CRYOGENI C LI QUID TANK [0001] This application clainms the benefit of U S
provi si onal Application No. 61/194,054, filed Septenber 23, 2008, which is
I ncor por awvedotvarseios by reference for all purposes. [0002LTAiseoopnesent

i nvention relates generally to a cryogenic fluid tank and, nore
particularly, to methods and apparatus that provide for |ightweight

contai nnent of liquid hydrogen and are suitable for |ong-duration aircraft.
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[0003] Hydrogen is an attractive fuel for high-altitude, long-duration aircraft
because it contains about 2.8 times the energy per pound as compared with
traditional hydrocarbon fuels. In aircraft applications requiring very long-range
or endurance, the high specific energy of hydrogen may be a key enabler.
However, practical considerations have largely prevented its use. While the
specific energy of hydrogen is very high, the energy per unit volume is
comparatively low.

[0004] In order to take advantage of the high specific energy of hydrogen,
the associated tanks are preferably light weight --- ideally being just a small
fraction of the weight of the stored hydrogen (and preferably on the order of
10% to 25%). Typical tanks for storing compressed gaseous hydrogen have a
weight of about 10 to 20 times that of the hydrogen stored, and are not likely
practical for high-altitude, long-duration aircraft. Liquid hydrogen tanks for
large rocket boosters have weights in the range of 10% of the hydrogen
carried. However, these tanks are not intended for extended-duration storage

(such as 1-2 weeks). They also benefit from the large-scale of the tanks,



typically require tanks with sufficient insulation to prevent conplete
boil-off for one to two weeks. An anticipated capacity of an individual

t ank m ghworargssfosom 100 to 2000 pounds of |iquid hydregens2aepessds ng on
the configuration and size of the air@ane. [0006] Smaller |iquid hydrogen
t anks have been denonstrated for sone autonotive applications. A very |ow
heat leak rate is requjred for autqnotive uses, as vehicles are often
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gl ass @Ndsize of tha@igdaneper). Radi ant heat transfer is nininized by

radi ati on shields (such as nulti-layered insulation or opacified powders)

and/or b ol ished highly reflective surfaces on the inner and outer walls
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inactivity. These tanks are typically very heavy (e.g., one system that stores
10 pounds of liquid hydrogen may weigh 200 pounds). Automotive safety
standards also dictate a level of structural crash worthiness that would not

typically be needed for a manned or unmanned aircraft.

[0007] The method of insulating a tank must deal with several types of heat
transfer: conduction through solids, conduction and convention through gas,
and radiation. Most methods of effecting high-performance insulation rely on
a vacuum to nearly eliminate the conduction and convection gas heat transfer.
Solid conduction is reduced by having the insulated tanks supported in the
vacuum by structural supports of high-strength to conductivity ratio (e.g.,
stainless steel, glass fiber, or Dacron fiber). Radiant heat transfer is
minimized by radiation shields (such as multi-layered insulation or opacified
powders) and/or by polished highly reflective surfaces on the inner and outer
walls of the vacuum chamber, as described in US Pat. No. 6,347,719.

[0008] Accordingly, there has existed a need for an aircraft cryogenic
storage tank that can provide for long-duration storage, and be characterized



aircraft. Preferred enbodi nents of the present invention satisfy these and
ot her needs, and provide further rel ated advant ages. SUMVARY OF THE

| NVENTI ONWDPQOOEB9198 vari ous enbodi ments, the present i nPEMUSNIDNANES Sone
or all of the needs nentioned above, &fering a cryogenic storage tank that
provi des a high | evel of energy storage per volume, has ability to contain
the fluids for extended periods, of tipe, is flexible in its usage, and is
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with respect to the weight of liquid that may be contained.

[0010] The invention is characterized by a tank wall configured to store a
cryogenic fluid in liquid form within a fluid storage space. In a first aspect, the
tank is characterized by a gravitational bottom and a gravitational top, and the
wall that defines and substantially surrounds the fluid storage space is
characterized by a thermal conductivity that is different near the gravitational
top from what it is near the gravitational bottom.

[0011] Advantageously, this feature allows a tank designer to change (e.g.,
reduce) the differences between the burn-off rates of the tank at various levels
of fill. This feature takes into account the fact that the burn-off rate is primarily
related to the surface area of the tank that is actually in contact with cryogenic
liquid (as opposed to the surface area in contact with the fluid in vapor form).

[0012] In a second aspect, the tank includes a wall forming a hard outer
layer, a flexible outer layer, and one or more intermediate layers being made

from a plurality of sections, each of these sections having a lateral periphery



[0013] An advantage of this configuration is that an aerogel insulator
portion of the wall, which is a large and typically curved structure, can
be const ruotedyamosanageabl e pi eces and t hen assenbl ed. PEBrESemenps3fidr a
gi ven tank design, the thermal conducdivity of any given portion of the
wal | can be changed by changi ng onIy t hose pieces that cover that wall
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rat herthe portions of the tank insulation that are different from a baseline design.

[0014] In a third aspect, around an inner-most layer that defines and
substantially surrounds a fluid storage space, is a first set of one or more
tubes extending from within the fluid storage space to outside of the fluid
storage space and forms passageways creating a vapor shield. A second set
of one or more tubes is adapted as a passageway extending from within the
fluid storage space to outside of the fluid storage space without being
configured to serve as a vapor shield. A switching device is configured to
control the relative flow rates from the first and second sets of tubes so as to
control the activity level of the vapor shield. Using this aspect of the invention
provides for active regulation of the burn-off rate of the tank without typically
having to sacrifice power to drive a heater within the tank, and allows for the
tank to be structurally thinner and lighter by replacing some thermal insulation
with an actively controlled vapor shield.

[0015] Other features and advantages of the invention will become

apparent from the following detailed description of the preferred embodiments,



they are intended to serve as particul ar exanples of the clained invention.
BRI EF DESCRI PTI ON OF THE DRAW NGS [0016] FIG 1 is an elevation view of an
ai rcraft woebuwdizagsa t ank enbodyi ng the present inventi @eaT/Use@e/m)s33 G 2 is
a cross-sectional. view of a portion o a wall of the tank depicted in FIG

1. [0018] FIG 3 is a perspective view of the first aerogel |ayer

surroundi ng a hard shell and a neck, as incorporated into the tank depicted
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FIG 7.[0024] FIG 9 is a cross-section view of a basic structural |ayout

of the tank depicted in FIG 1, along with various connections. [0025] FIG
10 is a cross-sectional view of an individual section of one of the aerogel
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DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS [ 0027] The invention summari zed

above ef i . the enunerated clai ns. may, be befter understood. b

referr f(ﬂ&ﬂo tﬁ@'gf |y|§(;m ﬁ&\@gfo&] viey of an aircraft lPnclugltng a tan em%odymé/
the present invention.

[0017] FIG. 2 is a cross-sectional view of a portion of a wall of the tank
depicted in FIG. 1.

[0018] FIG. 3 is a perspective view of the first aerogel layer surrounding a
hard shell and a neck, as incorporated into the tank depicted in FIG. 1.

[0019] FIG. 4 is a view of five individual sections used in forming the
aerogel layer depicted in FIG. 3.

[0020] FIG. 5 is a portion of a perspective view of the first aerogel layer
depicted in FIG. 3, with a further depiction of individual sections.

[0021] FIG. 6 is a cross-sectional view of the tank depicted in FIG. 1,
showing the thickness of the wall of the tank.

[0022] FIG. 7 is a depiction of a vapor shield incorporated into the tank
depicted in FIG. 1.

[0023] FIG. 8 is a cross-sectional partial view of the vapor shield and tank
wall depicted in FIG. 7.



description, which should be read with the acconpanying draw ngs. This
detail ed description of particular preferred enbodi nents of the invention,
set out bebamwmsImaabl e. one to build and use parti cul arcCirmgsb@aenisas i ons of
the invention, is not intended to |inG the enunerated clains, but rather,
It is intended to provi de particul ar exanples of them [0028] Wth
referepce to F &; pi cal enbodi nents of the present invention reside in
a |i qul@P24ly o'lcf) 9aﬁ|a cmS%Sﬂcg@naalewmfd@ haﬁr@s&rmra%daywtr@f the tanke

enbodi ui nned | ong-duration aircraft 10
1 that HFE C(t,%ﬂfx\?dbed [agogg r}'véﬁgugtcr@qﬂ ‘gﬁ?ﬂ'se The aircraft includes one
or nore tanks 103 to carry hydrogen fuel. Hydrogen gas that boils off from
the ta |S piped tg a power converter 105 (which is pically a fuel cel
or int colgn{ﬁsﬂﬁons er@rﬂs@)seqwaﬁo\m@w e mwemcuwdéaa?{ [section: Ak anes of

hydr og | Lne ft power to turn one or nore propellers
107 angﬂ%?apgﬂﬂgagégig%ﬁ“ﬁéﬁﬁﬁﬁﬁgfggmer a payload 109, or reacts the
hydrogen wi th oxygen fromthe air in a fuel cell to produce electricity.
This e | Ci I s, then u ed to power ul si on notors and
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whi ch gqgan"Hﬁﬁqheqﬂyéhggﬁlly or in conbination with one nore of the

ot her aspects ucted as a wall substantially surrounding a
fluid storage space, and having an inner, hard shell formng the fluid
storage space, and an outer insulator. The outer insulator is forned from
several |ayers of an aerogel that are encased between an airtight, flexible

cover and OteTAHEDIDESCRIPEIGNrOFSTHEARR ERE RREDIE MBOTHMENTIS:t ween t he
hard shell and the flexible airtight cover. [0030] Each layer is nmade of a
plurality of sections that fit together |ike a puzzle to substantially

surrou[eb2rie IpRé m%hhoﬁnéuhﬂﬁaﬁtéddaﬁbﬂ?éa@n% Sdfirfed %&ﬁhhé hefhuidegateyer
extends | aterally throughout the wal The sections e
claims may be better understood by referring to the following detailed
description, which should be read with the accompanying drawings. This
detailed description of particular preferred embodiments of the invention, set
out below to enable one to build and use particular implementations of the
invention, is not intended to limit the enumerated claims, but rather, it is

intended to provide particular examples of them.

[0028] With reference to FIG. 1, typical embodiments of the present
invention reside in a liquid hydrogen tank for a high-altitude long-endurance
aircraft. The embodiment is well suited for use by an unmanned long-duration
aircraft 101 that is configured to fly in the stratosphere. The aircraft includes
one or more tanks 103 to carry hydrogen fuel. Hydrogen gas that boils off
from the tank is piped to a power converter 105 (which is typically a fuel cell or
internal combustion engine). The power converter either burns the hydrogen
in an engine to produce shaft power to turn one or more propellers 107 and/or
to make electricity to power a payload 109, or reacts the hydrogen with
oxygen from the air in a fuel cell to produce electricity. This electricity is then
used to power propulsion motors and the payload.



| at eral periphery that define edges, and the edges of each |ayer only
overlap the edges of other layers at single points around the wall of the
tank. ForwOhoB/@pPRi cation, the termlateral is to be urdenstaodoizns mean a
direction parallel to the local surfade of the hard shell at the
circunferential |ocation being considered. [0031] As the aircraft uses the

hydr og el, _the liquid level in the tank is reduced, thereby reducing
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reduct cover.n heat flowto the tank to occur via the effect of a vapor

shield. A valve is used to control the passageways through which the |iquid
flows. By managing the relative flow rate through the vapor shield and the
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the liquid. [0033] LAYERED AEROCEL [0034] More particularly, wth reference

to FI csugh that itheilayer exigrrds daterally dhreughout tharwall. ndrhe sectinesiaat i on

forns F‘att\év%llpér?ghér@afhaqeééﬁﬁes e%%s, and the edges of each layer only overlap
the edges of other layers at single points around the wall of the tank. For this
application, the term lateral is to be understood to mean a direction parallel to
the local surface of the hard shell at the circumferential location being

considered.

[0031] As the aircraft uses the hydrogen fuel, the liquid level in the tank is
reduced, thereby reducing the effective direct heat transfer area between the
hard shell and the liquid hydrogen. The insulation is tailored such that the
majority of the heat passage is nearer to the bottom of the tank, thus slowing
the effect of the changing effective direct heat transfer area.

[0032] The insulation further includes a vapor shield, i.e., a series of tubes
surrounding the tank, and that connect the interior of the tank to an external
feed line outside the tank. Another series of tubes is a direct exit that
connects the tank to the external feed line without forming a vapor shield.
Liquid from the tank is evaporated and drawn from the tank, and can
optionally be drawn through the vapor shield lines to absorb external heat, and
thereby reduce heat flow into the tank. Alternatively, liquid can be withdrawn



substantially surrounds a fluid storage space, i.e., an inner tank 110. The
structural portion of the wall includes a hard shell 111, a vacuum barri er
film 117, wendiose1ssr nore intermedi ate insul ati on | ayer Cratsasemoisne hard
shell and the vacuum barrier film Thd8 insulation layer(s) are in a vacuum
provi de insul ation, and support the external pressure |oads due to the
vacuu NbHﬁggggtic larly, there is a first, internedi ate aerogel
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reference to FIGS. 2 - 4, each internedi ate aerogel insulation |ayer 113 &

115 be th nd the vacuum barrier film 117, is nade of
a pl urg(wl‘fﬁ:| ofﬁé‘gﬁF?Eﬁgﬁ‘?ﬁéegeg the first layer 113 is nmade from
first-layer sections, and the second |ayer 115 is nade from second-| ayer
sectio or ch | ayer, each section is characterized by a | ateral
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structural portion of the wall includes a hard shell 111, a vacuum barrier film
117, and one or more intermediate insulation layers between the hard shell
and the vacuum barrier film. The insulation layer(s) are in a vacuum, provide
insulation, and support the external pressure loads due to the vacuum. More
particularly, there is a first, intermediate aerogel insulation layer 113, and a
second intermediate aerogel insulation layer 115. In this embodiment, the
hard shell directly delimits the fluid storage space, and is of a material and
construction suitable for containing the liquid hydrogen against permeation.
Its load carrying capability is designed to carry an internal design pressure

(which might typically be in the range of 20 to 80 psi).

[0035] In the context of discussing this embodiment, both the hard shell 111
and the vacuum barrier film 117 may be thought of as outer layers with
reference to the construction of the wall, even through the shell forms an inner
face of the wall with respect to the overall construction of the tank. Thus, with
reference to the wall, the hard shell is a hard outer layer and the vacuum

barrier film is a flexible outer layer, while the insulation layers are inner layers.



configurations, such that for every first-layer section, no portion of the
peri phery of that first-layer section both extends parallel to and radially
over | aps woporwa3ersof the periphery of any second | ayer Pegatseanm/003Bhtis, t he
two layers forman insulation |layer tBat has at nost single-point |ocations
(rather than laterally extending lines) over which there is no aerogel, and
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t hat extends over a distance. [0039] The flexible vacuumbarrier filmlayer
is in the formof a bag that surrounds the internedi ate | ayers of

i nsul af0@8V] ThEhbarsedtiohst | oki thee fiestk dngersecand skyees thavenediffereher to
forman ajirtight conpartnent containing the insulation layers, and air is
drawn €PBfguralions;: syeh thabder newery Jirstiryemtsegtion, f somportiaoueh thene

Vacuumpéﬁpﬁle?yseofe Raf k\’lrt's,?-lé\"‘yeorersfeec?iton both extends parallel to and radially
overlaps a portion of the periphery of any second layer section. Thus, the two
layers form an insulation layer that has at most single-point locations (rather
than laterally extending lines) over which there is no aerogel, and the wall is
characterized by having no laterally extending portion completely over which
every intermediate layer has an extending periphery such that there is a radial
gap in the wall insulation that extends over a distance to create a laterally
extending insulation gap.

[0038] In an alternative embodiment having three or more complete
intermediate aerogel layers (i.e., insulation layers substantially surrounding
the hard shell), two layers could have laterally extending portions completely
over which they both have an extending periphery, so long as the additional
one or more layers overlay the laterally extending portions such that there are
at most only single-point locations over which there is no aerogel. In another
alternative embodiment, more complex aerogel shapes could be formed as
combinations of attached or integrated first and second layer pieces from the
described embodiment. As with the earlier described alternatives, the wall of

this embodiment is characterized in that there is no laterally extending portion



vacuumto serve as a good insulator for a cryogenic liquid, as is known in
the art. [0040] In this enbodinment, the flexible layer is an outer |ayer on
an exter miD 20i0dB998 the wall, and the hard shell is a reCatise@dpossiigyi d
(i.e., load carrying) layer is on an 1@ternal side of the wall. Qher
configurations are wthin the scope of the invention. [0041] Wth reference
to FIG 5, in addition_ to the first internedi ate | ayer aeroggel insulation

sect i oRMpietely jquan winich evatyi itermediateiayephas,&n gxtendingapeEpBErY and

eaiagBUeh Rl e "E 2, ra0; Geb FXE Ing el B el SeRdBe Bl L «
| ayer BasgaAfeextending periphery such that there is a linear, radial gap in

the wall i1 nsulation. The second internediate |ayer, which is not shown in
this figure, has periphery that overlies the periphery of the first
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abut the lateral periphery of any other individual sections. They are

| ocat ethyees varensealed to sneaanotikeotol foapean diftRyt ddmpdrtment containing
enbodi nent, t heymay be between the first |ayer and the hard shell 111, or
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hel d cartstant, the boil-off rate will decline as the surface area

associated wth the present fluid level in the tank goes down. For a
stratospheric aircraft, this is not necessarily counterproductive, as the

[0040] In this embodiment, the flexible layer is an outer layer on an external
side of the wall, and the hard shell is a relatively rigid (i.e., load carrying) layer
is on an internal side of the wall. Other configurations are within the scope of
the invention.

[0041] With reference to FIG. 5, in addition to the first intermediate layer
aerogel insulation sections 121, individual sections 131 that are not part of a
layer, and which might be thinner than the layer sections, are used to prevent
heat leakage through any single-point locations over which every intermediate
layer has an extending periphery such that there is a linear, radial gap in the
wall insulation. The second intermediate layer, which is not shown in this
figure, has periphery that overlies the periphery of the first intermediate layer
at the points of the individual sections.

[0042] In this embodiment, the individual sections 131 form small patches
over the single-point locations, and have lateral periphery that do not laterally
abut the lateral periphery of any other individual sections. They are located
between the first and second layers 113 & 115, but in other embodiment they



aircraft will typically need less fuel to remain in flight as the tank, and
thus the aircraft, weighs |ess. Nevertheless, for any given aircraft, the
anti ci patwo 2awearye fli ght scenari o m ght be charact eri pet/usgownossisttl e or
t oo much boil -off near the end when th¢ boil-off rate changes only by the
fuel -1 evel surface area, as described above. [0045] Wen there is too
little boi]-off in the tank, sone t¥pe of heater such as an electric heater

may beMakheiketwren the firsllayer iang the hasd shalls1hi oor between the-seeerdf uel
flow, e ds. _ener that goul therwi se be used to extend the flight
durati we&éx’fﬂ“%#evaﬁ{bawgnﬁméﬂfi s too nmuch boil-off, either the
excess fuel nust be dunped, or an additional cooling nechani sm nust be used
to slo boj | -0 rate. Either case causes inefficiencies that limt

(11 ght 10845k 7 KARED INEE L ATIONRERECTVERE S ese nef i ci enci es by
tailoring the naturally occurring boil-off rate occurring over the anbi ent
conditions for the average anticipated flight. The boil-off rate is

tai | or [3044] t aWhen dbet tank fieinauseoheat twilli psimardy corduet! Intof thehdanknk
the boil-off rate is achi eved based on

h t hat t . ' t | f
Shel | BifouBhes sorBhr ot thes Fak iall fhatiiaie. gioeatosontadt with srisgenicoites. 1

2 and WA LT . ' A e that_ it is
2, and it siSoh b e, 1 BEBIBIAR e M Rl i, L AL
The vapdsiilt)akitHeall bt fadksisaRbid constafit IH8A5oioff HAte WAlP'dRRfingPase,
i.e., the inner tank 110, is characterized by a thermal conductivity that

i s | owthe surface arear assecigted wittt the present fibignlevel irs the tamkl goss dowe.

gravi t?t ional bottom, It shoul d be understood that this descrjption

expl i IOl Stadpspherie ireais ibis & Nptdiecersaglly icqurierprodustive, ias #et i nct
that nayetat WEFEaRY Heedl Idssofudth RIPARH HB0T 5 R Bk o s i i
enbodi gRefaft,! WRiYRS | 1e88MPINEPSItReRisy, Adrt ¥nP! giReh! afefaft, the anticipated
average flight scenario might be characterized by too little or too much boil-off
near the end when the boil-off rate changes only by the fuel-level surface
area, as described above.

[0045] When there is too little boil-off in the tank, some type of heater such
as an electric heater may be used to increase the boil-off rate. This provides
for adequate fuel flow, but expends energy that could otherwise be used to
extend the flight duration of the aircraft. When there is too much boil-off,
either the excess fuel must be dumped, or an additional cooling mechanism
must be used to slow the boil-off rate. Either case causes inefficiencies that
limit flight duration. The present invention limits these inefficiencies by
tailoring the naturally occurring boil-off rate occurring over the ambient
conditions for the average anticipated flight. The boil-off rate is tailored by
tailoring the thermal conductivity over the wall of the tank such that greater
passive control of the boil-off rate is achieved based on the liquid-level surface
area of the tank.



I ncluding a bottom portion 205 that contains and includes the gravitational
bottom 201 , and a top portion 207 that contains and includes the

gravit at iwoabiowospi9203. Thr oughout each portion of the plparaiseaog/oad3is
portions, the wall is characterized by2a constant thermal conductivity. The
thermal conductivity of the top portion is |ower than the thernal
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heat flux occurs throu the bottom and the boil -off rate varies | ess than
it ot hBuid storage dpaset he.| ithei |d|nleevtankgdd§) dsvwohataatedbed hipy tathpomal on of

the tank. ,[0049] In an alternative enbodi ment, the thermal conductivity
var i esCepAuctivibuthat is lewer @t andineasthe exavitational tapethamitiis atiandnesst t om
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usi ng nore thanone type or of i nsulator. rther tailoring my

done bgondugiivity bhengauhitédtive hamiwarel (e}ge hatedk)dithall ntay bergresent at of
the tank at any given fluid level, as well as by varying the conductivity

by fl uthe g@)étatloﬂﬂioﬁ@ndiohbpﬁ%@npensate for the fact that the surface
area of a latitudinal strip around the equator of the tank (which divides
the gravitational top half fromthe gravitational bottomhalf) is |arge
conpar Eﬂﬂ4lj t hiv ghis sembadiment, athbatwalhdcmladprtsels ra oplueality! ofi gortiorken
fromhj gher, or lower latitudes in the tank. [0050] The variation in thernal

conductclidingop battemy fartioncd0bdthat eeniins i anddneludes te ;aravitationsdr
StructyoRohd'301! Snd®aTopPSHch ¥673ha? ®ntains and includes the gravitational

top 203. Throughout each portion of the plurality of portions, the wall is
characterized by a constant thermal conductivity. The thermal conductivity of
the top portion is lower than the thermal conductivity of the bottom portion, i.e.,
the top portion is a better insulator than the bottom portion. In the depicted
embodiment, there are two portions of the wall, the top wall portion being
constructed of aerogel layers that are thicker than the aerogel layers of the
bottom wall portion.

[0048] As a result, of the greater insulation near the top, the majority of heat
flux occurs through the bottom, and the boil-off rate varies less than it
otherwise would as the liquid level goes down through the top portion of the
tank.

[0049] In an alternative embodiment, the thermal conductivity varies
continuously from the gravitational top to the gravitational bottom, or in a
fashion tailors the desired heat flux for each liquid level through which the
liquid will pass. This tailoring can be done through variations in insulator

thickness, or variations in thermal conductivity, such as by using more than



| atitudinal end of the tank (e.g., the top) than the other. For exanple, in
t he above enbodi nent, the individual sections 131 of aerogel covering the
si ngl epoiw0D 20083bBRs i n section peripheries 123 coul d becvarsced/oeses t he
hei ght of the individual section in thd tank (i.e., the nearness to the
gravitational top). For exanple, the individual sections could be thicker
near the tOB of the tank than they are near the bottogl or they could be
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SH ELD [0052] Wth reference to FIGS. 2 & 7, the tank 103 is further
conf i ggALatal t9f dheaankskwbiah tdividas ethe rgravitetionaé topii balft fiomye theace
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of the fluid storage space, to a tube portion 303 form ng the surrounding
passagakaye emmbadimeat. the; individual segtions #3di akaerogelecoverning thesinglespace.
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individual section in the tank (i.e., the nearness to the gravitational top). For
example, the individual sections could be thicker near the top of the tank than
they are near the bottom, or they could be laterally larger near the top of the
tank, or they could even be left off of the tank at locations near the bottom. It
should be noted that the last option might provide some structural risks, as the
vacuum barrier film 117 is supported against the vacuum by the various
aerogel sections, and only the individual sections 131 provide that support at
the single-point overlapping section peripheries of the different levels.

[0051] VAPOR SHIELD

[0052] With reference to FIGS. 2 & 7, the tank 103 is further configured with
a vapor shield to better insulate the fluid storage space for containing a
cryogenic liquid from the ambient conditions in which the tank resides. The
fluid storage space is defined as the inner tank 110. The vapor shield extends
around at least a portion of the hard shell 111, which forms an inner-most

layer that defines and substantially surrounds the fluid storage space.



conductivity. A suitable material for the tube portion 303 is alum num In
t he depi cted enbodi nent, two surroundi ng passageways are fornmed fromthe
first setwof20mB9I™8 nore tubes. The two passageways SepRCAUS2@0/08531DpP

mani fol d 308, and rejoin at a bottom thnifold 309. [0054] A second set of
one or nore tubes 3 11 are adapted as a second passageway extending from an
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The vapor shield is configured with a switching device 321 configured to
cont rog pREigeQfi the IpRer-Most: jaxer: | olhisafiesd sebaft iubeas exdend7from 1an of
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use of the vapor shield. In other words, it is configured to vary the
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configured to both controllably provide partial flow and use a duty cycle

t hat a368agpd rejnintat axbottom caanifpldr3Q%i el d activity rate.

[0054] A second set of one or more tubes 311 are adapted as a second
passageway extending from an entrance within the gravitational upper end
305 of the fluid storage space to an exit 313 outside of the fluid storage space,
but are configured without a portion forming surrounding passageways
adapted to serve as a vapor shield for the tank. Both the first and second sets
of tubes are adapted to fully provide the vaporized liquid (fuel) from the tank
as needed for use by the aircraft. Optionally, the first and second sets of
tubes may be unitary from their entrances to the top manifold 308.

[0055] The vapor shield is configured with a switching device 321
configured to control and regulate the relative flow rates from the exits 307,
313 of the first and second passageways, such that the aircraft can
controllably draw vapor from either source. A control system 323 controls the
switching device to control the boil-off rate of the tank based on the difference
between a desired boil-off rate (i.e., a desired flow rate of the reactant) and
the boil-off rate that would occur in ambient conditions without the use of the

vapor shield. In other words, it is configured to vary the relative flow rates



[ 0056] In operation, with the boil-off gas flow ng through the vapor
shield, the heat intake rate of the tank is reduced to about an esti nmated
60 percemnwoabiovdsatosit ot herwi se woul d have been, assum rGTAIS2R0KoBHI ent
tenperature. The heat that woul d othet®i se | eak into the tank instead goes
to heating the gas flowi ng through the vapor shield prior to its delivery
outside the tank, The corresponding boil-off rate inside the tank wll| be
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alternative enbodi nents, the switching device could be internal to the tank
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effect of the vapor shield to areas between the surroundi ng passageways.
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ultrasonic welding, or a thermally conductive | ow tenperature adhesive.

[ 0059] Theukeat thatbwpuldh otherwigerlegknintathedankuinsteag gaasto heatinguthe one
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corresponding boil-off rate inside the tank will be reduced by the same factor,
assuming the tank pressure is held constant. In practice, the tank pressure
would likely be allowed to vary over some range, and the relative amounts of
time the boil-off gas is passed through the vapor shield is used as a slow
control over the tank pressure.

[0057] As depicted, the switching device 321 is located outside the fluid
storage space, which provides for operation in the ambient conditions. In
alternative embodiments, the switching device could be internal to the tank
(e.g., at the entrances to the passageways). This may require a more robust
switching device able to handle cryogenic temperatures.

[0058] The tube portion 303 that forms the surrounding passageways of the
vapor shield (of the first set of one or more tubes 301) are further configured
with thermally conductive heat spreaders 331 configured to spread the
shielding effect of the vapor shield to areas between the surrounding
passageways. The heat spreaders are composed of a thermally conductive

material, and may be of the same material as the tube portion 303 forming the



(2) through a tube or tubes as part of a vapor shield, which may be
enbedded within the aerogel insulation. Hydrogen vapor that is routed

t hrough twe 20ep39198hi el d results in a reduced heat | eakpPamasheaoessneduces
the boil-off rate. By switching betweth gas paths with a varying duty
cycle, the average heat leak into the tank can be continuously varied,
allowi ng the r te of boil off to be matched to the varying fuel consunptlon
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e., no use of the vapor I's case, a supplenental electric

resi st weddinige ar e thiestasally denductive lowrtemiperateteadihesiveo FI G 9) can add
the required heat to maintain the desired pressure. At other tines, if the
hydrogen consunption rate is too low, the pressure may rise in the tank
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t he excess hydrogen vapor nust ted (and waste ver hese cases
are expbtwedathsbéludirectly away lfncnnltheltankl tocthet lozatioruittis onswswedf opn on
the tan an be exactly tailored to the intended application. It is
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the invention to have nore than one set tubes that are each separately

funct i switching bepeeenhgas pathswith havamyirg ety cyels | thiechyerage helt d?ééle by
the swtch 321 and control system 323. Thus, one set of tubes

conf i gmteotheotardwamgeoﬁ@nbauousby vasedamliowing therate OiebOIbef%/ @de may
be ConHaqgﬁSg theC(\)/glr)'/qua f%e?e%%ns%rﬁs{lct)n Or];ethreemené of the aircraft without

the extensive use of supplemental heaters or fuel bleeding, and the
associated wasted energy.

[0060] If on occasion the required hydrogen consumption is too high, the
pressure might drop in the tank even when controlling the valve for maximum
heat leak (i.e., no use of the vapor shield). In this case, a supplemental
electric resistance heater (described and shown with reference to FIG. 9) can
add the required heat to maintain the desired pressure. At other times, if the
hydrogen consumption rate is too low, the pressure may rise in the tank even
with all boil-off gas going through the vapor shield. In this case, the excess
hydrogen vapor must be vented (and wasted). However, these cases are
expected to be unusual, particularly since the amount of insulation on the tank
can be exactly tailored to the intended application. It is expected that moét
hydrogen boil-off rates can be accommodated by controlling the valve duty
cycle to modulate the use of the vapor shield. For most tanks and
applications, it is expected that the valve-switching period can be large —
measured in minutes.



[ 0062] SYNERG ES [ 0063] The three aspects of the invention have nunerous
synergi es. For exanple, using the |ayered and sectioned construction of the
first aspeotomvsyisdes for every tank constructed to haveCa/usee@woniddesi gned
t hermal gradient (under the second aspéct of the invention). Every section
of every layer could be manufactured in nore than one thernal

confi gté@é on, e.dg.,. it could be constructed with two different
t hi ckn J!;l olt ig\Withiry the seopecPhiie inventian éa hanemarepthan aneset ok i s
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sectional latitude of the tank, and the thermal qualities of each |ayer

sect i ofetelitubasmay becanfigurgdyfor oeolingza seconddparhok thiedagker may be
provided with a baseline design, as well as a set of |ayer sections that
may be provided in various thermal conductivities so that the baseline

desi gn[0@62e SYINERGIESIi fferent fluid | evels. [0064] In another synergy,
with reference to FIG 8, the tube portions 303 that formthe surrounding
passageways of the vapor shield are between the hard shell 111 and flexible

vapor [BO63Er ThE. thrad adedtdPbE thé Invehtish HiRlevpeméiud EXEFF@@@- sggpnd

internmedi ate (aerogel) layers 113 & 115, enbedded within a er nedi at e
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or extendiaggb tween gaps in a layer that is the same thickness asthe tube
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could be constructed with two different thicknesses, or two different aerogel
densities. When a particular tank is to be manufactured, a tank designer
would first establish an average expected thermal requirement on the tank
over the course of a flight plan, and then compare this to anticipated ambient
conditions to determine thermal requirements at each different liquid level.
Using that information, a level of thermal insulation could be determined for
each sectional latitude of the tank, and the thermal qualities of each layer
section could be set accordingly. Optionally, the tank designer may be
provided with a baseline design, as well as a set of layer sections that may be
provided in various thermal conductivities so that the baseline design may be

varied at different fluid levels.

[0064] In another synergy, with reference to FIG. 8, the tube portions 303
that form the surrounding passageways of the vapor shield are between the
hard shell 111 and flexible vapor barrier 117, and are typically either between
the first and second intermediate (aerogel) layers 113 & 115, embedded within
an intermediate layer surface that abuts another intermediate layer surface (as

depicted), or extending between gaps in a layer that is the same thickness as



configured to be used as a vapor shield, each third-layer section having a
| ateral periphery that laterally abuts either the |ateral periphery of one
or nore ovothw/piser plurality of third-layer sections @cTaSgd®os3fs one of
the one or nore tubes to extend |laterdly throughout the wall. In any of

t hese options, the tube portions 303 may be run such that the heat
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only the |Iower set of “tubes car be used during portions of I ght

when t tubdsd to extenalatesaliio throughiout theweall. pcbm famymhtiréetdlepheas fheotubbdrr ough
t he upper  portion beconmes uni nportant. [0066] a result of inplenmenting
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may be c ara ns or a nunber of advantages, which may
I ncl ude: 1) a | oner wei ght fraction (expressed as awei ght of tank/wei ght of
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tubes that are each separately functional as vapor shields, and that are each
separately controllable by the switch. For example, one set of tubes may be
configured for cooling a gravitational top portion of the tank, and another set of
tubes may be configured for cooling a gravitational bottom portion of the tank.
Early in the flight, while fuel is in the upper portion of the tank, the upper set of
vapor shield tubes may be used to create or augment the varied level of
insulation effectiveness of the second aspect of the invention. Both sets of
tubes might then be used in conditions when only minimal fuel use is needed,
and only the lower set of tubes can be used during later portions of the flight
when the fluid level is down to the lower portion and the heat flow through the
upper portion becomes unimportant.

[0066] As a result of implementing one or more aspects of the invention,
the embodiments provide a practical and light weight means of storing liquid
hydrogen for aircraft applications. The boil-off hydrogen gas is consumed by
the airplane's power system to provide for propulsion and other power loads.
Various embodiments may be characterized with combinations of a number of

advantages, which may include: 1) a lower weight fraction (expressed as a



rate of hydrogen gas delivery can be controllably nodul ated over a |arge
range, the size of which is anticipated to be on the order of about 1.7:1
wi t hout twe 20m039f98el ectric heaters; 5) |ow fabricati onPcodatsggooanisis) a
highly tailorable design that allows 98e hydrogen boil-off rate to be
designed to a particul ar speC| fication. [0067] OTFHER STRUCTURAL
CCNSIDERATICN ference to, FI.G 9, if _the material of the hard
shel | Weighk9 é@%"&% g\gt ijq’%n caried)a @gt%ﬂ’ rigidgouteq tank mayrbe
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uni di rectional” coffposite naterial, may have a native s apes suc

bei ng rangedése csize ook mehicH, |S/\lamllc|pa=ted tonde orhdhe orddr pf abolets 11211, a
uniforml stribution of stress in the overw apped fibers. [0069] Access to

the in Ouértheltme iof elpeigheaterss k 9)daw: fabrication castse@nd Gha bighlyd to

i ch BRI RS tndl A dhE Avfioas hoivalf saTF el PecfSsinfd fo 3 anc

it can HRXHQPSEéém@bhoﬁO””ECt'0”5 bet ween the outside and inside of the
t ank. ese conhections connect to devices including a liquid filled port
403, a vent 405, the first set of one or nore tubes 303 that formthe vapor

ort ¢ 1987 A R TR T A N SR RATINS over “conver ter (wi ¢ hout

formng a vapor.shleld) a relief valve 407, a burst disk 409, the switch
2L R S S aToR & T Ll e lelat ot 2Bk PP Sttt s 8aS s ey
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bot t onsRApE st thanshell §s BpPEridal. Alternate forms of shell, such as one wherein
tank sealing is accomplished through a metallic liner, and the pressure loads
are carried by an overwrap of unidirectional composite material, may have
alternative shapes, such as being a geodesic isotensiod, which is a known
shape that provides for a uniform distribution of stress in the overwrapped
fibers.

[0069] Access to the inner tank 110 is through a neck 401 that is attached
to and sealed to the gravitational top of the hard shell 111. The neck is the
device by which the inner shell is sealed to the outer vacuum barrier film 117,
and it can provide for all connections between the outside and inside of the
tank. These connections connect to devices including a liquid filled port 403,
a vent 405, the first set of one or more tubes 303 that form the vapor shield,
the second set of one or more tubes 311 forming a boil-off gas port that is
used to directly provide fuel to the power converter (without forming a vapor
shield), a relief valve 407, a burst disk 409, the switch 321, and associated
sensors configured to sense tank pressure, liquid level, and the like.



suppl enmental heat for increasing the boil-off rate when needed. The control
system (323) controls the operation of the heating el enents based on the
pressure wo 2btw3vmek and/ or the fuel needs of the aircraCr/usp@9/niiz1Anot her,
optional means to add supplenmental he2 to the tank is to return heated
hydrogen gas back to the tank. In this variation of the enbodi nent,

hydr ogen boil -of f gas is heated wth waste heat fromthe power converter
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for crRBgRsHre ind Hﬁet?é? Lﬁ'&/orl@%rfveﬁﬂeeﬁsaf%eérrqraﬁm external to the
vacuum barrier filmtypically limts the | owest tenperatures seen by the
foans to an acceptable |evel (i.e. h enough to avoid cryopunping).
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connection between these two, dissinilar netals may be made using
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heat the returned hydrogen. The return gas is piped to the bottom of the tank
and bubbled up through the remaining liquid using an insertion tube 413, or
blown directly onto the liquid surface.

[0072] Supplemental open cell foam insulation can be applied externally to
the vacuum barrier film to fine tune the overall heat leak. Lightweight open
cell foams such as polyamide foams have excellent insulation properties, but
are not suitable for cryogenic temperatures. Application of such foams
external to the vacuum barrier film typically limits the lowest temperatures
seen by the foams to an acceptable level (i.e., high enough to avoid
cryopumping). Optionally, these foams may be used to (further) tailor the
thermal conductivity of the wall at different fuel heights, as discussed above.

[0073] To provide for a functional connection between the vacuum barrier
film and the neck, the neck is fabricated from a metal with lower thermal
conductivity than that of the hard shell (e.g., the hard shell is an aluminum
tank, while the neck is composed of a stainless steel). The connection

between these two, dissimilar metals may be made using techniques known in



interior of the tank) such that it is warm enough to accommpdate all
attachnent requirenents throughout the anbient conditions that the tank

wi |l expewoenme3prsflight. [0074] The vacuum barrier filParABZoovsoiamsti ally
in the formof a bag that is slightly2ffarger than the size of the aerogel
when it is applied onto the hard shell 111. The bag is fabricated by
assenbling a nunber of gores of barrier filmtogether. The attachnent of -
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gravi t axperancedp fightt he tank, in a manner that is vacuum seal ed. The
vacuum barrier filmis a nmultilayer lamnate, typically being one or nore
| ayers of nmetal polyester filmand/ or polyethylene, such as is typically

used i [0074 nmahbéazacuemobarriaufiimi heuligtinitiallgainette formtoleapbagehat is
enbodi nent, the cold side of the vacuumbarrier is the hard shell i.e t he
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and an aerogel insulator is then inserted into this partially completed bag, and

the bag is completed by sealing the remaining seams.

[0075] The vacuum barrier film 117 bag attaches to the hard shell 111 via
the neck 401, at the gravitational top of the tank, in a manner that is vacuum
sealed. The vacuum barrier film is a multilayer laminate, typically being one or
more layers of metal polyester film and/or polyethylene, such as is typically
used in the manufacture of vacuum insulation panels. In the present
embodiment, the cold side of the vacuum barrier is the hard shell i.e., the
same structure that supports the liquid hydrogen pressure and forms the
barrier to hydrogen gas escaping, while the warm side of the vacuum barrier is
the vacuum barrier film.

[0076] At liquid-hydrogen temperatures, the bag material will typically be
brittle and cannot tolerate flexing. The connection between the vacuum
barrier film 117 bag and the neck 401 must be configured to avoid damaging
the bag when the tank is filled and carried on an aircraft. The surfaces of the
panels that form the bag are sealed together with a hand-held heat sealer so



seal ing surface on the neck. The portion of the bag that wll be bonded to
the neck is first coated wth a sol vent-based adhesi ve desi gned for

pol yol ef iwe 2810013988 pol yet hyl ene and al |l owed to dry. ThiPETIESg@9/088315 as a
primer. This prinmered bag surface is 2Ren bonded to the neck with room
tenperature cure epoxy of a type rated for liquid hydrogen terrperature
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[0077] Once constructed, the gas/air within the aerogel insulation and in the
space between the outer bag and inner shell is pumped out to a pressure of
about preferably less than 2.0 Torr. A fitting and tube attached at the neck
provides access to the vacuum space. The tube is preferably made of a low
conductivity metal such as stainless steel. At the end of the tube a t-junction
provides for a vacuum valve for access to the vacuum space, and a vacuum
pressure transducer for monitoring the vacuum level. The vacuum level will
further increase when the tank is holding liquid hydrogen, as the remaining air
freezes out at the wall of the hard shell.

[0078] With the aerogel layer in a vacuum and the inner tank still at
atmospheric pressure, there will be a small amount of resulting external
pressure on the inner shell. This is a result of atmospheric pressure that is
applied on the outside of the barrier film. The resulting load is transferred by
the aerogel to the inner shell. The apparent external pressure is the product
of ambient atmospheric pressure and the square of the ratio of the diameter of
the outside of the vacuum barrier to the diameter of the inner shell. If the

inner tank is at ambient atmospheric pressure, the result is a net external



t he outside of the vacuumbarrier to the dianmeter of the inner shell. If
the inner tank is at ambient atnospheric pressure, the result is a net

ext er nal pvegsuwvsIwausi ng hoop conpression. The potenti alPCrars2imobising is
mtigated by the stabilizing effect o3the aerogel insulation |ayer being
forced against the tank wall under a vacuum In addition, since for typical
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crushing. [0080] Aerogels can be produced in varying density. Low density
aerogels, if enployed in this application, may partially crush under the
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[0080] Aerogels can be produced in varying density. Low density aerogels,
if employed in this application, may partially crush under the load increasing
the resultant density and degrading the thermal performance. An optimum
aerogel for this application is generally one that has the minimum value of the
product of conductivity and density while under a one-atmosphere
compression load. Minimization of the conductivity-density product leads to
the lowest insulation mass (although for different materials of the same
conductivity-density product, the one with the highest density/lowest
conductivity is preferred because the thickness of the insulation will be
minimized). Reducing the insulation thickness has two benefits: reducing the
residual compression of the inner shell as discussed above, and reducing the
increased heat conduction that is associated with a higher overall diameter.
Conductivity varies with temperature, so the optimum material will depend on
specific internal and external temperatures for the tank application.

[0081] The tank may be supported by a number of different means. In one,
the tank is supported at the upper and lower gravitational ends. At the upper



specific internal and external tenperatures for the tank application.
[ 0081] The tank may be supported by a nunber of different neans. In one,
t he tank we 28upporBed at the upper and | ower gravitati oralr/Uspaw/003315t he
upperend this is done by structural a24achnent to the neck. At the |ower
end this is done by attachnent to a secondary, bottom neck, which is

connectea p the bag using techniques simlar to the primary (to 2 .neck.
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[0083] In this nethod of support, vertical, |ongitudinal, lateral and

yawi ng | oads are supported by the north pole fitting. Because the tank may
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gr avi t GOnslauetien of the hardishelle tank (considering the full range of Iiquid
| evel s). The size of the contact surface area between the ring and the tank
is chosen to result in a |low

[0083] In this method of support, vertical, longitudinal, lateral and yawing

loads are supported by the north pole fitting. Because the tank may shrink or
stretch slightly due to static and thermal loads, only lateral and longitudinal
loads are supported by the south pole fitting. This ensures that no
compressive loads are introduced into the tank. The north and south pole
fittings must be designed to ensure that flight loads may be transferred
through the fittings while ensuring that a sufficiently long heat path exists.

[0084] In an alternative means of supporting the tank, an annular
supporting ring of lightweight material is fabricated with an surface angled to
match the external contour of the tank. The diameter of the ring is less than
that of the tank, and is chosen to minimize the gravity-induced stresses in the
tank (considering the full range of liquid levels). The size of the contact
surface area between the ring and the tank is chosen to result in a low
average contact pressure that is capable of being supported by the aerogel
without excessive compression. A similar annular ring can be located on the
top side of the tank to assure that the tank is held securely in place in

turbulence or other varying load conditions. The annular rings can be



average contact pressure that is capable of being supported by the aerogel
W t hout excessive conpression. A simlar annular ring can be |located on the
top side wb 20toe03p@Bk t o assure that the tank is hel d seearaiSgomvmopisnce i n
turbul ence or other varying | oad cond2bi ons. The annular rings can
beconnected to the aircraft structure by any nunber of conventi onal
structural elepents, including tension nenbers, ressi gn nenbers,
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apply the aerogel into position until a vacuumis applied. [0087] Wth
refere o F - 0..in a nethod of construction under the
I nvent P@&Bé} hejrﬁ'ﬁéﬁﬁé‘l%bpﬂéh‘i |l ed with packaged sections 121 of
aerogel using a convenient tiling pattern. The sections are shaped, as
descri bed above, to formthe first |layer. The size of each section tile is
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tank, phappli¢éghative tile method would be a soccer-ball-like pattern. O her

patterns are within the scope of the invention [0088] The aerogel tiles are
made from sheets of pre-conpressed opacified aerogel powder 501 that is cut
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conpress significantly under the vacuum | oad on t
aerogel using a convenient tiling pattern. The sections are shaped, as
described above, to form the first layer. The size of each section tile is set to
allow the packaged aerogel sections to be flexed into loose contact with the
sphere of the hard shell. Experience has shown that tiles with a maximum
dimension of about 10 percent of the tank circumference are practical. As
previously discussed, FIG. 4 shows a sample of five tile patterns that will
cover a spherical tank with 40 tiles. For a spherical tank, an alternative tile
method would be a soccer-ball-like pattern. Other patterns are within the

scope of the invention

[0088] The aerogel tiles are made from sheets of pre-compressed opacified
aerogel powder 501 that is cut to an appropriate tile shape and packaged in a
porous bag 503 to enable handling. The pressure applied in the
precompression stage is sufficient, typically at least one atmosphere, so that
the resulting tile will not compress significantly under the vacuum load on the
tank. The porous bag is constructed of a heat-shrinkable film and is sealed
and trimmed close around the periphery of the tile. The aerogel and method

of forming shaped and bagged sections are a commercially known product.



tank. The porous bag is constructed of a heat-shrinkable filmand is seal ed
and trimed cl ose around the periphery of the tile. The aerogel and nethod
of form nyoshepsdivand bagged sections are a comer ci al | PClnseen9/005315
product . Nevert hel ess, the application26f these tiles to the spherical tank
as described hereinis within the scope of this invention. [0089] The

aerogel tiles are assenbled to the tank by taping the tiles to adjaqining
tiles Neavertwiess theaapplicatiomafdbessotesstoctha sphericalrtank ascdeseribedt he

tape i | d.t.he tiles approxi.matel.y in place until the vacuumis

app! i e@ei “gglvl"t'ﬁ'ﬁgthﬁ?%%m? BF&“?i'BK?n{%'ﬁt act with the tank and each ot her.
W aps of pol yethylene shrink wap may al so be used to hold the tiles in

pl ace ' the bag is installed. [0090] As previously described,. the

aer ogeﬁ%é@hl afh@ng%o%'eWGSa%T%/ a§§ielfmb|]@§ to theytank L‘Yhtetp"?‘gs‘ihlec §lgs to
severa f1 5SS IS 1.0l et Ll sectians, 12

st agge%ggﬁﬁ@dpﬁ%\%\mthté%nh@bf%lsgpeﬁ\@ﬁﬁ?éé &g%séﬁfﬁ m\@n%t)i I e?&@?ﬁlﬂ?%lo% ng
an und [ H f ' |5 | Rt il hel I,
25 di oo VR ISHe hAdThe HeN AroxiinkRely i PRSI R vacuiniEls A06Ted T
t hi cketo Ipulkethe diestinto tightdcontiot! with! thee thak an@ edchratherel Wiaps of t he
di aneter of the tank, resulting in a nore precise fit since there is a

smal | epobyethylene:shiek wwap may alsacbafuseshto fold dhgttilesin thace iwhile then i t s
out er Bi ge t.'g iayédi nner side. Third, an interior layer or |layers can be
shaped g 'ﬁr’ % a space for the tube of the vapor shield to be enbedded
within the |ayer, as described above. For exanple, a 1/4-in-thick |ayer

coul d Fe é“ ed to leave roomfor a 1/4-in tube as part of the vapor shield.
[ 0091] [QR90] | eAs RYGVIOUS]Y escribed,jthesaeeagal insulalioncisnereferablybuili upd, a

need B et PR EisEitsh PR R0 Filstofin bBHBESh SR (FRHIGH: o "°
; : ?(; ur l*P)Z/Q?'@SéinSBé sthggefetftd prévest tHeifitadie Sthal Bapsheffed s tileifron? e

forming an under-insulated heat flow path directly from ambient to the inner

shell, as discussed above. Second, adding multiple thinner layers instead of
one thicker layer results in individual tiles that are thinner relative to the
diameter of the tank, resulting in a more precise fit since there is a smaller
difference between the circumferential length of the tile from its outer side to
its inner side. Third, an interior layer or layers can be shaped to provide a
space for the tube of the vapor shield to be embedded within the layer, as
described above. For example, a 1/4-in-thick layer could be tiled to leave

room for a 1/4-in tube as part of the vapor shield.

[0091] With reference to FIG. 11, in an alternative construction method, a
means to place powdered or beaded aerogel directly in position without the
need for tiling or pre-compressing of the aerogel is used. A fabrication fixture
consists of a shell structure 601 whose inner shape is made to be slightly
larger than the desired final outside shape of the insulated tank. The fixture is
separable along a plane through its center (not shown) to two shell halves to
allow access for placement of the hard shell 611. The fixture include a

plenum 603 connected through numerous vent holes 605 to the inside



| arger than the desired final outside shape of the insulated tank. The
fixture is separable along a plane through its center (not shown) to two
shel | halwe=otom3aiodgow access for placenent of the hard ehelus2@9nis3iThe
fixture include a pl enum 603 connect eg7t hr ough nunerous vent holes 605 to
the insidesurfaces of the shell halves. The plenumis connected to a source
of vacuum 607. [0092] For assenbly, the vacuum barrier filmbag 609 is
first aydasssaf thesshel haivas.t Abehplenusnds copnected 0\ EOHIGS PEVACHUR Wi t h
t he m)ﬁé:? of the bag left unattached to the neck of the tank. The bag and
hard s t/vapor shield are installed into the fixture and supported from
the neck at the top such as to be centered within the cavity fornmed by the
space qué en the hard shell 6 11 and the shell structure 601 . The vapor
shiel d anbior @ssemblyy theevacipuey bagrier fi fﬂiﬂa@égb§08e‘§eféﬁt assembledcer s

Seal cadbh SR dhe Bfa BHAC6R0 S0 o by i R RN e, gl 2SRl
ctuct S ST CRBYREREETy e etk R ECBNiS The 10 By Biart SEWTEPAL | i

cont acshiald farelinstatied intd the fixturetarid supp ot froed thd neckaat the topssucined to
be slightly smaller in dianmeter than the I nner dianeter of the shell

st ruct @8eto peogentersd withinurthet eavitndermed bydheospaceghetweer the hargul | ed

ottt saeBB PR anddbe el Sfucuitsl 6610 the vare' sHEHLE1 3 1ubind 8ré°
bet ‘“’eeguggSrt@@Cu'ﬁ sheﬁ, vt ré{‘gnfgﬂ‘gﬁa@érﬁt Q?tt?é‘%ﬁe‘éWé g/ ZT %ﬁgﬂ%fﬂ ofY

seal ed agal nst th ure er ogel powder ead are now
added tHw baghistthen @mpbedrilg &ttasidd ahhesééléﬁetol t$1eC§IIT@II etreicturd 60¢dandhe

fixture can be vibrated, struck with a dead bl ow hammer, or rocked in order
to pro@stacusinanis fanplledgwafthterweapm@oa tchthe spacedetwees the bagrandiéhegel
has be%%lélg dseudrfegcr}aeolf 'tﬂ shall s?ructure 601. The barrier film bag is thus pulled
uniformly outwards into contact with the shell structure 601, as depicted. The
bag is fashioned to be slightly smaller in diameter than the inner diameter of

the shell structure.

[0093] The vacuum stretches the bag 609 slightly as it is pulled against the
wall of the shell structure 601 to assure that there are no wrinkles on the
inside surface of the bag. An annular gap now exists between the neck of the
tank and mouth of the bag (which is temporarily sealed against the shell
structure. Aerogel powder or beads 615 are now added through this annular
gap until the space is completely filled. The fixture can be vibrated, struck
with a dead blow hammer, or rocked in order to promote even filling of the
space without voids. After all the aerogel has been added the light vacuum is
released from the shell structure 601 and the mouth of the bag is detached
from the fixture and permanently sealed to the mouth of the tank with a
suitable adhesive. A vacuum is now applied as described above. Getters
(l.e., reactive materials used for removing traces of gas from vacuum
systems) can be added into the insulation layer to maintain the vacuum at the
desired level.



rel eased fromthe shell structure 601 and the nmouth of the bag is detached
fromthe fixture and permanently sealed to the nouth of the tank with a
sui t abl e wohlzeryvo3e198A vacuum i s now applied as descri bedPabase00Geisuer s
(I.e., reactive materials used for rea®ving traces of gas from vacuum
systens) can be added into the insulation |layer to maintain the vacuum at

t he desj l evel .]0094] It is to be understood that the invention
conpri w&)paudﬁu URderdigoc H?atdﬁiq dnventian HeMpHREes fapPFtUs NG

t anks, I r a 0 f .the nk its

Addi ti gﬂe}pﬁ@g t@g @gﬁsﬁﬂf@e@ﬁ% rréﬂfjsm?ép ﬁfpﬁ{q\r\t}gnﬁ c &Y S&%Ié)rﬁar 5'?%
variou hjeat A eds Hds % e ¢ b eat i oV A rid
cont en{S)Pgtggédm?ha?whéﬁ%ﬁ al nsagfeﬂ[ﬁjogéj{e% tﬂﬁglfrff thg@ggf{?{g}g’d @%bo%?rrlr%l?ﬁs.
[ 0095] extbddimentsi ofiithe inwemtionf caheincorpotatenvasvasbeembihations avfetheind
described, it wll be apparent that various nodifications can be nmade

wi t houBbaxgaeseitbed daaturesspMoneayed, dcispeoptemplatedvthatithe claims, are

al t hough t he inventign h een, described in detail with reference only to
the prBreader e ﬁsw@ﬁeﬁm@o MPRRE-or dinary skill in the art will

appreci ate that various nodifications can be made w thout departing from

t he Sﬁﬁ) f t%| nvention. Accordingly, the invention is not intended to
be Ii ff%éiby exarticuias rms of inveqtion Naave, been dillustrated tand he

%"L'r yodEfe ibBug T Wirbs uferfifal Yerbus ?Ecﬁ@?%@qi?f?aﬁgég%%%?&vgﬁﬁ | onal
subst anePaThd it $he osgit O SROBE & 1R Bvefiibn "¥NEE afipugfcthe
char acirventionh basabebear describeduirt detaiy wittatrefereticel endnttonitwr préferred

gravitational top than it is near the gravitational bottom 2. The storage

tank ofMicdimentswitose having asdinary skihimtheartzwill appeeciate that various
modifications can be made without departing from the scope of the invention.
Accordingly, the invention is not intended to be limited by the above

discussion, and is defined with reference to the following claims.



thermal conductivity that is |lower near the gravitational top than it is
near the gravitational bottom 3. The storage tank of claim2, wherein: the
wal | conmpwoer/@opBural ity of portions including a bottecrpseewonssthat
contains the gravitational bottom and28 top portion that includes the
gravitational top; throughout each portion of the plurality of portions,

t he mapb is_agaracterized by a constant thermal conductivity; and the

t her maWRakigu@ainedysof the top portion is |ower than the thernal
conductivity of the bottomportion. 4. The storage tank of claim 3, wherein

the pl gr ali Ws@ra@@rtébg@ngﬁ‘u;égtté é%BRéb ‘g?crslﬁgb\'ﬁatf‘ﬁquﬁ‘ éﬂ?estét@é‘ﬂé‘nﬁ ank of

claim wher el h Subs hroug her

conducheing gharadtesizedriy augrasitatibhanbbttenvbndi 4 gravitationalrtopo t he
gravitational bottom 6." The storage tank of claim2, wherein the wall near

the graQMuisingal top is thicker than the wall near the gravitational

bot t 7. Th k of, cl ai . WWh ' h Il . d of
aerogel | and WAL TaahdetEctans sybanial) SitRndn g OfAGS SPaCRenal ¢ op
is dif AR I ' ' | bott
5 mifisagin, e WIS SHEitacicriatg bt R colfictiy Pty SR, e 'O

bei ng n,éaru%gr@mﬂ@m%gm@ﬁ id§d ABAr thedravitatiohal 96@yid.at i onal top,
conprising: formng a tank wall that defines and substantially surrounds a

fluid storage space, wherein the wall is characterized by a thernal

conducdi vi t yhiheprs ' ga : ' | .0, : at it is
near the grg\pi tat f%@%ﬁé@%ﬁf?ﬁ%mga'X"f‘%}%b’?y?%%@g&a%ﬁ??@%%%gﬁ sing a wall
that dtfernesl cortucthatyathiat @ lower near the gravitational top than it is near the

gravitational bottom.

3. The storage tank of claim 2, wherein:

the wall comprises a plurality of portions including a bottom portion that
contains the gravitational bottom and a top portion that includes the
gravitational top;

throughout each portion of the plurality of portions, the wall is
characterized by a constant thermal conductivity; and

the thermal conductivity of the top portion is lower than the thermal
conductivity of the bottom portion.

4. The storage tank of claim 3, wherein the plurality of portions consists of
two portions.

5. The storage tank of claim 2, wherein substantially throughout the wall,
the thermal conductivity varies continuously from the gravitational top to the

gravitational bottom.

6. The storage tank of claim 2, wherein the wall near the gravitational top

is thicker than the wall near the gravitational bottom.



surrounds a fluid storage space, the wall including: a hard outer |ayer; a
flexible outer layer; and one or nore internedi ate | ayers between the hard
outer | aywp 2aruh3pive fl exi bl e outer |ayer, each of the omeTars20m0e5315 .
internedi ate | ayers being nade fromad3@lurality of sections, each of these
sections haV|ng a lateral perlphery that laterally abuts the |l ateral

perip of one or nore of the qgther sections to extend laterally
t hr oug out %HS starage ik of ﬁla'ﬁhg M&lqren%t%maéklﬁmmﬁessg M ng no

nas are SRR %@?F%hébé“q%%ﬂﬁ@ fie aBloae b R iR TPR on o

10. Thaiffer8Ht fofh e e o he%é’f' e?némhe'qrtai ﬁtlBﬂéP‘béﬁéﬂi'eX' bl e

| ayers are sealed to one er to orman ai t conpartment containing
the internediate |ayers, and the airtight corrpartrrent i s under a vacuum

11. Thg |iqyi f & | . ' yer is
on an St er e o ol & tphik3nEstoria B yRabht: (oGt e dkBendly’ o,
'nterr@ﬁaﬁddﬂénﬂédWa}@ﬁ‘bht&f@ﬁa%ﬂbﬁﬁahb% gravithtrori 26, é@ﬁﬁmsm The
liquid storage tank of" claim9, wherein the“one or nore I nternedi ate | ayers
conpri se: afdrming a tardc walli thiat dedines dred sebstamtialhasdrrounes a ﬂyle:i and the
flexible outer layer, the first internmedi ate | ayer being made Q

pl ur al $tOfage SNacs; whgrein $ae walhis chatacterized hy:g dherna pendnat}vmg that

of ¢ nassTEreftia i opfbiftRinal @Rtomtufinl RiS rFarfe dobuBhaf ) © ™' ¢

t hr oughetbni.he wal | ; and a second internedi ate | ayer between the flrst
|nterned|ate | ayer and the flexible outer | ayer, the second internediate
| ayer being nmade of a plurality of second-|ayer sections, each second-| ayer

sectiog havang, dq'AbRige 1K, ®Hib¥ising a wall that defines and substantially

surrounds a fluid storage space, the wall including:

a hard outer layer,;

a flexible outer layer; and

one or more intermediate layers between the hard outer layer and the
flexible outer layer, each of the one or more intermediate layers being made
from a plurality of sections, each of these sections having a lateral periphery
that laterally abuts the lateral periphery of one or more of the other sections to
extend laterally throughout the wall;

wherein, the wall is characterized by having no laterally extending
portion completely over which every intermediate layer has an extending

periphery to create a laterally extending insulation gap.

10.  The liquid storage tank of claim 9, wherein the hard and flexible layers
are sealed to one another to form an airtight compartment containing the

intermediate layers, and the airtight compartment is under a vacuum.

11.  The liquid storage tank of claim 9, wherein the flexible outer layer is on
an external side of the wall, and wherein the hard outer layer is on an internal
side of the wall that adjoins the fluid storage space.



that laterally abuts the lateral periphery of one or nore of the other
plurality of second-layer sections to extend laterally throughout the wall.
13. The Iwquon/spmsage tank of claim 12, wherein, for ewemyuskomwsosiayer
section, no portion of the periphery 8 that first-layer section both
extends parallel to and radially overlaps a portion of the periphery of any
second | ayer section. 14. The liquid storage tank of claim12, wherein the
peri phdgi es B lictddistoragejank okelaighg, whereincthaengirmese dntermediate
second) r ctions forma plurality of radial overlap points, and

furt he[ayggﬁpﬁg‘?rﬁﬁea plurality of individual sections, each individual

section bei AgirpRith ABRThtalagaY BenMBBThe AR SR IAfePahE!he fdkiblEe

|l iquid storage tan wherei n each 1 ndivi section 1s | ocated

bet weeouterdafer,theifirseinterinediatealager deind imade of Iaipluramxmﬁﬂmaay@ryer . 16.
The liquid storage tank of claim 14, wherein each individual section is

| ocat eSeelionmeachfiestdayer spctiontaviag@ lateraliperipheryi that latenally ebets on i s
I t bet the fi i nt di I dth i bl t

| ayer . DF BB erlihery, ot oF R p e dliarBllialtcet frskiayer- s ions
secti og, aﬁ%{ﬂa@éﬁlﬁ)etrms Qﬁaﬁ{ Yh"lf Qﬁill'%‘?ﬁs not laterally abut the lateral

peri phery o y Indi'vidual ‘sec¢tion. 18. The liquid storage tank: of

claim 12, agadooridiiterrnedidtenayer betweenthedirstitérmediateuager tpdopeused
as a vapor shield, wherein the one or nore tubes extend between the first

i nt er nlexible outgrdayendthensecend intermediatallayes beipgmade.of khpluratjty of
st or age tang of claim12, and furtgelr I ncluding a.thi rl%éi nterrre‘g%ate | ayer
bet weeRCEPRAAAYRE SECliNHRAGH secaperlaysp seqtion pgiatateralpefirhenyyer, "t he

hird i ; . I . ¢ | _ :
and onas aEAL she X8 9L APalRPReR: of olls Satoné f speihr pRiELLp BF ' o1
thi rd- §eyend3ayér S8chiGs @ exterid fiteraletiidighout tRe warl.eral |y abuts either
the | ateral periphery of one or nore of the“other plurality of third-Iayer

13. The liquid storage tank of claim 12, wherein, for every first-layer section,
no portion of the periphery of that first-layer section both extends parallel to
and radially overlaps a portion of the periphery of any second layer section.

14.  The liquid storage tank of claim 12, wherein the peripheries of the first-
layer sections and the peripheries of the second-layer sections form a plurality
of radial overlap points, and further comprising a plurality of individual
sections, each individual section being positioned to cover one or more

overlap points.

15.  The liquid storage tank of claim 14, wherein each individual section is

located between the first intermediate layer and the second intermediate layer.

16. The liquid storage tank of claim 14, wherein each individual section is
located to cover one overlap point, and wherein each individual section is
located between the first intermediate layer and the flexible outer layer.



sections or a side of one of the one or nore tubes to extend laterally

t hroughout the wall. 20. A nethod of formng a |iquid storage tank

i ncl udi ngwe 20sld39t9Bat defi nes and substantial |y surroun@sTaskéogioos3ss or age
space, conprising: providing a hard o82er |ayer; providing a flexible outer
| ayer; and assenbling the wall including one or nore internediate |ayers
bet wee theghard outer layer and the flexible outer |ayer, each of the one

or nor a7 nt dNeifdstoeaee tamke oh glatand4s P\(hﬁrﬁ"bﬁaﬁalmﬂvl@\#a's%%ﬁtl@hgaseach

at or of 1B b RERNERY 4R Goehiph Torehl Rl 16 MernChEfiBhety, BEARY ibEr oy 1

througngyhdh?¢sg@Lbn wherein in the step of assenbling, the wall is
characterized by having no laterally extending portion conpletely over

whi ch every internedi ate | ayer has an extendi ng periphery to create a

 mner - 185 RGO St ORE I of Bt 12, ArEAEFGRE ihEMng 2Bhe Hrdfer o ge

space; nfbés &éhrgeﬁecpio BReLSEd BR'£ vhpBeShidlaf WiHeremh frﬂe Bﬁetﬁr%og\é tAb¥gpor
shi el d around | east a portion of the inner-nost [ayer, the first set of

one or exteral bebeeehdhedi rablfmemealaate layes andathesgeoonyd inteemaidigtel lagerwi t hi n
the fluid storage space to outside of the fluid storage space; a second set
of one or nore tubes adapted as a second passageway extending fromwthin

the flyod sTeeAfuIERASAAGE tank Of iR 1Qh9nﬂ|furl¢le?tlﬁélﬂl%§@al¢ﬁrd and a
swi t ching device configutred to control the relative flowrates fromthe

first wtermediate Igyesbg(wage thezf irsTirtesmediate lagek aod thieas@cé@nd, wherein

the SW}nttgPrlng%laqewa)c/gr Itl?1e t?nr% mtermedlate layer being made of a plurality of
third-layer sections and one or more tubes configured to be used as a vapor
shield, each third-layer section having a lateral periphery that laterally abuts
either the lateral periphery of one or more of the other plurality of third-layer
sections or a side of one of the one or more tubes to extend laterally

throughout the wall.

20. A method of forming a liquid storage tank including a wall that defines
and substantially surrounds a fluid storage space, comprising:

providing a hard outer layer;

providing a flexible outer layer; and

assembling the wall including one or more intermediate layers between
the hard outer layer and the flexible outer layer, each of the one or more
intermediate layers being made from a plurality of sections, each of these
sections having a lateral periphery that laterally abuts the lateral periphery of
one or more of the other sections to extend laterally throughout the wall;

wherein in the step of assembling, the wall is characterized by having
no laterally extending portion completely over which every intermediate layer
has an extending periphery to create a laterally extending insulation gap.



outside the fluid storage space. 23. The storage tank of claim2 1, wherein
the second passageway is a direct exit that is not adapted to function as a
vapor shiwD®010239198he storage tank of claim2 1, and fuPCaS2@00pI3isi ng a
controller configured to vary the relative flow rates based on pressure
requi renents of the storage tank. 25. The storage tank of claim2 1,
wherein the tank is configured to store a fluid as a cryogenic |iquid, and
further conprising a controller conﬂﬁﬁned to vary the relative flow rates
based on a desired flow rate of fluid vapor.26. A nethod of regulating the

boi | - raje ryvogenic .fluid in liquid formfroma tank, conprising:
provi gé‘Lg té}ét{géﬁﬁ% hﬁ/'ﬁ%%naﬁsﬁ%er-mst | ayer that defines and

subst anti al ; 4 ' ; A b set of one
o mor o 1 ar et ikt Tader bk YR SR AR any e A TR S et 2

por ti cstopdge lspaicener - nost | ayer, the first set of one or nore tubes being

adapted as a first passageway extending fromw thin the fluid storage space
to outsi de afirstretrofione or snaretuhes sonfigurediio heaused asda yaposishield or

t ub dapt . d t endi f ithin the fluid
St or ag RAEAl [ash @ BOIOTLP! e MIalT BOSE A YATe (4% S08L SEHHD Sor & aTPrSg ¢ he
| at i I f ' | d
pascadiney SRING adaited 43R Nrs} PASsabBxIY SlelRfig WA ARR HEIERETVe 11 ow
rates dtoragé kpalcertot o@iie of el flDRs sRsreRySpaseh that the boil-off rate of

the cryogenic fluid is regulated to a desired l'evel . 27. A nethod of
const r uct i ng secondmsgirmfooneok momtubes agaptetasi d gecgnd passageway til e
e R Bro Wi 16 s dSuSehge Shack toLikidl BPuSHORF oS ¢
space; and
a switching device configured to control the relative flow rates from the

first and second passageways.

22. The storage tank of claim 21, wherein the switching device is located

outside the fluid storage space.

23. The storage tank of claim 21, wherein the second passageway is a

direct exit that is not adapted to function as a vapor shield.

24. The storage tank of claim 21, and further comprising a controller
configured to vary the relative flow rates based on pressure requirements of
the storage tank.

25. The storage tank of claim 21, wherein the tank is configured to store a
fluid as a cryogenic liquid, and further comprising a controller configured to

vary the relative flow rates based on a desired flow rate of fluid vapor.



opaci fied aerogel powder cut to the tile shapes identified in the step of

I denti fying and packaged in a porous bag, wherein the size of each tile is
set to alwowotomsomerogel tiles to be flexed into | oose ®omitsetnismst he
sphere; tiling the hard shell with aerogel tiles by affixing each tile in
pl ace on the hard shell; constructing g nd sealing a fil mbag close around a
peri phery of the tiled hard shell to ? rma seal ed conpartnent containing

t he aerogel tlles between the hard shell and the film bag; and evacuating

?: (r;;hI rcont act wi t tﬁpfg@léﬂﬁ%h L&ﬂl %ﬁﬁ%}é of a'éryegRe i I fiadid fofri 1 ©

from a tank, comprising:

providing the tank to have an inner-most layer that defines and
substantially surrounds a fluid storage space;

providing a first set of one or more tubes configured to be used as a
vapor shield around at least a portion of the inner-most layer, the first set of
one or more tubes being adapted as a first passageway extending from within
the fluid storage space to outside of the fluid storage space;

providing a second set of one or more tubes adapted as a second
passageway extending from within the fluid storage space to outside of the
fluid storage space; and

controlling the relative flow of fluid vapor from the first passageway and
the second passageway using a switching device configured to control the
relative flow rates from the first and second passageways such that the boil-off
rate of the cryogenic fluid is regulated to a desired level.

27. A method of constructing a cryogenic tank, comprising:

identifying a pattern of tile shapes to form a layer over the hard shell;

providing aerogel tiles are made from sheets of pre-compressed
opacified aerogel powder cut to the tile shapes identified in the step of
identifying and packaged in a porous bag, wherein the size of each tile is set
to allow the aerogel tiles to be flexed into loose contact with the sphere;

tiling the hard shell with aerogel tiles by affixing each tile in place on the
hard shell;

constructing and sealing a film bag close around a periphery of the tiled
hard shell to form a sealed compartment containing the aerogel tiles between
the hard shell and the film bag; and

evacuating air from the sealed compartment such that the vacuum pulis
the tiles into tight contact with the tank and each other.



