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(57) Abregé/Abstract:

A hydrocarbon stream (30), such as natural gas, iIs commonly cooled together with a first refrigerant stream (140), against an
evaporating refrigerant (24) in a series of one or more consecutively arranged common heat exchangers (2), which comprises a
first common heat exchanger, upstream of which first common heat exchanger the hydrocarbon stream (10) and the first
refrigerant stream (130) are not commonly cooled (4,3). The hydrocarbon stream to be cooled is fed into the first common heat
exchanger at a hydrocarbon feeding temperature, while the first refrigerant stream Is fed into the first common heat exchanger at a
refrigerant feeding temperature. The temperature difference between the hydrocarbon feeding temperature and the refrigerant
feeding temperature is lower than 60 -C.
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(57) Abstract: A hydrocarbon stream (30), such as natural gas, is commonly cooled together with a first refrigerant stream (140),
& against an evaporating refrigerant (24) in a series of one or more consecutively arranged common heat exchangers (2), which com-
& prises a first common heat exchanger, upstream of which first common heat exchanger the hydrocarbon stream (10) and the first
e\ refrigerant stream (130) are not commonly cooled (4,3). The hydrocarbon stream to be cooled is fed into the first common heat
exchanger at a hydrocarbon feeding temperature, while the first refrigerant stream is fed into the first common heat exchanger at a
refrigerant feeding temperature. The temperature difference between the hydrocarbon feeding temperature and the refrigerant feed-

ing temperature is lower than 60 -C.
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METHOD AND APPARATUS FOR COOLING A HYDROCARBON STREAM

The present i1nvention relates to a method for cooling

a fluid hydrocarbon stream, such as a natural gas stream,
in particular to obtain a liquefied hydrocarbon stream,
such as liquefied natural gas (LNG).

5 . Several methods of cooling and liquefying a
hydrocarbon stream such as natural gas stream are known.
It is desirable to liquefy natural gas stream for a
number of reasons. As an example, natural gas can be
stored and transported over long distances more readily

10 as a liquid than in gaseous form, because it occupies a
smaller volume and does not need to be stored at high
pressures.

An example of a method for liquefying natural gas is
described in US Pat. 6,370,910.

15 Although the method according to US Pat. 6,370,910
already give satisfying results, it has been found that
if the natural gas provided is at temperatures
significantly differing from the temperature of the
refrigerants, thermal stresses due to differential

20 expansions and internal pinches may occur in the cooling
‘equipment. This problem may even be more pertinent during
the winter months and/or in cold areas such as the Arctic
region as a result of which the natural gas is provided
at relative low temperatures. |

25 Apart from equipment related problems, the above may

result in a lower thermal efficiency for the cooling or

liquefaction process.

It 1s an object of some embodiments of the present invention

£o minimize one or more of the above problems.
30 It 1s a further object of some embodiments of the present
invention to provide an alternative method for cooling, in

particular liquefying, -a hydrocarbon streamn.
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Some embodiments of the present invention provide

a method for cooling a

hydrocarbon stream and a first refrigerant stream are
commonly cooled against an evaporating refrigerant in a
series of one or more consecutively arranged common heat
exéhangers, which series comprises a first common heat
exchanger, upstream of which first common heat exchanger
the hydrocarbon stream and the first refrigerant stream
are nbt commonly cooled, the method at least comprising
the steps of:

(a) compressing a first refrigerant stream to obtain
a compressed first refrigerant stream;

(b) cooling the compressed first refrigerant stream
against ambient to a refrigerant temperature;

- {c) receiving a hydrocarbon stream to be cooled at a
starting temperature that is lower than the refrigerant
temperature;

(d) feeding the hydrocarbon stream into the first
common heat exchanger at a hydrocarbon feeding
temperature that is lower than the refrigerant
temperature;

(e) further lowering the temperature of the first
refrigerant stream, after said cooling of step (b), by
heat exchanging against'a medium different from ambient;

(£) feeding the first refrigerant stream into the
first common heat exchanger, after said heat exchanging
of step (e), at a refrigerant feeding temperature that is
lower than the refrigerant temperature, the temperature
difference between the hydrocarbon feeding temperature
and the refrigerant feeding temperature being lower than
60 °C. '

Said temperature difference preferably is smaller
than an initial temperature difference between said
starting temperature of said hydrocarbon stream and said

refrigerant temperature.
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In another aspect, the invention provides an
apparatus for cooling a hydrocarbon stream such as
natural gas, the apparatus comprising:

- a first refrigerant stream;

- a compressor arranged to compress the first refrigerant
stream to obtain a compressed first refrigerant stream;

- an ambient cooler arranged to cool the compressed first
refrigerant stream against ambient to a refrigerant
temperature;

- a pre-cooling heat exchanger arranged to receive the
cooled compressed first refrigerant stream and to further
lower the temperature of the first refrigerant stream by
heat exchanging against a medium different from ambient;
- a hydrocarbon source arranged to provide a hydrocarbon
stream to be cooled at a starting temperature that 1is
lower than the refrigerant temperature;

- a series of one or more consecutively arranged common
heat exchangers arranged to receive and commonly cool at
least the hydrocarbon stream and the first refrigerant
stream, which series comprises a first common heat
exchanger, such that upstream of which first common heat
exchanger there is no other common heat exchanger whereiln
the hydrocarbon stream and the first refrigerant stream
can be commonly cooled;

- a hydrocarbon inlet on the first common heat exchanger
arranged to receive the hydrocarbon stream at a
hydrocarbon feeding temperature lower than the
refrigerant temperature;

- a first refrigerant inlet on the first common heat
exchanger arranged to receive the first refrigerant from
the pre-cooling heat exchanger at a refrigerant feeding
temperature that is lower than the refrigerant
temperature, and such that the temperature difference
between the hydrocarbon feeding temperature and the

refrigerant feeding temperature 1s lower than 60 °C.
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According to one aspect of the present invention, there
1s provided method for cooling‘a hydrocarbon stream such as
natural gas, wherein the hydrocarbon stream and a first
refrigerant stream are commonly cooled against an evaporating
refrigerant in a series of one or more consecutively arranged
common heat exchangers, which series comprises a first common

heat exchanger, upstream of which first common heat exchanger the

hydrocarbon stream and the first refrigerant stream are not

ﬁ
—

commonly cooled, the method at least comprising the steps of: (a)

compressing a first refrigerant stream to obtaln a compressed

first refrigerant stream; (b) cooling the compressed first

refrigerant stream agalnst amblent to a refrigerant temperature;
(c) receiving a hydrocarbon stream to be cooled at a starting
temperature that 1s lower than‘the refrigerant temperature; (d)
feeding the hydrocarbon stream into the first common heat
exchanger at a hydrocarbon feeding temperature that 1s lower than

the refrigerant temperature; (e) further lowering the temperature

of the first refrigerant stream, after said cooling of step (b),

by heat exchanging against a medium different from ambient; (f)
feeding the first refrigerant stream into the first common heat

exchanger, after said heat exchanging of step (e), at a

refrigerant feeding temperature, wherelin the refrigerant feeding
temperature is lower than the refrigerant temperature, and

wherein the temperature difference between the hydrocarbon

feeding temperature the refrigerant feeding temperature 1s lower
than 60°C; (g) commonly cooling the hydrocarbon stream and the
first refrigerant stream against an evaporating refrigerant 1n

the series of one or more consecutively arranged common heat

exchangers, wherein said medium different from ambilent comprises
the hydrocarbon stream to be cooled upstream of said feeding of

the hydrocarbon stream into the first common heat exchanger.
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According to still another aspect of the present

invention, there 1s provided apparatus for cooling a hydrocarbon

stream such as natural gas, the apparatus comprising: a first

refrigeraht stream; a compressor arranged to compress the first
refrigerant stream to obtain a compressed first refrigerant
stream; an ambient cooler arranged to cool the compressed first
refrigerant stream against ambient to a refrigerant temperature;
a pre-cooling heat exchanger arranged to receive the cooled

compressed first refrigerant stream and to further lower the

temperature of the first refrigerant stream by heat exchangilng
against a medium different from ambient; a hydrocarbon source

arranged to provide a hydrocarbon stream to be cooled at a

starting temperature that 1s lower than the refrigerant
temperature; a series of one or more consecutively arranged

common heat exchangers arranged to receive and commonly cool at

least the hydrocarbon stream and the first refrigerant stream,

which series comprises a first common heat exchanger, such that

ﬁ

upstream of which first common heat exchanger there 1s no other

common heat exchanger wherein the hydrocarbon stream and the
first refrigerant stream can be commonly cooled; a hydrocarbon

inlet on the first common heat exchanger arranged to receive the

hydrocarbon stream at a hydrocarbon feeding temperature lower

than the refrigerant temperature; a first refrigerant inlet on

the first common heat exchanger arranged to receive the first

refrigeraht from the pre-cooling heat exchanger at a refrigerant
feeding temperature that is lower than the refrigerant
temperature, and such that the temperature difference between the
hydrocarbon feeding temperature and the refrigerant feeding
temperature 1s lower than 60°C; wherein said medium different
from ambient comprises the hydrocarbon stream to be cooled

upstream of the first common heat exchanger.
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It has been found that using the surprisingly simple method

and apparatué according to embodiments of the present invention,

thermal stresses due to differential expansions and internal

‘pinches can be significantly minimized.

Hereinafter various embodiments of the invention will be

further illustrated by the following non-limiting drawings.

Herein shows:
Fig. 1 schematically a process scheme of a first

embodiment in accordance with the present invention;

Fig. 2 schematically a process scheme of a second
embodiment in accordance with the present invention;

Fig. 3 schematically a process scheme of a third
embodiment in accordance with the present invention; and

Fig. 4 schematically a process scheme in which the
present invention is for obtaining a liquefied
hydrocarbon stream.

For the purpose of this description, a single
reference number will be assigned to a line as well as a
stream carried 1in that line. Same reference numbers fefer
to similar components.

A hydrocarbon stream, such as natural gas, 1is
commonly cooled together with a first refrigerant stream,
against an evaporating refrigerant in a series of one or
more consecutively arranged common heat exchangers. The

series of one or more consecutively arranged common heat

exchangers comprises a first common heat exchanger,

upstream of which first common heat exchanger the
hydrocarbon stream and the first refrigerant stream are
not commonly cooled. Stated differently, the first common
heat exchanger 1s understood to be the upstream-most one

of any common heat exchangers arranged to commonly cool

at least the hydrocarbon stream and the first refrigerant

- stream.

The hydrocarbon stream to be cooled is fed into the

first common heat exchanger at a hydrocarbon feeding

temperature, while the first refrigerant stream is fed



CA 02662654 2014-04-28

63293-4168 -

10

15

20

25

30

into the first common heat exchanger at a refrigerant
feeding temperature. The temperature difference between
the hydrocarbon feeding temperature and the refrigerant
feeding temperature 1s lower than 60 °C, preferably lower
than 40 °C, more preferably lower than 20 °C, even more
preferably lower than 10 °C, most preferably lower than

5 °C.

An important advantage of some embodiments of the present invention is

that, 1in particular when the there is a large temperature
difference between on the one hand the hydrocarbon stream
te be cooled and on the other hand at least one
(preferably all) of the first and second (and any
fufther) refrigerants to be fed to the same heat
exchanger, the temperatures are levelled to about the
same temperature thereby avoiding internal pinch and
thermal stresses due to differential expansions which may
occur in e.g. a spool wound heat exchanger.

' Under specific circumstances, e.g. when the
hydrocarbon stream arrives - for instance via a pipe line
- from a hydrocarbon source located in a colder
geogiaphic region, the hydrocarbon stream may at the

start of the method be colder than the refrigerant

temperature of the first refrigerant leaving the ambient

coolers that are usually provided in a refrigerant
circuit to remove compression heat from the refrigerant.
The hydrocarbon stream may already thus carry cold that
has not been put in by actively applying a cooling duty,
such.as by any compression/expansion. This cold is
preferably preserved. -

By further cooling the ambient-cooled first
refrigerant against a medium different from ambient, the

refrigerant temperature can be brought closer to the
hydrocarbon temperature without needing to put in

additional heating duty to warm the hydrocarbon stream.
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If the hydrocarbon stream is provided at cold
temperatures such as may be the case in winter months or
in cold areas such as the Arctic region, this cold may Dbe
used to cool the refrigerants as a result of which less
cooling duty is required to cool the first refrigerant
and optional second refrigerant.

The cooled hydrocarbon stream, after having passed
through the series of one or more common heat exchangers,
may be removed from the series of said oné Or more common
heat exchangers and optionally further cooled in at least

a second heat exchanger to obtain a liquefied hydrocarbon

stream.

Described below are three embodiments of a method
that comprises the steps of:

feeding a hydrocarbon stream tO be cooled, a first
refrigerant, and optionally a second refrigerant, into
and passing through a first heat exchanger, wherein the
temperature difference of the hydrocarbon stream and at
least one of the first and optional second refrigerants
when feeding into the first heat exchanger is lower than
60 °C, preferably lower than 40 °C, more preferably lower
than 20 °C, even more preferably lower than 10 °C, most
preferably lower than 5 °C;

removing the first refrigerant from the first heat
exchanger, expanding it and returning it to the first
heat exchanger while allowing the expanded first
refrigerant to at least partially evaporate 1n the first
heat exchanger thereby withdrawing heat from the
hydrocarbon stream and thereby obtaining a cooled
hydrocarbon stream;

removing the cooled hydrocarbon stream from the first
heat eXchanger.

The hydrocarbon stream and at least the first
refrigerant are thus commonly cooled in the first heat

exchanger. If upstream of the first heat exchanger the
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hydrocarbon stream and the first refrigerant are not
commonly cooled, or that, as in some embodiments of the
invention to be shown below, upstream of which first
common heat exchanger there is no other common heat
exchanger wherein the hydrocarbon stream and the first
refrigerant stream can be commonly cooled, then the first
heat exchanger is, for the purpose of the present
specification, understood to be the first common heat
exchanger. The first common heat exchanger may be the
first one (the upstream-most one) in a seriles of
consecutively arranged common heat exchangers.

The cooled hydrocarbon stream removed from the first
heat exchanger may have a temperature of below -20 °C,
preferably of below -60 °C and more preferably of above
-100 °C. The cooled hydrocarbon stream removed from the
first heat exchanger may be further cooled in a second
heat exchanger thereby obtaining a liquefied hydrocarbon
stream.

The hydrocarbon stream to be cooled may be any
suitable hydrocarbon-containing stream, but is usually a
natural gas stream obtained from natural gas or petroleum
reservoirs. As an alternative the natural gas may also be
obtained from another hydrocarbon source, also including
a synthetic source such as a Fischer-Tropsch process.

Usually the hydrocarbon stream is comprised
substantially of methane. Depending on the source, the
hydrocarbon stream may contain varying amounts of
hydrocarbons heavier than methane such as ethane,
propane, butanes and pentanes as well as some aromatilc
hydrocarbons. The hydrocarbon stream may also contain

non-hydrocarbons such as H;0, Ny, COz, HpS and other

sulphur compounds, and the like.
If desired, the hydrocarbon stream may be pre-treated
before feeding it to the first heat exchanger or a pre-

cooling heat exchanger. This pre-treatment may comprise
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removal of undesired components such as H;O, COp and Hj5,

or other steps such as pre-cooling, pre-pressurizing Ox
the like. As these steps are well known to the person
skilled in the art, they are not further discussed here.

5 Preferably, the temperature of the hydrocarbon stream
after any pre-treating is considered to be the starting
temperature of the hydrocarbon stream for the purpose of
the present description.

The first refrigerant and optional second refrigerant

10 (and any further refrigerants used) may be any suitable
refrigerant. Although the first and optional second
refrigerant may be a single component such as propane, 1t
is preferred that the first and optional second
refrigerants are both a multi-component refrigerant.

15 although such a multi-component refrigerant 1s not
limited to a certain composition it usually comprises one
or more components selected from the group consisting of
nitrogen and lower straight or branched alkanes and
alkenes such as methane, ethane, ethylene, propane,

20 propylene, butane.

The person skilled in the art will understand that
the expanding may be performed in various ways using any
expansion device (e.g. using a throttling valve, a flash
valve or a conventional expander) .

25 Preferably, the hydrocarbon stream 1s, before feeding
into the first heat exchanger, pre-cooled in a pre-
cooling heat exchanger. It is preferred that the first
and optional second refrigerants are, before feeding into
the first heat exchanger, pre-cooled in a pre-cooling

30 heat exchanger.

The first and optional second refrigerants may both
be pre-cooled in a first pre-cooling heat exchanger,
whereas the hydrocarbon stream may be pre-cooled 1n a
second pre-cooling heat exchanger. Preferably, the first

35 pre-cooling heat exchanger is not the second pre-cooling
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heat exchanger, and preferably the hydrocarbon stream is
not pre-cooléd in the first pre-cooling heat exchanger.
According to an especially preferred embodiment the
cdoled hydrocarbon stream removed from the first heat
exchanger has a temperature below -20 °C, preferably
beiow -60 °C and preferably above -100 °C. The cooled
hydrocarbon stream remdved from the first heat exchanger
may then be preferably further cooled in a second heat
exchanger (and‘Optionally further heat exchangers)
thereby obtaining a liquefied hydrocarbon stream such as
ING. If desired further cooling may be used, for example

to obtain a sub-cooled LNG stream.
Apparatuses suitable for performing some embodiments of the

methods described herein may comprise:

- a first heat exchanger having an inlet for a

hydrocarbon stream and an outlet for a cooled hydrocarbon

‘stream, an inlet and outlet for a first refrigerant, an

dptional inlet and optional outlet for an optional second
refrigerant and an inlet for an expanded first
réfrigerant and an outlet for at least partially
evaporated first refrigerant; and

- an expander for expanding the first refrigerant heat

exchanged in the first heat exchanger between the outlet

- of the first heat exchanger for the first refrigerant and

the inlet for the expanded first refrigerant.

Further, there may be provided a pre-cooling heat
exchanger in which the hydrocarbon stream and/or the
first and optional sechd refrigerants can be pre-cooled
before feeding into the first heat exchanger.

Optionally, the apparatus may further comprise a
second heat exchanger for further cooling the cooled

hydrocarbon stream removed from the first heat exchanger

- thereby obtaining a liquefied hydrocarbon stream.

Figure 1 schematically shows a process scheme (and an

apparatus for performing the process generally indicated
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with reference No. 1) according to the first embodiment
of the present invention for cooling a hydrocarbon stream
10 such as natural gas. The process scheme of Figure 1
comprises a first heat exchanger 2, a first pre-cooling
heat exchanger 3 and a second pre-cooling heat exchanger
4. Further, the process scheme comprises throttling
valves 7, 8 and 9, a stream splitter 11 and said two air
or water coolers 13,14. The person skilled 1in the art
will readily understand that further elements may be
present if desired.

The hydrocarbon stream is provided at a relatively
low starting temperature (e.g. below 10 degrees Celsius,
preferably below 0 degrees Celsius) as compared to a
refrigerant temperature which 1s the temperature of a
first refrigerant stream 130 after 1t leaves ambient
cooler 13, which may be an alr cooler or a water cooler.

According to the first embodiment, the ambient-cooled
first refrigerant is further pre-cooled in the first pre-
cooling heat exchanger 3, together with a second
refrigerant, against a medium different from ambilent that
is allowed to flow into the first pre-cooling heat
exchanger 3 via line 170a and inlet 34. The hydrocarbon
stream 1s pre-cooled in the second pre-cooling heat
exchanger 4. The hydrocarbon stream 1s not pre-cooled 1in
the first pre-cooling heat exchanger 3. Thus, 1in this
embodiment, the first and second pre-cooling heat
exchangers are placed in parallel.

The pre-cooled first and second refrigerants
(140,240) and the pre-cooled hydrocarbon stream 30 are
then commonly cooled in first heat exchanger 2, which 1s
in this embodiment understood to be the first common heat

exchanger.
The pre-cooled hydrocarbon stream is fed into the
first heat exchanger 2 at a hydrocarbon feeding

temperature that 1is lower than the refrigerant
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the first heat exchanger 2 at a refrigerant feeding
temperature that i1s lower than the refrigerant
temperature (due to the pre-cooling 1n said first pre-
cooling heat exchanger 3). Moreover, the temperature
difference between the hydrocarbon feeding temperature
and the refrigerant feeding temperature 1s lower than
60 ©°C.

During use of the process scheme according to
Figure 1, a hydrocarbon stream 10 containing natural gas
is supplied to the inlet 41 of the second pre-cooling
heat exchanger 4 at a certain inlet pressure and inlet
temperature. The inlet temperature 1s in this case the
hydrocarbon starting temperature. Typically, the 1inlet
pressure to the second pre-cooling heat exchanger 4 will
be between 10 and 100 bar, preferably above 30 bar and
more preferably above 70 bar. The temperature of the
hydrocarbon stream 10 will usually be below 30 °C,
preferably below 10 °C, more preferably below 5 °C and
even more preferably below 0 °C.

If desired the hydrocarbon stream 10 may have been
further pre-treated before it 1s fed to the second pre-

cooling heat exchanger 4. As an example, CO,, H,S and

hydrocarbon components having the molecular weight of
propane or higher may also at least partially have been
removed from the hydrocarbon stream 10.

In the second pre-cooling heat exchanger 4 the
hydrocarbon stream 10 (fed at inlet 41) 1is pre-cooled by
heat exchanging against a first refrigerant stream 180a
being evaporated in the second pre-cooling heat exchanger
4 thereby removing heat from the hydrocarbon stream 10.
Subsequently the hydrocarbon stream 1s removed (at outlet
45) as stream 30 from the second pre-cooling heat
exchanger 4 and passed (whilst bypassing the first pre-

cooling heat exchanger 3) to the first heat exchanger 2
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for further cooling. To this end, stream 30 1s fed at
inlet 21 of the first heat exchanger 2, coocled, again by
heat exchanging against (stream 155 of) the first
refrigerant being evaporated in the first heat exchanger
2 thereby removing heat from the hydrocarbon stream 30
(as well as from the first refrigerant 140 being fed at
inlet 22 and the second refrigerant 240 being fed at
inlet 23), and removed as cooled hydrocarbon stream 40.
Preferably, the cooled hydrocarbon stream 40 removed Ifrom
the first heat exchanger 2 (at outlet 25) has a
temperature below -20 °C, preferably below -60 °C and
preferably above -100 °C.

As will be schematically shown in Fig. 4, cooled
hydrocarbon stream 40 may be further cooled tO obtain a
liquefied hydrocarbon stream (stream 50 in Figure 4) such
as LNG.

The first and second refrigerants are both preferably
cycled in separate closed refrigerant cycles (not fully
shown in Figure 1), and are preferably multi-component
refrigerant streams.

The first refrigerant stream 110 is obtalned from a

compressor unit (not shown), cooled in air or water

apine

cooler 13 (after optional further cooling) and fed as
stream 130 into first pre-cooling heat exchanger 3 (at
inlet 32). After passing through the first pre-cooling
heat exchanger 3, the first refrigerant 135 1s split at
splitters 11 and 12 into three sub-streams 140, 170 and
180.

The splitters 11 and 12 will usually be conventional
splitters thereby obtaining at least two streams having
the same composition. The splitters 11 and 12 may also be
replaced by a single splitter thereby obtaining the at
least three sub-streams 140, 170 and 180.

The first sub-stream 140 is passed to the first heat

exchanger 2 (and fed at inlet 22), whilst the second and
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third sub-streams 170,180 are expanded (in expanders 8
and 9) and passed to the first and second pre-cooling
heat exchangers 3,4, respectively.

The first sub-stream 140 of the first refrigerant 1is
passed through the first heat exchanger 2, expanded in
expander 7 and fed as stream 155 at inlet 24 of the first
heat exchanger 2, at least partially evaporated thereby
withdrawing heat from streams 30, 140 and 240, and
removed as stream 160 from fixrst heat exchanger 2 at
outlet 28.

The expanded second sub-stream 170a is fed at inlet
34 of the first pre-cooling heat exchanger 3, at least
partially evaporated thereby withdrawing heat from
streams 130 and 230, and removed as stream 170b from
first pre-cooling heat exchanger 3 at outlet 38.

The expanded third sub-stream 180a is fed at inlet 44
of the second pre-cooling heat exchanger 4, at least
partially evaporated thereby withdrawing heat from stream
10, and removed as stream 180b from second pre-cooling
heat exchanger 4 at outlet 48.

The evaporated first refrigerant streams 160, 170Db
and 180b are cycled to a compressor unit (not shown) for
recompression purposes thereby re-obtaining stream 110.

The second refrigerant stream 210 is also obtained
from a compressor unit (not shown), cooled i1n air or
water cooler 14 (after optional further cooling) and fed
as stream 230 into first pre-cooling heat exchanger 3 (at
inlet 33). After passing through the first pre-cooling
heat exchanger 3, the second refrigerant is passed as
stream 240 to the first heat exchanger 2 (and fed at
inlet 23). Then the second refrigerant 1is passed through
the first heat exchanger 2 and removed at outlet 27 as
stream 250. As shown in Figure 4, the second refrigerant
stream 250 is passed to a second heat exchanger 5 for

further cooling of the hydrocarbon stream 40.
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Preferably, the temperature difference of the
hydrocarbon stream 30 and at least one of the first
refrigerant stream 140 and second refrigerant stream 240
just before feeding into the first heat exchanger 2 at
inlets 21,22,23 is lower than 10 °C, preferably lower
than 5 °C. Preferably the temperatures of the streams
30,140,240 are substantially the same.

Table I gives an overview of the estimated pressures
and temperatures of the streams at various parts 1n an
example process of Fig. 1. The hydrocarbon stream in line
10 of Fig. 1 comprised approximately the following
composition: 92.1 mole% methane, 4.1 mole% ethane, 1.2
mole% propane, 0.7 mole% butanes and pentane and 1.9

mole% N,. Other components such as HpS and HpO were

previously substantially removed. The first and second

refrigerant in streams 110,210 were both multi-component

refrigerants. Stream 110 was substantially composed of

methane and (for a major part) of ethane, whilst stream

210 was substantially composed of ethane, propane, N; and

(for a major part) of methane.
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TABLE I
Line Pressure (bar) | Temperature | Phase
(°C) composition*

10 92.5 -10.0 -

30 1 91.5 [ <25.0 -

40 90.5 ~62.7 -

110 58 .2 65 .7 v

130 157.1 9.5 V/L
140 55.6 -25.0 i

150 54 .1 -62.7 i

160 9.3 ' -35.2 v

170 55.6 -25.0 i
170Db 127.0 1 -2.8 v

180 55.6 -25.0 i
180b 18.0 -14.3 i

210 56.1 61.9 v

230 55.8 9.5 v

240 54 . 3 | =25.0 V/L
250 52 .3 -62.7 V/L

* V = vapour,

L, = Liguid

An important advantage of the embodiment of Figure 1 is

that the amount of thermal stresses in the first heat

exchanger 2 1s reduced as the temperature difference of

the hydrocarbon stream 30 and the first and second

refrigerants 140,240 when feeding into the first heat

exchanger 2 is lower than 10 °C, preferably lower than

5 °C. Preferably (and as i1ndicated in Table I)

temperatures are substantially the same

This has been achieved by cooling on the

10 (1n second pre-cooling heat exchanger

other hand streams 110 and 210

exchanger 3)

(in first

1n parallel heat exchangers.

(1.e.

these

-25 o) .

one hand stream

4 )

and on the

pre-cooling heat

Thus,

the
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hydrocarbon stream 10 or 30 is not pre-cooled in the
first pre-cooling heat exchanger 3, but bypasses the
same.

Figure 2 shows an alternative embodiment to Figure 1,
also reducing the amount of thermal stresses in the first
heat exchanger 2, but at the same time using some of the
cold in the hydrocarbon stream 10 to cool the first and
second refrigerant streams 120, 220 as a result of which
less cooling duty is required to cool the first and
second refrigerants.

According to this alternative embodiment, the first
and second refrigerants are both pre-cooled 1in a first
pre-cooling heat exchanger 3 and a second pre-cooling
heat exchanger 4. The hydrocarbon stream 10 is heat
exchanged in the second pre-cooling heat exchanger 4 and
cooled in the first pre-cooling heat exchanger 3, the
first pre-cooling heat exchanger 3 being situated between
the second pre-cooling heat exchanger 4 and the first
heat exchanger 2.

If the hydrocarbon stream 10 1s received at a
starting temperature that is lower than the refrigerant
temperature in line 120 (after having been cooled against
ambient in cooler 13), the heat exchanging of the
hydrocarbon stream 10 in the second pre-cooling heat
exchanger 4 results 1n heating of the hydrocarbon stream.
The hydrocarbon stream 10 then acts as a cooling medium
other than ambient, against which the first and second
refrigerant streams are further cooled after having been
cooled against ambient 1n coolers 13,14.

Where the hydrocarbon stream 1s heated 1n the second
pre-cooling heat exchanger, the first pre-cooling heat
exchanger 3 is understood to be the first common heat
exchanger, because upstream of that first pre-cooling
heat exchanger 3 the hydrocarbon stream and the first

refrigerant stream are not commonly cooled.
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ITn the embodiment of Figure 2, the second pre-cooling
heat exchanger 4 1s 1n the form of a shell and tube heat
exchanger wherein the 1nlet 41 for the hydrocarbon stream
10 1is at the shell side, whilst inlets 42 (for first
refrigerant stream 120) and 43 (for second refrigerant
stream 220) are not. Contrary to the embodiment of
Figure 1, in Figure 2 the hydrocarbon stream 10 is heat
exchanged in the second pre-cooling heat exchanger 4
against the first and second refrigerant streams 120 and
220.

Further, instead of evaporating a part of the first
refrigerant in the second pre-cooling heat exchanger 4
(stream 180a as shown in Figure 1), the cold of the
hydrocarbon stream 10 is used to cool the first and
second refrigerant streams 120 and 220. Although the
hydrocarbon stream 10 1s preferably passed through the
second pre-cooling heat exchanger 4 counter-currently to
the streams 120 and 220 (as shown 1in Figure 2), this may
also be done co-currently.

After passing through the second pre-cooling heat
exchanger 4, a heated hydrocarbon stream 20, a cooled
first refrigerant stream 130 and a cooled second
refrigerant stream 230 are removed from the second pre-
cooling heat exchanger 4 (at outlets 45, 46 and 47
respectively) and passed (while having substantially the
same temperature) to the first pre-cooling heat exchanger
3. Thus, in the embodiment of Figure 2, the hydrocarbon
stream does not bypass the first pre-cooling heat
exchanger 3, but is fed as stream 20 at 1inlet 31 at a
hydrocarbon feeding temperature and removed at outlet 35
of the first pre-cooling heat exchanger 3 before 1t 1s
passed as stream 30 to the first heat exchanger 2.

It is noteworthy that according to the embodiment of
Figure 2 the feeding temperatures of streams 20,130,230

just before feeding into the first pre-cooling heat
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exchanger 3, as well as the temperatures of streams
30,140,240 are substantially the same, as a result of
which thermal stresses 1n the first heat exchanger 2 as
well as 1in the first pre-cooling heat exchanger 3 are
minimized.

Table II gives an overview of the estimated pressures
and temperatures of the streams at various parts in an
example process of Fig. 2. The hydrocarbon stream 1n line
10 and the first refrigerant in stream 110 have the same
composition as in Figure 1. Stream 210 was composed Of

the same components as in Figure 1, but with different

ratios of the various components.
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TABLE II
Line Pressure (bar) | Temperature Phase
(°C) composition*

10 92.5 -10.0 -

20 92 .2 6.9 -

30 91.2 -26.6 -

40 1 90.2 | ~61.5 -

110 58 .2 67 .7 v

120 57.1 9.5 V/L
130 55.6 6.9 V/L
140 54 .1 | -26.6 i’

150 52.6 -61.5 L

160 5.7 1-33.3 v

170 54 .1 -26.6 L
170b 23 .7 | 6.2 v

210 57.0 62.5 vV

220 56 .7 9.5 v

230 55 . 2 6.9 v

240 53 .7 -26.6 V/L
250 51.7 -61.5 V/L

* V = vapour, L = Liquid

Figure 3 shows a third embodiment according to the
present invention. According to this third embodiment,
the first refrigerant 120 and optional second refrigerant
220, after having been cooled against ambient in
respective coolers 13,14, are both pre-cooled in a first
(3) and a second (4) pre-cooling heat exchanger, the

first pre-cooling heat exchanger 3 being situated between

the second pre-cooling heat exchanger 4 and the first
heat exchanger 2.

Further, the first refrigerant is, after passing

through the second pre-cooling heat exchanger 4, split in
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at least two sub-streams (130,190) by means of splitter
17. A first sub-stream 130 of the at least two sub-
streams 1is passed to the first pre-cooling heat exchanger
and a second sub-stream 190 of the at least two sub-
streams 1s expanded by means of expander 16 and returned
to the second pre-cooling heat exchanger 4 while allowing
the expanded second sub-stream 190a to at least partially
evaporate in the second pre-cooling heat exchanger 4.

The first refrigerant thus forms the medium other
than ambient against which the first and second
refrigerants 120,220 are further cooled.

In this respect 1t 1is preferred that the pressure at
which the expanded second sub-stream 190a of the first
refrigerant is evaporated in the second pre-cooling heat
exchanger 4 is higher than the pressure at which the
expanded first refrigerant 170a 1s evaporated 1n the
first pre-cooling heat exchanger 3.

According to the embodiment shown in Figure 3, the
hydrocarbon stream 10 bypasses the second pre-cooling
heat exchanger 4 and 1s fed into the first pre-cooling
heat exchanger 3 in order to be cooled against the first
refrigerant stream 170a being at least partly evaporated
in the first pre-cooling heat exchanger 3, thereby
withdrawing heat from the hydrocarbon stream 10 as well
as from the first and second refrigerant streams 130 and
230. Thus, in this third embodiment, the first pre-
cooling heat exchanger 3 is understood to be the first
common heat exchanger.

The first and second refrigerants are both pre-cooled
in a first and a second pre-cooling heat exchanger (3,4),
the first pre-cooling heat exchanger 3 belng situated
between the second pre-cooling heat exchanger 4 and the
first heat exchanger 2. The first refrigerant, after
passing through the second pre-cooling heat exchanger 4,

is split at splitter 17 in at least two sub-streams
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130,190, a first sub-stream 130 of which being passed to

the first pre-cooling heat exchanger 3 and a second sub-

stream 190 of which being expanded and returned to the

second pre-cooling heat exchanger 4, while allowing the

expanded second sub-stream 190a to at least partially

evaporate 1n the second pre-cooling heat exchanger 4.

The pressure at which the expanded second sub-stream
190a of the first refrigerant 130 1s evaporated 1in the
second pre-cooling heat exchanger 4 1s preferably higher
than the pressure at which the expanded first refrigerant

170a is evaporated in the first pre-cooling heat

exchanger 3.

First and second refrigerant streams 130 and 230 have

been previously cooled (as streams 120 and 220 - after

cooling in coolers 13 and 14, respectively -) 1n second

pre-cooling heat exchanger 4 to ensure that streams 130

and 230 have substantially the same temperature.

To this end the first refrigerant stream 130 1is split
in splitter 17 thereby obtaining at least one additional
sub-stream 190 that is expanded using an expander, here
in the form of throttling valve 16. The expanded first
refrigerant stream 190a is connected to inlet 49 of the
second pre-cooling heat exchanger 4, so that it can then
at least partially evaporate (after feeding 1into the
second pre-cooling heat exchanger 4 at 1nlet 49) thereby
obtaining evaporated stream 190b, 1n order to remove heat
from the first and second refrigerant streams 120 and
220. For the sake of completeness, 1t 1s remarked that
the first sub-stream 130 1s connected to 1inlet 32 of the
first pre-cooling heat exchanger 3.

Preferably the pressure at which the expanded first

refrigerant streams 190a,170a,155 are evaporated
decreases from the second pre-cooling heat exchanger 4 to
the first pre-cooling heat exchanger 3 to the pre-cooling

heat exchanger 2. This 1is beneficial, in particular if
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the hydrocarbon stream 10 1s very cold, as a part of the
coocling duty 1s shifted to the second pre-cooling heat
exchanger 4 being operated at a relatively high pressure.
This results in a save on compression power in the
compression unit (not shown) to which the evaporated

first refrigerant streams 160, 170b, (180b if available;

see Fig. 2) and 190b are cycled for recompression

purposes.

Table III gives an overview of the estimated
pressures and temperatures of the streams at various
parts in an example process of Fig. 3. The hydrocarbon
stream in line 10 and the first refrigerant in stream 110
have the same composition as 1n Figure 1. Stream 210 was

composed of the same components as in Figure 1, but with

different ratios of the various components.
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TABLE IITX
Line Pressure (bar) | Temperature Phase
(°C) composition*
10 92.5 -10.0 -
30 91.5 -40.0 -
40 1 90.5 -68.3 -
110 58 .2 64 .8 v
120 57.1 9.5 V/L
130 55.6 -10.0 L
140 54.1 | -40.0 L ﬁ
150 52.6 -68.3 L
160 7.1 | -43.0 v
170 521 7240.0 T,
| 170b 16.6 -17.0 v
190 55 .6 -10.0 L.
190b 36.0 8.1 v
1 L
210 52 .4 59.6
220 52.0 9.5 v
230 50.5 -10.0 Y
240 49 .0 -40.0 Jv/L
250 47.0 -68.3 V/L

* V = vapour, L = Liquid

It 1s preferred according to embodiments of the
present invention, that the temperature difference of the
hydrocarbon stream (10 in Fig. 3 or 20 in Fig. 2) and the
first and second refrigerants (130 and 230) just before
cooling in the first pre-cooling heat exchanger 3 1s
preferably lower than 10 °C, preferably lower than 5 °C.

Furthermore, the embodiments of Figures 1, 2, and 3
have 1n common that the first refrigerant 135, after
passing through a first pre-cooling heat exchanger 3, 1is

split 1n at least two sub-streams (e.g. 140,170,180).
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Apparatuses may comprise a splitter 11 for splitting
the first refrigerant 135 into said at least two sub-
streams. A first sub-stream 140 of the at least two sub-
streams may be connected to an inlet 22 of the first heat
exchanger for being passed to the first heat exchanger 2.
A second sub-stream 170 of the two sub-streams may be
connected via an expander 8 to an inlet 34 of the first
pre-cooling heat exchanger 3, for being expanded and
returned to the first pre-cooling heat exchanger 3 while
allowing the expanded second sub-stream 170a to at least
partially evaporate in the first pre-cooling heat
exchanger 3. The pressure at which the expanded second
sub-stream 170a of the first refrigerant 140 1is
evaporated in the first pre-cooling heat exchanger 3 1s
preferably higher than the pressure at which the expanded
first refrigerant 155 is evaporated in the first heat
exchanger 2.

A third sub-stream 180 may be connected by means of
an expander 9 to an inlet 44 of the second pre-cooling
heat exchanger 4 for belng expanded, and subsequently
passed to the second pre-cooling heat exchanger 4, while
allowing the expanded third sub-stream 180a to evaporate
in the second pre-cooling heat exchanger 4. This 1is
schematically shown in Figure 1.

As 1s schematically shown in Figure 4 (in which the
first refrigerant has been omitted for ease of
understanding), the cooled hydrocarbon stream 40 may be
further cooled or even liquefied in at least a second
heat exchanger 5 thereby obtaining a liquefied
hydrocarbon stream 50 such as LNG. In the embodiment of
Figure 4 the second refrigerant stream 250 as obtained in
Figure 1 is to this end expanded in expander 15 and
evaporated to remove heat from the cooled hydrocarbon

stream 40. The evaporated second refrigerant stream 260
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may be recompressed and cooled (not shown) in order to
re-obtain stream 210.

The person skilled in the art will readily understand
that many modifications may be made without departing
from the scope of the invention. As an example, the first
and second pre-cooling heat exchangers as well as the
first and second heat exchangers may be any type of heat
exchangers including spool wound or plate fin heat
exchangers. Further, each heat exchanger may comprise a

train of heat exchangers.
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CLAIMS:
1.  Method for coollng a hydrocarbon stream such as

natural gas, wherein the hydrocarbon stream and a first

refrigerant stream are commonly cooled against an evaporating

refrigerant 1in a series of one or more consecutively arranged

common heat exchangers, which series comprises a first common

heat exchanger, upstream of which first common heat exchanger

the hydrocarbon stream and the first refrigerant stream are not

commonly cooled, the method at least comprising the steps of:

(a) compressing a first refrigerant stream to obtain

a compressed first refrigerant stream;

(b) cooling the compressed first refrigerant stream

agalinst ambient to a refrigerant temperature;

~(c) receiving a hydrocarbon stream to be cooled at a

starting temperature that 1s lower than the refrigerant

temperature;

(d) feeding the hydrocarbon stream into the first

common heat exchanger at a hydrocarbon feeding temperature that

1s lower than the refrigerant temperature;

(e) further lowering the temperature of the first

refrigerant stream, after said cooling of step (b), by heat

exchanging against a medium different from ambient;

(f) feeding the first refrigerant stream into the

first common heat exchanger, after said heat exchanging of step
(e), at a refrigerant feeding temperature, wherein the

refrigerant feeding temperature is lower than the refrigerant
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temperature, and wherein the temperature difference between the

hydrocarbon feeding temperature the refrigerant feeding

temperature‘is lower than 60°C;

(g) commonly cooling the hydrocarbon stream and the

first refrigerant stream against an evaporating refrigerant 1n

F

the series of one or more consecutively arranged common heat

exchangers,

wherein said medium different from amblent comprises

1)

the hydrocarbon stream to be cooled upstream of said feeding o:

1

the hydrocarbon stream into the first common heat exchanger.

2 . - Method according to claim 1, whereiln sailid temperature

L

difference is lower than 5°C.

3. Method according to claim 2, whereiln the hydrocarbon

feeding temperature and the refrigerant feeding temperature are

substantially the same.

F

4, - Method according to any one of claims 1 to 3, whereiln

said temperature difference is smaller than an 1nitial

F

temperature difference between said starting temperature and

sald refrigerant temperature.

0. Method according to any one of claims 1 to 4,

comprising:

(h) removing the hydrocarbon stream from the series

*
p—

of one or more consecutively arranged common heat exchangers as

a cooled hydrocarbon stream.
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0. "Method according to any one of claims 1 to 5, further

comprising feeding a second refrigerant into the first common

heat exchanger.

7. Method according to claim 6, wherein 1in addition to

the first refrigerant stream and hydrocarbon stream, also the

second refrigerant is commonly cooled 1in step (g).

8 . Method according to claim 6 or 7, wherein, before

feeding the second refrigerant into the first common heat

exchanger, the second refrigerant stream 1s compressed to
obtain a compressed second refrigerant stream, cooled against

ambient, and further cooled by heat exchanging against a medium

different from ambient.

pr—

9. Method according to any one of claims 5 to 8§,

comprising:

(1) further cooling the cooled hydrocarbon stream

removed in step (h) in at least a second heat exchanger thereby

obtaining a liquefied hydrocarbon stream.

P
—

10. Method according to any one of claims 1 to 9, wherein

said commonly cooling the hydrocarbon stream and the first

refrigerant stream against an evaporating refrigerant

comprises:

“removing the first refrigerant from the first common

heat exchanger;

expanding 1it; and
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returning 1t to the first common heat exchanger while

allowing the expanded first refrigerant to at least partially

evaporate in the first common heat exchanger thereby

withdrawing heat from the hydrocarbon stream and at least the

first refrigerant stream.

11. Apparatus for cooling a hydrocarbon stream such as

natural gas, the apparatus comprising:
- a first refrigerant stream;

- a compressor arranged to compress the first
refrigerant stream to obtain a compressed first refrigerant

Stream;

- an ambient cooler arranged to cool the compressed

first refrigerant stream against ambient to a refrigerant

temperature;

- a pre-cooling heat exchanger arranged to receive
the cooled compressed first refrigerant stream and to further

lower the temperature of the first refrigerant stream by heat

exchanging against a medium different from ambient;

- a hydrocarbon source arranged to provide a
hydrocarbon stream to be coocled at a starting temperature that

1s lower than the refrigerant temperature;

- a series of one or more consecutively arranged
common heat exchangers arranged to receive and commonly cool at
least the hydrocarbon stream and the first refrigerant stream,

which series comprises a first common heat exchanger, such that

upstream of which first common heat exchanger there 1s no other
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common heat exchanger wherein the hydrocarbon stream and the

[ —

first refrigerant stream can be commonly cooled;

'—‘a hyvdrocarbon inlet on the first common heat

exchanger arranged to receive the hydrocarbon stream at a

hyvdrocarbon feeding temperature lower than the refrigerant

temperature;

- a first re:

"rigerant inlet on the first common heat

exchanger. arranged to receive the first refrigerant from the

pre-cooling heat exchanger at a refrigerant feeding temperature

that 1s lower than the re:

‘rigerant temperature, and such that

the temperature difference

temperature and the re:

than 60°C

7

common heat exchanger.

12.

a second heat exchanger

between the hydrocarbon feeding

‘rigerant feeding temperature 1s lower

"wherein said medium different from ambient comprises

the hydrocarbon stream to be cooled upstream of the first

Apparatus as claimed in claim 11, further comprising

for further cooling the cooled

hydrocarbon stream removed from the series of common heat

exchangers, thereby obtaining a liquefied hydrocarbon stream.

13.

a second

Apparatus as claimed in claim 12, further comprising

refrigerant being commonly cooled 1n the series of

common heat exchangers.

14.

Apparatus as claimed in any one of claims 11 to 13,

wherein the first common heat exchanger comprises an 1inlet and

an outlet

for the

first re:

‘rigerant and an 1nlet for an
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expanded first refrigerant, the apparatus further comprising an

expander for expanding the first refrigerant between the outlet

for the first refrigerant and the inlet for the expanded first

refrigerant.
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