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ENHANCED METHANE FLASH SYSTEM FOR NATURAL GAS LIQUEFACTION

This invention concerns a method and an apparatus for 1iciuefying natural
gas. In another aspect, the invention concerns an improved multi-stage expausion cycle
for reducing the pressure of a cooled and pressurized liguefied natural gas (LNG) stream
to near atmospheric pressure. |

The cryogenic liquefaction of natural gas is routinely practiced as a
means of converting natural gas inio a more convenient form for transportation and
storage. Such liquefaction reduces the volume by.about 600-fold and results in a
product which can be stored and transported at near atmospheric pressure.

" With regard to ease of storage, natural gas is frequently transported by
pipeline fr'om the source of supply to a distant ma;két. It 1s desirable to operate the
pipeline under a substantially constant and high load factor but often the deliverability or
capacity of the pipeline will exceed demand while at other times the demand may
exceed the deliverability of the pipeline. In order to shave off the peaks where demand
exceeds supply or the valleys when supply exceeds demand, it is desirable to store the
excess gas in such a manner that it can be delivered when the supply exceeds demand.
Such practice allows future demand peaks to be met with material from storage. One
practical means for doing this is to convert the gas to a liquefied state for storage and to
then vaporize the liquid as demand requires.

The liquefaction of natural gas is of even greater importance when
transporting gas from a supply source which is separated by gréat distances from the
candidate market and a pipeline either is not available or is impractical. This is
particularly true §vhcrc transport must be made by ocean-going vessels. Ship
transportation in the gaseous state is generally not practical because appreciable
pressurization is required to significantly reduce the specific volume of the gas. Such
pressurnzation requires the use of more expensive storage containers.

In order to store and transport natural gas in the liquid state, the natural
gas is preferably cooled to -240°F to -260°F where the liQueﬁed natural gas (LNG)
possesses a near-atmospheric vapor pressure. Numerous systems exist in the prior art
for the liquefaction of natural gas in which the gas is liquefied by sequentially passing

the gas at an elevated pressure through a plurality of cooling stages whereupon the gas is
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cooled to successively lower temperatures until the liquefaction temperature 1s reached.
Cooling is generally accomplished by heat exchange with one or more refrigerants such
as propane, propylene, ethane, ethylene, methane, nitrogen or combinations of the
preceding refrigerants (e.g., mixed refrigerant systems). A liquefaction methodology
which is particularly applicable to the current invention employs an open methane cycle
for the final refrigeration cycle wherein a pressurized LNG-bearing stream is flashed and
the flash vapors (i.c., the flash gas stream(s)) are subsequently employed as cooling
agents, recompressed, cooled, combined with the processed natural gas feed stream and
liquefied thereby producing the pressurized LNG-bearing stream.

Typically, LNG plants that employ an open methane cycle for the final
refrigeration cycle utilize three expansion (i.e., flash) stages, with each expansion stage
including flashing of the LNG-bearing stream in an expander followed by separation of
the flash gas stream and LNG-bearing stream in‘a gas-hquid phase separator. In a
conventional open methane cycle, the final flash stage includes reducing the pressure of
the LNG-bearing stream to about atmospheric pressure in a final-stage expander and
then separating the low pressure flash gas stream from the low pressure LNG-bearing
stream in a final-stage gas-liquid separator. From the final-stage separator, a cryogenic
pump is used to pump the low pressure LNG-bearing stream to the LNG storage tank(s).

As i all processing plants, it is desirable for LNG plants to minimize
capital expense and operating expense by reducing the amount of equipment and
controls necessary to operate the plant. Thus, it would be a significant contribution to
thé art and to the economy if there existed an open methane cycle that eliminated at least
some of the equipment and/or controls associated with the multi-stage expansion cycle.

It is desirable to provide a novel natural gas lignefaction system that
employs an open methane cycle and requires a reduced amount of equipment.

Again it is desirable to provide an open methane cycle that does not
require cryogenic pumps to transport the LNG-bearing stream from the final-stage
gas-liquid separation vessel to the LNG storage tank.

Once again it is desirable to provide an open methane cycle that utilizes

less than threg separation vessels.

It should be understood that the above desires are exemplary and need
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not all be accomplished by the invention clainied herein. Other objects and advantages
of the imvention will be apparent from the written description and drawings.

Accordingly, in one embodiment of the present invention there is
provided a process for liquefying natural gas comprising the steps of: (a) flashing a
prossurized liquefied natural gas stream in a first expander to provide a first flash gas
and a first hiquid stream; (b) flashing at least a portion of the first kquefied streamin a
second expander to provide a second flash gas and a second liquid stream; (c) flashing
at least a portion of the second liquid stream at or immediately upstream of a liquefied
natural gas storage tank, thereby providing a third flash gas and-a final hquefied natural
gas product; and (d) conducting the third flash gas and the final liquefied natural gas
product to the liquefied natural gas storage tank.

In another embodiment of the present invention, there is provided a
process for liq{lefying natural gas comprising the steps of: (a) flashing a pressurized
hiquefied natural gas stream in a first expander to provide a first flash gas and a first
liquid stream; (b) flashing at least a portion of the first liquid stream in a seéond
expander to provide a second flash gas and a second hquid stream; (c) subcooling at
least a portion of the second liquid stream in a heat exchanger, thereby providing a
subcooled liquefied natural gas stream; and (d) conducting at least a portion of the
subcooled liquefied natural gas stream to a liquefied natural gas storage tank.

In a further embodiment of the present mvention, there is provided a
process for liquefying natural gas comprising the steps of- (a) flashing a first liquefied
natural gas stream in a first expander to provide a first flash gas and a fust liquid stream;
(b) conducting a product portion of the first liquid stream to a liquefied natural gas
storage tank, with the product portion comprising both liquid and vapor ; (¢) conducting
arefrigerant portion of the first liquid stream to a heat exchanger; (d) conducting natural
gas vapors from the liquefied natural gas storage tank to the heat exchanger; and (e)
combining the natural gas vapors and the refrigerant portion in the heat exchanger.

In still another embodiment of the present invention, there is provided an
apparatus for liquefying natural gas. The apparatus comprises a first liquid expander, a
ﬁr_st gas-}iqu‘i‘c‘i separator, a second liquid expander, a second gas-liquid separator, an

indirect heat exchanger, a splitier, and a hquefied natural gas storage tank. The first
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gas-liquid separator is fluidly coupled to an outlet of the first expander. The second
liquid expander is fluidly coupled to a liquid outlet of the first gas-liquid separator. The
second gas-liquid separator is fluidly coupled to an outlet of the second expander. The
mdirect heat exchanger defines a first fluid flow path and a second fluid flow path that
are isolated from one another. The first flow path inlet is fluidly coﬁpled to the second
liquid outlet. The splitter is fluidly coupled to an outlet of the first flow path. The
hquefied natural gas storage tank has an inlet that is fluidly coupled to a product outlet
of the splitter. v

In yet another embodiment of the present invention, there is provided a
process for liquefying a natural gas stream comprising the steps of: (a) cooling the
natural gas stream in a first refrigeration cycle employing a first refrigerant; (b) cooling
the natural gas stream in a second refrigeration cycle employing a second refrigerant; (c)
cooling the natural gas stream in a third refrigeration cycle employing a third refrigerant;
and (d) cooling the natural gas stream in a multi-stage expansion cycle comprising at
least 3 expansion stages, with the multi-stage expansion cycle comprising 2 or fewer

phase separators.
In yet a further embodiment of the present invention, there is provided a

process for liquefying a natural gas stream comprising the steps of (a) cooling the
natural gas stream via indirect heat exchange with a first predominantly methane stream
or group of streams to theréby provide a first cooled stream; (b) separating at least a
portion of the first cooled stream into a first separated stream and a second separated
streany; (¢) compressing at least a portion of the first separated stream in a compressor;
and (d) cooling at least a portion of the second separated stream via indirect heat
exchange with a second predominantly methane stream or groups of streams to thereby
form a second cooled stream.

| In a still further embodiment of the present invention, there is provided a
process for liquefying a natural gas stream comprising the steps of: (a) reducing the
pressure of the natural gas stream to thereby provide a first pressure-reduced stream
comprising less than about 5 mole percent vapor; ‘(b) sphtting at least a portion of the
first pressurg-jeduced stream into a first split stream and a second split stream, each of

said fist and second split streams comprising less than about 5 mole percent vapor; (¢}
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conducting at least a portion of the first split stream to a liquefied natural gas storage
tank; and (d) heating at least a portion of the second split stream by indirect heat
exchange with a first predominantly methane stream to thereby provide a first warmed
stréam.

In still yet another embodiment of the present invention, there is provided
an apparatus for liquefying a natural gas stream. The apparatus comprises a methane
economizer and a multi-stage methane expansion cycle. The methane economizer
provides indirect heat exchange between a plurality of predominantly methane streams
viaa plurality of heat exchanger passes. The methane economizer comprises a first heat
exchanger pass for cooling at least a portion of the natural gas stream. The methane
expansion cycle receives a least a portion of the cooled natural gas stream from the first
heat exchanger pass. The methane expansion cycle comprises at least 3 expanders for
sequentlaﬂy reducing the pressure of the natural gas stream. The methane expansion

cycle comprises 2 or less phase separators.
BRIEF DESCRIPTION OF THE DRAWING FIGURES

A preferred embodiment of the present invention is described in detail

below with reference to the attached drawing figures, wherein:

FIG. 1 is a simplified flow diagram of a cascaded refrigeration process
for LNG production which employs a novel open methane refrigeration cycle utilizing

only two flash drums;

FIG. 2 is a simplified flow diag1'aIn of a cascade refrigeration process
which employs an altemaiive embodiment of the novel open methane refrigeration cycle
utilizing only two flash drum;

FIG 3isa simpliﬁcd ﬂqw diagram of a cascade refrigeration process for

LNG production which employs anovel open methane refrigeration cycle utilizing only

- one flash drum; and

FIG. 4 is a simplified flow diagram of a cascade refrigeration process for

LNG production which employs a novel open inethane refrigeration cycle utilizing no

flash drums.

As used herein, the term open—cycie cascaded refrigeration process refers

t

to a cascaded refrigeration process comprising at least one closed refrigeration cycle and
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one open refrigeration cycle where the boiling pomnt of the refrigerant/cooling agent
employed in the open cycle is less than the boiling point of the refiigerating agent or
agents employed in the closed cycle(s) and a portion of the cooling duty to condense the
compressed open-cycle refrigerant/cooling agent is provided by one or more of the
closed cycles. In the current invention, methane or a predominately methane stream 1s
employed as the refrigerant/cooling agent in the open cycle. This stream is comprised of
the processed natural gas feed stream and the compressed open methane cycle gas
streams. As used herein, the terms "predominantly”, "primarily”, "principally", and "m
major portion”, when used to describe the presence of a particular component of a fluid
stream, shall mean that the fluid stream comprises at least 50 mole percent of the stated
component. For example, a "predominantly" methane stream, a "primarily" methane
stream, a stream "principally” comprised of methane, or a stream comprised "in major
portion” of methane each denote a stream comprising at least 50 mole percent methane.

The design of a cascaded refrigeration process involves a balancing of
thermodynamic efficiencies and capital costs. In heat transfer processes, thermodynamic
irreversibilities are reduced as the temperaturé gradients between heating and cooling
fluids become smaller, but obtaming such small temperature gradients generally requires
significant increases in the amount of heat transfer area, major modifications to various
process equipment and the proper selection of flowrates through such equipment so as to
ensure that both flowrates and approach and outlet temperatures are compatible with the
required heating/cooling duty.

One of the most efficient and effective means of liquefying natural gas is
via an optimized cascade-type operation in combination with expansion-type cooling.
Such a liquefaction process is comprised of the sequential cooling of a natural gas
stream at an elevated pressure, for example about 625 péia, by sequentially cooling the
gas stream by passage through a multistage propane cyclé, a multistage ethane or
ethylene cycle, and an open-end methane cycle which utilizes a portion of the feed gas
as a source of methane and which includes therein a multistage expansion cycle to
further cool the same and reduce the pressure to near-atmospheric pressure. In the'
sequence of gooling cycles, the refrigerant having the highest boiling point is utilized

first followed by a refrigerant having an interiediate boiling point and fially by a
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refrigerant having the lowest boiling point. As used herein, the terms “upstream” and
"downstream"” shall be used to describe the relative posttions of various components of a
natural gas liquefaction plant along the flow path of natural gas through the plant.
Various pretreatment steps provide a means for removing undesirable
components, such as acid gases, mercaptan, mercury, and moisture from the natural gas
feed stream delivered to the facility. The composition of this gas stream may vary
significantly. As used herein, a patural gas stream 1s any stream principally comprised of
methane which originates in major portion fiom a natural gas feed stream, such feed
stream for example containing at least 85 percent methane by volume, with the balance
being ethane, higher hydrocarbons, nitrogen, carbon dioxide and a minor amounts of
other contaminants such as mercury, hydrogen sulfide, and mercaptan. The pretreatment
steps may be separate steps located either upsiream of the cooling cycles or located
downstream of one of the early stages of cooling in the initial cycle. The following is a
non-mclusive listing of some of the available means which are readily available to one
skilled in the art. Acid gases and to a lesser extent mercaptan are routmely removed via
a sorption process employing an aqueous amine-bearing solution. This treatment step is

generally performed upstream of the cooling stages i the initial cycle. A major portion

- of the water is routinely removed as a liquid via two-phase gas-liquid separation

following gas compression and cooling upstream of the mitial cooling cycle and alsﬁ
downstream of the first cooling stage in the initial cooling cycle. Mercury is routmely
removed via mercury sorbent beds. Résidual amounts of water and acid gases are
routmely removed via the use of properly selected sorbent beds such as regenerable
molecular sieves.

The pretreated natural gas feed stream is generally delivered to the
liquefaction process at an elevated pressure or is compressed to an elevated pressure,
that being a pressure greater than 500 psia, preferably about 500 psia to about 900 psia,
still more pzeferably about 500 psia to about 675 psia, still yet more prefer: ably about
600 psia to about 675 psia, and most preferably about 625 psia. The stream temperature
is typically near ambient to slightly above ambient. A representative temperature range
being 60°F to 138°F.

As previously noted, the natiral gas feed stream is cooled in a plurality of
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" multistage (for example, three) cycles or steps by indirect heat exchange with a plurality

of refrigerants, preferably three. The overall cooling efficiency for a given cycle
improves as the number of stages increases but this mcrease m efficiency is
accompanied by correésponding increases in net capital cost and process complexity.
The feed gas is preferably passed through an effective number of refrigeration stages,
nominally two, preferably two to four, and more preferably three stages, in the first
closed refrigeration cycle utilizing a relatively high boiling refrigerant. Such refrigerant
is preferably comprised in major portion of propane, propylene or mixtures thereof,
more preferably the refrigerant comprises at least about 75 mole percent propane, even
more preferably at least 90 mole percent propane, and most preferably the refrigerant
consists essentially of propane. Thereafter, the processed feed gas flows through an
effective nuiber of stages, nominally two, ‘prefcrably two to four, and more preferably
two or three, in a second closed refrigeration cycle in heat exchange with a refrigerant
having a lower boiling point. Such refrigerant is preferably comprised in major portion
of ethane, ethylene or mixtures thereof, more preferably the refrigerant comprises at
least about 75 mole percent ethylene, even more preferably at least 90 mole percent
ethylene, and most preferably the refrigerant consists essentially of ethylene. Each
cooling stage comprises a separate cooling zone. As previously noted, the processed
natural gas feed stream is combined with one or more recycle streams (1.¢., compressed
open methane cycle gas streams) at various locations in the second cycle thereby
producing a liquefaction stream. In the Jast stage of the second cooling cycle, the
liquefaction stream is condensed (i.¢., liquefied) in major portion, preferably m its
entirety thereby producing a preséurized LNG-bearing stream. Generally, the process

pressure at this location is only slightly lower than the pressure of the pretreated feed gas

to the first stage of the first cycle. !

Generally, the natural gas feed stfeam will contain such quantities of C, +
components so as to result in the formation of a C, + rich liquid in one or more of the
cooling stages. This liquid is removed via gas-liquid separation means, preferably one
or more conventional gas-liquid separators. Generally, the sequential cooling of the
natural gas jn each stage is controlled so as to remove as much as possible of the C, and

higher molecular weight hydrocarbons from the gas to produce a gas stream
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predominating i methane and 2 liquid stream containing significant amounts of ethane
and heavier components. An effective pumber of gas/liquid separation means are
located af strategic locations downstream of the cooling zones for the removal of liquids
streams 1ich in C, + components. The exaci iocations and number of gas/liquid
separation means, preferably conventional gas/liquid separators, will be dependant on a
number of operating parameters, such as the C, + composition of the natural gas feed
stream, the desired BTU content of the LNG product, the value of the C, + components
for other applications and other factors routmely considered by those skilled in the art of
LNG plant and gas plant operation. The C, + hydrocarbon stream or streams may be
demethanized via a single stage flash or a fractionation column. In the latter case, the
resultmg methane-rich stream can be directly returned at pressure to the liquefaction
process. In the former case, this methane-rich siream can be repressurized and recycle
or can be used as fuel gas. The C, + hydrocarbon siream or streams or the demethanized
C, + hydrocarbon stream may be used as fuel or may be further processed such as by
fractionation in one or more fractionation zones to produce individual streaﬁﬁ rich m
specific chemical constituents (ex., C,, C,, C, and C; +).

The pressurized LNG-bearing stream is then further cooled in 2 third
cycle or step referred to as the open methane cycle via contact in a main methane
economizer with refrigerant streams ( e.g., flash gas streams) generated n this third
cycle m a manner to be described later and via expansion of the pressurized LNG-
bearing stream to near atmospheric pressure. The refrigerant strearms used as a
refrigerant in the third refiigeration cycle are preferably comprised in major portion of
methane, more preferably the refrigerant streams comprise at least 75 mole percent
methane, still more preferably at least 90 mole percent methane, and most preferably the
reﬁigeraht streams consist essentially of methane. During expansion of the pressurized
LNG-bearing stream to near atmospheric pressure, the pressurized LNG-bearing stream
is cooled via at least one, preferably two to four, and more preferably three €xpansions

where each expansion employs an expander as a pressure reduction means. Suitable

- expanders include, for example, either Joule-Thomson expansion valves or hydraulic

expanders. The expansion is followed by a separation of the pressure-reduced stream in

either a gas-liquid separator or a non-phase-separating splitter (e.g., a tee). As used
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herein, the terms "separating” and "separation" shall refer to the operation of physically
separating one feed stream into two product streams, with or without vapor-liquid phase
separation. When a hydraulic expander is employed and properly operated, the greater
efficiencies associated with the recovery of power, a greater reduction in stream
temperature, and the production of less vapor during the flash expansion step will

frequently more than off-set the more expensive capital and operating costs associated

with the expander. In one embodiment, additional cooling of the pressurized LNG-

-~ bearing stream prior to expansion is made possible by first flashing a portion of this

stream via one or more hydranlic expanders and then via mdirect heat exchange means
employmg said flash gas stream to cool the remaining portion of the pressurized LNG-
bearing stream prior to expansion. The warmed flash gas stream is then recycled via

return to an appropriate location, based on temperature and pressure considerations, in

the open methane cycle and will be recompressed.

A cascaded process uses one or more refrigerants for transferring heat
energy from the natural gas stream to the refrigerant and ultimately transferring said heat
energy to the environment. In essence, the overall refrigeration system functions as a
heat pump by removing heat energy from the natural gas stream as the stream is
progressively cooled to lower and lower temperatures.

The liquefaction process may use one of several types of coolmg which
include but is not limited to (a) indirect heat exchange, (b) vaporization, and (©)
expansion or pressure reduction. In direct heat exchange, as used herein, refers to a
process wherein the refrigerant cools the substance to be cooled without actual physical
contact between the refrigerating agent and the substance to be cooled. Specific
examples of mdirect heat exchange means include heat exchange undergone in a shell-
and-tube heat exchanger, a core-in-kettle heat exchauger, and a brazed aluminum plate-
fin heat exchanger. The physical state of the refrigerant and substance to be cooled can
vary depending on the demands of the system and the type of heat exchanger chosen.
Thus, a shell-and-tube heat exchanger will typically be utilized where the refrigerating
agent is In a liquid state and the substance to be cooled is in a liquid or gaseous state or
when one of #he substances undergoes a phase change and process conditions do not

favor the use of a core-in-kettle heat exchanger. As an example, aluminum and
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aluminum alloys are preferred materials of construction for the core but such materials
may not be suitable for use at the designated process conditions. A plate-fin heat |
exchanger will typically be utilized where the refrigerant is in a gaseous state and the
substance to be cooled is in a liquid or gaseous state. Finally, the core-in-kettle heat
exchanger will typically be utilized where the substance to be cooled 1s liquid or gas and
the refrigerant undergoes a phase change from a liquid state to a gaseous state during the
heat exchange.

Vaporization cooling refers to the cooling of a substance by the
evaporation or vaporization of a portion of the substance with the system maintained at a
constant pressure. Thus, during the vaporization, the portion of the substance Which
evaporates absorbs heat from the portion of the substance which remams in a hiquid state
and hence, cools the liquid portion.

Fmally, expansion or pressure reduction cooling refers to cooling which
occurs when the pressure of a gas, liquid or a two-phase system 1s decreased by passing
through a pressure reduction means. In one embodiment, this expansion means is a
Joule-Thomson expansion valve. In another embodiment, the expansion means is either
éhydraulic or gas expander. Because expanders recover work energy from the
expansion process, lower process stream temperatures are possible upon expansion.

The flow schematics and apparatuses set forth in FIGS. 1, 2, 3, and 4
represent first, second, third, and fourth embodiments of the mventive open-cycle
cascaded liquefaction process. Those skilled in the art will recognized that FIGS. 1
through 4 are schematics only and, therefore, many items of equipment that would be
needed in a commercial plant for successful operation have been omitted for the sake of
clarity. Such items might include, for example, compressor controls, flow and level
measurements and corresponding controllers, temperature and pressure controls, pumps,
motors, filters, additional heat exchangers, and valves, etc. These items would be
provided m accordance with standard engineering practice.

To facilitate an understandingr of FIGS. 1 through 4 , the following
numbering nomenclature was employed. Items numbered 1 through 99 are process
vessels and.equipment which are directly associated with the liquefaction process. Items

numbered 100 through 199 correspond to flow lines or conduits which contain primanly
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methane. Iterns numbered 200 through 299 correspond to flow lines or conduits which
contain the refrigerant ethylene. Items numbered 300 through 399 correspond to flow
fines or conduits which contain the refrigerant propane. In FIG. 2, items numbered 400
through 499 are vessels, equipment, lines, or conduits of the open metbane cycle whose
configuration is different than the configuration shown in FIG. 1. In FIG 3, items
numbered 500 through 599 are vessels, equipment, lines, or conduits of the open
methane cycle whose configuration is different than the configuration shown n FIG. 1.
In FIG. 4, items numbered 600 through 699, are vessels, equipment, lines, or conduits of
the open methane cycle whose configuration is different than the configuration shown in
FIG. 3.

Referring to FIG. 1, pretreated natural gas is introduced to the
liquefaction system through conduit 110. Gaseous propane is compressed in multistage
compressor 18 driven by a gas turbine driver which is not illustrated. The three stages
preferably form a single unit although they may be separate units mechanically coupled
together to be driven by a single driver. Upon coﬁxpression, the compressed propane is

passed through conduit 300 to cooler 20 where it is liquefied. A representative pressure

' and temperature of the liquefied propane refrigerant prior to flashing 1s about 116° F and

about 190 psia. Although not illustrated in FIG. 1, it is preferable that a separation
vessel be located downstream of cooler 20 and upstream of expansion valve 12 for the
removal of residual light components from the liquefied propane. Such vessels may be
comprised of a single-stage gas liquid separator or may be more sophisticated and
compriséd of an éccumul'ator section, a condenser section and an absorber section, the
latter two of which may be continuously operated or periodically brought on-line for
removing residual light components from the propane. The stream from this vessel or
the stream from cooler 20, as the case may be, is pass through conduit 302 to a pressure
reduction means such as a expansion valve 12 wherein the pressure of the hquefied
propane is reduced thereby evaporating or flashing a portion thereof. The resulting
two-phase produét then flows through conduit 304 into high-stage propane chiller 2 for
indirect heat exchange with gaseous methane refrigerant mtroduced via conduit 152,
natural gas fedd introduced via conduit 100, and gaseous ethylene refrigerant introduced

via conduit 202 via indirect heat exchange means 4, 6 and 8, thereby producing cooled
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gas streams respectively transported via conduits 154, 102 and 204.

The flashed propane gas from high-stage propane chiller 2 is returned to
compressor 18 through conduit 306. This gas is fed to the high stage inlet port of
compressor 18. The remaining liquid propane is passed through conduit 308, the
pressure further reduced by passage through a pressure reduction means, Hlustrated as
expansion valve 14, whereupon an additional portion of the liquefied propane is flashed.
The resulting two-phase stream is then fed to an mmtermediate-stage propane chiller 22
through conduit 310 thereby providing a coolant for chiller 22.

The'cooled natural gas feed stream from chiller 2 flows via conduit 102
to a knock-out vessel 10 wherein gas and liquid phases are separated. The liquid phase
which is rich in C,+ components is removed via conduit 103. The gaseous phase is
removed via conduit 104 and conveyed to propane chiller 22. Ethylene refrigerant is
mtroduced to chiller 22 via conduit 204. In chiller 22, the processed natural gas stream
and an ethylene refrigerant stream are respectively cooled via indirect heat exchange
means 24 and 26 thereby producing a cooled processed natural gas stream and an
ethylene refrigerant stream via conduits 110 and 206. The thus evaporated portion of
the propane refiigerant is separated and passed through conduit 311 to the
mtermediate-stage inlet of compressor 18. Liquid propane is passed through conduit
312, the pressure further reduced by passage through a pressure reduction means,

illustrated as expansion valve 16, whereupon an additional portion of liquefied propane

is flashed. The resulting two-phase stream is then fed to chiller 28 through conduit 314

thereby providing coolant to low-stage propaune chiller 28

As illustrated in FIG. 1, the cooled processed natural gas stream flows
from intermediate-stage propane chiller 22 to low-stage propane chiller/condenser 28
via conduit 110. In chiller 28, the stream is cooled via indirect heat exchange means 30.
In a like manner, the ethylene refrigerant stream flows from mtermediate-stage propane
chiller 22 to Jow-stage propane chiller/condenser 28 via conduit 206. In the latter, the
cthylene-refrigerant is condensed via an indirect heat exchaunge means 32 in nearly its
entirety. The vaporized propane is removed from low-stage propane chiller/condenser
28 and retumid to the low-stage inlet of compressor 18 via conduit 320. Although FIG.

I illustrates cooling of streams provided by conduits 110 and 206 to occur in the same
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vessel, the chilling of stream 110 and the cooling and condensing of stream,206 may
respectively take place in separate process vessels (€x., a separate chiller and a separate
condenser, respectively).

As illustrated in FIG. 1, the processed natural gas stream exiting low-
stage propane chiller 28 via conduit 112 is then introduced to a high-stage cthylene
chiller 42. Ethylene refrigerant exits the low-stage propane chiller 28 via conduit 208
and is fed to a separation vessel 37 wherein light components are removed via conduit
209 and condensed ethylene is removed via conduit 210. The separation vessel is
analogous to the earlier discussed for the removal of light components from hquefied
propane refrigerant and may be a single-stage gas/liquid separator or may be a multiple
stage operation resulting in a greater selectivity of the light components removed from
the system  The ethylene refrigerant at this location in the process is generally at a
temperature of about -24° F and a pressure of about 285 psia. The ethylene refrigerant,
via conduit 210, then flows to a main ethylene economizer 34 wherein it is cooled via
indirect heat exchange means 38 and removed via conduit 211 and passed to a pressure
reduction means such as an expansion valve 40 whereupon the refrigerant is flashed to a
preselected temperature and pressure and fed to high-stage ethylene chiller 42 via
conduit 212. Vapor is removed from chiller 42 via conduit 214 and routed to the main
ethylene economizer 34 wherein the vapor functions as a coolant via indirect heat
exchange means 46. The ethylene vapor is then removed from ethylene economizer 34
via conduit 216 and feed to the high-stage inlet on the ethylene compressor 48. The ,
ethylene refrigerant which is not vaporized in the high-stage ethylene chiller 42 is
removed via conduit 218 and returned to the ethylene main economizer 34 for further
cooling via indirect heat exchange means 50, removed from main ethylene economizer
34 via conduit 220 and flashed in a pressure reduction means illustrated as €xpansion
valve 52 whereupon the resulting two-phase product is mtroduced into a low-stage
ethylene chiller 54 via conduit 222. The liquefaction stream is removed from high-stage
ethylene chiller 42 via conduit 116 and directly fed to low-stage ethylene chiller 54
wherem it undergoes additional cooling and partial condensation via indirect heat
exchauge means 56. The resulting two-phase stream then flows via conduit 118 to a two

phase separator 60 from which is produced a methane-rich vapor stream via conduit 119
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and, via conduit 117, a liquid stream rich in C, + components which is subseguently
flashed or fractionated in vessel 67 thereby producing via conduit 123 a heavies stream
and a second methane-rich stream which is transferred via conduit 121 and after
combmation with a second stream via conduit 128 is fed to the high pressure inlet port
of a methane compressor 83.

The stream in conduit 119 and a cooled compressed open methane cycle
gas stream provided via conduit 158 are combined and fed via conduit 120 to low-stage
ethylene condenser 68 wherein this stream exchanges heat via indirect heat exchange
means 70 with the liquid effluent ﬁoﬁ low-stage ethylene chiller 54 which is routed to
low-stage ethylene condenser 68 via conduit 226. In condenser 68, the combined
streams are condensed and produced from condenser 68 via conduit 122 is a pressurized
LNG-bearing stream. The vapor from low-stage ethylene chiller 54, via conduit 224,
and low-stage ethylene condenser 68, via conduit 228, are combined and routed, via
condutt 230, to main ethylene economizer 34 wherein the vapors function as a coolant
via indirect heat exchange means 58. The stream is then routed via conduit 232 from
main cthylene economizer 34 to the low-stage side of ethylene compressor 48. As noted
m FIG. 1, the compressor effluent from vapor mtroduced via the low-stage side is
removed via conduit 234, cooled via inter-stage cooler 71 and returned to compressor 48
via conduit 236 for injection with the high-stage stream present in condutt 216.
Preferably, the two-stages are a single module although they may each be a separate
module and the modules mechanically coupled to a common driver. The compressed
ethylene product from compressor 48 is routed to a downstream cooler 72 via conduit
200. The product from cooler 72 flows via conduit 202 and is introduced, as previously
discussed, to high-stage propane chiller 2. |

The pressurized LNG-bearing stream, preferably a liquid stream in its
entirety, m conduit 122 is generally at a temperature of about -135°F and about 580 psia.
This stream passes via conduit 122 through a main methane economizer 74 wherein the
stream is further cooled by indirect heat exchange means/heat exchanger pass 76 as
hereinafter explained. It is preferred for main methane economizer 74 to include a
plurality of keat exchanger passes which provide for the mdirect exchange of heat

between various predominantly methane streams. From main methane economizer 74
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the pressurized LNG-bearing stream passes through conduit 124 and iis prgssure is
reduced by a pressure reductions means which is illustrated as expansion valve 78,
which evaporates or flashes a portion of the gas stream thereby generating a flash gas
stream. Preferably, expansion valve 78 is operable to reduce the pressure of the
LNG-bearing stream by about 40 to about 90 percent, more preferably 55 to 75 percent
(e.g., if the pressure is reduced from 600 psia to 200 psia 1t is reduced by 66.7 percent).
The flashed stream from expansion valve 78 1s then passed to methane high-stage flash
drum 80 where it is separated into a flash gas stream discharged through conduit 126
and a liquid phase stream (i.c., pressurized LNG-bearing stream) discharged through
conduit 130. The flash gas stream is then transferred to maimn methane economizer 74
via conduit 126 wherein the stream functions as a coolant via indirect heat exchange
means 82. The flash gas stream (i.e., warmed flash gas stream) exits the main methane
economizer via conduit 128 where it is combined with a gés stream delivered by conduit
121. These streams are then fed to the high pressure inlet of methane compressor 83.
The liquid phase in conduit 130 is expanded or flashed via pressure reduction means,
illustrated as expansion valve 91, to further reduce the pressure and at the same time,
evaporate a second portion thereof. Preferably, expansion valve 91 is operable to reduce
the pressure of the LNG-bearing stream by about 40 to about 90 percent, more |
preferably 60 to 80 percent. This flash gas stream is then passed to low-stage methane
flash drum 92 where the stream is separated into a flash gas stream passing through
conduit 135 and a liquid phase stream passing through conduit 134. The flash gas
stream flows through conduit 136 to indirect heat exchange means 95 in main methane
economizer 74. The warmed flash gas stream leaves main methane economizer 74 via
conduit 140 which is connected to the intermediate stage inlet of methane compressbr
83. The liquid phase exiting low-stage flash drum 92 via conduit 134 is passed to
methane economizer 74 wherein it is subcooled via indirect heat exchange means 21
with a downstream cooling agent to be described in detail below. As used herein, the
term "subcooled" shall denote a procedure for further coolng an already liquefied
stream below 1ts boiling point temperature. After subcooling n heat exchange means
21, the subcgoled LNG-bearing streamn exits methane economizer 74 and is passed to a

pressure reduction means, illustrated as expansion valve 23, via conduit 170. After
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pressure reduction in expansion valve 23, the reduced pressure LNG-bearing stream is
conducted to a splitter 25 wherein the stream is split into a product stream for transport
to a LNG storage tank 27 via conduits 172 and 174 and a refrigerant stream for transport
back to methane economizer 74 via conduits 176 and 180. A back pressure/expansion
valve 29 is fluidly disposed between conduits 172 and 174 and is positioned proximate
and immediately upstream of LNG storage tank. As used herein, the term “immediately
upstream of" shall denote the position of an upstream component relative to a down-
stream component wherein no substantial processing (e.g., gas-liquid separation,
expansion, or compression) of the flow stream takes place between the upstream and
downstream components. Back pressure/expansion valve 29 is operable to maintain
sufficient pressure in conduit 172 so that the ING-bearing stream in conduit 172 is
maintained in a substantially liquid form It is important to avoid two-phase flow in
conduit 172 because the presence of vapor in conduit 172 can require a larger diameter
conduit to carry the same quantity of LNG. Further, the presence of vapor in conduit
172 can cause a condition known as "slug flow." Such slug flow can exert undesirably
high physical surge forces on the conduit which could ultimately cause damage to the
conduit. Preferably, back pressure/expansion valve 29 is operable to reduce the pressure
of the LNG-bearing siream by about 30 to about 80 percent, more preferably 40 to 60
percent. |

Although not illustrated in FIG. 1, conduit 172 is typically longer than
most other conduits in FIG. 1. In many LNG plants, the LNG storage tank is located
several hundred feet from the main components of the LNG plant. This is especially
true when the LNG storage tank is positioned on an ocean-going vessel that is docked in
a harbor, while the main components of the LNG plant are positioned on land adjacent
the harbor. Thus, conduit 172 typically has a length of more than about 20 feet, more
typically more than about 50 feet, and most typically more than 100 feet. It is preferred
for the distance between back pressure/expansion valve 29 and LNG storage tank to be
minimized because two-phase flow will exist in conduit 174 due to flashing of the LNG-
bearing stream at valve 29. Thus,v it is preferred for the length of conduit 174 to be less
than 50 feet,, wore preferably less than 20 feet, and most preferably less than 10 feet.

After pressure reduction in valve 29, the LNG-bearing stream is conducted to LNG
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storage tank 27. In LNG storage tank 27, vapors "boil off" of the LNG, and the resulting
boil off vapors are then removed from LNG storage tank 27 via conduit 178.

The refrigerant portion of the subcooled LNG-bearing stream flowing out
of sphitter 25 through conduit 176 is preferably subjected to pressure reduction in a
pressure reduction means, illustrated as expansion valve 31. The resulting cooled,
pressure-reduced stream is then conducted to methane economizer 74 via conduit 180
for indirect heat exchange mn heat exchange means 96. It is preferred for the first portion
96a of mdirect heat exchange means 96 and mdirect heat exchange means 21 to form
two sides (i.e., a cold side and a hot side) of a common indirect heat exchanger so that
the cooled pressure-reduced stream in first portion 96a can be used to subcool the LNG-
bearng stream in heat exchange means 21. After the stream in first portion 96a of heat
exchange means 96 is used to cool the stream m heat exchange means 21, boil off
vapors from conduit 178 can be combined with the stream from first portion 96a and the
resulting combined stream can be used in second portion 96b of heat exchange means 96
to cool the stream in heat transfer means 98, described in detail below. Because the
temperature of the boil off vapors in conduit 178 is greater than the temperature of the
stream entering first portion 96a of heat exchange means 96 via conduit 180, it is
preferred for the boil off vapor stream to be mtroduced into heat exchange means 96
after the stream in first portion 96a has been used to subcool the stream in heat exchangeA
means 21. The combined stream from second portion 96b can then be conducted via
conduit 148 to a suction drum 33 for removal of any liquids present in the stream. From
suction drum 33, the vapor stream is conducted to the low-stage inlet of compressor 83.

As shown in FIG. 1, the high, intermediate and low stages of compressor
83 are preferably combined as single unit. However, each stage may exist as a separate
unit where the units are mechanically coupled together to be driven by a single driver.
The compressed gas from the low-stage section passes through an inter-stage cooler 85
and is combined with the intermediate pressure gas in conduit 140 prior to the second-
stage of compression. The compressed gas from the intermediate stage of compressor
83 15 passed through an inter-stage cooler 84 and i1s combined with the high pressure gas
provided via,Londuits 120 and 121 prior to the third-stage of compression. The

compressed gas (i.e., compressed opén methane cycle gas stream) 1s discharged from
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high stage methane compressor through conduit 150, is cooled in cooler 86 and is routed
to the high pressure propane chiller 2 via conduit 152 as previously discussed. The
stream 1s cooled in chiller 2 via indirect heat exchange means 4 and flows to main
methane economizer 74 via conduit 154. The compressed open methane cycle gas
stream from chiller 2 which enters the main methane economizer 74 undergoes cooling
m its entirety via flow through indirect heat exchange means 98. This cooled stream is
then removed via conduit 158 and combined with the processed natural gas feed stream
upstream of the first stage (i e., high pressure) of ethylene cooling.

A FIG. 2 illustrates an alternative embodiment of the present inventioh that
provides many of the same advantages as the system shown in FIG. 1. The bulk of the
components illustrated in FIG. 2 are the same as those illustrated in FIG. 1 and have the
same numerical identification. The components that are different in FIG. 2 than in FIG.

! are numbered 400-499. The main difference between FIG. 1 and FIG. 2 s the
configuration of the open methane cycle, particularly the final flash stage and subcooling .
of the LNG-bearing stream.

FIG. 2 illustrates that the LNG-bearing stream exiting low-stage separator
92 via conduit 400 can be subcooled in a first heat transfer means 404 of a heat
exchanger 402 by indirect heat exchange with a stream flowing through a second heat
transfer means 406. After subcooling, the subcooled LNG-bearing stream is conducted
via conduit 407 to an expansion valve 408 for pressure reduction. The resulting
pressure—reduced subcooled stream is conducted to a splhitter 410 where the stream is
split into a product portion for transfer to a LNG Storage tank 409 and a refrigerant
portion for transfer to second heat transfer means 406 of heat exchanger 402. The
product portion of the subcooled LNG-bearing stream is conducted to LNG storage tank
409 via conduits 412 and 414. A back pressure/expansion valve 418 is floidly disposed
between conduits 412 and 414 and mmediately upstream of LNG storage tank 409. The
refrigerant portion of the subcooled LNG-bearmg stream is conducted to an expansion
valve 420 for pressure reduction and cooling prior to being used in second heat transfer
means 406 to subcool the stream in first heat transfer means 402, After use in heat
exchanger 402 the stream from second heat transfer means 406 and boil off vapors from

LNG storage tank 409 are routed to common conduit 426 via conduits 422 and 424
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respectively. The combined stream is then conducied via conduit 426 to heat transfer
means 96 for use as a refrigerant in cooling the stream m indirect heat exchange means
98.

Although the temperatures and pressures of the predominately methane
stream m the open methane cycle described herein will vary depending on the
composition of the natural gas and the specific operating parameters of the LNG plant,
Table 1 gives preferred temperature and pressure ranges at certain locations in the open

methane cycles illustrated in FIGS. 1 and 2.

TABLE 1
CONDUIT OR | TEMPERATURE RANGE PRESSURE RANGE (psia)
VESSEL # (°F)

FIG. 1/FIG. 2 | Preferred | Most Preferred | Preferred Most Preferred
122 /122 -110 to -160 -125 to -145 550 - 650 560 - 590
124 /124 -125to -175 -140 10 -160 550 - 650 560 - 590

80 /80 -15510-205 -170 t0 -200 190 - 250 215-235
1307130 -155 to -205 —1470 to -200 180 - 240 200 - 220
92/92 -190 to -240 -205 to -225 50 - 100 65 -85

134 /300 -190 to -240 -205to -225 40 - 80 55-65
170 /305 -210 to -260 -235 to -255 40 - 80 55-65
1727312 -220 to -270 -235to -255 25-75 40 - 55
174 /314 -225t0-275 | -240 to -260 10- 50 25-135
27/309 -22510-275 | -240 to -260 10-50 25-35
178 /324 -210 to -260 -235 to -245 10-50 25-35
176 /316 -220 10 -270 -235to0 -255 - 25-75 40 - 55
180/ 326 -240 to -290 -2551t0 -275 2-20 5-10

The design of the open meiliane cycles illustrated in FIGS. 1 and 2

provides a number of advantages over prior art open methane cycles. For example, the
final flashing of the LNG-bearing stream at or near the LNG storage tank allows for the
elimination of at least one separation vessel used in a conventional oper methane cycle.

Further, such flashing of the ING-bearing stream to near atmospheric pressure
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immediately upstream of the LNG storage tank maintains back pressure onthe LNG-
bearing stream up to the tank, thereby eluminating the need for conventional cryogenic
pumps to transfer near atmospheric pressure LNG from 2 final separation vessel to the
LNG storage tank. In accordance with conventional practice, the liquefied natural gas in
the storage tank can be transported to a desired location (typically via an ocean-going
LNG tanker). The LNG can then be vaporized at an onshore LNG terminal for transpoﬁ
in the gaseous state via conventional natural gas pipeles.

FIG. 3 illustrates an alternative embodiment of the present invention that
requires the use of only one flash drum (ie., flash drum 500) in the methage expansion
cycle. Many of the components illustrated in FIG. 3 are the same as those illustrated in
FIG.1 and therefore have the same numerical identification. However, the
configurations of the methane refrigeration cycle and methane expansion cycle depicted
m FIG. 3 are quite different than the configurations of the methane refrigeration cycle
and methane expansion cycle depicted in FIG. 1. The components m FIG. 3 that are

different than in FIG. 1 are numbered 500 through 599.
The methane economizer 502 depicted in FIG. 3 includes additional

mdirect heat exchanger means/passes 504, 506, 508. The cooled LNG-bearing stream
enters methane economizer 502 via conduit 122. In methane economizer 502, the LNG-
bearing stream is cooled via indirect heat exchange means 76. The cooled LNG-bearing
stream is conducted from heat exchange means 76 to a pressure reduction means,
illustrated as expansion valve 526, via conduit 524. In expansion valve 526 the pressure
of the LNG-bearing stream is reduced. Preferably, the LNG-bearing stream is flashed in
expansion valve 526 to thereby produce a mixed vapor/liquid stream exiting expansion
valve 526. The mixed vapor/liquid stream is conducted from expansion valve 526 to
flash drum 500 where it is separated mto a flash gas stream discharged through conduit
530 and a liquid-phase stream (i e., pressurized LNG-bearing stream) discharged
through conduit 532. The flash gas stream is transferred to methane economizer 502 via
conduit 530 wherein the stream functions as a coolant via indirect heat exchange means
82. The warmed flash gas stream from indirect heat cxchange means 82 exits methane
economizer S‘QZ via conduit 128 where it is combined with 2 gas stream delivered by

conduit 121. The combined streams are then fed to the high pressure inlet of methane
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compressor 83. The liquid-phase stream in conduit 532 is conducted to indirect heat
exchange means 504 of methane economizer 502 wherein the liquid phase is cooled via
indirect heat exchange. The cooled stream from heat exchange means 504 exits
methane economizer 502 via conduit 534 and is passed to a pressure reduction means,
illustrated as expaﬁsion valve 536. In expansion valve 536, the preésure of the stream is
reduced. It is preferred that substantially no flashing occurs across expansion valve 536.
Thus, it 1s preferred for the pressure reduction that occurs across expansion valve 536 to
cause substantially nd vapor formation. As such, it is preferred for the pressure-reduced
stream exiting expansion valve 536 to cémprise Jess than about 5 mole percent vapor, or
preferably less than about 2 mole percent vapor, and most preferably less than 1 mole
percent vapor. The pressure-reduced LNG-bearing stream exiting expansion valve 536
is conducted to a splitter 538 wherein the stream is split, without substantial phase
scparation, into a first portion conducted to methane economizer 502 via conduit 540
and a second portion conducted to methane economizer 502 via conduit 542. The
portion of the stream conducted through conduit 540 is heated in indirect heat exchange
means 95 and then discharged from methane economizer 502 into the intermediate stage
mlet of methane compressor 83 via conduit 140. The portion of the stream conducted
through conduit 542 is cooled in indirect heat exchange means 506 and then discharged
from methane economizer 502 via conduit 544. The cooled stream in conduit 544 i
passed through a pressure reduction means, illustrated as expansion valve 546, wherein
the pressure of the stream is reduced. It is preferred that substantially no flashing occurs
across expansion valve 546. Thus, it is preferred for the pressure reduction that occurs
across expansion valve 546 to cause substantially no vapor formation. As suéh, it is
preferred for the pressure-reduced stream exiting expansion valve 546 to comprise less
than about 5 mole percent vapor, more preferably less than about 2 mole percent vapor,
and most preferably less than 1 mole percent vapor. The pressure-reduced stream
exiting‘expansion valve 546 is then conducted to a splitter 548 wherein the stream is
split, without substantial phase separation, into a first portion conducted to LNG storage
tank 27 via conduit 550 and a second portion conducted to a pressure reduction means,
illustrated as gxpansion valve 554, via conduit 552. In expansion valve 554 the pressure

of the stream is reduced. It is preferred that substantially no flashing occurs across
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expansion valve 554. Thus, it is preferred for the pressure reduction that occurs across
expansion valve 554 to cause substantially no vapor formation. As such, it is preferred
for the pressure-reduced stream exiting expansion valve 554 to comprise less than about
5 mole percent vapor, more preferably less than about 2 mole percent vapor, and most
preferably less than 1 mole percent vapor. The pressure-reduced stream exiting
expansion valve 554 is conducted to indirect heat exchange means 508 in methane
economizer 502 via conduii 556. In heat exchange means 508, the stream is warnmed by
indirect heat exchange. The warmed stream from heat exchange means 508 exits
methane economizer 502 via conduit 558 and is conducted to a tee 560. In tee 560, the
warmed stream from conduit 558 is combined with a boil-off vapor stream carried from
LNG storage tank 27 to tee 560 via conduit 562. The combined streams are conducted
tb indirect heat exchange means 96 of methane economizer 502 via conduit 564. In
indirect heat exchange means 96, the stream is heated via mdirect heat exchange and
then discharged from methane economizer 502 to the low-stage inlet of methane

compressor 83 via conduit 148.
FIG. 4 illustrates an alternative embodiment of the mvention that does

not require the use of any flash drums in the methane expansion cycle. Most of the
components illustrated in FIG. 4 are identical to the components illustrated in FIG. 3 and
therefore have the same numerical identification. However, the methane expansion

cycle illustrated in FIG. 4 employs a non-phase separating splitter 600 downstream of
expansion valve 526, rather than the phase-separating flash drum 500 shown in the
methane expansion cycle of FIG. 3.

Although most of the components of the system shown in FIG. 4 are
similar to the components shown in FIG. 3, it 1s preferred for the operating parameters
of the system shown in FIG. 4 to be different from the operatng parameters of the
system shown in FIG. 3 in order to accommodate for the replacement of flash drum 500
(FIG. 3) with splitter 600 FIG. 4). For example, in FIG. 4 it 1s preferred for substantially
no flashing to occur across expansion valve 526 because it is preferred for substantially
all of the stream entering splitter 600 to be m the liquid phase. Thus, it is preferred for
the pressure_teduced stream exiting expansion valve 526 to comprise less than about 5

mole percent vapor, more preferably less than about 2 mole percent vapor, and most
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preferably less than 1 mole percent vapor. The cooling associated with the, flashing
across expansion valve 526 in FIG. 3 does not occur i the configuration shown in FIG.
4. In order to accommodate for this lack of flash-type cooling, it is preferred for the
stream in conduit 524 to have a lower temperature in the methane cycle configuration of
FIG. 4 than m the methane cycle configuration of FIG. 3. Table 2, below, provides a
comparison of sample temperatures and pressures at various selected locations through-
out the methane refrigeration/expansion cycles illustrated in FIGS. 3 and 4. For each
component listed i Table 2, an inlet temperature and pressure are provided, as well as

temperature and pressure changes across the component.
TABLE 2

SAMPLE TEMPERATURES AND PRESSURES
IN METHANE REFRIGERATION/EXPANSION CYCLE

FIG. 3 FIG. 4

Component | Tnlet | P | Tolet | T | Inlet | 4P | Inlet | oT
Number Press. { across | Temp. | across | Press. | across | Temp. | across
(psig) | (s) | B | B |(sig)| ps) | B) | B

526 520 | —318 | —143 | -31 | 520 | -318 [ -177 | +1
504 202 -4 —174 —30 202 —4 i —176 =31
536 198 —111 | —204 0 198 —111 —207 +1
506 87 —4 —204 =25 87 —4 —206 =21

546 g3 —35 | —229 0 83 —35 | —227 0

554 48 -18 | —229 0 43 —18 | —227 —4

508 30 —4 —229 +21 30 -4 —231 +20

It should be understood that the temperatures aild pressures in condutts
and splitters immediately upstream of the listed components are equal to the inlet
temperature and pressure of the listed component, while the temperatures and pressures
i the conduits and splitters immediately downstream of the listed components are equal
to the sum of the inlet temperature and pressure of the listed component and the
temperature E‘md pressure change across that component. For example, in FIG. 3 the
sample tem;erature and pressure in splitter 548, conduit 550, and conduit 552 are

-229°F and 48 psig (i.e., the same as the inlet of expansion valve 554).
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Althdugh Table 2 provides only a single sample value for temperature,
pressure, temperature, and pressure, it should be understood that values at each of
these locations can vary within preferred ranges, recited below. Preferably, the
temperature, pressure, temperature, and pressure values of the Systems illustrated in
FIGS. 3 and 4 are within about 30 percent of the actual values listed in Table 2, more
preferably within about 15 percent of the actual values listed in Table 2, and most
preferably within 5 percent of the actual values listed in Table 2. Thus, for example, it
is preferred for the inlet pressure of component 526 in FIG. 3 to be in the range of from
about 364 psig (i.e., 520 psig 30% of 520 psig) to about 676 psig (e, 520 +30% of 520
psig), more preferably i the range of from about 442 psig (i.e., 520 psig 15% of 520
psig) to about 598 psig (ie., 520 +15% of 520 psig), and most preferably in the range of ’
from 494 psig (i.e., 520 psig 5% of 520 psig) to 546 psig (i.e., 520 + 5% of 520 psig).

Table 3, below, provides preferred and most preferred ranges for the
percent change in temperature and pressure across certain components of the LNG

systems illustrated in FIGS. 3 and 4.
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In one embodiment of the present invention, the LNG production systems
illustrated in FIGS. 1-4 and described above can be simulated on a computer using
conventional process simulation software. Examples of suitable simulation software

include HYSYS™ from Hyprotech, Aspen Plus® from Aspen Technology, Inc., and

PRO/M® from Simulation Sciences Inc.
The preferred forms of the invention described above are to be used as

illustration only, and should not be used in a limiting sense to interpret the scope of the
present invention. Obvious modifications to the exemplary embodiments, set forth

above, could be readily made by those skilled in the art without departing from the spirit

of the present invention.
The inventors hereby state their intent to rely on the Doctrine of
Equivalents to determine and assess the reasonably fair scope of the present invention as

pertains to any apparatus not materially departing from but outside the literal scope of

the invention as set forth in the following claims.
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CLAIMS ' ,
1. A process for liquefying natural gas, said process comprising the steps
of:
(2)  flashing a pressurized liquefied natural gas stream in a first

expander to provide a first flash gas and a first liquid strearm;

(b)  flashing at least a portion of the first liquefied stream m a second
expander to provide a second flash gas and a second hquid stream,

(c)  flashing at least a portion of the second liquid stzgam at or
immediately upstream of a liquefied natural gas storage tank, thereby providing a third
flash gas and a final liquefied natural gas product; and

(d)  conducting the third flash gas and the final liquefied natural gas
product to the liquefied natural gas storage tank.

2. A process according to claim 1; and

(¢)  conducting at least a portion of the third flash gas from the
liquefied natural gas storage tank to a heat exchanger for use as a coolng agent.
3. A process according to claim 2; and

(f)  conducting at Jeast a portion of the third flash gas from the heat
exchanger to a compressor; and »

(g)  compressing at least a portion of the third flash gas in the
COrnpressor.

4. ~ A process according to claim 1; and

(h)  upstream of the liquefied natural gas storage tank, splitting at

Jeast a portion of the second liquid stream into 2 refrigerant portion and a product

portion.
5. A process according to claim 4; and

(D conducting the refrigerant portion and at least a portion of the

thivd flash gas to a common conduit, and

)] combining the refrigerant portion and at Jeast a portion of the
thivd flash gas in the common conduit.
6. + & A process according to claim 5,

said common conduit being 2 cold side of an indirect heat exchanger.
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7. A process for liquefying natural gas, said process comprising the steps of

(a) flashing a pressurized liquefied natural gas stream in a first
expander to provide a first flash gas and a first liquid stream;

(b)  flashing at least a portion of the first liquefied stream in a second
expander to provide a second flash gas and a second liquid stream;

(¢ flashing at least a portion of the second liquid stream at or
immediately upstream of a liquefied natural gas storage tank, thereby providing a third
flash gas and a final liquefied natural gas product; |

(d)  upstream of the liquefied natural gas storage tank,y"s‘:ﬁlitting at
least a portion of the second liquid stream into a refrigerant portion and a product
portion; |

(e conducting the refrigerant portion and at least a portion of the

third flash gas to a common conduit;

6)) combining the refrigerant portion and at least a portion of the
third flash gas in the common conduit, said common conduit being a cold side of an
indirect heat exchanger; and

(8)  upstream of the liquefied natural gas storage tank, subcooling the
second flash gas stream by indirect heat exchange in the heat exchanger.

8. A process according to claim 5; and

(D conducting the combined refrigerant portion and third flash gas

from the common conduit to a compressor; and

(m) compressing the combined refrigerant portion and third flash gas
in the compressor.
9. A process according to claim 8; and

(n)  removing liquids from the combined refrigerant portion and third
flash gas prior to compression in the compressor.
10. A process according to claim 1; and

(0)  upstream of the first expander, cooling the pressurized hquefied
natural gas stream by indirect heat exchange with at least a portion of the first flash gas.
I1. W A process according to claim 10; and

(p)  upstream of the first expander, cooling the pressurized hquefied
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natural gas stream by indirect heat exchange with at least a portion of the éqcond flash

gas.
12. A process according to claim 1; and
(@)  conducting the second liquid stream from the second expander to

the liquefied natural gas storage tank without the use of a pump flmdly disposed
between the second expander and the hiquefied natural gas storage tank.
13. A process according to clamm 1,

said flashing of siep (2) including reducing the pressure of the pressurizéd
liquefied natural gas étream by about 40 to about 90 percent,

said flashing of step (b) including reducing the pressure of the first liquid
stream by about 40 to about 90 percent,

said flashing of step (c) including reducing the pressure of the second
liquid stream by about 30 to about 80 percent.
14. A process according to claim 1,

said pressurized natural gas stream entering the first expander at a
pressure in the range of from about 550 psia to about 650 psia,

said first liquid stream exiting the first expander at a pressure in the range
of from about 180 psia to about 240 psia,

said second liguid stream exiting the second expander at a pressure in the
range of from about 40 psia to about 80 psia,

said final liqueﬁed patural gas product in the liquefied natural gas storage
tank having a pressure in the range of from about 10 psia to about 50 psia.

15. A process according to claim 1; and

(r)  vaporizing liquefied natural gas produced via steps (a)- (d).
16. A process for liquefying natural gas, said process comprising the steps
of:

(a) flashing a pressurized Equefied natural gas stream in a first

expahder to provide a first flash gas and a first liquid stream;,

(b)  flashing at least a portion of the first liquid stream in a second

expander tb provide a second flash gas and a second hiquid stream;

(©) subcooling at least a portion of the second liquid stream in a heat
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exchanger, thereby providing a subcooled liquefied natural gas stream;, and |

(d)  conducting at least a portion of the subcooled liquefied natural
gas stream to a hiquefied natural gas storage tank. ‘
17. A process according to claim 16; and

(¢)  upstream of the liquefied natural gas storage tank and
downstream of thé heat exchanger, splitting at least a portion of the subcooled liquefied
natural gas stream into a refrigerant portion and a product portion at a splitting point;

§i) conducting the refrigerant portion to the heat exchanger; and

(8)  conducting the product portion to the liquefied naturafij§;§§ storage
tank. |
18. A process according to claim 17,

said subcooling of step (d) being accomplished, at least in part, by
indirect heat exchange between the refrigerant portion and the second liquid stream in
the heat exchanger.
19. A process according to claim 17; and

(h)  immediately upstream of the liquefied natural gas storage tank,
flashing at least a portion of the subcooled hquefied natural gas stream in a third
expander, thereby providing a third flash gas and a final liquefied natural gas product in
the liquefied natural gas storage tank.
20. A process according to clamm 19; and

| . | conducting at least a portion of the third flash gas from the

liquefied natural gas storage tank to the heat exchanger; and

)] combining the refrigerant portion and the third flash gas in the

heat exchanger.
21 A process according to clamn 20; and

(k)  maintaining the product portion of the subcooled liquefied natural
gas stream substantially m a liquid state using a back pressure valve disposed proximate
an mlet of the liquefied natural gas storage tank.

22. A process according to claim 16; and
(D vaporizing hquefied natural gas produced via steps (a)-(d). °

23. A process for liquefying natural gas, said process comprising the steps
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(a) | flashing a first liquefied natural gas stream in a first expander to
provide a first flash gas and a first liquid stream; '

(b)  conducting a product portion of the first liquid stream 0 2
liquefied natural gas storage tank, said product portion comprising both liquid and
vapor;

{©) conducting a refrigerant portion of the first liquid stream to a heat
exchanger;

(d)  conducting natural gas vapors from the liquefied natural gas
storage tank to the heat exchanger;, and |

(¢)  combining the natural gas vapors and the refrigerant portion in the

heat exchanger.
24. A process according to claim 23; and

) subcooling the first liquid stream in the heat exchanger.
25. A process according to claim 24,

said subcooling of step (f) being accomplished, at least in part, by
indirect heat exchange between the refrigerant portion and the first liquid stream.
26. A process according to claim 25,

said combining of step (e) being accomplished after the refrigerant
portion has already been used in the heat exchangér to provide at least partial subcooling
of the first hquid stream.
217. A process according to claim 24; and

()  downstream of the heat exchanger, splitting at least a portion of
the first liguid stream into the product portion and the refrigerant portion at a splitting -
pomt; and _
(b)  maintaining the product portion substantially in a liquid state
using a back pressure valve disposed proximate an inlet of the liquefied natural gas
storage tank.

28. A process according to claim 23; and

*

Q) flashing the product portion m a third expander located

immediately upstream of the liquefied natural gas storage tank, thereby forming said
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29. A process according to claim 23; and

(k)  vaporizing liquefied natural gas produced via steps (a)-(d).
30. An apparatus for liquefying natural gas, said apparatus comprising:

a first liquid expander having a first expander outlet;

a first gas-liquid separator fluidly coupled to the first expander outlet and

having a first gas outlet and a first liquid outlet;
a second liquid expander fluidly coupled to the first liquid outlet and

having a second expander outlet;

a second gas-liquid separator fluidly coupled to the second expander
outlet and having a second gas outlet and a second liguid outlet; 7

an indirect heat exchanger definmng a first fluid flow path and a second
fluid flow path, said first and second fluid flow paths being fluidly isolated from one
another, said heat exchanger defining first and second flow path inlets and outlets for the

first and second fluid flow paths respectively, said first flow path inlet being fluidly

coupled to the second liquid outlet;

a splitter fluidly coupled to the first flow path outlet and having a product

outlet and a refrigerant outlet; and

a liquefied natural gas storage tank having a tank nlet fluidly coupled to
the product outlet.
31. An apparatus according to claim 30,

said refrigerant outlet being fluidly coupled to the second flow path inlet.
32, An apparatus according to claim 31; and )

a back pressure valve fluidly disposed between the product outlet of the
splitter and the tank inlet and positioned proximate the tank inlet.
33 An apparatus according to claim 31; and

a pressure reducer fluidly disposed between the first flow path outlet and
the sphitter.
34. An apparatus accordmg to claim 30,

said liquefied natural gas storage tank having a vapor outlet,

«%

said vapor outlet being fluidly coupled to the second flow path.
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35 An apparatus-éccording to claim 34, .

said heat exchanger having an intermediate second flow path inlet fluidly

disposed downstream of the second flow path inlet,
said vapor outlet being fhuidly coupled to the intermediate second flow

path inlet.
36. An apparatus according to claim 35,
said intermediate second flow path inlet being fluidly disposed between

the second flow path inlet and the second flow path outlet.

37. An apparatus according to claim 35,

said first flow path being at least partly positioned adjacent an upstrcam
portion of the second flow path for indirect heat exchange therebetween,

said upstream portion of the second flow path being defined between the
second flow path inlet and the intermediate second flow path mnlet. '
38. An apparatus according to claim 30; and

a compressor having a compressor mlet fluidly coupled to the second
flow path outlet. ’

39. An apparatus according to claim 38; and
a liquids removal drum fluidly disposed' between the second fluid outlet

and the compressor inlet.

40. A process for liquefying a natural gas stream, said process comprising

the steps of:

(a) cooling the natural gas stream in a first refrigeration cycle
employing a first refrigerant,

(b)  cooling the natural gas stream in a second refrigeration cycle
employing a second refnigerant;

(c) cooling the natural gas stream 1o a third refrigeration cycle
employing a third refrigerant; and

(d)  cooling the natural gas stream in a multi-stage expansion cycle
comprising at least 3 expansion stages, said multi-stage expansion cycle comprising 2 of
fewer phase separators.

41. A process according to clamm 40,
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said third refrigerant comprising predominantly methane.
42. A process according to claum 41,

said first refrigerant comprising predomunantly propane, propylene, or
mixtures thereof,

sad second refrigerant comprising predominantly ethane, ethylene, or
mixtures thereof.
43, A process accordmng to claim 42,

step (b) being performed downstream of step (a),

step (c) being performed downstream of step (b),

step (d) being performed downstream of step (c).
44, A process according to claim 40,

said process for liquefying a natural gas stream being a cascade-type
refrigeration process.
45. A process according to claim 40,

said third refrigeration cycle being an open methane refrigeration cycle.
46. A process according to claim 40,

said third refrigeration cycle comprising a methane economizer
comprising a plurality of heat exchanger passes for providing indirect heat exchange
between a plurality of predominantly methane strearms,

step (c) including cooling the natural gas‘ stream in a first heat exchanger
pass of the methane economizer.
47. A process according to claim 46,

step (d) mcluding the substeps of:

(d1)  reducing the pressure of at least a portion of the natural gas

stream i a first expander to thereby provide a first pressure-reduced stream,

(d2)  separating at least a portion of the first pressure-reduced stream

mto a first separated stream and a second separated stream;
(d3)  warming at Jeast a portion of the first separated stream in a second

heat exchanger pass of the methane economizer to thereby provide a first warmed

stream; and |, .

‘

(d4)  cooling at least a portion of the second separated stream in a third
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heat exchanger pass of the methane economizer to thereby provide a second cooled

stream.
48. A process according to claim 47,
substep (d1) including flashing the natural gas strearm,
substep (d2) including phase separating the first pressure-reduced stream,
said first separated stream comprising primarily vapor,
said second separated stream comprising primarily liquid.
49. | A process according to claim 47,

said first pressure-reduced stream, said first separated stream, and said
second separated stream each comprising less than about 5 mole percent vapor. |
50. A process according to claim 47; and

(e) compressing at least a portion of the first warmed stream in a
COIIPIESSOT. ,
S1. A process according to claim 47,

step (d) mcluding the substeps of:

(d5)  reducing the pressure of at least a portion of the second cooled
stream in a second expander to thereby provide a second pressure-reduced stream;

(d6)  separating at least a portion of the second pressure-reduced stream

into a third separated stream and a fourth separated stream,

(d7) warming at least a portion of the third separated stream in a fourth

heat exchanger pass of the methane economizer to thereby provide a second warmed

stream, and

(d8)  cooling at least a portion of the fourth separated stream in a fifth
heat exchanger pass of the methane economizer to thereby provide a third cooled stream.
52. A process according to claim 51, ‘

said second pressure-reduced stream, said third separated stream, and
said fourth separated stream comprising less than about 5 mole percent vapor.
53. A process according to claim 51; and

® compressing at least a portion of the second warmed stream in 2
compressos,’

54. A process according to claim 51,
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step (d) mcluding the substeps of: -,
{d9) reducing the pressure of at least a portion of the third cooled

stream to thereby provide a third pressure-reduced stream,

(d10) separating at least a portion of the third pressure-reduced stream

mto a fifth separated stream and a sixth separated stream,
(d11) conducting at least a portion of the fifth separated stream to a liquefied

natural gas storage tank; and

' (d12) warming at least a portion of the sixth separated stream in a sixth
heat exchanger path of the methane economizer to thereby provide a third warmed
stream.
55. A process according to claim 54,

said third pressure-reduced stream, said fifth separated stream, and said

sixth separated stream comprising less than about 5 mole percent vapor.
56. A process according to claim 54,

step (d) mcluding the substep of:
(d13) warming at least a portion of the third warmed stream in a seventh

heat exchanger pass of the methane economizer to thereby provide a fourth warmed

stream.
57. A process according to claim 56; and
(g8)  compressing at least a portioh of the fourth warimed stream in a
COMIPressor.
58. A process according to claim 56; and

(h)  combining a boil-off vapor stream from the liquefied natural gas
storage tank with at least a portion of the third warmed stream,

step {d13) including warming the combined third warmed stream and
boil-off vapor stream in the seventh heat exchanger pass of the methane economizer to
thereby provide the fourth warmed stream
59. A process according to claun 40; and

(1 vaporizing liquefied natural gas produced via steps (a) - (d).
60. ., * A process for liquefying a natural gas stream, said process comprising

the steps of:
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{a)  cooling the natural gas stream via indirect heat exchange with a
first predominantiy methane stream or group of streams to thereby provide a first cooled

Stream,
{b) separating at least a portion of the first cooled stream mto a first

separated stream and a second separated streany;

(c)  compressing at least a portion of the first separated stream in a
compressor; and

(d) cooling at least a portion of the second separated stream via
indirect heat exchange with a second predominantly methane stream or groups of
streams to thereby form a second cooled stream.
61. A process according to claim 60; and

(e)  prior to step (a), cooling at least a portion of the natural gas
stream via indirect heat exchange with a predommantly ﬁropane or propylene stream.
62. A process according to claim 61; and

€] prior to step (a) but subsequent to step (e), cooling at least a
portion of the natural gas stream via indirect heat exchange with a predominantly ethane
or ethylene stream.
63. A process according to claim 60,

said process for liquefying a natural gas stream being a cascade-type
refrigeration process. ’
64. A process according to claim 60,

step (a) being carried out as part of an open methane refrigeration cycle.
65. . A process according to clamm 60,

said first and second predominantly methane streams or groups of
streams comprising the same stream or group of streams.
66. A process according to claim 60,

step (b) mcluding phase separating the first cooled stream,

said first separated stream comprising primarily vapor,

said second separated stream comprising primanly liquid.
67. « + A process according to claim 60,

step (b) including splitting the first cooled stream into the first and
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second separated streams with substantially no phase separation, o,

said first and second separated streams Comprising less than about 5 mole

percent vapor.
68. A process according to claim 60; and

(g)  prior to step (c), warming at least a portion of the first separated
stream via indirect heat exchange with a third predominantly methane stream or groups
of streams to thereby provide a first warmed stream.
69. A process according to claim 60; and .

(h)  prior to step (b), reducing the pressure of at least a portion of the
first cooled stream in a first expander to thereby provide a first pressure-reduced stream,

step (b) including separating at least 2 portion of the first
pressure-reduced stream into the first separated stream and the second separated stream
70. A process according to claim 69, ‘

step (h) mcluding flashing the first cooled stream.
71. A process according to claim 69,

step (h) involving substantially no flashing of the first cooled stream.
72. A process according to claim 60; and

@ reducing the pressure of at least a portion of the second cooled
stream in a second expander to thereby provide a second pressure-reduced stream; and

()] splitting at least a portion of the second pressure-reduced stream
into a first split stream and a second split stream.
73. A process according to claim 72,

said second pressure-reduced stream, said first split stream, and said
second split stream each comprising less than about 5 mole percent vapor.
74. A process according to claim 72; and

(k)  cooling at least a portion of the second split stream via indirect
heat exchange to thereby provide a third cooled stream.
75. A process according to clamn 74; and

I warming at least a portion of the first split stream via indirect heat
exchange tq, thereby provide a second warmed stream; and

(m)  compressing at least a portion of the second warmed stream in the
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COMPIessor: B .
76. A process accordmmg to claim 74, and

(n)  reducing the pressure of at least a portion of the third cooled
stream in a third expander to thereby provide a third pressure-reduced streany, and

(o)  splitting at least a portion of the third pressure-reduced stream
into a third split stream and a fourth spht stream,

said third pressure-reduced stream, said third split stream, and said fourth
split stream each comprising less than about 5 mole percent vapor.
77. A process according to claim 76; and

(p)  warming at least a portion of the fourth splt stream via mdirect
heat exchange to thereby provide a third warmed stream. |
78. A process according to claim 77; and

(@)  conducting at least a portion of the third split stream to a liquefied

patural gas storage tank.
79. A process according to claim 78; and

6y combining at least a portion of the third warmed stream with a
boil-off vapor stream from the liquefied natural gas storage tank to thereby form a
combined stream.

80. A process according to claim 79; and
" (s)  warming at least a portion of the combined stream by indirect heat

exchange to thereby form a fourth warmed stream; and

3] compressing at least a portion of the fourth warmed stream in the

COIMPTESSOT. ‘
81. A process according to claim 60; and

(u)  vaporizing liquefied natural gas produced via steps (a) - (d).
82. A process for liquefying a natural gas stream, said process éomprising
the steps of:

(a)  reducing the pressure of the natural gas stream to thereby provide

a first pressure-reduced stream comprising less than about 5 mole percent vapor;

o' (b)  splitting at least a portion of the first pressure-reduced stream into

a first split stream and a second split stream, each of said first and second split streams
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(¢}  conducting at Jeast a portion of the first split stream to a liquefied
natural gas storage tank; and ‘

{d)  heating at least a poriion of the second split stream by indirect
heat exchange with a first predominantly methane stream to thereby provide a first
warmed stream.

83. A process accordmng to claim 82; and

(e)  prior to step (a), cooling at leastva portion of the natural gas
stream via mdirect heat exchange with a second predominantly methane stream
84. A process according to claim 83; and

(H prior to step (e), cooling at least as portion of the natural gas
stream via indwect heat exchange with a predominantly propane or propylene stream.

85S. A process according to claim 84; and

(g)  prior to step (), cooling at least a portion of the natural gas
stream via indirect heat exchange with a predominantly ethane or ethylene stream.
86. A process according to claim 82,

said process for liguefying a natural gas stream being a cascade-type
refrigeration process.

87. A process according to claim 82,

step (2) being carried out as part of a multi-stage expansion cooling cycle.

88. A process according to claim 82,

step (a) mvolving substantially no flashing of the natural gas stream.

89. A process according to claim 82; and

()  combining at least a portion of the first warmed stream with

boil-off vapors from the liquefied natural gas storage tank to thereby form a combined

stream. 4
90. A process according to claim 89; and

@® compressing at least a portion of the combined streamin a
COmpressor.
91. o A process accordmng to clamm 90; and

() prior to step (1), warming at least a portion of the combined
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stream by indirect heat exchange. .
92. A process according to claim 82; and

(k)  prior to step (a), reducing the pressure of at least a portion of the
natural gas stream to théreby provide a second pressure-reduced stream,

8] prior to step (a), splitting at leasf a portion of the second
pressure-reduced stream mto a third split stream and a fourth split stream; and

(m)  prior to step (2), cooling at least a portion of the fourth split
stream by indirect heat exchange to thereby provide a first cooled stream,
| step (a) including reducing the pressure of at least a portion of the first
cooled stream.
93. A process according to claim 92; and

(n) ° compressing at least a portion of the third split streamin a
COmpressor.
94. A process according to claim 93; and

(o)  prior to step (n), warming at least a portion of the third split
stream by indirect heat exchange.
95. A process according to clam 92,

step (k) involving substantially no flashing of the natural gas stream.
96. A process according to claim 92,

said second pressure-reduced stream, said third split stream, and said
fourth split stream comprising less than about S mole percent vapor.
97. A process according to claim 92; and

(p)  prior to step (k), coolng at least a portion of the natural gas
stream via indirect heat exchange with a second predominantly methane stream
98. A process according to claim 92; and

(Q)  prior to step (k), reducing the px*essufe of at Jeast a portion of the
natural gas stream to thereby provide a third pressure-reduced strearm,

(r)  prior to step (k), separating at least a portion of the third
pressure-reduced stream into a first separated stream and a second separated streany and

3* (s)  prior to step (k), cooling at Jeast a portion of the second separated

stream by indirect heat exchange to thereby provide a second cooled siream,
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step (k) including reducing the pressure of at least a portion of the second

cooled stream.
99. A process according to clamm 98; and

®) compressing at least a portion of the first separated stream in a
COMIPIESSOr.
100. A process according to claim 99; and

(u)  prior to step (t), warming at least a portion of the first separated
stream by indirect heat exchange.
101. A process according to claim 98,

step (@) including flashing the natural gas stream.
102. A process according to clamm 101,

step (r) including phase separating the third pressure-reduced stream,

said first separated stream comprisimg primarily vapor,

said second separate stream comprising primarily liquid.
103. A process according to clamm 98,

step (q) involving substantially no flashing of the natural gas stream.
104. A process according to claim 98,

said third pressure-reduced stream, said first separated stream, and said
second separated stream each comprising less than about 5 mole percent vapor.
105. A process according to claim 98; and

(v)  prior to step (g), cooling at least a portion of the natural gas
stream via indirect heat exchange with a third predominantly methane stream.
106. A process according t.o claim 82; and

(w)  vaporizing liquefied natural gas produced via steps (2) - (d).
107. An apparatus for liquefying a natural gas stream, said apparatus
comprising;

a methane economizer for providing indirect heat exchange between a

“plurality of predominantly methane streams via a plurality of heat exchanger passes, said

methane economizer comprising a first heat exchanger pass for cooling at least a portion

of the naturaj gas stream, and

a multi-stage methane expansion cycle for receiving at least a portion of
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the cooled natural gas stream from the first heat exchanger pass, said methgne expansion
cycle comprising at least 3 expanders for sequentially reducing the pressure of the
natural gas stream, said methane expansion cycle comprising 2 or less phase separators.
108. An apparatus according to claim 107; and

a first refrigeration cycle employing a predominantly pmpane or
propylene refrigerant to cool the natural gas stream.
109. An apparatus ac'cordjng to clamm 108; and

a second refrigeration cycle employing a predominantly ethane or
ethylene refrigerant to cool the natural gas stream,

said second refrigeration cycle being disposed downstream of the first
refrigeration cycle and upstream of the methane economizer.
110. An apparatus according to claim 107,

said methane economizer and said methane expansion cycle being part of
an open methane refrigeration cycle.
111. An apparatus according to claim 107,

said methane expansion cycle comprising a first expander for reducing
the pressure of the natural gas stream received from the first heat exchanger pass,

said methane expansion cycle comprising a separator for separating the
pressure-reduced natural gas stream received from the first expander into a first
separated stream and a second separated stream,

said methane economizer comprising a second heat exchanger pass for
warming the first separated stream received from the separator,

said methane economizer comprising a third heat exchanger pass for
cooling the second separated stream received from the separator.
112. An apparatus according to claim 111,

said separator being a phase separator operable to separate liquid and
vapor phases of the natural gas stream.

113. An apparatus according to claim 111,

said separator being a splitter for splitting the natural gas stream mto

~ multiple streams without significant phase separation.

114. An apparatus according to claim 111; and
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a compressor for compressing the warmed first separated styeam received

from the second heat exchanger pass.
115. An apparatus according to claim 111,

said methane expansion cycle comprising a second expander for reducing
the pressure of the cooled second separated stream received from the third heat
exchanger pass,

said methane expansion cycle comprising a first sphitter for splitting the
pressure-reduced second stream received from the second expander into a first spht
stream and a second sphit without substantial phase separation,

said methane economizer comprising a fourth heat exchanger pass for
warming the first split stream received from the first splitter,

said methane econoﬁn’zer comprising a fifth heat exchanger pass for
cooling the second split stream received from the first splitter.
116. An apparatus according to claim 115; and

a multi-stage compressor for compressing the warmed first separated
stream received from the second heat exchanger pass and the warmed first split stream
received from the fourth heat e;(changer pass.
117. An apparatus according to claim 115,

said methane expansion cycle comprising a third expénder for reducing
the pressure of the cooled second split stream from the fifth heat exchanger pass,

said methane expansion cycle comprising a second splitter for splitting
the pressure-reduced second split stream received from the third expander nto a third
split stream and a fourth split stream,

said methane economizer comprising a sixth heat exchanger pass for
warming the fourth split stream received from the second splitter.
118. An apparatus according to clam 117, ‘and

a liqﬁeﬁed natural gas storage tank for storing the third split stream
received from the second splitter.
119. An apparatus according to claim 118; and

.» atee for combining boil-off vapors received from the liquefied natural

gas storage tank and the warmed fourth split stream received from the sixth heat
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exchanger pass. o . .
120. An apparatus according to claim 119,

v said methane economizer comprising a seventh heat exchanger pass for
warmmg the combined stream received from the tee.
121. An apparatus according to claim 120; and

a multi-stage compressor for compressing the warmed first separated

stream received from the second heat exchanger pass, the warmed first split stream
received from the fourth heat exchanger pass, and the warmed combined stream

recetved from the seventh heat exchanger pass.

122. A hquefied natural gas product produced via the process of claim 1.
123. A liquefied natural gas prbduct produced via the process of claim 16.
124. A liquefied natural gas product produced via the process of claim 23.

| 125. A hquefied natural gas product produced via the process of claim 40.
126. A liquefied natural gas product produced via the process of claim 60.
127. A liquefied natural gas product produced via the process of claim 82.
128. | A computer simulation procéss comprising using a computer to simulate

the process of claim 1.

129. A computer simulated process comprising using a computer to simulate

the process of claim 16.

130. A computer simulation process comprising using a commputer to simulate

the process of claim 23.

131 A computer sumulation process comprising using a computer to simulate

the process of clamm 40.

132. A computer simulation process comprising using a computer to simulate

the process of claim 60.

133. A computer simulation process comprising using a computer to simulate

the process of claim 82.
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