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GLASS-FIBER-REINFORCED METALLIC TAKS

FOR CRYOGENIC SERVICE

by

E. E. Morris

ABSTRACT

/dvantages of and design requirements for a load-bearing metal shell with
an overwrapped glass-filament shell for high-pressure-fluid storageat 75 to

0 
-423 F were investigated analytically and experimentally.i Proper design permits
utilizat'ion of the maximum load-bearing capabilities of both shells and makes
possible tanks of significantly lighter weight than the best cylindrical and
spherical homogeneous metal pressure vessels.

7lass-fiber-reinforced metal tanks were fabricated and tested; they
successfully met design objectives in cyclic fatigue, creep, and burst tests in
the 75 to -4230F range, and should be considered for application to aerospace
systems. The testing (1) confirmed the results of a parametric study of the
vessels, (2) revealed that no degradation in tank strength resulted from cyclic-
fatigue and sustained-loading tests at 75, -320, and -423 F, and (3) established
that vessel strength increased about 25% at cryogenic temperatures 7
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GLASS-FIBER-REINFORCED METALLIC TANKS

FOR CRYOGENIC SERVICE

by

E. E. Morris

SUMMARY

The advantages of combining a load-bearing metal shell with an overwrapped
glass-filament shell for high-pressure-fluid storage in the 75 to -423° F range
were investigated analytically and experimentally, as were the design require-
ments. The research was concentrated on a parametric study of glass-fiber-
reinforced (GFR) metal tanks, followed by design, fabrication, and structural
evaluation of GFR metal tanks at 75, -320, and -4230F in burst, cyclic-fatigue-
plus-burst, and sustained-loading-plus-burst tests. The results demonstrated
that GFR metal tanks utilize the maximum load-bearing capabilities of both the
liner and the filament shell, and are significantly lighter in weight than the
highest-performance, cylindrical and spherical, homogeneous metal tanks.

The parametric study involved characterization of candidate metal-liner
materials; definition of design-allowable strength levels for S-HTS glass-
filament-wound composites; development of analytical procedures for tank design
and evaluation; development of curves characterizing design features of GFR
Ti-5A!-2.5Sn, GFR Inconel X-750, GFR 2219-T62 aluminum, and GFR 301 stainless
steel tanks with operating pressures in the 1000 to 4000-psi range; and
comparative rating of GFR-metal-tank performance with homogeneous metal tankage
made from the Ti-6A-4V, Type 301 stainless steel, 2219-T87 aluminum, and
Inconel 718 alloys.

The design criteria used included requirements that the compressive
buckling and yield strengths of the liner were not to be exceeded at a zero
internal pressure (when the liner is in maximum compression due to external
forces produced by the overwrapped filaments). Consequently, the designs
that were developed do not require an adhesive bond between the two shells
to keep the liner from buckling, as do glass-filament-wound tanks with very
thin metal liners0 Adhesive-bond integrity during the service life of GFR
metal tanks is therefore not an area of concern0 The tanks were also designed
to minimize liner hysteresis effects during cyclic operating-pressure applica-
tion by requiring that the liner-stress !range between zero and the operating
pressure be within the offset biaxial cohpressive and tensile elastic limits,
after an initial prestress-pressure load (which plastically deforms the liner
beyond its biaxial-yield stress).

The parametric-study results were verified by the fabrication and
testing of twenty 18 -in.-dia GFR Inconel X-750 tanks that had an operating
pressure of 2000 psi and a burst pressure of 3000 psi at 75 F0  The metal shell
had sufficient biaxial ductility over the 75 to -423 0F range to perform
satisfactorily up to the failure stress of the filament-wound shell. The
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average tankage burst strength at 75 F was within 0.67% of the design value, and
the variation was only 4.30% of the average. The average increase in tank per-
formance between 5 °F and cryogenic temperatures was 22 to 25% at -320°F and
23 to 27% at -423 F for vessels subjected to single-cycle burst tests, 100-
cycle-fatigue plus burst tests, or 72-hour sustained-pressurization plus burst
tests. There was no significant difference between the burst-strength levels
attained in the fatigue-cycling or sustained-loading tests (at 60 to 70% of
the single-cycle burst strength) and in direct pressurization to the burst

point without such prior exposure.

As compared with existing tankage, considerable weight savings can be

obtained with GFR Inconel X-750 tanks, which merit serious consideration for
application to aerospace systems. Improved efficiency and greater weight

0
savings over the 75 to -423 F range will be provided by GFR Ti-5AI-21.5Sn
vessels; investigations are warranted to evaluate their performahce advantages,
as well as' to-provide the data required by system designers for advanced
applications.

xvi



I° IN-TRODUCTION

A. BACKGROUND

Successful application of glass-filament-wound construction to the
design of pressure vessels, particularly in solid-propellant rocket-motor cases,
has suggested its use for the containment of cryogenic fluids. The high strength-
to-density ratio, dimensional stability, structural reliability, low thermal
conductivity, and ease and low cost of fabrication of glass/resin composite
structures are characteristics inherently attractive for cryogenic applications,
including efficient tankage.

The use of such structures for cryogenic pressure vessels will
result in considerable weight savings because the filament-wound-composite
(FWC) material has a much higher strength for its weight than do metal-tankage
materials0  Although the composite is light in weight, it is permeable to
pressurized fluids and requires an inner sealant liner when used for cryogenic
vessels.

Suitable liner materials are available for room-temperature seevice.
Liners for cryogenic use, however, have presented difficult developmental prob-
lems. They must respond repeatedly, without failure, to very large biaxial
strains in order to be compatible with the filament-wound composite at its
operating-stress level, and must then strain biaxially to the failure stress
of the filaments.

Metals have the required cryogenic-liner properties, but the high

strength and relatively low modulus of glass fibers currently used produce

elastic strains 3 to 10 times the biaxial elastic strain of metals at efficient
operating and burst stresses, and the liners must work well beyond their initial
yield point. Considerable effort is being devoted to the development of rela-
tively thin strain-compatible liners that can work in their plastic region for
a number of cycles. These thin liners must be bonded to the tank wall to keep
from buckling on depressurization, and attempts to use high-elongation foils
and to strain-cycle liners in their plastic range at cryogenic temperatures
have had only moderate success. This was because of (1) liner bucklIng on
vessel depressurization when the liner-to-composite bond failed, and (2)
subsequent fatigue failure in the buckled area0

Another sealing approach for cyogenic service is to combine the
glass-filament-wound composite with a load-bearing, nonbuckling, metal shell
that need not be adhesively bonded to the wall to keep from buckling This
shell provides the necessary liner and permits exploitation of the strength
potential of glass fibers0 For high-pressure-fluid storage containers, a
metal shell can be combined with a glass-fiber overwrap to achieve a vessel
of less total weight for a given operating pressure and volume than is possible
with an all-metal vessel0 For the inner and outer shells to operate at their
optimum efficiencies, however, a proper preload or strain relationship must
be achieved when the vessel is unpressurizedo

The work reported here was undertaken to determine analytically
and experimentally the advantages and design requirements of combining a

L1



load-bearing metal shell with an overwrapped glass-filament shell for high-
pressure gas or liquid storage in the range from 75 to -423° F A topical
report, entitled Parametric Study of Glass-Filament-Reinforced Metal Pressure

Vessels (Reference 1), was issued to cover the characterization of liner ma-
terials, definition of design-allowable strengths for glass-filament-wound
composites, analytical procedures for use in the design and evaluation of glass-
fiber-reinforced (GFR) metal tanks, parametric investigations, and comparative
ratings of pressure vessels. This report provides a detailed Surmary
of all work performed during the program (including a summary of Reference 1),
with emphasis on the design, fabrication, and structural evaluation of GFR
metal tanks at +75, -320 and -423°F in burst, fatigue, and creep tests.

B. PROGRAM PLAN

The objective of this work was to determine analytically and
experimentally the advantages of and design requirements for combining a
load-bearing metal shell with an overwrapped glass-filament shell for high-
pressure gas or liquid storage in the 75 to -423 0F range.

The program consisted of a three-task, 22-month technical effort.

Task I included an analytical design study and parametric evaluation of the
glass-shell/metal-shell combination. The task was completed with an investiga-
tion of the buckling characteristics of open-ended metal cylinders overwrapped
circumferentially with layers of tensioned filaments.

Twenty 18 -ino-dia GFR metal tanks designed in accordance with the
requirements established in Task I were fabricated during Task IH.

These vessels were evaluated in a Task III structural-test program.
They were subjected to burst, cyclic-fatigue-plus-burst, and creep-plus-burst
tests at 75, -320 and -4230 F. The results were analyzed and evaluated, and
were then compared with the predictions made for GFR metal tanks in Task !.
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II. DESCRIPTION OF GFR METAL TANKS

The most significant property of glass-filament-wound composites for
pressure vessels is the 4igh composite-wall strength-to-dens ty ratio attainable -

of the order of 2.0 x 100 in. for the cylinder and 3.20 x 10 in0 for the heads
at 75° F The large fiber strains associated with this performance create ex-
tremely difficult design problems when the requirement for a sealant liner is
introduced These problems, and the design approaches used to overcome them,
are reviewed below.

A. FILAMENT-WOUND-COMPOSITE MATERIAL

A filament-wound reinforced-plastic structure contains many
continuous, small-diameter, high-strength fibers imbedded in a matrix of
organic or inorganic material. The constituents of typical glass-filament
and boron-filament composites are shown photomicrographically in Figure 1.

These composites are fabricated by winding a specifically oriented
pattern of pretensioned, matrix-impregnated, continuous filaments onto a
mandrel. The fibers, which in most applications have been glass, constitute
the primary load-carrying element0 The maximum. structural efficiency is ob-
tained by orienting them to provide the strength components required to meet
the applied loads. In pressure vessels and other structures, where the
directions and relative magnitudes of forces are fixed, the resin matrix has
the secondary role of controlling fiber efficiency by transferring loads from
broken fibers, hardening the structure in terms of shape and fiber orientation9
and protecting fibers from each other and from degrading environments.

The filament content of a glass-FWC structure for pressure-vessel
application is generally about 67 vol% (or 82 wt%). with the resin matrix
constituting the remainder This construction, with a density of 0.088
lb/in0 3 for S-HTS glass* and an epoxy-resin density of 0°042 lb/ino3, results
in a composite density of 00075 lb/in0

5, which is about one-quarter the density

of steel and less than one-half the density of titanium, This low weight and
a high FWC strength (e~g., a 150,000-psi wall-hoop stress for a pressure-vessel
cylinder) characterize a highly efficient structural material.

B. SEALANT-LINER REQU!REMENTS

The filament-wound composite, while light in weight, is pe2 aeable
to gases and liquids under pressure. Furthermore, the filament and/or resin
may be subject to chemical corrosion by contained fluids, such as propellants.
Permeability and corrosion can be overcome by using a thin interior liner to
prevent or minimize fluid contact or transmission through the wall Because
pressure-vessel performance is based on the total weight, operating pressure,
and volume, a. minimum-weight liner is desirable.

Also designated S-901 glass by the manufacturer, Owens-Corning Fiberglas

Corporation.
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The functional requirements for sealant liners include

* Impermeability to gases and liquids under pressure

* Resistance to corrosion by contained fluids

* Strain compatibility between the liner and the
composite structure up to the composite-failure
stress

0 Resistance to fatigue when subjected to repetitive
loading to the operating stress level

* Toleration of tank expansion and contraction during
temperature cycling.

C. LINER MATERIALS

Molded elastomers, polymeric films, metal coatings, metal foil, and
thin metal sheet have been used for liners. The polymeric materials have been
suitable when the service life is short and when some permeation through the
structure is tolerable. Elastomeric liners have thus far been restricted to
temperatures greater than -650F because they lose extensibility as the glass-
transition temperature is reached.

When a polymeric liner is functionally adequate, the designing of
the filament-wound vessel is relatively straightforward. 'When stringent
limitations are imposed on fluid leakage or when the operating temperatures
are below -65 0F, metal liners must be used because elastomers and polymers
cannot now provide the necessary properties.

D. METAL-LINER DESIGN CONCEPTS

The high strength and relatively low modulus of glass filaments
create a requirement for large biaxial strains in the metal liner, and are the
most significant factors influencing material selection and design. The liner
membrane must strain under a l-to-i biaxial field past its yield point to the
operating and ultimate stresses of the filaments without failure or fluid
permeation ugder pressure0  At 75 F, S-HTS filaments have an elastic modulus
of 12.4 x 10 psi and a representative ultimate filament strength in pressure
vessels of 330,000 psi, yielding a biaxial-failure strain of about 2.7%. At
cryogenic temperatures, the filament strength may increase as mgch as 50% to
495,000 psi, while the modulus increases about 10% to 13.6 x 10 psi, producing
a biaxial-failure strain of about 3.6%. Stress-strain relationships for S--
glass filaments andthree possible metal-liner materials at 75 F are shown in
Figure 2. As indicated, the strains at the operating stress will cause the
liner to exceed its yield point and to deform plastically. In general, this
will occur even if the design makes use of the complete compression-to-tension
elastic-strain range of the liner.

When the liner is permitted to work beyond the proportional limit
into its plastic zone upon application of the zero-to-maximum use or limit
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pressures, it will spring back along its offset, biaxial, elastic, stress-
strain curve as the pressure is relieved and will be pushed into compression
by external pressure from the over rapped filaments until load equilibrium is
reached. An adhesive bond must be retained between the liner and the filaments
to prevent buckling, or the liner must be strong enough not to buckle and
thereby suffer fatigue failure.

Metal-liner design concepts have been categorized into four groups,
(defined below), based on their zero-to-operating-to-zero-pressure strain
characteristics. Figure 3 presents their associated schematic stress-strain
curves; for simplicity, the plots assume no liner prestress in compression
during fabrication and a common origin for the liner and FWC stress-strain
curves.

1. Elastic Liner (Concept A)

This is a vey thin, smooth liner that is strained only in
the tensile elastic zone or the compressive and tensile elastic zones. It may
or may not require tank-wall bonding to prevent buckling under compression
loading°

2. Smooth, Bonded Liner (Concept B)

This is a very thin, smooth liner that is strained in the
tensile and compressive elastic and plastic zones and requires a bond to the
tank wall to prevent buckling under compressive stress.

3t Corrugated Liner (Concept C)

This very thin, corrugated-metal liner is designed so that
pleats considerably increase its elastic-strain capability as compared with
the smooth parent material of construction, It is strained only in its
elastic zone,

4. Plastic-Elastic, Load-Bearing Liner (Concept D)

This is a thicker, smooth, load-bearing liner that is strained
only in the tensile and compressive elastic zones after an initial prestress
into the plastic zone. it is strong enough to resist buckling under compressive

loading.

The first three concepts are referred to as metal-lined glass-
filament-wound pressure vessels, and the fourth as the GFR-metal pressure,-
vessel concept. This program analytically and experimentally investigated
the design requirements and advantages of GFR metal tanks.

E. GFR METAL TANKS

When design requirements dictate the use of a metal liner to meet
performance specifications, thick liners that share loads with the WC shell
offer an excellent approach to workable, low-weight, high-pressure-fluid.,
storage vessels.
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This concept provides a tank formed by combining a load-bearing
metal shell with an overwrapped glass-filament shell. Metal-tank fabrication
procedures are used in constructing the liner The glass shell is fabricated
by winding a specifically oriented pattern of pretensioned, resin-impregnated,
continuous filaments over the metal shell.

1. Stress-Strain Conditions

A schematic stress-strain diagram for a pressure vessel so
constructed is presented in Figure 4. With reference to that figure, a "load-
bearing metal shell" is defined as one capable of resisting buckling at the
compressive-stress level (E) shown there (produced by external pressure from
the overwrapped shell), when no bond exists between the two shells, The two
shells are designed to minimize the hysteresis loop of the liner in the
operational-pressure-cycle stress range (E) to (J) to (E) [ioeo, (E) to (J)
is an elastic stress-strain cure>

Significantly different stress-strain conditions are imposed
on GFR metal tanks during application of the internal pressures associated with
tank fabrication, proof testing, burst testing, and operation. Figure 4 depicts
these states for both shells during fabrication, after mandrel removal, and at
the proof-pressure prestress, zero pressure, operating pressure, and burst
pressure. It provides a basis for the ensuing discussion, which repeatedly
refers to points depicted there0

The metal shell may be held in a stress-free (strain-free)
state by a rigid mandrel while being overmirapped with tensioned filaments
[point (M)]. Upon mandrel removal, however, it will spring back into a
compressive state, due to the overwrap pressure [point (0)]. The magnitude
of compression at zero-internal-pressure equilibrium depends on the relative
thicknesses and moduli of the ove27wrapped filaments and the liner, as well
as the biaxial stress-strain characteristics of the liner and the filament-
winding tension used during FWC fabrication

When the first pressure load (p.) is applied, the GFR metal
tank is strained to point (A), which is fixed by material properties and
thicknesses and by the load0 For factors of safety associated with aerospace
tankage and with the glass-filament and metallic materials now available,
point (A) will be beyond the metal-shell yield point and considerable plastic
deformation may occur In general, it can be said that the biaxial tensile
strain produced in the liner by the initial prestress load will exceed 1%
and may be greater than 2%.

When that initial load is removed, the liner will spring
back along the offset, biaxial, elastic, stress-strain culve (A)-(E) and

will be pushed into high compression by external pressure from the overmrapped
filaments until load equilibrium is reached at point (E) [strain (G)]. The
GFR metal tanks are designed so that point (E) does not exceed (a) the critical
buckling-stress level of the liner in the absence of a bond between the two
shells, or (b) the compressive elastic limit of the liner
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The operating-pressure level (po) will always be less than or

equal to pp. During the application of cyclic operating-pressure loads, there-

fore, the metal-liner strain range is between points (G) and (K), and the value

of (K) may be as large as (B).

Specific stress and strain values fixing the range between
(G) and (K) depend on design details, but maximum values for that range can

be estimated from candidate-material properties by assuming that the minimum
value of (G) occurs at the biaxial-compressive-yield stress of the metal shell
and that the maximum value of (K) is equal to the strain (B) and occurs when

Po = p . Associated with the minimum value of strain (G) is the stress TE and

with te maximum value of strain (K) the stress oj. As an approximation, and
in the absence of the Bauschinger effect,* it may be assumed that -aE = J=

material tensile-yield point, in accordance with the forugoing assumptions.
This strain range between oE and oj is the maximum-permissible operating-
strain range for GFR metal tanks.

2. Unique Design Criteria

Designs of GFR metal tanks must be bascd on both internal-
pressure requirements and zero-pressure stress states in the liner. In addition

to the usual requirements, the following conditions are imposed on the liner
design:

a. An adhesive bond between the two shells is not required
to prevent buckling when the liner is loaded in compression. The unbonded

liner must have sufficient buckling strength and load-carrying capability to
sustain external forces from the overwrapped filaments.

b. The compressive-stress level in the liner will not
exceed the compressive elastic limit, to minimize hysteresis effects and
thereby improve the cyclic-fatigue endurance.

c. The stress level in the liner at the operating pressure
will not exceed the tensile elastic limit, to minimize hysteresis effects
during cyclic applications of the operating pressure.

In GFR metal tanks, efficient use of filament strength
requires that the parent metal and weldments of the liner have sufficient
ductility to permit biaxial straining to (a) the maximum design-allowable
filament stress at po, and (b) the ultimate elongation of the filaments at

their ultimate stress. Metal shells without the required strain capability
[due to cryogenic-temperature effects, heat-treatment level, low weld-joint

ductility, or propagating defects in the welds (cracks, incomplete fusion,

lack of penetration, excessive porosity, excessive inclusions, etc.)3 will

fail prematurely by local fracture of weldments or the parent metal, followed
by leakage. Candidate materials must therefore have suitable elongation

capability to be strain-compatible with the glass filaments.

Reduced deformation resistance in one loading direction following initial

prestraining in the opposite direction.
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Under the 1-to-i biaxial-stress-field conditions, such as
exist in FWC pressure vessels and GFR metal tanks, metals have a significantly
reduced strain capability as compared with their uniaxial (1-to-O) ductility.
As shown in Reference 1 (pp. B-i to B-3), the allowable elongation under such
conditions in the +75 to -4230F range is less than 50% (and closer to 25%) of
the uniaxial ductility. On this basis, the design rule is used that the
allowable biaxial elongation of a metal under i-to-i stress-field conditions
is 25% of the uniaxial value. With such a design allowable, the liner materials,
in the parent metal and weldments, must have a uniaxial dhctility capability
about 4 times the ultimate filament strain, or 10.8% uniaxial elongation at
+75 F and 14.4% at -4230F, to be able to strain as a liner to achieve the full
strength potential of the glass-FWC shell.
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III. TASK I - PARAMETRIC STUDY

The design, fabrication, and testing of GFR metal tanks were preceded by
an investigation of overwrapped-metal-shell buckling strengths, and a compre-
hensive characterization analysis and parametric study of these tanks. The
results, reported in Reference 1, are summarized below.

A. COMPRESSIVE PROPERTIES AND BUCKLING STRENGTHS OF OVERWRAPPED
METAL SHELLS

An important design innovation associated with this configuration
is extension of the elastic range of the metal by operating from compression
to tension rather than in just the tension range. This is accomplished by
imposing on the unpressurized filament shell a positive tension load that is
reacted by a compressive load in the metal shell. Compressive liner stress
at a zero chamber pressure can be set up by a number of techniques: using
tension during filament winding, subjecting the fabricated tank to a pre-
stress pressure that produces plastic yielding of the liner, or combinations
of these two techniques.

To design the load-bearing component, it is necessary to know the
compressive-stress level at which (1) liner buckling occurs, or (2) the
elastic limit of the liner is exceeded. Present methods of analysis do not
permit the calculation of compressive-buckling-stress design limits; however,
this information has been established by experimental evaluation, and Reference
1 summarizes data available in the literature. As described there, R. H. Johns
and A. Kaufman of the NASA Lewis Research Center tested the buckling of metal
cylinders due to overwrapping in the circumferential direction with layers of
tensioned filaments.

They conducted 29 tests on mild steel, stainless steel, nickel,
titanium, and aluminum specimens with diameter-to-thickness (D/t) ratios
ranging from 175 to 3000, and obtained another five data points (with D/t
ratios in the range from 320 to 600) from the literature. Their analysis of
all these results indicates that a straight-line correlation exists in
logarithmic coordinates between D/t and c/Es, where ac is the critical
stress from overwrapping at buckling failure and Es is the metal-cylinder
secant modulus at failure taken from the stress-strain curve, as shown in
Figure 5. The ac/Es parameter is thus the compressive strain at which
buckling occurs. This correlation was used for the parametric study covered
in Reference 1.

0
Additional work was done to determine the 75 F compressive prop-

erties and buckling strengths of filament-overwrapped, open-ended, metal
cylinders. A detailed report on the experimental evaluation is presented
in Appendix A. In summary, compressive-stress-strain curves and the point at
which buckling failure occurred were determined for 12-in.-dia cylinders
made from 2219-T62 aluminum alloy, nickel-base-alloy Inconel X-750 in the
solution-treated and aged (STA) condition, and 5A1-2.5Sn titanium alloy
(Ti-5Al-2.5Sn). Data from these experiments were evaluated and compared with
other available data to provide a means for estimating compressive-stress
limits as a function of the controlling parameters. The buckling characteristics
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were in excellent agreement with the predicted behavior (determined from Figure
5) and correlations used for the parametric study. This agreement is shown in
Figure 6, where data from the six cylinders tested are compared with other
available data.

In all six cylinders, buckling failure occurred in the longitudinal
seam weld at high stress levels. All failed in a cusp buckle. Compressive
stress-strain curves were developed from the data recorded during the buckling
tests.

B. STUDY RESULTS

This section summarizes the results of the parametric study
(Reference 1), in which the advantages of and requirements for combining a
metal shell with a glass-filament shell for high-pressure-fluid storage in
the +75 to -4230F range were investigated. The research was concentrated on
characterization of candidate metallic materials. definition of design-allowable
strength levels for S-HTS glass-WC structures, development of analytical
procedures for the design and evaluation of GFR metal tanks, parametric study
of the tanks, and rating of tank performance in comparison with homogeneous
metal tankage made from Ti-6A1-4V, Type 301 stainless steel (SS), Inconel 718
(a nickel-base alloy), and the 2219-T87 aluminum alloy. The service require-
ment included sustained loading and 100 pressure cycles to the operating
pressure.

To minimize hysteresis effects in the metal shell during cyclic
operation, the tanks were designed so that, after the application of an initial
prestress-pressure load (which plastically deforms the liner beyond its bi-
axial-yield stress), the stress range between zero pressure and the operating
pressure was iTithin the offset biaxial compressive and tensile elastic limits.
In the parametric study, the liner stress at the operating pressure was required
not to exceed 90% of the offset biaxial-yield stress.

Analyses of material properties revealed that several available
alloys provide sufficient ductility and strength to meet the design requirements.
The alloys studied were Ti-5AI-2.5Sn fannealed, extra-low-interstitial (ELI)
grade] Type 301 SS (half-hard temper), the 2219-T62 aluminum alloy, and the
Inconel X-750 (STA) nickel-base alloy. Because of cyclic-pressurization effects
on F9C strength, it was estimated that the operating-pressure filament-stress
level had to be maintained at 60% or less of the single-pressure-cycle burst
stress to sustain the 100-cycle requirement for the tanks. An operating-pressure
design-allowable filament-stress level of 200,000 psi at 75 F, compared with a
representative single-cycle tank-burst-pressure filament-stress level of
330,000 psi, was necessary. At -320 and -423 F, these allowable levels were
expected to increase by 50% to a 300,000-psi operating stress and a 495,000-psi
burst stress,

A structural analysis and computer program were developed for use
in designing and analyzing complete tanks, wound with either geodesic or in-
plane patterns along the cylinder and over the end domes and complemented by
circumferential windings in the cylinder. Optimum. head contours were developed,
and the-following were computed for more than 1000 different configurations of
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* GFR metal tanks: filament- and metal-shell stresses and strains at zero
pressure and the design pressure; hoop-wrap thickness required for the
cylindrical portion; and weight, volume, and filament-path lengths for the
components and complete vessel. For these designs, the computer program also
determined the stresses and strains in both shells throughout service cycling

* from a series of input pressures, composite temperatures, and metal-liner
temperatures.

Tanks were designed for room-temperature service so that the
compressive-yield stress of the liner is not exceeded at any point on the
head and in the cylinder, and so that the critical buckling-stress level is
not exceeded in the cylinder or at the equator of the head when the liner is
in maximum compression due to the overwrap. Thus, the designs developed in
the study do not require an adhesive bond between the glass-fiber and metal
shells to prevent buckling.

The optimum room-temperature designs were fVound to be optimum
also for cryogenic temperatures if the tank is warmed at some time during its
service life. The reason is that such designs have the maximum-permissible
compressive stress in the metal shell at zero pressure after the proof test,
and additional plastic deformation at any temperature results in too high
compressive stresses at room temperature. At cryogenic temperatures, these
designs can operate at an increased pressure to improve the performance if
use is made of the change in metal-shell tensile-yield strength produced by
the temperature change.

The necessary head contours are intermediate between that for the
WC pressure vessel and thespherical shape optimum forhomogeneous metal

heads. In GFR-metal-tank heads with the optimum contour, stresses are
constant in the filaments up the contour, and a 1-to-i stress field is
produced in the liner at the design pressure and temperature, thus satisfying
the requirements for optimum closure design. Completely wrapped GFR metal
tanks with optimum head contours have higher performance than spherical GFR
metal tanks or circumferentially reinforced, cylindrical tanks with hemi-

* spherical end closures. The performance level for completely wrapped oblate
spheroids is comparable to that of completely wrapped cylinders.

Proper design of GFR metal tanks permits exploitation of the
maximum load-bearing capabilities of the metal and filament shells. It
makes possible operating pressures in the range from 1000 to 40~00 psi and
higher, with performances significant 'ly greater than those of the highest-
performance, cylindrical and spherical, homogeneous metal tanks. Figure 7
presents a summary comparison of operating-pressure performance factors
(poV/W)* for GFR metal tanks, homogeneous metal tanks, and high-pressure
glass-FWC tanks with very thin metal liners at 75 F and cryogenic operating
temperatures. The design stress of the homogeneous tanks was 67% of the

W~here p = design pressure, psi [egoperating pressure (p0 ) or burst
pressure (Pb)]; V =internal volume, ini5 ; and. W =pressure-vessel weight,
lb (not including fittings).



ultimate tensile strength or 77% of the yield strength, whichever gave the lower
operating-stress level (a factor of safety of 1.5 based on ultimate strength or
1.3 based on yield strength). The GFR metal tanks and FJC vessels were assumed
to operate at filament-stress levels of 200,900 psi at 75 F and 300,000 psi or less
at -320 and -4230F. The low-temperature performances are maximum values based
on full use of material properties at those temperatures. The GFR metal tanks
are designed, however, so that after they are worked at their operating pressure
at cryogenic temperatures, they may be warmed to room temperature without ex-
ceeding the maximum-permissible compressive stress. If the vessel warms during
use or there are other reasons for not employing the properties of the structural
material at the operating temperature, the performance factors given for each
type of vessel as a function of temperature must be adjusted correspondingly.

Maximum performance for cryogenic service will be provided by high-
pressure FWC tanks with very thin metal liners, provided that a reliable liner
design can be developed, For this reason, the coirments that follow pertain
only to comparison of GFR metal tanks and homogeneous metal vessels,

Maximum efficiency over the 75 to -4230 F range is provided by GFR
Ti-5A1-2.5Sn vessels. Their performance is considerably greater than that of
the other GFR metal tanks and all candidate homogeneous vessels. At room
temperature, it is 35% higher than that of Ti-6AlI4V (annealed) spheres and
70% higher than that of Ti-6A1-4V (annealed) cylinders, When compared with
the performance of the highest-strength homogeneous vessels made from 301 SS,
Inconel 718 (STA), and 2219-T87 aluminum (see Figure 7), the improvement ranges
from 40 to 130%, depending on the shape and the alloy used.

The GFR titanium tanks have a minimum safety factor of 1.40 to 1.570

at 7; F, which is comparable to that of the homogeneous tanks. At -320 and
-423 F, burst-strength performance is believed to be limited by the biaxial-

strain capability of the liner weldments, and the full glass-filament potential
cannot be realized When the cryogenic proBerties are used to maximize poV/W,
the safety factors are 1.16 to 1.30 at -320 F and 1.08 at -423 F. However,
if the cryogenic-strength properties of both shells are not employed to in-
crease the p0 level, the safety factors increase to about 1.70 to 1.80 at

0 0 0-320 F and 1.60 to 1.70 at -423 F. In designing these tanks for cryogenic
service, a compromise must therefore be reached between the safety factor and
the resulting poV/W value.

The second highest performance at 75 F is provided by GFR 2219-T62
aluminum tanks. Compared with Ti-6Al-4V (annealed), it is as much as 15%
higher than that of spheres and 25 to 45% higher than that of cylinders. The
safety factors are 1.43 to 1.51 at 75 0F, depending on shape and pressure. At
-320 F, these values are close to 1.40 at the maximum operating-pressure level.0

At -423 F, however, low weldment ductility decreases the estimated factor to
only 1.08 at the maximum operating pressure. As was the case for titanium,
safe operation at -423 therefore requires a compromise between adequate safety
and high poV/W. As an example6 if the 75 F PoV/W of 355,000 to 405,000 in.
is acceptable at -320 and -423 F, the operating pressure could be held at
the 75 0F value in cryogenic use. If this is done, the 75 0F safety factor
of 1.4.3 to 1.57 changes to about 1.50 at -320 F but drops to 1.20 at -4230F.
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The performance of GFR 301 SS (half-hard) oblate-spheroid vessels
is slightly below that of GFR aluminum tanks and of homogeneous Ti-6A1-4V
(annealed) spheres, but is above that of all the other homogeneous vessels.
The factors of safety at the maximum operating pressure are about 1.50 at

75 0F and 1.70 at -3200 F; at -4230F, the value is reduced to only 1.08, due
to the low estimated strain capability of metal-shell weldments.

The GFR Inconel X-750 (STA) tanks have a number of unique features.
In the 75 to -423 F range, the liner has sufficient ductility to strain to the
ultimate filament strength, thereby achieving the maximum performance obtainable
with this material combination and the design requirements imposed on GFR metal
tanks. The factors of safety based on the maximum-permissible po increase as
the operating temperature decreases; except for cylindrical vessels at 75 F,
they range from 1.50 to 1.85 at 75 to -423 F. Because of the good liner per-
formance (large biaxial-strain capability and 100% weld-joint efficiency) it
appears feasible (and is recommended, if optimum performance is to be attained)
to operate at levels that produce liner stresses equal to the proof-pressure
stress at 5°F or at the offset-yield stress as the temperature is reduced from
75 to -423 F. This Po increase results in an improvement of about 10% in
PoV/W.

If GFR Inconel tanks are operated at 90% of the offset-yield stress,
the 75°F performance is about 20% greater than that for homogeneous Ti-6A1-4V
(annealed) cylinders, and about 30% greater than for 301 SS (extra-full-hard
temper) cylinders. The performance advantage is maintained at these and

higher values in comparison with spherical and cylindrical homogeneous tanks
fabricated from Inconel 718 (STA) and 2219-T87 aluminum. The GFR Inconel
X-750 (STA) tanks can have equivalent or slightly higher performance factors
than Ti-6A1-4V and 301 SS spheres. If the low-temperature mechanical properties

are employed', their rate of performance increase at cryogenic temperatures is
less than that for homogeneous titanium and stainless steel vessels, which
develop superior poV/W values in cryogenic use.

If the GFR Inconel tanks are operated at 100% of the offset-yield
stress, the 75 to -423°F performance is equivalent to that of GFR aluminum
and GFR stainless steel tanks, as shown in Figure 7. At 750F, they are
superior to all configurations of homogeneous vessels made from the repre-
sentative stainless steel and titanium-, aluminum-, and nickel-base alloys.
When cryogenic-temperature properties are used to increase the poV/W)
homogeneous titanium spheres and cylinders and homogeneous stainless steel
spheres have higher values than GFR Inconel tanks. Creep of homogeneous
titanium-alloy vessels,when subjected to the operating-stress levels assumed
in this analysis, may create a problem in the 75 to -423°F range. If the
problem is shown to be serious, the performance advantages offered by GFR
Inconel tanks will be greatly amplified.
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IV. TASK II - PRESSURE-VESSEL DESIGN

A. SELECTION OF CONFIGURATION

Using the Task I results, a GFR metal vessel was selected for
design, fabrication, and testing. The parametric study showed that tanks
of GFR Ti-5Al-2.5Sn (annealed, ELI grade) were the most efficient. However,
the study also revealed that, with the exception of Inconel X-750, the
titanium-alloy and other candidate materials [2219-T62 aluminum and 301
(half-hard) stainless steel. might have insufficient biaxial ductilities in
weldments at cryogenic temperatures for satisfactory performance. The burst-
strength performance of vessels made with these liner materials could be
limited by the biaxial-strain capability of the weldments, and the full
strength potential of the glass filaments would not be realized. Nickel-base
alloy Inconel X-750 (STA) was thus selected, because it offered a higher
probability of success for exploitation of the full potential of fiber
glass at all temperatures than did Ti-5AI-2o5Sn, 2219-T62 aluminum, or 301 SS
(half-hard). Sglass filament roving with the HTS finish was selected for the
filament-wound-shell component on the basis of high strength, experience in
its use, and commercial availability. Aerojet work under Contract NAS 3-6287
led to the development of a resin matrix with higher elongation at cryogenic
temperature than commonly used resins, This resin [Epon 828/DSA/Empol 1040/
BDMA (100/115.9/20/1 parts by weight)]* has been shown to improve the p V/W
for filament-wound vessels at cryogenic temperatures while giving a performance
equivalent to that of standard epoxies at ambient temperatures (Reference 2),
and was therefore selected as the FWC resin matrix.

A review of optimum designs for GFR Tnconel X-750 tanks showed that
an oblate spheroid would provide the best combination of operating- and burst-
pressure performance factors (pV/W), factors of safety for 75, -320, and -423 F
service temperatures, and fabrication practicality. The highest pV/W for such
tanks is obtained with a 75 F p0 value of about 1800 psi or greater. For
vessel design, 2000 psi was selected; the parametric-design curves show that
the related 75 F factor of safety is 1.50 and the design burst pressure is
3000 psi.

To minimize hysteresis effects during cyclic pressurization, the
tank was designed so that, after an initial prestress-pressure load that
plastically deforms the metal shell beyond its biaxial-yield stress, the
stress range in the liner between zero and the operating pressure (po) was
within the offset biaxial compressive and tensile elastic limits. In the
parametric study and for vessel design, the liner stress at po was required
not to exceed 90% of the offset biaxial-.yield stress. This was implemented
by using a 2220-psig proof pressure (PP) at 75 F in conjunction with the
2000-psi p0 to establish the required margin between proof and operating
stresses in the liner.

Epon 828 is a bisphenol A epoxy; DSA is dodecenyl succinic anhydride, a
flexibilizing curing agent; Empol 1040 is a high-molecular-weight tri-
carboxy acid; and BDMA is benzyldimethylamine, a cure catalyst.
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The selected dimensions for the oblate spheroid were a diameter of
18 in. and a length of 14 in. The axial-port size at each end was fixed at
2.70 in., or 15% of the vessel diameter.

B. SERVICE-CYCLE REQUIREMENT

The service requirement used for the design included a minimum
fatigue life of 100 pressure cycles and 72 hours of sustained loading at the

075, -320, and -423 F operating pressures.

C. ANALYSIS OF MATERIAL PROPERTIES

1. Metal Shell

Detailed characterization analyses of Inconel X-750 over the
75 to -423F range were reported in detail in Reference 1. Properties used
for the design and computer analyses of the metal shell are shown in Tables
1 and 2.

2. Glass-Filament Shell

An analysis was undertaken to determine the minimum, maximum,
and typical values of room-temperature, single-pressure-cycle, allowable, S-HTS

K. glass-filament, strength levels in vessels having po values from 1000 to 4000
psi, diameters in the 12 to 40-in range, and length-to-diameter (L/D) ratios
ranging from 0.62 to 5. Reference 1 covers this analysis in detail and reviews
other filament-shell properties. It shows that representative strengths ranged
from 314,000 to 368,000 psi for hoop filaments and from 272,000 to 370,000 psi
for longitudinal filaments. A typical value suitable for calculations was
found to be 330,000 psi; it was used for the pressure-vessel design analysis.

Adjustments were made in the single-cycle design allowables
to account for the effects of cyclic and sustained loading (assumed to be
100 pressure cycles and 72 hours of sustained loading at the operating-stress
level). The typical single-cycle strength of 330,000 psi was reduced, by
multiplication with a factor of 0.60, to 200,000 psi to provide for the service-
life requirement, based on Aerojet Independent Research and Development (IR&D)
data on the effects of pressure loading at ambient temperature on the strength
of glass-FWC vessels. The outer shell was thus designed to have a filament
stress of 200,000 psi at the 75 F po of 2000 psi.

Data on glass-fiber and glass-FWC properties at cryogenic
temperatures were compiled and developed. They provided the basis for the
following estimates for S-HTS glass filaments with a design-temperature

0 0decrease from 75 F to -320 or -423 F: a design-allowable filament-strength
increase of 50% and a tensile-modulus increase of 10%. With these estimates,
the filament strengths increased from the typical 330,000 psi at 75 0F to
495,000 psi at -320 and -423 F; the tensile modulus increased from 12.4 x 106
to 13.6 x 106 psi; and the ultimate filament tensile strain increased from
about 2.68% to about 3.64%.
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Material properties used for the design and computer analyses of
the glass shell are given in Table 2, along with other design data.

D. PRELIMINARY SIZING AND DESIGN

Preliminary tank-design parameters were established with the design
curves of Reference 1, reproduced here as Figures 8 to 13. The only information
needed to establish the preliminary design was the following:

Operating pressure at 75 F 2000 psi

Diameter 18 in.

Shape Oblate spheroid

Filament stress at 75F p 0  200,000 psi

Metal-shell stress at 0.90 of offset
operating pressure and yield stress at
temperature temperature

Winding pattern Longitudinal in-plane

Metal-shell material Inconel X-750 (STA)

Overwrap material S-HTS glass filaments

It was assumed that the boss diameter is 20% of the vessel diameter, and that
a rigid mandrel and filament-winding stress of 47,000 psi are used, (In the
subsequent detailed analysis, these parameters are altered, as described in
paragraph IV,E,2.)

The relationship given in Figure 8 for po vs room-temperature pp
shows that for po = 2000 psi at 75 F in a GFR Inconel X-750 (STA) tank,
pp = 2220 psi. The use of a higher value for pp will cause an overly high
compressive stress in the liner at zero pressure and room temperature. Figure
8 also shows that the -320 and -4230F po Z 2300 psi.

With this information, the design curves of Figures 9 to 13 can
be used to establish other tank parameters. Figure 9 shows that a liner
diameter-to-thickness ratio (D/TL) of 383 is required when p = 2220 psi and
the shape is an oblate spheroid. For D = 18 in. and D/TL = 383, TL = 0047
in. The optimum liner-to-glass-shell thickness ratio (TL/To) is found from
Figure 10 to be 1o66 for pp = 2220 psi0  

Thus, with T, = 0.047 in0 and
TL/TO = 1.66, the longitudinal FWC thickness at the equator of the head (T0 )
is 0.028 in0  From Figure 11, poV/W for the design at 750 F is 327,000 in.

From Figure 12, poV/W at -320 and -4230F is 365,000 in0 if the operating
pressure develops 90% of the liner offset-yield stress at that temperature

The factor of safety for the design is 1.50 at 75 F and 1.85 at

-320 and -423 0F, from Figure 13.
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E. STRUCTURAL DESIGN AND ANALYSIS

1. Method of Analysis

The shape and component thicknesses were established with the
computer program for analysis of GFR metal tanks developed under this contract
(detailed in Reference 3 and summarized in Appendix B). The program was used
to investigate the filament shell by means of a netting analysis, which assumes
constant stresses along the filament path and that the resin matrix makes a
negligible structural contribution. The filament and metal shells are combined
by equating strains in the longitudinal and hoop directions and by adjusting the
shell radii of curvature to match the combined material strengths at the design
pressure.

The program established the optimum head contour and defined
the component thicknesses and other dimensional coordinates, as well as the
shell stresses and strains at zero pressure and the design pressure, the

filament-path length, and the weight and volume of the components and complete
vessel. It was also used to determine the stresses and strains in the two
shells during vessel operation through the use of a series of pressures,
composite temperatures, and metal-shell temperatures as inputs. This permitted
analyses of pressure and temperature cycles taking into account previous strains
and loads.

2. Design Parameters and Drawings

Table 2 presents input variables used for the computer
analysis, and other pressure, dimensional, and material parameters.

Designs were prepared for the Inconel X-750 polar boss
(Part No. 178089), Inconel X-750 metal-shell assembly (Part No. 178090),
GFR Inconel X-750 pressure vessel (Part No. 178091 initial design, and Part
No. 1268928, final design), the head reinforcements (Part Nos. 178163 and
1268927), and the GFR Inconel X-750 test assembly (Part No. 178134). They
are shown in Figures 14 to 18.

The 18-in.-dia test vessel was an oblate spheroid with
p = 2220 psi at 750 F, and design p0 values of 2000 psi at 750F, 2300 psi
a -3200F, and 2350 psi at -423 F. The design burst pressure (pb) at 750F
was 5010 psi; at -320 F it was 4263 psi and at -423°F was 4500 psi, based on
a 50% increase in design-allowable filament stresses at those temperatures.
Table 3 gives the vessel-design parameters.

The tank consists of a 0.047-in.-thick Inconel X-750 (STA)
metal liner overwrapped with an S-HTS glass-FWC thickness of 0.050 in. at
the equator of the heads. The FWC resin matrix is a highly modified, highly
flexibilized, epoxy resin of the following formulation: Epon 828/DSA/Empol
l040/BDMA (100/115.9/20/1 pbw) (Resin System 2 developed by Aerojet under
Contract NAS 3-6287). The polar bosses at each end of the vessel are 15%
of the vessel diameter.
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V

Reinforcement consisting of unidirectional, resin-impregnated,
glass-filament tapes laid tangentially to the polar boss and extending along
each head to a normalized radial distance (z) of 0.50 is required for each head.
It is designed to provide sufficient strength so that plastic deformation of the
metal shell at Pp = 2220 psi is reduced between 0.50 < Z < 0.15 (polar boss)
to ensure that, on post-proofing depressurization, the compressive-springback
stress does not exceed the liner's proportional limit at any point on the head.

The pressure-vessel membrane is analyzed in detail below. The
polar-boss design is analyzed in Appendix C, and filament-winding-pattern
calculations and head-reinforcement design are covered in Appendix D.

3. Detailed Analysis of Pressure-Vessel Stress-Strain and
Pressure-Strain Relationships

Computer output was used in analyzing the metal- and glass-
shell stress-strain and pressure-strain relationships.

Figure 19 presents 75 F stress-strain relationships for the
hoop and longitudinal directions at the equator of the heads (Z = 1.0) and
at Z = 0-5. It shows conditions in the component materials at winding, after
mandrel removal, at the liner-yield point, at pp = 2220 psi, at zero pressure
after proofing, at p0 

= 2000 psi (at 750F), and at Pb = 3010 psi-

Observations of interest are (a) at zero pressure after
proofing, a longitudinal compressive stress of -108,000 psi [the design-
allowable compressive-yield stress for Inconel X-750 (STA)] occurs in the
liner heads at Z = 0.5; (b) the maximum tensile stress in the liner at po
after proofing occurs in the longitudinal direction of the heads at the
equator and equals 90% of the offset-yield stress; (c) the filament stress
at the equator of the heads at p0 is the required 200,000 psi; and (d) the
design-allovable filament stress of 330,000 psi is developed in the longitudinal
filaments at 3010 psig.

Figures 20 and 21 show the -320 and -423 0F stress-strain
conditions. The curves assume that vessels are proofed at 75 F and de-
pressurized before cooldown to the cryogenic temperature; the curve shifts
due to temperature changes are indicated. The maximum tensile stress in the
liner at po occurs in the longitudinal direction of the heads and equals 90%
of the offset-yield stress at the operating temperature. The filament stresses
reach a maximum of 495,000 psi at pressures of 4263 psi (-32 0°F) and 4300 psi
(-4230 F).

At 75°F, the longitudinal and hoop strains at the design
Pb Of 3010 psi are the same (see Figure 19). However, when the vessel is
pressurized to the burst point at -320 and -4230F, the hoop strain at the
design pb is considerably greater than the longitudinal strain, inducing
large biaxial-strain requirements for the liner.

Stress conditions in the tank heads at 75 F as a function
of Z are given in Figure 22 for pp = 2220 psi, The liner stresses are
essentially constant up the contour.
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Figure 23 shows stresses at p0 = 2000, 2300, and 2;50 pGig
at 75, -320, and -42 0F, respectively. The po filament stress at 75 F at the
equator of the heads is the required 200,000 psi. The maximum liner stress at
po occurs in the longitudinal direction of the heads (at the equator at 75°F,
and up the head at -320 and -423°F) and equals approximately 90% of the liner's
offset-yield stress.

Stresses at zero pressure after proofing are shown in Figure
24 for 75, -320, and -4230F exposure temperatures. The compressive stresses
in the liner heads at that pressure controlled the tank design. They increased
from relatively low values at the equator (Z = 1.0) to very large values where
the thicker axial-port boss was welded to the shell at about Z = 0.25. A
decrease from 75°F to -320 and -423 F produced only slight stress changes in
the unpressurized tank.

In review, the tank-design criteria with regard to compressive
stresses in the liner were (a) the critical-buckling stress must not be ex-
ceeded at the equator of the head, and (b) the head stresses must not exceed
the compressive-yield stress. In this case, the liner values did not exceed
the -65,'000-psi buckling stress allowable at the equator' but did exceed the
compressive-yield stress of -108,000 psi at Z < 0.50. Therefore, either the
liner thickness or the composite thickness at Z< 0.50 had to be increased to
reduce the stresses to acceptable values in the depressurized tank after proofing.
The latter approach, was selected, and patterns of glass/resin-composite reinforce-
ments (design shown in Figure 17) were added locally (as indicated in Figure
16), to increase the composite thickness, decrease the liner deformation at
Z < 0.50, and thereby reduce the compressive stresses at zero pressure to
acceptable levels. These local reinforcements also reduce FWC radial de-
flection adjacent to the rigid center boss, and thereby minimize abrupt in-
creases in liner strain adjacent to the boss.

At the 75 design pb of 3010 psi, the filament stresses were
constant up the contour and a l-to-l stress field was produced in the liner
(see Figure 19), thus satisfying the requirement for optimum closure design.

The computer output was used to construct pressure-strain
0curves for 75, -320 and -423 F test conditions, to be used to compare the

measured pressure-strain characteristics with the predicted behavior. The
predicted curves are presented in Figures 25 to 27.
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V. TASK II - PRESSURE-VESSEL FABRICATION

Twenty 18 -in.-dia GFR Inconel X-750 (STA) tanks were fabricated as

described below for structural evaluation at 75 to -4230 F.

A. PROCEDURE

Tank fabrication was accomplished in accordance with the design
drawings, a metal-shell fabrication specification, an FWC-shell fabrication
procedure, and the general sequence shown in Figure 28, a manufacturing flow
diagram.

Inconel X-750 forgings were machined to provide the required polar
bosses (Figure 29). Heads were formed from Inconel X-750 sheet (Figure 30);
they had an opening at the apex of the dome to accept the polar bosses) and

were matched into sets ready to weld with a maximum gap between butt edges

of 0.002 to 0.004 in. and a diameter tolerance of +0.002 in0 at the butt
edges. Each boss was match-fitted to the opening, and the joint areas were

cleaned before welding.

A Sciaky 30-kw electron-beam-welding machine with a 68 by 46 by

68-in, vacuum chamber was used (Figures 31 and 32). It permits movement in
the x, y, and z directions. The relative movements of the electron beam and
the work were programed in advance, and all welding was automatic.

This approach differs from fusion welding in that it does not
depend on heat conduction from an external source to achieve coalescence.
Basically, a small hole is "vaporized" through the joint by a narrow beam
of electrons. As the beam travels along the joint, the molten metal solidifies
behind the traveling hole, thus forming the weld in a vacuum environment and
eliminating atmospheric contamination.

The setup used for welding a boss to a formed head is shown in
Figures 31 to 33, and a typical completed half shell in Figures 34 to 37.

The half shells were inspected and mated on the basis of fit at
the girth weld. After the joint areas were cleaned, each set of half shells
was assembled in the vacuum chamber (as illustrated in Figure 38) and welded
together. A typical completed assembly is shown in Figure 39.

All welds were subjected to 100% radiographic inspection to the
required specification (AGC-13860, Class 11), which permits no weld cracks,
parent-metal cracks, incomplete penetration, incomplete fusion, aligned
porosity, linear porosity, undercut, sharp weld edges, etc. that might
propagate or become sites of stress concentrations. The specification
permits scattered porosities no greater than 0.010 in. in diameter if they
are no closer to each other than three diameters (or a 0.020-in, minimum)
and there are no more than three pores per inch. The weldments also were
subjected to 100% dye-penetrant inspection.
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After acceptance, the units were solution-treated and aged in dry
hydrogen to develop their full mechanical properties.

Glass roving, resin, unidirectional glass-filament tape, and other
materials needed for overwinding and curing were procured. Layup molds for the
head reinforcements were fabricated. The filament-winding machine, roving-
tension devices, resin-impregnation system, and payoff rollers were installed
and thoroughly checked before the initiation of overwinding. Several trial
windings were made on a liner assembly to verify the procedures and the pattern.

After preparations were completed, the liners were wound and cured.
Figure 40 shows the positioning of an assembly in the winding machine, Figures
41 and 42 show overwinding with resin-impregnated glass, and Figure 43 shows a
typical, completed, GFR Inconel X-750 tank instrumented for testing.

B. SPECIFICATIONS

Detailed fabrication specifications and procedures were written to
facilitate planning, data collection, and all allied phases of work. The
liner specification is presented in Appendix E, and the FWC procedure in
Appendix F.

C. DEVELOPMENT OF WELD SCHEDULE

The importance of joint integrity led to the initiation of a weld-
schedule and weld-joint verification program prior to fabrication. Simulated
circular boss-to-head welds and circumferential half-shell to half-shell welds
were made and evaluated to define and optimize the schedule required for each
operation.

Simulated boss-weld specimens were machined from Inconel X-750 to
the same dimensions as in the weld-joint design. After cleaning, they were
mounted on fixtures in the welder, and the optimum schedule was developed. The
specimens were evaluated radiographically and by the dye-penetrant method and
were inspected for weld bead and dropthrough.

The simulated-girth-weld specimens were rings fabricated in
accordance with the joint design. After cleaning, they were mounted in the
welder, the optimum schedule was developed, and the specimens were inspected.

D. DETAILED FABRICATION SEQUENCE

The detailed manufacturing sequence for each tank included the
operations summarized below.

1. Metal-Shell Fabrication

a. Closed-die pancake forgings for the bosses and formed
half shells were procured and accepted on the basis of certification and quality-
assurance inspection of the base-material chemical and physical properties, heat-
treat number, tensile coupons, and compliance with dimensional requirements.
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b. Heat numbers were logged and serial numbers were marked
on all parts throughout machining.

C. Each boss forging was rough-machined and finish-machined
with the aid of contour templates, drill jigs, and forming tools.

d. Forned half shells were dimensionally inspected for in-
side diameter, wall thickness, contour, and length.

e. If required, forward and aft formed-shell halves were
machined to generate square edges for the joint at the outside diameter of the
boss.

f. The shell halves and bosses were cleaned and enclosed
in individual polyethylene bags.

g. The boss-to-head-weld fixture was assembled in the
welding chamber.

h. The forward boss and the forward shell half were
mounted on the fixture.

i. These parts were inspected for weld-joint fit and
were repositioned as required to minimize gap and mismatch.

j. The forward boss was welded to the forward shell half
in accordance with the weld schedule.

k. This assembly was visually inspected for weld crown,
penetration, undercut, and surface condition.

1. The weld joint was radiographically inspected and
fluores cent -penetrant -inspected.

M. It was blended as required for the desired surface
condition, and all penetrant-inspection indications were removed.

n. If required, the weld was repaired in accordance with
radiographic-inspection records and the fabrication specification, and was
reinspected as in Operations 1 and m. above. Figure )44 shows typical acceptable,
unacceptable, and repaired weld joints.

o. Operations h through n were repeated for the aft boss
and the mating aft shell half.

p. Pairs of forward and aft half-shell subassemblies were
mated and identified to assure a minimum of midsection weld-joint mismatch.

q. Half-shell pairs were cleaned and each half shell was
enclosed in a polyethylene bag.
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r. Forward and aft half shells were mounted on the girth-
weld fixture.

s. The assembly was inspected for mismatch and weld-joint
gap.

t. It was checked for runout condition, and was repositioned
and corrected as required to minimize runout.

u. The half shells were tack-welded together.

v. The circumferential joint was completely welded in
accordance with the qualified schedule.

w. The weld was visually inspected and was reworked as
required to satisfy tolerances on the crown, undercut, and finish.

x. The assembly was radiographically inspected and
fluorescent-penetrant-inspected.

y. It was reworked, if required, in accordance with the
fabrication specification and was reinspected. Figure 44 shows typical acceptable,
unacceptable, and repaired weld joints.

z. The shell assembly was solution-treated and aged in dry
hydrogen as required by the fabrication specification.

2. GFR-Metal-Tank Fabrication

a. Glass-filament roving and resin constituents were
procured and accepted on the basis of certifications and quality-assurance
inspection for the required chemical and physical properties.

b. The roving and resin were stored and were preconditioned
as required.

c. The exterior of the metal shell was powder-blasted,

and the shell was enclosed in a polyethylene bag.

d. The shell was mounted on the winding shaft.

e. The shell/shaft assembly was positioned in the filament-
winding machine.

f. The polyethylene bag was removed and the shell was
wiped with methyl ethyl ketone solvent and allowed to air-dry.

g. The resin was mixed, and the shell was brush-coated.

h. Rolls of glass roving were positioned on the winding
machine, and the roving tension, wrapping angle, and machine turn/rpm ratio
were set.
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i. Mixed resin was placed in the resin-impregnation
device.

J. The longitudinal filament layers were wound to the
required number of turns; head reinforcements were applied and positioned
during winding.

k. The wound unit was wiped to remove excess resin.

1. The filament-wound composite was covered with a bleeder
cloth.

m. The entire, wrapped, shell assembly was vacuum-bagged,
and a vacuum was applied (minimum, 22 in. Hg).

n. The unit was oven-cured for 2 hours at 150 F and 4 hours
at 500°F

o. It was removed from the oven, and the vacuum bag and
bleeder cloth were stripped off.

p. The filament-wound shell assembly was removed from the
winding shaft.

q. The vessel was solvent-cleaned and allowed to air-dry.

r. The complete tank was identified with a part number
and a serial number, and was enclosed in a sealed polyethylene bag.

After this operation, tanks were sent to the test facility for

structural testing.

E. MATERIAL-VERIFICATION TESTS

1 Inconel X-750 (STA)

Uniaxial tensile tests were conducted at ambient temperature
on parent-metal, transverse-welded, and longitudinally welded specimens of
Inconel X-750 (STA). The specimens were of standard configuration: 8 in. long
by 3/4 in. wide, with a reduced section 1/2 in. wide machined for a gage length
of 2 in. The parent-metal specimens were taken from (a) the sheet of material
used to form the heads for Tank 2 (0.065 in. thick), and (b) another sheet of
approximately the same thickness as the finished heads (0°053 in.) and used for
the fabrication of weld-schedule-development specimens. Welded specimens were
fabricated by electron-beam welding to simulate the metal-shell joint. The
transverse specimens were welded at the midpoint of the gage length. The
longitudinal specimens were welded along the entire long axis. All specimens

were solution-treated and aged with the first group of metal-shell assemblies.

Table 4 summarizes the test results. Typical properties of
formed-head parent-metal specimens (87,700-psi proportional limit, 110,500-psi
yield strength, 171,870-psi ultimate strength, and 26.9% elongation) were lo'wer
than the properties used for the parametric study (Reference 1: 108)000-psi
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proportional limit, 120,000-psi yield strength, 174,000-psi ultimate strength,
and 25% elongation). When the stress-strain curve used for the parametric study
was plotted and compared with typical measured values for the Inconel specimens,
very close correspondence was found (see Figure 45). By changing the plastic
modulus of the parametric study (796,000 psi) to the measured value (440,000
psi), the stress-strain curves were essentially the same, within the two-straight-
line* approximation of the design analysis.

Parent-metal specimens made from the same sheet as the welded
specimens yielded test results very similar to those from the formed-head
parent-metal coupons. As shown in Table 4, the longitudinally and transverse-
welded specimens had higher proportional limits, yield strengths, and ultimate
strengths than for the parent metal, because of the weld bead (left on the
specimens and not included in the calculated stress). The average elongation
of 21.7 to 22.5% was only 90% of the parent-metal values, but was more than
adequate to meet the biaxial-ductility design requirements for the liner.

The test results confirmed the information compiled for
Inconel X-750 (STA) and indicated the adequacy of the properties used for
liner design.

2. S-HTS Glass Roving

The 20-end S-HTS glass roving employed was tested to ensure
conformance with the procurement specification. The average strand strength
was 466,570 psi (standard deviation of 22,940 psi), compared with a specified
minimum tensile strength of 400,000 psi. The roving weight was 0.6019 g/yard,
compared with specified limits of 0.5600 (minimum) to 0.6480 (maximum) g/yard.

F. COMMENTS ON FABRICATED TANKS

1. Metal Shells

Twenty-three 18-in.-dia, 14-in.-long, oblate-spheroid,
Inconel X-750 shells were fabricated to obtain the 20 needed for the program.
Two of them were damaged beyond repair when the automatic welder malfunctioned,
and Table 5 summarizes the characteristics of the remaining 21, including
average wall thicknesses, weights, volumes, remarks on fabrication deviations,
and test assignments.

Fourteen of the shells (Serial Nos. 2 through 12, 19, 20,
and 22) conformed to all design-drawing and fabrication-specification require-
ments.

Three (Serial Nos. 13, 15, and 21) conformed to all design

requirements except that the girth-weld-joint mismatch exceeded the objective
of a 0.004-in. maximum. This excessive mismatch (0.007-ino maximum) was a
local condition extending over 1 to 4 in. of circumference. One shell
(Serial No. 17) had a local O.007-in. girth-weld-joint mismatch and a single

One for elastic modulus and one for plastic modulus.
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0,015-in.-dia spherical pore in the weld.* These four shells were approved for
use in the test program, with the stipulation that the vessel with the 0.015-in.-
dia weld pore be used for -320 F burst or creep testing.

Two other shells (Serial Nos. 14 and 16) had more serious weld-
joint mismatches. Their worst conditions were 0.010 and 0014-in mismatches,

0
respectively They were assigned to the -320 F burst tests.

The twenty-first shell (Serial No. 23, 0.01 8 -in. mismatch)
was not required for the contractual test program. It was subsequently used to
evaluate cryogenic-temperature-measurement instrumentation, and was burst-tested
at -520 F.

Average dimensional, weight, and volume characteristics are
summarized and compared with design values in Table 6.

'The design wall thickness for the 18-in. -dia liner was 0.047
in., +0.010 and -0.000 in. The actual wall thicknesses were within tolerances
and averaged 0.053 in., or 11.5% above the nominal 0.047-in design value.

The design weight of the liner assembly based on the 0.047-ino
thickness was 12.148 lb, not including bosses. The shells without bosses
actually weighed an average of 13123 lb, or an increase of 8%. The excess
was the consequence of an average wall thickness greater than the nominal design
value, The bosses averaged 1.500 lb each. The complete liner assemblies
averaged 16.149 ib, compared with the 15.148-lb design value.

The original internal volumes averaged 2330 cu in., compared
with a design value of 2370 cu in. (After proof testing, the average measured
volume was 2374 cu in.)

2. GFR Metal Tanks

The 21 liner assemblies were overvrapped with resin-impregnated
S-HTS glass-filament roving and were cured to produce GFR Inconel X-750 (STA)
pressure vessels. Four of them are shown in Figure 46.

The tank design originally incorporated an epoxy-polyurethane
adhesive layer (Narmco 7343/7139) between the liner and the filament oveiwrap,
and a single local glass-filament reinforcement on each head. The changes
described below were made after the first two tanks were fabricated and tested.

Problems were encountered in the curing** of the first two
vessels fabricated (Serial Nos. 2 and 3). During the Tank 2 cure an oven
malfunction caused the temperature to hold at 300°F for 15 hours rather than
the scheduled 4 hours. Surveillance was intensified to eliminate recurrence.

The fabrication specification permits scattered porosities no greater than
0.010 in. in diameter, if they are no closer than three diameters (or a 0.020-
in. minimum) and there are no more than three pores per inch.

The resin-cure schedule for the filament-wound composite and metal-shell-to-
composite adhesive was 2 hours at 150 F and 4 hours at 300 F.
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After Tank 3 was cured, the filament-wound composite appeared
discolored. Examination after burst testing revealed that the adhesive layer
between the liner and the FWC shell was uncured. Additionally, the adhesive
coating (about 0.003 to 0.005 in. thick when applied to the liner) appeared to
have migrated into the resin of the first of four overwrap layers; this portion
was also uncured. It was concluded that the probable cause was improper mixing

*of the resin-adhesive constituents. Because the design criteria are not based
on a bond between the two shells to keep the liner from buckling, it was decided

*to eliminate this adhesive layer to minimize potential fabrication problems.
Instead, a thin coat of the IFWC resin matrix was applied to the liner before
overwinding. This procedure was used for all tanks fabricated after the first
two.

The test results for the first two tanks indicated a need for
additional liner reinforcement at the boss-to-head weld to reduce strains
there. It was decided to incorporate another glass-filament reinforcement on
each head (for a total of two). This was done for all tanks fabricated after
the first two.

Characteristics of the 21 tanks are summarized in Table 5,
which includes wall thicknesses, weights, resin contents, volumes, and remarks
on fabrication deviations.

The average dimensional, weight, and volume characteristics
of the 20 tanks used in the contractual test program are summarized in Table
6. The average FWC thickness of 0.028 in. and equivalent filament thickness
of 0.020 in. at the equator of the vessels were within 0.002 in. of the design
values. The 72-vol% filament content in the composite was greater than the
67-3% expected and is attributed to the vacuum-bag cure used to consolidate
the structure and remove excess resin. The FWC weight of 2.974 lb was
slightly below the 5.041-lb design value, primarily because of the low resin

* content. The average tank weight of 19.525 lb was greater than the 18.650-lb
design value because the 0.055-in, liner-wall thickness was greater than the
0.047-in, design value.

3. Assignment of Vessels for Testing

Detailed review and evaluation of fabrication records, and
* of the relative severity of the tests planned, led to the assignment of

vessels for testing as shown in Table 5.
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VI. TASK III - TEST PROGRAM FOR STRUCTURAL EVALUATION OF PRESSURE VESSELS

A. TEST PLAN, FACILITY, AND INSTRUMENTATION

1. Test Plan

Tests were conducted in conformance with a NASA-approved
test plan, which defined the test facility and the methods for vessel instru-
mentation and pressurization. Structural evaluations of the 20 18-ino-dia
GFR Inconel X-750 (STA) tanks were made in the following burst, fatigue-plus-
burst, and creep-plus-burst tests:

No. of Test Vessels

Type of Test At 75 °F At -320'F At -42° 0 F
Pressurization to the burst point 5 5 2

100 pressure cycles to the operating
pressure, followed by pressurization to
the burst point 2 2 2

72 hours of sustained pressurization at the
operating pressure, followed by pressuriza-
tion to the burst point 2 2 2

Total 7 7 6

In addition, a test was conducted at -320 F to determine the
temperature gradients across the wall during cyclic pressurization and
pressurization to burst, and to evaluate cryogenic-temperature-measurement
instrumentation for FWC pressure vessels.

The serial numbers of tanks assigned the various tests are
shown in Table 5. Vessels were pressurized at rates producing approximately
1% strain/min (1200 psi/min at 75°F and 1700 psi/min at -320 and -423 0F).

a0  Proof Tests

It was planned to proof-test all the tanks to 2220
psig at room temperature to establish the proper preload between the inner
and outer shells0 These tests were conducted by increasing the pressure to
2220 psig, holding it for 1 min, and then returning it to zero. All vessels
tested at room temperature as well as the initial units tested at cryogenic
temperatures were proof-tested, but this procedure was deleted in most of

the cryogenic testing for reasons discussed below

b. Burst Tests

Burst tests were conducted by increasing the internal
pressure until failure occurred.
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c. Patigue-Plus-Burst Tests

Fatigue tests were conducted by increasing the internal
pressure to the design operating value and then reducing it to zero (for room-
temperature tests) or to about 100 psi (for cryogenic tests). This was repeated
for 100 cycles, after which the vessels were pressurized to the burst point.

d. Creep-Plus-Burst Tests

Creep tests were conducted by increasing the internal
pressure to the design operating value and holding it for 72 hours, after which
the vessels were pressurized to the burst point.

2. Facility for Cryogenic Tests

The facility used is shown schematically in Figure 47. The
vessels were pressurized with inhibited water for room-temperature tests, with

0liquid nitrogen (LN2 ) for -320 F tests, and with liquid hydrogen (LH2 ) for
0

-423 F tests. For the cryogenic tests, gas-controlled valves were used to
regulate the pressurization rate. The cryogenic-test fixture (Figure 48)
consisted of a vacuum chamber with provisions for instrument leads and vacuum-
jacketed pressurization lines.

For the cryogenic testing, vessels were installed in the
vacuum chamber, which was pumped down to 10 mm Hg to assure the required
temperatures. The tank temperatures were maintained as low as possible, and
thermal equilibrium was obtained before the tests were initiated. When LN2
was used, thermal equilibrium was defined as a vessel flange or skin temperature
of -300°F or less, and attainment of -310°F or below at the vessel-outlet vent
line. For LE tests, it was defined as -405 F or less as measured at the vessel-
outlet line, with flange and skin temperatures of -400°F or less.

For most of these tests, a cryogenically cooled shroud covered
with layers of low-emissivity aluminum foil was installed over the tank to
reduce heat inputs due to radiation and residual gas conduction. Glass marbles
were used inside the LH2 -test tanks to reduce the quantity of hydrogen needed.

3. Instrumentation

Instruments were used to monitor the specimen temperature (for
cryogenic tests), longitudinal and circumferential strain, and internal pressure
throughout the pressurization cycle. Figure 49 shows the strain-instrument locations.

Temperature was monitored with copper-constantan thermocouples
in the -320 F tests. Because thermocouple accuracy was questionable below

0-320 F, platinum resistance-thermometers were used for the -)423 0F tests. Two
temperature measurements were made on the tank exterior (900 apart circumfer-
entially) near the equator. In addition, the temperatures of the cryogenic
fluids inside and outside the tank were measured and recorded.
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Strain measurements were obtained with Aerojet-developed

"bow-tie" extensometers0 This device consists of a piece of beryllium-

copper sheet in a configuration that provides two cantilever beams) which
are fitted with bonded strain gages. Metal-foil strip, approximately 0.25
in. wide, was used to link the beam ends to the gage ends0 Both the exten-
someter and the foil strip were positioned against the test-vessel surface0

For girth (hoop) measurements) the thin metal strip was
placed around the tank equator and secured to opposite ends of the beam;
circumferential deflection resulted in a proportional output of the gages
on the bow-tie cantilever beams0 For longitudinal-deflection measurements,
metal strips were affixed to terminals wound into the tank near the polar
bosses and run along the heads longitudinally toward the equator; the
cantilever-beam ends of the bow tie were connected to the ends of the
strips at the midsection of the tank. A longitudinal deflection produced
a proportional strain-gage output. Figure 50 shows one girth and two
longitudinal bow-tie extensometers installed on a GFR Inconel X-750 tank.

The accuracy of the extensometer strain gages depends on
the gage factor, which is extremely sensitive to cryogenic-temperature
variations, To provide the required accuracy, the concept of controlled-
temperature strain transduction was employed: Heaters were provided to main-
tain the gages at temperatures within their compensation range and a sensor
was added to record the vessel-surface temperature in the vicinity of the
extensometer. This sensor was used to verify that the heat input to the bow
tie did not warm the tank surface in the region of the transducer. Thermal
insulation was used under the heated extensometers to minimize heat transfer
to the vessel0 Data taken during the tests showed that no significant vessel
warming was produced by the heated bow ties0

Each extensometer was calibrated before testing, as described
in Appendix G. The bow ties were installed on the vessel and calibrated end-to-
end under ambient conditions. The gage factors did not vary under cryogenic
conditions because heaters at the gage locations kept their temperature at
essentially the ambient value; monitoring during cryogenic testing revealed
that the bow ties were usually maintained at 70 +20 F. Because the strain
reading varies only 1% per 100YF-change in the 709Frange due .to. gage factor
variation, there was n'g-hgible ,loss ,in ac uracy due to tempersture effects

To calibrate for longitudinal displacements, the distance
between the bow-tie attachment points or terminals (LI) was measured with an
engineering scale0 The bow tie and its metal-strip extensions were then
stretched to the maximum expected deflection, using accurately determined
positions (AL1 )0 The strain was calculated as LL1/Ll to indicate the total
between the two attachment points0 To calibrate the girth extensometer, the
tank circumference (L2) was measured and the bow-tie attachment band was
moved to produce the maximum expected deflection (LL2 ). The girth strain
was calculated as AL2/L2  Calibration was done under ambient conditions,
and a zero shift occurred due to thermal contraction when the tank was cooled
to cryogenic temperatures0 However, because the bow-tie repeatibility under
ambient conditions was essentially linear and the heaters maintained ambient
temperatures, it was only necessary to reset the recorder to zero to correct
for thermal contraction
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B. TEST RESULTS

0The test results at 75, -320, and -423 F are individually discussed
in this section and summarized in Table 7.

1. Room-Temperature Tests (75°F)

Ambient-temperature proof, fatigue, creep, and burst tests
were conducted on seven vessels. The vessels were designed for a 2000-psig
operating pressure, a 2220-psig proof pressure, and a 3010-psig burst pressure
at ambient temperature. All tanks were subjected to the 2220-psig proof test
at 75 F before the fatigue, creep, and/or burst tests. Prior to testing, all
were instrumented with one girth and two longitudinal extensometers as shown
in Figure 49.

a. Proof and Burst Tests

Proof and burst tests were conducted on three vessels.
All passed the proof test. The average burst pressure was 2990 psig, 0.67%
less than the nominal design Pb; the minimum and maximum were within 4.30% of
the average. Continuous strain-vs-pressure records were obtained, and the
tests are discussed below.

(1) Serial No. 2

Tank 2 was taken to the proof pressure at a 1%
strain rate, was held there for 1 min, and was depressurized and inspected.
Only minor FWC crazing had occurred. FWC delamination fromthe metal shell
was noted in the region of the polar boss, extending no more than 1 in. past
the edge of the head reinforcement.

The tank was hydrostatically pressurized to
the burst point (2960 psig). Failure occurred in the liner at the boss-to-
head weld. When the internal pressure dropped to zero, due to water leakage
through the fracture, both liner heads buckled under compressive forces produced
by the filament shell (see Figure 51).

The hoop- and longitudinal-strain data obtained
(at locations shown in Figure 49) were excellent (see Figure 52). At the
burst, the maximum stress in the liner was 134,000 psi and in the filament
shell was 313,000 psi. The strains at burst were about 2.40% in the
longitudinal direction and 1.98% in the hoop direction.

No weld-joint defects were shown in X-rays of
the boss-to-head welds made before the test. Radiographic inspection of
the tank after testing revealed no degradation of the girth weld or the
boss-to-head welds other than at the fracture site, but buckling in the
region of the boss-to-head welds at both ends prevented satisfactory X-ray
resolution.

A metallurgical analysis of the fracture area
was conducted (Appendix H). The conclusions were as follows:
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(a) Fracture occurred at the interface between
the heat-affected zone of the formed head and the weld nugget joining the head
to the boss.

(b) The grains in the Y-shaped nugget were
relatively coarse and had directional orientation. The narrow heat-affected
zone had coarser grains than the parent metal away from the weld.

(c) No defects were found in the undamaged

portion of the fracture surface. The possibility of localized weld undercut
could not be evaluated because of plastic deformation and necking.

(d) The probable cause of failure was an

abrupt change in microstructure at the interface between the parent-metal
heat-affected zone and the weld.

To investigate the Tank 2 failure mode, the other

totanks in this series were instrumented with hoop and longitudinal strain
gages in the vicinity of a polar boss.

(2) Serial No. 3

Before testing, three hoop and three longitudinal
strain gages were mounted in the vicinity of one polar boss on Tank 3, in
addition to the hoop and longitudinal extensometers used for all tests. The
locations and orientations are shown in Figure 53.

Pressure was increased until FWC failure occurred
(at 2940 psig) adjacent to a polar boss (Figure 54). The metal shell did not
fracture3 it plastically deformed at filament failure, and reduced the water
pressure in the tank to 800 psigo The maximum burst-pressure stresses were
134,100 psi for the liner and 317,200 psi for the filaments.

As reported in Section VF,2, examination
revealed that the adhesive layer between the two shells was not cured and had
migrated into the inner one-fourth of the overwrap, which was also uncured.

Excellent hoop- and longitudinal-strain data Fere
obtained (Figure 55). The strains at burst were about 2.18 and 2.70%,
respectively. Data from gages in the vicinity of the polar boss (as shown in
Figure 53) are presented in Figures 56 and 57. These strains were greater than
expected, both in tension and compression, and increased up the head as the
boss was approached. As an example, filament strains adjacent to the polar
boss were 1.10% at the proof pressure, -0.24% at 0 psig after proofing, and
2o20% at the 2940-psig burst pressure, The high tensile strain at the proof
pressure and the high compressive strain after proofing indicate that the
plastic deformation and springback were greater than predicted by the design
analysis.

The high strains recorded in the boss region led
to a decision to incorporate an additional reinforcement on each head (for a
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total of two) to reduce strains at the boss. All tanks were subsequently
fabricated with the additional reinforcements.

Radiographic inspection of the liner after
testing showed that a small crack had propagated from a 0.008-in.-dia porosity
in the girth weld. No other weld-joint degradation was found.

(3) Serial No. 5

Tank 5 passed the proof test with a small amount
of FWC crazing and no apparent delamination between the two shells.

After depressurization, the vessel was taken to
a burst pressure of 3070 psig. A very energetic FWC failure occurred adjacent
to the polar boss and caused all filaments to separate from the liner (see Figure
58). The liner did not fracture or leak under a pressure of several hundred
psig. The burst-pressure stresses were 136,000 psi for the liner and 322,500
psi for the filaments.

Excellent hoop- and longitudinal-strain data
were again obtained (Figure 59). Significantly greater hoop strains at the
proof pressure were noted as compared with the Tank 2 and 3 data. The burst-
pressure strains were about 2.80% (longitudinal) and 2.92% (hoop).

High strains were again recorded in the FWC
gages adjacent to the polar boss (Figures 60 and 61). Filament strains
immediately beside the polar boss were 1.00% at the proof pressure, -0.40%
at 0 psig after proofing, and 3.48% at the burst. The polar-boss region
sustained much greater tensile and compressive springback strains than predicted
by the design analysis. On the basis of Tank 3 and 5 data, it was concluded
that the local head reinforcements (one set in Tank 3 and two sets in Tank 5)
were not reducing plastic deformation around the boss.

b. Proof, Fatigue, and Burst Tests

Ambient-temperature fatigue tests were conducted on
two vessels by proofing at 2220 psig, cyclically applying the 2000-psig
operating pressure (po), and pressurizing to the burst point if the tank
achieved 100 po cycles.

Both tanks passed the proof test. One sustained 100
cycles between zero and po and then was burst-tested to 2910 psig (97% of the
average original burst strength). The other failed after approximately 50 Po
cycles in a compressive-buckling mode when the internal pressure was reduced
to zero. atrain-vs-pressure records were obtained for the proof test; for
pressure cycles 1, 2, 3, 4, 5, 10, 20, 30, 4o, 50, 60, 70, 80, 90, and 100;
and for the burst test.

(1) Serial No. 7

After successful proofing and depressurization
for inspection, Tank 7 was pressure-cycled between 0 and 2000 psig 100 times.
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Inspection revealed no visible degradation, Slight FTC crazing was found
after proofing, but its magnitude did not seem to have increased after
cycling.

The tank was pressurized to failure (at 2910
psig, or 97% of the average original vessel strength), which occurred in the
FWC shell next to the boss (Figure 62). Apparently as a result, the liner
developed two longitudinal splits joined by a hoopwise fracture along the

:heat-affected zone of one boss-to-head weld, Hoop- and longitudinal-strain
data for the proof and burst phases are shown in Figure 63, and for the 1st,
50th, and 100th pressure cycle in Figure 64. The pressure-cycling hysteresis
loops were small, as was the permanent set.

The burst-pressure stresses were 133T700 psi

for the liner and 309,500 psi for the filaments.

(2) Serial No. 8

Tank 8 was proofed, depressurized, and pressure-
cycled between 0 and 2000 psig0 Leakage around a polar boss was noted after
50 cycles, and the tank was depressurized and inspected0 The head had buckled
as shown in Figure 65. The tank interior revealed a fracture line extending
approximately 3 in. along the boss-to-head weld0  It is believed that the
head buckled under external FVWC forces during fatigue-test depressurization,
after which the application of a few pressure cycles fatigued and fractured
the metal at the weld joint,

The other head was unchanged at the end of the
test but buckled within the next 2 days0 Pressure-vs-strain data for the
proof test are presented in Figure 66, and for the 1st and 50th pressure
cycles in Figure 67. The pressure-cycling hysteresis loops were small

C. Proof, Creep, and Burst Tests

Ambient-temperature creep tests were conducted on two
vessels, by proofing at 2220 psig, holding them at po = 2000 psig for 3 days
(72 hours), and then pressurizing to the burst point0

Both passed the proof and sustained-pressurization
tests0 One achieved a pb of 3000 psig (100% of the original average strength).
The other had a Pb of 2630 psig (88% of the original average strength); during
the test, however, the pressure was held. for 1 min at 2400 psig (80% of the
original average strength) because of incorrect pressurizing-system operation,
which may have contributed to the relatively low pbo Pressure-strain data
were obtained for the proof tests, for the creep tests at 4.hour intervals,
and for the burst tests0

(1) Serial No0 4

After proofing and depressurization, Tank 4 was
held at Po for 72 hours0 Inspection showed no visible degradationand the
burst test was initiated The vessel was loaded to 2400 psig, the test
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engineer found he could not increase the pressure, and the tank was held at
that level for 1 min before the test could proceed. Failure occurred at
2630 psig (88% of the original strength) in the form of a fracture at the
boss-to-head weld. Both heads buckled after internal pressure was lost
(see Figure 68).

Pressure-vs-strain data are presented in Figure
69 for the proof and burst phases, and in Figure 70 for the creep test (whose
start and end transients are shown in Figure 71). Negligible creep was detected
during sustained loading.

(2) Serial No. 6

Tank 6 was proofed, depressurized, creep-tested
for 72 hours, and burst-tested at 3000 psig (100% of the original average
strength). FWC failure occurred adjacent to the polar boss. As in the case
of Tank 7, the liner had two longitudinal splits joined by a hoopwise fracture
along the heat-affected zone of a boss-to-head weld. A post-test view is shown
in Figure 72.

The pressure-strain data were excellent. Hoop-
and longitudinal-strain data are presented in Figure 73 for the proof and
burst phases, and in Figure 74 for the creep test (whose start and end transients
are shown in Figure 75). Negligible creep occurred during sustained pressuriza-
tion. The burst-pressure stresses were 137,800 psi for the liner and 331,700
psi for the filaments. Longitudinal strains of 2.59% and hoop strains of
2.49% were obtained at the burst.

2. L2 Tests (-320'F)

Liquid-nitrogen fatigue, creep, and burst tests were conducted
on seven vessels. The proof pressure at 750 F was established as 2220 psig and
the operating pressure at -320 F as 2300 psi. Prior to cryogenic testing, the
tanks were to be proofed at ambient temperature. All the vessels were instrumented
with one girth and two longitudinal extensometers, as well as copper-constantan
thermocouples on the exterior (Figure 49).

a. Ambient-Temperature Proofing

Tank 16 was the first to be proof-tested. There was
concern over the possibility of buckling after proofing (due to high FWC
compressive stresses) and the tank was examined periodically; no buckling
occurred.

Tank 14 was then proofed; on depressurization one
liner head buckled (but the metal did not fracture). The other head buckled
by the next day. After discussion with the NASA Project Manager, it was decided
to reduce the proof pressure to 2000 psig to decrease the liner-springback
stresses. Tank 11 was then proofed at 2000 psig, and one head buckled on
depressurization (to a less severe degree than Tank 14). Additional discussions
with NASA resulted in a decision not to proof-test the remaining tanks and to
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amend procedures so that, if liner yielding occurred in subsequent testing,

the internal pressure level would not be reduced below 100 psi (which would
stabilize the liner and give it no opportunity to buckle).

b. Burst Tests

Three tanks were LN2 burst-testedo All had girth-weld-
joint mismatches in excess of the specified 0.004 in. (see Table 5)o The
average Pb was 3544 psi, 18% higher than the ambient-temperature Pb o The
minimum and maximum Pb values varied 7% from the average0

(1) Serial No0 13

Tank 13 was assembled in the vacuum chamber and
filled with LN2. After steady-state conditions were attained, it was taken to
a Pb Of 3588 psi0 The failure appeared to originate in the FWC shell at the
polar boss, with subsequent liner fracture0 The 0o007-in. weld mismatch noted
after fabrication did not appear to contribute to the failure0 A post-test
view is shown in Figure 76. Excellent hoop- and longitudinal-strain data were
obtained (Figure 77), and the strains at failure were in excess of 4%. The
burst-pressure stresses were 162,500 psi for the liner and 384,200 psi for
the filaments0

(2) Serial No. 14

Both heads of Tank 14 had buckled after proofing
at 2220 psigo The tank was filled, cooled with LN2, and taken to a Pb of
3400 psi.

Both shells failed, apparently as a result of
liner girth-weld failure, which in turn was probably caused by the excessive
mismatch of 0.014 in0 noted after fabrication. This was the only vessel in
which failure appeared to originate in the girth weld; a post-test view is
shown in Figure 78.

The burst-pressure stresses were 157,800 psi
for the liner and 357,400 psi for the filaments.

(3) Serial No. 16

Tank 16 had been proofed (2220 psi) and de-
pressurized without buckling. It was then taken to a Pb of 364.5 psi0 As
for Tank 13, the failure appeared to have originated in the NC shell at
the polar boss; the liner was broken into several pieces, as shown in
Figure 79. The weld mismatch of 0.010 in0 did not influence the test results0

Excellent hoop- and longitudinal-strain data
were obtained (Figure 80). Because they do not include the initial proofing
data, they appear to indicate a higher yield strength and reduced strain at
fracture as compared with Tank 13. Data for other tanks indicate that the
permanent set after the proof test amounted to about 0.2% in hoop strain
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and 0.6% in longitudinal strain; when these values are added to the strain

data in Figure 80 to get the approximate total vessel strain at failure, the

indicated ultimate strains are 4-.55% (hoop) and 3.90% (longitudinal). These

values are comparable to the results obtained in the Tank 13 burst test. The

burst-pressure stresses were 163,700 psi for the liner and 391,100 psi for the

filaments.

c. Fatigue-Plus-Burst Tests

Fatigue tests were conducted on two vessels by

cyclically applying a 2300-psi Po 100 times, and then pressurizing to the

burst point. Both tanks sustained 100 cycles; one subsequently failed at

3169 psi in the boss-to-head weld and the other at 3554 psi (100% of the

original average strength) in the membrane structure.

(1) Serial No. 20

On the first pressure cycle, Tank 20 was in-
advertently overpressurized to 2555 psi rather than 2300 psi. It was then

successfully cycled to 2300 psi 100 times, followed by pressurization to
failure at 3169 psi. A liner leak developed in one boss-to-head-weld area;
the pressure was maintained at 3100 psi and LN2 flowed profusely through the

FWC shell in the vicinity of the liner fracture. The tank pressure was relieved,
and both liner heads buckled as shown in Figure 81.

Hoop- and longitudinal-strain data for the first
pressure cycle and the burst test are shown in Figure 82, and for the 2nd, 50th,

* and 100th cycles in Figure 83. There was negligible permanent set due to
pressure cycling. The hysteresis loops were larger than noted in room-tempera-

ture tests.

(2) Serial No. 21

Tank 21 underwent three fill, cooldown, and

warmup cycles before testing. After the fourth cooldown, it was successfully
subjected to 100 p cycles. It was then taken to a Pb of 3554 psi (identical

0 0
to the average original single-cycle -320 F burst strength). The failure was

very energetic; both shells were blown into many pieces (some shown in Figure
84). The 0.007-in, girth-weld mismatch (Table 5) did not appear to contribute

to the failure.

Strain-vs-pressure data for the first cycle and

the burst test are presented in Figure 85. A longitudinal strain of 3.86%
and a high hoop strain of 5.00% were obtained at the burst point. Pressure-
strain curves for the 2nd, 50th, and 100th pressure cycles are given in Figure
86; the results are similar to those for Tank 20.

The burst-pressure stresses were 162,700 psi for
the liner and 385,500 psi for the filaments.
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d. Creep-Plus-Burst-Tests

Creep tests were conducted on two vessels that had
0o007-in. weld-joint mismatches; this condition did not affect the test

results, nor did a 0o015-ino-dia spherical porosity noted in one of the
girth welds. The testing consisted of sustained pressurization at 2300 psi
40for 72 hours followed by pressurization to failure. Both tanks passed the
sustained-loading tests; they achieved Pb values of 3538 and 3797 psi - ioe.,
within 7% of each other and higher than those attained in single-cycle burst
tests.

(i) Serial No. 15

Tank 15 was maintained at the operating pressure
for 72 hours, and was then taken to a Pb of 3797 psi, the highest obtained in
the program. Failure occurred at the polar-boss region in both shells (see
Figure 87). Pressure-vs-strain data are shown in Figure 88 for the initial

pressurization to po and for the burst test after sustained loading. Pressure
and strain fluctuations during the creep-test loading are shown in Figure 89.
Although the recorded data did not indicate overpressurization, Figure 88
indicates that an increase in vessel yield to about 2500 psi occurred during
sustained loading.

The burst-pressure strains were 3.68 and 4.44%
in the longitudinal and hoop directions, respectively. The burst-pressure
stresses were 172,600 psi for the liner and 423,800 psi for the filaments0

(2) Serial No. 17

After creep testing, Tank 17 was taken to a pb
of 3538 psi. FWC failure occurred near the polar boss, causing subse uent
liner fracture (see Figure 90).

Pressure-strain data shown in Figures 91 and
92 indicate that creep apparently occurred0 The burst-pressure strains
were about 3o70% (longitudinal) and 4o50% (hoop), which were very similar
to those for Tank 15. The burst pressure stresses were 161,800 psi for the

liner and 380,700 psi for the filaments0

3. LH2Tests_(-4-25oFI

Liquid-hydrogen fatigue, creep, and burst tests were -on-
ducted on six vessels0  The design po at -423 F was 2350 psi0  All. vessels
were instrumented with one girth and two longitudinal extensometers, plus
platinum resistance-thermometers bonded to the outer surface.

a0  Burst Tests

Single-cycle, LH2 burst tests were conducted on two
vessels. One failed at 3185 psi in the boss-to-head weld of the liner and
the other failed at 3685 psi in the filament-wound composite.
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(i) Serial No. 11

Tank 11 had been proof-tested at 2000 psig at
ambient temperature, after which one head buckled (see paragraph VI,B,2,a,
foregoing). It was assembled in the vacuum chamber, was filled with LH2
and cooled down, and was then taken to a pb of 3185 psi. Failure apparently
occurred in the liner at the boss weld of the head that had not previously
buckled. Both heads buckled after the burst. A post-test view is shown in
Figure 93.

The hoop- and longitudinal-strain data presented
in Figure 94 do not include data for the 2000-psi proofing, which raised the
yield pressure. If a permanent set of 0.2%-hoop and 0.6%-longitudinal strain
is assumed for the proof test and these values are used in Figure 94, the
failure strains would be 3.0% (hoop) and 2.8% (longitudinal).

(2) Serial No. 19

After cooldown, Tank 19 was taken to a Pb of
3685 psi. The failure apparently occurred in the filament shell, which was
blown to pieces. The liner was broken into several portions, as shown in

Figure 95.

Very good pressure-vs-strain data were obtained
(Figure 96). The burst-pressure longitudinal strain was 3.75%, hoop strain
4.22%, liner stress 167,600 psi, and filament stress 390,100 psi.

b. Fatigue-Plus-Burst Tests

Fatigue tests were conducted on two vessels through
the application of a 2350-psi Po for 100 cycles, followed by pressurization
to the burst point. Both vessels passed the LH2 cycling test. One tank had
a pb of only 2535 psi while the other burst at 3700 psi, the highest value
in the LH2 tests.

(1) Serial No. 9

After cooling, Tank 9 was successfully subjected
to 100 p0 cycles and was taken to a Pb of 2535 psi. Failure apparently
originated in the liner at the boss-to-head weld; the filament shell was
severely damaged (see Figure 97).

Figure 98 gives longitudinal- and hoop-strain
data for the initial pressurization and the burst phase, and Figure 99
provides pressure-strain data for the 2nd, 50th, and 100th cycles. The
pressure-cycling hysteresis loops were small, and only negligible permanent
set was found.

(2) Serial No. 10

Tank 10 also passed the 100-cycle test and
was then taken to a pb of 3700 psia. Failure occurred in the filament
shell, and the liner was severely fractured (see Figure 100).
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Figure 101 gives strain-vs-pressure data for the
initial pressure cycle and the burst phase, when a longitudinal strain of
4o10% and a hoop strain of 4°76% were obtained. The burst-pressure stresses
were 168,400 psi for the liner and 395,100 psi for the filaments. Figure 102
provides pressure-strain curves for the 2nd, 50th, and 100th cycles.

c. Creep-Plus-Burst Tests

Creep tests were conducted on two vessels, which
survived sustained pressurization at 2350 psi for 72 hours, and then achieved
burst pressures of 3615 and 3700 psi - values within 2°5% of each other and
higher than the average in the I2 single-cycle,burst tests.

2

(1) Serial No0 12

After cooldown, Tank 12 was taken to the design

Po and held there for 72 hours (except for a short depressurization to approxi-
mately 500 psi after 12 and 36 hours to permit recharging of the liquid- and
gaseous-hydrogen trailers). it was then taken to a Pb of 3700 psia0  Failure
apparently originated at the polar boss in the filament shell, which was blown
to pieces. The metal shell was broken into a few portions, as shown in Figure
103

Figures 104 and 105 present pressure-vs-strain
data; overpressurization to 2450 psi caused additional plastic deformation, as
indicated there. The burst-pressure strains were about 3.6% (longitudinal)
and 3°5% (hoop). The failure stresses were 168,000 psi in the liner and 382,600
psi in the filaments,

(2) Serial No. 22

Tank 22 was also successfully creep-testedo After
about 22 hours of sustained loading, the pressure was inadvertently increased
to 2600 psia and caused considerable plastic deformation of the liner an!
permanent set in the tank. The pressure was reduced to 2350 psia, and the test
was continued (except for a short depressurization to approximately 500 psi
after 24 and 48 hours) until the loading period totaled 72 hours0  T'2e tank
was then taken to a Pb of 3615 psiao Again, failure apparently originated
in the filament shell, which was severely damaged The metal shell was also
blown into several pieces, as shown in Figure 106.

Figures 107 and 108 give the pressure-vs-strain
data0 The burst-pressure strains were 3,62% (longitudinal) and 3.80% (hoop)0
The failure stresses were 166,200 psi in the liner and 382,400 psi in the
filaments.

4. Wall-Temperature-Gradient Tests

A considerable increase in measured cryogenic temperatures
on the outer skin of the composite was encountered during pressurization to
the po value (in fatigue and creep tests) and to the burst pressure. The
instruments used were platinum resistance-thermometers for the LH2 and LN2
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tests, with copper-constantan thermocouples added for the LN2 tests. They
were bonded to the tank exterior after fabrication.

When the problems were encountered, it was believed that
measurement inaccuracy was being caused by unbonding of the instruments as
the vessels were pressurized to high strain levels. This was verified in a
special -320 F test conducted on an 18 -in.-dia GFR Inconel X-750 tank that
had been fabricated with both types of instrument wrapped against the liner
and into the FWC shell.

The objectives of this LN2 evaluation were (a) to investigate
installation techniques and the reliability of placement within the FWC wall,
and (b) to measure actual temperatures on the liner, at various distances
from the liner in the FWC wall, and on the outer surface of the FWC wall.

a. Procedure

Platinum resistance-thermometers and copper-constantan
thermometers were installed on the test vessel (Serial No. E-1) in the positions
depicted in Figure 109. The liner was a rejected part having a girth-weld-
joint mismatch of 0.018 in. The following tests were performed, with all
temperatures recorded continuously:

(1) Two pressure cycles were conducted in which the
tank was pressurized to 1800 psi and was vented to zero at approximately

1700 psi/min. Initial LN2 equilibrium-temperature conditions were obtained
before the first pressure cycle, and an LN2 -cooled shroud was used over the
vessel during the test.

(2) Three additional pressure cycles identical to
the foregoing were performed, except that the LN2-cooled shroud was not used.

(3) A final test was performed, without the shroud,

in which the vessel was pressurized to failure.

b. Results

Two platinum resistance-thermometers (T-E and T-D)
did not function during testing; the sensing elements shorted to the liner.
The T-3 copper-constantan thermocouple apparently partially open-circuited,
and its data were inaccurate.

Figure 110 shows the transient-temperature data from
the other instruments plotted against pressure for the first cycle of Test
(1). Similar data plotted for Tests (2) and (3) are shown in Figures 111 and
112, respectively. Failure during Test (3) occurred at 5232 psi, and a post-
test view is shown in Figure 113.

The plot for the tank exterior shows progressively
higher values for the initial temperature measurements in the three cycles
of Test (2) and in Test (3). External instrument-wall bond degradation was
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f~ound that apparently was caused by thermal cycling and pressure cycling and
gave rise to invalid readings. All other thermometers, however, indicated
only a slight increase in temperature during test-cycle pressurization, as
shown by their plots.

c. Conclusions

This investigation verified that the vessels tested
in the tank-evaluation program were essentially at the nominal cryogenic
temperature required. It demonstrated also that thermometers can be practically
and reliably placed within the glass-FWC wall to provide accurate readings
at cryogenic temperatures.



VII. EVALUATION OF STRENGTH AND PERFORMANCE LEVELS, PRESSURE-STRAIN

CHARACTERISTICS, AND PARAMETRIC-STUDY FINDINGS

A. STRENGTH AND PERFORMANCE LEVELS

GFR Inconel X-750 (STA) tanks successfully sustained burst, fatigue,
and creep tests at 75 to -4230F. The test results are compared on the basis of
the pressure-vessel performance factor (pbV/W) in Figure 114 and on the basis
of glass-filament stress at the burst pressure in Figure 115. The results are
evaluated below, following an analysis of modes of failure.

1. Failure Modes

The apparent failure modes, summarized in Table 8, include
glass-FWC failures near the polar boss, liner fractures at the boss-to-head
weld, a liner fracture at the girth weld, and a liner failure in compressive
buckling during fatigue testing.

There are important implications in the fact that 18 of 20
vessels failed during burst testing near the polar bosses. The boss area
was the most highly strained portion (see paragraphs VI,Bla,(2) and (3),
and Figures 56, 57, 60, and 61) and also the most sensitive to fabrication
imperfections because local head reinforcements were incorporated there.

Five of the 18 failed in the liner at the boss-to-head
weld. Of these, Tank 11 underwent head buckling after an ambient-temperature
proof test, Tank 20 experienced overpressurization and excessive plastic
deformation on the first of 100 pressure cycles during fatigue testing, and
Tank 4 was taken to a high stress level that was held for about I min before
pressurization was continued to the burst point. it is believed that these
factors, coupled with strain magnification in the liner at the boss-to-head
weld due to head-reinforcement ineffectiveness and high polar-boss rigidity,
precipitated liner failures at that weld. This subject is discussed further
in Section VII,C, below.

The remaining 13 boss-area failures occurred in the FWC
shell at rather consistent filament-stress levels (see Figure 115). The
local high FWC strains at the boss (see Figures 56, 57, 60 and 61) indicate
a stress concentration that restricted potential FWC performance; if this
is the case, higher ultimate-glass-filament-strength levels than indicated
in Figure 115 may be obtainable over the 75 to -4230 F range.

One vessel, Tank 14, failed in the liner at the girth
weld. This premature failure was attributed to an excessive weld-joint
mismatch of 0.014 in.

Tank 8, the only one that did not sustain the intended
service-cycle testing, failed during pressure cycling by liner-head buckling.
This was attributed to the ineffective head reinforcement, which had been
designed to ensure that compressive stresses in the metal heads would not
exceed the buckling strength. Strains measured during proof testing and
depressurization to zero showed greater-than-expected values for (a) plastic

43



deformation of the liner in the boss vicinity, and (b) compressive stresses
in the liner at zero pressure after proofing0

20 Burst Tests

As shown in Figures 114 and 115, the Pb performance was
consistent at each temperature for tanks not failing in the liner Based
on the pbV/W factor, performance increased 22% at -320 F and 25% at -4230F
over the room-temperature values. On the basis of ultimate-glass-filament-
stress levels, performance increased 21% at -320°F and 23% at -423 F

3. Cyclic-Fatigue-Plus-Burst Tests

A significant finding was that the tanks were able to

sustain the 100-cycle fatigue test to the operating pressure at all tempera-
tures, and then to develop high-burst-strength levels0 Although one vessel

tested at 75 F failed to achieve the 100 p0 cycles (due to compressive-
buckling failure), all others passed this test0 As shown in Figures 114
and 115, the Pb performance was very close to the single-cycle burst-strength
levels, except for (a) one -320°F test vessel that failed prematurely in the
liner during the burst-test phase (probably as a result of significant over-
pressurization on the first fatigue-pressure cycle that set up a severe pre-
load between the two shells), and (b) one -423F test vessel that failed
prematurely in the liner during the burst-test phase for reasons that could
not be established. Data for vessels failing in the glass-FWC shell show
that both the pbV/W0performance and ultimate glass-filament stresses in-
creased 25% at -320 F and 27% at -423 F as compared with 75 F0

No significant difference between strength levels was found
for vessels subjected to cyclic fatigue before burst testing and those
pressurized directly to the burst point without fatigue cycling This
characteristic of the GFR Inconel X-750 (STA) tanks is attributed to the fact
that the pressure cycling did not subject the filaments to a fall zero-stress
to operating-stress range (such as occurs in NFC tanks that have non-load-
carrying liners), but instead represented a small stress (strain) amplitude
superimposed on a much larger residual filament tensile stress at zero pressure
after the liner was plastically deformed by the initial load0

The filament-stress conditions under cyclic fatigue are
shown in Figures 19, 20, and 21. The longitudinal-glass-filament stresses
at zero pressure after proofing amounted to about 140,000 to 150,000 psi, and
at the operating pressure to about 200,000 to 220,000 psi0  Thus, pressure
cycling superimposed a cyclic stress of about 50,000 psi on the zero-pressure
filament stress of 140,000 to 150,000 psi0

The strength degradation characteristic of glass-FWC vessels
subjected repeatedly to large strain cycles thus does not apply to GFR metal
tanks0

4. Sustained-Loading-Plus-Burst Tests

No degradation in vessel strength occurred as the result of

72-hour sustained pressurization at the Po value over the entire temperature
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range. As shown in Figures 114 and 115, the burst strengths after such

pressurization were just as high as for tanks taken to the burst point with-

out exposure to sustained loading. Based on the PbV/W rating factor, the

performance increased 25% at -320°F and 23% at -423 F as compared with 75 F.
0

The ultimate-glass-filament-strength levels were 21% higher at -320 F and 15%

higher at -423°F.

5. Glass-Filament Strength Levels

Figure 116 shows the average values for and range in ultimate

S-HTS glass-filament-strength levels obtained in all tests of 18-in.-dia GFR

Inconel X-750 (STA) tanks in which filament failures occurred.

The average level at ambient conditions (750F) was 320,200

psi, which is 97% of the 330,000 psi used for design and analysis. At -320 F,

the average strength was 393,100 psi, or a 23% improvement over the 75OF value.0 0

At -423 F, the average strength was 387,600 psi, or 21% greater than the 75 F

value.

The strengths demonstrated at cryogenic temperatures were 79%

of the 495,000 psi previously estimated for design and analysis.

B. PRESSURE-STRAIN CHARACTERISTICS

This section compares predicted behavior (computer design analysis)

and measured behavior with regard to stress-strain and pressure-strain charac-

teristics of the GFR Inconel X-750 (STA) tank. (Paragraph IV,E,3 discusses
these characteristics, and Section VI,B presents the test data.)

Figure 117 provides predicted and measured pressure-strain curves

for a 75 F proof test to 2220 psig, depressurization to zero, and loading to

a burst pressure of 2940 psig (Tank 3). Generally good correspondence was

obtained. The analysis predicted that longitudinal strains would lead hoop
strains until the design Pb of 3010 psi was approached, when they would approach

each other until they reached identical values at the design Pb" The measured

pressure-strain curve displayed this characteristic.

Yielding in the hoop direction occurred at a lower pressure than

estimated, probably because the analysis assumed the metal stress-strain curve

could be represented by two straight lines when in fact the curve bends as the

liner yields. At the proof pressure, the vessel yielded in the hoop direction.

On depressurization to zero from this point, the tank relaxed down an offset,

biaxial, elastic, pressure-strain curve having the predicted slope. On re-

pressurization, the hoop-strain curve almost exattly retraced the springback

curve up to the offset-yield point, where additional plastic deformation

occurred. As the vessel-yield point was exceeded, the measured hoop-strain

curve rose to the predicted curve and followed it up to the burst point.

Yield in the longitudinal direction occurred at about the

estimated pressure, and the predicted and measured pressure-strain curves

up to the proof pressure were fairly close. The measured longitudinal

strains were less than expected at the proof pressure. On depressurization
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to zero from this point, the tank relaxed down an offset curve with the ex-
pected slope to about 400 psi, where excessive springback was noted. This
springback could have been caused by (1) compressive liner yield, or (2)
local high compression in the liner near the polar bosses that caused ex-
cessive inward deflection of the boss region, which in turn relaxed the longi-
tudinal extensometers sufficiently to produce the readings indicated at zero

pressure in Figure 117. The test-data review for Tank 3 in paragraph VIB,l,a,
(2) tends to support the latter interpretation. On repressurization, the
longitudinal-strain curve paralleled the springback curve until the offset-
yield pressure was reached; from there it essentially followed the predicted
curve up to the burst point.

Computed ultimate vessel strains were compared with the measured
values to evaluate the design analysis0 Figure 118 shows this comparison, for
all tanks tested at ambient conditions (750F) that failed in the glass-,,C
shell, as a plot of calculated ultimate filament stress vs calculated strains
and measured strains. The calculated and measured values corresponded closely,
indicating that the analysis and the ambient-temperature material properties
used in analysis yielded results very close to the actual test measurements0

When the same comparison was made for -320 and -425°F test results,
it was found that the correlation was not as close0 The measured strains were
greater than the computed strains0 Possible explanations are that (1) the
plastic modulus and yield strength of Inconel X-750 were not as well characterized
at cryogenic temperatures as under ambient conditions, and (2) the FTC co-
efficient of thermal contraction, with the filaments oriented as in the GFR
Inconel X-750 tanks, is not accurately known..

C0  HEAD-REINFORCEMENT DESIGN AND BOSS-TO -TAL-SHELL TRANSITION

The test data revealed that the head reinforcements incorporated
in the continuous windings of the FWC shell were not reducing strain there
as expected. It is believed that a contributing factor was the difficulty, in
fabrication, of positioning reinforcements tightly against the continuous
windings and consequent failure of the reinforcements to take their design
load until after some composite straining had occurred, and not at the beginning
of pressurization. This would result in higher-than-design strains in the
liner and higher compressive stresses at zero pressure after proofing In
future designs, it is concluded, the metal shell should, be designed to fulfill
the role assigned to the glass-filament head reinforcement in this program.

Several vessels failed in the liner at the boss-to-head weldo
This can be attributed in part to head-reinforcement ineffectiveness, but
another very important consideration is that of boss rigidity as compared
with the extensibility of the filament-wound composite on top of the boss. In
the membrane away from the boss, both shells strain uniformly; at the transition
from the liner to the boss, however, the filaments remain essentially isotensoid
(with their high strains), while rigidity does not permit the thick boss to
strain with the filaments. This leads to a strain mismatch and relative move-
ment between the boss and the overwrapo Localized strain magnification will
occur in the transition area in order to maintain the overall strain compatibility.
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Test-data analysis has shown that the length over which this strain
magnification occurs is between 15 and 20 times the liner thickness. On the
basis of this length and a typical boss, specific strain regions may be defined
and a theoretical strain curve can be drawn (see Figure 119). The calculation
of a strain-magnification value is based on the matching of filament- and metal-
shell extensions (6f and 6m, respectively), which requires that

m f

where the filament extension is

8 eL
8f =Of

with

L (Dw/2) + 20 tL

and the metal-shell extension is

fR=L dR

0

where C is some function of the radial distance (R) as shown in Figure 119, which
defines the symbols.

Assuming that the strain magnification is constant and limited to the
region of length 20 tL, the metal-shell extension is

em ma (20 tin m~maxL

By combining equations, the strain magnification is found to be

eDm =max w
Cf 1~ 40 tf IL

For the 18 -in.-dia GFR Inconel X-750 (STA) tank,

t L  = 0.047 in.

D = 3.602 in.
w



and

m'max _ 2.9
ef

Based on this information, several general conclusions can be
drawn: (1) The magnitude of the strain magnification is considerable and
should not be neglected, (2) smaller bosses tend to reduce the magnitude of
the strain magnification, and (3) thin liners amplify the strain magnification,
which indicates that strain damping might be accomplished by a more gradual
liner taper in future designs of GFR metal tanks.

For maximum compatibility with the high strains in the end domes,
the metal boss should be designed to have low rigidity and be as small as
possible (i.e., the liner should have the minimum possible dimensions that
do not plastically deform to the same strains as the isotensoid filaments of
the end domes). In practice, this would be accomplished by reducing the body
of the boss to the smallest practical dimensions in width and thickness. By
keeping the width small, the magnitude of the mismatch between _PC and boss
deflections can be reduced and the strain absorbed by the liner membrane at
the edge of the boss flange can be minimized. By keeping the thickness small,
the boss flange can. be blended into the liner membrane over a short distance
to reduce the effective width of the boss.

D. PARAMTRIC-STUDY REPOR

An important objective of the test program was evaluation of the
analytical methods and parametric investigation reported in Reference 1. Test
data confirmed that the parametric-study methods, results, and conclusions were
essentially valid. Modifications are noted below.

Figures 120 to 123 compare the parametric-study predictions with
detailed-vessel-design values and the values measured in fabrication and
testing. As shown in Figure 120, the liner D/TL design ratio was the same as
predicted and the measured value was lower because of fabrication tolerances.
For the T T0 ratio, shown in Figure 121, the detailed computer analysis ga'e
a value close to but less than the parametric-study value (because the boss-
diameter/vessel-diameter ratio was 0.20 for the parametric study and 0.15 for
the fabricated 18=in.-dia tank), and the measured TL/TO was larger than the
design value, due to fabrication tolerances, Similar comments apply to the
performance-factor data shown in Figure 122. Figure 123 presents facto_-of
safety data for the tanks. The safety factor predicted by the parametic,

study and design analysis was achieved at 75 F, but not at -320 and -4.23 0Ffor reasons discussed below.

Glass=FWC strength degradation expected to result from cyclic
pressurization led to selection of the operating-pressure filament-stress
level as 60% of the single-cycle burst stress, so that the l00-pressure-cycle
requirement could be sustained. An operating-pressure design-allowable
filament-stress level of 200,000 psi at 75 0 compared with an expected burst
pressare filament-stress level of 330,000 psi was used in the parametric study.
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At -320 and -423°F, these levels were expected to increase by 50% to an
operating-stress level of 300,000 psi and a burst-stress level of 495,000 psi.

The cyclic-pressurization tests at all temperatures produced no
detectable filament-strength degradation, so that the operating stress assumed
for the parametric study (200,000 psi at 75°F and a 300,000-psi maximum at
cryogenic temperatures) was conservative. On this basis, all parametric-design
curves of Reference 1, except those giving safety factors for GFR Inconel X-750
and GFR 301 stainless steel (half-hard) tanks (in Figures 44 and 53 of Reference
1), may be considered accurate for use in preliminary design of GFR metal tanks.

The room-temperature burst-pressure glass-FWC stress level of
330,000 psi used for the parametric study was substantiated by the test results.
The ultimate-glass-filament-strength levels at -320 and -423 F, however, were
about 20 to 25% higher than at room temperature, rather than the 50% increase
assumed in the parametric study. This result affected only two parametric-design

0curves of Reference 1: (1) Figure 44, which presented -320 and -423 F safety-
factor curves for GFR Inconel X-750 based on an ultimate filament stress of
495,000 psi rather than the demonstrated 20 to 25% increase (from ;30,000 psi
to about 410,000 psi), and (2) Figure 53, which presented the -320 F safety-
factor curve [for GFR 301 SS (half-hard)], for the same reason. These curves
should be displaced to show the lower safety factors associated with an ultimate
filament stress of 410,000 psi. It is estimated that the safety-factor curves
based on this value will be 80 to 90% of the values shown for a stress of
495,000 psi0

The other parametric-design curves for the GFR metal tanks remain
unaffected because either (1) they were based on the design operating-pressure
conditions selected in the parametric study, which were verified by the test
program, or (2) the safety-factor curves for GFR titanium (5A1-2.5Sn, ELI
grade), GFR 2219-T62 aluminum, and GFR ;01 SS (half-hard) tanks [Reference 1
Figures 39, 49, and 53 (except the -320 F values)] were independent of the
allowable ultimate-glass-filament-strength level at cryogenic temperatures
because the allowable liner-biaxial-strain capability controlled the design
burst pressure.

The structural analysis of and computer program for GFR metal tanks
developed during the parametric study were essentially verified. Test data
substantiated that the new head contours developed for these tanks have a
l-to-i stress field in the liner and nearly constant stresses in the filaments
up the head at the design temperature and pressure, thus satisfying the require-
ments for optimum closure design. Analysis improvements that can be made
include provisions for (1) a more accurate stress-strain curve for the liner
(rounding during the yield), and (2) the input of a variable Poisson's ratio
as the metal shell yields past the elastic limit.
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VIII. CONCLUSIONS AND RECO4ENDATIONS

A. The principal objective of this program - analytical and experimental
evaluation of GFR metal tanks for service at 75 to -423° F - was accomplished.

B. Analysis, design, fabrication, and testing demonstrated the feasibility
and potential of GFR metal tanks. Their performance is intermediate between that
of thin-metal-lined glass-FWC and homogeneous metal pressure vessels, Adhesive-
bond integrity during service is not an area of concern, however, because the
GFR metal tanks do not require a liner-overwrap bond to keep the liner from
buckling (as do thin-metal-lined tanks).

C. Proper design permits exploitation of the maximum load-bearing
capabilities of both the liner and the glass-FWC shell and makes possible tanks

whose performance is significantly greater than the highest-performance,
cylindrical and spherical, homogeneous metal tanks.

D. The parametric-study results and conclusions (reported in Reference
1) were essentially verified by the fabrication of GFR metal tanks and evaluation
in burst, fatigue-plus-burst, and creep-plus-burst tests at 75, -320, and -423° F

E. The parametric study may be used to accurately determine preliminar
designs of GFR metal tanks for which the allowable glass-filament stress at the

75 F operating pressure is 200,000 psi0  A change in this design criterion will
change the liner and glass-FWC-shell design details from those given there, bn
new designs can readily be determined with the computerized analysis developed
under this contract,

F. The 18-in0 -dia GFR Inconel X-750 (STA) tanks that were fabricated
and tested demonstrated most of the characteristics predicted by the parametric
study. An exception was that the ultimate-glass-filament-strength level attained
in cryogenic-temperature tests was less than the increase over room-temperature
strength predicted on the basis of glass-monofilament and simple-composite-
specimen tests. The following conclusions were drawn from the vessel-test
results:

1. Inconel X-750 (STA) has sufficient biaxial ductility in the
parent metal and electron-beam-welded joints over the 75 to -423 0F range to
perform satisfactorily as the liner for the glass-FeC shell

2. The average pressure-vessei burst strength at ambient tempera-
ture (750F) was within 0o67% of the design burst pressure and varied only
4.30% from the average0  The average ultimate glass-filament strength of
320,200 psi was 97% of the 330,000-psi value used for design and analysis.

3o The average increase in performance between ambient and
cryogenic temperatures for vessels failing in the - C shell was 22 to 25%
at -320°F and 23 to 27% at -4.23 0F, based on the PbV/W values for single-cycle
burst tests, 100-cycle-fatigue plus burst tests, or 72-hour-sustained-
pressurization plus burst tests. Based on average ultimate-filament-stress
levels, the performance increased 25% at -320°F and 21% at -423°F
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* 4. There was no significant difference between the strength
levels attained by (a) vessels subjected to 100-pressure-cycle fatigue or
72-hour sustained loading before burst testing, and (b) vessels pressurized
directly to the burst point without exposure to a simulated service cycle.
For these tests the ratio of burst pressure to operating pressure was about

1.50, and the operating pressure was about 60 to 70% of the burst pressure.

5. The tank design was controlled by compressive stresses in the0
liner heads at zero pressure after proofing at 75 F. As designed on the basis
of the computer analysis, the compressive stresses did not exceed the buckling
stress allowable at the equator but did exceed the compressive-yield stress up
the head near the boss, which gave rise to the incorporation of local glass-
filament reinforcements there to decrease plastic deformation at the proof
pressure and subsequent compressive stresses at zero pressure. The test data
revealed that high strains occurred near the polar bosses despite the local
reinforcements.

6. In burst tests, 18 of 20 vessels failed near the polar
bosses - 13 in the FWC shell and 5 in the metal shell. It is believed that
strain magnification occurred at the boss-to-head juncture, due to head-
reinforcement ineffectiveness and high polar-boss rigidity, and caused the
five liner failures. The other 13 vessels failed at rather consistent filament-
stress levels, but the high local strains measured in the FWC shell indicated
a stress concentration that may have restricted the potential performance of
the filaments over the 75 to -4230F range.

7. Generally good correspondence was obtained between the expected
and the measured pressure-strain characteristics. As predicted, longitudinal
strains led hoop strains until the design burst pressure was approached, when
the hoop strains caught up with and then exceeded the longitudinal strains.

8. The tanks could be operated at 100% of the liner's offset-

yield strength (rather than the 90% assumed in the parametric study) and at
about 60 to 70% of the burst pressure in the cyclic-fatigue and sustained-loading
tests at all temperatures without apparent degradation in performance. Liner
operation at 100% rather than 90% of the offset-yield stress, if applied to the
results of the parametric study, will increase the PoV/W factors given there
by about 10%.

9. Although most of the tanks were fabricated without design

deviations, a few liners had girth-weld-joint mismatches in excess of the
requirements. Testing revealed that the mismatch apparently did not contribute
to failure until it exceeded 25% of the liner thickness.

G. The buckling strengths determined for Ti-5AI-2.5Sn, 2219-T62
aluminum, and Inconel X-750 cylinders overwrapped circumferentially with
layers of tensioned filaments were in agreement with the values used for the
parametric study.

H. GFR Inconel X-750 tanks offer weight savings as compared with
existing tankage. The successful results obtained indicate that they are

worthy of serious consideration for application in aerospace systems.
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I. Improved efficiency for GFR metal tanks over the 75 to -423 0F range
will be provided by GFR Inconel 718 and GFR Ti-5Al-2.5Sn vessels. Their
projected performance is considerably greater than that of GFR Inconel X-750
tanks and homogeneous metal tanks. Additional studies and evaluations are
warranted to establish performance data for GFR metal tanks having higher-per-
formance liners than used in this program. The investigations should include
the use of higher-modulus filaments in the FWC shell to lower liner strains and
thereby improve performance.

J. Future GFR metal tanks should be designed so that the metal boss is
as small as possible and of low rigidity. The liner component should be designed
to fulfill the role assigned to the glass-filament head reinforcements in this
program, by appropriately increasing the liner thickness in the polar-boss
region,

K. Continued research and development work incorporating the new
technology being developed for advanced composite materials, as well as lighter-
weight high-strength metal-shell materials having adequate biaxial ductility,
will lead to tankage optimization and advanced aerospace applications.
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TABLE 2

MATERIAL PROPERTIES USED FOR DESIGN ANALYSIS
OF 18-INCH-DIAMETER GFR INCONEL X-750 TANK

Inconel X-750 Glass-Filament-
Property (STA) Wound Composite

Density, lb/in.3  0.300 0.072

Coefficient of thermal expansion,
in./in.-°F at +75 to -423 F 4.990 x 106 2.010 x 10-

Tensile-yield strength, psi ii8,oo0

Derivative of yield strength with
respect to temperature, psi/°F -60.1

Proportional limit, psi 108,000

Derivative of proportional limit
with respect to temperature, psi/°F -54.2

Elastic modulus, psi 31.0 x 106 12.4 x 106

Derivative of elastic modulus with
respect to temperature, psi/ 0F -2010 -2410

Plastic modulus, psi 440,000 -

Derivative of plastic modulus with
respect to temperature, psi/°F -0.1

Poisson's ratio 0.290

Derivative of Poisson's ratio with
respect to temperature, l/°F 0.0

Maximum metal-shell biaxial
longitudinal strain at design
condition, in./in.

At +75°F 0.0625
At -320OF 0.0750
At -4230F 0.0700

Volume fraction of filament in
composite 0. 673

Filament, design-allowable stress,
psi

At +75°F - 330,000
At -320°F - 495,000
At -4230F - 495,000
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TABLE 3

DESIGN PARAMETERS FOR 18-INCH-DIAMETER
GFR INCONEL X-750 OBLATE-SPHEROID PRESSURE VESSEL

Parameter Value

Major diameter, in. 18.00

Polar-boss diameter, in. 2°70

Operating pressure (po), psi

At +75 F 2000
At -320°F 2300At -423°F 2350

Burst pressure (p psi
0b

At +75°F 3010
At -320°F 4263
At -423°F 4300

Metal-shell thickness, in. .047

FWC thickness at equator, in. 0.030

Internal volume (V), in.3  2370

Total vessel weight

(without bosses or head reinforcements), (W), lb 15.200

Performance factor (pV/W), in.

Based on operating pressure (p.)

At +75°F 312,000
At -320°F 358,000
At -4230F 364,o000

Based on burst pressure (pb)

At +750 F 469,300
At -320°F 664,000
At -4230F 670'000
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TABLE 6

AVERAGE DIMENSIONAL, WEIGHT, AND VOLUME PARAMETERS
FOR 18-IN.-DIA, GFR INCONEL X-750, PRESSURE VESSELS

Value
Parameter Design Actual

Inconel X-750 Shell Assembly

Outside diameter, in. 17.970 17.937
Overall length, in. 14.138 14.170
Wall thickness, in. 0.047 0.0530

(+0.010, -O.OOO)
Boss weight (2), lb 3.000 3.000
Formed-head weight (2), lb 12.148 13.123
Total weight, lb 15.148 16.149
Internal volume, in.

Before proof test 2370 2330
After proof test 2374*

GFR Inconel X-750 Pressure Vessel

Outside diameter, in. 18.030 18.009
Overall length, in. 14.138 14.161
FWC thickness at equator, in. 0.030 0.028
Equivalent glass-filament thickness at

equator, in. 0.019 0.020
FWC glass content, vol% 67.3 72
FWC weight, lb 3.041 2.974
Head-reinforcement weight (2 sets), lb 0.441 0.441

Total vessel weight, lb 18.630 19.525

Total vessel weight (without bosses), lb 15.630 16.500

Average for first seven vessels.
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TABLE 7

PERFORMANCE DATA FOR 18-IN.-DIA GFR INCONEL X-750 PRESSURE VESSELS

Burst-Pressure Stresses, psi Performance Factor (pV/W),* in.
Test

Serial Temp Pressure. psig Glass Liner At Proof At Operating At Burst
So. 0 F Type Proof Operating Burst Filament Longitudinal Hoop Pressure Pressure Pressure Failors Mode Remarks

2 75 Proof, burst 2220 2960 313,100 134,000 132,000 314,000 418,000 Liner at boss-to-

head weld; filaments
did not fail; subse-
quent head buckling

on depressurization.
3 75 Proof, burst 2220 2940 317,200 134,100 135,800 317,000 420,000 Filaments at boss;

liner did not fail.

4 75 Proof, creep, 2220 2000 2630 270,100 126,300 119,400 312,000 281,000 370,000 Liner at boss-to- During burst test,
burst head weld; filaments pressure inadvertently

did not fail; subae- held at 2400 psi for
quent head buckling I min.
0n depressurization.

5 75 Proof, burst 2220 - 3070 322,500 136,000 135,200 316,000 - 437,000 Filaments at boss;
liner did not fail.

6 75 Proof, creep, 2220 2000 3000 331,700 157,700 137,800 318,000 286,ooo 430,000 Filaments at boss;
burst longitudinal liner

fractures.

7 75 Proof, cyclic 2220 2000 2910 309,500 133,700 131,500 38,000 287,000 417,000 Filaments at boss;
fatigue, burst longitudinal liner

fractures.

8 75 Proof, cyclic 2220 2000 - - - - 513,000 282,000 - Buckling of liner
fatigue, burst head at boss, 50th

pressure cycle;
fluid leakage
through liner at
boss-to-bend weld.

9 -423 Cyclic fatigue, 2350 2535 215,200 153,100 118,500 334,000 36o,000 Liner at boss-to-
burst head weld, with

subsequent filament
fracture.

10 -423 Cyclic fatigue, 2350 3700 395,100 168,4oo 166,600 335,000 527,000 Filaments at boss;
burst extensive liner

fractures.

1 -423 Proof, burst 2000 NA 3185 318,400 156,6o0 144,100 287,000 - 457,000 Liner at bos-to- Buckled in one head
head weld; nubse- only after de-

quent head buckling pressurization
on deprassuraiztion. following 2000-psi

proof test; during
subsequent burst

test, vessel failed

at 3185 pai.
12 -423 Creep, burst 23

5
0- 3700 382,600 168,o0 164,500 335,000 527,000 Filaments at boss;

liner fracture.

13 -320 Burst - 3588 584,200 162,500 16130oo - 512,000 Filaments at boss;

liner fracture.

14 -320 Proof, burst 2220 - 3400 357,400 157,800 153,600 323,000 - 495,000 Liner at girth Buckled in both heads
weld; subsequent after depressurieation
filament fracture. following 2220-psi

proof test.

15 -320 Creep, burst - 2300 3797 423,800 169,4oo 172,600 - 341,000 562,000 Filaments at boss;
liner fracture.

16 -320 Proof, burst 2220 - 3645 391,100 163,700 163,300 324,000 - 531,000 Filaments at boss;
liner fracture.

17 -520 Creep, burst - 2300 3558 380,700 161,800 160,300 - 336,000 516,000 Filaments at boss;
liner fracture.

19 -423 Burst 3685 390,100 167,600 165,200 - 534,000 Filaments at boss;

extensive liner

fractures.
20 -320 Cyclic fatigue, 23OOa 3i69 326,100 151,800 143,800 332,000 458,000 Leak in liner at

burst boss-to-head weld;
subsequent head
buckling on de-
pressurization.

21 -320 Cyclic fatigue, 2300 3554 385,500 162,700 161,700 338,000 521,000 Filament and liner
burst fracture.

22 -423 Creep, burst 2350 - 3615 382,400 166,200 163,000 339,000 525,000 Filament failure,
with extensive
liner fractures.

Where p = pressure (psi), V = internal voluame after proof test (in.3), and W = pressure-vessel weight, without bosses (lb).

Inadvertent overpresurization to 2450 psi during creep test.

Inadvertent overpressurization to 2555 psi on first fatigue cycle.

Inadvertent overpressurization to 2600 psi during creep test.

Table 7



TABLE 8

VESSEL-FAILURE MODES

Tank Serial No.
Liner

Failure in
Test Temp Filament Failure Fracture Compressive

OF at Boss At Boss Weld At Girth Weld Buckling

75 3, 5, 6, 7, 2,4 8

-320 13, 15, 16, 17, 20* 14**

21

-423 10, 12, 19, 22 9, 11

Total at
each
location (13) (5) (i) (i)

Overpressurization during test.

Excessive girth-weld-joint mismatch of 0.014 in. and head buckling after
ambient-temperature proof test.

Head buckling after ambient-temperature proof test.
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Fig. 29 Polar Boss

Fig. 30 18-in.-dia Formed Head

Figures 29 and 30



Fig. 31 Electron-Beam-Welding Machine

Fig. 32 Half Shell in Welding Chamber

Figures 31 and 32



Assembly of Formed Head and Polar Boss with Electron
Gun in Position for Welding

Figure 33



Fig. 34 Completed Half Shell, Exterior View

Fig. 35 Boss-to-Head Weld, Exterior View

Figures 34 and 35



Fig. 36 Completed Half Shell, Interior View

Fig. 37 Boss-to-Head Weld, Interior View

Figures 36 and 37



Fig. 38 Assembly of Two Half Sections in Welding Chamber with
Electron Gun in Position for Welding

Fig. 39 Complete Metal-Shell Assembly

Figures 38 and 39



Fig. 40 Metal-Shell Assembly in Filament-Winding Machine

Fig. 41 Application of Longitudinal
Filament Winding to Metal Shell

Figures 40 and 41



Fig. 42 Overwinding of Metal Shell
Showing Head Reinforcement

Fig. 43 Completed Tank Instrumented for Testing

Figures 42 and 43



Acceptable Girth Weld

Unacceptable Girth Weld (Incomplete Penetration )

Acceptable Repair Weld of Above Area

X-Rays of Acceptable, Unacceptable, and Repaired Welds

Figure 44
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Cryogenic-Test Control Facility

Figure 48



Longitudinal Gage Longitudinal gage

SSG-3 SGISG-2

Hoop gage

2.74
-, 9.00

18.00

Extensometer Instrumentation

Figure 49



0

-4 )

444,

0

Figure 50



0

-3

-P

Ci)

1066 o16

Figure 51



toc

ci 0 .

0 f

-~7 ---

A-_

-8-

4 j
__~~~ ~~ L _I______ __ _ _ _

Figure 5



Edge of head
reinforcement

SG-

lit/-

~SG-8

18.00

Strain-Gage Instrumentation, Top View

Figure 53



1066 019

Tank I ferTs

F;gur 5)-i



-4 -7 7

w 1

77..4-L 4-
71 H d

Ii.I I \

- -d

--- 77---

4 1

7-- .......:V .1
-P-

-- - ----

7 -7,-7 -
_ _ Eof t . I.

_ _ _4.

7. . ~ t7-

ii t j

'4 t-7 7_ . __ _ _ _

pY~. I

Figure 55



7i ' --- -- _F

_A I

0~~~ 
T--- -

I! j ---~--1- ____-4-4

i i , ~ I ____I --T- - -I AL I _L

T* -t 
0'~i.

-4--

<*1f P--1-0____

41 -7 7 7 7 -- -. A -
NIAI

1 "~-~7V

L---

7- 
0* 

I

J". 0\~-
K>+

-~ I t L

V~~ 4 L t--'

Figure 56



T. -a-4. cd
0

i -P

I Id

I 00

I It,

-77- -4I -

I Io

-7

:11

r IFigure_57



Wd K-,

Figure 58



i 
. ... ...

f4 to

4la4

to '

U) I~+~ 4-)

~~E- ----- 7 - ± - . -- 04

C- ---- 4...7 -

.. 0

7-.

---- ---- 77 17 (4-

- 4 --- 7

-jI

A 44

-7

I d~~r-T7-

.17 r,7 t I77 7777
Figure 5



777 -T 7 - 7 --T- .7- -7- 7
* ~~ I 1 Inj

m4-- 771

117

10 P W, 4:

z40 -_ ., t 04 41 ~ .

34 E- WQlf 1

0- 0LxC

INt

A 4

----- '7t

T iq i I

41-

Figur 6O0



1 T
.-.. u. -4~t IITI

.7 . ... ...

OH -

H:- bill

Li: 1 -1 .J

C4 X 77. 7 ii
to 4j 94!

o S-2 1- 7-7-
N] ED0

d ~rI

ci 0 Cd

.. .... ( L -

S~-- ~ C -1

4-~~~C w-+II--
-P E-1

+ N-' r-Ul

10 0

rI 01 I N.!LI"
I j .j 44-

7

Figure 61



'o
dy

E-4

W

cc

Figure 62



H- ji
ti~ 7t 7 vI

-7 ,P 
F .. 1 .4 K

PSk : I1 -I -. 07-

-I- --1 ' 77
__ 'K4 I:7

-- i p ---- '77 7

I0

0'j. 0

. -7 
T

a i::l, a I-.

III w.i

IV I
. ... Figure)6D



77 i ------

-T70 -

40_- al- 

LI

H 

I I I

I ILI

TI-7)

7-7--C--

oi-A

_ _ _ _ F i g u r e 6 4



4-D

E-4

Figure 65



-4=-
-4 7 1

HPA.
4-

- T

I I-7

--V----4---4- 
*rq

~. 7V71.
I Figure 66



~~7J7~- 7,] I-
-77 4 -7

i{ I

0 0:

7 f"'4~z-~II
F(

K~P-4

-l7 - 1

IL -- 7

__ t IL

Figure 6



4--

1o66 829

Figure 68



00

V4 II _

1T 0 -R

il-

I -P

t-~- 7 7-1

MF -- 1<ol

I _f

04

-77.-

-A a
7717 

-I---- 0

K-7.
___ F--~-+__

_____._ ._____ ._____

___ 
____ __ I

Figure 69t



R

0

UN

LC)

CAA

LL b-0

00)
CAd

C)~

bf

E-I

-CD

'NI/'NI) NIV81S$

Figure 70



7 - 1-II
I t I 1

I-A W4-

4 ~ 777

__ 
I co

- Id

p I I.o

L jL

4I -4 
T ----1Cu

+

--T 7- 77

T I

Figure 71



1 
9

1066 j5

Tak6AtrTs

Fiue7



0

... .....

I 0. 0

LCN\

P4

V4 P-4 P4.

co -j

rj 0

.Co

Cl)

7-1 0

i .l... .

.\ . ,[~ { I~ ~1\
j I 4\F Me

igure----:-~ F73



KIr J1 4 -.

-P4

gigI

0 0

7 4 . 1 -:~ - E-

H_ I ~' I t~ P

K 1 1~7I
ft~.~f7 1I b-.~ +

7 -P-r - + > ~ C:

~i~i fjito
I ____722 I7m7

77 -77 T 7

7t--

1 I-

Figure 74~1



1777

C) ... K

tat

~~-7 .. . 4-

i I- E-

0 f

I I~ ~rd
q 8, __ :~ ~0

F _

17~

A- AL I
-7-7 r L

I 01

74 -------- I7.

Figure 75



4

4e1



4,1~

-7 -+--

'22-;';; 4 4 4-

t4 - -

r4~ ~ -4-4 -444 -1

-1. ,: --- 4 i l

-r 47

+ +

14 ~ ~ i

-4- *

~'~14 4+'

'tfrt4 t~ -4f4:~-. -

:; t4. I T

I IT

-i4 t-- -

41,1
-t -- i -, -, -

-- t~......r~' tt ~- - t-

-'~~~~Tn 13..---,----- Prssr v-4-it''"

Fgr 774-' I .



177 1: 1 t if-t 4

4.'~~~~~~~~ 4, t.imi' h-- ~ - $ T

_,- 4 4t 4 r ' 4 r ' . -t ,-- - - - -

4 4

14,

-t+ 4U 4- ' 4 -

4E4

+, , -- -- --

4 4 - 1 - -- - -- ----- t f r

-- 44i

4- - _ t 
-

_f T

++ 44,.4

4-.

,H- - - -. ; J

------ -f - - 4+ -444., 2.
S~ - '--+44-

0l ! I Iire~ vs 4 Strain DurngBustTet t 32



WIW{ 4-

kE-

co
A!

A E-4

Figure 78



' -iii

Figure 79

<-' ; " is];-i > J ~

4,,,g

Fiue7



.. f.. .... .- I .- .. .

. ..... . .. . . ... A IF ....... 2

7t It At
.. ... ... . ..

- - - - -- - -' - - - - - -rr- - -

:1:~~~~~~.... ........ ..- ... j~K .

~~;~; .... ...:.....................

T1 .,I 4

1:: Tc: 1:: T -

k p .i . ...
71 -

...-

..1 ... ... .,... A I,

...444 ... .... 4.
.' v 2:~ .r . ~ I .4 ......

I I T

4 ... .. ........ ~ Li j4 4
vil W4,

U- V4 F-

Tank 16 Pressuare vs Strain Daring Burst-Test Phas



24422. ... .....-- , - .... ... ...

44:

1222-

44 -

4 t 77-

4. 4

24- 14 4

4"' 44. 4

4-4 "<.4 4 - T_ --

I + t-"

2 ~- 42t4~'t4 ~t4

44 4

~~~1: 414-- 4 -m

t t
-tl -

'.1'
T4I

14 0~t Tet Phse at520

Fiue8



167-864

Tank 20 After Test

Figure 81



*7 +

v a...... .. .

.. ...... . .. .- - - - --. ----- 4-

.... ... .. ........

4- 4 44

1: +4 k,. 1917-..
4. .- - 4-- -1 ._ .

.- ... . ~

!Fj .... .....

+4

.g 
_:72EI

444,

... ....t .. .7 ... 4 4 t  : T :1 I

it It . 1, 1.,.

It!Lt

.4-24 !-:tt2w

44

1_7

fil-

-44

Tak2 rsur7sSriorIiilPe
an4us-Ts hss t-2



- 02

tiT

9~~.. ... ..h~~--

-:A ~
.. .. ... ....

144

l414i14

41

t I~

4~~ +'+$-
4.-. 1T 11-14

4-4

4-, 44

4_

4t1 I -I~

+T i

LD ~ ~ ~~ :7 Io nta resrzto07n Phssat-2+

Fiur 3



. . .. . . .. . . .~ 7

. ..... .... . . ....

i --- -

-7 - -4.

...i1 ... ....

7= -7

- -~ ~. ... ... .. - . f

.. .. . ....

..... ...... ...

a4

Tan 20Pesuev:Sr- Drn



. .. . ....

-44

. ... . .. . .. 4

. . ... .. .. .... .1

- ... ....-

WI_ 117

t +t

-, -, -
-

1 -

'rrr

* I.

- 2:~:~i.2 LLI:g :22 4: >:n W: -$4 0
;rain~ ~ ~ ~ DuigPesr yln t-2

m~ ~~~~igr 8r3- ~ 4j t



-4-3

co

C E-1



v-
*~~. ... .... ,. ..

t~ t

;4*4

-,v nn: .4,

.. 4 .... ... . . .

T-1~

1 .4o I;1 ;i

................................... .....

Tank 21 Pressure vs Strain for ni,
and Burst-Test Phases a,

Figure 85



1 *i A

-41

4 ;,** *~*~ -r--IM !
... ... .. . .

... ... ... .. . .. .
.. . .. .

U-T

14. ...-. ..

.. .. .. ..

3d
t
tJI&+ Eli

'Ts Phse at. -520 F...



... .. . . .

*1 I

..............

*1--j- 4-4--
I4 -4.

+4 
4 :

V2.22Tt!2

-4L

---- TiI

-~~t - - - -

.H++atzzt 2 ~ ~ t:

.14+ +

1522 441

lef r r'

I .2 ... .. . . . . . '++

F: Tank 21 Prsur.s.tan +uin- rssr.-ci



tit

H4-

41$ 4 ,. ; ;z::

'1441

4 441

444

. 0

:re Cycin at 30 F
Fiur 8



f, -4

Figure 87



J 4 4-,-, ±----,-'-- t! 4

+- 1"- + ' -

-~ m-4- - - - r r4-t

:-4

It I'-

4-t ± i I 41- d :,I2:4 V" 441

t4t .41v t 4441-fl i 4

F ~ ~ H J;' 14t:± ~,r1 t 41
'4111i 4 2 I :2

t4 144' t + :m
44 4U-±,1 -

H ! 1 i7 
I- 

- 4 - ~T 1 4- -

11- 4 144

4-

4 4il 411 1144- 4H t--~~4 1
tt t i ft-_4 fIT1

-4 '

tn ft 
- - ± -- -r -

- -

4'' 1r 44 1 I ' ' 2

4 4 1

Tank 15 Pressure vs Strain for Initial Pressurizc
and Burst-Test Phases at -520 0F



-it

-i- .4- 4-- -1 ' 4

14

T4 -.- 4
41 4 41 t t-. 4+

44 0' it

44 #~ 44 t-

i 1- 1<+- i

fp jj, I -v T tft 4

'4 + .I i t 1

.54 44 4;' "tl

;4 1 ti

t4+ t I, t; T 4!14 :41 f54 ' ' : ~ 11 4 4

14' 1 , 1
444; 4444- 114i

4~4 -44 , ' ' 4 +

+ 4+ 4-t'- H -I-

IS at -320

1+Figure 88



---- ------ - --------
---- --------- -TI 4' 4 0#4#0#
.... ........

A

. ....... ........
------- ---

mom kFFHT EH -- ---- ---- ------------ ---- --HB
H o .... - ----------- -
ETIT:___

1 H 1

TM

. ..... .... ... .... = P .4-+

4T

4-4+1
4

+ tttt

------- -- t -4ft ......------- -- ----- --- --- --

---- --- ---

IT -

-- ------- -

:t -

Tank 15 Pressure vs Strain During



tVi4- -PT.- ~

j 44 44- j4

.2-Hi- -44
I t i

4' 4 -4 - -t--; ' 4 4

4f 4 -" -- , 4 -'i,

4 4 -1 1

r- -4--

1~41-

T~ I I- IT I" N '4

-- F444

+ 
4,;T

4 -1 - . 4 44-I

I7-7

v-n-

Strain Dlaring Creep Test at -520 0F

Figure 89



E-I

467-1i06

Figure 90



7: 71 ... ..

.... ......

a .. ..- . . .. ..-

.. ... . ....
w .. ..I....-

h477KvK~z77w: At

.. ... ..

I A - .......

5:+ k
.. .... ..-

Tank 17 Pressure vs
and Burst

Figure 91



I I'

K 4
- - - , - - 44

. .... . ..

. ~~ ~ ~ i .'~r .

r t
- .. . 1 1 ..~ ..r

... . .1 4 ....

I~ it1

;4- 4 -,1
+ t. T-..1 T'Pi;Tt T

'V+

-4 - o --

ressure~~~~~~ vsSranfr ntilPesuizto

and Burst-Test Phases at -520 0F



I* ._ I

;i: w T I > . .. .

j~4

I '; r4

- +A

4T

II 112~ 1 1

-l W tA+ I -

tn T i

;# -t

-~4 - -1--

Tan 17 Prssr vsSri+uigCepTs 2



77it

dl 1t--

T4fA 4. 1;- .- -

44 4

747 44 4.11 .1,

-474 r

'- '- I f- T -4 4 4 4

lie I'' t+1 -4t
424

itii t.1- 14.

+ +

It:
47--4 - 4-. fiIf"El,-

4 tr i--4
4-1-

4-
ig ~ ~ 7 Cre4Ts4-5oF

Fi-r49



18 D IA AN H

AFTE TES SIN=-I



L-67 -D69

q L

0

~1 W 7 T p 7-9-

-D

-Hq q a

;: :: -

-7 7 . -P

U)

hi--.:7. _7--

*~~~ K2dL----

I- -1

-7 7 - -

7~~~ 1- ___ -7 m

Figure 94-i



A' ;<

>sz'

l 77 •

-7": , - + ...

K f

t;0

67- ,AA , -

Figure 9



7 -7 7 7 - .7-

7-7-

... ......

- ~ i I7
A ItIT47,

... .. .. .

Tak1Vrsue6s0ri 
a ustTs t~25



t t

i' n iKM4 1S .PE all i , 1
i -[ 4 1 tI

.... .... '.

.. .. ... ... ..
tt tt. ... ..

IIt

Lrot Test atwI2

FiTrT9



Algal



L-67-1071

.. 7

-0

44

~H

........................

I~e~0J

.77 
7

:T

__ _o

Figure 98



L-671372

b-D

j PI

~c

cm,

CI )po) I mmasoy

Fiur 99.



Figure 100



nn - -z t

_u uTVou
-~~ - 44

40 itll -V -- r-7 ~ F4 <~
'":s-'"i VT ''I4R 7 4

~ ~ M'4-t 4 4-

T4~ fit1 It

o44

:44

4 ,,- -. 1'

toFt

Tan 10 Presur vsj Stai

Tankr 10Pesuev0Sri1



+ 4-

$4! _t 1 ''' 21 t-~ H

1 . 1 + 1 ,'-. " -, , ,I

-44- t .7 4>
t~ f _r- I I' .,41J 14i' -

I l 4---.-

t-4 4- 

4.. . ., ..i- .44 li- 4 T +4

4~4~ t

- 4

4~1 4. -f444 t i

+- ''I-4 
4  

* . 44

-44-

+-

- 4'444 -. 4

44 4-7 + 4--+ 4

- -6-17

+s Strain T4r -nt4rssrzto
0l'itTt Phase atT_ + i25 F



L-67-1074~

.11 ~t~ t1 i i ,

7

T 777

4 4

4M1
77o

Tank 10 Pressure vs Strain During Pressure Cycling at -423 0 F

Figure 102



7W 4

IC % wCA-i

\4

K <A> $

I>i ' - ..

5-> 1> t'

V 1  $ t $5(

> C

Cl , ,] 1C. .. .
i~tCC

= = ]/ + , ; 
C

A . : 0 )

• . .. .E-l

-"1 - -- : i ... . .... .... .. ... ... ... ..... ...... ...... . ... .. . ....... .. . ...

Fiur i0



L-6T-1079

-71-

V .... .......

A_ V
-7 - -

.. ..... .. ... -Z4 ::::~ *Hc1,- -'

7 - 4-)~

-PO-

.d I

dpp-i

44
--- 4-- 4--)

Figure co!



-~~: T ~

Figur 105 +



nip:-

n n n n z ni I ... . t o -i ....

. ... ... ... _

In - - *-p -" AH Ti-

rin -.-

44- ..1....

.}~rt .r ..H

K t:; Af It it 1 it

Strain~~~n Duin CrepTetltes2



\~
CMj

co

Figure 106



L-67-1075

- ~ .. T....~ - .:77V 7

.7 -.- 7t7

_ t .

t co

I Octi

Tc

- j - - -- P_1

- _ . I - - _ I- _ _ _ _

Figur 107



6r-,2. .

4..

+i Tr
4IF

iTi

+~ 4-

t j

tr

4;-I

-4-
I"''' T

4-- . I-

Tank~~~~~ 22PesrIsSriTDrn re eta



7-=4

1 h in:
71 ', I- T71 -4

t4 Lx t.. -- r1 - - . . 1 Ii,

'2't 2t4  " F 44-4
<2 2?>iffy

-~ ;j ~"-2 :44.. .. ,lst'

44 $1 t ~ j

fit! 
W4 Ut tI4

41
Vg4.2 47.

Tes iati-423 F

Figre10



E-4
0

H 0 cO t-  LIN ..0 -4

E4 E -4 E-4 E- E El-' E- E- C.'

43

to / 4

I --

I .- fr

0

4.' -P 4 4
*Ik 0 -

I o G" , d 19 ...

H©
0 0

I., H (A

EA E-U to V'

4)

,-I -I -

auur 1

UO 0 t

4-'

COFigure 109



L-67-12BO

J I

p I-

4_ L

t P,

q _

- -- __--__-__--__-__-- __-__-_7

-77U)U

w0

---- 1 &

L--i

Figure 110



* ~ ~ ~ ~~1~1~L-6~7-1281 ~

*~~ 4-1-4

.12.

41~_ -7-- -1

I LID

.1-

4 47.

IL

Figur 111



L-67-1282

I.... .... ......... .................. ........... 1

I7 K A.:..: .. ...9..

~77~ 77

N-v -H-

1E-1

7KQ

4 j4

T : IF

:A_ .. ...... ... . .

Figure 112



<2
4 I

-p
U)
C)// --- ~-~ H

-~ C)
4/ ~4'; V " -~ 0
2< r A ii4', ;,~,> - -p4' '4,4'

C)
ii H'4~''*~~'~< Al I C)

<'IL
H

14 I
C)~V~'44 QjLi
C)

44
C)
F-i

At ~ ts. 
'A
<A' C)

F-i
C)

4"44'4'
4~4 444/'>
At&t ~

~'444,444',44

1~ '4t4~t r42 $ C)
H

>1.> I

>2

'44/4>

4' 4/ 14'..

4 44/"'~.4

4.. & f>,4

LL ux "" '$s*t ~ 4''

Figure 115



x103

550
0
raL 0

A

500 *(1)I
(1) A(1)

S

> 400

-oo

0[

A

U Legend
('U

E Failu re Mode

300 Filaments Metal Type Test
o Burst
Ins A Fatigue- plus-burst

> nCreep-plus-burst° -

Note (1) Vessels SIN 4, 11 14 and 20 had degrading
factors such as head buckling after proof

200 test, weld joint mismatch or over
pressurizeons as descried in Tables 7 & 8

150

0
-500 -400 -300 -200 -100 0 100

Temperature, °F

Pressure-Vessel Performance Factors for 18 -in.-dia

GFR Inconel X-750 (STA) Tanks

Figure 114



C01

L~ffL

0 0A
0

MOO~

0 L0

AA

To qn , a, U, rG

m'j Gls-ilmn TSBe

fX7
F e

L I

iecv"iLe in Table 7 &g

S-ITS Giass~Tiarent Tensile Stress at Burst Pressure
for 1 8 4in-dia GFP Inconel X-750 (STA) Tanks

Figure 115



450 x_____ 103___

~350

S300 __ __ _

.E 250

200
E

cc 150

E

50

-500 -400 -300 -200 -100 0 100
Temperature ,o F

Ultimate S-HTS Glass-Filament Strength at Burst Pressure
in 18-in. -dia GFR Inconel X-750 (STA) Tanks

Figure 116



I (1 ~ 0

-p

9 c

Lc-\

___ ___

FigureI



400 x

e Calculated stress and strain
o Calculated stress and measured strain

0
0

300

U)

.,7

=200 \x/

L.
Id)
I-.

E

100
C-D

0
0 1.0 2.0 3.0

Longitudinal Strain at Burst Pressure, %

Comparison of Calculated and Measured Longitudinal-
Filament Strains for 75 F Burst Tests of 18 -in.-dia

GFR Inconel X-750 (STA) Tanks

Figure 118



Strain magnification

Less than filament strain
Strain compatible

A No strain - - / (Metal strain =

filament strain)

X L

¢ - 20t L
-DW/ 2L

Strai Regions For a TPical Boss

6 m a I Id e a liz e d

°® i Theoretical

Radial Distance, R

ef Filament strain

Gmmax = Magnified strain

Strain Distribution in Metal Structure

Figure 119



10 2 3 4 5 6 7 8 9 10

NOT-E-31 Critical compressive stress -cc! Ni.
JL longitudinal direction of head at

z = 0.4 (compressive yield).
Critical compressive stress occurs in
hoop direction of cylinder (compres-
sive yield). 7
Critical compressive stress occurs in
longitudinal direction of head at
equator (buckling). 6
Critical compressive stress occurs in

7
hoop direction of cylinder (buckling).

_KI ASSUMPTIONS:
1. Filament stress at proof pressure

210,000 psi

7- L7 2. Db/D = 0.20_EF 'I --1 -- In-plane winding pattern__1___4 4_ i 3. 44. Rigid mandrel
5. Filament-winding stress 47,000 psi

T

7 M-4 
:-1 -T H 13CII& #

+ - LL +f +

-4- + _4
i -W, *H +-1++ +I -,4 44* -4

441 ;;+1-- +rr --4 -H 1111 r T
771- T 4-+ 7

IT-

2 ''2
L

T'd,2N -1 1 1 1T+t 'k- 4- -ji 
TT- I-T--d-4--H-- V 4 T+T

T +T7
T F

-7- 1 1 Wh

+ 7 1-

+ A- +fflfl_
e I LWiL _? 2211LL

2 3 4 5 7 8 9 10

Proof Pressure, pp ( psi x 1(y)

GFR Inconel X-750 (STA) Tanks, Optimum Diameter-to-Liner-Thickness Ratio

Figure 120



7 1

tt
H

Itr
4:T- -,-T,

Fr

-- U

ITT T"IL
-4-

Assumption
1 -T- Filament stress at proof pressure

210, 000 psizo T
H Z Db If D - 0.20

TI I n-plane winding pattern

4,, Rigid mandrel

5. Filament-winding stress - 47,(MO psi

T _-T
Ul

-T 1 

j
. - I ' 7

T # -T

t10 -Ij

w9

M

T- TH,
7

5 IT4T
T

is$

d

F-

7 4--'T

T72 H -7 
IT

T11 I L
Ll 1 ITLF-# I I :-, -.I I i

2 3 5 6 7 6 9 10

75 OF PrcB Prossure, pp psi x 163 )

GFR Inconel X-750 (STA) Tanks, Optimum Liner-to-
Longitudinal-Camposite-Thickness Ratio

Figure 121



o 4A

-o 0
0 _- {m _

0

44-D 0

-o0

4=M4
0

0~ z

w r

0 0 I

LL.w

Rq
0

66 6 6
CU) 'MIA d

FCDe 2



~Jvd

~E -4

I C0

J5, c" H

L%0

015

C- -D

V L~._ __ _

4p 
0 o

01 E

0 0 3_ _

0

Figure 123



APPENDIX A

EXPERIMENTAL EVALUATION OF COPRESSIVE-STRESS-STRAIN CHARACTERISTICS AND
BUCKLING STRENGTH OF FILAMENT-OVERWRAPPED METAL CYLINDERS

Investigators are evaluating several metal-liner concepts for glass-FWC
pressure-vessel structures. The concept studied in this program combines an
overwrapped glass-filament shell with a load-bearing metal shell that is able
to resist buckling from compressive stresses produced by the overwrapping when
no bond exists between the two shells, In addition, when buckling will not
occur before the compressive elastic limit of the metal shell is reached, the
design must be such that this limit is not exceeded (to minimize hysteresis
effects).

To design such a structure, it is necessary to establish the compressive-
stress level at which (1) liner buckling occurs, and (2) the elastic limit of
the liner is exceeded. In the past, however, buckling data have been scarce,
and available analytical methods have not permitted the calculation of realistic
compressive-buckling-stress design limits.

0
Experiments were conducted at 75 F to determine the compressive properties

of open-ended metal cylinders overwrapped circumferentially with layers of
tensioned filaments. Stress-strain curves and buckling-failure points were
determined for three alloys: 2219-T62 aluminum, nickel-base Inconel X-750
(STA), and Ti-5A1-2.5Sn. The data were compared with other available data to
provide a means for estimating compressive-stress limits as a function of the
controlling parameters. The resulting information was compared with design
criteria used for the parametric study of GFR metal tanks reported in Reference
A-1.

I. CRITERIA FOR SELECTION OF METAL-CYLINDER DIAMETER-TO-THICKNESS RATIOS

R. H. Johns and A. Kaufman of the NASA Lewis Research Center have tested
the buckling of metal cylinders overnrapped in the circumferential direction
with layers of tensioned filaments. They conducted 29 tests on mild steel,
stainless steel, nickel, and aluminum cylinders with diameter-to-thickness
(D/t) ratios ranging from 175 to 3000, and obtained five other data points
(with D/t ratios in the range from 320 to 600) from the literature.

Their results are presented in Reference A-2 and summarized in Figure
5 of the main text. They indicate that a straight-line correlation exists in
logarithmic coordinates between D/t and c/E , where a- is the critical hoop
stress from overwrapping at buckling failure and E. iscthe secant modulus at
failure taken from the stress-strain curve. The parameter oc/E is the
compressive hoop strain at buckling.

The analysis reported in Reference A-1 indicated that the compressive
elastic limit of the metal shell was equal to or very near the optimum

compressive-stress design point for many tanks having operating pressures in
the range from 1000 to 4000 psi. The D/t ratio associated with buckling at
the compressive elastic limit or yield point was therefore selected as the

A-1



single most important characteristic that should be determined for each of the
three materials. Cylinder D/t ratios were chosen for the test program on the
basis of the NASA data, which indicated the expected minimum buckling stresses
were approximately equal to the compressive-yield strengths.

II. TEST SPECIMENS

A. DESIGN

1. Materials

Characterization analysis of candidate materials (Reference
A-l) resulted in the selection of the 2219 aluminum alloy solution-heat-treated
and aged to the T62 temper, Inconel X-750 (STA), and Ti-5A1-2.5Sn for the test
specimens. Their compressive properties are summarized in Table A-1.

2. D/t Ratios

The following design D/t ratios were selected, on the basis of
information in Figure 5 of the main text and Table A-l, to provide buckling
stresses equal to the nominal values for compressive-yield strength:

Material D/t Ratic

Ti-5AI-2.5Sn 265

2219-T62 aluminum 325

Inconel X-750 (STA) 325

3. Length-to-Diameter Ratio

The ranges of geometries used in analyzing buckling under
external pressure included (a) snort and transition-length cylinders, (b) long
cylinders, and (c) very long cylinders, as shown in Figure A-1. The test
cylinder was designed to be sufficiently long to ensure no restraint on
deformation imposed by the radial rigidity of its end plates. The length-to-
diameter ratio was chosen as 1.5, on the basis of information in Reference
A-3 and Figure A-i, and an estimation of end effects due to rigid end plates.

4. Diameter, Length, and Thickness

A diameter of 12 in. and a length if 18 in. were selected for
the test cylinders. Sheet material was purchased to the closest available
thickness that would approximately permit the required D/t ratio at D = 12 in.
After it was received, its thickness was accurately determined and cylinder
diameters were chosen to yield the required D/t:
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Required Measured Required Cylinder
D/t Thickness, in. Diameter, in.

2219 aluminum 325 0.040 13.00

Inconel X-750 325 0.041 13.32

Ti-5A1-2.5Sn 265 0.041 10.88

B. FABRICATION

Three cylinders of each material were fabricated. Constant-
thickness sheet was used because these alloys have high welded-joint efficiencies
[90 to 102% for Ti-5A1-2.5Sn, 100% for 2219-T62 aluminum (welded in the T31
condition and solution-treated and aged to T62) and 100 to 105% for Inconel
X-750 (welded in the solution-treated condition and aged after welding)].

The sheet was roll-formed to the proper contour and the ends were
joined to form the longitudinal weld joint. The rolled cylinder was supported
by tooling during tungsten inert-gas (TIG) welding, and all weld beads were
ground flush on the inner and oute3' surfaces.

The weldments were then subjected to 100% radiographic inspection.
The propagating defects noted were ground out and repair-welded. After re-
inspection, the cylinders were given the applicable heat treatment and were
X-rayed again to ensure freedom from propagating defects.

V Two cylinders of each material were selected for testing; their
characteristics, including the heat treatment used, are summarized in Table
A-2. The six cylinders are shown in Figure A-2.

III. TEST PLAN

A. INSTRUMENTATION

Uniaxial and biaxial strain measurements were made at four 90
intervals around the interior of the cylinder approximately at the longitudinal
center, as indicated in Figure A-3. Two active longitudinal gages and four
active circumferential gages, with an inactive counterpart for each, were used
(a total of 12 per cylinder). The strain-gage measurements, together with one
temperature measurement and one pressure measurement, were made through hermetic
seals in the cylinder-support tooling. A slip ring was provided in the tooling
so that these readings could be taken continuously or intermittently during
filament winding and testing without breaking the electrical circuit.

Constantan foil-type gages on an epoxy carrier with an effective
gage length of 0.5 in. were used [Baldwin Lima Hamilton FAB-50-35 S-6 and
S-13]. They had temperature compensations of 6 and 13 ppm/0 F for titanium,
nickel, and aluminum. For good results in the low elastic range, an active-
dummy half-bridge configuration was used to compensate for temperature changes.
Figures A-4 and A-5 depict a typical installation of strain gages on a
cylinder and of the cylinder on a portion of the support tooling.
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Continuous-recording equipment was used to obtain strain, pressure,

and temperature measurements during winding and testing.

B. EXPERIMENTAL PROCEDURE

Buckling studies had formerly been conducted by winding on a
cylinder until collapse occurred. If the cylinder buckled before the elastic
limit was reached, stresses could be determined from the measured strains and an
assumed modulus-of-elasticity value. If the cylinder buckled above the elastic
limit, external loads and the resultant stresses were estimated from the filament-
winding tension and the number of filaments applied. This approach has inherent
inaccuracies because (1) the winding-tension measurement is not exact, and (2)
the tension in already deposited layers decreases as the cylinder is compressed
by additional layers.

The test procedure in this program employed a pressure mandrel for
support during overvinding. The use of internal pressure to counterbalance the
winding load made it possible to determine exactly the external force on the
cylinder from the overwindings at the start by pressurizing until the metal
strain was zero. This pressure was equal to the external pressure. Recordings
of pressure decay vs compressive strain were then used to accurately determine
compressive stresses vs strains.

After the cylinders were strain-gaged and assembled to the pressure-
mandrel tooling, the unit was positioned in a winding machine and electrical
connections were made to the slip ring as shown in Figure A-6. The test
assembly was connected to a portable, self-contained, hydraulic, pressure-
mandrel system and was filled with a liquid.

Zero readings were taken on all strain gages. Following the
pressurized-mandrel concept, the internal pressure was increased to balance
the applied compression loads as filament layers were applied under tension.
Dacron filaments were used because (1) they could be wound at relatively high
tension, and (2) the applied tension load would be relieved very slowly as the
cylinder compressed because of the low modulus of elasticilty of the filaments.
After the winding of each layer, the internal pressure was increased to bring
the circum-yferential-strain-gage readings back to the original, stress-f-+,ee,
reference point. Sufficient layers were applied to induce high compressive
stresses if the internal pressure was removed.

The internal pressure was gradually reduced after a given number
of layers were wound and after pressure adjustments to bring the strain-gage
readings to the initial, stress-free, reference point. The strain and internal
pressure were recorded continuously. Because there was concern that a positive
pressure inside the cylinder would tend to retard buckling, the initial de-
pressurization cycle was scheduled to occur before enough filaments had been
applied to buckle the cylinder. If the cylinder did not buckle when zero
pressure was reached, it was repressurized to the original reference point,
and additional layers were applied. The cylinder was again depressurized., and
this sequence was repeated until it buckled.



In the first test, the cylinder (Serial No. 3, aluminum) buckled
on the first depressurization cycle. In all subsequent tests, fVrom two to
nine cycles were needed. Table A-3 summnarizes the overwrap data for each
cylinder tested, including the winding pattern, tension, number of layers,
internal pressure, and maximum compressive stresses and strains.

IV. TEST RESULTS

The buckling characteristics in all cases were in excellent agreement
with the predicted behavior, as determined from the correlation established
by NASA (compressive hoop strain (o-/E 5 ) vs n/t ratio) and shown in Figure 5
of the main text. This agreement is shown in Figure 6 of the main text, where
data from these cylinders are compared with other available data.

All the cylinders buckled in the longitudinal seam weld at high stress
levels (see Figure A-7). All were cusp-buckling failures. No metal fracture
occurred in the Inconel cylinders, but metal fracture occurred along the weld
seam in the titanium and aluminum cylinders after snap-through of the cusp
buckle. This failure was usually accompanied by leakage inside the cylinder,
followed by additional liner collapse and tearing due to the action of the
highly tensioned, low-modulus, Dacron filaments (shown in Figure A-8).
Figures A-9 to A-14 show the buckled cylinders.

A. PRESSURE-STRAIN DATA

Figures A-15 to A-20 plot cylinder-mandrel pressure vs average hoop
and longitudinal strains. Compressive strains in the hoop direction were
accompanied by tensile strains in the longitudinal direction, as was expected
from the Poisson' s-ratio effect (longitudinal extension resulting from
circumferential compression). For the titanium cylinders (Figures A-19 and
A-20), the longitudinal tensile strains reverse and go into compression as
high compressive stresses are developed in the hoop direction. A possible
explanation is that the axial restraint on cylinder extension imposed by the
tooling caused the longitudinal compressive strains.

B. STRESS-STRAIN DATA

Hoop stress-strain curves were developed from the pressure-strain
data, They are shown in Figures A-21 to A-25, along with estimated stress-
strain curves. Incomplete data precluded a stress-strain diagram for the
Serial No. 2 titanium cylinder. The curves were determined by calculating
the stress at various internal-pressure levels, using load and strain compati-
bility equations. The only assumptions required were (1) a value for the
elastic modulus of the metal, and (2) elastic behavior of the filaments from
winding to buckling. Provision was thus made for load relaxation in the
tensioned filaments as the cylinder compressed. The computed metal stresses
were checked in the elastic region by the principal stress equations:
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S 1 +m02)

and

E

01 2 S +2 m 1

where

cl, ol = principal stresses

Qi 02 : principal strains, from pressure-strain curves

m, = Poisson's ratio

E = modulus of elasticity

The stresses computed by the two methods agreed well.
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TABLE A-1

COMPRESSIVE PROPERTIES FOR METAL CYLINDER MATERIALS

Nominal Value, psi, at 75 F

Proportional Yield Modulus of
Alloy Limit Strength Elasticity

Ti-5A1-2.5Sn

Normal grade 92,000 120000 15.5 x 106

ELI grade 90,000 105,000 15.5 x 106

2219-T62 aluminum 36,000 44,ooo 10.3 x 106

Inconel X-750 (STA) 108,000 120,000 31.0 x 106

Table A-1



Lo 0

4-) H)A~

CH i I H- c H
0 0O o~r co

Id ~ ~0H 0 D'-c1o0 0) co oO . O L c0

C)

0 rD KOd V~ ,
4- Wn Hi C) k

0 1

NU > C N C> \10C

tI

-P TAo 0 00 0 0

0 0000

M 0)- -i- - -t -t

0 l 0 0 0 0

C) a) H I CO K L1 ~

±- 4 b L (J - --J N-\ LC\ C)j H

pq 0 (L) 0)i 0 0 KC> KC> ON\ O'\

i cdH 0 ) NC> I'r NC N>;
07 *H -rI ) H H H H
0 H -

A) 0) 0 00

_ - 0 0 + _t O 0\

U) -P)

P 0 r--H HH

ii1 0 U-)

IH rd 4- tG 0 4- rO '
(1)r-i -r- 0), -P aj U H i H0

(1 ~rd 0) 9) LCNU) H 0 k~ (L)dOO0
(1 c 0~0 ).51 " 0 m ) H0 0 0)HOdP , .-Ar

Q) 0 --i O) -±O H 0~ Q) ~ w OHC'-0(1
PC)~~~ 0>00 Lo ) L~Ii HrdH

'H \0D0)0 L(-\ -PH-- 1 Hf-P 4 00 ,0 -P ()H-p ,0

0
0-, LC>\ rd '0

1 0 d ( QOCD~ O-C
PH 01\C- 0) H C LC> -.:d-
0)o) HOO >< L--

Id H E )iD H 0)1, C)O 5
ZHOI f: iA 0~ 1 HO0

-HA W w F)P0 H- P H Hr-
H-P co~ 41 ) i -p'

Table A-2



00o

0 00

A 'd PI A 0 0
04 4 N) 0 1 ',

N o 0 ooo( 0 -t8 o
01 1 0 ". .o HtWO WtW 0

NNNC0 vMiC 0 
4

r
0

W?
Id 0W CMj wMM C N 0 43

00 0 w E40 OJ1OOA C A~C. g 9, 9. A

t-.0 o CU0 HC a, HR I.0

H~ 9)0' 400 000 00 0 0 0000 N 4 03

N w N %%43 q

NPN NN N W NkW ' R3N

0 C0 0 RNm (
-0 004 0

HH 03C HM A HH,% 4,4 4H0 0 0,
r-4 91CM C

0 "40( ~ 00 000 0 0 000 0 04 j C

00I 0 O 4 0 00

o 0 00

o 0 90 0
0443 0 0 0

Pd '

09
u AA

H 43,EI

Table A-



ar~

0 *Hr
-, -)

cr-Q

CC)

Figur A-i



44

Id

00

Figure A-2



I C

I.-

-J I I

e- 2

L~ I-

C .Dcoc

)I 0

CD (D

an an U

C.D CD

"CT %0
U) U

Figure A-3



Strain-Gage~ Intuetto
Figure A-



~44'

4'-

4 4-4 4A
.4~44

'44 ~ s' 2
44

44~4

4- 44>
44 4'4~ -

,

94

4 . " -

4t4t~
4 ~

'
4 4  

'4' 4 ~ , -,
4'-~v4~

4,4, 4 "~" '4, , '

'44

~ 444,,, 4
,~4~44*

4 '49444 4 ,4N

4 ~ ' 44

~ -' ' ~ '4

~

-"A''
44 ~~44

444 4~44~'4

4 \~''~~~44 ''

4 9' ~ - i4

4

4 4 '444
4-44 4494 4 4

444 '44 44'4~4' 44 4

4 444 944~ '4

44 44
,4

4
,4j~~,

4 ~
4 'C

-' 4 444
44 4 4 44

444 4,,
4 4 ,44-44'~ 4,42"'"' ~' '-- - - - - 4' ' -

4 44~

v -

44~ 44~ 4 '"44 4"
44444444 '~

'4 4'4' 4'
~'444-444 4 44 4

4 4
'4 '4"A 4 t 4,

'-4 '4444 ~'44
4 -4 O~~-~' ~44

Cylinder Assembly to End Plate

Figure A-5



7 1O

N,.H

r cd

Figure A-



t :1t7, .7 t1" "'+ <

.I-

4< 4.3.y '- 4
:2 ....

IN

J' " . K.

~ Vk

;fr: |

Figure A-7



(D

0

~o

C-p
0

0

FgeA

'~- Figure
<IId

5 -5 .' ______________o_________



Yt

i !

4" <W :,

V,. *

Aluminum Cylinder 2

Figure A=9



4 4.
4.4

.4-.
4.,~ K 44.444*'

4 44. 4444

.4. 444444
44'

4*

.4 4-

444~4
4.4 -

4 .44.4
1.4 9

4,44~4~44'

4*V- ~<
4' 4

44444 4~4.4 44444..4444'4 -4

;4.~44~,~ N
<--+r~--~- - b'-- '~" ~~444

~ 4444~4 ~ ~ - ~44.

4-- - /~4 ... 44' 4 '4'4,i 4 '44~.44." '4'4
4 V+~~ 4 . ~ 4.~j. 4 : i ~4 444

- ~1~ ~ 4 4 -~

4' .4 V~ ,~'4 4.,~A4 4

2~ 4

*i4' -4.4.4. 4

-~444 .4

-A4  4.4

,444~ .4' 447'..

/ 4.
444 4

4'.4.4~44~44 4'~4'41444' - -

,4.44 ~ '-.44 "'''444,4.. 4444~
4 44 4' 44'4~4444 K 444444 4 - 4.44 44'44'.~4,4.-4 44
.4 ''~<4'4 ~ 4

'4 44~4 1,44
44~ '".4" -' ~' 4.44'~."4 .4

44
.4 -.4. 4. $4.14 -~'.44444, "'~~' - 4'

.444.444 ... ,4.444,-,4. 4
4. 4'..'414'44A '4.', 444

4"'--. -~
44444.4 4 4. ~4.4" . .-~~<' 44' 44.4' 4 4444

4 4 44

-4'- 44
~4 4

4-44

44
'4-44'- 4~44

Aluminum Cylinder 5

Figure A 10



"2 ~

"<'4

«44

-t~"'A >2<>

"'44 4

<44""'

4' '""'<2 "''4'<" fu44~tV44~4Ut 424'
4~ «~<'>44'444'44'44N2'A4 &444'tti 22">>

4< <

4' '4
4 24,44'

4"" '4', N

4 4
<'2<4

.4'

4 '2

2' 4'

Theonel Cylinder 1

Figure A-il



4K

Incone! Cylinder 2

Figure A-12



1Z'

566-157
Titanium Cylinder 1

Figure A-13



44

~44v I

14 -~
4-44> ~~'<

>~>
>4$4Wt. 4

14

~

>~

'4 t5~'2YA14t * 1>

*4<-N -<A
*<&44 ~

441444' <'4'4

St >

C

4, 444 144 ~

-'<44',' Si
~ 44

4 4 N

44

4- 4

-'N

At

N 4" 4
44"4<

4 4 4

~44

44
444

4 4,

4"
'C

Titanium Cylinde

Figure A-12-v



... .1. .

~--7 -77I7

.r ... .....

0

d II

777 q 6

I_ _ ___I_:_

Jiigt~~~~re 7k1~Set1o



tt q

w - qw .4 .0

q. ....... i ... Kw

... ... ...

4--

40 t,0

:pp:

w 1 I t I :

+747. T4

-17e7-5, See o



-- I77- - F~~

I 4 I 4 q

F I I , 7n

F '

I Kt

q I

I~i Il F44

j p



A3 ----- I.---

I -7

~J i0 ~ - --

0 I

0

4: 0
7.7T C)

7,74 t

417

-1-- :-- C

~~~Fgu7 A _-17



1 -------

-+ -- - -----

~ I 11+
~ -~0I

C0

_____ _____ _____ -4---

~77~v4'I / C

~- C- 4-4~~j~< -0

P 0

Fiu A-1



-~~~~~----- 
-f. .- 4 i 7 {K -- ~I

-cm-

-s -
--- ---ii

i4K mK~P M I

7-T 1-t7---l-T -AZ4-0

Ip -- J

I ~ I 0

~C

I..l
---- -- - .- Nr~~ --- ~ Fo

I I I I

I . j 
ow

-- I--.- . Zap

I..:

____Figure A-19



$4 tj

iT-

H -7

00

4P 0

'00

I Co4

',DD

1 L L ..

42,- 10-.-I----
Sf I

Figur A2



60 x10

minimum design
allowable buckling

50 1 strain.

Typical uniaxial IBuckle 4
stress-strain curve--

* 40 2.

tA Cyce- 1',

~30 _ _/ _

E/
~20 .

0

0

-10

-0.001 .002 .003 .004 .005

Hoop Compressive Strain ( ind/in. )

Compressive Stress-Strain Curve for Alum~inum Cylinder 2, Buckling Test

Figure A-21



60x i -Minimum design

I allowable buckling strain

50 I
I TTypical uniaxial

I stress-strain curve

oz 40 _

Proportional limit -I 4-

> 30 -. . - -__ Buckle

Cylinder stress-strain
curve

E
o 20

0
0

001 .002 .003 .004 .005

Hoop Compressive Strain ( in./in. )

Compressive Stress=Strain Curve for Aluminum Cylinder 3, Buckling Test

Figure A-22



120 x 103  Buckle

110 Minimum design allowable -. ----- -- " IF
buckling strain Typical

100 2uniaxial
90 Cycle I ( stress-strain

cu rve
SI80

L. 70

._> 60 -

UI

.50 I-
E
c0
. 40

0
30 ___

20 I -- --

10I

-10 .001 .002 .003 .004 .005

Hoop Compressive Strain (in./in. )

Compressive Stress-Strain Curve for Inconel Cylinder 1, Bucklinfg Test

Figure A-23



150 x 103

Minimum design allowable 6
buckling strain Buckle

130 ----

II 5
120 -- ,+4_

110-3

! Typical
I /--7 uniaxial --

L / stress-
-- 90 y-. cle 1 strain curve

.Z 80

70-
0'_

O= 50 -
40 _

/

__o_ /, i'

30 __

10 -

.001 002 .003 .004 .005
Hoop Compressive Strain (in./in, )

Compressive Stress-Strain Curve for Inconel Cylinder 2, Buckling Test

Figure A-24



130 x 103
Minimum design 7 _ _

120 -allowable buckling strain 5

110 -4"ITypical

100 stress-
__ /Buckle strain

__ /1cu rve

970_

60
(A~

60

0.40'# j_

20 -__

10__ 
__

-20-
.002 .004 .006 .008 .010

1-bop Compressive Strain (in. /in.)

Compressive Stress-Strain Curves for Titanium Cylinder 1, Buckling Test

Figure A-25



APPENDIX B

COMPUTER PROGRAM FOR ANALYSIS OF FILAMENT-REINFORCED
METAL-SHELL PRESSURE VESSELS

This program analyzes and designs complete metal-lined tanks filament-
wound with either geodesic (helical) or in-plane patterns along the cylinder
and over the end domes and complemented by circumferential windings in the
cylinder.

It establishes the optimum head contours at both ends, computes the
filament and metal-liner stresses and strains at zero and design pressures,
establishes the hoop-wrap thickness required for the cylindrical portion, and
computes the weight, volume, and filament-path length of the components and
complete vessel. It also determines the stresses and strains in the filament
and metal shells throughout service cycling on the basis of a series of pressure,
composite-temperature, and metal-liner-temperature inputs.

I. ANALYTICAL APPROACH

The analysis is based on assumptions that

A. The filament stresses are constant along their length.

B. The metal-liner stresses are constant in the meridional direction.

C. Equal strains are produced in the hoop and meridional directions at
the equator of the head and in the cylinder with increases from
the winding pressure to the design pressure.

D. The liner thickness is constant to permit ease of fabrication.

E. The effect of the resin matrix is negligible (a netting analysis

can be used).

F. Filament rotation is negligible with increases or decreases from
the winding pressure.

G. The head-contour radii of curvature differ negligibly between the
unpressurized and pressurized conditions.

H. The stress-strain relationships of the metal liner can be represented
by two straight lines (i.e., primary and secondary moduli).

I. The stress-strain relationships of filaments can be represented
by a straight line.

J. Poisson's effect is negligible in a filament-wound composite.
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K. Poisson's ratio = 1,2 in the plastic range of the metal-liner
stress-strain curve,

L. The metal-liner biaxial-yield stress equals the uniaxial-yield
stress in a 1-to-i stress field.

The filament shell is subjected to a netting analysis that assumes
constant stresses along the filament length; both geodesic and planar winding
paths are analyzed. The structural contribution of the resin matrix in the
filament shell is ignored, That shell and. the metal shell are considered in
combination by equating strains in the meridional and hoop directions and
adjusting the radii of curvature to match the combined material strengths at
the design pressure. The heads are designed first, and the cylinder is
designed to complement them,

Once the vessel design is fixed, another analysI.s is used to determine
stresses and strains at any tem.peratu.re and pressure condition. Temperature-
variation effects ar,= accounted for by inputs of thermal coefficients of
contraction and changes in various physical. properties of the shells° For
this analysis, the end conditions are the primary concern and it is assmned
that the physical-property changes are directly proportional to the temperature:

In general, the metal-shell compressive hoop force imposed on the head
at a zero internal pressure by the composite cannot approach the liner's
meridional compressive stress because of filament-shell strength. components.
The difference in relative rigidities in the hoop and meridional directions
is most noticeable at the equator of the head at a zero pressure.° The hoop
force applied there by the filament shell is extremely small in comparison
with the meridional force) because the wrap angl (a) is small and the hoop
force is equal to the meridional force times tan- a.

The forces in the filament shell have to balance those in tte metal
shell, and it is impossible to induce equal compressive stresses in the
liner in all directions except when a = 4.5° or when the wrapping tension and.
pressures are zero. Consequ.ently, the analysis does; not require that the
head stresses be equal in the hoop and meridional directions , but does
require that the strain changes be equal in those directions at the equator
of the head -with increases from the winding pressure to the design pressure,
When the liner has rigid mandrel support during ove-A rapping, equal strains

(and hence equal stresses) are produced in the hoop and meridional directions
at the equator of the head and up the meridian of the head, and in the hoop
and longitudinal directions of the cyliader.

I PROGRAM

The program includes four functional parts for use in pressure-vessel-
design and service-cyce-history analyses.
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A. VESSEL DESIGN

The first three parts of the computer program analyze and design
complete pressure vessels, wound with either geodesic (helical) or in-plane
patterns along the cylinder and over the end domes and complemented by
circumferential windings in the cylinder.

The program includes as input material properties and various
geometric parameters, metal-shell and filament-shell material properties,
filament and longitudinal-metal-shell stresses at the winding condition, and
design conditions of temperature. It also has the following seven optional
variables, of which four must be input: (1) the tensile hoop strain in the
metal shell at the design pressure, (2) the tensile longitudinal strain in
the metal shell at the design pressure, (3) the filament stress at the design
pressure, (4) the design pressure, (5) the metal-shell thickness, (6) the
filament-shell thickness at the equator, and (7) the metal-shell hoop stress
at the winding condition.

The program establishes the optimum head contours at both ends;
computes contour coordinates of the vessel's neutral axis, and inner and
outer surfaces; computes the filament- and motel-shell stresses and strains
at the winding and relaxed conditions and at the design pressure and operating-
temperature conditions; establishes the metal- and filament-shell thicknesses; and
computes the filamint-path length for the components and complete vessel, The tank
may be designed to a specific condition of pressure and of metal-shell and
composite temperatures) and stress and strain calculations for the design
will be as established by these conditions. All information at a zero
internal pressure assumes room temperature; should zero-pressure information
be required for other temperatures) the pressurization-history analysis
noted below may be used.

in addition) the program (1) optimizes the overall vessel by
designing the cylinder section to complement the heed design, and (2)
calculates the weights of the metal shell, filament shell, and entire
vessel; the surface area ant contained volume; and the vessel performance
factor, pV/'W.

B. SERVICE-CYClE HISTORY

The fourth part of the program permits analysis of the stresses
and strains in the filament and metal shells during the operating histrv~
of the vessel through the input of' a seres of pressures, composite tompeia-
tures, and metal-shell temperatures. it permits analysis of pressure and
temperature cycles on the vessel, taking into account previous strains end
loads.
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APPENDIX C

METAL-BOSS ANALYSIS

The metal boss (Part No. 178089) is fabricated from nickel-base alloy
Inconel X-750, which is solution-treated and aged after being welded to the
metal shell. The significant dimensions of the boss for this analysis are
given below (only one side of symmetrical boss shown).

2.70

0190-32 UNC-28 by 0.312 in.

2.320 deep, ten places equally spaced
_ 'I

0.312

10.512

~3.6oo

D

I. MATERIAL PROPERTIES

Inconel X-750 (STA) has the following strength properties:

Strength, psi
750F -320F -423F

Ultimate, Ft 165,000 210,000 225,000

Yield, Fty 105,000 128,000 130,000

Shear, F 105,000 128,000 130,000
su

I. DESIGN CRITERIA

The metal boss is to be capable of sustaining the design burst pressure
of the GFR Inconel X-750 tank (Part No. 178091) at 75, -320, and -423 F service

0temperatures. The design burst pressures (Pb) are 3010 psi at 75 F, 4263 psi
at -3200F, and 4300 psi at -4230F.

The required margins of safety for the boss design are 0.25 for flange
shear and bending, and 0.50 for bolts and bolt threads.
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III. ANALYSIS

Only the most critical section of the boss, located at the base of the
flange, was analyzed, Stresses there were determined by using the conserva-
tive assumption that the flange is a flat plate with a concentrated annular
load and a fixed inner edge (the body).

Body Boss flange

t, ... ....

0 0

2.'70 in)

w

The end-for,-end wrap pattern of the longitudinal filaments produces a
rigid band around the boss that supports the flange. The load. applied (W)
is the reaction of the boss flange bearing against the composite structure.
The total load is therefore equivalent to the pressure acting over the area
within the reaction circle. The diameter at which the load is assumed to
act (D,) is (from Reference C-1)

D B (1 + E ) D0 + 25 WL

whe re

- E filament strain at ul- i-t stress, /in,f~l Ef

o-f91 ultimate filament strength, psi- 330,000 psi at 7 o5
and 495,000 psi at -320 and -,.2'0°F.

6 o_E filament todulus, psi = 12.4 x 10 psi. at 7 ° 17, and
15.6 x 10 psi at -,20 and -425°F

w .4 _ filament.-winding-Atape with ,  ,')05 in, from Fgrr 16
of the main text)

A. FLANGE BEB7D]NG

The bending stress at the junctu--e of the flange and boss (Cnj) is
calculated in accordance wi'th fo-mulas for loading on a flat plaes RF.efe...-
C-2, Case 22, p, 201)>
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22W
22

b D2

where 2 bD

W - 4
4

D
W

522 D -
0

t = flange thickness, in. = 0.312 in.

0
Solving the relationships for conditions at 75, -320, and -423 F,

C 0f l 330,000 psi _ 2.68 x lo-2 in./in.
f'l 175oF = Ef 0.i/nf 75OF 12.4 x 10 psi

495,000 Psi 3 5.64 x 10 - 2 in./in.
fl -320 & 6

-423F 15.6 x 10 psi

Dw  1750 F (1 + 0.0268) (2.70) + 2.5 (0333) = 3.602 in.

Dw -520 & (1 + 0.0364) (2.70) + 2.5 (o.333) =.632 in.

-423 F

-l-1 3.602 1 0.5

522 750F D 0 2.700
o 75°F

ID
w 3.632 0z45

522 -320 & D 2.700_ 03U 0 -320 &

-423 0F ~ -4230F

75 = P 7 = (3010) (3.602)2

W 75F 4 4 3o,6oo lb
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WI-320OF - 4 44,100 lb

WI423OF - (4 = 44,400 b

(0.335) (30,600) 105,000 psi

t 175°F (0.312)2

The margin of safety (M.S.) is given by

rtu
M.S. - -1

b

Thus,

M.S.1 0 165,ooo 1 +-7
S 75F 105,000

-320 F (0.343) (44,-)- 156,000 Psi

M'S. -2O 210 000 _ +0.345

% 420F (o.34s) (44,400) 156,000 psi
Ob 1-430F -- (0.312)2

220 000
M.S. -4230F 50 1 +0.410

B. FLANGE SHEAR

The shear stress in the boss flange is given by

pDw

- 4t
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Thus

(=olo (3.602- 8,675 psi

'S°5F (4) (0.312)

From
F

M.S. - -
S

105 000

M.S. 0 105 00 = + HIGH
.75 F= ___

(4263) (3.632)s -320OF = (4) (0.312) = 12,400 psi

128'000

MS -320 0 F 12,4 = +HIGH

= 4500 (3.6 32 )- 1 , 0 s

O-sI-423F (4)(0,52 = 12,500 psi

M.S. 130,000 1 + HIGH.s 423OF = 12,500

C. FLANGE THREADS

The shear stress in the threads (ost) was determined from

2
Pb Dbc 3

st = 4 N g Db  (0.5)

where

Dbc = bolt-circle diameter = 2.32 in.

N = number of bolts = 10

Bb  = bolt diameter = 0.190 in.

= thread grip length = 0.285 in.
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Thus,

I (3010) (2.3)2
st1750 F 4 (10) (g) (0.190) (0.265) (0.5) = 15,000 psi

From

Fsu
M.S.- -1

st

o o 105,000 1 = +6.oo
M.S. 75OF = 15,000

0t 0 = 26 (15,ooo) = 21,300 psisti-320°F =3010

128,000 _ 1 +5.00
M.S.1-3200F 21,300

a" 0 = 4300 (15,000) = 21,400 psisti-423°F 3010

M 130,000 1 +5-07

M.S.-423OF - 21,400

D. BOLT STRENGTH

The load per bolt (L) was calculated from

2

L = PbDbc
4 N

For SPS-B-186 No. 10-32 bolts with a tensile strength of 200,000 psi at ambient
temperature, the ultimate tensile load per bolt (Ltu) is 4000 lb at 750F and

4400 lb at -320 and -423°F.
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Thus,

L175OF = (4 ) 1270 b

From

M.S. -Lt 1
L

MS. 750 - 120- 1 = +2.15

175 F =1270

L 4263 (1270) = 18oo lb
L520OF 3010

S4400_1 = 14

M°S.320OF = -= +1.

L I = Lj-00 (1270) = 1820 lb
-423OF =3010

I 4i400

M.S. 4250  182 1.421.s.-423'F --0"-l=i.4_.

E. BOLT SPACING

The bolt spacing (S) is given by

S- b - ( 0 = 3.83 bolt diameters
b b - (10 (0-190)

REFERENCES

C-I. Aerojet-General Corporation, Structural Materials Handbook, February
1964.

C-2. J. J. Roark, Formulas for Stress and Strain, New York, McGraw-Hill,
1954.
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APPENDIX D

FILAMENT-WINDING PATTERN AND HEAD-REINFORCEMENT DESIGN

I. DETERMINATION OF FILAMENT-WINDING-PATTERN PARAMETERS

A single winding pattern is applied to the metal shell in fabricating the
filament shell. Filaments oriented side by side are applied longitudinally in
a plane over the shell and adjacent to the polar bosses.

The pattern for a pressure vessel requires a specific quantity of glass
roving to obtain the necessary strength. As described in Section IV,E,2 of
the body of this report, the required longitudinal FWC thickness at the
equator of the heads (TO) is 0.030 in., based on a filament content of 67.3
vol%. The pattern is analyzed here on the basis of actual winding data and
laboratory tests of glass roving and composite specimens, which have shown
that a cured single layer of 20-end roving created by a side-by-side orienta-
tion has a thickness (ts,1 ) of 0.0075 in.

The required number of layers of winding (LI) is given by

0 0.030
L T0 4__1 t 0.0075 -s~l

Two layers are formed for each revolution of the winding mandrel. The number
of revolutions required (N1 ) is therefore

LI1 4
N - = =2

1 = 2 2

The winding-tape width (WL) is given by

N A
WL - t 2P

s'l vg

where

N = number of 20-end roving strands per tape, selected as 4
2

A = cross section of 20-end roving = 420 x 10
-6 in.2

P glass-filament fraction in composite = 0.673
vg

Thus,
-6

WL (4 (42O0 xl1 0.333 in.
(00075 (0.673) 0 in
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The number of turns per revolution (N5) must be an integer, and is given by

it D cos a
N = -c to the nearest integer
3 WL +e

where

D =vessel diameter = 18.00 in.
C

a = longitudinal in-plane winding angle =11 017t

e space between tapes (which should equal zero)

There fore,

N (18.00) (o.981) _166 turns per revolution
3 0.333

II. ANALYSIS OF HEAD REINF0RCENENT

The head section of the GFR Inconel X-750 tank must be reinforced in
the vicinity of the rigid polar boss to reduce FWC deflection there so that
the filament-shell strains are equated to the metal-shell strains. The
reinforcement will also limit plastic deformation of the liner during proof-
pressure application to the level required to keep the springback stress above
the compressive proportional limit when the pressure is reduced from the proof
value to zero.

Although glass fabric can be employed, a more efficient approach to the
addition of local rigidity is the use of a prefabricated cap-type doily made
of unidirectional glass-filament tapes laid tangentially to the circle
described by the outside diameter of the polar bosses.

Head reinforcements are made by laying strips of resin-coated glass
filaments over a form of the same contour and dimensions as the metal-shell
heads. Because two revolutions of the winding mandrel are needed to achieve
the four filament layers required, the head reinforcement should be placed
between the second and third layers (i.e., between the first and second
mandrel revolutions).

The head-reinforcement design calculations are based on division of the
load carried by the wound filaments, the metal shell, and the reinforcement
to match the desired strain level in the vicinity of the reinforcement.

A. DESIGN CRITERIA

Sufficient reinforcement must be added to limit the plastic
deformation of the metal shell at the proof pressure so that the compressive
stress does not exceed the proportional limit when the pressure is reduced
to zero. Computer design analysis shows that the tank without the head
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reinforcement springs back into longitudinal compression after proof testing
at 2220 psig to stresses greater than the compressive proportional limit, at
points where the normalized radial distance (Z) is less than 0.50.

Head reinforcement is also added because the local rigidity of
the polar boss requires reduction in the glass-FWC strains near the boss
to ensure strain compatibility at the boss-to-head weld.

The tank geometry is shown in Figure D-l. The longitudinal
stress-strain curve is presented in Figure D-2 for points on the head ranging
from the equator (Z = 1.0) to the boss-to-head weld (Z = 0.264). The critical
portion of the structure for reinforcement design (maximum metal-shell com-
pression) is at the boss-to-shell weld.

B. LOAD-CARRYING CAPACITY AT BOSS-TO-HEAD WELD

Figure D-2 shows that the filament strain at the proof pressure
without the head reinforcement must be limited to 0.013 in./in. at the
boss-to-head weld (Z = 0.264) if the longitudinal springback stress is not
to exceed -108,000 psi, the compressive proportional limit of Inconel X-750
(STA). The rigidity of the polar boss, however, makes it advisable to keep
filament- and metal-shell strains at an even lower level at the boss-to-shell
weld.

Preliminary analysis indicated that - if the strain of the basic
windings could be limited to 0.007 in./in. at the boss-to-shell weld at the
proof pressure - (1) an acceptable head-reinforcement design could be developed,
(2) the compressive springback stress could be maintained well above the
compressive proportional limit, and (3) strains at the boss-to-shell weld
could be reduced to an acceptable level.

1. Total Load (Pt)

Figure D-3 depicts a pressure-vessel membrane and the
meridional loads (NO) produced at diameter Db by pressure p. If a
reinforcement system is to carry meridional loads (Pt) around the opening
described by Db, the values for each side of the reinforcement are given by

p r2  Db p r2

t 42 2 b

where

p = pressure, psi

r 2  = hoop radius of curvature, in.

Db  = diameter at point under consideration, in.
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At the boss-to-shell weld, at proof pressure,,

Z = 0.264

p = 2220 psi

r2= 17.78 in.

D b= 4.720 in.

and

(2220) (17.78) (4.720) =4650l

This load is shared by the vessel components in accordance with

P t =Pg + P1 +

where

P 9= load carried by filament windings, lb

P 1  = load carried in metal shell, lb

P r= load carried by head reinforcement, lb

These loads are evaluated below.

2. Load Carried by Windings (P.4

The load P 9is found by methods described in Appendix V of
Reference D-1. A rough approximation of the angle (*) between sequential
windings is obtained by dividing the number of degrees in a circle by the
number of wraps of winding per mandrel revolution. In this case, the winding
pattern is 166 turns/revolution. Therefore,

360 = 2.160

From Figure 8 of Reference D-1, the value of the factor for determination of
the reinforcement strength is KRl = 53 at * 4 2.160.

The winding in the vicinity of the boss can be assumed to
consist of tangentially placed material oriented uniformly around the opening.
From a given point on the edge of the boss opening, the strength component of
each tape that crosses a radially directed line through the point is considered.
The total strength is the sum of all the individual strengths and is determined
by calculating an effective area (Ae) (see p. 40, Reference D-1):
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n = 90 °

A =A KN cos n*
e f

n= -9o

where

A = cross section of a single tape

K = strength-reduction factor employed to include the effect
of a widely distributed area (assumed to be 1.0 in the
present calculations)

N = number of layers of longitudinal winding

nil 90'Zcos ni = = 53 (as determined above)

n =-90 °

Il = angle between adjacent tapes

n = all integers between limits of -90/i and 90/*

The cross-sectional area of 20-end roving is 420 x 10 in. . Each tape
consists of four 20-end rovings, and Af for the tape is therefore

Af =(4) (420 x 10-6 ) = 168.0 x 10-6 in.2

Then,

Ae = (1680 x 106) (1.0) (4) (5) = 35.6 x 102 in.2

The load carried by the glass of the basic windings is given by

Pg = A E E

where

6
E = glass-fiber tensile modulus = 12.4 x 10 psi for S-glass

C = desired strain, assumed to be 0.007 in./in.
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Thus,

P = (35.6 x 10 - 2 ) (12.4 x 106) (0.007) = 31,000 lb

3. Load Carried by Metal Shell (Plj

The meridional load carried by the metal shell between the
vessel axis and the boss-to-shell weld is given by

D
P1 1 lt1 -2

where

a1 = metal-shell stress at 0.007-in./in. strain in the basic windings =

120,000 psi (from Figure D-2)

t = metal-shell thickness = 0.047 in.

Thus,

P1 = (120,000) (0.047) (4720 = 13,00 lb

4. Load Carried by Head Reinforcement (Pr)

The load that must be carried by the head reinforcement to
keep the proof-pressure strain at 0.007 in./in. is given by

Pr = t - P P g

- 46,500 - 13,300 - 31,000 = 2200 lb

C. HEAD-REINFORCEMENT DESIGN

The required angle between adjacent tapes of the head reinforcement
can be obtained from Figure 8 of Reference D-1 when the required filament area
(Ae) is known. As before,

n,= 900

= A K N cos n =Af K NKAe  fKf R

nj = -900

where in this case

N = number of plies of reinforcement (N ='l selected for the design

considered)
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Let
P

A > re - F t

where Ft is the filament stress in the tape at the desired strain. Then,

Pr
Ft = A K N K

and, because K = 1.0 and N 1.0,

Pr

Ft A f KR

At the desired strain of the basic windings, the head-reinforcement strain
(C is given by

HRT

¢HR =  BW" E--

where

[ 'BW = desired strain in basic windings = 0.007 in./in.

a- = basic-winding tension = 23,800 psi
w

Thus,

HIR = 0.007 - 1.4280 = 0.007 - 0.002 = 0.005 in./in.12.4 x 106

The stress in the tape (Ft) at a strain of 0.005 in./in. is

6
Ft e E = (0.005) (12.4 x 106) : 63,000 psi

Thus,
P
Ar 2,200 2

Ae >-F - 63,000 = 0.0350 in.
e t

The effective-area requirement computed above for Z = 0.264 can
be assumed to be the same as at Z = 0.150 (at the boss), because the tape
width will approximately equal the difference between Z = 0.264 and Z = 0.150
(0.94 in, for the 18-in.-dia tank), Therefore,
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Ae > 0.035 = Af KR

and

A =0035
f KR

For tapes of width Wt used in constructing the head reinforcement,

Af= (Aon e end (number of ends/inch) (Wt)

For 3M 1009-26S unidirectional tape, there are 200 ends/inch and

Af (420 x 10-6)(200) (Wt) = 0.0042 Wt

Thus,

0.035 - 0.0042 Wt
KR

and

R .o42 Wt  Wt

The edge of the head reinforcement must extend to Z = 0.50, where
the perimeter of the reinforcement = (2) (i) (0.5) (9 in.) = 28.2 in. If
the requirement is imposed that the tapes be oriented so they butt up side-by-
side at Z = 0.5, the space (s) available for each tape width at the head-
reinforcement perimeter is

28.2 .7844
s=3607 ,084

Figure D-4 shows the geometry of the head-reinforcement layup pattern, from
which the following parameters are computed:

a = c 2 
- b = (4.50)2 - (1.42) = 4.26 in.

wt
sin , W t

a
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Wt =4.26 sin

and

KR:8-35 _ 8.35 1.96
R Wt  4.26 sin sin-

KR valiues determined by calculation and from Figure 8 of Reference D-1 are

shown below for various values of *.

KR Value

From From
, degrees 1.96/sin Fig. 8, Ref. D-1

15 7.57 8.o

14 8.1o 8.8

12 9.42 9.5

10 11.3 11.0

8 14.1 13.5

A value of = 100 was selected for head-reinforcement design. The number
of tapes required in each head reinforcement is 360/10 = 36. The required
tape width is

Wt = 4.26 sin € = (4,26) (0.1737) = 0.74 in.

D. SPRINGBACK STRESS IN METAL SHELL

At zero pressure after the proof test,

Db Pr 2  Db

S =-t 1  
+ (A f)BW + (Ae f)HR

0 (0047) ( 4.720) + 0.356 (f)w + 0.035

Figure D-5 presents a stress-strain diagram for springback at
Z = 0.264. Trial-and-error solution of the above equation established that
the metal-shell springback stress (a-) at zero pressure was -72,000 psi in
the longitudinal direction.
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APPENDIX E

METAL-SHELL ASSEMBLY SPECIFICATION

The provisions of Aerojet-General Specification No. AGC-10508A presented

below were used to control the fabrication, inspection, and acceptance of

Inconel X-750 shell assemblies - Part No. 178087 (26-in. diameter) or Part No.

178090 (18-in. diameter) - employed in the construction of GFR metal tanks in
this program.

1. SCOPE

1.1 This specification establishes the requirements for the fabrica-
tion of the Metal Shell Assembly (Inconel X-750 Alloy), Drawing 178087 or
178090, for GFR metallic tanks for cryogenic service. Fabrication, inspec-
tion, and testing procedures are included.

2. APPLICABLE DOCUMENTS

2.1 Government Documents.- Unless otherwise specified, the following
standard, of the issue in effect on the date of invitation for bids, shall
form a part of this specification to the extent specified herein:

STANDARDS

Federal

Fed. Test Method Std. No. 151 Metals; Test Methods

2.2 Other Documents.- Unless otherwise specified, the following
documents, of the issue in effect on the date of invitation for bids, shall
form a part of this specification to the extent specified herein:

PUBLICATIONS

Aerospace Materials Specifications

AMS 5542 Alloy Sheet, Strip, and Plate, Corrosion and
Heat Resistant, Nickel Base - 15.5 Cr - 2.5Ti-i
(Cb + Ta)-Oo7 Al-7Fe

AMS 5667 Alloy, Corrosion and Heat Resistant, Nickel
Base - 15.5 Cr - 7Fe-2.5Ti-l(Cb + Ta)-0.7AI

AMS 5778 Alloy Wire, Corrosion and Heat Resistant,
Nickel Base - 15.5 Cr - 2.4Tl-l(Cb + Ta)-O.TA1-7Fe

2.3 Aerojet-General Documents.- Unless otherwise specified, the
following specifications, standard, and drawings, of the issue in effect on
the date of invitation for bids, form a part of this specification to the
extent specified herein:
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SPECIFICATIONS

AGC-13859 Inspection, Radiographic, All Metals, Procedures for

AGC-13860 Radiographic Quality Levels, Fusion Weldments

AGC-13884 Acceptance Level, Ultrasonic, Components of Liquid
Propellant Rocket Propulsion System

AGC-13937 Ultrasonic Inspection Requirements and Procedures

AGC-15972 inspection, Dye Penetrant, Metal Parts

STANDARD

AGC-STD 1194 Welding, Fusion

DRAWINGS

0-178086 Boss-FAinconel X-750 Pressure Vessel

0-178087 Metal Shell - 26-ino Dia GFR Inconel X-750
Pressure Vessel

0-178o89 Boss-GFR-Inconel X-750 Pressure Vessel

0-178090 Metal Shell - 18-ino Dia GFR nconel X-750
Pressure Vessel

I REQUIEMENhTS

3ol Materials.- Fabrication of the metal shell assembly shall be
governed by the following material requirements:

3.ll Component Parts0  All oblate spheroidal heads, P/N 178087-3 or
P/N 178090-3, shall be fo:rred using cold-rolled, annealed and pickled Inconel
X-750 nickel-base alloy in accordance with Specification AMS 5542. All bosses,
P/N 178086 or P/N 178089, shall be closed die pancake forgings of insonel
X-750 nickel-base alloy in accordance with Specification AMN 566T on, as an
alternate, machined from plate of incone! X-.750 nickel-base alloy in accordance
with Specification AMS 5542.

3oio2 Material and Component Identification

3.1.2.1 Heads.- Each sheet of blank material shall be assigned a serial
number (1, 2, 3, etc. ) which shall be painted near one of the corners of the
sheet, The mill heat number for the sheet material shall also be painted in
the same corner as the sheet serial number. Each head that is fabricated shall
be identified by its part nLmber, part serial number (Hl, H2, H3, etc), mill
heat number, and serial number of sheet from which the part was made. Care
shall be used to assure that the mill heat number, par serial number, and
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sheet serial number do not become disassociated from the part at any stage of
shell assembly. To retain identity of heads during the forming and annealing
operations, the mill heat number, part serial number, and sheet serial number
shall be stamped on an area that will be subsequently trimmed.

3.1.2.2 Bosses. - Each boss that is fabricated shall be assigned a
serial number (Bl, B2, B3, etc.) and be identified by its part number, serial
number, and mill heat number of the forging stock or plate from which it was
fabricated. Care shall be used to assure that part serial number and mill
heat number do not become disassociated from the part during any stage of
assembly.

3.1.2.5 Marking Components and Maintaining Records.- Prior to assembly,
the head serial number and boss serial number shall be metal-stamped on the
boss in the location indicated on Aerojet Drawing 178086 or 178089 as applicable.
Written records identifying these serial numbers with the shell assembly (see
5.8) and the information specified in 3.1.2.1 and 3.1.2.2 shall be maintained
and delivered to Aerojet with the shell assembly and test coupons.

3.1.3 Components, Heat Treatment

5.1.3.1 Annealing Heads. - A process anneal at 1900 0F +25 in an atmosphere
of completely dissociated ammonia with a dew point of -70 to-100F shall be
performed on all shell heads between successive forming operations and after
the final forming operation. Parts shall be charged into a furnace preheated
to 19000F, held at temperature for 30 +5 minutes, and then rapidly air-cooled
to room temperature.

3.1.3.2 Annealing Forged Bosses.- Prior to machining, all boss pancake
forgings shall be process-annealed in the same manner as specified for spun
heads in 5.1.3.1 except they shall be water-quenched from the annealing
temperature.

3.1.4 Ultrasonic Inspection of Boss Pancake Forgings.- Prior to
machining, al~l boss pancake forgings shall be ultrasonic-inspected both
before and after process annealing (see 4I.2.l).

3.1.5 Test Coupons

3.1.5.1 Heads. - Four tensile-test-coupon blanks 3/4 in. wide x 8 in.
long shall be cut longitudinal to the direction of rolling from each sheet and
metal-stamped on one end with the mill heat number and sheet serial number.
Two of these test coupons shall be selected to represent each of the two
heads fabricated from the sheet from which the coupons were cut. The serial
number of the head they represent shall be metal-stamped on the other end.
The trimmed scrap from blank sheet material used for spherical heads shall be
metal-stamped with the mill heat number and sheet serial number, and sent to
the Aerojet Project Engineer.
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3.1.5.2 Bosses

3.1o5,2.1 Forged.- Three tensile-test coupons 1 in, x 1 in. x 6 in.
long representing each mill heat of forging stock used for bosses shall be
forged and metal-stamped on one end with the mill heat number. To be repre-
sentative of the bosses, the forged test coupons shall have the same reduction
as the forged bosses and be annealed (see 3.1o3.2) with the forgings.

3o1.5.2.2 Machined from Plate.- Three tensile-test coupons 1 in. wide x
8 in. long x plate thickness representing each mill heat of plate used for
bosses shall be cut both longitudinal and transverse to the direction of rolling
and metal-stamped on one end with the mill heat number.

3.1505 Test-Con on Disposition.- When the shell assembly is ready for
the final heat-treatment operation (s ,o7),l the four tensile-tet. coupons
representing the heads and t coupons representng the bosses shall accompany
the tank assembly to the heattreati ng plant. The coupons shall be hung by
wires on te heat-treat fixture and. accompany the tank assembly through the
heat-treating operation, W-en all bosses are fab'-icated from forging stock or
plate from the same mill heat ,, coupons repe,'s-nting bosses need only
accompany the first shell assembly.

3.1.54 Post-Heat-Treat Disposition of Test Coupons.- Upon completion
of the heat-treatment operation, the test coupons shall remain with the shell
assembly they represent and accompany that assembly on its delivery to Aerojeto
When tensile specimens are machined from the coupons and tested in accordance
with Fed. Test Method Std, No. 151 by Aerojet-General Corporation, the results
of the tests shall comply with the following values:

.1l5.4. Heads.o-

Ultimate tensile strength, psi 65,000 min
Yield strength (0,21 offset), psi 105,000 min
Elongation in 2 in., percent 20 rin

3-0.2 lorged Bosses-

Ultimate tensile strength, ps 165,000 mi
Yield strength (0.2% offset), psi 105,000 min
Elongation in .D,* percent 20 min
Reduction of area, percent 25 min

31.5.o4.3 Bosses achined from Plate.

Ultimate tensile stength psi 155,000 min
Yield strength (0.2% offset), psi 100,000 min
Elongation in 2 in,, percent 20 min

The test-section gage length is four times the section diameter (7).
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3.2 Handling.- All handling of the shell assembly or its components in
the uncrated condition shall be performed using maximum care because of the
susceptibility of the material to damage during all stages of fabrication.
Components or assemblies damaged from handling shall be subject to rejection.
Components shall be kept in suitable crates or on pallets except when they are
being worked.

3t3 Machining.- Machining of the shell-assembly components shall conform
to the requirements of Aerojet Drawings 178086 and 178089. After final
machining, a cleaning method shall be employed to guarantee the shell interior
complete freedom from machining residue, shavings, and cuttings. After cleaning,
shell openings shall remain sealed at all times, except when removal of seals
is necessary for final fabrication or testing. Cutting tools shall be main-
tained at proper sharpness to prevent burnishing of the metal surface.

3.4 Assembly Procedures.- The shell shall be assembled in accordance
with Aerojet Drawing 1780 7 or 178090 as applicable.

3.5 Welding Requirements.- All components and subassemblies shall be
TIG or Electron Beam welded in accordance with AGC-STD-11I94 and the detail
requirements of this specification in lieu of paragraph 1.2.2 of AGC-STD-1194.
Certification of welding operators and qualification of procedures in accordance
with AGC-STD-1194 is required prior to the welding of production parts.

3.5.1 Filler Wire.- When required, filler wire shall be Inconel 69
alloy in accordance with Specification AMS 57V8.

3.5.2 Inert Gas.- All TIG welding operations shall be performed with
gas backup. Inert gas used shall be either pure helium or a 75 percent helium
and 25 percent argon mixture.

3.5.3 Inert Gas Purge for TIG Welding.- Prior to welding of the final
girth closure, the shell assembly shall be purged with a large volume flow of
inert gas to exclude air. During welding, the gas flow rate shall be main-
tained at 3 to 5 cu ft per hour. If the gas flow is interrupted during TIG
welding, the welding operation shall be discontinued. The shell assembly shall
then be repurged prior to resuming the welding operation.

3.5.4 Preheat.- Preheat, in general, is not required. However, if the
0

metal temperature should drop below 70 F, it is best to preheat the joint to

70°F for 6 in. on both sides of the weld joint.

3.5.5 Cleaning.- In addition to the cleaning requirements of AGC-STD-
1194, interbead cleaning of multiple-pass TIG welds to remove the refractory
oxide film shall be done by means of power wire brushing. The use of sand-

blasting is prohibited.

3.5.6 Weld Beads.-

3.5.6.1 Boss-to Head Weld Joint.- Weld beads shall be ground flush both
inside and outside in accordance with Aerojet Drawing 178087 or 178090 as
applicable.
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3.5.6.2 Circumferential Closure Weld.- Weld bead shall be ground flush
on the outside. Drop-through shall be uniform and shall not exceed 0,010
inch.

3-57 Mismatch.- Mismatch in weld joints shall not be in excess of that
shown in Aerojet Drawing 178087 or 178090 as applicable.

3.6 Weld Repairs. Weld repairs shall be performed in accordance with
AGC-STD-I94 and the requirements of this specification,

3.6.1 Weld. Repair Procedures.- Prior to any T!G welding repair work, the
careful removal of the defect by grinding is necessary, A minimm amount of
material shall be removed, Grinding equipment such as small Radiac or Rayflex
(P or F) grinding wheels and rotary files may be used to handle most repair
work. Maximmr groove width shall be approximately 1/8 inch. For Electron
Beam weld repair, removal of defects is not re..ire.

.6.loi Rspair of Ti Weld Defects.- The following repair procedure
shall be performed.

3.6ll.l Defect Location,- Locate defect areas from the radiographic
film or by dye-penetrant inspection,

3.6.llo2 Grinding Procedureo- if there is no surface indication of the
defect, grind the weld bead in progressive stages of 1/64 inch in depth. Dye-
penetrant-inspect the weld after each stage of grinding and proceed in this
manner until the defect has been located and removed by grinding.

3.6.ll3 Cleaning. Prior to repair welding, the groove and areas
around and on both sides of the groove shall be cleaned by flushing with clean,
uncontaminated isopropyl alcohol, or equivalent This operation shall be
followed by thorough brushing with a clean austenitic stainless steel wire
brush. Do not wipe the cleaned area with cloth or similar material.

5.6l-lo-. Repair Welding- M naly TIG weld the groand-out area
following the requirements of 355

3060102 Fspair of Electron Beam Welds. The following repair proeedure
shall be performed:

26lo2 1 Defect Location. Locate defect areas from the radiographic
film.

56.l2.2 Cleaning.- Prior to repair welding, the weld and areas on
both sides of the weld joint shall be cleaned with clean, uncontaminated
isopropyl alcohol, or equivalent. This operation shall be followed by thorough
brushing with a clean austenitic stainless steel wire brush.

3.6.lo2o3 BaIr ±2din. Eoweld the entire joint using the approved
Electron Beam weld schedule meeting the requirements of 3.50
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3.6.2 Repair of Welds on Age-Hardened Material.- Weld repairs shall not
be permitted on age-hardened material.

3.7 Welded Test Strips.- Two strips 4 in. wide by 36 in. long shall be
cut across the width from each of three sheets of heat blank material and
identified with the mill heat number and sheet serial number. Each pair of
strips shall be welded in accordance with 3.5 and inspected in accordance with
4.2.2.

3.7.1 Disposition of Welded Test Strips.- The three welded test strips
shall accompany the first shell assembly through the heat-treatment operations
of 3.8 and its delivery to Aerojet to be retained for tensile and bend tests
by Aerojet-General Corporation.

3.8 Heat-Treatment Operations.- The welded shell assembly shall be
annealed and aged in accordance with the following procedure:

3.8.1 Annealing Heat Treatment.- Charge the shell assembly into a
furnace previously preheated to 1900uF +25; maintain at temperature for 30
minutes +_ and then air-cool.

3.8.2 Age Hardening Heat Treatment.- After annealing, the shell assembly
shall be age-hardened by heating to 1300OF +25, holding at temperature for 20
hours, and air cooling.

3.8.3 Furnace Atmosphere,- To prevent excessive oxidation, heat-treat-

ment operations shall be performed in an atmosphere of completely dissociated
ammonia or dry hydrogen with a dew point of -70 to -1000 F.

3.9 Identification of Shell Assembly.- The shell assembly shall be
assigned serial numbers S1, S2, S, etc., which shall be electrolytically
etched in the location indicated on Aerojet Drawing 178087 or 178090 as
applicable.

3.10 Workmanship.- The shell assembly, including all component parts,
shall be fabricated, heat-treated, finished, and tested in a thoroughly
workmanlike manner. Particular attention shall be given to neatness and
thoroughness in the forming and welding of the component parts. Non-
conformance can be cause for rejection.

4. QUALITY ASSURANCE PROVISIONS

4.1 Supplier's Responsibility.- The supplier shall be responsible for
the fabrication, heat treatment, inspection, and tests of the shell assembly
in accordance with all of the requirements and procedures of this specification.

No deviation from fabrication, heat treatment inspection and testing require-
ments, and procedures of this specification shall be allowed except in the
form of an amendment to this specification or to the purchase order. Test
data, letters of conformance, and other pertinent information affecting shell
fabrication shall be forwarded without delay to the cognizant Aerojet-General
project engineer and Aerojet-General inspection department.
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4.l.1 Aiceptance Cr a0 - Acceptance of the shell assembly shall be
based upon compliance with the requirements herein as verified by a series of
in-process acceptance tests (see 4.2) and final inspection (see 4.3) of the
finished product. Detailed inspection records shall be maintained to insure
that all requirements of this specification have been met.

4.1.2 Cognizant Aerojet-General Personnel.- As required, Aerojet-
General personnel, such as the project engineer, welding engineer, metallurgical
engineer, stress engineer, inspector, etc., shall be permitted to observe those
phases of work as is necessary.

4.2 in-Process Acceotance Inspection.- All requirements of this
specification shall be assured through inspection. Inspection tests shall be
performed in accordance with the reqauirements specified herein.

4W2.l Ultrasonic inspectioon.- All boss forgings shall be ultrasonic-
inspected in accordance with Specification AGC ,3937.

4.2.1.1 Bai: for- ~Ejection_ All forgings shall meet the requirements

of Specification AGC-13884 as applcable to 410 stainless steel bar stock.

4.22 Inspection Durin Assembly

4.2.2.1 Weld inspection.- All joints shall be visually inspected for
compliance with the requirements of 35 and the applicable drawings, and shall
be inspected in accordance with the following0

4.2.2.1.1 Dye-Penetrant Inspection.- Dye-penetrant inspection in
accordance with Specification AGC-13972 shall be performed on all welds.
After inspection, welds shall be cleaned thoroughly and the welded surfaces
and adjacent areas brushed with a stainless steel wire brush.

4.2.2.1.1.1 Basis for Rejection.- Each weld shall be free of external
cracks or propagating defects,

4.2.2.1.2 Radi _Rraphis ine o- Radiographic inspection shall be
performed on all welds in accordance with Specification AGC-13859o Radiographs
shall be subject to the interpretation and acceptance of designated Aerojet-
General quality control and. project representatives., Radiographic film shall
be numbered to coincide with the identification ma"ki'ngs of te shell assembly.
China-marking lead shall be used for marking weld identifications so that the
exact location of weld areas with corresponding radiographs may be easily
identified, All radiographic film shall become the property of Aerojet0

4.2.2.lo2.1 Basis for eection°, All welds shall meet the -'euirements
of Specification AGCol3 60 9(lass ii(eleven!)o

4.2-5 in etion of Shell Assembl Prior to Heat Treatment.- The shell
assembly shall be fire of oil, grease, paper, or any type of ...-:bonaceo-s
material prior to heat treatment.
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4.2.4 Inspection of Shell Assembly After Heat Treatment.-

4.2o4.1 Test Coupons.- After heat treatment of the shell assembly, the
test coupons may be tested by Aerojet-General Corporation to verify compliance

with 3.1o5.4 of this specification.

4.2.4o1.1 Basis for Rejection.- Failure to meet the tensile-test
requirements of 3ol.504 shall be the basis for rejection.

4.3 Final Inspection, The completed shell assembly shall be subjected
to surface inspection, with visual examination for imperfections and finish.
The surface shall be such that the removal of scratches or other surface
imperfections shall not reduce the thickness of the metal below the minimwm
specified on the drawing Inspection of workmanship shall conform to 3°9°

Measurements of dimensions (with attention to Aerojet drawing tolerances)
shall be included in this inspection.

50 PREPARATION FOR DEL!VE R f

5.l Packing.- The shell assem-bly shall be crated and firmly supported
to avoid damage during shipping.

6. NOTES

6.1 Intended Use.- This metal shell assembly will be used for glass-
filament-reinforced metallic tankage for the storage of cryogenic fluids.
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APPENDIX F

FABRICATION PROCEDURE FOR GLASS-FWC SHELL

Instructions given for the fabrication of the glass-FWC shell are listed

below.

I. INSPECTION OF METAL-SHELL ASSEMBLY

A. Wear clean white cotton gloves while handling the metal shell.

B. Remove the shell from its protective plastic bag.

C. Measure its length, diameter, and weight and record them on
Figure F-1.

D. Replace the shell in the plastic bag.

II. ASSEMBLY OF WINDING SHAFT

A. Wear clean white cotton gloves while handling the metal shell.

B. Remove the shell from its plastic bag, and place it on a foam pad
covered with clean, lint-free cheesecloth.

C. Obtain a winding shaft and install it in the shell until the fixed
collar rests against the boss face.

D. Align the five holes of the fixed collar with the boss holes. In-
stall 10-32 UNF by 7/8-in.-long socket-head cap screws, and finger-tighten.
Cross-torque all screws to 5 in.-lb.

E. Position the floating collar on the other end of the shaft. Align
the five holes of the floating collar with the boss holes. Install 10-32 UNF
by 7/8-in.-long socket-head cap screws and finger-tighten. Cross-torque all
screws to 5 in.-lb.

F. To protect the boss face, K-seal groove, and bolt holes from resin
spillage, apply Teflon tape to cover the side of the boss and the shaft collar
so resin will not migrate to the boss-face area.

G. Cover the metal-shell/winding-shaft assembly with a plastic bag if

the next operation will not be performed immediately.

III. WINDING-MACHINE SETUP AND CALIBRATION

A. Install four rolls of 20-end roving in the tension devices.

B. Install the roving-guide rollers.
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C, Install the resin-impregnation pot.

D. Crank the machine mount for the winding shaft to a vertical
position.

E. Secure the metal-shell/shaft assembly in the threaded mount.
Thread the shaft into the mount until the shaft flange rests against the
mount.

F. Crank the winding-shaft mount to the setting that provides
approximately the required longitudinal-winding angle.

G. Tighten the bolt on the back of the winding-machine mount to
securely lock the winding shaft into position.

H. D -run the winding arm (without paying off roving) and adjust
the machine settings to obtain the required 166 +5 winding-arm turns per
mandrel revolution of 360 °. Record the machine setting on Table F-l once
the turns are obtained.

I. Thread the four dry 20-end rovings through the guide rollers and
the payoff roller. Secure the roving ends and set the tension at approxi-
mately 10 lb per 20 ends.

J. Adjust the rollers as required to assure a uniform-thickness,
0o333-in.-wide tape.

K. Ensure that the 0.333-ino-wide tape passes tangent to each boss,
with a maximm permissible distance between the boss and tape edge of 0.020
,in., by making a few winding-arm turns. Adjust the winding-shaft-mount
setting as required to provide the proper winding angle,

Lo Calibrate the tension devices to provide a dynamic tension of 10
+1 lb per 20=end roving at the roving payoff. Calibrate the tension devices
statically and then dynamically. Record on Table F-1 the static tension
needed to provide the required dynamic tension. Also record there the tension-
device settings.

IV. POSITIONING OF ETAL SHELL IN WINDING MACHNE

Prior to this operation, establish machine settings for the winding
pattern, winding angle, payoff-roller adjustments, resin-impregnation-pot
adjustments, etc. as described in Section II, above.

A. Wear clean white cotton gloves while handling the metal shell.

B. Crank the machine mount for the winding shaft to a vertical
position.

C. Select four prefabricated head reinforcements and weigh each.
Record their weights on Table F-1.
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D. Place two prefabricated head reinforcements, completely covered
with protective plastic sheet and top side down, over the machine mount for
the winding shaft. Secure them in place with tape if required.

E. Carry the metal shell to the winding machine and secure the shaft
in the threaded mount. Thread the shaft into the mount until the shaft flange
rests against the mount.

F. Crank the winding-shaft mount to the predetermined setting that
provides the required longitudinal winding angle.

G. Tighten the bolt on the back of the winding-shaft mount to securely
lock the winding shaft into position.

H. Protect the shell with plastic sheet if it is not to be overwrapped

with filaments immediately.

V. GENERAL INSTRUCTIONS FOR HANDLING OF GLASS ROVING

A. Keep each roll of 20-end glass-filament roving in its protective
plastic bag with end plates in place in its individual box in cold storage
at 32 F or lower, except when it is being used to overwind one or more metalshells on a given day.

H B. Weigh each spool of roving before initiating winding. For
subsequent weighing, plastic-bag any scrap obtained during winding.

C. At the completion of winding on each day, immediately remove each
roll of roving from the tension devices, repackage it with end plates in its
plastic bag and box, and return it to cold storage (320F or lower).

VI. RESIN PREPARATION

A. Obtain the Epon 828, DSA, Empol 1040, and BDMA resin constituents.

B. Measure out the following quantities of each constituent for each
of two batches:

Quantity, g

Epon 828 200 +0.5
DSA 231 +0.5
Empol 1040 40 +0.5
BDMA 2 +0.0

C. Mix and warm the Epon 828 and Empol 1040 to 212°F. Cool the
mixture to room temperature and add the DSA and BDMA. Thoroughly mix the
constituents. Heat the mixed resin to 85 to 100°F.
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VIL. OVEiR Rf&PPIKG OF PTAL SHTTI

A. General INotes -(1) Stop over-,rapping, remove the windings, and
restart the process if any of t-he following should occur (a ) filam~ent
breakage, (b) loss of- end or e-nds on guide roller, (c) loss of roving tension,
(d) lack of resin impregnation in roving, (e) winding'-pattern gappng or
(f) excessive variation of filame-nt-tape width; and (2) retain in a plastic
bag all excessive roving not used. in winding bu t included in th a initially
recorded rovi-ng-spool weights; weigh it and rec-ord. the weight on Table F-1.

B. Obtain four' rolls of 2O,-end roving anid. weigh each roll. Record
the weight on Table F-1, and place th .e rollIs on tension-~device spindles,
Record on Table F-1l the nunber of the spindle on.wic eac~h roll is mounted.

C. Thread the rov-ng throug the guidle r ollers sind payoff head.
tangent to th,.-e metal-shell11 boss zoilna secur.e itL-

T. Pou th ie ein (see 'Section.._ VIF) Pu !-ers In the ix gainpotl.
Brsimrgaethe roigbtc'>~iwc~ainpiand. the metal shell,

M\aintain the resi temmer atuzc. a - to ic-OG w.

E. Set the mnachinea-ta cau'~nten -1-- zeroC

F. !dent-ify the sta:.r-tg osio~t o-n, o the wind4 'nushaaft mnount in
relation to the stationa: Py c on t&ie n-& cimmediately adjacent to the
mount.

G. Position one- head reinforcemeon aai ec end. of the- metal
shell, and p~ress t'Uhem securel-y in jplac,_e.

H. Start th"e logiudna filent winding. I7f recuir -ed, brush on
extra resin or remom--7 HCe,99 2:ra-Si: on,~

i. Stop w-f-d.- a t ,: oomplefe un of 162e ff a ouno
(should be 166 +1 tuorzs). Ma.intoai- tenson on the _-ovfg Ener the
nuriber of tur -s reoa:We tc um-.lote on- eJuin on Tab-', t- F1

J. Posi t1 on the h'ea rsc!o-Ie'e bosso on, eacla a-d of the
tank and. press ins~ place. ntcce heexe-el ftce of the
head reinforcement to compe _ it eg crs ontiZ.uous ri gs.

K. Loca.-te the instineent termiL-nals at th"e edge &f t_ In head. reinforc-_e-
ment in accordance wit1 nstutfonls from tHe cognizant engine en

L. Continue the logtdnlfilament11 -idiauntil the second imandrel
revlutonis omletd sholdbe 52 ±0 turns) Secur_,e the end of the tape,

and then cut it.

M. Record., on Table F-1 the total nnber &f turns appliJed.
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N. Remove the four spools of roving from the tension devices, weigh
them, and record their weights on Table F-i.

0. Weigh the scrap roving, and enter this weight on Table F-1.

Compute the total weight of roving used.

VIII. PREPARATION FOR CURING

A. In vacuum-bagging the wound tank shell for the cure, use one layer
of 2355 Dacron cloth for release/bleeder cloth.

B. Bag the shell with 6-mil polyvinylacetate (PVA) sheet tailored to
avoid excess wrinkles.

C. Seal the bag with zinc chromate putty..

D. Install a vacuum valve over the Dacron padding on the head.

E. Evacuate the bag to 20 in. Hg or better, and check for leaks.

IX. CURE

A. Transfer the vacuum-bagged unit to the curing oven.

B. Mount the winding shaft on the support fixtures in the oven.

C. Check the vacuum for 20 in. Hg or better.

of D. Cure at 150 0F for 2 hours and at 500 0F for 4i hours. Keep a record
ofthe cure on the continuous recording chart.

E. Reduce the oven temperature to 100 F at a rate not to exceed
100 0F/hour.

X. FINAL INSPECTION

A. Remove the cured tank from the oven, and strip off the vacuum bag.

B. Remove the winding shaft.

C. Measure the wound-tank length, diameter, and weight and record

them on Figure F-i.

D. Place the wound tank in the storage box.
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TABLE F-I

WINDING DATA (FoRM)

Winding Tension

Winding speed turns/minute

Static tension at payoff required for dynamic tension of 10 +1 lb/20-end roving

at payoff:

Tension-Device Tension-Device
Spindle No. Static Tension, lb Setting

A

B

C

D

Head-Reinforcement Weight

Reinforcement A g. Reinforcement B g.

Reinforcement C g. Reinforcement D g.

Roll Tension-Device Weight, g
No. Spindle No. Starting Final Roving

Total

Less scrap weight (subtract)

Total roving on tank

Winding Pattern

Revolution Winding-Arm Turns
No. Design Actual Time winding started

1 166 +5 Time winding completed

2 332 +10

Table F-i



INSPECTION OF METAL-SHELL ASSEMBLY (FORM)

Serial No.

Before-winding data: Date Signature

After-winding data: Date Signature

Pi Tape

Diameter before winding

Diameter after winding and cure

Length

Before winding

After winding and cure

Weight of metal shell before winding g

Weight of metal shell after winding and cure g

Figure F-1



APPENDIX G

CALIBRATION OF BOW-TIE, STRAIN-GAGE, DISPLACEMENT TRANSDUCERS

A single-step, end-to-end calibration was performed on each bow-tie,
strain-gage, displacement transducer used in testing. Each pressure-vessel
test required three transducers, two for longitudinal displacement and one
for hoop. The transducers were calibrated in place on the vessel, with all
instruments installed and connected to the data-acquisition equipment (a
continuous-strip-chart recorder for each transducer).

Laboratory conditions (ambient temperature) were employed, because the
strain gages were maintained within the gage-compensation temperature range
(70 +20 F) during cryogenic testing by manual adjustment of current through
bifilar heater windings. The test temperature was monitored by means of a
thermocouple very close to but not directly on the strain gage3 the beryllium-
copper reed of the bow tie provided an excellent conductive path to the gage.
Additional details on instrumentation are presented in Section VI,A,3 of the
body of this report.

For use in calibration, a single washer was spot-welded at the end of
each metal-foil band attached to the longitudinal transducers. Two cali-
bration tools were inserted between each attachment tack and the inner
surface of the washer, and the signal-conditioning system was adjusted for
a zero output reading on the recorder. The distance between the upper and
lower attachment posts was accurately measured and recorded. Rotation of
the calibration tools produced a displacement of 0.250 in. for each band,
with a total displacement of 0.500 in. The strain was then calculated from

IL
Strain -r L

where

AL = total displacement between centers of washers = 0.500 in.
L = distance between centers of attachment tacks, in.

A sample longitudinal-strain transducer-calibration calculation for a typical
vessel follows. For the longitudinal transducer, L = 17.187 in. and

0.500 _

Strain - 17.8 7 0.0291 in./in.

The span control of the signal-conditioning equipment was adjusted so
that the instrument would record 29.1% of full scale (based on the foregoing
value), to permit strain to be read directly on each strip chart during the
pressurization test. This procedure was repeated to ensure reliability.

The procedure used to calibrate the girth (hoop) transducer on each
vessel was similar to that described above. The center of the girth band
was displaced a predetermined distance on each side of the transducer (total
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amount, 2.000 in.). The calculations, and the zero and span adjustments, were
performed as indicated above, except that values appropriate for girth measure-
ments were used. A sample hoop-strain calculation, where-

,SL = total hoop-band displacement = 2O000 in.
L = pressure-vessel circumference = 56.688 in.

yields

2.000
Strain - 56.688 = 0.0353 in./in.

Single-point strain-calibration data were obtained for all longitudinal
and girth transducers on all vessels before the vessel-burst tests were initiated.

Detailed laboratory calibrations were performed under ambient conditions
to determine the degree of transducer linearity and reproducibility. Various
displacements were set with the aid of a vernier caliper (reading accuracy,
0.001 in.), and transducer outputs for these displacements were measured with
a recording potentiometer0 The results for a longitudinal transducer are shown
in Figure G-1.

The curves for displacement vs recorder output as a percentage of chart
scale were based on several data points for each configuration. All the data
points repeatedly fell within the width of the plot line. Because all the
transducers were linear and reproducible to 0-5% within a displacement range
from 0.06 to 2.00 in., it was not necessary to perform multiple-point calibra-
tions for the individual transducers used in each test setup.

Vessel contraction during cr ogenic conditioning before testing did not
affect the accuracy of the strain data, because the transducer responses were
linear and reproducible. As installed for testing, the transducers were pre
loaded for a displacement of approximately 1.50 in.
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APPENDIX H

METALLURGICAL ANALYSIS OF INCONEL X-750 TANK LINER

An 18-in. -dia, GFR, Inconel X-750 tank (Part No. 178091, Serial No. 2)
was proof-tested at 2220 psig for 1 min prior to the burst test. During the
burst-test cycle at room temperature, pressure was increased at 1200 psig/min
until failure occurred at 2960 psig, in the metal liner at the weld joint
between the boss and the formed head.

Tensile tests were performed to evaluate the welding schedule and the
parent material in the tank with the tensile properties used in the design of
the tanks. The metallurgical analysis included one of the tensile specimens
that failed prematurely.

*I. DISCUSSION

The fracture that occurred in the tank liner is shown in Figure H-1.
Much of the fracture area could not be examined because the two surfaces

* rubbed together, producing a galled or disturbed metal surface.

The Y-shaped weld nugget was produced with a two-step welding schedule.
The depth of penetration and breadth of beam are shown in Figure H-2.

Figure H-3 shows the microstructure of the weld adjacent to the fracture.
The grains in the weld are relatively coarse and have directional orientation.

H The directionality develops during the first welding pass because the tank
liner and boss act as a heat sink. This forces directional solidification
from the outer edges to the center of the weld nugget. The grains produced

* in the second pass are also directional, but are radially oriented, about
the center line of the nugget produced in the first pass. Radial orientation
occurs because the heat sinks include that nugget as well as the liner and
boss.

The grains in the narrow heat-affected zone are coarser than in the
parent metal away from the weld (see Figures H-35 to H-5). Figures H-4 and
H-5 show the location of the fracture in relation to the weld.

Figure H-6 is a macrophotographic view of the fracture surface of a
longitudinally welded tensile specimen (No. L-6). The ductility was approxi-
mately 5 to 6% less than that exhibited by a-similar sample. During examina-
tion of the fracture surface, a gas hole in the weld nugget was found (see
Figure H-6).

Figure H-7 illustrates the microstructure along the length of the weld
and the depth of the gas hole, which is approximately 0.005 in. in diameter
and 0.004 in. deep.

The highly directional orientation of the weld grains is clearly
evident in Figure'H-7. The lower portion of each microphotograph shows the

H-1



structure that developed during the first weld pass and the upper portion the

second weld pass.

Ii. CONCLUSIONS

A. Fracture in the Inconel X-750 tank occurred at the interface
between the heat-affected zone of the liner and the weld nugget joining the
liner to the boss.

B. No defects were found, but the possibility of a localized weld
undercut could not be fully evaluated because of plastic deformation.

C. Based on the microstructure and normal conditions (e.g., equal
cross section and lack of defects), the probable cause of failure was the
abrupt change in microstructure at the interface between the parent-metal
heat-affected zone and the weld.

D. Grain refinement in the heat-affected zone and weld would force
random failures to occur in the liner, but can be accomplished only by working
the areas.

H-2
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Figure H-I. Fracture Surface Between Boss and Tank Liner
(Note: Straight cut edges in liner are saw cuts.)

Etchant: 10% oxalic acid 50X

Figure H-2. Microstructure of Boss-to-Liner Weld

Figures H-I and H-2



Etchant: 10% oxalic acid 50X

Figure H-3. Microstructure of Tank Weld Adjacent to Fracture
(Liner material at left, weld nugget center, and boss right.
Note the coarse grain structure in the heat-affected zone
and the directional grain orientation in the weld nugget. )

Etchant: 10% oxalic acid 50X

Figure H-4. Microstructure of Weld Nugget
and Location of Fracture in Tank

(Fracture occurred along interface between
metal liner and weld nugget.)

Figures H-3 and H-4



Etchant: 10% oxalic acid 50X

Figure H-5. IMicrostructure of Metal Liner

(Note that the heat-affected-zone grain structure is

coarser than the rest of the parent material.)

Figure H-6. Macrophotographs of Tensile Specimen L-6
(Note: Near left edge of each piece, in weld nugget,

is a gas hole, photographed as a black circle.)

Figures H-5 and H-6
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Etchant: 10% oxalic acid 50X

Mlicrostructure Along Length of Weld

Figure H-7
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