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Description

[0001] In a first aspect, the present invention relates
to a coil wound heat exchanger. In a further aspect, the
presentinvention relates to a method of cooling a process
stream in such a coil wound heat exchanger.

[0002] Coil wound heat exchangers, also known as
coiled tubing heat exchangers, spiral wound heat ex-
changers or spool wound heat exchangers, are used in
gas process industries for heating or cooling fluid streams
at high heat transfer rates. This requires large heat trans-
fer areas. This type of heat exchangers is particularly
useful for cooling and condensing high pressure gas
streams. In the production of liquefied natural gas (LNG),
for example, large surface areas are beneficial for the
high transfer rate of heat from the pressurized process
stream to the refrigerant, during indirectheat exchanging.
[0003] Suitable coil wound heat exchangers are com-
mercially available from a variety of vendors, including
Air Products and Chemicals Inc (APCI), Pennsylvania
(USA), and Linde AG (head quartered in Germany).
[0004] EP 1 367 350 A1 discloses examples of coil
wound heat exchangers and a use of such coil wound
heat exchangers in a gas liquefaction process. Each ex-
ample comprises a pressure vessel, a coil wound tubing
bundle, and a distributor disposed above the coil wound
tubing bundle. A liquid mixed refrigerant stream streams
into a heat exchange zone in the pressure vessel via the
distributor. The refrigerant flows downward over the outer
side, or shell side, of the coil wound bundle. Refrigeration
typically is provided by vaporizing of the mixed refrigerant
on the outer or shell side of the tubes. The refrigerant is
typically totally vaporized upon reaching the bottom of
the heat exchanger pressure vessel, and withdrawn from
the heat exchanger as vapour via a vapour discharge
line. This vapour is re-compressed in a refrigerant com-
pression system. The liquefied process stream is dis-
charged from the tubing bundle.

[0005] A problem associated with the arrangement of
EP 1367 350 A1isthatthereis arisk of liquid constituents
to reach the refrigerant compression system, for instance
when the refrigerant has not totally vaporized when
reaching the bottom of the heat exchanger pressure ves-
sel. Entrained liquids in the vapour discharge line may
cause severe damage to the compressor.

[0006] Process plant designers often include an MR
suction drum (sometimes referred to as MR knock-out
drum) in the vapour discharge line, such as shown in e.g.
US Pat. 4,545,795 and US pre-grant publication
2010/326133, to protect the refrigerant compression sys-
tem from entrained liquids. However, such MR suction
drum incurs additional foot print of the plant, and a need
for additional pressure-tight connectors, valves and pip-
ing.

[0007] Inaccordance with thefirstaspectofthe present
invention, there is provided a coil wound heat exchanger,
comprising
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- a shell with an elongate shape which during opera-
tion is vertically directed, said shell enclosing a shell
space;

- atubing assembly configured inside the shell space,
said tubing assembly comprising a tube bundle for
conveying a process stream through the shell in in-
direct heat exchange contact with a refrigerant avail-
able in the shell space;

- a refrigerant distributor arranged inside the shell
space gravitationally above the tubing assembly;

- avapour discharge line for discharging evaporated
refrigerant from the shell space;

- a liquid drain line fluidly connected to the shell at a
gravitational low level for draining non-evaporated
liquid refrigerant from the shell space;

- avapour chamber arranged inside the shell space,
provided with a vapour chamber inlet, wherein the
vapour discharge line is in fluid communication with
the shell space via the vapour chamber and the va-
pour chamber inlet, wherein the vapour discharge
line and the vapour chamber inlet are separated from
each other by gas/liquid separator internals to avoid
liquid constituents to flow from the shell space into
the vapour discharge line.

[0008] In accordance with a second aspect of the in-
vention, there is provided a method of cooling a process
streamin a coilwound heat exchanger as described here-
in, method of cooling a process stream in a coil wound
heat exchanger, comprising:

- conveying a process stream through a tube bundle,
which tube bundle is comprised in a tubing assembly
that is configured inside a shell space, a shell space
which is enclosed by a shell of a coil wound heat
exchanger, said shell having an elongate which dur-
ing operation is vertically directed;

- feeding a refrigerant in a liquid phase, through a re-
frigerant distributor arranged inside the shell space
gravitationally above the tubing assembly, into the
shell space in physical contact with the tube bundle;

- allowing the liquid phase of the refrigerant to run
down an exterior surface of the tube bundle;

- allowing indirectly exchange of heat wherein heat
from the process stream is extracted by the refriger-
ant whereby the liquid phase is caused to evaporate
into vapour;

- collecting any non-evaporated liquid refrigerant in a
gravitational low level in the shell space, in contact
with a liquid drain line fluidly connected to the shell;

- discharging the vapour comprising evaporated re-
frigerant from the shell space through a vapour dis-
charge line, wherein passing the vapour successive-
ly through a vapour chamber inlet, through gas/liquid
separator internals into a vapour chamber, all con-
figured inside the shell space whereby removing lig-
uid constituents from the vapour, and from the va-
pour chamber into the vapour discharge line.



3 EP 2 857 782 A1 4

[0009] The invention will be further illustrated herein-
after by way of example only, and with reference to the
nonlimiting drawing in which;

[0010] Fig. 1 shows a schematic inside view of a coil
wound heat exchanger according to an embodiment of
the invention;

[0011] Fig. 2 shows a schematic inside view of a coil
wound heat exchanger according to another embodi-
ment of the invention;

[0012] Fig. 3 shows a schematic process flow diagram
illustrating an assembly for and a method of cooling a
process stream.

[0013] Forthe purpose of this description, a single ref-
erence number will be assigned to a line as well as a
stream carried in thatline. Same reference numbers refer
to similar components. The person skilled in the art will
readily understand that, while the invention is illustrated
making reference to one or more a specific combinations
of features and measures, many of those features and
measures are functionally independent from other fea-
tures and measures such that they can be equally or
similarly applied independently in other embodiments or
combinations.

[0014] Described herein is a special adaptation of a
coil wound heat exchanger. The coil wound heat ex-
changer has a shell, surrounding a shell space. A vapour
discharge line is provided in fluid connection with the shell
space for discharging evaporated refrigerant from the
shell space. An external compressor can be connected
to the vapour discharge line, for recompression of the
evaporated refrigerant.

[0015] Itis presently proposed to bring components of
and/or functionality of a mixed refrigerant (MR) suction
drum inside the shell space of the coil wound heat ex-
changer. More specifically, gas/liquid separator internals
are configured inside the shell space of the coil wound
heat exchanger, to prevent entrained liquids from enter-
ing a vapour discharge line. Furthermore, a liquid drain
line may be connected to the shell at a gravitational low
level, for draining non-evaporated liquid refrigerant from
the shell space. Furthermore, a vapour chamber is ar-
ranged inside the shell space. The vapour chamber is
provided with a vapour chamber inlet, and the vapour
discharge line is in fluid communication with the shell
space of the coil wound heat exchanger via the vapour
chamber. The vapour discharge line and the vapour
chamber inlet are separated from each other by the
gas/liquid separator internals.

[0016] Liquid constituents that may be present in the
shell space of the heat exchanger are prevented by the
gas/liquid separator internals from entering the vapour
discharge line. With these provisions, the coil wound heat
exchanger can be used without the need for an external
MR suction drum, or at least with a much smaller sized
drum, as the expected liquid load in the discharged va-
pour refrigerant is lower than without these provisions.
[0017] Suitably, the gas/liquid separatorinternals com-
prise a mist extractor. Preferably, the mist extractor is an
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impingement-type mist extractor, which is found to be
more suitable for integration into the shell space of the
coil wound heat exchanger than centrifugal mist-extrac-
tion devices. Regardless of the type, the mist extractor
is functional to avoid liquid droplets entrained in the va-
pour refrigerant. Suitable examples of impingement-type
mist extractors comprise: a mist mat, a wire mesh de-
mister, a vane pack demister.

[0018] Preferably, the vapour chamber inlet is located
gravitationally below the tubing assembly, and higher
than said gravitational low level. This way the vaporized
refrigerantdoes not have to undergo counter flow in order
to reach the vapour chamber inlet, while at the same time
liquid consisting of non-evaporated liquid refrigerant can
be accumulatedin the shell space 20 gravitationally lower
than the vapour chamber inlet.

[0019] A high level liquid protection sensor is prefera-
bly arranged inside the shell space, at a level gravitation-
ally lower than the gas/liquid separator internals. Here-
with a warning signal can be produced, in an event of a
liquid level exceeding a predetermined high liquid level.
This allows for taking preventive action when the level of
liquids that have accumulated in the shell space becomes
so high that it jeopardizes further dry operation of the
compressor.

[0020] Preventive action can take a variety of forms.
For instance, upon producing of said warning signal, a
drain flow rate of non-evaporated liquid refrigerant from
the gravitational low level of the shell space into the liquid
drain line could be increased. If this does not help to
sufficiently lower the level of accumulated liquid, the flow
rate of refrigerant into the shell space could be de-
creased. The ultimate action could be to cause the com-
pressor to trip.

[0021] The coil wound heat exchanger may form part
of an assembly for cooling a process stream. The as-
sembly comprises a compressor arranged external to the
shell of the coil wound heat exchanger. The vapour dis-
charge line is in direct fluid communication with the com-
pressor via a compressor stream intake opening of the
compressor, without passing through any suction drum
located external to the shell. The compressor stream dis-
charge opening is in fluid connection with the refrigerant
distributor via a refrigerant inlet opening in the shell,
whereby bypassing the vapour chamber. The process
stream is conveyed through the tube bundle, in indirect
heat exchange contact with the refrigerant that is avail-
able in the shell space.

[0022] The process stream may comprise, or consist
of, natural gas.

[0023] Figure 1 shows in a very schematic way an in-
side view of coil wound heat exchanger 1 according to
an embodiment of the invention. It has a shell 10 with an
elongate shape. Apart from instrumentation connections
and flange connections and the like, the shape has a
generally circular cylindrical contour. The diameter can
vary as a function of the height along the shell 10. During
operation the shell 10 is vertically directed. The shell gen-
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erally encloses a shell space 20, that can be pressurized
above atmospheric pressure. With the shell 10 being ver-
tically directed in its operational orientation, the shell
space 20 generally has a bottom side and a top side, the
top side being gravitationally above the bottom side.
[0024] A tubing assembly 30 is configured inside the
shell space 20. The tubing assembly 30 comprises one
or more tube bundles, amongst which at least a process
tube bundle 31 for conveying a process stream through
the shell 10 in indirect heat exchange contact with a re-
frigerant 40 that is available in the shell space 20. The
process tube bundle 31 extends from a warm end of the
coil wound heat exchanger 1 to a cold end of the caoll
wound heat exchanger 1. The cold end is gravitationally
higher than the warm end. The cold end is generally at
the top side of the shell space 20 and the warm end at
the bottom side of the shell space 20.

[0025] As in any coil wound heat exchanger, one or
more tube bundles can be installed in one shell 10. Each
tube bundle is constructed of a plurality of tubes, typically
a large number of long tubes. Appropriate headers and
piping (not shown) are configured for introducing one or
more streams to be cooled, amongst which the process
stream, into the tubes, and for withdrawing cooled lique-
fied streams from the tubes. The process tube bundle
31, optionally together with any other tube bundle in the
shell space 20, is helically wound with a plurality of wind-
ings about an axial, vertically extending, central core.
These windings circumvent the vertically extending core
in the shell space 20, and leave a vertically extending
annular space between the plurality of windings and the
shell 10. Numerous tube layers may be thus formed in a
radial (horizontal) direction. Each layer may be separated
from adjacent layers by axial spacers or spacer wires.
The vertically extending core may consist of void space
and/or contain structural support elements such as a
mandrel 25.

[0026] The mandrel 25 may suitably be provided in the
vertically extending core. The mandrel may mechanically
support the entire tubing assembly 30, whereby the proc-
ess tube bundle may be suspended from the mandrel
25. The mandrel may be formed of a hollow support pipe,
welded to or otherwise supported in, the shell 10.
[0027] A refrigerant distributor 50 is also arranged in-
side the shell space 20. The refrigerant distributor is con-
figured at the cold end, gravitationally above the tubing
assembly 30.

[0028] One or more auxiliary refrigerant distributors 55
may optionally be arranged inside the shell space 20 in
addition to the refrigerant distributor 50. The auxiliary re-
frigerant distributors 55 are not required to be configured
at the cold end gravitationally above the entire tubing
assembly 30: they can be configured at one or more mid-
points, gravitationally above one or more lower segments
of the tubing assembly 30 but below one or more upper
segments of the tubing assembly 30.

[0029] Typically, a coil wound heat exchanger de-
signed for the purpose of liquefying and sub-cooling a
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process stream consisting of a methane-rich stream,
such as a natural gas stream, comprises at least three
tube bundles, each for conveying a separate stream in
indirect heat exchange relationship with the refrigerant
40 available in the shell space 20 through the shell 10:
one tube bundle, the process tube bundle 31, is for the
process stream. One is for a heavy refrigerant fraction,
and one for a light refrigerant fraction. This is further ex-
plained in EP 1 367 350 A1, which is incorporated herein
by reference for this purpose. Further details will also be
discussed herein with reference to Figure 3.

[0030] A vapour discharge line 60 is in fluid communi-
cation with the shell space 20 for discharging evaporated
refrigerantfrom the shell space 20. The vapour discharge
line 60 is typically in fluid communication with, and dis-
charges into, a compressor 80 via a compressor stream
intake opening 82. The compressor 80 is suitably con-
figured external to the shell 10. Furthermore, aliquid drain
line 70 is fluidly connected to the shell 10, at a gravita-
tional low level, for draining non-evaporated liquid refrig-
erant from the shell space 20. The gravitational low level
may be at the warm end of the coil wound heat exchanger
1.

[0031] A vapour chamber 100 is arranged inside the
shell space 20. The vapour chamber 100 is provided with
a vapour chamber inlet 110, which is preferably located
gravitationally below the tubing assembly 30. The vapour
chamber inlet 110 may suitably have a vertically aligned
slot shape. The vapour chamber inlet 110 may comprise
of a plurality of openings distributed over an area.
[0032] The vapourdischarge line 60 is also connected
to the vapour chamber 100. The vapour discharge line
60 and the vapour chamber inlet 110 are separated from
each other by gas/liquid separator internals 120. The va-
pour discharge line 60 is in fluid communication with the
shell space 20 via the vapour chamber 100 and the va-
pour chamber inlet 110. During operation, vaporous re-
frigerant 42 can pass from the shell space 20 through
the vapourinlet 110 and the gas/liquid separator internals
120 into the vapour chamber 100 and from there be dis-
charged from the coil wound heat exchanger 1 through
the vapour discharge line 60. Any liquid constituents,
such as small droplets and/or mist, are impeded from
flowing from the shell space 20 into the vapour discharge
line 60 as a result of the gas/liquid separator internals
120.

[0033] The compressor 80 further comprises a com-
pressor stream discharge opening 84, which is in fluid
connection with the refrigerant distributor 50 via a refrig-
erantinlet opening 12in the shell 10. The liquid distributor
50 can be reached without passing through the vapour
chamber 100. Typically, a pressure reduction device 14
is provided between the compressor stream discharge
opening 84 and the refrigerant distributor 50. The com-
pressor stream discharge opening 84 may further be in
fluid connecting with one or more of the optional auxiliary
refrigerant distributors 55, if provided. In such cases, the
shell 10 may comprise an auxiliary refrigerant inlet open-
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ing 16, and an auxiliary pressure reduction device 18
may be provided between the compressor stream dis-
charge opening 84 and the auxiliary refrigerant distributor
55. A more detailed embodiment of the compressor con-
figuration will be discussed below with reference to a
schematic process flow diagram illustrating an assembly
for and a method of cooling a process stream as illus-
trated in Figure 3.

[0034] Suitably, the gas/liquid separator internals 120
comprise a mist extractor. The mist extractor may be of
any suitable type, but it has been found that an impinge-
ment-type mist extractor is more suitable for integration
into the shell space 20 of the coil wound heat exchanger
1than known centrifugal mist-extraction devices. Re-
gardless of the type, the mist extractor is functional to
stop liquid droplets entrained in the vapour refrigerant,
typically those liquid droplets that are smaller than about
150 wm in cross section, from entering into the vapour
chamber 100. Liquid droplets of 150-300 pwm are typically
large enough to settle and form a liquid layer 44 at the
bottom of the shell space 20, but to the extent they don’t
settle by gravity these droplets may also be caught by
the mist extractor.

[0035] Suitable examples of impingement-type mist
extractors comprise: a mist mat, a wire mesh demister,
a vane pack demister. The mist extractor preferably con-
sists of more than 92%, preferably more than 95%, of
void space, whereby liquid particles are primarily collect-
ed by impingement, whereby the vapour flowing through
the mist extractor is forced to change direction a number
of times. Herewith, a relatively low pressure drop over
the gas/liquid separator internals 120 is established.
[0036] In one contemplated example, a wire mesh is
proposed having a void volume of between 97 and 98%,
a bulk density of about 190 kg/m3, a surface area of be-
tween 330 and 410 m2/m3, with a wire diameter of 0.28
mm. A pad of this wire mesh may be held in and supported
by a support grid. The support grid preferably has at least
90% free area to facilitate effective liquid drainage from
the pad. A pad thickness of between 10 and 50 cm may
be employed, depending on liquid load and refrigerant
flow rate. These numbers and dimensions are an exam-
ple and variations are contemplated which can be adapt-
ed to the governing specifics of an embodiment.

[0037] It may be contemplated to provide a wire mesh
and a vane pack in series, whereby the vane pack is
installed on the vapour chamber side of the wire mesh.
A vane pack can have a higher liquid removal capacity
than a wire mesh at liquid removal rates where the wire
mesh floods. Under usual operations, the wire mesh will
be virtually fully effective at removing a sufficient amount
of the liquids from the refrigerant stream. In a rare case
wherein the wire mesh floods, the wire mesh in flooded
mode acts as a coalescer for the vane pack whereby
improving the efficiency of the vane pack in removing
liquids. Atlower rates the wire mesh becomes the primary
mist eliminator device. This configuration has a higher
operational range (turndown) than a configuration based
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on a single type of mist extractor.

[0038] Considering in more detail, the vapour chamber
100 and the gas/liquid separatorinternals 120 are located
inside a shielded area within the shell space 20. The
shielded area is shielded by at least a wall section 130
and a fluid cap 140 provided at an upper end of the wall
section 130. The wall section 130 and the fluid cap 140
together may form a bell-shaped shield. The fluid cap
140 may have a dome shape, for instance spherical in
which case in vertical cross section it has a contour of a
circle segment, or elliptical. However, as the vapour
chamber 100 is fully embedded in the shell space 20, it
does not have to be a pressure vessel. Hence, the fluid
cap 140 could be flat, having a contour of a straight line
piece when seen in the vertical cross section.

[0039] The wall section 130 and the fluid cap 140 pre-
vent refrigerant 40 from entering into the vapour chamber
100 via any other path than through the gas/liquid sep-
arator internals 120. The wall section 130 suitably has
an open end 135 facing downward, through which the
shielded area is in open fluid communication with the
shell space. This open end 135 functions to exempt liquid
from being contained within the shielded area. Instead,
the liquid can spread over the entire surface area avail-
able in the bottom part of the shell space 20, so that the
liquid level builds up less fast than would be the case in
an external suction drum. This makes it possible to
achieve a similar gas/liquid separation efficiency asin an
external suction drum, while needing a smaller shielded
area volume than external suction drum volume. The va-
pour chamber inlet 110 is preferably provided in the wall
section 130 above the open end 135, to assure vapour
can continue to flow from the shell space 20 through the
gas/liquid separator internals 120 into the vapour cham-
ber 100 even if the liquid level accumulated inside the
shell space 20 is so high that the open end 135 is sub-
merged in the liquid layer 44.

[0040] Moreover, a high level liquid protection sensor
150 may suitably be arranged inside the shell space 20,
at a level gravitationally lower than the gas/liquid sepa-
rator internals 120. Preferably high level liquid protection
sensor 150 is arranged at a level gravitationally lower
than the vapour chamber inlet 110. The high level liquid
protection sensor 150 is configured to produce a warning
signal in an event of the liquid level of the liquid layer 44
exceeds the predetermined high liquid level.

[0041] In a group of embodiments, to which Figure 1
also belongs, an upper part of the wall section 130, to-
gether with the fluid cap 140, projects upward into the
vertically extending core. The vapour chamber 100, the
fluid cap 140 and the gas/liquid separation internals 120
may for instance be integrally provided inside the man-
drel 25. Specifically, the mandrel 25 may be vertically
supported on the fluid cap 140. If the mandrel 25 does
not have enough space on its inside to house the gas/lig-
uid separators internals, the in cross sectional diameter
of the mandrel 25 may be configured with an increasing
profile when comparing cross sections at decreasing
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heights along the mandrel 24. An example is show in
Figure 1.

[0042] Alternatively, and this is schematically illustrat-
ed in Figure 2, the vapour chamber 100 may be con-
structed ex-centrally. In such a case, the mandrel 25 may
be constructed separately from the vapour chamber 100
of the present invention. Possibly the vapour chamber
100 may be accommodated in the form of an annular
space either fully or at least partially extending along the
entire inner circumference of the shell 10. At least an
upper part of the wall section 130, together with the fluid
cap 140, may project upward into the vertically extending
annular space left between the plurality of windings and
the shell 10. Nonetheless, the vapour chamber inlet 110
is preferably located gravitationally below the tubing as-
sembly 30. In other aspects, the group of alternative em-
bodiments of which Figure 2 is an example, the coil
wound heat exchanger resembles the example as shown
in Figure 1 both in terms of structure and operation in
use, and reference is made to the description of Figure
1 for further details.

[0043] Regardless of the precise construction of the
coil wound heat exchanger 1, in operation it can be used
for cooling a process stream in the coil wound heat ex-
changer 1. The process stream is conveyed through the
process tube bundle 31. The process stream flows in an
upward direction, from the warm end to the cold end of
the coil wound heat exchanger 1. As the process stream
flows through the coil wound heat exchanger 1itis cooled
by transferring heat to a refrigerant 40 by indirect heat
exchanging. It may be cooled sufficiently to produce a
liquefied and subcooled process stream.

[0044] The refrigerant 40 is fed into the shell space 20
through the refrigerant distributor 50. The refrigerant 40
comprises a liquid phase as it passes through the dis-
tributor 50. The liquid phase of the refrigerant is allowed
to run down along an exterior surface of the process tube
bundle 31. To this end, the refrigerant 40 is brought in
physical contact with the process tube bundle 31. Typi-
cally, the liquid trickles down, in other words it flows in a
generally downward direction, under the influence of
gravity. Heat from the process stream is extracted by the
refrigerant 40 as a result of indirect heat exchange taking
place, whereby the liquid phase of the refrigerant is
caused to evaporate into vapour phase. Thus, as the
refrigerant 40 trickles down, the it continuously evapo-
rates leaving less and less liquid phase on the process
tube bundle 31.

[0045] In normal operation all the liquid is vaporized
and only super-heated vapour is discharged from the
shell space 20 via the vapour discharge line 60. None-
theless, any non-evaporated liquid refrigerant is collect-
ed in a gravitational low level in the shell space 20. The
collected liquid is in contact with the liquid drain line 70.
[0046] Regardless of the presence of any such liquid
refrigerant below the process tube bundle 31, the vapour
comprising the evaporated refrigerant is discharged from
the shell space 30 through the vapour discharge line 60.
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To this end, the vapour passes successively through the
vapour chamber inlet 110, through the gas/liquid sepa-
rator internals 120 and subsequently into the vapour
chamber 100. From the vapour chamber 100 the vapour
passes into the vapour discharge line 60. Preferably, the
vapour passes into the vapour discharge line 60 exclu-
sively from the vapour chamber 100.

[0047] As all of the vapour being discharged from the
coil wound heat exchanger 1through the vapour dis-
charge line 60 has been demisted by passing the gas/lig-
uid separator internals 120, the discharged vapour can
be conveyed directly to the compressor stream intake
opening 82 of the compressor 80, without passing
through any further suction drum arranged external to
the shell 10. The vapour can be compressed in the com-
pressor 80, and the vapour being discharged from the
compressor 80 can be condensed, before re-feeding
through the refrigerant distributor 50.

[0048] The high level liquid protection sensor 150 is
continuously guarded. The high level liquid protection
sensor 150 produces a warning signal in an event of a
liquid level of liquid refrigerant that has accumulated in-
side the shell space 20 exceeds the predetermined high
liquid level. Corrective action can then be taken to avoid
the liquid level to raise even more, thereby possibly sub-
merging and blocking the vapour chamber inlet 110
and/or the gas/liquid separator internals 120. Upon pro-
ducing of the warning signal, a drain flow rate of non-
evaporated liquid refrigerant from the gravitational low
level of the shell space 20 into the liquid drain line 70
may be increased. In addition, it can be contemplated to
lower the feed rate of the refrigerant 40 into the shell
space 20 via the refrigerant distributor 50 and/or any aux-
iliary refrigerant distributor 55. An extreme measure
could include causing the compressor 80 to trip or to
cause the compressor 80 to run in full recycle mode.
[0049] The coil wound heat exchanger as described
above is particularly suitable for use in processes that
produce liquefied natural gas (LNG). Suitable processes
for producing liquefied natural gas (LNG) wherein the coil
wound heat exchanger can be suitably employed gener-
ally make use of a mixed refrigerant for cooling the natural
gas. The natural gas is deeply cooled in the coil wound
heatexchanger, to reach a temperature of typically below
-135 °C, and often below -145 °C. The temperature is
selected such as to fully liquefy the process stream with
allits constituents. The final liquefied product stream, the
LNG, is at a temperature of -160 °C or below to allow for
its storage and transportation at a pressure of between
1and 2 bara, or even at a pressure of between 1 and 1.2
bara.

[0050] One suitable group of processes include single
refrigerant cycle processes, also known as single mixed
refrigerant - SMR - processes, such those described in
US Patents 3,593,535 (APCI) and 5,832,745 (Shell
SMR). Other suitable processes include double refriger-
ant cycle processes. Examples include the much applied
Propane-Mixed-Refrigerant process, often abbreviated
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C3MR, such as described in for instance US Patent
4,404,008, or for instance double mixed refrigerant -
DMR - processes of which examples are described in
US Patent 6,658,891 and in US Pat. 6,370,910 (Shell
DMR). Still another suitable group of processes are
based on three or more compressor trains for three or
more refrigeration cycles. Examples of such three-cycle
processes are described in WO 2008/020044;
DE3521060A1; and Mark J. Roberts et al "Large capacity
single train AP-X(TM) Hybrid LNG Process", Gastech
2002, Doha, Qatar (13-16 October 2002).

[0051] Figure 3 shows a schematic process flow dia-
gram generically illustrating an example embodiment of
an assembly for and a method of cooling a process
stream.

[0052] The assembly comprises the coil wound heat
exchanger 1 in accordance with the present invention.
As explained above, the shell 10 of the coil wound ex-
changer 1 defines the shell space 20. Configured within
the shell space 20 are the process tube bundle 31, ex-
tending from the warm end of the coil wound heat ex-
changer 1 to the cold end of the coil wound heat exchang-
er 1, an HMR tube bundle 32 extending from the warm
end to a mid-point, and an LMR tube bundle 33 also ex-
tending from the warm end to the cold end.

[0053] During normal operation, a gaseous, methane-
rich feed is supplied at elevated pressure through a sup-
ply conduit 210 to the process tube bundle 31 of the coil
wound heatexchanger 1 atits warm end. The feed, which
passes through the process tube bundle 31, is cooled,
liquefied and sub-cooled against refrigerant evaporating
in the shell space 20. The resulting liquefied stream is
removed from the process tube bundle 31 at the cold end
of the coil wound heat exchanger 1 through process
stream discharge conduit 90. The liquefied process
stream is passed to storage (not shown) whereitis stored
as liquefied at atmospheric pressure.

[0054] Evaporated refrigerant is removed from the
shell space 20 of the coil wound heat exchanger 1 at its
warm end as vapour through vapour discharge line 60.
The refrigerant is a mixed refrigerant, also known as mul-
ticomponent refrigerant.

[0055] The evaporated refrigerant is compressed in
compressor 80 to get high-pressure refrigerant that is
removed through compressor discharge line 85. The
compressor 80 is driven by a suitable driver 35, for ex-
ample a gas turbine (industrial frame or aero-derivative)
and/or a steam turbine and/or an electric motor. The pres-
sure of the high-pressure refrigerant is higher than the
refrigerant available in the shell space 20.

[0056] The high-pressure refrigerant in compressor
discharge line 85is cooled against the ambientin ambient
cooler 185, by indirect heat exchanging the high-pres-
sure refrigerant against an ambient stream such as air
or water. The intention is to obtain a partly-condensed
refrigerant. If the resulting ambient-cooled high-pressure
refrigerant in compressor discharge line 85 is not con-
densed at all or insufficiently condensed, the resulting
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ambient cooled high-pressure refrigerant is subsequent-
ly passed through a pre-cooling heat exchanger 190
where itis chilled to a pre-cooling temperature below the
temperature of the ambient against which high-pressure
refrigerant was cooled in the ambient heat cooler 185. In
that case, the partly-condensed refrigerant partly is dis-
charged from the pre-cooling heat exchanger.

[0057] The partly-condensed refrigerant is introduced
into a gas/liquid separator 195 through inlet device 196.
In the separator vessel 195, the partly-condensed refrig-
erant is separated into a liquid heavy refrigerant fraction
and a gaseous light refrigerant fraction. The liquid heavy
refrigerant fraction is removed from the bottom of the
separator vessel 195 through conduit 220, and the gas-
eous light refrigerant fraction is removed through conduit
230.

[0058] Refrigerant can be selectively removed from
and/or supplemented to the refrigerant circuit, to adjust
the amount of refrigerant and/or the bulk composition of
the refrigerant. A portion of the liquid heavy refrigerant
fraction may suitably be drained through conduit 222 pro-
vided with valve 224. A portion of the gaseous light re-
frigerant fraction may suitably be vented through conduit
232 provided with valve 234. To adjust the bulk compo-
sition of the refrigerant, individual components, such as
nitrogen, methane, ethane and propane can be added
to the refrigerant in line 60 through one or more optional
make-up conduits 66. The make-up conduits 66 through
may be provided with suitable valves (not shown) con-
trolling the flow of the components into the vapour dis-
charge line 60. The bulk composition may be adjusted
such as to avoid non-evaporated liquid refrigerant to ac-
cumulate in the gravitational low level of the shell space
20.

[0059] The remaining gaseous light refrigerant fraction
removed through conduit 220 is passed to the LMR tube
bundle 33 in the coil wound heat exchanger 1, where it
is cooled, liquefied and sub-cooled to get a sub-cooled
light refrigerant stream. The sub-cooled light refrigerant
stream is removed from the coil wound heat exchanger
1 through conduit 52, and allowed to expand over the
pressure reduction device 14. The pressure reduction
device 14 may typically be provided in the form of an
expansion valve and/or an expansion turbine. At reduced
pressure it is introduced through the refrigerant inlet
opening 12 and refrigerant distributor 50 into the shell
space 20 of the coil wound heat exchanger 1. The light
refrigerant stream is allowed to evaporate in the shell
space 20 at reduced pressure, in indirect heat exchange
with respective fluids in the tube bundles 31, 32, and 33
whereby extracting heat from, and thereby cooling, the
respective fluids in the tube bundles 31, 32, and 33.
[0060] The remaining heavy refrigerant fraction is sub-
cooled in the HMR tube bundle 32 of the coil wound heat
exchanger 1 to get a sub-cooled heavy refrigerant
stream. The sub-cooled heavy refrigerant stream is re-
moved from the coil wound exchanger 1 through an aux-
iliary conduit 56, and allowed to expand over the auxiliary
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pressure reduction device 18, typically in the form of an
expansion valve and/or an expansion turbine. Atreduced
pressure itis passed through the auxiliary refrigerant inlet
opening 16 and auxiliary distributor 55 into the shell
space 20 of the coil wound heat exchanger 1. The heavy
refrigerant stream is allowed to evaporate in the shell
space 20 at reduced pressure, thereby cooling the re-
spective fluids in the tube bundles 31, 32, and 33.
[0061] Amongstthesefluidsisthe processstream. The
process stream is cooled, liquefied and subcooled, and
the resulting liquefied stream is removed from the coil
wound heat exchanger 1 through the process stream dis-
charge conduit 90. The subcooled stream is optionally
passed to a depressurization system 240, order to allow
reduction of the pressure so that the resulting final prod-
uct stream is at a reduced pressure. The reduced pres-
sure is suitably between 1.0 and 2 bar absolute (bara),
preferably between 1 and 1.5 bara, more preferably be-
tween 1 and 1.2 bara, which is substantially equal to at-
mospheric pressure. The depressurization system 240
also regulates the total flow rate of the process stream
through the coil wound heat exchanger 1. The depres-
surization system 240 may comprise a turbine expander
and/or one or more expansion valves.

[0062] A suitable separation system may optionally be
configured to separate volatile components from the
product stream. The separation system may be selected
depending on specific requirements and conditions such
as product specification, feed specification, fuel gas re-
quirements, etc.. The invention is not limited to any par-
ticular choice. As an example a simple flash vessel 260
is shown in Fig. 3 in which the liquefied stream together
with the volatile components is introduced via inlet device
262 at the reduced pressure. From the top of the flash
vessel 260 an off-gas is removed through off-gas dis-
charge conduit 270. The off-gas can be compressed in
an end-flash compressor (not shown), for instance to get
high-pressure fuel gas. From the bottom of the flash ves-
sel 260 the liquefied product stream is removed through
rundown conduit 250, and passed to storage (notshown).
[0063] The flash vessel 260 of Fig. 3 is only a simple
example, and depending on specific circumstances and
specifications a more complex end flash system may be
implemented instead. Examples have been published in
US patents: 5,421,165; 5,893,274; 6,014,869; and in pat-
ent application  publications:  US2008/0066492;
US2011/0296871;US2012/0167617; WO 2006/120127;
W02009/07436; WO2013/076185; W0O2013/087571.
These examples are not intended to be a complete list
of options.

[0064] In any of the examples, the process stream to
be cooled in the coil wound heat exchanger, and ulti-
mately preferably liquefied and sub-cooled, as will be de-
scribed in embodiments below, may be derived from any
suitable methane containing gas stream to be refrigerat-
ed and optionally liquefied. An often used example is a
natural gas stream, for instance obtained from natural
gas or petroleum reservoirs, shale, or coal beds. As an
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alternative the process stream may also be obtained from
another source, including as an example a synthetic
source such as a Fischer-Tropsch process.

[0065] When the process stream is a natural gas
stream, it is usually comprised substantially of methane.
Such process stream may for at least 50 mol% methane,
preferably at least 80 mol%, consist of methane.

[0066] Dependingon the source, natural gas may con-
tain varyingamounts of hydrocarbons heavier than meth-
ane such as in particular ethane, propane and the bu-
tanes (together indicated by the abbreviation C2-C4),
and possibly lesser amounts of pentanes and aromatic
hydrocarbons (C5+ hydrocarbons). The composition var-
ies depending upon the type and location of the gas.
[0067] If the ultimate goal is liquefaction of the process
stream, the level C5+ hydrocarbons must preferably be
below 0.1 mol.%. If the process stream has a higher con-
tent of C5+ hydrocarbons, any excess above 0.1 mol.%
can be extracted using scrubbing techniques or (distilla-
tive) natural gas liquids extraction techniques.

[0068] The natural gas may also contain non-hydro-
carbons such as H,O, N,, CO,, Hg, H,S and other sul-
phur compounds, and the like. The natural gas may be
submitted to perform pre-treatment steps comprisingone
or more of reduction and/or removal of undesired com-
ponents such as CO, and H,S or other steps such as
early cooling, pre-pressurizing or the like. As such steps
are well known to the person skilled in the art, their mech-
anisms are not further discussed here.

[0069] The person skilled inthe art willunderstand that
the present invention can be applied and/or carried out
in many various ways without departing from the scope
of the appended claims.

Claims
1. A coil wound heat exchanger, comprising

- a shell with an elongate shape which during
operationis vertically directed, said shell enclos-
ing a shell space;

- a tubing assembly configured inside the shell
space, said tubing assembly comprising a tube
bundle for conveying a process stream through
the shell in indirect heat exchange contact with
a refrigerant available in the shell space;

- a refrigerant distributor arranged inside the
shell space gravitationally above the tubing as-
sembly;

- a vapour discharge line for discharging evap-
orated refrigerant from the shell space;

- a liquid drain line fluidly connected to the shell
atagravitational low level for draining non-evap-
orated liquid refrigerant from the shell space;

- a vapour chamber arranged inside the shell
space, provided with a vapour chamber inlet,
wherein the vapour discharge line is in fluid com-
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munication with the shell space via the vapour
chamber and the vapour chamber inlet, wherein
the vapour discharge line and the vapour cham-
ber inlet are separated from each other by
gas/liquid separator internals to avoid liquid con-
stituents to flow from the shell space into the
vapour discharge line.

The coil wound heat exchanger of claim 1, wherein
a compressor is arranged external to the shell, and
wherein the vapour discharge line is in direct fluid
communication with the compressor via a compres-
sor stream intake opening without passing through
any suction drum, and wherein a compressor stream
discharge opening is in fluid connection with the re-
frigerant distributor via a refrigerant inlet opening in
the shell whereby bypassing the vapour chamber.

The coil wound heat exchanger of claim 1 or 2,
wherein the vapour chamber inlet is located gravita-
tionally below the tubing assembly and higher than
said gravitational low level.

The coil wound heat exchanger of any one of claims
1 to 3, wherein the gas/liquid separator internals
comprise a mist extractor.

The coil wound heat exchanger of claim 4, wherein
the mist extractor comprises at least one from the
group consisting of: a mist mat, a wire mesh demist-
er, a vane pack demister.

The coil wound heat exchanger of any one of the
preceding claims, further comprising a high level lig-
uid protection sensor arranged inside the shell space
at a level gravitationally lower than the gas/liquid
separator internals.

The coil wound heat exchanger of any one of the
preceding claims, wherein the vapour chamber and
the gasl/liquid separator internals are located inside
a shielded area that is shielded by at least a wall
section and a fluid cap provided at an upper end of
the wall section, to prevent refrigerant from entering
into the vapour chamber via any other path than
through the gas/liquid separator internals.

The coil wound heat exchanger of claim 7, wherein
said wall section has an open end facing downward,
through which the shielded area is in open fluid com-
munication with the shell space.

The coil wound heat exchanger of claim 8, wherein
the vapour chamber inlet is provided in the wall sec-
tion above the open end.

The coil wound heat exchanger of any one of claims
7 to 9, wherein the tube bundle is helically wound
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1.

12.

13.

with a plurality of windings, said windings circum-
venting a vertically extending core in the shell space
and leaving a vertically extending annular space be-
tween the plurality of windings and the shell, and
wherein atleast an upper part of the wall section with
the fluid cap projects upward into the vertically ex-
tending core.

The coil wound heat exchanger of any one of claims
1 to 9, wherein the tube bundle is helically wound
with a plurality of windings, said windings circum-
venting a vertically extending core in the shell space
and leaving a vertically extending annular space be-
tween the plurality of windings and the shell.

A method of cooling a process stream in a coil wound
heat exchanger, comprising:

- conveying a process stream through a tube
bundle, which tube bundle is comprised in a tub-
ing assembly that is configured inside a shell
space, a shell space which is enclosed by a shell
of a coil wound heat exchanger, said shell hav-
ing an elongate which during operation is verti-
cally directed;

- feeding a refrigerant in a liquid phase, through
a refrigerant distributor arranged inside the shell
space gravitationally above the tubing assem-
bly, into the shell space in physical contact with
the tube bundle;

- allowing the liquid phase of the refrigerant to
run down an exterior surface of the tube bundle;
- allowing indirectly exchange of heat wherein
heat from the process stream is extracted by the
refrigerant whereby the liquid phase is caused
to evaporate into vapour;

- collecting any non-evaporated liquid refriger-
antin a gravitational low level in the shell space,
in contact with a liquid drain line fluidly connect-
ed to the shell;

- discharging the vapour comprising evaporated
refrigerantfrom the shell space through a vapour
discharge line, wherein passing the vapour suc-
cessively through a vapour chamber inlet,
through gas/liquid separator internals into a va-
pour chamber, all configured inside the shell
space whereby removing liquid constituents
from the vapour, and from the vapour chamber
into the vapour discharge line.

The method of cooling of claim 12, further comprising
directly conveying the vapour in the vapour dis-
charge line to a compressor stream intake opening,
without passing through any suction drum, of a com-
pressor which is arranged external to the shell, com-
pressing the vapour in the compressor and condens-
ing the vapour being discharged from the compres-
sor, before re-feeding through the refrigerant distrib-



14.

15.

17 EP 2 857 782 A1

utorin the form of said refrigerantin said liquid phase.

The method of cooling of claim 12 or 13, wherein
guarding a high level liquid protection sensor ar-
ranged inside the shell space at alevel gravitationally
lower than the gas/liquid separator internals, and
producing a warning signal in an event of a liquid
level exceeding a predetermined high liquid level.

The method of cooling of claim 14, further compris-
ing, upon producing of said warning signal, increas-
ing a drain flow rate of non-evaporated liquid refrig-
erant from the gravitational low level of the shell
space into the liquid drain line.
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