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1, A closed loop single mixed refrigerant process for cooling a fluid material through a

temperature range exceeding 111°C by heat exchange with a single mixed refrigerant in a closed
loop refrigeration cycle comprising:

compressing gaseous mixed refrigerant in a first compressaor,

passing the compressed mixed refrigerant from the first compressor to a first heat
exchanger to cool the mixed refrigerant and produce a first mixture of a first condensed portion of the
mixed refrigerant, the first condensed pertion being rich in higher boiling components of the mixed
refrigerant, and a gaseous refrigerant;

separating the first condensed portion of the mixed refrigerant from the gasecus
refrigerant;

passing the gaseous refrigerant to a sacond compressar and further compressing the
gaseous refrigerant to produce a second comprassed gaseous refrigerant;

passing the second compressed gaseous refrigerant (o a second heat exchanger to
cocl the compressed gaseous refrigerant and produce a second mixture of a second condensed
portion of the gaseous refrigerant and a second gaseous refrigerant;

separating the second condensed portion of the gaseous refrigerant and the second
gaseous refrigerant;

combining the first condensed portion of the mixed refrigerant with the second
condensed portion of the gaseous refrigerant and the second gaseous refrigerant to reconstitute the
mixed refrigerant;

charging compressed mixed refigerant to a refrigeration zone where the
comprassed mixed refrigerant is cooled to produce a cooled, substantially liquid, mixed refrigerant,
passed to an expansion valve and expanded to produse a low temperature coolant;

passing the low temperature coolant in countercurrent heat exchange with the
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compressed mixed refrigerant and the fluid material in

substantially liquid, mixed refrigerant, z cooled, substan
refrigerant; and

the refrigeration zone to produce the cooled,
tially liquid, fluid material and gaseous mixed

recycling the gaseous mixed refrigerant to the first stage compressor.
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An Improved Closed Loop Single Mixed Refrigerant Process

Abstract

An improved closed loop single mixed refrigerant process and system for cooling

a fluid material through a temperature range exceeding 111°C by heat exchange with a

single mixed refrigerant in a closed loop refrigeration cycle comprising: compressing the
mixed refrigerant in a first stage compressor (14); passing the compressed mixed
refrigerant from the first stage compressor (14) to a first heat exchanger (70) to cool the
mixed refrigerant and produce a first mixture of a first condensed portion of the mixed
refrigerant, the first condensed portion being rich in higher boiling components of the
mixed refrigerant and a gaseous refrigerant; separating the first condensed portion of the
mixed refrigerant from the paseous refrigerant; passing the gaseous refrigerant to a
second stage compressor (14) and further compressing the gaseous refrigerant; passing the
second stage compressed gaseous refrigerant to a second heat exchanger (18) to cool the
compressed gaseous refrigerant and produce a second mixture of a second condensed
portion of the gaseous refrigerant and a second gaseous refrigerant; separating the second
condensed portion of the gaseous refrigerant and the second gaseous tefrigerant;
combining the first condensed portion of the mixed refrigerant with the second condensed
portion of the gaseous refrigerant and the second gaseous refrigerant to reconstitute the
mixed refrigerant; charging compressed mixed refrigerant to a refrigeration zone (36)
where the compressed mixed refrigerant is cooled to produce a cooled, substantially
liquid, mixed refrigerant, passed to an expansion valve and expanded to produce a low
temperature coolant; passing the low temperature coolant in countercurrent heat exchange
with the compressed mixed refrigerant and the fluid material in the refrigeration zone to
produce the cooled, substantially liquid, mixed refrigerant, a cooled, substantiaily liquid,
fluid material and gaseous mixed refrigerant; and recycling the gascous mixed refrigerant

to the first stage compressor,
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AN IMPROVED CLOSED LOOP
SINGLE MIXED REFRIGERANT PROCESS

Background of the Invention

Figld of the Invention

This invention relates to an improved closed loop single mixed
refn'gefant process wherein an improved efficiency is accomplished by the
use of a cooling and Liquid refrigerant separation step between a first and
second stage compressor in combination with reconstitution of the mixed
refrigerant prior to use of the compressed mixed refrigerant.

In recent years, the demand for nahxral gas has increased. In many
instances, natural gas is found in areas which are remotely located from the
markets for the natural gas. Unless the natural gas is located sufficiently ‘
close to a market place sa that it is feasible to construct a pipeline to
transport the natural gas, it must be transported by tankers or the like.
The transportation of natural gas as a gas requires prohibitively large
tanker volumes; therefore, the natural gas is customarily liquefied for
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storage and transpartation. The use of liquefied natural gag is well known
and methods for its storage and use are well known. Natural gas may also
be liquefied at the point of use when it is available in surplus but may be
needed in larger volumes than can be delivered to the point of use in the
future and the like. Such storage may be used, for instance, to meet a
wintertime peak demand for natural gas in excess of that available through
an existing pipeline system during the winter peak demand periods or the
like. Various other industrial applications require that natural gas be
liquefied for storage and the like.

QOther gases are liquefied with somewhat less frequency but may also
be liquefied by the improved process described herein.

Previously, substances such as natural gas have been liquefied by
processes such as shown in U.S. Patent 4,033,735 issued July 5, 1977 to
Leonard K. Swenson which i3 hereby incorperated in its entirety by
reference. In such processes, a single mixed refrigerant is used. Such
processes have many advantages over other processes such as cascade
systems, in that they require less expensive equipment and are less difficult
to control than cascadé type processes. Unfortunately, the single mixed
refrigerant processes require somewhat more power than the cascade
systems.

Cascade systems such as the system shown in U.S. Patent 3,855,810
issued December 24, 1974 to Simon, et al. basically utilize a plurality of
refrigeration zones in which refrigerants of decreasing boiling points are
vaporized to produce a coolant. In such systems, the highest boiling
refrigerant, alone or with other refrigerants, is typically compressed,
condensed and separated for cooling in a first refrigeration zone. The

compressed cooled highest boiling point refrigerant is then flashed to
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provide a cold refrigeration stream which is used to cool the compressed highest boifing
refrigerant in the first refrigeration zone. In the first refrigeration zone, some of the
lower boiling refrigerants may also be cooled and subsequently condensed and passed
to vaporization to function as a coolant in a second or subsequent refrigeration zone and
the like. As a result, the compression is primarily of the highest boiling refrigerant and
is somewhat more efficient than when the entire single mixed refrigerant stream must
be compressed.

In view of the reduced equipment cost and reduced difficulty of control with
the single mixed refrigerant process, a search has been directed to the development of
such a process wherein the power requirements are reduced.

Summary of the Invention

It is the object of the present invention to overcome or substantially ameliorate
at Jeast one of the above disadvantages.

Accordingly, in a first aspect, the present invention provides a closed loop
single mixed refrigerant process for cooling a fluid material through a temperature
range exceeding 200°F (93°C) by heat exchange with a single mixed refrigerant in a
closed loop refrigeration cycle comprising:

compressing gaseous mixed refrigerant consisting essentially of at least five
compounds selected from nitrogen and hydrocarbons having from 1 to 5 carbon atoms
in a first compressor;

passing the compressed mixed refrigerant from the first compressor to a first
heat exchanger to cool the mixed refrigerant and produce a first mixture of a first
condensed portion of the mixed refrigerant, the first condensed portion being rich in
higher boiling components of the mixed refrigerant, and a gaseous refrigerant;

separating the first condensed portion of the mixed refrigerant from the
gaseous refrigerant;

passing the gaseous refrigerant to a second compressor and further
compressing the gaseous refrigerant to a pressure of from 3.1MPa (450 psia) to
4.5MPa (650 psia) to procuce a second compressed gaseous refrigerant;

passing the second compressed gaseous refrigerant to a second heat exchanger
to cool the compressed gaseous refrigerant and produce a second mixture of a second
condensed portion of the gaseous refrigerant and a second gaseous refrigerant;

(Mlibe|01761:PyH
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separating the second condensed portion of the gaseous refrigerant and the
second gaseous refrigerant;

combining the first condensed portion of the mixed refrigerant with the second
condensed portion of the gaseous refrigerant and the second gascous refrigerant to
reconstitute the mixed refrigerant

charging compressed mixed refrigerant to a refrigeration zone where the

compressed mixed refrigerant is cooled to produce a cooled, substantially liquid, mixed

refrigerant, passed to an expansion valve and expanded to produce a low temperature
coolant;

10

passing the low temperature coolant in countercurrent heat exchange with the
compressed mixed refrigerant and the fluid material in the refrigeration zone o produce
)

the cooled, substantially liquid, mixed refrigerant, a cooled, substantially liquid, fluid
material and gaseous mixed refrigerant; and
recycling the gaseous mixed refrigerant to the first stage compressor

In another aspect, the present invention provides a closed loop single mixed
refrigerant process for cooling a fluid material through 4 temperature range exceeding
200°F {93°C) by heat exchange with a single mixed refrigerant in a closed loop
refrigeration cycle comprising:
o

compressing gaseous mixed refrigerant in a compressor to produce a
compressed mixed refrigerant;

cooling the compressed refrigerant to produce a mixture of a condensed
portion of the mixed refrigerant and a gaseous refrigerant

separating the condensed portion of the mixed refrigerant;
combining the condensed portion of the mixed refrigerant and the gaseous
25  refrigerant to reconstitute the mixed refrigerant;

charging the mixed refrigerant to a refrigerant zone wherein the mixed
refrigerant is passed in countercurrent heat exchange with a low temperature coolant to
produce a substantially liquid mixed refrigerant

30

passing the substantially liguid mixed refrigerant through an expansion valve to
produce the low temperature coolant

charging the fluid material to the refrigeration zone wherein the fluid material
is passed in countercurrent heat exchange with the low temperature coolant

(n:\ibG]01761:PVH
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recovering the fluid material in a substantially liquid phase;

recovering the mixed refrigerant after the countercurrent heat exchange in a
substantiélly gaseous phase; and

recycling the gaseous mixed refrigerant to the compressor, characterised in that
the process comprises:

compressing the mixed refrigerant consisting essentially of at least five
compounds selected from nitrogen and hydrocarbons containing from 1 to 5 carbon
atoms in a first stage compressor;

cooling the compressed mixed refrigerant from the first stage compressor to
produce a first stage mixture of a first stage condensed liquid refrigerant rich in higher
boiling point components of the mixed refrigerant and a first stage gaseous refrigerant;

separating the first stage condensed liquid refrigerant from the first stage
gaseous refrigerant;

compressing the first stage gaseous refrigerant to a pressure of from 3.1MPa
(450 psia) 1o 4.5MPa (650 psia) in a second stage compressor;

cooling the compressed first stage gaseous refrigerant to produce a second
stage mixture of a second stage condensed liquid refrigerant and a second stage gaseous
refrigerant;

separating the second stage condensed liquid and the second stage gaseous
refrigerant;

combining the first stage condensed liquid refrigerant, the second stage
condensed liquid refrigerant and the second stage gaseous refrigerant to reconstitute the
compressed mixed refrigerant: and

charging the compressed, reconstituted, mixed refrigerant to the refrigeration
zone.

In another aspect, the present invention provides a closed loop single mixed
refrigerant system comprising:

a) a mixed refrigerant suction drum;

b) a first compressor having an inlet in fluid communication with a
gaseous mixed refrigerant outlet from the mixed refrigerant storage drum;

c) a first condenser having an inlet in fluid communication with an outlet
from the first compressor;

[RMbcl0 1 781:PYH
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d) a first refrigerant separator having an inlet in fluid communication
with an outlet from the first condenser;
€) a second compressor having an inlet in fluid communication with a
gaseous refrigerant outlet from the first refrigerant separator and adapted to compress a
gaseous refrigerant to a pressure of from 3,IMPa (450 psia) to 4.5MPa (650 psia);

f a second condenser having an inlet in fluid communication with an
outlet from the second compressor;
g a second refrigerant separator having an inlet in fluid communication

with an outlet from the second condenser and a liquid refrigerant outlet from the first
refrigerant separator; ‘

h) a refrigeration vessel including a first heat exchange. passageway in
fluid communication with a gaseous refrigerant outlet from the second refrigerant
separator and a liquid refrigerant outlet from the second refrigerant separator, a second
heat exchange passageway in fluid communication with a source of a fluid material
which is to be cooled, a third heat exchange passageway countercurrently positioned in
the refrigeration vessel with respect to the first heat exchange passageway and the
second heat exchange passageway, and an expansion valve in fluid conmmumication with
an outlet from the first heat exchange passageway and an inlet to the third heat
exchange passageway; '

i) a recycled refrigerant line in fluid communication with an outlet from
the third heat exchange passageway and an inlet to the mixed refrigerant suction drim;
and,

b a product line in fluid communication with an outlet from the second
heat exchange passageway.

Brief Description of the Drawings

A preferred form of the present invention will now be described by way of
example only, with reference to the accompanying drawings, wherein:

Fig. 1 is a schematic diagram of a prior art closed loop single mixed
refrigerant process for the liquefaction of a dried narural gas stream.

Fig. 2 is a prior art graph of a cold refrigerant cooling curve and a hot
refrigerant plus feed cooling curve for a closed foop single mixed refrigerant process
wherein dried natural gas is the feed stream.

(bRl 1767 PYH
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Fig. 3 is a schematic diagram of the closed loop single mixed refrigerant
process of a preferred embodiment of the present invention wherein a dried natural gas
stream is cooled to produce a liquefied natural gas stream.

Description of the Preferred Embodiment

In the description of the figures, the same numbers will he used to refer to
corresponding elements throughout, Not all valves, pumps and the like necessary to
achieve the desired flows have been shown, since they are not necessary to the
description of the present invention.

In Fig. 1, a prior art single mixed refrigerant closed loop system is shown.
Mixed refrigerant is drawn from a refrigerant suction drum 10 and passed through a
line 12 to a compressor 14. In compressor 14, the mixed refrigerant is compressed and
discharged through a line 16 and passed to a refrigerant condenser 18 where the mixed
refrigerant is cooled by heat exchange with a coolant such as watet, air or the like.
The cooled compressed mixed refrigerant is then passed through a line 22 to a
refrigerant separator 24 where it is separated into a liquid refrigerant portion and a
gaseous refrigerant portion. The gaseous refrigerant is passed via a line 26 to a
refrigerant and fluid material heat exchanger 36. The liquid refrigerant is withdrawn
from the separator 24 through a line 32 and passed to a pump 30 where it is pumped
through a line 34 to a junction

InfiRGIC1761:PVH
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with the line 26 where the gaseous refrigerant in the line 26 and the liqu‘id
refrigerant in the line 34 are combined to reconstitute the compressed

mixed refrigerant and passed through the remaining portion of the line 26,
shown as a line 96", to the heat exchanger 36. The compressed mixed
refrigerant is passed through the heat exchanger 36 via a flow path 38 to a
discbarge line 40. The mixed refrigerant is desirably cooled in the heat
exchanger 36 to a temperature at which it is completely liquid as it passes
from the heat exchanger 36 into the line 40. The refrigerant in the line 40

is basically at the same pressure, less line losses resulting from its passage
through the passagew;ay 38, in line 40 as in the line 26'. The mixed
refrigerant is passed through an expansion valve 42 where a sufficient
amount of the liguid mixed refrigerant is flashed to reduce the temperature
of the mixed refrigerant to a desired temperature. The desired temperature
for natural gas liquefaction is typically from about -146°C (-230°i7) to about -171°C
(-275°F). Typically, the temperature is about -148°C (-235°F). The pressure is reduced
across the expansion valve 42 to a pressure from about 345kPa to about 517kPa (about 50
to about 75 psia). The low pressure mixed refrigerant boils as it proceeds via a flow path
46 through the heat exchanger 36 so that the mixed refrigerant is gascous as it

is discharged into a tine 50. Upon discharge into the line 50, the mixed
refrigerant is substantially, completely vaporized. The gaseous mixed
vefrigerant passed to the line 50 is passed through the line 50 to the
refrigerant suction drum 10. In the event that any traces of liquid
refrigeraﬁt are recovered through the line 50, they are allowed to
accumulate in refrigerant suction drum 10 where they eventually vaporize
and remain a part of the mixed refrigerant passed through the line 12 to

the compressor 14.




25

The natural gas is typically dried and may have been treated for the
removal of materials such as sulfur compeunds, carbon dioxide and the like.
The natural gas is supplied to the heat exchanger 36 thrbugh a line 48 and
passes via a heat exchange path 52 through the heat exchanger 86. As
shown, the natural gas stream may be withdrawn from the heat exchanger
36 through a line 54 and passed to a heavy liquid separator section 56
where hydrocarbons containing six or more carbon atoms are preferentially
separated and recovered through a line 58 with the fluid material being
retwrned from the separator 56 via a line 60 to a second portion 52" of the
heat exchange path 52. In some instances, it may be desirable to remove a
C, - G+ stream in the separator section 56 for use as a product or for other
reasons. The use and operation of a suitable heavy liquid separator section
is shown in U.S. Patent 4,033,735, previously incorporated by reference.
The separation of these heavier materials from the natural gas stream is
necessary in some instances when heavier materials are present in the
natural gas which would otherwise freeze in the passageway 52', as the
natural gas is cooled to its liquid phase. Such compounds which eould
snliciify in the path 52" are removed in the heavy liquid separator 56. In the
event that no such heavy materials are present, or if a sufficiently small
quantity of such heavy materials is present, so that no precipitation of the
solid materials occurs in the pathway 52!, the-natural gas stream may be
liquefied in the heat exchanger 36 without treatment for the removal of
heavy hydrocarbons.

The liquefied natural gas is recovered from the heat exchanger 36 through a line
62 at a temperature typically from about -146°C (-230°F) to about -171°C (-275°F).
The fiquefied natural gas is then passed through the line 62 to an
expansion valve 64 where the liquefied natural gas flashes to a lower

-9 -
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pressure which lowers the liquefied natural gas temperature to about -1520°¢
(-260°F gt a pressure of one atmosphere. At this temperature, the iquefied
natural gas is suitably stored and maintained as a liquid at atmospheric
pressure. Such a process is described in U.S. Patent 4,033,735, previously
incorporated by reference. _

In Fig. 2, a heat exchange curve showing the cold refrigerant cooling
curve and the bot refrigerant plus feed cooling curve is shown. Desirably,
the curves are kept close in the lower temperature ranges since the removal
of heat at the Iower temperatures is considerably more expensive than the
removal of heat at the higher temperatures. Since the components of the
natural gas and the mixed refrigerant are somewhat similar, it is pos.;'.ible'
to adjust the cooling curve by adding or removing components from the
mixed refrigerant. Desirably, the temperature curves diverge at the upper
end of the cooling temperature range. The desirability of cooling along such
a curve and the adjustment of the composition of the mixed refrigerant to
achieve the desired cooling curves is shown in US. Patent 4,033,735,
previously incorporated by reference. The adjustment of the refrigerant
composition and the methods for controlling the refrigerant composition to
achieve the desired cooling curves will not be discussed further in view of
the discussion in U.S. Patent 4,033,735.

In Fig. 3, an embodiment of the imprm.red single mixed refrigerant
closed loop process of the present invention is shown. The mixed refrigerant

withdrawn from the refrigerant suction drum 10 is passed to the compressor

14 which cornprises a two-stage compressor in Fig. 3. Two separate single-
stage coxnpressors could be used rather than a two-stage comapressor as
known to those skilled in the art. In the frst stage, the mixed refrigerant
is compressed to a pressure ranging from about 0.7MPa (100 psi) to about 1.7MPa

-
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(250 psi) and typically to a pressure of about 1.2MPa (175 psia) and withdrawn in its

entirety through a line 68 through which it is passed to a condenser 70 where the

compressed mixed refrigerant is passed in heat exchange with a stream
such as water, air or the like supplied through a line 72. The resulting
cooled, compreased, mixed refrigerant is recovered through a line 74 and
passed to a refrigerant separator 76. In the refrigerant separator 76, the
mixed refrigerant is separated into a hquid portion and a gas portion. The
gas portion is passed through a line 88 to the second stage of compressor 14

where it is further compressed to aJpressure from about 3.1MPa (450 psia) to about
4.3MPa (650 psia). The temperature in the compressed refrigerant increases as the
refrigerant is compressed to higher pressures. The temperature increase is
at least in part a function of the amount of energy required for the
compression. The compressed refrigerant recovered from the second stage
of compressor 14 is passed through the line 16 to the refrigerant condenser
18 where it is passed in heat exchange relationship with a fluid, such as
water, air or the like, supplied through the line 20 to cool the compressed
gaseous refrigerant. The composition of the gaseous refrigerant in the line
16 will vary from the composition of the mixed refrigerant initially chargéd
to the compresscr 14, since the liquid components removed from the mived
refrigerant in the separator 76 are no longer present. The cooled
refrigerant from the refrigerant condenser 18 is paased through the line 22
to the refrigerant separator 24. The liquid refrigerant separated in the
refrigerant separator 76 is recovered through a line 78 and pumped via a
pump 80 through a line 82 to the refrigerant condenser 18 » or through a
line 821p the line 16 (as shown by dotted line 84) to produce a mixture of
the two streams in the portion of the line 16 shown as a line 16', or to the
line 22 (as shown by dotted line 86) to produce a combination of the two

-11 -
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streams which flows through the portion of the line 22 shown as a line 22
As a result, the liquid refrigerant recovered in the refrigerant separator 76
is combined with the compressed, eooled gaseous reﬁ'igefant in the
refrigerant separator 24. In the refrigerant separator 24, a liguid
refrigerant is separated and recovered through the line 32 and passed
through the pump 30 and the line 34 to combine with the gaseous
refrigerant recovered from the refrigerant separator 24 through the line 26.
The combined liquid and gaseous refrigerants in the line 26 are passed
through the portion of the line 26 shown as the line 26' to the refrigerant
and fluid material heat exchanger 36. The heat exchanger 86 functions as
discussed previously in connection with Fig. 1. The liquid and gaseous
refrigerant portions of the mixed refrigerant can be mixed at any suitable
point prior to use in the heat exchanger 36.

The improved process results in the removal of 2 portion of the mixed
refrigerant in the refrigerant separator 76 prior to compression of the
gaseous refrigerant to its final pressure. The liquid refrigerant removed
comprises from about 5 to about 25 mele percent of the mixed refrigerant
charged to the compressor 14, The liquid refrigerant separated in the
refrigerant separator 76 is rich in the higher beiling components of the
mixed refrigerant.

Previously, it was necessary to cnmpreés the entire mixed refrigerant
mixture fo its final pressure, resulting in higher energy requirements for
the single mixed refrigerant closed loop refrigeration process. The entire
mixture was compressed as a single stream to maintain the composition of
the mixed refrigerant constant in the process.

By the process of the present invention, a portion of the mixed
refrigerant is removed in the refrigerant separator 76 so that the amount of

S 12.
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Z2a3eous reﬁigerant-relﬁaining to be cornpressed in the second stage of the
compressor 14 is reduced. Further, the gaseous refrigerant passed to the
second stage of the compressor 14 is at a lower temperature than the
discharge temperature from the first stage of the ;:ompressor 14. The
compressed gaseous refrigerant frp’m the refrigerant separator 76, after
subsequent cooling _in refrigerant condenser 18, is separated
into & liquid portion and a gaseous portion in the separator 24. Since the
liquid refrigerant recovered from the separator 24 includes the liquid
refrigerant recovered from the refrigerant separator 76, the combination of
these two liquid streams, in proper proportions, with the remaining gaseous
coraponents of the refrigerant in the line 26 results in the desired mixed
refrigerant composition. The amount of liquid and gas combined in the
line 26'is controlled to result in the composition in the line 26' being the
desired mixed refrigerant composition. Since there is no refrigerant added
to or subtracted from the closed loop system, the mixed refrigerant
composition is achieved in the line 26" and a substantial reduction in the
amount of energy required to compress the mixed refrigerant to the desired
pressuxe is achieved. In previous processes of this type, the energy
requirements have been high because the entire mixed refrigerant stream
was compressed as a whole to produce the compressed mixed refrigerant
passed to the heat exchanger 36 from the refrigerant separator 24.

The process described above is ideally suited for the liqueﬁaétion of
natural gas. The process can he used to cool other substances, but since
many of the components of the preferred mized refrigerant and the natural
gas are the same, the heat exchange curves are easily maintained in close
proximity, as discussed previously. Further, components of the natural gas

can be used as make-up for the mixed refrigerant if necessary.
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The mixed refrigerant contains compounds selected from the group
consisting of nitrogen and hydrocarbons’ containing from 1 to about 5 carbon

atoms. In a preferred embodiment, the mixed tefrigerant comprises

nitrogen, methane, ethane and isopentane. In another preferred
embodiment, the refrigerant contains at least 5 compounds selected from

the group. The mixed refrigerant must be capable of becoming substantially
liquid at the temperature in the line 40. The mixed refrigerant must also
be capable of fully vaporizing by heat exchange against itself and the
natural gas stream so that it is fully vaporized at the discharge from the
beat exchanger 36. The refrigerant must not contain compounds which
solidify in the mixed refrigerant in the heat exchanger 36. Mixed
refrigerants of this type are disclosed in U.S. Patent 4,038,735, previously
incorporated by reference. When the material to be cooled is natural gas,
the refrigerant constituents can be expected to fall in the following mole
fraction percent ranges: nitrogen: 0 to about 12; C;: about 20 to about 36;
C,: about 20 to about 40; C, : about 2 to about 12; C, : about 6 to about 24;
and Cg: about 2 to about 20. :
Deslirai:»ly, the compressed mixed refrigerant streams iﬁ t];Le ‘]_ine 16
and in the line 68 are cooled to a temperature below about 57°C (135°F).' These
streams are desirably cooled with materials such as water, using shell and
tube heat exchangers or the like, or air, using fin fan coolers or the like.

Typically, when air is used as a coolant. the streams are cooled to 2
temperature from about 38°C (100°F) to about 57°C (135°F), although cooler

temperatures may be possible if cooler air is available. With water the cooling is
typically to temperatures from about 27°C (80°F) to about 38°C (100°F), although cooler

temperatures may be achieved if cooler water js available. The cooled,

compressed, mixed refrigerant is then amenable to separation into a ligquid

- 14 -
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and a gaseous phase for handling, as discussed above, to reconstitute the
mixed refrigerant for passage to the heat exchanger 36 for use in cooling
natural gas. Heat is readily removed from these streams (lines 16 and 68)
by streams which are readily available at very low cost. The heat
exchanger 36 is desirably produced from brazed metal, such as aluminum,
for good heat exchange. ‘ .

As well known to those skilled in the art, the liquefied natural gas so
produced is readily maintained in suitable storage by simply allowing small
quantities of the liquefied natural gas to vaparize to maintain the
temperature of the liquefied natural gas in the storage tank. By contrast o
cascade systems, the present process uses a single heat exchanger 36,
although a plurality of parallel or series heat exchangers could be used so
long as the mixed refrigerant is used in all of the heat exchangers.

By contrast to the cascade systems, only one expansion nozzle is used
in the heat exchanger 36 and a column of low pressure boiling mixed
refrigerant passes countercurrently to the high pressure mixed refrigerant
charged to heat exchanger 36. The mixed refrigerant vaporizes at a rate
defined by its composition along the entire length of the heat exchange
path. This is in direct contrast to the cascade systems wherein portions of

the refrigerant having successively lower boiling points are separately
vaporized in separate heat exchange sections. The heat exchange area of
the path 38 for the high pressure mixed refrigerant, which is liquefied in
the heat exchanger 36, is typically equal to about 85 percent of the total
heat exchange area in the heat exchanger 36. The vaporizing mixed
refrigerant path 46 contains about 65 percent of the heat exchange area in
the heat exchanger 36 and the natural gas heat exchange path 52 contains
about 5 percent of the heat exchange area. It should be noted that when
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the refrigerant cooling path and refrigerant vaporization path are in proper
balanee, variations in the natural gas stream bave_]ittle effect on the
operation of the heat exchanger 36, since the natural gas heat exchange
path 52 is a relatively minor part of the entire heat exchange surface in
heat exchanger 36.

When a dried natural gas stream at 43°C (110°F) is cooled to produce tquetied
natural gas at -165°C (-265°F) by the process of the present invention, the
cooling is achieved with about 14 percent less horsepower than with the
prior art process. This is a significant energy reduction.

Having thus described the invention by reference to its preferred
embodiments, it is respectfully pointed out that the embodiments described
are illustrative rather than limiting in natare and that many variations and
modifications are possible within the scope of the present invention. Many
such variations and modifications may appear obvious and desirable to

those skilled in the art based upon a review of the foregoing description of
the preferred embodiments.
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The Claims defining the invention are as follows:

1. A closed loop single mixed refrigerant process for cooling a fluid
material through a temperature range exceeding 200°F {93°C) by heat exchange with a
single mixed refrigerant in a closed Ioop refrigeration cycle comprising:

compressing gaseous mixed refrigerant consisting essentially of at least five
compounds selected from nitrogen and hydrocarbons having from 1 to 5 carbon atoms
in a first compressor;

passing the compressed mixed refrigerant from the first compressor to a first
heat exchanger to cool the mixed refrigerant and produce a first mixture of a first
condensed portion of the mixed refrigerant, the first condensed portion being rich in
higher boiling components of the mixed i'efrigerant, and a gaseous refrigerant:

separating the first condensed portion of the mixed refrigerant from the
gaseous refrigerant;

passing the pgaseous refrigerant to a second compressor and further
compressing the gaseous refrigerant to a pressure of from 3.1MPa (450 psia) to
4.5MPa (650 psia) to produce a second compressed gaseous refrigerant;

passing the second compressed gaseous refrigerant to a second heat exchanger
to cool the compressed gaseous refrigerant and produce a second mixture of a second
condensed portion of the gaseous refrigerant and a second gaseous refrigerant;

separating the second condensed portion of the gaseous refrigerant and the
second gaseous refrigerant;

combining the first condensed portion of the mixed refrigerant with the second
condensed portion of the gaseous refrigerant and the second gaseous refrigerant to
reconstitute the mixed refrigerant;

charging compressed mixed refrigerant o a refrigeration zone where the
compressed mixed refrigerant is cooled to produce a cooled, substantially liquid, mixed
refrigerant, passed to an expansion valve and expanded to produce a low temperature
coolant;

passing the low temperature coolant in countercurrent heat ‘exchange with the
compressed mixed refrigerant and the fluid material in the refrigeration zone 1o produce
the cooled, substantially liquid, mixed refrigerant, a cooled, substantially liquid, fluid
material and gaseous mixed refrigerant; and

recycling the gaseous mixed refrigerant to the first Stage COmMpIessor.

2, The process of claim 1 wherein the first condensed portion is equal to
from 5 to 25 mole percent of the mixed refrigerant.

3. The process as claimed in claim 1 or claim 2 wherein the first
condensed portion of the mixed refrigerant is combined with the second compressed
gaseous refrigerant prior to cooling the second compressed gasecus refrigerant.
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4. The process as claimed in claim 1 or claim 2 wherein the first
condensed portion of the mixed refrigerant is combined with the second compressed
gaseous refrigerant after cooling the second compressed gaseous refrigerant.

5. A closed loop single mixed refrigeram process for cooling a fluid
material through a temperature range exceeding 200°F {93°C) by heat exchange with a
single mixed refrigerant in a closed loop refrigeration cycle comprising:

compressing gascous mixed refrigerant in a compressor to produce a
compressed mixed refrigerant:

cooling the compressed refrigerant to produce a mixture of a condensed
portion of the mixed refrigerant and a gaseous refrigerant;

separating the condensed portion of the mixed refrigerant;

combining the condensed portion of the mixed refrigerant and the gaseous
refrigerant to reconstitute the mixed refrigerant;

charging the mixed refrigerant to a refrigerant zone wherein the mixed
refrigerant is passed in countercurrent heat exchange with a low temperature coolant to
produce a substantially tiquid mixed refrigerant;

passing the substantially liquid mixed refrigerant through an expansion valve to
produce the low temperature coolant;

charging the fluid material to the refrigeration zone wherein the fluid material
is passed in countercurrent heat exchange with the low temperature coolant;

recovering the fluid material in a substantially liquid phase;

recovering the mixed refrigerant after the countercurrent heat exchange in a
substantially gascous phase; and

recycling the gaseous mixed refrigerant to the compressor, characterised in that
the process comprises:

compressing the mixed refrigerant consisting essentially of at least five
compounds selected from nitrogen and hydrocarbons containing from 1 to 5 carbon
atoms in a first stage compressor;

cooling the compressed mixed refrigerant from the first stage COMPressor o
produce a first stage mixture of a first stage condensed liquid refrigerant rich in higher
boiling point components of the mixed refrigerant and a first stage gaseous refrigerant,

separating the first stage condensed liquid refrigerant from the first stage
gaseous refrigerant;

compressing the first stage gaseous refrigerant to a pressure of from 3,1MPa
(450 psia) to 4.5MPa (650 psia) in a second stage compressor;

cooling the compressed first stage gaseous refrigerant to produce a second
stage mixture of a second stage condensed liquid refrigerant and a second stage gaseous
refrigerant,
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separating the second stage condensed liquid and the second stage gaseous
refrigerant; )

combining the first stage condensed liquid refrigerant, the second stage
condensed liquid refrigerant and the second stage paseous refrigerant to reconstitute the
compressed mixed refrigerant; and

charging the compressed, reconstituted, mixed refrigerant to the refrigeration
zone.

6. The process as claimed in claim 4 wherein the first stage condensed
liquid refrigerant is equal to from 5 to 25 mole percent of the mixed refrigerant,

7. The process as claimed in claim 5 or claim 6 wherein the first stage
condensed liquid refrigerant is combined with the compressed first stage gaseous
refrigerant prior to cooling the compressed first stage gaseous refrigerant.

8. The process as claimed in claim 5 or claim 6 wherein the first stage
condensed liquid refrigerant is combined with the compressed first stage gaseous
refrigerant after cooling the compressed first stage gaseous refrigerant,

9, The process of any one of claims 1 to 8 wherein the fluid material is
natural gas.

10. The process of claim 9 wherein the natural gas is:

a) withdrawn from the refrigeration zone;

b} passed to a heavy liquids separation zone wherein at least a major

portion of natural gas constituents containing six or more carbon atoms are removed
from the natural gas; and

<) returned to the refrigeration zone.

11. The process of claim 9 or claim 10 wherein the liquefied natural gas is
recovered from the refrigeration zone at a temperatre from -146°C (-230°F) to -171°C
(-275°F).

12, The process of any one of claims 1 to 11 wherein the mixed
refrigerant consists essentially of up to 12 mole percent nitrogen, from 20 to 36 mole
percent methane, from 20 to 40 mole percent Cy hydrocarbon, from 2 to 12 mole
percent C3 hydrocarben, from 6 to 24 mole percent C4 hydrocarbon and from 2 to 20
mole percent Cg hydrocarbons.

13. The process of any one of claims 1 to 11 wherein the mixed
refrigerant comprises nitrogen, methane, ethane and isopentane.

14. The process of any one of claims 1 to 13 wherein the mixed
refrigerant is compressed to a pressure from 0.7MPa to 1.7MPa (100 to 250 psia) in
the first stage compressor.
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15. The process of any one of claims 1 to 14 wherein the compressed
mixed refrigerant from the first stage compressor is cooled to a temperature below
57°C (135°F),
16. A process as claimed in any one of claims 1 to 15 wherein the
compressed gaseous refrigerant from the second compressor is cooled to a temperature
below 57°C (135°F).

17. A process of any one of claims | to 16 wherein the first stage
compressor and the second stage compressor comprise a first compressor and a second
COMpIessor.

18. A closed loop single mixed refrigerant system comprising:

a) a mixed refrigerant suction drum; _

b) a first compressor having an inlet in fluid communication with a

gaseous mixed refrigerant outlet from the mixed refrigerant storage drum;

c) a first condenser having an inlet in fluid communication with an outlet
from the first compressor;

d) a first refrigerant separator having an inlet in fluid communication
with an outlet from the first condenser;

e) a second compressor having an inlet in fluid communication with a
gascous refrigerant outlet from the first refriperant separator and adapted to COMPpress a
gaseous refrigerant to a pressure of from 3.1MPa (450 psia) to 4.5MPa (650 psia),

) a second condenser having an inlet in fluid communication with an
outlet from the second compressor;

2) a second refrigerant separator having an inlet in fluid communication
with an outlet from the second condenser and a liquid refrigerant outlet from the first
refrigerant separator;

h) a refrigeration vessel including a first heat exchange passageway in
fluid communication with a gaseous refrigerant outlet from the second refrigerant
separator and a liquid refrigerant outlet from the second refrigerant separator, a second
heat exchange passageway in fluid communication with a source of a fluid material
which is to be cooled, a third heat exchange passageway countercurrently positioned in
the refrigeration vessel with respect to the first heat exchange passageway and the
second heat exchange passageway, and an expansion valve in fluid communication with
an outlet from the first heat exchange passageway and an inlet to the third heat
exchange passageway;

i} a recycled refrigerant line in fluid communication with an outlet from
the third heat exchange passageway and an inlet to the mixed refrigerant suction drum;
and

9
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i a product line in fluid communication with an outlet from fhe second
heat exchange passageway.

19. The system of claim 18 wherein the first compressor and the second
COMPressor comprise a two stage Compressor.

20, The system of claim 18 or claim 19 wherein the liquid refrigerant
outlet from the first refrigerant separator is in fluid communication with the inlet to the
second refrigerant separator via the second condenser.

21. The system of claim 18, claim 19 or elaim 20 wherein at least a
portion of the fluid material is withdrawn from an intermediate portion of the second
heat exchange passageway, passed to a heavy liguids removal section and returned to
the second heat exchange passageway after removal of heavy liquids.

22. The system of any one of claims 18 to 21 wherein the fluid material in
the product line is passed through an expansion valve to further cool the fluid material,

23. A closed loop single mixed refrigerant process, substantially as
hereinbefore described with reference to Figure 3 of the accompanying drawings.

24, A closed loop single mixed refrigerant system substantially as
hereinbefore described with reference to Figure 3 of the accompanying drawings.

Dated 24 September, 1998
Black & Veatch Pritchard, Inc.

Patent Attorneys for the Applicant/Nominated Person
SPRUSON & FERGUSON
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