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APPARATUS, SYSTEMS, AND METHODS FOR STORING AND TRANSPORTING
COMPRESSED FLUIES

[0001] BACKGROUND INFORMATION

[0002] Technical Field

[0003] The present disclosure relates to an apparatus for storing and transporting moderately
compressed fluids (esp., cold compressed fluids), and methods for fabricating or constructing the
apparatus for storing and transporting same. More particularly, the present disclosure relates to
containment systems comprised of an array of co-dependent storage cells within an insulated high
integrity structural enclosure to create a composite tank for storage and, when desired, transport

of fluids (a “composite tank™).

[0004] Background Art

[0005] As noted in U.S. Patent No. 9,033,178 B2, assigned to ezNG Solutions LLC, Houston,
Texas, in the petroleum and chemical industries, it is customary to store liguids and the like within
large tank structures which are typically exposed to the elements, both heat and cold. These storage
tanks usually comprise steel or other metallic tank structures that by reason of being exposed to
ambient or near ambient conditions and thermal loads must be provided with a suitable insulating

material so that the products in storage within the tanks may be kept at the desired temperatares.

{0006} Various arrangements or systems have been provided in the past {or storage of cold or even
cryogenic fhuids (usually, liquids or dense phase fhiids) at modest or nearly ambient storage
pressures. Even at these relatively low pressares, the cold fhuds are typically stored in containers
of circular cross-section (o obtain a hoop siress condition that liraits the wall thickness of the
container. However, when the diameter of the container is large enough or the internal pressure
high enough the required wall thickness can still be so large as to cause penalizing increases in
cost of materials, welding, and fabrication. The concepts described in US 9,033,178 B2 for
designing and using arrays of independent flat-sided storage cells that support cach other within a
structurally sound contaimment space provide the means for Hmiting the thickness of the walls of
the containers and the resulting total cost of the storage apparatss. Using the concepis of 1S

9,033,178 B2, large storage tanks containing cold fluids under modest pressure can be designed
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and built at low cost corapared to large diameter {at-bottom, bullet-type, or mualti-lobe tanks of
the sarne total internal storage capacity. However, these cellular arrays that comprise each storage
tank still require a large amount of expensive wall material because the cellular array of cells with
flat walls will typically have more surface area per unit of internal volume. Further, since the
calculation of minimum wall thickness for the skin of the cells tends 1o be dominated by a specified
internal design pressure, the minimum wall thickness needed to safely contain the specified
pressure {under relevant pressure vessel design codes) can be quite small if the radii of the curved
edges of the cells are small. In fact, the wall thickness for the skin of the cells may need to be
specified to be much thicker than the minimum required to safely contain the specified pressure
due to fabrication and handiing considerations if the curved edge radii are small compared to the
overall dimensions of the cells. In such cases, the excess wall thickness margin imposed due ©

fabrication and handling concerns diminishes the potential material cost savings provided by “178.

{00071 Each cell in the array comprising the primary containment of the composite storage tank
reguites access penetrations for fhuid injection and withdrawal as well as for human or reonitoring
device access. Since a single tank described in US 9,033,178 B2 may be comprised of many cells,
the cost of these accessways into and the conduits for fluid transfer interconnecting the cells to
allow fluid vanster into or from the tank and to ensure that all cells comprising a tank are
essentially pressure-balanced throughout become an important feature of total system pricing. In
this disclosurg, the fluid conduits may typically be referred to as pipes or as risers when oriented
vertically, while a system of conduits may be referred to as piping or a piping system. Further, the
external piping (i.e., conduits for interconnecting all the cells in the composite tank) includes many
pipe-to-pipe connections from which the potential for leaks of hazardous fluid cargos represents
real “risk costs” for owners/operators of storage systems incorporating the celhilar array concepts

of U8 8,033,178 B2,

{000&] Therefore, it would be beneficial and an advance in the storage ast for compressed fluids
to provide apparatus, systems, and methods of fabricating and using same that limit the total
amount of cell wall material as well as the quantity of accessways with penetrations and external

piping connections required o complete a composite tank of any specified internal vohune.
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[0009] SUMMARY

[0010] In accordance with the present disclosure, apparatus, systems, and methods of fabricating
and using same are presented that overcome some or all of the deficiencies of previous designs.
Making through-wall holes in some or all of adjacent flat wall panel portions of cells comprising
the primary containment of the composite tank fluid containment system such as described in the
‘178 patent that are sealed along their perimeters to matching through-wall holes in adjacent cell
walls allows reduction in the total amount of cell wall material and the quantity of external
accessway penetrations and external piping system interconnections. Conventional engineering
analysis will indicate how much wall material can be removed in the making of the through-wall
holes as well as how much stiffening may be required around the edges of these holes to maintain

structural stability during fabrication, handling, and operation.

[0011] A first aspect of the disclosure is a composite tank apparatus for fluid contaimment at
pressures al of near ambiend (1.e., less than about § barg or 14.5 psig) o moderate {ypically, less
than about 50 barg or 725 psig though it is theoretically possible to design for nwch higher
pressuresy comprising (or consisting essentially of, or consisting of):

a) an array of at least two flat-sided co-dependent cells with relatively thin skins (i.e., “cell
walls””) made of metallic (e.g., steel or aluminum alloys typically less than about 25.4mm or 1
inch and practically no more than 76.2mm or 3 inches thick) or non-metallic materials (e.g., fiber-
impregnated artificial rubber sheet, fiber-resin matrix, or even ferro-cement materials) wherein
each of the at least two flat-sided co-dependent cells has at least two flat wall panel portions
connected by radiused sections arranged such that all of the flat wall panel portions of the at least
two flat-sided co-dependent cells are either in flush contact with each other or in flush contact
with flat supporting panels of an enclosing structure (or thermal insulating material lining an
interior of the enclosing structure) enclosing the array of at least two flat-sided co-dependent cells,
each of the at least two flat-sided co-dependent cells having a top and a bottom cap (sometimes
referred to herein as top and bottom heads) connected respectively to top and bottom ends of the
cell walls and radiused sections;

b) the at least two flat-sided co-dependent cells sealed with each other around a perimeter
of at least sue matching pair of lightening through-wall hioles provided in adjacent paiss of the
flush-contacting flat wall panel portions of the at least two flat-sided co-dependent cells m the
composite tand, the perimeter of all the pairs of lighteming through-wall hioles sofficiently sealed
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to structurally resist relative movernent and prevent Jeakage of fluid from containment (by, as for
exampie, a continuous weldment joining the adjacent pairs of the flush-contacting flat wall panel
portions};

¢) the enclosing structure having an interior surface and an exterior surface, and a cover,
the enclosing structure and cover configured to provide environmental isolation with sufficient
structural strength and with sufficient rigidity to support exterior flat side panel portions of the at
least two flat-sided co-dependent cells at exterior portions of the array of at least two flat-sided
co-dependent cells, as disclosed further herein; and

d) optionally, one or more layers of thermally insulating material lining the interior surface
or the exterior surface of the enclosing structure. If the contained fluid is to be stored in the

composite tank at or near normal ambient temperatures, then insulation is unlikely to be required.

[0012] In certain embodiments, the composite tank is configured for storage of fluids that must be
contained at temperatures at least 10°C different from normal ambient conditions. In such
embodiments, thermal insulating layer or layers may be provided as part of the composite tank. In
embodiments where the stored fluid is injected and intended to be stored at temperatures below
about minus 40°C and the enclosing structure (e.g., bulkheads and decks or inner bottom of a ship)
are made of non-cryogenic (mild or low alloy) steel, then the one or more layers of thermally
insulating material should be designed and installed to establish a barrier to protect the steel

enclosure from risk of brittle failure.

[0013] In certain embodiments, the composite tank apparatus comprises one or more fluid
accessways, openings, or conduits for injection and withdrawal of fluids. In certain embodiments,
the fluid accessways may comprise one or more conduits that penetrate into the top or bottom caps
of one or more of the at least two flat-sided co-dependent cells comprising the composite tank
apparatus to join with one or more manifolds that run horizontally within co-dependent cells and
through adjacent interior walls of the array of the at least two flat-sided co-dependent cells

allowing simultaneous injection and ejection (often called “withdrawal™) of fluids.

[0014] Certain composite tank embodiments may comprise one or more top-mounted accessway
fittings (as allowed by the ASME Pressure Vessel codes) to allow humans or non-human devices

(e.g., autonomous or semi-autonomous drones) to gain access to an interior of one or more of the
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at least two flat-sided co-dependent cells for inspection, monitoring, and/or repair of the cells or

interior conduits.

[0015] Certain composite tank embodiments may comprise one or more top-mounted accessway
fittings comprising pressure-competent fluid conduits (i.e., pipe fittings as allowed by the ASME
Pressure Vessel codes) to top caps of one or more of the co-dependent cells for the purpose of

injecting fluids into or withdrawing fluids from the composite tank.

[0016] Certain composite tank embodiments may include bottom-mounted accessway fittings
comprising pressure-competent fluid conduits (i.e., pipe fittings as allowed by the ASME Pressure
Vessel codes) to bottom caps of one or more of the co-dependent cells for the purpose of injecting

fluids into or withdrawing fluids from the composite tank.

[0017] Certain composite tank embodiments may include penetrations with such pressure-
competent fittings on any of the radiused sections of any cell or exterior flat panels of the cells at
ends of the array of co-dependent cells, although top accessways and top and bottom penetrations

will provide more workable locations in most embodiments.

[0018] Certain system embodiments of the present disclosure may also include other features as
described herein such as simplified arrangements of internally run interconnecting manifolds
enabled by the inclusion of lightening through-wall holes across adjacent walls of the co-

dependent cells comprising the composite tank apparatus.

[0019] A second aspect of the present disclosure are methods of making a substantially metallic
composite tank system of the first aspect, comprising (or consisting essentially of, or consisting
of):

a) providing a plurality of thin metallic flat wall panel portions, a plurality of metallic
radiused sections (which will in certain embodiments incorporate narrow tangent edge portions to
facilitate transition to and alignment with the edges of the flat panel portions), and a plurality of
metallic top and bottom caps to produce at least two flat-sided co-dependent cells with relatively
thin skins having a thickness ranging from about 5 to about 25mm, or from about 25 to about

75mm;
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b) optionally providing one or more accessways where and as needed in the plurality of
thin metallic flat wall panel portions;

¢) optionally providing one or more penetrations where and as needed in the plurality of
metallic top and bottom caps;

d) fastening (for example, by welding) the vertically running edges of the panel portions
to the at least two radiused sections to form a plurality of cell bodies, and fastening (for example
by welding) the plurality of metallic top and bottom caps to the plurality of cell bodies to form the
at least two flat-sided co-dependent cells with relatively thin skins (as compared to the skin
thickness of large diameter “bullet” tanks designed to carry the same internal storage volume and
pressure);

e) arranging the at least two flat-sided co-dependent cells with relatively thin skins such
that all of the flat wall panel portions of the at least two flat-sided co-dependent cells are either in
flush contact with each other or in flush contact with flat supporting panels of an enclosing
structure (or thermal insulating material lining an interior of the enclosing structure) to form an
enclosed array of at least two flat-sided co-dependent cells;

f) sealing {(by, as for example, a continuous weldment) the at least two flat-sided co-
dependent cells with each other around a perimeter of at lsast one matching pair of lightening
through-wall holes provided in adjacent patrs of the flush-comtacting flat wall panel portions of
the al least two flat-sided co-dependent cells in the composite tank, the perimeter of all the
matching pairs of lightening through-wall holes sutficiently sealed to structurally resist relative
movement and prevent leakage of fluid from containment; and

£ the enclosing structure having an interior surface and an exterior surface, and a cover,
the enclosing structure and cover configured to provide environmental isolation with sufficient
structural strength and with sufficient rigidity to support exterior flat side panel portions of the at
least two flat-sided co-dependent cells at exterior portions of the array of at least two flat-sided
co-dependent cells such that, when internal pressure is established within the array of at least two
flat-sided co-dependent cells at a targeted level for operations or survival, the at least two flat-
sided co-dependent cells of the array are prevented from expanding and displacing (to a degree
that would generate unacceptable stresses or collapse according to current ASME Boiler and

Pressure Vessel codes, for example, as discussed herein).

[0020] A third aspect of the present disclosure are methods of flowing (for example, injecting)
fluid into and extracting (withdrawal) of the same or different fluid from tops and bottoms of the
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array of cells of the first aspect comprising the primary containment of a composite tank apparatus
for fluid containment, the method comprising (or consisting essentially of, or consisting of):

(a) providing upper and lower horizontal fluid conducting manifolds that extend internally
through paired through-wall holes in adjacent flat wall panel portions of all adjacent cells of the
array of at least two flat-sided cells comprising the composite tank apparatus of the first aspect;

(b) providing a first plurality of risers (i.e., vertical fluid conduit segments) fluidly
connected to and running from the upper horizontal fluid conducting manifold to near a top of
each cell’s top cap in the array of cells comprising said tank apparatus providing a flow path from
the top of each cell into the upper horizontal fluid conducting manifold;

(c) providing a second plurality of risers fluidly connected to and running from the lower
horizontal fluid conducting manifold to near a bottom of each cell bottom cap in the array of cells
comprising the composite tank apparatus of the first aspect, providing a flow path from the bottom
of each cell into the lower horizontal fluid conducting manifold,

(d) providing at least one third riser fluidly connected to and running from the upper
horizontal fluid conducting manifold to and through an accessway fitting on the top cap or bottom
cap of at least one of the cells in the array of cells comprising the composite tank apparatus; and

(e) providing at least one fourth riser fluidly connected to and running from the lower
horizontal fluidly conducting manifiold to and through an accessway fitting on the top cap or
bottom cap of at least one of the cells in the array of cells comprising the composite tank apparatus;
and

(f) flowing a low density fluid of a first specified pressure and a first temperature into or
out of an upper part of the composite tank apparatus of the first aspect through the at least one
third riser while flowing a higher density fluid of the same or different chemical composition and
of a second specified pressure and a second temperature simultaneously into or out of the bottom
of the cells in the array of cells comprising the composite tank apparatus of the first aspect through
the at least one fourth riser in a manner that allows a targeted pressure and temperature regime to

be maintained within the composite tank apparatus.

[0021] These and other features of the composite fluid containment tank apparatus, systems, and
methods in accordance with the present disclosure will become more apparent upon review of the
brief description of the drawings, the detailed description, and the claims that follow. It should be
understood that wherever the term ‘“comprising” is used herein, whether describing an
embodiment or a component or step of an embodiment, other alternative embodiments,

7



10

15

20

25

30

WO 2022/203793 PCT/US2022/017511

components, and steps where the term “comprising” is substituted with “consisting essentially of”
are explicitly disclosed herein. It should be further understood that wherever the term
“comprising” is used herein, other alternative embodiments, components, and steps where the
term “comprising” is substituted with “consisting of” are explicitly disclosed herein. Moreover,
the use of negative limitations is specifically contemplated; for example, & cornposite tank of the
present disclosure may comprise a number of physical components and features but may be devoid
of certain optional hardware and/or other features. For example, certain systems of this disclosure
may be devoid of weldments welded to the cells comprising a tank. Further, a component may be
devoid of passages, cavities, slots, and the like, in other words, may be a solid piece. Certain

system embodiments may be devoid of insulation material.

[0022] BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The manner in which the objectives of this disclosure and other desirable characteristics

can be obtained is explained in the following description and attached drawings in which:

[0024] FIGS. 1A, IB, and 1C schematically illustrate a three-cell composite tank apparatus as a
basic form of the pressure-competent fluid containment tank apparates disclosed in US 9,033,178
B2, wherein FIG. 1A is a schematic plan view, FIG. 1B is a schematic midway cross-sectional
view, and FIG. 1C is a side elevation view of one of the two-sided flask cells within the tank’s

insulated structaral enclosure;

{0025] FIGS. 2A, 2B, and 2C schematically illustrate one embodiment of a composite tank
apparatus with lightening holes provided in accordance with the present disclosure, wherein FIG.
2Ais a schematic plan view, FIG. 2B is a schematic midway cross-sectional view, and FIG. 2C s

a schematic side elevation view:

{0026} FIGS. 3A and 3B are schematic plan and cross-sectional views, respectively, ilustrating
one embodiment of a method for branching out the manifold arrangement to effectively drain

outer portions of wide cells;

{0027} FIG. 4 is a schematic side elevation view, with parts broken away, itlustrating how a bias
can be permanently or temporarily imposed on the orientation of composite tanks of this disclosure

8
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to establish distinet high and low points in wide cells of such composite tanks 1o effectively drain

the cells;

{0028} FIGS. SA, 5B, and 3C schematically illustrate a multi-cell composite tank apparatus
{comprised of ten two-sided cells) with through-wall lightening holes provided in adjacent flat
wall panel portions of the co-dependent cells confined within an insulated hold of a marine vessel
{ship or barge) according to one embodiment of the present disclosare, wherein FIG. SA i3 a
schematic plan view, FIG. 5B is a schematic side elevation view, and FIG. SC is a schematic side
elevation view (for clarity, none of the internal fluid conduits (piping mantfolds and risers) are

depicted in FIGS SA-C);

{0029} FIGS. 6A, 6B, and 6C schematically iHustrate two multi-cell composite tank apparatus
with through-wall lightening holes provided in accordance with the present disclosure, wherein
FIG. 6A is a schematic plan view, FIG. 6B is a schematic side elevation view, and FIG. 6Cis a
schematic cross-sectional elevation view (for clarity, none of the internal fluid conduits (piping

manifolds and risers) are depicted in FIGS. 6A-C);

[0030] It is to be noted, however, that the appended drawings of FIGS. 1A-C, 2A-C, 3A-B, 4,
5A-C, and 6A-C may not be to scale and illustrate only typical apparatus and system embodiments
of this disclosure. Furthermore, FIGS. 2A-6C illustrate only one of many possible embodiments
of this disclosure that provide direct interconnectivity between the cells in a tank while rechicing
the total arooont of material required to manufacture the skins of the cells in accordance with the
present disclosure. Therefore, the drawing figures are not to be considered limiting in scope, for

the disclosure may admit to other equally effective embodiments.

[0031] DETAILED DESCRIPTION

[0032] In the following description, details are set forth to provide an understanding of the
disclosed fluid contatrument apparaius, systems, and methods. However, it will be understood by
those skilled in the art that the apparatus, systems, and methods of the present disclosure may be
practiced without these details and that numerous variations or modifications from the described

embodiments may be possible. All U.S. patent applications and U.S. Patents referenced herein are
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hereby explicitly incorporated herein by reference, irrespective of the page, paragraph, or section

in which they are referenced.

[0033] As noted in the Background, using the concepts of US 9,033,178 B2, large storage tanks
containing cold fhuds under modest pressure can be designed and buile at low cost compared o
large diameter flat-bottom, bullet-type, or multi-lobe tanks of the same total internal storage
capacity. However, these cellular arrays that comprise each storage tank still require a large
amount of expensive wall material because the cellular array of cells with flat walls will typically
have more surface area per unit of internal volume. Further, since the caleulation of minimum
walil thickness for the skin of the cells tends (o be dominated by a specified internal design
pressure, the miniroam wall thickness needed to safely contain the specified pressure {(under
relevant pressure vessel design codes) can be guite small if the radii of the curved edges of the
celis are small. In fact, the wall thickness for the skin of the cells may need to be specified to be
much thicker than the mintmum required to safely contain the specified pressure due to fabrication
and handling considerations if the curved edge radii are small compared to the overall dimensions
of the cells. In such cases, the excess wall thickness margin imposed due to fabrication and
handling concerns diminishes the potential material cost savings provided by 178, Each cell in
the array comprising the primary containment of the composite storage tank requires aceess
penetrations for fhuid injection and withdrawal as well as for human or monitoring device access.
Since a single tank described in US 9,033,178 B2 may be comprised of many cells, the cost of
these accessways into the cells and the externally ronning condaits for fluid transfer
interconnecting the cells to allow fluid transfer into or from the tank aud to ensure that all cells
comprising a tank are essentially pressure-balanced throughout become an important feature of
total system pricing. In this disclosure, the fluid condunts may typically be referred to as pipes or
as risers when oriented vertically, while a systern of conduits may be referred to as piping or a
piping system. Purther, the external piping (i.e., conduits for interconnecting all the cells in the
composite tank) inchudes many pipe-to-pipe connections from which the potential for leaks of
hazardous fhud cargos represents real “risk costs” for owners/operators of storage systems

incorporating the cellular array concepts of US 9,033,178 B2,

{0034} The present disclosure provides apparatss, systems, and methods of fabricating and using

sarne that limit the total amount of cell wall material as well as the quantity of accessways with

10
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penetrations and external piping connectons required to complete a composife tank of any

specified internal volume.

[0035] As noted in the Summary, a first aspect of the disclosure are composite tank apparatus for
fluid containment at pressores at or near ambient (e, less than 1 barg) to moderate {typicaily,
fess than sbout 50 barg) pressures. A second aspect are methods of making such composiie tank

apparaius, and a third aspect are methods of using such composite tank apparatus.

[0036] In certain embodiments, the composite tank is intended for storage of fluids that must be
contained at temperatures at least 10°C different from ambient conditions. In such cases, insulating
layer or layers should be provided as part of the composite tank. If the stored fluid is injected and
intended to be stored at temperatures below about minus 40°C and the enclosing structure (e.g,
bulkheads and decks or inner bottom of a ship) are made of non-cryogenic (mild or low alloy)
steel, then the insulating materials should be designed and installed to establish a barrier to protect

an enclosure made from mild or low alloy steel from risk of brittle failure.

[0037] The primary features of the {litid containment {ank apparatus, combinations, and methods
of the present disclosure will now be described with reference to the drawing figures, after which
some of the construction and operational details, some of which are optional, will be further
explained. The same reference numerals are used throughout to denote the same items in the

figures.

[0038] With reference to the drawings, FIGS. 1A-C schematically illustrate an embodiment of a
composite tank apparates for fluid containment as practiced according o US 8,033,178 B2, FIGS.
2A-C schernatically illusirate an embodiment of a composite tank apparatus for fluid containment
that is distinct from and highly advantageous compared o a tank practiced accarding to US
9,033,178 B2 in that the interiors of the cells of the tank are in direct fluid commauonication by
providing carefully aligned through-wall holes in flash contacting, flat wall panel portions of
adjacent flat-sided cells. The through-wall holes allow the provision of internally run
interconnecting fluid conduits which can greatly reduce risks from fluid leaks at external

connections between conduits.
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{0039} FIGS. 1A, 1B, and 1T illustrate schematically three views of a single cornposite tank
apparatus 168 for fluid contabmment as practiced according to US 9,033,178 B2, FIG. 1A
iHlustrates schematically a top-side plan view of a three-cell composite tank apparatus 368 for fluid
comtatniment as practiced according to US 9,033,178 B2, The end walls 181 of the tank’s enclosing
structure are reinforced to structurally accommodate the pressure acting on the insulating layer
124 between the end walls 181 and flat side wall panel of the cells at each end of the array of three
flat-sided cells that is imposed by pressure of the fluids stored within the tank apparatus. The side
walls of the tank’s structural enclosure 110 are structurally integrated with the end walls 101 and
structurally reinforced (for example, post-tensioned if the walls are made of concrete) such that

they can safely accommodate the pressure-induced forces acting on the end walls 101.

{0040} The end walls 101 and side walls 110 of the enclosing structure are either structurally
integrated with the bottom 170 illustrated schematically in FIG. 1B and FIG. 1C in a way that
rigidly resists the forces acting on the walls of the enclosure or are allowed to slide on a seal
between them and the bottom 170 that maintains a desired environmental isolation and meets

relevant codes.

{0041} The end walls 101 and side walls 110 of the enclosing structure are also either structurally
integrated with a cover (not shown) in a way that at least partially resists the forces acting on the
walls of the enclosure or are allowed to slide on a seal between them and the cover that maintains

desired environmental isolation and meets relevant codes.

{0042} The walls and bottom of the tank’s enclosure may, for example, be reinforced and post-
tensioned concrete panels or stiffened metal (e.g., steel) or fiber-reinforced matrix panels,
bulkheads, decks, or inner bottoms of a barge or ship. While the cover of these composite tanks
may, for example, be similar panels or decks, a simple peaked metal or non-metal roof, or a

membrane supported by frames or air pressure differential.

{0043} In this embodiment, a layer of insulation 120 lines the interior of the tank’s enclosing
structure. There is an enclosed atmosphere 130 within the space defined by the insulation lining
the tank’s enclosing structure and the tank cover. The composition, pressure, and temperature of

this atmosphere is likely to be regulated and carefully monitored.
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{0044} Each of the top caps 140 (also referred to herein as “heads”) of the three cells illustrated
schematically in FIG. 1A, 1B, and 1C feature an accessway fitting 150 with fluid conduit and

manway access penetr ations.

{0045} FIG. iB is a schematic cross-sectional view clearly illustrating the practice of US
9,033,178 B2 wherein the Hat side wall panels of each cell of the composite tank apparatus 168
are fhish against the flat side wall panels of the adjacent storage cells or as in this embodiment a
supporting layer of insulation 128, The risers {vertical fluid condaits) 318 connected to valve-
controlied upper fluid conducting manifold 188 provide flow pathways from the tops 148 of the
cells while the risers 318 connected to valve-controlied lower fluid conducting manifold 185
provide {low pathways from the boltoms 168 of the cells 1o enable simultanecus fluid injection ©
and extraction from the cells in a way that is intended to maintain pressure balancing across all
celis. The external piping and manifolds provide the only interconnections between the otherwise
independent cells. The semi-circular bottoms of the cells 168 (also called “heads”™) are sitting in
and supported by depressions in the insulation 128 lining the botiom of the tank’s boltora panel
178 of its structural enclosure. Valves for isclation and control of fluids being stored in this
composite tank 18§ are by common practice for those skilled in the art located outside of the
composite tank enclosure and, thus, are not shown to simplify presentation of the concepts detailed

herein.

{0046} FIG. IC is a schematic broadside elevation view of one of the two-sided flask cells within
the composite tank’s insulated structural enclosure. The figure also illustrates how the cell bottom
cap 168 sits in and can be supported by the insulation 128. However, FIG 1C most prominently
displays a cell’s large {lat side panel that is a key featare of the tanks of U5 9,033,178 B2. Further,
FIG. iC illustrates the point that the semi-circular edges of the cells require no external support
and, thus, do not contact the insulation 128 lining the side walls 118 of the tank’s enclosing

structure.
{0047} FIGS. 2ZA, 2B, and 2C provide tduee schematic views of a single composite tank apparaius

embodiment 208 for fluid containment as practiced according to the present discloswre. In

embodiment 284, the composite tank is comprised at its core of three integrated metallic cells.
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{0048} FIG. 2 A illustrates schematically a top-side schematic plan view of a three-cell composite
tunk apparatas for fluoid containment featuring all the same clements as FIG. 1A with the notable
exception that the three-cell composite tank has in this embodiment only one accessway fitting
150 with fluid conduit and manway access penetrations. Accessway fitting 150, in this
embodiment, is installed on the top cap 140 of the central cell of the three cells illustrated
schematically in FIG. 2A.

{00491 FIG. 2B is a schematic nudway cross-sectional view of the three-cell composite tank of
embodiment 208 clearly iHusirating key aspects and advantages of the composite tanks detailed
in this disclosure. In embodiment 200, interiors of all three cells of the composite tank are in direct
fluid communication by the provision of matching through-wall holes (called “lightening holes™)
in adjacent flat wall panel portions with the perimeters of the maiched through-wall holes sealed
together to structurally resist relative moverent and prevent leakage of fluid from containment
by, in this embodiment, continuous weldments joining the adjacent steel plates. In embodiment
288, the edge of @ large lightening hole in the center of each of the adjacent, Hush-contacung fat
wall panel portions of the celis is stiffened by a flat-bar stiffener 281 that is welded in position
atong the entire perimeter of the lightening hole. Smaller through-wall holes 218 above and below
the large lightening hole allow for fluid condints to be run horizontally throggh the walls of

adjacend cells.

{0050} In FIG. 28, risers 318 and manifold 181 providing flow pathways connecting the interior
spaces within tops 148 of the composite tank’s three cells, while a second set of risers 318 and
manifold 186 providing flow pathways from near the bottoms 168 of these cells, enabling
simultaneous fluid injection to and extraction from the cells. A third riser 41§ from manifold 186
to and through the accessway fitting 150 fabricated onto the top cap 148 of the central cell allows
fluid to be injected at or withdrawn from the bottoms of the cells in the composite tank. Similarly,
a fourth riser 438 from manifold 181 o and through the accessway fitting 158 allows fluid to enter
or exit from upper portions of the integrated celhilar array. A port may be opened iu riser pipe 438
at or near the point where it exits through accessway titting 158 (o allow {iuid to be injected to or
purged from the high point in that fitting. Therefore, a separate riser conduit 31§, as shown
descending from the uppermost points in the two adjacent cells, is not requaired. It is worth noting
that pressure balancing across the cells of thus coraposite tank apparatus embodiment 288 is onich
less of a concern than for composite tanks designed according to US 9,033,178 B2 because the
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interior spaces within all cells are in full direct fluid communication doe to the through-wall
openings in the adjacent flat wall panel portions. The horizontal conduits of manifolds 181 and
186 pass directly between cell through paired through-wall holes 218 in the adjacent flat wall
portions. These holes may be just large enough to match the exterior of the conduits or they may
be much larger such that the conduits are not sapported directly by the cell wall material or
weldment where it is penetrating through the walls. It the conduits are intended to fit the through-
wall holes tightly, the surrounding material of the cell walls should be seal-welded to the exterior
of the conduits. Whether the through-wall holes are a tight fit or oversized, perimeters of these
holes must, in this embodiment, be sealed together in a way that ensures structural integrity and

fluid tightness to prevent leakage from the composite tank.

{0051} FIG. 2C schematically illustrates a cross-sectional elevation view illustrating the placement
of three through-wall holes in a flat wall panel portion of one of the three cells comprising the
fluid containment core of composite tanks detailed in this disclosure. The large Hghtemng hole in
the center of the adjacent, flush-comtacting flat wall panel portion is ringed by & fial bar stiffener
281 which can be included in the design of the celis and tank to ensure stability during handling
and structoral integrity doring operation. Two smaller holes 218 have no ring stiffening bot have
continious weldments aroond theily penimeters to seal the adjacent flat plates to each other
ensure structural integrity and fluid tghtness to prevent leakage {from the composite tank. These
smaller holes 21§ are placed to allow the passage of fluid conduits for upper fluid conducting
manifold 181 and lower fluid conducting manifold 186, but those manifolds are not shown in this
figure for clarity. Of course, if large lightening holes are suitably placed, the horizontal conduits
of manifolds 181 and 186 can be designed to run through those openings between adjacent cells.
The mamfold conduits runming horizontally throughout the cellular array can be supported at the
periphery of the lightening holes as needed to ensure stability of the fluid transfer system during
operation. In general, there is no requirement that the conduits be welded to the skins of the cells
where they pass through the adjacent flat wall panels. It s possible to use clamps instead of

weldments at points where support is required.
{0052} FIGS. 3A and 3B schematically illustrate two views of a lower portion of a single cell in a
mulii-cell composite tank apparatos embodiment 308 for fluid containment as practiced according

o the present disclosure illastrating the concept for a branched manifold piping arrangement.
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{0053} FIG. 3A provides a schematic plan view looking down on the bottorn portion 38 of a
single cell in the composite tank of this disclosure tllustrating a branched manifold arrangement
with branches 381 on both sides of the central conduit of manifold 186 o allow filling to or
drainage from both sides of a wide storage cell. While in FIG.3B, riser pipes 318 are schematically

shown to extend fror both branches 381 downward to near the bottom of the bottom cap 166.

{0054 While the lower manifold 186 and branches as schematically illastrated in FIGS. 2B, 3A,
and 3B would likely be intended for injecting and withdrawing ("draining”™) hquids, an inverted
arrangement in the apper portion of the cells {(as illustrated schematically in FIG. 28B) would likely
be intended for injecting and withdrawing lighter, gaseous fluids to and from at or near the tops

of the cells in the composite tank.

{0055} Fi(s. 4 iHustrates schematically a cross-sectional elevation view within a two-sided cell
that is part of an array of at least two cells comprising another composite tank embodiment 488 in
accordance owth the present disclosure, schernatically tHustrating how a bias can be permanently
or temporarily imposed on the orientation of the composite tank of embodiment 468 to establish
distinct high and low peints in wide cells of the integrated array. A foundation 481 can be
constracted beneath a fixed composite storage tank o impose 2 permanent bias or a temporary
bias can be imposed on a composiie storage tank that is constructed according o the present
disclosure within the hull of a ship or barge by ballasting the vessel to impose a slight heel. If a
similar ternporary heel is desired in a composite tank’s cellular array that is an ISO container or
part of a tucking trailer or ratlcar, the unit can be positioned on a slanted sarface {e.g., a ramp)
that imposes the desired orientation. The individual cells may also be manufactured with a slight
transversely sloping bias in their bottoms so that a distinct low point exists when assembled into
other composite tank embodiments that otherwise has an essentially vertical ortentation (i.e., no
globally induced heel or bias of the tank). The angle of heel or bias of the tank or transverse slope
manufactured into the bottom of the tank need not be very large to establish 2 practical low point

~ typically, not more than a couple degrees, but practically not more thau about § degrees.

{0056} A riser pipe 388 in FIG. 4 is illustrated to be attached to lower manifold 186 allowing
injection to and drainage from a point at or near the induced low point of bottom cap 168 within
the cell shown. A riser 418 from manifold 186 to and through a fitting 428 fabricated into the top
cap 148 of the cell iHustrated in FIG. 4 allows fluid o enter or exit the integrated cellular array.
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Similarly, a riser 438 {from manifold 181 to and through a fitting 448 fabricated into the top cap
148 of the cell tllustrated in FIG. 4 allows fluid o enter or exit from upper portions of the
integrated cellular array. A port may be opened in the riser pipe 438 at or near the fitting 448 ©©
allow fhuid to be injected to or purged from at or near the induced high point inside the cell
ithustrated in FIG. 4. Therefore, a separate riser conduit, such as illusirated in FIG. 2B as element
318, is not required or shown in FIG. 4. In certain embodments, actively controlled valves (not
illastrated) may be provided on the top of the risers 418 and 438, allowing isolation and control
of flow for fluids intended to be stored within certain composite tank apparatis embodiments of
this disclosure. As in FIGS. T and 2, the covering {(e.g., roof) of the composite tank’s enclosure is
not being illustrated in FIG. 4. The valves are also not shown because practical operational
considerations will typically place such common and necessary appurtenances conveniently

autside of the enclosed containment space.

{0057} A manway access device 458 is shown as fabricated into the accessway fitting 158

fabricated onto the top cap 148 of the cell iHustrated 1n FIG. 4.

{0058} FIGS. SA, 5B, and 3C schematically illustrate a multi-cell composite tanlt apparatas
embodiment 568 (corprised of ten two-sided cells) with through-wall lightening holes provided
in adjacent flat wall panel portions of the co-dependent cells confined within an insulated hold of
a marine vessel (ship or barge) for storage or transport of fluid cargo according to one embodiment
of the present disclosure. While the FIGS, SA-5C depict a composite tank comprised of ten two-
sided flask cells, there is theoretically no limit to the nuraber of cells that may be lined up in this
straight-line array. For clarity and ease of presentation, none of the internal fluid conduits (piping
manifolds and risers) are depicted in FIGS. SA, 5B, and SC. For the same reasons, none of the

conventional stiffering of hull structures is depicted in FIGS. SA, SB, and 5C.

{00591 FIG. 5A 1s a schematic plan view across the tops of a ten-cell composite tank apparatus
embodiment 508 within the insulated hold of a marine vessel. The perimeter of the vessel’s cargo
hold is defined by the longitudinal bulkheads 528 and the transverse bulkheads S58A. The interior
of the hold is hined with insulation 128 that can be designed and installed as a liner that protects
the metal typically used in construaction of a marine vessel's hall from temperatares associated
with & cryogenic cargo fluid. In this embodiment, we may assure that the shell 518, bulkheads
{828, 5504, and 5588), and supporting stiffening structures are made of mild or low alloy steel.
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The heavily stiffened regions 548 at both ends of the cargo hold are designed o effectively suppost
the end bulkheads 388A for carrying the pressure being transmitted through the insulation 128
from the cells 338 at the ends of the array of two-sided cells. The reinforcing end structures 544
pick up the pressure-induced loading coming from the storage cells 838 {or ransfer primarily by
shear into the longitudinal structure of the hull. Conventional longitudinal hull sirength analysis
must account for the additional stresses imposed by any pressure-induced loading on the cargo

hold end bulkheads 5584

{0060} In embodiment 508, eight two-sided cells 331 are linearly aligned to provide a continuous
storage volume between the fore and aft ends of the end cells 538. The flat sides of all of the cells
are in flush contact with their neighbors. The flat sides of the cells in contact with an adjacent cell
include through-wall holes that provide fluid (and pressore) continuity throughout all cells of the
composite tank. Straight-line arrangement of the cells can ensure that no unintended pressure
forces are imposed on the longitudinal bulkheads 528, A relatively large space can be left open
between the insulation lining the fongitudinal bulkheads 528 and the curved edges of the cells.
Conunon marine practice stipulates that a minimum of 40cm clearance must be provided if human
inspection of the space is required. If there is no contact between the celis and the insulation Hning
the longitadinal bulkheads 528, then conventional stiffening practice can be apphied for design of

those bulkheads.

{0061} Each of the end cells 838 in embodiment 588 feature an accessway fitting 150 with fluid
conduit and manway access penetrations. Since the lightening holes and internal piping links the
interior all of the cells in composite tank apparatus embodiment 500 are in direct fluid
communication, it is possible to have only one such fitting 150 servicing the entire tank in

embodiment 500.

{0062} FIG. 5B is a schematic side elevation view showing an exterior {lat side of a two-sided
flask cell 834 at either end of the array of ten two-sided cells comprising the composite tank within
the insulated hold of a marine vessel in embodiment 588. A dashed line indicates a stiffener ring
588 lLining a single large centrally placed lightening hole in the flat wall panel portion of the
opposing side. The cell 53§, featuring an accessway fitting 150 with fluid conduit and manway
access penetrations, is situated within the insulated hold of a marine vessel 588 with its boundaries
defined (in this view) by the longitudinal bulkheads 528, the main deck 511, and the inner bottom

18



10

15

20

25

30

WO 2022/203793 PCT/US2022/017511

568, The interior of the hold is lined with insulation 128 which does not contact the edge of cell
838 but is thick enough and bhas a shaped recess to support s semi-circular bottoma. The
longitudinal bulkheads 828 are well spaced from the shell of the hull 518 to create wide wing
spaces to protect the cargo space from damage in the event of a side impact on the holl. I the wing
space is at least 20% of the bearn of the vessel, then most codes assume that the cargo hold will

not be penetrated in a side impact.

{0063} The inner bottorn 568 is supported by a transverse bolkhead 378 in embodiment 568, as
illustrated schematically in FIG. 53B. Convenuonal stiffening and deep frames will typically be
configured to support the inner bottom 568 between transverse bulkheads like the one 57§

Hustrated in s view,

{0064} FIG. 3C is a schematic cross-sectional elevation view of a two-sided flask cell 831 within
the insulated hold of a marine vessel in embodiment 588 illustrating 2 large centrally placed
lightening hole in the flat wall panel portion that is stabilized with ¢ flat-bar stiffener 588, The cell
831 is situated within the insulated hold of the marine vessel in embodiment 568 with its
boundaries defined (in this view) by the longitudinal bulkheads 828, the main deck 811, and the
inner bottom 866, The interior of the hold is lined with insulation 128 which does not contact the
edge of cell 831 but is thick enough and has a shaped recess o support ds semi-circular bottom.
The longitudinal bufkheads 528 are well spaced from the shell of the huli 5318 to create wide wing

spaces to protect the cargo space from damage in the event of a side impact on the hail.

{0065} The inner bottom 568 is supported by a transverse bulkhead 57¢ in embodment 58§, as
illostrated schematically in FIG. 5C. Conventional stiffening and deep frames will typically be
configured to support the imner botom 568 between transverse bulkheads like the one 578

itllustrated in this view.

{0066} FIGS. 6A, 6B, and 6C schematically iHustrate a two ruld-cell composite tank apparatus
embodiment 68 (comprised of an unspecified quantity of cells} with through-wall lightening
holes provided in adjacent flat wall panel portions of the co-dependent cells confined within an
insulated hold of a marine vessel {ship or barge)} for storage or transport of fluid cargo according
to one emabodiment of the present disclosure. The two cellular arrays are arranged to run parallel
to each other (side-by-side but not in contact with each other). For clarity and ease of presentation,

19



10

15

20

25

30

WO 2022/203793 PCT/US2022/017511

none of the internal fhnd conduits (piping manifolds and risers) are depicted in FIGS. 64, 6B, and
6. For the same reasons, none of the conventional stiffening of hull structures s depicted in

FIGS 6A, 6B, and 6C.

{0067} FIG. 6A is a schematic plan view across the tops of the two mulu-cell composite tank
apparatus of embodment 608 within the insulated hold of & marine vessel. The perimeter of the
vessel’s cargo held is defined by the longitudinal bulkheads 528 and the transverse bulkheads
556A and 5508, The intertor of the hold s lined with insulation 12 that can be designed and
installed as a Hner that protects the metal typically used in construction of a marine vessel’s hull
from temperatures associated with a cryogenic cargo fluid. In this embodiment, we may assume
that the shell 18, bulkheads (528, 530A, and 8588), and sapporting stiffening structures are made
of raild or low alloy steel. The beavily stiffened regions 548 at both ends of the cargo hold are
designed to effectively support the end bulkheads S58A and 5588 {or carrving the pressure being
transmitted through the insolation 12§ from the cells 838 at the ends of each of the linear arrays
of two-sided cells. The reinforcing end structures 548 pick up the pressure-induced loading
coming from the storage cells 638 for transfer primarily by shear into the longitudinal structure of
the lutll. Conventional hull strength analysis must account for the additional stresses imposed by

any pressure-induced loading on the cargo hold end bulkheads S58A and S588.

{0068} An unspecified quantity of two-sided celis 631 are linearly aligned in embodment 608 to
provide a continuous storage volume between the fore and alt ends of the end cells 638 of each of
the composite tanks in the bold. The flat sides of all of the cells are in flush contact with their
neighbors in their specific linear array. The flat sides of the cells in contact with an adjacent cell
inchude through-wall holes that provide fluid (and pressure) contimuity throughout all cells of each
composite tank. Straight-line, linear arrangement of the cells can ensure that no unintended
pressure forces arg itmposed on the longitadinal bulkheads 528. A relatively large space can be
left open between the two arrays and the insulation lining the longitudinal bulkheads 528 and the
curved edges of the cells. If there is no contact between the cells and the insulation lining the
longitadinal bulkheads 5326, then conventional stiffening practice can be applied for design of

those buikheads.

{0069} In embodiment 888, each of the end cells #6348 feature an accessway fitting 150 with fluid
conduit and manway access penetrations.
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{0070} FIG. 6B s a schematic side elevation view illustrating the exterior flat side of the two-
sided flask cells 638 at cither end of the two linear arrays of two-sided cells comprising the two
composite tanks in embodiment 688 within the insulated hold of a marine vessel. Dashed lines
indicate a stiffener ring 588 lining a single large centrally placed hghtening hole in the flat wall
panel portion of the opposing side of each of these cells 638, The cells 638, cach featuring
accessway fittings 150 with fluid conduit and manway access penetrations, are siteated side-by-
side within the insalated hold of a marine vessel 688 with its boundaries defined (in this view) by
the longitudinal bulkheads 528, the main deck §11, and the inner botiom 568, The interior of the
hold is lined with insulation 128 which does not contact the vertically-running radiused edges of
the cells 638 but 1s thick enough and has shaped recesses o support their semi-circular bottoms.
In this erbodiment the longitudinal bulkheads 528 are well spaced from the shell of the hull 518
to create wide wing spaces to protect the cargo space from damage in the event of a side impact

on the hull.

{0071} in embodiment 68, the inner bottom 38§ is supported by a transverse bulkhead 578 as
iflustrated in FIG. 6B. Conventional stiffening and deep frames will typically be configured to
sapport the inver bottom 564 between transverse bulkheads hike the one 5378 illustrated in this

view,

{0072} FIG. 6C 1s a schematic cross-sectional elevation view of two two-sided flask cells 631
sttuated side-by-side within the insulated hold of a marine vessel of embodiment 88 Hustrating
large centrally placed lightening holes in their flat wall panel portions that are stabilized with lat-
bar stiffeners 888, In embodiment 686, the celis 631 are situated within the insulated hold of a
marine vessel with its boundaries defined (in this view) by the longiudinal bulkheads 528, the
main deck 511, and the inner bottom 568, The interior of the hold is lined with insulation 128
which does not contact the vertically-running radivised edges of cells 631 but is thick enough and
has shaped recesses to support their semi-circular bottoma. In this embodiment, the longitedinal
bulkheads 528 are well spaced from the shell of the hull 518 to create wide wing spaces to protect

the cargo space from damage in the event of a side impact on the hull.
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{0073} The inner bottorn 868 is supported by a transverse bulkhead 8§78 as iHustrated in FIG. 6.
Conventional stiffening and deep frames will typically be configured to support the inner bottom

568 between transverse bulkheads like the one 8578 tllusirated in this view.

{0074} As used herein the phrases “sufficient rigidity in support of the outwardmost flat side panel
portions” and “the at least two flat-sided co-dependent cells of the array are prevented from over-
expanding and displacing” mean that the specified layer of insulation material between the flat
side panel portions and, for example, a buttressed reinforced concrete end or side wall of a
composite tank’s structural enclosure are rigid enough to ensure that the panel portions cannot
deflect outward more than a few wall thicknesses and in the extreme for cells with panels of very
large dimensions, say 30 to 120 feet wide and 40 to 150 feet tall, as much as 25 wall thicknesses;
however, practical applications of buttressed reinforced concrete enclosures (or reinforced ships’
cargo hold bulkheads) lined with insulation capable of withstanding internal operating pressures
targeted in the present disclosure, say high density balsa wood, maximum center span deflections
will typically be limited to less than about 5 cell wall thicknesses in certain embodiments, and in
certain extreme embodiments, less than about 10 cell wall thicknesses such that, when internal
pressure is established within the array of at least two flat-sided co-dependent cells at a targeted
level for operations or survival, the at least two flat-sided co-dependent cells of the array are
prevented from expanding and displacing to a degree that would generate unacceptable stresses
or collapse according to the relevant current ASME Boiler and Pressure Vessel code as
demonstrated by the following example calculations for an ASME SVIII-Div2, Type 1 composite
tank comprised of an array of at least two two-sided flask cells with the following design
parameters:

[0075] Operating pressure, P = 225 psig (~15 barg);

[0076] Skin Material — SA553 (9% Ni with a Tensile Strength of 100 ksi) which is allowed
to carry maximum stress of about 41.7 ksi under operating conditions according to the ASME
code set noted for this example (welding specifications should ensure that the weld material is
over-matched to avoid having any welds be a weak point in the composite tank);

[0077] The number of two-sided cells in the array comprising the composite tank in this
example is three (meaning that one cell is sandwiched between two end cells so that this composite

tank comprises only two pairs of flush-contacting flat wall side panels);
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[0078] Individual cells have the following key dimensions — height is 64 feet, width is 40
feet, and the radius of radiused sections connecting the flat panel portions of the two-sided cells
is 7.38 feet;

[0079] The skin of all three cells is specified at 0.75 inch (i.e., the wall thickness, T, = 0.75
inch or about 19mm; however, the wall thickness of the top and bottom end caps may be specified
to be a few millimeters thicker to ease fabrication and handling with a tangent tapered transition
edge to match or nearly match the skin/wall thickness of the midbody of the cells where the caps
will be welded to the midbody;

[0080] The size of through-wall lightening holes that may be cut or fabricated in the flat
wall panels to match the hole or holes in the adjacent flush-contacting flat wall panel of the
adjacent cell (i.e., the amount of material that may be eliminated from each flat wall panel if no
reinforcement is planned around or near the perimeter of the hole as replacement for any of the
wall material eliminated) may be estimated for initial design purposes as follows, assuming for
this exemplary embodiment just one centrally located oval through-wall lightening hole is
provided in each of the two flat wall panel sides of the central cell (aligned with matching
lightening holes in the adjacent flat wall panel sides) of this 3-cell composite tank and the rigidity
of the enclosure end wall and insulating liner is adequate to limit deflection of the central part of
the outwardmost flat side panel portions to less than 5 cell wall thicknesses (note — hydrostatic
head is ignored for simplicity/clarity in these calculations);

[0081] the vertical extent of an oval hole cut through the wall, Heu, should be limited so
that the horizontal stress component in the cell’s skin (due to internal pressure, P, acting
horizontally on the internal surface of the radiused sections running vertically bottom to top along
the outward edges of each cell) at a plane cutting vertically across the narrow dimension of the
central cell and orthogonal to the cell’s width at the middle of the centrally located oval through-

wall hole, defined in Equation 1:

PH(2#R*(H-2*R)+pi*R2) / (2T*((H-2%R)-Hou) +T*2#pi*R) )

does not exceed about 95% of the allowable stress value noted above, or does not exceed about
99% of the allowable stress value noted above; and
[0082] the horizontal extent of an oval hole cut through the wall, Wy, is limited so that

the vertical stress component (due to internal pressure, P, acting vertically upward on the internal
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surface of the top cap/head) at a plane cutting horizontally across the cell at the middle of the

centrally located oval through-wall hole, defined by Equation 2:

(P*(2*¥R*(W-2*R)+pi*R?)-(cell’s steel weight)/2) / 2)
2TH((W-2*R)-Weu)+T*2%pi*R))
does not exceed about 95% of the allowable stress value noted above, or does not exceed about
99% of the allowable stress value noted above, so that the tri-axial stress state accounting for the
orthogonal stress due to the moderate internal operating pressure acting directly on the flat wall
panels and the bending induced stress across the thin (0.75 inch) wall that is limited by the rigidty
of the supporting insulating liner and structural enclosure are accommodated by keeping a slight
margin between these calculated stress components and the allowable stress value noted above
such that the vertical extent of the centrally placed oval through-wall lightening hole would be
limited to about 28.4 feet (~44% of H) and the horizontal extent of the hole would limited to about
15.9 feet (~40% of W) (detailed finite element analysis of the composite tank structure will be
required to confirm that stress distributions throughout all system elements do not exceed the
ASME code allowances in final design and, if cyclical pressure loading is anticipated, then fatigue
life calculations must be performed accounting for the welding and inspection details specified

for each composite tank’s service and manufacturing process.

{0083} It should be understood that embodiments 200, 300, 400 500, and 600 are only exemplary
of many possible tank apparatus and methods. Suitable arrays of cells may have any longitudinal
shape (straight, L-shaped, arcuate, for example S-shaped), and may have one or more parallel
and/or series arranged regions. Ship holds may have any lateral (cross-sectional) shape, such as
rectangular, oval, round, V-shaped, U-shaped, and the like. The cross-sectional shape may be the

same or different along the length of a ship or other transport mechanism.

[0084] The flow rates of the fluids entering and exiting the tank apparatus or individual cells
thereof will depend on many factors, including the dimensions of conduits, pressure of the fluids
and cells, size of the tank apparatus and cells, the presence of flow control devices (such as
orifices, control valves, in-line mixers, and the like), temperature of the fluids, viscosity of the
fluids, and like parameters, but in general the flow rate of fluids into tank apparatus may range

from about 5 gpm to about 5000 gpm (from about 1.136 cbm/hr. to about 1,136 cbm/hr.), or from
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about 20 gpm to about 500 gpm (or from about 4.544 cbm/hr. to about 113.6 cbm/hr.), or from
about 50 gpm to about 300 gpm (from about 11.36 cbm/hr. to about 68.16 cbm/hr.).

[0085] Certain embodiments may comprise a process control scheme for the flow of fluids into
and out of the tank apparatus. For example, a master process controller may be configured to
provide any number of control logics, including feedback control, feed-forward control, cascade
control, and the like. The disclosure is not limited to a single master process controller, as any

combination of controllers could be used.

[0086] In certain embodiments, tank apparatus may be cooled or heated by a heat transfer fluid
selected from the group consisting of gaseous, liquid, or combinations of gaseous and liquid
compositions that functions or is capable of being modified to function as a heat transfer fluid.
Gaseous heat transfer fluids may be selected from air, including ambient air and treated air (for
air treated to remove moisture), inert inorganic gases, such as nitrogen, argon, and helium, inert
organic gases such as fluoro-, chloro- and chlorofluorocarbons, including perfluorinated versions,
such as tetrafluoromethane, and hexafluoroethane, and tetrafluoroethylene, and the like, and
mixtures of inert gases with small portions of non-inert gases, such as hydrogen. Heat transfer
liquids may be selected from inert liquids which may be organic, inorganic, or some combination
thereof, for example, salt solutions, glycol solutions, oils and the like. Other possible heat transfer
fluids include steam, carbon dioxide, or mixtures thereof with nitrogen. Heat transfer fluids may

be compositions comprising both gas and liquid phases, such as the higher chlorofluorocarbons.

[0087] Although only a few exemplary embodiments of this disclosure have been described in
detail above, those skilled in the art will readily appreciate that many modifications are possible
in the exemplary embodiments without materially departing from the novel apparatus and
processes described and claimed herein. Accordingly, all such modifications are intended to be
included within the scope of this disclosure as defined in the following claims. In the claims, no
clauses are intended to be in the means-plus-function format allowed by 35 U.S.C. § 112(f) unless
“means for” is explicitly recited together with an associated function. “Means for” clauses are
intended to cover the structures described herein as performing the recited function and not only

structural equivalents, but also equivalent structures.
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What is claimed is:

1. A composite tank apparatus {or Hloid containment at pressures at or near ambient to moderate
pressures comprising:

a) an array of at least two flat-sided co-dependent cells with relatively thin skin cell walls
made of metallic or non-metallic materials, each of the at least two flat-sided co-dependent cells
having at least two flat wall panel portions connected by radiused sections arranged such that all
of the flat wall panel portions of the at least two flat-sided co-dependent cells are either in flush
contact with each other or in flush contact with flat supporting panels of an enclosing structure (or
thermal insulating material lining interior flat surfaces of the enclosing structure) enclosing the
array of at least two flat-sided co-dependent cells, each of the at least two flat-sided co-dependent
cells having a top and a bottom cap connected respectively to top and bottom ends of the cell
midbodies comprising flat walls joined by radiused sections;

b) the at least two flat-sided co-dependent cells sealed with each other around a perimeter
of at least one maiching pair of lightening through-wall holes provided in adiacent pairs of the
flushi-contacting flat wall panel portions of the at least two flat-sided co-dependent cells in the
composite tank, the perimeter of all the pairs of lighterung throagh-wall holes sufficiently sealed
to structurally resist refative moverent and prevent leakage of fluild from containment;

¢) the enclosing structure having an interior surface and an exterior surface, and a cover,
the enclosing structure and cover configured to provide environmental isolation with sufficient
structural strength and with sufficient rigidity to support exterior flat side panel portions of the at
least two flat-sided co-dependent cells at exterior portions of the array of at least two flat-sided
co-dependent cells such that, when internal pressure is established within the array of at least two
flat-sided co-dependent cells at a targeted level for operations or survival, the at least two flat-
sided co-dependent cells of the array are prevented from over-expanding and displacing; and

d) optionally, one or more layers of thermally insulating material lining the interior surface

or the exterior surface of the enclosing structure.
2. The compasite tank apparatus of claim 1 wherein the ceit walls are selected from steel alloys

or aluminum alloys, the cell walls having thickness ranging from typically much less than about

25.4mm to about 76.2mm.
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3. The covaposite tank apparatus of claim | wherein the cell walls are selected from fiber-

impregnated artificial rubber sheet, fiber-resin matrix, or ferro-cement materials.

4. The composite tank apparatus of claim 1 wherein the perimeter of all the pairs of lightening
through-holes are sealed by a conunuous weldment joining the adiacent pairs of the flush-

countacting flat wall panel portions.

3. The composite tank apparaius of claim 1 wherein the at least two flat-sided co-dependent cells
of the array are configured to be prevented from expanding and displacing beyond limits that
would induce horizontal and vertical stresses exceeding about 95% of allowable horizontal and

vertical stress values under operating pressure.

6. The composite tank apparatus of claim 1 wherein the at least two flat-sided co-dependent cells
of the array are configured to be prevented from expanding and displacing beyond limits that
would induce horizontal and vertical stresses exceeding about 99% of allowable horizontal and

vertical stress values under operating pressure.

7. The composite tank apparatus of ciaim § configured for storage of fluids that must be contained

at temperatures at least 10°C different from normal ambient conditions.

8. The cornposite tank apparatos of claim 1 configured to receive and store fluid at temperatures
below about minus 40°C, the enclosing structure comprised of non-cryogenic (mild or low alloy)
steel, and one or more layers of thermally insulating material sufficient to establish a barrier to

protect the steel from risk of brittle failure.

9. The composite tank apparatus of claim 1 comprising one or more fluid accessways, openings,

or conduits for injection and withdrawal of fluids.

10. The composite tank apparatus of claim 9 wherein the fluid accessways comprise one or more
conduits that penetrate into the top or bottom caps of one or more of the at least two flat-sided co-
dependent cells comprising the composite tank apparatus to join with conduits that run
horizontally within co-dependent cells and through adjacent interior walls of the array of the at
least two flat-sided co-dependent cells allowing simultaneous injection and ejection of fluids.
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11. The composite tank apparatus of claim 1 comprising one or more top-mounted accessway
fittings to allow humans or non-human devices to gain access to interiors of all of the at least two

flat-sided co-dependent cells for their inspection, monitoring, and/or repair.

12. The composite tank apparatus of claim 1 comprising one or more top cap-mounted accessway
fittings comprising pressure-competent fluid conduits through the top cap of one or more of the at
least two flat-sided co-dependent cells for the purpose of injecting fluids into or withdrawing

fluids from the composite tank apparatus.

13. The composite tank apparatus of claim 1 comprising one or more bottom cap-mounted
accessway fittings comprising pressure-competent fluid conduits through the bottom cap of one
or more of the at least two flat-sided co-dependent cells for the purpose of injecting fluids into or

withdrawing fluids from the composite tank apparatus.

14. The composite tank apparatus of claim 1 comprising at least one internally interconnecting
manifold extending into all of the at least two flat-sided co-dependent cells of the composite tank
apparatus through the lightening through-wall holes across adjacent walls of the co-dependent

cells comprising the composite tank apparatus.

15. A method of making a substantially metallic composite tank system:

a) providing a plurality of thin metallic flat wall panel portions, a plurality of metallic
radiused sections, and a plurality of metallic top and bottom caps to produce at least two flat-sided
co-dependent cells with relatively thin skins;

b) optionally providing one or more accessways where and as needed in the plurality of
thin metallic flat wall panel portions;

¢) optionally providing one or more penetrations where and as needed in the plurality of
metallic top and bottom caps;

d) fastening the flat panel portions to tangent edges of the plurality of radiused sections to
form a plurality of cell bodies, and fastening the plurality of metallic top and bottom caps (with
their tangent edges) to the plurality of cell bodies to form the at least two flat-sided co-dependent

cells with relatively thin skins;
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e) arranging the at least two flat-sided co-dependent cells with relatively thin skins such
that all of the flat wall panel portions of the at least two flat-sided co-dependent cells are either in
flush contact with each other or in flush contact with flat supporting panels of an enclosing
structure (or thermal insulating material lining an interior of the enclosing structure) to form an
enclosed array of at least two flat-sided co-dependent cells;

f) sealing the at least two flat-sided co-dependent cells with each other around a perimeter
of at least one matching pair of lightening through-wall boles provided in adiacent pairs of the
flush-contacting flat wall panel portions ot the at least two Hlat-sided co-dependent cells in the
compposite {ank, the perimeter of all the patching pairs of lightening through-wall holes
sufficiently sealed to structurally resist relative movement and prevent leakage of fluid from
containment; and

¢} the enclosing structure having an interior surface and an exterior surface, and a cover,
the enclosing structure and cover configured to provide environmental isolation with sufficient
structural strength and with sufficient rigidity to support exterior flat side panel portions of the at
least two flat-sided co-dependent cells at exterior portions of the array of at least two flat-sided
co-dependent cells such that, when internal pressure is established within the array of at least two
flat-sided co-dependent cells at a targeted level for operations or survival, the at least two flat-
sided co-dependent cells of the array are prevented from expanding and displacing to such a degree
that the resulting stresses exceed relevant pressure vessel code allowables or structural instability

occurs.

16. A method of flowing a fluid into and extracting a same or different fluid from tops and bottoms
of an array of at least two flat-sided cells of a composite tank apparatus for fluid containment, the
composite tank apparatus having through-wall lightening holes in adjacent flat wall panel portions
of all adjacent cells of the array of at least two flat-sided cells, the cells each having a top cap and
a bottom cap, the method comprising:

(a) providing upper and lower horizontal fluid conducting manifolds that extend internally
through the through lightening holes in adjacent flat wall panel portions of all adjacent cells of the
array of at least two flat-sided cells comprising the composite tank apparatus;

(b) providing a first plurality of risers fluidly connected to and running from the upper
horizontal fluid conducting manifold to near a top of each cell’s top cap in the array of cells
comprising the tank apparatus providing a flow path from the top of each cell into the upper
horizontal fluid conducting manifold;
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(c) providing a second plurality of risers fluidly connected to and running from the lower
horizontal fluid conducting manifold to near a bottom of each cell’s bottom cap in the array of
cells comprising the composite tank apparatus providing a flow path from the bottom of each cell
into the lower horizontal fluid conducting manifold;

(d) providing at least one third riser fluidly connected to and running from the upper
horizontal fluid conducting manifold to and through an accessway fitting on the top cap or bottom
cap of at least one of the cells in the array of cells comprising the composite tank apparatus;

(e) providing at least one fourth riser fluidly connected to and running from the lower
horizontal fluid conducting manifiold to and through an accessway fitting on the top cap or bottom
cap of at least one of the cells in the array of cells comprising the composite tank apparatus; and

() flowing a low density fluid of a first specified pressure and a first temperature into or
out of an upper part of the composite tank apparatus of the first aspect through the at least one
third riser of while flowing a higher density fluid of the same or different chemical composition
and of a second specified pressure and a second temperature simultaneously into or out of the
bottom of the cells in the array of cells comprising the composite tank apparatus of the first aspect
through the at least one fourth riser in a manner that allows a targeted pressure and temperature

regime to be maintained within the composite tank apparatus.

17. The composite tank spparatus of claim 1 wherein the comaposite tank apparatus is confructed
as a part of a faciity selected from:

a} o storage facility fixed permanently or teraporarily in place on land,

<} a trailer for ever-road transpor(;
&y a rail cargo car or rail {uel tender for rail transport;

¢} a cargo or fuel containment within or on a harge or ship.
o3 & cargo or fuel containment within or on a harge or ship

18. The method of claim 16 wherein the composite tank apparatus is used to store fluids selected
from LNG, NGL, NHs, COp, and Hs as a dense gas, 2 Hguid, or captored in a slarry of molecules
{e.g., magnesivm hydride suspended in mineral o], such as the material known under the wrade

designation Hydrilyte™).
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19. The method of claim 16 wherein the composite tank apparatus is used to transport fluids
selected from LNG, NGL, MNHz, COs, and H» as & dense gas, a hguid, or captored o slurry of

malecules (e.g., magnesivm hydride suspendad in mineral oil as Hydrilye™,

20. The method of claim 15 comprising structurally combining all cells in the cellular array to
establish a primary containment of the composite tank apparatus, wherein matching through-wall
holes are opened in adjacent, flush-contacting flat wall panel portions and their aligned perimeters
are welded or clamped together in a way that strucnrally resists relative movement and prevenis

leakage of fhad from contatmment.

21. The method of claim 15 comprising fluidly linking all cells in an integrated cellular array
comprising a primary containment of the composite tank apparatus to establish internal flow paths
from within the bottom caps and top caps and through the flat wall panel portions of the cells of
the composite tank apparatus with lower and upper manifolds connecting uptake riser and
downcomer riser pipe sections from near the lowest internal point of each cell’s bottom and the
highest internal point of each cell’s top wherein these lower and upper manifolds include riser
elements that tightly penetrate the skin of at least one cell of the composite tank to enable the

injection to and extraction from the composite tank’s primary containment.

22. The method of Claim 21 for fluidly linking all cells in the cellular array comprising the primary
containment of the composite tank apparatus to establish internal flow paths from all portions of
the composite tank apparatus wherein manifolded flow paths include branches reaching near
enough to all lower and upper extremes of an internal volume of the primary containment to

effectively fill and drain the primary containment of fluids.

23. The method of claims 21 for fluidly linking all cells in the cellular array comprising the
primary containment of the composite tank apparatus to establish internal flow paths from all
portions of the composite tank apparatus wherein the composite tank apparatus’ orientation is
biased with a transverse inclination such that the bottom caps of all its cells each have a definitive
low point at or near the intake of a riser attached to a lower piping manifold or one of its branches
to effectively fill and drain the tank of liquid or dense phase fluids and a definitive high point at
or near the intake of a riser attached to an upper manifold or one of its branches to effectively fill
and purge the tank of lighter dense phase or gaseous fluids.
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