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(57) ABSTRACT

Hydrodynamic bearing assemblies and apparatuses are dis-
closed. Such hydrodynamic bearing assemblies may be
employed in bearing apparatuses for use in downhole motors
of a subterranean drilling system or other mechanical sys-
tems. In one embodiment of the present invention, a hydro-
dynamic bearing assembly includes a plurality of bearing
segments distributed circumferentially about an axis. Each
bearing segment includes a superhard bearing surface. The
plurality of bearing segments define a plurality of seams.
Each seam is formed between circumferentially-adjacent
bearing segments of the plurality of bearing segments. Fur-
ther embodiments of the present invention include hydrody-
namic bearing apparatuses and downhole motors that may
utilize any of the disclosed hydrodynamic bearing assem-
blies.
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HYDRODYNAMIC BEARING ASSEMBLIES,
AND HYDRODYNAMIC BEARING
APPARATUSES AND MOTOR ASSEMBLIES
USING SAME

BACKGROUND

Subterranean drilling systems that employ downhole drill-
ing motors are commonly used for drilling boreholes in the
earth for oil and gas exploration. FIG. 1 is a schematic iso-
metric partial cross-sectional view of a prior art subterranean
drilling system 100. The subterranean drilling system 100
includes a housing 102 enclosing a downhole drilling motor
104 (i.e., a motor, turbine, or any other device capable of
rotating a shaft) that is operably connected to an output shaft
106. A thrust-bearing apparatus 108 is also operably coupled
to the downhole drilling motor 104. A rotary drill bit 112
configured to engage a subterranean formation and drill a
borehole is connected to the output shaft 106. The rotary drill
bit 112 is shown as a roller cone bit including a plurality of
roller cones 114. However, other types of rotary drill bits,
such as so-called “fixed cutter” drill bits are also commonly
used. As the borehole is drilled, pipe sections may be con-
nected to the subterranean drilling system 100 to form a drill
string capable of progressively drilling the borehole to a
greater depth within the earth.

The thrust-bearing apparatus 108 includes a stator 116 that
does not rotate and a rotor 118 that is attached to the output
shaft 106 and rotates with the output shatt 106. The stator 116
and rotor 118 each include a plurality of bearing elements 120
that may be fabricated from polycrystalline-diamond com-
pacts that provide diamond bearing surfaces that bear against
each other during use.

In operation, high pressure drilling fluid is circulated
through the drill string and power section (not shown) of the
downhole drilling motor 104, usually prior to the rotary drill
bit 112 engaging the bottom of the borehole, to generate
torque and rotate the output shaft 106 and the rotary drill bit
112 attached to the output shaft 106. Unless rotated from
above by the drill rig rotary, the housing 102 of the downhole
drilling motor 104 remains stationary as the output shaft 106
rotates the rotary drill bit 112. When the rotary drill bit 112
engages the bottom of the borehole, a thrust load is generated,
which is commonly referred to as “on-bottom thrust” that
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bearing surfaces of the bearing elements 120 may have a
fairly low coefficient of friction, frictional contact between
the diamond bearing surfaces of the stator 116 and the rotor
118 can still lower the operational efficiency of the subterra-
nean drilling system 100 due to frictional losses. Therefore,
manufacturers and users of subterranean drilling systems
continue to seek bearing apparatuses with improved wear
resistance and efficiency.

SUMMARY

Hydrodynamic bearing assemblies and bearing appara-
tuses are disclosed. Such hydrodynamic bearing assemblies
may be employed in bearing apparatuses for use in downhole
motors of a subterranean drilling system or other mechanical
systems. In one embodiment of the present invention, a
hydrodynamic bearing assembly includes a plurality of bear-
ing segments distributed circumferentially about an axis.
Each bearing segment includes a superhard bearing surface.
The plurality of bearing segments define a plurality of seams.
Each seam is formed between circumferentially-adjacent
bearing segments of the plurality of bearing segments.

Further embodiments of the present invention include a
hydrodynamic bearing apparatus (e.g., a radial-bearing appa-
ratus and a thrust-bearing apparatus) and a downhole motor
that may utilize any of the disclosed hydrodynamic bearing
assemblies.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings illustrate several embodiments of the present
invention, wherein like reference numerals refer to like ele-
ments or features in different views or embodiments shown in
the drawings.

FIG. 1is a schematic isometric partial cross-sectional view
of a prior art subterranean drilling system including a thrust-
bearing apparatus.

FIG. 2A is an isometric view of a hydrodynamic thrust-
bearing assembly according to one embodiment of the
present invention.

FIG. 2B is an isometric partial cross-sectional view taken
along line 2B-2B of the hydrodynamic thrust-bearing assem-
bly shown in FIG. 2A.

tends to compress the thrust-bearing apparatus 108. The on- 45 FIG. 2C is an isometric view of the support ring shown in
bottom thrust is carried, at least in part, by the thrust-bearing FIGS. 2A and 2B according to one embodiment of the present
apparatus 108. Fluid flow through the power section may invention.

cause what is commonly referred to as “off-bottom thrust,” FIG. 2D is an isometric view of two adjacent bearing
which is carried, at least in part, by another thrust-bearing segments shown in FIGS. 2A and 2B assembled together to
apparatus that is not shown in FIG. 1. The drilling fluid used 50 form a seam therebetween.

to generate the torque for rotating the rotary drill bit 112 exits
openings formed in the rotary drill bit 112 and returns to the
surface, carrying cuttings of the subterranean formation
through an annular space between the drilled borehole and the
subterranean drilling system 100. Typically, a portion of the
drilling fluid is diverted by the downhole drilling motor 104 to
cool and lubricate both the thrust-bearing apparatus 108 and
the other thrust-bearing apparatus.

Both the off-bottom and on-bottom thrust carried by the
thrust-bearing apparatuses can be extremely large. Accord-
ingly, the operational lifetime of the thrust-bearing appara-
tuses often determines the useful life for the subterranean
drilling system 100. For example, despite diamond having a
relatively high wear resistance, repetitive contact between the
bearing elements 120 of the stator 116 and the rotor 118
during drilling can cause the bearing elements 120 to wear
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FIG. 2E is a top plan view of the two adjacent bearing
segments shown in FIG. 2D.

FIG. 2F is a top plan view of two adjacent bearing seg-
ments, with each bearing segment including substantially
planar ends, according to another embodiment of the present
invention.

FIG. 2G is a top plan view of two adjacent bearing seg-
ments, with each bearing segment including curved ends,
according to yet another embodiment of the present inven-
tion.

FIG. 3 is top plan view of a bearing segment comprising
ends configured to limit fluid leakage according to another
embodiment of the present invention.

FIG. 4A is a top plan view of the two adjacent bearing
segments shown in FIGS. 2D and 2E, with a sealant material
disposed within the seam, according to another embodiment
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FIG. 4B is a cross-sectional view of the two adjacent bear-
ing segments shown in FIG. 4B taken along line 4B-4B.

FIG. 5A is an isometric view of a thrust-bearing apparatus
that may employ any of the disclosed hydrodynamic thrust-
bearing assemblies according to one embodiment of the
present invention, with the housing shown in cross-section.

FIG. 5B is an isometric view of the thrust-bearing appara-
tus shown in FIG. 5A taken along line 5B-5B.

FIG. 5C is an isometric partial cross-sectional view of the
thrust-bearing apparatus shown in FIG. 5A taken along line
5B-5B showing a fluid film that develops between the bearing
segments of the rotor and stator during certain operational
conditions, with the shaft and housing not shown for clarity.

FIG. 5D is an isometric view of the rotor shown in FIGS.
5A and 5B.

FIG. 5E is a cross-sectional view of a bearing element
including a leading section exhibiting a concavely curved
geometry according to another embodiment of the present
invention.

FIG. 5F is a cross-sectional view of a bearing element
including a leading section geometry exhibiting a convexly
curved geometry according to a further embodiment of the
present invention.

FIG. 5G is a cross-sectional view of a bearing element
including a leading section exhibiting a non-planar geometry
according to yet another embodiment of the present inven-
tion.

FIG. 6A is an isometric view of a hydrodynamic radial-
bearing assembly according to another embodiment of the
present invention.

FIG. 6B is an isometric partial cross-sectional view taken
along line 6B-6B.

FIG. 6C is an isometric view of the support ring shown in
FIGS. 6A and 6B according to one embodiment of the present
invention.

FIG. 6D is an isometric view of one of the bearing seg-
ments shown in FIGS. 6A and 6B.

FIG. 7A is an isometric partial cross-sectional view of a
radial-bearing apparatus that may utilize any of the disclosed
hydrodynamic radial-bearing assemblies according to one
embodiment of the present invention.

FIG. 7B is an exploded isometric view of the radial-bearing
apparatus shown in FIG. 7A.

FIG. 8 is a schematic isometric partial cross-sectional view
of a subterranean drilling system including a thrust-bearing
apparatus utilizing any of the previously described bearing
assemblies according to various embodiments of the present
invention.

DETAILED DESCRIPTION

Embodiments of the present invention relate to a hydrody-
namic bearing assembly (e.g., a rotor or stator of a thrust-
bearing apparatus) including a plurality of bearing segments
assembled together to form a substantially continuous bear-
ing element. The disclosed hydrodynamic bearing assemblies
may be employed in bearing apparatuses for use in a down-
hole motor of a subterranean drilling system and other
mechanical systems.

FIGS. 2A and 2B are isometric and isometric partial cross-
sectional views, respectively, of a hydrodynamic thrust-bear-
ing assembly 200 according to one embodiment of the present
invention. The hydrodynamic thrust-bearing assembly 200
includes a support ring 202 that carries a plurality of circum-
ferentially-adjacent, arcuately-shaped bearing segments 204.
The bearing segments 204 are distributed about a thrust axis
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during use. Each bearing segment 204 is located circumfer-
entially adjacent to another bearing segment 204, with a seam
206 formed therebetween. The bearing segments 204 collec-
tively form a substantially continuous bearing element. The
support ring 202 may include an inner, peripheral surface 207
defining an aperture 209 generally centered about the thrust
axis 205. The aperture 209 may receive a motor shaft (e.g., a
downhole drilling motor shaft).

As shown in FIG. 2B, each bearing segment 204 may be a
superhard compact (e.g., a polycrystalline diamond compact
(“PDC”)) that includes a superhard table 208 of superhard
material (e.g., polycrystalline diamond) bonded to a substrate
210 (e.g., a cobalt-cemented tungsten carbide substrate).
Each superhard table 208 includes a bearing surface 212. The
bearing surfaces 212 of the superhard tables 208 collectively
form a substantially continuous bearing surface. The term
“superhard,” as used herein, means a material having a hard-
ness at least equal to a hardness of tungsten carbide. Any
superhard material may be used, such as silicon carbide, a
diamond-silicon carbide composite, polycrystalline cubic
boron nitride, polycrystalline cubic boron nitride and poly-
crystalline diamond, silicon carbide and polycrystalline
boron nitride mixed with polycrystalline diamond, or any
other suitable superhard material or mixture of superhard
materials. However, in certain embodiments of the present
invention, the superhard tables 208 may be omitted, and each
bearing segment 204 may be made from a superhard material,
such as cemented tungsten carbide.

FIG. 2C is an isometric view of the support ring 202 that
illustrates the configuration thereof in more detail. The sup-
port ring 202 includes an annular slot 214 defined by a cir-
cumferentially extending outer wall 216, a circumferentially
extending inner wall 218, and a base 220. The bearing seg-
ments 204 (FIGS. 2A and 2B) may be assembled within the
annular slot 214 and secured to the support ring 202 within the
annular slot 214 by brazing the bearing segments 204 (FIGS.
2A and 2B) to the support ring 202, press-fitting the bearing
segments 204 (FIGS. 2A and 2B) to the support ring 202
and/or with or against each other, attaching each of the bear-
ing segments 204 (FIGS. 2A and 2B) to the support ring 202
with a fastener, or another suitable technique. It is noted that
the support ring 202 merely represents one embodiment for a
support ring and other configurations may be used. For
example, according to another embodiment of the present
invention, a support ring may lack an annular slot.

FIGS. 2D and 2E are isometric and plan views, respec-
tively, that show the structure of the bearing segments 204 and
the manner in which the bearing segments 204 may be
assembled together. Each bearing segment 204 includes a first
end region 218 and a second end region 220, with one of the
bearing surfaces 212 extending therebetween. Each first end
region 218 and second end region 220 may be configured to
limit fluid from being able to leak through the seams 206
formed between adjacent bearing segments 204. For
example, the second end region 220 of one bearing segment
204 may be configured to correspond with and, in some
embodiments, may mesh with the first end region 218 of an
adjacent bearing segment 204. In the illustrated embodiment,
each first end region 218 and second end region 220 of the
bearing segments 204 is configured with a serrated geometry.
Such a configuration may provide a tortuous path to limit fluid
leakage radially through the seams 206. Depending upon the
tolerances of the bearing segments 204, all or a portion of the
seams 206 may comprise a relatively small gap 222. For
example, the gap 222 may exhibit a width of about 0.00020
inches (0.0051 mm) to about 0.100 inches (2.54 mm), and

more particularly about 0.00020 inches (0.0051 E%ﬂﬂlf%og
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0.020 inches (0.51 mm). In another embodiment of the
present invention shown in FI1G. 2F, a first end region 218" and
a second end region 220' of each bearing segment 204' may be
substantially planar and may abut with each other when
assembled. In yet a further embodiment of the present inven-
tion shown in FIG. 2G, a first end region 218" and a second
end region 220" of each bearing segment 204" may exhibit
curved surfaces configured to mate with each other when
assembled.

In other embodiments of the present invention, each first
end region 218 and second end region 220 may exhibit
another, selected non-planar configuration that departs from
the illustrated embodiment shown in FIGS. 2D and 2E. For
example, FIG. 3 is a top plan view that shows a bearing
segment 300 according to another embodiment of the present
invention. The bearing segment 300 includes a superhard
table 302 bonded to a substrate (not shown) including a first
end region 304, a second end region 306, and a bearing
surface 308 of the superhard table 302 extending between the
first end region 304 and second end region 306. The first end
region 304 comprises rectangular-shaped slots 310 and rect-
angular-shaped ridges 312 and the second end region 306 also
includes rectangular-shaped slots 314 and rectangular-
shaped ridges 316 to enable at least partial interlocking of a
first end region 304 of one bearing segment 300 with a second
end region 306 of another, circumferentially-adjacent bearing
segment 300.

As discussed above, each bearing segment 204 is posi-
tioned circumferentially adjacent to another bearing segment
204, with one of the seams 206 formed therebetween. If
present, the gaps 222 located between adjacent bearing seg-
ments 204 may be filled with a sealant material to help further
prevent leakage of fluid through the seams 206 (e.g., radially
outwardly). For example, FIGS. 4A and 4B are isometric and
cross-sectional views, respectively, that show another
embodiment of the present invention in which the gaps 222
shown in FIG. 2E may be substantially filed with a sealant
material 400. For example, the sealant material 400 may
comprise a ceramic material, a metallic material, a polymeric
material, or another suitable material. In one embodiment of
the present invention, the sealant material 400 may exhibit
abrasion and/or erosion resistance to commonly used drilling
fluids (also known as drilling mud). For example, the sealant
material 400 may comprise chemically-vapor-deposited
(“CVD”) diamond or a chemically-vapor-deposited carbide
material (e.g., binderless tungsten carbide). Specifically, one
example of a commercially available CVD binderless tung-
sten carbide material (currently marketed under the trade-
mark HARDIDE®) is currently available from Hardide Lay-
ers Inc. of Houston, Tex. In other embodiments, a binderless
tungsten carbide material may be formed by physical vapor
deposition (“PVD”), variants of PVD, high-velocity oxygen
fuel (“HVOF”) thermal spray processes, or any other suitable
process, without limitation. In other embodiments of the
present invention, the braze alloy used to braze the bearing
segments 204 to the support ring 202 may infiltrate the seams
206 and substantially fill the gaps 222. For example, suitable
abrasion resistant braze alloys include, but are not limited to,
silver-copper based braze alloys commercially available from
Handy & Harmon of Canada Limited known as braze 505 and
braze 516 may be employed. In another embodiment of the
present invention, the sealant material 400 may also comprise
a hardfacing material (e.g., a nickel or cobalt alloy) applied at
least within the gaps 222 by thermal spraying. In yet a further
embodiment of the present invention, the sealant material 400
may comprise polyurethane or another suitable polymeric
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In another embodiment of the present invention, a substan-
tially continuous superhard bearing surface may be formed
by depositing a layer of diamond onto a generally planar
surface of a support ring. For example, the layer of diamond
may be deposited using chemical vapor deposition.

Any of the above-described hydrodynamic thrust-bearing
assemblies embodiments may be employed in a hydrody-
namic thrust-bearing apparatus. FIGS. 5A and 5B are isomet-
ric partial cross-sectional views of a hydrodynamic thrust-
bearing apparatus 500 according to one embodiment of the
present invention. The hydrodynamic thrust-bearing appara-
tus 500 may include a stator 502 configured as any of the
previously described embodiments of hydrodynamic thrust-
bearing assemblies. The stator 502 includes a plurality of
circumferentially-adjacent bearing segments 504 (e.g., a plu-
rality of superhard compacts), each of which includes a bear-
ing surface 505 and may exhibit, for example, the configura-
tion of the bearing segment 204. The bearing segments 504
may be mounted or otherwise attached to a support ring 506.
The hydrodynamic thrust-bearing apparatus 500 further
includes a rotor 508. The rotor 508 includes a support ring 512
and a plurality of bearing elements 514 (e.g., a plurality of
superhard compacts) mounted or otherwise attached to the
support ring 512, with each of the bearing elements 514
having a bearing surface 515. The terms “rotor” and “stator”
refer to rotating and stationary components of the thrust-
bearing apparatus 500, respectively. As shown in FIG. 5B, a
shaft 510 may be coupled to the support ring 512 and operably
coupled to an apparatus capable of rotating the shaft section
510 in a direction R (or in an opposite direction), such as a
downhole motor. For example, the shaft 510 may extend
through and may be secured to the support ring 512 of the
rotor 508 by press-fitting or threadly coupling the shaft 510 to
the support ring 512 or another suitable technique. A housing
511 may be secured to the support ring 506 of the stator 502
by, for example, press-fitting or threadly coupling the housing
511 to the support ring 506 and may extend circumferentially
about the shaft 510 and the rotor 508.

The operation of the hydrodynamic thrust-bearing appara-
tus 500 is discussed in more detail with reference to FIGS. 5B
and 5C. FI1G. 5C is an isometric partial cross-sectional view in
which the shaft 510 and housing 511 are not shown for clarity.
As shown in FIG. 5B, in operation, drilling fluid or mud 516
may be pumped between the shaft 510 and the housing 511,
and between the bearing elements 514 of the rotor 508. As
shown in FIG. 5C, rotation of the rotor 508 at a sufficient
rotational speed sweeps the drilling fluid onto bearing sur-
faces 505 of the stator 502 and allows a fluid film 517 to
develop between the bearing surfaces 505 of the stator 502
and the bearing surfaces 515 of the rotor 508. Because the
stator 502 includes a plurality of the closely-spaced bearing
segments 504, the fluid film 517 may develop under certain
operational conditions in which the rotational speed of the
rotor 508 is sufficiently great and the thrust load is sufficiently
low. Under certain operational conditions, the pressure of the
fluid film 517 is sufficient to prevent contact between the
bearing surfaces 505 of the stator 502 and the bearing surfaces
515 of the rotor 508 and, thus, substantially reduce wear of the
bearing segments 504 and bearing elements 514. When the
thrust loads exceed a certain value and/or the rotational speed
of' the rotor 508 is reduced, the pressure of the fluid film 517
is not sufficient to prevent the bearing surfaces 505 of the
stator 502 and the bearing surfaces 515 of the rotor 508 from
contacting each other. Under such operational conditions, the
hydrodynamic thrust-bearing apparatus 500 is not operated as
a hydrodynamic bearing. Thus, under certain operational

conditions, the hydrodynamic thrust-bearing ammtﬂi%og
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may be operated as a hydrodynamic thrust-bearing apparatus
and under other conditions the hydrodynamic thrust-bearing
apparatus 500 may be operated so that the bearing surfaces
505 and bearing surfaces 515 contact each other during use or
apartially developed fluid film is present between the bearing
surfaces 505 and bearing surfaces 515. However, the bearing
segments 504 and bearing elements 514 comprising super-
hard materials are sufficiently wear-resistant to accommodate
repetitive contact with each other, such as during start-up and
shut-down of a subterranean drilling system employing the
hydrodynamic thrust-bearing apparatus 500 or other opera-
tional conditions not favorable for forming the fluid film 517.

It is noted that in certain embodiments ofthe present inven-
tion, the rotor may be configured as any of the previously
described embodiments of hydrodynamic thrust-bearing
assemblies instead of the stator.

FIG. 5D is a top isometric view of the rotor 508 that
illustrates the configuration of the bearing elements 514
thereof in more detail. The bearing surface 515 of each bear-
ing elements 514 may include a load bearing section 518 and
a leading section 520 that is configured to promote formation
of the fluid film 517 (FIG. 5C). For example, each bearing
element 514 may include a superhard table bonded to a sub-
strate, with the load bearing section 518 and the leading
section 520 formed in the superhard table. The leading sec-
tion 520 may slope at an angle relative to the load bearing
section 518. The leading section 518 may be configured to
promote sweeping the drilling fluid 516 (FIGS. 5B and 5C)
between the bearing surfaces 505 (FIG. 5C) of the stator 502
(FIG. 5C) and, consequently, formation of the fluid film 517
shown in FIG. 5C while the rotor 508 is rotated. When oper-
ated under conditions that allow for formation of the fluid film
517, the load bearing section 518 and the bearing surfaces 505
of'the stator 502 (FIG. 5C) may not contact each other due to
the pressure of the fluid film 517 (FIG. 5C).

In other embodiments of the present invention, each bear-
ing element of the rotor 508 may include a leading section that
exhibits a non-planar geometry. For example, FIG. 5E is a
cross-sectional view of a bearing element 514' according to
another embodiment of the present invention. The bearing
element 514' includes a load bearing section 518', with a
leading section 520' that may arcuately approach the load
bearing section 518 and exhibit a concave curvature. FIG. 5F
is a cross-sectional view of a bearing element 514" according
to another embodiment of the present invention. The bearing
element 514" includes a load bearing section 518", with a
leading section 520" that may arcuately approach the load
bearing section 518 and exhibit a convex curvature. FIG. 5G
is a cross-sectional view of a bearing element 514" according
to another embodiment of the present invention. The bearing
element 514™ includes a load bearing section 518", with a
leading section 520™ comprising a first section 522 that may
be substantially parallel to the load bearing section 518" and
a second section 524 that slopes at an angle from the load
bearing section 518" and may be substantially planar. In yet
another embodiment of the present invention, the leading
section 520 may include a slot or recess formed therein con-
figured to promote forming the fluid film 517 (FIG. 5C)
between the bearing elements 514 of the rotor 508 and the
bearing segments 504 of the stator 502 that may be as a result
of a beneficial radial pressure gradient over the bearing ele-
ments 514. In other embodiments ofthe present invention, the
bearing elements 514 may be conventional in construction,
without the leading edge sections 220.

The concepts used in the thrust-bearing assemblies and
apparatuses described above may also be employed in radial-
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isometric and isometric partial cross-sectional views, respec-
tively, illustrating a radial-bearing assembly 600 according to
one embodiment of the present invention. The radial-bearing
assembly 600 includes a support ring 602 extending about an
axis 604. The support ring 602 includes an interior surface
606 defining an opening 608 that is capable of receiving, for
example, a shaft of a motor from a downhole motor assembly
or other apparatus. A plurality of bearing segments 610 are
distributed circumferentially about the axis 604. Each bearing
segment 610 comprises a superhard table 612 including a
convexly-curved bearing surface 614. Each superhard table
612 may be bonded to a corresponding substrate 616. (FIGS.
6B and 6D). Each bearing surface 614 may be convexly
curved to lie on an imaginary cylindrical surface. The super-
hard tables 612 and substrates 616 may be fabricated from the
same materials described above for the bearing segments 204
shown in FIGS. 2A and 2B.

With continued reference to FIGS. 6A and 6B, a seam 618
is formed between circumferentially-adjacent bearing seg-
ments 610. As with the thrust-bearing assembly 200
described above, if desired, any of the previously described
sealant materials may be disposed within a gap (not shown)
that may be formed between adjacent bearing segments 610
to help further prevent fluid leakage through the seams 618.

FIG. 6C is an isometric view of the support ring 602 that
shows the configuration thereof in more detail. The support
ring 602 includes a circumferentially extending recess 620
partially defined by generally planar surfaces 622 that inter-
sect each other an angle greater than zero degrees. The bear-
ing segments 610 may be secured within the slot 620 by
brazing, press-fitting, using fasteners, or another suitable
technique.

FIG. 6D is an isometric view of one of the bearing seg-
ments 610 that shows the structure thereof in more detail,
which may be representative of all of the bearing segments
610 shown in FIGS. 6A and 6B. As shown and discussed
above, the bearing segment 610 includes a superhard table
612 bonded to the substrate 616. As with the bearing seg-
ments 204, the bearing segment 610 includes a first end region
624 and a second end region 626, with the bearing surface 614
extending therebetween. The first end region 624 and second
end region 624 may exhibit any of the previously described
geometries, such as a serrated geometry illustrated in FIGS.
6A through 6D or the end geometries shown in FIGS. 2F, 2G,
and 3 to enable mating adjacent bearing segments together
and limit fluid leakage through seams between adjacent bear-
ing segments.

FIGS. 7A and 7B are isometric partial cross-sectional and
exploded isometric views, respectively, of a radial-bearing
apparatus 700 according to yet another embodiment of the
present invention. The radial-bearing apparatus 700 includes
an inner race 702 (i.e., a stator) that may be configured as the
radial-bearing assembly 600 shown in FIG. 6A. The inner
race 702 defines an opening 703 and includes a plurality of
circumferentially-adjacent bearing segments 704 (e.g., a plu-
rality of superhard compacts), each of which includes a con-
vexly-curved bearing surface 706. The radial-bearing appa-
ratus 700 further includes an outer race 708 (i.e., a rotor) that
extends about and receives the inner race 702. The outer race
708 includes a plurality of circumferentially-spaced bearing
elements 710 (e.g., a plurality of superhard compacts), each
of which includes a concavely-curved bearing surface. The
terms “rotor” and “stator” refer to rotating and stationary
components of the radial-bearing apparatus 700, respectively.
Thus, if the outer race 708 is configured to remain stationary,
the outer race 708 can be referred to as the stator and the inner
race 702 can be referred to as the rotor.
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Each concavely-curved bearing surface of a corresponding
bearing element 710 may include a load bearing section 714
and leading sections 716. Each leading section 716 may be
slanted at an angle relative to the load bearing section 714 in
a radial outward direction or may exhibit a leading section
geometry similar to the leading sections shown in FIGS.
5E-5G. For example, each bearing element 710 may be con-
figured as a superhard compact including a superhard table
bonded to a substrate, with the load bearing section 714 and
leading section 716 formed in the superhard table. The lead-
ing sections 716 help sweep lubricant onto the bearing sur-
faces 706 of the stator 702 to form a fluid film in a manner
similar to the leading sections 520 of the bearing elements
514 shown in FIG. 5D. It is noted, that in other embodiments
of'the present invention, the bearing elements 710 may also be
conventional in construction, without the slanted leading sec-
tions 716. A shaft or spindle (not shown) may extend through
the opening 703 and may be secured to the stator 702 by
press-fitting the shaft or spindle to the stator 702, threadly
coupling the shaft or spindle to the stator 702, or another
suitable technique. A housing (not shown) may also be
secured to the rotor 704 using similar techniques.

The radial-bearing apparatus 700 may be employed in a
variety of mechanical applications. For example, so-called
“roller cone” rotary drill bits may benefit from a radial-bear-
ing. apparatus disclosed herein. More specifically, the inner
race 702 may be mounted or affixed to a spindle of a roller
cone and the outer race 708 may be affixed to an inner bore
formed within a cone and that such an outer race 708 and
inner race 702 may be assembled to form a radial-bearing
apparatus.

It is noted that the inner race 702 of the radial-bearing
assembly 700 is shown with a plurality of circumferentially-
adjacent bearing segments assembled together to form a sub-
stantially continuous bearing element. However, in other
embodiments of the present invention, an outer race of a
radial-bearing apparatus may include a plurality of circum-
ferentially-adjacent bearing segments assembled together
that form a substantially continuous bearing element. In such
an embodiment, an inner race of the radial-bearing apparatus
may include a plurality of circumferentially-adjacent bearing
elements, each of which may include a leading section, as
previously described, configured to promote sweeping lubri-
cant onto the substantially continuous bearing element of the
outer race during operation.

In operation, rotation of the shaft sections (not shown)
secured to the rotor 708 effects rotation of the rotor 708
relative to the stator 702. Drilling fluid or other lubricant may
be pumped between the bearing surfaces 712 of the rotor 708
and the bearing surfaces 706 of the stator 702. When the rotor
704 rotates, the leading edge sections 716 of the bearing
elements 710 may sweep lubricant (e.g., drilling fluid or other
lubricant) onto the bearing surfaces 706 of the stator 702. As
previously described with respect to the thrust-bearing appa-
ratus 500, at sufficient rotational speeds for the rotor 708, a
fluid film may develop between the bearing surface 712 of the
bearing elements 710 and the bearing surfaces 706 of the
bearing segments 704 having sufficient pressure to maintain
the bearing surfaces 712 and the bearing surfaces 706 apart
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ment of the present invention that uses a hydrodynamic
thrust-bearing apparatus. The subterranean drilling system
800 includes a housing 802 enclosing a downhole drilling
motor 804 (i.e., a motor, turbine, or any other device capable
of rotating an output shaft) that is operably connected to an
output shaft 806. A hydrodynamic thrust-bearing apparatus
808 is operably coupled to the downhole drilling motor 804.
The hydrodynamic thrust-bearing apparatus 808 may be con-
figured as any of the previously described hydrodynamic
thrust-bearing apparatus embodiments. A rotary drill bit 812
configured to engage a subterranean formation and drill a
borehole is connected to the output shaft 806. The rotary drill
bit 812 is shown as a roller cone bit including a plurality of
roller cones 814. However, other embodiments of the present
invention may utilize different types of rotary drill bits, such
as so-called “fixed cutter” drill bits. As the borehole is drilled,
pipe sections may be connected to the subterranean drilling
system 800 to form a drill string capable of progressively
drilling the borehole to a greater depth within the earth.

The thrust-bearing apparatus 808 includes a stator 816 that
does not rotate and a rotor 818 that is attached to the output
shaft 106 and rotates with the output shaft 806. The stator 816
may include a plurality of circumferentially-adjacent bearing
segments 820 assembled together to form a substantially
continuous bearing element, as previously described such as
in the hydrodynamic thrust-bearing assembly 200 shown in
FIG. 2A. The rotor 818 may include a plurality of bearing
elements (not shown) such as shown in the rotor 508 of FIG.
5D.

In operation, drilling fluid may be circulated through the
downhole drilling motor 804 to generate torque and effect
rotation of the output shaft 806 and the rotary drill bit 812
attached thereto so that a borehole may be drilled. A portion
of'the drilling fluid is also used to lubricate opposing bearing
surfaces of the stator 816 and rotor 818. When the rotor 818 is
rotated at a sufficient rotational speed, the drilling fiuid is
swept onto the bearing surfaces of the stator 816 and a fluid
film having sufficient pressure may develop that maintains the
bearing surfaces of the stator 816 and the bearing surfaces of
the rotor 818 apart, as previously discussed.

Although the bearing assemblies and apparatuses
described above have been discussed in the context of sub-
terranean drilling systems and applications, in other embodi-
ments of the present invention, the bearing assemblies and
apparatuses disclosed herein are not limited to such use and
may be used for many different applications, if desired, with-
out limitation. Thus, such bearing assemblies and apparatuses
are not limited for use with subterranean drilling systems and
may be used with various other mechanical systems, without
limitation.

Although the present invention has been disclosed and
described by way of some embodiments, it is apparent to
those skilled in the art that several modifications to the
described embodiments, as well as other embodiments of the
present invention are possible without departing from the
spirit and scope of the present invention. Additionally, the
words “including” and “having,” as used herein, including the
claims, shall have the same meaning as the word “compris-
ing.”

from each other. Accordingly, wear on the bearing elements 60  The invention claimed is:

710 and bearing segments 702 may be reduced compared to 1. A hydrodynamic bearing assembly, comprising:

when direct contact between the bearing elements 710 and a plurality of bearing segments distributed circumferen-

bearing segments 702 occurs. tially about an axis, each of the bearing segments includ-
Any of the embodiments for bearing apparatuses discussed ing a superhard bearing surface, the plurality of bearing

above may be used in a subterranean drilling system. FIG. 8 65 segments defining a plurality of seams, each of the

is a schematic isometric partial cross-sectional view of a

seams formed between circumferentially-adjacent bear-

ing segments of the plurality of bearing SE%H]ﬁrBilaI}(bOS
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comprising a gap ofabout 0.0051 mm to about 2.54 mm,

each of the bearing segments further including,

afirstend region and a second end region, with one of the
superhard bearing surfaces extending between the
first end region and the second end region, the firstend
region of each of the bearing segments at least par-
tially interlocking with the second end region of
another circumferentially-adjacent one of the bearing
segments.

2. The hydrodynamic bearing assembly of claim 1 wherein
the first end region and the second end region of each of the
bearing segments exhibits a selected non-planar geometry.

3. The hydrodynamic bearing assembly of claim 2 wherein
the selected non-planar geometry comprises a serrated geom-
etry.

4. The hydrodynamic bearing assembly of claim 1 wherein

the first end region of each of the bearing segments is

configured to correspond to the second end region of
another circumferentially-adjacent one of the bearing
segments.

5. The hydrodynamic bearing assembly of claim 1, further
comprising:

sealant material substantially filling the seams.

6. The hydrodynamic bearing assembly of claim 5 wherein
the sealant material comprises at least one of the following:

a polymeric material;

a ceramic material; or

a metallic material.

7. The hydrodynamic bearing assembly of claim 5 wherein
the sealant material comprises chemically-vapor-deposited
diamond or chemically-vapor-deposited metal-carbide mate-
rial.

8. The hydrodynamic bearing assembly of claim 1 wherein
the plurality of bearing segments are press-fit together.

9. The hydrodynamic bearing assembly of claim 1, further
comprising:

asupport ring that carries the plurality of bearing segments.

10. The hydrodynamic bearing assembly of claim 9
wherein the plurality of bearing segments are brazed or press-
fit to the support ring.

11. The hydrodynamic bearing assembly of claim 1
wherein the superhard bearing surfaces form a substantially
continuous bearing surface.

12. The hydrodynamic bearing assembly of claim 1
wherein the axis comprises a thrust axis.

13. The hydrodynamic bearing assembly of claim 1
wherein each of the superhard bearing surfaces faces radially
inward.

14. The hydrodynamic bearing assembly of claim 1
wherein each of the bearing segments comprises:

a substrate; and
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a superhard table attached to the substrate, the superhard
table comprising one of the superhard bearing surfaces.

15. The hydrodynamic bearing assembly of claim 14
wherein the superhard table comprises one or more of the
following materials:

polycrystalline diamond;

cubic boron nitride; or

a diamond-silicon carbide composite.

16. A hydrodynamic bearing apparatus comprising a rotor
and a stator, wherein at least one of the stator and the rotor
comprises the hydrodynamic bearing assembly of claim 1.

17. A hydrodynamic bearing apparatus comprising a rotor
and a stator, wherein the stator or the rotor comprises the
hydrodynamic bearing assembly of claim 1 and the other of
the stator and rotor comprises a plurality of circumferentially-
spaced bearing elements, each of the bearing elements includ-
ing aleading section configured to promote lubricant between
the rotor and stator and a bearing section.

18. The hydrodynamic bearing apparatus of claim 17
wherein the leading section exhibits a planar or a non-planar
geometry.

19. A motor assembly for use in drilling subterranean for-
mations, comprising:

a motor operable to apply torque to a rotary drill bit, the
motor operably coupled to a hydrodynamic bearing
apparatus, the hydrodynamic bearing apparatus includ-
ing a rotor and a stator; and

wherein at least one of the stator and the rotor comprises
the hydrodynamic bearing assembly of claim 1.

20. The hydrodynamic bearing apparatus of claim 1

wherein the gap is about 0.0051 mm to about 0.51 mm.
21. A hydrodynamic bearing assembly, comprising:
a support ring;
aplurality of bearing segments carried by the support ring,
the plurality of bearing segments distributed circumfer-
entially about an axis, each of the bearing segments
including a superhard bearing surface, the plurality of
bearing segments defining a plurality of seams, each of
the seams formed between circumferentially-adjacent
bearing segments of the plurality of bearing segments
and comprising a gap of about 0.0051 mm to about 2.54
mm, each of the bearing segments further including,
afirstend region and a second end region, with one of the
superhard bearing surfaces extending between the
first end region and the second end region, the firstend
region of each of the bearing segments at least par-
tially interlocking with the second end region of
another circumferentially-adjacent one of the bearing
segments; and

sealant material substantially filling the seams.
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