
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A Qaturning truck will pick up two empty containers and return the trailer
and contafners to a staging line on the receiving side of the factory.

from therse the trailer is towed over to the building where the containers
are off loaded by an over-head travel 1ift, then they are deposjted onto a
chain<drive, live roller conveyor and sent into the building for storage.
 From stacked storage the containers are called out as needed for production.

A 1 g M A o bl

A s i

Figure 6.1.2-2 Shipping Containers

Before entering the manufacturing area the containers pass thrcugh
a car wash type, cleaning envircrment and then inspected for necessary re-
pairs.
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6.1.3 Qperation Planning

A basic werk'sheefawas developed and {s shown in Figure §.1.3-1; this
sheet allowed the assocfation of all items and components of the solar .
concentrator with the required manufacturing processes of each item or
componant, ’

" On the left hand side of the worksheet parts were quantified and identi-
fied. MNext the parts were analyzad as relating to activity flows. This
was broken down into a receiving column that identified if the part/
component was a make or buy item. Sacondly if the item required quality
control before being assemblad or aftar being assembled. MNext,

cleaning requirements were identified.

Following that, subassembly activities were identified. Tne last three
considerations of part flow identified packaging, storage, and shipping
requirements. Next the worksheet listed part sizes and weights which
inter-relate with the equipment size and the number of work stations to de-
termine the building area requiréd. »

The production rates per work station were estimated Trom the tooling design
and dictatad the number of work stations needed to meet the 100,000 unit/yr,
quota. Plant.production days for a five day work week ara'ZSO days, thnis
allews for ten holidays per yéar. Assuming 14 hours of producticn per day
that will require the completion of a solar concentrator every 2.1 minutes.
The manloading is divided into three catesgories; process, maintenance, and
matarial handling. The required process manpower includes personnel for
tooling, small part assembly, container recycling, &nd computer control.
Maintenance manpower will overlap between different toois and will include
vehicle mechanics, electricians, and mgtgf workers. The manpower needed_
for material handling was estimated by Cook-Newhouse and Associates. A
basic factory concept.was then developed from the part requirements as
listed on this worksheet. '
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Figure 6.1,.3-2. Plant Operations Plan for Unique Parts

Figure 6.1.3-2 summarizes the key parts to be manufactured within the factory
and their plant operational factors. From this operational planning, the

building area and volume requirement for the manufacturing activities
were determined along with tooling requirements.
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§.1.4 Tooling Concapts and Costs

The operation planning study identified three work stations that can be
classified as unique, fmportant to production rate, and requiring tooling
development.

These fabrication areas are: reflector film, reflector support shell
and enclosure. A brief design study was then conducted to define the
respective tooling concepts and related costs.

Sum. §onding fixture ,/ﬂ"
Raflector hendling & f
i ¥~

contour checking fixture

Shipping

mandrel R "'.j’
| Rotaing \ /.
\ bonding fixture 4 .
1 mW Heliuin/Neon laser
for slope error /A

A B S A

» L ,
A st e

Prccu::k

Figure 6,1.4-1. Reflector Fabrication Tooling

The reflector fabrication workstation concept is {1lustrated in Figure 6.7.4-1,
and'has the following features. Pre-cut gores (cut elsewhere on high-
speed roller die equipment) would be placed on a rotating bonding mandrel
by 2 computer-controlled gore manipulator arm. After all gores are
pIaced on the mandrel and held by vacuum, a seam bonding tool would be
1owered onto the reflector; this tool would apply tape to the reflector
seams. A handling fixture would then be used to (1) 11ft the reflector,
(2) apply a vacuum to the rear side and (3) hold the reflecter for
a quick laser surface quality check, The completed refiector would then
be rolled on a collapsable shipping mandrel.
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Forming rolls
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Figure 3.1,42. Reflector Shell Segment Fabrication

o

The honeycomb panels for the reflector support shell would be fabricated in
an automated workstation as filustrated in Figure §.1.4-2. The process

is envisioned to be continuous, starting with aluminum coifl stock and

kraft paper hobes and ending with bonded and trimmed panels. Forming
rollers would shape the panels during acdhesive bonding and also feed

the panels past adge trimming routers.
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Fiqure 8 1.43 Heating/Blowing Chamber

.Two methods of enclosure fabrication were studied: thermoforming and gore-
forming. In the thermoforming method, which is being ressarched in 2

current Sandia Laboratories Contract for heliostat enclosuraes (Ref. &),

flat plastic sheets would be heated and blown into spherical shape. Figures
6.1.4-3 and -4 show a split heating chamber tooling concept for enclosure
thermoforming that was identified in previous preliminary helfostat studies
(Ref.5). The current thermoforming research is directed at the cevelopment
of a process involving dlank pre-heating and transfer to a heating chamber

as jllustrated in Figure 6.1.4-5 ., After blowing, the required side seam and
edge and door retention beads would be applied in a separate heat sealing pro-
cess and then the completed enclosure would be packaged for shipment. In this
process, material moves through the workstation in an essentially continuous
manner. Results from this program will be published in a future report.
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Fiqure 6.1.44. Thermotorm Blank Holding Fixture

Preform production lira

2

N

Aperture ring

) shucking station
‘Preform

feadet station

Intrared preheater station

Ambient blowing station

Finished tharmoformed enclosure

Detailing
Figure 6.1.4.5, Turn-Key Thermoforming Line & packaging
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Figurs 6.1.4-8. Enclosure Gore Icosahedron Configuration

in the gore-forming method, the enclosure would be built up from 2 number

of geometric panels. One configuration that results in minimal trim

scrap is called an icosahedron (from the Greek word #.. 3 twenty sided

regular polygon) and is illustratrd in Figure 6.1.4-6. This type of enclosure
would be fabricated on a rigid rotating mandrel using dual material manipu-
lator arms such as shown in Figure 6.1.4-7, The computer-controllied arms
would cut the gore pieces, position the gores on the mandrel and perform seam
heat-sealing in a smooth sequence of operations. While on the mandrel,

automated tooling would also apply side seams and edge bead reinforcements
on the enclosure prior to packaging for shipment,

Based on'prototype helfostat domes delivered to 3ceing by Sheldanl, no
difficulties are anticipated in packaging the enclosure for shipping.
Figure 6.1.4-8 shows 2 concept for removal of a completed dome from a fab-
rication mandrel; as the enclosure is pulled into a shipping container,
rollers would promote gentle folding.
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Tadble 6.1.4-1 presents & summary of costs .for the two candidate enclosure
fatrication methods. The main cost driver is material cost which is
significantly different between the two methods. The thermoformed

. method has higher cost because of thicknass variation. In a current

#  sandia Contract (Ref. 4) BEC has blown small Kynar and polyester domes,

Thickness variatfon obsarved {n these small experimental domes was used
for this cost comparison study. On this basis, the thermoformed production
enclosures were }ssumtd to have thicknesses of 21 mil at the base and 7 mil
at the top (where the maximum film loads occur). Consequently, the ther-
moforming process shows higher material cost due to excess material near the
base. This matarfal excess is expected to be reduced in future research in
which techniques such as variable-thickness dlanks, controlled local heating
and variable blowing operations will be studied to achieve uniform enclosure
thickness. |

A O N .

The materfal costs shown in Table 6.1.4-1 are based on material quantities of
‘Ezéi ' 741 1bs. for thermoforming and 460 1bs. for gore-forming. Materfal unit
costs were obtained from Westiake Plastics and are $6.00/1b. for thermo-
forming blanks and §5.00/1b. for gore-forming film stock (7 mi1); the higher
unit cost is due to special extrusion equipment needed for the large,
thick thermoforming blanks. Workstation labor and production'ratcs
were determined from operation planning, as discussed in Section 6.1.3, and
the equipment costs resulted from tooling cost estimates similar to those
described In the following pages. Based on the large difference in total unit
costs shown in Table G.I.Gfl. the gore-férmed fadbrication method was s~lected
for the production enclosure and the method assumed for the following
tooling and part cost analysis (Sections 6.1.4 and 6.4.1).

Table 6.1.4-1, Thwmofomim Versus Gore Forming Comparisons

Mowriad | Monlewiing | py of wory | Predusiion | Yo Savememt | Towt
sont {mon/weark "o hes s0st | a0t S/unnt wnis 2
7R Raerb il K Y v OPUY [ v sobr gl ity W ooy
Tharmelorming
Torsh mart inal, F 448 ] 4 .06 429 [ &) ] 54,30
Trim wosts sreeit 4287 .
Gare lormung
Ne wim wasiy 1200 ] L ] (¥ .00 1592 $2,32
Notui Mo rojns
100,000 waits/vesr for 7 yoies
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The selection of gora forming for the enclosure fabrication method results

) from several considerations:

0 Near-term enclosures would have to be goresformed since it
will be some time befors faciiitias for thermoforning 15m
enclosures will be availadle.

0 Several vendors have indicated they have existing capabilities
to fabricate enclosures by gore-forming.

0 Kynar, with 1ts high matarial unit cost, governs the total

enclosure fabrication cost {f thermoforming thickness vcrizt!ous
are assumed to occur,

The selection of the thermoforming process could occur &s 2 result of:
0 Progress in current thermofao-m'ng process research to achieve
uniform enclosure thicknass.
o Further study of tooling concepts and costs.

o Availability of a low cost, inherently stabls polyester film
saterial.

The tool fabrication and installation hours were estimated from the
precading sketches by & Boeing tooling estimetor. A “wrap-sround” cost
rate of 530/hr. was used to convert the estimated hours into fabrication
and ingtallation dollars. The material costs were based on a varying

% of the total fabrication cost. To establish these individual percentages,

the amount and type of raw material required for 2 to0l, as wall as the
tool sophistication was considered.

The miscellanecus details listad {n the 1tem column include electrical

and hydraulic equipment. As stated the tool design cost was calculated
as 33% of the total fabrication cost.

Cook-Hewhouse and Associates, 3 materials handling consultant, analyzed
the mater{al handling requirements for a production rate of 100,000

concentrators/year. The cost estimate submitted by Cook-Newhouse and
Associates was added to the tctal tooling cost.

133

i

! i
T A oA 1 R ol

S ot
kS " ¥ e

s

SR LR W T L e

i

it 55

w~l\»wﬂ»'fm’ﬂw,;«\\‘.»v.w,.,n'm«xmmm T




I 9950-279

' Table &1.42 Toolina and Plant Materisl Handling Equipment

e v W e———EE L L

Toud Me
Tositad | o0t Row Teul
tom | e wh | e Iy [
Englowre 42,408 | 28.00 4510.000 124.000 §.834,000
Rollosir 30000 ] 30.00 1700008 150,000 2880009
Pallonste sppary et 15,000 ] 2.0 900,000 00,000 980,000
Yroniyohe i wis [ ] 000 1,000,000 100,000 1,800,000
Laowt Satior 1008 1 2000 45,000 10.000 70,000
Clostricat & als Sing b 1,600 3 NN 94,00 15.000 114,008
Vaouuih sambrane 4,000 2 3N, 240,000 40,000 190,000
Miss sotaibs 14,000 ] NN 300,000 100,000 400,000
12,808,000 13,208,000
Tool duign (9 3I% of fop} ' 4,155,900 4,190,990
14.705,000 e.000
Tou weiing i 12,304 900 E
[ oerd 7871300 :
7
1 Towl sont $24,03436 E

QT T v

Tooling and plant matarial handling equipment costs are summarized in

Table 6.1.4-2. The tool fabrication and installation hours were estimated
from the preceding sketches by & Boeing Aerospace Company tooling estimator.
A 'wrlp-around“.cost rate of $30/hr, was used to convert the estimated

hours into fabrication and installation dollars, The material costs were
based on a varying percent of the total fabrication cast. To est2blish these
individual percentages, the amount and type of raw material required,

tooling complexity, and degree of automation were considered.

: “Iumllllmllﬁ'lmm !

The miscellanecus details ftem includes electrical and hydrau’: equipment y
negded for the “conventional” metal working workstations. {such as yoke ;E
fabrication). A factor of 33% was used to cover tool design and instalia- -
tion supervision costs. Materfal handling equipment was 2 major cost

ftem as discussed fn Section 6.1.2. The cost totz] shown in Tatle 6.1.4-2 is
the figure for tooling and equipment used in the cost analysis discussed

in Section §.4.
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6.1.5 Plant Layout
The conceptual plant layout shown in Figure 6.1.5-1 is the culmination of

. the preceding activities and it .rings together the interplay of the
differart processes as they relate to the manufacturing production rates. The

original objective of isolating the manufacturing requiring a clean en-
vironment from standard shop manu?acturing is achieved in the conceptual
layout by the packaging cantainer flow through the plant. On either side
of the container storage and cleaning area are the material receiving/dis-

tributions area -swired for their associated manufacturing areas. The smail

parts storage anc distributiun 2rea is conceived as less automated than the

other matarial handling areas and also functions as the tool room activity
for the manutacturing areas.

The clean manufacturing area is divided up into a low bay area of about

30 feet and a nigh bay area of 70 feet. In the high bay area the enclosure
dome is manufactured in five lines. Adjacent to the enclosure dome area

is the low bay area where the reflector is produced in three lines and the
vacuum membrane is produced in two lines. Also cable bundiing and the
pneumatic hoses are assembled on this side of the factaory. Additional

area is resarved hera for equipment repair, circulaiton, and expansion.

The conventional shop manufacturing area is a low bay area also 30 foot
high. This side of the factory will handle the yoks, truss, and reflecter
shell fabrication. Additional area is also reserved on this side of the
factory for circulation, damaged part repair,'and expansion.

The control area is combined with the office are2 and Tocated adjacent ¢to
the shop manufacturing area. From this position thare can be visual control
as well as electronic control of the manufacturing process., The offices
are intended to be a two story area housing supervision, acministration,

and engineering functions.

With the quantity of truck and trailer traffic required for the distribu-
tion of the solar concentrators, area on the property is provided for minor
truck/trailer repairs, servicing, and cleaning. '
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6.1.6 Building Cost Summary

Costs for building, land and site improvements ara summarized in Table
6.1.6-1. It should be noted that costs do not include tooling and equip-
ment costs which are used along with the building costs, in the ccst analysis
section (Section 6.4).

For a rearesentative sita, the plant was assumed to be locatad in Tucson,
Arizona. Industrial land in Tucson, is currently costing $85,0G0 to S110,0C0
per acrs depending on how close it is located to the new IBM plant in the
south-east portion of the city. North-west of the city there is desert

land that could be developed into a 55 acre site for the factory. This land
is undeveloped and is priced at‘approximately $85,000 per acre.

The size of the site is a function of the factory building area, reguired
truck and auto parking, and circulation roadways. [t is planned for the
trafler parking area to also serve as a temporary water run-off retention
area. In the conceptual site layout, trailer parking on the recaiving side
of the building is based on 150 trailers, which allows a five hour shut-down
of the receiving line. On the distribution side of the building, the

trailer parking is based on handling 14 hours of production without any ship-

ments. I[ncluding roadways, a rectanglar parcel of land for site development
would be required.

The site improvement cost shown in Table 6.1.6-1 was determined by estimating .

parking and‘roadway areas, security fencing, guard houses, and utility
installations.
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Table 6.1.6-1. Building Cost Surnmary

Item Area Cost
Site land 65 ac $4,675,000
Site improvements 1,642,000
‘Building .
High bays 100,000 5f 8,250,600
Low bays . 632,500 sf 24,114,000
Subtotal . 38,681,000
Engineer/design (@63%) T 2,320,860
Total cost $41,001,860

. .
i T i ey e T n I e e
i : i e LI TR i

Building costs are based on the cubic fcot costs of two somewhat similar
factory buildings currently being constructed by Boeing in the Seattle z2rea.
The construction cost index for Tucson and Seattle are relatively close

with Seatt's being a little higher, 50 that no adjustment was made to the
Seattle based cost factors.

Architectural and engineering dasign fees for this type of project could
range from 4% to 6%; 6% was assumed in the building ccst analysis.
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Field Installation

Installation of the concentrators was studied for a typical field of SO

units.

In order to have low field installation costs, the following

ground rulas vers assumed:

0

Field installation will be done by spacialty contractors with

a minimum of personnel. ,

On-site temporary storage will be provided by the concantrator
shipping conta‘ »rs.

The concentrator electrical and mechanical components wiil be

pre-assembled to the truss and yoke members.

The equipment skid will be pre-packaged.

Critical reflector assembly operations will be done uncer tzmporary,

clean shelter using special portable fixtures.

Temporary sheltars will be needed for reflector and enclosure in-

stallations in windy conditions.

Concentrator functional checkout and controller tracking correcticns

will be done with portable service equipment.

T2e dlanned sequence of installation operations are illustrated in Figure

5.2-1 *

itemized in Tables 6,4-2 and 6,4-3 of the cost analysis section (Secticn 6.4).

- - 4 - - . hd - d - -
Thes2 ozzraticns 35 well 25 Field pregaration and glzzna~uz 2-2
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: t lovier
Install toundations Eruct yoke 5‘:& hu'r“
"« Assamble refl, shell ‘
o install vacuum mambrane
W instail raflector 2

Place tamp ancl cover Install upper truss half
lnstall enclosure Camplete ) :

Install cafl. assy on truss

Figure 8.2-1. Field Installation Events
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Temporuwy thelter -—\

Air setuator

al A-A uniform edye
o tensioning device
[\ 3 |
=
~

B
i T i Y T S o i i g i s

o Reflector suppart shell assy

o Rear pressure membrane ingt

* Reflector mounting

s Reflactor checking

¢ Tamporary reflector installation

Figurs 6.2.2. Reflector Field Assembly Fixture

AT M

A critical field operation is assembly of the reflector. Figure 6.2-2
shows a concept for a portable fixture that will be used for:
Reflector support shell assembly

Rear vacuum membrane installation

Reflector film installation

Reflector checkout

TR T T MY

o O O O

Tne reflector film is installed by first unrolling the part from & shipping
mandrel onto vacuum hold-downs. Afr actuated grips would then hold the
reflector in proper position while a vacuum is drawn benind the raflector.

Portable laser ray trace equipment would be usad to quickly check surface
qualiity. The reflector would then be fastened to the support shell with a
heat-sealing adhesive. A temporary cover can then be used to prote:: t-e %
reflector during movement from the assembly §he1ter to concentrator
installation site.

Because clean and calm conditions are needed for installation of the re-
flector assambly and enclosure, a pneumatically stabilized portable shelter
fs included in the field installation plans. The shelter would be light
and would be guyed to adjacent foundation pads for stabilfzaticn against
wind. ' '
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- 6.3 Maintenance

 Table 6.3-1 shows the maintenence requirements, frequency, and cost, for
a concentrator during its 30-year 1ife. This {ncludes one enclosure re-

_placement, and an average washing frequency of once every 3 weeks, The -
annual maintenance cost of one concentrator is 5263, The following three
figures snow the major maintenance requirements being carried out.

Taidle 8,31, Concentrator Maintenance Costs

=
7
§
|
B
=
3
%
|
=
%

] Unit labos Umt | Rquip
Al bt el e ww i P P e R R L

A tupply tystsm
Blower C % ] 12 128 - 137 s 100 | 8137 2
Prolilter X .23 3 3 - s 11 100 ]
Finad filter X 28 3 30 - t ) 1] wo | 84 2
Orff peoss controls (2) % 2 2 ] - » 10 ] 0 . 3
Sotancid vuives |2 X 2 24 ® - £ 73 10 108 s.6 2
Check vaives X ] (] - - s 10 100 4 3
Eahaust voives x ¥ ) $ | - - ] 10 | 100 4 E
Flanibie ducting X 3 " ® - 9% 18 100 32 Ef

Truss & yoke systn %
Basriogs (D) X ] 12 2 - 14 1 100 | 14
Gear redducers 12} X ] 17 1 ] - 1} s 100 29

Enclosurs % 4 48 s - 53 10 [ 27

Enclosute X s o6 2219 | 18 [23288] 18| w0 | 778

Matiactor shamant check X .2 24 - 18 s 1] 100 28

Update cantrolier x 3T s - - ' 3} o 1.8

Washing snciosre X 33 ) 1.07 1.42 1 649 | Jwhs 100 } 3128

Total yesrlty mumntenance costurit | 262.9

¢ 50 units/tisid
s Labor rate $12/hr
o 30 year operational life

T A

el s i
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Figure 6.3 1, Enclosure Replacement

Figure 6.3-1 shows the concept of instaliing a new enclosurs which will te

done after 15 vears. The replacement can be carried out without a2 protactive
sheltsr during periods of calm, dry weather,
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= 3
- % Retracting boom i
;% i‘i’

Figure 6.3-2 Brayton Unit Servicing
Figure 5.3-2 shcws the Brayton unit being removed from the concertrater.
Once the maintenance van has pulled up to the enclosure and the air lock
seal has been made, the access door can be ramcved. Work can now be carried on A
without loss of pressurization. Work can be carried out during pgricds of
inclement weather Since workers and equipment are protected from the environment. §
2
8efore the Srayton unit is removed from the concentrator, a cable will be §
placed between the receiver support ring and yoke to prevent the concen- %
trator from rotating 180°. "_f
]
144 3
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Supply water . ; ‘ 4‘! Y ’

Holding tank
Pump/filtar unit !

Figure 6,32 Highway Configuration

Figure 6.3-3 shows the concept for Qasﬁing of the enclesuire that was used for
the cost analysis. The water recovery system fs also shown. The spray
boom is pivotad around the enclosure by the gear motor a* the top.
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Teble £32 Washing Coses/Unir

Enclosure ares 6,500 f12

Requirsd water® 0132 ga!lftz

Cost of water® - §.¢/gal, 75% recovery $1.07

Washing cycle 20 min

Washing fraquency 3 wesks

Labor 1person @ $12/he $4.00

Equipmant $60,000 for washing truck $1.42
Totsl ws.hing cost/unit $8649

Total yearly washing cost/unit $112.50

*Sandis cost analysis modet

Using the precading washing concept, the cost of washing one enclcsure for 2
year is $112.50 as shown in Table 6.3-2. The frequency of washing would

vary according to weather conditions and the related 2mount of degrada-
tion in the enclosure transmittance.
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i

Cost Analysis

The production cost estimate was divided into three categories: part in-
ventory, field {astailation, and site preparation. An {temized part list
was then prepared for each category and prograrmed into the microcomputer.
Use of the microcomputer facilitated the cost analysis by giving print-cuts
with the ypdated cost totals after changes hid Seen Tade to the programs,
Figure 6.4-1 shows the approach that was taken.

S

Itamized part list
« Item description
* Material cost

2 Labor cost

Cost analysis code
Terak microcomputer

Production
cost summary

Figure 841, Production Cost Estimate
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Baseline direct cost analysis

¢ 100,000 units/year dedicated factory
o Late 1878 dollars

¢ Direct factory labor at S8/hour plus 40% fringe

¢ Installation and maintenancs labor at S12/hour
plus 40% fringe

o Material costs based on vendor budgetary quotes
snd comparison t0 s° nilar catalog items

Figure 842 Costing Ground Rules

A biseline producti'on rate of 100,000 units/year was used in the .detailed
study of direct and indirect costs. The direct lebor rate of §8/hr was an
averege of factory lador rates in the Tucson area. Installation and mainte-
nance labor ware placed &t S12/hr representative of construction craft

labor rates. Costs were either vendor quotes or taken frem similar

catdlog fsems sroduced 2t high rates. Figure §.5-2 surmarizes the costing
ground rules.
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Table 6.4-1a. Parts Inventory

RATERLAL CATEGORY unirt Le/untt s7uNtT

[TIXXEY L3 saatsash [ XX 1) I YRXNXXR] 200848

1.8 ENCLGSURE DenC

1.1 Fn 4 L7080 87 068 8.33 é
1.2 INSTALL. SCaAN 4 1 0 4.00 2.08 i
1.3 ROAC MG ¥ 9 I 0.88 0.0% iz
L4 ACCCSS OR. & FLTTINGS f =

1 €A 118.00 110.08

2.8 REFLECTOR

[
1]
~
»w»
f@w?f“r

‘Bal  ALUM. POLTLSILR 1400 §F g.018 0.487
TAPE JOINTS it 0.0t 8.0t
3.8 vACUUR NMENGRAKRE A
3.1 COATCO POLTESTER * .99 3¢ 0.018 .04 E |
3.2 TAPE JOINTS t aq Ft 2.0l 8.02 3
. 4.0 REFLECTOR SUPPOAT SKCLL §
e S.1  UPPEA RING 3 1€ 38.4d 180.38 2
- A.2 LOMER R[NG ) { €2 $6.90 78.3¢ %
A.3  SHELL PInELS A 1038 $F 0.57 8.49 k-
a.4 PANEL JOINTS t 12 €4 $.430 1.00 §
4.8 TRUSS JOINTS ) s €A 3.00 1.00 3
2.4 REFLECTOR NTG. . [ g SF $.30 0.0 =

8.0 TAUSS

S.i  TRUSS NNBRS. L JOINTS T 262 1 2.84 1.83

S.7 TAUSS mMBAS. & JOINTS H 112 T 1.23 8.92

5.3 CROSS-TIE & TRNSALE. T se FI g.20 .23

Table 6.4-1 a, b, and c show the parts and material costs. The 48 Tt en-
ciosure made of 7 mil ynar is by far the largest cest driver of the con-
centrator. 1t is 37% of the overall part inventory cost. The tracking
systam at $790 is a littie over 12% of the overall cost. The reflector
sugport shell, voke, and truss are the remaining large cost drivers. The
total cost of all parts and materials is $8,351.
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: Tadle £.4-1b. Psrts Inventory (Cont)

Se8 RECCIVCR SUPPORL RING
AING FRANEC & FITTINGS T 1 Ea 8%.00 68.8¢8

.
it O

Tel COUNTERNEIGHT SUPPORT RING
RING FRARC & FITIINGS H 3 €& 83.00 $3.90
§e8 CONCOCTE COUNTEAVEIGHT

CONCREITE & REUAR ¢ s.5CF 148,00 1.30
9.0 voxe ' i
PORT ARM Y 24 £T 10.%¢ 7.88
STARE0. ARN . Y 21 FT 13.90 7.68
CONTER SECTION v 24 FT 14,88 11.14
188 TRACKING OAIVC SYSIcs :
10.1 UNIT CONTROLLER ¢ 1 €a s.0a 22¢.00 :
10.2 SYS$fCx COnNTRGLLER s 1 €A 0.18 20.80
10.2 CLEV. BEARINGS Y 2 ca 4,00 23.08
10.3  A2LRUTH YEARINGS ¢ 1 €2 ¢3.00 200.32
10.4 SuN SEuSOA 1 1 €a 18.30 2s.040
18.8 ELEY. GEAN AEQUCER Y 1 EA 26.00 * $0.40
18.6 AZINUTH GEAR Y 1 €A 20.00 s.00
14.7 ELEVATIOH naTOA Y 1 €A s.00 78.20
18.8 A2IMUTH nOTCR ] 1 €a 3.08 78.00
1049 SCNSOR LINES T 0 rT 0.19 8.18
10.10 SENSOR LINE Y 2 FT 8.10 2.18
18.11 ELEV. ENCIDER v 1 €2 8.50 10430
1012 AZtMuTH EaCCOCR s 1 €a 0.%0 10.00
19413 CLEV. LIRIT Su. Y 1 €a 0.29 1.40 5
10410 A2, LINIT SV, ¢ 1€ 9.23 1.58 ;
7
Table 6.4-1c. Parts Inventory (Cont) 2
13,0 ENCLOSURE AR SYSTEN s
11.1  AfR suLOvER ¢ 1 €2 43.08 125.80 §
112 AIR PILTER SYSTEN ¢ 1 €a 10.00 40.80 2
113 CxMausT vaLve s 1 €a * 2.00 $.40 :
1.8 O[FF. PRES. CINTROL ¢ 1 €2 2.09 15.34 E
11.8 CHECK vaLyE s 1E4 2.00 .00 :
11+6 INLET LINE ¢ 10 PY 3.10 .00 E
13.7 Canaus?t LINE ¢ 10 7 B.10 l.08
1200 REFLECIOR AR PRESSURE SYSTEN
121 VENT LINC 4 60 FT 8.38 8.5%¢
1242 SOLENDIO vALVE Y 2 €a 1.50 36.30
12.3 OIFF. PRES. CONTROL Y 1 Ea 2.40 63.00
1343 BRAYTOM SYSTEN LINE
13.1 SypPLY AIR T a0 T 0.10 1.30
13.2 SUPPLY AlA Y- 30 fT 0.10 1.50
133 SuPsLY alR t 14 £7 0.10 2.00
13.4  INSUL. CXMAUST ATR T a8 T 3.10 1.78 -
13.5 Insul. Exmaust AlR 36 FY 8.180 223
13.4 FLEXIBLE DUCTING T 6 FY 8.10 s.00
13«7 SUIVEL JoONY [ 1 fa $.00 25.00
13.8 FITYING SET Y 2 s.00 25.¢00
1440 FOUNTATION PARTS
18,1 €OCE RING s 1 €A 446%.00 323,00
314.2  FILum CLAMPS e 3 € $3.00 $0.20 5
. 2
15.0 BRATTON KECEIVER (SuPPLICE BY uPL) .
15.1 WRAYTON UNTTY | R 164 p28.90 2.00 %
1S.2 POLER gus v 1T 8.33 .90 x

Total cost = $5,338 : s :




The results of a study of the necassary operations vor
a concentrator io the field and the correspending crew
in Table 6.6-2.

Totzl lazbor time for installing a concentrator is
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Table 6.4-2. Field Installation Costs/Unit

OPERATION CATCSORY ¢CREM
Sdtoosban (AT NREL Y} 0!1.
L]

SHIPPING FRGR PACTORY . L] 4.0
QFFL0A0 NATERIALS ] 2.8
INSTALL POUNDATION [ 4.8
IMSTALL YOXE SCARING PLATE 4 1.4
ERECT roxe 4 3.0
CRECT LOMER TAUSS mALP [ 4 .8
tNSTALL ALR LINCS [ 2.8
HECH/ELECT, HOQK-UPS ¢ 2.9
ASSCNELE REFL. SNHELL 4 3.0
INSTALL VACUUM NMEMSAANE [+ 2.0
INSTALL REPLECTER [ 2.0
INSTALL REFL. COVEN [ 2.0
KOVE ACPL. 4837, TQ SITC [ 1.0
INSTALL REPL. ASSY. ON TARUSS < 3.0
INSTALL TENP, TRUSS CaVEA < 2.0
PLACE TENP, ENCLISURE COVER < 2.0
InSTALL ENCLOSUARE < 3.4
INFLATE ENCLOSURE [ 1.8
AENOYE ENCLOSURE COVER [4 2.3
PURGE CHCLISURE Aln [ 1.8
REXOVE TAUSS CCVER [ F XY ]
{NSTALL UPPER TAUSS HALF 4 2.3
INSTALL COUNTEMNELIGHT [+ 2.0
INSTALL TRUSS AR LINES & 2.4
nECH/ELEC, HOOK-yP (4 2.2
PUAGE ENCLOSURE atR [+ 1.0
RENQVE TEMP, MEFL COVEA [ 2.3
CONTAQL SYSTEM HOCK-~yP ¢ 1.3
ALIGN TRACKING STSTEN 4 1.8
FUNCTIONAL TESTING ¢ 1.8

Total iaber = 67 hours = §1,126
Total material cost = $519
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2.3
l..
2.8
0.3
L.8
‘.‘
2.0
1.0
2.0
8.3
1.0
n.zs
8.2%
4.24
8.29
Q.5
[ %1
,.s
8.23
l.o
0.8
2.2
1.0
1.3
2.3
1.2
8.2%
8.5
1.3
1.8

MATL, COST

ada2 02000

0.3
4.0
112.9
2.0
3.0
8.8
8.3
3.8
L 7% ]
4.0
842
°.°

time are shown
Tne study starts with shipment of a concentrator in a
single container from the factory and goes through refiector assembiy,
enclosufe attachment, and ends with functional testing of the concentrat
67 hours.

installation of
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Table 6,43 Site Preparation Costs

FLELD S{TC CISTS..30 CONCENTRATIAS. 4g Javs

8600088000000 0000000000000 00000000 8000000

grcRarton cattecar  Cagu TIoE  » afi. Cost

etoavense S8bdsnen anea [ A XX ] 8880000800
SET=up SLEL]D ASSY, ARE s b0 .0 .9
REFLECTOR SrELTER 3 2.2 8.0 2sd.0
EMCLOSURE SAELTER S 0.8 3.0 9%2.3
TRUSS SwELTEN S 8.4 LY ] Aars.3
CRECT A3SY. SMELTERS () s [ X% 1243 4.3
CRANE ALNTAL (14 TON) H de3 d.3 2803.3
PICX-UP TAUCKS (2} 1 Q.3 3.9 1%0.8
SANL=CANS (D) S .2 8.3 0.3
TELEPMONE (2) 3 0.0 8.3 193.3
OISMANTEL ASST. SRELIERS () S [ XY 1240 3.3
CLEAN yP SITE H 6.0 *.2 3.9

Total labor/funit = 3,84 hrs = $64.50
Total material cast/uniz = $79.40

Snown in Table 6.4-3 ara the site preparation costs. The field size is
approximately 600 ft. x 600 ft. per SO concentrators. The necsssary shelters
and facilities are brougnht in and set up in the field., After the field

of concantrators has been completed, these facilities are dismantlad and
shipped to another installation site. The itemized costs ara for 50 units
while the final labor and material costs are for 1 unit.
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1

Table 6.44. Estimatsd Production Costs — 100,000 Units/Year

Direct labor .70
Materials - 6,351
Utilities 15 E§
Direct production costs 6,436 i
Indiraect production costs 1,328 ’
Total production cost 7,764 3
Profit (20% return on investment) 71 '
Selling price (FOB factory) 7,835

Table 6.4-4 shows ths estimated production costs. The factory produces one
unit every 2.1 minutes based on 2 shifts per day. The first shift has 64
people for material handling, 45 people for maintenance, and 70 secple Tor
the assembly line. The second shift has a lower requirement for material
handiing and maintenance personnel, but the same amount of personnel ére %;
needed for the assembly line, where each work station requires one person i
for processing. Adding 40% of the labor cost for fringe benefits, the :
total direct labor cost {s 570/unit. The utility cost of S15 was arrived

at by dividing the annual utility cost by the Tactory output. The direct
production cost which is the summation of utility, factory labor, and

ma srial costs amounts to S6436. The indirect cost of 51323 takes into

account the fo'lowing: taxes, insurance, interest, depreciation on cap-

ital investmen s, and operating expenses, With $71 added for profit,

which is obtained by taking 20% equity on capital investments, an estimated
selling price of $7,835 is reached for a production rate of 100,000 units/year.
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" Table 645 Life Cycle Costs

FOB factory 7,835
Field installation 1,645
Site preparation 144
Installed cost 9,624
Maintanance for 30 years 7,886
Life cycle cost 17,510

kW,p/S = .0041

The life ¢cycle cost not only depends on the selling price but also the
planned maintenance of the concentrator over 30 years and the installation
costs. Table 6.4-5 sums up the costs arrived at in the préceding pages.
To arrive at the kwth/s value of .0041 the average net power into the

154

receiver apertyre of 71 kwth was divided by the life cycle cost of $17,510.
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6.5 Economic Analysis Summary

Several studies were performed to determine the estimated selling price
at varying annual production rates. Th: results are shown in Figure 6.5-1.

A study of factory, land, tooling, utilities and laber costs was performed
at the production rate of 100 per year using a labor intensive factory.

At this preduction rate, it was estimated to take 70 pepple on the first
shift and 58 people working the second shift to produce a concentrator

at the rate of one every two and a half days. Using the same cost analysis
that was explained in Table 6.4-4, an estimatad selling price of 587,400
was arrived at for a production rate of 100 unit/year.

Costs at higher production rates for the labor intensive factory were
estimated by applying an improvement curve of 85% to direct labor rates,
98% to material casts, and keeping the same lador intensive factory but
increasing the number of lines required.

Another study was done to determine the selling price of a concentrator

at a production rate of 10,000/year using an automatad factory. The re-
sults are shown in Figure 6.3-1,

A third study was performed to approximate the costs of a unit at various
produztion rates using the manufacturing concept that was explained in de-
tail in Section 5.1. The number of assembly lines were reduced 2nd because
of this the square footage of factory are2 was 2also reduced, Tre result of

-------

.this study is on the second dotted line in Figure 6.5-1,
The final curve using the preceding three studies as guidelines shows an

estimated salling price of a low productionr model to be eleven times that
of a high production model.
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Selling price,
$1,000 FOB factory

Low production
rate model

Estimated selling price
versus annual production rate

$31,000 _14 000 units/yr

automated .actory
(approximation)

100,000 units/year
510,900  automated
factory model

) $7,800
{

Direct labor

3R
Matgnals

103 - 104 105

Annual production rate

Figure 6.5.1, Estimated Salling Price
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) 80
P 85,04
E 80 1975 dollars
= 40
1 Mills/kWh ]
] 10 1
: 4 !
E 3 ;
% 10 ) %
: 102 103 10° 168 i
Annual praduction rate i y
Figure 6.5.2. Levelized Energy Costs g
%E £ Figure 6.5-2 shows the levelized busbar snergy costs using 1975 dollars. - ;?
%; iﬁ?g Tnese values were derived from the computer program provided by JPL. The
?%' imput variables used in the program are:
& 0 Plant capacitys= 071 MY
0 Annual’ operation chargess= -0
0 Annual maintenance charges . $ 156.2
0 Fuel cost= 0
o Capital Costs at 100 units/yr=376,000
1000 units/yr=529,037
10,000 units/yre=$12,000

100,000 units/yr=$ 9,400

Capital costs were arrived at Sy taking the installed cost of the concentrator
and adding on the present value of an enclosure raplacement. The costs which
1 were originally in 1978 dollars were computed to mid 1975 dollars. A1l '

3 othzr inputs :0 the program were provided by JPL.

1587

i




=

i 9950-279

The BEC design offers a very 10@ cost per unit area of concentrator. However,
the efficiency is also reduced, primarily due to the enclosure trans-
mittance loss. The ratfo of cost to efficiency is suggested as a reasonable
measure of the overall cost effectiveness. Using the installed concentrator
cost (1978 dellars) and verformance based on the sub-scale reflector test
with systematic errors removed, the computed unit cost/eff{ciency parameters
for the preliminary design concentrator are:

Table 6.5-1. Unit Costs/Efficiency for BEC Concentrator

Reflecsor Quality Surface Error | Het Powar | EFfficiency Unit Cost/Erficiensy
Classification RMS mrad k¥ s/mé

" Seme as Subscale Test | 5.%2 81.2 0.578 125.40
Design Goal 2.0 n.o 0.66% 108,17

These unit cost/efficiency values compare favorably with the goals given
by JPL in Ref. 7 for point focus concentrators., JPL goals and the unit/
cost/efficiency ratio from the JPL goals are:

Table 6.5-2 JPL Goals for Concentrator Unit Casr/EfﬁcieAcy

Year Effictency Unit Cost Unit Cost/Efficiency
' st st

1582 .90 100-150 111.187

1588 0.92 70-100 75-109

From 2 comparison of the computed BEC concentrator performance and the JPL
goals it fs evident that the BEC design meets the 1982 goals using the

full set of data obtained in the laser ray trace test. Using the design
goal for mass production unit: of 2 mrad surface error further improves the
cost effectiveness to just within the range of the JPL 1985 goa1s;
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7.0 CESIGN SENSIVITY STUDY

Studies were made to determine effects on weighe and cost of the following
design variations: ' '
o Different Brayton unit weights . ;
0  Kynar versus UV stabilized polyester enclosures ;
0 Reduced Recefver temperature
0 Concentrator size optimization
The above design varfations are reviewed in the remainder of this section.
Other design options were also studied but were found to have a small in-
fluence on performance and cost; these options are: .
0 Yoke bracing with outriggers having rollers on the foundatien
0 Elevation axis shifted forward 2llowing self-balancing without
- use of & counterweight.
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7.1 Brayton Unit Weight Variation

A varfation of Brayton unit weight results in proportional changes {n counter-

i T i Vi i "‘ TR il s i NN TG o - \‘.:"‘: i gl g i y ,"“(‘;lw_‘ _—
O A T S S R AR A0 O e ‘ ‘

weight and nearly proportional changes in truss and yoke weights. The re-
flector assembly and remaining miscellaneous moving weight will be essentially
unchanged. A summary of weight and cost changes relative to the baseHne
preliminary design are shown in Table 7.1-1,
;?—g
Table 7.1.1. Weight/Qost Sensitivity to Brayton Unit Weight §
L Fcaier aatine/ 04 | 10 | 121 | 20
Engine/raceiver B2.5.b| 825 1,000 | 1.C50
Countarweight 825 82s 1,000 | 1,650
Reflector assy 808 808 | 808 808
Teuss . 375 658 773 | 1,272
.Yoke 518 908 | 1,044 | 1,568
Misc 338 338 336 336

Total moving weight 2,2021b 4,360 4,961 7,284
Structural weight change -8731b 0 +251 1,274

Structural cost change  =$505 0. +188 +956
@ 80.75/ib ;
;|

180
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Table 7.2-1. Cost Sensitivity to Enclosure Materisls

Kynar | UV stable polyester
Initial fabrication )
Enclosure material cost 221 578
Discountad
Replacamant material cost 1,408 Jes
Total capital investment m—— ——
. prasant value $3,619 $948
Cost ditterencs $2,673

7.2 Enclosure Materials

Table 7.2-1 lists Xynar and UV stabilized polyester enclosure costs based

on current materfal prices and discounted material costs for & common

field replacement period of 15 years. The cost advantage of stabilized

polyester film {s significant. This advantage has motivated at lasst one

ma for producer, ICI Americas, to have an on-going RAD program with the goal of
producing an inherently stable polyaster film. BEC currently has polyester

" film samples from IC! undergoing testing at the Desart Surshine Test Facility

in Arfzona. Results from this testing, if favorable, may have an impact

on future selection of enclosure material.
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7.3 Peduced Receiver Temperature

With a decrease in receiver temperature the net energy to the receiver {3
fncreased along with the optimum aperture diameter as shown in Figure 7.3.1,
Alternately, for the same net energy into the aperture, the reflecter sur-
face error could be allowed to increais. As shown.in Tadle 7.3-1 the sur-

- face error of the production design concentrator could increase about

1 mrad, and still have the same net energy with the lower receiver temperature.

The effect on econcmics of the lower receiver tamperature could be axemined
in several ways:

o

The higher allowable concentrator surface error for the 1200°F
receiver could permit lower cost fabrication of the reflective
surface. At prasent, the production cost varfation with surfsce
quality cannot be defined. However, with autimated mass pro-
duction, impact of surface quality on cost of thi reflective
surface is expected to be very small,

With the same surface error, the concentrator size could be re-
duced for the lower recefver temperature, to produce the same
net energy. From the cases analyzed (Figure 7.3-1), the con-

centrator area {3 reduced 7.4 percent with the 1200°F zemperature.

The concentrator diameter would decrease frem 13 m t¢ 12.3 m,
and the 1ife cycle cost would decrease from $17,50C to §15,200.
These reductions increase the enerjy cost parameter from ,0048)
kwth/S to .C0%4 kwth/s. and reduce the Sus Bar tnergy Cost freom
9.63 mflls/kwth to 8.87 mfl!s/kw:h. ‘
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70 v -
== 1,200°¢
1,700°F
Nat enatgy,
W 40 F Tracking arror = § mrad
Raceiver shadowing
Structural shadowing
. .

Complaets tast data sat

L i "

Concentrator diameter = 13

] 10 .20 30 .80

Aperiure diameter, m

Figure 7.3 1. Reduced Receivar Tarmpersture

Table 7.3-1. Reduced Receiver Temzerature-

Receiver temp (°F) 1,700 1.200
Surface error {mrad) ’ 2 3

Optimum aperture diameter {m) .2002 .2496
Net energy (kW) 73,968 74,100

13m concentrator {15 m dome)
No tracking error
Receiver and structural shadowing included
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7.4 Concentrator Size Qontimization

The cost data base developed for the preliminary concentrator design was
used, together with cost trade data from Task [, in a concentrator sfze
optimization study. OData from Task I for 7.6, 11, 14 and 17 m (25, 36,

46, and 56 ft.) diameter reflectors were-related to the baseline preliminary
designs. Updated selling prices, installation costs, maintenance costs

and life cycle costs were then‘computed. For perforinance predicted for
concentrators having 2 mrad surface and tracking errors, the performance/ =
unit 1ife cycle cost perzmeter (kwth/S) is maximized over a range of diametars
from 9.7 to 14 m (32 to 46 ft.) as shown in Figure 7.4-1. The corresponding
levelizaed bus bar energy cost becomes a minimum for a reflector diameter of
about 13 m (42.7 ft.). It is interesting to note that the 13 m diametar

is less than the ootimum size datermined in Task I which was 15 m (without
shipping constraint imposed). This reduction in optimum size is primarily
due to the increased cost of the Kynar enclosure compared to the polyester
enclosure specified earlier. Thus it was found that the optimum concentrator
diameter is sensitive to material costs and its final value depends on the
outcome of subsequent detail design features and vendor developments.

12
0.010 - ) 10
O
0.008 }. 48
. 2 mr tracking error BBEC
kW,/S Clean enclosure Mills/kW
$1978 0.006 - Life costs 416 $ 1975
0.004 - /—-—\ -t 4
Q »

0.002 | Current baseline 42
o 0

0 10 20 30 40 50 &0

Diameter, ft

Figure 7.4 1. Concentrator Size Optimization
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8.0 CONCLUSIONS

The objectives of this program were to:
0 Optimize the concentrator design parameters for maximum
solar energy collected per concentrator unit cost
o Develop 2 preliminary design ‘
Investigate the manufacturing, installation, and maintenance
of the concentrator
0 Predict the costs for mass production
In fulfilling these abjectives, a preliminary design was devaloped for a
low cost point focus solar concantrator naving an ultra-light 13 m diametar

pneumatically stabilized plastic film reflector. Conclusions from the
program are summarized below:

S N R A s L SR STV b

The oneumatically stab%]ized concentrator design concept is mass-procucible
at low cost and offers high energy collection per unit concentrator cost.
Low cost is achieved by overall low concentrator weight made possible by

use of a clear plastic film enclosure that shields the concentrator from
wind, dust and other environmental stresses.

Technical viability and prototyse fabrication methods for the thin para-
boliodal aluminized polyester film reflector were demonstrated by the building
and testiné of a subscalz 4,57 m diameter reflectar. Tachnigues for forming
and mounting the reflector using inexpensive tooling were cdeveloped. The
results of laser ray trace testing,. involving a scan of 1723 reflector

points, show that a surface slope quality of 5.52 mrad RMS with systasmatic
.errors removed was achieved with this first large scale trial reflector.

Basad on previous experience in a Sandia Laboratories program (Ref.3)

an evaluation of the test reflector, improved performarce wculd be obtained

in further fabrication and testing at this refiector size. With producticn

tooling, reflectors having installed surface slope errors of 2 mrad RMS
are feasible.
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A plant design was concefved for mass production of 100,000 concentrater
_units per year at a rate of 2.1 units per hour, operating at 2 shifts per
day. The plant design study resulted in a facility having 732,500 sq. ft.
- floor area, 541 million building and site cost and S25 million tooling and
equipment cost for a total capital fnvestment of $66 million.

Highly automated tooling and material handling concepts are needed to
realize high plant production rates. Sophisticatad tooling concepts were
© fdentified for the critical reflectar and enclosure fabrication workstations;
these tooling require development before high preduction rates can be
achieved. Enclosure fabrication must be studied in detail considering
forming technique, film selection, polymer tosts and automated teoling
trade-offs. While a gore-formed Kynar enclosure concept was selected to
datermine enclosure part costs in this program, developments in current
research in thermoforming oF enciosures are axpectad to raduce snclosure
costs.

-The concentrator can be quickly erected in the field from containerized
'pre-assembled concentrator parts. A critical field operation is reflector
assembly which would be done on portable precision fixtures under shelter.
;Temporary-shelter will be required during reflector and enclesure installation
in windy conditions.

An analysis of maintenance rsquirements over a 30 year lifetime indicates

washing of the enclosure will be a major life-cycle cost component followad
by enclosure replacement programmed at 15 years. 'Washing could be dene with

" a mobila washing truck traveling from field to field. Maintenance of the

concantrator in the inflated enclosures would be done using portabla

service equipment having air locks. :

Based on analysis of production, Tield installation and maintenance costs,

the concentrator's estimated selling price based on 1973 dollars is S7335
(559/m2) FOB factory at an annual production of 100,000 units. Installad
concentrator cost, including related constructicn site and equipment costs, is
$9624 (S73/m2). With Tifa cycle costs considered, including maintenance,

the concentrator cost is 517,510 (SIBZ/mZ). .
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Optimum mass-producad concentrator size was determined to be a reflecter
diameter of 13 m with an optimized aperture diameter of 0.228 m and F/0

i . of 0.5, At this size, the concentrator design is predicted to have a net
' energy collection of 71 k“th for an 1nsolatioq of &30 w/mz, 2 mrad RMS
surface slope error and 2 mrad /MS tracking error.

- ——

: In terms of concentrator unit cost/efficiency, the concentrator has an
o - 1installed cost/efficiency ratio of SIZS.SO/m2 for a reflector surface

quality of 5.32 mrad RMS (representing the full subscale test reflector
' ; with systematic errors removed) and 5108.17/m2 for the 2 mrad RMS survace
' ’ dasign goel. These ratings compars favorably with JPL's goals for concen-
: ‘ trator costs of S1C0 to 150/m2 (111 ¢to 157/m2 when factored for efficiency)
' for 1982.

The concentrator's performance/cost rating can be improved in severai

ways. Success in current vendor research on inherently stabilized polyester
film would result in large initial concentrator cost savings. Also,
reduction in enclosure film cost and/or washing costs would significantiy
reduce 1ife cycla maintenance costs.
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