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Description

FIELD

[0001] This invention relates to a method of fabricating
a pressure vessel using a prepolymer formulation, the
viscosity of which can be modified by addition of co-mon-
omer to achieve desired operational conditions, in par-
ticular to a dicyclopentadiene prepolymer to which is add-
ed a reactive ethylene co-monomer.

BACKGROUND

[0002] The detrimental effects of the burning of fossil
fuels on the environment are becoming more and more
of a concern and have spurred great interest in alternative
energy sources. While progress is being made with solar,
wind, nuclear, geothermal, and other energy sources, it
is quite clear that the widespread availability of econom-
ical alternate energy sources, in particular for high energy
use applications, remains an elusive target. In the mean-
time, fossil fuels are forecast to dominate the energy mar-
ket for the foreseeable future. Among the fossil fuels,
natural gas is the cleanest burning and therefore the clear
choice for energy production. There is, therefore, a move-
ment afoot to supplement or supplant, as much as pos-
sible, other fossil fuels such as coal and petroleum with
natural gas as the world becomes more conscious of the
environmental repercussions of burning fossil fuels. Un-
fortunately, much of world’s natural gas deposits exist in
remote, difficult to access regions of the planet. Terrain
and geopolitical factors render it extremely difficult to re-
liably and economically extract the natural gas from these
regions. The use of pipelines and overland transport has
been evaluated, in some instances attempted, and found
to be uneconomical. Interestingly, a large portion of the
earth’s remote natural gas reserves is located in relatively
close proximity to the oceans and other bodies of water
having ready access to the oceans. Thus, marine trans-
port of natural gas from the remote locations would ap-
pear to be an obvious solution. The problem with marine
transport of natural gas lies largely in the economics.
Ocean-going vessels can carry just so much laden weight
and the cost of shipping by sea reflects this fact, the cost
being calculated on the total weight being shipped, that
is, the weight of the product plus the weight of the con-
tainer vessel in which the product is being shipped. If the
net weight of the product is low compared to the tare
weight of the shipping container, the cost of shipping per
unit mass of product becomes prohibitive. This is partic-
ularly true of the transport of compressed fluids, which
conventionally are transported in steel cylinders that are
extremely heavy compared to weight of contained fluid.
This problem has been ameliorated somewhat by the
advent of Type III and Type IV pressure vessels. Type
III pressure vessels are comprised of a relatively thin met-
al liner that is wound with a filamentous composite wrap,
which results in a vessel with the strength of a steel vessel

at a substantial saving in overall vessel weight. Type IV
pressure vessels comprise a polymeric liner that is like-
wise wrapped with a composite filamentous material.
Type IV pressure vessels are the lightest of all the pres-
ently approved pressure vessels. The use of Type III and
Type IV vessels coupled with the trend to make these
vessels very large - cylindrical vessels 18 meters in length
and 2.5 - 3.0 meters in diameter are currently being fab-
ricated and vessel 30 or more meters in length and 6 or
more meters in diameter are contemplated - has resulted
in a major step forward in optimizing the economics of
ocean transport of compressed fluids.
[0003] The trend to make Type III and Type IV pressure
vessels very large carries with it a unique set of challeng-
es, one of which relates to the conditions under which
prepolymer formulations appropriate for use in such pres-
sure vessels can be cured to form the final product, be
it a pressure vessel liner, a composite over-wrap, a com-
posite dome on a cylindrical pressure vessel or a com-
posite boss for fitting a pressure vessel to external par-
aphernalia for loading and unloading fluids from the pres-
sure vessel. That is, polymers suitable for use in the man-
ufacture of a pressure vessel must have the strength to
withstand high operating pressures, must have adequate
impact resistance to minimize chances of catastrophic
failure on inadvertent impact, must be essentially imper-
meable and inert to compressed fluids contained in the
vessels and should have as broad a range as possible
of operating temperatures under which the vessel can
be safely used.
[0004] A currently preferred polymeric material that ex-
hibits such performance characteristics is high density
polyethylene (HDPE). The problem with HDPE is the cure
conditions that must be used to form the polymeric end
product. That is, HDPE must generally be cured at tem-
peratures in excess of 450 °F (about 232 °C) to obtain
pressure vessel liners and composite over-wraps, the
two uses for which it is currently in use. While this is not
a great problem for the manufacture of small vessels,
when the size of the construct to be cured is increased
to the dimensions contemplated for marine transport of
fluids such a compressed natural gas (CNG) - pressure
vessels 3 meter in diameter and 18 meters in length are
currently being produced and vessel over 6 meters in
diameter and over 30 meters in length are contemplated,
the sheer magnitude of the required curing facility that
can contain the construct in a controlled high temperature
environment and the cost of operation become prohibi-
tive.
[0005] What is needed is a high performance, variable
viscosity, variable cure temperature (in particular low
temperature cure) prepolymer formulation for use in the
fabrication of polymeric pressure vessels. The present
invention provides such a prepolymer formulation.
[0006] Japanese patent application publication JP
2011 206933 A discloses a method of manufacturing a
composite container and a composite container. Euro-
pean patent application publication EP 0547330 A2 dis-
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closes a method of manufacturing a product made by
fiber-reinforced resin and a product manufactured by said
method. Japanese patent application publication JP
2003 001666 A discloses a large size septic tank.
[0007] United States Patent Application Publication
US 2002/0172787 A1 discloses resin pipes and pipe fit-
tings that can be produced by winding a resin coated
reinforcing material around a mandrel.

SUMMARY

[0008] Thus, in one aspect the present invention re-
lates to a method of fabricating a pressure vessel, com-
prising:

providing a vessel liner;
winding a filamentous material onto the vessel liner,
wherein:

the filamentous material is impregnated with a
prepolymer composition prior to being wound
onto the vessel liner, or

the filamentous material is dry-wound onto the
vessel liner and is then impregnated with a pre-
polymer composition; wherein:

the prepolymer composition comprises di-
cyclopentadiene that is at least 92% pure,
a reactive ethylene monomer and a curing
catalyst, the reactive ethylene monomer
comprising a weight percentage of the total
monomer content of the prepolymer com-
position such that the prepolymer composi-
tion has a preselected viscosity at a prese-
lected deposition temperature; and

curing the impregnated, wound filamentous ma-
terial to form a polymeric composite.

[0009] In an aspect of this invention, the vessel liner
comprises a metal, a ceramic, a thermoplastic polymer
or a thermoset polymer.
[0010] An aspect of this disclosure comprises a meth-
od of fabricating a pressure vessel liner, comprising:

providing a form having a surface in the desired
shape of the pressure vessel liner;

depositing onto the surface of the form a prepolymer
composition comprising dicyclopentadiene that is at
least 92% pure, a reactive ethylene monomer and a
curing catalyst, wherein:

the reactive ethylene monomer comprises a
weight percentage of the total monomer content
of the prepolymer composition such that the pre-
polymer composition has a preselected viscos-

ity at a preselected temperature; and

curing the deposited prepolymer composition to form
the polymeric pressure vessel liner.

[0011] In an aspect of this invention, the pressure ves-
sel first set forth above further comprises the pressure
vessel liner set forth immediately above.
[0012] In an aspect of this invention, the reactive eth-
ylene monomer comprises from about 1 wt% to about 10
wt% of the total monomer content of the prepolymer com-
position.
[0013] In an aspect of this invention, the reactive eth-
ylene monomer comprises unsubstituted or substituted
norbornene.
[0014] In an aspect of this invention, the substituted
norbornene is a 5-alkyl norbornene.
[0015] In an aspect of this invention, the 5-alkyl moiety
is selected from the group consisting of 1C-12C straight
or branched chain alkyls.
[0016] In an aspect of this invention, the straight chain
alkyl is selected from hexyl or decyl.
[0017] In an aspect of this invention, the preselected
deposition temperature is 70 °F to 75 °F (about 21 °C to
about 24 °C) and the amount of 5-hexylnorbornene or 5-
decylnormbornene is 4 wt% to 6 wt% of the total mono-
mer content of the prepolymer composition.
[0018] In an aspect of this invention, the curing catalyst
is selected from the group consisting of ROMP catalysts.
[0019] In an aspect of this invention, the impregnated
filamentous material comprises 10 vol% to 90 vol% of
the deposited prepolymer composition.
[0020] In an aspect of this invention, the filamentous
material is selected from the group consisting of glass
filament, carbon filament, aramid filament and ultra high
molecular weight polyethylene filament. The invention al-
so relates to a pressure vessel according to claim 11.

DETAILED DESCRIPTION

BRIEF DESCRIPTION OF THE FIGURES

[0021]

Figure 1 shows isometric projections of various
types of pressure vessels.

Figure 1A shows a spherical pressure vessel.

Figure 1 B shows and oblate spheroid pressure ves-
sel.

Figure 1C shows a toroidal pressure vessel.

Figure 1 D shows a pressure vessel with a cylindrical
center section and one domed end section.

Figure 1 E shows a pressure vessel with a cylindrical
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center section and two domed end sections.

DISCUSSION

[0022] It is understood that, with regard to this descrip-
tion, any reference to any aspect of this disclosure made
in the singular includes the plural and vice versa unless
it is expressly stated or unambiguously clear from the
context that such is not intended.
[0023] As used herein, any term of approximation such
as, without limitation, near, about, approximately, sub-
stantially, essentially and the like, mean that the word or
phrase modified by the term of approximation need not
be exactly that which is written but may vary from that
written description to some extent. The extent to which
the description may vary will depend on how great a
change can be instituted and have one of ordinary skill
in the art recognize the modified version as still having
the properties, characteristics and capabilities of the
word or phrase unmodified by the term of approximation.
In general, but with the preceding discussion in mind, a
numerical value herein that is modified by a word of ap-
proximation may vary from the stated value by 610%,
unless expressly stated otherwise.
[0024] As used herein, "impermeable" or "impervious"
refers to the property of a substance that renders it sub-
stantially impossible for a fluid to penetrate to any signif-
icant degree into a surface formed of the first substance.
[0025] As used herein, "inert" refers to the property of
a substance that renders a surface formed of the sub-
stance unreactive toward any components of a fluid that
may be contacted with the surface.
[0026] As used herein, the use of "preferred," "prefer-
ably," or "more preferred," and the like refers to prefer-
ences as they existed at the time of filing of this patent
application.
[0027] As used herein, a "fluid" refers to a gas, a liquid
or a mixture of gas and liquid. For example, without lim-
itation, natural gas as it is extracted from the ground and
transported to a processing center is often a mixture of
the gas with liquid contaminants. Such mixture would
constitute a fluid for the purposes of this invention.
[0028] As used herein, a "wrap" or "over-wrap" refers
to the winding of a filamentous material around a con-
struct, which may be, without limitation, cylindrical, geo-
desic, toroidal, spherical, oblate spheroidal, etc. as illus-
trated in Fig. 1. The filamentous material may be wound
around the construct in a dry state and left as such or it
may subsequently be impregnated with and embedded
in polymeric matrix. Alternatively, the filamentous mate-
rial may be impregnated with a polymeric matrix prior to
being wound onto a construct in which case it also be-
comes embedded in excess matrix material.
[0029] All technical terminology is intended to have the
meaning that would be afforded such terminology by
those skilled in the relevant art unless it is expressly stat-
ed or obvious from the language or context that a different
meaning is intended.

[0030] Pressure vessels for the transport of com-
pressed fluids, such as compressed natural gas, CNG,
presently constitute four regulatory agency approved
classes, all of which are cylindrical with one or two domed
ends:

Type I. Comprises an all metal, usually aluminum or
steel construct. This type of vessel is inexpensive
but is very heavy in relation to the other classes of
vessels. Although Type I pressure vessels currently
comprise a large portion of the containers used to
ship compressed fluids by sea, their use in marine
transport incurs very tight economic constraints.

Type II. Comprises a thinner metal cylindrical center
section with standard thickness metal end domes in
which only the cylindrical portion is reinforced with a
composite wrap. The composite wrap generally con-
stitutes glass or carbon filament impregnated with a
polymer matrix. The composite is usually "hoop
wrapped" around the middle of the vessel. The
domes at one or both ends of the vessel are not
composite wrapped. In Class II pressure vessels,
the metal liner carries about 50% of the stress and
the composite carries about 50% of the stress re-
sulting from the internal pressure of the contained
compressed fluid. Class II vessels are lighter than
Class I vessels but are more expensive.

Type III. Comprises a thin metal liner comprises the
entire structure wherein the liner is reinforced with a
filamentous composite wrap around entire vessel.
The stress in Type III vessels is shifted virtually en-
tirely to the filamentous material of the composite
wrap; the liner need only withstand a small portion
of the stress. Type III vessels are much lighter than
type I or II vessels but are substantially more expen-
sive.

Type IV. Comprises a polymeric essentially gas-tight
liner is fully wrapped with a filamentous composite.
The composite wrap provides the entire strength of
the vessel. Type IV vessels are by far the lightest of
the four approved classes of pressure vessels but
are also the most expensive.

[0031] In addition to the four approved classes of pres-
sure vessels, a new vessel construct involves a single
polymeric layer that is comprised of two sub-layers, an
inner sub-layer that is in contact with the contained fluid
and an outer sub-layer that has a filamentous material
embedded in it to form a composite. The key feature of
this type of pressure vessel, generally referred to herein
as Type V, is that the matrix polymer that forms both the
polymer-only inner sub-layer and composite outer sub-
layer is throughout indistinguishable on a macro and on
a molecular scale: it appears as a single continuous layer
of polymer, a portion of which is impregnated with the
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filamentous material and a portion of which is not.
[0032] The method of this invention may be used in
the fabrication of current Type II, Type III and Type IV
pressure vessels and also Type V pressure vessels, as
well as any subsequent pressure vessel construct that
might be approved and that includes at least one layer
of polymeric material.
[0033] As used herein, a "pressure vessel" refers to
any closed container designed to hold fluids at a pressure
substantially different from ambient pressure. In particu-
lar at present, it refers to such containers used to hold
and transport CNG. Pressure vessels may take a variety
of shapes but most often seen in actual use are spherical,
oblate spheroidal, toroidal and cylindrical center section
vessels with domed end sections at either or both ends.
Non-limiting illustrations of such vessel are shown in Fig.
1.
[0034] Currently approved Type I, II, III and IV pressure
vessels are cylindrical with one or two domed end sec-
tions.
[0035] For the purpose of this disclosure, a pressure
vessel comprising a cylindrical center section with one
or two domed end sections will be referred to simply as
a "cylindrical" pressure vessel. Vessel size may also vary
tremendously and the construct and methods of this in-
vention may be applied to a vessel of any size.
[0036] In a presently preferred embodiment, the pre-
polymer and methods of this invention are used to fabri-
cate very large pressure vessels such as the currently
existing 18 meter long and 2.5 meter diameter vessels
as well as anticipated vessels in excess of 30 meters in
length and 6 meters or more in diameter.
[0037] The prepolymer may also be used to fabricate
substantially smaller vessels, such as laboratory gas cyl-
inders, both free-standing and bench top, and vessels
for use in alternative energy vehicles.
[0038] A pressure vessel fabricated using the method
according to an embodiment of this invention may consist
of a liner fabricated using a prepolymer as described
herein or any other material currently in use for the fab-
rication of pressure vessels. For the latter vessels, the
prepolymer formulation as described herein can be used
to prepare the over-wrap composite that forms the outer
layer of the vessel, the dome(s) if applicable and the
boss(es) if desired.
[0039] Current pressure vessel liner materials include,
without limitation, polymers such as high density poly-
ethylene, polypropylene and polyethylene terephthalate,
ceramics such as alumina, silicon carbide, silicon nitride
and zirconia and metals such as stainless steel, titanium,
nickel alloys, aluminum, copper, zinc, tin. Preferred at
present are polymeric liners that ultimately give rise to
Type IV and Type V pressure vessels.
[0040] Both thermoplastic and thermoset polymers
have been used to form pressure vessel liners and any
of these may be used in the present invention when a
composite over-wrap of this invention is also used.
[0041] Of the polymeric materials suitable as a pres-

sure vessel liner, presently preferred is polydicyclopen-
tadiene (pDCPD).
[0042] pDCPD is a thermoset polymer that has supe-
rior physical properties in comparison to currently used
polymers for pressure vessel liners, in particular HDPE,
the most common liner polymer at present. That is, pD-
CPD is substantially less permeable to pressurized gas-
ses such as, without limitation, CNG and hydrogen. pD-
CPD also exhibits far better impact resistance than
HDPE. pDCPD pressure vessels also have a substan-
tially broader operating temperature range that extends
from about 0.5 °K (liquid helium) to about 120 °C, where-
as HDPE is limited to operational temperatures of about
-40 °C to about 60 °C.
[0043] Perhaps most notably, pDCPD can be cured at
temperatures well below that of HDPE, that is, from about
70 °F (about 21 °C) to about 250 °F (about 121 °C) com-
pared to 450 °F (about 232 °C) and above for HDPE. The
only problem with using pDCPD at these lower temper-
atures is that the presently preferred dicyclopentadiene,
DCPD, monomer that provides the constitutional unit of
pDCPD, is, at the presently preferred purity for use in the
prepolymer formulation described herein, a thick liquid
approaching a gel-like consistency at the lower, and
therefore presently preferred, end of the processing tem-
perature spectrum.
[0044] For the purposes of this invention, although
DCPD is formally a dimer, it will be considered and treat-
ed herein as a monomer for the purposes this discussion
and the appended claims. Thus, with regard to a prepol-
ymer formulation, the "total monomer content" refers to
the amount of a reactive ethylene monomer and the
DCPD monomer. Of course, if more than one reactive
ethylene monomer is used, the total monomer content
would include the quantity of that monomer also.
[0045] It is presently preferred that the DCPD in a pre-
polymer formulation described herein be at least 92%
pure, and preferable at present at least 98% pure.
[0046] The viscosity of high purity DCPD could, of
course, be adjusted by the addition of solvents but this
engenders problems of its own. In the first place, the use
of solvents in any system is currently discouraged for
environmental, health and safety reasons. However, with
regard specifically to the fabrication of pressure vessels,
the eventual removal of the solvent can lead to structural
defects in the resulting construct such as bubbles, pin-
holes and the like which could lead to untimely failure of
the pressure vessel.
[0047] This invention circumvents these problems by
diluting the DCPD with a reactive ethylene monomer,
which lowers the viscosity of the prepolymer formulation
to useful levels for the fabrication and curing of pressure
vessels at low temperatures. Further it becomes an in-
tegral part of the final copolymer so that nothing has to
be removed from the cured construct.
[0048] As used herein, a reactive ethylene monomer
refers to a small molecule that contains at least one eth-
ylenic, i.e., -C=C-, bond that is capable of reacting with
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DCPD under the preferred conditions for DCPD polym-
erization herein and that is a flowable liquid at the desired
operating temperature of the DCPD prepolymer formu-
lation. That is, blending a selected quantity of the reactive
ethylene monomer with DCPD results in a prepolymer
formulation that is less viscous than the pure DCPD at
the selected fabrication temperature. Therefore it is more
amenable to application to or deposition into a mold to
form a vessel liner or to use in the formation of a com-
posite over-wrap on a vessel liner.
[0049] As used herein, a "prepolymer formulation" re-
fers to a blend of at least 92% pure DCPD with one or
more reactive ethylene monomer(s), a polymerization in-
itiator or curing agent plus any other desirable additives
prior to curing.
[0050] A key parameter that must be considered when
preparing a prepolymer formulation described herein is,
of course, the desired processing temperature. By
"processing temperature" is meant the temperature at
which the prepolymer formulation will be, without limita-
tion, formed into a pressure vessel liner or a composite
over-wrap.
[0051] It is understood that, when used herein, the
terms "applied" and "deposited" cover all manners of dis-
posing the prepolymer formulation onto or into a mold or
onto a liner and includes, without limitation, coating,
spraying, painting, dipping, injection, pressure injection,
vacuum assisted pressure injection and the like.
[0052] A presently preferred processing temperature
is ambient or room temperature so that special temper-
ature controlled environs can be avoided, an exceedingly
beneficial objective especially when dealing with very
large pressure vessels such as those described earlier.
[0053] Once an operating temperature is selected, a
desired formulation viscosity at that temperature can be
determined. The viscosity will vary depending on, without
limitation, the intended thickness of the coating on the
mold if a liner is being formed or the thickness of a com-
posite over-wrap to be applied over a liner. The thicker
the desired polymer layer, the thicker, i.e., the more vis-
cous, the formulation might want to be.
[0054] With an operating temperature and the pre-
ferred viscosity in hand, an appropriate catalyst capable
of curing the prepolymer to a polymeric final state at the
selected curing temperature, which generally is the same
as the selected prepolymer application or deposition tem-
perature, can be selected. Although any known mecha-
nism for polymerizing ethylenic monomers can be used
with the prepolymer composition described herien, the
presently preferred polymerization mechanism for DCPD
is ring opening metathesis polymerization (ROMP).
[0055] Useful ROMP catalysts include any standard
olefin metathesis catalysts. Typical of such catalysts are,
without limitation, Tebbe’s reagent, a titanocene-based
catalyst, Schrock tungsten, molybdenum and ruthenium
catalysts and Grubbs ruthenium catalyst.
[0056] The list of possible catalysts is large and the
selection of the proper catalyst will depend on the select-

ed deposition timing and curing conditions. Deposition
timing should be considered because polymerization
may occur too fast for the selected process. For example,
without limitation, if it is determined that the composite
is to be wrapped using pre-impregnated filamentous ma-
terial, the process requires running the filamentous ma-
terial through a reservoir of the prepolymer formulation,
which includes the polymerization catalyst. Clearly, if po-
lymerization takes place too rapidly, the reservoir will so-
lidify and become useless before the filamentous mate-
rial can all be impregnated with the prepolymer formula-
tion and applied to the pressure vessel liner. The proper
selection of a catalyst will avoid this problem.
[0057] It may be desirable to add a polymerization rate
modifying agent to the prepolymer formulation to slow
the rate.
[0058] Those skilled in the art will be readily able to
select an appropriate catalyst based on the disclosure
herein.
[0059] Operating temperature, viscosity and catalyst
having been selected, another choice to be made in pre-
paring the prepolymer formulation is selection of the re-
active ethylene monomer. While numerous reactive eth-
ylene monomers usable with this invention will be imme-
diately recognizable to those skilled in the art based on
the disclosure herein, and while any and all such mono-
mers are within the scope of this invention, presently pre-
ferred monomers are norbornenes, in particular, alkyl-
norbornenes such as, without limitation, 5-alkylnor-
bornenes. Most preferred at present are 5-hexyl- and 5-
decyl- norbornene.
[0060] Having established a processing temperature,
a viscosity and a catalyst and a reactive ethylene mon-
omer, all that remains to be determined is how much of
the reactive ethylene monomer to blend with the DCPD
to achieve the desired viscosity at the selected temper-
ature. The amount of reactive ethylene monomer is not
particularly limited, the only critical factor being its effect
on the physical properties of the copolymer formed. That
is, the properties of pDCPD that render it particularly use-
ful for the fabrication of virtually any component of a pres-
sure vessel must not be compromised. In order to achieve
this goal, it is presently preferred that the amount of re-
active ethylene monomer is generally in the range of 0.1
to 10 weight percent (wt%) of the total monomer content
of the prepolymer composition.
[0061] It is understood that the order of parameter and
component choices above is exemplary only and is not
intended nor should it be construed as limiting the scope
of this invention in any manner. For example, if desired
a specific reactive ethylene monomer may be the first
parameter considered, etc.
[0062] As a non-limiting example of a prepolymer for-
mulation for use at a particular operating temperature for
fabrication of a particular pressure vessel component,
e.g. a liner, DCPD can be blended with about 4 wt% to
about 6 wt% of 5-hexylnorbornene or 5-decylnorbornene
and about 0.03 to 0.0003 mol% of catMETium RF2 cat-
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alyst (Evonik Industries, Essen Germany) based on the
moles of DCPD present to give a prepolymer formulation
that will afford a liner with a thickness of at least 0.3175
mm (0.0125 inches). As mentioned above, if desired, a
polymerization rate modifier may be added to the prepol-
ymer composition for the purpose, without limitation, of
inhibiting polymerization during formation of a composite
by running a filamentous material through a reservoir of
the prepolymer formulation. Such rate modifiers include,
without limitation, triphenylphosphate.
[0063] In addition, if desired, an antioxidant may be
included in the prepolymer composition. Useful antioxi-
dants include, without limitation, hindered phenols, sec-
ondary aromatic amines, phosphites, phosphonates,
dithiophosphonates and sulfur-containing organic com-
pounds.
[0064] Other excipients that may occur to those skilled
in the art as being beneficial to the formulation and/or
final copolymeric composite herein may also be added
to the prepolymer formulation. Prepolymer formulations
containing any such added materials are within the scope
of this disclosure.
[0065] The above discussion relates primarily to the
fabrication of a pressure vessel liner. The same teach-
ings can, however, be applied to the formation of a com-
posite outer layer of a pressure vessel, which outer layer
can be applied over the above liner or a liner made of
virtually any other material known or that may become
known as useful as a pressure vessel liner.
[0066] It is presently preferred that the same prepoly-
mer composition used for the liner, that is, DCPD, the
same reactive ethylene monomer and the same catalyst
be used as the matrix polymer for the composite outer
layer. The weight percents of the components of the pre-
polymer formulation may vary depending on the tech-
nique selected for forming the composite outer layer but
such calculations will be easily performed by those skilled
in the art based on the disclosure herein.
[0067] The composite outer layer comprises a filamen-
tous material embedded in a matrix polymer, which pref-
erably at present comprises DCPD/reactive ethylene
monomer copolymer.
[0068] With regard to filamentous material, any known
material with the requisite strength properties or any such
material that may become known in the future to have
the requisite characteristics may be used as the filamen-
tous material component of the polymeric composite.
Such filamentous materials presently include, without
limitation, natural (silk, hemp, flax, etc.), metal, ceramic,
basalt and synthetic polymer fibers and filaments. Cur-
rently preferred are glass filaments, e.g., fiberglass, car-
bon filaments, aramid filaments, sometimes referred to
by the trade name Kevlar® and ultra-high molecular
weight polyethylene filaments, such as those sold under
the tradenames Spectra® (Honeywell Corporation) and
Dyneeva® (Royal DSM N.V.). Combinations of these fil-
amentous materials may also be used.
[0069] A particular advantage of this invention and its

ability to substantially vary the viscosity of the prepolymer
composition is that a very high filamentous material vol-
ume percent (vol%) composite may be formed. That is,
a composite comprising from about 10 vol% to about 90
vol% filamentous material can be created by adjusting
the viscosity of the prepolymer composition to assure
complete impregnation of the filamentous material with
the prepolymer and effective embedding of the filamen-
tous material in the prepolymer composition.
[0070] The filamentous material may be embedded in
the matrix polymer in two ways, pre-impregnation and
dry winding. In the former, the filamentous material is
drawn through a reservoir of the matrix polymer and then
wound around the liner. In the latter, the filamentous ma-
terial is dry-wound around the liner and then a layer of
the matrix polymer is applied over the fully wound con-
struct.
[0071] The equipment and techniques for each proce-
dure are well-known in the art and need not be described
in detail herein.
[0072] If the pressure vessel is spherical or an oblate
spheroid, the entire vessel can be wound with the fila-
mentous material in an isotensoidal pattern. If the pres-
sure vessel is cylindrical, the vessel may be wound iso-
tensoidally only or it may be hoop-wound in its cylindrical
section and isotensoidally wound in both its cylindrical
and its domed end-cap sections.
[0073] A cylindrical Type II pressure vessel, which may
benefit from this invention, is generally only hoop-wound
around its cylindrical portion, the domed ends generally
not being covered with the composite material.
[0074] By "isotensoidal" is meant that each filament of
the wrap experiences a constant pressure at all points in
its path.
[0075] As mentioned previously, the term "wrap" or
"over-wrap" is used herein to describe the end result of
winding of a filamentous material around a pressure ves-
sel shell.
[0076] Isotensoidal winding - or an isotensoidal wrap
- is currently considered to be the optimal design for a
cylindrical composite pressure vessel because, in this
configuration, virtually the entire stress imposed on the
vessel by a contained fluid under pressure, such as CNG,
is absorbed by the filaments of the composite with very
little of the stress being assumed by the polymeric matrix.
[0077] "Hoop-wound" refers to the winding of a fila-
mentous material around a vessel liner in a circumferen-
tial pattern.
[0078] Both isotensoidal and hoop winding are well-
known to those skilled in the art of Type II, Type III and
Type IV pressure vessels and need not be further de-
scribed here.
[0079] While a pressure vessel of this application can
contain virtually any fluid so long that the matrix polymer
of the vessel liner is selected to be inert to and impene-
trable to the fluid, a presently preferred use of a pressure
vessel herein is for the containment and transport of nat-
ural gas, often in the form of "compressed natural gas"
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or simply "CNG."
[0080] CNG may be contained and transported in the
vessels according to embodiments of this invention both
as a purified gas and as "raw gas." Raw gas refers to
natural gas as it comes, unprocessed, directly from the
well. It contains, of course, the natural gas (methane)
itself but also may contain liquids such as condensate,
natural gasoline and liquefied petroleum gas.
[0081] Water may also be present as may other gases,
either in the gaseous state or dissolved in the water, such
as nitrogen, carbon dioxide, hydrogen sulfide and helium.
Some of these may be reactive in their own right or may
be reactive when dissolved in water, such as carbon di-
oxide which produces an acid when dissolved in water.
[0082] The presently preferred liner polymer, dicy-
clopentadiene, has excellent properties with regard to
chemical resistance to the above, and other materials
that might constitute raw gas.
[0083] The pressure vessels described herein can car-
ry a variety of gases, such as raw gas straight from a
bore well, including raw natural gas, e.g. when com-
pressed - raw CNG or RCNG, or H2, or CO2 or processed
natural gas (methane), or raw or part processed natural
gas, e.g. with CO2 allowances of up to 14% molar, H2S
allowances of up to 1,000 ppm, or H2 and CO2 gas im-
purities, or other impurities or corrosive species. The pre-
ferred use, however, is CNG transportation, be that raw
CNG, part processed CNG or clean CNG - processed to
a standard deliverable to the end user, e.g. commercial,
industrial or residential.
[0084] CNG can include various potential component
parts in a variable mixture of ratios, some in their gas
phase and others in a liquid phase, or a mix of both.
Those component parts will typically comprise one or
more of the following compounds: C2H6, C3H8, C4H10,
C5H12, C6H14, C7H16, C8H18, C9+ hydrocarbons,
CO2 and H2S, plus potentially toluene, diesel and octane
in a liquid state, and other impurities/species.
[0085] The present invention has therefore been de-
scribed above purely by way of example. Modifications
in detail may be made to the invention within the scope
of the claims appended hereto.

Claims

1. A method of fabricating a pressure vessel, compris-
ing:

providing a vessel liner;
winding a filamentous material onto the vessel
liner, wherein:

the filamentous material is impregnated
with a prepolymer composition prior to be-
ing wound onto the vessel liner, or
the filamentous material is dry-wound onto
the vessel liner and is then impregnated with

a prepolymer composition;
wherein:

the prepolymer composition comprises
dicyclopentadiene that is at least 92%
pure, a reactive ethylene monomer and
a curing catalyst, the reactive ethylene
monomer comprising a weight percent-
age of the total monomer content of the
prepolymer composition such that the
prepolymer composition has a prese-
lected viscosity at a preselected depo-
sition temperature; and

curing the impregnated, wound filamentous
material to form a polymeric composite.

2. The method of claim 1, wherein the vessel liner com-
prises a metal, a ceramic, a thermoplastic polymer
or a thermoset polymer.

3. The method of claim 1 or 2, wherein the reactive
ethylene monomer comprises from about 1 wt% to
about 10 wt% of the total monomer content of the
prepolymer composition.

4. The method of claim 3, wherein the reactive ethylene
monomer comprises unsubstituted or substituted
norbornene.

5. The method of claim 4, wherein the substituted nor-
bornene is a 5-alkyl norbornene, wherein the 5-alkyl
moiety is optionally selected from the group consist-
ing of 1C-12C straight or branched chain alkyls.

6. The method of claim 5, wherein the straight chain
alkyl is selected from hexyl or decyl.

7. The method of claim 6, wherein the preselected dep-
osition temperature is about 21 °C to about 24 °C
(70 °F to 75 °F) and the amount of 5-hexylnor-
bornene or 5-decylnormbornene is 4 wt% to 6 wt%
of the total monomer content of the prepolymer com-
position.

8. The method of any one of the preceding claims,
wherein the curing catalyst is selected from the group
consisting of ROMP catalysts.

9. The method of any one of the preceding claims,
wherein the impregnated filamentous material com-
prises 10 vol% to 90 vol% of the deposited prepoly-
mer composition.

10. The method of any one of the preceding claims,
wherein the filamentous material is selected from the
group consisting of glass filament, carbon filament,
aramid filament and ultra high molecular weight pol-
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yethylene filament.

11. A pressure vessel fabricated by any of the methods
of claims 1 to 10.

12. A vehicle fitted with a pressure vessel according to
claim 11.

13. A vehicle according to claim 12, wherein the vehicle
is a ship.

Patentansprüche

1. Verfahren zur Herstellung eines Druckgefäßes, um-
fassend:

Bereitstellen einer Gefäßummantelung;
Wickeln eines faserartigen Materials auf die Ge-
fäßummantelung, wobei:

das faserartige Material, bevor es um die
Gefäßummantelung gewickelt wird, mit ei-
ner Vorpolymerzusammensetzung impräg-
niert wird; oder
das faserartige Material trocken auf die Ge-
fäßummantelung gewickelt und danach mit
einer Vorpolymerzusammensetzung im-
prägniert wird;
wobei:

die Vorpolymerzusammensetzung Di-
cyclopentadien umfasst, das wenigs-
tens zu 92% rein ist, ein reaktionsfähi-
ges Ethylenmonomer und einen Här-
tungskatalysator, wobei das reaktions-
fähige Ethylenmonomer einen derarti-
gen prozentualen Gewichtsanteil an
dem Monomeranteil der Vorpolymer-
zusammensetzung insgesamt um-
fasst, dass die Vorpolymerzusammen-
setzung auf einer vorausgewählten Ab-
scheidungstemperatur eine vorausge-
wählte Viskosität aufweist; und
Härten des imprägnierten, gewickelten
faserartigen Materials, um eine poly-
meren Verbundstoff zu bilden.

2. Verfahren nach Anspruch 1, wobei die Gefäßum-
mantelung ein Metall, einen Keramikwerkstoff, ein
thermoplastisches Polymer oder ein Duroplast um-
fasst.

3. Verfahren nach Anspruch 1 oder 2, wobei das reak-
tionsfähige Ethylenmonomer zwischen etwa 1 Gew.-
% und etwa 10 Gew.-% des Monomeranteils insge-
samt der Vorpolymerzusammensetzung umfasst.

4. Verfahren nach Anspruch 3, wobei das reaktionsfä-
hige Ethylenmonomer unsubstituiertes oder substi-
tuiertes Norbornen umfasst.

5. Verfahren nach Anspruch 4, wobei das substituierte
Norbornen ein 5-Alkyl-Norbornen ist, wobei der 5-
Alkylteil optional ausgewählt ist aus der Gruppe be-
stehend aus 1C-12C gerad- oder verzweigtkettigen
Alkylen.

6. Verfahren nach Anspruch 5, wobei das geradkettige
Alkyl ausgewählt ist aus Hexyl oder Decyl.

7. Verfahren nach Anspruch 6, wobei die vorausge-
wählte Abscheidungstemperatur zwischen etwa 21
°C und etwa 24 °C (70 °F bis 75 °F) liegt, und wobei
die Menge des 5-Heylnorbornens oder des 5-Decyl-
norbornens 4 Gew.-% bis 6 Gew.-% des Monome-
ranteils insgesamt der Vorpolymerzusammenset-
zung beträgt.

8. Verfahren nach einem der vorstehenden Ansprüche,
wobei der Härtungskatalysator ausgewählt ist aus
der Gruppe bestehend aus ROMP-Katalysatoren.

9. Verfahren nach einem der vorstehenden Ansprüche,
wobei das imprägnierte faserartige Material 10 Vol.-
% bis 90 Vol.-% der abgeschiedenen Vorpolymer-
zusammensetzung umfasst.

10. Verfahren nach einem der vorstehenden Ansprüche,
wobei das faserartige Material ausgewählt ist aus
der Gruppe bestehend aus Glasfilament, Kohlefa-
ser, Aramidfaser und Polyethylenfaser mit ultraho-
hem Molekulargewicht.

11. Druckgefäß, hergestellt nach einem der Verfahren
1 bis 10.

12. Fahrzeug, das mit einem Druckgefäß nach An-
spruch 11 ausgerüstet ist.

13. Fahrzeug nach Anspruch 12, wobei das Fahrzeug
ein Schiff ist.

Revendications

1. Procédé de fabrication d’un récipient sous pression,
comprenant les étapes consistant à :

fournir un revêtement de récipient ;
enrouler un matériau filamenteux sur le revête-
ment de récipient,

le matériau filamenteux étant imprégné
d’une composition de prépolymère avant
d’être enroulé sur le revêtement de réci-
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pient, ou
le matériau filamenteux étant enroulé à sec
sur le revêtement du récipient et étant en-
suite imprégné d’une composition de
prépolymère ;

la composition de prépolymère com-
prenant du dicyclopentadiène qui est
au moins pur à 92 %, un monomère
d’éthylène réactif et un catalyseur de
durcissement, le monomère d’éthylène
réactif représentant un pourcentage
pondéral de la teneur totale en mono-
mère de la composition de prépolymère
tel que la composition de prépolymère
a une viscosité présélectionnée à une
température de dépôt
présélectionnée ; et
laisser durcir le matériau filamenteux
enroulé imprégné pour former un com-
posite polymère.

2. Procédé selon la revendication 1, le revêtement de
récipient comprenant un métal, une céramique, un
polymère thermoplastique ou un polymère thermo-
durcissable.

3. Procédé selon la revendication 1 ou 2, le monomère
d’éthylène réactif représentant entre environ 1 % en
poids et environ 10 % en poids de la teneur totale
en monomère de la composition de prépolymère.

4. Procédé selon la revendication 3, le monomère
d’éthylène réactif comprenant du norbornène subs-
titué ou non substitué.

5. Procédé selon la revendication 4, le norbornène
substitué étant un 5-alkyle norbornène, la fraction 5-
alkyle étant en option sélectionnée dans le groupe
constitué par des alkyles à chaîne linéaire ou rami-
fiée 1C-12C.

6. Procédé selon la revendication 5, l’alkyle à chaîne
linéaire étant sélectionné entre hexyle ou décyle.

7. Procédé selon la revendication 6, la température de
dépôt présélectionnée étant comprise entre environ
21 °C et environ 24 °C (70 °F et 75 °F) et la quantité
de 5-hexylnorbornène ou de 5-décylnormbornène
étant comprise entre 4 % en poids et 6 % en poids
de la teneur totale en monomère de la composition
de prépolymère.

8. Procédé selon l’une quelconque des revendications
précédentes, le catalyseur de durcissement étant
sélectionné dans le groupe constitué par des cata-
lyseurs ROMP.

9. Procédé selon l’une quelconque des revendications
précédentes, le matériau filamenteux imprégné re-
présentant entre 10 % et 90 % en volume de la com-
position de prépolymère déposée.

10. Procédé selon l’une quelconque des revendications
précédentes, le matériau filamenteux étant sélec-
tionné dans le groupe constitué d’un filament de ver-
re, d’un filament de carbone, d’un filament d’aramide
et d’un filament de polyéthylène à poids moléculaire
ultraléger.

11. Récipient sous pression fabriqué selon l’une quel-
conque des revendications 1 à 10.

12. Véhicule équipé d’un récipient sous pression selon
la revendication 11.

13. Véhicule selon la revendication 12, le véhicule étant
un navire.

17 18 



EP 2 788 652 B1

11



EP 2 788 652 B1

12



EP 2 788 652 B1

13

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• JP 2011206933 A [0006]
• EP 0547330 A2 [0006]

• JP 2003001666 A [0006]
• US 20020172787 A1 [0007]


	bibliography
	description
	claims
	drawings
	cited references

