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which gas from an upstream compression stage enters an
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changer that cools the gas. The cooled gas then flows
from the heat exchanger to the outlet section where the
gas is discharged from an outlet opening. Pressure drop
within the apparatus is decreased by providing the inlet
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pressure drop due to a swirl within the gas flow imparted
from the upstream compression stage, the inlet section is
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in addition, the inlet section can be provided with parti-
tions to divide the gas flow into subflows in order to
lessen pressure drop from swirl.
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COMPRESSED GAS COOLING APPARATUS

Field of the Invention:

[0001] The present invention provides a compressed gas
cooling apparatus that can function as an intercooler or an
after-cooler and that is used to cool a gas between or
after a series of compression stages. More particularly,
the present invention relates to such a cooling apparatus
in which both the inlet and outlet have sections of ever-
increasing and ever-decreasing area, respectively, to feed
gas to and from a heat exchanger positioned between the
inlet and the outlet. Even more particularly, the present
invention relates to such a cooling apparatus in which the
ever—increasing section of the inlet is designed to further
reduce pressure losses that occur due to the swirl in the
gas flow imparted by the upstream compression stage

introducing compressed gas into the cooling apparatus.

Background of the Invention:

[0002] Large volumes of gas are compressed in a variety
of industrial applications within compression systems
having a series of stages with intercooling between stages
to cool the gas. The energy imparted to the gas in each
of the compression stages heats the gas, also known as the
heat of compression, is removed by the intercoolers. An
after-cooler can be positioned after the last of the
compression stages.

[0003] Typically, each of the compression stages is
formed by a centrifugal compressor in which gas is drawn

from an inlet to a vaned impeller that is driven to
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accelerate the gas and thereby increase the pressure and
velocity of the gas. The pressure loss accompanying the
increase in velocity is recovered in a diffuser that
surrounds the impeller and that can have vanes. The gas 1is
discharged from the impeller to a spiral-like volute having
an outlet from which the pressurized gas is discharged and
that surrounds the inlet. The intercooler is positioned
between the outlet of the upstream stage and the inlet of
the downstream stage. Where the gas, such as air, contains
moisture, the decrease in temperature of the compressed gas
through intercooling and after-cooling results in the
condensation of such moisture which is discharged from the
intercoolers and after-coolers so that the condensate is
not carried to downstream stages or to equipment conducting
processes that consume the compressed gas.

[0004] In air separation plants, the use of centrifugal
compressors with intercoolers and after coolers is quite
common. The compressors can be driven by a transmission in
which an electric motor drives a bull gear that drives
pinion-like gears that are attached to each of the
compressors to in turn drive the impellers. Thus, the
compressors are arranged about the bull gear with piping
having bends to route the gas to and from intercoolers
located between the compressors. As known in the art, the
bends in such piping will induce a pressure drop within gas
passing between the compressors. Intercoolers are
typically of shell and tube construction in which the tubes
are used to pass a coolant, that can be water, into
indirect heat exchange with the gas passing at right angles
to the tubes. Passages for the gas are formed by an
arrangement of fins through which the tubes penetrate. The

gas enters the shell of such a heat exchanger through an
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inlet plenum and is discharged, at the opposite end of the
shell from an outlet plenum. Gas is introduced and
discharged from such plenums at right angles to the shell
through and inlet and outlet thereof. As can be
appreciated there exists a further pressure loss from such
arrangement due to the change in direction of flow and also,
the rapid increase in cross-secticonal flow area from the
inlet to the inlet plenum and then from the outlet plenum
to the outlet. 1In air separation plants, these pressure
losses must be compensated for by increased compression and
therefore, increased power consumption. The same
considerations apply to other industrial application of
multi-stage compression systems.

[0005] Considerably more freedom in the placement of
compressors and intercoolers is possible where the
compressors are independently and directly driven by high
speed permanent magnet motors. The freedom in the
placement of the compressors can be used to reduce pressure
drops that accompany the intercooling and after-cooling of
gases within multi-stage compression systems. For instance,
in US Patent Publication No. 2010/0329895, the centrifugal
compressors are independently driven and are positioned so
that the inlet of a downstream compressor is located
opposite to the outlet of an upstream compressor.
Additionally, each of the inlets and outlets to the
intercoolers have sections of ever-increasing transverse
cross-sectional area and ever-decreasing transverse cross-—
sectional area, respectively, with the heat exchangers
positioned between such sections. These sections can be
formed by sets of four plates connected together in an
arrangement of a four-side polyhedron and as such have a

rectangular transverse cross—-sectional flow area. The heat
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exchangers that incorporate a box-like housing are located
between these sections and internally, the heat exchangers
have gas passages for the flow of the gas directly from and
to such inlet and outlet sections. The coolant passes
through coolant passages at right angles to the gas
passages. As can be appreciated, such an arrangement
reduces pressure losses that would otherwise arise from
prior art arrangements having piping bends between stages
and pressure losses due to rapid changes of area and
direction of flow to and from the heat exchanger and within
the heat exchanger itself.

[0006] What has not been appreciated, even in the
publication discussed above, is that pressure losses also
arise from the swirl induced into the flow entering inlet
and outlet sections of the intercooler or other compressed
gas cooling apparatus used in connection with a compressor.
When the centrifugal compressor compresses the gas such a
swirl in the flow is induced by the impeller and diffuser
arrangement. When such flow enters an inlet to the
intercooler or after-cooler, even one having a gradually
increasing cross-sectional flow area, the gas tends to
accumulate on the walls and at one side of the inlet. This
creates a high pressure area where the flow accumulates and
a low pressure area adjacent the high pressure area. This
causes separation of the flow from the walls and a
recirculation within the inlet to the intercooler or after-
cooler that in turn produces a yet further component of the
overall pressure drop.

[0007] As will be discussed, the present invention,
among other aspects, provides a compressed gas cooling
apparatus that can function as an intercooler or an after-

cooler that is designed to minimize pressure drops within
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the inlet to the compressed gas cooling apparatus that
arise from the swirl imparted into the gas flow by the
compressor.

Summary of the Invention
[0008] The present invention provides a compressed gas
cooling apparatus having use as an intercooler or an after-
cooler. The apparatus is provided with an inlet section
and an outlet section. The inlet section has an inlet to
receive a gas from an upstream compression stage and the
outlet section has an outlet to discharge the gas, after
having been cooled to a downstream compression stage. A
heat exchanger connects the inlet section to the outlet
section and has gas passages communicating between the
inlet section and the outlet section for passage of the gas
and coolant passages positioned in a heat transfer
relationship with the gas passages for passage of a coolant
to cool the gas passing through the gas passages through
indirect heat exchange with a coolant. The inlet section
portion comprises a first inlet portion and a second inlet
portion. The first inlet portion is located between the
inlet and the second inlet portion and the second inlet
portion located between the first inlet portion and the
heat exchanger. Each of the first inlet portion and the
second inlet portion has an ever increasing transverse
cross—sectional flow area. The ever increasing transverse
cross—-sectional flow area of the second inlet portion
increasing at a greater rate than the first inlet portion
so that the velocity of the flow of the gas gradually
decreases as the gas flows through the inlet section to a
lesser extent in the first inlet portion than the second
inlet portion. This inhibits separation of the flow of the

gas from sidewalls of each of the first inlet portion and
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the second inlet portion, due to swirl imparted into the
flow of the gas from the upstream compression stage to
reduce pressure drop. The outlet section comprises one
outlet portion of ever-decreasing transverse cross-—
sectional flow area for flow of the gas from the heat
exchanger to the outlet such that velocity of the flow of
the gas gradually increases to also reduce pressure drop.
[0009] The first inlet portion, the second inlet portion
and the one outlet portion can be formed by sets of four
sidewalls connected to one another such that the ever-
increasing transverse cross-sectional flow area and the
ever—-decreasing transverse cross-sectional flow area are of
rectangular configuration. The heat exchanger has an inlet
side and an outlet side located opposite to the inlet side.
The cooling passages extend between the inlet side and the
outlet side and each of the inlet side and the outlet side
is of rectangular configuration. The inlet section has a
third inlet portion having a first transitional transverse
cross—-sectional flow area that transitions from a circle,
at one end, to define the inlet and at the other end, a
rectangle. The other end of the third portion in registry
with and connected to one of the sets of four sidewalls
forming the first part of inlet portion. The one outlet
portion is a first outlet portion and the outlet section
has a second outlet portion situated such that the first
outlet portion is located between the second outlet portion
and the heat exchanger. The second outlet portion has a
second transitional transverse cross-section flow area
transitioning from a circle, at one end, to define the
outlet and at the other end, a rectangle. The other end of

the second outlet portion is in registry with and connected
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to a further of the sets of four sidewalls forming the
first outlet portion.

[0010] In a specific embodiment, another of the sets of
four sidewalls forming the second inlet portion, at
opposite ends, is in registry with and connected to the one
of the sets of four sidewalls and the inlet side of the
heat exchanger. The further of the sets of four sidewalls
forming the first outlet portion, at opposite ends, is in
registry with and connected to the other end of the second
outlet portion and the outlet side of the heat exchanger.
[0011] In order to further reduce the pressure drop
resulting from swirl within the gas flow, the first inlet
portion can be subdivided into a first set of subpassages
by a first set of partition elements oriented such that
each of the subpassages is of rectangular configuration.
The second inlet portion can be subdivided into a second
set of subpassages by a second set of partition elements
oriented such that each of the subpassages is of
rectangular configuration. The second set of subpassages
have more subpassages than the first set of subpassages.
The first outlet portion can likewise be subdivided into a
third set of subpassages by a third set of partition
elements. The first set of partition elements, the second
set of partition elements and the third set of partition
elements are connected to the sidewalls and rectangular,
frame-like stiffening members are connected to outer
surfaces of each of the sets of the four sidewalls. 1In a
specific embodiment, the first set of subpassages has four
subpassages and the second set of subpassages has twenty-
four subpassages.

[0012] An embodiment of the present invention also

provides a compressed gas cooling apparatus in which the



WO 2014/003880 PCT/US2013/037741

inlet section comprises one portion having at least one
sidewall forming an ever-increasing transverse Ccross-
sectional flow area. Partition elements subdivide the
ever—-increasing transverse cross-sectional flow area into a
plurality of subpassages, each having ever-increasing
transverse cross—-sectional sub-flow areas so that velocity
of the flow of the gas gradually decreases as the gas flows
through the inlet section. The sub-flow areas reduce
separation of the flow of the gas from the at least one
sidewall, due to swirl imparted into the flow of the gas
from the upstream compression stage, thereby reducing
pressure drop. The outlet section comprises an outlet
portion of ever-decreasing transverse cross-sectional flow
area for flow of the gas from the heat exchanger to the
outlet so that the velocity of the flow of the gas
gradually increases as the gas flows in the outlet section
to also reduce pressure drop.

[0013] In such embodiment, the inlet portion and the
outlet portion are formed by sets of four sidewalls
connected to one another such that the ever-increasing
transverse cross-sectional flow area and the ever-
decreasing transverse cross-sectional flow area are of
rectangular configuration. The subpassages are each of
rectangular configuration. The heat exchanger has an inlet
side, an outlet side located opposite to the inlet side,
the cooling passages that extend between the inlet side and
the outlet side. Each of the inlet side and the outlet
side is of rectangular configuration. The at least one
sidewall of the inlet portion is one of the sets of four
sidewalls. A further of the sets of four sidewalls form
the outlet portion. The inlet portion is a first inlet

portion and the outlet portion is a first outlet portion.
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The inlet section has a second inlet portion and the outlet
section has a second outlet portion. The second inlet
portion has a first transitional transverse cross-sectional
flow area transitioning from a circle, at one end, to
define the inlet and at the other end, a rectangle. The
other end of the second inlet portion in registry with the
one of the sets of four sidewalls forming the first inlet
portion. Similarly, the second outlet portion has a second
transitional transverse cross-section flow area
transitioning from a circle, at one end, to define the
outlet and at the other end, a rectangle. The other end of
the second outlet portion is in registry with the further
of the sets of four sidewalls.

[0014] The one of the sets of four sidewalls forming the
first inlet portion is connected to and in registry with
the inlet side of the heat exchanger at a location of the
inlet section opposite to the second inlet portion. The
further of the sets of four sidewalls forming the first
outlet portion is connected to and in registry with the
outlet side of the heat exchanger at a location of the
outlet section opposite to the second outlet portion. The
partition elements of the first inlet portion can be a
first set of partition elements and the subpassages are a
first set of subpassages and the first outlet portion has a
second set of partition elements that form a third set of
subpassages of rectangular configuration. The first set of
partition elements and the second set of partition elements
are connected to the sidewalls. Rectangular, frame-like
stiffening members are connected to outer surfaces of each
of the sets of the four sidewalls.

[0015] In any embodiment of the present invention, the

heat exchanger can be of cross-counter flow arrangement.
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The cooling passages are formed between a plurality of
parallel fins oriented at right angles with respect to the
inlet side and the outlet side of the heat exchanger. The
coolant passages are formed by coolant tubes that penetrate
the parallel fins for circulation of the coolant and are in
an orthogonal orientation with respect to the parallel fins.
[0016] Preferably, the coolant tubes comprise a set of
inlet coolant tubes, a first set of intermediate coolant
tubes, a second set of intermediate coolant tubes and a set
of outlet coolant tubes. These inlet, intermediate and
outlet coolant tubes are arranged to provide four passes
within the heat exchanger. The heat exchanger has two end
portions located opposite to one another and two spaced,
transversely extending top and bottom panels connecting the
end portions and forming the inlet side and the outlet side
of the heat exchanger. An inlet plenum and an outlet
plenum are situated, side by side, at one of the two end
portions and are in flow communication with the inlet
coolant tubes and the outlet coolant tubes, respectively,
to introduce the coolant into the inlet coolant tubes and
to discharge the coolant from the outlet coolant tubes.
Reversal plenums are located at the end portions of the
heat exchanger and are configured such that coolant from
the inlet tubes flows into the first set of intermediate
coolant tubes at the other of the end portions, after
having traversed the heat exchanger. The coolant then
flows from the first set of intermediate coolant tubes
flows into the second set of intermediate coolant tubes at
the one of the end portions, after having traversed the
heat exchanger. Subsequently, coolant from the second set
of intermediate coolant tubes flows into the set of outlet

coolant tubes, after having traversed the heat exchanger
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and thereafter, flows from the set of outlet coolant tubes
into the outlet plenum.

[0017] The heat exchanger can have a condensate
disengagement chamber located between the outlet side and
the coolant tubes and the parallel fins to allow condensed
water to separate from the compressed gas passing through
the heat exchanger. An elongated, tube-like drain is
located at the bottom of the condensate disengagement
chamber to collect the condensed water separated from the
gas and to discharge the condensed water from the heat
exchanger.

[0018] Further, within the heat exchanger, the coolant
tubes can be connected to and supported at their ends by

two opposed tube sheets.

Brief Description of the Drawings
[0019] While the specification concludes with claims
distinctly pointing out the subject matter that Applicants
regard as their invention, it is believed that the
invention will be better understood when taken in
connection with the accompanying drawings in which:
[0020] Fig. 1 is a perspective view of a compressed gas
cooling apparatus of the present invention;
[0021] Fig. 2 is an exploded, perspective view of an
inlet section used in the apparatus illustrated in Fig. 1;
[0022] Fig. 3 is a sectional, perspective view of the
inlet section used in the apparatus illustrated in Fig. 1
taken along line 3-3 of Fig. 1;
[0023] Fig. 4 is a perspective view of an alternative
embodiment of a compressed gas cooling apparatus of the

present invention;
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[0024] Fig. 5 is an exploded, perspective view of an
inlet section used in the apparatus illustrated in Fig.4.
[0025] Fig. 6 is a sectional perspective view of the
inlet section used in the apparatus illustrated in Fig. 1
taken along line 6-6 of Fig 4;

[0026] Fig. 7 is an exploded, perspective view of an
outlet section used in the apparatus illustrated in Figs. 1
and 4;

[0027] Fig. 8 is a top plan view of a heat exchanger in
accordance with the present invention that is used in the
apparatus illustrated in Figs. 1 and 4;

[0028] Fig. 9 is a fragmentary, sectional perspective
view of the heat exchanger illustrated in Fig. 8 taken
along line 9-9 thereof, showing fins, cooling passages and
coolant tubes used within the heat exchanger; and

[0029] Fig. 10 is a sectional, perspective view of the
heat exchanger used in the apparatus illustrated in Figs. 1
and 4 with the fins removed to illustrate the coolant tubes,
inlet, outlet and reversal plenums and a condensate

disengagement chamber and drain thereof.

Detailed Description
[0030] With reference to Figure 1, a compressed gas
cooling apparatus 1 in accordance with the present
invention is illustrated. As mentioned above, such
apparatus can function as an intercooler between
compression stages or an after-cooler to cool the gas
discharged from a compression stage to be used in
downstream processing. Apparatus 1 has an inlet section 2,
an outlet section 3 and a heat exchanger 4 connecting the
inlet section 2 to the outlet section 3. The inlet section

2 has an inlet 10 to receive a gas flow “A” from an
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upstream compression stage, not illustrated. The upstream
compression stage could be a centrifugal compressor or an
axial compressor. In either case, the gas flow indicated
by arrowhead “A” entering the inlet 10 has a swirl or a
rotational component to the flow designated by curved
arrowhead “B”. Such swirl is imparted to the flow by the
rotational components of the compressor, for instance, the
impeller of a centrifugal compressor.

[0031] The gas flow “A”, after having been cooled in the
heat exchanger 4 is discharged from an outlet 12 of the
outlet section 3 as a cooled gas flow shown as arrowhead
“Cr.

[0032] With additional reference to Figures 2 and 3,
inlet section 2 is provided with a first inlet portion 14,
a second inlet portion 16 and optionally, a third inlet
portion 18. As is apparent, all of these portions have an
ever increasing transverse cross-sectional flow area that
will act to gradually reduce the velocity of the gas flow
before entering the heat exchanger 4. This will reduce
pressure drop or loss in the flow due to turbulence that
would otherwise be induced in the gas flow due to a sudden
enlargement in cross-sectional flow area from the inlet
opening 10. However, the pressure drop or loss in the gas
flow also arises from the swirl “B” introduced into the
flow by the upstream compressor. This “swirl” or rotation
in the flow tends to cause the gas to accumulate on one
side of the inlet section 2. This accumulation in turn
creates a high pressure area and an adjacent low pressure
area. As a result, a separation of the gas flow appears at
wall regions of the inlet portion towards the adjacent low

pressure region which in turn results in a backward
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circulation of the gas flow leading to an increase in
pressure drop in the gas flow.

[0033] The first inlet portion 14 is formed by a set of
four sidewalls 20, 22, 24 and 26 that are connected to one
another such that the ever-increasing transverse cross-
section flow area is of rectangular configuration. The
second inlet portion 16 is formed by another set of four
sidewalls 28, 30, 32 and 34 that are connected to one
another to again form an ever-increasing transverse Cross-—
sectional flow are of rectangular configuration.
Specifically, the swirl “B” will tend to cause the gas flow
“A” to accumulate along sidewalls 26 and 34 of the first
and second sections 14 and 16 and portions of adjacent
sidewalls 20, 24 and 28,32 located close to the sidewalls
26 and 34. This will create a high pressure field within
the gas flow “A” at such sidewall regions. In more central
regions of the first and second sections 14 and 16, located
at a distance from the sidewalls 26 and 34, the flow is not
subject to such accumulation and therefore, has a lower
pressure. As mentioned above, this pressure difference
will potentially cause recirculation of the gas flow “A”
from the higher to the lower pressure regions resulting in
a pressure drop.

[0034] However, as can best be seen in Figure 3, the
ever—increasing transverse cross sectional flow area of the
second inlet portion 16 increases at a greater rate than
that of the first inlet portion 14. The effect of this is
that the velocity of the gas flow through the first inlet
portion 14 will decrease to a lesser extent than the gas
flow within the second inlet portion 16. The resulting
higher velocity of the gas flow within the first inlet

portion 14 will tend to reduce the separation of the gas
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flow from the walls of the inlet section 2 and allow the
swirl “B” to dissipate somewhat before the gas flow reaches
the second inlet portion 16. Since flow velocity is also
decreasing along the length of the second inlet portion 16,
pressure drop in the gas flow that otherwise would have
been produced by the swirl “B” and a sudden increase in
area will be reduced. The second inlet portion abuts the
heat exchanger 4 and thereby also serves to distribute the
gas flow across the heat exchanger 4.

[0035] In order to best reduce the pressure drop
resulting from the swirl “B”, the first and second sections
14 and 16 are preferably designed to lie tangent to a bell-
shaped curve given by the formula for an ellipse (bell-
shape) ((x-1)7/a”)+((y-3)?/b") = 1 where (i,Jj) is the centre
of the ellipse, a and b are the half distances on x and y
axes respectively. First section 14 would originate from
the apex of such bell shape and second section 16 would
terminate at the mount of such bell shape. Even more
preferably, first section 14 has an aspect ratio of between
0.4 and 0.5. This aspect ratio is measured by dividing the
maximum width of first section 14, as seen at the juncture
of the first section 14 with the second section 16, by its
length. The second section 16 preferably has an aspect
ratio of between 0.2 and 0.4. This aspect ratio is
measured by dividing the maximum width of second section 16,
as seen at the juncture of the second section 16 with the
heat exchanger 4, by its length.

[0036] While the first and second inlet portions 14 and
16 alone will tend to reduce pressure drop in the gas flow
for reasons mentioned above, preferably, the rectangular
cross—sectional flow areas of the first inlet portion 14 is

divided into a first set of subpassages, for example
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subpassage 36 and the second inlet portion 16 is subdivided
into a second set of subpassages, for example subpassage 38.
These rectangular subdivisions serve to reduce pressure
drop further by preventing gas flow from accumulating on
one side of the inlet portion 2 as a result of the swirl
“B”. The first set of subpassages 36 are formed by a first
set of partition elements 40 and 42, positioned at right
angles to one another and the second set of subpassages 38
are formed from sets of partition elements 40 and 42 and 44
and 46. Partition elements 40 and 42 extend the length of
the first inlet portion 14 and the second inlet portion 16.
Partition elements 44 and 46 are confined to the second
inlet portion 16 and are positioned at right angles to one
another. As i1llustrated each of the subpassages 36 and 38
are of rectangular configuration and are each of ever
increasing area.

[0037] The partition element 40 is connected along its
edges to sidewalls 20, 24 and 28, 32; and the partition
element 42 is connected along its edges to sidewalls 22,
26; and 30, 34. Further, the partition elements 44 are
connected to sidewalls 28 and 32 and the partition elements
46 are connected to sidewalls 30 and 34. These connections
are preferred in order to help maintain structural
integrity of the first inlet portion 14 and the second
inlet portion 16 and are normally in tension during use of
the apparatus 1. Further structural integrity is provided
by frame-like stiffing members 48 connected to the set of
sidewalls 20, 22, 24 and 26 forming the first inlet portion
14 and to sidewalls 28, 30, 32 and 34 forming the second
inlet portion 16. As can be appreciated, such connections
of the partition elements and the use of the frame-like

stiffing members to reduce the thickness and weight of the
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sidewalls 20 through 34 that are necessary to contain
compressed gases at high pressure.

[0038] As illustrated, the second inlet portion 16 has
more subpassages 38 than the subpassages 36 of the first
inlet portion 14. Preferably there are 24 of such
subpassages 38 as compared with the four subpassages 36. A
major reason for this is that since the first inlet portion
14 has a smaller cross-section than the second inlet
portion 16, there is less stress and therefore, fewer
partition elements are required in the first inlet portion
for structural integrity.

[0039] Although first inlet section 14 could simply be
provided with a circular opening to form the inlet 10,
preferably, the third inlet portion 18 is provided having a
transitional transverse, cross—-sectional flow area that
transitions from the circular inlet opening 10, at one end
and a rectangle at the other end. The sidewalls 50 thereof
are therefore, curved at the inlet opening 10 and are
planar at the other end thereof to form the rectangle.

This again helps to lower pressure drop by avoiding an
abrupt transition between the circular inlet opening 10 and
the rectangular cross-sectional flow areas provided by the
first inlet portion 14 and the second inlet portion 16.
[0040] Preferably, the sidewalls 50 are connected to and
in registry with the sidewalls 20, 22, 24 and 26 of the
first inlet portion 14. The sidewalls 20, 22, 24 and 26
are also preferably connected to an in registry with the
sidewalls 28, 30, 32 and 34 of the second inlet portion 16.
The sidewalls 28, 30, 32 and 34 are connected to and in
registry with the inlet side 106 of the heat exchanger 4.
It is possible, however to provide a spacer section having

a uniform, rectangular cross-sectional flow area between
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the second inlet section 16 and the heat exchanger 4.
Likewise it is also possible to provide such a spacer
section between either or both of the first inlet section
14 and the second inlet section 16 or between the third
inlet portion 18 and the first inlet portion 14.

[0041] With reference to Figures 4 and 5, a compressed
gas cooling apparatus 1’ is illustrated that is an
alternative embodiment of the apparatus 1. Apparatus 1’
differs from apparatus 1 in that it is provided with an
inlet section 2’ having a first inlet portion 52 of ever
increasing cross-sectional flow area and a second inlet
portion 54 of similar configuration to the third inlet
portion 18 of apparatus 1.

[0042] First inlet portion 52 is formed by a set of four
sidewalls 56, 58, 60 and 62 that are connected to one
another such that the ever-increasing transverse cross-
section flow area is of rectangular configuration. Again,
although a simple inlet opening could be provided, the
second inlet portion 54 provided further pressure drop by
provision of its transitional transverse cross-section flow
area that transitions from the circular inlet opening 107,
at one end and a rectangle at the other end. The sidewalls
64 thereof are therefore, curved at the inlet opening 10
and are planar at the other end thereof to form the
rectangle. The sidewalls 64, at the other end of second
inlet portion 54 are connected to an in registry with
sidewalls 56, 58, 60 and 62 of the first inlet portion 56.
[0043] With additional reference to Figure 6, pressure
drop within the inlet section 2’ is reduced by provision of
the ever-increasing transverse cross-section flow area
provided by the first inlet portion 52. The pressure drop

due to swirl 1is reduced by means of a set of partitions 66
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and 68, positioned at right angles with respect to one
another and that subdivide the transverse cross-sectional
flow area into subpassages, for instance subpassage 70,
each of ever increasing transverse cross sectional flow
area. The partition elements 66 and 68 prevent the
formation of a high pressure wall region, resulting from
the swirl in the flow, from influencing the subflows in
adjacent subpassages 70.

[0044] The partitions 66 and 68 are also connected to
the sidewalls 56, 60 and 58, 62, respectively, to add to
the structural integrity of the first portion 52 of the
inlet section 2’. Additionally, optional frame-like
stiffening members 72 connected to the outer surfaces of
the sidewalls 56, 58, 60 and 62 add to the structural
integrity and strength of the first portion 52.

[0045] With additional reference to Figure 7, outlet
section 3 again has an ever decreasing transverse cross-—
section flow area to allow the velocity of the flow to
gradually increase. The design of the outlet section 3 is
less critical in decreasing pressure drop than the inlet
sections 2 and 2’ of the apparatus 1 and 1’, respectively.
In fact, the illustrated outlet section 3 is of the same
design in both apparatus 1 and 1’. Alternatively, the
outlet section 3 could have the same design as either of
the inlet sections 2 and 27.

[0046] The illustrated outlet section 3 is preferably
provided with a first outlet portion 74 and a second outlet
portion 76. The first outlet portion 74 is formed by a set
of four sidewalls 78, 80, 82 and 84 connected together to
provide a rectangular, transverse cross-section flow area.
Although the first outlet portion 74 could terminate in an

outlet opening, preferably, to reduce pressure drop, the
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second outlet portion 76 has a second transitional
transverse cross—-section flow area formed by a set of four
sidewalls 86, 88, 90 and 92 that transitions from a circle,
at one end, to define an outlet 94 from which the outlet
stream “C” is discharged and at the other end, a rectangle.
Sidewalls 86, 88, 90 and 92 are connected to and in
registry with the four sidewalls 78, 80, 82 and 84 forming
the first outlet portions 74.

[0047] Preferably, for purposes of structural integrity,
sets of partitions 96 and 98 are provided that are
connected to sidewalls 80, 84 and sidewalls 78, 82,
respectively. Additionally, rectangular frame-like members
100 can be connected to the sidewalls 78, 80, 82 and 84 to
provide additional strength.

[0048] With additional reference to Figure 8, heat
exchanger 4 is of common design with respect to apparatus 1
and apparatus 1’ and functions to remove the heat of
compression from the incoming gas stream “A” by providing
indirect heat exchange between a cooling fluid and the gas
stream. The cooling fluid, which can be water, enters
through an inlet 102 and is discharged from an outlet 104.
As illustrated in Figure 1, heat exchanger 4 connects the
inlet section 2 to the outlet section 3 with respect to
apparatus 1. Similarly, heat exchanger 4 also connects
inlet section 2’ to outlet section 3 in apparatus 1’. Heat
exchanger 4 is provided with an inlet side 106 connected to
inlet sections 2 and 2’ and an outlet side 108 connected to
outlet section 3. As mentioned above, the connections need
not be direct and rectangular spacer-like elements could be
provided within such sections. The gas to be cooled enters
the heat exchanger 4 from the inlet sections 2 and 2’at the

inlet side 106 and the cooled gas is discharge from the
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heat exchanger 4 from the outlet side 108 to the outlet
section 3.

[0049] As can best be seen in Figure 9, the indirect
heat exchange within heat exchanger 4 is accomplished by
means gas passages 110 that are formed between a series of
parallel, fin-like plate elements 112. The fin-like plate
elements 112 are penetrated by a set of outlet coolant
tubes 122 which provide the coolant passages for the
coolant. Although not illustrated, the fin-like plate
elements 112 are also penetrated by other sets of coolant
tubes designated by reference numbers 116, 118 and 120 and
to be discussed hereinafter. 1In this regard, inlet side
106 is an open rectangular area that is framed to receive
the gas flow “A” and pass into the gas passages 110.
Similarly, the outlet side 108 1is an open rectangular area
that is framed to discharge the gas flow “A”, after having
been cooled, to the outlet section 3. In the illustrated
apparatus 1 and 1’, the rectangular areas are equal to
those provided by inlet section 2 and 2’ and outlet section
3.

[0050] With additional reference to Figure 10, the
coolant tubes comprise a set of inlet coolant tubes 116,
first and second sets of intermediate coolant tubes 118 and
120 and a set of outlet coolant tubes 122. The
aforementioned coolant tubes are supported at opposite ends
by perforated tube sheets 124 and 126 and at intermediate
locations by the fin-like plate elements 112. Optional
support plates 128 are connected at opposite ends to
transversely extending top and bottom panels 134 and 136 to
assist in maintaining structural integrity against internal
pressures. It is to be noted that the heat exchanger 4 has

two end portions 130 and 132 located opposite to one
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another that are connected the two spaced, transversely
extending top and bottom panels 134 and 136 thereby forming
the inlet side 106 and the outlet side 108 of the heat
exchanger which are rectangular openings to the heat
exchanger by virtue of such construction. A base 138 is
connected to the bottom panel 136 to elevate the bottom
panel 132 above ground level.

[0051] Contained within end portion 130 is an inlet
plenum 140 and an outlet plenum 142 that are located side-
by-side, are situated within end portion 130. 1Inlet plenum
140 and outlet plenum 142 are in flow communication with
the inlet coolant tubes 116 and the outlet coolant tubes
122, respectively. The coolant is introduced into the
inlet coolant tubes 116 from the inlet 102 in direction of
the arrowhead “D” and is discharged from the outlet coolant
tubes through the outlet plenum 142 and to the outlet 104
in direction of arrowhead “E”. A reversal plenum 144 is
located between the inlet plenum 140 and the outlet plenum
142 and two reversal plenums 146 and 148 are formed within
the other end portion 132 by provision of a dividing plate
150. The coolant enters the inlet tubes 116 from the inlet
plenum 140. After traversal of the heat exchanger, the
coolant reverses flow direction within reversal plenum 146
in the direction of arrowhead “G” and then flows through
the first set of intermediate coolant tubes 118 until the
coolant reaches the reversal plenum 144. Within reversal
plenum 144, the coolant again reverses direction and flows
through the second set of intermediate coolant tubes 120
until reaching reversal plenum 148. At reversal plenum 148,
the coolant again reverses direction in the direction of

arrowhead “H” and flows through the ocutlet coolant tubes
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122 to the outlet plenum 142 from which the coolant is
discharged from heat exchanger 4 from the outlet 104.

[0052] In case of such gases as air, the incoming air
will contain water vapor that will be condensed by the
coolant. 1In order to disengage the water, a disengagement
chamber 152 is provided adjacent to the outlet side 108 of
the heat exchanger 4. The disengaged water, collects in
the bottom panel 136 and is discharged from openings 154
and 156 to an elongated, tube-like drain 158 located
beneath the bottom panel 136 and adjacent the base 138 for
discharge of the collected water.

[0053] While the present invention has been described
with reference to preferred embodiments, as will occur to
those skilled in the art, numerous changes, additions and
omissions can be made without departing from the spirit and
scope of the present invention as set forth in the appended

claims.
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We Claim:

1. A compressed gas cooling apparatus comprising:

an inlet section having an inlet to receive a gas from
an upstream compression stage;

an outlet section having an outlet to discharge the
gas, after having been cooled to a downstream compression
stage;

a heat exchanger connecting the inlet section to the
outlet section and having gas passages communicating
between the inlet section and the outlet section for
passage of the gas and coolant passages positioned in a
heat transfer relationship with the gas passages for
passage of a coolant to cool the gas passing through the
gas passages through indirect heat exchange with a coolant;

the inlet section comprising a first inlet portion and
a second inlet portion, the first inlet portion located
between the inlet and the second inlet portion and the
second inlet portion located between the first inlet
portion and the heat exchanger; and

each of the first inlet portion and the second inlet
portion having an ever increasing transverse cross-
sectional flow area, the ever increasing transverse cross-
sectional flow area of the second inlet portion increasing
at a greater rate than the first inlet portion so that the
velocity of the flow of the gas gradually decreases as the
gas flows through the inlet section to a lesser extent in
the first inlet portion than the second inlet portion and
separation of the flow of the gas from sidewalls of each of
the first inlet portion and the second inlet portion, due

to swirl imparted into the flow of the gas from the
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upstream compression stage, is inhibited to reduce pressure
drop; and

the outlet section comprising one outlet portion of
ever—-decreasing transverse cross-sectional flow area for
flow of the gas from the heat exchanger to the outlet such
that velocity of the flow of the gas gradually increases to

also reduce pressure drop.

2. The apparatus of claim 1, wherein:

the first inlet portion, the second inlet portion and
the one outlet portion are formed by sets of four sidewalls
connected to one another such that the ever-increasing
transverse cross-sectional flow area and the ever-
decreasing transverse cross-sectional flow area are of
rectangular configuration;

the heat exchanger has an inlet side, an outlet side
located opposite to the inlet side, the cooling passages
extend between the inlet side and the outlet side and each
of the inlet side and the outlet side is of rectangular
configuration;

the inlet section has a third inlet portion having a
first transitional transverse cross-sectional flow area
transitioning from a circle, at one end, to define the
inlet and at the other end, a rectangle, the other end of
the third portion in registry with and connected to one of
the sets of four sidewalls forming the first inlet portion;

the one outlet portion is a first outlet portion;

the outlet section has a second outlet portion
situated such that the first outlet portion is located
between the second outlet portion and the heat exchanger,
the second outlet portion having a second transitional

transverse cross-section flow area transitioning from a
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circle, at one end, to define the outlet and at the other
end, a rectangle; and

the other end of the second outlet portion is in
registry with and connected to a further of the sets of

four sidewalls forming the first outlet portion.

3. The apparatus of claim 2, wherein

another of the sets of four sidewalls forming the
second 1nlet portion, at opposite ends, is in registry
with and connected to the one of the sets of four sidewalls
and the inlet side of the heat exchanger; and

the further of the sets of four sidewalls forming the
first outlet portion , at opposite ends, is in registry
with and connected to the other end of the second outlet

portion and the outlet side of the heat exchanger.

4, The apparatus of claim 2, wherein:

the first inlet portion is subdivided into a first set
of subpassages by a first set of partition elements
oriented such that each of the subpassages is of
rectangular configuration;

the second inlet portion is subdivided into a second
set of subpassages by a second set of partition elements
oriented such that each of the subpassages is of
rectangular configuration;

the second set of subpassages having more subpassages

than the first set of subpassages.

5. The apparatus of claim 4, wherein:
the first outlet portion is subdivided into a third

set of subpassages by a third set of partition elements;



WO 2014/003880 PCT/US2013/037741

the first set of partition elements, the second set of
partition elements and the third set of partition elements
are connected to the sidewalls; and

rectangular, frame-like stiffening members are
connected to outer surfaces of each of the sets of the four

sidewalls.

6. The apparatus of claim 4, wherein the first set of
subpassages has four subpassages and the second set of

subpassages has twenty-four subpassages.

7. A compressed gas cooling apparatus comprising:

an inlet section having an inlet to receive a gas from
an upstream compression stage;

an outlet section having an outlet to discharge the
gas, after having been cooled to a downstream compression
stage;

a heat exchanger connecting the inlet section to the
outlet section and having gas passages communicating
between the inlet section and the outlet section for
passage of the gas and coolant passages positioned in a
heat transfer relationship with the gas passages for
passage of a coolant to cool the gas passing through the
gas passages through indirect heat exchange with a coolant;

the inlet section comprising one portion having at
least one sidewall forming an ever-increasing transverse
cross—-sectional flow area and partition elements
subdividing the ever-increasing transverse cross-sectional
flow area into a plurality of subpassages, each having
ever—-increasing transverse cross—-sectional sub-flow areas
so that wvelocity of the flow of the gas gradually

decreases as the gas flows through the inlet section and
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the sub-flow areas reduce separation of the flow of the gas
from at least one sidewall, due to swirl imparted into the
flow of the gas from the upstream compression stage,
thereby reducing pressure drop; and

the outlet section comprising an outlet portion of
ever—-decreasing transverse cross-sectional flow area for
flow of the gas from the heat exchanger to the outlet so
that the velocity of the flow of the gas gradually
increases as the gas flows in the outlet section to also

reduce pressure drop.

8. The apparatus of claim 7, wherein:

the inlet portion and the outlet portion are formed by
sets of four sidewalls connected to one another such that
the ever-increasing transverse cross-sectional flow area
and the ever-decreasing transverse cross-sectional flow
area are of rectangular configuration;

the subpassages are each of rectangular configuration;

the heat exchanger has an inlet side, an outlet side
located opposite to the inlet side, the cooling passages
extend between the inlet side and the outlet side and each
of the inlet side and the outlet side is of rectangular
configuration;

the at least one sidewall of the inlet portion is one
of the sets of four sidewalls;

a further of the sets of four sidewalls form the
outlet portion;

the inlet portion is a first inlet portion, the outlet
portion is a first outlet portion, the inlet section has a
second inlet portion and the outlet section has a second

outlet portion;
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the second inlet portion has a first transitional
transverse cross-sectional flow area transitioning from a
circle, at one end, to define the inlet and at the other
end, a rectangle, the other end of the first inlet portion
in registry with the one of the sets of four sidewalls
forming the first inlet portion;

the second outlet portion has a second transitional
transverse cross-section flow area transitioning from a
circle, at one end, to define the outlet and at the other
end, a rectangle; and

the other end of the second outlet portion is in

registry with the further of the sets of four sidewalls.

9. The apparatus of claim 8, wherein:

the one of the sets of four sidewalls forming the
first inlet portion is connected to and in registry with
the inlet side of the heat exchanger at a location of the
inlet section opposite to the second inlet portion; and

the further of the sets of four sidewalls forming the
first outlet portion is connected to and in registry with
the outlet side of the heat exchanger at a location of the

outlet section opposite to the second outlet portion.

10. The apparatus of claim 8 wherein:

the partition elements of the first inlet portion are
a first set of partition elements and the subpassages are a
first set of subpassages;

the first outlet portion has a second set of partition
elements that form a third set of subpassages of
rectangular configuration;

the first set of partition elements and the second set

of partition element are connected to the sidewalls; and
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rectangular, frame-like stiffening members are
connected to outer surfaces of each of the sets of the four

sidewalls.

11. The apparatus of claim 2 or claim 4 or claim 5 or
claim 8 or claim 10, wherein:

the heat exchanger is of cross-counter flow
arrangement;

the cooling passages are formed between a plurality of
parallel fins oriented at right angles with respect to the
inlet side and the outlet side of the heat exchanger; and

the cooling passages are formed by coolant tubes that
penetrate the parallel fins for circulation of the coolant
and are in an orthogonal orientation with respect to the

parallel fins.

12. The apparatus of claim 11, wherein:

the coolant tubes comprise a set of inlet coolant
tubes a first set of intermediate coolant tubes, a second
set of intermediate coolant tubes and a set of outlet
coolant tubes arranged to provide four passes within the
heat exchanger;

the heat exchanger has two end portions located
opposite to one another and two spaced, transversely
extending top and bottom panels connecting the end portions
and forming the inlet side and the outlet side of the heat
exchanger;

an inlet plenum and an outlet plenum are located side-
by-side, are situated at one of the two end portions and
are in flow communication with the inlet coolant tubes and

the outlet coolant tubes, respectively, to introduce to the



WO 2014/003880 PCT/US2013/037741

coolant into the inlet coolant tubes and to discharge the
coolant from the outlet coolant tubes; and

reversal plenums are located at the end portions of
the heat exchanger and are configured such that coolant
from the inlet tubes flows into the first set of
intermediate coolant tubes at the other of the end portions,
after having traversed the heat exchanger, coolant from the
first set of intermediate coolant tubes flows into the
second set of intermediate coolant tubes at the one of the
end portions, after having traversed the heat exchanger,
coolant from the second set of intermediate coolant tubes
flows into the set of outlet coolant tubes, after having
traversed the heat exchanger and thereafter, flows from the

set of outlet coolant tubes into the outlet plenum.

13. The apparatus of claim 11, wherein the heat exchanger
has a condensate disengagement chamber located between the
outlet side and the coolant tubes and the parallel fins to
allow condensed water to separate from the compressed gas
passing through the heat exchanger and an elongated, tube-
like drain located at the bottom of the condensate
disengagement chamber to collect the condensed water
separated from the gas and to discharge the condensed water

from the heat exchanger.

14. The apparatus of claim 12, wherein the heat exchanger
has a condensate disengagement chamber located between the
outlet side and the coolant tubes and the parallel fins to
allow condensed water to separate from the compressed gas
prassing through the heat exchanger and an elongated, tube-
like drain located at the bottom of the condensate

disengagement chamber to collect the condensed water
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separated from the gas and to discharge the condensed water

from the heat exchanger.

15. The apparatus of claim 13, wherein the coolant tubes

are connected to and supported at their ends by two opposed

tube sheets.
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