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ABSTRACT 

The concept for a multi-facet stretched-membrane dish concentrator could reduce 
the cost and weight of solar thermal dish systems. A stretched-membrane mirror facet for 
such a multi-facet solar dish concentrator has been developed by Science Applications 
International Corporation (SAIC). Twelve of the 3.7-m diameter facets will be used to 
form a 115-m2 dish concentrator, providing 75 kwth to operate a 25-kWe Stirling engine 
for electric power production. 

The facet SAIC designed is focused using a vacuum system to elastically deform 
the thin (0.003-inch thick) stainless steel facet membranes. Elastic focusing was chosen 
over plastically deforming the membrane to a parabolic shape because it results in a 
simple manufacturing process. The SAIC facet can be focused from infinity to a 
minimum focal length-to-diameter ratio of about 2.7. Analytical design studies and 
experimental tests were performed to evaluate stresses in the ring and membranes during 
operation, the effects of strain cycling on the reflective surface, and to measure the optical 
quality of the mirror facets. 

SAIC produced two prototype mirror facets and they were optically tested at the 
Solar Energy Research Institute and at Sandia National Laboratories, The first facet 
showed slope errors ranging from 2,95 to 3.3 mrad over the f/d range of 2.7 to 3.0. 
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1.0 INTRODUCTION

Parabolic dish solar concentrators are used to reflect and concentrate solar energy on a receiver

where the thermal energy is absorbed in a working fluid. The energy is subsequently converted to

electricity by means of various conversion processes. Stretched-membrane dish solar concentrators

offer a promising alternative to current glass/metal dish concepts in that they are potentially lighter

in weight and less costly. However, technical and developmental questions exist regarding the best

approach for the membrane reflector configuration. Although a single-facet design can achieve higher

solar concentration and possibly lower costs than a multi-facet design, multi-facet concentrators

benefit from easier fabrication, convenient field assembly and use of more near-term technology.

The purpose of the “Stretched-Membrane Facet Development Project” is to design and fabricate

a high quality, low cost, and low risk multi-faceted stretched-membrane dish for near-term

applications. The concentrator has been designed for integration with an advanced solar receiver and

a Stirling engine/generator in a 25 kWe modular power production unit. The conceptual design of the

twelve-facet, 115-m2 concentrator is shown in Figure 1.0-1. The twelve facets provide approximately

75 kWti to the Stirling engine.

The dish development project is comprised of two phases with the end goal of producing a fully-

integrated faceted concentrator for testing at Sandia’s Solar Thermal Test Facility (SfTF). This report

documents work accomplished by Science Applications International Corporation (SAIC) in the first

phase of the project. During Phase I, SAIC and Solar Kinetics Incorporated (SKI) developed and

fabricated 3.7-m diameter stretched-membrane mirror facets for optical evaluation at SERI and

Sandia. Concurrent with the facet development, W G Associates designed a facet support structure

and concentrator drive pedestal. The facet support structure and drive pedestal were designed to

meet specific criteria, such as providing ground level accessibility to the receiver/engine, inverted or

vertical concentrator stow, and low cost. The current state-of-the-art dish solar concentrator is the

glass/metal McDonnell-Douglas dish. The McDonnell-Douglas dish concentrator support

structure/pedestal was the basis for comparison with the proposed support structure concepts. In

Phase 2 of the project, one or more faceted stretched-membrane dishes will be fabricated and

installed at the DOE National Solar Thermal Test Facility at Sandia National Laboratories in

Albuquerque, NM. After initial testing of the dish, Sandia will integrate the faceted concentrator with

a receiver and a Stirling engine for additional system testing.
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2.0 STRETCHED-MEMBRANE FACET DESIGN DESCRIPTION

A stretched-membrane facet mmprises two thin metal membranes stretched over each side of a large

diameter metal ring. The reflective surface is a silvered polymer film laminated onto the front

membrane. One of the facets fabricated in this project is shown in Figure 2.0-1. A vacuum in the

space between the two membranes draws the reflective surface down to form a concave focused

shape. Although not implemented in the current control system design, the space between the metal

membranes can also be quickly pressurized to defocus the mirror for safety procedures. The solar

concentrator comprises twelve facets, each 3.7-m in diameter. The twelve facets are arranged in a

modified hexagonal-close-pack array in a compromise between a parabolic and a spherical contour.

The facet array is mounted on a support structure as depicted in Figure 1.0-1. The 3.7-m diameter

facet size is the maximum size that can be readily transported from the factory to the concentrator

assembly site. Twelve facets are required to provide a peak power of about 75 kWA to the receiver.

A central vacuum system is used to draw the appropriate vacuum level in each module to produce

the required focal-length-to-diameter ratio (f/D), which varies from 2.7 to about 3.1, depending on

the position of the individual facet in the array of twelve. In the following subsections, the mirror

module, focus control system, and support structure interface are described.

2.1 Mirror Module Design

The design of the concentrator facet is an extension of previous stretched-membrane mirror module

designs developed under Sandia/DOE sponsored heliostat programs. [l,2] An eight-inch deep I-beam

was selected for the ring for the facet fabricated on this program. The eight-inch depth of the ring

was selected based on avoidance of front and back membrane contact during focussing (at the

minimum focal length required for this dish design the front membrane center deflection is 8.26-cm

(3.25-in). Because of this, the ring stiffness and strength is higher than required based on deflection

and stress criteria. No extra material is required to provide adequate stiffness to accommodate the

asymmetrical facet support points. The ring for Lhe prototype Eacet is an M8X6.5 “Junior I-Beam”

with dimensions of 20.3-cm x 5.8-cm (8.O-inx 2.28-in) with a web thickness of 3.43-mm (O.125-in). The

I-beams are manufactured from A36 carbon steel, and weigh 6.5 pounds per foot. To fabricate the

ring, three sections were rolled to an outside radius of 1.858-m (73.13-in) with an inside radius of

1.80-m (70.85-in) and welded together.

3



Figure 2.0-1. Facet for Faceted Stretched-Membrane Dish
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The membranes used for the facets are 0.076-mm (0.003-in) thick Type 201 stainless steel in the half-

hard condition. The minimum yield strength of this material is 827 MPa (120,000 psi). The

membranes are pretensioned to a level of 138 MPa (20,000 psi), and reach a maximum stress of 620

MPa (90,000 psi) under worst case focus and wind load conditions. The membranes are fabricated

from flattened stainless steel coil stock that is 61-cm (24-in) wide. The strips of stainless steel are

welded together with a roll-resistance seam welder. The front membrane is laminated with reflective

film prior to welding. The membranes are laminated with ECP 305 Silverizd Polymer Reflective

Film, manufactured by the 3M Company. The rolls of reflective film are cut to a 55.2-cm (21.75-in)

width and laminated to the front stainless steel membrane in the space between the roll resistance

seam welds. ECP 244 Aluminized Polymer Film was used as a tape to bridge adjacent reflective film

strips over the seam weld. The tape was also used around the perimeter of the facet to seal the outer

edges of the reflective film. The front and back steel membranes are welded to the facet ring using

a hand-held roll-resistance welding system developed by SAIC. A weight breakdown for the facet is

shown in Table 2.1-1. It should be noted that the minimum ring weight is constrained by the

commercially available sections at the required height, not by strength considerations.

Table 2.1-1 Facet Weight Breakdown

Ring 107.5 kg (237.1 lb)

Membranes 12.5 kg (27.6 lb)

Brackets 7.0 kg (15.4 lb)

Hardware 3.2 kg (7.1 lb)

Focus Control 2.0 kg (4.4 lb)

TOTAL 132.2 kg (291.6 lb)

2.2 Focus Control System Design

The fZiCetSare focused to the proper curvature by pulling a vacuum between the front and back

membranes of the facet. A central blower is used with hoses extending to each facet to induce the

vacuum. The device used to maintain the proper curvature of the facet is shown in Figure 2.2-1. A

tubular steel arm extends from the facet ring to the interior of the facet and supports a focussing

valve. The tube acts both as structural support for the valve and as an air duct. The valve is an

SAIC proprietary design that provides reliable and repeatable focussing of the module. Contact with

the front membrane modulates the airflow and maintains the proper membrane position. The focus

5
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assembly shown is adjustable to allow changes in the focal length of the mirror. The focussing system

described has been tested and has shown to be reliable and low cost.

A single stage blower is used to provide the vacuum to the facets. The blower has a peak power

consumption of 200 watts. One inch diameter flex hoses are routed to each of the twelve facets from

the central blower. The blower maintains a vacuum of approximately 4140 Pa (.6 psi) to the plenum.

During testing the facet was found to be virtually vacuum tight, therefore introduction of a controlled

leak was necessary in order to allow the facet to adapt to dynamic conditions, such as changes in wind

speed and direction. The system has the capability to reverse flow, pressurizing the plenum to

produce a convex shape that will disperse the beam away from the receiver. However, this capability

was not implemented in the Phase 1 facet design.

23 Support Structure Interface Design

The facets each have three radially and circumferentially adjustable mounting points located on the

facet ring. The adjustment capability is required in order to allow alignment of the facet support

points with the support structure, and alignment of the reflected beam on the receiver. The hardware

located at each attachment point is shown in Figure 23-1 and Figure 2.3-2. Brackets are welded to

the web of the facet ring at three points, as shown. A 3/4-inch rod end is attached to the bracket with

a 3/4-inch shoulder bolt. The female rod end is attached to a 3/4-16 steel shaft and two hex nuts that

provide attachment to the support structure. The support structure has oversized holes to allow for

adjustment of the mounting location. The rod end allows the shaft to rotate freely in all directions

for proper placement and alignment of the facet.

7
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3.0 FACET DESIGN SELECTION AND ANALYSIS

3.1 Facet Concept SelectIon

Stretched-membrane mirror facets can be formed either by plastically pre-forming the membrane into

a parabolic shape or by a method in which a pressure-induced elastic deformation of an initially flat

membrane occurs, which results in a near spherical shape. In the plastic deformation approach, a

metal membrane with a relatively low yield strength is used to form the facet surface by applying a

pressure differential across the membrane in order to permanently deform the membrane into the

proper shape. Once the pressure differential is released, the membrane does not return to its initially

flat configuration. In the elastic deformation approach, a pressure differential is applied across an

initially flat membrane to temporarily deform the membrane to the proper shape during operation.

In this ease, the deformation stress in the membrane does not reach the yield strength of the

membrane material, and the membrane returns to its original, flat configuration once the pressure

differential is removed.

At focal-length-todiameter (f/D) ratios greater than 1.0, the performance difference between the

shapes resulting from the elastic and plastic deformation fabrication methods may be small. In a multi-

faced dish design, a single facet dish with a small f/D is emulated using multiple small diameter,

shallow (i.e., large f/D) facets. For example, in the present twelve-facet dish, the individual facet fill

range is from 2.7 to 3.1. Thus, because the fill ratios of the individual facets are relatively large,

elastic deformation of an initially flat membrane can be used to form the facets of a multi-facet dish.

The elastic deformation approach was selected by SAIC for the facets of the multi-facet dish. A major

reason for this choice is the elimination of the additional manufacturing step required to plastically

deform the facets to the proper focal length. Also, once a membrane has been plastically deformed,

it is fragile and more susceptible to wrinkles and the effects of winds. With SAIC’S elastic membrane

deformation approach, the facets may be relatively easily manufactured at a central site and shipped

to the installation site with normal shipping procedures. Once the facets are installed on the support

structure, lhe pressure differential is applied through the central vacuum system to achieve the proper

focal length of each facet.

SKI chose to pursue the plastic deformation approach. As predicted at the beginning of the project,

both facet designs met the optical accuracy requirements of the project, but SKI’s facets had a slightly

10



higher accuraq. The higher accuracy is due to the more exact parabolic shape that can be achieved

through plastic deformation. However, the SKI design requires additional components to protect the

plastically deformed membranes from damage during non-operating periods in addition to the extra

manufacturing steps required to plastically deform the membranes.

3.2 Ring Selection

The materials available for fabrication of the ring for the mirror facet are:

1.

2.

3.

4.

M3tI carbon steel,

A500-B carbon steel,

A36 carbon steel, and

stainless steel.

The A36 carbon steel is the lowest cost option, with the AS(IO and A500-B carbon steel having

progressively higher yield strength with an increase in cost. Although stainless steel would be the ideal

ring material from a fabrication point of view, due to compatibility with the membranes for welding

and matching thermal expansion coefficient between the ring and membranes, the cost of stainless

steel is prohibitive for this application.

Because the selection of the ring size

by strength considerations, the ring

was driven by the physical requirements for focussing and not

material strength is not a significant issue. Based on cost

cmsiderations, A36 carbon steel was selected for fabrication of the ring. This material selection

results in a minimum ring cost, but requires welding of dissimilar metals and consideration of the

effects of a difference between the thermal expansion coefficients of the membrane and ring. Studies

carried out as part of the “Improved Design for Stretched-Membrane Heliostats” program [2]

successfully resolved the problems associated with welding of different metats. The thermal expansion

coefficient mismatch between the ring and the membrane leads to varying stress levels in the

membranes. These were determined to be within reasonable bounds and could be compensated for

by the facet focus control systems. [2]

Considerations for selecting the type of cross section for the ring include:

1. maximization of the facet out-of-plane stiffness per unit weight;

2. the ring must provide a surface for in-plane rigid attachment of the membranes;
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3. the use of conventional beam forming and ring rolling techniques to achieve the

required tolerance;

4. the ring must provide adequate in-plane buckling and torsional stability; and

5. the ring must provide adequate spacing between the membranes for focusing.

The ring cross sections available are square tube, rectangular tube, I-beam, channel, round tube and

nested charnels. A channel cross-section and I-beam were considered the two best candidates for the

ring design. In order to limit the ring weight while achieving the eight inch membrane spacing

required for focussing, an I-beam cross-section was used in our initial concept rather than a

rectangular tube. An I-beam has considerably less torsional stiffness than a tube. However, in the

stretched-membrane configuration, the membranes supply nearly all the torsion stability for the facet

ring.

The structural properties of the I-beam selected for the facet ring are shown in Table 3.2-1. The

selected I-beam was the widest commercially available structural shape that met the eight-inch depth

criteria. Additional weight savings would be available if a custom I-beam or channel with a thinner

wall were fabricated for the ring.

Table 3.2-1 Facet Ring Structural Properties

Web Flange Fillet
Beam Decimation Depth Width Thickness Thickness Distance

M8X6.5 8.00 in 2.281 in .135 in .189 in .500 in

Cross-Sectional Area A= 1.920 in2

Torsional Constant J, = .020 in’

Moment of Inertia 1, = 18.500 in’ ~ = .343 in’

Section Modulus S, = 4.620 in’ SY= .301 in’

Poisson’s Ratio = .300
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33 Membrane Selection

After extensive evaluation, stakks steel Eoilswere selected over other membrane materials in earlier

SAIC stretched-membrane heliostat efforts. Stainless steel foils with the proper mechanical properties

are available for facets that incorporate the elastic deformation approach. Since such good results

have been achieved with stainless steel in SAIC’S heliostat efforts [1] and because the requirements

for stretched-membrane dish facets are similar for stretched-membrane heliostats, stainless steel was

selected as the membrane material for this effort.

The factors considered in selecting the type stainless steel, hardness and thickness, were

1. adequate yield strength to survive the required elastic deformation for focussing and

the wind loading in any orientation;

2. ability to weld the membrane material;

3. ability to handle the membrane material;

4. flatness of manufactured coil stock;

5. adequate margin between yield strength and ultimate strength;

6. cost; and

7. optical quality considerations.

At the minimum required facet E/Dof 2.7, the resulting membrane stress due to elastic deformation

is 607 MPa (88,000 psi). This assumes an initial pretension of 138 MPa (20,000 psi) prior to out-of-

plane deformation. Half-hard stainless steel foil with a yield strength of 827 MPa (120,000 psi) is

adequate to withstand the front membrane stress for an f/D of 2.7 with a safety factor to yield of 1.4.

The analysis methodology and results are discussed further in Section 3.4-1.
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To limit the vacuum required for focussing the facet, limit the ring compression, and obtain the best

optical quality, the thinnest practical membrane was desirable for the facet. SAIC has previously

successfully fabricated membranes from half-hard stainless steel foils 3-roils thick. The welding of foils

less than 3-roils thick is difficult and quality control is difficult to maintain. Therefore, 3-roils thick

half-hard stainless steel was selected for the facets.

SAIC has previously performed weld and corrosion tests on Type 201 stainless steel foil to determine

its usefulness in heliostat application. This type of stainless steel has a lower chromium content and

about a 25% lower cost than the Type 304 stainless steel used previously for heliostat membranes.

Type 201, 304 and the low carbon version 304L stainless steels were considered for use on the facet

for this project. Type 201 was selected as the preferred material.

The stainless steel membrane material has a coefficient of thermal expansion of 16.6 x 104 cm/cm- “C

(9.2 x 10< in/in-°F), as compared with the carbon steel ring material with a coefficient of 14.8x 104

cm/cm “C (8.2 x 104 in/in- “F). The higher coefficient of thermal expansion for the stainless steel

results in an increase in membrane tension as the operating ambient temperature drops from that at

which the facet was the manufactured and in a reduction in membrane tension as the ambient

temperature increases above the manufacturing temperature. A finite-element model was used in the

“Improved Design for Stretched-Membrane Heliostats” program to determine the changing tension

effects due to the dissimilar thermal expansion coefficient ts. [2] The variation of the membrane tension

as a function of temperature is shown in Figure 33-1. The variation in ring and membrane stresses

as a function of ambient temperature is sufficiently small so that the variation in thermal expansion

coefficients is not a problem.
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Figure 33-1. Thermal Response of Stainless Steel Membrane Welded on a Carbon Steel Ring
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3.4 Structural Analysis

Although SAIC has gained sig-nticant experience designing and fabricating mirror modules from its

Stretched-Membrane Heliostat programs, the mirror modules (facets) for the “Stretched-Membrane

Facet Development Dish Program” presented some unique structural challenges. The minimum facet

f/D ratio of 2.7 requires a center membrane displacement of 8.3-cm (3.25-in). This displacement

produces strain levels in the facet membranes that are significantly higher than those encountered

in heliostat mirror modules. These high strain levels produce high stress levels in the membranes.

Structural analysis was performed on the facet ring and membranes in order to quanti~ and evaluate

the effects of this high strain. Analysis was also performed on the attachment brackets to evaluate

operational and survival stresses and deflections.

3.4-1 Membrane Analysis

The environmental requirements state that the mirror module must maintain focus under an average

of 13-m/s (29 mph) wind, and maintain structural integrity in a non-operational state in any

orientation in a 22-m/s (47 mph) wind. Survival in the horizontal stow position in a 40-m/s (90 mph)

wind is required. The worst loading from a structural and operational standpoint occurs when the

wind is perpendicular to the membrane surface with the front membrane downwind.

Wind load analyses performed during SAIC’S Stretched Membrane Heliostat projects have shown that

the wind plays a significant role in the design of the mirror modules and related structural

components. [1,2,5] Due to the smaller size and higher membrane-stress levels in the facets for the

faceted stretched membrane dish, the wind plays a much smaller role in their design. Analysis showed

that under worst case operational wind loads of 13-m/s (29 mph), the stress caused by the wind was

on the order of 10% of the operational membrane stresses. Therefore, while the added membrane
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stresses caused by wind load was included in the design calculations, it did not play a significant role

in the facet design.

The ideal shape for the reflective surface of an on-axis facet is a perfect parabola. The closer the

focused membrane shape approaches a perfect parabola, the more accurate the facet. The goal of

this project was to achieve the most accurate focused membrane shape while remaining within the

physical constraints of the chosen materials. Analytical work performed by L.M. Murphy, [3] shows

that the shape of a membrane deformed under uniform pressure more closely approaches a perfect

parabola as the membrane pretension increases. Therefore, the facet was designed with the highest

possible pretension in order to produce maximum surface accuracy without yielding the membrane.

Based on the assumption of a spherical membrane shape, the maximum membrane center

displacement for a f/D ratio of 2.7 was found to be about 8.3-cm (3.25-in). The following relation was

used to obtain the maximum membrane stress: [4]

Et’ Y“
S = 0.965 ~ t— (1)

where S = maximum membrane stress (psi),

E = modulus of elasticity (psi),

t = membrane thickness (in),

a = membrane radius (in), and

y = membrane center displacement (in).

Equation(1) is based solely on the material properties and maximum center displacement of the

membrane. There is no consideration in this relation for the membrane pretension T@ To

approximate the actual maximum membrane stress, the in-plane stress created by the pretension was

added to the stress caused by the membrane deformation. It was determined that, with a pretension

of 138 MPa (20,000 psi), the maximum membrane stress was approximately 550 MPa (80,000 psi).
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Adding an additional 10% for operational wind loads increased the maximum membrane stress to 605

MPa (88,000 psi).

During facet focussing, the front and rear membranes are subject to a uniform internal pressure

(neglecting wind effects). This pressure produces elastic axisymmetric deformations of both

membranes. To size the blower motor and evaluate the membrane response to this uniform pressure,

the following pressure-displacement relation was used. [3] This relation is based upon an extension

of a simple design relation developed using a variational approach.

where P = (4T~a)(y/a) + 3.44(Et/a)(y/a)3 (2)

P = applied uniform pressure (psi),

TO= initial membrane pretension (force/length) (lb/in),

Y = membrane center displacement (in), and

A = membrane radius (in).

By inspection of equation (2), it can be seen that there are two distinct components. The first term

is based solely on pretension and membrane geometry. The pretension providti a geometric stiffness

effect to the overall membrane stiffness. The second term in the equation is based on material

properties and geometry and represents the material stiffness effect. For the current facet

configuration, this relationship predicts a required pressure of 4140 Pa (0.6 psi) for the smallest facet

f/D of 2.7.

In the formulation of equations (1) and (2) for membrane displacement, an assumed membrane shape

was used. In the Roark and Young formulation, [4] the membrane shape was assumed to be as

follows:

where y = Max y (1 - (0.%’/a2) - (().lp~d’)) (3)

r = distance from center (in),

y = membrane displacement at distance r from center (in)7

max Y = membrane center displacement (in), and

a = membrane radius (in).
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In Murphy, [3] the membrane shape was assumed to behave as

y = max y (1 - (#/az)) (4)

where all variables are defined above in equation (3).

Neither of these shape relations take into account the geometric stiffness effect due to pretension.

The membrane shape remains the same regardless of the pretension. In order to more accurately

quantify the geometric stiffness effect as it relates to the deformed membrane shape, it would be

necessary to develop a non-linear, large deflection finite-element model. This analysis technique was

not developed for this phase of the project due to time and budget constraints.

3.4-2 Ring Analysis

The depth of the facet ring was determined by the requirement for the front and rear membranes

to deform during focussing and not come in contact with each other. This led to the use of a 20.3-cm

(8-in) deep ring segment. Analysis of various ring segments showed that a 20.3-cm (8-in) depth was

not necessary to assure proper strength and stiffness. To validate the selection of an 8-in ring

segment, analyses were performed on the ring section to assure adequate stiffness, strength, and

stability. A two-dimensional axisymmetric finite-element model was performed to evaluate the ring

roll and stresses. A buckling analysis was performed to evaluate stability. The finite-element model

was made of two-dimensional axisyrnmetric elements. The material was carbon steel. The I-beam

section was held at the center of the web to simulate the attachment points. The membrane load was

applied at the upper and lower corner elements of the beam flange at an angle of attack of 5.3

degrees. The magnitude of the applied force was determined to be 50,000 N/radian (11,180 lb/radian).

The results of this analysis showed that the ring is able to withstand the membrane loading without

significant stress or deflections. The maximum von Mises stress in the ring segment was determined

to be 159 MPa (23,000 psi). The maximum deflection in the ring was determined to be 1.4-mm

(0.056-in).

Further investigation of the analysis results showed that the majority of the stress in the ring was

caused by the circumferential compression in the flanges. As the membranes are stressed, they

compress the ring. Figure 3.4-2 shows the facet ring finite element model with displacement

magnitude shading. The displacements shown in this figure are scaled 20X.
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3.4-3 Attachment Bracket Analvsis

Analysis was performed on the attachment brackets to evaluate stresses and deformations under

various loading conditions. The maximum deflections in the attachment brackets under gravity and

wind loading were found to be l.1-mm (0.043-in). The stresses associated with these very small

deflections were found not to be significant based on the strength of the materials used.

3.5 Facet Focus Control System Selection

A differential pressure must be maintained across the front membrane of the facets in order to

achieve the proper focal lengths. For a 3.7-m diameter facet with an f/D of 2.7, a pressure differential

of about 4140 Pa (0.6 psi) is required for facets made with .003 in thick stainless steel membranes.

This pressure differential is an order of magnitude higher than that required for heliostat applications.

Therefore, external membrane pressure changes due to wind loading have substantially smaller effects

on facet focal length than the wind effect on heliostats.

The speed that the focus control system must react to external pressure changes has a direct effect

on its design. The FOCUS computer program, originally written for the “Improved Heliostat Mirror

Module Development Program”, was used to quantify the effect of wind on facet focal length. The

results of this analysis are shown in Figure 3.5-1. An option in the program was used in which the

facet focal length can be set initially for no wind, and then allowed to vary as wind speed increases.

As shown in Figure 3.5-1, with wind speeds in the operational range from O -17 mph, wind has little

effect on facet focal length. Again, this is because of the high initial pressure differential required to

maintain the relatively short focal length of these mirrors.

Three basic configurations were considered for maintaining the vacuum in the facet plenum. These

were 1) the use of a central vacuum pump or blower with vacuum hoses running to each mirror facet,

2) the use of a pump/blower on each individual facet for maintaining the vacuum, and 3) the use of

a sealed plenum with a linear actuator to modulate the rear membrane and induce a pressure change

in the facet interior (such as used by SAIC in our stretched-membraneheliostat design). The

centralized vacuum pump/blower was selected because of its inherent lower emt, and the lack of need

for movement of large volumes of air quickly during normal operation.
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Two configurations were considered for front membrane position sensors for vacuum control. These

were 1) the use of an LVDT position indicator to provide a feedback signal to the central blower for

control of the system pressure and 2) a passive design consisting of a mechanical valve located within

each facet for plenum pressure control. The passive design was selected for implementation on this

project.

The electronic feedback option for the focus control system is shown in Figure 3.5-2. It was assumed

that three different facet focal lengths are required, indicated in the figure as focal zones 1, 2 and

3. In each focal zone, a LVDT membrane position indicator is shown on one facet only, termed the

“master facet”, to provide a feedback signal that determines the pressure in all four of the modules

in that focal zone. This focus control system design was rejected because of the high costs of the

electronic components, and the difficulties associated with balancing the facet pressures within each

focal control zone.

A vacuum pump with l/4-in diameter hose was used on the first test facet for maintaining the facet

vacuum. It was determined that the flow rate available from the vacuum pump was inadequate for

this application, and the vacuum capability was much higher than required. About one-half hour was

required to pump the facet down to the required focal length from an initially flat configuration with

the vacuum pump. During design of the second-generation facet, a higher volume blower was utilized

with l-in diameter flex hose. The vacuum capability of the blower was well suited to the requirements

of focussing the facet. Approximately three minutes were required to evacuate the facet to the proper

focal length with the blower configuration.

The final facet focus control system design consists of a central blower with l-in diameter flex hose

connected to each facet. A passive front membrane position sensing technique was chosen utilizing

a mechanical valve located within each facet.
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4.0 LABORATORY TESTING AT SAIC

In Phase 1 of the “Stretched-Membrane Facet Development Project”, SAIC performed tests to

evaluate issues perceived as critical to the development of the SAIC design. The three main areas

of testing were weld strength, laser ray trace optical evaluation, and membrane strain cycling. In the

following sections, each of these testing efforts is discussed.

4.1 Weld Strength Testing

The elastic membrane deformation design approach for the facets requires the use of high yield-

strength membrane material due to high operating stresses. The strength of the membrane-to-

membrane welds and the membrane-to-ring welds were of concern under these high stress conditions.

Therefore, SAIC performed

weld strengths are adequate

weld strength tests to identify weld parameters and to veri~ that the

for this application.

The goal of the weld tests was to obtain quantitative data on weld parameters for the roll-resistance

welding equipment and verify that the weld strengths will be adequate for the design stresses. Tests

were performed on membrane-to-membrane and membrane-to-ring welds. SAIC uses a stationary roll-

resistance welder for the membrane-to-membrane welds and a hand-held roll resistance welder for

the membrane-to-ring welds. Both of these welders have been modified for these specialized

applications. A systematic approach was used in isolating the effects of the various weld parameters

on weld strengths. The weld parameters that were varied for the hand-held seam welder are shown

in Table 4.1-1.

Table 4.1-1. IIand-lIeld Roll-Resistance Weld Parameters

Weld Type Percent Current

Weld Time Voltage

Pressure Weld Speed

Head Thickness Surface Preparation

Quenching Inter-Layer

Tension Level Ground Distance

Membrane Thickness Ring Thickness

The weld parameters used for the stationary welder on the membrane-to-membrane welds are shown

in Table 4.1-2.
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Table 4.1-2. Stationary Roll-Resistance Welder Parameters

Squeeze Time Percent Heat

Cool Heat Wheel Speed

Heat Time Pressure

Hold Time Quenching

Off Time Material Thickness

Impulses

The weld samples were strength tested on a tensioning test hture consisting of a hydraulic actuator,

control valve, and a membrane gripping mechanism. The test fiiure is shown in Figure 4.1-1. Beam

sections identical to the facet ring were used for the membrane-to-ring welds. Two six-inch-wide strips

of 3-roil 304, half-hard stainless steel were welded to the top and bottom flanges of the M8X6.5 I-

beam section after the surfaces were ground and finished with 120 grit paper. The stress at weld

failure during tests is calculated from the force of the hydraulic actuator and the weld sample width.

To limit the parameter ranges, preliminary tests were performed to obtain a “feel” for the weld

parameter values that gave the strongest welds. For the membrane-to-ring welds, the primary variables

of interest were the percentage of current, the voltage, the clamping force, and weld speed. Each of

the parameters was varied systematically to find the optimum setting. Each test was performed three

times at each weld parameter setting to check for repeatability. The optimum set of parameters was

determined for the membrane-to-ring welds. Under the optimum parameters settings, the average

stress at failure was 111,644 psi. The minimum yield strength of the membrane material is 120,000

psi. Therefore, the ring-to-membrane welds have strength nearly equal to the yield strength of the

parent material. In nearly all of the samples, the weld failures were all along the edge of the welds,

indicating that the necking or annealing of the material near the weld, and not weakness of the weld

ilself. was the cause of failure.

Membrane-to-membraneweldtestswerealsocompletedunder this activity. WC had previously

welded large areas of 3-roil half-hard stainless steel under a heliostat fabrication contract. [1] The high

stresses in the dish facet required that the welding parameters be optimized for maximum strength.

Again, the parameters listed in Table 4.1-2 were varied and the optimum values identified.
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As was the case in previous membrane-to-membrane tests, the welds were found to be stronger than

the parent material. All failures occurred in the membrane at significant distance away from the

welds. The average stress at yield for the membrane-to-membrane weld tests was 133,000 psi. The

stress at failure is difficult to determine with this type of test because of the rapid transition from

yield to ultimate failure.

The weld tests were successful in determining the optimum parameters for the membrane-to-ring weld

and the membrane-to-membrane welds. The factor of safety to failure for the membrane-to-ring welds

is 1.3 and for the membrane-to-membrane welds it is 1.5. Therefore, the welding techniques applied

to the facet fabrication process are adequate.

4.2 Laser Ray Trace Optical Testing

To have a method for determining the optical quality of the facets fabricated in this project, SAIC

developed a simple, yet effective, concentrator optical test system. A sketch of the system is shown

in Figure 4.2-1. A laser and a target are located at a distance corresponding to the center of

curvature of the dish/facet. The laser is mounted in such a way that it’s beam can be rotated to sweep

across the surface of the facet from the center of curvature. If the facet were a perfect sphere, the

image of the laser would be reflected off the dish back to the same spot. However, any error in the

surface slope will cause the image dot to be displaced. For a 10 meter focal length facet, a calculation

of the sensitivity of the system shows that a 1 mrad error in the surface slope (compared to a sphere)

would result in a 4-cm displacement of the image dot. This simple test is therefore sensitive and

adequate for characterizing the surface of long focal length dish facets. A photograph of this system

is shown in Figure 4.2-2.

Data is taken with the laser ray-trace apparatus by aiming the laser at discrete points on the dish. The

aim point is noted, as well as the position of the reflected ray on the target. Figure 4.2-3 shows the

system in use. In the figure, the beam reflected off the mirror facet is visible about 3-cm below and

the to left of the center of the target. This procedure is repeated for many points on the surface of

the dish. A FORTIUN program was written (LARRY - for LAserR RaY trace) to process the data

obtained from this test. An outline of the analysis procedure follows:
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1. The distance from the laser to the center of the dish is input. This value is taken to be the

radius of curvature of the spherical shell, and twice the focal length of the parabolic shape

against which the actual surface will be compared.

2. For each data point, four values are input to the code: the azimuth and elevation angles of

the incident ray, alpha and beta, respectively, and the position of the reflected spot on the

target, in polar coordinates, i.e., r and theta.

3. These inputs are used to calculate the following vectors and positions in space:

~ the direction of the incident laser ray (from alpha and beta);

P the point of intersection of the incident ray with the spherical shell (from i and R);

~ the surface normal direction of the sphere at the point p (from i);

a the intersection of the incident ray with the parabolic shell (from i and R);

G the surface normal of the parabolic shell at the point a (from a and R);

d the position of the reflected spot (from r, theta, alpha, and beta);

~ the direction of the reflected ray (from p and d); and

~ the calculated normal vector to the surface being measured (from s and r).

4. Once the normal to the surface (K) has been determined, the cross-products of that

calculated surface normal with those of the spherical shell (~) and the parabolic shell (g) are

calculated. Since the magnitude of the cross-product vector is the sine of the angle between

two unit vectors, this determines the angular slope error of the surface relative to each of

those surfaces. The resulting angles phi (error angle relative to the parabola) and omega

(error angle relative the spherical shell) are then averaged over the surface.

Optical testing was performed on both of the SAIC prototype facets at SAIC’S laboratories and at

SERI. The test results from the first facet tested at SAIC are shown in Figure 4.2-4. A single

transverse sweep was performed in a direction perpendicular to the weld seams in the membrane.

This test was performed with the facet focused to a f/D of 2.72. Data points were taken in an area-

averaged fashion across the facet. In the scale of the figure, the difference between the slope error

relative to a sphere and relative to a

The results from the first facet show

parabola are indistinguishable.

that errors of less than about 2 mrad are present up to about

1.2 meters in radius, and then the slope errors begin to increase sharply toward a peak of about 15
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Figure 4.2-1. Concentrator optical Test System Sketch
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Figure 4.2-2. Concentrator Optical Test System
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Figure 4.2-3. optical Test System in Use
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mrad at the edge of the module, An average slope error across the dish is about 5 mrad, based upon

these measurements. The RMS slope error is 6.65 mrad.

Testing at SERI on the same facet showed a slope error of 3.3 mrad. The better results from SERI’S

test are due to the fact that the focal length of the mirror as tested at SAIC was not optimized for

the position of the laser ray trace system. This effect would cause a general shift in the Y direction

of the curve shown in Figure 4.2-4, resulting in a higher overall slope error.

Similar optical testing was also performed on the second facet fabricated by SAIC. The membrane

pretension was increased in the second facet to obtain a better overall facet shape. The higher

membrane pretension reduced the slope error as shown in Figure 4.2-5. The higher membrane

pretension acted to reduce the slope error near the edges significantly, as predicted. In tests

performed at SERI, SAIC’S facet design was shown to have an equivalent RMS slope error of

between 2.5 and 2.8 mrad, including specularity. These results are within the optical quality

requirements set forth at the beginning of the project, i.e., less than 3.0 mrad overall (including film

specularity) slope error.

Improvements in the membrane material flatness received from our supplier for future fabrication

efforts should provide some additional improvement in optical quality. The issue of membrane

material quality control is addressed in Section 5.0- Facet Fabrication.

4.3 Strain Cycling Test

Early in the project, concerns were raised about the effect of the daily

elastic membrane deformation concept. It was feared that the strain

focus/defocus cycling of the

cycling would cause micro-

cracking of the silver reflective layer, delamination, or otherwise adversely affect the performance of

the reflective surface. ThercCore, testing was initiated to evaluate the effect of cyclic hi-axial stress

on stainless steel membranes when laminated with ECP 305 reflective film. Stress cycling on small

coupon samples was also accomplished asa SERIactivity in conjunction with this program. TO form

a basis for comparison, lwo membranes were laminated with identical fabrication procedures. The

reflectivity of bolh samples were measured initially using a Devices & Services (D&S) Reflectometer

which uses a red LED for the light source. Reflectivity of both samples ranged from 95.9% - 98.5?Z0.
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Figure 4.2-5. opticnl Ray Trace Test Results of Facet #2
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To perform a fatigue test on the film, a test apparatus was fabricated to simulate an actual faceted

dish. Two 1.75-m (69-in) diameter rings were stacked on top of each other, the bottom was covered

with a l/4-in steel plate and the pieces were welded together. A membrane was stretched over the

top of the rings and was pretensioned to 195 MPa (28,300 psi) using a tensioning bladder and

tensioning strips. The test apparatus is shown in Figure 4.3-1 and Figure 43-2. The pretension level

was measured using strain gages attached to the membrane. Following pretension, the membranes

were welded to the rings using our standard hand-held roll-resistance welding process. Then the

bladder pressure was released. The final membrane stress, measured using the strain gages attached

to the membrane as shown in Figure 4.3-3, was 2150 MPa (21,700 psi). This is close to the stress

pretension level used in the second prototype facet.

Using a vacuum pump connected to a timer, the membrane was cycled from a flat condition to the

de-sired membrane center deflection of 1.5-in, giving a maximum stress of 575 MPa (83,400 psi). The

test apparatus was then cycled 610 times with about one hour required for each cycle. This

corresponds to about 1-2/3 years of daily operation, or almost 2-ID years of 5-day-per-week

operation.

In this experiment, strain gages were applied in pairs (1 radially, and 1 circumferentially) at four

locations on the membrane, for a total of eight gages. There was good correlation between the

readings from the radial gages with a maximum difference of 11.7% between the highest and lowest

readings, as shown in Figure 4.3-4. The circumferential gages had a maximum difference of 43.870

as shown in Figure 4.3-5, with a spread probably due to misalignment during application and the

effect of seams weld in the membrane. To obtain accurate strain gage readings, experiments were

performed prior to the application of the strain gage to the membrane to determine the

reinforcement effect of the strain gage itself and the glue used to adhere the strain gage to the

membrane. The reinforcement effect of the gage was found to be 9 kPa (1,300 psi).

Reflectance measurements were made on the membrane before and after cycling. The locations of

reflectivity measurements made on the test membrane are numbered 1 through 3 on Figure 43-6.

A D&S Reflectometer was used to measure the reflectance of the reflective surface, as shown in

Figure 437. Figure 4.3-8 shows [he individual measurements, and Figure 43-9 shows the averages
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Figure 4.3-2. Photogmph of Strain Cycling Test Apparatus
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Figure 4.3-3, Attachment of Strai~~ Gages to Strain Cycling Test Membrane
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Reflective Film

Strain Gauges

Figure 4,3-6. Locution of Reflectivity Measurements on Test Apparatus
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Figure 4.3-7. Rellectilnce Measurement Using D&S Reflectometer
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of the measurements made before and after cycling. The results are shown in tabular form in Table

43-1.

Table 4.3-1. Reflectance Measurement Results From hial Cycling Tests

Before Cycling
Location 1
Calibration
Location 2
Calibration
Location 3
Calibration

After Cycling
Location 1
Calibration
Location 2
Calibration
Location 3
Calibration

Before Cycling
LOcaLion 1

Location 2

Location 3

Aperture

1 2 3
Y3.4 97.5 98.5
83.9 84.3 84.7
95.8 97.6 98.3
84.0 84.4 84.8
96.5 97.9 98.7
84.0 84.5 84.8

96,9 97.7 98.3
84.0 84.4 84.8
96.3 97.2 97.9
84.1 84.5 84.8
95.6 96.5 97.3
84.1 84.5 84.8

Adjusled to 84.5% at Aperture 2

95.6 97.7 98.7

95.9 97.7 98.4

97.9 98.7~__
Average 960 97-8 98.6

After Cycling
Location 1 97.() 97.8 98.4

Localion 2 96.3 97.2 97.9

Location 3 ~ ~ ~
Average 96.3 97.2 97.9

At the smallest aperture (#l) in Figure 4,3-8, the difference between the average reflectance before

and after cycling is wi[hin the scaltcr of (hc individual measurements before cycling. At the larger

apertures, the average reflectance is seen 10 have decreased slightly after cycling. The difference is

not large however, and is almost within the scalter between individual measurements. The effect may

be due simply to the cleanliness of lhc film at (he lime of the initial measurements as compared to
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the same film after testing was completed. The film was also examined under a microscope and no

micro-cracks were observed. The results from the axial cycling tests conducted by SERI corroborated

these results.
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5.0 FACEP FABRICATION

The first-and second-generation prototype mirror facets were fabricated at SAIC’S Energy Projects

Division Laboratories located in San Diego, CA. The facets were fabricated using the techniques and

tooling described earlier in this report.

The two facet fabrication processes considered most critical are the membrane welding process and

the membrane tensioning and attachment process. A sketch and photograph of the prototype

membrane welding process is shown in Figure 5.0-1. The 61-cm by 9. l-m (24-in wide by 30-ft long)

strips of .0762-mm (.003-in) thick stainless steel foil are first tack welded together at 2.5-cm (l-in)

intervals while on the 1.22-m by 9.1-m (4-ft by 30-ft) membrane vacuum table. The definition of the

flatness of the membrane is determined during the tack-welding process. This process is analogous

to pinning a garment before it is sewn. The membranes are also laminated with ECP-305 reflective

film at this time using a dry lamination process. As the membrane strips are tack welded, the

membrane is rolled onto a 23-cm (9-in) diameter roll as shown in the figure. The membrane is then

routed through the roll-resistance weld heads and rolled onto a second 23-cm (9-in) diameter roller.

The continuous roll-resistance seam welds are then executed by moving the roller-support carriage,

as shown in Figure 5.0-2. The correct weld parameters are critical to obtaining a high-quality weld.

Critical parameters include the wheel width, wheel pressure, electric current, AC cycle time, and weld

carriage speed. The stainless steel foil used for fabrication of the facets was received from the

supplier with non-uniformities in its flatness. This was considered to be an anomaly since material that

SAIC had previously received from the same supplier was very flat. The problem was traced to mis-

adjustment of the flattening mill used at the supplier’s plant. However, the non-uniform steel had to

be used because new material could not bc received in time to meet scheduled production. This

caused some difficulty in welding and may have also affected optical quality of the facets.

The method used for tensioning the membrane in a low-production scenario is depicted in Figure 5.0-

3. The tensioning method replicates the membrane tensioning device for the Commercial

Manufacturing Scenario to the extent practically possible. The prototype tensioning ftiure allows in-

p]ane tensioning of the membrane and has provisions for circumferential expansion at the intermittent

attachments to the [ensioning dcvicc. These LWO issues are critical for providing uniform

circumferential and radial tension in the membrane. The use of the air-inflated tensioning bladder
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Figure 5.0-2. Membrane Welding
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imparts uniform stress rather than uniform strain on the membrane; this is important because a

uniform stress removes inconsistencies and wrinkles in the membrane.

As shown in Figure 5.0-4, a reaction ring is placed around the outside of the actual facet ring for

prototype production. The reaction ring is in the form of a channel with the tensioning bladder on

the outside of its web, as shown in Figure 5.0-5. Stainless steel foil strips are welded to the perimeter

of the top and bottom membranes, as shown in Figure 5.0-6. The tensioning strips, attached to a 3-m

diameter stretched membrane facet, are shown in Figure 5.0-7. The bladder is inflated pulling the

strips radially and tensioning the membranes. The facet, after tensioning, is shown in Figure 5.0-8.

Once the membranes arc under tension, the hand-held roll-resistance welder is used to weld the

membrane to the facet ring along the top and bottom flanges, shown in Figure 5.0-9. Once the

membranes are welded to the ring, the bladder pressure is released and the tensioning strips, reaction

ring, and excess membrane matcrial are removed. Reflective ECP 244 tape is then used to cover the

seam welds and edges of the reflective film. Installation of the focus control components inside the

plenum completes the facet fabrication process. The completed facet is shown in Figure 5.0-10.
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Figure 5.0-8 Tensioned Facet

Figure 5.0-9 Welding Tensioned Membrane to Ring
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Figure 5.0-10. Facet for Faceted Stretched-Membrane Dish
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6.0 FAC131’ PRODUCTION COST ESTIMATES

A mst analysis was performed to determine the per unit ust of mirror facets at production rates of

500, 1,000, and 10,000 facets per year. The analyses included the identification of appropriate

manufacturing processes, estimation of manufacturing costs, and calculation of the selling prices of

the resulting facets. The following sub-sections describe the manufacturing processes and the facet

cost estimates.

6.1 Facet Manufacturing Process Definition

The five processes involved in mirror facet production are as follows:

1. ring production,

2. membrane production,

3. facet assembly,

4. facet focus control system fabrication, and

5. vacuum system assembly.

The ring production process results in facet rings that are ready for membrane attachment. The

membrane production process yields the facet membranes, including the reflective surfacing of the

front membrane. In the facet assembly process, the membranes are tensioned and welded to the ring

to produce completed mirror facets. The facet focus control system fabrication process yields the

focus control valves and the valve support components that are mounted on the facet. Finally, the

vacuum system assembly process involves the assembly of the blower and vacuum manifolds for the

dish itself. At the end of the facet production phase, completed facets and facet focus control systems

are ready to be shipped to the site and assembled onto the fa~t support structure.

In defining the manufacturing process, we broke the five processes into smaller individual steps [or

three production levels. The most appropriate fabrication processes were selected for each step.

Finally, capital equipment, labor, and space requirements for each step were estimated. In the

following lhree sub-sections, the final process selections are described [or each of the three fdcct

production rates.
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6.1-1 $%ocess Description for the 500 Facet Der Year Produetlon Rate

The 500 facet per year production rate is equivalent to the production of two facets each working

day. At this rate of production, it is not worthwhile to purchase dedicated, specialized capital

equipment in order to mechanize processes. Therefore, many processes are expected to be performed

manually. One exception to this is that some mechanization of component fabrication is possible by

performing fabrication in batches. So, for instance, a single CNC machine can be used for the

automatic production of various small parts in batches, but not dedicated to production of a particular

part. Another characteristic of this production rate is that many components such as the facet rings

would be obtained from outside sources rather than being produced in-house.

The following paragraphs describe in detail the process steps anticipated for this production rate.

STEP 1. Ring Production

In this process step, I-beam rings are made ready for the attachment of membranes.

STEP 1.1 Receive I-Beam RinKs - The I-beam rings for the facets at this production rate

will be obtained from an outside vendor and will be received in lots already bent into

welded. Rings will be stored on-site until needed. A forklift and overhead crane will be used

to move the rings around.

STEP 1.2 Inspect I-Beams - Since the I-beams for the rings will be rolled by an outside

firm, it will be necessary to inspect them upon arrival to ensure they are rolled to the

correct diameter and that they are in compliance with specs. This will be done before any

other processing steps.

STEP 1.3 Cut Hole for Focus Control - A hole will be cut into the rings and holes will be

drilled and threaded for attachment of the focus control system.

STEP 1.4 Prepare for Membrane Welding - The I-beams will be sand-blasted and the top

and bottom surfaces will be ground with a semi-automatic grinder or flycutter. The grinder

will be fried and will have a f~ture to support and rotate the ring.

STEP 1-5 Fabricate Brackets - The brackets for attaching the facet to the structure will bc

fabricated from steel plate. A numerically-controlled machining station will be used to

produce (he pieces in a batch manner, with manual fiiuring.

STEP 1.6 Attach Brackets - The brackeh will be welded in position on the ring, using

manual fiitures to provide alignment.
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STEP 1.7 ~aint Ring - The ring will be moved to a paint booth and painted using a

standard spray gun. Rings will be set aside to cure for 24 hours before further processing.

STEP 2. Membrane Production

The front and rear membranes will be produced in a production area similar to the existing welding

hall at SAIC, except that welding will be done directly on the vacuum tables.

STEP 2.1 Receive Stainless Steel - Stainless steel will be received in 24-in wide rolls and

stored on-site until needed.

STEP 2.2 Inspect - The raw material will be insp~ted to ensure it meets specifications and

is flat, straight, clean, and smooth.

STEP 2.3 Laminate Reflective Film (front membrane only) - As the stainless steel is

unrolled and cut for welding, it will be laid out on a vacuum table. Reflective film will be

laminated to the material using a manual laminating tool.

STEP 2.4 Weld Panels - As panels are unrolled from the coils, they will be positioned and

held down on a vacuum table. A carriage-mounted roll-resistance weld head will then move

along the table to weld the material together. As the welder advances, a spool behind the

weld head will laminate the weld seams with reflective tape to seal the edges of the

reflective film. The membranes will be rolled on tubes for transport and storage after

welding.

STEP 3 Facet Assembly

The completed rings and membranes will be moved to an assembly area containing reaction rings, a

manual tensioning system, and a roll-resistance welder for making the ring-to-membrane welds. There,

they will be assembled together into complete mirror facets, ready for shipment.

STEP 3.1 Lay Out Rear Membrane - The rear membrane will be unrolled and held in

position using mechanical clip-on tabs.

STEP 3.2 Set UP Ring in Reaction Ring - The ring will be moved to the assembly area and

leveled within the reaction ring.

STEP 3.3 Lav Out Front Membrane - The front membrane will be unrolled and held in

position using mechanical clip-on tabs.

STEP 3.4 Tension Membranes - A bladder-type tensioning system will be activated, to bring

the membranes to the desired level of pretension.

STEP 3.5 Weld Membranes - A roll-resistance welder will be used to weld the membranes

to the ring. The welder will be manually operated and have a guide to position it relative
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to the facet ring. The top and bottom seams will be welded independently. Two weld passes

will be made, one under reduced tension.

STEP 3.6 Remove Facet From Reaction Ring - The excess membrane material will be

trimmed fkom the completed face~ and the facet will be removed from the reaction ring.

STEP 4 Facet Focus (lmtrol System Fabrication

The focus mntrol valve support assembly will be machined from steel stock and assembled in the

production facility. Assembled and tested facet focus control systems will be produced which are ready

for shipment to the project site.

STEP 4.1 Machine SurIPOrt Pieces - The mounting yoke and adjusting arm for the focus

control valve will be machined from steel bar stock The holes for bushings will be reamed

to size. The mounting plate will be machined from steel plate.

STEP 4.2 Cut Pipe - The 3/4” steel pipe for the valve will be cut and threaded.

STEP 4.3 Weld - The pipe will be welded to the adjusting arm using a jig for positioning.

A steel pipe nipple will be welded into the mounting plate as a feedthrough.

STEP 4.4 Machine Valve Parts - The parts for the focus control valve will be machined

from Delnn and Teflon.

STEP 4.5 Assemble - All the pieces of the facet focus control system will be assembled.

STEP 4.6 Focus Cmtro] Valve Test - The completed facet focus control system will be

fitted in a jig and tested for correct operation. The system will be pre-adjusted to a safe

position.

STEP 5 Vacuum System Assembly

In this process step, the blower will be assembled into a protective enclosure and required wiring and

piping will be completed.

STEP 5.1 Assemble Vacuum Svstem - The blower WN be mounted in an enclosure for

protection from the weather.

STEP 5.2 Blower Wiring - The blower control cable will be wired.

STEP 5.3 Blower Test - The blower will be tested and the vacuum level will be set to the

proper level.

6.1.2 Process Description for 1,000 Facet per Year Production Rate

Production of 1,000 facets per year yields a daily rate of four facets. As in the case of the 500 facet

per year production rate, many production steps will remain manual, however the increased volume

of production justifies more dedicated tooling. Differences between this production rate and the 500-
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facet per year rate are that rings will be produced in-house from I-beam stock, and that components

of the focus control valve will be obtained from external sources as injection-molded parts, eliminating

the manual machining of those parts. Also, the blower wiring will be provided with the blower. Other

changes to produce the additional quantities are additional manpower and space for additional work

stations, as described below.

STEP 1. Ring Production

In this process step, I-beams are received, rolled and welded into rings, and made ready for the

attachment of membranes.

STEP 1.1 Receive I-Beams - The I-beams for the facet rings will be obtained from a

smelter and stored on-site until needed.

STEP 1.2 Roll Rinm - The I-beams will be rolled into rings using a hydraulic ring-bending

rig.

STEP 1.3 Weld Rinm - The I-beam rings will be mounted in a manual jig and welded

manually using a MIG welder.

STEP 1.4 Inspect Ring - The I-beams will be inspected to ensure compliance with specs.

This will be done before any other processing steps.

STEP 1.5 Cut Hole for Focus Control - A hole will be cut into the rings and holes will be

drilled and threaded for attachment of the focus control system.

STEP 1.6 Prepare for Membrane Welding - The I-beams will be sand-blasted and the top

and bottom surfaces will be ground with a semi-automatic grinder (manual setup and feed,

but with guides for positioning).

STEP 1.7 Fabricate Brackets - The brackets for attaching the facet to the structure will be

fabricated from steel plate, using a numerically-controlled mill.

STEP 1.8 Attach Brackets - The brackets will be welded in position on the ring, using

manual fiitures to provide alignment.

STEP 1.9 Paint Ring - The rings will be moved to a paint booth and painted using an

electrostatic spray gun. Rings will be set aside to cure before further processing.

STEP 2 Membrane Production

The front and rear membranes will be produced in a production area similar to the existing weld hall

at SAIC, except that welding will be done directly on the vacuum tables, eliminating the moving

carriage and the tack weld step.
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STEP 2.1 Receive Stainless Steel - Stainless steel will be received in 24” wide rolls and

stored on-site until needed.

STEP 2.2 Ins~ect - The raw material will be inspected to ensure it meets specifications and

is flat, straight, clean, and smooth.

STEP 2.3 Laminate Reflective Film (front membrane only~ - As the stainless steel is laid

out on the vacuum tables, reflective film will be laminated to the material using a manual

laminator.

STEP 2.4 Weld Panels - The panels will be positioned and held down on a vacuum table.

A carriage-mounted roll-resistance weld head will then move along the table to weld the

material together. As the welder advances, a spool behind the weld head will laminate the

weld seams with reflective tape to seal the edges of the reflective film. The membranes will

be rolled on tubes for movement and storage after welding.

STEP 3 Facet Assembly

The completed rings and membranes will be moved to an assembly area containing reaction rings, a

manual tensioning system, and a roll-resistance welder for making the ring-to-membrane welds. There,

they will be assembled together into complete mirror facets, ready for shipment.

STEP 3.1 Lay Out Rear Membrane - The rear membrane will be unrolled and held in

position using mechanical clip-on tabs.

STEP 3.2 Set UP Ring in Reaction Ring - The ring will be moved to the assembly area and

leveled within the reaction ring.

STEP 3.3 Lay Out Front Membrane - The front membrane will be unrolled and held in

position using mechanical clip-on tabs.

STEP 3.4 Tension Membrane - A bladder-type tensioning system will be activated, to bring

the membranes to the desired level of pretension.

STEP 3.5 Weld Membranes - Using a roll-resistance welder, the membranes will be

attached to the ring. The welder will be manually operated and have a guide to position it

relative to the facet ring.

STEP 3.6 ~ - The excess membrane material will be

trimmed from the completed facet, and the facet will be removed from the reaction ring.

STEP 4 Facet Focus Control System Fabrication

The focus control valve will be obtained as an injection-molded part from an outside vendor. The

support assembly will be machined from steel stock and assembled in the production facility.
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Assembled and tested facet focus control systems will be produced which are ready for shipment to

the project site.

STEP 4.1 Machine SUPPOrt Pieces - The mounting yoke and adjusting arm will be machined

from steel bar stock using a numerically-controlled mill. The holes for bushings will be

reamed to size. The mounting plate will be machined from steel plate.

STEP 4.2 Cut Pi~e - The pipe for the valve w-illbe cut and threaded from 3/4” Schedule

40 steel pipe.

STEP 4.3 Weld - The pipe will be welded to the adjusting arm using a jig for positioning.

A steel pipe nipple will be welded into the mounting plate to serve as a feedthrough.

STEP 4.4 Receive/TnsPect Valve Parts - The parts for the focus control valve will be

received and inspected for compliance with specs.

STEP 4.5 Assemble - All the pieces of the facet focus control system will be assembled-

STEP 4.6 Focus Control Valve Test - The completed facet focus control system will be

fitted in a jig and tested for correct operation. The system will be pre-adjusted to a safe

position.

STEP 5 Vacuum System Assembly

In this process step, the focus control system blower will be assembled into a protective enclosure and

required wiring and manifolding will be completed.

STEP 5.1 Assemble Vacuum svstem - The blower will be mounted in an enclosure for

protection from the weather. Blower electrical wiring will be provided by the blower vendor.

STEP 5.2 Blower Test - The blower will be tested and the vacuum level will be set to the

proper level.

6.13 Process Description for 10,000 Facet per Year Production Rate

As in the scenario described in the preceding sub-seetion, the following process steps result in the

production of complete mirror facets and facet focus control assemblies which are ready for transport

to the project site. At this production rate, equivalent to 40 facets per day, significant changes to

procedures are initiated. Many dedicated machines are used to automate production. The rings will

be rolledin-house.Sandblastingwillbe replacedwith an automaticwire brush/grinderwhichwill

process the I-beam material as it is received. The membranes will be produced at stations by cutting

circular membranes from a single sheet of stainless steel foil that has been seamed together from

several pieces. The reflective film will still be a silvered polymer laminated to the stainless steel foil,

but an improved laminator will speed the process. Hydraulic grippers will replace the mechanical clips
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for tensioning the membranes prior to welding, as shown in Figures 6.1-1 and 6.1-2. The ring-to-

membrane welder will be automatic. Finally, many of the machined pieces will be cast from steel or

injection molded from plastic in-house rather than being machined from bar stock or supplied from

outside vendors.

The following paragraphs describe in detail the process steps involved at this production level.

STEP 1. Ring Production

In this process step, the I-beams are formed into rings, and made ready for the attachment of

membranes.

STEP 1.1 Receive I-Beam - I-beams for the facets at this production rate will be obtained

directly from the steel mill.

STEP 1.2 Prepare I-Beam - The I-beams will be passed through an automatic wire-brush

and grinder unit. The wire brushes will clean the sides of the beam and the grinder will

prepare the top and bottom surfaces for membrane attachment.

STEP 1.3 Cut Hole for Focus Control - A hole will be NC machined into the rings and

holes will be threaded for attachment of the focus control system.

STEP 1.4 Roll Ring - The I-beams will be rolled into rings using in-house rolling equipment

designed to produce highly flat rings.

STEP 1.5 Weld Ring - The I-beam rings will be welded, using a manual MIG welder and

a permanent jig. Only a single joint will be needed.

STEP 1.6 Inspect Ring - The rings will be inspected and adjusted as necessary to obtain the

needed planarity before proceeding to the membrane attachment step.

STEP 1.7 Fabricate Brackets - The brackets for attaching the facet to the structure will be

cast from steel.

STEP 1.8 Install Brackets - The brackets will be welded in position on the ring, using

permanent fmtures to ensure alignment.

STEP1.9 PaintRing- The ringswillbe movedto a paintbooth and paintedusinga dry

electrostatic spray gun. The paint will be heat cured before further processing.

STEP 2 Membrane Production

The front and rear membranes will be produced from a large sheet. The sheet will be formed by

multiple welders operating on coil stock
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STEP 2. Receive Stainless Steel - Stainless steel will be received in 36”-wide rolls and stored

on-site until needed.

STEP 2.2 Ins~ect - The raw material will be inspected to ensure it meets specifications and

is flat, straight, clean, and smooth.

STEP 2.3 Laminate Reflective Surface (front membrane onlv) - The reflective surface will

be formed by laminating a silvered polymer reflective film onto the front membrane.

STEP 2.4 Weld Panels Into Sheets - Several panels will be welded at once as the material

is unrolled from the coils. From the large sheet that is produced, round membranes will be

cut and transported to the membrane attachment area using vacuum platens.

STEP 3 Facet Assembly

The completed rings and membranes will be moved to an assembly area containing reaction rings, a

hydraulic tensioning system, and an automatic roll-resistance welder for making the ring-to-membrane

welds. There, they will be assembled together into complete mirror facets, ready for shipment.

STEP 3.1 Lav Out Rear Membrane - The rear membrane will be placed in the tensioning

Fmture and held in position using hydraulic grippers.

STEP 3.2 Place Rin~ in Reaction Ring - The ring will be moved to the assembly area and

leveled within the reaction ring.

STEP 3.3 Lav Out Front Membrane - The front membrane will be placed on the tensioning

ftiure and held in position using hydraulic grippers.

STEP 3.4 Tension Membrane - A hydraulic tensioning system will be activated to bring the

membranes to the desired level of pretension.

STEP 3.5 Weld Membranes - The membranes will be attached to the ring using a roll-

resistance welder. The welder will operate automatically, running on tracks above and below

the facet to weld the top and bottom membranes to the ring at the same time.

STEP 3.6 Remove Facet From Reaction Ring - The excess membrane material will be

trimmed from the completed facet, and the facet will be removed from the reaction ring.

STEP 4 Facet Focus Control System Fabrication

The focus control valve will be injection molded from plastic. The focus valve support assembly

components will be cast from steel and finish machined on an automatic CNC machine, which will

be shared by different jobs on a batch basis. The components will then be assembled in the

production facility. Assembled and tested facet focus control systems will be produced which are ready

for shipment to the project site.
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STEP 4.1 Cast SuPPort Pieces - The mounting yoke, and adjusting arm will be cast from

steel. The mounting yoke, mounting plate, and hose connections will be integrated into one

casting.

STEP 4.2 Machine SUPPOrt Pieces - The holes for bushings will be reamed to size at a

CNC machining station.

STEP 4.3 Cut Pipe - The pipe for the valve will be cut and threaded by an automatic

machine.

STEP 4.4 Weld - The pipe will be welded to the adjusting arm using a jig for positioning.

STEP 4.5 Mold Valve Parts - The focus control valve components will be injection molded

in-house from plastic and finish machined using a CNC machining station (shared with

other processes on a batch basis).

STEP 4.6 Assemble - All the pieces of the facet focus control system will be assembled.

STEP 4.7 Focus Control Valve Test - The completed facet focus control system will be

fitted in a jig and tested for correct operation. The system will be pre-adjusted to a safe

position.

STEP 5 Vacuum System Assembly

In this process step, the blower will be assembled into a protective enclosure and required wiring and

piping will be completed.

STEP 5.1 Assemble Vacuum Smtem - The blower will be mounted in an enclosure for

protection from the weather. Flexible tubing will be cut to lengths and fittings will be

attached to form the manifold. Blower electrical wiring will be provided by the blower

vendor.

STEP 5.2 Blower Test - The blower will be tested and the vacuum level will be set to the

proper level.

6.2 Facet Cost Estimates

Estimates of the selling price of mirror facets were generated in a similar manner for each of the

three production rates. For each step irt the production process, material, labor, capital equipment,

and manufacturing space requirements were estimated. Then, indirect costs for capital equipment,

manufacturing space, and supervision were added to obtain the total production cost. Finally, profit

was applied, and taxes and depreciation were considered to calculate the final selling price and net

profit for each facet.
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The two lower production rates have many production processes in common, but for the high

production rate many items are mechanized. This mechanization results in reducing the cost of the

facet significantly.

A summary of the basic assumptions inherent in the cost analysis follows:

50 work weeks per year

5 work days/weelq 1 shift

Labor Costs:

Laborers: $91hr

Clerical: $15/hr

Line Supervisors: $20/hr

Engineers: $30/hr

Managers: $40/hr

Laborer Overhead Rates: 5oo/’yr l,ooo/’yr lo,ooo/’yT

70% 70% 50%

Useful Life of Plant Equipment: 10 yrs

Depreciation for Tax Purposes: 7-year straight-line

Cost of Production Space: $0.67/month/ft ~ 2

Cost of Office Space: $1/month/ft A 2

Gross Profit: 15% of Total Production Cost

Taxes on Net Profit: 38% (combined State and Federal)

The results of the cost analyses are summarized in Table 6.2-1. In the table are the costs of the

reflective film, a major cost component, other direct materials costs, indirect costs, and the selling

price of the facets (FOB factory). Also included in the table are the number of labor man-hours per

facet and the total capital cost for the manufacturing facility needed for each production rate. As

shown in the table, we can see the estimated selling price of facets drops from $113/m2 to just over

$50/m2as the production rate is increased from 500 to 10,000 facets per year. The reflective film cost

was held constant, so the price reductions are due to reductions in other direct and indirect costs.

These reductions are the result of in-house production of components, increased mechanization to

minimize man-hour requirements, and reduced overhead due to economies of scale. The advantage
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of going to large-scale production is clear. The capital equipment requirement for the large-scale

facility is significantly higher than that for the lower production rates, but it becomes a minor cost

component on a per-facet basis because it is amortized over the large number of facets produced.

Table 6.2-1. Summary of Costs for Facet Production

Annual Production Rate ~ 1,000 10,000

Reflective Film $198 $198 $198
Other Direct Costs $548 $476 $197
Indirect Costs $399 $272 $122

Selling Price (FOB Facto~) $1,145 $946 $517
$112.5/m2 $93.0/m2 $51/m2

Labor Required (man-hrs) 18.7 20.7 4.55
Capital Equipment $208K $387K $1,720K

Tables 6.2-2, 6.2-3, and 6.2-4 give the detailed cost estimates for each of the three production rates.

In these estimates, capital equipment costs include costs for development required for special tooling

and equipment. Other capital equipment costs are very conservative estimates. Labor hours and

production space estimates were based on an evaluation of the activities involved in each of the

process step and on how much working and storage space would be required.

Table 6.2-2 gives the cost estimate for a production rate of 500 facets per year. In this case, the total

labor force needed for production comes to about four full-time employees. One full-time

supervisor/plant manager and half-time of an engineer and clerical person were felt to be sufficient

for supemision and support to the manufacturing facility.

In Table 6.2-3, the work force for production of 1,000 facets per year is shown to be increased to

about ten full-time employees. This is more than double the number needed for production of 500

facets because more component fabrication is done in-house at this production level. The number

of indirect personnel remained the same as the 500 facet per year production level, reducing the

overhead of the operation.

Table 6.2-4 gives the cost analysis for the 10,000 facet per year production rate. The most significant

changes are the large increase in production space and capital equipment to allow production of more

components in-house, and the reduction in per-facet labor costs due to increased mechanization of
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the production processes. At this level, a production force of about 23 full-time employees is

estimated to be required. The support staff for this production rate is estimated to consist of a plant

manager, three line supemisors, one full-time production engineer, and one secretary.

6S Cost Quotes and Estimates

The following material cost estimates were obtained in support of the facet production cost estimates.

1. M8X6.5 I-Beam - Estimates were obtained for the three production levels from Chaparral

Steel Company in Texas. The estimates were $21- $24/hundredweight. The $24 figure was

used in the estimate for the two lower production rates, and the $21 figure for the high

production case.

2. Plate Steel - Jorgensen Steel Co. gave estimates for 1/4” hot rolled steel plate as follows:

5 Ton@ $43.50/loo#

10 Ton/yr $34.56/100#

100 Ton/yr $32.55/100#

These costs were used for the facet support components, and the $32.55 cost was used for

raw steel costs for casting in the high-production case.

3. Steel Piue - Jorgensen Steel Co. gave estimates for 100 foot lengths of 3/4” Schedule 40 steel

pipe as follows:

1 Ton/yr $55.30/100 ft

2 Ton/yr $50.30/100 ft

20 Ton/yr $40.30/100 ft

These estimates were used for the focus control pipe. Costs for aluminum pipe, as used in the

prototype, were approximately three times as high as steel pipe, so steel pipe was substituted

in production.

4. Stainless Steel Foil - Allegheny Ludlum was contacted to obtain updated costs for Type 201

half-hard stainless steel. The following price quotes were obtained:

12 Ton/yr $ 2.20/ft2

24 Ton&r $ 1.98/ft2

240 Ton/yr $ 1.98/ft2

5. Reflective Film - A single estimate of $21.53/m2 ($2/ft2) for ECP-305 reflective film was used.

Talks with 3M indicated that significant price reductions for the volumes we are considering

would not be possible.
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7.0 CONCLUSIONS

Phase 1 of the “Stretched-Membrane Facet Development Project” has been successful in

demonstrating the technical feasibility and potential cost effectiveness of a multi-facet stretched-

membrane dish for a 25 kW, power production unit. The optical performance of the facets produced

under this project meet the requirements that were outlined in the project statement of work. The

viability of elastic deformation of a stretched-membrane for dish concentrator applications has been

demonstrated.

In the performance of this contract, SAIC has made advances in applying stretched-membrane

technology to high stress elastic deformation conditions, and has developed low cost, high reliability

facet focus control system components. The production cost estimates for the facets are in line with

cost goals with the Solar Thermal Program.

The success of Phase 1 of the project has prepared SAIC and other team members for continuation

of the project into Phase 2 with the fabrication and testing of a complete 75 kWti faceted stretched-

membrane dish.
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