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SUMMARY g 2 / 3 6

A 51-inch-diameter, clectrodeposited nickel, spherical pressure
vessel was successfully designed, fabricated and tested. The results
of this manufacturing proécss development study have proven the feasi-
bility of fabricating scamlcss pressure vessels by the electrodeposi-
tion process.

The vessel produced was fabricated by depositing nickel on an
aluminum mandrel in a nickel sulfamate electroforming bath. The
aluminum mandrel was removed after completion of the electroforming
process by chemical ctching with dilute hvdrochloric acid.

A hydrostatic proof test and helium leak test have shown the

vessel mects the following design requirements:

Operating Pressure 50 psig

Proof Pressure 70 psig

Helium Permeability less than 10-'6 std/cc/sec/ft2
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1. INTRODUCTION

The purpose of this process development program was to design,
fabricate and test a 5l-inch-diameter, electroformed nickel, spherical
cryogenic fluid container.

Conventional cryogenic containers are fabricated from austenitic-
type steels with a face-centered cubic lattice structure. This lattice
structurc is not subject to the brittle transition at cryogenic tem-
peratures noted with materials having the body-centered cubic space
lattice. Difficulties encountered with these vessels usually arise
at the joints where cend closures are welded or where port openings
and reinforcements are joined. Development studies with composite
chambers fabricated from glass fibers and epoxy resins have indicated
that these chambers have high strength-to-weight ratios, but have
also pointed out extremely scrious problems of permeability, {clas=-
tomeric liners cannot be used at cryogenic temperatures), and low
stiffness of the composite matrix. When metallic foil liners are used
to prevent permeability, the composite overwrap must be overdesigned
to insure strain compatibility between the liner and shell. Otherwisc,
the cycle fatigue life will be greatly reduced because the liner will
be strained into the plastic range.

The electroforming process offers a solution to the problem of
welds and liners as a continuous joint-free structure can be produced.
Changes in thickness of the vessel wall can be made to reinforce local
high-load areas, eliminating the necd of extensive machining and weld-
ing after the vessel is formed. Major problems with the electroformed
structure are insuring a "pin hole" free vessel and establishing the
proper design and fabrication parameters. Since only a limited amount

of development data have been reported in this arca, the program had
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three main areas of effort: Phase I - design of a vessel suitable for
the electroforming process and definition of the process to be used to
fabricate the vessel; Phase II - fabrication of a 5l-inch-diamecter
spherical pressure vesscl to verify the design and process procedures
developed under Phase I; and Phase II1I - testing of the fabricated

vessel to verify that design and process requirements had been met.
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2. TECHNICAL DISCUSSION

2.1 Phase I - Design

Nickel electroforming is defined as the "production or
reproduction of articles by clectrodeposition upon a mandrel or mold
that is subsequently separated from the deposit'.

Electroforming is accomplished by placing the mandrcl or
article that is to be electroformed in an electrolyte solution. Nickel
anodesg arc placed in the electrolyte in an arrangement that will pro-
duce the desircd metal distribution over the mandrel. A direct current

is passed between the nickel anodes and the mandrel which functions as

the cathode. The electric current frecs nickel cations at the anode,
which then recombine as elemental nickel at the cathode. The electric
current is maintained until the desired wall thickness of nickel has
been produced.
Several parameters which affect the clectroforming process
nust be carefully considered. These parameters are:
1. Part Design
2. Mandrel Design
3. Current Distribution
4, Bath Agitation
5. Bath Chemical Composition
6. Plating Paramcters
a. pH
b. Temperature
¢. Current Density

d. Plating Stress

6951-Final 3



2.1.1 Vessel Desion

Design loads and compatibility of the vessel with the
clectroforming process werc the primary factors considered in the vessel
design.

A spherical shape was selected because the primary
structural load was from the internal pressure. Electroformed nickel
is an isotropic material and the spherical shape gives the largest
volume vessel for a minimum surface area and thickness.

Processing mandrel size and axial symmetry considera-
tions required that the vessel be rotated during the electroforming
process. The current distribution varies somewhat from point to point
in the electroforming bath. Since the thickness of the deposited mate-
rial is directly reclated to the current density, rotation of the mandrel
was necessary to minimize variations in thickness. As a result of the
rotation requirement, the fill and drain openings were located symmetri-
cally to simplify anode and masking designs. The final vessecl design
is shown in Fig. 1.

The maximun stresses expected during proof testing
were established by using the structural analysis presented in Appendix
A. This analysis defines the expected thermal and pressurce stresses
for a 5l-inch-diameter spherical pressure vesscl as a function of wall
thickness. The analysis indicates that the maximum pressure stress
can be expected at the junction of the port opening and the shell.

The stress in this arca is approximately 2.5 times the stress predicted
by membrane theory. The vessel is 0.060-inch thick in this area,
giving a membrane stress of 15,000 psi as shown in Fig. A-2., DBased on
the stress concentration factor of 2.5, the maximum stress at the dis-
continuity is 37,500 psi. Temperature induced stresses arise from two
sources: temperature gradicnts along the wall of the vessel and tem-
perature gradients through the wall of the vessel. The maximum thermal

stress along the wall is 40,000 psi as shown in Fig. A-5; the maximum
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temperature stress through the wall is shown to be 53,700 psi. Normally
the total stress would be equal to the summation of membrance stress and
thermal stress; hovever, in this casc thesce stresses are a function of
the filling rate, and the maximums will not occur simultancously.

The maximum pressure stress cannot be developed until
the vessel is nearly full of liquid; at that time the wall temperature
of the vessel should be fairly uniform and the temperature induced
stresses minimized.

The membrane stress in the major portion of the vessel
at proof pressure will be 22,500 psi. This stress level is cxtremely
low for nickel and a thinner wall thickness could have been used. The
0.040-inch wall thickness was preferred, however, because of the han=-
dling and testing risks involved with a {irst-article wvessecl.

The sealing and valve mounting arrangements for the
pressure vessel during testing are shovm in Fig. 2. The nickel flange é
is supported between two stainless steel plates having sufficient stiff-
ness to develop the full sealing pressures required for cryogenic ap-
plications.

2.1.2 Mandrel Design

Mandrels used in the electroforming process are gen-

crally classificd as permanent or expendable. The distinction is not
based upon the material from which the mandrel is made but rather on
the manner in which it is used. The requirement that the mandrel must
be removed after the clectroforming process through two relazively
small openings precluded the use of a permanent mandrel in this casc.
Therefore, an expendable mandrel was sclected which could be removed
by ctching with dilute hydrochloric acid after the electroforming
process was completed. The mandrel was made of 6061 aluminum, a
material which could be removed without damaging the nickel vessel.

The mandrel design is shown in Fig. 3.
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2.1.3 Current Distribution

Currcent distribution in the clectroforming bath is a
function of the plating bath geometry, the masking, and anode placement
arrangements. The proper combination of these paramcters was established
from a combined analytical and cmpirical study. A cross-sectional vicw
of the plating tank sctup is shown in Fig. 4. The mandrel is mounted
horizontally in the rotating fixture and rotates about a shaft through
the center of the mandrel. The vessel is located in the electroforming
bath with the ceater shaft at the surface of the sulfamate plating solu-
tion. The main anode pack is suspended beneath the vessel from the
horizontal rotator. (The anode pack contains the supply of nickel
plating anodes.)

A uniform thickness over the major arca of the vessel
was obtained by maintaining the ratio of mandrel surface arca to anode
pack surface area constant at every point, while keeping a constant
distance between the mandrel surface and anode pacl. The equation below
(developed in Appendix B) was used to establish the width of the anode

pack at any point,

21R2 cos &
& (R + h) K

where
W. = width of anode basket at angle %, in inches
h = distance between mandrel and anode basket, in inches
R = radius of mandrel in inches
K = ratio of anode basket surface area to mandrel

surface areca.

The width of the anode basket was cstablished using, h = 8 inches,
K= 8 and R = 25.5 inches. It varied from a maximun of 15 inches at
the bottom of the mandrel (8 = Oo), to a minimum of 4.5 inches just

below the neck of the vessel (& = 720L
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The additional nickel thickness required in the neck
areas to reduce the discontinuity stresses was obtained by using addi-
tional auxiliary anodes in the neck area as shown in Fig. 4. These
additional anodec baskets were controlled on secparate direct current
rectifiers so that the thickness in this arca could be controlled
independently of the rest of the vessel surface.

To verify the design concepts of the plating bath
geometry, several thickness profiles were made to establish the cross
section of the eclectroformed deposit. These profiles were electro-
formed by taping off gore sections on the main part of the mandrel
so that the electroformed sections could be removed after the plating
process without damage to the mandrel. The gore scctions wcre then
inspected for thickness variations throughout the profile. During
these profile studies it was established that the thickness of the
clectroformed nickel could be measured during the electroforming
process by using a Vidi-gage ultrasonic thickness tester. The profile
studies verified that the desired thickness could be recadily obtained
over the major portion of the sphere. However, several masking changes
werce made in the arecas of the port openings. This was an area of ex-
treme change in curvature on the surface of the mandrel and the current
distribution was somewhat uneven. The major problem arca was at the
junction of the flange and the neck radius; this area built up at a
nuch slower rate than the surrounding arcas. Several masking con-
figurations were attempted but did not provide sufficient nickel build-
up on the radius. The situation was finally corrected by mounting four
additional single anodes to throw directly into the radius. These
anodes were mounted on the auxiliary anode baskets. These small anodes
were cach run off a separate current rectifier so that the current

density could be controlled more accurately. These anodes are shown

mounted on the auxiliary neck anodes in Fig. 5.

6951-Final 11
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2.1.4 Bath Agitation

Proper agitation of the electroforming bath when
fabricating pressure vessels is extremely important. Pitting and
pinhole effects can be greatly reduced by obtaining the proper bath
agitation for the electroforming process. Agitation was obtained by
pumping the plating solution through a spray tube mounted along the
edge of the main anode basket. The resulting spray then impinged
directly upon the plated surface of the mandrel as the vessel rotated
in the plating solution. Agitation in the neck areas was provided by
pumping the solution up through piping at the top of the rotator,
from where it impinged on an area directly above the neck of the
vessel. These bath agitation techniques proved adequate for the

electroforming process.

2.1.5 Bath Chemical Composition

The electroforming bath selected was a standard sul-
famate nickel plating solution, typical of a bath that would be used
when producing any heavy wall electroform. The bath had the following
chemical composition:

Nickel 3.31 oz/gal.

Nickel chloride 0.38 oz/gal.

Boric Acid 4.94 oz/gal.

The chemical composition of the electroforming solution was monitored
throughout the plating process by daily chemical analysis for the

three major constituents of the bath.

2.1.6 Plating Paramcters

The physical properties of an electroformed nickel
deposit can be varied by changing the plating paramcters of the elec-
troforming bath. The most significant parameters are (1) hydrogen ion
concentration, (2) bath temperature, (3) current density, and (4) plat-
ing stress. Proper combination of these plating paramcters can produce

nickel with such widely varying properties as an ultimate tensile

6951-Final 13
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strength of 200,000 psi with an elongation of 3 percent, to an ultimate
tensile strength of 50,000 psi with an elongation of 15 percent. As

the vessel fabricated under this program was designed for a cryogenic
environment it was desirable to have an elongation in the wall of at

least 10 percent in 2 inches. To establish the proper combination of
plating parameters to obtain the 50,000 minimum yield strength and a

10 percent elongation in 2 inches, several tensile panels were plated
under varying conditions. The desired physical properties were ob-

tained from a sulfamate bath operating at the following conditions:

pH 3.0 to 3.7

Temperature 100°F

Current Density 20A/sq ft

Plating Strength 5000 to 10,000 psi (tensile)

Each of the plating parameters was monitored throughout the plating
process to insure that the deposited nickel would have the required

physical properties.

2.2 Phase II - Fabrication

Under Phase II of this program a 5l-inch-diamcter spherical
pressure vessel was electroformed to the design requircments and

process specifications developed under the Phase I studics.

2.2.1 Electroforming Mandrel

The mandrel was fabricated by spinning two aluminum
hemispheres and welding them together on an aluminum center shaft.
During the welding process considerable shrinkage occurred at the weld
joint, leaving this area of the vessel below the desired contour. This
surface deviation was repaired with an aluminum filled epoxy resin
capable of curing at room temperature. The surface was prepared for
electroforming by painting the surface with a primer, and then coating
with a silver conductive paint. The complceted mandrel, ready for elec-
troforming, is shown in Fig. €. The mandrel is shown on the horizontal
rotator with the main anode basket and auxilary neck anodes mounted in

place.

6951-Final 14
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2.2.2 Electroforming

During the electroforming process the mandrel was
rotated in the nickel sulfamate bath. The chemical composition of

the bath was:

Nickel 8.31 oz/gal.
Nickel Chloride 0.38 oz/gal.
Boric Acid 4.%4 oz/gal.

The following plating parameters were maintained throughout the

plating process:

pH 3.0 to 3.7

Current density 8 to 10A/sq ft

Bath temperature 100 to 1060F

Plating stress 5000 to 10,000 psi (tensile)

Tensile panels were plated before and after the electroforming of the
vessel to establish that the clectroposited nickel was mecting the
design requirements. Tensile test specimens were prepared from these
pancls in accordance with ASTM-E8. Test results are presented in

Table I. The average properties of these specimens were:

Ultimate tensile strength 31,160 psi
Yield strength (0.2 percent offset) 56,400 psi
Ultimate elongation (Z2-inch gage length) 13.5 percent
Modulus of elasticity 21.7 x 106 psi

Since the tensile specimens had shown that the nickel deposit was
meeting design requirements, the vessel, rotator and anode pack were
placed in the electroforming bath. The electroforming process lasted
approximatcly 120 hours. At various times during this period it was
noticed that small pits developed on the surface of the nickel. If
allowed to continue, the pits might have péﬁeﬁrated the wall of the
completed vessel. Therefore, these areas were repaired during the elec-
troforming process. A small local area around the pit was dried and
then the pit coated with Du Pont conductive paint number 4929. The
conductive paint was dried with a heat gun and plating immediately

resumed. This techniquc appeared to work very well giving a continuous
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Specimen
Before Plating

After Plating
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TABLE I

ELECTROFORMED SPHERE TENSILE TEST PANELS
PLATED BEFORE AND AFTER THE VESSEL

Ultimate Modulus
Tensile Yield Elongation
Strength Strength in 2 Inches Elasticity
_psi psi percent
-1 80,000 54,900 13.0 20.7 x 106
-2 80,800 61,200 14.0 21.5 x 106
-3 80,600 55,800 13.0 22.4 » 106
-4 80,200 54,800 13.5 21.9 x 106
-5 75,200 55,300 14.0 22.0 x 106
80,160 56,400 13.5 21.7 % 10°
-1 70,400 45,900 13.0 22.2 x 106
-2 93,300 64,800 10.5 21.9 x 10°
-3 95,800 68,200 9.0 22.3 x 106
-4 75,100 49,700 13.5 22.1 x 106
-5 73,100 47,500 14.0 22.8 x 10°
81,540 55,220 12.0 21.8 x 106

17




nickel layer over the area as soon as clectroforming was resumed.
The surface was observed continuously throughout the electroforming
process and repairs made as soon as possible after a defect was noted.

The electroformed vessel is shown in Fig. 7. Other
possible methods of preventing or repairing the surface pitting are
(1) burnishing the surface during the electroforming process, and
(2) soldering or welding after completion of electroforming. It is
believed that pits were started by fine particles of dust which settled
on the surface of the plated nickel during the electroforming process.
This problem could be completely ecliminated on a production basis by
electroforming in a clean room or by submerging the entire surface of
the vessel in the plating solution.

After electroforming the vessel was sanded to a light
polish with 180 grit paper to smooth the surface and improve appearance.
Visual inspection of the surface revealed a few small surface pits;
the integrity of the shell was verified, however, in later proof and
helium test operations.

A second tensile panel was plated after electroforming
of the vessel to verify that the clectroforming bath was still deposit-
ing nickel which met the design requirements. The average physical

properties obtained from specimens cut from this panel were:

Ultimate tensile strength 81,540 psi
Yield strength (0.2 percent offset) 55,220 psi
Elongation (2-inch gage length) 12 percent
Modulus of elasticity 21.8 x 106 psi

Test results for each specimen are presented in Table I.

2.2.3 Mandrel Removal

Removal of the aluminum mandrel after electroforming
was accomplished by etching in a hydrochloric acid solution (15 percent
HCL by volume). Reaction rate was controlled by varying the depth of

the vessel in the etching solution. After the aluminum was completely

6951-Final 18
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removed, the epoxy primer and conductive paint, used to repair the
contour, were removed by rotating the vessel horizontally with a mix-
ture of fine gravel and high-strength paint remover on the inside.

The entire vesscl was then rinsed several times with distilled water.

2.2.4 Thickness Profile

The thickness profile was established after the mandrel
was removed by using a Vidi-gage ultrasonic thickness tester. The
Vidi-gage was calibrated using sampl:s of electroformed nickel of known
thickness. The resulting thickness profile is shown in Fig. 8.

The wall thickness of the vessel proper varied between
0.044 and 0,052 inch. The taper nccessary to produce the reinforced
area started in the proper area and built up to 0.095 inch, 0.020 inch
above the expected maximum of 0.075 inch. The reinforced area was
covered by the neck auxiliary anode baskets which made it very difficult
to obtain Vidi-gage readings during the plating process. Consequently,
plating was permitted to continue longer than required to assure an
adequate thickness in this high stress arca.

The radius between the flange and the neck was thinner
than the surrounding areas but should be of adequate thickness for the
prototype vessel. The (.5-inch radius was difficult to build up, as

the nickel tended to distribute itsclf on either the neck or flange.

2.2.5 TPinal Assembly

Final asscmbly of the vessel included mounting the
flange supports in place and drilling and trimming the nickel flanges
to size. The fill, drain and pressure relief valves were mounted on
the outer flanges, using stainless stecl pipe fittings wrapped with
teflon thread tape. While these joints would not be adequate for high
vacuum applications they were satisfactory for thc qualification tests
performed at EOS. The valves can be mounted and welded as required
for subscquent cryogenic testing at MSFC. The completed vessel, rcady

for qualification testing, is shown in Figs. 9 and 10.
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2.3 Phase III - Testing

The purpose of the Phase III testing was to insure that the
vessel met the specific design requirements. Testing included (1) ten-
sile testing of specimens to establish mechanical properties attained
in the primary structure (2) hydrostatic proof testing of the vessel
at 70 psig for 15 minutes and (3) helium leak testing at 15 psig to

determine the average permeability rate.

2.3.1 Tensile Testing

The size of the electroformed vessel being fabricated
precluded electroforming tensile specimens simultancously with the
vessel during electroforming process. Tensile test panels were there-
fore plated before and after the vessel was clectroformed. The physi-
cal properties of the vessel were then assumed to be within the range
of those obtained with the test panels.

Five tensile specimens were prepared from each test
panel for testing in accordance with ASTM-E8. The specimens were
tested in a Riehle tensile testing machine. The design requirements,

and the properties of the test panels werce as follows:

Design Panel Plated Pancl Plated

Property Requirement Defore the Vessel After the Vessel
Ultimate Tensilc Strength
(psi) 30,000 30,160 81,450
Yield Strength (2 percent
offset) (psi) 50,000 56,400 55,220
Elongation (2-inch gage
length) (percent) 10 13.5 12

Specific data from each test are presented in Table I.

2.3.2 Hydrostatic Proof Test

Hydrostatic proof testing was accomplished by assem-
bling the vessel with the flange gaskets, fill and drain fittings, and
replacing the pressure release valve with a pressure gage. The vessel
was then pressurized with water to 70 psig. The fill and drain valves
were closed and pressure maintained for 15 minutes. A pressure versus

time curve for this test is shown in Fig. 11. After 15 minutes at
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70 psig there was no drop in pressure, and the vessel was vented. The
hydrostatic proof test verified that all components of the vessel could

wvithstand the design proof pressure of 70 psig.

2.3.3 Helium Leak Test

A helium lecak test was performed to determine the
average permeability rate of the vessel. An initial test was made by
pressurizing the vessel internally with helium to 20 psig and then
using a helium leak sniffer to establish the leakage rate. The entire
surface area was checked and no evidence of a leak was found. The
sensitivity of the tester was 1.5 x 10_10 std/ce/sec. The flange seals
were also tested; onc was leaking at a rate of 6 x 10"6 std/cc/sec and
the other at 4.5 x 10-7 std/cc/scc. The Teflon-stainless steel Flexi-
tallic seals used during this test were then replaced with standard
rubber flange gaskets. These gaskets scaled the flange area somewhat
inside that area which was scaled by the Flexitallic flange gaskets.
The entire vessel was then scaled in a polyethylene bag. The helium
sniffer was inserted at the top of the bapg and the vessel tested for
two hours. The maximum leak rate measured during this time was 4.5 x
10—8 std/cc/sec. This rate included the flange seals and the entire

surface area of the sphere.

6951-Final 24




,

—

3. CONCLUSIONS AND RECOMMENDATIONS

The feasibility of manufacturing cryogenic pressure vessels by the
nickel electroforming process has been successfully demonstrated. A
one-piece spherical pressure vessel was designed and fabricated from

clectrodeposited nickel. The vessel has met design requirements,

passced hydrostatic proof test and helium tests for permeability of the
vessel wall. The vessel has been delivered to MSFC for further cryogenic

testing. Fabrication and testing of the 51l-inch-diameter vessecl has

T - - i

proven the fcasibility of the electroforming process and satisfactorily
demonstrated the following:

1. A continuous, nonporous nick:l wall can be fabricated.

i
[
|
|

II 6.

2. Small pin holes that appear during the clectroforming process
can be located and successfully repaired during clectroforming.
3. The aluminum mandrel can be etched out without damage to the
vessel after electroforming has been completed.
4. Changes in wall thickness can be made by proper anode and
masking design to provide reinforcement of high load areas,
without sccondary bonding and welding to the vessel.
5. Port openings and reinforcements can be clectroformed
simultancously with the primary structure of the vessel,
eliminating a nced for secondary welding.
The thickness of the electroformed structure can be monitored
throughout the plating process with the use of an ultrasonic
Vidi-gage thickness tester.

Although it has been shown that pin holes and surface defects can
be repaired successfully during clectroforming process it would be
desirable to climinate, or at least minimize, the nced for such repairs.

In several cases it was noticed that the pin holes were started by
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specks of dust falling on the surface of the sphere during the plating
process. This problem could be solved by cither plating in a tank

large cnough to submerge the entire surface of the sphere in the plating
solution or in a clean room atmosphere.

Although the feasibility of clectroforming cryogenic pressure
vessels has been demonstrated, it is realized that the low tensile
strength of the nickel combined with the high density, yields a low
strength-to-weight ratio vessel. However, it has been shown duriag
this program that the propertics of the electrodeposited nickel can
be varied over a large range by proper combination of the plating
parameters. An example is showm in Fig. 12, which prescnts the physi-
cal properties of clectrodeposited uickel plated in a2 sulfarmate plating
bath as a function of the bath temperature. It can be seen that tensile
properties were obtained varving from about 100 ksi to 200 ksi and
elongations from 3 to 3 percent, depending on the plating temperature.
These data indicate that it should be possible, with further study, to
produce an clectroformed structure that has strength-to-density ratios
approximately cqual to other common pressure vesscl materials; a target
value might be 0.6 x 106 inch.

It is recommended that a program be initiated with the objective
of evaluating the ultimate temsile strength and elongation of the
nickel produced irom other nickel plating baths as a function of the
plating paramcters. This program should also include the clectro-
forming of several smaller size pressure vessels at these plating
parameters and the verification of their performance with hydrostatic
provi Lests.

Such a program would define the proper combination of plating
paranecters which would result in the production of nickel-decposited
pressure vessels capable of performing at levels equal to or better
than those currently obtained with vessels produced by more conventional

techniques.
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APPENDIX A
ELECTRO-OPTICAL SYSTEMS CRYOGENIC TANK ANALYSIS
BY G. A. HEGEMIER

1. INTRODUCTION

The information contained hercin concerns the stress analysis of
the Electro-Optical Systems 51-inch spherical cryogenic storape con-
tainer. The discussion is restricted to effects of internal pressure

and temperature only.

2. GENERAL PROBLEM AREAS

Three basic problem arecas should be noted immediately. First,
stress concentrations can be expected near the inlet (exhaust) -
sphere intercepts. An upper bound on the magnitude of the concentra-
tions will be determined. Second, stress concentrations will exist
near the gas-fluid interface when the tank is partially filled with
liquid hydrogen. These concentrations are due to the discontinuous
nature of the temperature distribution necar the interface. And third,
there exists the problem of thermal shock; during a short period
following contact of the cold liquid with the container wall a rather
severe temperature gradient will exist through the wall thickness.
This gradient decreases repidly with time and the wall eventually
assunes o relallively consitant temperature in the thickness direction.
However, during the period of large temperature gradient, temperature
induced stresses can be large; an estimatce of these temperature in-

duced strecsses is made.
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3. ANALYSIS

Membrane Stress State: Consider Fig. A-l. The stress distribution

some distance {(to be specified later) away from the flange and gas-fluid
interface areas will be that of a pure membrane state. An elementary

calculation yields

Op = 0g =0y = Pa/2h (1)

where Gm = membrane stress, ¢, and 0, = meridional and hoop stresses,

respectively, P = internal prgssure, h = shell wall thickness, and

a = shell midsurface radius. The behavior of o for P = 70 psi (proof
test pressure) and a = 25.5 in. is illustrated in Fig. A-2 for

10 x 107> in. < h < 80 x 107> in.

Stresses Near the Sphere - Flange Intercept Zome: Reference is

again made to Fig. A-l. The magnitude of the stress concentrations

near the intercept area for a nonoptimum shell design will be esti-
mated by considering two limiting cases: a connection with zero
flexibility (a rigid insert) and a connection with zero rigidity (a
hole). Figure A-3 illustrates the rigid insert condition. The stresses

in a region ! ¢ | < 25° can be obtained from Ref. 1 for this case. One

finds
7
c (Y o(%) !
- ) oy wige Vo3 3 v (= 1-v 7.
Jm 1 + (1 /) \3(:0) E P 2 3( ) + = ‘:4(: )‘;
I/ ‘t"(?) V3(1-’3) ‘\"\ ;
PO vE Y e s =R, ) - IO (@
(_ \\ V3(1"’3 ) - /_)
2 -1

PRI NCIRICI I C S INSTICINY

1 30" 4" o0 40" 3% 0 fo A3 o} 4 To:j
6951-Final A=2




h
i
a 2lL2°C
\ Ha

+
ZONE OF INFLUENCE
OF TEMP INDUCED T ——
DISCONTINUITY — ’\
STRESSES

\

\-252.8°C

\ Ha
——

FLUID- GAS
INTERFACE

ZONE OF
INFLUENCE: OF
DISCONTINUITY
STRESSES

FLANGE- SPHERE INTERCEPT

FI1G. A-1 THERMAL STRZISS FACTORS

ras 6951-Final A-3
73818392




. P36/8293

120

100 -

80 |-

-3
Om x 10 “psi
N
o
i

H
O
T

20 |-

FIC. A-2

6951-Final

10 20 30 40 50 60
hx10%in.

MEMBRANFE STRESS STATE

70



--

FIC. A-3a COJTAINER BOSS HNOMENCLATURE

0951-Final

FICG.

N\

NG

A-3b CONTAINER BOSS NOMENCLATUIE




-

£ s 1 A HEY 0 - A == () - o))
“m : . - J3(1-12)
j u"(g) 43:
1oy vl Yy v s 42 3 (1= 1,2 C ey
(1-v) &4(30)1 3E) +——+ VT 50+ v, )
L 3(1-v7) J)
2 2 -1
(‘Iw -4 w’ = - -4 x4 = __1+‘J ‘/wl = \y' = \ J
\‘3( O) ‘4(?0) 94( ) \}3( O) + :0 \‘3 ( 0) + 4 (O)/ ’;
98 2 - ‘e 20 .
(Note: om Ti, 3537 = e as a — =)

In the above equations C_ denotes the previous membrane stress (Pa/2h),
?i are Schleicher functions (Ref. 2), ( )’ denotes d/d*, * = 1.82 r/. /ah
(v = 0.3 has been assumed), Eo = 1,82 rO/wgg, r = hole radius, and
r = distance from hole centerline. Equations 2 and 3 are numerically
illustrated in Figs. A-4a and A~4b.(jThese data indicate a stress con=-
centration factor of approximately EQ'= 2to 2.5 exists for a = 25.5 in.
and h =30 x 107 t0 60 x 107 in. r_ "= lto2in. This concentration
(in meridional stress) is the direct result of local bending near the
insert.

Now let us assume the intersecting body possesses zero flexibility.
The mathematical equivalent of this is a hole. Since ro << a, the
stress concentration will be approximately that of a plate (infinite)
with a hole subjected to bitension. For such a case the stress concen-
tration factor is qﬁ/vm = celbm = 2 at the edge of the hole.
he above 1liwil cases indicaie the magnitude of the stress con-
centrations one can expect for a shell of constant thickness. They
can be eliminated to a certain degree by an appropriate flaring of the
connecting body and varying the sphere's thickness near the flange area.

Temperature Induced Stresses: As mentioned previously, these arise

from two sources: (1) temperature gradients in the ¢ direction, and
(2) temperature gradients through the shell wall. Their effects can be
considered separately and the results can be superimposed to determine

the total stress field.
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AR ¢

A representative estimate of the stresses induced by item 1 can

be obtained by considering the tank at the one-half-full mark.

21.2°C

-252.8°C

If the cold and warm hemispheres are cut apart along the equator,

there will exist a gap = a®T (no thermal stresses exist when cut).

F—e --—F

F > F

—-} aaT !

Here @ = coeificicnt of thermal expansion and T = average wall tempera-
ture. To close the gap radial forces, F, must be applied, bending the
upper shell inward and the lower outward by the same amount = 1/2 aqT.
This produces a hoop strain of € = + 1/2 oT. From the symmetry the
rotation will be the same at both edges so that the tangent to the
meridian will be continuous without the application of moments. After

some calculation one finds:
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My, 60,

(o) = -
“Rax O n’
N M (4)
Cp)p Cgdp + 6(Fg)p
max h h

where the subscript "T" indicates thermal stress only, i.e., the membrane
y

stress due to pressure has not been included. In Eq. 4 Ng, N¢, Me, %ﬁ

are given by

EhOoT -Hw
= - 1 - 2
(NQ)T 5 € sin (Hw - n/2)
()p = - q cot ¢
Qt = g%gl,/f'e-ﬂw sin (Hw - n/4) (3)
%ﬁ = égg%? e-Hw sin (Hw)
4 H
Me = vﬁm
where H* = 3(1~?) a®/n®. Note that since N, Ny ~ b and M, M ~ h?

the maximum amplitude of the thermal stresses, Eq. 4, are independent
of wall thickness. These stresses are illustrated numerically in
Fig. A-5 for a = 25.5 in., h = 34 x 1073 in., E = 30 x 10° psi,
Q=107 in/in/°C and v = 0.3, T = 21.2° + 252.8% = 274°. An increase
in shell thickness will stretch the vertical scale (smooth out the
distribution) but will not affect the horizontal scale (amplitude).
Note that the amplitudes of the stresses are directly proportional to
EXT. For h = 34 x 10‘-3 in. the zone of influence of the above stresses
is about ¢ = 40, hence they are quite confined.

Let us estimate the effect of an initial thermal gradient through
the tank thicimess by assuming the temperatures at the outer and
inner surfaces of a spherical shell are constant in the area already
filled with f£luid, but that there exists a linear variation of tempera-
ture in the radial direction. If AT is the difference in the tempera-
tures of the outer and inner surfaces, the stresses some distance from

the gas-fluid interface are given approximately by:
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(Cw )

]

AT = (GQ)AT
max max

@ ATE/2(1-v) (6)

Assuming E = 30 x 10° psi, a = 1075 in/in/%, AT = 274%, v = 0.3,

one obtains

(c,) =

= 0 i.
cb max (06)max 58,700 psi

Note again that the magnitude cof the stress is independent of thickness
and is directly proporticral to EGAT. Equation 6 is illustrated for
various values of .T, @ and E in Fig. A-b.
4. SUMMARY

For design purposes, Figs. A-2, A-5 and A~6 represent expected
membrane and maxinum temperature induced stress levels. The total
maximum stress in any given case is obtained by all three types of
stresses shown. In the area of the flanges, a stress concentration
factor of 2.5 should be assumed for a constant thickness shell (the
factor 2.5 is based on the membrane stress). An appropriate flaring

of the inlet (exhaust) pipes and an increase in shell thickness near

the flange area will significantly reduce this factor.
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APPENDIX B
DERIVATION OF ANODE PACK DESIGN EQUATION
BY R. N. HANSON

1. INTRODUCTION

The vessel fabricated during this program rotated in the electro-
forming bath about a horizontal center shaft. Half of the vessel was
submerged in the electroforming solution. It was required that the
nickel anodes be placed in the electroforming solution below the rotat-
ing mandrel. As the vessel was to be of constant wall thickness the
main anode pack had to be designed to maintain a constant current den-
sity on the arca of the mandrel rotating above it. This could not be
accomplished with a constant width anode basket; therefore the follow-
ing equation was developed to define the required width of the anode

pack at any location under the mandrel.

2. DEVELOPMENT OF WIDTH EQUATION

The geometry of the electroforming setup with definition of
symbols is shown in Fig. B-1.

Masks are placed on the sides, ends and recar surface of the anode
pack so that the only current flow is directed from the normal to the
surface of the anode pack along the radius to the center of the sphere.
ack ig emall

e Te hae)
- —

~ > 4+
COLIpary -

A ~
G (9]

Assuming that the width of the anode p
the diameter of the sphere, the surface area of the anode pack at any

angle 8, is given by:

anode wG (R+h) 4% (L)
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Where:

]

W width of anode pack at any angle £, in inches

radius of mandrel, in inches

= 2~ IS o
I

i

distance between surface of mandrel and anode

pack, in inches

Because the mandrel is rotating, the corresponding area on the surface

of the mandrel is given by:

2
mandrel ~ 27R” cos 8d5 (2)
For uniform wall thickness the ratio of the mandrel surface area to

the anode pack surface area must be constant, giving

dA

mandrel =K (3)
A

anode

Substituting equations (1) and (2) in (3) the width of the anode pack

at any angle 6 is given by:

_ ZTER2 cos 8

e = TK @R - 1)
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