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especially useful for automobiles, buses, trucks and other vehicles with engines

designed to operate through combustion of natural gas.

15 - BACKGROUND OF THE INVENTION
' Various terms are defined in the following specification. For convenience, a
Glossary of terms is provided herein, immediately preceding the claims.
Laws such as the Clean Air Act (1990) and the Energy Policy Act (1992), which
mandate the purchase of alternative fueled vehicles (AFVs), have spurred several

20  serious business initiatives to develop natural gas vehicles (NGVs). Although these
laws were motivated by air quality issues, they have created economic incentives that
have spurred real activity in implementing NGVs. NGVs currently hold the most
competitive potential alternative to gasoline-powered vehicles because of the inherent
clean-burning characteristics of natural gas.

25 Three competing technologies for the implementation of NGV-type AFVs are:
compressed natural gas (CNG), liquefied natural gas (LNG), and liquefied petroleum
gas (LPG). In CNG technology, the gaseous (natural gas) fuel is stored at very high
pressures of about 20684 kPa to 24132 kPa (3000 - 3500 psia). There are at least four
major shortcomings of CNG technology that have limited its successful deployment:

30  short vehicle driving range (due to low energy storage per fuel storage container
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solicitation from the DOE’s Brookhaven National Laboratory on LNG technology for
15 NGV’s highlights the need for an LNG delivery system for medium-pressure fuel .
injectors. An alternative to LNG with similar clean burning characteristics is liquefied
petroleum gas (LPG). LPG overcomes the limitations of both CNG and LNG in that

LPG offers higher energy storage per vessel volume than either CNG or LNG and
operates at relatively low pressures (about 827 kPa (120 psia)), as compared to CNG,

20  and at ambient temperatures. However, LPG supply is limited and LPG is much more
expensive than LNG. _

Five co-pending U.S. provisional patent applications (the “PLNG Patent
Applications™), each entitled “Improved System for Processing, Storing, and
Transporting Liquefied Natural Gas”, describe containers and tanker ships for storage

25  and marine transportation of pressurized liquefied natural gas (PLNG) at a pressure in
the broad range of about 1035 kPa (150 psia) to about 7590 kPa (1100 psia) and at a
temperature in the broad range of about -123°C (-190°F) to about -62°C (-80°F). The
most recent of said PLNG Patent Applications has a priority date of 14 May 1998 and
is identified by the applicants as Docket No. 97006P4 and by the United States Patent

30 and Trademark Office (“USPTO”) as Application Number 60/085467. The first of
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Appl i cations demduttisy mommmﬁnﬂepe f10addition, PLNIG offers higher, St ori ng,
and transporting PLNG PLN fer%agglsﬁl ternat,ve,

cost - ef f ect i VEEEFIoEASF HF" ff“ﬂ sforagg gugainer ¥ Fis expensive to process
than LNG, and overcomes the limited supply disadvantage of LPG. However, to our

knowledge, no fuel storage and delivery systems are currently available for -
15  economically storing PLNG fuel and delivering vaporized PLNG fuel on demand for
‘combustion in a vehicle engine. If such a fuel storage and delivery system were
available, PLNG would offer a vehicular fuel source that overcomes the principal -
disadvantages of CNG, LNG, and LPG. A need exists for a fucl storage and delivery
system to economically store PLNG fuel and deliver vaporized PLNG fuel on demand
20 for combustion in an engine.
Consequently, the primary object of the present invention is to provide fuel
storage and delivery systems suitable for storing PLNG fuel and delivering vaporized

PLNG fuel on demand for combustion in an engine.

25 SUMMARY OF THE INVENTION
Consistent with the above-stated objects of the present invention, fuel storage
and delivery systems are provided for storing pressurized liquefied natural gas
(PLNG) fuel at a pressure of about 1035 kPa (150 psia) to about 7590 kPa (1100 psia)
and at a temperature of about -123°C (-190°F) to about -62°C (-80°F) and delivering
30  vaporized PLNG fuel on demand for combustion in an engine. Preferably, the PLNG
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liquefied natural gas. The steel has an ultra-high strength, e.g., tensile strength (as
defined herein) greater than 830 MPa (120 ksi), and a DBTT (as defined herein) lower
than about -73°C (-100°F).

15 (§)
The advantages of the present invention will be better understood by referring to
the following detailed description and the attached drawings in which:

FIG. 1 is a schematic illustration of a fuel storage and delivery system of the -
present invention connected to an engine;
20 FIG. 2 is a schematic illustration of a microprocessor (CPU) used for fuel
management in a fuel storage and delivery system of the present invention; and
FIG. 3 is a detailed illustration of a fuel storage container and associated fuel
cartridge used in a fuel storage and delivery system of the present invention.
FIG. 4A illustrates a plot of critical flaw depth, for a given flaw length, as a
25 function of CTOD fracture toughness and of residual stress; and
FIG. 4B illustrates the geometry (length and depth) of a flaw.
‘While the invention will be described in connection with its preferred
embodiments, it will be understood that the invention is not limited thereto. On the

contrary, the invention is intended to cover all alternatives, modifications, and
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al t er nat i ves, nickellardd lasing@Qansilastebngth greater than 830 MPa (120 ksi) and a DBTT lower
15 than about -73°C (-100°F). Further, fuel storage and delivery systems are provided for
storing PLNG fuel at a pressure of about 1725 kPa (250 psia) to about 4830 kPa (700
psia) and at a temperature of about -112°C (-170°F) to about -79°C (-110°F) and -

delivering vaporized PLNG fuel on demand for combustion in a vehicle engine,
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wherein the fuel storage and delivery systems have fuel storage containers and other
20  components that (i) are constructed from materials comprising an ultra-high strength,
low alloy steel containing less than 9 wt% nickel and (ii) have adequate strength and
fracture toughness to contain said pressurized liquefied natural gas. Additionally, fuel
storage and delivery systems are provided for storing PLNG fuel and delivering
vaporized PLNG fuel on demand for combustion in a vehicle engine, wherein the fuel
25  storage and delivery systems have fuel storage containers and other components that
are constructed from materigls comprising an ultra-high strength, low alloy steel
containing less than 9 wt% nickel and having a tensile strength greater than 830 MPa
(120 ksi) and a DBTT lower than about -73°C (-100°F). Further, fuel storage and
delivery systems are provided for storing PLNG fuel and delivering vaporized PLNG

30 fuel on demand for combustion in a vehicle engine, wherein the fuel storage and
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Another example steel for use in the present invention, without thereby limiting the
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invention, is a weldable, ultra-high strength, low alloy steel containing less than about.
3 wi% nickel and having a tensile strength of at least about 1000 MPa (145 ksi) and
20 adequate toughness to prevent initiation of a fracture, i.e., a failure event, at cryogenic
temperature operating conditions. Preferably these example steels have DBTTs of
lower than about -73°C (-100°F).
Recent advances in steel making technology have made possible the
manufacture of new, ultra-high strength, low alloy steels with excellent cryogenic
25  temperature toughness. For example, three U.S. patents issued to Koo et al.,
5,531,842, 5,545,269, and 5,545,270, describe new steels and methods for processing
these steels to produce steel plates with tensile strengths of about 830 MPa (120 ksi),
965 MPa (140 ksi), and higher. The steels and processing methods described therein
have been improved and modified to lﬁrovide combined steel chemistries and

30 processing for manufacturing ultra-high strength, low alloy steels with excellent
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TEMPERATURE TOUGHNESS”, which has a priority date of 19 December 1997
15 and isidentified by the USPTO as Application Number 60/068816. (collectively, the

““Steel Patent Applications™).

The new steels described in the Steel Patent Applications, and further
described in the examples below, are especially suitable for constructing the fuel
storage and delivery system containers and other components of this invention in that

20 the steels have the following characteristics, preferably for steel plate thicknesses of
about 2.5 cm (1 inch) and greater: (i) DBTT lower than about -73°C (-100°F),
preferably lower than about -107°C (-160°F), in the base steel and in the weld HAZ;
(ii) tensile strength greater than 830 MPa (120 ksi), preferably greater than about 860
MPa (125 ksi), and more preferably greater than about 900 MPa (130 ksi); (iii)

25  superior weldability; (iv) substantially uniform through-thickness microstructure and
properties; and (v) improved toughness over standard, commercially available, ultra-
high strength, low alloy steels. Even more preferably, these steels have a tensile
strength of greater than about 930 MPa (135 ksi), or greater than about 965 MPa (140
ksi), or greater than about 1000 MPa (145 ksi).

30
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0 processinggmﬂ-m]%\cturi ng ultra-high strength, low alloy steels with
excel | ent discussed apove, acopen%ircl)% HSt Rtgvigional patent Tpplica 'Ofl,nhat g aheat

cryogeni c tenperature toughness in ase steel "an
af f ect ed zoneriority date AT) Deteerbenk19d cehtitlddh 8 Jwa-High StrengthSteels Witht h, .| ow al | oy

steel s al so have inproved oughness ,pver. .st r cially )
avai | abl e ul g?“ée?ll‘?? Qs Frak%%%‘}glgﬂvss?’é‘%‘fign.n%gggy%?soved steel s
are descri bequgncaﬁoﬁwop@omsm%hﬂro‘iideaaawcﬁ;‘amaifsuaat fuiitabR{Fpd use i then 5
entitled "ULTRA-HL GH STRENGTH STEELS W TH EXCELLEI}IT @OGENI C

TEMPERATURE ProskRtigveriion. \Jmethodisoroyidsd;fornrensring nulire-igh spengthfes! 1997

and is identitli t | i ghaifddiththie
("USPTO') as lpialteeﬂ%ﬁ mﬁ:"éﬁ %ﬁgﬁlu nﬁ@éﬁ%@%ﬁw%éﬁ%&%ﬁﬁy endi ngtﬁU. S.

provi si onal merenditesipmpéred finegrained lowepbairite, exmixtyresrttereafVhSTRINGTH AUSAGED

STEELS W TH EXCELLENT .10 YOREN C.. TEMPERATIURE * which has a
ot or ty Har agfedggmprises iR SE hag e e Wy R el Uspro 2

Application NuffeRntPRigh eS@Abstantially herickehize the steelBiabl(i) giskblée pr ovi si onal
patent application entitled " A_TR@ HGH _ ... STRENGTH DUAL PHASE STEELS
W TH EXCEL L Elybstantisiyal} ¢arbides and car onitrides of niobium and vanadium m the steel slab,

and (iii) establish fine initial austenite grains in the steel slab; (b) reducing the steel

slab to form steel plate in one or more hot rolling passes in 2 first temperature range in-

15  which austenite recrystallizes; (c) further reducing the steel plate in one or more hot
rolling passes in a second temperature range below about the T, temperature and

above about the Ar, transformation temperature; (d) quenching the steel plate at a

cooling rate of about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec)
to a Quench Stop Temperature below about the M, transformation temperature plus

20  200°C (360°F); () stopping the quenching; and (f) tempering the steel plate at a
tempering temperature from about 400°C (752°F) up to about the Ac, transformation
temperature, preferably up to, but not including, the Ac, transformation temperature,
for a period of time sufficient to cause precipitation of hardening particles, i.e., one or
more of e-copper, Mo,C, or the carbides and carbonitrides of niobium and vanadium.

25  The period of time sufficient to cause precipitation of hardening particles depends
primarily on the thickness of the steel plate, the chemistry of the steel plate, and the
tempering temperature, and can be determined by one skilled in the art. (See Glossary

for definitions of predominantly, of hardening particles, of T, temperature, of Ar,,

M, and Ac, transformation temperatures, and of Mo,C.)



TEMPERATURE TOUGHNESS', which has a priority date of 19 Decenber 1997 15
and is identified by the USPTO as Applicati on Nunber 60/068816. :
(col lectively, the "Steel Patent Applications"). The new
steel s descP’?‘l)ogéﬁ”iGﬁ the Steel Patent Applications, and fuPCKaS9812741
described in the exanples below, are edpecially suitable for constructing

t he fuel storage and delivery system contai ners and ot her conponents
of this invention in that 20 the steels have the follow ng
characteristics, preferably for steel plate thicknesses of about 2.5

cm (1 inch) and gfeahewe arfbiynt@EI drybgenierternparatuiioughness Hiselsraeéording@d[ err] F) ,
referably | ower. than about -107[err]C (.-160[err]F),.i he. base steel and -
Pt e el d s frst S5 cRBREts prefordiny hive s irseichirG borkirise o ety 1 20
ksi), prefer abhyer& it ghinbdRvepbinite, 88Pered fine-ghiRd (ot Mmaltsisite, RNd NOT €

preferably greater than about 900 MPa (130 ksi); (iii) 25 superi or
wel dabi | i ty; mixtpresdhaseafa K prefopabla-tosuhstantiallygnigimize thelfermptiondLr ost ruct ur e

and Pr QRRIHES corRE) ' ﬂ)é?ﬂ'ﬁ" nes L r

comer ci al' y avmlg%foe, ufét%l%ﬁ(:hqpﬁ | d%yga{]r engrtlﬁ, "ltgvs'i'/hgl | o'yﬂgf eels. Even
mor e pr ef er abihyhis filvestee] eamplesarddn theglaims, Sprédominantly” meane atdedst abbugfleat er t han
about 930 MPa (135 ksi) .. Or eat er, than about 965 MP 0 ksi), or
greater than ¥ pe‘i%%) Wﬁp‘%ﬁ%’%{{ gTe)".mrngucg“e comprises aFtedst diout 60

8 Rrdhhe pe@6l to BB €olume percent tempered fiffe-gHhined Boefbaalieye, a
copending U.S. provisional_ patent application, having a priority date
of 19 Decenbdempagdfinegrained lath marjensits, qrymieurss thexgef (Evap mereprefpmbly, the

Excel | enty (Ory, %?‘6%51 ) r@w&aa&%&h%%aﬁ:mg&&nmﬁweahﬁgﬁﬁﬁb& SPTO as

Application provi des a description of stee e for
use in the  bainite, tempered fine-grained lath martensite, or mixtures thereof. Most preferably, the

microstructure comprises substantially 100% tempered fine-grained lath martensite.
A steel slab processed according to this first steel example is manufactured in
a customary fashion and, in one embodiment, comprises iron and the following

15 alloying elements, preferably in the weight ranges indicated in the following Table I:

Tablel
Alloying Element Range (wt%)

20
carbon (C) 0.04 - 0.12, more preferably 0.04 - 0.07
manganese (Mn) 0.5 - 2.5, more preferably 1.0 - 1.8
nickel (Ni) 1.0 - 3.0, more preferably 1.5 - 2.5
copper (Cu) 0.1 - 1.5, more preferably 0.5 - 1.0

25 molybdenum (Mo) 0.1 - 0.8, more preferably 0.2 - 0.5
niobium (Nb) 0.02 - 0.1, more preferably 0.03 - 0.05
titanium (Ti) 0.008 - 0.03, more preferably 0.01 - 0.02
aluminum (AI) 0.001 - 0.05, more preferably 0.005 - 0.03

nitrogen (N) 0.002 - 0.005, more preferably 0.002 - 0.003 )
30 o



present invention. A nethod is provided for preparing an ultra-high
strength st eel pl ate having a mcrostructure conprising .predom nantly
tenpered fine-grained lath martensite, tenpered fine-grained | ower

bai nite, oWwOo¥sspistes t hereof, wherein the 10 net hod coRFFUSEI2FHe st eps
of (a) heating a steel slab to a rehegdi ng tenperature sufficiently
high to (i) substantially honogeni ze the steel slab, (ii) dissolve
substantially all carbi des and carbonitrides of niobiumand vanadiumin the
steel sl ab, and (iii) establish fine initial austenite grains in the
steel slab; (b) reghigiuaO(v)issofetifaks added to thedted) preferlly mp 4 stot lildt e in one
or nore hot rolllng passes in _a fjrst }mer t eo ange in 15 whi ch
austenite re%@s@‘élmqfiwfﬂwamﬂ?(?%}“ *steel plate in one or

mor e _hot ERot S@?%%Sﬁxeﬁxﬂe@adﬁ&?@% &&mwfatwapf@awm hel ow about
the T[err] terrperature a above about the Ar[err] transformation

t enper at ur e; wi¥%) angusore prefigatiinaboyt @@ wils|te akoup 9.6 avtde. cool ing rate of

bout 10 C d -
Torerr] P Sec) - siua (s ip Rty badtl e kel PR RBRAR, (I BT ST ©
transformati %ré aboit (01481% RabontI0DW%, ra}md:ew(émm{repre}“@b,ly ghont st oppi ng

t he quenchi n and tenperjng the steel plate at a t enpering
terrperature rW"z{‘b*S oR®d[ ¥+ C (752[err]F) up to about the Ac[err]

transformati on  poron fﬁﬁ&h&iﬂés&dd&ft@ftlﬂs@dél , Yrefabilpup toliboma@ 0020&¥t%li ng, the

Ac[err] transfornation n;%erature or a period of tinme sufficient
to cause pre@nquompreﬂqrabl’y et PO00h L de ahaut @ROIGWEG.  one or nore of
[err]- C%RB Ltgel éerLl{l? Gkl ﬂ taa%gut(i%boﬂbﬁéi | JRRelbntRhedti UM and
vanadi u 2 per I me su CI ent to cause precipitation of

har deni ng parthd stéeesarmgﬂﬁ%cd abovc abaat 3 wibbiif desioad to mhan¢s pekfoprance pfierhe st eel

pl ate, the chemstr he stee e

t emperat ure, W@'aﬁmgé W‘t é’&g‘ﬁgtlb%%‘pg%qttf’ §°&V T PAP"H%*’QWE& %tgee Y3 ossary
for definiti %éutqu@(fsdpjﬂmam l:dhten@fs phererdip 1639 tham b wit%| @ére podferhbly less :
tenperature, of Ar3 rl.,, and_Acl[err] transfornmation

t enper at ur es thmﬂyaogtfﬁ WASp- eN]pc}c@ cyntent is preferably minimized in order to minimize cost
15 of the steel. Ifnickel content is increased above about 3 wi%, manganese content can

be decreased below about 0.5 wt% down to 0.0 wt%. Therefore, in a broad sense, up
to about 2.5 wt% manganese is preferred. '

Additionally, residuals are preferably substantially minimized in the steel.
Phosphorous (P) content is preferably less than about 0.01 wt%. Sulfur (S) content is

20  preferably less than about 0.004 wt%. Oxygen (O) content is preferably less than
about 0.002 wt%.

In somewhat greater detail, a steel according to this first steel example is
prepared by forming a slab of the desired composition as described herein; heating the
slab to a temperature of from about 955°C to about 1065°C (1750°F - 1950°F); hot

25 rolling the slab to. form steel plate in one or more passes providing about 30 percent to

about 70 percent reduction in a first temperature range in which austenite
recrystallizes, i.e., above about the T, temperature, and further hot rolling the steel
plate in one or more passes providing about 40 percent to about 80 percent reduction
in a second temperature range below about the T;,. temperature and above about the

30  Ar,transformation temperature. The hot rolled steel plate is then quenched at 2



9 To ensure anbi ent and cryogeni c tenperature toughness,

steels according to - this first steel exanple preferably have a

m crostructure conpri sed of predom nantly t enpered fine-grained | ower
bainite, tenperel* ine-grained lath nartensite, or ?ﬁ?QFQgEQMXhereof.
It is preferable to substantially minil¥ize the formation of 5

enbrittling constituents such as upper bainite, twinned nmartensite and MNA
As used inthis first steel exanple, and in the clains,
"predomn nant | y"nmeans at | €ast about 50 vol une percent. More

preferably, coblngmaterofgbout @G rer sesapd fosbaut40°C parsecond (ASFF/8e - 72°F/secyol une
percent to about, 80 vol une percent tenpered fine-grained | ower bainite,
t enpered fi rie2gnitabledAST (asidehingdiin fhsiGlessary) belgw, shoupthe Mydrapsfermation, nor e
preferably, the 10 mcr ure.c rises at .least about .90 vol une
per cent tenﬁ@@@ﬁ“‘f‘f%ﬂ“ﬁ%gﬁg?ﬂﬁamﬂﬁ”mc% °‘§%ﬂ‘fﬁ“ﬁ’8’,’8?§%’é‘f - R ARE gr ai ned
| at h mar t ensdniddirént 6T tislr@t Stebhxample, thd/bsdl pRkest eed Rirtoolbd'® ambient

m crostructure conprises substantially 100% tenpered fine-grained |ath
mart ensi t5e. temperature. This prpcessiggis usgd-p PrduceABISIPSERLGE BY b this first

ensi e, tempe b5 U8 5P _
amhodi ront . CERSFRE BEARRMA Y belhingd yh RafBlg TRk R I8 e 17 1

pref er abl y i mixnires thedegf) br, mangmreferabli coatpeising subsstantially|1D0%ifing-glavidddath:

Tabl e | ) Al l oyi ng El enent Range (wt% 20
carbon (C) marensity o4 _ 0712 npre preferably 0.04 - 0.07
manganese (M) T tBus dirctuentRE@mBA&isité Midterls heddrding tolhis first steel ni ckel

(Ni) 1.0 - 3.0, nore preferably 1.5 - 2.5 . copper ( Cu)
0.1- 1. 510 nosrampledtag high|sirengtinbut jts goughness can be improygsh byderaperingehd) 0.1 - 0. 8,

more preferall 5 bout 400°C (1384 theAc, 0-02 - 0.1, nore
%bl?t%npgg&ur@ from above abou toiot agl' ﬂ?&l"ﬁ ut the Ac

preferably O. . I um 0.D08 - 0.03, nore
pref erabl y Otrérkform@tidhitemperature. Tempering of steel within this temperature range also

leads to reduction of the quenching stresses which in turn leads to enhanced
toughness. While tempering can enhance the toughness of the steel, it normally leads

15 to substantial loss of strength. In the present invention, the usual strength loss from -
tempering is offset by inducing precipitate dispersion hardening. Dispersion
hardening from fine copper precipitates and mixed carbides and/or carbonitrides are
utilized to optimize strength and toughness during the tempering of the martensitic
structure. The unique chemistry of the steels of this first steel example allows for

20 tempering within the broad range of about 400°C to about 650°C (750°F - 1200°F)
without any significant loss of the as-quenched strength. The steel plate is preferably
tempered at a tempering temperature from above about 400°C (752°F) to below the
Ac, transformation temperature for a period of time sufficient to cause precipitation of
hardening particles (as defined herein). This processing facilitates transformation of

25  the microstructure of the steel plate to predominantly tempered fine-grained lath
martensite, tempered fine-grained lower bainite, or mixtures thereof. Again, the
period of time sufficient to cause precipitation of hardening particles depends
primarily on the thickness of the steel plate, the chemistry of the steel plate, and the
tempering temperature, and can be determined by one skilled in the art.

30



al um num (Al') 0.001 - 0.05, nore preferably 0.005 - 0.03
nitrogen (N) 0.002 - 0.005, nore preferably 0.002 - 0.003 30
10 Vanadi um (V) is sonetinmes added to the steel, preferably
up to abouwoQ®sAde4 wt % and nore preferably about 0.0PCHUS#8{1g744bout 0. 05
wt % Chromum (Cr) is sofetines added to the steel, preferably
up to about 1.0 W% and nore preferably about 0.2 wt%to about 0.6
wo% 5 Silicon (Si) is sonetinmes added to the steel, preferably
up to about 0.5 wt % *'more preferably about 0.01 wt%to about 0.5 wt %
and even ms_&gm&fre_a%@%about 0.05 % to about 0.1 w %
Boron (B) 1S sonetl nes ded to the steel, preferably yp to ,about 0.0020
\% % el an](cj s disqusssl @boyis) 3 copsasiing U-SopuwisignshreisntAsplitation.deTBER 06 10

e stee pre [ el content
of e%git& fé)@%&#ﬁgﬁ?gge B oﬁ@ggiﬁ%%ltwm{%wﬁﬁféegggﬁd t o enhance
performan C e Vﬁﬁi Bxcellent Crydgahd'll‘agperﬁmﬁwglm%’md ideptificddfy the URBTOja8 expect ed

I
ERECAL R s MY v T R SRS

about 6 wt %fmé}!r&slé@dmﬁaa&@mxﬂe&maﬁ@ﬁmaéd &rﬁeﬁuﬂmmdlmadughsmgmmem ni ni ze

cost 15 t'he steel If nickel content is.in ea ed e ut 3 Wt %
nmanganese c elatehavinggmicro-lamingte @éw%%'gacm%w B‘f} ‘@lo%%\fb% gg to 0.0

W% Ther ef Qffr aldtenfle Biﬁﬁiﬁ‘iﬂ&ﬁ:w{"% vol% to aﬁdﬁt 99e1% 18thSofM % manganese is

preferred. tronally, residuals are preferably
subst ant i al |pyeddinianily ﬁde—gmﬂethmasemt and ﬁne-gralnﬁigymhﬂvéﬁssa(@e@%t ent is

pref erably Iess than a 0 (V
| ess thaf at?SE‘P“E?“%ngF f&,%e@ n%ebfécon %’%‘%aﬁgg{ep‘@tembhﬁy I essp{ ﬁ;ﬁrabl y

sufficiently high to (1) substantially homogenize the steel slab, (ii) dissolve

substantially all carbides and carbonitrides of niobium and vanadium in the steel slab,
and (iii) establish fine initial austenite grains in the steel slab; (b) reducing the steel
slab to form steel plate in one or more hot rolling passes in a first temperature range in

15  which austenite recrystallizes; (c) further reducing the steel plate in one or more hot
rolling passes in a second temperature range below about the Ty, temperature and

above about the Ar, transformation temperature; (d) quenching the steel plate at a
cooling rate of about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec)

to a Quench Stop Temperature (QST) below about the M transformation temperature

20  plus 100°C (180°F) and above about the M; transformation temperature; and (e)

stopping said quenching. In one embodiment, the method of this second steel
example further comprises the step of allowing the steel plate to air cool to ambient
temperature from the QST. In another embodiment, the method of this second steel
example further cofnprises the step of holding the steel plate substantially

25  isothermally at the QST for up to about 5 minutes prior to allowing the steel plate to
air cool to ambient temperature. In yet another embodiment, the method of this
second steel example further comprises the step of slow-cboling the steel plate from
the QST at a rate lower than about 1.0°C per second (1.8°F/sec) for up to about 5

minutes prior to allowing the steel plate to air cool to ambient temperature. In yet



about 0.002 wt % In sonmewhat greater detail, a steel
according to this first steel exanple is prepared by formng a slab
of the desired conposition as described herein; heating the slab to
a tenper at (YR%%¥1€ om about 955C to about 1065[ err] C (17XfKY§pRa7s1
1950[err]F); hot 25 rolling the slabiao formsteel plate in one or nore
passes providi ng about 30 percent to about 70 percent reduction in a
first tenperature range in which austenite recrystallizes, i.e
above about the T[err] tenperature, and further hot rolling the steel
pl at e i n oneamthermbodimettcthe prethotl df this iavxmtion Adtheranompnisesttite sdpaftslodd per cent

reduction . in a secqond te rature range bhel o out the T[err]
t enper at ur e %“&H&f@ehﬂﬁtﬁg°ﬂfbe5§§ abarateilpge&r}ﬂ%%ogtr o?‘lb%eﬁs‘?cg?fgerature. The
hot rolled Sil@@’ /s8LydbLup 18 abdiR B xﬂﬁﬁeﬁ Y tPdlloWving the steel plate to air cool to

0

11 oling rate of about 10[err]C per second to about 40[err]C per
second ( 18[ eambientsemperatn diis|prpcsesing facilitates transfopmation(of the mierostruciiee def i ned

in the G%ff? %%ﬁ%@aﬁ?gﬁ%%w%% 5{11%10“0?%'%?8& %ﬁﬂnlayersand&b_%ﬂperat ure

pl us 200[ me the quenching I's termnated. In
one enbo dbietatabeiit A8Hviols lathssif petdeminantiyafine grainedmarteneitd andifimee i s t hen
air cooled to anbient 5 tenperature. This processing is used to produce
a mi cr ost r uc gmiredpowérdaimise.y(See Glossasy fiys dplnitionsof @MH?&&‘FFWF‘PﬁéI@nﬁi ned
lath martensite, fine-grained |ower bainite, or m xtures thereof, or,
mor e pref er abMtrapefopnatiohngnerdraesnt i al | y 100% fine-grained lath

To ensure ambient and cryogenic temperature toughness, the laths in the

10  micro-laminate microstructure preferably comprise predominantly lower bainite or
martensite. It is preferable to substantially minimize the formation of embrittling
constituents such as upper bainite, twinned martensite and MA. As used in this
second steel example, and in the claims, “predominantly” means at l&qst about 50
volume percent. The remainder of the microstructure can comprise additional

15 fine-grained lower bainite, additional fine-grained lath martensite, or ferrite. More
preferably, the microstructure comprises at least about 60 volume percent to about 80
volume percent lower bainite or lath martensite. Even more preferably, the
microstructure comprises at least about 90 volume percent lower bainite or lath
martensite.

20 A steel slab processed according to this second steel example is manufactured
in a customary fashion and, in one embodiment, comprises iron and the following

alloying elements, preferably in the weight ranges indicated in the following Table II



martensite. The thus direct quenched martensite in steels
according to this first steel 10 exanpl e has high strength but its

t oughness can be inproved by tenpering at a suitable tenperature from
above abouwosBpesr] C (752[err]F) up to about the Ac[err pcTnsesi2741
transformation tenperature. Tenpering gf steel within this tenperature

range al so | eads to reduction of the quenching stresses which in turn
| eads t o enhanced t oughness. Wil e tenpering can enhance the
t oughness of the steel, it normally |eads 15 to substantial |oss of

strength. In the present invention, the usual strength |loss from
tenpering is offset by inducing precipitate di spersion hardening.

Di sper si on har deni ng fr ckabléMe copper precipitates and.m xed
car bi des and/or carbonitrides are utilized to optim ze strength and
t oughness during the tenpering of the martensitic structure. The

uni que chem st rAlRingBeréntel s of t Mangé (Wts4) steel exanple allows for 20
tenpering within the broad range of about 400[err]C to about 650[err]C
(750[errPF - 1200[err]F) wi t hout any significant | oss of the
as-quenched strengfn (dyre st eelo @ 26,82, hidr ,@fega[,%tdo@,_om tenpered at a
t enpering tenperature from above about 400[err]C (752[err]F) to bel ow the
Aclerr] transfornmngamstb@ﬁl})erat%$e2ﬁdn°rapméﬁfﬁhiﬂ1@f-1t& me sufficient to cause
precipitation of har deni r igned herein). This

eL QNi) 19. 8% ﬁﬂar g&;gﬁbﬁig% 25"

processing facil ﬂlc r ansf or’rrat Toh o e mcrostructure of the

steel plate to preeggaiOant |y tempellednénelpeefgalﬂyn.edowath martensite,
tenpered fine-grained |o t i ereof . Again, the
period o tine sJ’P‘W‘?ﬂeé‘l’iP\A%{"B ‘EL Sﬁr@ﬁ‘i"'ﬁf E 6ﬁ2 B ardenj ng particles
depends Prdi Mhéblb)on theobiﬁl@mﬁ&@p&?ermyeoaﬁeebspl ate, the chemstry
of the steel plate th

ering te erature, and can be
6£glore prefe y 0.01 - 0.02

det ermi ned by onditeniemi(BY in t h@o%'to
12 aluminum (Al) 0.001 - 0.05, more preferably 0.005 - 0.03
nitrogen (N) 0.002 - 0.005, more preferably 0.002 - 0.003
15 .
Chromium (Cr) is sometimes added to the steel, preferably up to about 1.0°4
wi%, and more preferably about 0.2 wt% to about 0.6 wt%.
Silicon {Si) is sometimes added to the steel, preferably up to about 0.5 wt%,
more preferably about 0.01 wt% to about 0.5 wt%, and even more preferably about
20  0.05 wt% to about 0.1 wt%.
Boron (B) is sometimes added to the steel, preferably up to about 0.0020 wt%,
and more preferably about 0.0006 wt% to about 0.0010 wt%.
The steel preferably contains at least about 1 wt% nickel. Nickel content of
the steel can be increased above about 3 wt% if desired to enhance performance after
25 welding. Each 1 wt% addition of nickel is expected to lower the DBTT of the steel by
about 10°C (18°F). Nickel content is preferably less than 9 wt%, more preferably less
than about 6 wt%. Nickel content is preferably minimized in order to minimize cost
of the steel. If nickel content is increased above about 3 wt%, manganese content can
be decreased below about 0.5 wt% down to 0.0 wt%. Therefore, 'in a broad sense, up

30 to about 2.5 wt% manganese is preferred.



Second Steel Exanple As di scussed above, a copending U S

provi si onal patent application, having a priority date of 19 Decenber
1997, entitled "Utra-H gh Strength Ausaged Steels Wth Excel |l ent
Cryogeni ¢ TP ur e Toughness"”, and identified by the USP{¢5%%d271
Application No. 60/068252, provides a Htescription of other steels suitable
for use in the present invention. A nmethod is provided for preparing
an ultra-high strength steel pl ate having a mcro-lam nate

m crostructure conprising ‘about 2 vol %to about 10 vol % austenite
filmlayers and a&hﬂonw,mi%kmmb%uwn%mmmwd in the stegdr edomi nant | y

compr b ng. (TRoRR e s pRRRIIAF e OG0 B0WBL SsiTofiiiR”

t enper at ure preferablﬁluésfthm abaﬁthndmvg% t@xygen (Oubmtertris praferablyniessaani ze t he

steel slab, (ii | SSQ substantially all carbides and

carbonitri de%b°3e a(??o‘ﬁﬁ/&m and vanadiumin the steel slab, and (iii)
establish fine i %stxﬁkwﬁdﬂiieﬁt@i dail) b 3icBFactdidih & this@8dond by ex&h,‘ble jeduci ng the
st eel slab to formsteel plate in one or nore hot rolling passes in a
first terrpermepﬂredbsaf@gemgﬂs!@boftWWm@p@mm@sdwnwlmm,bwmg@q further
reducmgthe ° I oPARSES I N a
second tenpera ure '%ﬁ‘é%eﬁg?g@v%gﬁf ?y(ﬁeqﬁ%uetrur) 3 %Srgrggt Lér% g&

above about idlitngAhSslal wrfsinostea blateintoneprmai pases ](rd\}ldmg abait 30 gercht tst eel

plate at a cooling rate of about 1 C second t o about
40[err]C perat%"é‘%q}ﬂerf%{ }“r“]"Ff%’é rs“"’f’?f’é?ﬂ‘% %Je‘E“R“Cha“s tenile; , 3 Quench Stop

I
o e oGS (S P Bl Be o b R MR BB A ¢ 20
tenper at ur e; ;ARG 6f4 or more passeﬂﬁmmhggba@u@' &mmbe& 80pRrceRGeAlEROg 1 ment

t he nmet hod OF this second l e further "‘conprises the step

of allow ng i esesbRitbm rhifzedelowCadoht thOT,3 MddhRAdture and abové stREHhat ure from
the QST. I n another enbodi nent, the method 'of this second steel

exanpl e furthe,l’traﬂﬁfﬁmidtmﬂ&ntﬂemnﬁ'é e’phdotkﬂledsuagpnm:ssneaejuerwhedaasubst antially

: ﬁ 3t ol pl B msaat; o dboi 1030 pecie t%gzq%??fi"h St Qe P2t anor Egr
embodi ogs | KERBMIRRTAIt it e M, ean 3550 RhBEL @Oﬁqpi&m&mm @' a

conprises the s W COO pla

arate |ower t [err second . 8l er.r for.up to

about 5 an a vﬁ%{ i"hﬁ}\? %m?ﬂQ \’ﬁ“??ﬁrﬁhﬁ‘é’(agfvw ‘ufﬂea% CHIRgis. ool to

anbi ent eNMP R ialed: o SheYetbodiment of this second steel example, after quenching is -
terminated the steel plate is allowed to air cool to ambient temperature from the QST.

-

G

In another embodiment of this second steel example, aﬁef quenching is terminated the
20  steel plate is held substantially isothermally at the QST for a period of time,
preferably up to about 5 minutes, and then air cooled to ambient temperature. In yet
another embodiment, the steel plate is slow-cooled at a rate slower than that of air
cooling, i.e., at a rate lower than about 1°C per second (1.8°F/sec), preferably for up
to about 5 minutes. In yet another embodiment, the steel plate is slow-cooled from
25 the QST at a rate slower than that of air cooling, i.e., at a rate lower than about 1°C

per second (1.8°F/sec), preferably for up to about 5 minutes. In at least one

embodiment of this second steel example, the M, transformation temperature is about

350°C (662°F) and, therefore, the M, transformation temperature plus 100°C (180°F)



13 _ anot her enbodi mrent, the nmethod of this invention further
conprises the step of slow cooling the steel plate fromthe QST at a
rate | ower than about 1.0[err]C per second (1.8[err]F/sec) for up to
about 5 mi woessoxsti or to allowing the steel plate to ai r PESYSIYIZ741

anbi ent tenperature. This processing figcilitates transformation of the

m crostructure 5 of the steel plate to about 2 vol %to about 10 vol % of
austenite filmlayers and. about 90 vol % to about 98 vol % | at hs of
predonmi nantly fine-grained nartensite and fine- gr ai ned | ower

bai nite. (Sqg8duPsRCY842F). definitions of T[err] tenperature, and of Ar3
and Merr] transfornmation tenperature To ensure

anbi e n]t and 'f r yoddaiseelpsipmpy behedd F‘&é@ﬂ‘l‘?@é&“ﬂl‘*ﬁ@qy&% e QST Bxany10
m cro- | am na r.ost MEIC
bainite or suﬁab%& %E%?{Mo%%ﬂ{oﬁéﬁéﬂ#eﬁxﬁ ﬁ{%@gﬁ)ﬁé@ﬁl al | ;E/Mnrﬁl(rjl\lNrenr ze the

formati on ofplaiket det thestyel plate. Tmnsdplatgemuy@esbmoabd@ﬁgequeMnglse tw nned -
martensite and NA

claims, " re@Bﬂ‘Pﬁ&%@SV‘y%ﬁ’h%mﬁ?mﬁéé&mg%S?%gﬁSﬁﬁl%g vo?‘qdlr)rgg per enit.n EI'EE

remai nde_r of 51hdifg 5 bt FW&&vSﬂHeawﬁraieSe additional 15 fine-grained
| ower bainite, additional fine-grained lath martensite, or ferrite. Mire

preferably, the mcrostructure conprises at |east about 60 vol une percent
to about 80 wp: gt percent |ower bainite or lath martensite. Even
more prefera m crostructure conprises at |east about 90

v;)l lt.)l me percent | aaedistasediabevepa cdpamhngUS prowisional pgienteappligption, having ap st eel
sl ab processed acqor dj 0 ur ed
in a cus%%na?’i'r‘“f%g hwﬂ ﬁr@ﬁ ' ggddsthggk{ co é@?@%ﬁggné t he
following  with Excellent Cryogemc Temperature Toughness”, and identxﬁed by the USPTO as

Application No. 60/068816, provides a description of other steels suitable for use in
the present invention. A method is provided for preparing an ultra-high strength, dual
phase steel plate having a microstructure comprising about 10 vol% to about 40 vol%

15  of a first phase of substantially 100 vol% (i.e., substantially pure or "essentially")
ferrite and about 60 vol% to about 90 vol% of a second phase of predominantly five-
grained lath martensite, fine-grained lower bainite, or mixtures thefeof, wherein the
method comprises the steps of (a) heating a steel slab to a reheating temperature
sufficiently high to (i) substantially homogenize the steel slab, (ii) dissolve

20  substantially all carbides and carbonitrides of niobium and vanadium in the steel slab,
and (iii) establish fine initial austenite grains in the steel slab; (b) reducing the steel
slab to form steel plate in one or more hot rolling passes in a first temperature range in

which austenite recrystallizes; (c) further reducing the steel plate in one or more hot
rolling passes in a second temperature range below about the T, temperature and

25  above about the Ar, transformation temperature; (d) further reducing said steel plate in
one or more hot rolling passes in a third temperature range below about the Ar,
transformation temperature and above about the Ar, transformation temperature (i.e.,
the intercritical temperature range); (e) quenching said steel plate at a cooling rate of
about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec) to a Quench

30  Stop Temperature (QST) preferably below about the M transformation temperature



alloying elenments, preferably in the weight ranges indicated in the
follow ng Table I1: .
14 Tabl e I1 Al | oyi ng

El enent wo”’sl?%%fﬁge (%9 5 carbon (O PCT/USYS/M2F4L 0. 12,
nore .preferably 0.04 - 0.07 17 manganese (M) 0.5 - 2.5, nore
preferably 1.0 - 1.8 ni ckel (N) 1.0 - 3.0, nore
preferably 1.5 - 2.5 i copper (Cu) 0.1 - 1.0, nore
preferably 0.2 - 0.5 10 ° nol ybdenum (M) 0.1 - 0.8, nore
preferably Oplas2000C 4360°F); and (f) stoppingj saidiquenchidg) In anothed efiBodimBntbf tHIP' €
preferably 0.02 - 0.05 titanium (Ti) 0.008 - 0.03, nore
preferably O‘h{iismel@xwple the QST ISPreferaélxhﬂqwarho(mthyM trangfoiation 0. 05, nore
preferably 0.005 - rogen (N 0.002 - 0.005, nore

preferably O‘”@‘B?at““t?lb‘b@ol% (180°F), and is more repfeshiy hslopabput 35086 (2P Mes added
to the steely gk @Fn%(ﬁf%ﬂt df ﬁni @mﬁgﬁb'ltexlmﬂe the steeéﬁat/@ is QFMB gu%gl];é,: ?ﬁ;y

about 0.2 wt% to about O. 'S SO
added to% heamhlgéltmmmm%epl@ foispravessing. fﬁclhvat% transfonnatxmmémar ef erably

% 1 0 about bistopiyfg8 sk sl il o Boong T SR EoR BT P 650t o 1o

steel, pref efenitt yndgbotrsiesaiiito BbdAOIDvOM S a second phase of predominantly
fine-grained lath martensite, fine-grained lower bainite, or mixtures thereof. (See

Glossary for definitions of T, temperature, and of Ar, and Ar, transformation

10 temperatures.)

To ensure ambient and cryogenic temperature toughness, the microstructure of
the second phase in steels of this third steel example comprises predominantly
fine-grained Jower bainite, fine-grained lath martensite, or mixtures thereof, It is
preferable to substantially minimize the formation of embrittling constituents such as

15  upper bainite, twinned martensite and MA in the second phase. As used in this third
steel example, and in the claims, “predominantly” means at least about 50 volume
percent. The remainder of the second phase microstructure can comprise additional
fine-grained lower bainite, additional fine-grained lath martensite, or ferrite,. More
preferably, the microstructure of the second phase comprises at least about 60 volume

20  percent to about 80 volume percent fine-grained lower bainite, fine-grained lath
martensite, or mixtures thereof. Even more preferably, the microstructure of the second
phase comprises at least about 90 volume percent fine-grained lower bainite,
fine-grained lath martensite, or mixtures thereof,

A steel slab processed according to this third steel example is manufactured in

25  acustomary fashion and, in one embodiment, comprises iron and the following

alloying elements, preferably in the weight ranges indicated in the following Table III:



and nore preferably about 0.0006 W% to about 0.0010 wt % The
steel preferably contains at |east about 1 wt% nickel. N ckel content of
the steel can be increased above about 3 w% if desired to enhance

per f or mancWOB{58464 25  wel ding. Each 1 wt % addi ti on of nPERASIFIB74Expect ed
to lower the DBTT of the steel by 18 about 10[err]C (18[err]F). Nickel

content is preferably less than 9 wt% nore preferably | ess t han
about 6 wt% Nickel content is preferably mnimzed in order to m nimze
cost of the steel. *If nickel content is increased above about 3 wt %
manganese content can be degapiag@ll bel ow about 0.5 wt % down to 0.0
wt% Therefore, in a broad sense, up 3 0 to about 2.5 wt % nanganese i s
preferred. 15

Addi tionally, rasi 1eméfe prefer qmn\gewg%j antially mnimzed in the

st eel . Phos rous (P) content iI's preferably |less than about 0.01
w% Sulfur (S) content is preferably | ess than about 0.004 w %

Quygen (O cont ent, fscpr efer aby gy | 639 Ai8fererabry 0.8POYip7 0. 002 W% 5

I n” sonewhat gr eaf il, a accoraing hi s second steel exanple
i's pr epar eglakpandso (MhNg a0.5l-2!5, mbretpreferdblyilitedl.@ onposi tion as descri bed

herein;, heating the slab_to t enper at f,from about 955[err]Cto
about 1065[ err] itk @M err] F -1'995‘8’[’811‘)? Hf‘}f?raﬁlé’ﬁ‘so'z'g rolling the slab to
form steel plat ey, NRpyr nor 0.00293 Mok pRoftrdbig0.0abaigs 30 percent to

about 70 percent reduction in a first tenperature range in which austenite

10  recrystal |l itiesipm(T9. , abo0808H003. mere prefraledfbr 40%re, and further hot
rolling,the steel, . | at e ninds O i di ng about 40
1@ o about algﬁuxbug}, %&éf' OB% 9095 Jhort Preferity6.865 D6.6Y

per cent t reduction
nitrogen (N) 0.002 - 0.005, more preferably 0.002 - 0.003

Chromium (Cr) is sometimes added to the steel, preferably up to about 1.0
wt%, and more preferably about 0.2 wt% to about 0.6 wt%.

15 Molybdenum (Mo) is sometimes added to the steel, preferably up to about 0.8
wt%, and more preferably about 0.1 wt% to about 0.3 wt%. e RO

Silicon (Si) is sometimes added to the steel, preferably up to about 0.5 wt%,"
more preferably about 0.01 wi% to about 0.5 wt%, and even more preferably about
0.05 wt% to about 0.1 wt%.

20 Copper (Cu), preferably in the range of about 0.1 wt% to about 1.0 wt%, more
preferably in the range of about 0.2 wt% to about 0.4 wt%, is sometimes added to the
steel.

Boron (B) is sometimes added to the steel, preferably up to about 0.0020 wt%,
and more preferably about 0.0006 wt% to about 0.0010 wt%.

25 _ The steel pfeferably contains at least about 1 wt% nickel. Nickel content of
the steel can be increased above about 3 wt% if desired to enhance performance after
welding. Each 1 wt% addition of nickel is expected to lower the DBTT of the steel by
about 10°C (18°F). Nickel content is preferably less than 9 wt%, more preferably less
than about 6 wt%. Nickel content is preferably minimized in order to minimize cost

30 ofthe steel. If nickel content is increased above about 3 wt%, manganese content can



in a second tenperature range bel ow about the T[err] tenperature and above
about the Ar3 transformation tenperature. The hot rolled steel plate
is then quenched at a cooling rate of about 10[err]C per second to
about 40[ erVPE¥3¥f4 second (18[err]F/sec - 72[err]F/sec) PST/USYAZ3IsUi t abl e
QST bel ow about the Merr] transformatiggn tenperature plus 100[err]C
(180[err] F) and above about the Merr] transformation tenperature,
at which time the quenchi ng S term nated. I n one enbodi nent of
this second steel exanple,® after quenching is term nated the steel
plate is al bedededsed telow atmat 0.5 ovtErdoinartd 010ave 'Thkisfoze, i @ Bical e bp I'n
anot her enbodi nent .of this second steel exanple, after quenching is

termnated fhePosteS Wtmangansseisersfertads| § substantially isothermally at the

QST for a peri odAghitibhdl§, residuals arepf&érmﬁaibxﬁmupmnﬁﬁﬁ% iR tH¥stidf. €S, and then
air cooled to anbient tenperature. |n yet anot her enbodi nent, the

steel pl at e Phasphprowus @) gputent s preferablydess Iﬂ@ﬂMbOQt 9 vethia tSudfir ¢3) pontint is
| :
CoLer 11 PP sedyetorbtydost Baf bifBlo0d WA, R0kl Bl EMANNERE MR oy e

enbodi ment, abhe 0A0Re%pl ate is sI ow-cooled from2 5 the QSTbat a {at e]
sl owner thanthat of air cooli L.e.. at rate Lo t han about 1[err]C
per second (1.8] é‘?ﬂ“ﬁ“@‘é@m”ﬁ:}g%r 3,85 a‘f°8fda'lﬁpt°tﬂﬁs %gettee%exﬁ‘?‘ﬂ]ﬁt‘%s I n at

| east one  prepared b§TORHMGEEED Sffthd hasﬁecsafr&pasknsﬁ 8 es@688Rér8in; hddfindMhe ! I ]

transformatlon tenperature i s about err%@F(GG err]F) and,

350
t heref ore, o tag temppraturegfdron: sheut Qﬁ"@é‘?ﬁh@ﬂh’c%ﬁ& Qe Frd8p&F; ]b&t (180[err]F)

16 10 rollmg the slab to form steel plate in one or more passes providing about 30 percent to

about 70 percent reduction in a first temperature range in which austenite
recrystallizes, i.e., above about the T,,; temperature, further hot rolling the steel plate
in one or more passes providing about 40 percent to about 80 percent reduction in a
second temperature range below about the T, temperature and above about the Ar,

15 u'ansfofmaﬁon temperature, and finish rolling the steel plate in one or more passes to
provide about 15 percent to about 50 percent reduction in the intercritical temperature
range below about the Ar, transformation temperature and above about the Ar,
transformation temperature. The hot rolled steel plate is then quenched at a cooling

rate of about 10°C per second to about 40°C per second (18°F/sec - 72°F/sec) to a
20  suitable Quench Stop Temperature (QST) preferably below about the M,

transformation temperature plus 200°C (360°F), at which time the quenching is
terminated. In another embodiment of this invention, the QST is preferably below

about the M transformation temperature plus 100°C (180°F), and is more preferably

below about 350°C (662°F). In one embodiment of this third steel example, the steel
25  plate is allowed to air cool to ambient temperature after quenching is terminated.
In the three example steels above, since Ni is an expensive alloying element,
the Ni content of the steel is preferably less than about 3.0 wt%, more preferably less
than about 2.5 wt%, more preferably less than about 2.0 wt%, and even more

preferably less than about 1.8 wt%, to substantially minimize cost of the steel.



I s about 450C (842F). The steel plate may be held
substantially isothermally at the QST by any sui tabl e neans, as are
known to those skilled in the art, such as by placing a thernal

bl anket oveWOtPB91&t eel pl ate. The steel plate may be sl owrcousssdazit er
gquenching is 5 term nated by any supg abl e neans, as are known to those
skilled in the art, such as by pl aci ng an insul ati ng bl anket over the
steel plate. Third Steel Exanple As di scussed above,
a copending U.S. provisional patent application, having a 10 priority

date of 19 Decenpgier d3@Hle sk frhusdlin cblutet@on it hShres ivehtitlardnNase Steel s
Wth Excellent Cryogenic Tenperature Toughness", and identified by the

USPTO as  descripgshiniother pubicagions they drsgive@itraigh stesagthalowentloy steels on of ot her

steels suit ¢ ' o I ol Q@PI Allﬂﬁ dis
provi ded for%QJg%él%l rl?sn%%’éh%utgP’Va}tﬁrﬁgﬁl’gﬁ&e@%ﬁsﬁl?%u S%Peatr p gg@ steel plate
havi ng a m AvRes{l2okd),) med tavingrexedllant lowderhpeidure tdupbress. dfyekandfle,soelo 15 of a

first phase of substantially 100 vol9%(i..e.. suhs Lal l 0

bseenti BT 1 e ate debebpd i 4 Buoeam S Aroicron PobtRb st s Wbl 4
second phasga@hg Bit@HRBnNAPpEcatibh MEnber: PCT/TPIGV15FAnd BitkmatRnklensi t e,
fine-grained | ower bainite, or mxtures thereof, wherein the nmet hod

conpri ses t ublicatipmmusmber WO AB/Z3F0940%08 1995/ Gazetier) 996/38) (susbsteelsng t enper at ur e
P Iy b o . > b
suf ficient %ré}‘gxgglgthgw% g%@gfogw@ﬂdyw@@ WAL abdh asgeﬁ&h%gﬂ.@ (i)

di ssol ve 20 bstant carbi des and carbonitri‘des ni obi um and
vanadi um i n préndsieiabpaters lapglication with a printity dat¢ of 28Subyol 998 renfitled Ultrat i al

austenite grai i n .t | ab: (D), reducin he ste » Slab to
form st é‘gl r}%ﬁg gtr?‘ﬂgﬂb S;‘Zekgqtb% t?eis ‘H@? E%%C%IW ?rg“aﬁia%‘g g%mpﬁatgrﬁ"rugmﬁs% Prper at ur e
range in and idenbifiedbyatis USPTO s ApplicatiéralNb.i60853915c) further reducing the
steel plate in one or nore_ hot rol l.ing, passes in a_second

tenperature rang& %%I}Ycﬂﬁl_%ﬂl’e“ieffémﬁﬂ' steelsnfls Hadgrstood by thoge @lledé‘b&?e about
the Ar[err] 4 ANREORAEH HRPehGERRIG Htfeknbd) refdd fopferdt 38kEHdAGn BRI d St eel

plate in one or nore hot rolling passes in a third tenperature range '
bel ow about thigknesy ¢fghersteel slab or platerpries fodhewgduction refangneedatRor purpesds efbove about

the Ar| elrsr] € éﬁ%{oﬁ%@gt&rﬂ{&u{tﬁ l?t}u%gﬂﬁsiin‘%f:ﬁo a steel slta{) Qfabio ﬁrtﬁ{n'lt i cal
t enper at’dre tange), dquenching sard stee rﬂ’af’e at a cooling’rate of
about 10[ er r(l Cirpokes) thivknessimbpbeadeduted divue50% @ Sdpercast caluckion), 3 efirst F'sec -

o L e RS o B R S e SRR g ¥ 0 o

(an 80 percent reduction), in a second temperature range, to a thickness of about 2.5 cm

(1 inch). Again, for purposes of explanation only, without thereby limiting this
20 invention, a steel slab of about 25.4 cm (10 inches) may be reduced about 30% (a 30
percent reduction), in a first temperature range, to a thickness of about 17.8 cm (7
inches) then reduced about 80% (an 80 percent reduction), in a second temperature
range, to a thickness of about 3.6 cm (1.4 inch), and then reduced about 30% (a 30
percent reduction), m a third temperature range, to a thickness of about 2.5 cm (1 inch).
25  Asused herein, "slab" means a piece of steel having any dimensions.

For any of the above-referenced steels, as is understood by those skilled in the
art, the steel slab is pre_ferably reheated by a suitable means for raising the temperature
of substantially the entire slab, preferably the entire slab, to the desired reheating
temperature, e.g., by placing the slab in a furnace for a period of time. The specific

30 reheating temperature that should be used for any of the above-referenced steel



17 plus 200[err]C (360[err]F); and (f) stopping said quenching. In
anot her enbodi nent of this third steel exanple, the QST is
preferably bel ow about the Merr] transformation t enperature plus
100[err] C (W88FePF4F), and is nore preferably bel ow about P WRT¢
(662[err]F). I n one enbodi ment oflthis third steel exanple, the steel
plate is allowed to air cool to 5 anbi ent tenperature after step (f).
This processing facilitates transformati on of the m crostructure of
the steel plate to about 10 vol % to about 40 vol % of a first phase of
ferrite andcabpasitiofmapbdteadilyadotomingibyariction fkilledsio thorad, githectsy of

pr edom nant | . | ne-qr.ai ned | mar,t,enghi.e I ne-grai ned | ower
bainite, or %W@g%ﬁéﬁ@%@?“ﬁ‘g@@“ e modelyy %@‘é’éwﬁ*gl?e FEhi ti ons of
Tlerr] tenpemijerthite aiYehafingtith@ndckssarito Alst the tdmpefahite bsubRritialy thd O

t enper at ures. To ensure anbient and cryogeni c tenperature

t oughness, shabmeaferpbly thercatingflab, to the degired iebeaiing tempsBabie Magbeel s of this
third stgel %ﬁfg i \ fhd ce td ddh@ard ihuRRA | over

bai ni te, gfi ne- g a+tne | a ﬁﬁ%ﬁﬁ%ﬁ%@ (E)l?b}\r/rir%fetrﬁnr eg ﬁgﬁgf. I't is

pref erabl e tpoblicatietsanti ally mninmize the formati on of enbrittling

constituents such as | e 1.0 ] r | in the
second phase. Asgﬁgﬁogglﬁaﬁlgge'{eﬁpe?ﬁw &@as,%%@%@?ég@ﬁﬂ%e cl ai ns,
" pr edoni nantaktythe tapefanat thhiritShesaliboundy hebhesithe recrystalpatiGenahge ahide r emai nder
of the second phase m crostructure can conprise additional

fi ne- gr ai nedhohaeveystaiifziationt rengeatiie T itemnpdratire, depepdaomibe cheatistryred thesstesl, t e, or
ferrite. Mre preferably, the microstructure ofthe second phase
conpri s@§ atanfl mese patisylarly sm thevehostingtemperatyeerhefore rollingheeAb®0 vol une per cent

fine-graine %oh@e%ﬁﬁog?ﬁg hioBium' doRéen@ktidh Mifthk &hbunt of reduction given in the

rolling passes. Persons skilled in the art may determine this temperature for each steel

L€

composition either by experiment or by model calculation. Likewise, the Ac,, Ar,, Ar,,
and M, transformation temperatures referenced herein may be determined by persons

15  skilled in the art for each steel composition either by experiment or by model
calculation. .

For any of the above-referenced steels, as is understood by those skilled in the
art, except for the reheating temperature, which applies to substantially the entire slab,
subsequent temperatures referenced in describing the processing methods of this

20 invention are temperatures measured at the surface of the steel. The surface
temperature of steel can be measured by use of an optical pyrometer, for example, or
by any other device sujtable for measuring the surface temperature of steel. The
cooling rates referred to herein are those at the center, or substantially at the center, of
the plate thickness; and the Quench Stop Temperature (QST) is the highest, or

25  substantially the highest, temperature reached at the surface of the plate, after
quenching is stopped, because of heat transmitted from the mid-thickness of the plate.
For example, during processing of experimental heats of a steel composition
according to the examples provided herein, a thermocouple is placed at the center, or
substantially at the center, of the steel plate thickness for center temperature

30 measurement, while the surface temperature is measured by use of an optical



martensite, or m xtures thereof. Even nore preferably, the mcrostructure

of the second phase conprises at | east about 90 vol une percent
fine-grained | ower bainite, fine-grained lath martensite, or mxtures
thereof WO 98/59164 A steel slab processed according t SCTAS/RMAr d st eel
exanple is manufactured in 25 a custz2rmary fashion and, in one embodi nent,.
conprises iron and the follow ng alloying elenents, preferably in the
wei ght ranges indicated i n the following Table I11:

18 _ Table 111 :
Al oyi ng El Raghdter. A correlatitiBg®edndefifer température and surface tmidoraturé is) _ 0 04

- 0.12, nore preferably 0.04 - 0.07 anese Qh
2.5, nore piexelepeddbruse dgring subgequent processing of the sarge, pr f(“l%?‘ tiallytie 7 o . 3 0.,
more pref er%ystéal goxB%c%xtﬁn, such that center tenﬂhr@ﬁi‘ém B¥etermined YiaQ@eect 0. 1, nore

pr ef er abl tani um (Ti) 0.008 - 0.03, nore
pref erabl y fe&firemeft cfaufe temperature. Abbiﬁhﬂ’ reawiredApryperaturegnd)flqw ratgof5. nore

preferably Q.005 - 0. 005, nore
pr ef er al y @B?mhmé ﬂa%éo accomplish the d@sﬂ%& %ﬁ%&@ﬁtﬂﬁ 'é%o(l%g rate glaggﬁe times added to
the steel, Eét&frﬂﬁeﬁlﬂg)bnﬂ pkified ia e tirt Hy r@ference to stah@drd mdustxymubhmensar abl y about

0.2 W% to about 0
A person of sk111 in the art has the requisite knowledge and skill to use the
information provided herein to produce ultra-high strength, low alloy steel plates
having suitable high strength and toughness for use in constructing the fuel storage
10  and delivery system containers and other components of the present invention. Other’
suitable steels may exist or be developed hereafter. All such steels are within the
scope of the present invention.
A person of skill in the art has the requisite knowledge and skill to use the
information provided herein to produce ultra-high strength, low alloy steel plates
15  having modified thicknesses, compared to the thicknesses of the steel plates produced
according to the examples provided herein, while still producing steel plates having* -
suitable high strength and suitable cryogenic temperature toughness for use in the -
system of the present invention. For example, one skilled in the art may use the
information provided herein to produce a steel plate with a thickness of about 2.54 cm
20 (1 inch) and suitable high strength and suitable cryogenic temperature toughness for
use in constructing the containers and other components of the present invention.
Other suitable steels may exist or be developed hereafter. All such steels are within
the scope of the present invention.
When a dual phase steel is used in the construction of fuel storage and delivery
25  system containers aﬁd other components according to this invention, the dual phase
steel is preferably processed in such a manner that the time period during which the
steel is maintained in the intercritical temperature range for the purpose of creating the
dual phase structure occurs before the accelerated cooling or quenching step.
Preferably the processing is such that the dual phase structure is formed during
30 cooling of the steel between the Ar, transformation temperature to about the Ar,



15 Mol ybdenum (Md) is sonetines added to the steel, preferably up
to about 0.8 wt % and nore preferably about O. 1wa%to abogt 0.3 \évt%
Silicon (Signl nmetines added to the steel, preferably up to about O.

w % ( ‘Q’rr%rbszsgggef erably about 0.01 wt%to about 0.5 wtB&T/H$#12MENn nore
pr ef.erably about 0.05 wt%to aba’ 0.1 W% 2 O Copper (Cu),
preferably in the range of about 0.1 wt%to about 1.0 wt% nore .
preferably in the range of about 0.2 wt%to about 0.4 W% is sonetines
added to the st eel . Boron (B) is sonetinmes added to the
steel , pr efteansiormatiop terepesatwrg: Ao additionalpreference for steelpusadun thepr ef er abl y about

0. 0006 Wt % : O 4 . . . el, pref er ah contai ns at

| east aboui&%ﬁg%?%?g%gﬁ%{%?’g%gon es n velé?c;m?m%{ e f‘ﬁ@llgf %é’l“s'gn be '

i ncreased amﬂghgmmrtgsgﬂwmagmsqsi)efﬂﬁmmhamt aam:agé\ftgmmigqﬁ?gﬁ%% T of the
ing. Each 1 wt.% Ickel 1s expected,

\é\?lag: ngy uponco 518%‘?“%](5% %’E@%)at.e &P‘@}P&“ﬂ‘&ﬁ%xlgm SteRy 1.y WHEPWBNY | ess than 9

W % noise pidaftivhalProcessifpthat requires fehefing OOME st@el‘éﬁc%@as Mﬂeﬁ}]% CRiskENt - 1S

preferably mnimzed in order to mnimze cost of The steel. If’

ni ckel contREpferaply the tepsilestkengiinoibe sippl yporscompletionafida guenching r;t e _rll_t ca][\ .
% %, Ther ef or e,
19 cohﬁn%%sgﬁm@r&%g%&ﬁ@@g@%,aﬂamré efbrabiy/brdhier IO

a broad sense, to a % mafnganese 1s prefe :
Addi t i onal |apoutr209iMRa(130 ksip Ipsehe appilicytionsilasteahitaviviglaytensila steengticbfi N t he

w5 sul £ ursTast BP0 0 e A3 b b bRt o MO0 R 801 i 06
Oxygen 100) gredtérahidn dbdut0ed MFak 45 ksd)s Gponltapletion of tﬁ@@léhclﬁn@&%d&ig%

In sonmewhat greater detail, a steel according to this third stee

exanpl e
step is preferable.
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Joining Methods for Construction of Fuel Storage and Delivery System
15 Containers and other Components
In order to construct the fuel storage and delivery system containers and other
components of the present invention, a suitable method of joining the steel plates is .
required. Any joining method that will provide joints with adequate strength and
toughness for the present invention, as discussed above, is considered to be suitable. .
20  Preferably, a welding method suitable for providing adequate strength and fracture .
toughness to contain the fluid being contained or transported is used to construct the
containers and other components of the present invention. Such a welding method
preferably includes a suitable consumable wire, a suitable consumable gas, a suitable
welding process, and a suitable welding procedure. For example, both gas metal arc
25  welding (GMAW) and tungsten inert gas (TIG) welding, which are both well known
in the steel fabrication industry, can be used to join the steel plates, provided thata
suitable consumable wire-gas combination is used.
In a first example welding method, the gas metal arc welding (GMAW)
process is used to produce a weld metal chemistry comprising iron and about 0.07

30  wt% carbon, about 2.05 wt% manganese, about 0,32 wi% silicon, about 2.20 wt%



prepared by formng a slab of the desired conposition as described herein;
heating the slab to a tenperature of from about 955[err] C to about
1065[err] C (1750[err]F - 1950[err]F); hot 10 rolling the slab to form
steel pl at eVPR8//64 or nore passes providi ng about 30 per cCBEWUSN/12741 about
70 percent reduction in a first tenpergure range in which austenite

recrystallizes, i.e., above about the T[err] tenperature, further hot
rolling the steel plate in one or nore passes providing about 40
percent to about 80 percent reduction in a second tenperature range

bel ow about nickg, abb8r0.45 WErERERiv, @b 0.58 Me%enditildhurh, essAiad abddt 110
transformation tenmperature, and finish rolling the. steel plate in one or

mor e passesPRm phosphorops, , 8% lews thanbeut 5 ppeysulfun Ths weldismadeonestednt reduct i on
In the integghisk baAbe hEMBIGE aés%ﬁ‘ed steels, us{r%réﬁ%:éaﬁlbﬁyéd%ﬁemtngtga@wﬁh[ err]

transformation terperature and above about the Ar[err] transformation
t enper at urelesél'tinanhlmiuttM%@dymeéhemldmshﬁgmmwlqﬂ'@m&fdlouho 8ool i ng

t f 10
E i8[ee(r)r ] %8%‘5}@?2%@%98%/’&9§M’m 9% gﬁ%ncsh %op Tenperat ure
(QsT) pr ef e ﬂﬁhdés bWethﬂeﬁb@eE Glohuary)/[naﬁtig a tensile strengtht gaaémhmﬁﬂonmmooe nper at ur e
| 200 360 h hi
!toelrjrsn' nat [egr ﬁ?ﬁéﬁ‘bﬁ[ﬂgg at %’fabtPl %OW?#E% IE%FI"‘bWS preferably

bel ow a?e?ﬁ% abdife ob4 ﬁﬂP&liOrléi)SJn%V@ntm&Q plefiitay atledsCabdht 00000 err] C
(180[err]F), Band i's more preferab bel ow about 350[err

(662[err] F) mméﬁbsnbrﬂmwnwnldmﬁbyrtm methid providepweld,mgta) vdth %%'}Et eel 25

pl ate i aIIo Bhd~ £ I gis
term na?’g abofl 73 C(C%E)I I‘R,ﬁrhge?%% r e2°"$e§d§’9r€|9§%sj{ ?4(? fg‘[?rﬂﬂ r?;c]e Ni is
an expensi ve,ew a:byshMOG?bE(mﬁmE), and even mote@rdiiratdp h¢lewhbaft -1 158C st eel is

preferably |ess éhan about 3.0 wt% nore preferably | ess t han about
2.5 W™ % r‘e”BrFferany | ess than about 2.0 wt% and even nore

preferably |ess tabtiapextimple Weltin¥imettRd HOGMAWippddess ifTuse 10 frodeest of the
steel . weld metal chemistry comprising iron and about 0.10 wt% carbon (preferably less .
15 than about 0.10 wt% carbon, more preferably from about 0.07 to about 0.08 wt%
carbon), about 1.60 wt% manganese, about 0.25 wt% silicon, about 1.87 wt% nickel,
about 0.87 wt% chromium, about 0.51 wt% molybdenum, less than about 75 ppm-
phosphorous, and less than about 100 ppm sulfur. The weiding heat input is in the
range of about 0.3 kI/mm to about 1.5 kJ/mm (7.6 kJ/inch to 38 kJ/inch) and a preheat -
20 of about 100°C (212°F) is used. The weld is made on a steel, such as any of the
above-described steels, using an argon-based shielding gas with less than about 1 wt%
oxygen. Welding by this method provides a weldment having a tensile strength
greater than about 900 MPa (130 ksi), preferably greater than about 930 MPa (135
ksi), more preferably greater than about 965 MPa (140 ksi), and even more preferably
25  atleast about 1000 MPa (145 ksi). Further, welding by this method provides a weld
metal with a DBTT below about -73°C (-100°F), preferably below about -96°C
(-140°F), more preferably below about -106°C (-160°F), and even more preferably
below about -115°C (-175°F).
In another example welding method, the tungsten inert gas welding (TIG)

30 process is used to produce a weld metal chemistry containing iron and-about 0.07 wt%



20 O her suitable steels for use in connection with the

present invention are described in other publications that describe
ul tra-high @{% @%Lﬂ J1 | ow al |l oy steels containing |l ess than about 1
Wt % ni ckel VB3 é tensile strengths greater than 830 PCT/RER127Y0 ksi ),

and havi ng excel l ent | owtenperature t&ughness. For exanple, such 5

steels are described in a European Patent Application published February 5,.
1997, and havi ng I nternational application nunber: PCT/JP96/ 00157,
and | nternati onal publ i cation nunber WO 96/23909 (08.08.1996 Gazette
1996/ 36) ( scarbors(peaférably less thap alxfue 0.8 wy%lvarbbmgatwut bpwi®s omngamete, of 0.1 wt %

w i a pri oftey O3B Dt Sy e ighe bR O BT oo BbST! og

Vel dabl e St Mmayﬁ&nﬁ%bhmzl W% eappb) WboleMDR Wl duthirion,Gbae 9010 and
i dentified by the USPTO as_ Appligati.on 60/ 05 915 For any
of the abovdﬁéﬁﬂ@ﬁé@ﬂ“&@él“ﬁt °%%°°P’§md§§e]r° BV SPpemphoprhora¥s, i n t he
art, as yses!nmc,s%& abO8f TEHm mﬂy%%xdﬁ%ﬂeﬁ iRRRESE’ merﬁﬁgaro%as&t par cent
reduction in the t hickness of the

eel slab or atef)rlor to the
reduction rs¥/mmetembdut lFi)kJ/Ipm(ﬁésldéthfto QSU/lndﬁﬁhéna@moﬁmwt 0°€hout

| nohes) t i (47e0dS e B Gelgielbaadortd B PR By ofREMvE bl ) 10,

Ilh rst g sﬁedﬁ,pﬁh@tag(r;ﬁgmaim shiehhmg gahmmhmesﬁaamhbcmbbm%biygencm (5 :j nches)
en reduce ) 0 er uc. |on in a secon

t enper at ureqyfgﬁ%ﬁ Ly?lg s methpd prp aHFﬁﬁ’SBﬁ?v‘? e@ﬁxﬁestre gth greater Ay — again,

for purp@seab&i‘w@dnim@som feyab h&tmantdas&t@bumams 189, fbfes 20

i nvention, a steel slab of out : ‘810 i nches) may be reduced about

30% (a 30 preferably greater thaeabm:@ %ﬁMPa Moaks iand evenangre prefagebdy atécﬁgte to a
t hi ck th f 0% 80
ene s eantditddho ¥t SRe s BE0E7 bl bt SRS RGP (21

per cent reduc I'n‘a’se i ckness of
about 3.6 c mxm]a BEBTT bklpw aboat -737E€(- Y06CK)c prelfesabiy el c30M0 - 98TC (-140°F), per cent

duction), | hird t t t hi ckn f abqut 2.5 1
nch) . 25 meRe Pty aaey Aot il (TERR, s pln mbriroERRL Iy any

di mensi @8s. -115°C (-175°F). For any of "the above-referenced steels, as is
under stood by those skilled in the art, the steel slab |s preferably

reheated by a suSimilravelfmelal shgmisirigs 4q thgsementipegdie theeyamaples canbe f
subst ant i al b4k Béing Biitier the M RW BY BE $G RelirpProcelibs. "Howdhv@ thel1Gt he  desi red

reheati ng
welds are anticipated to have lower impurity content and a more highly refined

microstructure than the GMAW welds, and thus improved low temperature toughness.
20 A person of skill in the art has the requisite knowledge and skill to use the
information provided herein to weld ultra-high strength, low alloy steel plates to
produce joints having suitable high strength and fracture toughness for use in
constructing the containers and other components of the present invention. Other
suitable joining or welding methods may exist or be developed hereafter. All such

25 joining or welding methods are within the scope of the present invention.

Construction of Fuel Storage and Delivery System Containers and other
Components
Without hereby limiting this invention: fuel storage and delivery system

30  containers and other components (i) constructed from materials comprising ultra-high



tenperature, e.g., by placing the slab in a furnace for a period of tine.
The specific 3 0 reheating tenperature that should be used for any of the
above-referenced steel

21 WREHIO tions may be readily determined by a pRETUSAIM | ed in
the art, either by experinment orzgby cal cul ati on using suitable

nodel s. Additionally, the furnace tenperature and reheating tine
necessary to raise the tenperature of substantially the entire slab,

preferably the entire slab, to the desired reheating tenperature may be 5 .
readi |y detsrengtheldwinjlopstpels comininifg lebsettlan Swith aickeltand (fi)hatiag adegqaatt 0 st andar d
I ndustry ublications. For any.of the above-referenced
steel s, as ?t'éenﬁtﬁ(?@ CRBRMCIEIPHRILLs facturg topehnpss ig,eo i PLN e Preyidedienper at ur e

that defi nefurthbecaAGPind JBRE BRAPLNCRE coEhd(&t Pdm naftkihR Bohadg and .
non-recrystallization range, the T[err] tenperature, depends on the

cheni stry ovltrefighsfrergth, lovy glloy sigels qontaipmedess thag Savtanicksh andavingifeat i ng
tenmper atgr ete%fe%&&%ﬁ&x‘e&t@&ha& $%0 ¥1P4 090 ksi) and.a DEPP fr?%{lhg% Lt -7‘3?15;I In: (r)] g-' um

concentration and the anmount of reductioh given I
passes. Per 6b0XF) kielprevideadnfutther, containess/and ether eonmmpenerits §) ¢oastpetediftone f or each

st eel anposi tion ejthe xper i.nen r . rodel ccal cul gtion.
Li kewi se, tﬁ‘é&ﬂ@fé‘f’?ﬂls‘%‘fﬂﬁ'ﬁg?‘ sﬁ%{g&, Fﬂ ,aﬂ&% s?eel(s) coniHg™ eéf‘p’]m?ﬁ‘ﬁ‘lﬁgfior mat i on
t enper at ur egn%aickelrmna ¢il) Haeing hdeqimty stengtheing ejoperic lampaesofdturd 5 skill ed
in the art for each steel__conmposition either by experinent or by nodel

cal cul at i ontoughnessto contain PLN%F peyidedy and furthsy, Gondaipers adOiiely steels, as is
under st ped BymbdiestS, (BlcbhdnBbted foffaterials comprising ultra-high strength, low alloy

steels containing less than about 3 wt% nickel and (ii) having tensile strengths _
exceeding about 1000 MPa (145 ksi) and DBTTs lower than about -73°C (-100°F),
are provided. Such fuel storage and delivery system containers and other components .

are preferably constructed from the ultra-high strength, low alloy steels with excellent .

15 cryogenic temperature toughness described herein..

‘The fuel storage and delivery system containers and other components of this
invention are preferably constructed from discrete plates of ultra-high strength, low -
alloy steel with excellent cryogenic temperature toughness. Where applicable, the
joints of the containers and other components preferably have about the same strength

20  and toughness as the ultra-high strength, low alloy steel plates. In some cases, an
undermatching of the strength on the order of about 5% to about 10% may be justified
for locations of lower stress. Joints with the preferred properties can be made by any
suitable joining technique. Exemplary joining techniques described herein, under
the subheading *“Joining Methods for Construction of Containers and Other

25 Components".

" As will be familiar to those skilled in the art, the Charpy V-notch (CVN) test
can be used for the purpose of fracture toughness assessment and fracture control in
the design of containers for storing pressurized, cryogenic temperature fluids, such as
PLNG, particularly through use of the ductile-to-brittle transition temperature

30 (DBTT). TheDBTT delineates two fracture regimes in structural steels. At



art, except for the reheating tenperature, which applies to substantially
the entire sl ab, : subsequent tenperatures referenced in describing

t he process&%g)s}gﬁtpods of this 20 i nvention are tenperatures neasured at
the surface of “tH&*steel. The surface t enper ature SFTHSE¥R™an be
measured by use of an optical pyronete7 for exanple, or by any

ot her device suitable for neasuring the surface tenperature of steel. The
cooling rates referred to herein are those at the center, or substantially
at the center, of the plate thickness; and the Quench Stop

Tenper at ur ete@@miurgsbeldye thg Rﬁ%‘s ffailugg intheCharpy ¥ oteh teshiends tojeecumibyhest |

t enperat ure,reac . . +ebl nching is
st opped, be%:oavg%éepﬁd%ggé%?gl%%%%’ghﬁ%ﬁ i gﬁﬁﬁrﬁq‘%ﬁqﬁgg 'srT b P‘%e pl at e.
For exanpl etendsito orgurhydigiseneryy duttile figetmrem€lontainetsdlmt sre@bnsirusted domc onposi ti on
according to LPS ex]ggg_l es ‘F)rov(iifqﬁ_?\@%@e%n a tt&orrmcou | e i.s placed at the
center, or Weldedsteglsforthestorags Eofherloadheating, CYORRIIC 1 ot e t hi ckness
for centgr tGRRSitalYERice nfist haVE DRI B Heterntiiéd ¥y thd Chapy VassicH egiper ature is
measured by use of an optical

22 welldetorethe servieo femprrature of the stshe inordes to aveidfuitde filareand surface
' i far. ar i i f th
tenmperature ﬁsei,gl}ﬂ%?rf@g SRS e 'sCHvicd Sonditids IR iR SiEGheS BERESI NG OF the

same, or sub sanme, steel conposition, such that center
t enper at ur e appljcable ctistiBeatiom sabiety,dhetieqeicad DBTT tempersrashifhmapbe fomf ace

tenperature._Al SQ., Lred temperature and flow rate of 5 t he
quenchi ng fIsuélcﬁ"?%éa@g%{ﬁme?%&aéwgg’n}f&a&%rat ed cooling rate nay be
determ ngd by onesskillbk Ednilisk tb lteseskilldin tief 2t 8 GPerhtingdondidatistakandust ry

publ i cations. . L A person of skill in_ the art has _the requisite
know edge ariBtogrpsideration inthedggign of containerscopsimupts fipmawdlded 8l ©Fn t o produce
ul tra-high : : : £ A D515 Tbl hi gh
strength an?‘{’g@%ﬁ?‘e’?&sﬁ%‘?& h%gsu?%%%wg%%hﬁfﬁé s%cﬁeap ?%ﬁ@??@?gg’gb and
del i very systtemtlings; thc operatingiesstta@nd teopershies: aswell as ddditionalstresses thatent i on.

Ot her are likely to be imposed on the steel and the weldments (see Glossary). Standard

15  fracture mechanics measurements, such as (i) critical stress intensity factor (K;o),
which is a measurement of plane-strain fracture toughness; and (ii) crack tip opening
displacement (CTOD), which can be used to measure elastic-plastic fracture
toughness, both of which are familiar to those skilled in the art, may be used to
determine the fracture toughness of the steel and the weldments. Industry codes -

20  generally acceptable for steel structure design, for example, as presented in the BSI
publication “Guidance on methods for assessing the acceptability of flaws in fusion
welded structures”, often referred to as “PD 6493 : 1991”, may be used to determine
the maximum allowable flaw sizes for the container based on the fracture toughness of
the steel and weldment (including HAZ) and the imposed stresses on the container. A

25  person skilled in the art can develop a fracture control program to mitigate fracture
initiation through (i) appropriate container design to minimize imposed stresses, (ii)
appropriate manufacturing quality control to minimize defects, (jii) appropriate
control of life cycle loads and pressures applied to the container, and (iv) an
appropriate inspection program to reliably detect flaws and defects in the container. A

30  preferred design philosophy for the system of the present invention is “leak before



suitable steels may exist or be devel oped hereafter. Al such steels are
within the scope of the present invention. . . A person of
skill in the art has the requisite know edge and skill to use the

i nf or mat i oNWOG918ed herein to produce ul tra-hi gh strengtBEI/USRM2341| oy st eel
plates 15 having nodified thicknesseg, conpared to the thicknesses of the

ste€él plates produced according to the exanpl es provided herein,
while still producing steel plates having sui tabl e high strength and
sui tabl e cryogeni c tenperature toughness for use in the syst em of

the presentfailiysas is Fnilinoto titosaskille in dieearts Rhede@dnsiderdtions ¢ gendhdllyuse t he
information provided hergin to, txgducgn&? steehmgl gte with a thickness of
about 2. 54 refgired tp herein ag #ewynaw@l of af IptaremmesheNSSr engt h and sui tabl e

cryogeni ¢ t enperat Wifwispd AASR-indittg example of 4hpHcdtion 6PthedekabwvhNg t he.
cont ai ners and ot her conponents of the present invention. O her

sui t abl e stminciplesef fractirs meghanias injaprorestyeeforrakalatingeritica) flawsdepth Brael s are
Wi t hin . the sc of ' ' e s . \When a
dual phé-’se %Yeé‘et?a“fénégg%uf% %ﬁg@%ﬁﬁ%ﬂﬁ%ﬁ%&hd set%nPgté()en%ral’d delivery 2
S) Syst em eanirr Asorlingtd tldé ientivonponent s according to this invention, the

dual phase ste Is preferabl r ) in, s er that the
time period duriFﬂE]'°%ﬁ{3ﬁmftF£3§aw° a“é["@%ﬁgffsmﬁ&a?”{tdﬂ’%égo'i H&Fyé‘s :

i ntercriti cgled RGN Hihes FoRCrities] flaReside Pldl 96 shoivn Gk BRY.I4AGabdion dual
phase structure occurs before the accel erated cooling or quenching step.

Pref erabl y thifoljowirgdesigngonditions £91 apmessure Nesse) QRFONENEEe structure is formed
during 0 cooling of the steel between the Ar3 transfornmation
tenperdture to about the Arf[err] :
23 t r ansf or ribdsseb Didmetqeer at ur e. 441 ma¢idift)i onal preference f.or steels

used in the constr L.on.of contai,pers rding to this invention is

that the steel has ar‘feéﬁiﬂa@%&mess’strer% tﬁnné?ggq)%l' than 830 MPa (120 ksi)

and a DBTT | ower thameigaPressutel err] C ( 3a80§Rar(590psi) ) -
Allowable Hoop Stress: 333 MPa (48.3 ksi).

15 :
For the purpose of this example, a surface flaw length of 100 mm (4 inches),: -
e.g., an axial flaw located in a seam weld, is assumed. Referring now to FIG. 4A, plot-
300 shows the value for critical flaw depth as a function of CTOD fracture toughness -
and of residual stress, for residual stress levels of 15, 50 and 100 percent of yield
20  stress. Residual stresses can be generated due to fabrication and welding; and
PD6493 recommends the use of a residual stress value of 100 percent of yield stressin
welds (including the weld HAZ) unless the welds are stress relieved using techniques
such as post weld heat treatment (PWHT) or mechanical stress relief.
Based on the CTOD fracture toughness of the steel at the minimum service
25 temperature, the container fabrication can be adjusted to reduce the residual stresses
and an inspection program can be implemented (for both initial inspection and
in-service inspection) to detect and measure flaws for comparison against critical flaw
size. In this example, if the steel has a CTOD toughness of 0.025 mm at the minimum
service temperature (as measured using laboratory specimens) and the residual

30  stresses are reduced to 15 percent of the steel yield strength, then the value for critical



upon conpletion of the accelerated cooling or quenching step, i.e., wthout
any 5 addi ti-onal processing that requires reheating of the steel such as

t enperi ng. r preferably the tensile strength of the st upon
conpl etion 9$'f?é64quenchi ng or cooling step is gr eaf’gfmﬁﬁzlﬁj"‘ébout 860
MPa (125 ksi), and nore preferably gred®er than about 900 MPa (130

ksi). In sonme applications, a steel having a tensile strength of

greater than about 930 MPa (135 ksi), or greater than about 965 MPa (140 .
ksi), or 10 greater than about 1000 MPa 5145 ksi), upon conpletion of the
quenchi ng orflavodepitnig approximatelyf ming (spe pdint320joa FIG. 4A). Followipgsimilay Met hods

for Constru C%?é?:gatigg p@égciure% & ﬂgﬁeﬁ%ﬁo ek &1@%&?& g@ a}ﬁ gritfcu efﬁvgi ners and

ot her Conpon n or to con St orage and
del i very sysdeshscanbadaetmnedfor varibay flaw lengthcasmrdines vardousfflaivigeomerise nt

i nvention, a suitable method of, joini the steel plates is . required.
Any [ of ni o HEREHE Rismals f Gl Foro] BoRRE: ap Speon RS s bHgEsS and

t oughnesss f Oﬂetéé%l@ﬂﬁ@imenﬁﬂﬁ&?ﬂ&dﬂéﬁcg) sl &wgﬁeqdq akarahatifwsarsi dered to
be suitable. 20 Preferably, a welding nmethod suitable for providing

adequat e st r deteqted andaernedigsk nyjos to reaching theerificalsflavt depthopripsichtorthe 1 ui d bei ng
t ai d { : L: : : Qntiai d
contained or S hdl% %,[f%h:e%géxgré gﬁ?ﬁ.ﬁﬁe&WI%ggﬁBgmal ogielaﬁ&ﬁb% S an

ot her conpon&l §*0 i'nven wel di ng netho
preferably i CVN)Egsand GROD &bdteretaughuess,the0.025 em CTGR itdugbbess goesaliyabl e gas,

i tabl | di , i tahl | di . F
xaml o, bot FeeREG VPSS SE A T driple T gt BISFREN “gas (11 o
vel di ng, 1 i glveRtich ikghywie! | known in the steel fabrication industry,

can be used to join the steel plates, provided that a sui tabl e
consumabl e wi r e- gBer contaisersand ethes epmpoaents that require bending ofjthe gealie®t exanpl e

broduce a el ACPRER sk R Ackualfer 80 (AR bhape fre EGEEIRLS 05 ”
car bon, aboupreZeraily biriinta thgatesieed shapsatiemGierd 2empetatge in order;to abaidt 2. 20 wt %
detrimentally affecting the excellent cryogenic temperature toughness of the steel. If
15 the steel must be heated to achieve the desired shape after bending, the steel is
preferably heated to a temperature no higher than about 600°C (1112°F) in order to -

preserve the beneficial effects of the steel microstructure as described above.

20 EXAMPLE FUEL STORAGE AND DELIVERY SYSTEM

One embodiment of a fuel storage and delivery system according to this
invention for storing PLNG fuel and delivering vaporized PLNG fuel on demand for
combustion in a vehicle engine, and the unique advantages associated therewith, is

25  described in detail below. Components of the fuel storage and delivery system, for
example, the fuel storage container, liquid lines, vapor lines, and vaporizers, are
preferably constructed from the low alloy, ultra-high strength steels with excellent
cryogenic temperature toughness described herein, or from other steels having the
desired characteristics described herein. For components that require bending of the

30 steel, e.g., into a cylindrical shape for a container or into a tubular shape for a pipe, the
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about 100 ppm sulfur. The welding heat input is in th range of about
0.3 kJ/ mm t dnelbdasta faelStorage ypntiner Okfptlrstﬂﬁa3=<9°l§alnm1/°ﬂﬁelt‘?§m§}¥ preheat 20

of - about 100 S latL&gwﬂfzthe/J Joh@nei’ Siﬁéfﬁgragg{b?\tﬂﬁt g0 {sTofiReRd R IaRf €€l , such

as any o t escribed st usi ng an argon- based sh| el di ng
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through vapor port 11, vapor line 9, vapor solenoid valve 19, vaporizer 20, fuel line 4,

and fuel regulator 22. Fuel storage container 10 is also connected to safety relief

20  valve 26 through vapor port 11 and vapor line 9. The fuel storage and delivery system
of th1s example also includes a pressure switch 28 and a fuel gage 29. Asused in the
following description of the operation of the fuel storage and delivery system,
“opened” in reference to a valve means “at least partially opened”, unless otherwise
specified.

25
Initial Filline of Fuel St Contai

Prior to initial filling, fuel storage container 10 is typically at atmospheric

pressure and ambient temperature. The initial filling of fuel storage container 10 is
preferably controlled by a prescribed sequence. The prescribed sequence for the

30 initial filling is preferably pre-programmed into CPU 30 (not shown in FIG. 1, see

ced

i e
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increases the pressure in fuel storage container 10. When the tempemture in fuel
storage container 10 reaches the pre-set temperature value, liquid valve 15 is opened -

15 to allow the flow of liquid PLNG fuel from the refueling station through fill and vent
valve 13, liquid line 8, and liquid port 12 into fuel storage container 10, for the final -.
phase of the cooldown cycle. As the liquid PLNG fuel cools fuel storage container - -
10, the liquid PLNG fuel vaporizes and contributes to the pressure build-up. After the
pressure of PLNG fuel in storage container 10 reaches a pre-set pressure value, based

20  on the pressure differential between fuel storage container 10 and the refucling station,
flow of vapor PLNG fuel reverses through vapor valve 14 (i.e., from fuel storage
container 10 into the refueling station) and vapor valve 14 is then preferably fully
opened to maintain the pressure equilibration between fuel storage container 10 and
the refueling station. Liquid valve 15 is preferably fully opened when the temperature

25 in fuel storage container 10 reaches a pre-set operating temperature value, i.¢., as the
cooldown cycle is completed. Liquid PLNG fuel continues to flow into fuel storage
container 10, from the refueling station, displacing a substantially equal volume of
vapor PLNG fuel from fuel storage container 10 back into the refueling station until a
level sensor (not shown in the drawings) detects that liquid PLNG fuel in storage

30 container 10 has reached a pre-set amount or volume, at which time both vapor valve
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excel | ent PLNG fuel in storage container 10 is measured prior to the start of refueling, and is

preferably continuously monitored during refucling, by pressure transmitter 17 and
communicated to CPU 30 as an input signal 31. The pressure of PLNG fuel in the
refueling station remains substantially constant during the refueling process, as -

15  compared to the pressure of PLNG fuel in storage container 10. Thus, CPU30- ;.. -
continuously monitors the pressure differential between the refueling station and fuel
storage container 10 during the refueling process. Further, CPU 30 preferably . .-:« .
continuiously monitors, i.e., receives as an input signal 31, the level of liquid PLNG ...
fuel in storage container 10 through a level sensor such as a tuned densitometer (not

20 shown in the drawings). Also, CPU 30 is preferably pre-programmed with a set
minimum refiieling differential pressure, i.e., the minimum pressure differential
necessary to ensure the desired flowrate of liquid PLNG fuel from the refueling
station into storage container 10 without the aid of a pump. If the pressure differential
between the refueling station and fuel storage container 10 is less than about the set

25  minimum refueling differential pressure prior to the start of refueling, or decreases to
less than about the set minimum refueling differential pressure during refueling, CPU
30 manages the refueling process appropriately to ensure that the set minimum fueling
pressure differential is established. These pressure, pressure differential, liquid level,
and set minimum refueling differential pressure values are used by CPU 30 in

30 managing the refueling process by appropriately operating (opening/closing) valves
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condi ti ons, e requirenents
higher than about the pressure of PLNG fuel in the refueling station, vapor valve 14 is

first opened to allow flow of vapor PLNG fuel from fuel storage container 10 through

15  vapor port 11, vapor line 9, and fill and vent valve 13 into the refueling station.
Liquid valve 15 is opened when the pressure of PLNG fuel in storage container 10 .
substantially equilibrates with the pressure of PLNG fuel in the refueling station.
Additionally, CPU 30 communicates to the refueling station, by means known to
those skilled in the art, such as by electronic signal, to increase the pressure of PLNG

20 fuel by at least the set minimum refueling differential pressure to establish flow of
liquid PLNG fuel from the refueling station through fill and vent valve 13, liquid line
8, and liquid port 12 into fuel storage container 10.

Start-up when Fuel Storage Container Pressure, Added to Set Minimum
25 Refueling Pressufe, is Lower than or Equal to Refueling Station Pressure
When input signals 31 to CPU 30 indicate that the pressure of PLNG fuel in
storage container 10, added to the set minimum refueling differential pressure, is
lower than or equal to about the pressure of PLNG fuel in the refueling station, liquid
valve 15 is first opened to establish flow of liquid PLNG fuel from the refueling

30  station through fill and vent valve 13 and liquid line 8 into fuel storage container 10
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as a heater, in storage container 10. Solenoid valves 18 and 19 are both closed when - -

15  the differential pressure between PLNG fuel in storage container 10 and in the - -.;..: -
refueling station is reduced below the set maximum pressure differential. - :oeié -
Subsequently, liquid valve 15 is opened to establish flow of liquid PLNG fuel from. -
the refueling station into fuel storage container 10. Then vapor valve 14 is opened to~ -
allow vapor PLNG fuel in storage container 10 to flow into the refueling station.

20
Completion of Refueling Process

In all cases, during refueling, if the pressure of PLNG fuel in storage container
10 decreases to below a pre-set minimum pressure value (also preferably
pre-programmed into CPU 30), vapor valve 14 temporarily closes to allow the build

25  up of pressure of PLNG fuel in storage container 10, preferably to at least the pre-set
minimum pressure value. Otherwise, as liquid PLNG fuel flows into fuel storage
container 10, vapor PLNG fuel is displaced from fuel storage container 10 through
vapor port 11, vapor line 9, vapor valve 14, and fill and vent valve 13 to the refueling
station. Vapor PLNG fuel displacement continues until a level sensor (not shown in

30 the drawings) detects that liquid PLNG fuel in storage container 10 has reached a



failure", as is famliar to those skilled in the art. These consi derations
are generally referred to herein as "known principles of fracture
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critical el regulator 22 status (i.e., closed, open 10%, etc.). CPU 30 uses these input signals

31 to generate output signals 32 (see FIG. 2) for controlling fuel regulator 22, safety

relief valve 26, and solenoid valves 18 and 19, to provide PLNG fuel through vapor "

port 11, vapor line 9, liquid port 12, liquid line 8, vaporizer 20, fuel line 4, and PLNG

20  fuel regulator 22 to engine 24.

Demand for PLNG fuel from engine 24 for acceleration, for example, is met
by supply of liquid PLNG fuel from storage container 10. Liquid solenoid valve 18 is
opened to establish flow of liquid PLNG fuel through liquid port 12 and liquid line 8
into vapotizer 20, where the liquid PLNG fuel is vaporized and metered through fuel

25  line 4 and fuel regu]ator 22, into the inlet manifold of engine 24. Vaporized PLNG
fuel is supplied directly to the fuel injectors in the inlet manifold. The fuel injectors
may be of the pulsation type, for example, as is familiar to those skilled in the art.
Exceptionally high demand for PLNG fuel by engine 24 results in a correspondingly
high efflux of liquid PLNG fuel from storage container 10, which under normal

30 operating conditions results m a significant drop in pressure of PLNG fuel in storage
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One enbodi meninterfance devick (not shoagdn XHa Heﬁ“F@@r%h%%f%la@E@er?% this

i nventi f@ fotr st ar 'tnﬁ%—PIIDNG fuel and delivering vaporized PLNG fuel on
demand tor S©rageCORFRFISti on in a vehicle engine, and the unique advant ages
associ ated therewnaér,notmalaﬁeraungasndxhbmfor engite24; Whlﬁemnlate@@rnpmmaﬂs of the
fuel storage and deli v&riyels%stem

demand for PLN appropnatg amount of liquid PLNG fuel is supplied to

engine 24 from fuel storage container 10. Liquid solenoid valve 18 is opened to

establish flow of liquid PLNG fuel through liquid port 12 and liquid line 8 into - ... : .
15  vaporizer 20, where the liquid PLNG fuel is vaporized and metered through fuel line 4

and fuel regulator 22 into the inlet manifold of engine 24. The vaporized PLNG fyel:

is supplied directly to the fuel injectors in the inlet manifold. Again, the pressure of .
PLNG ﬁel in storage container 10 is monitored and vapor solenoid valve 19 is opened -
to return vaporized PLNG fuel into storage container 10, if necessary to assist in

20 regulating the pressure and temperature of PLNG fuel in storage container 10.

Engine Idling Operation
Under reduced engine load conditions, such as during idling, the demand for

PLNG fuel by engine 24 is correspondingly reduced. Under normal operating

25  conditions of pressﬁre and temperature of PLNG fuel in storage container 10, this
reduced PLNG fuel demand is preferably met by vapor PLNG fuel supply from fuel
storage container 10 through vapor port 11, vapor line 9, vaporizer 20 (on a pass-
through basis), fuel line 4, and fuel regulator 22, and with liquid solenoid valve 18
closed.

30 When the pressure of PLNG fuel in storage container 10 is below normal



exanpl e, the fuel storage container, liquid lines, vapor lines, and

vapori zers, are preferably constructed fromthe |ow all oy,
ul tra-high r h steels with excellent cryogeni ure
t oughness c}iéa%}g d herein, or fromother steels having t%gﬁ-ﬁ}g&?{ﬁ‘ desired

characteristics described herein. For &bnponents that require bending of
the 3 0 steel, e.g., into a cylindrical shape for a container or into a
t ubul ar shape for a pipe, the

30 steel is prefeY abl}{) bent into the desired shape at amnbient

t enper at ur e operatingjgessurs, te yippr PLNG fuglin stopaga containerdOristypicaldy xishsr incel | ent

cryogenic te era ur.e. ?trrfg% el nust be

heated.to a t%"%glre @ﬁgéehgpﬁﬁ?é%#%afw?ﬁ%ﬂ%ﬁle e

preferably h:eﬁtteﬁtdnm FLNG fyebisaignificant the lphatag \tahmmfdtcmaporﬂ!lm ﬁ]eDs

(1112[err]F) in order reserve the nef.i ef ects f the steel

ni cr ost r uct dYRicaly e, éf‘%&“’é‘o@%ﬂnmth”emumeg gjh Br age and

Deliveryg Syst%@%ssrxetofPLNG fuel m%ﬁir@grercbﬁtgmapldih &1o&moﬁm oﬁ&@ﬁngs;ir@s@ﬁ@e and
ste

delivery sy hi's exanpl e i ncl udes_a fuel storage caontainer 10.
Fuel st or agePLNG fizl foeidling is @Pph@‘ foora Sheyliqaid PING fuchand fuelaeguisiond2 iy pe

container. Fuel sto ‘;LQ I dited¥0fng idling Vent
valve 13 t hr'f W°° %@pec 7%&% ﬁze{i(ﬁg@??&ﬁ fu\gla‘jeg e I nen%l (g%lshed)
and vapor ofengmeiMeSﬁnQﬂtmmuﬂy,r \)apbn aqlmchdpralvb 198 oplenq;iLto dll¢w maposiz¢d ol i d) ,

and liquid valve are inserted

bet ween f uelP Islﬂgrﬁéeg i @P%’nﬁ%ﬂ’ e ﬁTbStgﬁ*fﬁe ?9“?%‘%1&@ gvgﬁefsurggmﬂd Wal ve 13,

respect ijel Yprefefably, @B d thitgss tﬁ@@leqhéhc&%p?erdﬁoﬁef@xe vElved 185dndri@ge cont ai ner
10 15 i's connectéd to the inlet mani of engl ne 24, throucgh l'iquid port

12, 1iquid |supply@n appropriate argourd of vaneHzeddiquid RING fue F4an fuel line
4 (dash-dot - ,ngﬁ,%g ﬂfe%ges%%ﬁetpgp@f?glqgm ge corfener THE! storage container 10 is

al so connectée mani engl ne 24 t hrough vapor port
11, vapor line 9, Oxvﬂqa@ﬂaeshéxﬂnwhmbhapmesu@qumehmrstozzgemmen iGie 4,

terrperature nsmtter nd_fuel ul at cont ai ner
10 is also 2 jefier é‘EﬁH@E{’%‘d’ FTAURE pIEysyre, é'ﬂe%g?lp?fafo\?tzadz ff%gr%%ﬁ Fg%egﬁ é%por port 11
and vapors | i PENG fudllagd figeeill PLNG fuel in storage container 10 is reduced and the difference - -

in heating value between the two phases is reduced correspondingly. In this particular

case, vapor PLNG fuel is preferably supplied directly from fuel storage container 10
through vapor port 11, vapor line 9, vaporizer 20 (on a pass-through basis), fuel line 4,
and fuel regulator 22 to engine 24 to reduce the pressure of PLNG fuel within storage

20  container 10 to the normal operating pressure.

Engine Start-up Operation
The heating value of PLNG fuel in storage container 10 at start-up of engine

24 depends on the initial pressure of the PLNG fuel, i.e., the pressure immediately

25  prior to start-up. The lower the pressure, the higher the likelihood that the vapor
PLNG fuel is richer in the more volatile components, like methane and nitrogen, than
the liquid PLNG fuel. In particular, if the nitrogen content in the vapor PLNG fuel is
substantial, the heating value of the vapor PLNG fuel phase may be lower than needed
to start engine 24. Under such lower pressure conditions, PLNG fuel for engine 24

30  start-up is preferably supplied from the liquid PLNG fuel in storage container 10.



storage and delivery systemof this exanple also includes a pressure swtch

28 and a fuel gage 29. As used in the foll ow ng description of the
operation of the fuel storage and delivery system "opened" in
reference tP&B%P44e neans "at least partially openBEFUSHARHL s
otherw se specified. 25 Initial3&illing of Fuel Storage Container
Prior toinitial filling, fuel storage container 10 is typically at

at nospheri c pressure and anbient tenperature. The initial filling of
fuel storage container 10 is preferably controlled by a prescribed

sequence. TERUR(dS prefdpablly wsed tememage the sequen® off operptiin ofvialves 18 andgl its
preferably reaoro ramretd intot Lé30 Enat sashé)vm i,‘poFI qi uld, ?? _

51 APl AAPDIOpRpie AP of e 2RBOPHEIS RIS Ao ATHRERT 19 Of PENG et by a
nmanual |y op@ichtafd, indirectly,3é dppoptinecompesivibni of PLNG fielowi engihp 24. =
Typically, the prescribed sequence includes the foll ovgipggi steps in the

order set Paithaptherband, as ths presarRAtIG NG Eﬂ?kﬁnétqlﬁﬂe. nestyr age
contal neg 1%:::%6@&0&1‘3\4@&%{&1@::% du?ereée betNRENRE vigd: PENGubISAA tHeQiuRl vapor PLNG
fuel froma refueling station (not shown in t he draw ngs) through

fill and ve®LNGifuekist@respendingly redeced andithd differrmee indientingivalustbgtvege the

storage containgr 10. This £1ow of vapok.P fuel i | until the
t enper at ur e VR Pﬁ?f&‘f 18 5?%?838@%{%1% é’r Bﬁ%m lggi?ﬁlég&ge’ D %&?@NQ@%#& ature

val ue. The preferablpiseppliedl dir€tlp &ont futlestorageltentameriE) thiorgh pagorting 9,y from t he
cool down curve and thermal 10 contraction charagteristics of the materi al
f rom whi ch W&E‘PWE%Q@&Q Peﬁrﬁlﬂléﬁ"ﬁlé]’asf f\?é regupmr%{ﬂ?étﬁr‘ﬂbflﬁa% AePtay - be

det er m Rgd t?? rédﬁ@é!ﬁe?@séu&@dh’:;:i\@ fR1 Alstordpé chthiggeroce to standard

i ndustry publication Thi s ow of vapor PLNG fuel into storage container
10 al so I ncreases the pressure in fuel storage container 10. \Wen the

tenper at ure g, ggﬂge Tank

Referring now to FIG. 3, fuel storage container 10 is preferably designed to
minimize boil-off of the liquid PLNG fuel. In one embodiment, fuel storage container ..
15 10 is vacuum insulated by vacuum insulation space 33 to minimize convection heat ..
leak, and a suitable high-emissivity coating on the exterior surface 34 of inner vessel .
35 minimizes radiation heat leak. For the purpose of example only, without thereby
limiting this invention, high-emissivity coating for exterior surface 34 comprises a .
single layer wrap of aluminized mylar. This substantially limits the heat leak into fuel
20  storage container 10 to conduction heat leakage due to penetrations into inner vessel
35. In this embodiment, total penetrations are minimized by using two dual purpose
lines, liquid line 8 and vapor line 9. Liquid line 8 is used to both fill and discharge
liquid PLNG fuel from storage container 10; vapor line 9 is used to both fill and
discharge vapor PLNG fuel from storage container 10. As is familiar to those skilled
25 inthe art of cryogeﬁic engineering design, these special design strategies minimize,
but do not eliminate completely, the heat leak into fuel storage container 10.
Consequently, when engine 24 (FIG. 1) is not operating, such as when the vehicle
powered by engine 24 is parked during periods of non-use, there is continual boil-off
of the PLNG fuel in storage container 10. The continual boil-off results in an increase

30 in pressure of the PLNG fuel in storage container 10. The design pressure of fuel
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storage container 10 reaches the pre-set tenperature value, liquid valve 15
Is opened 15 -to allow the flow of liquid PLNG fuel fromthe refueling
station th I,Il and vent valve 13, liquid line_8_ and liquid
port 12 in?@ygﬁg%hstorage container 10, for the final PC”Bﬂ?Q@"bf t he
cool.down cycle. As the liquid PLNG fueB9cools fuel storage container

10, the liquid PLNG fuel vaporizes and contributes to the pressure
bui |l d-up. After the ~pressure of PLNG fuel in storage container 10
reaches a pre-set pressure val ue, based 20 on the pressure differential

bet ween f ueftorage peiginer Ry iRione pmberdimert, isioptimized &9 mpgmizefLNChfuelhold £ | ow of

r PLNG Lyel : by st or age
contai ner 10t gpd BYERSRT DB i pfeck Soade Aol Fiher vEfBfor B 0
pr ef erabl y #ftotagy container 10d@wrte dedice the ifuel efficientye(ips, sslssipar gelipn) bf theat | on

bet ween fuel .st.orage ntai.ner 10 gnd . he refueli.ng station. Liquid
val ve 15 i s BPefe 'Sﬁr@’%f’tf'l“ll 9‘%*‘58&%‘3%&9 1§ ad ‘{ﬂﬂﬁfgﬁgf‘aﬁt@ng@é‘ﬁi n fuel
st orage Oonpikdies rehtin® A6/ REmpleft vapSiiati P AidWAriCup 16 ARBIeat tePerdkdE | - €.,

as the cool down cycle I's conpleted. Liquid PLNG fuel continues.to
flow into fEBENGugligglorage containerd(; because thay w Ve meexcessivelyi ng stati on,

di spl aci ng : {aggg.i iIha@ S e veRl i Bedrsici - ThYLR%det & fuel from fuel
st orage contagt?lner lﬁgéclb%?nto tehe rcef ugﬁf n(g:;lensc a'EthOﬁ Sl%eti tag | evel
sensor ( not mekbamism is préferably pividpd) det ects that |iquid PLNG fuel in storage

30 contai ner 10 has reached a pre-set anount or volune, at which tinme

bot h vapor val ve _ 32
14 and 1bquirdeM¥éntingl5 are closed to end the initial filling process. As
Wi th cryogenic tenperature fluid storage containers generally, at

| east about 10% JBpBic! Eprageanddelivery sysimp piinisisrgmpl 15 nraferaBlyimiovidesl st or age
cont ai ner 1QiROReIGRMR EhBnicth v&ﬂ%?eb&'@?ﬂdrm fukd i99ented from @Jc@ﬁ?ﬁgf das IS

famliar to those skilled in the art”of cryogenic tenperature
storage. 5 container Iy butdsmaesieaskd togheatoosphere. In one embodimentPwodevels®ft he start

o 1! L ot RS AR i e W A O gty L0 0

pr essur @50f ddigisdfteieflow forpressurebuikd ipitg abda twios thepgderatingpredsael es the

pressure to D%gglding on the starting level of liquid PLNG fuel in storage container 10, this high

pressure design preferably allows for at least about ten days of liquid boil-off and the

concomitant pressure build-up, i.e., at least about ten days of non-use of the fuel -

storage and delivery system, without the need to vent vapor PLNG fuel outside

20  storage container 10, However, in the rather unusual case of an extended period of
non-use starting with fuel storage container 10 substantially filled with liquid PLNG
fuel, the pressure build-up may exceed the design pressure for fuel storage container
10. Fuel cartridge 36 provides a means to relieve the pressure in excess of the design
pressure.

25 Referring now to FIG. 3, fuel cartridge 36 is connected to fuel storage
container 10 through vapor port 11 and vapor line 9. Normally-opened solenoid valve
38 is an integral part of fuel cartridge 36. Fuel cartridge 36 is, however, normally
isolated from vapor PLNG fuel in storage container 10, and in vapor line 9, by check
valve 37. The set point pressure for CPU 30 to open check valve 37 depends on fuel

30  storage container 10 design pressure. Check valve 37 is designed to allow flow of
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10 30 (not shown in FIG 1, see FIG 2) as an input signal 31. Also, the

pressure of PLNG fuel in storage container 10 is neasured prior to
the start of refueling, and is preferably conti nuousl noni t or ed
during ref (FéPP#164by pressure transmitter 17 and BA78Y to CPU
30 as an input signal 31. The pressuretgof PLNG fuel in the ref uel i ng

stat'ion remai ns substantially constant during the refueling process, as 15
conpared to the pressure of PLNG fuel in storage container 10. Thus, CPU 30
continuously nonitors the pressure differential between the refueling
station andvﬁ;&lﬂ'l’LNGfuelcﬁil}OfrﬁQ@dteﬂbfageaaﬁanﬂﬁ 10 diitod ﬁgltdnmdgesdmidtng process.
Furt her, CPU 30 prefera tinu ITDBI tors recei ves as
an |nput si QFRXPn@EG -flong °FW8}' PI;Nfouq. ity Wgﬁé‘m into epgipg 2‘??? Belor age

cont ai ner gg%&&ngrﬂoe\tﬁbnesammaﬁqﬂelmgmemmmmr (not 20
shown |nthe Al'so I's preferably pre-programmed with a

set i ][s?a:h ancimrced] adsoitegt 3, prearehly Faprble pEabserbg overd 50 times itheadnym
ressure t
|pl quid PP NIG P eenaft IPB‘LdePhcéng?%gﬁ%ﬁgﬁ* ure Gnd : a{n% e aﬁi&%{t bfFagol OWr at e. of

tion Into storage container
10 wi t hout tHING@ Ikl 8fsofbed tnitp chdréoal hm;omwmaeesckcédréngmmatemperamre bet ween

the refueling station and fuel stor ont ai n S an about the
set 2 5  mandpERsereopdneh ehapropkads ﬁ%\t 3§ ls[f?‘g%sg vrap%rrﬂ I&iéf'%g start of
refueling, Ql,lRCEHAGEDE Rarcoal adsorblefSD m&&aeﬁ&wtembaamtmmmm refuel i ng
differential pressdre duri n’gmrefuel I n

process appraapridgs ¥ decreaseen ‘@pmﬁ:Ngﬁ@I g@gmg,cmami}cggqggﬂgasotr@e% refueling
pressur ﬁt i f,jge%lent I gl’sfeve ﬁé&h}e%ﬁﬂn gﬁh&?ﬁd@é Rointtestes. Ah AreHipily

di fferentt al I qul set ninimumrefueling dlfferentlal
pressure val wikelyraad Uﬁfbﬂldbﬁsmrﬁﬁlemmsﬁlrﬁofplﬂ%ﬁlgl ingtarsge certrigel i0g process

by appropri at el y Ogdesr at&eai%ag%ggryag&/ﬁlﬁﬁg eﬂp o, fuel cartnd e 36 to

refuel equence
rrpl oyed for reh@s?é fﬁHﬁ‘ér pidsQir@Big1daipd Il 6hd enttiodingens tteshcartridge 36 1s intended to

be used in the unlikely event of an emergency venting due to a protracted period of - -

.0

15  non-use immediately following a refueling event. Therefore as part of general engine
maintenance, fuel cartridge 36 is preferably replaced after such a protracted period:of
non-use. In one embodiment, the cost of replacement is minimal since fuel cartridge -
36 is reused after simple regeneration of charcoal adsorbent 39 by heat input.
Normally-opened solenoid valve 38 is closed prior to and during removal of fuel

20 cartridge 36 and remains closed until opened during the regeneration process.

In another embodiment of this invention, fuel cartridge 36 is an active part of
the PLNG fuel storage system and is, therefore, simply an adsorbent cartridge for
additional storage of PLNG fuel. In this embodiment, fuel cartridge 36 with charcoal
adsorbent 39 incorporates regeneration heater(s) (not shown in the drawings). Check

25 valve37is replaced by a normally closed solenoid valve (not shown in the drawings)
which is opened when the pressure of PLNG fuel in storage container 10 reaches a
predetermined set point, preferably well below the design pressure, to establish flow

of vapor PLNG fuel into fuel cartridge 36. Once the pressure of PLNG fuel in storage
container 10 drops below the pressure of vapor PLNG fuel in fuel cartridge 36, the
30 embedded regeneration heater(s) in fuel cartridge 36 begin to regenerate charcoal



this exanple is dependent upon the thernodynam c state of the PLNG fuel in

st or age container 10. As is further explained below, the start-up of
t he sequen 5 dependi ng on whet her the pressur fuel in
st or age coﬁ?a;;%geg!rlgﬁo added to the m ni mum r ef uel i ng’cghsﬂéﬂgﬂti al
pressure, is lower than, equal to, or HRlgher than, about the pressure
of PLNG fuel .in the ref ueI i ng station. Start-up when Fuel Storage
Cont ai ner Pressure, Added. to Set M ni num 10 Ref ueI ing Pressure, is Higher
t han Refueling Station Pressu When input signals 31 to CPU

30 indicat ead-mlzent%dpvlés %WéstfPlﬁch@e% basgk intp, storage CO@PB?YJQ Ok ont ai ner 10,
added to th ﬁ#ﬁ qng differential pressure, is hi gher

t han about ?‘hb%g%ressure # gfuel in the refueling station, vapor valve
14 is fi rsNempbmﬁadledmai’mefdlthﬁldfstm@ndﬁiﬂenyMﬂMNﬁ}ﬁsf uel storage
contai ner 10Q thtou vapor. port nd f and vent
val ve 13 mt“bvef‘tFﬂ,P(%tffﬁ lfeP% refucling m aﬁ?bécnt\géﬁ? ﬁ“érensgaﬁ?}gﬁed when

the presgur %ngﬁesPtm@mmmgdpresmeaaﬁp@arwmeﬂcuGandmgh steragst antial |y
equilibrates with the pressure of PLNG fuel _in the ri‘éuel i ngg %EI on.
Addi t | onal I MM%GOQWMHW&?@@WWW&PWSS ‘b’;N ans known

to gﬂf tebsaft &ﬁ%%fpﬁﬁbfaame@s ﬁ%g@%fﬁie?ﬁtrﬁéamn&l pRkdiR@l . 1O

i ncrease the pr ure 0 NG 2 0 fuel | east the set m ni num
refueling dlﬁélen]ewtbrs,ahusphmmun@btoe@si'%tm pasipléx and cxpensive deliveiygstem PLNG f uel

fromthe refuelin st at| .0n %{}%Jig f&LI W iﬁ%ﬁ%ﬁ’aﬁ%"x&l&?mb'ﬁgﬁé J i ne

8, and |iqui e orage con al ner t-up when
Fuel St Qroagq:asaar&:aiamn g&rva&ﬁeumﬁdmﬁdﬂplg}aﬂov&mewrm mum 2 5 Refueling

Pressure, is Lower. than_or vual to Refuelin t.ation Pressure
Wien i nput si gnalV¥hileth %@"@?’ngﬂeﬁ‘%}’@%{’?nfiﬁﬁgbéﬁ’éteﬁ?‘%%g AT BPTPLNG fuel in
storage co ntp’%éfeﬁéd &%odﬁ?&lﬁdthiaé& Habi g 28EmAY i1 iR bRt fiR kécBBnige vARuENt i al

pressure, ower than or équal to about the pressure of PLNG fuel
in the ref ueihangssmmﬁ@nonsl, adglitions and applicgtipng etherthansthpserspecifigaliyed t o

Fii T and vedbohelaqih belbahe) S*?.ne“%h@p%gfﬂ‘m%%o?ageﬂ%é*ﬁ%‘%%‘25“”“gh

15 wh1ch is set forth in the followmg claims.




34 and to build up the pressure of PLNG fuel in storage container
10. Then vapor valve 14 is opened to all ow vapor PLNG fuel in storage
container 10 to flowinto the refueling station. CPU 30
is al so prdY@P¥E§E pre-programmed with a value for a set ReXVIER745
pressure differential between PLNG fueH2in storage container 10 and PLNG
fuel in the refueling station. To avoid excessive tenperature drop in
PLNG fuel in storage . container 10 due to Joul e-Thonson cooling if
this set maxi num pressure differential i s exceeded, with both vapor
valve 14 and liquid valve 15 cl ogossatyi afuerehsPl NG f uel from storage
container 10 is vaporized in vaporizer 20 and returned to fuel storage 10
container 10 for pressurization by appropriate operation (opening/closing)
of liquid , j .18 (10N Bgintsho 't f uel
regul at or Zéc'(ggln%%g%gm\b%mél osgdggt%sﬁgﬁggéﬁaporiaggwgg In ?#@mnner,
with relatively short liquid |ine 8duimgheating; vapor line 9, is functionally
equi val ent to having a pressure naintaining device, such as a heater,
in stor a@e contai ner 10. Sol enoid valves 18 and 19 are both cl osed when 15
the differ enk)@insBmesion tenpertit@en PihbiGnipeskture at vfidrtegsfommtivadfernitd 0 and in

t he refueling station is reduced bel qw the set .maxi mum pressure
differential. Subsequent |y, | PWFtS“IVéT?Pé"P%eqe‘é“"BEg?@B&t o establish
flow of liquid PLNG fuel from the refueling station into fuel storage

contai ner 10. Then vapor valve 14 is opened to al | ow vapor PLNG f uel
in storage dortrasfanativg tampetausey i nt Shettemaperatirg at whieh tsansformaation o

Conpl et hgn of Refueling Process ust 'tetoferrite!(;}-t@%ekritg Semefliifeii9
refueling, if the pressure of PLNG Tuel 1n storage contal ner

decreases to bel ow a pre-set m ni nucemppletsd during\cadling; (al so preferably
pre-programed into CPU 30), vapor valve 14 tenporarily closes to allow the
build 25 up of pressure of PLNG fuel in storage container 10, preferably

to at |east AiemPlofnsidh temperature:™ Ni M RRAEY bOwhiah sltenitd Begingtese, as liquid

PLNG fuel flows into fuel stor age cont ai ner, 10, vapor PLNG fuel is
di spl aced from fuel storage contai n&ansfoymtp fesgitgiduring cooling; 50 port 11,
vapor lipe 9, vapor valve 14, and fill and vent valve 13 to the, refueling

cryogenic temperatures: temperatures lower than about -40°C (-40°F);

CTOD: crack tip opening displacement;

20 CVN: Charpy-V-notch;
DBTT (Ductile to Brittle
Transition Temperature): delineates the two fracture regimes in structural

steels; at temperatures below the DBTT, failure

25 | tends to occur by low energy cleavage (brittle)
fracture, while at temperatures above the DBTT,
failure tends to occur by high energy ductile
fracture;

30  essentially: substantially 100 vol%;



station. Vapor PLNG fuel displacenent continues until a |evel sensor (not
shown in 3 0 -the drawings) detects that liquid PLNG fuel in storage
contai ner 10 has reached a

35 WOPEP% anount or volunme, at which tine both FTEFO¥HMe 14 and
liquid valve 15 are closed to end8the refueling process. As with
cryogeni c tenperature fluid storage containers generally, at |east
about 10% vapor space is preferably available in fuel st orage
cont ai ner 10 during and upon conpletion of refueling, as is famliar to
those 5 skilled in the art of cryogenic tenperature fluid storage.
Engi ne/ Vehi ¢l g Operati on No | i.ne/Vehicle Operation 10

PLNG f uel dg%%nd to engine 24 is prg ?Eﬁﬁ%rﬁgﬁgged by CPU 30. In case of
CPU 30 nmal functioning, pressure switch 28 has overnide control over

sol enoi d val ves 18 and 19 via electyical, connection 5. Typical input
signal s 31 {@GM&PG 30 during n@?ﬁ%ﬁmtﬂﬁﬁﬁgnfﬂ operation include engine
24 parangters such as: rpm and | oad, normal operating conditions of
PLNG fuel in storage container 10, such as normal 15  operating PLNG fuel

t enrper at ur e hanténipgpatiolee; vapori zer opgooworedf ecoppsoels or thapzbides el

regul ator 22 status (i.e., closed, %g@&%@ggﬁsﬁﬁiﬁégg?ﬁﬁigﬁrt hese i nput

signal s 31 to generate output signa *controlling
fuel regulator 22, safety rel.ief valve 26, and sol enoid val ves 18 and
19, to provide PLNG fuel through va810r ort 11, vapor line 9, liquid
port 12, |id#& Iine 8, vaporizer 20waaffEftedzme 4 and PLNG ‘
10
intercritical temperature range: from about the Ac, transformation temperature

fo about the Ac, transformation temperature on
heating, and from about the Ar, transformation
temperature to about the Ar, transformation .

15 temperature on cooling;
Ky critical stress intensity factor;
kJ: kilojoule;
20
kPa: thousands of Pascals;
ksi: thousands of pounds per square inch;
25  low alloy steel: a steel containing iron and less than about 10 wt%
total alloy additives;
MA: martensite-austenite;

30 maximum allowable flaw size: critical flaw length and depth;



2 0 fuel regulator 22 to engine 24. Demand for PLNG f uel
fromengi ne 24 for acceleration, for exanple, is net . by supply of
|l iquid PLNG fuel from storage container 10. Liquid solenoid valve 18 is
opened to dRWPM%h flow of Iiquid PLNG fuel through |iquPeBe¥i274d and

liquid line 8 into vaporizer 20,44Mhere the liquid PLNG fuel is _
vapori zed and netered through fuel 2 5 line 4 and fuel regulator 22, into
the inlet manifold of engine 24. Vaporized PLNG fuel is supplied

directly to the fuel injectors in the inlet manifold. The fuel injectors
may be of the pulsation type, for exanple, as is famliar to those skilled
inthe art. .. Exceptionally high. denand r PLN Ei{iyel by engi ne 24
results in ¥%%rrespondingly %fogﬂggppﬁyg&ngxfx?{% td PLNG fuel from
storage container 10, which under nornal O operating conditions results
in a significant drop in pressure of PLNG fuel in storage

36 MB#t ai ner 10. Associ at edmilliens of Rascalsigh pressure drop is a
tenperatyre drop. In one enbodi ment of this invention, to avoid any
adverse effect on the performance of the mat eri al of construction of

fuel storagg GRRifEHRAAEN thiperBiufl: .  Cale Ghhpebatdrd® iiHRhSbMition of Of the
| i quid PLNG fuel in storage container 10 dropping significantly bel ow the

5 DBTT of the material of constr uaistenite townsemsite stansnidirihg ¢adling; 19 i s opened

to return hi gher tenperature vaporized PLNG fuel into the vapor space
in fuel storage container 10 and, thereby, substantially normalize
the pressur gpaRd (iBRAG Y5 9a198): PLNG iEddBparfidlly opened, IRk 8RSt ai ner 10. In
anot her enbodi nent of this invention, a pressure mai nt enance devi ce
(not shdwn in FIG 1), such as a hespeeifiedi s an integral part of fuel 10
storage container 10. Under normal operating conditions for
engi ne 24, which translates into nornal denmand for PLNG fuel, an

appropri at ePaAMNSunt of |iquid PLNG f peebsurigeddiqupfi¢dacitural gas;

predominantly: _ at least about 50 volume percent;
15
ppm: parts-per-million;
psia: - pounds per square inch absolute;
20  quenching: accelerated cooling by any means whereby a fluid
| selected for its tendency to increase the cooling
rate of the steel is utilized, as opposed to air
cooling;
25 quenching (cooling) rate: cooling rate at the center, or substantially at the

center, of the plate thickness;



engi ne 24 fromfuel storage container 10. Liquid solenoid valve 18 is
opened to . establish flow of liquid PLNG fuel through liquid port 12

and liquid_]l into 15 vapori zer 20, where the |iqui G .fuel is
vapori zed gkﬂgﬁggéred through fuel line 4 and fuel g%gh%%?%ﬂlzz into
the inlet manifold of engine 24. The v#fporized PLNG f uel is supplied
directly to the fuel injectors in the inlet manifold. Again, the pressure
of PLNG fuel in storage container 10 is nonitored and vapor sol enoid
val ve 19 is opened to return vaporized PLNG fuel into storage

cont ai ner 1Quench Stepdempanatpre:o assi sthe highgsh or sybsigntiailyi theshighest,pr essure and
tenperature of PLNG fuel in storage, 8&5&5’7@5 3Pat the s eoftE@ ia{}e I dling
Qper ati on Under reduced” engi ne To0ad con |a%|ons, suth as
during idling, the demand for aftePhidBcliingis stoppal) becaasebf hest '
correspondi ngly reduced. Under nornal operating 25, .conditiong of pressure
and tenperature of PLNG fuel in stotfaé’@’é'%%%‘iﬂﬁ}tﬂ%fm‘kg‘,'&?‘ﬁ§s§tfmepatC; reduced
PLNG fued demand is preferably net by vapor PLNG fuel supply from fuel
storage contai ner 10 through vapor Bort 11, vapor line 9, vaporizer 20 (on

a pass- QST: t hr ough basis), fuel Quensh Sipp Teawenal@s; requl ator 22, and with
| i quid sol enoid val ve 18 cl osed. 30 When t he pressure of
PLNG fuel in storage container 10 is bel ow nor nal

37 slgler at i ng pressure, the apiscrofRichkhavinglany dinsdnsiongge cont ai ner 10
is typically richer in met hane (and nitrogen) than the |iquid PLNG
fuel. In cases where the nitrogen content in the PLNG fuel is

si gni fig@nt gcrhe heating val ue of tkflishadubic fE¥NG fuel is typically

| ower than desired for snpboth operation of engine 24. In such cases, when

tensile strength: in tensile testing, the ratio of maximum load to

original cross-sectional area;

15 TIG welding: tungsten inert gas welding;
T,y temperature: the temperature below which austenite does not
recrystallize;

20 USPTO: United States Patent and Trademark Office; and



5 the pressure of PLNG fuel in storage container 10 is bel ow nornal

operating pressure, PLNG fuel for idling is supplied fromthe liquid
PLNG fuel and fuel regulator 22 is used to control l;‘prz?sg L anount
of vapori z¥@®5Y¥§ d PLNG fuel required during idling the 24.

Si nul t aneously, vapor sol enoid valve H8 is opened to allow vaporized

PLNG fuel to also flowinto fuel storage container 10 for pressure

bui l d-up. 10 Preferably, CPU 30 manages the sequence of operation of the
val ves 18 and 19 to ‘supply an appropriate amount of vaporized |iquid
PLNG fuel twel@ngitne 24 and to a waldedgeint, fnslydings (Ditke weld meted (fidel i n

st orage contai ner 10. t.her ) ressure of
PLNG fuel in storage container 10 iﬂéecpea&gﬁecﬁeidgz %?&%h%@ﬁatﬁp%ﬁgrati ng
pressure, the conposition differenggetileh tie&nedr &jzixity? of the FIAK> Theel and

liquid PLNG fuel in storage container 10 _is reduced and the difference
in heating val ue between the two pt?&é@?qféhqwmld@ﬁﬁ"f@%‘ﬁ%ngl y. In this
parti cular case, vapor PLNG fysglin ih2 “RéRVRIARY ¥f hePAZ @dddi rectly from

fuel storage container 10 t hrough vapor port 11, vapor line 9,

vapori zer 20 (on a pass-through basthergford, apprt pf the weldment, vaniging f uel

regul ator 22 to engine 24 to reduce . LR nedlig hi n
storage 20 container 10 to the no?%&ﬁ%%f%%ﬁéaé‘?’gssu?;e&' Engi ne
Start-np Operation Thihe Aot exgmplel, withaft Liglita@or,dled | n st or age

container 10 at start-up of engine 24 depénds on e.inifial

pressure of the PLNG fuel, i.e., th@‘dbt}‘éfstg?ﬂv%ﬂi“ﬁﬂteg\eé{zgf’ H‘E“ﬁ‘“‘ﬁ%ri or to

Start-uP? The |ower the pressure, t{gs WéledE thelnfbbr dfavdldinets lefiditedt he vapor
e

PLNG fu is richer in the nore volatile conponents, |ike nethane and
ni trogen, than the |iquid PLtdRbrisate the itenpapd the digtgnce petWeeRe nj t r ogen
content in the vapor PLNG fuel is weldme: gubstantial, the heating val ue of
t he vapor PLNG fuel phase may be Iowerdmthla'n needed to start engi ne
24. Under such | ower pressure conditions, PLNG fuel for engine 24 3.0
start-up is preferably supplied fromthe liquid PLNG fuel in storage
cont ai ner 10. 38



CPU 30 is preferably used to nanage the sequence of operation of valves 18

and 19 to - supply an appropriate anmount of the appropriate phase,
I.e., vapoky®bsdoj@ui d, of PLNG fuel, and, indirectl ropriate
conposition o? PLNG fuel, to engi ne 24. On %ﬁgh}é%%&egﬂhand, as
the .pressure of PLNG fuel in storage c#htainer 10 5 I ncreases, the

conposition difference between the vapor PLNG fuel and the liquid

PLNG fuel is ' Im“ educed and the difference in heating val ue
bet ween t he P{\M‘m&a‘ Hum s correspondi ngly reduced. In this particular

case, vapor ks s * prefw Wméuppl led directly from fuel

storage contai ner 10 through vapor line 9, vapori zer 20 (on a
pass-through basis), fuel regulator 22, and fuel line 4 to engine 24 10
to reduce the pradeslserage chiitdiferfsuitdble for atedn adeel ctondgaianddelivery system Fuel

St or age Tank . Ref.erri now .t o 3, .fuel stor cont ai ner
70" & pr of o abl yRBESHBREEEsuEed HoeAgh et s (RINC) el ST Prosy SLAGPH PLIG
fuel . 1nsone enbpgkisiepai(isofpdn) t&dbeﬁmeokpa(lquﬁ?la‘éd at dfmiperavaeg/m i nsul at ed
by vacuum i nsul ation space 33 (see al so spacer 40) to . mnimze
convection heat #oak-1237H(-EO0SE) to about -63° GH-80F)and drkivering yeparigedb RLNGe
exterior S S ' : el o 2 LaLi on heat | eak.
For the purpose g‘?{&i: gg%ﬁ%ﬁgg%lﬁ?(?%én oh?hét}-hlg‘rseg%{]?%}%gng this -

i nvention, hi gh- eontasmsrvs dopstowtetlifrom eterials compristigoani ultra-highfsaergtiBdow onpri ses

a single |ayer w f.alum.ni ze ar., Thi 0. substantially limts
Fhe N9t | ane’ i Wit SonlaBliti BT S on nickel e eving B bt e
| eakageiglue to pgrgres i SUMPH{I20KE @kd ¥ DBTT lowér thdn bbbid -F3@NREsHeFRNt , - t ot al

penetrations are mnimzed by using two dual purpose lines, liquid line 8
and vapor line 9. Liquid line 8 is used to both fill and discharge

i qui d PLNGyf uel xf r : | ner. : ' .S used to
both fill S%'d di &4 %%@%gﬁ‘%?nfo‘m&a‘%‘ﬁ@?“?%%%f%égmvg%?ﬁé %%“e"g?o“%t‘"g.ﬁ‘ner 10. As
is famliar to tfosterisgprebsudzediiquafedaraturaligas (RIN@fuel aba gresses ofabpout

design, these s | 8l | gn, st rat equ LN Z u 0 not eljmnate
corrplget ely, t hep?ﬁﬁmaﬁgsz][p%}%g‘waﬁfﬁgﬁ E&@P@P@eﬁ"@&fﬁ %P’r?&a%ﬁ)f’%

Consequesit |y, whgbbuengre(-2A°kto@bouk)-61°€ (W8IPF) and delivPig @#hpodzed BURG as when

t he vehicle powered by engine 24 is parked, during periods of non- use,
there is conti nuffel ppiemagd forgombpgtiopinen ¢ngine, whereinsaid fecl stomesi ner 10. The 3

0  continual bopdnghdr if &atthicRed fFonPhhaleREIS 8aRfriditk M @SR stingdt) oL NG f uel
i n storage cnont e{ilner '10. The dgsei gn prgrésu&lﬂe o? %ﬁggls grﬂn °
alloy steel containing less than 9 wt% nickel and having a tensile strength

greater than 830 MPa (120 k_si) and a DBTT lower than about -73°C (-100°F).

20
3. A fuel storage container suitable for use in a fuel storage and delivery system
for storing pressurized liquefied natural gas (PLNG) fuel at a pressure of about
1725 kPa (250 psia) to about 4830 kPa (700 psia) and at a temperature of
about -112°C (-170°F) to about -79°C (-110°F) and delivering vaporized
25 PLNG fuel on demand for combustion in an engine, wherein said fuel storage

container (i) is constructed from materials comprising an ultra-high strength,
low alloy steel containing less than 9 wt% nickel and (ii) has adequate strength
and fracture toughness to contain said pressurized liquefied natural gas.
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39 storage container 10, in one enbodinent, is optimzed to
maxi m ze PLNG fuel hold time and mnimze the weight of fuel storage

contai ner 10. Higher weights of fuel st orage cont ai nd to
reduce thGW?aE{F”ngmugmﬁmlummm il es per gallon) of t@k’sg)ﬂt’@ehi cle.
Preferably, fuel s INEAN 10 48s not designed to contain the full
5 pressure result ancfrbm"corsrpl ete vaporization and warm up to anbi ent

t enper at ure of PLNG.fuel in storage container 10, because that would

have an excessively ‘detrinental weight inpact on the vehicle fuel
ef fi ci ency.4. Thus fusl sterage apptainengpitable for use prafuelstarage apd delivenbsygtepy ovi ded.

Lhi's exampl o 1 s Mhsigring prgssurized ik hitfita 25 0P0N06) ARuciDreaift bebat 0 O
wher eby Vi’alpor gul’ﬂﬁtdﬁltedzsi)psiabeﬁhmtﬂﬂmwmoosisig)atgieatatempemm'ﬂl ofii ne][ 10, but
is not released to the at ere. | odjpent, two Le '
protection are &PB‘#i‘H@aCt(gga% e “E%?g&ﬁﬁ?"ﬁﬁ}‘iﬁgfﬁ% P%sz@xgkrﬁltcgl ner 10
is preferably 15 ofQshngnefir bntistioin'2/engiha Whidfetn Sl fudl stizage0 about twi ce

t he operating pressure. Dependi ng on the starting level 7 of liquid
PLNG fuel in stcoagimerisconstmeted from materials comprising gp ulrpdigh strengtbglown

L, R 405l e

t he concom t ant Ssure -, east ys of non-use
of the fuel leass v yEO0MPR (145 ksipand sDBTE lgwenittah about tFECHdOB° o vent
vapor PLNG fuel outside 2 0 storage container 10. However, in the rather
unusual case of an extended period of non-use starting wth fuel
st or agey £ons ai nex fld) siothlds bemidingtlab ih dnlylof eriny 1, b, 3,i0814] wheinlgaid fuel, the
pressure build-up may exceed the design pressure for fuel storage container
10. Fuel cartri d@@a—b@h@ﬁm&wallqy%?gcqném%ﬁsmabwgSp’fﬁé’g%lﬁkt‘é- in excess of
t he design pressure.

6. A fuel storage container suitable for use in a fuel storage and delivery system

for storing pressurized liquefied natural gas (PLNG) fuel at a pressure of about .
is5 1725 kPa (250 psia) to about 7590 kPa (1100 psia) and at a temperature of .

about -112°C (-170°F) to about -62°C (-80°F) and delivering vaporized PLNG
fuel on demand for combustion in an engine, wherein said fuel storage
container is constructed from materials comprising an ultra-high strength, low -.
alloy steel containing less than about 6 wt% nickel and having a tensile

20 strength greater than 830 MPa (120 ksi) and a DBTT lower than about -73°C
(-100°F).
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25 Referring nowto FIG 3, fuel cartridge 36 is connected to
fuel storage contai ner 10 through vapor port 11 and vapor |line 9.

Normal | y- o , al ve 38 is an integral part of fuel
cartridge gg&gg 3 &i{”ﬂ!@ﬂ“ﬂmf however, normally PCTAS22ed from
vapor PLNG fuel im's ner 182 and in vapor line 9, by check

val ve 37. The set point pressure for CPU 30 to open check val ve 37 depends
on fuel 30 storage contai ner 10 design pressure. Check valve 37 is
designed to allow flow of *

40 Vapor AHuelatdragel coplaingr suitable foraise intadfuelptoragerand idekiverst Systeni 0 f uel

cartridge 36 and flo NG f uel rough vapor

line 9 ?nt 0 engi ﬁ%%?fngpreg%@g&ﬁq‘ggg‘?%ar%%ﬁéﬁm\ﬁ@ﬁéfféﬁprﬁsﬁ%ﬂ arllE’t‘f'f)odi nent ,

ggel ca;trlg?e 3672&1cRaa(b| Empm)t@dm:mmwa(nmpsﬁ)é?da?;@&;g&aﬁbd 5'°§dsglrbrergt "
refera capa i _ vol u

anbi gnt condi %II oft “6f“12 éﬁiﬁgﬁ%ﬁg Gghég%%anﬁ%"mmow d PLNG

PLNG fuek adSOfb%féleﬁl&anﬁla%ﬁ&ﬁ{buaﬁb?ﬂﬁhﬁeﬁgu@wﬁ%hﬁ‘s&@%em to the

tenperature d pressure to which char ¢oal ads I s exposed.
The vapor PLNG f @eitainer is comm&%mapmﬂwompnmmwm highsstrehgthy 1089

i ncreases as the o rtdd d 6 _decreases. The
vapor PLNG f uel aﬁ%gg]%ﬂoacyﬁl g{;nc @rté(‘)”etl bnig eii Jhrﬁ'ﬁj’ﬁ?‘ § al so _
i ncreases as thespmgﬂmfraeleasttahom mommamztsmstjgndsmvrcmmmnaﬁdmthe hi ghl'y

unl i kely and ext r%rIE where the pressure of PLNG fuel in storage
4100

cont ai ner teeds the design value, vapor PLNG fuel is vented
into fuelb cartrldge 36 to relieve further pressure build up. In one
enbodi nent, fuel cartridge 36 is intended to be used in the unlikely

event of an ferer defielsteragn dopigingrias ingnnofnigms dc2.8u4pbiclain Sds al_lﬁﬂtlplﬂon use

I mredi ately foll Q\%éﬁgerﬂcf gldrn,gc(?,l\églg ed%g&g{@ggﬁtﬂ? E’?‘{r&‘ p gener al

engi ne mai nt'enance, car aced after
such a protract edispretei phtesnff said ultra-high strength, low alloy steel, wherein joints of

said container have a tensile strength greater than about 900 MPa (130 ksi) and
is5 a DBTT lower than about -73°C (-100°F).

9. The fuel storage container of claim 1, wherein said fuel storage container is
connected to a fuel cartridge for collecting vapor PLNG fuel vented from said
fuel storage container when the pressure of said PLNG fuel in said fuel storage

20 container exceeds a pre-set pressure.

10.  The fuel storage container of claim 9, wherein said fuel cartridge comprises an

adsorbent.

25 11. The fuel storage container of claim 10, wherein said adsorbent is a charcoal

adsorbent,.

12. The fuel storage container of claim 11, wherein said fuel cartridge comprises

at least one embedded heater for regenerating said charcoal adsorbent.
30
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non-use. In one enbodi nent, the cost of replacenent is mnimal since fuel
cartridge 36 is reused after sinple regeneration of_ charcoal
adsor bent @%9@4 heat input. Nor mal | y- opened sol enoid _val ve 38 is

cl osed prior to | of fuel 20 cartri dgf TSR Pemai ns
cl osed until Opemnlﬂuﬂimnmgmagenerﬂi on process. In
anot her enbodi nent of thi s ion, fuel cartridge 36 is an active part
of the PLNG fuel storage systemand is, therefore, sinply. an
adsorbent cartridge_ for additional storage of PLNG fuel. In this

embodi nent , 13 uelA &gl sterageandaislivary pystemnfos staring pressurizeddisuefiahitatgsl gas

i ncorporates re i i N the.dr.awmw . Check 2 5
valve 37 is repﬁggggﬁglfpgaﬁ%%%‘%ﬂ’?"&“ﬂ@@é@%&&?&?ﬁsQ’aﬁb\‘/"é%ggﬁ%hom in the
dr awi ngs) (11409 psta) and a8 g eemaptratiwe of alomt A28%G (+120°B) toRbbE-62/¢] | N st or age
container 10 re a N r edet ined set. point, preferably well

bel ow t he desi g%%?@s?ﬂldglfv%g g@’["ﬁ'ﬁ?‘f@@&‘b‘ﬂ\f’n de andr}IBch\?%Pb‘éﬁ"“PEﬂG fuel into

fuel camtridge Faginence the pressure of PLNG fuel in storage o
contai ner 10 drops bel ow the pressure of vapor PLNG fuel in fuel cartridge
36, the 30 enbedded regeneration heater(s) in fuel cartridge 36 begin to
regener at e ghar clalsel st deli tem of clai : '
41 adsortqen? 83?5“‘,“3‘?‘?_ vei r‘{arytsﬁseet{}gpg%ﬁ\’lémgl%ﬁl Stggagﬁa?dnto st orage
cont ai ner 10 f ordelivery systanbhavingt {eastaing figl stotage eontimer i is constructed

Vehi cl es fuel ed yi a_ PLNG.and, the fuel . .stgrage and del jver yst.e of this
i nvention offer ﬁéong?ﬁ"\l?y’ﬁé&h asﬁﬁ’ég%%é?‘mlé?ﬁ%‘?g%}tmggﬁﬁ%%@%% hat of
cur rentiogasol i nemd having® gnsiRstrergie gleater Hi@8IMGPR{ 29%d) aneompared to that of

CNG and hi gh starage te‘,@erature conpared to that of LNG m nimze
saf ety concer ns.loVsF tRaAbERY3 K -194F)- the hi gh-pressure storage of
PLNG facilitates supply of fuel to nmedi um pressure fuel -injectors,

thus elimnating the need for the conplex and expensive delivery system
requi ri ng al%r yg@@rﬂlﬁl stotagp anhdaliviry system off elaiod 1 3yiforstrk@prdssuizkd y, unl i ke

LPG PLNG is liquefied natural gas (PLNG) fuel at a pressure of about 1725 kPa (250 psia) to

15 about 4830 kPa (700 psia) and at a temperature of about -112°C (-170°F) to.
about -79°C (-110°F) and delivering vaporized PLNG fuel on demand for ..
combustion in an engine, wherein said fuel storage and delivery system has at
least one fuel storage container that (i) is constructed from materials
comprising an ultra-high strength, low alloy steel containing less than 9 wt%

20 nickel and (ii) has adequate strength and fracture toughness to contain said
PLNG.
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10 based on natural gas w th abundant supply all over the world.
Wil e the fore90|ng i1 nvention has been described in terns of one or nore

preferred gl ment mi\‘nﬁt g normal skill in the apérykdghatgcogni ze
vari ous aﬂ additions and applications other than
t hose specificall L rre“ntloned her n that may be nade w t hout
departing fromthe” scope of the invention, 15 which is set forth in the
foll owi ng cl ai ns. . 42
G ossary of _terns Aclerr] transfornmption te rature: t he

t enper at ur e1ét mﬁ@ﬂs%éﬁg&g gemd Btm%premngﬁqueﬁednam gas

during heating; V\EL%G fuelaté\skeﬂdoﬁab&&smsma@opﬁ&m%&&vmm the
tenperature at ichtransformation of ferrit

to austenite is Gdﬁ@psa)e@d@m temperatuag piajpout - 123°C (-19AFF) te plawt f62°Gat i on
tenper at ur e: £ 6"177) Y elﬁ{:ﬁ{{rgr%aﬁlmé’gﬁ 'Pﬁllé Fud(! ffeﬁé 'focl)'@m%{ms}ign in an

austenite to fer e’ or us cenen

conpl et ed duri ngeﬁgi@d,sﬁQﬁ;elstorageandQIelheéry]sydtmmlﬁsmgti on tenperature:
the tenperature at which austenite begins to

a) at least one fuel storage container;

b) a fill and vent valve for allowing transfer of PLNG fuel
10 between said fuel stoi'age container and a refueling station;

c) a liquid line for allowing flow of liquid PLNG fuel from said
fuel storage tank to a vaporizer;

15 d) a vapor line for allowing flow of vaporized PLNG fuel from
said fuel storage tank to said vaporizer;

e) a fuel line for allowing flow of vaporized PLNG fuel from said

vaporizer to said engine; and

20
f) a fuel regulator for regulating flow of vaporized PLNG fuel
from said vaporizer to said engine.
17.  The fuel storage and delivery system of claim 16, wherein said at least one
25 fuel storage container is constructed from materials comprising an ultra-high

strength, low alloy steel containing less than 9 wt% nickel and having a tensile
strength greater than 830 MPa (120 ksi) and a DBTT lower than about -73°C
" (-100°F).
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transformto ferrite during cooling; 15 cryogeni c tenperatures:
tenperatures | ower than about -40[err]C (-40[err]F); :
crack tip openi n di spl acenent ; 20 CVN:

Char py- V- n Q?P/” DBTT (Ductile to Brittle “‘m\\\“}»‘\
Tenperature): delineates the twi fracture regi mi\‘ﬁ&\\\& \
steels; at tenperatures below the DBTT, failure 25 Aar S

tends to occur by | ow energy cleavage (brittle)

fracture, while at tenperatures above the DBTT,

failure tenti® toTkecfuelrstdpygeland Helivery syyteaioficlaine 16 for storing pressurized |

I/ (r)fioc/; ure; 30 liqu%ﬁgde rrnlz;[hllrgll g|a¥ tPLNG) fuel at a pressure of about 172§ Epa? bggtglmgj 'cloy 100
about 4830 kPa (700 psia) and at a temperature of about -112°C (-170°F) to '
about -79°C (-110°F) and delivering vaporized PLNG fuel on demand for

5 combustion in an engine, wherein said at least one fuel storage container (i) is

cdnstructed from materials comprising an ultra-high strength, low alloy steel
containing less than 9 wt% nickel and (ii) has adequate strength and fracture
toughness to contain said PLNG. |

10 19. A container for storing pressurized liquefied natural gas at a pressure of about
1725 kPa (250 psia) to about 7590 kPa (1100 psia) and at a temperature of
about -112°C (-170°F) to about -62°C (-80°F), said container being
constructed from a low-alloy, high-strength steel containing less than about 2
wt% nickel and having adequate strength and fracture toughness to contain

15 said pressurized liquefied natural gas.
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Grerr]: billion cubic neters; GVAW

gas netal arc welding;, 5 har deni ng particles one or nore
of [err]-copB&gsebplerr]C, or the carbides

and carbonitrides of niobium and vanadi um HAZ:  PCT/US98/12741
heat - af fected zone; 10 intercritical tenperature range: from about
the Ac[err] transformation tenperatu

to about the Ac[err] transformation t rature on

heati ng, and from about 4h'e Ar[err] transformation
tenperature to about th& Ar[err] transformation 15
t enperat ure on cool i ng; \ Klerr]:

critical stress intensi
kil oj oul e; 20 - kPa
Pascal s; Ksi :

per square inch; 215 teel :
containing iron and liesp 10 wt %

total alloy additivgs;

mar t ensi t e- aust eni t &4
N
N
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30 maxi mrum al | owabl e fl aw si ze: critical
44 Mo[err] C

car bi de; MPa:

5 MPVEY 8159164 ansf or mat i on t enper at ur e:

transfornmati on of

martensite starts during cooling;
at least partially opened,.‘ unl ess ot

speci fi ed,;

PLNG

| i quefied natural gas; pr edo
about 50 vol une percent;
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guenchi ng: accelg ated cooling by any neans
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Quench Stop Tenper at ure;

onen uel Storage and Deliv stem
Referring to FIG. 1, the fuel storage and delivery system of this example
includes a fuel storage container 10. Fuel storage container 10 is preferably an
10  insulated Dewar-type container. Fuel storage container 10 is connected to fill and
vent valve 13 through, respectively, (i) vapor port 11, vapor line 9 (dashed), and vapor
valve 14 and (ii) liquid port 12, liquid line 8 (solid), and liquid valve 15. Pressure
transmitters 16 and 17 are inserted between fuel storage container 10 and fill and vent
valve 13, respectively, in liquid line 8 and in vapor line 9. Fuel storage container 10
15 is connected to the inlet manifold of engine 24 through liquid port 12, liquid line 8,
liquid solenoid valve 18, vaporizer 20, fuel line 4 (dash-dot-dot), and fuel regulator
22. Fuel storage container 10 is also connected to the inlet manifold of engine 24
through vapor port 11, vapor line 9, vapor solenoid valve 19, vaporizer 20, fuel line 4,
temperature transmitter 21, and fuel regulator 22. Fuel storage container 10 is also
20  connected to safety relief valve 26 through vapor port 11 and vapor line 9. The fuel
storage and delivery system of this example also includes a pressure switch 28 and a
fuel gage 29. As used in the following description of the operation of the fuel storage
and delivery system, “opened” in reference to a valve means “at least partially
opened”, unless otherwise specified.
25
Initial Filling of Fuel Storage Container
Prior to initial filling, fuel storage container 10 is typically at atmospheric
pressure and gmbient temperature. The initial filling of fuel storage container 10 is
preferat‘)lynl cox;£1;olled by a prescribed sequence. The prescribed sequence for the

30 initial filling is preferably pre-programmed into CPU 30 (not shown in FIG. 1, see
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recrystallize;

Patent and Tr ac}gtﬁa?@n@ legétorgg&]contamers generally, at least about 10% %b(gresgac% gres

?|6) the vel d n&ﬂ@ﬁ@?ab ¥ awsallable in fuel storage container 10 @potRofptttiofiofithe 1hii!ﬁl ﬂllinlggi

heat - af f ect ed zmoeess, HAZQ fanmliat t6 ilicds¢ skilled intheart of cryogenic temperature ﬂlIld storage
metal in the "near vicinity" of the HAZ. The
portion of fhe base netal that is considered

System Refueling Process
Prior to the start of refueling, with both vapor valve 14 and liquid valve 15

closed, and fill and vent valve 13 opened, pressure transmitter 16 measures the
pressure of PLNG fuel in the refueling station and communicates the pressure to CPU
10 30 (not shown in FIG. 1, see FIG. 2) as an input signal 31. Also, the pressure of
PLNG fuel in storage container 10 is measured prior to the start of refueling, and is
preferably continuously monitored during refueling, by pressure transmitter 17 and
communicated to CPU 30 as an input signal 31. The pressure of PLNG fuel in the
refueling station remains substantially constant during the refueling process, as
15  compared to the pressure of PLNG fuel in storage container 10. Thus, CPU 30
continuously monitors the pressure differential between the refueling station and fuel
storage container 10 during the refueling process. Further, CPU 30 preferably
continuously monitors, i.e., receives as an input signal 31, the level 7 of liquid PLNG
fuel in storage container 10 through a level sensor such as a tuned densitometer (not
20 shown in the drawings). Also, CPU 30 is preferably pre-programmed with a set
minimum refueling differential pressure, i.e., the minimum pressure differential
necessary to ensure the desired flowrate of liquid PLNG fuel from the refueling
station into storage container 10 without the aid of a pump. If the pressure differential
between the refueling station and fuel storage container 10 is less than about the set
25  minimum refueling differential pressure prior to the start of refueling, or decreases to
less than about the set minimum refueling differential pressure during refueling, CPU
30 manages the refueling process appropriately to ensure that the set minimum fueling
pressure differential is established. These pressure, pressure differential, liquid level,
and set minimum refueling differential pressure values are used by CPU 30 in

30 managing the refueling process by appropriately operating (opening/closing) valves
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was wel ded, t heCPli30és preferabdy usedrio sanagp fhe setjuence of operation of valves 18 and 19 to
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fuel storage a I'very syste for storing pressurized
| i quefied natural gan theaithaxthand,as degpressurefof PRNG fubd Bfstorage container 10 kPa

150 [ t \bout 7590 kP 1100 ' d t f about
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container is capdtphdsdsesicdivespatidingyrddaget. athia padtidiiat édsy, vapor PLNG fuel is
discrete plates of materials conprising an ultra-high strength, |ow alloy
steel 10 preferabboswpalied digectly Seom fughstorage gomipiarel 0 tranghaeperding Sensil e
strength greater than 30 120 ksi . DBTT | ower, t han
about g_ 73% (-1 OV@ng{,e]r ,25) ,(oréﬁ Bawgpgglhgasm),'\ﬁ%l #egt%lator 35,)an%%jelqmlé)§ to enginé 24

10 to reduce the pressure of PLNG fuel in storage container 10.

Fuel Storage Tank
Referring now to FIG. 3, fuel storage container 10 is preferably designed to

minimize boil-off of the liquid PLNG fuel. In one embodiment, fuel storage container

15 10 is vacuum insulated by vacuum insulation space 33 (see also spacer 40) to
minimize convection heat leak, and a suitable high-emissivity coating on the exterior
surface 34 of inner vessel 35 minimizes radiation heat leak. For the purpose of
example only, without thereby limiting this invention, high-emissivity coating for
exterior surface 34 comprises a single layer wrap of aluminized mylar. This

20  substantially limits the heat leak into fuel storage container 10 to conduction heat
leakage due to penetrations into inner vessel 35. In this embodiment, total
penetrations are minimized by using two dual purpose lines, liquid line 8 and vapor
line 9. Liquid line 8 is used to both fill and discharge liquid PLNG fuel from storage
container 10; vapor line 9 is used to both fill and discharge vapor PLNG fuel from

25  storage container 10. As is familiar to those skilled in the art of cryogenic engineering
design, these special design strategies minimize, but do not eliminate completely, the
heat leak into fuel storage container 10. Consequently, when engine 24 (FIG. 1) is not
operating, such as when the vehicle powered by engine 24 is parked during periods of
non-use, there is continual boil-off of the PLNG fuel in storage container 10. The

30 continual boil-off results in an increase in pressure of the PLNG fuel in storage

container 10. The design pressure of fuel
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of the tensile strength of said ultra-high strength, low alloy steel.
3. The container of claiml, wherein said joints have a DBTT | ower than

about 20 stora ecgﬂ @Ik 10,Gn bnd §Rb&TifmbM) is optimized to Maximizé PENG® fitehholdr of
claim1l1, wherel joints arc formed by gas nmetal arc
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pressurized |i nat u
5  pressure resulting from complete vaporization and warm up to ambient temperature of

PLNG fuel in storage container 10, because that would have an excessively
detrimental weight impact on the vehicle fuel efficiency. Thus, a fuel venting

mechanism is preferably provided.

10  Fuel Venting
— The fuel storage and delivery system of this example is preferably provided
with a fuel venting mechanism whereby vapor PLNG fuel is vented from fuel storage
container 10, but is not released to the atmosphere. Inone embodiment; two levels of
protection are provided to achieve this. First, fuel storage container 10 is preferably
15  designed to allow for pressure build up to about twice the operating pressure.
Depending on the starting level 7 of liquid PLNG fuel in storage container 10, this
high pressure design preferably allows for at least about ten days of liquid boil-off and
the concomitant pressure build-up, i.., at least about ten days of non-use of the fuel
storage and delivery system, without the need to vent vapor PLNG fuel outside
20  storage container 10. However, in the rather unusual case of an extended period of
non-use starting with fuel storage container 10 substantially filled with liquid PLNG
fuel, the pressure build-up may exceed the design pressure for fuel storage container
10. Fuel cartridge 36 provides a means to relieve the pressure in excess of the design
pressure.
25 Referring now to FIG. 3, fuel cartridge 36 is connected to fuel storage
container 10 through vapor port 11 and vapor line 9. Normally-opened solenoid valve
38 is an integral part of fuel cartridge 36. Fuel cartridge 36 is, however, normally
e isolated. from vapor PLNG fuel in storage container 10, and in vapor line 9, by check
valve 37. The set point pressure for CPU 30 to open check valve 37 depends on fuel

30 storage container 10 design pressure. Check valve 37 is designed to allow flow of
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gas fuel vented fromsaid fuel storage contai ner when the pressure of said

pressuri Zed FiiqlefSredrnattiral gas fuel in said fuel stormgﬁélz 7471
: e

exceeds a b5 pre-set pressure.

cont ai ner of chQ?ﬁ/@lﬁﬁner ein said fuel cartri dge conpri sef%THUS98/12741

adsor bent . 10 8. The fuel storage container of claim7, whegel '
adsorbent is a charcoal gdsé?bent. QMgfplgaii%ﬁj ?999
storage con wherein said fuel cartridge Cohliprises at

| east one en@#lmm lﬂ“wﬂml‘ regenerating said charcoal adsorbent. 15

10 A systermm CONpri st ngs  * d’g at | east one fuel storage

cont ai ner for storing pressurized quu“gle nat ur al gas at a

pressure of about 1035 kPa (150 psia) to about 7590 kPa (1100 psia) 20

and at a tempey at ur e oh AR orikAal GHAYE e wORLRAL Bl ¥ Pkt 1 C

(-80[err]F), st or age” cont ai ner
is constructed by Jibrﬂomggrmwnmirhcmeﬁednamralgasﬁwlafmlmeamctqfabbutdmérete

pl ates of naterial
al | oy steel cont ai ﬁlﬁgvﬁéﬂ){%ﬂ é‘fﬁd}@ﬂﬁ%pﬁdzgﬂﬂgﬁtﬁﬁg ecngi; bemst rength
greater than 830 NPéZZ(?Z@lﬂOé’F)loahehxtaGDEHSWB)/md ctehamrm)@aomei@[r@suﬂz@d

(-100[err]F), 25 gq[uﬁﬁcd%aturﬁi‘éls\?ﬂ%%&nh@faiﬁo ess%ﬁfﬁ&aé gind! BhLERE P! ates

have adequate stren ressure and
t enper at ur e condi t iseidsfuelstarege c@ntrinerisgonstructed by joining hpﬁe@vsaphzdetylofquef i ed

natural gas; and dis rete latcs of mate('l% g{:ﬁgﬁgfé%MUL%ghdsﬁeh%g,%ﬂ%l%gB&rci zed

pressurized | i quefie ural gas
conbusti oi*% n an eﬁgpﬁgl_mg less than 9 wt% nickel and having a tensile strength greater than

-~ 830 MPa (120 ksi) and a DBTT lower than about -73°C (-100°F), and wherein
' joints between said discrete plates have adequate strength and toughness at
said pressure and tcmperature conditions to contain said pressurized liquefied
natural gas.
15
2. The container of ¢laim 1, wherein said joints have a strength of at least about

90% of the tensile strength of said nltra-high strength, low alloy steel.

3. The container of claim 1, wherein said joints have a DBTT lower than about
20 -73°C (-100°F).

4, The container of claim 1, wherein said joints arc formed by gas metal arc

welding.

25 5 The container of claim 1, wherein said joints are formed by tungsten inert gas

welding.
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11. A fuel storage and delivery system conpri sing:

| east one-fqrey::Storagercont ai ner, wherein said at |east g
5 cont ai ner has adequate strength and toughness F<StAN

pressuri zed | iV%ax$8 ed " natural gas fuel at a mw&lbﬂlabout

tlgﬁgelr(z?ugfgf pzibgzjt mjmml“ﬂmlﬂg [errf¥) to abou(l.lgg[&# a&'gnd 312 SEP IQQC

(-80[err]F); 10 Ma fsi and vent valve for allow ng transfer
of said pressurized |iquefi ed natural gas fuel between said
fuel storage cgntai [ (&)
liquid line fogf) al I%rfﬁgﬂ?? %&P&ﬁeéﬂ?c gﬂi)n?%s“g%feluéseaéd fuc%qsutgra ?af:lonrﬁzgt %risal gas
fuel from said fuelcosnestssidge atforl katwidgs fomqodicétingrvapdripressurized liquefied nagutyl a
vapor line for all %%l@ﬁ%ﬂ&m‘éﬂ%aéﬁ, gf&éﬁ&&%ﬁ& thé PrSreGr N3 ur al

gas fuel fromsaid orage tank vapori zer;
pressurized hqueﬁed natural gas fucl in smd fuel storage container exceeds a

5 pre-set pressure.
7. The fuel storage container of claim 6, wherein said fucl cartridge comprises an
adsorbent.
i0 8 The fuel storage container of claim 7, wherein said adsorbent is a charcoal
. adsorbent.
9. The fuel storage container of claim 8, wherein said fuel cartridge comprises at

least onc embedded heater for regenerating said charcoal adsorbent.
15

10. A system comprising:

(a) at least one fuel storage container for storing pressurized liquefied natural
gas at a pressure of about 1035 kPa (150 psia) to about 7590 kPa (1100 psia)
20 and at a temperaturg of about -123°C (-190°F) to about -62°C (-80°F), wherein
said at least onc fuel storage container is constructed by joining together a
plurality of discretc plates of materials comprising an ultra-high strength, low
alloy stee] containing less than 9 wt% nickel and having a tensile strength
grcater than 830 MPa (120 ksi) and a DBTT lower than about -73°C (-100°F),
25 and whcrein joints between said discrete plates have adcquate strength and
toughness at said pressure and temperature conditions to contain said

pressurized liqucfied natural gas; and

(b) facilities for delivering vaporized pressurized liguefied natural gas fuel on

30 dcmand for combustion in an engine.

e —————— g =
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(é) a fuel line for allowing flow of said vaporized pressurized Iiquefied

natural 2 G -~ - -- - gas fuel fromsaid vaporizer to Saipg e.}c?l?dl‘_, G4 4
(f) a fuel regulator for regulating flow of said vaporiz suri zed
li quefied WO 98/59164 natural gas fuel from said vapori zBFT{ESEh}ZT4L

engi ne, such that said fuel and deli \MA Q ' Q
adapted for storing ' ﬁ“ @E‘%m quu%%ied natural 2 5 ﬂ‘)” 22gz§éfp 1999
fuel at a pressure \) t Pa (150 psia) to about 7590 kPa (1100
psia) and at a tenperatlre of about -123[err]C (-190[err]F) to about

-62[err]C (-80[err]F) and delivering said vaporized
pressurized |liquefied natural gas fuel on demand for
conbustion in Hn erfyfifstorage and delivery system compg8Ing:  The fuel storage and
delivery systemof claim 11, further conprising: (g) a fuel
cartridge having at | east one regeneration heater, said fuel_ cartridge

bei ng adapted to (i® ‘Fé‘fﬁ"é‘i‘if’éfé‘ﬂégé‘hgeﬁf’%tﬁ’?ﬁﬁ’lw ﬁaéiaéfj?“é'd’"ﬁzﬂlfc}rs%ﬁmﬁj’as f uel
from 5 s coRfafhef W adSduteriien @R Rhdicl Sinedd Rtohfdih REREHLEAdIduBfi&Ri d
fuel storage container exceeds a fi rst gr, determ 93{9 set
point; (ii) store sngfuaal&%gggatﬁrqggsgwiofél?fut 1035 kPa (150 psia) to about 7 kPa

(1100 psia) and at a temperature of about -123°C (-190°F) to about -62°C
(-80°F);

10 (b) a fill and vent valve for allowing transfer of said pressurized liquefied

natural gas fuel between said fuel storagc conptainer and a refueling station;

(c) a liquid linc for allowing flow of liquid pressurized liquefied natural gas

fuel from said fuel storage tank to a vaporizer;

15
(d) a vapor line for allowing flow of vaporized pressusized liquefied natural
gas fuel from said fuel storage tank to said vaporizer;
(e) a fuel line for allowing flow of said vaporized pressurized liquefied natural
20 gas fucl from said vaporizer to said cngine; and

(f) a fuel regulator for regulating flow of said vaporized pressurized liqueficd
natural gas fuel from said vaporizer to said engine, such that said fuel storage
and delivery system is adapted for storing said pressurized liquefied natural
25 gas fuel at a pressure of about 1035 kPa (150 psia) to about 7590 kPa (1100
psia) and at a temperature of about -123°C (-190°F) to about -62°C (-80°F)
and delivering said vaporized pressurized liqueficd natural gas fuel on demand

for combustion in an cngine.
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l'i quefi @d22-99:10: 26aM:EPR Lapat ur al gas fuel back into sai n,;«,r_a,,;,_ e ot
L RLArEdY

cont ai ner when the pressure |n sal d fuel
drops bel ow awgesggd predet e ‘ int. 10 ) 13’CT/UA98M2741
storage contai ner sui l ! “ \j“a fuel storage 'andm y
for storing pressuri zmﬁ ﬁ\ rak0gas fuel at a jg 2%3@'? 1999
1035 kPa (1 0 psia) to about 7590 kPa (1100 psia) and at a
tenperature of about -123[err]C (-190[err]F) to about

|I6(?|L2¥[]eg na?O err_bé% U?{}%?ng‘#'ﬂ&hﬁ%yfﬁgq’ahﬁ%%‘gﬂlgﬁa Ié‘?‘g%%‘g’l‘%e, wher ei n

said fuel storage conta|ner i s constructed by joining together a plurality

of terials conpr r |gh
otrength, | ow al | of) e paridge Tavide of ast prcyegmmariton e s 11 bR ), o,

ni ckel and havi ng mﬂma&b&ds& (1)3fegé1he extdss pressunzed liqueﬁedfnaanﬂtgaeﬁ:ebﬁ-gtmness to
contain said pressut efied n tura whe

joints betheen salﬁ“!jﬁfg?t fﬁnéef“éer £0 e p3e E]ufsztl salég‘gpﬂ%%gecﬁﬂ?mughness at
said pressure and é)ﬁaﬁd%rafﬂrsﬂﬁcietﬂﬁﬂhied@ﬂspoim, (tipstoee saidsaxceks presogized zed

l'i quefied

25
(a) placing pressuffgg f’ ﬁ{?igasefgasmﬁduf ‘Qf‘“g‘jaé‘“% essa@cgg}vée%@']s%rggp%:‘sogg t

1035 ndtital §ak okl packaintet smdaﬂuelwtorigc%ntai?&r (:vhéxﬁ)mcpmsal)rc amskidit a
tenperature of about . - err E about
-62[err]C (-80[er rr‘ﬂ St?rr"\‘fz%c%faul"eéggfpsoﬁ ﬁ]g’vaause}: irfietsbt g

cont ai neryowherein said at | east one fuel stor age cont ai ner has adequate 30
strength and {puohgess 1.9, GoLAlL ARlElRISREH | ASFubhgt Sld &1O9UYkahL 9as
o for storing pressurized liquefied natural gas fuiel at a pressure of about 1035
kPa (150 psia) to about 7590 kPa (1100 psia) and at a temperature of about
-123°C (-190°F) to about -62°C (-80°F) and delivering vaporized pressurized
is liquefied natural gas fuel on demand for combustion in an engine, whercin
said fuel storage container is constructed by joining together a plurality of
discrete plates of materials comprising an ultra-high strength, low alloy stecl
containing less than about 2 wt% nickel and having adequate strength and
fracture toughness to contain said pressurized liquefied natural gas, wherein
20 joints between said discrete plates have adequate strength and toughness at

said pressure and temperature conditions to contain said pressurized liquefied

natural gas.

14. A method comprising:

25
(a) placing pressurized liquefied natural gas fuel at a pressurc of about 1035
kPa (150 psia) to about 7590 kPa (1100 psia) and at a temperaturc of about
-123°C (-190°F) 1o about -62°C (-80°F) into at Icast one fuel storage
container, wherein said at least one fuel storage container has adequate
e 20 strength and toughness to contain said pressurized liquefied natural gas fucl at
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said pressure and tenperature conditions; and

del i veri rgyeviEpoti-zadepr essuri zed liquefied natural gas fuy r o
conbustion in an enginc. 5 15. A system conpri sﬁ* dgn’gfllz r§1

(a) at |east dN@ﬁ“u"é?“Storage'cont ai ner for storing pressuPCﬂ'édSSPﬂ/hl?éﬂled

nat ur al pressure of about 1035 o 4l '
to about 7590 kPa (Hﬂﬂ!ﬂm m “@ H“l;)Sl a) 3Fd at a t enper at m&%’fsm) 1999
-123C (-190[err]F) out err]C (-80[err]F), wherein

said at | east one fuel storage container has adequate strength and

t oughness to cont alsgldsp% JQEG@&&H}J%‘E%L&HM fnseggnatural gas fuel at said

pressure tenperature con I'tions; and 15 (b)
facilities for delivering vaporized pressurized |liquefied natural gas fuel

on d?ﬂ?&%vgﬂg ﬁgmtﬂréguﬂigd RQudtiad B iral gas fuel on demand for

combustion in an enginc.
15. A system comprising:

(a) at least one fuel storage containcr for storing pressurized liqueficd natural
gas fuel at a pressure of about 1035 kPa (150 psia) to about 7590 kPa (1100
ilo psia) and at a temperature of about -123°C (-190°F) to about -62°C (-80°F),
J—, wherein said at least one fuel storage container has adeguate strength and
toughness to contain said pressurized liqueficd natural gas fuel at said pressure

and temperature conditions; and

15 (b) facilities for delivering vaporized pressurized liquefied natural gas fuel on

demand for combustion in an engine.
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Fuel storage and delivery systems are provided for storing pressurized liquefied natural gas (PLNG) fuel at a pressure of about 1035
kPa (150 psia) to about 7590 kPa (1100 psia) and at a temperature of about —123 °C (-190 °F) to about —62 °C (—80 °F) and delivering
vaporized PLNG fuel on demand for combustion in an engine. The fuel storage and delivery systems have fuel storage containers that
are constructed from ultra-high strength, low alloy steel containing less than 9 wt.% nickel and having a tensile strength greater than 830
MPa (120 ksi) and a DBTT lower than about —73 °C (~100 °F). While not limited thereto, the present invention is especially useful for
automobiles, buses, trucks and other vehicles with engines designed to operate through combustion of natural gas.




