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PREFACE

The research and development described in this document was conducted within
the U.S. Department of Energy's (DOE) Solar Thermal Technology Program. The
goal of this program is to advance the engineering and scientific under
standing of solar thermal technology and to establish the technology base from
which private industry can develop solar thermal power production options for
introduction into the competitive energy market.

Solar thermal technology concentrates the solar flux using tracking mirrors
or lenses onto a receiver where the solar energy is absorbed as heat and
converted into electricity or incorporated into products as process heat. The
two primary solar thermal technologies, central receivers and distributed
receivers, employ various point- and line-focus optics to concentrate
sunlight. Current central receiver systems use fields of heliostats (two-axis
tracking mirrors) to focus the sun's radiant energy onto a single, tower
mounted receiver. Point-focus concentrators up to 17 meters in diameter track
the sun in two axes and use parabolic dish mirrors or Fresnel lenses to focus
radiant energy onto a receiver. Troughs and bowls are line-focus tracking
reflectors that concentrate sunlight onto eece i ver tubes along their focal
lines. Concentrating collector modules can be used alone or in a multimodule
system. The concentrated radiant energy absorbed by the solar thermal receiver
is transported to the conversion process by a circulating working fluid.
Receivel' temperatures range from 1000C in low-temperature troughs to over
15000C in dish and central receiver systems.

The Solar Thermal Technology Program is directing efforts to advance and
improve each system concept through solar thermal materials, components, and
subsystems research and development and by testing and evaluation. These
efforts are carried out under the technical direction of DOE and its network
of national laboratories that works with private industry. Together they have
established a comprehensive, goal-directed program to improve performance and
provide technically proven options for eventual incorporation into the
nation's energy supply.

To successfully contribute to an adequate energy supply at reasonable cost,
solar thermal energy must be economically competitive with a variety of other
energy sources. The Solar Thermal Program has developed components and
system-level performance targets as quantitative program goals. These targets
are used in planning research and development activities, measuring progress,
assessing alternative technology options, and developing optimal components.
These targets will be pursued vigorously to ensure a successful program.

In pursuit of these goals SERI researchers are vigorously investigating
innovative schemes, such as the stretched-membrane mirror structure, that can
improve the cost and performance of solar thermal systems. The experimental
work reported here is part of the final phase of the Solar Energy Research
Institute's (SERl) successful work in stretched metal membrane heliostat

iii



TR-2736

research. Already, the stretched membrane technology is being incorporated in
the solar thermal development program, and large prototype hardware is being
designed and built for Sandia National Laboratory at Livermore using the
structural understanding developed at SERI.

The author wishes to thank Marshall Buhl, Girard Glinsky, Michael Doll,
David Simms, and L. M. Murphy of SERI, G. W. Hannaway of G. W. Hannaway and
Associates, Daniel Sallis of Dan-Ka Products, Inc., and James Wolfe of A.T.A.,
for their invaluable assistance in completing this project. Thanks also go to
Thomas Brumleve for his review of and comments on this paper. Special thanks
go to Michael Doll for contributing his special talents and through testing of
the models described here.

Richard L. Wood
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SUMMAIlY

Objective

The research objective was to achieve a greater understanding of the
structural response of stretched-membrane modules, to correlate with prior
analysis findings, and to determine the validity of the approximate
mathematical models that were developed to describe module performance.

Discussion

We conducted experiments to verify and augment the structural analyses and
models produced by SERI to support the solar thermal program in developing
cost-effective heliostats. This report describes the testing of four
stretched-membrane structural modules at the Solar Energy Research Institute
(SERl) from June 1984 through May 1985. Included are descriptions of the
construction of the 3-meter-diameter test modules, the development and
operation of a sensitive system for measuring minute deflections in the
surface contour of the modules, and the relationship between actual structural
behavior and analytical predictions. The experiments ·described here are a
significant part of the final phase of research on metal, stretched-membrane
heliostats at SER!.

To make measuring deflection trends easier and more precise, we based the
modules on ]-meter-diameter ring frames that were intentionally much weaker
than would be used in production. They included a means for varying the
membrane tension and for supporting the module frame at three points, equally
spaced around the ring. One of the modules was later given a rigid bond
between the membrane and the frame, a structural change that we expected would
affect the out-of-p1ane bending stiffness of the module. A reflective polymer
film was laminated to the O.012-in.-thick stainless steel structural membrane
to demonstrate the structure's role as a heliostat mirror, and to use the
optical shape-sensing technique.

The modules tested were mounted vertically on an enclosed framework. We could
support the weight of the module in either of two ways. Each supporting
method placed a different external load on the module. The enclosure· allowed
a slight vacuum to be pulled behind the module to simulate a uniform wind
loading normal to the mirror's surface. The air seal around the rim of the
mirror to the enclosure imposed a slight load on the module that affected the
results somewhat.

We used a virtual image method developed for this project to determine the
shape of the membrane's surface under various loading cond i t i cns , Using a
video camera 15+ meters (-53 ft) away from the mirror, we observed and
recorded the virtual image of a target grid as reflected by the mi1'1'01" S

surface. At this distance, very small deviations in the mirror's surface
cause marked distortions in the virtual image, as in a fun-house mirror. The
image was digitized and stored on a microcomputer for analysis. Using the law
of reflection and analytic geometry, we can compute the surface slopes of a
sampling of points on the surface from measurements of the image position.
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We assumed a generalized modal (Fourier series) equation with arbitrary
coefficients for the shape of the membrane that was consistent with numerous
permissible modes of deformation for the module. A least-squares method was
used to fit the equation to the sampling of surface s~ope data. The assumed
equation fit all of the data very well, and only the expected terms showed up
in the results.

We conducted six series of tests on four mirror modules: three pneumatically
attached modules with their weight suspended at the bottom support, two pneu
matically attached modules with their weight suspended from the upper mounts,
and one rigidly attached module with its weight suspended at the bottom
mount. We varied the membrane tension and simulated various uniform wind
loads with the vacuumanclosure.

Conclusions and Recommendations

We found that the dominant module response in the above tests was consistent
with prior SERl analyses. Also, with the simple analysis method, the measured
membrane and frame deformations induced by the pressure loading and the
periodic support constraints averaged within 17% of the values predicted, even
though idealized support conditions varied significantly from the true
conditions.

The simple analytical model is quite adequate for designing and slzlng single
membrane modules if the initial imperfections and their amplification are
appropriately controlled. We found that initial imperfections corresponding
to the primary n = 2 deformation mode can be quite important. The n = 2 load
deformation response is quite complex, as the more detailed NASTRAN analysis
of larger modules confirmed. More specifically, the tests confirmed that
coupling may occur that involves axisymmetric dishing (n = 0), the n = 2, and
n = 3 deflection modes because the n = 2 deflection reorients itself under
pressure load so one of its valleys falls atop one of the n = 3 valleys. Some
cases show an associated amplification of the n = 2 magnitude, and others,
where the initial n = 2 magnitude was large, show that it was attenuated by
load. The prior NASTRAN computer code analysis shows that a nonlinear
coupling occurs between the in-plane frame deformation and the out-of-plane
n = 2 modes of deformation. This coupling increases dramatically when a
pressure load is placed on the membrane and the membrane tension load is
simultaneously near or above the out-of-plane buckling load for the frame only
(no membrane restoring force).

To avoid potential problems resulting from the fundamental n = 2 deformation
phenomena, we advise using either relatively stiffer ring frames or more than
three support points on the ring frame. With more than three supports, most
or all of the n = 2 deformation and its subsequent amplification might be
removed.

We did not find any significant differences between the rigidly bounded and
hydraulically attached single-membrane designs.
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SBCTIOH 1.0

IITIlODUCTIOH

Large, structurally efficient and optically accurate solar reflectors and
concentrators for solar thermal applications are feasible using the stretched
membrane concept. With this concept a high-strength structural membrane
coated with a highly reflective surface is stretched uniformly on a frame
(typically a lightweight, hollow, toroidal structure). The stretched-membrane
concept is a method of attaining and supporting a large, optically accurate
surface using lighter weight and lower cost structures than are otherwise
currently possible (Murphy 1983). This concept is also especially suitable
for using polymer reflectors and structural membranes, which may further
reduce weight and cost and improve handling at the factory, in the field, and
in transport.

Because of these very attractive potential benefits, the Department of Energy
(DOE) has been sponsoring research on the stretched-membrane concept for some
time. Much"of the prior research, which has consisted-of closely coordinated
experimental and analytical efforts, is described in earlier publications
(Murphy 198]; and Murphy and Sallis 1984) and in reports currently being
prepared (Murphy 1985; Murphy, Sallis, and Simms, forthcoming). Most of the
prior experimental effort was directed at demonstrating the feasibility of the
hardware, and the gross structural performance, providing initial
configurations for further comprehensive analysis based on qualitative optical
assessments, and identifying and evaluating such limiting engineering issues
as the design of the membrane-to-frame attachment. However, none of the
experiments carried out so far have yielded detailed quantitative information
on the optical and structural response of stretched-membrane modules.

This report describes tests of four stretched-membrane structural modules
conducted at the Solar Energy Research Institute (SEal) from June 1984 through
May 1985. Included are descriptions of the construction of the 3-meter
diameter test modules, the development and operation of a sensitive system for
measuring minute deflect ions in the surface contour of the modules, and
comparisons between actual structural behavior and analytical predictions.
The experiments described here are a significant part of the final research
phase on metal stretched-membrane heliostats at SERI.

We fabricated and tested ]-meter-diameter modules to experimentally study the
structural and optical responses of various designs when they are subjected to
loading and operating conditions anticipated for commerci.l versions.
Further, this experimental research helped to verify the analysis done to date
and pointed out where further analysis is still needed. These experiments
also helped identify crucial design issues and problem areas that might affect
the development and design process being di rected by the Sandia National
Laboratories at Livermore (SNLL) in California.

The analysis to date has been used to identify and study the dominant response
mechanisms in stretched-membrane module designs and to predict trends in the
optical and structural responses of stretched-membrane modules to numerous
design variables (Murphy and Sallis 1984). The experiments described here
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were not specifically directed at matching the analytical idealizations.
Rather, we designed the experiments to induce and describe the numerous
response mechanisms anticipated with stretched-membrane modules, modeled or
not. Furthermore, in several instances we exaggerated certain response
mechanisms anticipated in the eventual conunercial designs to study them
better. As an example, no analysis to date has considered in-plane loading
effect s because they are believed to be generally unimportant; however, the
test configuration amplified these effects considerably beyond what is
considered likely in a real field environment. This allows us to make an
upper bound estimate of the effect of these loadings.

We performed these experiments on mirror modules fabricated by Dan-Ka Products
of Denver. Figure 1-1 shows one of the three single-membrane modules
produced.

Each module was based on a 3-meter-diameter ring frame rolled from
1 in. x 3 in. x 0.062 in. hollow steel box beam. This frame cross section is
intentionally much weaker than what would be used in production but was
predicted to have a suitable balance between in-plane, out-of-plane, and
torsional stiffness to show trends applicable to production designs. Since
the rolling process did not produce rings that were flat enough for our
purpose, shorter individual sections were rolled, flattened, and : welded
together, and a special jig was used to bend the fabricated rings into a near
planar shape. A 0.012-in.-thick stainless steel membrane is held in tension
on each circular hoop. The membrane itself was made by butt seaming four
33-in.-wide sheets (from coiled stock) with epoxy/fiberglass tape, since wide
sheets of the needed thin-gauge material were not available. To illustrate
the suitability of the structure as a heliostat mirror substrate and to
utilize the virtual image surface characterization method described in
Section 2.1, a reflective surface of 3M's ECP244, an aluminized acrylic film
with an adhesive backing, was applied to the face of this structural
membrane. Although we do not expect this reflective surface to be used on
actual heliostats because of its relatively poor reflectivity, it was readily
available, inexpensive, and quite suitable for our optical shape measurements.

All three modules were initially delivered in the same form. The membrane
attachment scheme used an inflated "inner tube" to apply a uniform force
between the frame and membrane (see Figure 1-2). The scheme is one that
Dan-Ka had developed and used on earlier test modules. This scheme is not
necessarily reconunended for prototype or conunercial designs, but it was easy
to fabricate and, most significantly, it allows us to vary the membrane
tension easily by changing the air pressure in the bladder. This scheme
provided a fairly pliant attachment between the membrane and frame, although
we expect the friction at the point where the membrane rides over the edge of
the frame to increase its rigidity somewhat. Since the pneumatic bladder acts
like a nonlinear spring, allowing radial movement while supplying a restoring
force that varies relatively slowly with ring displacement, we expected the
membrane tension to remain fairly uniform regardless of the deflection of the
ring frame. Prior analysis (Murphy and Sallis 1984; Murphy, forthcoming;
Murphy, Sallis, and Sinuns, forthcoming) indicated that this restoring property
would not greatly affect the behavior of the module; even single-membrane

2



Figure 1-1. Mirror Structural Test Module. Three 3-meter-diameter,
stretched-membrane, structural test modules were fabricated for
this test by Dan-Ka Products of Denver.

designs in which the membrane has a perfectly rigid radial constraint and no
circumferential resistance show uniform membrane tension under most loading
conditions.

After thoroughly testing one of these modules to characterize its structural
response in the pliant, pneumatically attached configuration, we sent this
module back to Dan-Ka to have the membrane rigidly bonded to the frame at a
specified tension. While the frame was held flat on the straightening jig,
workers tensioned the membrane to the desired level using the pneumatic
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Bladder Friction point

Figure 1-2. Pneumatic Tensioning Method. Membrane tension was varied by
changing the air pressure in the "inner tube." The fixed
attachment was obtained by injecting a bonding agent at point B.

bladder and injected an adhesive bonding agent into the joint between the
membrane and the frame (point B in Figure 1-2). We predicted that this
attachment approach would result in a somewhat more rigid structure than the
models with more pliant attachments. The rigidly attached membrane greatly
affects out-of-plane bending by contributing additional moment-of-inertia to
the frame, much as a flange might if welded to the top or bottom of the
frame. We call this the "flange effect." Recent calculations show that this
flange effect is enhanced in double-membrane designs because of the coupling
between the roll and bending of the frame.
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SECTIOB 2.0

THE STRUCTURAL TESTS

A goal of these tests was to observe the static shape of the stretched
membrane and frame structure as a function of membrane tension and simulated
wind load with some v'ariation in module support mountings. Table 2-1 shows a
matrix of the loading conditions to which the various modules were subjected.

The modules were supported vertically from three points on the ring, as shown
in Figure 2-1. ThreE~ points were chosen to give the ring frame the greatest
freedom to distort so we could study all its natural deflection modes.

We designed a fixturl! that allows the weight of the structure to be carried
either on the bottom support only or on the two top supports jointly. With
this design the auppor t attachments not carrying the weight cannot apply any
radial force or bending torque to the ring frame.. Nonuniform torques on the
frame result in nonuniform out-of-plane frame deformation and. associated
surface deformations. Nevertheless, it was impractical to remove all
extraneous torques from those supports that were carrying some of the module's
weight. When the we:ight was carried by the bottom support, a fairly short
moment arm (shown in Figure 2-1) caused a small but significant torsional
moment in the ring f'r-ame at that point. When the weight was carried on the
upper two supports, a relatively long resulting moment arm was operative at
the supports. Even if the module weight is shared equally by each of the
upper two supports (which we cannot guarantee and which we suspect was not the
case), the resulting torques produced have components both in out-of-plane
bending and in frame torsion.

Table 2-1. Module Test Series Load and Support COlDbinations
(in approximately chronological order)

Series Mirror
Modulea Membrane Vacuum
Weight Tensions Loading

Designation Module Support (lbf/in.) (in. H2O)

M028 2 bottom 25,98,58 0.0-1.5

M02T 2 upper 25,100,58 0.0-2.0

M038 3 bottom 33,100,66 0.0-2.5

M048 4 (old 2) bottom 97b,47b 0.0-2.0

M018 1 bottom 33,100,66 0.0-2.5

MOlT 1 upper 33,100,66 0.0-2.5

aSee Figure 2-1 for a description of the support details.

bAs indicated by amount of axisynunetric dishing. Not directly
measurable sinc:ethe pneumatic tensioning mechanism was di'Sab1ed.
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This support fixture was mounted in an enclosed, sheet metal box, and a
conmercial vacuum c l.eanez was used to pull a slight vacuum (up to 2.5 in. of
H20 in the high t.ens i on tests) inside the enclosure to simulate wind loading
on the mirror module. The face of the box had a seal fit close to the rim of
the mirror. The box of:lDd the seal were constructed so as to avoid adding any
significant amount of external force onto the rim of the module. Pressure
taps were installed at, six points in the enclosure so that we could measure
the front-to-back preasuee difference to ensure it was uniform across the
mirror. The net for.ce: of the vacuum on the mirror module was normal to the
membrane surface and, therefore, strictly horizontal. The three module
supports were the only reaction to the net pressure force on the module
points, as noted.

The three pneumatically tensioned modules were initially tested with the
weight supported at thE! bottom attachment at low tension first, between 25 and
JJ lb/in., then high tension, typically 100 lb/in. Finally, the tension was
dropped to an intermediate tension, between 58 and 67 lb/in. On two of the
modules we repeated the sequence with the weight supported by the upper two
brackets (see Table 2-1).

Later, we again had the membrane rigidly bonded to the frame on one of these
modules. The first rigid bond configuration was preset at approximately
100 lbl in. After testing it at various wind loads, we removed the .membrane
and reattached it at approximately 50 lb/in. and then retested it.

2.1 MlASUUIOOIT MImI010

The test method described here was specifically designed for performing the
structural response tests on these 3-meter-diameter modules.o The test method
is a flexible laboratory research tool that can be adapted for numerous tests
but is not directly ap~licable to heliostat mirrors in the field.

The experiments called f,or a sensitive detection scheme. Surface slope errors
on the order of a feil .mill,iradians greatly affect the size and shape of a
reflected spot on a centra'l receiver. These slope errors translate into very
small surface deformations (on the order of a millimeter for the 3-meter
diameter modules) and it would be difficult and imprecise at best to directly
measure surface displace.ents this small on a 3-meter-diamet~r structure. The
virtual image method developed for these tests is very sensitive to small
deflections of this order and made it possible to map the shape of the
membrane surface accurately over a wide range of ~eflections, even showing the
extent'of manufacturing error in modules with no load.

Figure 2-2 schematical.ly shows the features of the method we selected. The
observer at point 0 (in this case, the video camera) sees a reflection of the
checkerboard grid in the mirror at the right. If the mirror is perfectly
flat, the virtual image will appear undistorted, neither magnified nor
reduced. Rather, it will appear full size, as if the observer were looking
through a window, se4!ing an identical checkerboard a distance L behind the
window (mirror). Deviations in the direction of the mirror's surface normal

.will, of course, cause distortions in the observed virtual image, as with a
fun-house mirror. Figure 2-3 shows the video-recorded images of a relatively
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flat (a) and a vacuuDl-10aded (b)
membrane. Note that in the loaded
mirror, the image is magni f i ed and
the grid is a l so d i s t or t ed , indi
eating nonuniform, out-of-p1ane
deflection of the frame to which the
membrane is attach.ed, which
corresponds to the periodic support
pattern.

We obtain quantitative shape infor
mation from this view by applying
the law of reflection and some ele
mentary vector algebra. In
Figure 2-2, consider the point G on
the checkerboard grid that the ob
server sees by Looking "through"
point P on the mirror. Knowing the
precise location of poi.nt G on the
grid with respect to the observer at
point 0 and comparing that location
with the measured location of the
image point P (relative to the mir
ror's center or rim), we can define
the rays GP and PO. B:y the law of
reflection, the normal to the mirror
surface at point P must bisect the
angle between lines GP and PO, as
shown in the inset. Thus, the sur
face normal direction in defined.

In implementing this scheme we have
configured and assembled a system of
electronic and optical components
(see Figure 2-4), including a pre
cision video camera with a telephoto
lens, a microcomputer, and a video
image digitizer (see Appendix 8 for
a more complete description). Soft
ware on the microcomputer accesses
the image data on the digital frame
store and by pattern recognition
identifies point P in the virtual
image and determines i t:s x and y co
ordinates (or rand e) relative to
known points in the d i rect view of
the camera. AppendiK C contains
more details about this process.

For this determination to be exact
we must know the axial or z co
ordinate of point P, which can be

9
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(a) Undlstorted imag1e in an unloaded mirror

(b) Mirror with slight vacuum behind It

Figure 2-3. Imaiges Seen Under Test
ConditioDs. In (a), we see the
nearly undistorted image seen in an
unloaded mir ror t in (b), the same
mirror with a slight vacuum pulled
behind it to simulate a wind load.
Note the magnification of the image
due to the concavity of the
surface. Also note that the squares
are warped in places, indicating
out-of-p1ane bending of the ring
frame.
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envisioned as two compCllnents: the nominal distance from the observer to the
nominal reflector plane and the displacement of the membrane surface from the
nominal reflector plane (the quantity we are hoping to deduce as a result of
this process). HoweveJ:', by making the distance between observer and mirror
very large compared with the maximum z deflection of interest, the slight
relative variation in z (caused by the surface deformation) will have a
negligible effect on the calculation of the direction of the normal vector.
At very close range, thc)ugh, the surface deformation could constitute a larger
portion of the z coordinate; thus, if the surface displac:ement is not known,
the process of calculating the surface normal direction bE!comes recursive and
possibly subject to errc>rs.

The greatest benefit of increased range, however, is in magnifying the size of
image distortions. Figure 2-5 illustrates this effect. Consider the mirror
element canted at a small angle e from the nominal mirror plane, which will
displace the observed virtual image by twice that amount (or 2e) from its
original position ~ r1egardless of the distance of the observer and target
from the mirror. To the closer observer 01' this is small relative to the
apparent size of the mi.rror. To the more d1stant observe:r 02' this shift in
the virtual image position is more significant compared wit:h tne apparent size
of the mirror as viewed from that distance.

Increasing the range if carried too far can make data gathering using pattern
recognition difficult or impossible. To illustrate thi:s point, Figure 2-6
shows a situation in which the local radius of the membrane curvature is
shorter than the distance to the observer and grid. In this situation, the
membrane tension is too low to pullout small ripplE!s in the membrane
material. The result is a garbled image that is next to impossible to
decipher as it is. ThlJS, we must select the appropriate range to achieve a
good bal.ance between me~lsurement sensitivity and usable curvature range.

A major capability of this method is that each virtual image "snapshot" taken
by the observer camera is a complete record of the mirJ:,or's shape at that
instant. Virtually no time is taken to "scan" the surfalee, as in laser ray
tracing. This makes it possible to study the structural dynamics of the
mirror's surface. In l!lddition, the sharpness of the virtual image or, con
versely, the amount of blurring of the image's details c.ontains information
about the specularity of the mirror's surface. Appendix C discusses surface
specularity effects fur1;her.

Others have used virtlULl image techniques to analyze solar reflectors. The
Jet Propulsion Laboratclry (JPL) tested parabolic dish mi.rrors with a still
camera and a small, colored, concentric ring target Located at or near the
supposed center of curvatuee of the mirror <Christ 1984) II The measurements
indicated the extent that the surface slope varied with respect to a pure
spherical shape by observing the extent to which the concentrator's aperture
was filled with each c:olor. JPL (Argoud and Dennison 1982) used another
approach that is close:!:' to those employed for testing smaller astronomical
telescope mirrors. The:y produced a large, collimated beam using an existing
solar simulator. The beam was directed onto the mirror being tested, and a
camera recorded the distribution of light that: passed through various
apertures positioned at its supposed focal point. Researchers used annular
apertures correspondins; to increasing slope error to gather data on the
mirror's shape.

11





TR-2736

riaure 2-6. Garbled Virtual I_Ie.
A completely relaxed membrane
(little or no tension). Image is
scrambled becau.se local surface
radii are shortE!r than distance to
observer. Some local images are in
verted, some arE~ right. Result is
multiple occurre:nces of portions of
the image.

The Lawrence Livermore Laboratory
(1LL) developed a test for parabolic
troughs that examined the apparent
size and location of the virtual
image of the receiver pipe itself.
To do this they shot many
consecutive movie frames as the
mirror was scanned past the
observer's axis (Wood 1981). If the
data are properly treated, this
distant observer method will show
not only the slope errors in the
mirror but the positioning error of
the receiver pipe within the
trough. An amplification of this
method is being planned, which may
be used to assess the surface shape
of large parabolic dishes now being
designed for SNLA.

These three methods directly measure
slope errors (relative to some
reference), not absolute surface
normal direction, asSERI' s helio
stat test method does. Also, SERI's
heliostat test differs markedly from
the others because the observed ob
ject and the observer lie well
inside the radius of curvature of
the mirror. The test relies on
recognizing and locating individual points on the virtuall image and not on
measuring areas or other sizes. The 'other methodsl require multiple
observations to fully characterize the mirror's surface; i. e , , to measure
error magnitude and direction. They are appropriate fClr testing the more
deeply curved mirrors they were designed for, but SERl' s method is more
appropriate for the nearly flat heliostats.

2.2 DATA AlJALYSIS

The virtual image technique yields a self-consistent field! of surface normals'
with a low noise level superimposed by the uncertah'1ties discussed in
Appendix C. We are assuming that the bulk of the noise has a Gaussian
distribution. We apply the least squares method to determ~ine a best guess of
the mirror's shape. To do this we assume a shape equae l cn (Murphy and Sallis
1984) of the form

z(r,e) =C +
CD

I
n=2

A_ (_r)n~ cos (ne)
a

CD n
+ I 8n (~) sin (ne) ,

n=2 a
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vector w ~::==..

Figure 2-7. Error VE!ctor Defini-'
tion. Coefficients fOl~ t he assumed
shape equation are ChOSE!n to minimize
the sum of the squares elf the lengths
of all the error vect.oes , the dif
ference between the measured surface
normal vectors and those indicated by
the equation.
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where

z =displacement of the
toward the observer

r = radius

a = rim radius

9 = circumferential angle measured
positive counterclockwise (9 = 0
at the 3 o'clock position).

The first term is the axisymmetric
dishing caused by a slight pressure
difference of an ideal membrane on a
planar ring. The Fourier series form
in Eq•. 2-2 describes the three
dimensional shape of a free, ideal
membrane on a nonplanar support.

An alternative form fOll:' t.he equation combines the Fourier cosine and sine
series in the form

z(r,9) =C
r 2

(-) - 1a
+ ~ (r n

l Dn a) cos n(9 + 'n) •
n=2

(2-2)

The term 'n is thus the angular position of the peak of the corresponding
model deflection. A subset: of these terms describes the expected shape as
predicted by theoretical analysis. The additional terms retained here permit
unexpected nonlinear structural deformation phenomena to be revealed if
present.

We can choose the best values for the coefficients ~, Bn, and C (n=2 ,3,4, ••• )
by fitting this equation to the surface normal data. For the small slopes we
observe (typically less than 15 mrad) the rand 9 components of the normal
vector are almost exae t Ly dz/dr and l/r dz/d9, which we can obtain by
differentiating the assumed shape equation. Next we select values for the As,
Bs, and C that minimize the function:

L [~calC(rOl,9m)
A ]2F = - nmeasured

m

L [:: (rm,Elm) 3z I ]2 + L 12 [:: (rm,9m) - :: I ]2 , (2-3)=
m 3r m m r m m

which is the sum of t he squares of the magni tudes of all the A error vectors,
the difference between the measured surface normal direction nmeasured, and
the normal direction indicated by the assumed Eq. 2-1 and as defined a.n
Figure 2-7. Since the t erms in Eq , 2-1 are linear in An' Bn, and C, i.e., no
products of As, Bs, or C exist, the best values for the coefficients can be
found in closed form ~LS in least squares polynomial fitting. However, we
chose to apply a general searching routine to find the minimum so we could
have studied nonlinear terms if the data had so indicated.
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In almost all cases the data were fit to curves with.! residual RMS error
(/!!m) of about 1.0 mrad, which is about the amount e:x:pected with all of the
noa se sources considered. None of the fits had an RMS error of over
1.5 mrad, which suggests that the assumed equation was indeed a good choice
and fit the phenomena very well.

15
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SECTIOII 3.0

FIIIDIIIGS

We conducted six series of tests on the four mirror modules described
earlier: three pneumaticall~' attached modules with their weight suspended at
the bottom support, two pneumatically attached modules with their weight
suspended from the upper mounts, and one rigidly attached module with its
weight suspended at the bottom mount (see Table 2-1). The reduced data are
given in Appendix A.

Overall, there were few surpr i sea in the results. The most significant
finding was that, as predicted, the measured amplitudes corresponding to three
terms from the assumed defLect i on equation (Eq. 2-2), the n = 0 term
(axisynmetric dishing), the n = 2 term (frame imperfections), and the n = 3
term were the only ones of any significance. A pure n = 2 deflected module
has two high points and two low points on the rim, a shape resembling a potato
chip. An n = 3 deflection has three regularly spaced high points and three
low points, but the shape otherwise is similar to the potato chip saddle.

The n = 2 mode arises for the initial imperfections and is present in all
cases to some extent. Loading on the module can greatly amplify this mode if
it is not constrained by the supports. On the other hand, if more than three
supports are used, we can probably eliminate this mode of deformation or
mitigate it to negligible levels.

The n = 3 mode arises from the three supports; i.e., since the frame is
rigidly supported normal to the membrane's plane at just three points, it
tends to deflect between t.he supports. Analogously, there will always be a
corresponding deformation mode corresponding to the number of supports (for
any number). The data show that the n = 2 and n = 3 deflection modes can and
do coexist for the three-support configuration.

In these experiments we found that all the coefficients corresponding to the
higher order modes of deformation were insignificant. We carefully analyzed
the data in search of harmonies up to n = 12 with no success. If these
harmonics are present, they Slre too small for this system to measure.

3.1 AMPLIFICATIOII OF IIIITIAI. IMPEIlFECTIOIIS-n = 2 DEFORMATIOII

As expected, as we increased the membrane tension with no external pressure
load, the n = 2 deflection increased. In two exceptional cases, mirrors land
2 with bottom support, the intermediate tension caused a larger n = 2
deflection. However, it is likely that these modules were plastically
strained during the high-ten~lion series that preceded the intermediate-tension
tests. The low-tension and high-tension, low-external-load tests, which were
done before the expected overl oad , are consistent with the predictions (see
Figure,A-1 in Appendix A).
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In the low- and intermediate-membrane-tension cases, the n = 2 deflection
depended very little on the simulated wind load (see Figure A-l in
Appendix A). One of the exceptions was in series ~[038 (mirror 3, bottom
supported). This mirror module had the largest initial n = 2 imperfection of
the three ring frames. The fabricator had warned us that thi s ring was very
flat when sitting free but that there were more twists and discontinuities in
the cross-section than on the first and second ring. 1~ith its membrane under
tension, the ring's nonuniformities caused the marked potato chip. As the
wind load was increased, the magnitude of this mOdule's n = 2 deflection
actually decreased. Thus, the simulated wind load tended to flatten the ring
frame, perhaps because of the way the ring frame imperfections are positioned
relative to the support points.

On mirrors one and two, the high-membrane-tension eases show an increase of
the n = 2 deflection with increasing simulated wind loading. With mirror
three, which had a markedly higher initial n = 2 deflection, the n = 2
deflection decreased with increasing load in the low-load range. Again, the
ring frames in all of the high-tension cases were ver,' close to buckling and
may have been plastically deformed. This is the probable cause of any
inconsistency between the low and intermediate tension leest results. (We were
unaware of this during testing, since the n = 2 and n = 3 ring deflections are
hard to recognize visually. The principal visual effect of wind loading is
the marked magnification of the virtual image because the membrane dishes
axisymmetrically.>

The direction or orientation of the n = 2 deflection va:ried somewhat with load
on all tests. Even tests that showed very little amplification of the n = 2
deformation mode with load showed some orientation shift (see Figure A-2 in
Appendix A). There are not enough data to be conclusive, but the shift
appears to align one of the n = 2 valleys with one of the n = 3 valleys. (In
the figure, the M02B curves appear to be approaching an n = 3 peak. On the
far side of the ring, the other n =2 valley is approaching an n = 3
valley.) This is consistent with a possible nonli.near coupling between
membrane dishing, out-of-plane buckling, and in-plaJ~e deformation of the
frame. This coupling problem is discussed in a forthcoming
publication (Murphy, Sallis, and Simms) that descr:ibes the postbuckling
response of a specific module.

J.2 SUPPORT-IOUeED D = J DEFLECTIOII

The n = 3 deflections were considerably better behaveci as anticipated. The
orientation always showed the n = 3 peaks to lie direc:tly over the supports.
The magnitudes, however, were sometimes considerably hi.sher than expected. In
Figures A-4 through A-7 in Appendix A, deflections are plotted as a function
of membrane tension and wind load for all of the pneumatically attached
tests. The values plotted are not the gross n = 3 coefficient determined for
the test but are the difference between the loaded and unloaded condition,
since some initial deformation corresponding to the n = 3 mode typically
existed in each unloaded case. The curves shown are Itheoretica1ly predicted
deflections for an ideal single membrane module with ~L spring attachment and
uniform loads normal to the plane of the membrane. Further, the model, as
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Vacuum enclosure

(8)

"..

•

t
Small vacuum

Greater vacuum

(b)

(c)

Foam rubber seal
Face plate

Mirror module

Figure 3-1. Wind Load Simulator Rim
Seal. The sealing force of the
sponge rubber seal on the mirror' s
rim may have contributed anappre
ciable out-of-plane bending force to
that rim. Deflection of the face
plate at higher vacuum may have
served to unload the rim.

This notion is supported since the
data for mirror 2 fit the predicted
curves very well, especially at the
lower tensions, while mirrors 3 and
1 are progressively farther off.
The mirrors were tested in 2, 3, 1
order. For the mirror 2 tests, the
seal was not working because of
insufficient sealing force; we used
masking tape to seal the mirror to
the loading fixture. Before testing
mirror 3, we modified the seal so
the tape would not be necessary.
The fixture face plate was bent so
the foam rubber seal pressed more
firmly against the mirror's rim.
The internal support meant to carry
the vacuum load on the face plate
probably acted as a fulcrum, so
increasing the deflection of the
face plate caused by internal vacuum
tended to lift the seal away from
the mirror's rim, reducing the
systematic load on it (see
Figure 3-1).

Nonetheless, the deflections are not
unreasonable. They are well within
an acceptable error allowance,
considering all of the assumptions
in the analytical models, the

The largest differences between
measured and predicted deformations
seem to occur in the lower tension
cases, while agreement seems to be
very good in the high-tension, low
vacuum cases. (As mentioned before,
the high-tension, high-vacuum cases
were probably too near the buckling
load.) Furthermore, we suspect that
the vacuum seal between the mirror
module and the loading fixture may
have added appreciably to the
deflecting load despite the provi
sions against it.

described in detail in Murphy
(1985) , does not cons ider in-plane
weight effects, twisting or bending
moments induced by the supports, the
rim sealing loads, nor the full
effect of the pneumatic attachment.
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controllable and uncontrollable errors in the experimental method, and
perverse factors. In 36 tests on hardware of similar configuration the
measured deflection averaged 17% higher than the predicted deflection. If we
take into account the addi tional force that the rim seal of the loading
fixture imposed on the module frame, these errors would have been
significantly smaller. In particular, the mirror 2 data that were taken with
the superior rim seal agree with the predictions within a few percentage
points «6% RMS).

The data obtained on module 4 (which is actually the same membrane and frame
as the original module 2 but with the rigid adhesive bond between the membrane
and frame) are inconclusive. Predictions were that the rigid attachment would
make the module somewhat stiffer to external loadina.* We tested the module
with two different membrane tensions. At high tension the rigidly attached
module did not increase in stiffnesl compared with the pneumatically attached
module 2. Reworking and rebonding it at a lower tension caused a much larger
initial n =- 2 and n :II 3 deformation. This module now showed a much hiaher
amplification of the n • 3 deflection with increasing load than had any of the
pneumatically attached modules. The fabricator had warned us that the
membrane sustained much damage when they removed the first bond and made the
second, lower tension bond. Something may have gone wrong with it during
rework or during shippinge In any event, not much can be said about these
last findings.

*A much larger stiffening effect is associated with a double-membrane design
. h 'Slnce t e membranes behave analogously to flanges on the frame when we

consider out-of-plane bending. In single-membrane designs the roll of the
frame cancels part of this benefit (roll is greatly restr:ined with double
membrane designs).
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SECTIOB 4.0

COBCLUSIOBS AID RECOMMDDATIOBS

Based on test results of the single-membrane modules using three supports
described in this report, we reached the following conclusions:

• The dominant module response observed in the tests is consistent with
prior analysis findings derived from a simple analytical model and from
the far more detailed NASTRAN finite element analysis studies of larger
modules.

• Measured membrane and frame deformations induced by the pressure loading
and the periodic support constraints averaged within 17% of the predicted
values when the simple analysis method was used, even though idealized
support conditions varied significantly from the true conditions. This
agreement with predictions is even more encouraging since we believe that
the experimental errors (such as the unanticipated force imposed on the
edge by the rim seal) can account for most of the largest errot'S seen
that occurred with mirror modules I and 3.

• The simple analytical model is quite adequate for designing and sizing
single-membrane modules if the initial imperfections and their
amplification are appropriately controlled.

• We found that initial imperfections corresponding to the primary' n = 2
deformation mode can be quite important. Note, however, the overly
flexible frame design intentionally exaggerated the effects seen in these
tests relative to realistic practical designs. Further, the n = 2 load
deformation response is quite complex, as the more detailed NASTRAN
analysis of larger modules confirmed. More specifically, the tests
confirmed that coupling may occur that involves axisymmetric dishing
(n = 0) as well as the n = 2 and n = 3 deflection modes, because the
n = 2 deflection reorients itself under pressure load so one of its
valleys falls atop one of the n = 3 valleys. Some cases show an
associated amplification of the n = 2 magnitude, and others, where the
initial n = 2 magnitude was large, show that it was attenuated by load.
The prior NASTRAN computer code analysis showed that a nonlinear coupling
occurs between the in-plane frame deformation and the out-of-plane n = 2
deformation modes. This coupling increases dramatically when a pressure
load is placed on the membrane and the membrane tension load is
simultaneously near or above the out-of-plane buckling load for the frame
only (no membrane restoring force). Furthermore, by appropriately
placing the initial imperfection pattern on the support points, we would
anticipate that in some cases the frame membrane combination would be
flattened relative to the initial configuration, though this was not
studied or predicted in the earlier analyses.

• To avoid potential problems resulting from the fundamental n = 2
deformation phenomena, we advise using either relatively stiffer ring
frames or more than three support points on the ring frame. Using more
than three supports makes it possible to remove most or all of the n = 2
deformation and its subsequent amplification.
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• We failed to see any significant differences between the rigidly bounded
and hydraulically attached single-membrane designs. The anticipated
difference based on analogies with NASTRAN results for larger
configurations is small (within the experimental error limitations>. We
still anticipate that rigid bonds will significantly affect the double
membrane designs.

We will soon be testing a rigidly bonded, two-membrane module, one with a
second membrane on the back of the ring as well. The structural features and
advantages of this scheme are discussed in Murphy and Sallis (1984), Murphy
(1985), and Murphy, Sallis, and Simrns(forthcoming). We will eliminate the
systematic errors uncovered in these tests, primarily relating to extraneous
loads, from the upcomina tests.

If more tests on single-membrane structures are called for later, it would be
relatively inexpensive and perhaps enlightening to reexamine module 1 now that
we know more about what to look for. (Mirror 2 is now mirror 4 and may not be
recoverable. Mirror 3 was damaged while being made into a laminated-membrane
module.) However, considerinl the current DOE emphasis on the two- membrane
design for heliostats, future tests on sinlle-memb~ane modules are unlikely.

Upcoming SERl research of wind-excited vibration modes of the stretched
membrane structure will use this virtual image method to quantify the drumhead
and transverse wave modes of membrane oscillations. In this application we
will make high-speed motion pictures of the virtual imaae field using a
2-ft-diameter model in a wind tunnel. Each movie frame will be studied
separately to quantify the membrane dispLacement, and the sequence will then
be reconstructed to obtain membrane displacement as a function of time.

An in-the-fie1d version of this test is feasible if we modify the hardware.
For relatively flat mirrors (where the curvature radius is much lonler than
the distance between observer and the mirror), the checkerboard grid must bp.
nominally twice the mirror diameter if we want to fill the entire mirror with
the grid image. Testing mirrors any bigger than 3 meters using this method
would be quite an undertaking, and such tests in the field would be extremely
unwieldy at best. A good compromise may be found in a one-dimenaiona1 taraet
(pole with alternating color bands) with scanning of the mirror in the other
axis. We could obtain similar results using this hardware modification,
although it would involve more data collection and reduction.
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APPEllDIX A

TEST RESULTS

The reduced data from all of the tests performed on the Dan-Ka Products
3 meter diameter, single stretched-membrane mirror modules is presented
here. Table A-l gives the axisymetric dish coefficient and the Fourier
coefficients and phase angles obtained when the assumed equation {shown in the
table} is fit to the various sets of surface slope data. The slope data were
obtained by analysis of the video/digitized virtual images according to the
method described elsewhere in this report. Figures A-l through A-7 show the
dependence of the indicated deflection amplitudes on important loading vari
ables. Figures A-a through A-12 illustrate, qualitatively, the interpretation
of the virtual image data.
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APPIDIDIX B

ELEMEBTS OF VIDEO OBSaVATIOII, DIGITlZATIOII, AHD ARALYSIS SYSTEM

In this series of structural response tests, a video camera with a telephoto
lens observed the mirror test module and reflected virtual image. The camera
is a Dage/MTI model SC68, an industrial-grade camera with high spatial and
grey-level linearity, as opposed to a simple surveillance camera, which is
relatively crude in these critical areas. The lens is a NikkoI' Series E,
50 mm £1.4, which, because of the small format of the Vidicon tube (Nl/2 in.),
is equivalent to a 138-DID telephoto lens on a 35-mm camera. We took the
close-up pictures using a NikkoI' 300-DID telephoto lens, which would be like
using an 800+ DID telescope on a 35-mm camera.

The video analysis system used 'for this project is based on a video digitizer
and framestore package produced by Imaging Technology Incorporated, Woburn,
Mass., and on software available from G. W. Hannaway and Associates, Boulder,
Colo. Although versions of these elements are available for a variety of
computers, budgetary and scheduling constraints caused us to use one of our
IBM PCs rather than a faster and more powerful minicomputer. (In retrospect,
the slowness and relatively small storage capacity of our system critically
hampered our data collection and data reduction processes.)

The PC-compatible version of the video package came on a single expansion
board, called the PCvision board. This,board fits directly into one of the
PC's expansion slots and has video input and output jacks. On a signal from
the host computer, the video digitizer freezes a frame from the composite
video signal coming in through the input jack. The picture is broken into
480 )( 480 individual cells, or pixels. The digitizer assigns an integer
brightness value 1 (zero for black, 255 for white) to each pixel. The
480 )( 480 array of eight-bit integers is stored in a dedicated set of memory
chips called the video framestore. The output video display driver
continuously examines the frames tore and produces a composite video output
stream.

The values of integers residing in the frames tore array can be read and
written using appropriate software. The contents of the framestore can be
written to disk and recalled for reviewing at a later time. Our lO-megabyte
hard disk was inadequate for storing all of our test data pictures, so we used
floppy disks as well. Again, this greatly hampered data analysis efforts.

Various software packages are available to process the displayed image
manually. The particular package we used provides subroutines for these
processing and access functions that can be called from user-defined, high
level language programs.
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Our data analysis program retrieved stored frames from floppy disks, located
the relative position of the virtual image grid corners, mapped these relative
coordinates into real space using observed calibration target data, and
calculated membrane surface slopes. Local obstructions and surface
distortions sometimes required that a computer operator override the
computer's location selection. This process was the most time-consuming part
of performing these experiments.

The surface slope data were sent to a mainframe computer with 'superior
graphics capability and speed to process the data and plot the shapes.
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APPEllDIX C

ERROR ABALYSIS: SOUllCES OF UHCEIlTAIHTY HI RESULTS

The virtual image technique is a straightforward method of visualizing and
quantitatively measuring the directions of surface normal vectors for many
points on a mirror; however, it does not directly yield surface deflections.
Each snapshot, or frame, yields a self-consistent field of surface normals,
each with an associated error band or tolerance. In this series of tests the
sources of measurement error are numerous, but all are of a manageable
ma.gnitude.

Visually, the most noticeable source of uncertainity arises from the reflec
tive quality of the mirror. These 3-meter modules have reflective surfaces
OM's ECP244) of an aluminized acrylic film with an adhesive backing. At
16+ meters from the mirror, the slightly scattering metallized plastic film
does not reflect a sharp virtual image of the checkerboard grid but blurs the
edges of the squares together. Also, because the adhesive backing is wavy,
oriented along the roll direction of the film, additional image scatter occurs
in the direction perpendicular to the waves.

These effects are illustrated in Figure C-l(a), in which a 300-mm lens was
substituted for the 50-mm lens used for the structural tests. The roll
direction in the mirror material is clearly discernible, tipped about 20
degrees to the left of vertical, running parallel to the tape-joint splice.
(The membrane splices were tipped off-vertical to keep the tape-joints between
substrate sheets from obscuring adjacent grid intersections.) Using a large
camera aperture with sharp focus in the virtual image plane instead of the
mirror plane helps to see past any local effects of the waves on the image, as
in Figure C-l(b). This blurring made the transition from the light to dark
square appear to be about one-tenth the height of one square. Each corner,
which is the intersection of two dark and two light regions, appears· as a
"saddle point" of measured reflected intensities, making it more difficult to
tell precisely where on the mirror the corner of the checkerboard grid really
is. Under otherwise ideal conditions, we judge the resulting uncertainty in
locating the grid corner in the virtual image to be about 1/4 mrad (1/2 mrad
width at one standard deviation).

The second most noticeable source of data uncertainty comes from local
distortions in the structural metal membrane. Since we are trying to
characterize the gross shape of the membrane and frame combination, these
local problems are not of interest. In these cases the computer operator can
manually override the simple computer pattern recognition routine in selecting
the location of the grid point by extrapolating information from adjacent
regions without exaggerated local distortions. Figure C-2 illustrates one
such case. The membrane has a slight crease that makes the grid corner appear
at a point not representative of the macroscopic shape of the membrane in that
vicinity. The computer software locates the corner at point A. However, in
this case the operator should and did override this selection and choose
point B as being more representative of the gross membrane shape. The
magnitude of this error depends on the quality of the substrate membrane and
on the membrane tension. Based on the size of the local distortions
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(a) Large aperture. mirror Iurfaceln tight focul
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(b) Large a.,.r.tur•• virtual Image In belt focul

Figure C-l. Maanified View. of the Mirror'. Surface. In Ca) the telescopic
lens is in sharp focus on the mirror itself. From this long distance, small
local defects and ripples are easily discernable. In Cb) we see the same view
with the lens in focus on the virtual image, which appears twice as far
away. The ripples and defect. in the mirror cause the imale to be blurred but
recolnizable.

rigure C-2. Data ADaly.i. I.
eo.plicated by Local Defect.. The
slight creale in the membrane caules
a repetition and dislocation of the
virtual image locally. Without the
crease, the vertex would probably
appear at B.
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Figure C-3. Sffect of Larle-Scale
Ripple.. The wavel that cause these
distortions in the virtual image are
about 10-20 cm wide and slope lesl
than 2 mrad. Maximum dilplacement
from planar is leiS than 0.1 mm.
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observed in the virtual image, as in Figure C-3, we estimate the typical size
of the deflections to be less than 1 mrad (if the membrane is under tension).

Another source of measurement uncertainty appears in when digi tizing the
image. Each video frame is broken into 480 x 480 discrete pixels. A standard
monitor display is not square, and a pixel is wider than it is tall. The
measured brightness (called gamma) of each pixel is quantized as an 8-bit
number; zero is darkest and 255 is brightest. We wrote a software package
that can automatically search the entire digitized frame of information and
locate the virtual image grid corners. In our scheme we made no attempt to
locate the grid corners more precisely than to the closest pixel. In most
cases a human looking at a blown-up portion of the digitized picture can still
determine where the corner is with a precision finer than one pixel; but that
much resolution was deemed unnecessary and would require an inordinate amount
of operator interaction. Still, because of the discrete nature of the
digitized picture, the corner would appear to lie midway between the centers
of two pixels or at the center of a three- or four-pixel cluster. In these
cases the computer routine would choose a nearby pixel, and the operator would
be called upon to exercise some human pattern recognition and judgment about
which pixel was the best guess for the location of the corner. Note that this
discreteness in location imposes noise into the data. However, a one-pixel
error in location causes only a 0.4-mrad error in the mirror slope
calculation.

We used the same discrete location
scheme on the calibration frame,
which caused low level non-Gaussian
noise in the camera calibration
data, but its effect is diminished
in the mapping process, which is an
interpolation scheme. The real lo
cation of a virtual image grid
corner is obtained by comparing its
video coordinate location to the
four closest known calibration
points. The effect of an error in
one of the four calibration points
when calculating the location of the
virtual image grid corner depends on

Camera
images
known

cancel
optics

Figure C-4. Direct View of
Calibration Target. Mirror
are compared with this
calibration target image to
any distortions in the camera
or electronics.

A fourth source of absolute error is the spatial nonlinearities in the optics
and electronics of the video camera. This was largely mitigated by spatial

calibration using a second grid pat
tern. A screen with this grid was
placed in front of the mirror and
viewed directly (Figure C-4), estab
lishing an absolute linear scale
within the video space. With these
known landmarks in the video plane,
the locations of virtual image
points on a mirror test frame are
mapped into real space from video
coordinat~s.
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how close the point comes to that calibration point. The one-dimensional
analogy is that the square distribution of error in the calibration data
causes a sawtooth error distribution in the mirror slope data.

Since the significant issue in these structural tests is not the absolute but
the relative shape of the mirror, i.e., the difference between the loaded and
unloaded shape, this error is immaterial as long as the same calibration data
are used on all the mirror data frames within a test series.

We were concerned that we would not obtain enough data from a single frame to
average out these errors and allow us to fully characterize the mirror's
shape, especially in the simulated wind load cases in which the dishing of the
membrane greatly magnified the image of the target,. pushing many of the grid
points outside the mirror's aperture. We avoided this problem by shooting
multiple frames of each structural test case, each with the mirror tilted at a
slightly different angle to the optical axis of the observation system. The
tilt caused the position of the virtual image grid to shift so a different set
of points was sampled each time. The surface normals computed for each frame
exhibit a bias in direction according to the module tilt, a bias that can
easily be subtracted from the data afterward, yielding surface normals in
mirror axis coordinates instead of instrument axis coordinates. The data from
the multiple frames of otherwise identical tests were then combined to produce
a superset of data describing the mirror shape in that loading condition. A
small amount of noise was inserted into the data at that point that
corresponded to the uncertainty of the tilt correction factor for each frame.
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