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DEVELOPMENT OF LIGHTWEIGHT SOLAR PANELS
By J. A. Carlson

Electro-Optical Systems
SUMMARY

This report summarizes the results of Phase I and Phase II of
Contract NAS7-428, Development of Lightweight, Rigid Solar Panels.
Electro-Optical Systems began work on Phase I in January 1966 under
contract to NASA Headquarters, the Office of Solar and Chemical Power
Systems of the Office of Advanced Research and Technology. Phase I was
concluded in January 1967. The Phase 1I portion of the contract, which
has been monitored through Langley Research Center, was started in July
1967. The fabrication and testing of the Phase II demonstration panels

was completed in March 1969,

This report covers the work on Phase I which was not reported
(Ref. 1). The specific areas of Phase I which are documented in this
report are related to the fabrication, assembly, and testing of the
demonstration panel. CR-75370 (Ref. 1) contains the design tradeoffs,
optimization studies, and array and mechanisms designs which were com-

pleted during Phase 1.

The results of the Phase II1 effort are also presented.
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INTRODUCTION

The objective of Contract NAS7-428 was to design, fabricate and
test solar panels which confirm the feasibility of erecting large area,
25 1b/kW solar arrays. During Phase I, the panel pictured in Fig. 1
was built and tested. This 25 sq-ft panel utilized an electroformed
nickel "hollowcore' substrate supported in an aluminum, double-box-beam
frame to achieve a weight-to-power ratio of 42 1b/kW, based on the
ground rule that the power output of the 4-mil silicon cells used in
the design is 10 watts per square foot. This hardware and the support-

ing analysis demonstrated:

1. The stiffness-to-weight advantage inherent in the curved

shell concept;

2. The feasibility of fabricating large, foil gage structures

using the electroforming technique;

3. The advantages of lower total weight and lower thermal re-
sistance which are obtained with the one-piece electroformed hollowcore

structure as compared to adhesive~bonded structures.

Concurrently with the Phase I effort on NAS7-428, work performed
at Electro-Optical Systems under Contract NAS1-6218, had led
to the development of a process for electroforming aluminum with suffi-
cient strength to be useful as a structural material. The Phase I1I
objective was to develop the technology necessary to successfully fabri-
cate a solar panel using an electroférmed, aluminum, hollowcore substrate
and a beryllium frame. The two demonstration panels which resulted from
the Phase II work are shown in Fig. 2. These panels weigh approximately
6 1b and have a calculated power output of 210W, giving a weight-to~power
ratio of 28.5 1b/kW. Calculations shéw that, with minor design modifica-
tions a@d manufacturing controls, the program goal of 25 1b/kW can be

achieved.

2



EC-16743

Figure 1.

25-sq ft Panel with Electroformed Nickel Hollowcore
Substrate Supported in Aluminum Double-Box-Beam Frame
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PHASE I SUMMARY

Task Description

The Phase I development program was divided into four major tasks:

1, Task I - Perform tradeoff analyses and produce a solid, work-

able design for a representative photovoltaic solar cell array;

2, Task I1 - Fabricate a demonstration panel including assembly

of structure, attachments, solar cells, and coverglass;

3. Task IIT - Complete testing of demonstration panel including
tests of small sample panel sections and vibration test of the demon-

stration panel;

4. Task IV - Interpret data obtained from panel tests and recom-

mend a program plan for Phase II.

The results of Task I and general information including mission/
spacecraft assumptions, design criteria, functional specifications,

and definitions of terms and nomenclature were reported in NASA CR-
75370 (Ref. 1). 1Included in CR-75370 are designs for 5 kW and 10 kW
deployable arrays which use the 25-sq-ft demonstration panel as a basic
building block. A description of the Phase I demonstration panel hard-
ware is provided in this report. A detailed report on the electroform-
ing process used to fabricate the nickel hollowcore substrate is also
presented here. The assembly procedure, which completes Task 1I, is
also documented in this report. The results of the Phase I vibration
tests, Task III, are discussed., Completion of Task IV resulted in the
program plan for Phase 11 of NAS7-428, which is the subject of the last

part of this report.
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Completed Nickel Hollowcore Substrate

Figure 3.
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Figure 4.

Two-Piece Aluminum Attachment Clip



hinge brackets are inserted into the corner bracket at each corner.
These were used to simulate the hinges between subpanels and were used

for mounting the demonstration panel to various test fixtures.
The details of the frame assembly are shown in Figs. 5 and 6,
Electrical
Solar cells. - The Phase 1 demonstration panel was three types of
solar cells bonded in place to confirm the feasibility of using the
hollowcore structure as a solar panel substrate. The following cells

are installed:

1. 150, 4-mil, 2 cm x 2 cm N/P silicon with conventional silver/

titanium contacts (solderless)

2. 150, 8-mil, 2 cm x 2 cm N/P silicon with conventional silver/

titanium contacts (solderless)
3. 6, 15-mil, 1 cm x 15 cm N/P dendritic with plated contacts
Filters. - The 300 silicon cells were filtered using OCLI type
B-SCC~410-MS-C solar cell cover slips. These filters are 2 cm x 2 cm

x 0.003 inch microsheet,

Interconnections. - The interconnections used on the demonstration

panel are l-mil molybdenum,

Weight simulation. - The area of the panel not covered by live

cells is covered with 2-mil aluminum platelets, 2 cm x 2 cm, which

simulate the weight of the cells, filters, and interconnections.

11
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Figure 5.

Details of Frame Assembly
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Figure 6.

Details of

Frame Assembly
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A cross-sectional view of the plating setup is shown in Fig. 7.
The aluminum plating mandrel was mounted on the reciprocator as shown
in the figure. After mounting, the reciprocator was placed in the
plating bath between the contour masks which separated the aluminum
mandrel and the anode baskets. The anode baskets were filled with
sulfur depolarized nickel anode chips. The anode baskets were fabri-
cated from titanium wire mesh to minimize possibilities of bath con-
tamination. The anode baskets were covered with Dacron cloth to prevent
the anode sludge from dispersing in the plating solution and causing a
rough nickel deposit. Air agitation was supplied through a pipe placed
in the bottom of the plating tank along the lower edge of the recipro-
cator, Air agitation was used to help remove gas bubbles that form on
the surface of the mandrel during plating and thereby reduce pitting
of the nickel. The part was reciprocated back and forth during the
plating process to minimise the effect of variations in current density
which would have resulted in thick and thin places in the final elec-

troformed structures.

Continuous filtration of the electroforming solution was maintained
throughout the plating process by the use of 50-disk Alsop Filter As-
semblies supplied by Vanton pumps. Power for the electroforming process

was supplied by a 1000A direct-current power supply.

Mandrel Fabrication

The electroforming mandrel for the demonstration panel was fabri-

cated from 6061-T6 aluminum sheets 0.090 inch thick.

Material was procured from Diamond Metal Sales, Los Angeles, as
prepunched flat aluminum sheets 60 inches x 144 inches. The sheets
were punched with 3/4-inch-diameter holes on staggered l-inch centers.
After receiving-inspection, the prepunched sheets were cut to a blank

size of 60 ¥ 65 inches. The holes in the blanks were then drilled and

15
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reamed to a 15/16-inch division. This gave a final area of approximately
16 percent. The edges of each hole were radiused to minimize discon-
tinuity stresses., It was found during the fabrication of buckling spe-

cimens that samples without this radius tended to crack in this area.

The mandrels were polished by sanding before forming to remove all

scratches and dents.

A drop hammer forming process was used to obtain the biconvex
shape of the panel. After forming, the contour of the panel was in-
spected using a master check template with the panel remaining in the
die for support. At this time it was noted that some of the holes near
the edges of the mandrel had deformed during the forming process. 1In
addition, holes which had less than the 0.050-inch web between them
also deformed. It is believed that these problems could be corrected
on other units by increasing the blank and die size over the final re-
quired, and drilling and reaming the holes with an accurate drill jig.
The prepunched sheets had somewhat greater hole location variations

than should be allowed for production parts for this use,

The mandrels were completed by trimming to size and welding on six

slotted tabs which were used for attaching the mandrel to the reciprocator.

Electroforming

Electroforming of the hollowcore nickel substrate consisted of two

basic steps: (1) preparation and (2) electroforming.

The mandrels were prepared for electroforming by sanding to remove

all scratches and burrs.

17



Actual electroforming of the demonstration panel was accomplished
using an average current density of 20A per square foot. Electroforming

was accomplished in approximately 2.5 hours,

Etching

Following electroforming the completed structure was given a visual

examination for pits, cracks, or tears.

The mounting tabs were trimmed off and the nonconductive tape was
removed, exposing the etching holes. Etching the aluminum mandrel out
of the electroformed nickel was accomplished by immersing the panel
vertically in 30 percent solution of muriatic acid. The etching process
required approximately 7 days because of the limited surface area

available for the HCL to attack.

After the etching process was completed, the lightweight structure

was rinsed several times with deionized water.

The fabrication of the nickel biconvex substrate was completed by
placing it on the forming die and checking the contour with the master
check template. The completed nickel substrate is shown in Fig. 3.

ASSEMBLY OF PHASE I DEMONSTRATION PANEL

Assembly of Structure

Assembly flow plan. - The flow plan for the assembly of the struc-

ture is shown in Fig. 8. The drawing numbers in the figure refer to

drawings included in NASA CR75370 (Ref. 1).

19
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Bonding of the dielectric film to the nickel hollowcore substrate., -

Following is a discussion of the bonding of the dielectric film to the

nickel hollowcore substrate.

Evaluation of adhesjves. - A series of pull tests was conducted

on niékel—H film lap shear samples to evaluate the following types of
adhesives; Du Pont Silicon, General Electric SR-585, Dow Corning DC-280,
Bloomingdale Rubber Company BR-1000 and ¥M-47, Shell Chemicals 422, and
Narmco 7344 with Narmco Catalyst 7119. Most of these adhesives developed
maximum bond strength in high pressure, elevated temperature, cure
cycles. The room temperature, low pressure cure cycle required to bond
the H-film to the fragile nickel hollowcore substrate would develop

bond strengths of less than 200 psi for all of these adhesives except
Narmco 7344, Narmco 7344 with Narmco Catalyst 7119 developed bond
strengths between 1000 psi and 1200 psi using a room temperature cure
and 2 psi bonding pressure. Based on the results of these tests, Nérmco
7344 was chosen as the adhesive to be used to bond the H-film to the

nickel hollowcore.

Preparation of surfaces. - The H-film was precut in 16 x 56.7 in.

sections and mechanically etched, using No. 400 grit abrasive paper.
The sections were suspended during the etching process to prevent im-
perfections in the surface beneath the H-film from wearing through.

The H-film was first etched along the long side of the section and then
rotated 90O and etched across the short length to produce a uniform
matt surface. The film was then washed with warm tap water and a de-
tergent soap, and rinsed in tap water with a final rinsing in distilled
water. It was dried in a 150°F oven for 45 minutes. Just prior to
bonding, the H-film was wiped with a clean cloth saturated in methyl

ethyl ketone.

21



combination. The corner pieces and hinge brackets were riveted to the

beam assemblies using MS-20648D3K2 blind rivets to complete the assembly,

The substrate subassembly riveted to the lower beam assembly is

shown in Fig. 9.

Electrical Assembly

Submodule fabrication. - The 4- and 8-mil cells which were used

to fabricate the submodules were tested and electrically grouped into

+1 mA lot at 0.45V,

All handling of the cells was done using the vacuum pickup tool

shown in Fig. 10.

The bus bar forming tool is shown in Fig. 11. This tool is a dual
purpose device and was also used to jig the bus bars and cells for sol-
dering. Figure 12 shows the bending tool replaced with a vacuum hold-
down tool upon which the cells were placed and indexed under the pre-
formed bus bar for the soldering operation, The large vacuum pickup
tool which is shown in this figure was used to handle the completed

submodu les .,

Laydown of submodules, - The masking tool used to apply the RIV 602

to the submodules is shown in Fig. 13. A completed submodule with the
adhesive applied is shown in Fig. 14, Figure 15 shows a submodule

about to be placed on the precleaned H-film surface. This figure also
shows the geometric layout and straight edge arrangement used to posi-

tion the submodules on the substrate.

The aluminum platelets which were used to simulate the solar cells

for the demonstration panel were mounted to the substrate using the

23
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Figure 9.

Substrate Subassembly Riveted to Lower Seam Assembly
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same technique as that used for the actual submodules. The cover slides
were bonded to the solar cells after all submodules and solar cell
simulators had been mounted to the substrate. The terminal standoffs
were then bonded to the H-film and the final wiring of the demonstration

panel was completed,

PHASE I DEMONSTRATION PANEL VIBRATION TESTS

A series of low-input-level vibration tests was performed to de-
termine the resonant frequencies and gains at resonance of the biconvex
demonstration panel. The results of the tests verified the assumptions

and analyses used in the design of the structure.

Since these tests were not intended to be design qualification
tests the input levels were maintained below the design limit loads.
The excitation for all tests in this series was normal to the plane
tangent to the biconvex panel at its center. All excitation was

sinusoidal.

The test specimen was the biconvex solar panel, EOS Part No.
J1100300. The area which was not celled was covered with aluminum

platelets which simulate the weight of the solar cells,

Test Setup

The test setup at Wyle Laboratories (El Segundo, California) is
shown in Fig. 16. Two Ling 249 electrodynamic shakers were used to
drive the fixture to which the panel was mounted, The attachment of
the panel to the fixture is shown in Fig. 17. The armatures of the

shakers were series connected to insure proper phasing.
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Figure 16.

Demonstration Panel

on Vibration Test Shake Fixture
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Figure 17.

Accelerometer Location
Demonstration Panel to

and Attachment of
Shake Fixture
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Figure 18.

Location of Vibration Test
Control Accelerometer (No. 1)
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Figure 19.

Placement of Accelerometers on
Demonstration Panel Surface



Test Results

During the fixture evaluation tests it was discovered that the
No. 1 Ling 249 shaker was resonating at 16 Hz with a gain of approxi-
mately 3., By controlling the servo system with a control accelerometer
on the end of the fixture driven by the No. 1 shaker, the resonance
could be controlled out. The effect of controlling this resonance was
a lowered input at 16 Hz (by a factor of 3) from the No. 2 shaker,
This resonance in the shaker did not affect the test results since the

panel was responding as a rigid body at 16 Hz.

The only other significant resonance in the shaker-fixture system

was at 105 Hz and had a gain of approximately 1.5,

The panel resonant frequencies and the gains at resonance are

tabulated in Table II.

TABLE 11
BICONVEX PANEL RESONANT FREQUENCIES AND GAINS

Frequency Gain

Hz g's/g Remarks

26 38.5 The motion at this frequency was a com-
bination frame and panel resonance.

46 38.6 Panel resonance. Frame rigid

56 48.5 Panel resonance

75 50.0 Panel resonance

100 67.90 Combination frame and panel resonance.
This gain was adjusted to account for the
fixture resonance at this frequency.

120 67.0 Combination frame and panel resonance

160 70.0 Panel resonance
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DEVELOPMENT OF LIGHTWEIGHT SOLAR PANELS
By J. A. Carlson

Electro-Optical Systems
SUMMARY

This report summarizes the results of Phase I and Phase II of
Contract NAS7-428, Development of Lightweight, Rigid Solar Panels.
Electro-Optical Systems began work on Phase I in January 1966 under
contract to NASA Headquarters, the Office of Solar and Chemical Power
Systems of the Office of Advanced Research and Technology. Phase I was
concluded in January 1967. Thg Phase II portion of the contract, which
has been monitored through Langley Research Center, was started in July
1967. The fabrication and testing of the Phase I1 demonstration panels

was completed in March 1969.

This report covers the work on Phase I which was not reported
(Ref. 1). The specific areas of Phase I which are documented in this
report are related to the fabrication, assembly, and testing of the
demonstration panel. CR-~75370 (Ref. 1) contains the design tradeoffs,
optimization studies, and array and mechanisms designs which were com-

pleted during Phase I.

The results of the Phase II effort are also presented.



PHASE 11 SUMMARY
Task Descriptions
The Phase II development program was divided into four major tasks:

1. Task I - Design and analysis of a solar cell panel utilizing

an aluminum hollowcore biconvex substrate and beryllium frame

2, Task IT - Scaling up of aluminum electroforming process devel-
opment reported in NASA CR-66427 (Ref. 2), and fabrication of aluminum

hollowcore biconvex substrates
3. Task I1I1 - Fabrication of beryllium frame
4, Task IV - Assembly and test of Phase II demonstration panels,

The results of Task I, including descriptions of the resulting
designs for the hardware to be fabricated and discussions of the cri-
teria and methods used to define the configuration are presented in
this part of the report. This section also contains a description of
the electrical layout for the demonstration panel and thermal and dy-

namic analyses of the system.

The Task II subtasks including process parameter studies, design
and construction of the large electroforming cell, and the electroform-
ing of the substrates for the demonstration panels are described in

this part of the report.
The Task III discussion covers the fabrication of the beryllium

beams, magnesium hinge fittings, and aluminum attachment clips which

constitute the frame hardware.
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The assembly of the two Phase II demonstration panels is described,
and the vibration, acoustic, thermal, and electrical tests, which are

required to complete Task IV, are also reported.

Program Achievements

The weight breakdown for the two panels fabricated during Phase II
is given in Tables IIT and IV. The projected weight of a fully celled
panel using the technology developed during Phase II is given in Table V.
The total weights are 6.054 pounds for S/N 1, 5.974 pounds for the par-
tially celled panel S/N 2, and 5.137 pounds (projected) for a fully
celled panel. The projected weight for the fully celled panel can be

obtained by imposing controls in two areas of fabricatiom.

1. The specified wall thickness for the beryllium tube frame
members was 0.010 +0.002 inch. The manufacturer of the tube held the
high side of the tolerance, giving a nominal wall thickness of 0.012
inch., The total weight of the beams can be reduced from 1.40 pound as
used in the demonstration panels to 1.17 pound by specifing a tolerance
of 0.010 Tg'ggg inch on wall thickness. The design contains sufficient
margin of s;fety to allow this change with no sacrifice in performance.
The shift in the tolerance band will not cause difficulty in the fabri-

cation process.

2. The skin thickness of the electroforming holowcore substrate
specified for the demonstration panel is 0.004 inch. The substrate for
S/N 1 was plated to this thickness but required repair of thin spots
and holes which developed during mandrel removal in the nontemperature-
control acid bath. The etching of S/N 1 took place at a time when the
ambient temperature, and therefore the bath temperature, was extremely
high causing accelerated attack on the aluminum. The repair of the
substrate using aluminum-filled epoxy raised the weight to 1.84 pound.

The substrate for S/N 2 was plated to the nominal thickness of 0.008
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DESIGN AND ANALYSIS
Design Criteria

The Phase 11 demonstration panels were designed to withstand the

following environments:

1. Vibration environment
a. Three sweeps of sinusoidal vibration from 2 to 200 Hz at
1.0 octave/min with levels of 1.5 g-rms (2.12 g-0-peak)

from 2 to 50 Hz and 2.0 g-rms (2.83 g-0O-peak) from 50 to
200 Hz.

b. Three minutes of gaussian vibration at 0.2 gZ/Hz, band

limited between 200 Hz and 2000 Hz.

2. Thermal environment

. ¢] .
Exposure in an oven at 90 C until the panel temperature

stabilizes.

3. Acoustic environment

Atlas/Centaur acoustic spectrum; overall sound pressure
level of 146 dB.
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(Fig. 1) to an arbitrarily chosen value of 10 degrees. The same radius
was used in Phase II to allow use of Phase I tooling for the forming of

the mandrel.

The planform dimensions specified were a = b = 58.13 inches. This
area was chosen to accommodate the cell layout shown in Fig. 22. The

square planform is used for the following reasons:

1. the area/perimeter is maximum
2. the four beams which support the substrate can be identical,
which minimizes the tooling requirements for the beryllium forming

operations.

The planform dimensions and spherical radius specified produce a
substrate which has a projected area which is 98.9 percent of the sur-
face area. The edges of the substrate are segments of small circles

with a radius of 100.64 inches.

The material properties for the electroformed aluminum which were

used in the design were:

yield strength - 20,500 psi
ultimate strength - 24,600 psi
modulus of elasticity - 7.8 x 106 psi
elongation in 1 inch - 10%

poisson's ratio - 0.33

The steps of the procedure, which was used to establish the values
of the remaining parameters (d, h, 2a, and t) which produce the optimum
hollowcore configuration, are listed below. This procedure is based
on the results of testing conducted in Phase 1, which established that
the allowable stress for the hollowcore design is determined by the

crippling strength of the skin under compression loading.
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1. Establish the limits on parameters which are dictated by

fabrication considerations.

2, Determine the stiffness requirement for the substrate; i.e.,
determine the desired frequency range for the first resonance of the

substrate.

3. Establish the critical external loading condition and appli-

cable dynamic magnification factors.

4, Determine the dead load (solar cell stack) to be carried by

the substrate.

5. Calculate the membrane forces for the critical external loading

condition with dead load and structure weight applied.

6. Calculate the design limit stress produced by the membrane

forces as a function of hollowcore geometry.

7. Apply a safety factor of 1.25 to the design limit stress to

determine the ultimate stress.

8. Calculate allowable stress in the hollowcore skin as a function

of geometry using theoretical buckling coefficients.

9. Superimpose the results from steps 6 and 8 to determine the
hollowcore geometries for which the ultimate stress equals the allowable

crippling stress.

10, Calculate the weight of each of the configurations which satisfy

the conditions of step 9 to find the optimum configuration.

11. Check the resonant frequency of the substrate against the cri-
teria established in step 2. Check the amplitude of input vibration at
the panel of resonance to see that it agrees with the value used in

step 9.

12. Check the overall buckling condition for the panel.
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Hinge fitting design. - The design which was chosen for the fitting
which is bonded to the beryllium beams in each corner is shown in Fig. 24.
This fitting is essentially a hollow block with a hinge clevis on one
side and two collet-like sleeves on an adjacent side to provide the
bonding surfaces for the beams.. The last operation in the frame assem-
bly procedure is the bonding of the machined cover plate (Fig. 25) to

close the open side of the box.

The one-piece machined fitting design was selected for this application
to minimize the number of bonding operations or mechanical fasteners
required to assemble the frame. This approach simplifies the assembly

procedure and increases the structural reliability of the frame.

The wall thickness of the fitting has been made as thin as the
machine operation will allow without the use of elaborate tooling. This
restriction results in a part which is overdesigned for the loading con-
ditions. In summary, the fitting is designed by fabrication, assembly,

and functional requirements rather than stiffness or strength criteria.
The hinge fitting was machined from magnesium tooling plate, AZ31B,
since this material is of low density and is easily machined. Dow 19

surface treatment was specified to provide corrosion protection.

Attachment clip design. - The attachment clip which is bonded to

the edge of the hollowcore and to the flange of the beryllium beams is
an aluminum extrusion. The cross section of the extrusion is shown in
Fig. 26. The clip runs the full length of the edge of the hollowcore.
The part of the clip which attaches to the beam 1is mill cut at 2-inch
intervals to allow for the differential thermal expansion between

beryllium and aluminum.
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The cross section of the extrusion is designed to provide sufficient
bond area to ensure a positive attachment to the hollowcore and beam
flange, and to provide a hinge joint between these attachments. The
hinge joint eliminates bending moments and out-of-plane forces at the
boundary which is necessary to justify the assumption of a membrane

state of stress used in the analysis of the substrate.

Dielectric. ~ The dielectric material specified for use on the
demonstration panels is 1 MIL Kapton H-film. This material was selected
for its mechanical strength and stability and for its high dielectric

strength.

Adhesives. - The solar panel structure has been designed to use
structural adhesives for all fastening requirements. This approach was

taken for the following reasons:

1. To achieve a uniform distribution of load into the hollowcore

skin

2. To avoid the use of mechanical fasteners where joints are being

made to the beryllium beams

3. To minimize weight.

The 0.004-inch skin on the hollowcore precludes the use of mechan-
ical fasteners which produce high local stresses. The continuous adhe-
sive joint along the edge of the substrate distributes the load from the
hollowcore skin into the attachment clip by using a large surface area

and minimizing the local stress.

Riveted and bolted joints can be made in beryllium structures if"
proper precautions are taken, but a more reliable design can be obtained
by avoiding the potential problems of local cracking and spalling in

the areas where fasteners bear on the brittle beryllium.
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ELECTROFORMING OF ALUMINUM HOLLOWCORE BICONVEX SUBSTRATE

Background of Electrodeposition of Aluminum

The first criterion in the electrodeposition of any metal from an
electrolyte is that the metal deposition potential is lower than the
decomposition potential of the electrolyte. TIf this is not the case,
the solution will decompose prior to the deposition of the desired
metal. To illustrate this, Table VI shows the half cell potential of
various metals in acid solution. By convention, the deposition or
evolution of hydrogen is taken at a zero reference point; therefore,
in an aqueous electrolyte which has a free hydrogen ion, it is theo-
retically impossible to deposit any metal which requires a voltage
greater than the hydrogen, as zinc or nickel, should not deposit from

aqueous baths,

However, hydrogen deposition generally does not occur at its the-
oretical potential, and a hydrogen overvoltage exists which allows the
deposit of metals up to approximately 0.8V above the hydrogen potential.
In the deposition of such metals, the parallel processes of hydrogen
evolution and metal deposition usually occur. Since the light metals
(aluminum, magnesium, beryllium, and lithium) have potentials which are
well above the hydrogen voltage, it is clearly impossible to deposit
them from an aqueous solvent electrolyte. To solve this problem, two
classes of electrolyte solvents (molten salt and organic solvents) which
have decomposition potentials above the light metal potentials have
been used. Molten salt electrolytes require high operating temperatures,
and considerable difficulty can be expected in making any relatively
large part. Therefore, the efforts at EOS have revolved around the use
of organic solvents. 1In addition to the requirement that the solvent
has a high decomposition potential, the electrolyte must contain dis-
solved salts of the metal to be deposited, must be reasonably conductive,

and must enable deposition of an adherent, cochesive deposit.

63



Work conducted previously by Brenner and Conner at the National
Bureau of Standards has demonstrated the ability to electrodeposit
aluminum from a diethyl ether solvent, aluminum chloride salt, lithium
aluminum hydride salt bath. Since then, several laboratories have du-

plicated and or have improved upon the NBS process.

The earlier attempts to electroform aluminum all resulted in a
metal too soft to be useful. Under contract NAS-16218, EOS has success-
fully improved the aluminum plating bath to provide electrodeposited
aluminum with physical characteristics 2-1/2 times harder than those
from the NBS bath. Table VII gives the comparative physical properties

of the two baths.

TABLE VII

PHYSICAL PROPERTIES OF ALUMINUM ELECTRODEPOSITS

Standard Mixed
ether bath ether bath
Yield strength (psi) - 8,200 21,400
Yield ultimate (psi) 10,400 25,700
Modulus of elasticity (psi x 106) 8 10
Hardness, knoop No. 32 71

Electroform Process

Aluminum electroforming may be described as '"'the production or re-
production of aluminum articles by electrodeposition upon a mandrel or

mold that is subsequently separated from the deposit."

Electroforming is accomplished by placing the mandrel of the
article to be formed in an electrolyte solution. Aluminum anodes are
placed in the electrolyte in an arrangement that will produce the de-

sired metal distribution over the mandrel. A direct current is passed
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Laboratory study of process parameters. - The materials used in

the aluminum plating solution must be originally anhydrous and, subse-
quently, be stored and be handled in a dry atmosphere that is free of

oxygen and carbon dioxide.

Two laboratory units of aluminum electroforming assembly were set
up to ascertain the process parameters, These units were to have the
same essential features as the final 500-gal assembly, except that they
were designed to prepare small hollowcore samples of 6 x 7 inches.
Pictures showing the setup and the inside of the plating tank are given

in Figs 28, 29, and 30.

The 8 x 9 x 11 inch-plate tank was constructed of 304 stainless
steel. Both the tank and the removable top were coated with Kisite 100,
This coating protected the tank from corrosion, which in turn reduced
the level of contamination of the solution, and acted as an electrical
insulator for better current distirubtion. The top had fittings for

nitrogen gas and vacuum lines, and a vacuum pressure gage.

The plating tank had a sight glass to determine the level of solu-
tion. In each tank were two 3/8-inch-diameter tubes to fill and empty
it and for circulation. The anodes and workpiece connections were

transmitted through three spark plug-type, insulated feedthroughs.

The combination storage tanks and heat exchanger measured 9 inches
in diameter by 16 inches high, and were constructed of 304 stainless
steel. The storage tank had fittings for nitrogen gas and vacuum and
a vacuum-pressure gage. There was approximately 20 feet of 3/8-inch-
diameter stainless steel tubing coiled in the bottom 6 inches of the
tank. This tubing performed as the heat exchanger. The tank had two
3/8-inch~-diameter tube openings, one near the top and one at the bottom,

for filling and circulation of solution.
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For a plating study operation, the solution was pumped from the
bottom of the storage tank through the filter. The filter consists of
a stainless steel housing with tetrafluoro ethylene gaskets containing
the selected filter element. The electrodeposition process was started
by applying power through the feed-throughs in the tanks. The organic
plating solutions had comparatively high resistivities compared to
aqueous plating baths, and substantial voltage drops were encountered
in the plating because of this internal resistance. These IR losses
result in considerable heat generation during the plating; it was there-
fore necessary to cool the electrolyte. This was accomplished by cir-
culating the electrolyte through a cooling coil. It was found that due
to the high 12R heat generation, extremely high-rate plating was not
practical beyond the operating currents of 10 to 30 A/sq ft. The cor-

responding voltage was 5 to 15V.
The results of the process parameter studies are described below.

Current distribution: Uniform thickness was the desirable feature
in the hollowcore. A uniform current distribution over the surface
must be attained to achieve uniform thickness. The geometry of the
position of the anode and mandrel must be such that the distance between
the two is constant. The uniform spacing was accomplished by placing
one-inch tetrafluoroethyl spacers all along the four edges of the two
electrodes. The one-inch spacing was chosen based on the tradeoff be-
tween the minimum IR drop distance and the minimum allowable distance.
This avoids electrical shorting across the electrodes because of the
possible formation of long fine trees growing from the mandrel. The
edges of the mandrel are normally the high-current-density areas.
Treeing, which is more profuse under high current density, increases
the probability of electrical shorting. The method used very success-
fully in preventing this edge shorting was to entirely shield off the

edge areas of the mandrel with TFE sheets.
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temperature and current density. The bath temperature must be kept
below the point where surface boiling occurs at the mandrel surface.

The lower limit of the temperature is governed by unreasonable lowering
of the conductivity and the crystallizing out of the aluminum chloride
from its ethereal solution., When the bath temperature is maintained

in the 15°C to 27°C range it is well within the upper and lower limits;
at the same time, it causes no appreciable change in the electrodeposit.
The lower limit of current density is governed by the occurrance of
voids, and the upper limit is governed by the advancing of dendrite
formation (trees) and voltage. When electrodeposition takes place at
current densities of 10 to 25 amperes per square foot, voids are negli-
gible, dendrite formation is limited to a tolerable level, and operating

voltages are in a practical range.

Laboratory electroforming cell. - Laboratory scale electroforming

cells were constructed and operated for two purposes., The first purpose
was that these cells were to have the essential features of the 500-gal
cell so that operation data could be gathered to determine the scale-up
factors in finalizing the optimum design of the large cell. The second
purpose of these cells was to electroform flat samples (6 to 7 inches)
to verify the values for modulus of elasticity, yield strength and ul-
timate strength which were used in the design and analysis of the hol-
lowcore substrate. These cells were also used to electroform small
hollowcore samples which were used to determine the buckling and crip-
pling characteristics of hollowcore panels. Figures 28 and 29 show the
laboratory cell assembly and Fig. 30 shows the inside of the plating

tank.

Description of the laboratory plating cell., - The 8 x 9 x 1ll-inch

plating tank was constructed of 304 stainless steel. Both the tank and
the removable top were coated with baked phenolic coating. This coating

protected the tank from corrosion, which in turn reduced the contamination
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Figure 31
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Figure 32,

Inside View of Blockhouse Showing Electrolyte
Mixing Tank



auger capable of delivering controlled amounts of aluminum chloride,
0.5 ft3 per hour, into a mixing tank. The mixing" tank was a glass-
lined steel-jacketed tank with a maximum capacity of 200 gal. Mixing
was promoted through an agitator rotating at a speed between 60 and 180
rpm., Heat generated from the solution was removed by the circulation
of coolant through the cooling jacket. A five-ton refrigeration unit
was used to meet the cooling requirement. After preparation, the elec-

trolyte was stored in an underground tank with a 600-gal capacity.

The electroforming was performed in a plating tank which had an
inside dimension of 6 x 1.5 x 6 ft high. Direct current was furnished
by a power supply capable of delivering 300A at 30V. Cooling was ef-
fected by the continuous circulation of electrolyte through a tubular

heat exchanger.

Transportation and circulation of electrolyte among various equip-
ment was effected through the use of sealless pumps to avoid leakage
and possible contamination. Micro-porous candle-type polypropylene
filters were employed to remove particles suspended in electrolyte, A
variable area flow meter was installed in-line for monitoring elec-
trolyte flow rate. All valves in the electrolyte pipe line were pneu-
matically operated. Temperatures of the electrolyte at the inside of
the mixing tank (at the inlets and outlets of the heat exchanger) and
the plating tank were monitored by means of remotely read thermometers.
Pressures in the mixing ténk, plating tank, and stbrage tank were de-
tected through pressure gages. A dry air pump with a capacity of 15 cfm
at 5 in. Hg was provided for all evacuation operations. Dry nitrogen
was fed to the system by nitrogen storage tanks. All operations were
controlled at a remotely installed panel with the following features

(see Fig. 33):
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Electrolyte flow diagrams

Controls for all pneumatically operated valves

Controls for vacuum valves

Controls for nitrogen valves

Switches for dry air pump, compressor, and circulation pumps
Flow rate indicator

Pressure gages

Temperature gages

A description of major equipment 1is given in Table VIII. The

entire aluminum hollowcore facility is shown in Fig. 34.

Preparation of the aluminum plating solution. - For design, the

heat of solution of aluminum chloride in water (580 cal/gram) was used

as an approximation for the heat of solution of aluminum chloride in
ether. However, the actual heat of solution was somewhat smaller al-
lows mixing of the aluminum chloride at three times the designed cool-
ing capacity. After the aluminum chloride was added to the ether, an
ethereal solution of LiA1H4 was added to it. The initial adding of
lithium aluminum hydride was done very slowly to avoid voluminous gassing.
The evolved gas was evacuated to prevent a pressure buildup in the mixing
tank. The heat of solution of lithium aluminum hydride, when added into
the aluminum chloride-ether solution, was fairly low and no cooling was
required. The lithium aluminum hydride addition formed some precipitate.
The precipitate, when suppressed in the solution, was separated out by
circulation through the filter. The preparation of 500 gal of aluminum
plating solution, which included the addition of aluminum chloride and

lithium aluminum hydride, required 7 working days.

Mandrel and anode cleaning and assembly. - The copper mandrel must

be thoroughly cleaned, otherwise, premature peeling and/or blistering

of the aluminum deposit could result. The copper mandrel was wiped
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Assembly procedure. - Following are the steps in the assembly of

the solar panel structure:

Step 1 - Trim the substrate to size. Place the hollowcore sub-
strate on the concave mold, weight in position with shot bags, and
grind to the exact planform dimensions using a high-~speed sanding wheel

with the mold edge providing the template,

Step 2 - Install the attachment clips. Clean the edges of the
hollowcore with MEK, tack and trim EM-123 OST film adhesive to cover
the faying surfaces. Force the clips in position along the edges and
place on the convex mold, locating the clips in the grooves. Clamp the

clips to the mold and cure at 250°F for one hour.

Step 3 - Apply the H-film dielectric. Clean the hollowcore convex
side with MEK, mix Narmco 3135/7111 and thin with toulene. Roll adhe-
sive on the surface with a rubber ink brayer and cut 6-inch-wide strips
of H-film, Apply adhesive to the half-inch-wide overlap strip, stretch
the H-film gores over the surface and hold tension. Cure at room tem-

perature for 24 hours and then trim off excess H-film.

Step 4 - Install the frame. Inject thinned Narmco 3135/7111 in
the grooves on the attachment clips using syringe. Locate and weight
the substrate in place on the concave mold. Position the two beams on
opposite sides of the substrate, working the flange of the beam into
the groove of the clip, extruding out adhesive. Hold the beams in
place with the support brackets. Apply adhesive to the collett sleeves
of the hinge fittings, and insert in the ends of the two remaining
beams forming dumbell-like subassemblies. 1Install the subassemblies
by working the sleeves into the beams previously located, and the flange
into the groove of the clip simultaneously. Clamp the beams in place,

apply the adhesive to the hinge fitting cover plate faying surfaces,
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TESTING OF THE PHASE IT DEMONSTRATION PANELS

The two Phase II demonstration panels, S/N 1 and S/N 2, were

subjected to tests to verify the ability of the solar panel structure

to withstand the vibration, acoustic and thermal environments specified
in the design criteria portion of this report. Electrical performance
tests in sunlight were conducted on the partially celled panel, S/N 2,
be fore and after the environmental testing. No electrical or structural
degradation was produced by the environments. The testing procedures
and results are detailed below. The environmental tests were per formed
in the following sequence: (1) thermal, (2) acoustics, (3) vibration.
This sequence was dictated by scheduling and equipment availability at

Ogden Technology Laboratories, Inc.
Thermal Tests

The demonstration panels were installed in the temperature chamber
as shown in Fig. 42, The volume of the chamber was such that the in-
stallation of the panels did not interfere with the generation or main-
tenance of the test environment. The heat source was located where the
radiant heat would not fall directly on the specimen. Four thermocouples
were installed on each panel. A thermocouple was placed on each major
structural component on each panel. The thermocouple locations and the
temperature data taken during the heat-up period, and a l-hour soak at

o . . :
a nominal chamber temperature of 90 C are given in Fig. 43,
Acoustic Tests

A plywood dummy specimen, the approximate size of the demonstration
panel, was suspended by means of soft suspension cord in a reverberation-
type chamber. The chamber was formed and proportioned so as to produce
a diffused sound field with nearly uniform energy density throughout

the enclosure. The Atlas-Centaur spectrum (internal-forward) was set
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Electrical Performance Tests

Electrical performance tests for the 6 x 35 cell circuit installed
on S/N 2 are shown in Figs. 61 and 62, The I-V curves for the standard
cell used for control during the sunlight tests on the roof at EOS are
given in Figs. 63 and 64, Figures 61 and 62 were plotted before envi-
ronmental testing. Figures 63 and 64 are the records of the sunlight
tests performed at the completion of all testing. The shapes of the
curves taken before and after the environmental tests are identical,
indicating no degradation in cell performance. The temperature of the
panel was not controlled during sunlight testing. The changes in open
circuit voltage and short circuit current are due to the higher ambient

temperature and lower solar intensity during the second test.

The power output (AM1) of the single 6 x 35 circuit is approximately
8W.
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APPENDIX A

SUBSTRATE ANALYSIS-OPTIMIZATION OF ALUMINUM HOLLOWCORE DESIGN

This analysis follows the procedure outlined in the basic report.

Design Restrictions Due to Hollowcore Fabrication Process

The fabrication process (electroforming) of the hollowcore places the

following geometric restrictions on the design:

1. Distance between holes shall not be less than 0.050 inch
(A 2 0,050 in.)

2. Hollowcore height shall not be less than 0.100 inch for a
planform size of 5 x 5 ft sq (h = 0.100 in.)

3. Skin thickness of hollowcore shall be equal to or greater
than 0.002 inch and equal to or less than 0.006 inch
(0.002 in. = t = 0.006 in.)

The first two restrictions are dictated by the mandrel used in fabricat-
ing the hollowcore substrate. At present, a copper sheet is to be used
and the holes in it are to be first drilled, then reamed. 1t has been
found that if the distance between holes is less than 0.050 inch the
operation of drilling another hole will upset and deform a previously
established adjacent hole. 1If the mandrel thickness is less than 0.100
inch for a 5 x 5 ft sq biconvex shell, it will deform under its own weight

when suspended in the electroplating tank.

The last restriction, the allowable range in thickness of the electro-

plating, is dictated by the state of art of aluminum electroforming.
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Frequency Restriction on Solar Panel

There are two factors that dictate the first resonance of the demon-
stration panel. The first is that it should fall below 50 Hz so as to
experience the lowest g level at its first resonant frequency. The
second is that it should be as high as possible (close to 50 Hz) so as
to lessen the induced displacement and to insure that it will not have
a resonance that can couple with the boost vehicle's large amplitude
resonances which normally fall below 10 Hz. Therefore, at this time
it is arbitrarily stated that the first resonance should be approxi-
mately 40 Hz. Once the hollowceore geometry and the cell stack weight
are defined, the first frequency can be calculated from the following
equation developed in the Phase I portion of the contract. The

equation is

1 1 2 2,2 Eh' 4
- = _— A-1
I 7\ oh DOy ) T2 (A-1)
where
fll = panel first resonant frequency - Hz
h' = effective height of hollowcore - in.
D = gtiffness parameter per unit length - 1b in.z/in.
. 2,,
ph = panel specific mass - 1b sec”/in.
E = modules of elasticity -~ lb/in.2
R = radius of curvature - in.
and
/hl = "; r—~1 = E
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It should be noted that this defines the panel frequency for a system

with a rigid boundary. Appendix B of this report analyzes the effect

of the frame stiffness on the panel first resonant frequency.

Critical Environmental Loading and Structures
Dynamic Magnification Factor

Review of the specified design environment defined in the basic report
indicates that the sinusoidal vibration of the structure is the most
severe loading condition for the solar array. Since the structure is
being designed to have a first resonance below 50 Hz, the input accel-
eration at the attachment points will be 1.5 g rms or 2.12 g zero to

peak.

From Phase I testing, it was found that the dynamic magnification

factor for this type of structure is about 40.

The acceleration response of the substrate under a sinusoidal vibration

input as derived in Phase I (Ref. 1) is

.. 16 ni N /mx N o
W = —— Qsin{—Q; sin{=— B W A-2)
2 Q \a_ % \g_ B/ ¥ (
it o o
where
W = normal acceleration of substrate surface - g
Q = dynamic manifaction factor - dim.
i = curvilinear coordinate in X direction - in.
B = curvilinear coordinate in Y direction - in.
W = 1input acceleration at boundary - g
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The maximum loading is at the center of the substrate where the g load-

ing for the input described above is

Lo 16, .. 16

W= Qi = 40 2.2 8
or

W = 137.5 g zero to peak

Panel Dead Load

The panel dead load, that is, the specific weight associated with hard-
ware or structure (i.e. cells, adhesive, etc.) that does not contribute

to the overall strength or stiffness is defined as

(SpWt)es = 0.120 1b/£6% = 8.33 x 10°% 1b/in.2

The specific weight is developed as follows:

Item Total Weight Specific Weight*

Cell 1.332 0.05615
Filter 0.329 0.01387
Interconnectors 0.350 0.01475
Cell adhesive 0.342 0.01441
Circuitry on substrate 0.038 0.00016
Dielectric 0.171 0.00721
Dielectric adhesive 0.044 0.00018
Thermal control paint 0.102 (0.00430

0.11103 lb/ft2

+10% contingency 0.01  1b/fc?

Design Dead Load = 0.12 1b/ft2

*Based on substrate arca.
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Membrane Forces per Unit Length

The membrane force per unit length varies over the surface of the
biconvex structure. For the preliminary (first cut) analysis, the maxi-
mum membrane forces at the crown of the biconvex panel were approximated
by the formula for a spherical shell supported tangentially and loaded

by a pressure. The formula is

- BR
Po=3 (A-3)
where
P = membrane force per unit length - 1b/in.
= vradius of curvature - in.
= applied pressure - 1lb/in.
The applied pressure is defined by
p = (Sth)p x G (A-4)
where the g level is
G = W = 137.5 zero to peak

and the specific weight (Sth)p of the total panel is the specific weight
of the dead load defined in the preceding subsection and that contributed
by the hollowcore. The next section defines the specific weight of the

hollowcore and the total panel for various geometric parameters.
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specific weight of hollowcore and panel. - The specific weight of the

hollowcore is defined by the following equation:-

-
(sptdy, = pti2- =B & e
v 4&/3 »/3
where
. . v e 3
p = density of aluminum = 0,100 1b/in.
t = thickness ot skin - in.
d = cylinder diameter - in,
2a = distance between cylinder centers -~ in.
h = cross section height of hollowcore - in.

The specific weight for various hollowcore geometric parameters within
tite restrictions defined in the first subsection of this Appendix is
shown in Fig. A-l. This figure shows the total specific weight of the

k“panel with the addition of the dead load specific weight defined in the

preceding subsection. The value is defined by

A 2
= + 8. i
(Sth)panel (Sth)HC 8.33 x 10 1b/in.

Membrane force per unit length for various geometric parameters. -

Using the first equations of this subsection, A-3 and A-4, the membrane

force per unit length is defined in the crown of the structure by

po= R X G x (SpWt) = (£§§4§—iﬂé) (137.5) x (SpWt)

2 panel panel
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Design Limit Stress in Hollowcore Substrate

Using the membrane load per unit length on a segment of the hollowcore
derived in the preceding subsection, the average stress (design limit

stress) in the hollowcore can be obtained from the following equation:

l"U

c = hl (A"6)
where
0 = average working stress - psi
P = membrane load per unit length - 1b/in.
h' = effective height of hollowcore - in.

The effective height of the hollowcore is that cross sectional area per

unit length defined by the following equation:
- hy /3 d
o= [2+ Q) -5 Pl (a-7)

This equation defines the assumed distribution of membrane stresses

between the cylinder walls and the surface between cylinders.
Allowable Stress in Hollowcore

The allowable stress for the hollowcore structure is the minimum value
for one of the following: (1) the material ultimate stress (Ftu)’
(2) the critical buckling stress (Fco), or (3) the local crippling
stress (FCC). The design limit stress (DL) is compared to the allowable
stress (AS) using the following formula to determine the margin of
safety:

AS

MS = TTEE—ZBEY -1 >0 (A-8)
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Crippling Stress of the Hollowcore Structure

From the Phase I program, it was determined that the failure mode for
the hollowcore structure concept was crippling in the surface between
cylinders. It was also determined that this surface could be approxi-
mated by an equilateral triangle (see Fig. A-2) loaded in compression
along its three sides. The leg dimension(s) of this triangle is

defined by

s = 4a - ,/3d (4-9)

From NASA Document TN 3781, the critical stress in a triangular sheet,

loaded in compression along its boundary, is

an

_E _ t2
Fee = ®*hapy Q@ (4-10)

The coefficient (K) given in NASA TN 3781 is

[}

5 for simply supported edges

]

12.5 for coupled edges

In Phase I tests the coefficient was found to be K = 12

o Lo o
v 2
/ 6 @

ERESEEEE,

o avg

8
Figure A-2. Stress Distribution on Triangular Plate
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Optimum Hollowcore Geometry
Optimum hollowcore geometry is defined as a geometry which meets the
restrictions discussed in the first subsection of this appendix and
can support the membrane stresses described in the design limit stress
portion of this appendix with a margin of safety equal to zero. This
set of geometries is determined by superimposing the design limit stress
times a factor of 1.25 (see '"Allowable Stress in Hollowcore,' page
for various geometries on a plot of critical crippling stresses for the
same geometric parameters. The intersections of two corresponding
curves locate the optimum configurations. Figure A-3 is a plot of

this analysis.

Minimum Weight Hollowcore Configuration
The specific weight associated with the hollowcore geometry optimized
in the preceding subsection can be obtained from Figure A-1. The fol-

lowing tabulation contains this information.

Panel Specific Weight

Thickness Diameter 1b/i?2 , Hollowcore Spec;fic
(in.) (in.) x 10 1b/ft Weight (lb/ft")
0.001 0.07 11.47 0.165 0.045
0.002 0.39 10.88 0.157 0.037
0.003 0.77 10.80 0.156 0.036
0.004 1.23 10.73 0.155 0.035
0.005 1.62 10.83 0.156 0.036
0.006 2.24 10.88 0.158 0.038

The data in the tabulation indicates that the minimum weight configura-
tion for the hollowcore structure uses a skin thickness of 0.004 inch
and a cylinder diameter of 1.23 inches. The configuration shall also

be defined by the restrictions in the first subsection of this appendix.
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Verification of Theoretical Buckling Coefficients

Tension tests of electroformed aluminum (mixed ether bath). - A series

of tension tests have been performed on 3-mil and 5-mil samples of
aluminum electroformed in a mixed ether bath. The purpose of the tests
was to verify the values for modulus of elasticity, yield strength, and
ultimate strength which were used in the design and analysis of the
hollowcore substrate. The tests were performed on an Instron testing
machine which records the load versus deflection in a l-inch gage
length on a x-y plotter. The test reports are included in Tables A-1
and A-2.

The modulus of elasticity was calculated from data taken from the plots
of the load-~deflection history. The calculations are tabulated in
Table A-3.

The values for the modulus of elasticity, yield strength, and ultimate
strength which were used in the design and analysis of the hollowcore

6
are 7.8 x 10 psi, 20,500 psi, and 24,600 psi, respectively, The tests

indicate that these values are acceptable for design.

Hollowcore buckling tests. - The 18 samples shown in Fig. A-4 have been

failed in compression to determine the buckling and crippling character-
istics of hollowcore panels. The samples had hole diameters of 0.75,
1.00, 1.25, and 1.50 inches and skin thickness ranging from 0,003 to
0.006 inch. The tests were performed on the Instron testing machine
shown in Fig. A-5. Load versus deflection data were recorded on an

x-y plotter. The ends of the hollowcore samples were potted in epoxy

to provide simple support and uniform load distribution,

As the samples are loaded in compression, the load versus deflection

records show the three regions depicted in Fig. A-6.
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Sample

PL
8A

t

.003
.0024
.0032

QOO

.003
.002
.0032

o OO

.005
.0040
.0052

O O

0.006
. 0059
.0070

[ ]

Average E

Probable error

Probable error

TABLE A-3

MODULUS OF ELASTICITY

A P L 6 E
0.000806  13.00  1.00  0.002  8.06x10°
0.000736  14.20  1.00  0.002  9.65x10°
0.00125 18.75  1.00  0.002  7.50x10°
0.00174 26.5 1.00  0.002  7.61x10°
= 8.20x106
e
’ N
E -E
= 0.6745 \'n )
3
= O.67x106
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PLATE- COLUMN BUCKLING
LOCAL CRIPPLING
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W
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o
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Figure A-6. Typical Load-Deflection Curve for Compression Loading
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The data contained in the load versus deflection plots can be used to

determine the equivalent bending thickness for the hollowcore.

Equivalent bending thickness: The equivalent bending thickness is

determined from the experimental data, using the plate-column buckling

load.
2 3
R TRy g
L 2 2
P (1-p%) 12 L
. n . ] .
solving the expression for hbending gives
12 (3 2,.2 .p \ -
X - ﬁla_ii:gglé_ /_pd 1/3
bending — Kb NG
where
6 .
E = 7.8 x 10" psi
v = Poisson's ratio = 0.33
L = Length of plate column - inches
£ = width of plate column - inches
Pp = total applied load at initiation of plate column buckling,
; 1b
K, = buckling constant for plate columns Kb £ (z/LJE); C=1

for simply supported boundaries.

(See Fig. A-7.)
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Figure A-7, Plate-Column Buckling Constants
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The theoretical equivalent bending stiffness is given by the expression

h' 12t ‘((23 a) /h\,z ! 31“'1/3
bending  _ a . \2/ 12 S
The calculated values for h/ ., experimental and theoretical, are
bending

tabulated in Table A-4. The experimental values are within 10% of the

theoretical values in most cases.

The nominal thicknesses, tN’ which were used in the data reduction,
were determined from the plating process parameters (current density

and time).

Local crippling of the skin: The pattern which forms when the skin of
the hollowcore cripples under compression is shown in Fig. A-8. In
this series of tests, the stress which produced the crippling was due
to the combination axial and bending loads in the postbuckled plate-
column. The correlation of the experimental data with the theory
requires definition of the complex state of stress which exists in the
postbuckled plate-column. To eliminate this difficulty, a series of
tests on very short plate-columns, which will assure crippling occurs

prior to Euler buckling, are required.
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APPENDIX B

BEAM ANALYSTS

Estimate of Effect of Frame Stiffness on Panel Resonant Frequency

The decrease in natural frequency of the curved panel due to flexibility

of the frame is shown below.

The frequency of the shell is given by

w 2 = L rD (\ 2 +

.
mn ph n m 2 J (B-1)

where the first term is flat plate frequency and the second term is the
addition due to curvature. The second term is the predominant term for

low frequencies. Therefore,

5 (B-2)

Young 's modulus
R = Radius of curvature

Mass density of shell

T
i
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To get an idea of the effect of the elastic support frame on the

fundamental frequency, form the differential of ®, 4

2w dw - - .2E_d_R_

11 11 0 R3

Assuming the arc length, S, of the shell does not change

S = 2R¥Y = constant
Then
2R dY + 2¥dR = 0
av = w2
Also
L = 2R sinY
dL = 2R cosY d¥ + 2 sinY dR

Substituting Eq. 5 in Eq. 6

dL (-2Y¥ cosY + 2 sin¥) dR

so that

dL
2 (sin¥ - ¥ cos¥)

dR

Substituting Eq. 7 in Eq. 3 gives

E dL
2pR3 (Y cosY - sinYy)

Wy Ay =

150

(B-3)

(B-4)

(B-5)

(B-6)

(8-7)

(B-8)



Solving Eq. 8 for dL gives

4L,
2

dL/2 can be interpreted as the deflection of the frame; that is, if

3
oR s
5 (¥ cosY - sin¥) Wy dw

11

the frame deflects dL/2, the frequency is reduced by dwll.

V2
Let
dwll
Then
V2

Substituting Eq.

[\

i

dL
2

11

3
Q%" (¥ cosY - sin¥) K w,

3
- BR_ o s
T (¥ cosY - sin¥) w1 dw

11

2
1

in Eq. 12 gives

KR (¥ cosY - sin¥)

Evaluating Eq. 13 for the specific geometry

R = 163.25 in
¥ = 10° = n/18 = 0.17453 rad
sin¥ = 0.17365
cosY = 0.98481
v, = K 163.25 (0.17453 x 0.98481 - 0.17365)
v, = -0.29058K

(B-9)

(B-10)

(B-11)

(B-12)

(B-13)
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To limit the decrease in the frequency to 20% of the rigid boundary

frequency, v, must be v, S 0.058 inch. h

Load Distribution on the Beryllium Beam

The maximum response at the center of the shell was predicted to be

137.5 g.

Using a panel specific weight of 10.83 x 10_4 1b/in.2, the maximum

pressure at the center of the panel is

P = 137.5 x 10.83 x 10°% = 0.149 psi (B-14)

Assuming a double sinusoidal distribution of the loading, the average

pressure over the surface is

P =

4 P = 0.0604 psi (B-15)
avg ﬁZ o

The membrane force at the crown of the spherical shell is

P = P R _ 0.0604 1b 163,25 in.
s avg 2 ., 2 2
in.
P = 4,93 1b/in. (B-16)

This load is assumed to vary sinusoidally as shown in Fig. B-1. The

forces acting on the beam, P, are determined as follows:

B
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Figure B-1. Forces on Biconvex Shell
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Equilibrium of forces in the x direction gives the following equation:

L
in X - in 2 -
Io Ps sin dy Jo PB sin + dy + 2S (B-17)

or

(2 1) 2 L

] il il

(P) + 28

Solving for PB gives

jav!
i

2]

1
[l B
w

(B-18)

where , Ss is the limit stress in shear for the hollowcore

A is the minimum shear area of the hollowcore

SS will be taken as 3000 psi. Since the limit stress in tension is
about 6000 psi, a shear limit stress of 3000 psi will give equal margin

of safety for tension and shear.

[2(2a - d) +2h] t L

4a
. . 0.3 (0.006) (1)
- 0.3 2
A = 0.00092 %
L
S = 3000 (0.00092)
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Therefore,

ro
il

4.93 —g (3000) (0,00092)

0,60 1b/in.

dJ
i

The average loading on the beam is

P = % 0.6 = 0.38 1b/in.

Analysis of Curved Beams in the Supporting Frame

Definition of Symbols

Cunm:l axis
A¢1 —

v
ot = §
v S
/M/‘J’ ‘w \\l\l 4 R=-‘l‘-
“ {3
m,
Ve

Figure B-2. Coordinates and Definition of Forces on a Segment of the
Curved Beam

List of Symbols

E Young's modulus
G shear modulus
K= 1/R curvature of central axis

¥ central arc

GJrp torsional stiffness

EJy bending stiffness about Z axis
P tension (compression) load in membrane 1b/in
d width of beam
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Mathematical Model

CROSS SECTION
- d o
=T
5,

PROPERTIES
E.G, J1. 0z, P
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Analysis

The state vectors at sections 1, 2, and 3 are

2y = oy vy 9 le - v, 1)
1

z. = {¢., v, 8, M, -V T3}

2 2 Vo 9 My -V, T,
2 2

zy = lg5 vy 84 Uz, Vy3 Ty}

The transfer matrix which relates these state vectors is shown in

Table B-I.
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The matrix relations are

The loading conditions resulting in the beam from the membrane forces
can be calculated by forming the extended transfer matrix ﬁ’using the

relations in Table B-II.

r |r1..
K
r
'ﬁ = U ‘ r3
4
______ Iz
L 000000 |1
Z, = U7z
2, = Uz,
7 = {z fl}

The matrix equations which relate the extended state vectors are:

22 = U Zl
Z3 = U 22
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Solution for particular case:

= 10°
163.25 in.

]

Boundary conditions

v, = 0

vy = 0

¢; = O

¢, = 0

T, = T
My, < My,

6, = 0

92 = 0

93 = 0

Vy, T Uy,

The deflection normal to the plane of curvature of the beam at the

center of the span for uniformly distributed load is given by

v, = «P + BMl
where v, = Deflection at center span
P = Uniform load - 1lb/in.
M1 = Bending moment at end of beam
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3

b Rd
@ = R (rla + rzb) + > (r3a + rab)
- p2[Y sin¥ (Y sin¥ ;-eos?)
B R 2 cos¥ 2 + 2 cos2¥ ~  cosY b
1 1
a = == b = —=
EJz GJT

M = BB (Ra cosY - d/2 {a + blsin¥) (¥ - sin¥ cosY¥) + RbY cos?(cos!-l[zl

1 a (¥ + sin¥ cos¥) + b (¥ - sin¥ cosY)
Solving these expressions for the case where d = 2,00, E = 42,0 x 106,
6

and G = 19.3 x 10",

t v2/P
0.004 0.32085
0.006 0.21385
0.008 0.16040
0.010 0.12832
0.012 0.10694
0.014 0.09164
0.016 0.08024
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APPENDIX C

THERMAL ANALYSIS

This appendix presents the analysis performed to predict the steady-
state operating temperature for a sun-oriented hollowcore panel in earth

space, and to estimate the overall heat transfer coefficient for these

conditions.

Mathematical Model
Figure C-1 shows a cross section of the hollowcore panel which defines
the geometry and thermal properties. Figure C-2 is the thermal net-
work used in the analysis. Radiation between the dielectric and the

aluminum hollowcore is neglected.

The quantities in Fig. C-2 are defined as follows:

A1 = Unit area on sun side
A2 = Percent of unit area which exposes H~film on back side
A3 = Percent of unit area which is hollowcore surface
oy = Absorptivity of solar cell with 1 mil filter; assume

o = 0.82

11
€1 = Emissivity of silicon, assume €7 = 0.80
~8 2 o\ 4

0 = Stefan-Boltzmann constant, 0.173 x 10 Btu/ft® hr ( R)
= Fraction of solar radiation converted to electricity,

assume ¥ = 0,0938
GS = Intensity of solar radiation in earth space, 130 watts/ft2
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Figure C-2., Thermal Network
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Emissivity of Kapton H-film, assume € = (.80

2 2
63 Emissivity of aluminum hollowcore surface with thin thermal
control coating, €, = 0.70
12 Thermal resistance of cover glass, cell, cell adhesive, and
H-film dielectric
23 Thermal resistance of dielectric adhesive and aluminum hollow-
core
T1 Average cell temperature, °r
T2 Average temperature of back surface of the H-film, °r
T3 Average temperature of the back surface of the hollowcore
Calculation of Percent Open Area in Hollowcore Substrate and
Areas Al’ A2’ A3, and Acylinder
d
20 —f
2
1 d
= =T (=
Open area 2 (2)
2
Total area = A3 a



Open area _ m d 2
<)

Total area 8 /3
d 2
7% open area = 22.673 (E)
for d = 1.25 in.
a = 0,65 in.
7% open area = 83.85
. 2
A1 will be taken as 1.0 ft
then,
. 2
A2 is 0.8385 ft
and,
, 2
A3 is 0.1615 ft

The percentage of the unit area which is conducting from the front
surface to the back surface is called Acylinders and is calculated as
follows:

Tdt
Acylinders NS 2
243 a

(=¥
]

1.25
0.004
0.65

(a3
]

Y]
1]

Acylinders = 0.0107
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Calculation of Thermal Resistances

A X A X . A X ,
R - cell + adhesive + H-film

12 Ksl Al Kadhesive Al KH-film Al

Since Tl is the average cell temperature, A X;e1] is one~half the total

cell and spray-on coverglass thickness:

AX, qp = (0.004+0.001)/2 = 0.0025 in.
R - 0.0025  , _0.002 . __0.001
12 86.7 x 12 0.13 x 12 0.15 x 12
-3 -3 hr °F
R.. = (0.0024 + 1.282 + 0.555) x 10 = 1.84 x 10~ X2+
12 Btu
_ Xadhesive A Xhollowcore
Rogg = X% A, T A
adhesive 3 Khollowcore cylinders
— 0.002 . 0.10
23 0.13 x 0.1615 x 12 69.4 x 0.0107 x 12
-3 -3 hr °F
= . + 11. = . L=
Ry (7.938 + 11.222) x 10 19.16 x 10 —

Equations of Steady-State Thermal Equilibrium

b Ty - Ty
Node 1 (1 - 1) Al O/ll GS = Al 611 O'Tl+ _—Ii_———_—
12
(T, - T,) (r, - T.)
Node 2 __%____Z_, = A2 €, UTg + ZR 3
12 23
(T, - T,)
2 3 4
s 2 . T
Node 3 R23 A3 63 o) 3
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Substituting the known or assumed quantities in these equations gives

4

Node 1 329.693 = 393,174 OTl + 978.261 (T1 - Tz)
_ 4

Node 2 978.261 (Tl - Tz) = 329,676 GTZ + 93,946 (Tz - T3)
= 55.56 oT"

Node 3 93.946 (T2 - T

3) 3

, . .2
If the blackbody emissive power (OT?) is in watts/in. and temperatures

in OK, rearranging and simplifying gives

Node 1 OT? - 0.8385 + 2.488 (I, - T,) = O

4
Node 2 o, - 2,967 (T, - T,) + 0.285 (I, ~ T,) = 0
Node 3 oT% - 1.691 (T. - T.) = 0

3 . 2 " Ty

These nonlinear equations were solved by iteration to give the follow-

ing results:

Node 1 T, = 328.10°K = 590.58°R = 130.6°F
Node 2 T, = 327.93°k = 590.27°R = 130.3°F
Node 3 T, = 327.68°k = 589.82°R = 129.8°F

This is the greatest differential that would be encountered. The panel
is assumed to be in near earth space, but without a large view factor of
the earth. In a very low orbit it will stabilize at a higher tempera-
ture. However, the gradient across the panel is always less since the

back side is heated by sunlight reflected from the earth,
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APPENDIX D

DYNAMIC ANALYSIS

Prediction of Fundamental Resonant Frequency of the Biconvex
Shell - Simply Supported Boundary

The natural frequency of the biconvex shell, assuming simply supported

boundarys, is calculated as follows:

[ ‘ 2~ '
1 1 2 2 Eh
=3 ﬂ’ﬁ\/ph [D Ay +up o+ 5]

f
11 R

(see EOS Report 7027-IDR, 18 May 1966, Appendix E)

2 2 2
oh = 0.155 1b s;c ft > = 2.7885 x 10-6 1b sgc
386 in. ft~ (l44)in. in

a = 0,65
d = 1.25
h = 0.10
6
E = 7.8 x 10
€ = 0.004
D = 10
A = = —1 - 0.05404
1 T M % Sga T
2
(2 + p) = 3.41x 10 &
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11

P RRVE T Ny
= 2405 () e = 0.00195
163.25
0.57071
10 1 100 ——
5 T J/;e7885 [0.000341 + 0.57071) = T ,/0.20478 = 72,02 Hz

Prediction of the Resonant Frequencies of the Solar Panel

Structure Including the Eleastic Effect of the Frame

The first six resonant frequencies and the associated mode shapes of

the shell-frame combination have been computed using the STAR DYNE

structural analysis routine on the Control Data Corporation 6600 digital

computer.

Mathematical Model. - The geometry of the mathematical model used in the

computer analysis is shown in Fig. D=1. One quadrant of the panel struc-

ture was modeled, and the conditions of symmetry were used to establish

appropriate boundary conditions for symmetric and antisymmetric modes.

The stiffness matrix for this model was constructed using the elemental

stiffness matricies for homogeneous, flat, triangular plates and uniform

cross-sectional straight beams. The stiffnesses of the plates were de-

rived based on the equivalent thickness and mechanical properties of

electroformed aluminum hollowcore. The stiffnesses of the beam elements

were derived based on the mechanical properties of cross-rolled beryl-

lium sheet. The section properties of the aluminum and magnesium beam

elements were scaled to equivalent beryllium sections.
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&1
370 460 540 610 670 720 760 790 O
')1 29 38 47 55 62 2 68 73 770
80

.
22 30 39 48 ] 56 63 69 713
~ 78

SECTION A-A

Figure D-1. Ceometry of Mathematical Model for Computer
Analysis
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The mass of the panel was lumped at the nodes of the model. The

calculation of the distribution is included in Subsection 2.2.2.2.5.

Each of the sets of three coordinates which define the position of a
triangular plate element is connected with two plate elements in the
mathematical model. One plate has the equivalent thickness of the
hollowcore based on area, and carries in-plane loads only. The other
plate has the equivalent thickness based on cross sectional moment of

inertia, and carries bending and transverse shear loads.

Calculation of input for computer analysis. - The equivalent stiffness fo
for the bars which simulate the clip and attachment to the beryllium b

beam was calculated as follows:

The mathematical model in Fig. D-2 simulates the element shosn in

Fig. D-3.

The deflection of a cylinder, of length under a line load P = pl,is

5/8 R3/4 21/2

_ 2 R £ P
€, = 0.0305 [12 (1 - v&)] YA

(from Roark)

The deflection of the model element is

The area of the model element is obtained by equating these two ex-
pressions and solving for A,
I t9/4
E

A = ) 5/
0.0305 [12(1 - v)]

8
314102
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Figure D-2. Mathematical Model
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Figure D-3. Section of the Beryllium Beam

177

30682



£ = 1,0 in.

E
t = 0.012 in.
R = 1,0 in.
L = 4,15 in.
= 0.1

. - (0.012)%74

0.0305 [12(0.99)]5/8 (4,15)1/2

-5

A = 4,76 - 6 x 10

0.0305 (5.33) (2.03715)
A = 1.44 x 1074 in.z

The torsional deflection of the mathematical model is

The corresponding deflection of the actual member is

L
U
'—J

=

|

=
2]

The torsional stiffness constant for the model is obtained by equating

these expressions,

4
;. E EI
16
EE = 1.0 in.
L = 4,15 in.
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E = 42 x lO6 psi

¢ = 20x 10° psi

I - 1T R3‘1‘ = 0.03769

; = %.(42) (0.03769) _ 0,01907
4,15 (20)

The bending stiffnesses about the §2 and §3 axes are large, i.e., the
bars connecting joints such as 36 and 45, 44 and 53, etc., are essentially
rigid members in bending. The elements will be assigned a section moment

of inertia of 0.2 in.% about both §2 and §3.

The section properties of the beryllium beam are

Area = A ﬂr3t = 2T (1.0) (0.012) = 0.07538 in.,2
Torsional J = 23t = 0.07538
Bending I = Tr3t = 0.03769
Shear coefficient K = 2(1 V) + 0.51

4+ 3v

6 , .

E = 42 x 10 psi Young's modulus
v = 0.1

The section properties of the aluminum hollowcore are calculated below.

The equivalent membrane thickness of the aluminum hollowcore is

h! = [2+ S‘- %-(gq] £t = 0.00195
For
h = 0.10
= 0.65
d = 1.25
t = 0.004
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The equivalent thickness of the hollowcore, based on bending stiffness,

is
N TITEEE P S S
bend . a 2 124
1 =
hbend 0.02475

The modulus of electroformed aluminum is 7.8 x 106 psi; Poisson's

ratio is 0.33.

The section properties of the end fitting are

A = -;— (2bt + rbt)

Average = 3bt = 0,360

A model 81-82 = Eﬁi“i- (0.360) = 0.05571
BE

The torsional section is

o
it

(b3t + 2 bt3)

AVG 3
= "8 (0.060) + 1.333 (0.06)
L ) » - J
e = 0-48
E
= MG -
Jg1-82 B (0.48) 0.07
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The bending section moment-of-inertia is

2
¥ ) b 1 .3
T I = 2bt (2) + 2 12 tb
_ 4
I = ¢t (4+73)
b I = 0,060 (5.333) = 0.31999

E
Eﬂg-(o.32) = 0.04952

Imodel BE

The weight distribution was developed as described below.
The effects of rotary inertia will be neglected.

Each node of the shell not on the outside boundary will be assigned

the weight corresponding to 4,152 in.za

2
W= 0.155 —2 x fE % 4.15% 1n.?2 = 0.01853 1b
s

££2 144 in.

The nodes on the boundary of the shell will be assigned a weight which

includes the weight of the clip.

4.15 1b
1/2 Wy + (52 % 0.018 £

=
|

BS

0.,009265 + 0.00622 = 0.01549 1b

=
il

BS
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The nodes on the center line of the beryllium beam will be assigned a

weight calculated as follows:

1b

, 3
in.

x 0.07539 in.2 x 4,15 in.

W

BE PAL = 0,065

W

BE 0.02033 1b

Joints 79 and 80 will have 1/2 WBE

Joint 81 will have the weight of the hinge fitting
W = 0,10 1b

F

No weight will be assigned to joint 82,

Results of Computer Analysis. - The first six symmetric modes and asso-

ciated natural frequencies of the solar panel structure have been deter-
mined by extracting the lowest six eigenvalues and eigenvectors from the

set of equations.

([xJ - wrz D) (a1 = o

where:
(kK] = stiffness matrix (492 x 492)
M] = diagonal mass matrix
wrz = (2m fr)2 = rth eigenvalue
q(r) = rth eigenvector
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The boundary conditions were set to give zero rotation about the X2 axis
at nodes on the line 1 to 37 and zero rotation about the X1 axis at
nodes on the line 1 to 45. These conditions establish the symmetric

modes. The first six natural frequencies of symmetric modes are:

Symmetric Mode No. Frequency (Hz)

55.94
65.65
71.11
82,65
87.73
109.66

[ B

This analysis shows that the elastic boundary conditions produced by
the beryllium frame structure reduce the frequency of the shell from

72 Hz, calculated previously, to 55.74 Hz.
Overall Buckling of Substrate

The critical pressure for overall buckling of the biconvex shell is

given by 9

Using the values for the parameters listed with the natural frequency

calculation,
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(3.141 + 107 4+ 0.57071)

le [ =
CR 193433 (0.00584)
2 x 0.57105 B .
x| = Te325(o.00585 = -2 Pt

The margin of safety of overall buckling is

critical pressure _ 1
applied pressure x FS

MS
A conservative estimate of the maximum applied pressure is obtained by
multiplying the panel specific weight by the maximum predicted accelera-
tion response. The maximum response is predicted to be 137.6 g at the
center of the panel. The actual effective pressure will follow a sinus-
oidal distribution (zero on the boundaries, maximum at the center),
but, for this calculation, the maximum pressure will be assumed to act

over the entire surface. Then,

]

137.5 (SpWt) Panel
137.5 (0.00176)
0.148 psi

Applied pressure

The margin of safety is

.20 _
0.148 x 1.25

MS = 1 = 5.49
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APPENDIX E

SAFETY AND OPERATING PROCEDURES

Safety

Electroforming cell housing. - The electroforming cell was engineered

for maximum control of the environmental variable which is known to
react with any or all of the ethereal plating solution constituents.
Should there be an accidental explosion or fire, the housing has been
designed for a controlled release of any excess pressure (directed away
from personnel and equipment) and extinguishing of fire. The above

provisions were implemented by the following:

1. The plating room will support a maximum explosive condition
involving less than 1 gal of diethyl ether solvent, based on the stoi=-

chiometric principle of oxygen to flammable material ratio.

2, The facility has a release wall constructed to relieve excess

pressure of approximately 25 to 30 psi.

3. All equipment is explosive-proof, Class I, Division II, as
spelled out in Article 22, Title 8, State of California Division of
Industrial Safety Electronic Orders. All equipment is grounded inter-

nally as well as externally.

4, This room is ventilated by a once-through air change per

minute system with pickups at floor level,

5. An Ansul No. 150 dry chemical dump system, the sensing heads
of which are actuated by a rapid rate of rise to 1600F, provides fire
control. The air ventilation system is interlocked to shut down prior
to discharge of the dry chemical. Additionally, the dump system

acuates an air-horn alarm.
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Personnel control., - Only personnel assigned to the aluminum electroforming

program, and safety and security personnel, have access to these facili-
ties, EOS or Government visitors must clear through the manager of

this program. Visitor access to this facility for observation must be
cleared through the Safety Systems manager. All personnel are indoc-
trinated and trained to handle emergency situations. The Pomona Fire
Department units who will respond to a fire condition have been indoc-

trinated and furnished safety information.

Emergency procedures. - If it is necessary for the operator to shut

down during plating because of a malfunction in the system which may
present a hazardous condition, one of the operators will call 222 and
have the guard stand by. The guard will notify Pomona Plant Safety,

extension 451,

If a fire or explosion occurs in the plating facility, the plating op-
erator will notify Plant Security, extension 222, The guard will call
the Pomona Fire Department and the Pomona Security Officer (who will

notify the nurse and doctor, and make any necessary announcements over

the public address system,

Personnel will retreat, when it is safe, to the main entrance of the
plating area and don special fire fighting gear. Dry chemical wheel
units will be readied for action. Personnel are not to attempt to

fight the ether fire but to contain it. Personnel should remain up-wind

from fire and fumes.

Personnel in charge of the facility will meet the incoming fire trucks
and brief the fire captain. Only ether plating personnel and safety

and security personnel are permitted access to the area. Security and
safety personnel will keep the area clear of other employees. Employees

are to ramain in the main buildings.
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Safety equipment., - Each operator shall have the following minimal

safety equipment:

. fire-retardant smock
face shield
face mask - mild caustic

gloves

VR W N e

. safety shoes and grounding wire,
The following fire fighting equipment shall be available:
thermal barrier suit

150 1b roll-tank, dry chemical fire extinguisher

20 1b Ansul foray extinguisher

£ N
. B . o

Scott breathing equipment

All incidents and accidents will be reviewed by an ad hoc committee
composed of the managers of plating operations, safety systems, and

facility engineering.

Operating Procedure

The electrolyte used in the plating operation is flammable and, in some
circumstances, explosive. Also, solvents such as aluminum chloride and
lithium aluminum hydride are potentially hazardous under certain

conditions.
In order to avoid unsafe conditions, all equipment must be maintained

in safe operating condition and safety procedures must be adhered to

during operation.
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The following operational procedures for loading, mixing, plating, and
equipment servicing shall be used. A control panél schematic diagram
is shown in Fig. E-1 and an operational flow plan is illustrated in

Fig. E-2.

Flushing of the electroforming cell. - The air in the entirely enclosed

electroforming cell must be replaced with nitrogen.

1. Mixing tank
a. Close valves Nos. 15 and 17 and the butterfly valve leading
to the mixing tank. Close the 1/2 in. and 3/8 in. valves
in the glove box,
b. Open the nitrogen valve and pressurize the mixing tank to
5 psig.
c. Open the vacuum valve and evacuate the mixing tank to
10 in. Hg.
d. Repeat steps b and ¢ for a total of 10 cycles,
e. Fill the mixing tank with nitrogen gas to 1 psig.
2., Storage tank
a., Close valves Nos. 10, 13, 18, and 19.
b. Open the nitrogen valve and pressurize the storage tank
to 5 psig.
c. Open the vacuum valve and evacuate the storage tank to
10 in. Hg of vacuum,
d. Repeat steps b and ¢ for a total of 5 cycles.
e. Fill the storage tank with nitrogen gas to 1 psig,
3. Plating tank
a. Close valves Nos. 14 and 16.
Open the nitrogen valve and pressurize the plating tank
to 5 psig.
¢, Open the vacuum valve and evacuate the plating tank to

10 in. Hg of vacuum,
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Figure E-1.

Control Panel Schematic Diagram
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d. Repeat steps b and ¢ for a total of 5 cycles.
e. Fill the plating tank with nitrogen gas to 1 psig.

4., Electrolyte lines, filters, pumps and heat exchanger
Electrolyte lines, filters, pumps and heat exchangers can not
be flushed alone. They must be flushed together with other
pieces of equipment such as a plating tank. The following
procedure demonstrates such an operation:

a. Open all valves, except Nos. 10, 11, 13, 15, 17, 18, 19,
and hand valves Nos. 2 and 3.

b. Follow steps 3-b, ¢, d, and e.

Transportation of fluid. - The following procedure covers the transfer

of fluid from 55-gal drums to the storage tank or the mixing tank. All
55-gal drums of diethyl ether or anisole loading into the storage tank

or mixing tank are handled under the conditions listed below.

1. All 55-gal drums are grounded to the facility grounding system

and grounding is not removed until all lines have been disconnected.

2. Prior to transferring the ether to the storage tank or the
mixing tank, the drum is purged with dry nitrogen gas to drive off all
air that may have been introduced to the drum while hooking up the

transfer lines.

3. Personnel shall observe the following safety procedures:
a. The transfer of solvents is a 2-man operation.
b. All personnel shall wear fire-retardant smocks, face shields
and protective gloves,
¢. Fire fighting equipment shall be ready for use at all
times.
d., The 55-gal drums of ether or plating solution shall not

be stored on the premises over 48 hours.
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After the electroforming system has been properly flushed, the fluid

can be introduced into the storage tank according to the following

procedure:

1. Connect the nitrogen line and the flexible intake line to the

barrel with the hand valve,

2. Open

tank), as well

3. Open
at 5 in. Hg of

4, Open
at 10 psig.

5. Open

6. Wait

7. When

HZ’ closed.
valves Nos. 11, 4, 1, 5, 8, 9, 6, 10 (No. 15 for mixing

as hand valve H

1 which is to be kept open at all times.

the vacuum valve, evacuate and maintain the storage tank

vacuum.

the nitrogen valve, pressurize and maintain the barrel

the hand valve H2.

and P, .

30 seconds and turn on pumps Pl 9

all ether has been transferred, (as indicated by the

flow meter), turn off pumps P1 and P, immediately.

8. Close valves Nos,

tank), and H2.

9. Open

(mixing tank},

10.

11.

192

11, 4, 1, 5, 8, 9, 6, 10 (No. 15 for mixing

the nitrogen valve and pressurize the storage tank,

to 1 psig.

Disconnect the nitrogen line to the barrel.

Disconnect the flexible intake line to the barrel.



12, Repeat the above process if more than one barrel of ether is

to be transferred into the storage tank.

The following steps cover the transfer from the mixing tank into the

storage tank or to the plating tank.

1. Open valves Nos. 17, 4, 1, 5, 8, 9, 6 and 10 (No. 14 for plat-

ing tank).

2. Open the nitrogen valve, pressurize and maintain the mixing

tank at 6 psig.

3. Open the vacuum valve, evacuate and maintain the storage tank

at 2 in. Hg.

4, Turn on pumps P1 and P2 until all fluid has been transferred,

5. Turn off pumps P, and P, immediately.

1 2

6. Close valves Nos. 17, 4, 1, 5, 8, 9, 6 and 10 (No. 14 for
plating tank).

7. Open the vacuum valve and reduce the pressure in the mixing

tank to 1 psig.

8. Open the nitrogen valve and pressurize the storage tank to the

plating tank to 1 psig.

The following steps cover the transfer from the storage tank into the

plating tank or mixing tank.

1. Open valves Nos. 1, 3, 4, 1, 5, 8, 9, 6, and 14 (No. 15 for

mixing tank).
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2., Open the nitrogen valve and pressurigze the storage tank to

9 psig.

3. Open the vacuum valve, evacuate and maintain the plating tank,

or the mixing tank, at 2 in. Hg.

4, Turn on pumps P, and P,.

1 2

5. When the desired amount of fluid has been transferred, turn

off pumps Pl and PZ immediately,

6, Close valves Nos, 13, 4, 1, 5, 8, 9, 6 and 14 (No. 15 for

mixing tank).

7. Open the vacuum valve and reduce the pressure in the storage

tank to 1 psig.

8. Open the vacuum valve and pressurize the plating tank, or the

mixing tank,to 1 psig.

To transfer fluid from the plating tank into the storage tank, or the

mixing tank, follow the steps listed below,.

1. Open valves Nos. 16, 4, 1, 5, 8, 9, 6 and 10 (No. 15 for

mixing tank).

2. Open the nitrogen valve, pressurize and maintain the plating

tank at 6 psig,

3. Open the valve, evacuate and maintain the storage tank, mixing

tank, at 2 in. Hg.
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&4, Turn on pumps Pl and P,.

2

5. When the desired amount of fluid has been transferred, turn

off pumps Pl and P2 immediately.

6. Close valves 16, 4, 1, 5, 8, 9, 6 and 10 (No. 15 for mixing
tank).

7. Open the vacuum valve and reduce the pressure in the plating

tank to 1 psig.

8. Open the nitrogen valve and pressurize the storage tank, or

the mixing tank, to 1 psig.

The following steps cover the circulation of electrolyte for cooling

during electroforming.

1. Close the water inlet and outlet valves for the mixing tank

cooling jacket.
2. Open the hand valve for the water line into the heat exchange.
3. Turn on the compressor.
4. Open valves Nos. 16, 4, 1, 5, 8, 9, 6 and 14,

5. Open the nitrogen valve, pressurize and maintain the plating

tank at 6 psig.

6. Turn on pumps P1 and PZ'

7. When cooling is no longer needed, turn off pumps Pl and P2.
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8. Close valves Nos. 16, 4, 1, 5, 8, 9, 6 and 14,

9. Open the vacuum valve and reduce the pressure in the plating

tank to 1 psig.

Preparation of electrolyte., ~ The proper quantities of aluminum chloride

and lithium aluminum hydride must be added to the mixed ether at a con-
trolled rate to prevent overheating due to exothermic heat. The alu-
minum chloride and lithium aluminum hydride are added to the mixed

ether solvent as indicated in the steps listed below.

CAUTION

The operator must wear gas mask during
the operation,

Aluminum chloride shall be added as follows:

1. Flush the mixing tank according to the flushing procedure de-

scribed previously,

2. Add solvent to mixing tank according to the procedure described

under "Transportation of Fluid,"

3. Open the water inlet and outlet valves for the mixing tank
cooling jacket and close the hand valve for the water line into the

heat exchange. Turn on the compressor and the agitator.

4. Flush the glove box for approximately 2 hours by repeat pres-

surizing with nitrogen gas and evacuation.
5. Open the outside door of the transferring box.

6 Place one 50 pound AlC1l, container in the transferring box and

3
tightly close the outside door.
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7. Open the vacuum valve and evacuate the transferring box to

10 in., Hg of vacuum. -

8. Open the nitrogen valve and reduce the vacuum in the trans-

ferring box to 1 in. Hg.

9. Repeat f and g for a total of 5 cycles and bring the pressure

in the transferring box to ambient pressure.

10. Open the inner door of the transferring box and open the

cover of the AlCl3 container.

11. Empty the AlCl, into the hopper of the feeder,

3

12, Set the feeder speed at 6.

13. Open the vacuum valve, evacuate and maintain the mixing tank

pressure at 1 in. Hg of vacuum,
14. Open the butterfly valve.

NOTE

Personnel must now leave the plating room
and enter the control room. No one shall
be permitted into the plating room during
the mixing cycle of the aluminum chloride.

15, Turn on feeder.

16. Remove empty container by placing it into transferring box

and tightly close inner door before opening outside door.

17. Repeat steps f, g, h, i, j, k, and p, if more AlCl3 is to be
added.
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18. When desired amount of AlCl3 has been added, close butterfly

valve, -

19, Turn off feeder. The solution in the mixing tank is ready

for adding lithium aluminum hydride.

Lithium aluminum hydride shall be added as follows:

1. Place five 1l-gal jars of 5M lithium aluminum hydride solution

in the transferring box. Tightly close its outside door.

2., Flush out the transferring box according to steps 7, 8, and

9 from the preceding operation.

3., Open the inner door of the transferring box and put all

lithium aluminum hdyride solution inside the glove box.

4, Open the cover of the jar and insert the flexible lithium

aluminum hydride feeding tube.

NOTE

Personnel must now leave the plating room
and enter the control room. No one shall
be permitted to enter the plating room
during the mixing cycle of the lithium
aluminum hydride.

5. Make sure the mixing tank is maintained at 1 in. Hg of vacuum.
6. Open the 3/8 in. lithium aluminum hydride delivery valve

carefully. Due to gas generation, the initial addition of hydride must

be slowly controlled so that the gas generated in the mixing tank can

be removed immediately. However, later additions can be proceeded at

a high rate.
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7. Close the 3/8-in. hydride delivery valve immediately when the

jar is empty.

added.

Repeat steps 4, 5, 6, and 7 untilall 5 jars have been

8. Remove the empty jar into the transferring box and tightly

close the inner door,.

9. Repeat steps 1 through 8 until all the hydride needed has

been added.

10, Turn off the compressor.

11. Transfer all electrolyte into the storage tank according to

this procedure.

12, Turn off the agitator.

Electroforming. ~ This operation consists of five different steps. The

procedures for each of these five steps are as follows:

11. Mounting the electrode package

a.

b.

Close valves Nos, 11 and 16,

Disconnect the nitrogen, vacuum, pressure gage lines and
carefully open the plating tank cover,

Place the electrode package into the plating tank by
fitting the package on the holders,.

Connect the anode and cathode leads.

Check continuously between the electrode from the outside
leads, The circuit between the anode and the cathode

should be open.
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NOTE

Before securing the cover to the plating
tank, personnel shall make a visible in-
spection of the inside to ensure that all
tools and any other foreign materials have
been removed.

f. Secure the cover by tightening all nuts and bolts.

g. Connect the nitrogen, vacuum and pressure gage lines.,

NOTE

Personnel must now leave the plating room
and enter the control room.

h. Flush the tank according to the flushing procedure

scribed previously.

Filling electrolyte

de-

Electrolyte is introduced into the plating tank in the manner

described in the steps for transferring fluid from the

tank to the plating tank.

NOTE

After the plating tank has been secured
and filled, the plating operation will

be placed in the cycling mode without
power to the electrodes. The ventilation
system is turned off for three minutes,
during which time the operator will ob-
serve the general monitor's system (GMS)
for any indications of significant rise
in explosive atmosphere within the plating
room. Any abnormal readings require re-
turning of the plating solution to the
storage tank and investigation. Under

no circumstances does any operator enter
the plating room until all plating solu-
tions have been placed in storage.
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Startup

a.

Start cooling electrolyte according to the procedure
described previously.
Set the current limit on the power supply.

Turn on the d-c power supply.

NOTE

The operator maintains a close surveil-
lance of the flow rates and temperature
levels of the plating load; any signifi-
cant rise in temperature, decrease in
flow rates and/or pressure change will
indicate an abnormal operation. The
plating solution is returned to the stor-
age tank until an analysis of the condi-
tion can be made.

Termination of electroforming

a.

Turn off the d-c power.

Stop cooling by turning off the compressor and pumps 1
and 2.

Transfer all electrolyte into the storage tank according
to the procedure described previously.

Remove the remaining few gallons of electrolyte through
the 3/8-in. valves (located near the outlet of plating
tank) into some small container.

Flush the plating tank according to the flushing procedure

described.

NOTE

When the solution has been stored and the
system purged, the operator once again
shuts down the ventilation system for
three minutes and observes the GMS.
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5. Remove electroformed object

NOTE

The operator must wear a protecting mask
and clothes during these operations,

a. Disconnect nitrogen, vacuum, pressure gage lines, outside
electrical leads, electrolyte inlet and outlet lines.

b. Move the plating tank outside of the plating room.

NOTE

The plating tank shall be moved to at
least 20 ft away from the plating facility.
Personnel moving the tank and removing

the plated object are fully suited with
face shields, respirators, gloves and fire
smocks. There is always one person whose
specific duty is to man the fire extin-
guishers during this operation. Should

a fire erupt, the fire safety person shall
completely flood the unit, as well as
anyone close to it with the dry chemical
fire extinguisher. The 150 1b portable
unit shall be on standby and shall be lo-
cated at least 25 ft away from the
operation.

NOTE

All flow-line fitting connections shall
be thoroughly washed before any wrench
is applied to disconnect bolts from the
plating tank cover,

c. Open and remove the plating tank cover,

d. Wash the electroformed object with ether.

e. Remove the electrode package from the plating tank.
f. Wash the electrode package with water.

g. Separate the anode and cathode.
h

. Clean the plating tank and the cover,
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Services. - An incident in which a fire occurred resulted from servicing
the filter. It is included here to illustrate the importance of proper
safety procedures in the maintenance of equipment which has been exposed

to the ethereal electrolyte.

The fire incident of 7 April 1968 involved the filter component of the
aluminum electroforming system. The incident occurred during the re-
placement of filter elements used in preparation of the aluminum plating
solution. Apparently, some filter cake contained lithium aluminum
hydride which reacted with air, causing a flash fire. The Ansul dump

system accuated and extinguished the fire,

The following corrective measures have been made to prevent similar

accidents:

1. A back wash system for filters has been set up to remove ac-

cumulated hydride, particularly before replacement of the filter elements.
2, The filters have been relocated for easier access.

The aluminum plating solution contains 3.4 molar of aluminum hydride
and approximately 0.3 molar of lithium aluminum hydride in anhydrous
diethyl ether. 1In preparing the plating solution the aluminum and
lithium aluminum hydride (in the form of 5-M diethyl ether solution)
are slowly added to diethyl ether solvent in a reactor. Prepared solu-
tion is then transferred from the reactor into a storage tank, through
two filters of 10 gallon capacity, and each containing 6 all-woven
polypropylene filter elements. These elements must be replaced when
cumulated particles, mainly from aluminum hydride and lithium aluminum
hydride, appear to hinder the electrolyte flow. The detailed operating
procedure of changing such elements are given in the attached sheets.

They are being back washed with wash ether to remove as much as possible
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hydride particles before being replaced. Used elements are then stored
in a steel container and subsequently carefully washed with water before
being disposed of. The back wash ether is fed into the filter from an
external source, The drainage is a dilute solution of lithium aluminum
hydride and can be safely disposed of after allowing to react slowly

with moisture in the air.

The filter cartridges must be replaced using the following procedure:

NOTE

Operators must wear protective mask and
clothin during the following operations,

1. Close valves Nos. 1, 5, 9, and 6.

2. Flush the filter with wash ether from an external source.

3. Carefully open the filter and discard all filter elements im-~

mediately into a steel container.

4, Remove the filter base from its mounting by disconnecting the

electrolyte lines and mounting screws.

5. Carefully wash and clean the filter component with water.

6. Dry out the filter components,

7. Install the filter back into the electrolyte line and put in

new filter elements,

8. Pressure-check all connections.

9, Flush the filter with nitrogen by pressurizing the plating
tank to 5 psig. Open valves Nos. 16, 12, 2, 1, 7, 9 and the l-in.

draining valve on each filter.

204



10. After sufficient flushing, close the l-in. hand draining

valves as well as valves Nos, 16, 12, 2, 1, 7 and" 9 in the electrolyte

line.

11, Open the vacuum valve and reduce the pressure in the plating

tank to 1 psig.

12, The filters are now ready for further use.
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APPENDIX A

SUBSTRATE ANALYSIS-OPTIMIZATION OF ALUMINUM HOLLOWCORE DESIGN

This analysis follows the procedure outlined in the basic report.

Design Restrictions Due to Hollowcore Fabrication Process

The fabrication process (electroforming) of the hollowcore places the

following geometric restrictions on the design:

1. Distance between holes shall not be less than 0.050 inch
(A = 0.050 in.)

2. Hollowcore height shall not be less than 0.100 inch for a
planform size of 5 x 5 £t sq (h 2 0.100 in.)

3. Skin thickness of hollowcore shall be equal to or greater
than 0.002 inch and equal to or less than 0,006 inch
(0.002 in. =z t = 0.006 in.)

The first two restrictions are dictated by the mandrel used in fabricat-
ing the hollowcore substrate. At present, a copper sheet is to be used
and the holes in it are to be first drilled, then reamed. It has been
found that if the distance between holes is less than 0.050 inch the
operation of drilling another hole will upset and deform a previously
established adjacent hole. If the mandrel thickness is less than 0.100
inch for a 5 x 5 ft sq biconvex shell, it will deform under its own weight

when suspended in the electroplating tank.

The last restriction, the allowable range in thickness of the electro-

plating, is dictated by the state of art of aluminum electroforming.



It should be noted that this defines the panel frequency for a system

with a rigid boundary. Appendix B of this report analyzes the effect

of the frame stiffness on the panel first resonant frequency.

Critical Environmental Loading and Structures
Dynamic Magnification Factor

Review of the specified design environment defined in the basic report
indicates that the sinusoidal vibration of the structure is the most
severe loading condition for the solar array. Since the structure is
being designed to have a first resonance below 50 Hz, the input accel-
eration at the attachment points will be 1.5 g rms or 2.12 g zero to

peak.

From Phase I testing, it was found that the dynamic magnification

factor for this type of structure is about 40.

The acceleration response of the substrate under a sinusoidal vibration
input as derived in Phase I (Ref. 1) is

se

o 18 g nx (o (DX N b -
W = = Q sin \a a> sin \B B/ ws (A-2)
b o o)
where

= normal acceleration of substrate surface - g
= dynamic manifaction factor - dim.
curvilinear coordinate in X direction ~ in.

= curvilinear coordinate in Y direction - in.

= w Q O =
L]

= input acceleration at boundary - g



Membrane Forces per Unit Length

The membrane force per unit length varies over the surface of the
biconvex structure. For the preliminary (first cut) analysis, the maxi-
mum membrane forces at the crown of the biconvex panel were approximated
by the formula for a spherical shell supported tangentially and loaded

by a pressure. The formula is

- BR
F 2 (A-3)
where
P = membrane force per unit length - 1b/in.
R = radius of curvature - in.
= applied pressure - lb/in.2
The applied pressure is defined by
= SpWt x G -
p (Sp )p (A-4)
where the g level is
G = W = 137.5 zero to peak

and the specific weight (Sth)p of the total panel is the specific weight
of the dead load defined in the preceding subsection and that contributed
by the hollowcore. The next section defines the specific weight of the

hollowcore and the total panel for various geometric parameters.
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Crippling Stress of the Hollowcore Structure

From the Phase I program, it was determined that the failure mode for
the hollowcore structure concept was crippling in the surface between
cylinders. It was also determined that this surface could be approxi-
mated by an equilateral triangle (see Fig. A-2) loaded in compression
along its three sides. The leg dimension{(s) of this triangle is

defined by
s = 4a - M@d (A-9)

From NASA Document TN 3781, the critical stress in a triangular sheet,

loaded in compression along its boundary, is

- K_ﬂ?_E_.__. £ 2
ce 12(1-v2) o) (A-10)

The coefficient (K) given in NASA TN 3781 is

K = 5 for simply supported edges
= 12.5 for coupled edges
In Phase I tests the coefficient was found to be K = 12
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Figure A-2. Stress Distribution on Triangular Plate






