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CRYOGENIC PUMPING SYSTEMS, ROTORS, AND
METHODS FOR PUMPING CRYOGENIC FLUIDS

FIELD
[0001] The present invention generally relates to cryogenic pumping
systems, methods for pumping cryogenic fluids, and rotors suited for use in

cryogenic pumps.

BACKGROUND

[0002] Fabricated rotor cores typically include three primary components,
namely, a stack :of laminations, rotor bars positioned within slots defined by the
laminations, and two endrings positioned on opposite sides of the stack of
laminations. Traditionally, the endrings have been formed by casting. To cast one of
the endrings, a mold is positioned on top of the stack of laminations over ends of the
rotor bars. Molten material is poured into the mold, and allowed to cool to form the
endring. In order to mechanically bond and electrically connect the rotor bars to the
endring, the endring is cast at a temperature sufficient to melt the ends of the rotor

bars.

SUMMARY

[0003] According to one aspect of the present invention, a cryogenic
pumping system for pumping a cryogenic fluid generally includes a rotor having a
plurality of slots. The rotor includes at least one endring defining a plurality of
openings. Each opening is aligned with a different one of the slots. A plurality of rotor
bars are each positioned within a different one of the slots. Each rotor bar includes
an end portion received within a different one of the openings and welded to the
endring. The cryogenic pumping system can be used for pumping a cryogenic fluid
from a first location to a second location.

[0004] According to another aspect of the present invention, a rotor has a

plurality of slots and includes at least one endring defining a plurality of openings.
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Each opening is aligned with a different one of the slots. A plurality of rotor bars are
each positioned within a different one of the slots. Each rotor bar includes an end
portion received within a different one of the openings and welded to the endring.
Each slot can also include a relief portion to allow the rotor bar within that slot to
deflect into the relief portion.

[0005] Further aspects and features of the present invention will become
apparent from the detailed description provided hereinafter. It should be understood
that the detailed description and specific examples, while indicating exemplary
embodiments of the invention, are intended for purposes of illustration only and are

not intended to limit the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The present invention will become more fully understood from the
detailed description and the accompanying drawings, wherein:

[0007] FIG. 1 is a block diagram representation of a cryogenic pumping
system used to pump a cryogenic fluid according to one exemplary embodiment of
the invention;

[0008] FIG. 2 is an exploded perspective view of a rotor core according to
one exemplary embodiment of the invention;

[0009] FIG. 3 is a perspective view of the rotor core shown in FIG. 2 after it
has been assembled but before the endrings have been welded to the rotor bars;

[0010] FIG. 4 is a partial view of an endring shown in FIG. 3 and further
illustrating a weld between the endring and an end portion of a rotor bar;

[0011] FIGS. 5A and 5B are perspective views of the rotor core shown in
FIG. 3 and illustrating one of the endrings welded to end portions of the rotor bars;

[0012] FIG. 6 is a perspective view of the rotor core shown in FIGS. 5A
and 5B after machining has been performed in order to provide an attractively
smooth surface finish;

[0013] FIG. 7 is a longitudinal cross-sectional view of the rotor core shown
in FIG. 6;
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[0014] FIG. 8 is a perspective view of an endring according to an
exemplary embodiment of the invention;

[0015] FIG. 9 is an upper plan view of the endring shown in FIG. 8;

[0016] FIG. 10 is a partial longitudinal cross-sectional view of a rotor core
according to another exemplary embodiment and illustrating a relief portion
positioned on an interior side of a slot that allows the rotor bar within that slot to
deflect into the relief portion; and

[0017] FIG. 11 is a partial longitudinal cross-sectional view of the rotor
core shown in FIG. 10 and illustrating the rotor bar deflected generally radially
inward into the relief portion.

[0018] Corresponding reference numerals indicate corresponding features

throughout the several views of the drawings.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0019] The following description of exemplary embodiments is merely
exemplary in nature and is in no way intended to limit the invention, its applications,
or uses.

[0020] A method according to one aspect of the present invention
generally includes pumping a cryogenic fluid from a first location to a second
location. By way of example only, FIG. 1 illustrates a cryogenic pumping system or
assembly 100 being used to pump liquefied natural gas 104 from a storage vessel
108 onboard a tanker ship 112 to an onshore storage vessel 116 located at a sea
port 120. As shown in FIG. 1, the cryogenic pumping system 100 includes a pump
122 and an electric motor 124 that generates the mechanical power for operating the
pump 122. In the illustrated embodiment, the pump 122 and electric motor 124 are
positioned within housing 126 of the cryogenic pumping system 100, although this is
not required. Also shown in FIG. 1, the electric motor 124 includes a rotor 128,
which, in turn, includes a rotor core 132.

[0021] An exemplary embodiment of a rotor core suitable for use in rotor

128, cryogenic pumping system 100 and/or cryogenic environment is shown in the
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figures. As shown in FIG. 2, a rotor core 132 includes a stack of laminations 136, a
pair of endrings 140 positioned on opposite sides of the lamination stack 136, and a
plurality of rotor bars 144.

[0022] The laminations 136 define a plurality of slots 148 each sized to
receive one of the rotor bars 144 therein. The laminations 136 also define a
generally central opening 152 sized to receive a shaft (not shown) to which the rotor
core 132 can ultimately be coupled for common rotation therewith.

[0023] Each endring 140 defines a plurality of openings 156. Each opening
156 is aligned with a different one of the slots 148. Each endring 140 also defines a
generally central opening 160 sized to receive the shaft to which the rotor core 132
can ultimately be coupled.

[0024] Each rotor bar 144 is positioned within a different one of the slots
148. As shown in FIG. 3, each rotor bar 144 includes an end portion 164 received
within a different one of the openings 156 and welded to the endring 140, as
described in detail below.

[0025] In the illustrated embodiment of FIGS. 2 through 10, the rotor bars
144 each have a generally oval-shaped cross section. The lamination slots 148 and
the endring openings 156 also have generally oval-shaped cross sections.
Alternatively, other shapes can be used for the rotor bars, the lamination slots,
and/or the openings in the endrings. Further, the number, size, and shape of the
rotor bars 144, lamination slots 148, and/or endring openings 156 can vary
depending, for example, on the particular application in which the rotor core 132 will
be used.

[0026] Various processes can be used to form the endrings 140 and/or
other rotor components. In one exemplary embodiment, the endrings 140 are formed
by machining. This can be advantageous in that machining generally allows a higher
yield strength material to be used as compared to casting and forging processes.
For example, one particular embodiment includes machining the endrings 140
entirely from 6061 T-6 aluminum alloy, which has a higher yield strength than pure

aluminum (a material commonly used for casting endrings).
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[0027] In some embodiments, only the end portions 164 of the rotor bars
144 are welded to the endring 140, and the endrings 140 are not bonded directly to
the laminations 136. In these embodiments, the endrings 140 are able to slide or
move relatively freely in the radial direction relative to the laminations 136. This can
be advantageous in cryogenic applications where the cryogenic temperatures can
cause significant differential thermal contraction between the endrings 140 and the
laminations 136. For such embodiments, machining is typically better than casting
for forming the endrings. This is because casting processes are typically performed
at such a high temperature that portions of the endring and/or laminations melt. In
which case, upon cooling the endring is bonded directly to the laminations. With
machining, however, the endrings can be formed at lower temperatures such that in
some embodiments the endrings 140 are not directly bonded to the laminations 136
themselves.

[0028] | Further, forming the endrings at the lower temperatures associated
with machining can also allow improvements in the straightness of the rotor core as
compared to rotors cores in which the endrings are formed by forging or casting. The
relatively high temperatures associated with such forging or casting processes can
cause at least some movement and/or distortion of the rotor core components.

[0029] A wide range of materials can be used for the various components
of the rotor core. In some embodiments, the endrings 140 and rotor bars 144 are
formed entirely from the same material(s). In a particular embodiment, the endrings
140 and rotor bars 144 are formed entirely from 6061 T-6 aluminum alloy.

[0030] In some embodiments, only the end portions 164 of the rotor bars
144 are welded to the endrings 140, as shown in FIGS. 4, 5, and 7. In such
embodiments, the‘ welds 168 between each endring 140 and the rotor bar end
portions 164 are a spaced distance from the laminations 136. Further, the endrings
140 are not directly bonded by welding or otherwise to the laminations 136
themselves. In the'se embodiments, the endrings 140 are thus able to slide or move
relatively freely in the radial direction relative to the laminations 136. This feature can
help eliminate or at least inhibit the stress riser and stress concentration that can
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typically occur at the lamination-to-endring interface or joint with traditional rotor core
constructions.

[0031] In addition, welding the rotor bars 144 to the endrings 140 can also
create higher strength joints than that produced with traditional rotor core
constructions.

[0032] A wide range of materials can be used to form the welds between
the endring 140 and the rotor bars 144. In various embodiments, the weld or fill
material has properties similar to the properties of the material(s) forming the
endring and/or rotor bars are formed.

[0033] In one embodiment, a 5356 aluminum alloy electrode is used to
form the welds between the endrings 140 and the rotor bar end portions 164. This
can be beneficial when the endring 140 and rotor bars 144 are formed entirely from
6061 T-6 aluminum alloy because the weld wire of the 5356 aluminum alloy
electrode has substantially similar material properties to the 6061 T-6 aluminum
alloy. Alternatively, other materials can be used for the welding wi.re, filler metals,
rotor bars, and/or endring.

[0034] After each rotor bar end portion 164 has been welded to the
endrings 140, some embodiments can also include capping the weld area on each
endring 140 with a cap weld, and then machining to cleanup the cap weld. This
machining can provide a substantially smooth surface 170 having a high or
production-wisé quality surface finish that is cosmetically pleasing to the user, as
shown in FIG. 6.

[0035] In some embodiments, each slot includes a relief portion or
clearance to allow the rotor bar within that slot to deflect into the relief portion. As
shown in FIGS. 10 and 11, a relief portion 272 is positioned on an interior side of the
slot 248 to allow the rotor bar 244 within that slot 248 to deflect generally radially
inward into the relief portion 272 (as shown in FIG. 11). In this particular
embodiment, FIG._ 10 depicts the rotor core 232 at an ambient room temperature,
and FIG. 11 depicts the rotor core 232 at a cryogenic temperature.

[0036] During operation, the rotor core 232 can be disposed within (e.g.,

submerged, etc.) a cryogenic fluid. Due to the extremely cold or cryogenic



WO 2006/060713 PCT/US2005/043729

temperatures, the endrings 240 may contract in the radial direction to a greater
extent than that of the laminations 236. The relief portions 272 allow the rotor bars
244 to deflect or flex radially inward as the endring 240 contracts. This, in turn, can
significantly reduce stress concentrations and shearing forces (and possible crack
formation and propagation caused thereby) between the endring 240 and rotor bars
244, »

[0037] By increasing the size of the openings into which the rotor bars 244
are inserted, the relief portions 272 can also facilitate insertion of the rotor bars 244
into the slots 248. In one embodiment, each relief portion 272 has an axial length
276 of about four inches, and a radial thickness or width 280 of about 0.03 inches. In
comparison, the entire axial length of the slot 248 (which corresponds to the axial
length of the lamination stack 236) can be about thirty-six inches. Plus, the radial
thickness or width of each slot 248 can be about equal to or slightly larger than (e.g.,
about 0.007 incheé wider than) the width of the rotor bar 244. In some embodiments,
the rotor bar width is about one inch or one one-half inches.

[0038] Accordingly, a relief portion 272 is positioned at each end of the
slots 248. In which case, a central or medial portion 284 of each rotor bar 244 is held
relatively securelvaithin that portion 288 of the slot 248 that does not include the
relief portions 272. Alternatively, other embodiments do not include relief portions
and/or include relief portions that extend the entire axial length of the slot.

[0039] Various embodiments of the invention provide rotors that are suited
for (but not limited to) operation at cryogenic temperatures. Aspects of the invention
also include cryogenic pumping systems, electric machines, electric motors, and
electric generators that include such rotors. Further aspects of the invention include
methods of making and using the foregoing. For example, other aspects of the
invention include using a cryogenic pumping system to pump liquefied natural gas,
liquefied nitrogen (LN2), liquid oxygen (LO2), among other fluids.

[0040] The teachings of the present invention can be applied in a wide
range of electric machines including electric motors and electric generators.
Accordingly, the specific references to cryogenic pumping systems and cryogenic
fluids herein should not be construed as limiting the scope of the present invention to
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any specific form/type of cryogenic application. Further, aspects of the invention
should also not be limited to use with only cryogenic applications.

[0041] The description of the invention is merely exemplary in nature and,
thus, variations that do not depart from the gist of the invention are intended to be
within the scope of the invention. Such variations are not to be regarded as a

departure from the spirit and scope of the invention.
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CLAIMS

What is claimed is:

1. A cryogenic pumping system for pumping a cryogenic fluid, the
cryogenic pumping system comprising a rotor having a plurality of slots, the rotor
including at least one endring defining a plurality of openings, each said opening
being aligned with a different one of said slots, and a plurality of rotor bars each
positioned within a different one of said slots, each said rotor bar including an end

portion received within a different one of said openings and welded to the endring.

2. The cryogenic pumping system of claim 1, wherein each said slot
includes a relief portion for allowing the rotor bar within said slot to deflect into said

relief portion.

3. The cryogenic pumping system of claim 2, wherein each said relief
portion is positioned on an interior side of said slot to allow the rotor bar within said

slot to deflect generally radially inward into said relief portion.

4. The cryogenic pumping system of claim 1, wherein the rotor includes a
plurality of laminations defining said slots.

5. The cryogenic pumping system of claim 4, wherein each weld between
the endring and the end portion of each rotor bar is a spaced distance from the.

laminations.

6. The cryogenic pumping system of claim 5, wherein each said opening
extends through the endring from a first side of the endring to a second side of the
endring, and wherein each said weld is on the first side of the endring opposite the

laminations.
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7. The cryogenic pumping system of claim 4, wherein the endring is not

welded to the laminations.

8. The cryogenic pumping system of claim 1, wherein each weld between
the endring and the end portion of each rotor bar is formed entirely from an

aluminum alloy.

9. The cryogenic pumping system of claim 1, wherein the endring and the

rotor bars are formed entirely from an aluminum alloy.

10. A method of using a cryogenic pumping system, the cryogenic
pumping system including a rotor having a plurality of slots, the rotor including at
least one endring defining a plurality of openings, each said opening being aligned
with a different one of said slots, and a plurality of rotor bars each positioned within a
different one of said slots, each said rotor bar including an end portion received
within a different one of said openings and welded to the endring, the method
comprising pumping a cryogenic fluid from a first location to a second location using

said cryogenic pumping system.

11.  The method of claim 10, wherein each said slot includes a relief portion

for allowing the rotor bar within said slot to deflect into said relief portion.

12.  The method of claim 11, wherein each said relief portion is positioned
on an interior side of said slot to allow the rotor bar within said slot to deflect
generally radially inward into said relief portion.

13. The method of claim 10, wherein the rotor includes a plurality of
laminations defining said slots, wherein each weld between the endring and the end
portion of each rotor bar is a spaced distance from the laminations, and wherein the
endring is not welded to the laminations.

10
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14. A rotor having a plurality of slots and comprising at least one endring
defining a plurality of openings, each said opening being aligned with a different one
of said slots, a plurality of rotor bars each positioned within a different one of said
slots, each said rotor bar including an end portion received within a different one of
said openings and welded to the endring, each said slot including a relief portion for
allowing the rotor bar within said slot to deflect into said relief portion.

15.  The rotor of claim 14, wherein each said relief portion is positioned on
an interior side of said slot to allow the rotor bar within said slot to deflect generally

radially inward into said relief portion.

16. The rotor of claim 14, wherein the rotor includes a plurality of

laminations defining said slots.

17. The rotor of claim 16, wherein each weld between the endring and the
end portion of each rotor bar is a spaced distance from the laminations.

18.  The rotor of claim 17, wherein each said opening extends through the
endring from a first side of the endring to a second side of the endring, and wherein

each said weld is on the first side of the endring opposite the laminations.

19. The rotor of claim 16, wherein the endring is not welded to the

laminations.

20. The rotor of claim 14, wherein each weld between the endring and the

end portion of each rotor bar is formed entirely from an aluminum alloy.

21.  The rotor of claim 14, wherein the endring and the rotor bars are
formed entirely from an aluminum alloy.

22.  An electric machine comprising the rotor of claim 14.

11
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23.

A cryogenic pumping system comprising the electric machine of claim

12
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