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DOWNHOLE ELECTRIC SUBMERSIBLE PUMP WITH HYDRODYNAMIC BEARING

BACKGROUND

[0001] The present invention relates to electric submersible pumps. In
particular, the present invention relates to electric submersible pumps having
improved vibrational characteristics relative to conventional clectric submersible

pumps.

[0002] Electric submersible pumps arc used in a varicty of situations in which
the pump itself is immersed in the working fluid to be moved by the pump.
Such is the case in geothermal wells in which hot water is pumped from a
geothermal field, frequently far beneath the surface of the earth, through a well

bore to a thermal energy harvesting system at the surface.

[0003] Electric submersible pumps are widely used in hydrocarbon production
operations. Typically, an electric submersible pump is inserted through a well
bore into a hydrocarbon reservoir. Hydrocarbon-containing fluid from the
reservoir enters the well bore and immerses the electric submersible pump.” As
the hydrocarbon-containing fluid around the electric submersible pump is drawn
into the pump and propelled toward the surface for refining and use, additional

fluid enters the well bore from the reservoir.

[0004] In both geothermal and hydrocarbon production operations, reliability of
the electric submersible pumps employed is essential to success of the operation
as replacement and repair options for installed electric submersible pumps in

such operations are both limited and unattractive.

[0005] It is believed that the vibrational characteristics of a given piece of high
speed rotating cquipment can play a key role in the reliability and uscful life of
such equipment. Thus, there have been concerted efforts to discover means of
improving the vibrational characteristics of high speed rotating equipment such

as electric submersible pumps. Notwithstanding the considerable improvements
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made to date with respect to the vibrational characteristics of electric
submersible pumps, further improvements are needed in order to enable greater

efficicncy in cnergy production.
BRIEF DESCRIPTION

[0006] In one ecmbodiment, the present invention provides an electric
submersible pump comprising (a) an electric motor comprising at least one
stator, at least one rotor, and at least one rotor bearing, said electric motor being
configured to accommodate a lubricant, said electric motor being configured
such that during operation of the electric submersible pump the lubricant is in
fluid contact with one or more rotating surfaces of the rotor bearing and the
rotor; (b) a pumping section comprising a plurality of impeller vanes; and (c) a
drive shaft mechanically coupled to the rotor and the impeller vanes; wherein at
least one at least one rotor bearing is selected from the group consisting of
herringbone patterned rotor bearings, pressure dam rotor bearings, and

circumferential groove rotor bearings.

[0007] In an alternate embodiment, the present invention provides an electric
submersible pump comprising (a) an electric motor comprising at least onc
stator, at least one rotor, and at least one hydrodynamic rotor bearing, said
electric motor being configured to accommodate a lubricant, said electric motor
being configured such that during operation of the electric submersible pump the
lubricant is in fluid contact with one or more rotating surfaces of the
hydrodynamic rotor bearing and the rotor; (b) at least one additional rotor
support component which is a squeeze [ilm damper centering device; (c) a
pumping section comprising a plurality of impeller vanes; and (d) a drive shaft

mechanically coupled to the rotor and the impeller vanes.

[0008] In yet another embodiment, the present invention provides an electric
submersible pump comprising: (a) an electric motor comprising at least one
stator, a plurality of rotors, and a plurality of rotor bearings, said electric motor

being configured lo accommodate a lubricant, said electric motor being
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configured such that during operation of the electric submersible pump the
lubricant is in fluid contact with rotating surfaces of the rotor bearing and the
rotor; (b) a pumping scction comprising a plurality of impeller vanes; and {(c) a
drive shaft mechanically coupled to the plurality of rotors and the impeller
vanes; wherein the plurality of rotor bearings is sclected from the group
consisting of a plurality of herringbone patterned rotor bearings, a plurality of
pressure dam rotor bearings, and a plurality of circumferential groove rotor

bearings.
BRIEF DESCRIPTION OF THE DRAWING FIGURES

[0009] Various features, aspects, and advantages of the present invention will
become better understood when the following detailed description is read with
reference to the accompanying drawings in which like characters may represent
like parts throughout the drawings. Unless otherwise indicated, the drawings
provided herein are meant to illustrate key inventive features of the invention.
These key inventive fcatures are believed to be applicable in a wide variety of
systems which comprising one or more embodiments of the invention. As such,
the drawings are not meant to include all conventional features known by those

of ordinary skill in the art to be required for the practice of the invention.

[0010] Fig. 1 illustrates an electric submersible pump provided by the present

invention as deployed in a geologic {luid recovery operation.

[0011] Fig. 2 illustrates an electric submersible pump provided by the present

invention.

[6012] Fig. 3 illustrates an electric motor which may be used in accordance with

one or more embodiments of the invention.

[0013] Fig. 4 illustrates a series of herringbone patterned rotor bearings which

may be used in accordance with one or more embodiments of the invention.

[0014] Fig. 5 illustrates a pressure dam rotor bearing which may be used in

accordance with one or more embodiments of the invention.
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[0015] Fig. 6 illustrates a pressure dam rotor bearing which may be used in

accordance with one or more embodiments of the invention.

[0016] Fig. 7 illustrates circumferential groove rotor bearings which may be

used in accordance with one or more embodiments of the invention.

[0017] Fig. 8 illustrates combination of a squeeze film damper centering device
with a hydrodynamic rotor bearing which may be used in accordance with one

or more embodiments of the invention.

[0018] Fig. 9 illustrates a combination of a squeeze film damper centering
device with a herringbone patterned rotor bearing which may be used in

accordance with one or more embodiments of the invention.
DETAILED DESCRIPTION

[0019] In the following specification and the claims, which follow, reference
will be made to a number of terms, which shall be defined to have the following

meanings.

[0020] The singular forms “a”, “an”, and “the” include plural referents unless

the context clearly dictates otherwise.

[0021] “Optional” or “optionally” means that the subsequently described event
or circumstance may or may not occur, and that the description includes

instances where the event occurs and instances where it does not.

[0022] Approximating language, as used herein throughout the specification and
claims, may be applied to modify any quantitative representation that could
permissibly vary without resulting in a change in the basic function to which it
is related. Accordingly, a value modified by a term or terms, such as “about”
and “substantially”, are not to be limited to the precise value specified. In at
least some instances, the approximating language may correspond fo the
precision of an instrument for measﬁring the value. Here and throughout the

specification and claims, range limitations may be combined and/or
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interchanged, such ranges are identified and include all the sub-ranges contained

therein unless context or language indicates otherwise.

[0023] As noted, in one embodiment the present invention provides an electric
submersible pump comprising (a) an electric motor comprising at least one
stator, at Icast onc rotor, and at Icast onc rotor bearing, said clectric motor being
configured to accommodate a lubricant, said electric motor being configured
such that during operation of the electric submersible pump the lubricant is in
fluid contact with one or more rotating surfaces of the rotor bearing and the
rotor; (b) a pumping section comprising a plurality of impeller vanes; and (c) a
drive shaft mechanically coupled to the rotor and the impeller vanes; wherein at
least one at least one rotor bearing is selected from the group consisting of
herringbone patterned rotor bearings, pressure dam rotor bearings, and

circumferential groove rotor bearings.

[0024] In contrast to earlier reports that electric submersible pumps exhibiting
improved vibrational stability require the use of multi-lobed bearings, for
example lemon bore bearings, as rotor bearings in the electric motor which
drives the pumping section of the electric submersible pump; it has been
discovered that a group of rotor bearings (herringbone patterned rotor bearings,
pressure dam rotor bearings, and circumferential groove rotor bearings)
previously thought to be unsuitable for use in such electric submersible pumps
exhibiting improved vibrational stability may, in fact, be used advantageously to
replace conventional sleeve bearings in the electric motor of an electric
submersible pump. The aforementioned teaching of the requirement that multi-
lobed bearings be used in electric submersible pumps having enhanced
vibrational stability relative to electric submersible pumps relying on
conventional sleeve bearings for drive shaft and/or rotor support in the electric
motor may be found in United States Patent 6,099,271 which issued on August
8, 2000.

[0025] The electric motor which may be used in accordance with one or

more embodiments of the invention may comprise a single magnetically

Date Regue/Date Received 2020-06-03
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susceptible rotor. In an alternate embodiment, the electric motor comprises a
plurality of magnetically susceptible rotors. The rotors are said to be
magnetically susceptible since they move under the influence of the electric
motor stator via contactless transfer of magnetic energy generated by the stator
to the rotor. The electric motor used according to one or more embodiments of
the present invention typically comprises a single stator but in some
embodiments the electric motor may comprise a plurality of stators. In one or
more embodiments, the electric motor comprises a plurality of magnetically
susceptible rotors mechanically coupled to a drive shaft which can provide
mechanical energy to a pumping section of the electric submersible pump. In
one or more embodiments, the electric motor comprises a plurality of rotors
arranged in series along a drive shaft to which the plurality of rotors are
mechanically coupled, the plurality of rotors being bounded at cach end of the
series defined by the plurality of rotors by one or more rotor bearings selected
from the group consisting of herringbone patterned rotor bearings, pressure dam
rotor bearings, circumferential groove rotor bearings, and combinations of two
or more of the foregoing rotor bearings. In one such embodiment, at least some
of adjacent magnetically susceptible rotors are separated by rotor bearings
selected from the group consisting of herringbone patterned rotor bearings,
pressure dam rotor bearings, and combinations of two or more of the foregoing
rotor bearings. In certain embodiments, a combination of one or morc rotor
bearings selected from the group consisting of herringbone patterned rotor
bearings, pressure dam rotor bearings and circumferential groove rotor bearings
is used in combination with onec or more conventional rotor bearings.
Conventional rotor bearings include for example, multi-lobed bearings and
sleeve bearings. ‘lThose of ordinary skill in the art and having read this
disclosure will understand that the electric motor used according to the various
embodiments of the present invention must comprise at least one rotor bearing
which is a herringbone patterned rotor bearing, a pressure dam rotor bearing, or
a circumferential groove rotor bearing, but may comprise conventional support

bearings as well, for example conventional thrust bearings.
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[0026] The electric motor used according to one or more embodiments of the
present invention is configured to accommodate a lubricant fluid which contacts
various surfaces within the motor. This mcans that the clectric motor may
contain a lubricant fluid (at times herein referred to simply as “a lubricant” or
“the lubricant™) such as an organic liquid which contacts various surfaces of the
interior portion of the electric motor during operation. Where the lubricant
contacts a surface within the electric motor, that surface is said to be in fluid
contact with the lubricant. The lubricant may be any suitable fluid which is
stable under conditions of use, and which complies with applicable health and
safety guidelines. In one embodiment, the lubricant is dielectric fluid, for
example a silicone oil; an aromatic hydrocarbon such as diphenyl ether; a
fluorinated polyether; a silicate ester fluid; a perfluorocarbon; an alkane; a
polyalphaolefin; and combinations of two or more of the forcgoing, for
example; a mixture of two or more alkanes (e.g. a mixture of hexadecane and
octadecane), a mixture of a perfuorocarbon such as octadecafluordecalin (b.p.
142°C with diphenyl ether (b.p. 257°C). 1In one embodiment, the lubricant
comprises anisole (b.p. 154°C). In an alternate embodiment, the lubricant
comprises 1-chloronaphthalene (b.p. 259-263°). In yet another embodiment, the
lubricant comprises SYLTHERM 800 Stabilized HTF (available from the DOW
Chemical Company). In one or more embodiments, during operation of the
electric motor the lubricant is in contact with one or more rotating surfaces of

the rotor bearing and the rotor.

{0027] As noted, the electric submersible pump provided by the present
invention comprises a pumping section configured to impel a fluid entering the
pumping section from a pumping section inlet toward a pumping section outlet.
In one or more embodiments, the clectric submersible pumps provided by the
present invention are configured to be positioned vertically within a well bore in
[luid contact with a geologic (luid ficld such as a subsurface hydrocarbon
reservoir. In such instances, a geologic fluid may be impelled by the pumping
section toward the surfacc for collection, refining and distribution.  The

pumping section comprises a plurality of impeller vanes which co-rotate with a
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drive shaft mechanically coupled to or integral to the electric motor. The
pumping section typically comprises a plurality of stationary diffuser elements
which work in concert with the impeller vancs to transport the working fluid
from the pumping section inlet to the pumping section outlet and beyond. In
one or morc cmbodiments, thc pumping scction may comprisc a housing

defining both the pumping section inlet and outlet.

[0028] In one embodiment, the present invention provides an electric
submersible pump comprising at least one herringbone patterned rotor bearing.
Although not wishing to be bound by any particular theory, it is believed that
the herringbone patterned rotor bearing improves the rotodynamic stability of
the electric submersible pump through the pumping action of grooves machined
on the bore of the bearing stator or the outer diameter surface of the rotary
sleeve. The grooves are disposed such that, during operation, lubricant is
pumped from the axial ends of the bearing towards the center of the bearing,
thereby creating a net radially centering force. This action can be enhanced by
incorporating a circumferential groove within the rotor bearing to create a sump
where the flows from the grooves meet. The resulting radial force increases the
bearing stiffness therefore increasing the stability threshold. The groove helix
angle (@), shown in Fig. 4 (sub-figure 50F) can range from O degrees to 180
degrees. 'This angle can be variable; such the groove follows a curvilinear
pattern. The grooves may span from about 50% to 100% of the bearing axial

length.

[0029] In one embodiment, the present invention provides an electric
submersible pump comprising at least one herringbone patterned rotor bearing,
the herringbone patterned rotor bearing comprising a rotary surface, a stationary
surface, and an axial center, wherein the rotary surface defines one or more
grooves configured to drive lubricant towards the axial center of the rotor

bearing during operation of the clectric submersible pump.

[0030] In an altcrnate embodiment, the present invention provides an electric

submersible pump comprising at least one herringbone patterned rotor bearing,
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the herringbone patterned rotor bearing comprising a rotary surface, a stationary
surface, and an axial center, wherein the stationary surface defines one or more
grooves configured to drive lubricant towards the axial center of the rotor

bearing during operation of the electric submersible pump.

[0031] In yet another embodiment, the present invention provides an electric
submersible pump comprising at least one herringbone patterned rotor bearing,
the herringbone patterned rotor bearing comprising a rotary surface, a stationary
surface, and an axial center, wherein the rotary surface defines one or more
grooves which converge on and are in fluid communication with a lubricant

sump defined by the rotary surface around the axial center of the rolor bearing.

[0032] In yet another embodiment, the present invention provides an electric
submersible pump comprising at least onc herringbone patterned rotor bearing,
the herringbone patterned rotor bearing comprising a rotary surface, a stationary
surface, and an axial center, wherein the stationary surface defines one or more
grooves which converge on and are in fluid communication with a lubricant
sump defined by the stationary surface around the axial center of the rotor

bearing.

[0033] In yet another embodiment, the present invention provides an electric
submersible pump comprising at least one pressure dam rotor bearing.
Although not wishing to be bound by any particular theory, it is believed that
the pressure dam bearing provides improved stability as a function of the
pressure dam rotor bearing circumferential relief tracks on the inner surface of
the bearing housing (also referred (o herein as the stationary component of the
rotor bearing), which is divided into two segments, as shown in Fig. 5 of this
application. These “relieves” create a pressure field that tends to load the
bearing in one direction thereby improving its stability. A relief expanding O-
180 degrees may be introduced on the bore of one segment while a relief
extending 0-170 degrees may be introduced on the opposite segment. The ratio
of the axial span of each relief to the axial Iength of the bearing may be between

0.05 and 0.95 and the continuous and discontinuous relieves may have different
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axial lengths. Similarly, the ratio of each relief’s depth to the bearing radial
clearance should be greater than 1/10 and less than 10. The discontinuous relief
may span from the midline of onc bearing stator segment up to 150 degrees in
the direction of rotation, as shown in Fig. 6. In one embodiment, the
circumferential span is between 120 and 140 degrees. The 0-170 degree range
enables a pressure dam that tends to move the shaft away from the relieved
surface, effectively loading the bearing. An additional benefit is obtained
through the continuous relieve of the opposite bearing segment, since it

effectively reduces the bearing length.

[0034] Tn yct another embodiment, the present invention provides an clectric
submersible pump comprising at least one circumferential groove rotor bearing.
In this type of bearing, a circumferential groove is machined on the bore of the
bearing stator or on the outer diameter surface of the bearing rotary sleeve. The
groove is preferably located substantially near the axial center point of the
bearing stator or the rotary sleeve, as shown in Fig. 7. Although not wishing to
be bound by any particular theory, it is believed the circumferential groove rotor
bearing favorably impacts the hydrodynamic pressure profile within the bearing
during operation. The circumferential groove acts (o split the bearing axially at
the groove location effectively resulting in two bearings operating in parallel,

thus reducing the bearing load capacity.

[0035} In one embodiment, the present invention provides an electric
submersible pump comprising at least one circumferential groove bearing
comprising a rotary surface and a stationary surface, and wherein the rotary

surface defines a circumferential groove.

[0036] In an alternate embodiment, the present invention provides an electric
submersible pump comprising at least one circumferential groove bearing
comprising a rotary surface and a stationary surface, and wherein the stationary

surface defines a circumferential groove.

10
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[0037] As noted, in one embodiment, the present invention provides an electric
submersible pump comprising at least one rotor bearing selected from the group
consisting of herringbone patterned rotor bearings, pressure dam rotor bearings,
and circumferential groove rotor bearings, and further comprises at least one
squeeze-film damper centering device.  Squeeze-film damper centering devices
are known in the art. Squeeze-film damper centering devices are defined herein
to include a centering component, for example a set of o-rings, and a dampening
component which is typically an oil-filled gap defined by the centering
component, the outer surface of a rotor bearing and an inner surface of an
electric motor. Suitable squeeze-film damper centering devices include o-ring
supported squeeze-film damper centering devices, squirrel cage squeeze-film
damper centering devices, centering spring squeeze-film damper centering
devices, integral centering spring squecrze-film damper centering devices, and
coil spring squeeze-film damper centering devices. In one embodiment, the
present invention provides an electric submersible pump comprising one or
more of a of squirrel cage, a centering spring, an integral centering spring, a coil
spring, an o-ring centering spring, and combinations of two or more of the

foregoing squeeze-film damper centering device components.

[6038] In an alternate series of embodiments, the present invention provides an
electric submersible pump comprising an electric motor, the electric motor
comprising at least one hydrodynamic rotor bearing and at least one rotor
support component which is a squeeze-film damper centering device, wherein
the hydrodynamic rtotor bearing is selected from the group consisting of
cylindrical sleeve bearings, multilobe bearings, tilting pad bearings, herringbone
patterned bearings, circumferential groove bearings, and pressure dam bearings,
and wherein suitable squecze-film damper centering devices include o-ring
supported squeeze-film damper centering devices, squirrel cage squeeze-film
damper centering devices, centering spring squeeze-film damper centering
devices, integral centering spring squeeze-film damper centering devices, and

coil spring squecze-film damper centering devices.
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[0039] In one or more embodiments of electric submersible pumps provided by
the present invention and comprising a squeeze-film damper centering device,
the clectric submersible pump is configured such that the squecze-film damper
centering device is located between a stationary component of a hydrodynamic
rotor bearing, for example the stationary component of a herringbone patterned
rotor bearing, and a stationary component of the electric motor, for example a
strut attached to the inner wall of the electric motor housing, or an inner surface
of the electric motor stator. In one embodiment, the squeeze-film damper

centering device is fixed to the inner surface of the electric motor stator.

[0040] Turning now to the figures, FIG. 1 illustrates an embodiment of the
present invention in which an electric submersible pump 10 provided by the
present invention is used to extract a geologic fluid 2 from a subsurface geologic
fluid field 1. The electric submersible pump 10 is inserted into a wellbore 3
separated from the geologic fluid field 1 by a porous well casing 6. 'The
geologic fluid 2 which is typically water or a liquid hydrocarbon-containing
mixture such as crude oil, enters the wellbore through porous well casing 6 and
collects within the wellbore 3 immersing the electric submersible pump 10.
Electric submersible pump 10 comprises an electric motor 20 which drives
pumping section 30. Pumping section 30 impels geologic fluid 2 through fluid
conduit 4 to surface receiving facility 5 for further processing and or

consumption.

[0041] Referring to HIG. 2, the figure represents an electric submersible pump
10 comprising an clectric motor 20 mechanically coupled to pumping section
30. The electric motor 20 comprises a stator 22, a rotor 24 and rotor bearings
26, at least one of such rotor bearings 26 being a herringbone patterned rotor
bearing, a pressure dam rotor bearing, or a circumferential groove rotor bearing.
Electric motor 20 defines an internal volume 29 which in the embodiment
shown is filled with a lubricant 28. The internal components of the electric
motor are protected from ingress of geologic fluid from the geologic fluid field
by electric motor housing 25 and electric motor seal 27. The electric motor 20

is mechanically coupled to pumping section 30 via drive shaft 40 which is

12
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mechanically coupled to magnetically susceptible rotor 24 which is in turn
driven by stator 22. In the embodiment shown, drive shaft 40 is supported and
stabilized by drive shaft support bearings 46 and rotor bearings 26. In the
embodiment shown, rotor bearings 26 comprise a fixed portion attached to the
inner surface of the stator 22 and a rotary surface 26r which co-rotates with the
drive shaft 40. Those of ordinary skill in the art will understand that with
respect to the embodiment shown in FIG. 2 (and other embodiments disclosed
herein) that during operation of the electric motor 20 the lubricant 28 is in fluid
contact with the rotating surfaces of the rotor and rotor bearings, such rotating
surfaces being illustrated in FIG. 2 as elements 24r and 26r respectively.
Element 26s represents a surface of the stationary component of rotor bearing 26

opposite rotatry surface 26r.

{0042] Still referring to FIG. 2, the figure represents an electric submersible
pump 10 comprising a pumping section 30 mechanically coupled via drive shaft
40 to electric motor 20. During operation, geologic fluid 2 (FIG.1) from the
geologic fluid field 1 (FIG. 1) enters the pumping section 30 via pumping
section inlet 31 defined by pumping section housing 35 and is impelled through
the pumping section by impeller vanes 32 in conjunction with stationary diffuser
elements 33 to a pumping section outlet 34 which may be coupled to a fluid
conduit 4 (FIG. 1) and conveyed therethrough to a surface receiving facility 5
(FIG. 1). In the embodiment shown, drive shaft 40 is supported within the

pumping section 30 by drive shaft support bearing 46.

[0043] Referring to FIG. 3, the figurc represents an clectric motor 20 used
according to one or more embodiments of the present invention. In the
embodiment shown, the clectric motor comprises a pair of magnetically
susceptible rotors 24 supported by three rotor bearings 26. Magnetically
susceptible rotors 24 are configured to be driven by stator 22 and to drive in turn
drive shaft 40 which is supported at each end of the electric motor by drive shaft
support bearings 46. The internal components of electric motor 20; stator 22,
rotors 24, rotor bearings 26, the portion of drive shaft 40 disposed within the

internal volume 29 of the electric motor, drive shaft support bearings 46, and
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lubricant 28 (FIG. 2) are separated from the environment by electric motor
housing 25 and one or more electric motor seals 27 (FIG. 2). In one or more
embodiments of the present invention, rotor bearings 26 comprisc a rotary
sleeve component (See for example rotary sleeve components 52 shown in I'IG
4, subfigures 5OA-50C) and a stationary component (Sce for example stationary
components 54 shown in FlG. 4, subfigures 50D-50T). The rotary sleeve
component is configured to co-rotate with the drive shaft 40 and/or the rotor 24.
The rotary sleeve may be said to be configured to co-rotate with the drive shaft
and/or the rotor by being mechanically coupled to cither or both of the drive
shaft and the rotor. The stationary component of the rotor bearing 26 is said to
be stationary by its being fixed relative to the rotary sleeve. Those of ordinary
skill in the art will understand that the stationary component may possess a
limited range of motion, as in the case of floating rolor bearings comprising a
key structure which prevents co-rotation of the stationary component with the
rotary sleeve component, and yet allows the stationary component a limited
range of periodic motion, the period of which is defined by the key structure and
its complementary structure, typically a groove defined by the inner surface of
the stator into which the key structure inserts. In one or more embodiments of
the present invention the rotor bearing is a floating rotor bearing comprising a
stationary component which is fixed in place by a key, as is shown in FIG. 9
{figure element 98). Those of ordinary skill in the art will appreciate that FIG. 9

represents a floating bearing which additionally comprises centering springs 96.

[0044] Referring to FIG. 4, the figure represents cutaway views of a series of
herringbone patterned rotor bearings 50 which may be used according to one or
more embodiments of the invention. In a first embodiment, the rotor bearing is
a herringbone patierned rotor bearing S0A.  In the embodiment shown,
herringbone patterned rtotor bearing 50A comprises a rotary sleeve 52
configured to be joined to and co-rotate with the drive shaft 40 or the rotor 24.
The outer surface 52r of the rotary sleeve 52 defines a herringbone pattern
comprising grooves 58 converging on and passing through the axial center 56 of

the rotor bearing. The surface 52r of rotary sleeve 52 is separated from the
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stationary component of the rotor bearing 54 by a gap 53. During operation,
lubricant 28 in gap 53 between the outer rotary surface 52r of rotary sleeve 52
and the inner surface 54s of stationary rotor bearing component 54 is driven

towards axial center 56 of the rotor bearing.

[0045] Still Referring to FIG. 4, sub-figure 50B represents a herringbone
patterned rotor bearing in which a portion of rotary surface 52r of rotary sleeve
52 defines grooves 58 separated axially by an un-grooved portion of the rotary
surface 52r incorporating the axial center 56 of the rotor bearing. During
operation, lubricant 28 in gap 53 between the outer rotary surface 52r of rotary
slecve 52 and the inner surface 54s of stationary rotor bearing component 54 is

driven towards axial center 56 of the rotor bearing.

[0046] Siill Referring to FIG. 4, sub-figure 50C represents a herringbone
patterned rotor bearing in which rotary surface 52r of rotary sleeve 52 defines
grooves 58 communicating axially through a lubricant sump 59 incorporating
the axial center 56 of the rotor bearing. During operation, lubricant 28 in gap 53
between the outer rotary surface 52r of rotary sleeve 52 and the inner surface
54s of stationary rotor bearing component 54 is driven towards axial center 56

of the rotor bearing and lubricant sump 59.

[0047] In each of the embodiments shown in sub-figures 50A, 50B and 50C, the
inner surface 54s of the stationary component 54 may or may not define surface
structures. In one or more embodiments, the inner surface of stationary

component 54 is substantially smooth.

[0048] Still Referring to FIG. 4, sub-figures 50D-50F represent stationary
components of herringbone patterned rotor bearings configured to be joined to
one or more stationary coinponenls of the electric motor, for example the
electric motor housing or the stator. In each of sub-figures SOD-50F the inner
surface 54s of the stationary component 54 of the rotor bearing defines a
herringbone pattern comprising grooves 58. In the case of sub-figure 50D the

herringbone pattern is analogous to that of sub-figure S0A, and the grooves 58
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converge on and pass through the axial center 56 of the rotor bearing. In the
case of sub-figure S0E the herringbone pattern is analogous to that of sub-figure
50B, and the grooves 58 arc scparated axially by an un-grooved portion of the
stationary surface 54s incorporating the axial center 56 of the rotor bearing. In
the case of sub-figure S0F the herringbone pattern is analogous to that of sub-
figure 50C, and grooves 58 communicate axially through a lubricant sump 59
incorporating the axial center 56 of the rotor bearing. In each of sub-figures
50D-50F the rotary sleeve 52 present in the rotor bearing is not shown in order
to better illustrate the surface structures defined by inner surface 54s. During
operation, lubricant 28 in gap 53 between the outer rotary surface 52r of rotary
sleeve 52 and the inner surface 54s of stationary rotor bearing component 54 is

driven towards axial center 56 of the rotor bearing.

{0049] In each of the embodiments shown in sub-figures 50D, 50E and 50F, the
outer surface 52r of the rotary sleeve 52 may or may not define surface
structures. In one or more embodiments, outer surface 52r is substantially

smooth.

[0050] Referring to FIG.s 5 and FIG. 6, the figures represent a pressure dam
rotor bearing 60 shown in three dimensional (FIG. 5) and cross-sectional view
(FIG.6), which may be used in accordance with one or more embodiments of the
invention. Pressurc dam rotor bearing 60 compriscs a rotary sleeve 62 (FIG. 6)
configured to be joined to and co-rotate with the drive shaft 40 or the rotor 24 of
the electric motor, and a stationary component 64 (FIG. 6) which may fixed to a
suitably stationary part of the clectric motor, for example the inner wall of the
stator or the electric motor housing. Pressure dam rotor bearing 60 comprises a
pressure dam 61 (FIG. 5), a discontinuous circumferential relicf 65 and a

continuous circumferential relief 66.

[0051] Referring to FIG. 6, the figure represents an axial cross-sectional view of
pressure dam rotor bearing 60 (sub-figure 60A) and longitudinal cross-sectional
view (sub-figure 60B) of pressure dam rotor bearing 60. In the embodiment

shown in sub-figure 60A, Figure element 65L. indicates the circumferential
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length of discontinuous circumferential relief 65 which may span up to about
150° of the circumference of the rotor bearing. Figure element 66L. represents
the circumferential length of the continuous circumferential relicf 66 which may
span up to about 170° of the circumference of the rotor bearing. In the
embodiment shown in sub-figure 60B, figure clement 651, represents the axial
length of discontinuous circumferential relief 65, and figure element 661.,
represents the axial length of the continuous circumferential relief 66.

Typically, axial lengths 651, and 661, are between about 50% and about 30%
of the total length 68L of the rotor bearing 60.

[0052] Referring to FIG. 7, the figurc represents a circumferential groove rotor
bearing 70 which may be used in accordance with one or more embodiments of
the invention. Sub-figure 70A illustrates a circamferential groove rotor bearing
comprising a rotary sleeve 72 configured to be mechanically coupled to either
the rotor 24 or the drive shaft 40 of the electric motor 20. In one or more
embodiments drive shaft 40 may be a hollow drive shaft. Rotary sleeve outer
surface 72r defines a circumferential groove 76 within the axial center 56 of the
rotor bearing. A gap 73 separates rotary sleeve 72 from stationary component
74 of the circumferential groove rotlor bearing. During operation,
circamferential groove 76 remains largely full of lubricant 28. Sub-figure 70B
illustrates a circumferential groove rotor bearing much like that in sub-figure
70A, except that a surface 74s of stationary component 74 defines the

circumferential groove.

[0053] Referring to FIG. 8, the figure represents a combination 80 of an o-ring
supported squeeze-film damper centering device and a hydrodynamic rotor
bearing deployed within an clectric submersible pump provided by the present
invention. In the embodiment shown, the o-ring supported squecze-film damper
centering device consists of o-ring supports 86 and lubricant-filled clearance gap
88. The clearance gap 88 is defined by the o-rings together with the inner
surface 87s of stator 87 of the electric submersible pump, and the outer surface
840 of stationary component 84 of the rotor bearing. The rotor bearing

comprises a rotary sleeve 82 which in the embodiment shown is configured to
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co-rotate with hollow drive shaft 40 defining a drive shaft inner cavity 40h. In
an alternate embodiment, rotary sleeve is configured to co-rotate with a rotor 24.
A gap 83 separates rotary sleeve 82 from stationary component 84 of the rotor
bearing. In one or more embodiments, the rotor bearing used according to the
combination illustrated in FIG. § is selected from the group consisting of
hetringbone patterned rotor bearings, pressure dam rotor bearings, and

circumferential groove rotor bearings.

[0054] Referring to FIG. 9, the figure represents combination 90 of an integral
spring squeeze-film damper centering device and a herringbone patterned rotor
bearing 50 of Lype shown in substructures S0A and 50B deployed within an
electric submersible pump provided by the present invention. The herringbone
patterned rotor bearing 50 is shown as disposed within stator bore 95 of stator
97 of the electric motor of the electric submersible pump. The lubricant-filled
stator bore provides the dampening component of the squeeze-film damper
centering device. The herringbone patterned rotor bearing 50 comprises a rotary
sleeve 52 configured to co-rotate with drive shaft 40. Rotary sleeve 52 defines
grooves 58 on rotary surface 521, the outer surface of the rotary sleeve. Rotary
sleeve is disposed within stationary component 54 of the herringbone patterned
rotor bearing. The inner surface 54s of stationary component 54 does not define
surface features such as grooves 58 and is substantially smooth. The integral
spring squeeze-film damper centering device comprises cenlering springs 96
which support stationary component 54 of the herringbone patterned rotor
bearing 50. The centering springs 96 contact both the outer surface 540 of
stationary component 54 and the inner surface 97s of stator 97. Key 98 acts to
inhibit rotation of the stationary component 54 of the herringbone patterned
rotor bearing 50. The stator bore 95 is [illed with lubricant 28 which provides
the dampening component of the squeeze-film damper centering device

illustrated in the embodiment shown in FIG. 9.
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EXPERIMENTAL PART

[0055] The following Example 1 illustrates the performance advantages
provided by the present invention. A two pole, two rotor 562-series electric
submersible pump induction motor available from GE Axtificial Lift, Oklahoma
City, US.A. was fitted with three herringbone patterned rotor bearings of the
type SOA illustrated in FIG. 4 herein and was compated with an electric
submersible pump motor having conventional sleeve bearings. In the
experimental electric motor used as described herein, the stationary components
of the herringbone patterned rotor bearings were of the floating bearing type
having the range of rolational motion limited within the stator by a key as in
FIG. 9 of this disclosure, although no centering springs 96 were employed.
Shaft vibration measurements were obtained from optical sensors located within
the motor during controlled experimental operation. During these experiments
the motor was oriented vertically. Experimental results are gathered in 'T'able 1
and illustrate the surprising enhancement to performance brought about through

the use of the herringbone patterned rotor bearings.

Table 1
| Rotor "Example 1 Exam'ple 1 o

Speed | Sub-synchronous [Normalized] Synchronous [Normalized]
[RPM]

1350 0.67 0.27

1668 } 0.50 0.27

1962 0.43 0.27

2214 0.43 0.23

2478 0.37 0.27

2820 0.30 0.24

3120 0.27 0.23

3420 0.20 0.23

3708 0.01 0.25

3960 0.00 0.28

4140 0.00 0.40

4200 0.00 0.60

4380 0.00 1.00
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[0056] The results given in Table 1 have been normalized such that the largest
vibration amplitude measured is equal to one. In this case that corresponds to
the synchronous vibration at 4400 RPM. The figurc shows the initial sub-
synchronous vibration amplitude is very large and approximately equal to three
times the synchronous amplitude. As the rotor speed increases motor equipped
with the herringbone groove bearing exhibits progressively attenuated vibration
characteristics such that at operating speeds of 3600 RPM and higher the
asynchronous vibration characteristic observable at lower operating speeds has

been completely removed.

[00571 Comparative dala obtained from an analogous clectric submersible pump
motor comprising conventional sleeve bearings instead of the herringbone
patterned rotor bearings used in Example 1, showed substantial sub-synchronous
vibration at all shaft speeds tested, and little or no sensitivity of the sub-
synchronous vibration characteristics to shaft speed. 'Thus, unlike the electric
submersible pump motor comprising the herringbone patterned rotor bearings,
sub-synchronous vibration of the electric submersible pump motor comprising

the conventional sleeve bearings did not disappear at higher shaft speeds.

[0058] The foregoing examples are merely illustrative, serving to illustrate only
some of the features of the invention. The appended claims are intended to
claim the invention as broadly as it has been conceived and the examples hercin
presented are illustrative of selected embodiments from a manifold of all
possible embodiments.  Accordingly, it is Applicants' intention that the
appended claims arc not to be limited by the choice of examples utilized to
illustrate features of the present invention. As used in the claims, the word
"comprises” and its grammatical variants logically also subtend and include
phrases of varying and differing extent such as for example, but not limited
thereto, "consisting essentially of" and "consisting of." Where necessary, ranges
have been supplied, those ranges are inclusive of all sub-ranges there between.
It is to be expected that variations in these ranges will suggest themselves to a
practitioner having ordinary skill in the art and where not already dedicated to

the public, those variations should where possible be construed to be covered by
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the appended claims. It is also anticipated that advances in science and
technology will make equivalents and substitutions possible that are not now
contemplated by rcason of the imprecision of language and these variations

should also be construed where possible to be covered by the appended claims.
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What is claimed is:
1. An electric submersible pump comprising:

(a) an oil-filled electric motor comprising a dielectric oil, at least one stator, at
least one rotor, and at least one herringbone patterned rotor bearing;

(b) a pumping section comprising a plurality of impeller vanes; and

(c) a drive shaft mechanically coupled to the rotor and the impeller vanes;

wherein the herringbone patterned bearing is submerged within the
dielectric oil contained within the motor.

2. The electric submersible pump according to claim 1 comprising a single rotor.

3. The electric submersible pump according to claim 1, comprising a plurality of
rotors and a plurality of rotor bearings.

4. The electric submersible pump according to claim 1, wherein the at least one
herringbone patterned rotor bearing comprises a rotary surface, a stationary
surface, and an axial center, wherein the rotary surface defines one or more
grooves configured to drive lubricant towards the axial center of the rotor bearing
during operation.

5. The electric submersible pump according to claim 1, wherein the at least one
herringbone patterned rotor bearing comprises a rotary surface, a stationary
surface, and an axial center, wherein the stationary surface defines one or more
grooves configured to drive lubricant towards the axial center of the rotor bearing
during operation.

6. The electric submersible pump according to claim 1, wherein the at least one
herringbone patterned rotor bearing comprises a rotary surface, a stationary
surface, and an axial center, wherein the rotary surface defines one or more
grooves which do not converge at the axial center of the bearing, and wherein such
grooves are configured to create a lubricant sump within the rotor bearing during
operation.

7. The electric submersible pump according to claim 1, wherein the at least one
herringbone patterned rotor bearing comprises a rotary surface, a stationary
surface, and an axial center, wherein the stationary surface defines one or more
grooves which do not converge at the axial center of the bearing, and wherein such
grooves are configured to create a lubricant sump within the rotor bearing during
operation.

8. The electric submersible pump according to claim 1, further comprising at least
one pressure dam rotor bearing.

23899735.2
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9. The electric submersible pump according to claim 1, further comprising at least

one circumferential groove bearing comprising a rotary surface and a stationary
surface, and wherein the rotary surface defines a circumferential groove.

10. The electric submersible pump according to claim 1, further comprising at least
one circumferential groove bearing comprising a rotary surface and a stationary
surface, and wherein the stationary surface defines a circumferential groove.

11. An electric submersible pump comprising:

(a) an oil-filled electric motor comprising a dielectric oil, at least one stator, at
least one rotor, and at least one herringbone patterned rotor bearing;

(b) at least one additional rotor support component which is a squeeze film
damper centering device;

(c) a pumping section comprising a plurality of impeller vanes; and

(d) a drive shaft mechanically coupled to the rotor and the impeller vanes;
wherein the herringbone patterned bearing is submerged within the dielectric oil
contained within the motor.

12. The electric submersible pump according to claim 11, wherein the squeeze film
damper centering device comprises one or more of a squirrel cage, a centering
spring, an integral centering spring, a coil spring, an o-ring centering spring, and
combinations of two or more of the foregoing components.

13. The electric submersible pump according to claim 11, further comprising a
hydrodynamic rotor bearing selected from the group consisting of cylindrical sleeve
bearings, multilobe bearings, tilting pad bearings, circumferential groove bearings,
and pressure dam bearings.

14. The electric submersible pump according to claim 11, wherein the squeeze film
damper centering device is located between a stationary component of the
herringbone patterned rotor bearing and a hydrodynamic rotor bearing support fixed
to the stator.

15. An electric submersible pump comprising: (a) an oil-filled electric motor
comprising a dielectric oil, at least one stator, a plurality of rotors, and a plurality of
herringbone patterned rotor bearings; (b) a pumping section comprising a plurality of
impeller vanes; and (c) a drive shaft mechanically coupled to the plurality of rotors
and the impeller vanes; wherein the herringbone patterned bearings are submerged
within the dielectric oil contained within the motor.

16. The electric submersible pump according to claim 15, further comprising one or
more pressure dam rotor bearings.

17. The electric submersible pump according to claim 15, further comprising one or
more circumferential groove rotor bearings.

18. The electric submersible pump according to claim 15, further comprising at least
one additional rotor support component which is a squeeze film damper centering
device.

23899735.2
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19. The electric submersible pump according to claim 18, wherein the squeeze film
damper centering device comprises one or more of a squirrel cage centering spring,
an integral centering spring, a coil spring, an o-ring centering spring, and
combinations of two or more of the foregoing components.
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