INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UM films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6 x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






NOTE TO USERS

The diskette is not included in this original
manuscript. It is available for consultation at the
author’s graduate school library.

This reproduction is the best copy available.

UMI






Ultra-high Pressure Composite Vessels with
Efficient Stress Distributions

Greg Rohrauer

A thesis
in
The Department
of

Mechanical Engineering

Presented in Partial Fulfiliment of the Requirements
for the Degree of Doctor of Philosophy at
Concordia University
Montreal, Quebec, Canada.

June 1999

Volume I
Theoretical and Experimental

© Greg Rohrauer, 1999



(Ld |

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

395, rue Wellington
Ottawa ON K1A ON4

Bibliothéque nationale

services bibliographiques

Your file Votre reference

Our file Notre refarence

L’ auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette these.
N1 la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-43586-5

Canada



Abstract

Ultra-high Pressure Composite Vessels with Efficient Stress Distributions

Greg Rohrauer, Ph.D.
Concordia University, 1999

The techniques for the design, analysis and the construction of composite pressure
vessels have been established since the 1960's. Their development has become refined and
the composite materials employed for their construction have seen major improvement.
The one area where only marginal advancement has been achieved is with the ultra-high
pressure applications.

Vessels designed and constructed to operate in the 20.000 - 25,000 psi (140 - 170
MPa) range have been few in number and poor in efficiency. Applications for such high
pressure containment vessels are varied but one potentially marketable idea is to develop
these vessels with the capacity to hold hydrogen and methane (natural gas) at liquid
densities yet ambient temperature. These could be used as fuel tanks in both combustion
and fuel cell powered vehicles, filled at service stations with cryogenic liquid in a manner
identical to the filling of conventional propane bottles. Safety requirements demand burst
pressures from twice to three times operating conditions and this leads to the realm of
thick-walled design. For the anisotropic composite materials the stresses through the wall
thickness tend to fall much more rapidly than with their isotropic metallic counterparts.

This effect leads to a greatly reduced vessel efficiency quotient PV/W. To date, little is



understood about the phenomena underlying this rapid decay in load bearing or how it can
be counteracted.

The work performed analyses the corresponding anisotropic elasticity problem to
determine the exact nature of the challenge and then addresses a solution based on variable
elasticity to counter this intrinsic behaviour. The method employed seeks to elicit
appropriate through-thickness material property variation rates to attain a more level
stress distribution (or incipient failure throughout the wall) while restricting property
changes to values attainable in commercially available composites. A computer code based
on closed form elasticity solutions complete with damage / failure modeling and graphic
interactive editing was written to carry out the computations. This tool enables the
development of application specific designs. A prototype vessel is constructed and data
from this and other vessels are checked to see how well the computations correlate to the

theory advanced.
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Chapter 1

Introduction and Objectives

1.0 Origin of Filament Wound Structures

The filament winding of composite glass-fiber based pressure vessels evolved from
a demonstration project at Hercules Powder Corp. in 1948. These first filament wound
items, solid rocket motor nozzles for the X248 missile, were a follow-on to the
experimental and pioneering World War II work of Theodore Von Karman. After a 7-year
lapse, in 1955, North American Aviation (Rocketdyne) engaged Hercules in another
demonstration project, wrapping the MATADOR motorcase with fiberglass. By 1963, the
first filament wound motor case (a strap-on booster for the TITAN missile and launch
vehicle) was in production [1].

Meanwhile, from the mid 1950's to the early 1960's, research was underway at Air
Force, Navy, Military and private laboratories funded by weapons research. Material
development and testing was carried out in conjunction with the design and construction
of filament wound pressure vessels, rocket motor cases, nozzles and launch tubes [2].
Development was carried out by the major industrial subcontractors. Among them were
Walter Kidde & Co., Brunswick Corp., Aerojet General Corp. , Rocketdyne, Thiokol,
Owens-Corning and many others. Techniques still considered advanced today, such as
computer controlled pre impregnated winding were being employed as early as 1961 [3].

Insight to the breadth and depth of development efforts prior to 1962 can be



appreciated by considering the 169 contracts reviewed in a Military commissioned survey
[4], both classified and non-classified. This report covered developments since the
MATADOR program. Many other successful missiles projects such as POLARIS,

MINUTEMAN II, REDEYE and SPRINT followed.

1.1 Development of Pressure Vessels

By the mid 1960's there was a broadening in the design of smaller vessels destined
for containment of oxidizer / fuel mixtures such as aerozine-50 (H;0;) and nitrogen
tetroxide (N204) [S][6][7]. These corrosive fuels required resistant and non-permeable
liners of polymeric or metallic materials. Interest soon shifted to the cryogenic fuel and
oxidizer containment needed for extended manned space flights. This topic became the
principal focus of development during the mid to late 1960's [6][8][9][10-13]. The thin
metal shell lined, full composite overwrapped, pressure vessels that were conceived during
this period have evolved to become the mainstay of today's commercial composite
pressure vessel market [14]. Research and development work that progressed these
designs to those of today are reviewed in Chapter 2.

In the late 1960's composite vessels with ultra-high burst pressures 30,000-60,000
psi or (200 - 400 MPa) were first investigated. Work taking this direction has continued to
the present but success is still limited [15][16][17][18][19]. Despite 30 years of effort, the
highest rated operating pressures of vessels in aerospace service today remain in the

10,000 to 15,000 psi (70 - 100 MPa) range [20]. Only a minuscule fraction of composite



pressure vessels built operate at such high pressures.

Invariably the forefront of pressure vessel development has focused on greater
containment efficiency. Namely to contain the most fluid at the greatest pressure within
the smallest volume and at the lowest weight. A performance factor, based on burst

pressure P, volume V and weight W, ( PV /W) is defined to express efficiency. Burst

pressure is divided by a design factor (generally ranging 1.5 - 3.5) to arrive at an operating
pressure. This factor is dependent on the number of pressure cycles, materials,

environment and subjective safety considerations.

1.2 Markets for Composite Pressure Vessels

Commercial applications of these vessels have found many markets and there were
already over 200,000 composite pressure vessels in service by 1984 [21]. By 1997 this
figure exceeded 1 million vessels from the production of one company alone, Structural
Composite Industries (SCI) [22]. Some mainstream applications are, in-flight aircraft
engine starters, firefighter's and aviator's breathing apparatus, cockpit ejection systems,
mountaineering expedition equipment, medical oxygen supplies and diving tanks.
Composite vessels are used in inflation devices for aircraft emergency chutes, flotation
bags for downed helicopters and life rafts. Fire extinguishing systems and compressed
natural gas fuel cylinders are now standard [23].

Potentially the largest market yet is automotive. Currently there are over 700,000

compressed natural gas (CNG) fueled vehicles worldwide, more than 30,000 in the USA

(V3]



and a large number in Canada [24][25]. Due to a renewed emphasis on reducing
emissions, the three major domestic auto manufacturers along with their overseas
counterparts have steadily produced alternate fueled vehicles commencing with the 1995
model year being sold into fleet service. New legislation driven pollution requirements
(TLEV, LEV, ULEV, ZLEV) tightening on a yearly basis till year 2003, have already
taken effect for heavy vehicles and are being phased in for commercial fleets. In North
America, for the 1997 model year and onwards, new passengers vehicles must comply
with these more stringent regulations and there are special quotas relating to major
metropolitan areas. The mandated objective is to have 1 miilion alternative fueled vehicles
by year 2004 [26]. There are many ongoing and far reaching initiatives driven by recent
success in fuel cell technology (Ballard Power Systems and other competitors) which
presently show about 20 - 30% better overall energy conversion efficiency than thermal
combustion engine vehicles and have no direct CO, emissions. Currently fuel cells exhibit
over 60% thermal efficiency. These require hydrogen to operate or may use methane
(natural gas) in conjunction with a reformer to extract the hydrogen. Much of this
technology has already been demonstrated but the major obstacle is storing a sufficient
quantity of fuel onboard [27].

The combined threats imposed by air quality, global heating, imported and finite
supplies of available oil are forcing alternate fuels. Among the limited options available,
natural gas (methane) is one of the strongest contender. It is low cost, renewable, and
there are vast proven natural reserves. In combustion engines, only hydrogen burns cleaner
and produces, for all practical intents, no greenhouse gases. Methane can be blended with

a small fraction of hydrogen to speed combustion and eliminate nearly all pollutants



[21][26][28]. One of the current limitations to natural gas is the lack of vehicle range
between refueling stops. The problem amounts to insufficient compressed density of the
fuel. Currently only large vehicles as trucks and buses have sufficient storage space
available to make this alternative fuel reasonably practical [24][27][30][31]. Weight and
cost of the containment vessel are also a crucial consideration.

Present commercial composite pressure vessel technology is restricted to thin-
walled vessels. The construction of commercial composite pressure vessels is governed by
certification procedures. These, developed initially for the Military's internal use, were
later adapted to civilian purposes [32][33][34][35]. Under such guidelines the transport of
any vessel operating above 5000 psi (34.5 MPa), is not approved on public roads or
commercial airspace. A pressure of 4350 psi (30 MPa) is the maximum recommended for
vehicular use and 3600 psi (21 MPa) is a standard refueling system's maximum output
pressure. Tanks are nominally charged to 3000 psi. Clearly there is need for advancement

in the pressure vessel technology within this arena.

1.3 Thick-Walled Vessels and their Commercial Potential

Considering the decades engineers have sought to explore the domain of thick-
walled composite vessels, advancement appears at a virtual standstill. The problems of
winding thick vessels are quite considerable, yet still possible when restricted to a
reasonable wall thickness. Vessels with burst pressures in the 50,000 - 60,000 psi (345 -

414 MPa) range were achieved in the late 1970's through mid 1980's. Given the typical



2.25 design factor used on the latest vehicular gaseous fuel tanks, a 25,000 psi (172 MPa)
operating pressure appears within reach. Such a vehicular fuel tank would hold the
compressed natural gas (CNG) or hydrogen (H;) within near its cryogenic liquid density,
but at ambient temperature. Achieving efficient and reliable design of such vessels would
make the driving range with CNG and H; comparable to liquid fueled vehicles. To arrive
at such pressures only liquefied gas cylinder filling is practical. Pressure then rises as heat
transfer takes effect. The required loss-less cryogenic filling techniques have been studied

since the 1960's and are practiced in rocketry and the cryogenics transport industry [36].

1.4 Thick-Walled Vessel Design Problems

One of the biggest concerns in the design of ultra-high pressure isotropic metallic
vessels is their rapid decline in stress through the wall thickness. Measures for pre-
stressing the material favorably during construction have been developed so as to result
with a more even stress distributions while under load. For composite vessels this natural
decline in stress is much more pronounced since it is dependent upon the material’s
anisotropy ratio and generally worsens with increases in the composite's stiffness. Fiber
pretensioning and cure schedules have been studied and applied but shown to have limited
influences in effecting a desired residual stress distribution. The rapid decline of stresses
through the wall of a thick composite vessel translates into a low efficiency for the entire
structure since the material in the outer portions of the vessel wall contributes much less

to carrying the load than the inner material.



Among drawbacks attributed to the current ultra-high pressure vessels are their
low efficiency but also a fundamental lack of confidence and ability to understand and
predict their behavior. The dilemma to successful ultra-high pressure vessel design lies at a
very rudimentary level, namely understanding the requirements for controlling stress
distributions within a body under fixed loading. Conventionally, engineers vary the
geometry of a design to optimize stress distributions. However when the geometry is fixed
or already optimal then the material itself is the only remaining variable.

Clear comprehension in designing composite pressure vessels entails not only a
rigorous enough stress analysis, but further treating the independent material properties as
variables to the solution and thereupon designing the variable material. This latter
approach has as yet only been touched in theoretical mechanics through description of
anisotropic bodies and vaguely broached via experimental efforts directed at improving
operating pressures in vessels. To date nobody has approached the problem in the

practical sense while having both clear analytical methods and fundamental insight.

1.5 Thesis Objectives and Organization

The work of this thesis focuses on determining how to obtain a more effective
utilization of available material strength. The question posed is: How can one design a
thick-walled vessel such that the stress distributions within can be controlled at will, and
further how can this information be used to entail designs that create a more even incipient

failure distribution throughout the wall, thereby maximizing material use efficiency. These



challenges are broached by first examining the geometry and construction then by
exploring anisotropic elements constituting the general thick pressure vessel. The wall
construction is idealized as a constituting of a variable property monolithic material
whose range of properties are restricted. The property limits imposed are dictated by
commercially available composites as used in discrete layered approximations of the
variable elastic properties wall. Two parallel design methods are used. one based on the
monolithic continuum, the other on a discrete layered approximation thereof.

A thick-walled vessel is built and tested to verify the theory, and also some past
experimental results emanating from others are re-examined. The aim is to generate some
fundamental understanding as to how stress distributions within thick-walled vessel are
governed and how they can be shaped. The complementary objective is to put together a
computer design tool founded on these insights which can then be used as a basis for
designing and building prototype vessels. These can be destined for future vehicular or
complementary commercial applications requiring ultra-high pressure containment.

The manuscript is subdivided into 9 chapters, each dealing with specific concerns:
Chapter 2 reviews the literature commencing with composite vessels designed from the
mid 1960's to present. Sub-topics include liners and cryogenics, CNG / H; in vehicles,
regulations, testing, certification and other specifics on the problem. Chapter 3 covers
certain analytical aspects of winding geometry, dome profiles and the associated filament
stresses and stability of the windings on these surfaces. Chapter 4 pertains to the
orthotropic multi-layered solution for thick-walled cylinders. Chapter 5 deals with the

generalized plane strain solution and examines various cases, including a general variable



property approximation to a monolithic thick cylinder. Chapter 6 extends the Chapter 5
derivations to encompass individual elastic property variation rates representative of real
materials, and sets up the problem for numerical solution. Chapter 7 expands on
micromechanics, failure criteria and the elastic property changes that accompany damage
development in the laminate. Chapter 8 demonstrates features and operation of the
software following example cases. Chapter 9 discusses current limitations. analyses data
from tests, reviews contributions and indicates the areas and direction of future work.

References follow the last chapter and the appendix holds the computer code.



Chapter 2

Development History and Current State of the Art

2.0 Topics Considered for Review

The scope of this chapter is intentionally broad. The aim is to present some
developments other researchers in the field have covered with the hope that this
background can serve to place the present efforts into a better context. The topic of
composite pressure vessel analysis and design has seen over 50 years of development, few
ideas if any are wholly unique, only their improved implementation can substantiate such a
claim. In reviewing the literature previous researcher's successes and failures must be
taken in context with the era in which the work was performed. Fibers and resin systems
are continually evolving and the same is true of winding equipment, computing power and
theoretical approaches. In many cases a conclusion drawn before a technology matured no
longer carries validity. As examples, the characteristics of carbon fibers, or early versions
of Kevlar® (then referred to as PRD-I/ PRD-III) were not nearly as impressive as they are
today.

Approximately 350 papers, defense reports, computer listings, books, products
literature, conference proceedings, thesis, standards and web pages were consulted or
studied in the process of carrying out the present review. These are referenced throughout
the text.

Chapter 1 briefly described the rocket ancestry of filament winding, outlined some
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basics of composite pressure vessels and their utility, establishing the aim of the thesis
work and its organization.

This chapter is specific to pressure vessels and deals mainly with past works
supportive of their design. The subject can be grouped into three main areas. First are
reviews of experimental work and practical findings, this also covers safety and regulatory
issues. Second, analytical approaches, applicable design theories and failure predictions
are broached. Lastly, a short summary of the various considerations described is
interpreted in a sense to indicate which factors or techniques are most appropriate for the

design and construction of ultra-high pressure composite vessels.

2.1 Definition of Pressure Vessel Efficiency

For constant material technology, the parametric performance of a pressure vessel
can be evaluated as a constant determined by PV, W (pressure times volume divided by
total weight). Units are "inches" in the imperial system and "Km" in metric with an
equivalence of 39,370 in. = 1 Km. The structural efficiency of the best all metal pressure
vessels (titanium spheres) is around 0.6 million inches. The better composite vessels with a
metallic liner and connection bosses are capable of performance factors around 1.2 million
inches [29]. When the composite alone is considered, over 2 million inches can be found
quoted in the literature. Considering the composite independently is appropriate when
comparing on the basis of efficient use of the fiber thus separating its performance from

that of the liner. However because liner, connection boss and composite must co-exist in
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practice, the overall performance factors will be referred to throughout for consistency.

2.2 Vessels Classification by Liner

Terminology referring to various types of composite pressure vessels can lead to
confusion. Aside from homogenous metal vessels four distinct classes of high pressure
composite vessels exist. Unlike low pressure tanks and pipes, composite vessel require
liners to overcome leakage and hence are easily distinguished by this feature. In the first
category are tanks rarely considered to be true composite vessels. They consist of hoop
windings reinforcing a conventional thick metal shell, usually referred to as either
"circumferentially reinforced”, "thick-liner" or “hoop-wound”. This primitive category is
omitted from all further discussion. Second are thin metal lined full composite overwrap
vessels. Equivalent names are "metal-lined", "thin-walled liner", "load-sharing", "fully
overwrapped" among others. In the third category are bonded-metal foil-lined fully-
overwrapped vessels. Most authors refer to these as "bonded liner" or "foil-lined". The
fourth class of vessel is distinguished by a polymeric liner. Elastomers, drawn thin films
and molded thermoplastics can be used. Terms such as "all plastic" and "fully composite"
or “plastic-lined" are often used to describe them.

The feature differentiating "load-sharing" and "foil-lined" vessels is that foils
depend on bonding with the composite to avoid buckling or wrinkling of the liner during
depressurization. In contrast, load-sharing liners are sufficiently thick to maintain elastic

stability under the compressive loads experienced after depressurization subsequent to a



prescribed amount of yielding on first pressurization or “sizing”. The actual thicknesses
involved are a function of liner material, vessel geometry, strain range, cyclic life and other
parameters related to manufacturing. Load-sharing liners are normally not bonded to the

composite.

2.2.1 Foil-Lined Vessels

The foil-lined vessel is a concept which has evolved and is suitable for low cyclic
applications. This construction has inherent high efficiency, and uses the thinnest possible
liner consistent with manufacturing techniques. The liner serves only as a permeation
barrier whilst the composite overwrap is the primary load carrying element. Because no
metal has an elastic strain range as great as that of the composite, the liner cycles through
its plastic range on every pressurization. It must be well bonded to the overwrap to
prevent the formation of wrinkles on depressurization as it is being forced into its plastic
compressive region.

In operation, as the vessel is pressurized it strains 1% - 2%. The liner yields at % -
Y percent strain and deforms plastically thereon. On depressurization, the liner can only
recover elastically about 1% % , the rest of the strain is plastic compressive and relies on
adhesion to the composite. If the bond fails, the liner buckles and crimps locally which
leads to failure on subsequent cycles. This design is feasible only for a very limited number
of pressurizations.

The concept was extensively evaluated by NASA and best results were achieved
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using the higher modulus materials for overwinding, limiting strain range and thereby
extending life. Initially this concept was successful for the storage of nitrogen tetroxide
propellant where a 30 day life and 25 cycles of pressurization were the extent of the
requirements. The filaments used were S-glass with liners of 0.006" (0.15 mm) thickness
in type 347 stainless steel. Burst pressures required were only 750 psi. Liner debonding
was well noted by Sanger, Mulho and Morris [5] who reported on this work in 1966.
Later, in 1974, Hoggat [37] achieved PV/W values around 0.9 million inches on
aramid fiber vessels with thin liners fabricated from type 321 stainless steel. The vessels
failed within 20 cycles at 50% - 75% of the predicted burst pressure of 2500 psi. Rupture
was as the result of localized wrinkling of the liner either during cure or by subsequent
debonding. The same vessels survived, in the range of 100 - 900 cycles subject to similar
conditions with an elastomeric liner. One exceptional vessel saw 2493 cycles to 75% of
predicted burst pressure prior to failing in the composite of the dome region. Variability in
the results was notably extensive and cyclic testing inevitably ended up testing the liner
rather than the overwrap. Most investigators resorted to using identical rubber lined
vessels to ascertain the longevity of the composite with respect to cyclic loads.
Development carried out at a later period for the Space Shuttle program continued
with titanium (Ti-6AL-4V) and 5086 alloy aluminum liners 0.020" thick using high
strength, intermediate modulus carbon fiber. Experiments showed that the titanium yielded
at about 56% of the burst pressure while the aluminum vielded at about 20%. As
expected, cyclic tests at 50% burst endured about 550 cycles for the aluminum but 2200

cycles for the titanium lined vessels. The liner life was entirely consistent with life data
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taken from handbook values for these metals [38]. Later NASA programs for the Space
Shuttle studied strain intensity ranges on load-sharing liners and employed low cycle
fatigue approximations to predict failures [39].

Cyclic life with thin bonded liners is dependent on material and the level of plastic
deformation seen during each cycle. Integrity of the bond is paramount and assuming the
bond does not fail, representative cycles to failure using current technologies might be as
follows: Titanium liner - carbon overwrap, cyclic load 50% of 6900 psi (48 MPa) burst,
2000 - 3000 cycles. Aluminum liner - Kevlar 49® overwrap, cyclic load 67% of 4200 psi
(29 MPa) burst, 550 cycles [40].

In summary, although efficient weight-wise and non-permeable, a foil liner is
usually responsible for a vessel's failure under cyclic loading. The liner debonds locally and
buckles. Plastic deformations result in the foil's fracture causing the vessel to leak.
Subsequent vessel leakage due to matrix cracking is normal and expected.

Clearly thin liners, even after long and thorough development have limitations
considering their cyclic life. The advent of higher modulus carbon fibers and a maturing of
liner designs have helped bring this method to a point where vessels can sustain a few
thousand cycles. It should be noted also that because these efficient (light liner) designs
are generally reserved for space applications they tend to be much more highly stressed
and operate at safety factors ranging 1.5 and 2 times. Most testing is carried out at cvclic
stress levels exceeding 50% rupture loads. This high loading biases survival results in a
negative way relative to the load-sharing liner concept discussed below where lower cyclic

levels are generally seen in testing.



2.2.2 Load-Sharing Liners

Composite vessels with a thin load-sharing liner were originated by Johns and
Kaufman in 1966. The concept gained acceptance because of its greatly superior fatigue
performance at the expense of a weight increase. The technique, almost universal today,
uses a moderately thick liner (typically 0.040" - 0.080") which carries a fraction of the
load. The actual percentage of the load carried varies greatly and in fact can be as low as
5% when a very thick-walled composite overwrap is considered.

Mulho and Landes [19] also conciuded (1968) that a load-bearing non-buckling
metal liner would be best if it could be plastically deformed initially and then work in the
tensile and compressive elastic regions. Advantages would be elimination of a supporting
mandrel (expendable tooling), no need for bonding between liner and composite,
elimination of specialized fabrication and handling techniques (electron beam welding),
greatly extended cyclic life and faster production. The drawback is a lower performance
factor due to increased liner weight.

In operation, during the initial or "proof" pressurization cycle of a vessel, the metal
liner is plastically strained while the composite overwrap is elastically strained. On
depressurization the liner. having been subjected to a permanent set, is put into
compression by the overwrap which is trying to return to its unstrained condition. Hence
the liner is "sized" or "autofrettaged" into the composite during this proof cycle.
Subsequent cycles at operating pressure (lower than the sizing cycle pressure) result in

loads that can be carried within the elastic strain capability of both the composite
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overwrap and the liner material [40].

Effectively the technique nearly doubles the available elastic strain range of the
metal liner. Figures 2.1 and 2.2 show strains in the liner and overwrap during the sizing
cycle and operating cycles for both foil-lined and load-sharing liner concepts. The
minimum liner thickness is dictated by its stability against buckling. Representative weight
savings are perhaps 40% over an optimized all metal titanium vessel when using Kevlar
49® on a load sharing stainless steel liner. For similar vessels constructed of carbon fiber
with a 6900 psi (48 MPa) design burst, a 15% gain in performance might be expected in

moving from a load-sharing liner to a foil-lined vessel [40].
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Figure 2.1 Typical stress-strain plot for an adhesively
bonded foil-lined composite vessel [40].
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Figure 2.2 Typical stress-strain plot for composite vessel
with a metallic load-sharing liner [40].

Unless the overwrap is very stiff and low straining (as with HM type carbon fiber)
the liner's total elastic strain range can be as low as 30% of the fiber's permissible
elongation. [n load-sharing liners the cyclic operating pressures are limited by low-cycle
fatigue as with the foil-lined vessels. Under identical cyclic stain, the lower weight foil-
lined vessels should provide the same life provided they maintain a perfect bond with the
composite. Such bonding is rarely if ever achieved.

The lower limit of liner thickness is dictated by the buckling criteria. This effect is
proportional to liner thickness to diameter ratio cubed (#/d)’ for a cylinder and modified by
restraint conditions at the boundary. Axial length determines the number of lobes in the
buckled state. For a fixed (¢/d) ratio the number of lobes decreases along with the critical
pressure for collapse as the cylinder is made longer [41]. In this respect it is evident that
shapes close to spherical are superior. For liner design the conditions of compressive

vielding or inelastic buckling are sought. Conventionally the criteria assumes a uniform
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exterior pressure. In the case of a vessel liner the pressure loading on a potential lobe
diminishes rapidly as the liner begins to deform hence adding complexity to the

phenomena.

2.3 Development and Manufacture of Liners and Bosses

Fibers in the composite overwrap are taken to high stress levels, from 60% to
70% of their ultimate strength. These stress levels result in significant elongation of the
composite (0.5% to over 2.0% depending on material) and extensive crazing or cracking
of the resin matrix between the fibers results. Crazing becomes significant at composite
stresses in the range of 10% to 40% of fiber ultimate strength. Eckold [42] maintains that
at 0.3% strain micromechanical damage such as resin cracking and debonding between
fibers appears. Because the craze paths join to form a leak path. an internal liner must be
provided to contain the fluid or gas. Necessary characteristics are chemical compatibility,
impermeability, elongation during pressurization and the ability to return to a stable and
non-buckled position after the pressure is reduced.

Conventional low pressure filament wound structures such as tanks and pipes for
the chemical processing industry operate at less than 10% of ultimate fiber stress levels
and a resin rich gel coat or surface veil provides adequate sealing. Elastomers such as
butyl rubber can be used as liners for moderate temperatures and pressures but are
inadequate at cryogenic conditions in combination with high pressures. Elastomers exhibit

brittle behavior at temperatures below their second glass transition and most cannot strain
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with the composite overwrap lest they crack. The mismatch in thermal contraction with
the composite leads to debonding. At high pressures, permeability to the gas causes
blistering of the liners when absorbed gas is released during depressurization.

In answer to the permeation problems and resistance to cryogenic temperatures,
metal liners have long been the basis for achieving fluid containment at high pressures. A
liner must be capable of being formed into thin sections and amenable to assembly by
welding. The fragile nature of such foil liners (thickness 0.006" - 0.030") requires that the
liner be supported during winding, generally by plaster or inorganic salt mandrels fitted
with a shaft to position it on the winder. The mandrel is removed by flushing with hot
water or weak acids after curing the overwind.

In the program reported on by Mulho and Landes in 1968 [19], metal foil (0.006")
liners were used. In Aerojet General's experience, the complexities related to
hydroforming the thin stainless-steel liners and welding the various sections together with
the end bosses were manageable. Maintaining liner integrity during the winding posed a
bigger challenge due to the difficulty of finding a wash-out mandrel support that did not
shrink.

Mandrels for supporting the liners are necessary in cases where the liner is not
rigid enough to act as the support or form upon which the winding is placed. The criteria
are: (a) dimensional stability, (i.e.: no shrinkage on curing), (b) a matching coefficient of
thermal expansion, (c) castability, (d) ease of removal, (e) sufficient compressive strength
and modulus.

Mutho and Landes [19] attempted many methods to support their metal foil liners.



One was to pressurize the liner but rippling resulted at the roving cross-over points. This
was attributed to the shape of the liner being substantially different than the neutral axis
configuration of the complete wound tank. Low melting alloys were tried (tin-bismuth)
but the density of the material is so high that it is difficult to cast and the liner can distort
from its weight. Different types of specialty plasters were experimented with. Shrinkage,
despite manufacturers claims, was a big problem especially at elevated curing temperatures
(300 °F). The material finally used was a sand-PV A mix even though it has the drawback
of low compressive strength.

Traditionally, all foil metal liners succumb to failure and are especially prone to do
so at the welds, either at the equator or dome-to-boss junction. In addition, this is often
preceded by debonding which leads to microbuckling. The debonding generally occurs
first at junctions and discontinuities. One approach much researched was the "hinged

boss" design, Figure 2.3.
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Figure 2.3 Hinge-boss design for thin metal liner to fill stem attachment [43].



Even in cases where liner rupture at the boss could be avoided failure at other weld points
would inevitably follow [43][37].

Single-piece liner construction has advantages and electroforming is one such
method. Guess [16] used this technique and plated copper over an aluminum sphere
incorporating a stainless-steel fill stem. After etching away the aluminum, the copper
remained with a metallurgically bonded fill stem. Because the fill stem was very small and
appropriately designed, the calculated stress intensity factor at the junction was only 1.11.
Gerstle and Kunz [44] made similar size liners for thin-walled vessels using hydroformed
1100-0 aluminum hemi-shells, electron beam welded at the equator. Fill stem and south
pole bosses were machined from 5086-0 alloy and welded in place. An overall stress
concentration factor near 1.25 was estimated, due in part to the difference in yield strength
between the two alloys. Figures 2.4 and 2.5 show some details of electro-formed liners

and electron-beam welded ones from the above mentioned authors respectively.
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Figure 2.4 Dimensions pertaining to different stem geometries and values of stress
concentrations associated with each design [18].
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Figure 2.5 Geometry of aluminum lined Kevlar-49® epoxy vessel.
Failure point in composite was next to the weld between
the 1100 and 5086 aluminum [44].

Thin cylindrical aluminum 6061-T6 liners were formed by impact extrusion in the
program reported by Grover and Alyer [45]. A three step boss was used to minimize the
wind build-up at the vessel ends. Two such extrusions were welded together to form a self
supported liner. The wind angle was chosen in order that each helical layer lay adjacent to
the largest unwound step diameter. When the composite reached the top of the step, the
winding pattern was changed in order that the band lay adjacent to the next smaller boss
step diameter. This procedure prevents excessive fiber build-ups and bridging. Liner
thickness at the polar opening is dictated by the local shear strength requirement to
prevent blowout of the boss. The steps reduce both composite and liner weight while
lowering the stress concentration at the tangent line between dome and boss. Also it

appears that the stepped boss, acting as a rigid body, distributes load to the intermediate



layers at each step interface.

With current production methods, thin aluminum liners are commonly fabricated
by deep-drawing and spin-closing a round sheet. This forms a single boss liner.
Alternatively, drawn aluminum tubing can be spun closed at both ends to obtain a vessel
with two openings. In each case, the spinning process limits the minimum thickness.
Chemical milling has been used to reduce the thickness from 0.080" down to 0.023" and
lower for specialized applications [14].

Most commercial production thin metal-lined (load sharing) vessels today use
6061-T6 aluminum alloy because of its availability however it is known that 6351-T6 has
superior corrosion resistance and strength [46].

Development work on Skylab and the Space Shuttle focused on vessels of the load
sharing liner design [39]. Inconel 718 and Ti-6Al-4V liners were examined. Inconel
remains inert with oxygen (life-support) while titanium liners were slated for use with
helium for expulsion of the fuels to the rocket nozzies.

In commercial applications, especially vehicular, the liner cost and its weight are
significant considerations. The price ratio between a conventional gasoline fuel tank and
the equivalent fuel containment in glass composite gas cylinders has been estimated at 25
times [31]. This is rapidly changing. The cost of the metal liner and its contribution to the
total weight is significant. Vessels incorporating blow-molded HDPE plastic liners using
encapsulated aluminum bosses overwrapped with either E-glass or glass / carbon hybrids
have recently been introduced for vehicular application [24]. The manufacturer states that

the plastic liner can be produced for 50% of the cost relative to a metallic one. For plastic



liners, data on permeation resistance to the methane molecule at 3000-4000 psi is very
difficult to find [31]. Hydrogen is known to permeate more than methane, but not very
significantly more. Cylinder manufacturers have had to perform their own testing.

Authors Hamstad and Chiao [38] had successfully used fatigue resistant plastic
liners in 1974 to contain nitrogen. Helium however was too permeable.

Brunswick states that permeation rates for its plastic-lined pressure vessels are
under 0.1% of the allowable under the ANSI/AGA NGV?2 standard. Surface treatments
are also under examination to further reduce permeation if so required. In production, the
plastic is extruded into a tube by a die that can vary the resulting wall thickness along the
parison's (pre-form) length. The plastic is blown against the closed mold halves and the
wall in the parison is designed to result in a liner with gradual transitions in wall thickness.
This minimizes strain concentrations. weight, and elevates cyclic life capability [47].

Approaches using integral foils or electro-deposited metal on the plastic liners
were long ago tried for containment of hydrogen at cryogenic temperatures. These
experiments were not successful. It was concluded that polymeric films will always be
permeable to the rare gases. [11]

Presently there is no known effort to re-evaluate the capability of polymeric liners

for use with low reactivity gases such as methane or hydrogen at cryogenic temperatures.



2.4 Liner Fracture

A different aspect of materials technology is liner fracture toughness. In a program

reported on by Gleich [48], testing on Kevlar® spherical vessels with a thin cryoformed
301 stainless steel liner showed virgin fracture toughness of over 180 ksi +/in (200

MPavm ) and better than 100 ksivin (110 MPavm ) in the heat affected zone of the
weld. Critical flaw length was 4 times liner thickness in this 200-260 ksi strength material.
A leak before burst (LBB) condition was theoretically assured and tested to be so. Severe
hydrogen embrittlement around the girth was instigated artificially and lead to compiete
and instantaneous failure (10~ to 10 sec.) throughout the liner with negligible affect upon
the fibers. Even at a 50% reduced fiber overwrap thickness there was never any form of
catastrophic materials release while the liner fractured at the operating pressure. There are
on-going studies examining the safety of designs in current and future aerospace
composite pressure vessels, specifically impact / damage tolerance related [60].

Schmidt {49] published a fracture mechanics design method used at Brunswick
Corp. to predict dynamic loadings imposed by liner failures and showed that potential
problems can arise when the liner is very thick relative to the overwrap.

In certain cases it has been debated if the liner itself affects the failure mode of the
composite. Grover and co-authors [17] substituted their aluminum liner with a rubber
bladder and found no evidence of any change.

During a Space Shuttle development program, titanium liners were found to be

quite flaw sensitive around the welds. Examinations also showed that titanium is



susceptible to cracks initiated at brittle oxide layers as a result of inadequate furnace
control during liner annealing. Dye penetrant testing and X-ray inspection were performed
prior to winding. The X-ray inspection was repeated after the sizing cycle when cracks
grow and open under pressure. Subsequently fracture mechanics was applied to predict
service life [39]. With titanium the critical flaw size can be less than the liner thickness

hence extensive quality control is requisite.

2.5 Composite Material Property Requirements

Estimation of the safe working life of a composite vessel requires an assumption
about the controlling failure mode. Some applications require storage at high pressure
with only slight cyclic variations in pressure. When considering only the time at pressure,
correlation can be drawn to creep-rupture tests. Extensive work was carried out with
Kevlar 49® and S-glass / epoxy using both impregnated strands (Chiao and co-authors
[50]) and actual pressure vessels (Gerstle and Kunz [44]). Although strand-based and
vessel quasi-static strength data showed little variation. creep-rupture data presented
considerable scatter. Based on a “one in a million” failure rate, the investigators concluded
that a safety factor between 1.8 to 2.7 would be suitable for vessels needing to remain in
service for 10 years. This variability was attributed to inconsistencies in the Kevlar 49%'s
characteristics from spool to spool. Within a particular spool, failure was entirely

consistent. (One might assume that consistency problems today are less likely). It was

noted that extreme sensitivity of pressure on failure times in creep rupture experiments



requires very tight limits on pressure or stress. A 20 ksi (138 MPa) increase in the applied
stress can reduce life by a factor of 10.

Impregnated strand tests indicated that S-glass / epoxy degraded near twice the
rate of the Kevlar 49® / epoxy and that for equal time to failure the Kevlar® system could
sustain a slightly higher percentage of its ultimate stress than S-glass. Unlike Kevlar® and
glass, carbon fiber is almost insensitive to sustained loads and tolerant in fatigue. As early
as 1969, cyclic testing on Thornel 50 carbon fiber vessels at up to 90% of static burst
showed one unit that survived over 1000 cycles. Performance in this respect is an order of
magnitude above what could be expected of glass or Kevlar® [43]. Babel and Vickers [51]
experimented with carbon fiber vessels loaded to 97% of their expected rupture and used
this data in conjunction with strand tests. The purpose of the study was to provide
assurance of a 30 year life with 50% sustained load combined with periodic cycling for use
aboard Space Station Freedom. The probability of survival under 50% sustained load was
estimated to be better than 99.9999%.

It should be noted that many of the works reported on were performed whilst
Kevlar 49® ( Dupont's trade name for their aromatic polyamide or aramid fiber) was in the
development phases, designated PRD-III. To be accurate, the PRD and early references to
“Kevlar” were based on poly-p-benzamide (patent 1967 & 1972), and only later did
Kevlar 29%, Kevlar 49® and Kevlar T950/956%, based on p-phenylene terephthalamide
(patent 1974), come to replace these. Similarly, glass and especially carbon fibers have
seen a great deal of technological evolution [52]. The manufacturers of these have

continually made advances and over the years many of the smaller companies have seen



their product lines and trade-names merged with the multinationals. Divisions are bought
and sold so the geneology of particular fibers is often difficult to follow. Among the major
manufacturers in existence today are Toray, AMOCO, Hexcel, Zoltek, Akzo, Mitsubishi,
DuPont, Owens-Corning and Vetrotex-Certin-Teed [53].

Experience has shown that impregnated strand test data can be translated to an
allowable vessel layer stress given that an appropriate correction factor (translation factor)
is applied. As far back as 1964 it was realized that hoop windings on vessels can achieve
very near laboratory strand tensile results, whereas for the helical layers 85% was a
reasonable expectation. Table 2.1, taken from Shibley [54] on stress correction factors,
relates to glass fibers and shows the reduction factors used over laboratory uniaxial tests

as a function of overall vessel size.

Table 2.1 Correction factors for allowable stress [54].

Diameter, Hoop Longitudinal
in. (cm) Filament Filament
4 (10) 0.99 0.95
18 (46) 0.96 0.89
36 (91) 0.94 0.87
44 (112) 0.93 0.87
54 (137) 0.92 0.86
300* (762) 0.87 0.83
* extrapolated

In a cylindrical pressure vessel, translation efficiencies are lower for helical fibers
than for hoop fibers. This is because the helical fibers suffer from the overlaps and cross-
overs, as well as the discontinuities at the dome cylinder junction and the polar boss

region. For these reasons, the helical to hoop fiber stress ratio may range 0.75to 1.0



depending on the severity of these factors.

Peters, Humphrey and Foral [55] discuss Kevlar 49%. In a biaxial tension field like
a pressure vessel, Kevlar 49® exhibits lower translation efficiencies than glass or graphite,
typically 70 - 80% of the strand tensile value. Translation efficiency is affected by fiber
damage during winding, voids, complex stress states, etc., which are present in the
laminate but not in the strand tensile specimen. Keviar® with its fibrous micro-structure, is
easily split longitudinally by matrix cracks, given the matrix is tightly bonded to the fiber.
When the fiber is coated with a release agent (silicone oil) prior to winding, matrix
cracking by-passes the fiber thereby improving efficiency.

Where interlaminar shear strength is important, fibers wouid not be “released”
from the matrix. Reflecting this, in a cylindrical pressure vessel, the hoop fibers can be
coated in oil while the helically wound fibers, with discontinuities at the dome cylinder
junction and polar boss, would not be released. Translation efficiencies in the hoop fibers
would typically increase from 70% to 85% by releasing. Releasing glass and graphite
fibers has not been found effective at improving their translation efficiencies.

Micromechanical modeling of the time dependent properties of Kevlar® suggests
that if the fiber is well bonded to the matrix it may be subject to longitudinal cracking
because of its inherent weakness in this direction. Statistical studies and models for
Kevlar® fiber's strength and stress-rupture behavior are well documented in a publication
by Phoenix and Wu [56]. Failure modes in Kevlar® fiber and their origin are also discussed
by Morgan et al. [57].

Low velocity impacts on pressure vessels have been assessed by Knight [58]



experimentally and computer modeled by Yener and Wolcott [59]. There is an ongoing
study presently (COPV) at the NASA JSC White Sands facility to evaluate damage
development and advanced non-destructive testing techniques. These include IR
thermography, ultrasound, eddy current and acoustic emission for vessels subject to
impact and / or chemical attack of the liner [60].

DuPont produces many forms of Kevlar® and has developed a variation with
higher modulus (Type 149), or variants that have doubled impact and improved strength
translation by 40% in hoop windings (Type 49-981) [37](61].

Studies on environmental effects have shown Kevlar® s sensitivity to UV radiation.
Its fabric degrades to half the original strength in only 5 weeks of exposure to strong
sunlight. Humidity effects on Kevlar® are for the most part reversible and dependent on
resin properties. Glass based composites suffer to a greater degree. The temperature
limitations for Kevlar® are 200 °C, beyond which significant property degradations over

time can be expected [62]. Carbon fiber are comparatively stable but not the resin systems.

2.6 Cryogenic Properties

Nickel base alloys, stainless steel, aluminum and titanium, of differing
compositions were evaluated as load sharing liners at cryogenic conditions along with
glass composite overwraps [8]. The composite showed an increase in strength of
approximately 25% at -320 °F (77 °K). Titanium, followed by aluminum liners, promised

the lightest structure while stainless steel, titanium and the nickel base alloys show
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enhanced properties at cryogenic temperatures. Titanium has the highest liner elastic range
(0.6%), aluminum (0.4% - 0.5%) while stainless steel is non-linear and subject to work-
hardening. Stainless-steel liners are therefore habitually cryoformed in liquid nitrogen as
this allows strain hardening by a factor up to 7 times. Even sizing can be performed in a
liquid nitrogen bath [46].

Electro-deposited nickel and metallized Mylar® films among many candidate
materials were tested by Toth back in 1964 [10][11]. He determined both permeation rates
and elongation characteristics at 20 °K (liquid hydrogen temperature). The electro-
deposited nickel 0.005" thick performed best, surviving +/- 0.83% strain for 250 cycles.
This takes the nickel well into plastic deformation on every cycle. Also for single cycle
burst tests the electro-deposited liner remained intact at the 2.5% - 3% strain experienced.
At 20 °K, electroformed nickel exhibits 20% elongation and a 110 ksi (758 MPa) vield
strength.

The high differential contraction rates of polymeric films relative to the composite
and their low elongation rendered them unsuitable at these temperatures. Reactivity of the
liquid oxygen (LOX) with hydrocarbon-based polymers can lead to small detonations
when subject to severe impact [11][63].

The above work by Toth, Caren [13], Pope [12] and others was part of a NASA
sponsored exploratory program to evaluate polymeric films as liners for cryogenic
containment of fuel / oxidizers. Candidate elastomeric materials including Teflon, PVDF,
polyimide and polyamide films, TFE, FEP, CTFE and many others were examined in the

mid to late 1960's.



Space flight requires the containment under pressure of propellants: Liquid
hydrogen, liquid oxygen, and fuels pentaborane, chlorine trifluoride, 50% / 50%
dimethylhydrazine-hydrazine mixtures and nitrogen tetroxide. Kapton® film (polyimide)
was eventually selected as the best candidate material in these early studies. It exhibited
about 10% strain at 20 °K but further evaluation showed it fractured quickly under cyclic
conditions. Only 6 cycles were survived at 1.2% strain [9]. Previous studies at 77 °K by
Boeing had indicated that this film might be suitable. In general the limitations
encountered with polymeric liners included permeability, erosion under rapid flow, low
elasticity at cryogenic temperatures, short fatigue life and manufacturing problems. Such
complications, given the materials, requirements imposed and technology available, led to
an abandonment of the idea [6]{40][63].

Evaluation of materials for a proposed British reusable orbital launch vehicle
authored by Walmsley and Wilson [64] sees APC-2 (PEEK thermoplastic / carbon fiber)
showing good promise for a thin-walled vessel storing liquid hydrogen at 20 °K. APC-2
appears to have low susceptibility to microcracking as opposed to other composites. In
the past, numerous epoxy resin matrix composite vessels of glass, Kevlar® or carbon have
seen service at cryogenic temperatures. Thermal conductivity values and contraction
coefficients as temperature functions are known and standards for outgassing under
vacuum have been established for service in space [65]. The National Bureau of Standards
(NBS) in the U.S. has established parameters when using elastomeric O-rings as static
seals at 77 °K. The confined rings are compressed as much as 80% before subjecting them

to low temperature. On the whole, 30% strength and 10% modulus increases are expected
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for most fibers as one approaches absolute zero. The ultimate strains of the
fluoropolymers vary significantly within the cryogenic range, and some are useable at
under -200 °C (-328 °F).

Kasen [63][66] reviews properties of both resins and fibers at cryogenic
temperature. This work, although dated, is comprehensive and reviews all available data
through 1975. Some facts evident are that Kevlar® expands greatly when cooled whereas
carbon fibers show a minimal positive coefficient of thermal expansion and glass contracts.
The modulus of Kevlar® increases about 40% at 77 °K while strength is about 90% of
room temperature values. Carbon fiber's modulus is stable but the low temperature
strength degrades somewhat although fatigue performance remains superior to all other
fiber types. Variability resulting from the broad base of the test data reviewed remains an

obscuring factor.

2.7 Safety Standards

There exist so many different applications, materials and methods of construction,
service life and exposures to environmental hazards that every design and application
needs to have its safety examined. Standards and test methods evolve, progress and get
revised with accumulation of experience and the evolution of newer designs. Surveying
the literature has shown the upper range of safety factors in the neighborhood of 3.5 while
the lowest are around 1.5 times the burst pressure. Different regulations exist for military

and civilian use. Illustration and example over the spectrum in various applications can



serve to condense and clarify. The commonly known ASME pressure vessel code
(Section-X) restricts itself to a maximum of 200 psi (1.4 MPa) for composite vessels

hence other guidelines are presently being followed [32].

2.7.1 Military Standards

Military Specifications (MIL-R-8573 for steel tanks and MIL-T-25363 for all
composite tanks) were originally written in the 1950's. These MIL-STD's later became the
basis for civilian Department of Transport (DOT) exemptions and later DOT
specifications for composite pressure vessels.

Representative of one extreme, Charpentier and Reuille [67] report on
implementation of MIL-STD-1522A (USAF) [33] for thin-walled titanium lined carbon or
Keviar® vessels intended for service on satellites designed by Aerospatial. The standard
proposes two routes for qualification testing. For safety factors (SF) equal or above 2.0, a
conventional route is chosen. This comprises a stress analysis and a fatigue analysis. Then
the vessels are proof tested to 1.5 times operating pressure, cycle tested and finally burst.
The standard however is really geared to permit construction of vessels with safety factors
as low as 1.5 minimum. Typically such vessels would see service in unmanned devices
launched into space where the design requirements are to withstand perhaps 20
pressurization cycles before burst. In such a case more extensive analysis is carried forth
including a fracture analysis to establish if a "leak before burst" situation will resuit. Proof

pressure is established at (SF + 1)/2 times operating pressure for a fail-safe mode and 1.25
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times maximum expected operating pressure (MEOP) if analysis or tests show
catastrophic failure modes. Both situations reduce to applying a proof pressure 1.25 times

MEOP when designing to the lowest permissible safety factor of 1.5.

2.7.2 Civilian Standards

Until the event of composite pressure vessels, regulations for compressed gas
cylinders were based on ASME rules. The basis of such mechanical engineering practices
date back to the 1930's. ASME regulations are conservative and adequate for welding
bottles and bulk storage facilities for the commercial gas storage and transport industries.

The US Department of Transport (DOT) has the authority under Title 49 of the
Code of Federal Regulations - Transportation, by means of container specification, to
govern pressure vessel use and to mandate their periodic re-testing.

Commonly, development in technology precedes regulations and standards set
forth by rule makers. Proponents of composite pressure vessels succeeded in swaying
acceptance from the DOT with the help of NASA technology transfer programs,
commitment from aerospace giants like Boeing and pressure vessel specialists Structural
Composites Industries (SCI), a primary aerospace subcontractor in this field today. DOT's
first exemptions for load sharing metal lined vessels were granted in 1976 for a fireman's
breathing air supply and the Boeing 747 escape shutes [46].

DOT specifications have evolved over the years in response to manufacturers

requests for exemptions. Specifications include DOT 3-AA, 3-AL, 3-F (proposed for high



alloy steel), FRP-1, FRP-2. When development precedes available specifications, DOT
issues transport exemptions. In Canada, the Canadian Transportation Commission (CTO)
has likewise issued exemptions [35]. For Example CTC 1465 / DOT E-8725 applies to
metal lined full-wrapped glass composite cylinders, DOT E-8162 for Keviar® composite
vessels and CTC 1880 / DOT E-8965 pertains to steel lined hoop wrapped vessels [24].
Other exemptions exist for composite vessels used in breathing apparatus, inflation
devices, etc. One of the latest is E-10945 issued to SCI in late 1996 for their carbon fiber
overwrapped self-contained breathing apparatus, also applicable to a host of other vessels

designed to similar specifications [22].

2.7.3 Vehicular Fuel Cylinder Standards

The National Highway and Traffic Safety Administration (NHTSA), a department
within the DOT was handed responsibility for NGV containers from the Hazardous
Materials Branch. In 1990 NHTSA gave advanced notice of a proposed rule-making but
did not act (President Bush had at that time imposed a moratorium on new rulemaking).
Their inaction lead the vessel manufacturers, gas associations and related equipment
manufacturers to implement ANS/AGA NGV2-1992, a standard that permits 4 classes of
cylinders [34]. This standard is geared specifically for automotive requirements and is
similar but not identical to older DOT FRP-1, FRP-2 guidelines. It should be noted that
the DOT regulations and exemptions do not presently address the use of vehicular fuel

containers but are rather intended as approvals for common carriers (truck, rail, air) to



allow for a filled composite vessel's interstate transport.

The specter of product liability is an important concern for the big three U.S. car
manufacturers. These OEMs favor the latest plastic lined full-wrapped technology but they
lack a fully adopted and accepted NTHSA standard to back them. The newest
technologies are attractive due to greatly decreased weight and slightly greater contained

volume, Figure 2.6 and Table 2.2. However as late as the 1995 model year production
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Figure 2.6 Comparison of storage systems
weights for various alternate fuels [30].

light and medium duty trucks still used hoop-wound steel cylinder technology. Empbhasis is
steadily shifting towards the more advanced technologies. Part of this is due to increasing

cost benefits as the price of carbon fiber falls and the estimated 30% reduction in vessel



Table 2.2 Attractiveness index of competing vehicular fuel cylinders [3 0].

Technology PV oLyw- e |
3000 psi containment . | Pressure | Volume Weight |- Cost” | PV/WC| PV/C
(circa 1993) | cPsic | Sef” | oLbte|oogt | o
Hoop Wound Steel 1.00 1.00 1.00 1.00 1.00 1.00

Hoop Wound Aluminum 1.00 0.93 1.35 0.85 1.07 0.79
Fully Overwrapped Alum. | 1.00 0.95 1.51 0.95 1.37 0.90
All Composite E-glass 1.00 0.95 1.79 1.15 1.95 1.09
All Composite Carbone 1.00 1.14 | 3.57 1.10 4.48 1.25

All Composite Carbone- 1.00 1.14 | 3.57 | 0.90 3.66 1.03
#** Standard cubic foat
** assumes $13/1b carbon
* assumes $8/Tb carbon

cost as a result of using blown thermoplastic liners. Presently the lowest cost carbon fibers
are $6.50 /Ib. and optimistic expectations are in the $5.00 /lb. range for the year 2000.
Meanwhile retrofitters are using the latest technology. While Brunswick

Corporation was the first to market a plastic lined cylinder, EDO of Canada, Comdyne,
Atlantic Research, ABB of Sweden and Ullit of France each have their versions [30].

Newer regulations and standards are forthcoming. In Canada there exists a (draft)
"Appendix G" to the Canadian Boiler and Pressure Vessel Code and a standard (CAN
B51) for vehicular fuel cylinders. The International Standards Organization (ISO) is
looking at standards by the International Association for Natural Gas Vehicles (IANGV).
A draft standard (ISO DIS 11439) was published in 1997 and reviewed twice in 1998,
now to be redrafted by Powertech of Canada into 4 separate documents and submitted to
the ISO for approval [258]. The American Gas Association (AGA) has developed

recommendation for a standard on fuel dispensing and bulk storage facilities [68].



2.7.4 ANSI/ AGA NGV2-1992 Specifications

Under the ANSI/ AGA standard there are 4 classes. The first two of these
concern metal and hoop reinforced metal cylinders. The third, NGV2-3, pertains to metal
lined full wrapped cylinders. The fourth, NGV2-4, relates to plastic-lined full wrapped
cylinders.

The standard applies to vessels up to 4350 psi (300 bar = 29.6 MPa) maximum and
applicable safety factors (SF) are defined as a function of the fiber type: Glass; SF = 3.5,
aramid; SF = 3.0 and carbon; SF =2.25. Service temperature limits are placed between -
40 °C to 82 °C. Gas temperature at 57 °C defines maximum operating pressure.

Service life is 15 years, and for non-metallic liners maximum permeation is limited
to 0.25 normal cc/hr per liter water capacity of the vessel while at service pressure.

Generally, for a 6061-T6 aluminum liner, the tensile stresses in the wall are 95%
(compressive) and 60% tensile, relative to the yield strength at zero and operating
pressures respectively [46].

Autofrettage pressure must be at least 105% of proof pressure (nominally 110%)
and proof must be 1.5 times service pressure. Vessels are to be tested in maximum lots of
200 units or one shift of production, with destructive testing carried out on at least one
such vessel.

5000 cycles from 10% to 125% operating pressure must be survived prior to burst
testing on the test vessel taken from each production lot.

Minimum burst is defined by the safety factor muitiplied by operating pressure.
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Each individual vessel in the lot is proof tested to 1.5 times operating.

Aside from not leaking, the requirement is that permanent volumetric expansion

must not exceed 5% of the total volume expansion seen under proof testing.

Additionally tensile and impact tests must be performed on a virgin liner.

The above represents the basics for lot acceptance and lot testing. Design

qualification testing (essential for new designs) is more rigorous and includes the

following:

a)

b)

d)

Pressure cyclic testing: A new vessel is subjected from 10% to 100%

pressurization for 13,000 cycles followed by 10% to 125% for 5000 cycles (max.
rate 10 cycles / min).

Environmental cyclic testing: After having preconditioned a new vessel for 45 days
at various temperatures and 67% service pressure with natural gas, compressor
oils, water, hydrogen sulfide, and carbon dioxide (contaminants) according to a
specified schedule, the vessel is subjected to the following:

5000 cycles 10% to 125% pressurization at 60 °C and 95% relative humidity
followed by 10% to 100% pressurization at -40 °C for another 5000 cycles.

Burst tests: Three vessels are brought to the minimum required burst pressure
(determined by the safety factor assigned to the material of construction), held for
10 seconds, then pressurized further till burst.

Damage Tolerance: A flaw tolerance test using a 1 inch (25 mm) long by 0.030"

(0.75 mm) deep cut, an impact test at various points with a prescribed pendulum of

30 Nm energy and a drop test from a 10' (3 m) height to a concrete floor must be
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h)

performed. In each of the above tests the vessel must subsequently survive 1500
cycles from 10% to 100% pressure and be followed by a burst test.

Fire: A bonfire test must be performed in different positions with 20 minutes
exposure or stopped once the vessel vents through the safety valve. (Vessel must
not burst).

Creep: Testing is mandatory for vessels with non-metallic liners or with low glass
transition resins. The test involves 125% pressure for 200 hrs at 20 °C above the
maximum design material temperature. Afterwards the vessel is checked for
conformance by a hydrostatic expansion test, leak test and burst test.

Gunfire: Tests using a 30 caliber armor-piercing projectile (tungsten carbide) at
2800 ft/s (= 850 m/s) are used to ensure the vessel does not experience
fragmentation failures. Should pieces be released that have sufficient energy to
pierce through automobile sheet metal, the vessel would not be considered
acceptable.

Gas permeation: This test is required for non-metallic lined vessels.

Severe abuse tests were extensively carried out at the request of the DOT in the

early 1980's when composite vessels where first put into vehicles [69]. These tests

included attempted destruction of filled vessels with dynamite, dropping NGV fueled cars

from cranes 90 feet high, repeated blasts at point blank range from police issue 357

magnum "hot" charges, 50,000 cycles pressurization ambient and 25,000 cycles both cold

and hot, and so forth. For example, in the drop test the vehicle's rear bumper ends up in a

position originally occupied by the back seat. The vehicle collapses around the cylinders to
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approximately half its initial length. In each such test the vessels survived. ANSI / NGV?2
specifications are designed on the basis of utilizing the composite to a stress level
commensurate with a 0.999999 reliability (1/million) for a period of 15 years [47].
Manufacturers tend to exceed the ANSI/ AGA and DOT specifications by a small margin
(example: SF =2.35 is used rather than 2.25 as mandated for carbon fiber by Brunswick).
Estimates exceeding 1 million fill cycles under normal pressurization have been made.
Carbon is generally hybrid with a small amount of glass to increase damage tolerance.
Some manufacturers use a tumbling 50 caliber gunfire test (specified by the military for
gunfire tolerance) rather than 30 caliber [47]. This slight over design is likely to eradicate
costly lot rejections, lessens a manufacturer's legal liability and helps cater to a broader

market.

2.8 Thick-walled Vessels

Thick-walled composite pressure vessels were defined by authors Mulho and
Landes in 1968 as vessels operating at 30,000 psi (200 MPa) or higher [19]. Guess [16]
has indicated 22,000 psi (150 MPa) as the cut-off point while Grover, Foral and
Humphrey and Ayler [17][45] infer that 25,000 psi (172 MPa) operating, 50,000 psi (345
MPa) burst are considered "ultra-high". On the whole, "thick-walled" and "ultra-high" are
synonymous in this context.

Thin wall theory assumes that stresses through the wall thickness remain constant.

Conventionally it is viewed that for radius to thickness ratios above 10 (r/7 > 10) thin-wall
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vessel theory is adequate. For thick-walled vessel design the nomenclature used is more
commonly the outer to inner radius ratio (b/a). The 10:1 rule of thumb does not extend
well to composite designs. The above assumption translates to a load drop of about 9.9%
at the outer wall for a pressurized sphere (r/t = 10, or b/a = 1.1) if the material is

isotropic. In spherical vessels, load drop is related to a material's orthotropy exponent

+ A4 —.
deﬁnedasn=% 1+8A9° Yo ~ o

< PP

, where the A’s refer to the stiffness matrix terms

in the radial (p), hoop (¢) and meridional (8) directions [15][16]. For isotropic materials n
= 1.5, but will range from 3-6 for composites. Kevlar at 70% volume fraction has n =
3.065. In the example above it would sustain a 12.9% load drop. Thornel 75S carbon fiber
at 51% volume fraction has n = 6.13. It would experience a 23% stress reduction with the
equivalent geometry. Clearly the thickness ratio chosen to define "thick” is a strong

function of material properties. For cylindrical vessels a similar factor is designated

K= By , and the definitions for these terms can be found in Chapter 4 (equation 4.13).

K is a function of the winding angle (whereas 7 is defined in terms of axisymmetric
properties requisite for a sphere). For isotropic materials K =1 but ranges = 3 for
composite laminates at typical winding angles near 55°. The implications for diminished
stress at the outer surface are parallel to those for spherical vessels.

The report authored by Mulho and Landes in 1968 1s probably the earliest
work specifically related to the design and construction of high pressure thick-walled
vessels. Their vessel's thickness ratio are barely considered "thick”" today with r/t = 11 (b/a

= 1.09). Owens-Coming 901-S1 glass was the material of construction. The program



established was not successful in arriving at relatively modest goals. Applications for the
work were not specified but a design target was set at 15 cycles to 15,000 psi (103 MPa)
and a 33,000 psi (227 MPa) burst pressure. The best vessel survived 13 cycles to 15,000
psi (103 MPa) and the highest burst pressure achieved was 23,800 psi (164 MPa). 16
vessels were built.

The investigators did correctly identify the essence of the problem facing them and
this assessment has some validity today. To summarize, the following is excerpted:

"The thick-wall composite shell required to react high internal pressures introduces
discontinuity stresses that must be minimized to achieve a uniform stress field throughout.
These stresses result principally from the head-contour difference between inner and outer
layers, and from uncontrolled filament tension during winding. The stress distribution in a
pressurized thick-walled structure, calculated by the equations developed by Lamé are
such that the outer surface is subjected to low stresses and is therefore inefficient. Several
methods have been recommended for the construction of thick-walled, filament wound,
high pressure vessels that will elastically resist relatively high internal pressures and will
make effective use of the material near the outer surface. Basically they create pre-stresses
of different magnitudes throughout the vessel wall, so that the resultant stress distribution
will approach a constant value for each structural element when internal pressure is

applied. The more practicable methods to accomplish this condition include the following;

* Varying winding tension of discrete layers of glass filaments during
fabrication.
* Application of discrete layers of pre-stressed glass filaments with different
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elastic moduli.
* Addition of an outer overwrap of a pre-stressed metal filament layer in
order to achieve greater elastic restraint.

* A combination of the above methods."

Only the first method involving variable tension in the filaments was tried. At the
time, only glass filaments were readily available, precluding the variable moduli approach.

In the study by Mulho and Landes, an oblate spheroid, which constitutes two
geodesic or planar heads back to back without a cylindrical section, was chosen. This
configuration was based on one of their previous reports which indicated that the sphere
which represents the optimum configuration for homogeneous metal pressure vessels, is
theoretically no more efficient for filament-wound structures than is a vessel of any other
shape. Their test results indicated that the non-uniformities and stress concentrations
caused by the filament cross-overs of the multiple wrap patterns required to react a 1:1
biaxial force field relegate the filament-wound sphere to an efficiency below that of oblate
spheroids and cylindrical pressure vessels. Their studies indicated that the oblate spheroid
as the most efficient filament wound pressure vessel structure, followed by cylindrical and
torroidal shapes.

The method of increasing the winding tension of the filaments with each successive
layer was employed in the above study. For this design, the 330 ksi (2275 MPa) filament
stress was calculated to reduce to 280 ksi (1930 MPa) at the outer surface using the Lamé
equations. In the experiments winding tension was begun at 9.5 ksi (65 MPa) and

increased with each layer to the winder's maximum of 48 ksi (331 MPa) . Pre-impregnated
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rovings were used, an intermediate cure was performed after half the wind thickness was
complete. For some of these vessels the outer half was wet-wound.

Alternately, it was computed that a 3% increase in stiffness per layer would
provide an equivalent effect (constant design stress).

The authors could offer little evidence that the fiber pre-stress was maintained after
the curing.

Knight [70] and Leavesley [71] performed finite element studies about 20 years
later which modelled the winding tension. Their studies were performed on wound spheres
with the winding pattern reproduced concisely in the element generation scheme. They
found that for thicker windings as much as half the wall thickness can end up in a state of
compression. First there will be the effect of tension loss due to mandrel deflection. As
each successive layer is applied its tension must be resisted by the mandrel. Any deflection
will relieve fiber tension. Second there is the bulk motion of resin flowing outwards
allowing the fibers to migrate inwards. Resin shrinkage and the thermal cycle during cure
also contribute to the state of residual stress. Vessel strength degradation due to relaxed,
wrinkled or locally buckled fibers resulting from a state of compression is a serious
detrimental effect and can outweigh gains anticipated by pre-stressing.

In the 1980's a new application was found that required containment of helium at
25 ksi (172 MPa) operating, 50 ksi (345 MPa) burst, pressure as a power source for the
pneumatic actuator systems aboard air-launched tactical missiles. A few researchers
worked on the topic.

Grover and Ayler [45] used S-2 glass, Kevlar 49® and carbon fiber with increasing
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stiffness towards the vessel exterior. A major difficulty arose when trying to surpass
35,000 psi (241 MPa). Development efforts showed that radial stiffness of the laminates is
crucial. At 20 ksi (138 MPa), unidirectional Kevlar® fails under compression in a radial
(transverse) direction. For small angle * helical windings, the radial strength is higher but
when the matrix fails, adjacent constraining layers rotate in opposite directions resulting in
an abrupt loss of stiffness. A minimum weight and thickness design dictates that all helical
and hoop layers are consolidated, with the hoop layers on the outside. The rotation effects
can best be kept in check by having many thin and interspersed constraining layers. In
Grover and Ayler's work helical layers with a = 75° wind were interspersed with a + 37°
wind for this reason. Low radial stiffness also results from high void content, delamination
and / or a high resin content.

In winding spherical vessels, Grover, Foral and Humphery [17] employed quasi-
isotropic annular doilies with decreasing radius as interplies around the fill boss. In this
region the rovings are all oriented tangent to the boss and susceptible to compressive
failure due to radial loads. Also the fiber path can be concave due to fiber build-up at the
beginning of each pattern causing fiber bridging, voids or weak resin filled areas.

Ericson and Yorgason [72] used finite element methods to study parameters
affecting stress concentrations near the bosses. They evaluated and tested configurations
for different wafers of reinforcement within the composite in this area and achieved a 17%
stress reduction with a two step hoop wound dome wafer. Their work on graphite epoxy
vessels lists a summary of techniques, identifying those detrimental and others which are

beneficial over standard thin-walled vessel construction techniques.
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Grover and co-authers [17] investigated spherical Kevlar pressure vessels for 25
ksi (172 MPa) operating, 50 ksi (345 MPa) burst pressure. Nine polar wind patterns from
11.7 to 90 degrees (planar) were used to build up the wall. Vessels with outer to inner
diameter ratios up to 1.5 (r'7 =3} were constructed. Ductile 5086-0 aluminum 0 050"
(1.25 mm) thick was hydroformed into hemispheres and welded at the equator. Prior to
welding, polar fittings were machined from 17-4 PH stainless steel and bonded under
temperature and pressure to the liner halves with chlorobutyl rubber. Their investigation
showed that radial compaction effects may be taking place which lead to a delay in the
onset of strain within the outer layers. Thermal curing stresses were found to be the major
source of delamination. A 140 °F (60 °C) cure resin system was used to alleviate the
situation allowing the design objectives to be met. The best PV W was 0.36] million
inches with ba at 1.5.

Guess [16][18] published experiments related to the development of spherical and
cylindrical pressure vessels in 1984. 62.5 ksi (430 MPa) containment was achieved in a
spherical vessel consisting of Kevlar® over an electroformed copper liner with integral
stainless steel fitting. The vessel sizes tested were very small (about 4" or 100 mm dia.)
but scale effects were investigated over a 2:1 range; no changes resulted. The copper
liners, when free of defects, would survive 20 pressurization cycles (maximum tested).
The best cylindrical vessel burst at 58.1 ksi (400 MPa) . Guess used non-linear finite
elements to refine the fill stem connection and arrived at a very small fitting that limited
stress concentration to 11%. PV.W was calculated as 0.639 million inches with 4/a at

1.35.
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Recently Lal [73] presented an overview on a 28 ksi (193 MPa) burst pressure
containment vessel designed for helium. The author employed Torayca T-1000 fibers (1
million psi or = 7000 MPa tensile strength) and used aluminum liners designed for a
previous 18 ksi (124 MPa) series of vessels. These liners were formed from a single piece
cold drawn shell. They were subject to a spinning process that built up the neck region and
chem-milled to reduce thickness elsewhere. The burst pressure target was met and 1367
cycles were survived at 0 - 10 ksi (70 MPa) cyclic loading. A fiber design stress of 700 ksi
(4900 MPa) was used. Vessel efficiency was stated as 1.16 million inches.

In the above study, basic engineering calculations showed that the liner design
employed had a safety factor below unity based on yielding, for the boss hoop stress. neck
shear stress and flange bending stress. A finite element analysis (COSMOSM) on the
composite revealed a severe stress spike near the dome to boss junction which was
reduced by the addition of a doily.

Efficiency in thick-walled design remains low. with PV/W values roughly half what
appears possible for lower pressure designs. Ultra high strength fibers such as T-1000
(first introduced at approximately USD $1000/ Ib.) appear to be capable of extending
good efficiency values to higher pressures since they permit a reduction in wall thickness.

The last decade has seen fewer experimental programs with ultra high pressure
vessels but there has been work in an ongoing study evaluating mostly low velocity impact
(< 15 fi-Ibs) upon vessels operating the 4.000 - 10.000 psi (28 - 70 MPa) range for space
flight applications. Naval efforts have centered on designing submarine inner hulls capable

of diving to the deepest ocean bottom. Also U.S. Army Armament Research has studied



lengthening their cannons with thick composite overwraps while retaining the inertial

characteristics of the metal ones[74].
2.9 Thermodynamics

A fundamental for the design of any pressure vessel is that all gases follow
approximately the same compressible behavior when normalized to their critical pressure
P. and critical temperature 7. ratio. This is known as the principle of corresponding
states [75]. Generalized compressibility charts can be used to estimate the state or
thermodynamic tables can be referenced [76]. Figure 2.7 depicts the features of such a
chart [77].

Below a critical temperature 7. and pressure P, a liquid state can exist. Above T
the fluid is commonly termed "superheated vapor", below T "compressed liquid".

At high pressures these fluids become increasingly difficult to compress hence
pressures rises quickly with little gain in density. The point of diminishing returns is a

function of both the fluid's critical temperature and pressure. At low pressures one can
p p p

calculate on the basis of the ideal gas law % = Z . The compressibility factor Z remains

near or below unity (unity equals ideal gas behavior) for pressure ratios £, = g below 7 -
8. For methane, at room temperature, this translates to about 5200 psi (= 36 MPa).

Hydrogen by comparison would show lowered compressibility (higher compressibility

factor Z) beginning at 1500 psi (10 MPa). A feature of this chart is that although the onset



of higher compressibility factors begins earlier for low boiling point gases like hydrogen

(lower critical temperature), the rate of increase of Z as a function of pressure is also less.

Methane’s relatively high boiling point putsits 7 = TL at a low value of around 1.6. This

causes it to exhibit a severe increase in the compressibility factor for pressure ratios above
ten times P. (near the saturated liquid line).

Citing values from thermodynamic tables [76] rather than interpolating on the
chart, the following is illustrative: Methane, in doubling the pressure from 500 bars (7,250
psi) to 1000 bars (14,500 psi) experiences a density increase of 25% whereas the same
pressure change upon hydrogen increases its density by 60%.

Reflected upon pressure vessel design for natural gas containment, the ratio of fuel
/ vessel mass is penalized by the increase in the compressibility factor Z multiplied by the
reduction in wall efficiency commensurate with higher pressure. The gas's compressibility
is thermodynamically imposed. For methane at 1000 bar (14.5 ksi) and room temperature,
the gaseous fluid is at 80% of liquid density relative to the atmospheric pressure boiling
point (111 °K ). Extrapolation of the thermodynamic charts to 1700 bar (25 ksi) puts this
value about equal to 90% liquid density. The compressibility factor at this pressure is
about 2.6 whereas at 1000 bar (14.5 ksi) it is 1.9. Further compression of the fluid would
tend towards the slope of the "saturated liquid" compressive line. This constant slope
effectively represents a bulk modulus. Naturally it is pointless to seek the compression of
a "liquid”. It must be noted that the conventional measure of vessel efficiency PV. W loses
its applicability at these extreme pressure since the implicit assumption that PVis a

constant is being violated. The compressibility factor Z may range as high as 2.8 at 40,000
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vessel volume per unit mass fuel and total weight is modified by considerations of cost,
wall efficiency attained and manufacturing complexity. Clearly this point will lie below
1700 bars (25 ksi), probably in the 1000 - 1400 bar (15 - 20 ksi) range for methane. Mass
of fuel contained for such a pressure would increase by a factor of approximately 2 - 2.5
compared to vessels in use today. The implications for hydrogen storage are different and
commonly one would be tempted to seek the highest containment pressures achievable
since vehicle range is rather short due to the low density of this fuel, even when in a quasi
liquid state. A 20,000 - 25,000 psi (138 - 172 MPa) operating pressure would bring a 3.5
- 4.5 fold increase over conventional vessels in mass of fuel contained, a worthwhile
benefit considering that present hydrogen fueled vehicles have about 100 mile (160 Km)
range (about 200 mile or 320 Km for natural gas). With commercialization of Ballard’s
proton exchange membrane (PEM) fuel cell , and other competitor’s derivatives, the
possibility of making hydrogen powered vehicles into a commercial reality is further
enhanced by the fact that the electrochemical conversion process inside such a fuel cell is
already 20 - 30% more efficient than the thermodynamic process in today’s best gasoline
and diese! engines [78], and there is potential for far greater conversion efficiencies. The
efficiencies realizable today would render the alternate fueled vehicle range comparable to
conventional gasoline and diesel when using ultra-high pressure tanks. It is difficult to find
tabulated values for gases above 1000 bars (14.5 ksi) so rather than attempt extrapolation
from tables it is best to turn directly to the equations used to generate them. Figure 2.8 is a
plot calculated from the 8 constant Benedict-Webb-Rubin equation of state for methane

[75]. The 6 constant Beattie-Bridgeman equation of state with constants modified by
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Deming and Shupe (which are listed in a text by Dodge [79]), making it more applicable i
the very high pressure range, was used for hydrogen. For comparison the more convienent
2 constant Redlich-Kwong prediction for hydrogen is also shown. Dodge [79] notes that
the simpler equations of state tend to overestimate the compressibility factor at very high

pressures and warns against their use.
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Figure 2.8 Relative density of compressed gas compared to its cryogenic
liquid state as a function of containment pressure at 27 °C.

An interesting fact derived from these curves is that there exists at ambient

temperature an effective limit pressure for hydrogen and methane: Approximately 28,000

and 40,000 psi (193 and 276 MPa ) respectively, when one uses a liquid (cryogenic)
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cylinder filling technique. Simply, at this pressure the cryogenic liquid density is
maintained and the vessel can be filled to 100% of its volume and capped. In practice as
the pressure builds the vessel expands volumetrically, typically about 3 - 4%, therefore
even the calculated limit pressure is not reached. The shortfall is = 2000 - 5000 psi (14 -
35 MPa) depending on ambient temperature, vessel expansion and type of gas contained.
Even at the stated 57 °C maximum service conditions for NGV application the maximum
expected pressure would be under 38,000 psi (260 MPa) for methane and about 29,000
psi (200 MPa) for hydrcgen.

The questions pertaining to what containment pressures are practical remain
unresolved. Answers on this point entail considerations broader than strict engineering.
However we can say that in designing a hypothetical vessel with a nominal 25,000 psi
(172 MPa) operating pressure and considering the safety factor needed, it would be
unlikely to fail from being accidentally overfilled. The engineering focus is to achieve the

most stress efficient vessel walls, the balance is reducible to an economics problem.

2.10 Permeation

Toth [11] indicates that for metal systems the permeation rate varies as the square
root of the metal thickness and directly as the differential pressure for the polymers. Intact
metal films 0.002" (0.05 mm) or thicker exhibit insignificant diffusion. For polymers Fick's
law describes the system provided that no pin-holes exist.

q =KA(4p)d or K =pA Apd
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Permeability p is a temperature function [13] described by

p=pp ¥ where: k= Boltzman's constant
E = characteristic activation energy

K = permeation rate
A =film area
T = absolute temperature
d = membrane thickness
Ap = pressure differential
! =time
q = total amount of material

In the presence of pinholes, capillary flow equations govern. For non-reactive
gases permeability ratios among different gases remain close to one another over the wide
range of permeabilities (greater than 2 million : 1) being exhibited by the different
polymers they permeate across [80]. Methane has approximately 1/3 the permeability of
nitrogen. Helium, the smallest molecule, is on the order of 100 times as permeable as
nitrogen [81]. Among the polymers exhibiting the greatest resistance to permeation are:
(in descending order) Saran, PVDF, PET (Mylar), P-CTFE (Aclar), E-CTFE (Halar),
PVF. ETFE.

At ambient pressure methane liquefies at 111 °K (-162 °C). P-CTFE (poly chloro-
trifluoro-ethelyene copolymer) is a candidate liner material combining a very low
permeation rate and a lower service temperature limit around 20 °K (-253 °C), the
temperature of liquid hydrogen. For tests performed in liquid nitrogen at 77 °K (-196 °C),
P-CTFE elongates 5 - 7% and ECTFE exhibits 3 - 6% strain. The permeation rate of
HDPE, as used in current plastic lined cylinders for natural gas, is at least 20 times greater

than P-CTFE in nitrogen [61]. Similar improved performance can be anticipated with

methane or hydrogen.



The possibility of arriving at a successful thermoplastic liner to contain liquid
methane at -162 °C (111°K) should not be discounted. Today's HDPE liners become rigid
at -50 °C. Boeing had some success with Kapton (polyimide) at -196 °C (77 °K) using
glass fiber vessels that strained near 3%. P-CTFE has the lowest thermal coefficient of
any fluorocarbon. If a fluoroplastic liner such as P-CTFE can survive repeated thermal
shock, the actual mechanical strain required of the liner is negligible given one employs a
cryogenic liquid filling technique. Pressure only builds in the vessel as temperature
increases thus the strain demanded of the liner grows in conjunction with ambient
temperature. Today's primary construction material (carbon) has high modulus, and
ultimate strain. Even at burst, strain usually remains below 1.5%.

ANSI/AGA NGV?2 stipulates a 0.25 cc/hr/liter-vessel figure as the maximum
permeation allowed. This translates to about 300 cc/day assuming a modest 50 liter vessel.
One can consider the feasibility of meeting these permeation requirements with a
thermoplastic lined ultra-high pressure vessel operating at a maximum of 1800
atmospheres (182 MPa) . Assuming the diffusion laws can be taken to this level of
pressure and using some typical vessel geometry allows the maximum diffusion rate for
the liner to be estimated. For the hypothetical case of an 8" (= 200 mm) inside diameter
by 5* (1.5 m) long cylindrical vessel of 50 liter capacity (approximately 1550 in.> or =1
m? internal surface) with a 1/4" (6.4 mm) liner, the permeation rate needs to be at or
lower than 2.7 cc-mil/day-atm-100 in. sq. The fluoropolymer E-CTFE can meet this
requirement for nitrogen [81][82]. The larger methane molecule poses a much lesser

problem and hydrogen is very similar.



The permeabilities at room and cryogenic temperatures of glass composites to
hydrogen, helium and air were investigated by Evans and Morgan [83]. They determined
that porosity (causing capillary flow) is a factor contributing to great variability in the
permeation measurement of the laminates. Only high quality laminates (by vacuum resin
impregnation or other means) were measurable whereas a commercial filament wound
tube had a permeability over 5 million times that which can be expected from neat resin
films.

A compilation of properties for fluoropolymers by Schramm et al. [84] indicates
that at very high hydrostatic pressures the stress-strain curves change remarkably. For
instance, P-CTFE's ultimate strain of 95% with a UTS of 4300 psi (28 MPa) under
atmospheric conditions becomes 16% with a UTS of 25,000 psi (172 MPa) as the
hydrostatic pressure is raised to 113 ksi (779 MPa). Figure 2.9 shows such a series of
curves. The similarity of these plots to conventional stress - strain curves where the test
temperature is progressively lowered is remarkable. Such behavior (likely reflected in all
polymers and perhaps metals) may become a factor for vessels with burst pressures in the

50 - 70 ksi (350 - 480 MPa) range.
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Figure 2.9 Stress-strain curves for P-CTFE liner material
as a function of hydrostatic pressure [84].

2.11 Matrix Properties and Processing

Filament wound vessels impose specific demands on the resin matrix. High
strength, modulus and elongation are desirable attributes. These properties control
transverse and shear strength. Inevitably the desirables are somewhat mutually exclusive
and suitable compromises must be sought.

Epoxy systems are used almost universally. The basic resin is most often of type

diglycidylether-bisphenol-A (DGEBA). This is suitable for use to 120 °C. Epoxydized
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novolacs are important for temperature resistant resin formulations. In the aerospace
industry polyfunctional epoxies as tetra-gylcidyl-methylene-dianiline (TGMDA) and
triglycidyl-p-aminophenol see application since they are best cured at or above 180 °C
[85]. Curing temperature virtually determines glass transition points hence establishes the
upper limit of service temperature. Cycloaliphatic epoxies are important for electrical
properties and weathering resistance. Sometimes two or more resins are blended to lower
viscosity or to arrive at some other combination of properties. A great variety of curing
agents and catalysts are used with the epoxies. Nadic methyl anhydride (NMA) and
metaphenylene diamine (MPDA) are two of the most popular. Hundreds of varieties of
anyhdrides and amines exist. Curing agents are frequently modified by the addition of
accelerators to increase the cure rate, conversely by partial reaction with a small amount
of resin to slow the cure rate. Compounds can be added to improve solubility in the resin
and to prevent crystallization of the of the curing agent. At times reactive tougheners (ex:
dibutylphthalate) and diluents are specified. For filament winding, latent curatives or
accelerators (activated by heat) can be added to the formulation.

The selection of a resin system for a specific application is dependent on its
processing characteristics, its curing temperature, and its effect on composite properties.
The viscosity and pot life of the catalyzed system, that is the initial viscosity and the
change of viscosity with time are the major processing considerations. Gel time and resin
flow during winding / cure are other rheological factors. A low viscosity is essential for
complete wetting of the reinforcement and for removal of bubbles, it helps any solvent to

evaporate. For winding the best working viscosities fall in the range of 350 - 1500
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centipoise. If the system is too fluid, fibers (especially carbon) will not pick up enough
resin. In other instances, the winding tension will force resin to the outer surface leaving
dry inner layers. When the resin is too viscous, fibers will fuzz in the resin bath and feed
eve, coating fibers unevenly [54]. The increased friction due to the obstructed bath can
further increase tension promoting fiber breakage and entrapped air. High modulus yarns
tend to fuzz heavilv and can be near impossible to wind with.

Variables that must be met concurrently for wet winding include viscosity of 2000
cps or lower (2 Pa.S), low toxicity, low exotherm and long pot life (preferably 6 hrs or
more). At the risk of ending up with too much resin drainage and dry spots. it is desirable
to wind with the lowest viscosity possible. Low viscosity promotes fiber wetting, band
spreading and low friction over the guides (reduced fiber damage). When resin viscosity is
too high, pot life can be traded for lower viscosity by heating the resin. A system with a
room temperature pot life of a several days might, for example, at 38 °C be of half the
viscosity and retain an 8 hour pot life. In many cases such trade-offs are good ones.

Table 2.3 lists representative curing agents and Tables 2.4 - 2.6 group fibers and
their property ranges by class. Table 2.7 is a compilation of fiber properties based on the
manufacturer’s data grouped by strain capability. There are essentially two varieties of
curing agents in use, amines and anhydrides. The anhydrides are noted for their long pot
life, elevated cures and high heat distortion temperatures. Viscosities of the amines are
somewhat lower and may not require heating. Aromatic amines are cured at an
intermediate temperature and are faster setting while aliphatic amines have been

formulated with an extended pot life and a low temperature cure. Amines are easily "B-



Table 2.3 Typical filament winding resin formulations [55]

Formula No. 1[1?3}4 s|c11|| ,[u u]xx 13 | 14
ligh Vinylester snd
c £ Weight Losg Pox Lise Toug Temp Aak Puiyssiar
RESINS l
DER 332 17¢ 100 100 100 hoo [100 {100 100 hao Dow
EPON 82 178 100 fio0 Shet
CIBA 0510 100 100 Cita Goigy ‘
EPON &3 18 100 Sheg
DERAKANE 41145 100 Dow
STYPOL 40-2508 100 |Freeman
DILUENTS, ADIITIVES
KELPOXY 272 30 08 B Spencer Kedog
KELPOXY 293 30 » |s0s sl Spencer Kesog
EPIREZ 922 130 ! = \oterex
HELOXY 68 35 A=K Wimanpion
CURING ACENTS,
CATALYSTS, ACCEL
JEFFAMINE D0 'ty s Teascn
JEFFAMINE T403 [ 2} 3 SLS | Su1 Teann
TONOX 60-40 37 43 61 498 | 0 Unuoye
DMHDA n s Pacufic Ancrcy
MNDA 2 us Ronm & Hue
NMA (CTBA 906) 120 %0 |w Cite
BDMA 1 Cibe Gegy (DY082)
EMI.24 ss 1 Fike
MEX PEROXIDE 1] 25 |US Perarygen
CO NAPTHENATE 03 | os |Wio
DIMETIYLANILINE 05 | 06 |Durom
REFERENCES 3 |as 46| 1| 8 [} s ] 9 hweowd 12 13 14 15
Table 2.4 Glass fibers for filament winding [55]
Nomisal Nomisal
Teasile Teasile
Modulus Streagth Maximum Fiber
GPa MPs Ultimate | Number of Density
(psix10% | (psix10%) | Siraia Filamests kg/m’
Type | Strand Straad % Per Strand - Suppliers
‘E 24 3447 43 4000 2600 Pittsburg Plate Glass,
(10.5) (500) (single end (0.093) Maaville Co. Oweas
roving) Coruing Fiberglas
R* 8.2 2068 53 60 2491 Vetrotex St. Gobaia
(12) (300) (0.089
s2® 869 4585 54 ~ 12,000 2550 Owens Corning
(12.6) (665) (0.092)

staged” and form a stable glass at room temperature which will then flow and cure at

elevated temperatures.
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Table 2.5 Organic fibers for filament winding [55]

Nomisal Nominal
Tensile Tensile Maximum
Modulus Strength Number Fiber
GPa MPs Ultimate of Density
(psix10% | (psix10® | Siraia | Filaments kg/m’

Type Strand Strand (%) PerSteand | (1b-in.%) | Seppliers/Products
Aramid 62 3617 40 1000 1440 DuPoa&
(Medium (9.0) (525) (0052) |Keviar®29
Modulus)

Oriented 117 2585 3Ss 118 968 Allied Fibers,
Polycthylene an 375 (0.035) | Spectra® 900
Aramid 124 3792 29 5000 1440 DuPont,
(Intermediate 18) (550) 0.052) |Keviar® a9
Modulus)

Oriented 172 3274 27 120 968 Allied Fibers,
Polyethylene 2% (4n) (0.035) | Spectra® 1000
Aramid 186 345 13 5000 1440 DuPont,
(High @n (500) 0052) | Keviar® 149
Modulus)

Table 2.6 Carbon and graphite fiber for filament winding [55]

“Tenslle | Teasile Masimem
Modulus Strength Number Fiber
Gha MPs Ultisnats of Denasity
Classof Fiber | (psix10°) | (psix10%) | Straia | Fllaments y/m’ Seppllers/
Strand Straad (%) Per Suand [ (b-in)) | Typical Preducts
High Teasile 27 3996 1.60 12,000 1750 Amoco, T-300
Strength (33) (530) (0.063) Hercules, AS-4
High Strain 24 4100 195 6,000 1790 Courtaulds
(34) (554) (0.064) | Grafil, 33-600
Iatermediate 275 5133 175 12,000 1740 Hercules IM-6
Modulus (40) (745) (0.062) Amoco, T40
Courtaulds
Grafil, 42-500
Very High 289 n2? 182 12,000 1820 Toray, T-1000
Strength (42) (1020) (0.066)
High 358 2482 0.70 3,000 1810 Amoco, T-50
Modulus (52) (360) (0.065) | Celanese, G-50
tiigh kY, 2068 0.50 4,000 2000 Amocg, P-55
Modutus (Pitch) (5% (300) ©.072)
Ultra High 517 1816 036 384 1960 Celanese, GY-70
Moxdulus (Pitch) (75) (270) (0.070)
Ultra High 517 2068 0.40 2,000 2000 Amoco, P-7§
Modulus (Pisch) 7%) (300) 0.072)
Extreme High 689 pol 1} 031 2,000 2150 Amoco, P-100
Modulus (Pach) (100) (325) oo
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As an approximation, general purpose systems are cured at 120 - 135 °C, heat

/ high temperature curing system (160 °C) to a flexibilized system with a 60 °C curing

resistant systems fall in the range 175 - 200 °C, flexibilized systems often can see only 80
°C. Higher temperature curing increases resin shrinkage and thermal contraction stresses.
Shrinkage on the order of 2 - 8% is normal [54]. To illustrate, Grover and co-authors

succeeded in producing 50,000 psi vessels only after having switched from an intermediate

t=4

temperature. This resin system used a polyoxopropylene amine hardener. X-rays had

Table 2.7 Tensile properties of specific carbon fibers grouped by type [83]

Manufacturer | Fiber |EGr) [ ocMPy) | &%)
PAN-based High Modulus (Low strain to Failure)

Celanese Celion GY-70 517 1860 04
Heraules HM-§ Magnamite 345 2210 0.6
Hvsol Grafil Grapfil HM 370 2750 0.7
Torav M40 390 2700 0.7
Toray M50 500 2500 0.5
Torav M50J 490 4000 0.8
Torav MS55J 540 3630 0.7
PAN-based Int. Modulus (Int. strain to failure)

Celanese Celion 1000 234 3240 1.4
Hercules IM-6 276 4400 1.4
Hvsol Grafil Apolio IM 43-600 300 4000 1.3
Toho Belson Sta-grade Besfight 240 3730 1.6
Union Carbide Thomel 300 230 3100 1.3
Toray M30 294 3920 1.3
PAN-based HS (High strain to failure)

Celanese Celion ST 235 4340 1.8
Hercules AS-6 241 4140 1.7
Hvsol Grafil Apollo HS 38-750 260 5000 1.9
Toray T 800 300 5700 1.9
Torav T 1000 294 7060 2.4
Mesophase-Pitch based

Union Carbide Thomel P-25 140 1400 1.0
Union Carbide Thomel P-55 380 2100 0.5
Union Carbide Thome] P-.75 500 2000 0.4
Union Carbide Thomel P-100 690 2200 0.3
Union Carbide Thomel P-120 820 2200 0.2
Osaks Gas Donacarbo F-140 140 1800 13
Osaka Gas Donacarbo F-600 600 3000 0.5
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shown severe delamination during cooling after curing, even though they had employed
multiple intermediate vacuum bagged cures in an autoclave to compact the laminate [17].
Such defects became minimal afterwards.

With amine hardeners, epoxy equivalent weight (EEW) must be matched to the
amine hydrogen equivalent weight (AHEW) to get a stoichiometric mix of the
components. Similarly with anhydride based curatives. anhydride groups must be matched
to epoxy groups. Within a limited scale it is possible to accelerate or retard cure rate by
adjusting the exact stoichiometry without significantly affecting the curing mechanism and
basic properties of the resin. Many formulations with a long history of "success" have been
varied off stoichiometric to achieve specific end results. A key consideration is deciding
between wet or pre-preg winding. One limitation of pre-preg winding is the constrained
choice of resin-fiber systems commercially available. The exact compositions of pre-preg
resins are for the most part proprietary. The process often entails the use of solvents such
as ketones (ex: Propan-2-one, or Butan-2-one). 1.5 - 2.5% volatile content in rovings for
winding after B-staging can be expected if a high tack is to be maintained [87]. In contrast
pre-preg laminas for panel lay-ups usually have 0.5 - 1% volatiles. Flow properties are of
great significance with pre-pregs. Sufficient tack and flow are needed to ensure bonding of
successive layers. These properties are resin functions, the degree of B-staging and the
level of residual volatiles. Initial flow properties can usually be maintained for 6 months
under refrigeration. The latest generation of pre-pregs (available through Thiokol) have a
1 vear storage life under ambient conditions [53]. On the whole, pre-pregs maintain

closely controlled properties and assure a level of performance. With pre-pregs winding
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path restrictions are fewer since the material's tackiness creates enough friction to permit a
significant deviation from geodesic (the shortest path between points on a surface) and
largely prevents filament slippage. Higher material cost with this process is a concern. Wet
winding facilitates experimenting with a wider array of resin / fiber combinations but
requires accurate control of the vessel geometry in order to permit lay-down without fiber
slippage. Mathematical restraints on vessel geometry and fiber lay-down paths are further
discussed in Chapter 3.

Of the many epoxy resin systems existing, few are well suited to filament winding.
Some systems in current use were originally developed for applications that were quite
different. Filament winding is often not specified in product applications literature. The
higher operating temperature systems generally require higher curing temperature and
exhibit lower strains to failure. Resin systems can be toughened to lessen the severity of
impacts from foreign objects. Possible methods include:

* Introducing elastomer particles.

* Blending to form an interpenetrating network (IPN)

* Adding thermoplastic particles

* Interleaving with thermoplastic film

* Decreasing cross-link density

* Using special fiber orientations and weaves (including 3-D)

* Using a thermoplastic matrix

* Using a thermoplastic fiber

There are no commercial hetrophase (elastomer containing) pre-pregs for filament
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winding. Presently the most used formulations depend on the addition of a pre-reacted
epoxy resin (CTBN rubber polymer) to achieve toughness without shortening pot life.
Formulations 5-8 in Table 2.3 are representative. The drawback is a lowered heat
distortion temperature. Polyblends incorporating polyurathane resin (Adiprene L-100)
with epoxy and methylenedianiline hardener exhibited outstanding thermal shock and
impact properties at cryogenic temperatures in one investigation although room
temperature properties were low. After extensive evaluations, a NASA sponsored
cryogenic program selected a modified epoxy system using Dodecenyl succinic anhydride
(DSA) and Benzyldimethylamine (BDMA) hardeners as the optimal for service at 20 and
77 °K [66].

Fiber hybridization is another toughening mechanism. For example. a viscoelastic
fiber like Spectra (polyethylene) can be combined with carbon. Brunswick Corp. uses
some glass fibers in their carbon fiber cylinders to this end [47]. Thermoplastic composites
have Gic values nearly an order of magnitude above thermosets and impact energies 2 or
3 times greater. Processing techniques are different and not fully explored.

Polyurathane based resins appear to have an advantage especially as adhesives
under crvogenic conditions and are known to be most resistant to thermal shock. Room
temperature vulcanizing (RTV) silicones have relatively low (approximately 500 psi) lap
shear strength but this value remains near constant down to -253 °C yet the same silicones
survive at over 300 °C. Better crvogenic adhesives such as epoxy-nylons can give of the
order of 5000 psi shear strength cold but are not useful in hot environments above 150 °C

[63].
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Reference [85] and specifically manufacturer's literature covers many aspects of

the chemistry, physical properties and applications of available resin systems.

2.12 Design Analysis Methods

Three basic approaches have been used in the analysis of composite material
vessels, namely netting analysis, linear anisotropic elasticity theory (continuum) and finite
element analysis.

Netting analysis treats the vessel as a netted structure of fibers, ignoring matrix
effects. Netting is valuable because it helps define fiber paths that are stable without
restraint from the matrix hence is the basis for winding on a geodesic path over end
domes. As a failure model. netting would entail that the matrix has totally disintegrated
before fiber failure occurs. This is not true. Netting was used in the early days of rocket
booster design and has since been superseded by anisotropic elasticity methods and finite
elements.

The continuum analyses assume linear elastic material properties. Wound layers of
a particular orientation or material are treated as a monolith with orthotropic properties.
These layers can be combined when coupled with appropriate boundary conditions.

The simplest type of vessel construction involves the use of one material layer.
Lamé's solution (published 1852) is sufficient to characterize the state of stress in the
cylindrical wall of a monolayered isotropic material. S.G. Lekhnitskii [88] presents a more

general stress solution for a monolayered anisotropic cylinder and shows how it is
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extensible to multilayered design in the case of a plane stress formulation in [89].
Lekhnitskii's original book (1950) is a compilation, work on anisotropic cylinders and
spheres dates back to W. Voigt (1886) and Saint-Venant (1865) respectively. Many
authors over the century have since expanded or presented simplifications for special cases
and uses [74][90][91]. For cylindrical vessels, Grover and Ayler [45] model the vessel as a
long layered orthotropic cylinder following classic plane stress formulations. By contrast,
Witherell [74] in a more recent report has presented a refined solution method for multi-
layered orthotropic open ended cylinders (gun barrels) which equilibrates for plain strain
axial deformations (€, = 0) and solves the problem via a 3-step superposition procedure
to correct for the resulting additional radial stresses emanating from the non-zero axial
strain. Accounting for such second order effects changes the classical results. but even in
worst cases. by under 10%. Hoa and Mannarino [92] investigated twisting effects due to
stacking sequence using a numerical solution and noted that the effects were on the order
of a few hundred microstrain, disappearing with any appreciable thickness.

The literature assembled by Lekhnitskii is quite generalized and covers cases of
pressures, bending, twisting, and deals with different levels of anisotropy and symmetry.
Solutions specific to pressure vessels descendant from this body of work are presented by
Roy, Sherrer, Grover, Chen, Foral, Guess, Rogers [93][94][91][95](45][43][16][96]
among many other authors. Chapter 4 expands on this topic and corrects errors of
omission in Roy and Tsai's definitive work. The beginning of Chapter 5 looks at an even
more general formulation (the careful reader will pick out typographical errors that were
corrected from Likhniskii’s manuscript) and then moves on to variable elastic property

formulations.
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Other methods of solution exist. One approach is to extend shell theory. Whitney
[97], Widera and Logan [98], Reuter {99] followed this method. Lingstrom [100] used a
power series approximation for thick shells and developed the method further. Kamal and
Chaudhuri [101] also attempt to extend shell theory to thicker cylinders using constant
shear angle theory. Bryon and Vinson [102] employ a 1-dimensional finite element
technique using anisotropic thick-walled cylindrical shell elements. Vasilev [103] presents
an extensive development on composite shells including cases of local loadings. With these
methods certain theoretical advantages exist like series approximations for point or line
loading conditions but the methods appear difficult to justify in view of the fact that
continuum solutions exist for many of these cases.

Horgan [104] relates Saint-Venant end effects for anisotropic cylinders and shows
that discontinuity stresses have an exponential characteristic decay length (/) that can be
approximated by (radius/3.83)}(E 11/G12)"*. This translates to about Y the decay rate in
carbon fiber composites relative to isotropic materials.

Finite element analysis and finite difference techniques have long been employed to
calculate strains and to model attachments and bosses. They are invaluable where the
geometries are not reducible to simple coordinate systems such as spherical or cylindrical.
The FEM method is often used as a tool to refine on analytically based designs [105] but
there are now far fewer reasons preventing use of the technique for the design of entire
vessels. This is increasingly the method of choice [60].

As an example, Ericson and Yorgason [72] used finite element methods to study

parameters affecting stress concentrations near the bosses. They evaluated and tested
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configurations for different wafers of reinforcement within the composite in this area and
achieved a 17% stress reduction with a two step hoop wound dome wafer. Their paper on
graphite epoxy vessels gives a summary of techniques both detrimental and beneficial with
regard to standard thin-wall vessel design practices.

As expected, the computational methods tend to match closely with continuum
solutions away from discontinuities. Rogers and co-authors [106] describe higher order
finite elements to model filament wound composite spheres. Gleich [107] relates that finite
difference techniques have been implemented to model fracture propagation in vessels
with artificially induced cracks in brittle liners.

Shortcoming of the finite element techniques are that they provide answers without
revealing why stresses distribute as they do. Fundamental mechanisms that govern stress

distribution remain obscured.

2.13 Failure Criteria and Optimization

A design technique for spherical vessels using two distinct materials was presented
by Roy and Massard [94] that makes use of the quadratic interaction failure criteria in 3
dimensions. Seven terms are needed, rather than 6 for 2-D analysis. The additional F,
interaction term is back-calculated from coupon tests in the through-thickness direction.
For carbon fiber / epoxy in a + 45° or + 90° layup (typical of quasi-isotropic constituent
plies) the interaction term averages -0.84. By using either maximum strain or maximum

stress failure criteria one would predict that the compressive strength of the laminate
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equals the compressive strength of the unidirectional lamina. This predicted strength is
about 3 times lower than the value for the laminate estimated by the quadratic criterion
because of the interaction terms [93]. The study by Roy and Massard was to assess the
possibility of designing for a 200 MPa operating pressure with a 1.5 safety factor. These
authors used IM6 and T300 carbon fiber properties, the quadratic failure envelope and the
classic equations for a layered thick orthotropic sphere. Limiting wall thickness to a
practical b'a = 1.25, the full range of two-layer designs was studied. By maintaining the
thickness of the inner T300 layer between 20 to 80% of the total thickness, a burst
pressure of 240 MPa would result. A similar earlier study by Foral [43] using S-glass and
Kevlar-49® presented the range of achievable burst pressures for a two-layer hybrid
sphere. Foral used maximum strain criteria and presented his results in the form of a 3
dimensional graphic depicting PV W, layer thickness percentage and inner to outer
thickness ratio. The ridge on his graphic surface represents simultaneous failure of inner
and outer layer. The results predict that up to 280 MPa Kevlar® alone presents a superior
vessel, thereon up to 850 MPa, Kevlar® over S-glass is more efficient. 950 MPa is the S-
glass limit pressure. Figure 2.10 shows some of these predictions.

Gerstle's [108] comprehensive analysis of metal liner behavior also investigates the
ramifications of assuming 3 different failure criteria. Maximum strain, maximum stress and
the less known Norris-Ashkenasi {(Se/Fo)>- 256S;/FoF; + (S./F;)* > 1}. Gerstle noted that
the penalty for using a (single) highly anisotropic composite is the negligible increase in
burst pressure with greater wall thickness. Further he concludes the radial compressive

strength of the laminate must be substantially higher than the design pressure and that the
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failure pressure approaches the radial compressive strength asymptotically. (The point on
radial compressive strength is not correct - see Kallas and Hahn below). Also a high fiber
volume fraction increases laminate strength more rapidly than does the corresponding

stress gradient due to laminate anisotropy.
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Figure 2.10 Efficiency plots for a two layer spherical vessel
constructed from S-glass and Kevlar® [43].

Roy and Tsai [91] investigate 2 and 3 layer wall combinations for cylinders with

different +/- winding angles on each layer using a single fiber type. They found an
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increase in ultimate pressure capacity results at the expense of vessel efficiency by putting
the stiffer (closer to hoop direction) windings nearer the outside on high pressure thick
walled cylinders. These authors analyzed vessel efficiency in terms of the material's
strength utilization and defined a strength ratio R. They described laminate failure using a
3-dimensional quadratic interaction failure criterion. Failure is followed ply by ply with
degradation factors assigned to failed plies until last ply failure occurs. The R ratio
describes the material's actual stress to its ultimate breaking stress at any point in the
vessel wall. Ideally the ratio is unity. On surfaces where failure occurs the material needs
tc be "softened" by winding at angles more in the axial direction while the opposite
surface would need "stiffening" using angles closer to hoop. In general this implies a shift
towards higher angle winds on the outside of thicker vessels. More over it was discovered
that certain materials, T300/5208 for example, see a reversal of this situation prior to the
point where a certain thickness ratio is reached. This implies that T300/5208 material
fractures on the exterior prior to reaching a wind thickness ratio of 5@ = 1.15 at the
optimum efficiency 55° wind angle. Thereafter material use efficiency reverses and
fracture initiates on the inside for thicker vessels. M6 material does not show this effect.
(Some analysts in Chapter 7 comparing various failure criteria has lead this author to
conclude that the discovered “phenomena” is simply a product of the quadratic criterion,
not actual). The number of +/- winding angle layers needed to level out the strength ratio
R can be as low as 2 or 3. Additional layers bring about diminishing returns.

Tauchert [109] introduced a method based on the minimization of elastic strain

energy for single material vessel walls. He shows optimized fiber volume fraction
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distributions for different average levels of volume fraction throughout. Resuits were
presented for relative wall thicknesses (b/a) and matrix to fiber stiffness ratios. Failure
pressure estimates increased about 5-30% depending on the degree of anisotropy.

Christensen and Swanson [110], have presented a new model that separates the
criteria for fiber and matrix interphase failure. Although it might at first glance appear too
simple, experimental evidence appears to support that ultimate fiber strain is the
overwhelming factor dictating last ply failure in biaxial stress fields and is insensitive to the
exact state of the applied stresses.

Christensen expands upon his work in [111-113][115][116] and shows how for
3-D analysis certain stiffnesses remain almost invariant with fiber orientation. Separate
explicit criteria are developed for fiber and matrix-interface failure. The effects of
dilational as opposed to deviatoric strains are examined. Micromechanics models by the
same author are discussed in [113][115][116] and used in Chapter 7.

Feng [117] presented a 2 failure envelope theory based on the concept of strain
invariants. Efforts were made to validate this theory among others using tubular specimens
[118]. The resuits of these tests available in [119] give little indication that either Feng’s
theory, quadratic interaction or simple uniaxial stress failure surfaces show any merit
under biaxial loading, especially in relation to ultimate failure predictions. Maximum strain
theory was shown to be non-conservative in some cases but came closest to fitting the
data.

Tennyson and co-authors [120][121] advocate the use of a cubic tensor

polynomial form. Their work shows that in biaxial loading cases, particularly pressure in
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cylinders, quadratic criteria underestimate ultimate failure loads by 30 - 40%. The failure
envelopes are tested for plane stress cases, their suitability for plane strain is not broached.
Obtaining all the interaction terms involves specialized biaxial and shear experiments, thus
limiting practical applications of this criterion.

Wei-Xun [122] discusses polynomial stress tensor failure criteria in general,
showing interrelations and special cases. He indicates the limits of applicability its many
variants have (Von Mises, Tsai-Wu, etc.) as a function of the material's strength and the
relative stress ratios the material is capable of being subject to.

Kallas and Hahn [123] present concisely the three-dimensional failure criterion
used by Roy and Tsai. The criterion indicates that under hydrostatic conditions axial
compressive strength will be greatly increased. The effect has been verified independently
both for polymers and in composites where it causes bi-linear behavior. This failure
envelope has direct consequences for deep submersible vessel design and presents a
refinement for both internally and externally pressurized vessels.

Guess [124] tried to match bi-axial test data from tubes to failure envelopes but
was not successful due to scatter. He did however present a simple concept he named the
"laminate interaction diagram" based on the maximum stress criteria. This appears to be
capable of describing the lamina failure(s) in the correct sequence.

Uemura and Fukunaga [1235] apply Weibull distributions to constituent laminae
comprising a cylinder. They then compute 50% probability of failure using Tsai-Wu and
maximum stress theories and assign degraded ply properties thereafter. Also they take into

account the non-linear shear stress-strain curve, approximating it by a cubic spline. Their
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method appears to predict correctly the strain curves to failure and the ultimate pressure.
Knight [126] used a two parameter Weibull criteria on ultimate stress for
individual elements of his finite element model of the wound sphere. The burst predictions
(400 MPa) correspond well to the failure pressures attained in such spheres through
related programs by authors Gerstle and Guess who worked on the manufacture and

testing of such vessels.

2.14 Liner Behavior

Foral [127] presents a compiete model for a liner's plastic behavior including
assumed linear strain hardening in conjunction with a single material continuum equation
based on Love's analysis for the composite sphere. Guess [18}[16], who published results
for 430 MPa burst pressure sphere (the highest known), used a classic layered analysis for
his spheres, essentially an equation set similar to that presented for cylindrical vessels in
Chapter 4. He includes a term to describe the contribution of a fully plastic liner.
Maximum strain criteria is used in his work, both on spherical and cylindrical
configurations. Guess refined his boss geometry with SASL, a finite element program to
reduce the stress concentrations from an original 1.37 to a factor of 1.11 near the fill stem.
The finite elements showed that stresses predicted by the analytical methods matched at ail
locations except at the fill stem region.

The US Army more recently investigated lengthening their guns and cannons

(while maintaining current inertia characteristics) by machining down the outer wall of the
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barrel and overwinding with carbon fiber / bismalemide resin composite. In reference to
this work Chen [128][129] presents solutions for the metal liner's elastic and plastic strain
and also for the compressive elastic stress state after unloading with the Bauschinger
(hardening) effect omitted. Solutions presented by the same author exist incorporating the
Bauschinger non-linearities for other similar autofrettaged designs. Moss [130] presents
equations for liner yielding and the radius of the elastic-plastic boundary. Gerstle [108]
develops equivalent equations and applies failure criteria to the liners.

Roy [131] also derived a thermal analysis based on the strain equations for the
multilayered orthotropic cylinder. The formulations could be useful to estimate liner
pressures resulting from cure temperature changes, chemical shrinkage and contributions
from initial winding tension. The effect of temperature differences between the inside and

outside of the vessel, as in cryogenic filling, could also be studied.
2.15 Process Modeling

Hjellming and Walker [132] consider the curing cycles necessary to prevent
thermal run-away due to exotherm while maintaining low enough surface viscosity to
allow proper resin flow and degassing on very thick cylindrical sections.

Tarnopol'skii et al. [133] presents an extensive analysis of tensioning effects using

—

1

pre-preg materials on wound cylinders. The anisotropy ratio b = \/% of the pre-preg

3

material is a governing variable that changes with curing. Methods such as fiber

compaction, ply-by-ply curing and programmed tension winding are analyzed with the
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goal of effecting the greatest tension in all the winding layers. A thermo-elastic analysis is
also presented. It is concluded that winding tension can combat cracking which results
from thermal cool-down stresses on thick-wall windings.

Process models have been developed at length and constitute a most valuable
optimization tool for the manufacturing processes involving composites.

Complete process models for the filament winding of thick cylinders have been
proposed and tested. These models each constitute a number of submodels determining
the instantaneous material or other time dependent properties, processed iteratively in time
steps. The accuracy depends on the completeness of the submodels and each of these must
be verified. Lee and Springer [134] incorporate temperature in the cylinder and mandrel,
degree of cure and viscosity, fiber tensions and positions. stresses and strains in the
materials. Olofsson et al. [135] extend the above model to include a micromechanics
mode] and reaction kinetics for the epoxy and compaction data on the fibers with variable
initial tension and generalize the thermal boundary conditions. Spencer's [136] process
model shows that B-stage duration needs to be complete to limit residual stresses. Steam
curing techniques are also detrimental because they induce rapid exotherm. He notes that
pre-tension schemes have little effect on either layer position or residual stress, the effects
diminishing with part thickness.

Prater and Hackett [137] present a method of calculating the viscoelastic response
of pressure vessels under proof testing conditions. The model uses the method of Laplace
transforms and predicts noticeable differences in the stress-strain curves between virgin

vessels and ones with a damaged matrix.
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2.16 Filament Winding Parameters and Models

Filament winding and the study of fiber trajectories during the winding process can
be traced to the textiles industry. Analytical models for the motion of the winding point
and the fiber delivery point, to wrap cylinders, cones and arbitrary surfaces of rotation
have existed since the 1950's. Efremov [138-140] has published such analytical methods.
Geodesic path deviations, given frictional restraints, were the issue of his later publications
[141][142]. Optimal dynamics during reversal of the fiber delivery point in textile systems
1s discussed by Vulfson [143].

The mathematics of winding textile bobbins were not immediately adapted to the
construction of rocket motor cases and pressure vessels. Early literature, for example
Shibley's 1962 review [4] and Hofeditz [144], describe descriptive geometry construction
techniques to arrive at a dome shape. Shibley also discussed a few entirely experimental
methods to arrive at stable fiber paths across vessel domes. Skipping to the present,
computer modeling and multi-axis equipment control has become quite standardized.

Traditionally vessels were constructed on mechanical winders with fixed ratios
governing the motion between each axis. The path described by the filament lay in a plane
close to the polar axis, hence the term planar (sometimes termed polar) winding. A
geodesic path is one that describes the shortest distance over a surface and stable winding
requires the filament follows this path. Computer controlied machinery can achieve this.
Any sideways displacement of the filament would require it to stretch.

Another important criterion for a wound vessel is that once pressurized, the
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filaments everywhere should be stressed equally (isotensoid). This makes the most
economic use of material and results in the lightest weight design.

Planar winding over the poles of a sphere meets the stability and constant fiber
stress conditions as computed by netting analysis. If one arrives at a scheme for
distributing the fiber uniformly across the surface is all directions (quasi-isotropic
properties), the winding problem is solved. The "deita axisymetric" buildup consisting of
increasing angle polar patterns is one such approximate method [17] and is patented.

For planar wound cylindrical vessels, end-domes can be designed with a shape
such that the profile causes constant fiber stress [105]. The fiber paths however are not
stable and usually displace themselves after they are laid down. This causes loss of tension,
waviness and an associated degradation of composite properties. Alternately, to maintain a
geodesic path, a different dome profile can be designed. In this case the winding path
deviates significantly from the simple planar and computer controlled equipment becomes
necessary both to cut the mandrel shape and to control the fiber pay-out eye during
winding. The combination of head profile and fiber path is termed geodesic intensoid.

A shortcoming of the geodesic profile is that it only describes a vessel with equal
polar openings at each end. Controlied deviation from the geodesic path leads to the
method of constant slippage tendency. Fiber stability is ensured by determining that the
friction forces exceed the transverse forces. In effect the ratio of the filament's transverse
force to normal force must remain below the friction coefficient between the fiber /
mandrel surface. This permits the design of cylindrical vessels with unequal polar openings

but at the price of slightly increased filament stress. Deviations from the isotensoid
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condition are proportional to the perturbations from geodesic. Applications of this
technique have become widespread.

For spherical vessels the need to fit fill stem bosses complicates the winding
situation and has prompted may constructors to build oblate spheroids. These have the
shape of back to back heads or end-domes (without a cylindrical section) either of planar
or geodesic design.

Denost [145] describes Aerospatial's implementation of constant slippage tendency
winding for cases requiring unequal polar openings. In one example with planar winding,
the necessary friction coefficient was 0.28 on the forward dome and 0.25 on the aft dome.
The same vessel optimized for constant slippage throughout, including the cylindrical
section, reduced the necessary friction coefficient to 0.11.

Wells and McAnuity [146] performed tests on a smooth ellipsoidal mandrel to
determine friction coefficients using both resin wetted and dry fiber. Speed showed no
effect and tension remained a constant 15 N (3.3 Ibs). Friction coefficients determined
were: L = 0.24 - 0.25 dry and p = 0.29 - 0.37 wet. The range indicates the beginning of
slip up to instability. With dry fibers slippage is sudden and catastrophic. Friction
coefficients obtained by winding atop wet filaments may be substantially lower.

Barbalat and co-authors [147] study a construction technique using a series of
stepped back windings over very shallow end domes. Each set of windings follows a
geodesic path calculated from the filament wound profile of the precedent set. Depth to
diameter ratios were cut from the habitual 0.6 down to 0.2 in the domes. Weight savings

of 10% overall are estimated since this technique lessens material usage in the less efficient
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dome region. The authors point out that a star shaped wind (4 - 6 circuits per pattern)
gives a more homogeneous material distribution.

Tezak [148] describes a special winder designed to lay down only tapered spiral
wound annular doilies. The computer controlled machine uses prepreg and film adhesive
with heating and cooling of the mandrel. The resulting tapered doilies were wrinkle free
and minimized stress concentrations.

Hady et al. [149] relate a method to describe geodesic domes by an elliptical
approximation. Error between the two profiles is typically negligible, and even for conical
shapes the winding angle remains within 1.6% from true geodesic. The authors
concentrate on 3 and 4-axis winding equipment. They relate feed eye positions for winding
on a geodesic dome profile calculated from the differential geometry of the surface.
Constant winding length is employed in their software and the basis of their feed eye
rotation criteria is presented.

Hamouda [150] derives equations for the movement of the winding point for
arbitrary rotationally symmetric shapes. Xian and Lin [151] present calculations and
curves showing winding angles on surfaces as a function of different slippage factors and
for a number of starting angles. They cover cylinders, cones, spheres, ellipsoids and
paraboloids. Marchetti et al. [152] suggest a method to approximate both axis and non
axi-symmetric shapes by a matched series of truncated cones. Slippage factors over each
conical section can be varied to give non-geodesic trajectories.

Wells and McAnulty [146] report on an integrated CAD approach for winding

where the geometry of the mandrel is taken directly from the surface modeller and the
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curvatures are differentiated. Fiber paths can be projected with a controlled level of
incipient slip.

CAD software developed and used at Morton Thiokol is described by Vogt [153].
Although faceted surfaces are an easy approach, they lack second derivatives thus
anything that depends on curvature is undefined. This leads to error in estimating
important parameters such as the slippage tendency. Thiokol's software relies on B-splines
to model surfaces, though it is noted that user intervention is required to get the surface
representations just right.

Bunakov and Radovinskii [154] consider the contribution of the matrix, rather than
using the netting approximation. They invent a factor (k) to relate the ratio of matrix to
fiber stress desired. Higher vessel efficiency can be obtained because the technique relies
on a matrix contribution. However the matrix's intactness up to fiber breakage must be
assured. The profiles generated are more voluminous (closer to spherical) and different
from geodesic-isotensoid over a significant region. There is thus more reliance on friction
to maintain stability. Bunakov and Protasov [155] have compiled a large body of concise
analytical approaches for winding composite pressure vessel domes and analyzing shells
thus created. They treat constant slippage, stepped back winding, and cover design
methods for spherical polar bosses, winding on geodesic, polar, and combined profiles.
Shell stiffnesses, failure theory and deformations including those at the cylinder to dome
junctions are treated.

An interesting concept developed jointly by Brookhaven National Laboratory and

Thiokol concerns packaging a set of 3 pressure vessels by squashing them together and
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making the central one assume a quasi-elliptical shape. The contacting face of the outer
vessels are also distorted to closely match this shape. The entire assembly is then
overwound to bind it together. Packages constituting 2 vessels in such an arrangement
also exist. The idea is to fill a quasi-rectangular volume (as occupied by a conventional
vehicular fuel tank) with a space efficient pressure vessel assembly. With this concept 50%

more fuel can be stored in the same space [53].

2.17 Carbon Fibers

Carbon fibers are close to realizing their theoretical tensile modulus of 1060 GPa.
It must be noted that organic polymers have a theoretical potential of about 300 GPa [86].
The term "graphite fiber" is a misnomer presently for all but fibers originating from a
mesophase pitch (MP) precursor or gas-phase grown types which are heat treated above
2800 °K. All other fiber types, namely the polyacrylonitrile (PAN) variety in common use
might better be referred to as "carbon". Commercially available HT type fibers have layer
spacing in the 0.350 - 0.360 nm range. An average interlayer distance of 0.344 nm or
lower is the accepted threshold to correctly employ the terminology " graphite" [156]. An
interlayer distance of 0.336 nm corresponds to a perfect crystalline graphite structure.
The corresponding theoretical transverse modulus of graphite is 36.5 GPa and the shear
modulus between layers is only 4.5 GPa. Figure 2.11 shows some structural detail.

It is known that the highest modulus requires maximizing the preferred orientation

of the polycarbon layers in the direction of the fiber axis. High strength necessitates the
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highest degree of defects in the ultrastructure in order to hinder the formation of

crystalline graphite with 3-dimensional order and thus low shear modulus.
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Figure 2.11 Carbon / graphite fiber structure [156].

The best commercial mesophase (pitch) fibers reach 85% of their tensile stiffness.
Theoretical strength should be near 10% of the modulus, or 106 GPa. Only a small
fraction of this value has been attained. The current objective is to attain 20 GPa. The
highest strength fibers today (PAN based) can strain 2.4% and have a strength of 7 GPa,
although the modulus attained is only 294 GPa. The higher strain resins are more effective
in translating this fiber strength to composite properties. Over 550 ksi (3.85 GPa)
composite tensile strength has been shown [157].

Ideally for a pressure vessel, assuming it were constructed of a monolith of carbon
or graphite, one would continuousiy vary the material properties from inside to outside in

a manner to best react the stresses. Other materials and combinations of materials would
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constitute an equally valid example provided their properties could be varied in a smooth
manner. A broad range of carbon fibers exist spanning the range high strength / low
modulus to high modulus / low strength. In practice the ideal monolith would be
approximated by a series of discrete fiber types laminated in graded fashion.

A pressure vessel's strain is naturally highest on the inside diminishing towards the
outside. A stiffer more graphitic structure on the outside will provide more restraint. The
radial orthotropy ratio "K” can be viewed as a global parameter describing the rate of
strain decay through the wall thickness of a vessel. It is lower when using macroscopically
defect free HT type carbon fiber. Higher modulus graphite fiber has an intrinsic high
anisotropy ratio (result of crystallite properties) and will suffer more through-thickness
deformation from radial stresses than carbon fiber. Hence it is less effective at transmitting
the strain in the through-thickness direction. Mitigating this effect in pressure vessel design
requires an increase in the rate of change of anisotropy ratio through the thickness. The
key factor condenses to determining the appropriate local rate of change in anisotropy
ratio corresponding to the sequence of materials building up the wall and their respective
strengths. The bounds imposed are the composite's realizable anisotropic properties such
as those descendant from graphite crystals, glass fibers, or organic polymers. These can be
estimated through suitable micromechanics models. This topic is explored further in
Chapter 7. One goal is to expose the basic relations that influence the elasticity constants
in a lamina and also show why single stiffness variation rates, as assumed by earlier

researchers, are not admissible.
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2.18 Summary and Assessment

The design of a high pressure containment vessel needs consideration from a very
broad range of viewpoints. It is apparent that for repeated cyclic applications, and in view
of the scope of commercial standards, that conventional foil lined vessels cannot meet the
requirements. Thin metal lined vessel are in the process of being superseded by plastic
lined equivalents. Recently reemerged are laminated metallized polymeric bladders used
both as inflatable mandrels and integral liners for the low cost production of experimental
natural gas and hydrogen cylinders for automotive use [256]. Fundamentally there is little
evidence showing that plastic liners would not perform at much higher pressures.
Suitability of plastic liners for mild cryogenic temperatures (111 °K ), as would be
experienced with liquid cylinder filling techniques for methane, are more in doubt. Such
liners may fail due to repeated thermal shock and this certainly is a point worthy of study.
The mitigating factor in the above is that relatively little tensile strain would be demanded
of the liner and composite until the vessel warms up.

Gas permeation through plastic liners does not seem to be an insurmountable
problem for current designs and it is likely that greatly increased operating pressure could
be handled. In terms of safety qualification tests there is no evident criteria that could not
be met. It is probable that thicker walled vessels will fare substantially better in mechanical
abuse tests (drop damage, bullets, fire). This could eventually lead to acceptance of
somewhat lower safety factor requirements. The design of valving for pressure release due

to fire or other heat sources may need to be held at a smaller tolerance because pressure
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dependence on temperature is directly proportional to the compressibility factor (Z). The
enormous physical strength of such vessels makes them practically impervious to
destruction from vehicle accidents.

Traditionally the high elastic strain of the composite has far exceeded elastic limits
of the metal liners, even after liner elastic limits have effectively been doubled during
proofing. Two methods around this are to use the stiffer carbon fibers or resort to a plastic
liner. Unfortunately, stiff carbon fibers lack strength and possess a high orthotropy
exponent “K” making them less effective in thick layers. Glass fiber properties are
technically obsolete, only their low price gives them credence. Keviar® has been overtaken
by the carbon fibers in performance as well as cost. Keviar®'s toughness still makes it
important. Carbon fiber is now available in a wide range of properties. It is about the only
composite that can have its properties tailored to demand. Prices of the extremely high
strength or high modulus carbon fibers are still so prohibitive as to render them non-viable
in the commercial market. Boron fibers which possess excellent transverse stiffiess also
fall into this price range. They however are not in production and effectively obsolete.
Their diameter and flexural stiffness would not be very suitable for winding in any case.

Fiber prices are habitually quoted on a weight basis. This is confusing for
economic design considerations. A proper unit of measurement is cost per unit achieved

strength of cross-section. This implies a vo/ume basis and incorporates the matrix's cost.
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2.19 Perspective on Research and Development

In terms of vessels slated for research and testing of more efficient wall
constructions, excessive detail spent on liner design is not warranted since cyclic testing,
the cause of most liner failures, will not be performed until the basic thick-wall
construction theories are confirmed. One of the simplest methods is to use existing liners
from commercial vessels and attempt to deal with their limitations. A specific problem is
insufficient material thickness around the boss connections. Other factors are probable
non-optimal dome contours and generally a lack of freedom to specify any design
parameters. The choice of metal liner can be quite limited unless one has the
manufacturing capability. Essentially one does not know exactly what is on hand until it is
cut apart and measured. Vessel manufacturers keep such details proprietary and will not
openly sell their liners. However it has been discovered that a majority of the thin metallic
liners for both commercial and aerospace applications originate from a single 3™ party
supplier [158]. The other choice is to attempt to mold one’s own thermoplastic liners or
find a commercial source.

The selection of epoxy is important with preference given towards a lower
temperature curing system in order to lessen thermal stress buildup. For thick walls,
separate curing of the intermediate layers is likely the easiest way of eliminating fiber
buckling, exotherm problems, and avoiding use of high winding tensions. In commercial
production, a process model would be valuable in minimizing time requirements without

jeopardizing the structure. Good elongation characteristics and a high matrix modulus are
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needed. A stiff matrix and high fiber volume fraction lowers the orthotropy exponent,
while good elongation allows high strain fibers to develop their best strength. To an extent
these properties are exclusive from one another and must be balanced by design
compromises. Micromechanics can in part estimate the sensitivity of such parameters.

For thick vessels, accurate fiber placement is important to maintain geodesic fiber
paths. Fiber buildup causing a change in vessel shape is a real concern especially for
cylindrical vessels. Techniques of stepping back the winding at the polar bosses to reduce
buildup and incorporation of circumferential doilies to lessen bridging are known to help.
Use of a pre-pregged tow is the easiest remedy for most of the above concerns but an
alternative not available when using many different materials on a small scale unless one is
prepared to do one’s own pre-preging.

For practical purposes, a 3-4 axis computer controlled winder along with good
fiber placement simulation and machine motion control software is essential [164].

The choice of vessel shape in experiments is dictated both by winding equipment
and liner / mandrel considerations. For test purposes cylinders are most practical although
spherical vessels could also be considered if the winding equipment and software were
adapted. Cylindrical vessel end domes can be somewhat overdesigned in order to ascertain
the validity of theoretical predictions in the wall portions of the central section. Finite
elements are a good tool, well suited to design refinements at later stages of investigation.
Continuum theory based on the compilations presented in Lekhnitskii's work and followed
in some form by a majority of researchers is concise and powerful. The failure theories are

numerous. A popular method is the quadratic interaction criterion in 3-D. Cubic tensors



have greater flexibility to model bi-axial and tri-axial stress states but the many constants
requiring evaluation make them practically impossible to apply. Christensen's
micromechanics models render good insight upon the power of constituent characteristics
over composite properties. The failure theories extended from them lend credibility to the
maximum strain fiber failure criteria, or something that is close. This maximum strain
theory has for decades been verified independently by nearly every experimentalist in the
field and found to be reasonably accurate.

Winding paths and dome geometries for constant fiber stress are determinable
analytically and are presented in Chapter 3. Computer incremental methods based on
determining the appropriate differentials directly off surface modelers using B-splines to
describe surface geometry as in the high end CAD software using solid models are an
alternative solution. A limited number of off-line winding simulation packages are
available but their output (if they are able to generate machine motion code) must still be
adapted to the individual winder since there are no standard machine interface languages
akin to ANSI G-code as used in CNC machine tools.

Virgin material properties and the general effects of environment, long term loads,
fatigue, impacts, temperature and practically any variable one may be concerned about can
be found in the literature. For analysis purposes, most of these can be taken as known or

predictable quantities.
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2.20 Scope of Work

In the following chapters, derivations and research are presented on key
parameters necessary for the analytical design of thick cylinder walls. The aim is two-fold:
First, to extend these analytical methods into the arena of efficient thick-wall vessel
construction. Second, to present them as complete derivations rather than the abstracted
forms, brushed over in virtually all literature. The methods and work presented are an
expansion drawn from many sources combined with the author's own contributions.
Chapter 3, expands on netting analysis and presents formulations requisite for designing
dome shapes and some factors that yield influence over the programming of winder
motions. Thereon, closed form solutions to the stress distributions in thick cylindrical
walls are developed. These analytical formulations are meant to shed some light and
understanding on a dark area. The methods described are blended into a computer
program that allows modeling and prediction of failures. The on-screen presentation is
real-time and graphically oriented yet the numbers generated at any loading can be output
to file or printer at a keystroke. In the final two chapters program results are interpreted
with the help of hypothetical examples and also test vessels built are examined and

compared to program predictions.
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Chapter 3

Filament Winding - Netting Analysis

3.0 Analytical Methods for Fiber Path and Dome Profile

The complete analysis of a filament wound structure requires a fundamental
understanding of parameters that will affect the stress distributions around the end
closures of the vessel. Any optimization achieved in the wall construction as described in
subsequent chapters will fall short of realization if end closures are neglected since a
pressure vessel cannot be complete without them. Closed form solutions pertaining to
through thickness stress distributions employing a full material description have so far
been obtained only for very simple geometries that have surfaces defined along the
principal axis of a coordinate system. Geometries any more complex would be exceedingly
difficult to calculate. Since the surface geometries required to sustain the position of
filaments during winding are very involved they can at best be approximated.

Fiber paths for arbitrary shapes can be calculated by numerical techniques and the
software is commercially available from each major winding equipment manufacturer and
also from 3™ party vendors. Nevertheless, leading equipment manufacturers such as
McClean Anderson are defining the dome shapes for pressure vessels using computer
algorithms that generate simple ellipses. Such geometrical simplifications may be
theoretically questionable, but considering tolerances that can be held during manufacture
and the expediency needed in design and production, these simplifications are an every-

day reality.
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This chapter presents a detailed analysis of fiber paths both without and with
incipient slip. By this method the physical limits of what dome shapes can (or cannot) be
wound are explored. The entire chapter is based on a netting analysis. This entails that the
matrix contribution is wholly neglected. The advantage of the approach is that the
mathematical simplification due to the simple description of the material (fibers only)
allows a complete description of the surface geometry needed to load the filaments evenly
and optimally. The final equations lead to important interpretations concerning the
magnitude and sense in which the fiber stresses vary when non-ideal conditions of surface
geometry are encountered. The equations also indicate clearly where to anticipate the
location of the maximum stress in the profile and thus define the limiting design
parameters.

From the historical standpoint, many authors since the 1950’s have presented
design methods encompassing both cylindrical and spherical filament wound pressure
vessels. Computations based on netting analysis for the cylindrical section on thin-walled
vessels is now widely known but head design, due to its complexity, is not. Equations
describing optimum filament wound shells of revolution have been available since the
1960's. Possibly the most complete works, translated from Russian and published mid
1970's and onwards, have been complied by V.A. Bunakov, and co-authors V.D.
Protasov, $.B. Cherevatskii and A L. Radovinskii [154]. Interpreting their work requires
significant mathematical abilities.

By the 1970's government agencies / contractors and winding equipment

manufacturers were working on the creation of optimized wound pressure vessel domes.
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Gradually the equipment and methods being used shifted from mechanical planar winding
to computer controlled equipment capable of laying geodesic fiber paths. Head profiles
and fiber paths were the result of proprietary computer algorithms. The basis for many
advanced designs can be traced to the equations and a computer code published by
Aerojet General in 1966 under a NASA contract [158]. During the 1970's and 1980's,
these equations were extended to include fiber slippage considerations. More recently
(1988), the principal design equations in use at Aerospatial were presented by J.P. Denost
to NATO members [105].

Today, most designs are complemented and refined using the FEM. A designer's
comprehension of interactions among the governing variables makes the analytical model
indispensable. From an engineering standpoint, the geometric significance given to terms
that comprise the fundamental equations in Denost's presentation, in contrast to the work
of Bunakov et al., makes the former more comprehensible to engineers.

The following derivations (expanded from Denost's paper) are for a thin-walled
cylindrical pressure vessel design. The main features to be extracted for a thick-wall design
are the relations concerning the winding geometry and head profile, rather than the stress
analysis. One must note that thick-wall vessels undergo a continual change in dome profile
as the fiber builds which in turn requires modified winding angles to compensate.

Below, the cylindrical portion is designed according to a (very simplified) netting
analysis. The basic assumptions are:

1) Fibers carry all the load.
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2) Matrix serves only to hold the fibers to the vessel shape and transmits secondary

loads.
3) There is no interaction between layers.
4) Stress distribution through the wall is constant.

5) All layers carry the same load.

It is clear that for thick-walled cylinders all the above assumptions are to some
degree violated. However the basics remain valid and some elements of simple netting
theory are requisite to the derivation of dome geometry and fiber path.

A combination of circumferential and helical (satellite) windings comprise the
cylinder wall. With reference to Figure 3.1 and 3.2, a balance of forces in the principal

directions gives:

_ bandwidth

unit parallel

i

w = (unit parallel)(cos a )

/ __Dome

parallel direction

Figure 3.1 Fiber-band on cvlinder.
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circumferential axis
SO’&

SO’fs
unit
length ¢/ lind .
parallel < cylinder axis
= |-tana
* Sog
v
S/cf, 6 parallel
— 1 ’{ direction

unit length of meridian

Figure 3.2 Element within the winding.

Notation for preceding figures:

©
1l

O
(3]
It

a:

radius at any point
inside radius of cylinder (p_ = R)

winding angle

N,,N; = membrane load / unit length

N. N, = Force in ¢ or 6 direction per unit length parallel / meridian

I tan o = length of parallel in element

cos

sina

= component in ¢

= component in 8

P = internal pressure

N = number of fibers per unit length of parallel
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S = cross-sectional area of one fiber
G = stress

e = thickness

v, = fiber volume fraction (constant)
Subscripts:

o = along meridian direction

o = along circumferential direction

= satellite (helical) direction

= circumferential (hoop)direction

= referring to fiber

-

, = condition at cylinder-dome junction

Axial direction Ny =Ny +N, G.1)
Circumferential direction Ng =Ny, + N, (3.2)
T 7

helical circumferential
fibers fibers

Where: N,, =PR2 (axial load)
Ng =PR (hoop load)
The circumferential layer contribution towards resisting
forces in the axial direction is nonexistent.
N,=0 (3.3)

The circumferential load / unit parallel can be expressed as:
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The helical winding portion supports loads in two directions. A balance of forces yields:

N, tana = N tan §ocosa (axial) 3.5

-V, =Ntana § O,sina (circumferential) (3.6)

Since (width)(thickness) = area, the composite layer thickness can be expressed as:

X - sectional area of layer
bandwidth of layer

layer thickness =

Using the terminology of Figure 3.1, on the basis of a length defined along the parallel,
the helical thickness of a composite layer at any point can be expressed in terms of the unit
parallel length. First, defining the numerator above:

area of fibers
fiber volume fraction

X -sectional area of layer =

area of fibers = (# fibers in a bandwidth)- (area of a fiber)

Therefore:

(# fibers in a bandwidth)-(area of a fiber)
(fiber volume fraction)-(bandwidth)

layer thickness =

where:  bandwidth = (unit length parallel)(cos o)
and N = (# fibers in a bandwidth) / (unit length parallel)
hence:

e,=NS/(v, cosa) (3.7

101



Solving for N'in (3.7) and substituting into (3.5) & (3.6):

N, tana =(e,u, cosaSa,cosatana)/ S
2
Ny =v,eo cos’a (3.8)

Similarly

Ny, =(e,v, cosatana So sina)/ S
Ny =v,e,0,sin’a (3.9)

substituting (3.8) & (3.9) into (3.1) & (3.2) gives:

PR _
T—U]-e

.0, cos’a (3.10)

PR = v e sin‘a +v.e0, (3.11)

By re-arranging the above equations, filament stress is:

G, =— iR (3.12)
(2u e, cos” a)
PR:ufe,—i,—sinla+ufeccﬁ
2u e, cos
PR(I _fan aj =V,e0,
g, =R (1—"’“ aj (3.13)
ve, 2

If circumferential winding is to be eliminated, combining (3.10) & (3.11):
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2v,e,6,c05" 0 = PR=v .6, sin*a

hence: tan‘a =2 (3.14)

If the fibers in the circumferential and helical windings are equally stressed

(0, =0 ) and having equal fiber volume fractions, then (3.12) & (3.13) combine:

PR [ PR (1- tan’ a)
(2v,e,cos’a) \v,e 2

<

2

tan“ a

2 + 2
j=2cos a—-sin" o

e =3cosa-1 (3.15)

Cylinder wall thickness equations have been defined above.
The heads contain only helical winding; hoop layers are confined to the cylindrical section.
The shape of the heads and the lay-up line of the filaments must be defined next. Two
conditions must be met:

1) The filaments must counterbalance the stresses from the internal pressure.

2) Stresses in the filaments must remain constant along their length.
The above two conditions constitute "intensoid" design. The head geometry must be
defined mathematically. Equations of equilibrium for membrane shells are well known and
can be referenced in any suitable text. For example in [161] section 18.10, the notation of

Figure 3.3 is followed.
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Bl . ——
Nea €. dline I\ %40 = Ryddcosd
/~— p+ds
z A
shell ~ P
’
P //‘/‘ M

lan ¢ = Slope at M = -dzdp
p=dpsdz= -l/tano

= v

Figure 3.3 Head geometry parameters. Adapted from [161].

Generalized equilibrium equations for membrane shells (no stress couples and no

shear) are stated in terms of the fundamental magnitudes in (3.16) below [161].
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(\/—Nl,) (J—N,,) aa‘é,— aa{ gVEG =0 (3.16)

RQIQ)

d &G WNE = —
ég—l(\/ENu) ('J_N'm) aél Nna’Tz 4.VEG =0

where: N, = membrane force per unit length
. = subscripts denote principal directions
E, G = first fundamental magnitudes

Z,,&.= Gaussian (surface) coordinates

R\, R, = principal radii of curvature
g: = surface traction (per unit area)

V,; = shear forces

Switching from subscripts 1.2 to ¢ , 6 the generalized equations in (3.16) above

can be expressed in more familiar notation. In any shell of revolution the first fundamental
magnitudes £, G are respectively R,,: .p* . (Note; equivalences in notation are: R, = R, ).
(Figure 3.3) In this case &, is identified with ¢, and Z, with 6 directions. Because we are

looking at a body with rotational symmetry (0 direction), the fundamental magnitudes £

and G are independent of 6. Thus the terms containing 6/3%, cease to exist when they
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differentiate a radius. Also from Figure 3.3 the relation 0p/é¢ = R, cos¢ can be applied.

The last three equations of (3.16) can thus be restated more specifically as:

5 5N

2 (PN ) + R 2B~ NegR cosd +g,Rp = 0 (3.16a)
od 53]

c oN,

g(PN%)+R,iT"°+NwR1 cosd +q,Rp =0 (3.16b)
Neo  Ng

—+—=+¢q,=0 (3.16c)
R R ©

For symmetrical loading of the shell (as with uniform internal pressure) the

equations do not depend on 6, hence both N, and g, must equal zero and (3.16b) is

identically satisfied. Replacing p = R, sin ¢, from (3.16¢), N, is expressed as:

N
- __wP P4 (3.17)
Rsing sind
Substituting (3.17) into (3.16a) and multiplying the result by sin® we find that the
following re-arrangement is possible:
d . . ”
—(pN‘,a sm¢)+pRl(q¢ sing +q, cos(b):O (3.18)

db
Integrating with respect to ¢, we solve for N by writing (3.18) in the following form:

N, =__L_[fznp1e,(q¢ sin¢ +q, cosd))dd)] (3.19)

2rpsind
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With reference to Figure 3.3 and 3 4, the term (q¢ sin +4, cos d)) has a vertical resultant

(g in Figure 3.3) that acts on an annular area 2npRdé .

Figure 3.4 Force resultant. Adapted from [161].

The integral on the RHS of (3.19) can be replaced by the resultant of the total load

acting on that part of the shell corresponding to the angle ¢. We set:

F = ["2mpR (g, 5in¢ +; cos ) d

This gives:

i (3.20)

N, =
®  2rpsing

For the case in study, that of a circular shell under internal pressure, the global force
resultant F is simply np*P.

Where: P = internal pressure =—g;
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Hence we have:

np’P _ Pp PR,

N = = = -
®  2npsiné 2sing 2 (3.21)
where: R sind=p (Figure 3.3)
from (3.17)
~___Pep P
2sin¢R,sind sing
or
PR}sin’¢ PR, sin¢
Ng = - s T
2R sin" ¢ sin¢
PR, R, .
Neo = T(“‘E’) (3.22)

Also the principal radii R & R, can be expressed in terms of the slope and

curvature at a point. By mathematical definition, for example see [160], the meridional

radius of curvature at M (in the plane of the paper) for a generating curve p ¢ is:
~[1+()’T

R=—"Fll

” (
p

[V}
[88)
L)
-

A second radius of curvature R; exists in the R-Z plane describing the
circumferential radius at M about the Z-axis via its surface normal.

With reference to Figure 3.3:
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R} =p* +d* =p* +(p/tan ¢)* = p* + (pp’)*
Ry =p*(1+p)

R, =p[l +p}* (3.24)

since from (3.8) & (3.9) we have

&ztanla
N

introducing (3.21) & (3.22)

Nee _ (PR,/2)2-R,/R)
Ne (PR, 2)

from (3.23) & (3.24) the first condition of intensoid design reduces to:

2\ "
5 + /2
tan‘a=2—&=2—p—(1—p—,),—5-=2+ P (3.25)
I S At
The second condition requires that the stress in the
filament remains constant. From (3.8)
N,
Cp=— 2 (3.26)
L€, cos”a

Relation (3.7) which expresses the local thickness can be written for the junction

of the head and cylinder as:
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N,S

eo: -
Uf cosa,

(3.27)

where: a, fiber angle at cylinder to dome junction.

Also, since all the filaments cutting the parallel at the junction of the head and cylinder will

cut the parallel at any arbitrary point on the head being considered, the following is true:

27pN =2mp, N,

N _p
N, p
and (3.27) becomes

€,Ccosa _ e, cosa,

v v (3.28)
1]
hence local thickness is:
_ €, Ncosa, €,p,cosa, (3.29)
' N,cosa pcosa '
from (3.26)
- = Nypcosa _ PR,p
S 7€0s Po COSQ, OS> 2v €05 Po COSQ COS QL
G, = Pp (1+p")* (3.30)

2v e, p, COSQA COS QL

Factoring out constant terms, the requirement for constant

stress in the filaments (second condition) can be stated as:
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p*(1+p")* /cosa. = k (3.31)

The shape of the head p () and fiber path o (-) can now be determined by solution

of the system

2 12 \H
" b 1+ e
24+-PP s=tan"a ; B—(——p—)—=1c=constzﬂmt (3.32)
1+p’ cosa

The relation between o and p can be found as follows.

Differentiation of (3.31) wrt. = gives:

0= S0sa2op’(1+p")" +1p (1 +p?) “2p'p" ) +sina- afpi(1+p'2)%]
cos’ a

0 =cosa2pp'(1+p?)* +Lp*(1+p"?) *2p'p" cosa +a’sinafp(1 +p?)"]
0=cosa2p’p+p*(1+p?)'p'p"cosa +a'sina(p)’

pplpll
0=2p"+
P T (+p7)

+pa’tana .

w)
L)
(7%
N

substituting the first relation of (3.32) gives
2p' +p'(tan* o —2) +pa’ tana = 0
p’tan’ o +pot’tan o = 0

p'tana = —pa’
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1

p_ (3.34)
p tana

integrating yields:

Ihp+C =~nsina+C,

Ihp+lasina =C,

I (psina)=C,

psina = e = constant (3.35)

The above condition (Clairaut's equation) relates the winding angle to the local
radius. It will be shown more definitively later that relation (3.35) is a characteristic
property of geodesic lines belonging to any surface of revolution. In the particular case of
“intensoid" design, (3.35) makes it possible to obtain the winding law once the head is
geometrically defined. In other words, laying filaments along geodesic lines for the
“intensoid" shape ensures that they will be subject to constant stress.

An equation linking the coordinates p and : is required to specify the function

describing the shape of the "intensoid" head. (3.32) can be written as:

" 4 , 12
24-P2_ _niq 291:L)=coslon (3.36)
(I+p"7) Kk
.. . 5 1
using identity: tan o +1=—
cos™ o
3, PP k- (3.37)

(1+p?) p*(1+p")

Another form can be derived: (multiplying by 2p°p’)



60 + 220007 _ K (20°p)
(1+p?)  p*(l+p?)

[ T19'n" 2 ’
6%’ + 2 (-pg ) _k (29;1)
d+p”) (A+p’)

or

6p°p'(1+p")+p°(2p'p") = k*(2pp")
this can be expressed as a differential:

[+ p)] =y

integration yields

pG(l +p12) = klpl +C
At p,, p, =0, thus the integration constant C is evaluated as:

C=py-kpy
(3.38) becomes

p*(1+p™)=k"p* +p; - k*p;

dividing by p;
(P/P)(1+p*)=(k* 1Py )p/ py)’ +1~(k* / p})
(P/pe) (1+p2)=~(k* I pg)1-(p/ p,y)*]+1
butat p,, p;=0and a=qa,

so the second condition of (3.32) can be stated as:

113



1

p; cos’a,
(p/po) (1 +p") =~(1/ cos*a, f1-(p/p,)*] +1
cos’ ao(p/po)6(1+p'2)= cos’ @y _[1_(9/90)2]

1+prl — coszao -[l—(p/pﬂ)z]
cos’ o, (p/ p, )°

o = cos’ @, = c0s’ oy (p/ p,y)* ~[1-(p/ p,)*]
cos’ ay(p/p, )’

1 cos’ a,(p/p,)*

P cos’a, —cos’ ay(p/ Py ) —[1-(p/p, )]

rewriting with the introduction of new terms as:

1 _ cos” &ty (p/ p,)°
p’’ —[1-(p/po)2]+cosz &y [l—(p/po)l][(p/po)l +(p/po)4]+C052 o[l _(p/po)z]

6

1 cos’ oty (p/ py)

12

o 1=/ poV[e0s oy = o @, (0 p,) +(p/ p)'1- 1]

1 cos’ a, (p/ p, )°

'2

0 1=(p/pe) 1[e05" ay(p/ 0ol +(p/ po)' 1 sin’ ay]

1 (p/p,) cosa,

Pt -/ poloos’ ay (01 po 11+ (0 o)1 - sin? o}

introducing the variables:
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SO =—
dp
r dp r p' 1 - 1 - poi" ny
pr=—) I'sS—, —==p|=|=——=p|—
dz Py ! p dp dt
hence —Lzﬂ
pot’ dt
1 1’ cosa,

Pt {(1- )21+ ) cos - sin? ]}

£ cosa,

L

at {(1 —1*)[*(1+ £*)cos® o, —sin’ o, ] }V

!

2= 4Py = Py [ — (3.39)
o {(I—t')[l“(l+t')cos' a, -sin“a,] }

1’ cosa dt

where: 1 = £

Po
(3.39) allows computation of a non-dimensionalized head shape in terms of axial
coordinate = and radial coordinate p. The integral is evaluated numerically.

A cylindrical tank has two heads and therefore two planes of junction between the
cylinder and head. The geodesic line on the cylinder is a helix. The winding angle a is
constant and the same at these two junctions.

Qo =Qy, =0

At the opening (fiber turn-around point) o = 90°
Relation (3.35) leads to the conclusion that:

Pr =Pg =P, SinG,

where: p; and p, are radii of the polar opening flanges.
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1) The "intensoid" design only allows fabrication of vessels with identical polar
openings.

2) At a=54.75° tan’a =2 and by the first condition of (3.32) p” must equal 0.

In this case the meridians present an inflection point. Current practice is to extend
the head profile in the region of 55°<a <90° by the construction of a spherical cap of
radius R, in this region. Generally internal metal bosses extend from this point to the

opening providing secondary reinforcement. More complex head profiles in this region are

derived in [155].

3.1 Balanced winding with controlled stability

To overcome the limitarions governing the size of the polar openings and to avoid
fiber slippage which adversely affects the performance of the product, the stability of the
winding must be detailed. Current design methods incorporate an enhancement to the
second condition of (3.32) which take into account the friction available to hold a fiber on
a path deviating from the geodesic line. The ability to deviate off the geodesic line is
required to maintain a margin of geometric freedom in the size of the openings. Many

pressure vessels require only one opening, or different size openings.

During the winding phase, the filament is laid on the mandrel with a tension 7T .

Figure 3.5 illustrates some parameters of what follows:
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Notation:

V¥ = rotation about
= surface normal

= fiber path normal
= binormal vector
= tension in filament
= curvature

= lengthwise

= sideways

= downwards

= mandrel surface
= plane of parallel

TR E C 2oy S RN

Figure 3.5 Force vectors acting on fiber.

The mandrel exerts a force F per unit length filament.

—

F =M +pii, +vb,

For a small element in equilibrium, the values of A, H, L have the following expressions:
., —dT . .

A= = (change in tension along length of fiber)

U= —Tg cosy (tension component downwards)

v=-Tcsiny (tension component sideways)

Under the effects of tension, the filament tends to slip in the direction of vector & . The

slippage tendency can be characterized by:

k= Bl:[tan | (3.40)

My
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Relation (3.40) shows that the angle v is the value characterizing the stability of the
winding. (In effect it is the friction coefficient). Consequently the angle will be taken into
account in the second condition of (3.32) leading to modified expressions for o:). The
determination of such follows. With reference to F igure 3.6, the components of the unit

normal vector (7, ) in the x, y, = coordinate system are determined:

X
N
Cylinder ,

= f /— p (z) ?;S
0\ Fiber Path
Meridian

x
e

axis / \(

>+Z

Notation:

! =tangent to fiber path at M

o = angle between meridian
plane and fiber

0 = angle of meridian wrt. coordinate
system

n_ = outward normal

s

Figure 3.6 Fiber orientation on head surface.
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Letting R, represent the radius along the outward normal to the surface, its magnitude

can be expressed as:

R, = p(1+p™)* (from equation (3.24))

its component in (x) = pcos0

its component in (y)=psin9

its component in (z)}=d = tanLd) =-pp’ (from Figure 3.3

where: slope p’ is negative

The normalized components are:

’

= pcosO psin® -pp
' p(1+ p'z)}i ’ p(l+ p'z),'«’: ? p(1+ prl),‘.‘:

The unit outward normal (7,) is

_ cosB sin®

i = 22U

5 D,D’

(3.41)

oo

Where: D = (1+p'?)*

Components of the tangent (to fiber path) vector (7 ) can be computed by

examining the geometry of Figure 3.7 and supplementary details of Figure 3.8.
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Axis

Vertical projection

[~ dp sin®

of meridian w
[}
a s A o
% K
<
()

-

81>~
dp cosb
N

pdy sin@

RN e

\ \ pdpcos 8

Y N

Figure 3.7 Vector components along fiber path.



z Y
Relations
pdd _ d= 1
— =tana _ —
ds Tap =
o - tana | as’ = d=* +dp* =d=* + 'd:)’
d:(1+p'z)~ P P
. ds* = &=*(1+p”
ag_(h-p'z)'ztana ( p)
d
g ds = d:(] + p’z)":
d Dtan 2\
& pa; D=(1+p")

Figure 3.8 Details of fiber path geometry.

Letting (d) represent the unit vector (7 ) in the figures, the components
constituting (df) in the x, y, = directions, divided by (d?), will comprise the required unit
vector (7). Length M-4 in Figure 3.7 equals (dz), the () component. Taking '4' as the

reference point the other components are derived:
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—dtcosacospcos® dfsinasind

() components in (x):

dt dt
but
4 _ cosh = — = = — . D=(1+p"?)*
ds dz(1+p'?)*
therefore:

p'cos@cosa

(1), (x)component = -sinasin®

- . ~dtcosacosdsin@ dtsinacosd
(t ) components in (y): ¢ + —_

dt dt
(7),(y)component = p’eosasing +sina cos0
(7') components in (z): d==ds/(1+p’*)? (see Figure 3.8)

dtcosaa _ cosa
dt(1+p*)* D

(1), (z)component =

In summary:
(t—):p cosOcosa_sinasine’ p’ cosasin® +sinccosd, cosa
D D D
(3.42)
From Figure 3.8 the following relation is evident:
g =% _Duna (3.43)
dz p

Subsequently a vector in the direction of (11 ) must be found. From differential

geometry, a vector in the direction of (ii ) can be found by taking the derivative of vector



(t) with respect to the fundamental variable, which in this case is z. The new vector will
be normal to the tangent vector (t). The components of this new vector are derived from

the constituents of (t) as expressed in equations (3.44):

—-f- (x) component =
dz’ P

{l + p’z}%[p" cosa cos® —p'a’sinacos® - p’@’ cosa sin 9]
(1+p")

E’ cosa cose[%(l+p'2)'~"-]2p'pj )
> t—(a'cosasin@+ 6’ cosOsina)
(1+p")

but: e,z_zﬁzDsma
d= pcosa

and; D=(1+p'?)"*

the (x) component is rewritten as:

p"cosacos® p'a’sinacos® p'sinasin® pp”cosccos® . Dsin® a.cos8
- - - - -a’cosasing - ———
D D p D pcosa
(3.44-x)
d_'t' () component =
dZ ]

{1 +p"? }l[ “cosasin® —a'p’sinasin® +p'@’'cosa cosO]
(1+p")

[p' cosasin®[1(1+p?)]2p'p"
(1+p")

! +a’ cosocos® —0'sinOsinq

The (y) component can be written as:
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p"cosasin® p'a’sinasin® p’sinacos® p’p”cosasin® Dsin® asin®
- + - ~ +a'cosacos@ - ——————
D D p D pcosa

(3.44-y)

dt

—, () component =

dz

-(1+p"* ) a'sina - cosa2p’p” s (1+p'2) " _—a'sina_ p'p”cosa

(l +p/2) D D3

(3.44-2)

The quantity tan y , taken between vectors 7 (3.44) and 7, (3.41) can
be defined by the following vector properties:

any < XA _ FllFJsin v

A, |

. cos v

From equations (3.41) and (3.44), the dot product 7 - 71, is:

p"cosacos’® p'a’sinacos’® p’sinasinBcos® o’ cosasindcosd

2

D? D* pD D

Dsin*a.cos’® p’*p”cosacos’ P cosasin’® p’a’sinasin’6
pDcosa D* D? D’

'
-

p'sina cosOsind . a’cosacosBsin® Dsin‘asin’0

pD D pD cosa
p'p" cosasin® O N p'a’sina  p'’p”cosa
D* p* D

using: cos*0+sin’9 =1

. p”cosa p'a’sina  sin*a  p'’p”cosa p'a’sina+p’2p"cosa
. = —_ -— . -+
: D? D? pcosa D* D? D*




5.5 _Pcosa sina
f D? pcosa

(3.45)

The cross product magnitude |7 X7, is:

z
%

2
+”":n3x —n.ng ”2 +"nxnsy —nyn.

|

.. -nmy

first term, (n,n_. -n.n_) is:

p"p’cosasin® p”a’sinasin®  p'’sinccosd p'a’cosacosd Dp’sin’osind
2 - 2 + + - -
D D pD D pDcosa
p’’p"cosasin® a’sinasin® p’p”cosasin®
D* - Dt D*

which simplifies to:

-(1+p”)a’sinasin® (1+p’?)p’'p"cosasin® p'p” cosasin
D* ) D’ T o

p" sina cos® . p'a’cosacos® p’sin‘asin®
pD D pcosa

and reduces to:

p’* sina cosO . a’'p’cosccos® p’sin’osin®
pD D pcoso.

-a'sincsin® +

Second term, (n.n_—n_n_) is:

2.

a’sina cos0 L P’p"cosacos® p'p”cosacosd p’a’'sinacos® p'’sinasin
- - + +
D? D* D* D? pD

-+

p'a’cosasin @ . Dp'sin* acos® . p"’p" cosacosO
D pDcosa D*
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and reduces to:

p'*sinasin@ . p'a’cosasin® p’sin’acosd
-+

pD D pcosa

a’sinccosO +

Third term, (n.n,—nn_) is:

—p”cosacosBsin® p'a’sinacosBsin® p’sinasin’® o cososin?
D’ " D T ¢ i
p. D

Dsin* o cos@sin 8 . p'*p" cosacosOsin O N p”cosasin@cos® p’a’sinosind cosd
pDcosa D* D? D?

p’sina cos’H L &@'cosa cos’@ Dsin’asinBcos® p’*p” cosasin6cos
pD D pDcosa D*

Canceling terms gives:

p’'sinat, . , 5 a’'cosa , . , ) p'sina  a'cosa
————(sin" 0 + cos” ) + ———(sin’ O +cos’ Q) = +
pD ( ) D ( ) pD D

The first term squared (7,1, —n.n_ ) equals:

p"*sin* cc cos* O . p"*a’? cos’ acos’ O

a'’sin*asin’ @+
plDZ DZ

p’*sin* asin’® 2a’p'’sin’asinBcosd 2p0’a’? sinasin®cosocosd . 2p’'a’sin’ asin@ .
2.2 - - '
p cos a pD D

pcosa

2p"a’cosasinacos’® 2p”sin’asinBcos® 2p'’a’ cosccosOsin? asin
pD? p*Dcosa Dpcosa

The second term squared (n.n_ —n_n_)* equals:

p"*sin’asin’@ . pa’?cos® asin’ 0 p’?sin*a cos? O

a’'?sinacos’9 +
p?D? D? p’cos’a




2a'p’®sin’ a cosOsin O . 2a"’p’sinccos@cosasin®  2p’a’sin’ o cos® @
T
pD D pcosc

3 . . . . 2 . -
2p"a’sina cosa sin® @ N 2p"” sin’ asinBcosd | 2p"a’ cosasin@sin® o cos
2 nal
pD? p’Dcosa Dpcosa

Canceling terms and using sin® 6 +cos’ 8 =1 reduces the above two terms to:

p”sin*a N p"’a’? cos’ a . p*sinta . 2p'a’sin’ o _ 2p"a’sinacosa

a’’sin® @ +——; - S -
p°D* D p-cos o pcosa pD-”

The third term squared equals: (mn,-nn_y

P2 22 2 2 Ty’ et
psiInTa a“"cos a X P A sInacosa
pZDZ D2 pDZ

Combining the above two quantities allows simplification to:

(1+p?)p”?sin*a  (1+p?'cos’a 2(1+p")'p'(sinc cosar)
plDZ DZ pDZ '

i . . 3
psinta L2polsin’a

a’*sin’ o + _
p*cos’a pcosa

and can be compressed further

2_ 2 pPsinfa 2a’p'sinccosa pPsin*oa 2p'a’sin’a
[ =a?+ + + +

”ﬁ X ﬁ_\» - 1 ] 2
p° p p-cos” a pcosa
(3.46)
(3.45) can be expressed as:
D’pcosa(ii-i1,)=—p"pcos’a +D*sin’« (3.47)

multiplying (3.46) by (D*pcosa)*:
a’p’ D cos® o+ D*p'? sin’ aLcos” .+ 20'p’pD* cos® asina +p'2 D" sin® o+ 20'pa’D* cosasin® a

regrouping as:



D*[a"?p* cos®* a. + p’? sin® a cos® a + 2a’p’p(cos’ asina + cosasin® a) +p'* sin* o]

expanding to:

D*[(a'?p* cos’ o +p"* sin® a(l —sin” a) + 2a’p'p(cos asin a)(cos” a + sin® o) + p’* sin* o]

allows cancellation to:

D*(a'*p* cos’ o + p"sin* o + 2a’p’pcosasina) = D*(a’pcosa +p’sina )’

therefore D’p cosali X7, has been condensed to:
D*(a’pcosa +p'sina) (3.48)
Finally the quantity tany can be obtained from (3.47) and (3.48).

X7

ks

_ D*(a'pcosa +p’sina)
i pp”cos’*a—D*sin’a

s

tan y = (3.49)
A characteristic property of a geodesic curve on a surface of revolution is that the
normal to the surface and the normal to the curve are coincident. From (3.49) and Figure

3.5, it is evident that this condition is met when tan y = 0. Thus the numerator of (3.49)
equals zero for the geodesic fiber path. Referring back to (3.34) & (3.35) it is clear that
p'tana = —pa’

is the same as:

a'‘pcosa+p'sina =0

Integrating the above equation yields:

psina = constant
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The above is again Clairaut's equation.
With the first condition unchanged, which is filaments only counterbalance stress,

the system to be solved now is: [refer back to equations (3.32) and (3.49)]

”

pp 2 .
(1+p'2)=tan a and;

(a'pecosa+p'sina)(1+p?)
pp”cos’a - (1+p'*)sin’a

(3.50)

In what follows, designs will be sought such that the slippage tendency of the
filaments remains constant (tan y = &) along their length. This allows one to explore the
geometric limits of the vessel openings at either end.

Unfortunately equations (3.50) are not easily integrated and are thus solved
numerically. A standard method of resolution is the Runge-Kutta method, order 4. The
system is reduced to first order. Using the first equation of (3.50) we let:

p=u (3.51-1)

so: u'= (tan“a - 2) (3.51-2)
p

for a’, the second condition is rearranged:

(1+p”)a'pcosa +p’sina) = k[pp” cos? a — (1 + p’*)sin’ o]

, ] k[p(l+1r’)/p](tan2a—2)oosza—(l+u2)sin2a]_usina
pcosa (1+1)

5 . 2 _9 b _ N -2
o= 1 kf(l+u Xsin"a -cosza) (1+u)sin a]—usina
pcosa (1+u°)

a’=—(1/pcosa )2k cos’a +usina) (3.51-3)
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The system (3.51) can be expressed as 3 functions:
Si(u,a,p), f;(u,a,p) and f;(u,a,p).

Knowing that at the cylinder-dome junction; a = a,, ¥'=0, p=p,, the Runge-
Kutta calculations, presented below, can be started and subsequently determine a series of
discrete values tabulating o, u, p.

If the functions (3.51) for a and u have values a,, u for p=p, , the values of
Q. 4., for p=p, +Ap are determined by performing stepwise the following series of
calculations [161]:
o= f(a,,u,p,)

u’ = f(a,,u,p,)
px,o =-f;(al’lll’p1)

a' = file, +5a;’Ap,u, +1uAp,p, + Ap/ 2)
u' = fyle, + 1" Ap,u, + 11" Ap,p, + Ap/ 2)
P’ = file, + 50 "Ap,u, + 4u’Ap.p, + Ap / 2)

a’= Sfi(a, +1aAp,u +3u'Ap,p, + Ap/2)
W = e, + 10 Ap,u, + 1uAp,p, + Ap/2)
P = fila, +5"Ap,u +1u'Ap,p, + 8p 1 2)

a = fia, +a*Ap,u +u*Ap,p, + Ap)
u’ = f,(a, +a Ap,u, +u*Ap,p, + Ap)
P’ = fi(at, +a*Ap,u, +u*Ap,p + Ap)

@, =a, +(Ap/6)a’ +2a; +2a? +a’’)

= 0, 1 2 X]
u,=u,+(Ap/6)u” +2u +2u* +u’)



Pt =P, +(8p/ 6)p;° +2p!" +2p* +p}’) (3.52)

The solution of equations (3.52) can be used as a basis for comparing the constant
slip profiles (as determined above) to elliptical dome shapes and / or other approximate

profiles one wishes to wind over.

3.2 Design of the Cylindrical Part:

The technique of winding on the cylindrical part with constant slippage tendency
can be exploited to reduce the overall slippage required on the end domes for vessels with
different sized openings. Equation (3.49) can be reduced to the following form using the

conditions that r =r,, r' = 0. On the cylindrical surface (3.50) becomes:

—-a'p, cosa
— S ——=tany =%
sin“a

At two points separated by length ¢ (along the z-direction), the winding angles

a,,q, are related as follows:

o d_da
d= df
—do (p, cosa)

— k
dl sin“a

—j o da = Tidf
2sin‘a - : Pa

az]zk(ez-e,)z_kg
@ Po Po

—[—(sin - a)
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or, 1/sina,-1/sina, =p£ (3.53)
0

Similarly the change in the angle a can be quantified in relation to the rotation

angle 8 by the following manipulations, from (3.43):

d® Dtana
daz Po
integrating;

J-dezj-(li—p’l)xtanadz where; r'=0

Po
but; da _—ksin®a e = —poc?s’ada
d= p,cosa ksin“a

J‘(B J»tanapocosa

kpysin”a

8,-6,= —(l/k)_‘;csca da

8, -6, =-(1/k)ln(csca - cota)l;‘:

From (3.53)

1 _(kf)+ 1
sina, \p,/ sinq,

8.-6,= ‘@[’” [Gg') +(sin1a,)J_{Kpﬂ;ﬂ{sinlal]z '1}% _h[(sinlal) _(tanla,n

also; csc’a-1=cot’a




The sizes of the openings on the end domes are described by the factors £, ,.
These represent a fraction of the cylindrical radius r,. When designing a vessel, the
parameters p,r, p,r, (size of openings) are imposed by the application. An estimate of the
friction coefficient allowable for the winding method being considered (wet winding vs.

pre-preg tow) brackets tan y . Solution of the system (3.52) for a range of tan y values
using fixed sets of initial conditions a., p, allows point by point generation of the

diagram depicted in Figure 3.9 [105]. The points m, , m, represent the combination of

conditions existing at the two heads.

QL o (degrees)
60
Q.70
0.65
$0 0.60
0,55
| : 0.50
0.0
0.25 °
0.20
[ =Ty —] 0.15
' /j//
{//{f/

-0.2 -0.1

o
o

.
-

0.2
tan

Figure 3.9 Friction requirements as a function of head opening sizes and wind angle.
Adapted from reference [105].

The essential parameters are illustrated by example. For a vessel with two different

openings:
Pr /o =050 (aft dome opening)
Pr, / Po =025 (forward dome opening)
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For a non-slip (helicoidal or geodesic) trajectory on the cylinder, a, must be the

same at both head to cylinder junctions. The most stable winding in this situation is

obtained by equalizing slippage on each dome. This case is represented by m, and m, on

the diagram.

The parameters are: a, =23°
ftan w| =013 ; y = 74°
A lesser overall friction coefficient can result when the cylindrical section is also

permitted a degree of incipient slip. Again equalizing the slippage tendency at each head,

an alternative solution, m| and m; can be found. In this case:
tany =010 ; y =5.7°
This solution shows that a, =21° and o, =245°
Equation (3.53) will determine if the slippage factor & is acceptable on the cylindrical

section. If the cylindrical portion ! is long enough and factor & is high. large differences

between a, and a, can be tolerated.

3.3 Stress in the Filaments:

When winding with constant slippage tendency, the stress in the filaments will be
changing. This results because the constant stress condition of equation (3.31) is not
adhered to when solving the system (3.50). However changes in the filament stress can be

determined by (3.30).
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Hp(1+p")* P
Cp=—"7—7-——; H=
cosa 2v,e,.p, cosa,

o, _ o) cosal(2ppY1+p7)* +1p*(1+p?) #20'p" ]+ o' sinap?(1 + 7
dz cos’ o

do- ' 2 0. r 2 .
ﬁzH{prD+ppp LoP Dsma}

2 3.55
dz cosa Dcosa cos‘a ( )

It is instructive to note the rate at which the stresses are changing and what factors

are responsible. (3.55) is reduced as follows using (3.25) to eliminate p”:

do, H{pr'Dcoscx N p’p’(tan* o - 2)(1 +p’)? . a’pzDsina}

d- cos’a pDcosa cos’a
ac , 4D 2pp’cosa + pp’cosa(tan’ o - 2) + a’p*sinat
d= cos’a

do , HD{2pp'cosa +pp’sinatana - 2pp’cosa +a'p? sina}
cos’a

do _ D pp'sinatanc12+a'pzsina
d= cos o

do- (4 ’
—£ =pHDtanon{p sx?a+ ap }
dz cos"a  cosa

at
&=pHDtana{

(3.56)

dz

p'sina  a’'pcosa
FV 2
cos"a  cos @

Equation (3.49) can also be written in a different form.



_D’a’pcosa+Dp’sina
pp”cos’a— D*sin’a

tan y

a’pcosa +p'sina
" D2 .
(PD%) cos’a - (B-Z—) sina

again, using (3.25)

tan y =

a'pcosa +p'sina

fany = "

—(2-tan’a)cos’a ~-sin’a

a'pcosa+p’'sina

tanw= 2 . 2 . 2

—-2cos a+sin‘a —-sin" a
hence:

a’pcosa+p'sina
2tany = &P 0 (3.57)
-cos a

thus (3.56) reduces to:

ac .
TL—z—szDtanatanw (3.58)

Given that one is designing a vessel on the principle of minimizing the slip, where
equal and opposite quantities are sought for (tan y) to minimize the overall slippage
tendency, then from Figure 3.9 and equation (3.58), the following observations can be
made:

1) Manufacturing constraints will likely impose that (tan ) be negative for the

head with the larger opening and positive for the head with the smaller opening.



do
2) One can see from equation (3.58) that ?f’ is positive when (tan ) is

negative. Since all other quantities are known to be positive, stress in the
filaments increases for the dome with negative (tan ).

3) Equation (3.55) states the filament stresses on the dome in terms of the fixed
quantities at the cylinder to dome juncture. Thus from the juncture to the point
of inflection (where o. = 54.7° and the geodesic profile becomes undefined) the
head with the larger opening will see a rise in stress from the nominal amount
and the dome with the smaller opening will see a proportional reduction in
filament stress. The inflection point indicates the position where the iso-tensoid
conditions can no longer be maintained, and in practice a spherical dome of
radius R; is used to define the shape up to the opening.

The head with the larger opening will dictate the limiting design factor establishing
wind thickness. The advantages of using small and near equal size openings should be
evident.

The utility of the foregoing equations in designing head profiles for thick vessels is
in practice limited by a number of factors. First it must be recognized that the fiber band
overlaps itself (unlike on the cylindrical surface) as it traces multiple circuits over the
dome enclosure to complete one full pattern. This has the effect of thickening the lay-up
locally and causing a coarse overlapping step-pattern (prone to void formation) most
notably adjacent to the polar opening. The thickening effect changes the profile of the
head upon which subsequent layers are overwound. This new surface is not geodesic-

isotensoid. Band overlapping is a source of stress concentration. The abrupt band drop-off



step can at best result in resin-rich pockets unless it is filled in by manually placed fabric or
random mat doilies. Here the fiber band is forced to kink at every drop-off point, an area
of weakness. Also because low compressive radial moduli results from voids and resin rich
areas it leads a poor capacity in transmitting radial stress outward. This magnifies the
stress gradient and serves to overload the innermost layers

Refined designs employ finite element models in an attempt to minimize stress
concentrations due to such factors in the region of the end closures. The better winding
software permits calculation (by numerical methods) of winding paths around arbitrary
shapes. However an optimum starting point for the inner filaments (which carry the
highest stress) is based upon the foregoing equations, lending justification to their
development.

In winding a typical vessel with one small opening it is evident that incipient slip

can be spread out across the length of the cylindrical portion, and tany will be very small.

In this case equation (3.38) indicates that stress in the filaments will remain virtually
constant, or can even be designed to decrease around the dome enclosure especially if we
compensate by winding with higher incipient slip elsewhere.

For the cylindrical portion of a thick-walled vessel, equation (3.15) is not adequate
because the assumption of equal through-thickness stresses fails to hold up. With this
netting based design of filament wound vessels as background, we now turn to a detailed
analysis concerning the cylindrical portion of a thick-walled pressure vessel. This
constitutes the focus of the present work. In contrast with the above simplified analysis,
the approach employed in subsequent chapters is founded on 3-dimensional anisotropic

elasticity equations.
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Chapter 4

Analytical Methods for Discrete Layer Design

4.0 Elasticity Solutions using Fixed Material Properties

The analysis of cylindrical structures by elasticity solutions can be subdivided into
“thin wall” and “thick wall”. The division point is often arbitrarily chosen as a radius to
thickness (r/) ratio of 10. This ratio is not appropriate for composite structures, especially
when designing with highly anisotropic advanced materials. The underlying assumption in
thin-wall vessel design is that the strains are uniform through the thickness. Geometry
alone fixes strain distributions for isotropic structures. Higher degrees of anisotropy in a
composite material result in strain distributions governed by the material’s internal
mechanics as well as by geometry.

Closed form solutions are possible whenever the geometry of the item being
analyzed can be represented by a standard coordinate system (rectangular, polar,
cylindrical, spherical). Items of more arbitrary geometry must be reduced to a finite
number of elementary shapes before analysis techniques can be applied. This, the finite
element approach, is especially powerful yet still limited to the assumptions implicit within
the formulation of the elements. When the geometry is relatively simple, as in a cylindrical
vessel, the problem is already reduced to that of one large element. The attractiveness of
an encompassing elasticity solution is that it sheds light on the action of parameters

govemning internal stress distributions. Although finite elements do predict an outcome for
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