a9y United States
12y Patent Application Publication o) Pub. No.: US 2020/0347992 Al

Volkmer et al.

US 20200347992A1

43) Pub. Date: Nov. 5, 2020

(54) POLYMERIC LINER BASED GAS Publication Classification
CYLINDER WITH REDUCED (51) Int. CL
PERMEABILITY F17C 13/00 (2006.01)
(71) Applicant: Agility Fuel Systems LLC, Costa (52) US. ¢l.
PP ' Mg YC A SY ’ CPC ... FI17C 13/002 (2013.01); F17C 2203/0646
esa, CA (US) (2013.01); F17C 2201/0119 (2013.01); F17C
: . 2209/232 (2013.01); F17C 2203/0621
(72) Inventors: Michael Gregory Volkmer, Lincoln, (2013.01); FI17C 2203/0673 (2013.01); F17C
NE (US); Dustin Joseph John, 2203/068 (2013.01); F17C 2201/0128
Lincoln, NE (US); Chad Alvin (2013.01)
Cederberg, Lincoln, NE (US); David
Neil Morgan, Weston, NE (US); John (57) ABSTRACT
David Makinson, Lincoln, NE (US) Disclosed are gas cylinder assemblies for containing pres-
surized gas. The gas cylinder assembly has a polymeric liner
and a low-permeability barrier layer. The polymeric liner a
(21) Appl. No.: 16/863,329 first end portion, a second end portion and a central body.
The central body comprises an outer surface and an 1nner
_ surface disposed between the first end and the second end.
(22)  Filed: Apr. 30, 2020 The gas cylinder assembly comprises a reinforcement struc-
ture wound over the central body. The gas cylinder assembly
Y turther comprises a metal foil interposed between the rein-
Related U.5. Application Data forcement structure and central body. The metal foil 1is
(60) Provisional application No. 62/842,366, filed on May configured to reduce permeation of contents of the poly-
2, 20109. meric liner.
100—\
5 ? AN
g H e e S ‘
;f:f: f !'L 1 ~
T
u“ m"#f#'f -"j M
“ :;; e
.%\* R N2 T S o R e
- . A >y
~ ~v ~
210 200 220



Patent Application Publication  Nov. 5, 2020 Sheet 1 of 18 US 2020/0347992 Al

100 -~




Patent Application Publication  Nov. 5, 2020 Sheet 2 of 18 US 2020/0347992 Al

220

200
FIG. Z

210
4
\




US 2020/0347992 Al

Nov. 5, 2020 Sheet 3 of 18

Patent Application Publication

& Ul

Occ 00¢ Olc

- .i.u.li'r el iy o e T O e O e O i N el O et ™ et I M T i T i e T T " Y A MR e e T O AR e iR A N e A i et T e A T R A T e R T A R i i R e ‘iﬁg‘;ﬂ;.;ii#.iiuln‘aj! -
- Jf —

--”...w\ ) a - PZJ- .-.-”.”
£/ ~ Rk J.
-~ v. & m ™ . -
= . o= I
L L L L L O ml / ‘i\i\iﬂl ...

/ e A
-\*\i\!‘“ / QAT AL AT )
%

- L
K _ |
mwm LT ” mm c
ﬁ m..., ,...,..r - -_— - { m
...e/f.,ﬂ,.r . ; . : ! J..d. Y h\\\\

-

N,
\\1

i,
e A N R AR TN N N R i T L WA W W A W T i e A W e e i i e il e W e W e e W A i SR i A0 e W e e il O i S W a2 ol W W RO T R R AT W N R .._l_...l..._l....l.__lul....ll.ln‘.._rhl.. —

K



7 Ul

US 2020/0347992 Al

00¢

6C 1

NN AN AT S A TS S I R SN e

s
B s e s
D o A O N N s <

GRS

SRS
Yetele

!

Nov. 5, 2020 Sheet 4 of 18

)
1
;
i
!
}
;
}
?
b

1

Patent Application Publication



US 2020/0347992 Al

Nov. 5, 2020 Sheet 5 of 18

Patent Application Publication

S Dl
7 —

/e




Patent Application Publication  Nov. 5, 2020 Sheet 6 of 18 US 2020/0347992 Al

125

126

124
162
!/ 128 ‘ "

FIG. 6




US 2020/0347992 Al

Nov. 5, 2020 Sheet 7 of 18

Patent Application Publication

£ Ol

24|

SR

AT AN TAe

v/i&

RN

0

.\\.,
.Iul\“‘..-

S g Aol Pl ol 4 o T M A O e o A A, Tl A WO T T Rl W AR M A O M T, Al M o T e A O Al P N o 0 e 0 o el i, Pl e ol e i e e . P

8/ 8l
V/QNN



US 2020/0347992 Al

Nov. 5, 2020 Sheet 8 of 18

Patent Application Publication

8 Ui

4

e Tl B s el el e Bed et e ks Bd el el he Bd e ol ke O T T L T e B L Y A i Sy o R T TN W TAruyRuy WL SRy SAFRT UylpirSiogy Wiy P ¥ T Sgy NPT SyFEFRgy NIV Sy T Rt Syl Ty Sar g T SISy e - TUrT SOy S QUeirT W IFHSy W T T Iy Sy S I S SR ST S e Syt Ty SPApr WS s Wy WA W Sy T Wi W ¥ Sy TRy Wiy PR W | Sy PR T Sy PRy BT T G I T gy JEFIPRrTT S S T S S S Sy S )

3 - —— —_— —— b . ——— g —— -—— g - —E-n g -— — L S o I - —_— ——— ———

euﬂww” '

— gy g s mm g ammy mm mm M, B pEmy  EgEm EmE B EE Ema Eem amm mem, B

7/31

‘Q"t.
s ey '\‘

]
1
[}



US 2020/0347992 Al

Nov. 5, 2020 Sheet 9 of 18

Patent Application Publication

vEl

{

n_.....i...-..__lr....ﬂ.l,..l_i..lmE‘ibﬂﬂ.ﬁiﬂlﬂlﬂ'ﬁ*ﬂﬁi}iﬁ}{rE‘i‘.ﬁi}i*i}i}ﬁﬂlﬂ’.{;{.rilFili%i}{.'ﬂlﬂl.hg

6 Yl

£

—

e,

.ll .

44!

| N—zps




US 2020/0347992 Al

Nov. 5, 2020 Sheet 10 of 18

Patent Application Publication

LI -
R L) _ | =

N/ -0€]




US 2020/0347992 Al

Nov. 5, 2020 Sheet 11 of 18

Patent Application Publication

crEl

18]

(L DI

0

0

£

R

78| e R AN AN A
j
£8 .
/ ..
p {

s e ettt ettt ettt ettt ettt ettt et ettt ettt ittt

%

=g’ g’ gl prlager! g gt gt gt g g g gt ! gt g g g g gt gt g g gt g gl g gt gt gt g g g gt g gt g g g g’ gt gt g g gt g’ gl g gt gt gt g g g gt gt gt g g gl g grigrt e

c8/




Patent Application Publication  Nov. 5, 2020 Sheet 12 of 18  US 2020/0347992 Al

FIG. 17




Patent Application Publication  Nov. 5, 2020 Sheet 13 of 18  US 2020/0347992 Al

FIG. 13




US 2020/0347992 Al

Nov. 5, 2020 Sheet 14 of 18

Patent Application Publication




US 2020/0347992 Al

Nov. 5, 2020 Sheet 15 of 18

Patent Application Publication

S0 Ol




US 2020/0347992 Al

Nov. 5, 2020 Sheet 16 of 18

Patent Application Publication

G-vEl

\

ﬂﬂﬂﬁ%ﬂvH%HﬁﬁhﬂﬁhgﬁH&H*H#*Hﬁhﬁhﬁ%ﬂ%ﬂﬁﬁ%ﬂ#H&#H?ﬁﬁ*@h#

9L bl

£

\

— L~ :
. +1\k\\\u\\.“. H\L“.‘*
R R R R R R R R R IR




US 2020/0347992 Al

Nov. 5, 2020 Sheet 17 of 18

Patent Application Publication

L Ol




US 2020/0347992 Al

8l Yl
o |

L-VE]
—&-vE| _ g-vEl

S
1111111111%111111111111111111111111111111111111111111111111111111.\_11__-.._i.._._-..___-.._i..__.-.._l._i..__.-.____-.._i.___.-.._l._i..__.-..___-.._i.._._-...__-.._i.._l._l._i.._l____-.._i..__.-.._l._i..__.-..___-.._i..__.-..___-.._i..__.-.._l._i..__.-.____-.._i..__.-.._l._i..__.-..___-.._i..__.-..___-.._i..__.-.._l._i..__.-.____-.._i..__.-.._l._i..__.-..___-.._i..__.-..___-.._i..__.-.._l._i..__.-..___-.._i..__l.___-.._i..__.-..___-.._i..__.-..___-.._i..__.-.._l._i..__.-..___-.._i..__l.___-.._i..__.-.._l._i..__.-..___-.._i..__.-.._l._i..__.-..___-.._i..__.-.._i.._i.._i.._i.._i.._l1111111111111111111111111111111111111111111111111111%11111111111 .-...r.r.r

i
i
i
i

Nov. 5, 2020 Sheet 18 of 18

Patent Application Publication

i
ol -
' H . i
ST A0 6 B e - - - -d-g-t-ta
- .- .lrlnl Y ok e e al il e el il it pallt il il el il il ol pall il el il e s pll il e il il il e ol il il e e pall il e el il il il iyl il e e il il il il el il e pall il il e il il il pall il il ol il il e il il e el il il -l iyl il il el il il il il el e ol il il e il il el il ol il il il i palle il e el il il -l iyl il il el il il e il il -yl pall il e ol il il e il il il el il e i pale il e el il il -l iyl il il el il il e il il el e ol il il e il il e el il ol il il s pale il e el il il ol it palt il e el J-_.l._“l bt Bl il B L
"k . i .
I | L
A B o S n e Rl B o e e
. ]
RN MRS EY
- - -y - oy I A R i N T R A A A A e e ks - - -y - - T
RN NN R R R A L Y S
h T b T T b= S T i 3 T - T D
. i ._
- THY .M A, “. . SO T, T
|‘-1|_|1 |r|1 - ﬁl“..l -— |L - |‘-1|_|1 |r|1 |1|__.|1|.“..|1
4 . b
I..l.‘l_.l._.l..l‘.l..lrl. .l..ﬁ..l..‘..l.."..l.'. - i - l_.l.‘l_.l._.l_.l‘.l..l-.l..l.l..l—_.l.l..l.
- e e £ ! ! (o e e St
- *
NN RN R RS 75 0 N N TR AR
.1' A i M M..1 .1“...1IH1 .1“..1 A i M ._1 1 _“..._ *
iyl gy il i YT T T Iy I Ty T r Ty I r I Iy Iy T Y T r Ty Y Ty T r Yy ryr rrrr I r I rrrrr T r I r Y rrrrr rrrrrrrrrrrrrrrrrrrr I r T rrrrrrrrrrr I rrrrrrrr T rrrrrrrrrrrrrrrr Iz r I rrrrrrrrrrr I rrrrrrrrrrrrrrrrrrrr I rrrrrrrrrrrrrrTrrr T r I I rr I rrrrrrrr I rrrrrrrIr I rrrrrrrrrr I rTrTrT rIrFITrTETTITT YT TR bl i s Sl b il
L. .,hi_r.m;.ﬁ ] LSS N T
. 1
[ b . ] E .
4 M i y L|L “ “ g F A r
4 1 M b
i N HH i I L
.l...ﬁ.l..J LA & & L X X J Lr++l .J-..l... e B B X X J T.I.MI..I.I..I.TL_.I.
L LI . . L 1 & . .
et '.1.r e g e it ...1“.1....1“.1... e i e wir i wir ol e ol e ol ol ol uir sl ol e ol e o ol o uir e o ol o ol wie ol e uie e ol ol ol o e o ol uie ol we ol e o ol o o wie ol e ol alr o uir sl uir ol o ol uie ol ol ol o oie ol o o we ol e ol olr o uir ol ol e uir e wie ol o ol e o e o ol wle o e uie e ol ol ol ol e ubr e uie ol ol uie e o i o o wle ol e ol olr o ol sl ol e obr e uie ol ol ol e o i ol ol wle ol e ule oir ol uir ol ol e ubr e uie ol o ol e o ol o ol wle ol e uie e ol uir ol ol ol ubr e uie ol ol ol e o ol ol o wle ol e uie oir ol ol ol ol e oir e wie ol o ol e o ol wie o wle ol e ule e ol ol olr ol e obr e uie ol o ol e o ol o o wle ol e ule ole o ol ol ol e obr e uie ol o ol e ol ol o ol ule ol e ol ol ol ol ol ol ....1“1.1... '.1.r \al B .r1._ - .r1L_.1.r i,
................. 3 .Tuﬂ HEEC N { ik b
-r e e Bl Bl A e i i i e Al el B el B e et i,
4
b b b 4 HE S S I
X T | T T HiH ‘ T [ ] |
e [ wl JIAI ke I#I‘Iﬂl' e e i [ J|¢| ke I*I{I#l
b 1 ] (.
iiiiiii - J——— | I i_.li“!i“l i:.:iii.w.i.. —— -i"li_ri“ii“li_ij“i{i# . o o - ——
1 HEE R B B I L i i ] i
PR WP TP TP WPORL PR - TR R PR P PPN S R TP WP TR TR LR
T L T
NENRRAREESA RS R A
Sl S s o T T e T
. 3 .
»! M i + 1k i b w R |
p ! . ) “ ] i ™ )
-Tl'-! L X e -!I1+ wlir ul ulir .J-ll'-! L X e -!I..-!Tll-!
L] i 3 -
iT Lok Bk bk b riT ) ¢iii - i‘jTL
] . ] 3 .
1 - ¥ » phe. sir ulir air wlr ol o nlir e nir e ol ol ol o ol uir ol uir ol olr o i o o ol o nlr o e ol oir ol ol ol oir ol uir alr ol uir ol uir ol o o ol o ol o ol ol ol ol oir ol oir ol o ol ol uir e o i o ol ol o ol nir e ol ol ol o ol oir ol uir ol o uir olr oir e o o ol o ol nir e ol ol ol o ol o ol uir ol ol nir e o ol o o ol o ol o e ol ol ol o ol o ol uir ol ol uir ol o ol o o ol o ol o olr ol oir ol o i oir ol uir ol ol uir olr o i o o ol oir ol nir olr ol ol ol o ol o ol ui ol ol nir olr o e o o ol o ol nir olr ol ol ol oir ol o ol uir ol ol uir e oir ol o o ol o ol nir olr ol oir ol o e oir ol ui ol ol uir olr o ol o o nlr o ol nir olr ol ol ol oir e o ol u o ol nir e o ol ol o nlr o ol uir ol ol ol ol o ol ol ol 1” T . “
L L ...m..... - .-.“.... P, N, L N O R
. ]

o Sl il

-3

-+
]

.l

R

F
b
b
F
-
b
F
b
b
F
b

rHrdbﬂvm
i
| T |
e LT T o )]
[ 2
b il o
!
r=r
1 P
o Tkl
L)
L L
¥
L
L)
44
¥
¥
Bl
[ 2
e
[

- i i -

¥

'
+—F-:—'-
-I-'*-I-"-‘I- b = o
L
e
¥
b

-

bt d
)
A
¥
R
¥
i
; I
'1 b J :'
i
L

1
#
N
b
1
1
1

1

N—g-0¢]



US 2020/0347992 Al

POLYMERIC LINER BASED GAS
CYLINDER WITH REDUCED
PERMEABILITY

INCORPORAITON BY REFERENCE TO ANY
PRIORITY APPLICATIONS

[0001] Any and all applications for which a foreign or
domestic priornity claim 1s identified 1n the Application Data

Sheet as filed with the present application are hereby 1ncor-
porated by reference under 37 C.F.R. § 1.57.

BACKGROUND

Field

[0002] The present disclosure relates to gas cylinder
assemblies having a barrier layer configured to reduce
permeation of gas through the gas cylinder assemblies.

Related Art

[0003] Fuel tanks for compressed natural gas (CNG) may
be categorized into four different types. The first type (Type
1) of CNG tank 1s an all-metal tank. An all-metal tank made
of aluminum or other metals 1s mnexpensive, but heavy and
subject to corrosion. The second type (Type 2) of CNG tank
1s a tank that includes a metal liner and a reinforcement
wrapping of a composite or a metal hoop. A Type 2 tank 1s
lighter than the Type 1 but still subject to corrosion. The
third type (Type 3) of CNG tank 1s a tank comprising a metal
liner completely wrapped by a composite or fiber resin. A
Type 3 tank 1s not subject to corrosion but 1s expensive. The
tourth type (Type 4) of CNG tank 1s a tank comprising a
polymer liner with a fiber wrapping. A Type 4 tank 1s not
subject to corrosion and costs less than Type 3 tanks, and 1s
the lightest for the volume of CNG that can be stored. Thus,
a Type 4 tank 1s better suited for a fuel tank for a large
vehicle. A 'Type 4 tanks sufler from a higher permeability of
tuel gas than a tank having a metal liner.

SUMMARY

[0004] An aspect of the present invention provides a gas
cylinder that has a polymeric liner and a low-permeability
layer or barrier layer. Another aspect of the present invention
provides a method of producing a gas cylinder assembly that
has a low-permeability layer or barrier layer disposed over
a polymeric liner.

[0005] In one embodiment, a gas cylinder for containing a
pressurized gas (gaseous fuel) 1s provided. The gas cylinder
includes an internal pressure enclosure that comprises a first
end portion, a second end portion and a central body. The
central body has a first end coupled with the first end portion
of the internal pressure enclosure and a second end coupled
with the second end portion of the internal pressure enclo-
sure. The central body comprises an outer surface and an
inner surface disposed between the first end and the second
end. The first end portion, the second end portion, and the
central body form an enclosed cavity for storing fuel. The
inner surface of the central body forms at least a portion of
an innermost surface of the iternal pressure enclosure. The
central body between the inner surface and the outer surface
1s a continuous expanse of a homogenous material. The gas
cylinder comprises a reimnforcement structure disposed, e.g.,
wound, over the central body. The gas cylinder further
comprises a metal fo1l interposed between the reinforcement
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structure and central body. The metal foil 1s configured to
reduce permeation of contents of the mternal pressure ves-
sel.

[0006] In some embodiments, the metal foil 1s an alumi-
num foil having a thickness greater than 0.001 inches. In
some embodiments, the metal foil 1s an aluminum foil
having a thickness in a range between 0.0005 1n and 0.035 1n.
A metal foil 1n this thickness range provides a barrier to
permeation, and can be applied without dificulty. Some
embodiments are configured to allow for draping a layer,
¢.g., a metal fo1l over the central body. The metal {o1l can be
a drapable layer. The metal foil can be draped over and
directly onto the central body. The metal foil can be draped
onto a layer or structure disposed between the draped foil
and the central body. As used herein a drapable layer 1s a
sheet layer that readily conforms to the surface the layer 1s
applied to. Also, metal foils 1n this range do not significantly
increase the weight of the gas cylinder in which they are
incorporated.

[0007] In some embodiments, the gas cylinder further
comprises an adhesive layer interposed between the metal
fo1l and the central body.

[0008] In some embodiments, the metal fo1l comprises a
portion ol a metal foil structure comprising a polymer layer.
The polymer layer of the metal fo1l structure 1s disposed on
a side of the metal foil such that the polymer layer is
interposed between the metal foil and the central body. In
other embodiment, the polymer layer of the metal foil
structure 1s disposed on a side of the metal foil such that the
metal fo1l 1s interposed between the polymer layer and the
central body. The metal foil can be disposed between two
polymer layers. Polymer layers can be applied to the metal
fo1l by a coating process. The metal foil can be subject to a
surface treatments. These are examples of a processes that
may 1mprove the durability, provide electrical isolation, or
protect the metal foi1l against corrosion.

[0009] In some embodiments, the central body comprises
a cylindrical body. The first end portion can comprise a
hemispherical member coupled with one end of the cylin-
drical body. The metal foil can be disposed over the cylin-

drical body.

[0010] In some embodiments, the metal foil 1s disposed
over the cylindrical body and has a circumierential end that
1s spaced apart from the hemispherical member. In some
cases, the metal fo1l 1s part of a permeation barrier layer that
has one or more longitudinal ends that are disposed longi-
tudinally between, ¢.g., spaced apart from, the hemispherical
member of the internal pressure enclosure. In some cases,
the metal foil 1s part of a permeation barrier layer that 1s
disposed only between the first end and the second end of the
central body.

[0011] In some embodiments, the metal foil 1s disposed 1n
a laminate structure and 1s wound about the central body. In
some embodiments, the metal foil 1s wound circumfteren-
tially about the central body.

[0012] In another aspect of the present disclosure, a pres-
sure vessel assembly has an internal polymeric liner. The
internal polymeric liner has a central portion and a dome end
portion on each end of the central portion. The central
portion has an imner surface, an outer surface and a wall
disposed between the inner surface and the outer surface.
The pressure vessel assembly further comprises a perme-
ation barrier layer disposed over the central portion and, 1n
some cases, on the dome end portions on at least one end of
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the central portion. In some cases, the pressure vessel
assembly comprises a permeation barrier layer disposed
over the central portion and not over the dome end portions
on one or more ends of the central portion. The pressure
vessel assembly further comprises a reinforcing layer com-
prising flexible ribbon material disposed over the perme-
ation barrier.

[0013] Insome embodiments, the permeation barrier layer
comprises a metal layer disposed over the outer surface of
the central portion and on an outer surface of each of the
dome end portions.

[0014] In some embodiments, the permeation barrier layer
comprises a metal sheet, e.g., a film, with overlapping
longitudinal edges disposed over the outer surface of the
central portion. The metal film can be disposed on an outer
surface of each of the dome end portions 1n some embodi-
ments.

[0015] In some embodiments, the permeation barrier layer
comprises a polymeric layer comprising EVOH disposed
over the outer surface of the central portion. The layer
comprising EVOH can be disposed on an outer surface of
cach of the dome end portions 1n some embodiments.
[0016] In some embodiments, the permeation barrier layer
comprises a first configuration disposed over the central
portion and a second configuration disposed over an outer
surface of one or each of the dome end portions. The second
configuration can be different from the first configuration.

[0017] Insome embodiments, the permeation barrier layer
comprises an elongate strip disposed over the central portion
of the internal polymeric liner. The strip have a longitudinal
axis aligned with the longitudinal axis of the permeation
barrier layer. The strip can have a longitudinal axis disposed
circumierentially about the permeation barrier layer. The
strip can 1nclude a metal layer and, optionally, one or more
polymer layers on one or more sides of the metal layer. An
adhesive can be provided on one or more sides of the strip
before or after the strip 1s applied to the liner or internal
pressure enclosure.

[0018] Insome embodiments, the permeation barrier layer
comprises a plurality of elongate strips that are in contact
with an exterior surface of the polymeric liner or internal
pressure enclosure.

[0019] In another embodiment a method 1s provided for
producing a gas cylinder. The method comprises (1) pro-
viding a polymeric cylinder comprising an iner circumier-
ential surface and an outer circumiterential surface, the inner
circumierential surface providing at least a portion of an
innermost surface of the gas cylinder, (2) forming a perme-
ation barrier layer over the outer circumierential surface, the
permeation barrier layer having a thickness suthicient to limit
permeation, e.g., greater than 0.0002 1n, (3) providing a first
dome-shaped member having a first opening and a second
dome-shape member having a second opening, (4) securing
the first dome-shape member to the first end of the polymeric
cylinder and securing the second dome-shape member to the
second end of the polymeric cylinder to obtain a low
permeation vessel having a central portion having an outer
surface defined by the permeation barrier layer, and (35)
winding one or more strips of a reinforcing member over the
permeation barrier layer to form an outer shell of the gas
cylinder.

[0020] In some embodiments, forming the permeation
barrier layer comprises wrapping one or more metal foils
over the outer circumferential surtface. The metal foil has a
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thickness 1n a range between 0.0005 1n to 0.05 in. The metal
foils can be wrapped circumierentially over the outer cir-
cumierential surface.

[0021] In some embodiments, forming the permeation
barrier layer comprises depositing a metallic layer by a
vapor deposition process. In certain embodiments, forming
the permeation barrier layer applying strips of a metal-
coated film longitudinally over the outer surface of the
polymeric cylinder.

[0022] Insome embodiments, the permeation barrier layer
1s a lirst permeation barrier layer and the method of pro-
ducing the gas cylinder further comprises disposing a second
permeation barrier layer on the first dome portion and/or the
second dome portion. The second permeation barrier layer
can have a different configuration from the first permeation
barrier layer.

[0023] In some embodiments, a gas cylinder assembly
comprises an internal polymeric liner comprising an inner
surface and an outer surface, a metal foi1l structure disposed
over the mner surface or the outer surface of the liner. The
gas cylinder assembly further comprises a reinforcing layer
comprising flexible ribbon material disposed wound over the
internal polymeric liner and the metal foi1l structure. The
reinforcing layer comprising flexible ribbon material can be
disposed directly on the metal fo1l structure 1n some embodi-
ments. In certain embodiments, the internal polymeric liner
comprises a single layer of a single material disposed
between the 1nner surface and the outer surface of the liner.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Features of the imnvention can be better understood
from the following detailed description when read 1n con-
junction with the accompanying schematic drawings, which
are for illustrative purposes only. The drawings include the
following figures:

[0025] FIG. 1 shows a vehicle that has a gas cylinder
assembly according to one embodiment integrated into a
side-mount fuel system.

[0026] FIG. 2 1s a side view of a gas cylinder assembly
according to one embodiment.

[0027] FIG. 3 15 a cross-sectional view of the gas cylinder
assembly of FIG. 2 taken at section plane 3-3.

[0028] FIG. 4 1s an enlarged view of detail 4-4 1n FIG. 3

showing the structure of a central portion of the tank gas
cylinder assembly of FIG. 2.

[0029] FIG. 5 1s an enlarged view of detail 5-5 in FIG. 3

showing the structure of an end portion of the tank gas
cylinder assembly of FIG. 2.

[0030] FIG. 6 shows an internal pressure enclosure of a
gas cylinder assembly according to one embodiment.

[0031] FIG. 7 1s a cross-sectional view of the internal
pressure enclosure of FIG. 6 taken at section plane 7-7.

[0032] FIG. 8 1s a cross-sectional view of an assembly
including a barrier layer disposed over the internal pressure
enclosure of FIG. 6.

[0033] FIG. 9 15 an enlarged view showing detail 9 of the
assembly of FIG. 8.

[0034] FIG. 10 shows an embodiment of a gas cylinder
assembly having a barrier layer material 1n the form of a
strip or strips wound or wrapped circumierentially around
the internal pressure enclosure of FIG. 6 and also illustrates
a process ol wrapping or winding a strip or strips such that
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a longitudinal axis of the strip 1s disposed generally trans-
verse to a longitudinal direction of the internal pressure
enclosure.

[0035] FIG. 11 1s an enlarged partial cross-sectional view,
similar to FIG. 4, of a central portion of a gas cylinder and
also showing layers of a permeation barrier structure accord-
ing to one embodiment.

[0036] FIG. 12 1illustrates a process of attaching a strip of
a barrier layer material over the internal pressure enclosure
of FIG. 6, a longitudinal axis of the strip aligned with a
longitudinal direction of the internal pressure enclosure
according to one embodiment.

[0037] FIG. 13 1llustrates a gas cylinder assembly that has
a permeation barrier formed with multiple strips of barrier
layer matenial, e.g., by repeating the process illustrated 1n
connection with FIG. 12.

[0038] FIG. 14 shows one embodiment of a gas cylinder
assembly having a sheet, e.g., a film of barrier material
wrapped over a central portion of the internal pressure
enclosure of FIG. 6.

[0039] FIG. 15 1s a cross-sectional view taken at section

plane 15-15 shown in FIG. 14.
[0040] FIG. 16 1s an enlarged view of detail 16 1n FIG. 15.

[0041] FIG. 17 shows a gas cylinder assembly having a
barrier layer having a same configuration over a central
portion and one or more end portions of the internal pressure
enclosure of FIG. 6 according to one embodiment.

[0042] FIG. 18 shows a gas cylinder assembly having
different configurations of a barrier layer over a central
portion and one or both of the end portions of the internal
pressure enclosure of FIG. 6 according to one embodiment.

DETAILED DESCRIPTION

[0043] While the present description sets forth specific
details of various embodiments, 1t will be appreciated that
the description 1s 1illustrative only and should not be con-
strued 1n any way as limiting. Furthermore, various appli-
cations of such embodiments and modifications thereto,
which may occur to those who are skilled 1n the art, are also
encompassed by the general concepts described herein. Fach
and every feature described herein, and each and every
combination of two or more of such features, 1s included
within the scope of the present invention provided that the
teatures 1ncluded 1n such a combination are not mutually
inconsistent.

[0044] This application discloses novel gas cylinder
assemblies and methods of producing gas cylinder assem-
blies. As used herein “cylinder” 1s a term that includes
storage tanks, pressure vessels and other containers that can
be used to store a gas and 1s not necessarily limited to a
specific shape such as a right cylinder and/or having a
constant or unvarying circular shape in cross-section. FI1G. 1
show a fuel system 90 that includes a gas cylinder assembly
100 1nstalled on a vehicle 10 according to an embodiment.
The gas cylinder assembly 100 1s 1 fluild communication
with and supplies fuel to an engine or any other power
generation system of the vehicle 10. In various embodi-
ments, the vehicle 10 may be a car, a wagon, a van, a bus,
a high-occupancy vehicle, a truck, a tractor trailer truck, a
heavy duty vehicle such as a garbage truck or any other
vehicle. In various embodiments, a gas cylinder assembly
100 1s configured for use 1n a ship, an airplane and a mobile
or stationary fuel station. The illustrated fuel system 90 1s a
side-mounted system in which one gas cylinder (fuel tank)
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1s disposed 1n a housing. The gas cylinder assemblies 100
disclosed herein can used in fuel systems with more than one
gas cylinder assembly which can be configured for place-
ment behind the cab of the vehicle, on a rooftop and/or
mounted to a tailgate of a vehicle.

Structure of Gas Cylinder Assemblies

[0045] FIGS. 2 and 3 show that the gas cylinder assembly
100 comprises a central portion 200 and two end portions
210, 220. The central portion 200 can be of a cylindrical
tubular shape. In other embodiments, the central portion 1s
of a shape other than a cylinder. In some embodiments, each
of the two end portions 210, 220 1ncludes a dome structure
232, 233 as shown 1n FIG. 2. In certain embodiments, the
two end portions are symmetrical to each other. The dome
structure 232, 233 can be generally hemispherical at least at
the end portions thereof. In certain embodiments, two end
portions 210, 200 have different shapes such that the gas
cylinder assembly 100 1s of an asymmetrical shape.

[0046] In some embodiments, the gas cylinder assembly
100 comprises at least one neck 142, 143 (e.g., a longitudinal
projection of a boss) that provides an 1nlet and/or an outlet
of an internal volume of the gas cylinder assembly 100. In
some embodiments, the gas cylinder assembly 100 com-
prises necks 142, 143 formed at both of the end portions 210,
220. In certain embodiments, a neck can be formed only one
of the two end portions 210, 200. In some embodiments, the
neck 142, 143 can be part of a metallic structure, sometimes
referred to as a boss, that 1s formed through a first end
portion 124 of an internal pressure enclosure 120, which 1s
sometimes referred to as an inner liner assembly or simply
a liner of the gas cylinder assembly 100. The internally
pressure enclosure 120 1s discussed below in connection
with FIGS. 6-7.

[0047] Although the neck 142, 143 can be made of a
metallic structure, the neck 142, 143 can be made of one or
more other materials. In certain embodiments, the neck 142,
143 1s formed using one or more materials not used for the
internal pressure enclosure 120. In certain embodiments, the
neck 142 1s made of the same maternial as the internal
pressure enclosure 120.

[0048] FIGS. 3 and 4 shows that the gas cylinder assembly
100 can 1include multiple layers that are provided for distinct
functions. As noted above and discussed more fully below
the mternal pressure enclosure 120, which itself can be an
assembly, primarily provides an internal space 300 (en-
closed cavity) for containing fuel. A reinforcement structure
110 (e.g., an outer shell) 1s disposed over the internal
pressure enclosure 120 to provide additional strength to the
gas cylinder assembly 100. The strength provided by the
reinforcement structure 110 supports the gas cylinder assem-
bly 100 when the tank assembly 1s pressurized (as indicated
by the arrows in FIG. 4). FIG. 4 shows that the central
portion 200 of the tank gas cylinder assembly 100 can have
a further layered structure.

[0049] In the region shown in FIG. 4, a central body 126
of the internal pressure enclosure 120 1s the mnermost layer
of the layered structure. The inner surface 129 of the central
body 126 defines at least a portion of the internal space 300
of the gas cylinder assembly 100.

[0050] In some embodiments, the central body 126 and
dome end portions (dome structures) 162, 163 of the internal
pressure enclosure 120 are constructed using one or more
polymeric materials. The one or more polymeric materials
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can be selected, 1n certain embodiments, from nylon, high
density polyethylene (HDPE), polyvinyl chloride (PVC),
cthylene propylene diene terpolymer (EDPM), polyethylene
terephthalate (PET) and polyketone (POK). Processes to
build the internal pressure enclosure (1inner liner) 120 will be
discussed below in connection with FIGS. 6-7.

[0051] In some embodiments, in the region shown in FIG.

4, the central body 126 of the internal pressure enclosure 120
has a thickness of 0.01, 0.02, 0.03, 0.05, 0.08, 0.09, 0.1,

0.12,0.13,0.15, 0.18, 0.19, 0.2, 0.21, 0.23, 0.25, 0.28, 0.29,
0.30 inches. In embodiments, the central body 126 has a
thickness 1n a range formed by any two numbers selected
from those listed 1n the proceeding sentence such that the
central body 126 1s stifl enough for further processing (e.g.
to support a compression load applied in winding of a carbon
fiber material over the body 126). In other embodiments, the
central body 126 has a thickness greater than 0.30 inches. In
other embodiments, the central body 126 has a thickness less
than 0.01 1nches. In some embodiment, the central body 126
has a thickness of about 0.10 inches or greater when 1t 1s
made of nylon. In some embodiment, the central body 126

has a thickness of about 0.18 inches or greater when 1t 1s
made of HDPE.

[0052] Over the central body 126 of the internal pressure
enclosure 120, a permeation barrier layer 134 1s disposed to
lower permeation of fuel from the internal space 300
through the central portion 200 of the gas cylinder assembly
100. In embodiments, as discussed further below, a portion
of the gas cylinder assembly 100 other than the central
portion 200 also can have the same or similar layered
structure. For example, the end portions 210, 220 can have,
at least 1 part, a similar layered structure.

[0053] FIGS. 3 and 4 show that in some embodiments the
permeation barrier layer 134 1s interposed between the
internal pressure enclosure 120 and the reinforcing structure
110. The permeation barrier layer 134 can be immediately
adjacent to and contacting the central body 126 of the
internal pressure enclosure 120 (e.g., the outer surface 127
thereot). In other embodiments, one or more additional
layers can be interposed between the permeation barrier
layer 134 and the central body 126, as discussed further
below. In certain embodiments, the permeation barrier layer
can be disposed at or on the inner surface 129 of the central

body 126.

[0054] In certain embodiments, the permeation barrier
layer 134 1s immediately adjacent to and contacting the outer
reinforcement structure 110. The permeation barrier layer
134 can be immediately adjacent to and contacting both the
outer surface 127 of the central body 126 and an inner
surface of the outer reinforcement structure 110. In other
embodiments, one or more additional layers can be inter-
posed between the permeation barrier layer 134 and the
outer reinforcement structure 110.

[0055] In some embodiments, the permeation barrier layer
134 comprise one or more low-permeability barrier materi-
als. The one or more low-permeation barrier materials can
be selected, in certain embodiments, from a metal (e.g.
aluminum, tungsten, stainless steel), a metal alloy, a metallic
compound (e.g. aluminum oxide, titanium), polyvinylidene
chloride (PVDC), ethylene vinyl alcohol (EVOH), poly-
amide, and polyethylene terephthalate (PET). In certain
embodiments, the foil may be of any metal that can be
configured to provide a homogeneous continuous layer of
metal that 1s impermeable to gas. More preferred materials
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will also be light weight and low cost. Aluminum foil 1s one
preferred example. Processes to place the permeation barrier
layer 134 over the internal pressure enclosure 120 will be
discussed below 1n connection with FIGS. 8-18.

[0056] In some embodiments, i the region shown in FIG.
4, the permeation barrier layer 134 has a thickness o1 0.0001,
0.0002, 0.0003, 0.0004, 0.0005, 0.0006, 0.0007, 0.0008,
0.0009, 0.001, 0.002, 0.003, 0.005, 0.009, 0.01, 0.02, 0.05,
0.09, 0.1 inches. In some embodiments, the permeation
barrier layer 134 has a thickness in a range formed by any
two numbers selected from those listed i1n the proceeding
sentence. In other embodiments, the permeation barrier layer
134 has a thickness greater than 0.1 inches. In other embodi-
ments, the permeation barrier layer 134 has a thickness less

than 0.0001 i1nches.

[0057] In some embodiments, i the region shown in FIG.
4, the permeation barrier layer 134 comprise a metal foil
layer that has a thickness of 0.0001, 0.0002, 0.0003, 0.0004,
0.0003, 0.0006, 0.0007, 0.0008, 0.0009, 0.001, 0.002, 0.003,
0.005, 0.009, 0.01, 0.02, 0.05, 0.09, 0.1 mches. In some
embodiments, the permeation barrier layer 134 has a thick-
ness 1 a range formed by any two numbers selected from
those listed 1n the proceeding sentence. In other embodi-
ments, the permeation barrier layer 134 has a thickness
greater than 0.1 inches. In other embodiments, the perme-
ation barrier layer 134 has a thickness less than 0.0001
inches. The permeation barrier layer 134 can be configured
to allow for draping over a structure disposed inward
thereof. The permeation barrier layer can be a metal foil that
1s drapable. The permeation barrier layer 134 can be draped
over and directly onto the central body 126. If configured as
a metal foil, the barrier layer 134 can be draped such that a
metal surface 1s directly on the central body 126 or 1s
directly on a structure disposed between the draped foil and
the central body. As used herein a drapable layer 1s a sheet
layer that readily conforms to the surface to which the layer
1s applied.

[0058] In some embodiments, a metal foil layer, during 1ts
manufacturing or handling process, may be susceptible to
minute pinholes when 1t 1s thinner than 0.001 inches. Pin-
holes of the metal foil layer may increase permeability of
fuel gas. Accordingly, 1n some embodiments, an additional
coating can be applied to plug pinholes of the metal foil 1n
providing the permeation barrier layer 134.

[0059] In some embodiments, in the region shown in FIG.
4, the reinforcement structure 110 has a thickness of 0.03,
0.1, 0.2, 0.3, 0.4, 0.5, 06, 0.7, 08,09, 1, 1.2, 1.50r 2.0
inches. In some embodiments, the reinforcement structure
110 has a thickness 1n a range formed by any two numbers
selected from those listed in the proceeding sentence. In
other embodiments, the reinforcement structure 110 has a
thickness greater than 2.0 inches. In other embodiments, the
reinforcement structure 110 has a thickness less than 0.035
inches.

[0060] In some embodiments, i the region shown in FIG.
4, the permeation barrier 134 layer has a thickness that 1s
substantially thinner than that of the central body 126. When
the permeation barrier layer 134 comprises a metal layer and
has a density greater than that of the central body 126,
having a thinner permeation barrier can be advantageous to
reduce the total weight of the gas cylinder assembly. In some
embodiments, the permeation barrier 134 has a thickness of
0.1,1,2,3,4,5,6,7,8,9,10,12, 14, 16, 18, 20, 22, 24, 26,
28 or 30% of that of the central body 126. In some
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embodiments, the permeation barrier layer 134 has a thick-
ness, expressed as a percent of the thickness of the central
body 126, 1n a range formed by any two numbers selected
from those listed in the proceeding sentence. In other
embodiments, the permeation barrier layer 134 has a thick-
ness over 30% of that of the central body 126. In other
embodiments, the permeation barrier layer 134 has a thick-
ness less than 0.1% of that of the central body 126.

[0061] In some embodiments, because the permeation
barrier layer 134 does not bring a significant increase in the
total weight of the gas cylinder assembly 100, the gas
cylinder assembly 100 has a better (lower) permeability than
a Type 4 CNG tank while maintaining a weight per unit
containing volume comparable to that of a Type 4 CNG tank
(e.g. 0.3 to 0.45 kg/L).

[0062] In some embodiments, the gas cylinder assembly
100 has a weight per unit containing volume of 0.1, 0.2,
0.25,0.3,0.35, 0.4 or 0.45 kg/L.. In some embodiments, the
gas cylinder assembly 100 has a weight per unit containing
volume 1n a range formed by any two numbers selected from
those listed in the proceeding sentence. In some embodi-
ments, the gas cylinder assembly 100 has a weight per unit
containing volume less than 0.1 kg/L. In other embodiments,
the gas cylinder assembly 100 has a weight per unit con-
taining volume greater than 0.45 kg/L.

[0063] In some embodiments, the reinforcement structure
110 1s constructed using a composite material. In certain
embodiments, the reinforcement structure 110 comprises a
layer of a fiber-reinforced composite material (e.g. carbon-
fiber reinforced polymer resin) In certain embodiments, a
material other than composite materials discussed above can
be used to form the reinforcement structure 110.

[0064] FIG. 5 shows that the end portion 210 of the tank
gas cylinder assembly 100 can have a layered structure. A
first end portion 124 of the internal pressure enclosure 120
1s provided in the end portion 210 of the gas cylinder
assembly 100. The first end portion 124 of the internal
pressure enclosure 120 includes an assembly of a first dome
end portion (dome structure) 162 and a first boss 144 that
comprises a neck portion 142. The first dome end portion
162 and the first boss 144 in combination provide the
innermost part of the end portion 210 and define at least a
portion of the internal space 300 of the tank gas cylinder
assembly 100.

[0065] FIGS. 2-5 show that 1n embodiments, the perme-
ation barrier layer 134 1s disposed over the entirety of the
first dome end portion 162 within the first end portion 210
up to but not including over the boss 144. In some embodi-
ments, the permeation barrier 134 extends over the boundary
between the inner liner 124 and the boss 144 and can extend
over the boss 144 as well. In certain embodiments, the
permeation barrier 134 does not extend over the boundary
150 between the 1mnner liner 124 and the boss 144. In other
embodiments, the permeation barrier 134 extend over the
boundary 150 to cover at least a portion of the boss 144.

Methods of Producing Gas Cylinder Assemblies

[0066] In some embodiments, a method of producing the
gas cylinder assembly 100 includes: (1) forming the internal
pressure enclosure 120 of FIG. 6, (2) forming the perme-
ation barrier layer 134 over at least a portion of the internal
pressure enclosure 120 or on at least a portion of an inside
surface thereof to form an intermediate assembly 130 of
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FIG. 8, and (3) subsequently forming the reinforcement
structure 110 over the permeation barrier layer 134.

[0067] In some embodiments, the central body 126 of the
internal pressure enclosure 120 can be produced by forming
a cylindrical tube, e.g., by rolling a polymer sheet mto a
cylindrical tubular body. In other embodiments, the central
body 126 can be produced using other processes including
injection molding and extrusion.

[0068] In some embodiments, the first end portion 124 of
the mternal pressure enclosure 120 can be prepared by (a)
forming a first dome shaped member 162 of a polymer
material using an injection molding process, (b) forming a
central hole through the first dome shaped member to form
the first dome end portion 162, and (¢) coupling a boss 144
to the first dome end portion 162 through the central hole.
The second dome shaped member 163 and the second end
portion 125 can be prepared using the same or similar
layered processes.

[0069] In certain embodiments, forming the first dome
shaped member and forming the central hole can be done at
the same time 1n a single process of ijection molding. In
some embodiments, a process other than injection molding,
can be used to build the first dome shaped member 162. In
some embodiments, the first dome shaped member 162 1s a
hemispherical member having a central opening there-

through.

[0070] Adter the central body 126 and the end portions
124, 125 are produced, to form the internal pressure enclo-
sure 120, a first end 181 of the central body 126 1s coupled
with the first end portion 124 and a second end 183 of the
central body 126 1s coupled with the first end portion 125.
In certain embodiments, a welding process can be used to
couple the central body 126 and the end portions 124, 125
and can leave a weld line 128 along the boundary between
the central body 126 and the two end portions 124, 125 as
shown 1n FIGS. 6 and 7. In some embodiments, the central
body 126 and the end portions 124, 125 are fixed to each
other using an adhesive material.

[0071] In some embodiments, after the internal pressure
enclosure 120 1s prepared, a permeation barrier layer 134 1s
formed over the internal pressure enclosure 120 to obtain an
intermediate assembly 130. In embodiments of FIGS. 8 and
9, the permeation barrier layer 134 covers the central body
126 and at least a portion of the end portions 124, 125. For
example, the permeation barrier layer 134 covers the entirety
of the central body 126 and further coves the dome end
portion 162 up to and/or including the boss 144.

[0072] Insome embodiments, the permeation barrier layer
144 1s provided by applying one or more strips of a barrier
material on an outer surface of the internal pressure enclo-
sure 120. In other embodiments, a barrier material 1s painted
or sprayed over an outer surface of the internal pressure
enclosure 120 (metallizing process). In some embodiments,
a barrier material 1s deposited using a vapor deposition
process. In certain embodiments, wrapping a metal foil over
the internal pressure enclosure 120 i1s preferred over a
metallizing process. Without being limited to any particular
theory 1t 1s believed that a continuous expanse of metal 1n the
metal o1l may provide a better (lower) permeability than a
coating of a thickness or volume formed by the metallizing
process. In certain embodiments, a process other than those
discussed above can be used to form a permeation barrier
layer. Various processes to form a permeation barrier layer
will be describe below 1n more detail.
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[0073] FIG. 10 shows that in one embodiment one or more
strips (e.g., tapes, ribbons) of barrier material 134-1 are
wound over the internal pressure enclosure 120 and along a
circumierential direction of the internal pressure enclosure
120 to form a permeation barrier layer of an intermediate
assembly 130-1. The strips can be applied generally trans-
verse to the longitudinal direction of the enclosure 120. In
some embodiments, two neighboring windings of the barrier
matenal strip(s) 134-1 overlap each other such that a portion
ol the permeation barrier layer 134-1 1s thicker than another
portion. In embodiments, windings of the barrier material
strip(s) 134-1 cover, e.g., go over, the weld line 128 along a
longitudinal direction of the intermediate assembly to 130-1
such that the barrier material strip 134-1 1s disposed over the
weld line 128. The barrier material strip(s) 134-1 can also go
over the dome end portion 162 of the internal pressure
enclosure 120. In certain embodiments, windings of the
barrier matenal strip(s) 134-1 remain between the weld lines
128 such that the dome end portion 162 is not covered by the
barrier material strip(s) 134-1.

[0074] FIG. 11 shows that in some embodiments a per-
meation barrier layer 134-2 interposed between the enclo-
sur¢ 120 and the structure 110 comprises a multi-layer
member or members. In some embodiments, the permeation
barrier layer 134-2 comprises a metal foil 182, a first
polymer layer 181 and a second polymer layer 183. The
permeation barrier layer 134-2 can also include an adhesive
layer 184 in some variations. In some embodiments, the
permeation barrier layer 134-2 does not have at least one of
the first polymer layer 181 and the second polymer layer
183. In some embodiments, the permeation barrier layer
134-2 does not have the adhesive layer 184. In certain
embodiments, the permeation barrier layer 134-2 excludes
the metal fo1l 182 and includes at least one of the polymer
layers 181, 183. In certain embodiments, a metal foil 182
with no additional layer can be directly wrapped over an
outer surface 126 of the internal pressure enclosure 120 to
form a permeation barrier. The reinforcement structure 110
can be applied directly on the permeation barrier layer
134-2, e.g., directly on one of the polymer or adhesive layers
or directly on the metal foil layer. The reinforcement struc-
ture 110 can be applied directly on the metal foil 182 of
variations of the permeation barrier layer 134-2, e.g., on
variations in which the first polymer layer 181 is not present.
In some varnations, direct contact 1s provided between the
metal foi1l 182 and the reinforcement structure 110. In some
variations, direct contact 1s provided between the metal foil
182 and the internal pressure enclosure 120. In some varia-
tions direct contact 1s provided between the internal pressure
enclosure 120 the metal foi1l 182 and/or between the rein-
forcement structure 110 and the metal foil 182. In some
embodiments, the first polymer layer 181 1s a polymer layer
comprising ethylene vinyl alcohol (EVOH). In some
embodiments, the second first polymer layer 183 1s a poly-
mer layer comprising ethylene vinyl alcohol (EVOH). In
certain embodiments, a permeation barrier layer does not
comprises a metal foil layer, but comprise a layer of low-
permeability ethylene vinyl alcohol (EVOH).

[0075] In embodiments of FIGS. 12 and 13, one or more
strips (e.g., tapes, ribbons) of barrier material 134-3 are
disposed over the internal pressure enclosure 120 along a
longitudinal direction of the internal pressure enclosure 120
to form a permeation barrier layer 134-4 thereby to form an
intermediate assembly 130-2. In some embodiments, 1n the
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permeation barrier layer 134-4, a strip of barrier material
134-3 overlaps, at least 1 part, another strip of barrier
material as shown 1n FIG. 13. In some embodiments, due to
overlapping of two neighboring strips, the permeation bar-
rier layer 134-4 has a portion that 1s thicker than another
portion.

[0076] In embodiments of FIGS. 14 to 16, one or more
metal films are wrapped over the central body 126 to form
the permeation barrier layer 134-5 and thereby to form an
intermediate assembly 130-3. In some embodiments, as
shown 1 FIGS. 15 and 16, the permeation barrier layer
134-5 covers the central body 126 between the weld lines
128 but does not cover the dome end portions 162, 163 such
that the permeation barrier layer 134-5 has an circumieren-
tial end that 1s spaced apart from the dome end portions 162,
163, e¢.g., disposed longitudinally between weld lines 128 at
which the dome end portions 162, 163 couple to the central
body 126. In some embodiments, the permeation barrier
layer 134-5 extends over the weld line 128 along a longi-
tudinal direction of the intermediate assembly 130-3 to
cover the longitudinal ends 181, 183 of the central body 126

and to cover the at least part of the dome end portion 162,
163.

[0077] FIG. 17 illustrates further embodiments in which a
permeation barrier layer 134-6 1s formed over the central
body 126 and also over the dome end portions 162, 163 to
form an intermediate assembly 130-4. In some embodi-
ments, when the permeation barrier 134-6 1s formed by a
single process or by repeating the same process (e.g. repeat-
ing the process of FIG. 12—attaching strips as shown 1n
FIG. 12), the permeation barrier layer 134-6 maintains the
same configuration over the central portion 126 and the
dome end portions 162, 163 of the internal pressure enclo-

sure 120.

[0078] In embodiments of FIG. 18, a permeation barrier
layer 136 placed over the mternal pressure enclosure 120 to
form an intermediate assembly 130-5. The permeation bar-
rier layer 136 comprises a first portion 134-7 disposed over,
¢.g., covering the central body 126 of the internal pressure
enclosure 120, and further comprises a second portion 134-8
disposed over or covering the dome end portions 162, 163,
of the iternal pressure enclosure 120.

[0079] In some embodiments, the first portion 134-7 is
formed using a first process, and the second portion 134-8 1s
formed using a second process diflerent from the {first
process to disposed the permeation barrier layer 136 over a
curved surface of the dome end portion 162. In some
embodiments, the first portion 134-7 and the second portion
134-8 can be formed by the same or a stmilar process but one
can be thicker. For example, the first portion 134-7 can be
thicker than the second portion 134-8. Or, the second portion
134-8 can be thicker than the first portion 134-7.

[0080] In some embodiments, the first portion 134-7 and
the second portion 134-8 may have different configurations
(e.g. mechanical structure, chemical composition). In some
embodiments, when barrier material strips are attached over
the central body 126 and the dome end portions 162, 163 of
the mternal pressure enclosure 120 (using the process shown
in FIGS. 12 and 13) to form the second portion 134-8, and
subsequently additional barrier material strips are wrapped
over the central body 126 (using the process shown in FIG.
10) to form the first portion 134-7, the permeation barrier
layer 136 1s thicker over the central body 126 than over the
dome end portion 162.
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[0081] Adfter the intermediate assemblies 130, 130-1, 130-
2, 130-3, 130-4, or 130-5 are prepared after forming a
permeation barrier layer over the internal pressure enclosure
120, the reinforcement structure 110 can be formed over the
permeation barrier layer. In some embodiments, one or more
strips (or sheets) of a carbon composite are wound over an
intermediate assembly to form the reinforcement structure
110. In some embodiments, a polymer resin 1s painted or
sprayed on the carbon fiber reinforcement after disposing
carbon fiber reinforcement over a permeation barrier layer to
form the reinforcement structure 110. In certain embodi-
ments, a process to cure a composite material (or a resin)
placed over the permeation barrier layer 1s performed to
complete the reinforcement structure 110.

[0082] While certain embodiments of the inventions have
been described, these embodiments have been presented by
way of example only, and are not intended to limait the scope
of the disclosure. Indeed, the novel methods and systems
described herein may be embodied 1n a variety of other
forms. Furthermore, various omissions, substitutions and
changes 1n the systems and methods described herein may
be made without departing from the spirit of the disclosure.
The accompanying claims and their equivalents are intended
to cover such forms or modifications as would fall within the
scope and spirit of the disclosure. Accordingly, the scope of
the present inventions 1s defined only by reference to the
appended claims.

[0083] Features, matenals, characteristics, or groups
described 1 conjunction with a particular aspect, embodi-
ment, or example are to be understood to be applicable to
any other aspect, embodiment or example described in this
section or elsewhere 1n this specification unless imcompat-
ible therewith. All of the features disclosed 1n this specifi-
cation (including any accompanying claims, abstract and
drawings), and/or all of the steps of any method or process
so disclosed, may be combined i any combination, except
combinations where at least some of such features and/or
steps are mutually exclusive. The protection 1s not restricted
to the details of any foregoing embodiments. The protection
extends to any novel one, or any novel combination, of the
features disclosed 1n this specification (ncluding any
accompanying claims, abstract and drawings), or to any
novel one, or any novel combination, of the steps of any
method or process so disclosed.

[0084] Furthermore, certain features that are described 1n
this disclosure in the context of separate implementations
can also be implemented in combination 1n a single 1mple-
mentation. Conversely, various features that are described in
the context of a single implementation can also be 1mple-
mented 1n multiple implementations separately or in any
suitable subcombination. Moreover, although features may
be described above as acting 1n certain combinations, one or
more features from a claimed combination can, 1n some
cases, be excised from the combination, and the combination
may be claimed as a subcombination or variation of a
subcombination.

[0085] Moreover, while operations may be depicted 1n the
drawings or described in the specification 1n a particular
order, such operations need not be performed 1n the particu-
lar order shown or in sequential order, or that all operations
be performed, to achieve desirable results. Other operations
that are not depicted or described can be incorporated 1n the
example methods and processes. For example, one or more
additional operations can be performed before, after, simul-
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taneously, or between any ol the described operations.
Further, the operations may be rearranged or reordered 1n
other implementations. Those skilled 1n the art will appre-
ciate that in some embodiments, the actual steps taken 1n the
processes 1llustrated and/or disclosed may differ from those
shown 1n the figures. Depending on the embodiment, certain
ol the steps described above may be removed, others may be
added. Furthermore, the features and attributes of the spe-
cific embodiments disclosed above may be combined 1n
different ways to form additional embodiments, all of which
fall within the scope of the present disclosure. Also, the
separation of various system components 1n the implemen-
tations described above should not be understood as requir-
ing such separation 1n all implementations, and 1t should be
understood that the described components and systems can
generally be integrated together 1n a single product or
packaged into multiple products.

[0086] For purposes of this disclosure, certain aspects,
advantages, and novel features are described herein. Not
necessarily all such advantages may be achieved 1n accor-
dance with any particular embodiment. Thus, for example,
those skilled 1n the art will recognize that the disclosure may
be embodied or carried out 1n a manner that achieves one
advantage or a group of advantages as taught herein without
necessarily achieving other advantages as may be taught or
suggested herein.

[0087] Conditional language, such as “can,” “could,”
“might,” or “may,” unless specifically stated otherwise, or
otherwise understood within the context as used, 1s generally
intended to convey that certain embodiments include, while
other embodiments do not include, certain features, ele-
ments, and/or steps. Thus, such conditional language 1s not
generally intended to imply that features, elements, and/or
steps are 1n any way required for one or more embodiments
or that one or more embodiments necessarily include logic
for deciding, with or without user mput or prompting,
whether these features, elements, and/or steps are included
or are to be performed 1n any particular embodiment.

[0088] Conjunctive language such as the phrase “at least
one of X, Y, and Z,” unless specifically stated otherwise, 1s
otherwise understood with the context as used in general to
convey that an item, term, etc. may be either X, Y, or Z.
Thus, such conjunctive language 1s not generally intended to
imply that certain embodiments require the presence of at
least one of X, at least one of Y, and at least one of Z.

[0089] Language of degree used herein, such as the terms
“approximately,” “about,” “generally,” and “substantially”
as used herein represent a value, amount, or characteristic
close to the stated value, amount, or characteristic that still
performs a desired function or achieves a desired result. For

example, the terms “approximately”, “about”, “generally,”
and “substantially” may refer to an amount that 1s within less
than 10% of, within less than 5% of, within less than 1% of,
within less than 0.1% of, and within less than 0.01% of the
stated amount. As another example, 1n certain embodiments,
the terms “generally paralle]” and “substantially parallel”
refer to a value, amount, or characteristic that departs from
exactly parallel by less than or equal to 15 degrees, 10
degrees, 5 degrees, 3 degrees, 1 degree, or 0.1 degree.

[0090] The scope of the present disclosure 1s not intended
to be limited by the specific disclosures of preferred embodi-
ments 1n this section or elsewhere 1n this specification, and
may be defined by claims as presented in this section or
clsewhere 1n this specification or as presented in the future.
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The language of the claims 1s to be interpreted broadly based
on the language employed 1n the claims and not limited to
the examples described in the present specification or during,
the prosecution of the application, which examples are to be
construed as non-exclusive.

What 1s claimed 1s:
1. A gas cylinder for containing pressurized gas, compris-
ng:
an 1nternal pressure enclosure comprising:
a first end portion;
a second end portion; and
a central body having a first end coupled with the first
end portion and a second end coupled with the
second end portion, the central body further having
an outer surface and an inner surface disposed
between the first end and the second end;
the first end portion, the second end portion, and the
central body forming an enclosed cavity for storing
pressurized gas wherein the inner surface of the
central body forms at least a portion of an mnnermost
surface of the iternal pressure enclosure;
the central body between the inner surface and the outer
surface being a continuous expanse of a homogenous
material;

a reinforcement structure disposed over the central body;
and

a metal foil iterposed between the reinforcement struc-
ture and central body, the metal foil configured to
reduce permeation of contents of the internal pressure
enclosure.

2. The gas cylinder of claim 1, wherein the metal foil 1s

an aluminum foil having a thickness 1n a range between
0.0005 1n and 0.05 inches.

3. The gas cylinder of claim 1, further comprising an
adhesive layer interposed between the metal foi1l and the
central body.

4. The gas cylinder of claim 1, wherein the metal foil
comprises a portion of a metal fo1l structure comprising a
polymer layer, the polymer layer of the metal foil structure
disposed on a side of the metal fo1l such that the polymer
layer 1s interposed between the metal foi1l and the central
body.

5. The gas cylinder of claim 1, wherein the central body
comprises a cylindrical body and the first end portion
comprises a hemispherical member coupled with one end of
the cylindrical body, wherein the metal fo1l 1s disposed over
the cylindrical body.

6. The gas cylinder of claim 1, wherein the central body
comprises a cylindrical body and the first end portion
comprises a hemispherical member coupled with one end of
the cylindrical body, wherein the metal foil has a circum-
terential end spaced apart from the hemispherical member.

7. The gas cylinder of claim 1, wherein the metal foil 1s
disposed 1n a laminate structure and 1s wound about the
central body.

8. The gas cylinder of claim 7, wherein the metal foi1l 1s
wound circumierentially about the central body.

9. A pressure vessel assembly, comprising:

an internal polymeric liner comprising a central portion
and a dome end portion on each end of the central
portion, the central portion having an mner surface, an
outer surface and a wall disposed between the inner
surface and the outer surface:

Nov. 35, 2020

a permeation barrier layer disposed over the central
portion and on the dome end portions on one or more
ends of the central portion;

a reinforcing layer comprising flexible ribbon material
disposed over the permeation barrier.

10. The pressure vessel assembly of claim 9, wherein the
permeation barrier layer comprises a metal layer disposed
over the outer surface of the central portion and on an outer
surface of each of the dome end portions.

11. The pressure vessel assembly of claim 9, wherein the
permeation barrier layer comprises a metal film with over-
lapping longitudinal edges disposed over the outer surface of
the central portion and on an outer surface of each of the
dome end portions.

12. The pressure vessel assembly of claim 9, wherein the
permeation barrier layer comprises a polymeric layer com-
prising EVOH disposed over the outer surface of the central
portion and on an outer surface of each of the dome end
portions.

13. The pressure vessel assembly of claim 9, wherein the
permeation barrier layer comprises a first configuration
disposed over the central portion and a second configuration
disposed over an outer surface of each of the dome end
portions, the second configuration different from the first
configuration.

14. The pressure vessel assembly of claim 9, wherein the
permeation barrier layer comprises an elongate strip dis-
posed over the central portion of the internal polymeric liner.

15. The pressure vessel assembly of claim 9, wherein the
permeation barrier layer comprises a plurality of elongate
strips contacting an exterior surface of the internal poly-
meric lmer.

16. A method of producing a gas cylinder for contaiming
pressurized gas, the method comprising;:

providing a polymeric cylinder extending between a {irst
end and a second end, the polymeric cylinder compris-
ing an mner circumierential surface and an outer cir-
cumierential surface, the inner circumierential surface
providing at least a portion of an imnermost surface of
the gas cylinder;

forming a permeation barrier layer over the outer circum-

ferential surface, the permeation barrier layer having a
thickness greater than 0.0002 1n;

providing a first dome-shaped member having a first
opening and a second dome-shape member having a
second opening;

securing the first dome-shape member to the first end of
the polymeric cylinder and securing the second dome-
shape member to the second end to obtain a low
permeation vessel having a central portion having an
outer surface defined by the permeation barrier layer;

winding one or more strips of a reinforcing member over
the permeation barrier layer to form an outer shell of
the gas cylinder.

17. The method of claim 16, wherein forming the perme-
ation barrier layer comprises wrapping one or more metal
foils over the outer circumierential surface, wherein the
metal foil has a thickness 1n a range between 0.0005 1n to

0.05 1n.

18. The method of claim 16, wherein forming the perme-
ation barrier layer comprises depositing a metallic layer by
a vapor deposition process.
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19. The method of claim 16, wherein forming the perme-
ation barrier layer applying strips of a metal coated film
longitudinally over the outer surface of the polymeric cyl-
inder.

20. The method of claim 16, wherein the permeation
barrier layer i1s referred as a first permeation barrier layer,
wherein the method further comprises disposing a second
permeation barrier layer on the first dome portion and/or the
second dome portion, wherein the first permeation barrier

layer and the second permeation barrier layer have different
configurations.
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