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FIG. 1

(57) Abstract: Apparatus for housing a rotatable
component and exchanging heat and methods for
manufacturing the same are disclosed. The appar-
atus includes a first casing and a second casing
spaced apart from the first casing and defining a
gap therebetween. The apparatus also includes a
cooling fluid manifold coupled to a source of a
cooling fluid, and a stack of plates coupled to the
first and second casings and extending thereb-
etween to till the gap. The first and second cas-
ings and the stack of plates define at least a por-
tion of a pressurized containment area therein.
Further, the stack of plates includes a bore in
which the rotatable component is received and
defines process fluid flowpaths configured to dir-
ect process fluid to and/or from the rotatable
component. The stack of plates is in fluid com-
munication with the cooling fluid manifold and
transfers heat from the process fluid to the cool-
ing fluid.
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Compact Compression System with Integral Heat Exchangers

Background

[0001] This application claims priority to U.S. Patent Application Serial No. 61/484,775, which
was filed May 11, 2011. This priority application is hereby incorporated by reference in its
entirety into the present application, to the extent that it is not inconsistent with the present

application.

[0002] Industrial gas compressors can be arranged in compression trains, which are used ina
variety of industries to provide increased pressure in process fluids. Examples of such
industrial uses include petroleum refineries, offshore oil production platforms, pipeline
compressor stations, LNG liquefaction systems, and others. In many of these applications,
space is at a premium and, thus, there is an ever-increasing demand for more compact
compression systems. The development of "compact compressors" has enabled significant
size reductions via combining a pressurized, high-speed motor and magnetic bearing system
with the compressor in a single, hermetically-sealed motor-compressor module. One such
system is the DATUM® C, which is commercially-available from Dresser-Rand Company of
Olean, New York, USA.

[0003] These compact compression systems generally provide a higher motor power density
and eliminate at least some of the gearboxes and traditional lubrication systems, thereby
achieving significant reductions in size. However, these systems are typically packaged with
conventional, external process equipment modules, including heat exchangers. Such heat
exchangers are used either to limit the temperature of the process gas or to minimize the
power required for gas compression. While proven reliable and suitable for a variety of
different applications, the use of external heat exchangers often requires multiple compressor
casing penetrations and significant interconnecting piping between the heat exchangers and
the compressor. Accordingly, this scheme often results in a relatively large and complex

compressor package.

[0004] Other compression system designs have attempted to integrate the heat exchangers
within the compressor casing. While offering some improvement over traditional discrete
component solutions, these designs generally increase the size of the compressor casing, both
radially and axially, to provide the additional volume required to house the heat exchangers,

thus somewhat defeating the size reduction/compact design intent of the system. Moreover,
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the number of compression stages that can be used is generally limited, as the size increase
for additional heat exchangers compounds the size increase required for the additional stages.
This generally results in a reduced pressure rise capability of the overall compression
package. Further, the integration of such heat exchangers has, in some cases, led to

significant losses in aerodynamic efficiency in the compressors.

[0005] What is needed is a compact compression system that provides integral process gas

cooling, without suffering from the described drawbacks.

Summary

[0006] Embodiments of the disclosure may provide an exemplary apparatus for housing a
rotatable component. The apparatus may include a first casing and a second casing spaced
apart from the first casing and defining a gap therebetween. The apparatus may also include a
cooling fluid manifold coupled to a source of a cooling fluid, and a stack of plates coupled to
the first and second casings and extending therebetween to fill the gap. The first and second
casings and the stack of plates define at least a portion of a pressurized containment area
therein. Further, the stack of plates includes a bore in which the rotatable component is
received, and defines process fluid flowpaths configured to direct process fluid at least one of
to and from the rotatable component. Additionally, the stack of plates is in fluid communication
with the cooling fluid manifold and is configured to transfer heat from the process fluid to the

cooling fluid.

[0007] Embodiments of the disclosure may further provide an exemplary heat exchanger for a
turbomachine. The heat exchanger may include a cooling fluid manifold coupled to a source of
cooling fluid, and a stack of plates providing at least a portion of a pressurized casing and
having a bore defined therein through which a rotatable component is received. The stack of
plates includes a plurality of first faces, each including a cooling fluid port extending
therethrough and in fluid communication with the cooling fluid manifold, a process fluid
passage extending therethrough, and a plurality of channels extending from the bore to the
fluid passage and being in fluid communication with both. The stack of plates also includes a
plurality of second faces each including a fluid port extending therethough and in fluid

communication with the cooling fluid manifold, a fluid passage extending therethrough, and a
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plurality of channels extending from the cooling fluid port and being in fluid communication

therewith to distribute the cooling fluid.

[0008] Embodiments of the disclosure may further provide an exemplary method for
manufacturing a heat exchanger. The method may include masking portions of a first plurality
of plates and portions of a second plurality of plates, and forming a cooling fluid port and a
process fluid passage through each of the first and second pluralities of plates. The method
may further include forming channels in unmasked portions of the first and second pluralities of
plates using at least one of electrochemical and chemical milling, with the channels of the first
plurality of plates extending between a bore thereof and the process fluid passage thereof, and
the channels of the second plurality of plates extending from the cooling fluid port. The
method may also include interleaving the first and second pluralities of plates, and aligning the
bore, cooling fluid port, and process fluid passage of each of the first and second pluralities of
plates. The method may further include securing the first and second pluralities of plates
together to cover the channels defined in each and to form a monolithic structure configured to

provide at least a portion of a pressurized casing for a turbomachine, a motor, or both.

Brief Description of the Drawings

[0009] The present disclosure is best understood from the following detailed description when
read with the accompanying Figures. It is emphasized that, in accordance with the standard
practice in the industry, various features are not drawn to scale. In fact, the dimensions of the

various features may be arbitrarily increased or reduced for clarity of discussion.

[0010] Figure 1 illustrates an elevation view of a compact compression system, in accordance

with one or more embodiments of the disclosure.

[0011] Figure 2 illustrates a side, cross-sectional view of the compact compression system, in

accordance with one or more embodiments of the disclosure.
[0012] Figure 3 illustrates an enlarged view of a portion of Figure 2.

[0013] Figure 4A illustrates an end view of a heat exchanger plate for use in a compact

compression system, in accordance with one or more embodiments of the disclosure.

[0014] Figure 4B illustrates an enlarged view of a portion of Figure 4A.
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[0015] Figure 4C illustrates an enlarged perspective view of a portion of the heat exchanger

plate of Figure 4A.

[0016] Figure SA illustrates an end view of another heat exchanger plate for use in a compact

compression system, in accordance with one or more embodiments of the disclosure.

[0017] Figure 5B illustrates an enlarged view of a portion of the heat exchanger plate of Figure
SA.

[0018] Figure 6 illustrates an enlarged view of a portion of Figure 3, illustrating the flowpaths
provided by the compact compression system, according to one or more embodiments of the

disclosure.

[0019] Figure 7 illustrates a side, cross-sectional view of a motor in a casing for use in a

compact compression system, in accordance with one or more embodiments of the disclosure.

[0020] Figure 8 illustrates a flowchart of a method for manufacturing a heat exchanger,

according to one or more embodiments of the disclosure.

Detailed Description

[0021] It is to be understood that the following disclosure describes several exemplary
embodiments for implementing different features, structures, or functions of the invention.
Exemplary embodiments of components, arrangements, and configurations are described
below to simplify the present disclosure; however, these exemplary embodiments are provided
merely as examples and are not intended to limit the scope of the invention. Additionally, the
present disclosure may repeat reference numerals and/or letters in the various exemplary
embodiments and across the Figures provided herein. This repetition is for the purpose of
simplicity and clarity and does not in itself dictate a relationship between the various exemplary
embodiments and/or configurations discussed in the various Figures. Moreover, the formation
of a first feature over or on a second feature in the description that follows may include
embodiments in which the first and second features are formed in direct contact, and may also
include embodiments in which additional features may be formed interposing the first and
second features, such that the first and second features may not be in direct contact. Finally,

the exemplary embodiments presented below may be combined in any combination of ways,
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i.e., any element from one exemplary embodiment may be used in any other exemplary

embodiment, without departing from the scope of the disclosure.

[0022] Additionally, certain terms are used throughout the following description and claims to
refer to particular components. As one skilled in the art will appreciate, various entities may
refer to the same component by different names, and as such, the naming convention for the
elements described herein is not intended to limit the scope ofthe invention, unless otherwise
specifically defined herein. Further, the naming convention used herein is not intended to
distinguish between components that differ in name but not function. Additionally, in the
following discussion and in the claims, the terms "including” and "comprising” are used in an
open-ended fashion, and thus should be interpreted to mean "including, but not limited to." All
numerical values in this disclosure may be exact or approximate values unless otherwise
specifically stated. Accordingly, various embodiments of the disclosure may deviate from the
numbers, values, and ranges disclosed herein without departing from the intended scope.
Furthermore, as it is used in the claims or specification, the term "or" is intended to encompass
both exclusive and inclusive cases, i.e., "A or B" is intended to be synonymous with "at least

one of A and B," unless otherwise expressly specified herein.

[0023] Figures 1 and 2 illustrate an elevation view and a side, cross-sectional view,
respectively, of a compact compression system 10, according to one or more embodiments of
the present disclosure. As shown, the system 10 includes a compressor 12 enclosed in a
casing 11, with at least a portion of the casing 11 being provided by a stack of plates 22. The
stack of plates 22 is bonded or otherwise connected together so as to form at least a portion of
a monolithic, pressure containment vessel. Further, the stack of plates 22 provides a flowpath
for process fluid between stages of the compressor 12, as well as one or more flowpaths for
cooling fluid to remove heat from the process fluid, without mixing with the process fluid or
substantially sacrificing aerodynamic efficiency of the compressor 12. As the stack of plates
22 provides at least a portion of the pressure containment vessel, its addition provides
desirable heat exchange functionality without requiring significant enlargement of the

compressor casing 11.

[0024] In general, the stack of plates 22 may include a combination of process fluid plates 100
and cooling fluid plates 200, which are shown in and described in greater detail below with
respect to Figures 4A-4C and 5A-5B, respectively. The plates 100, 200 of the stack of plates

22 define flowpaths for the cooling fluid and the process fluid. For example, the cooling fluid
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plates 200 each provide a flowpath for the cooling fluid to course therethrough. Each cooling
fluid plate 200 may also provide a passage for the process fluid, which enables the process
fluid to proceed past the cooling fluid plates 200 of the stack 22, without mixing with the
process fluid. On the other hand, the process fluid plates 100 provide flowpaths for the
process fluid to proceed radially-inward or radially-outward, and then allow it to pass to
adjacent process fluid plates 100 within the stack of plates 22. Each process fluid plate 100
also provides a passage through which the cooling fluid is transferred to adjacent cooling fluid
plates 200 of the stack 22, while preventing the cooling fluid from mixing with the process fluid.

Additionally, the structures formed in the process fluid plates 100 and cooling fluid plates 200

may be formed in reverse faces of a thicker plate, as will be described in greater detail below.

[0025] In various embodiments, the process fluid plates 100 and/or the cooling fluid plates 200
may be relatively thin and may be fabricated using chemical or electrochemical milling or
etching processes. Accordingly, the plates 100, 200 may be referred to as printed circuit heat
exchangers. The plates 100, 200 may be bonded, welded, brazed, or otherwise connected
together to form the stack 22, such that the stack 22 provides a pressurized containment
barrier for the process fluid. As such, the compact compression system 10 provides desirable
heat transfer from the process fluid to the cooling fluid within the compressor 12, without
requiring substantial radial or axial expansion of the compressor casing and without

substantially sacrificing aerodynamic efficiency.

[0026] Turning to the illustrated embodiments now in greater detail, Figure 1 illustrates the
compact compression system 10 including the compressor 12, as well as a motor 14
operatively coupled to the compressor 12. The motor 14 is encased in a motor casing 15,
which is coupled to and, for example, hermetically-sealed with a connector casing 16. The
compressor 12 may be a centrifugal compressor, for example, a back-to-back compressor;
however, any one of the variety of compressors known in the art, including straight-through
centrifugal compressors, may be used in the described compact compression system 10. In at
least one embodiment, the compressor 12 may be one of the DATUM® family of compressors,

commercially-available from Dresser-Rand Company of Olean, New York, USA.

[0027] The casing 11 for the compressor 12 is split into a first compressor casing 18 and a
second compressor casing 20. The first and second compressor casings 18, 20 are spaced
apart from each other, leaving a gap 21 therebetween. It will be appreciated, however, that the

casing 11 may be split into more than two casings and/or additional compressor casings may
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be employed without departing from the scope of the disclosure. In the illustrated
embodiment, the second compressor casing 20 is coupled to and may be hermetically-sealed
with the connector casing 16. The exterior circumference of the stack of plates 22 fills the gap
21. As noted above, the stack of plates 22 provides an internal heat exchanging structure for
the compressor 12, while also containing the pressurized fluid therein and defining flowpaths

therethrough.

[0028] Cooling fluid manifolds 24, 26 may surround the first and second compressor casings
18, 20, respectively, proximal the axial extents of the compressor 12. The cooling fluid
manifolds 24, 26 may include one, two, or more toroidal structures (j.e., tubes) that are
disposed around the first and second compressor casings 18, 20, respectively. The cooling
fluid manifolds 24, 26 may fluidly communicate with the stack of plates 22 via lines extending
through the first and second compressor casings 18, 20, as will be described in greater detail
below. Accordingly, the cooling fluid manifolds 24, 26 may each be configured to supply
cooling fluid to the stack of plates 22 and/or to receive heated or "spent” cooling fluid therefrom
via lines extending through the casing 11 and communicating with the manifolds 24, 26. The
cooling fluid manifolds 24, 26 are sized to allow a flow rate of cooling fluid calculated to provide
an optimal tradeoff between heat transfer rate and size in the compact compression system
10.

[0029] The cooling fluid, supplied to the stack of plates 22 via the manifolds 24, 26, may be
received from any suitable source of cooling fluid (not shown), for example, water from a lake,
river, or another body of salt or fresh water. In other embodiments, the cooling fluid may be a
refrigerant that is cooled as part of a conventional refrigeration cycle or may be a portion of the
process fluid compressed by the compressor 12. In still other embodiments, the cooling fluid

may be any fluid that is convenient, for example, liquefied natural gas.

[0030] Similarly, cooling fluid manifolds 30, 32 may surround the motor casing 15, for example,
proximal the axial extents thereof, as shown. The cooling fluid manifolds 30, 32 may be
toroidal, extending circumferentially around the exterior of the motor casing 15. The manifolds
30, 32 may each include one, two, or several tubes configured to provide cooling fluid to and/or
receive cooling fluid from heat exchangers disposed within the motor casing 15. Accordingly,
the manifolds 30, 32 may each be configured to allow a flow rate of cooling fluid therethrough
calculated to provide an optimal tradeoff between heat transfer rate and size in the compact

compression system 10.
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[0031] Figure 2 illustrates a side, cross-sectional view of the compact compression system 10,
according to an embodiment. As shown, the stack of plates 22 extends between the first and
second compressor casings 18, 20, filling the gap 21 therebetween and extending at least
partially through the first and second compressor casings 18, 20. The stack of plates 22 is
welded, brazed, bonded, or otherwise secured together to form a single, monolithic, cylindrical
structure which surrounds a shaft 34 and impellers 40a-h of the compressor 12. By filling the
gap 21 between the first and second compressor casings 18, 20, the stack of plates 22

provides a pressurized area in which the impellers 40a-h are arranged.

[0032] A process fluid inlet 39 is coupled to the first compressor casing 18. The process fluid
inlet 39 may be a nozzle, as shown. A process fluid outlet 41 may be coupled to the second
compressor casing 20 and may also be a nozzle. The inlet 39 and outlet 41 may be fluidly
coupled to the stack of plates 22, with process flowing upstream of the inlet 39 and
downstream of the outlet 41 being generally considered outside of the compact compression
system 10. In various embodiments, additional inlets and outlets in the casings 18, 20 may
also be provided to perform any one of a variety of different functions which are well-known in
the art. Furthermore, the illustrated positioning ofthe inlet 39 and outlet 41 with respect to the
first and second compressor casings 18, 20 is merely exemplary; accordingly, in various
embodiments, the inlet 39 may be coupled to either of the first or second compressor casings
18, 20, as may the outlet 41. Additionally, embodiments in which both the inlet 39 and outlet

41 are coupled to one of the two compressor casings 18, 20 are also contemplated herein.

[0033] The stack of plates 22 is fluidly coupled to the cooling fluid manifolds 24, 26 via lines
25a,b and 27a,b respectively. In at least one embodiment, the cooling fluid manifolds 24, 26
may be provided by a pair of toroidal tubes 24a, 24b and 26a, 26b, respectively, as shown.
The lines 25a,b, extend through the first compressor casing 18 and fluidly couple the tube
24a,b with the stack of plates 22. Similarly, the lines 27a,b extend through the second
compressor casing 20 and fluidly couple the tubes 26a,b with the stack of plates 22. In an
embodiment, the tubes 24a,b may be configured to supply cooling fluid to the stack of plates
22, while tubes 26a,b may be configured to receive spent cooling fluid therefrom. In another
embodiment, two reverse, parallel cooling fluid flowpaths through the stack of plates 22 may
be provided, with the tubes 24a, 26a providing cooling fluid and tubes 24b, 26b receiving spent
cooling fluid from the stack of plates 22. In various embodiments, however, any suitable

flowpath orientation may be used, to include a single-direction flowpath, which may be
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provided with sufficient flowrate to enable effective heat transfer from the process fluid to the
cooling fluid. The details of the flowpath of the cooling fluid within the stack of plates 22 will be

described in greater detail below.

[0034] It will be appreciated that the compressor 12 may include more or fewer impellers than
the eight impellers 40a-h shown, without departing from the scope of this disclosure. Further,
although the impellers 40a-h provide the structure for compressing a process fluid in the
illustrated embodiment, it will be appreciated than any type of compression structure (e.g.,

fans, blades, screws, pistons, etc.) may be used in lieu of or in addition to the impellers 40a-h.

[0035] The motor 14 similarly includes a stack of plates 43 disposed around windings 45 of the
motor 14. It will be appreciated that in embodiments in which the motor 14 is not an electric
motor, the windings 45 may be replaced with other driving structures that may also require
cooling. The stack of plates 43 in the motor 14 is fluidly coupled to the cooling fluid manifolds

30, 32 and receives cooling fluid therefrom and discharges spent cooling fluid thereto.

[0036] Although not shown, in various embodiments, the compact compression system 10 may
include one or more fluid separators. Such fluid separators may include one or more driven
rotary separators disposed on the shaft 34 and configured to rotate therewith, static
separators, rotary separators that are driven by the pressure in the process fluid, and/or other
types of separators known to those skilled in the art. Such separators may be positioned
within the stack of plates 22, within the first or second compressor casings 18, 20, or both.
Examples of such separators include those described in commonly-assigned U.S. Patent Nos.:
5,385,446; 5,664,420, 5,685,691, 5750,040; 7,241,392; and 7,288,202, U.S. Patent
Applications having Publication Nos.. 2011/0017307; 2010/0072121; 2010/0038309;
2009/0304496, 2009/0321343; 2009/00324391; and U.S. Patent Applications having Serial
Nos.: 61/303,273;61/312,067, 61/362,842; 12/877 177. The entirety of each of the foregoing
patents and patent applications is incorporated by reference herein to the extent consistent

with the present disclosure.

[0037] Figure 3 illustrates an enlarged view of a portion of Figure 2, further depicting aspects of
the compact compression system 10, according to an embodiment. As shown, the stack of
plates 22 generally includes sections (in this embodiment, ten sections are shown: 42a-)).
Each section 42a-j defines a flowpath between two components of the compressor 12, with the
sections 42a-j each being separated from each other by a blank 44. The blank 44 may lack

apertures providing for axial transfer of process fluid, whereas the other plates within the stack
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of plates 22 may each include one or more process fluid axial transfer passages, as will be
described in greater detail below. The blanks 44 may, however, include axial cooling fluid
transfer passages, to allow the cooling fluid to proceed into adjacent sections 42a-j, as will also

be described in greater detail below.

[0038] Figure 4A illustrates an end view of a process fluid plate 100, according to an
embodiment, while Figures 4B and 4C illustrate an enlarged, partial view of Figure 4A and an
enlarged, perspective view thereof, respectively. The process fluid plate 100 may be used in
the stack of plates 22, described above. The process fluid plate 100 may be generally disk-
shaped as shown, and may be thin, as best appreciated in Figure 4C. It will also be
appreciated, however, that the process fluid plate 100 may take any shape, as desired. For

example, the process fluid plate 100 may be elliptical, square, rectangular, etc.

[0039] The process fluid plate 100 includes an axial face 101 and a bore 102. The bore 102is
sized to receive one or more fluid handling components, for example, the impellers 40a-h and
shaft 34 shown in and described above with reference to Figures 1-3. The process fluid plate
100 may also include cooling fluid ports 104 and process fluid passages 106. The cooling fluid
ports 104 and process fluid passages 106 are formed in the face 101 and extend axially
through the process fluid plate 100. Further, both the cooling fluid ports 104 and the process
fluid passages 106 may be disposed proximal an outer diameter 110 of the process fluid plate
100, as shown. In this context, "proximal” is generally intended to mean closer to the outer
diameter 110thanto the bore 102. In other embodiments, however, the cooling fluid ports 104
and/or process fluid passages 106 may be disposed in any other location on the process fluid

plate 100, as desired.

[0040] Radial channels 108 may be formed in the face 101 of the process fluid plate 100 and
may extend radially between the bore 102 and the outer diameter 110. Inan embodiment, the
radial channels 108 may be angled, such that fluid flowing therethrough proceeds in the
circumferential direction in addition to the radial direction. Further, each radial channel 108
may increase in circumferential width proceeding from the bore 102 toward the outer diameter
110; however, in some embodiments, the circumferential width may remain approximately
constant. Each radial channel 108 may be aligned with one of the process fluid passages 106,
with the process fluid passage 106 having generally the same circumferential dimension (i.e.,
width) as the radial channel 108 proximal the outer diameter 110. Although not shown, in

other embodiments, each radial channel 108 may be aligned with a plurality of the process

10
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fluid passages 106, with each of the process fluid passages 106 spanning a portion of the
width of the radial channel 108. In still other embodiments, each process fluid passage 106

may be aligned with two or more of the radial channels 108.

[0041] Eachradial channel 108 may also include fins 112 positioned therein. The fins 112 may
be any suitable shape, for example, cylindrical, rectilinear, elliptical, or, as shown, aerofoil.
Providing aerofoil-shaped fins 112 may reduce drag losses incurred by the placement of such
obstructions to the flowpath provided by the radial channels 108. In addition to minimizing
aerodynamic losses, the fins 112 may be positioned to provide a maximum contact surface
area for the process fluid flowing past. Accordingly, depending on the intended radial direction
of flow through the radial channels 108, the fins 112 may be oriented as shown, or reversed.
Moreover, as best shown in Figure 4C, the fins 112 may be positioned in the radial channel
108, such that theirtops 112a are, or nearly are, even with (e.g., at the same axial location as)
the face 101 outside of the radial channels 108. As such, the face 101 and the top 112a of
each fin 112 may be flush-mounted to an adjacent structure (not shown), such that the

adjacent structure provides a cover for the radial channels 108.

[0042] In an embodiment, the cooling fluid ports 104 may be disposed between pairs of
process fluid passages 106, as shown, and may be in fluid communication with one or more
cooling fluid manifolds, such as those described above with reference to Figures 1-3. The
cooling fluid ports 104 may be aligned with the portions of the face 101 that do not include the
radial channels 108. Accordingly, the cooling fluid ports 104 may be configured to provide
pass-through for cooling fluid to traverse axially through the process fluid plate 100, while
avoiding comingling the cooling fluid with the process fluid flowing through the radial channels
108. The cooling fluid ports 104 may be generally circular, as shown; however, in
embodiments in which the cooling fluid ports 104 do not obstruct the flowpath (as shown,
provided in the radial channels 108), the cooling fluid ports 104 may be formed in any

convenient shape.

[0043] Additional process fluid plates 100, with fins 112 oriented in the reverse direction from
what is illustrated in Figures 4A-4C may be provided to allow process fluid to flow from the
process fluid passages 106, through the radial channels 108 and to any fluid handling

components disposed in the bore 102.

[0044] Figure SAillustrates an end perspective view of a cooling fluid plate 200, and Figure 5B

illustrates an enlarged, partial perspective view thereof, according to one or more

11
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embodiments. The cooling fluid plate 200 may be configured for use in the stack of plates 22,
described above with reference to Figures 1-3. The cooling fluid plate 200 may be thin and
disk-shaped as shown, similar in size and shape to the process fluid plate 100 described
above with reference to Figures 4A-4C, but in other embodiments may be any suitable shape.
In the illustrated embodiment, the cooling fluid plate 200 includes a bore 202 and an outer
diameter 204. The bore 202 is sized to receive fluid handling components, such as the

impellers 40a-h and shaft 34 described above with reference to Figures 1-3.

[0045] The cooling fluid plate 200 may also include a face 203. Process fluid passages 206
may be cut or otherwise formed into the face 203 and extend axially through the cooling fluid
plate 200. These process fluid passages 206 may be generally congruent, for example,
substantially identical in position and shape, to the process fluid passages 106 in the process
fluid plates 100 (Figures 4A-4C). Further, the process fluid passages 206 may be defined
proximal the outer diameter 204 (i.e., closer thereto than to the bore 202) and may be
configured to provide for pass-through of the process gas, while preventing it from comingling

with cooling fluid.

[0046] The cooling fluid plate 200 also includes cooling fluid ports 208, which are defined in the
face 203 and extend through the cooling fluid plate 200. The cooling fluid ports 208 may be in
fluid communication with cooling fluid manifolds, such as those described above with reference
to Figures 1-3, and may be generally congruent, for example, substantially identical in shape
and position, to the cooling fluid ports 104 defined in the process fluid plate 100 (Figures 4A-
4C). The cooling fluid ports 208 may also each be aligned with one or more radial channels
210, which are cut or otherwise formed into the face 203. The sections of the face 203 in
between adjacent radial channels 210 may be referred to as radially-extending fins 212.
Further, circumferentially-extending channels 214 may be cut or otherwise formed in the face
203, may extend between the radial channels 210, and may be in fluid communication
therewith. The sections of the face 203 between adjacent, circumferentially-extending
channels 214 may be referred to as circumferentially-extending fins 216. Accordingly, the tops
of the fins 212, 216 are generally even or flush with the remainder of the face 203, such that
the face 203 is generally flat, except where the channels 210, 214 are defined. This may allow
the face 203, as well as the tops of the fins 212, 216 to be flush-mounted to an additional
structure, thereby providing a cover for the channels 210, 214 to retain the cooling fluid within
the channels 210, 214.
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[0047] Referring to Figures 4A-5B, in exemplary operation, each process fluid plate 100
provides a process fluid flowpath. Accordingly, process fluid is directed from components
disposed within the bore 102 radially-outward through the radial channels 108, as
schematically depicted by arrow 114. Inthe radial channel 108, the process fluid impinges the
fins 112, as well as the contours of the radial channel 108, thereby transferring heat from the
process fluid to the process fluid plate 100. The face 101 of each process fluid plate 100 is
bonded or otherwise secured to the back of an adjacent plate 100 or 200; accordingly, there is
substantially no flowpath area outside of the radial channels 108 into which the process fluid
may leak. As such, the process fluid coursing through each radial channel 108 is maintained

therein and directed to the process fluid passage 106 and then axially therethrough.

[0048] In each cooling fluid plate 200, cooling fluid may be admitted into the radial channels
210, via the cooling fluid ports 208 and proceed as schematically illustrated by arrow 218.
Each radial channel 210 communicates with one or more of the circumferentially-extending
channels 214, as shown, and thus the cooling fluid proceeds from the radial channels 210 into
the circumferentially-extending channels 214. The fluid then proceeds through the
circumferentially-extending channels 214 and into another set of radial channels 210. Finally,
the cooling fluid is received into another cooling fluid port 208 and exits the cooling fluid plate
200, for example, proceeding back to a cooling manifold for re-cooling and/or conditioning, or
removal. It will be appreciated, however, that the structures described for the process fluid
plate 100 and the cooling fluid plate 200 may represent opposing sides of a single plate, rather

than discrete plates.

[0049] Accordingly, the cooling fluid coursing through the channels 210, 214 transfers heat
from the cooling fluid plate 200 to the cooling fluid. By stacking the cooling fluid plate 200 with
the process fluid plate 100, heat from the process fluid is transferred to the process fluid plate
100, and then to the cooling fluid plate 200, where it is transferred to the cooling fluid. In
addition, in embodiments where the cooling fluid plate 200 is flush-mounted to the back of the
process fluid plate 100, some of the heat transferred into the process fluid plate 100 may be
directly transferred to the cooling fluid, as the back of the process fluid plate 100 provides a
cover forthe channels 210, 214. Similarly, the back of the cooling fluid plate 200 may provide
a cover for an adjacent process fluid plate 100. As such, some of the heat of the process fluid
may be transferred directly to the cooling fluid plate 200, as the cooling fluid plate 200 provides

the cover for each radial channel 108.
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[0050] Moreover, the process fluid plate 100 and the cooling fluid plate 200, each may be
integrally formed, that is, the channels, fins, passages, efc., can all be cut or formed from a
single piece of material. In one example, this can be accomplished by traditional methods of
casting, such as investment casting, by powder-metallurgy process, laser deposition, and/or by
milling. In one specific embodiment, however, the contours ofthe channels 108, 210, 214 may
be too small to be easily formed with such traditional techniques. As such, alternative
technigues may be advantageously employed, for example, to provide printed circuit heat
exchangers (PCHX). PCHX plates are generally formed using chemical or electrochemical

etching or "machining” to form the desired contours.

[0051] In this case, the faces 101, 203 are masked between the intended channel areas with a
substance that resists degradation by the chemical or electrochemical etching or milling
medium. Such deposition may be effected by, for example, printing, screen-printing, or
photographically, using a photoresist. The etching or machining medium is then applied, which
removes the material from the plates 100, 200 in the unmasked areas, thereby creating the
channels 108, 210, 214, while leaving, for example, the fins 112, 212, 216. Such PCHX
fabrication processes may allow the use of a variety of materials for the plates 100, 200, such
as, forexample, steel, stainless steel, brass, copper, bronze, aluminum, combinations thereof,
alloys thereof, or other materials. Moreover, forming the plates 100, 200 by chemical or
electrochemical etching or machining allows the plates 100, 200 to be thinner than heat
exchangers fabricated using traditional machining techniques. For example, the distance
between the face 101 or 203 and the opposite side of the plate 100, 200 may be less than
about 5 mm, less than about 4mm, less than about 3 mm, or less than about 2 mm, with the
channels 108, 210, 214 having a depth of less than about 2 mm, less than about 1.5 mm, less

than about 1.0 mm, or less than about 0.5 mm.

[0052] Once constructed, a plurality of each type of plate 100, 200 (e.g., dozens, hundreds, or
more) may be stacked together to form the stack of plates 22 or 43, for example, alternating
between process fluid plates 100 and cooling fluid plates 200. Examples of such printed
circuit heat exchangers may be formed in a similar fashion as that described in U.S. Patent
Application having Publication No. 2009/0294113, and European Patent having Publication
No. 0212878, the entirety of both being incorporated herein by reference to the extent

consistent with the present disclosure.
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[0053] Figure 6 illustrates a partial sectional view of the compact compression system 10,
which is similar to the view illustrated in Figure 3 and further illustrates the operation of the
compact compression system 10. As described above, the compact compression system 10
includes the stack of plates 22. The stack of plates 22 may be made of a plurality of the
process fluid plates 100 and a plurality of the cooling fluid plates 200, which are shown in and
described above with reference to Figures 4A-5B. To form the stack of plates 22, the process
fluid plates 100 and cooling fluid plates 200 may be interleaved. As the term "interleave" is
used herein to describe the relative positioning of the plates 100, 200, it is not intended to be
interpreted restrictively so as to require an alternating sequence of one cooling fluid plate 200,
followed by one process fluid plate 100, and so in a repeating fashion. Although it may refer to
such an arrangement, the term "interleave" as it is used herein is broadly defined to include
any sequence of the plates 100, 200, for example, one, two, or more cooling fluid plates 200
being coupled together and followed by one, two, or more process fluid plates 100 that are

coupled together, with the sequence repeating or varying through the stacks 22, 43.

[0054] Referring additionally to Figures 4A-5B, cooling fluid is received from the manifold tube
24a and proceeds through the stack of plates 22 generally in the direction of arrow 401 toward
the opposing tube 26a (Figure 3). The pressure of the cooling fluid and the size of the cooling
fluid ports 104, 208 causes the cooling water to flood the channels 210, 214 of the cooling fluid
plates 200. In other embodiments, additional structures may be used to route the cooling fluid
into the channels 210, 214. The cooling fluid removes heat from the stack of plates 22, and
ultimately from the process fluid, as described above. Further, as additional cooling fluid is
pushed from the tube 24a into the stack of plates 22, heated or "spent" cooling fluid proceeds
in the direction of arrow 401 until it is removed via the receiving tube 24b, 26b of the manifolds
24, 26 (Figure 1).

[0055] Turning now to the process fluid flow path, the process fluid is received into the
compressor 12 via the inlet 39 (Figure 2). The process fluid is then channeled into and
through the first section 42a of the stack of plates 22, as illustrated by arrow 402 (Figure 6).
Accordingly, the first section 42a channels the process fluid to the first impeller 40a. The first
impeller 40a rotates on the shaft 34 to compress the process fluid, and the process fluid
proceeds therethrough, as generally shown by arrow 404. Such compression also heats the
process fluid. The compressed, heated process fluid is expelled from the impeller 40a and into

the second section 42b, as generally illustrated by arrow 4086.
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[0056] The second section 42b defines a diffuser channel or first radial flowpath, allowing the
process gas to proceed radially-outward from the impeller 40a. Since the stack of plates 22 is
bonded together to form their own pressurized containment area, it thus also provides a return
bend or axial flowpath, which turns the fluid from radially-outward to generally axial, and
provides an axial flowpath for the process fluid as it proceeds through the process fluid
passages 106, 206 defined in the plates 100, 200, until reaching the blank 44. The process
fluid finally reaches a return channel or second radial flowpath, which channels the process
fluid to the second impeller 40b. In an exemplary embodiment, no additional structures are
required to provide these two separate channels, beyond the stack of plates 22. Indeed, the
radial channels 108 in some of the process fluid plates 100 of the second section 42b are
aligned with the first impeller 40a, allowing fluid to proceed radially-outward therefrom in the
first radial flowpath, while the radial channels 108 of the second section 42b are aligned with
the second impeller 40b such that fluid is provided thereto from the second radial flowpath. As
with the blank 44 that partitions the first and second sections 42a,b, another blank 44 ensures

that no process fluid bypasses the second impeller 40b.

[0057] Accordingly, process fluid is directed between the impellers 40b-d in substantially the
same fashion to pass fluid between the first and second impellers 40a,b. In a "straight-
through" compressor, this may continue until the desired number of impellers (or other types of
compression stages) are traversed. Although not shown, it will be appreciated, however, that
one or more sections of the stack of plates 22 may be omitted, with the process fluid passing
from one impeller 40a-d to another via more traditional diffuser channels, return bends, and
return channels. The embodiment illustrated in Figure 2, however, is a "back-to-back"
compressor, providing two opposing compression sections. Accordingly, after reaching the
impeller 40d and traversing the diffuser section 42e (Figures 3 and 6), the process fluid is
transferred to the impellers 40e-h residing in the second compression section, as represented
schematically by arrow 450 (Figure 2). In the second compression section, the process fluid
may traverse the impellers 40e-h via the sections 42f-j of the stack of plates 22 in a similar
fashion to that described and illustrated for impellers 40a-f and sections 42a-e until reaching
the outlet 41.

[0058] Figure 7 illustrates operation of the stack of plates 43 for the motor 14. The stack of
plates 43 may be constructed in approximately the same way as the stack of plates 22, with

alternating or otherwise interleaved process fluid plates 100 and cooling fluid plates 200, for
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example, which are shown in and described above with reference to Figures 4A-5B. Instead of
process fluid, however, the process fluid plates 100 of the stack of plates 43 may channel a
motor cooling fluid, as schematically depicted by arrows 501-506. Although not shown, the
motor cooling fluid may also course through one or more cavities within the motor 14, thereby
absorbing heat from the windings 45 and/or other components, such as bearings. The motor
cooling fluid then courses through the stack of plates 43 and transfers heat to the cooling fluid.
The cooling fluid circulates through the stack of plates 43, between the manifolds 30, 32, for
example, in the general direction of arrow 507. Accordingly, heat from the motor cooling fluid
is transferred via the stack of plates 43 into the cooling fluid, which is circulated out of the

system 10, thereby removing heat from the motor 14.

[0059] Figure 8 illustrates a flowchart of a method 600 for manufacturing a heat exchanger for
a turbomachine. The method 600 may result in a heat exchanger that is similar to the stack of
plates 22 or 43 described above and may, accordingly, be best understood with reference
thereto. The method 600 may include masking portions of a first plurality of plates and
portions of a second plurality of plates, as at 602. Such masking may be accomplished by, for
example, printing, screen-printing, or photographically, using a photoresist. The method 600
may also include forming a cooling fluid port and a process fluid passage through each of the
first and second pluralities of plates, as at 604. This may be done by any suitable form of
cutting or otherwise forming, such as, milling, drilling, casing, or chemical or electrochemical

etching or "milling."

[0060] The method 600 may further include forming channels in unmasked portions of the first
and second pluralities of plates using at least one of electrochemical and chemical milling, as
at 606. The channels of the first plurality of plates may be formed such that they extend
between a bore of each of the first plurality of plates and the process fluid passage thereof.
The channels of each of the second plurality of plates may be formed such that they extend
from the cooling fluid port thereof to, for example, a second cooling fluid port circumferentially
spaced apart from the first cooling fluid port. Accordingly, the channels in each of the second
plurality of plates may include two sets of radial channels which extend from one of the first
and second cooling fluid ports and circumferentially-extending channels connected to the first
and second sets of radial channels. Furthermore, in at least one embodiment, forming the

channels as at 606 may include forming aerofoil shaped fins positioned within the channel.
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Such fins may be constructed of material from the plates that is protected during the chemical

and/or electrochemical processing by being masked as described above.

[0061] The method 600 may further include interleaving the first and second pluralities of
plates, as at 608. It will be appreciated that, as discussed above, "interleaving" does not
require an alternating sequence of plates, but is defined to mean that the first and second
plates are generally positioned in some sequence among one another. The method 600 may
also include aligning the bore, cooling fluid port, and process fluid passage of each of the first
and second pluralities of plates, as at 610. Such aligning does not require precise alignment,
for instance, the cooling fluid ports may be slightly offset from each other such that they define
a contour for a flowpath collectively defined by the cooling fluid ports. The same may be true

for the bores and/or process fluid passages.

[0062] The method 600 may also include securing the first and second pluralities of plates
together, asat612. Such securing may cover the channels defined in each of the pluralities
of plates and may form a monolithic structure configured to provide at least a portion of a
pressurized casing for a turbomachine, a motor, or both. Such securing may be done by
bonding, such as with any suitable adhesive or using any suitable diffusion bonding technique,

or by welding, brazing, forging, or the like.

[0063] The foregoing has outlined features of several embodiments so that those skilled in the
art may better understand the present disclosure. Those skilled in the art should appreciate
that they may readily use the present disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes and/or achieving the same
advantages of the embodiments introduced herein. Those skilled in the art should also realize
that such equivalent constructions do not depart from the spirit and scope of the present
disclosure, and that they may make various changes, substitutions and alterations herein

without departing from the spirit and scope of the present disclosure.
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Claims

We claim:

1. An apparatus for housing a rotatable component, comprising:

a first casing;

a second casing spaced apart from the first casing and defining a gap therebetween,;

a cooling fluid manifold coupled to a source of a cooling fluid; and

a stack of plates coupled to the first and second casings and extending therebetween to
fill the gap such that the first and second casings and the stack of plates define at least a
portion of a pressurized containment area therein, the stack of plates including a bore in which
the rotatable component is received, and further defining process fluid flowpaths configured to
direct process fluid at least one of to and from the rotatable component, the stack of plates
being in fluid communication with the cooling fluid manifold and configured to transfer heat

from the process fluid to the cooling fluid.

2. The apparatus of claim 1, wherein the stack of plates comprises:

a process fluid plate defining a radial channel configured to provide at least a portion of
one of the process fluid flowpaths; and

a cooling fluid plate defining a radial channel in fluid communication with the cooling

fluid manifold.

3. The apparatus of claim 2, wherein the process fluid plate and the cooling fluid plate are

each printed circuit heat exchangers, each having a thickness of less than about 5 mm.

4. The apparatus of claim 2, wherein:

the process fluid plate includes a cooling fluid port extending therethrough, being in fluid
communication with the cooling fluid manifold, and being prevented from fluidly communicating
with the radial channel of the process fluid plate; and

the cooling fluid plate includes a cooling fluid port extending therethrough and being in
fluid communication with the radial channel of the cooling fluid plate and with the cooling fluid

port of the process fluid plate.
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. The apparatus of claim 4, wherein the cooling fluid plate further includes:

a second cooling fluid port in fluid communication with the cooling fluid manifold,

a circumferentially-extending channel in fluid communication with the radial channel of
the cooling fluid plate; and

a second radial channel in fluid communication with the circumferentially-extending

channel and with the second cooling fluid port.

6. The apparatus of claim 2, wherein:

the process fluid plate includes a process fluid passage extending axially through the
process fluid plate and positioned proximal an outer diameter thereof, the radial channel of the
process fluid plate extending between and in fluid communication with the process fluid
passage of the process fluid plate and the bore; and

the cooling fluid plate includes a process fluid passage extending axially through the
cooling fluid plate and positioned proximal an outer diameter thereof, the process fluid passage
of the cooling fluid plate being in fluid communication with the process fluid passage of the
process fluid plate and prevented from fluidly communicating with the radial channel of the

cooling fluid plate.

7. The apparatus of claim 6, wherein the stack of plates is partitioned into sections, each
of the sections including a plurality of the process fluid plates, a plurality of the cooing fluid
plates coupled to and interleaved among the plurality of the process fluid plates, and a blank
coupled to at least one of the plurality of process fluid plates or at least one of the plurality of

cooling fluid plates.

8. The apparatus of claim 7, wherein the process fluid flowpaths include:

a first radial flowpath defined in at least one of the sections of the stack of plates and
extending between the bore of the stack of plates and the process fluid passage of at least one
of the plurality of the process fluid plates, the first radial flowpath configured to receive the
process fluid from the rotatable component positioned in the bore and to channel the process
fluid radially-outward,

an axial flowpath defined by the process fluid passage of the plurality of the process
fluid plates in the at least one of the sections and the process fluid passages of the plurality of

the cooling fluid plates in the one of the sections, the axial flowpath configured to receive the
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process fluid from the first radial flowpath and to channel the process fluid toward the blank of
the one of the sections; and

a second radial flowpath defined in the at least one of the sections and extending
between the process fluid passage of at least one of the plurality of plates and the bore of the
stack of plates, the second radial flowpath configured to channel the process fluid from the

axial flowpath to the rotatable component positioned in the bore.

9. The apparatus of claim 8, wherein:

the rotatable component includes first and second impellers;

the first radial flowpath of the one ofthe sections receives the process fluid from the first
impeller; and

the second radial flowpath introduces the process fluid to the second impeller.

10.  The apparatus of claim 2, wherein the process fluid plate includes aerofoil-shaped fins

disposed in the radial channel.

11.  The apparatus of claim 2, wherein the cooling fluid manifold includes first and second
cooling fluid manifolds, the first cooling fluid manifold being positioned around the first casing
and the second cooling fluid manifold being positioned around the second casing, the first and
second cooling fluid manifolds being in fluid communication with each other via cooling fluid
ports defined in the stack of plates, and being configured to provide parallel, reverse flows of

cooling fluid therethrough.

12. A heat exchanger for a turbomachine, comprising:
a cooling fluid manifold coupled to a source of cooling fluid; and
a stack of plates providing at least a portion of a pressurized casing and having a bore
defined therein through which a rotatable component is received, the stack of plates including:
a plurality of first faces, each including a cooling fluid port extending therethrough
and in fluid communication with the cooling fluid manifold, a process fluid passage
extending therethrough, and a plurality of channels extending from the bore to the fluid
passage and being in fluid communication with both; and
a plurality of second faces each including a fluid port extending therethough and

in fluid communication with the cooling fluid manifold, a fluid passage extending
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therethrough, and a plurality of channels extending from the cooling fluid port and being

in fluid communication therewith to distribute the cooling fluid.

13.  The heat exchanger of claim 12, further comprising:
a plurality of first plates, each providing one of the plurality of first faces; and

a plurality of second plates, each providing one of the plurality of second faces.

14.  The heat exchanger of claim 13, wherein the plurality of first plates and the plurality of
second plates are printed circuit heat exchangers, each having a thickness of less than about

5mm.

15.  The heat exchanger of claim 12, wherein the stack of plates includes a blank that

partitions the stack of plates into sections.

16. The heat exchanger of claim 15, wherein:

the rotatable component includes first and second impellers; and

at least one of the sections is configured to receive process fluid from the firstimpeller,
channel it therefrom via the plurality of channels defined in at least one of the plurality of first
faces, through at least one of the plurality of first faces via the process fluid passage thereof,
through at least one of the plurality of second faces via the process fluid passage thereof, and
to the second impeller via the plurality of channels defined in at least one of the plurality of first

faces.

17.  The heat exchanger of claim 12, wherein:

the rotatable component includes a shaft and a motor to turn the shaft;

the plurality of channels of at least one of the plurality of first faces is configured to
receive a motor cooling fluid from the motor; and

the plurality of channels in at least a second one of the plurality of first faces is
configured to introduce the motor cooling fluid to the motor via the plurality of channels defined

therein.

18. A method for manufacturing a heat exchanger, comprising:

masking portions of a first plurality of plates and portions of a second plurality of plates;
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forming a cooling fluid port and a process fluid passage through each of the first and
second pluralities of plates;

forming channels in unmasked portions of the first and second pluralities of plates using
at least one of electrochemical and chemical milling, the channels of the first plurality of plates
extending between a bore thereof and the process fluid passage thereof, and the channels of
the second plurality of plates extending from the cooling fluid port;

interleaving the first and second pluralities of plates;

alighing the bore, cooling fluid port, and process fluid passage of each of the first and
second pluralities of plates; and

securing the first and second pluralities of plates together to cover the channels defined
in each and to form a monolithic structure configured to provide at least a portion of a

pressurized casing for a turbomachine, a motor, or both.

19. The method of claim 18, further comprising at least one of bonding, welding, and

brazing the plates together to form the stack of plates.

20.  The method of claim 18, wherein forming the channels in the first plurality of plates

comprises forming aerofoil shaped fins positioned within the channel.
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