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A downhole oscillation tool and method for axially

vibrating a drill bit. In some embodiments,
modular actuation assemblies may be provided,
which may be readily interchanged between a
housing and a shaft to axially vibrate the shaft
with respect to the housing. Modular actuation
assemblies may be mechanical, hydraulic,
electric, or piezoelectric, for example, and may
be characterized by differing oscillation
frequencies. In some embodiments, a piezo
element may be provided between the housing

and the shaft.
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A DOWNHOLE OSCILLATION TOOL, SYSTEM AND METHOD FOR AXIALLY
VIBRATING A DOWNHOLE DRILL BIT

TECHNICAL FIELD

The present disclosure relates generally to oilfield equipment, and in particular to
downbhole tools, drilling systems, and drilling techniques for drilling wellbores in the earth.
More particularly still, the present disclosure relates to a method and system for improving

the rate of penetration of a drill bit.
BACKGROUND

Drilling systems may use a downhole motor powered by drilling fluid pumped from the
surface to rotate a drill bit. Most commonly, a positive displacement motor of the Moineau
type, which utilizes uses a spiraling rotor that is driven by fluid pressure passing between
the rotor and stator, is employed. Other motor types, however, including turbine motors,
may be used as appropriate. The downhole motor and bit may be part of a bottom hole

assembly supported from a drill string that extends to the well surface.

The cost to drill a well may be significantly affected by the effective rate of penetration
(“ROP”) while drilling. As well depth increases, formation rock strength may increase,
and the increasing rock strength may result in decreased rate of penetration. It may be
desirable, therefore, to increase rock cutting efficiency and/or to reduce the required rock
cutting force. Reduced cutting force may result in lower drill bit wear and breakage, less
frequently encountered stick-slip conditions, lower probability of shearing the drilling

string, and a concomitant greater effective rate of penetration.
US 2004/0089461 describes a downhole percussion drilling apparatus.
SUMMARY

The present invention relates to a downhole oscillation tool for axially vibrating a drill bit,
comprising: a tubular housing; a shaft partially disposed within said housing and extending
beyond a bottom end of said housing, said shaft being rotatively and axially movable with
respect to said housing; a modular actuator assembly interchangeably carried within said
housing and disposed to axially oscillate said shaft with respect to said housing as said

shaft rotates with respect to said housing; a ring-shaped shoulder formed around an interior
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circumference of said housing; a flange formed about an outer circumference of said shaft,
said flange located within said housing; a spring disposed within said housing so as to bias
said flange towards said shoulder; and an end cap coupled to said housing; wherein said
modular actuator assembly is interchangeably carried between said shoulder and said
flange and disposed to axially oscillate a piston with respect to said shoulder against said

spring as said shaft rotates with respect to said housing.

The present invention also relates to a system for axially vibrating a downhole drill bit,
comprising: a tubular housing; a shaft partially disposed within said housing and extending
beyond a bottom end of said housing, said shaft being rotatively and axially movable with
respect to said housing; a plurality of interchangeable modular actuator assemblies each
interchangeably securable within said housing and when so secured, disposed to axially
oscillate said shaft with respect to said housing as said shaft rotates with respect to said
housing; a ring-shaped shoulder formed around an interior circumference of said housing; a
flange formed about an outer circumference of said shaft, said flange located within said
housing; a spring disposed within said housing so as to bias said flange towards said
shoulder; an end cap coupled to said housing; wherein said plurality of modular actuator
assemblies are dimensioned and arranged to be interchangeably disposed between said
shoulder and said flange so as to axially oscillate said flange with respect to said shoulder

against said spring as said shaft rotates with respect to said housing.

The present invention also relates to a method for axially vibrating a downhole drill bit,
comprising: installing an interchangeable first modular actuator assembly between a
housing and a shaft; connecting said drill bit to a distal end of said shaft; imparting an axial
force on said drill bit via said housing, said first modular actuator, and said shaft; rotating
said shaft with respect to said housing; axially vibrating said shaft at a first frequency with
respect to said housing by said first modular actuator assembly as said shaft rotates with
respect to said housing; monitoring a parameter associated with drilling; and upon a change
in the monitored parameter, replacing said first modular actuator assembly with a second
modular actuator assembly, and axially vibrating said shaft at a first frequency with respect
to said housing by said second modular actuator assembly as said shaft rotates with respect

to said housing.

Further embodiments of the downhole oscillation tool, system, and method according to

the present invention are described in the dependent patent claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments are described in detail hereinafter with reference to the accompanying

figures, in which:

Figure 1 is an elevation view in partial cross section of a drilling system according to an
embodiment that employs a drill string with a bottom hole assembly, a drill bit, and

downhole oscillation tool for axially vibrating the drill bit;

Figure 2 is an axial cross section of a downhole oscillation tool according to an
embodiment, showing a housing, a shaft rotatable and axially translatable within the
housing and carrying a drill bit, and a generalized interchangeable modular actuator

assembly for axially vibrating the shaft with respect to the housing;
Figure 3 is an exploded perspective view of the downhole oscillation tool of Figure 2;

Figure 4 is an exploded perspective view in partial cross section of a downhole oscillation
tool having hirth couplings according to an embodiment, shown equipped with a

mechanical modular actuator;

Figure 5 is an exploded perspective view in partial cross section of a downhole oscillation
tool having spline joints according to an embodiment, shown equipped with the mechanical

modular actuator of Figure 4;

Figure 6 is an enlarged axial cross section of a portion of a downhole oscillation tool
according to some embodiments, shown with the shaft removed to reveal details of a

modular actuator with an electrical generator subassembly;

Figure 7 is a transverse cross section of the downhole oscillation tool of Figure 6 taken

along lines 7-7 of Figure 6;

Figure 8 is a transverse cross section of the downhole oscillation tool of Figure 6 taken

along lines 8-8 of Figure 6;

Figure 9 is an enlarged axial cross section of a portion of the downhole oscillation tool of
Figure 6, showing the axial alignment of the shaft with respect to the electrical generator

subassembly;
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Figure 10 is an enlarged axial cross section of a portion of the downhole oscillation tool
according to some embodiments, shown equipped with a hydraulic modular actuator

assembly defining an annular hydraulic cylinder;

Figure 10A is an enlarged axial cross section of the portion of the downhole oscillation tool
of Figure 10, with the right half showing the shaft axially displaced by the hydraulic

modular actuator assembly with respect to the housing;

Figure 11 is an enlarged axial cross section of a valve subassembly of a hydraulic modular

actuator assembly according to some embodiments;

Figure 12 is an enlarged axial cross section of a portion of the downhole oscillation tool
according to some embodiments, shown equipped with a hydraulic modular actuator

assembly having an annular arrangement of individual hydraulic cylinders;

Figure 12A is an enlarged axial cross section of the portion of the downhole oscillation tool
of Figure 12, with the right half showing the shaft axially displaced by the hydraulic

modular actuator assembly with respect to the housing;

Figure 13 is a perspective view in axial cross section of a piezoelectric modular actuator
assembly according to some embodiments, showing a stack of ring-shaped expansion

members;

Figure 14 is a plan view of a ring-shaped expansion member of a piezoelectric modular
actuator assembly according to an embodiment, showing a number of flextensional

actuation mechanisms;

Figure 15 is a perspective view of a flextensional actuation mechanism of Figure 14 shown

in a contracted state;

Figure 16 is a perspective view of a flextensional actuation mechanism of Figure 14 shown

in an expanded state;

Figure 17 is a flow chart of a method for axially vibrating a downhole drill bit according to

an embodiment; and

Figure 18 is a flow chart of a method for axially vibrating a downhole drill bit according to

another embodiment.

347311



10

15

20

25

30

DETAILED DESCRIPTION

The foregoing disclosure may repeat reference numerals and/or letters in the various
examples. This repetition is for the purpose of simplicity and clarity and does not in itself

dictate a relationship between the various embodiments and/or configurations discussed.

2% 2%

Further, spatially relative terms, such as “beneath,” “below,” “lower,” “above,

upper,”

upstream,” “downstream,” and the like, may be used herein for

2% LC

“uphole,” “downhole,
ease of description to describe one element or feature’s relationship to another element(s)
or feature(s) as illustrated in the figures. The spatially relative terms are intended to
encompass different orientations of the apparatus in use or operation in addition to the

orientation depicted in the figures.

Figure 1 is an elevation view in partial cross-section of a drilling system 20 including a
bottom hole assembly 90 according to an embodiment. Drilling system 20 may include a
drilling rig 22, such as the land drilling rig shown in Figure 1. However, teachings of the
present disclosure may be used in association with drilling rigs 22 deployed on offshore
platforms, semi-submersibles, drill ships, or any other drilling system for forming a

wellbore.

Drilling rig 22 may be located proximate to or spaced apart from well head 24. Drilling rig
22 may include rotary table 38, rotary drive motor 40 and other equipment associated with
rotation of drill string 32 within wellbore 60. Annulus 66 is formed between the exterior of
drill string 32 and the inside diameter of wellbore 60. For some applications drilling rig 22
may also include top drive motor or top drive unit 42. Blowout preventers (not expressly
shown) and other equipment associated with drilling a wellbore may also be provided at

well head 24.

The lower end of drill string 32 may include bottom hole assembly 90, which may carry at
a distal end a rotary drill bit 80. Drilling fluid 46 may be pumped from a reservoir 30 by
one or more drilling fluid pumps 48, through a conduit 34, to the upper end of drill string
32 extending out of well head 24. The drilling fluid 46 may then flow through the
longitudinal interior 33 of drill string 32, through bottom hole assembly 90, and exit from
nozzles formed in rotary drill bit 80. At bottom end 62 of wellbore 60, drilling fluid 46
may mix with formation cuttings and other downhole fluids and debris. The drilling fluid
mixture may then flow upwardly through annulus 66 to return formation cuttings and other

downhole debris to the surface. Conduit 36 may return the fluid to reservoir 30, but
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various types of screens, filters and/or centrifuges (not expressly shown) may be provided
to remove formation cuttings and other downhole debris prior to returning drilling fluid to
reservoir 30. Various types of pipes, tube and/or hoses may be used to form conduits 34

and 36.

According to an embodiment, bottom hole assembly 90 may include a downhole mud
motor 82. Bottom hole assembly 90 may also include various other tools 91, such as those
that provide logging or measurement data and other information from the bottom of
wellbore 60. Measurement data and other information may be communicated from end 62
of wellbore 60 using measurement while drilling techniques and converted to electrical
signals at the well surface to, among other things, monitor the performance of drilling
string 32, bottom hole assembly 90, and associated rotary drill bit 80. However, sometimes
conversion and/or processing of measurement data and other information may occur

downhole.

According to one or more embodiments, drilling system 20 may include a downhole
oscillation tool 100. Downhole oscillation tool 100 may operate to apply an axial
oscillation to rotary drill bit 80 as bit 100 rotates, as described hereinafter. Downhole

oscillation tool 100 may be located within bottom hole assembly 90.

Figure 2 is an axial cross section and Figure 3 is an exploded perspective view of downhole
oscillation tool 100 according to an embodiment. Referring to Figures 2 and 3, downhole
oscillation tool 100 may include a housing 110, which may be part of a drill string member,
such as a drill collar, a heavy-walled drill pipe, or bottom hole assembly 90, for example.
Accordingly, housing 110 may include an upper connector 112 for mechanical connection
thereto or may be integrally formed as part thereof. Upper connector 112 may be a

threaded connector, for example.

A shaft 130 may be rotatively disposed within said housing 110. In an embodiment, shaft
130 may be arranged for mechanical connection with downhole mud motor 82 (Figure 1),
for example, which may be part of bottom hole assembly 90. Accordingly, an upper end of
shaft 130 may include a spline fitting 132 for sliding connection to a complementary spline
fitting 134 at a lower end of a drive shaft 92 of a mud motor. As illustrated, spline fitting
132 may be an exterior spline fitting for sliding-fit insertion into interior spline fitting 134.
However, the opposite configuration may also be used. Spline fitting 132 may provide for

torque transmission with limited allowed axial movement between drive shaft 92 of mud
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motor 83 and shaft 130. Although spline fitting 132 is illustrated, a keyed joint, slot and
pin joint, serrations, a slip connection having one or more flats, and/or other alternatives

may be used in place of spline fitting 132 as desired.

Drive shaft 92 and shaft 130 may be hollow and fluidly coupled to the interior 33 of drill
string 32 (Figure 1) for the provision of drilling fluid. The lower end of shaft 130 may
include a connector 136 for connection to drill bit 80. An upper rotary spine seal 150 may
be provided between drive shaft 92 and housing 110 above spline fitting 134 for preventing
leakage of drilling fluid past spline fitting 134. Upper spline seal 150 may be carried by
drive shaft 92. Likewise, a lower rotary spline seal 152 may be provided between shaft
130 and housing 110 below spline fitting 132. Lower spline seal 152 is arranged to
dynamically seal while allowing both rotary and limited axial movement of shaft 130
within housing 110. Lower spline seal 152 may be carried by shaft 130. Upper and lower

spline seals 150, 152 may be metallic, ceramic, elastomeric, or polymeric, for example.

In an embodiment, housing 110 may include an internal shoulder 118 located about an
interior circumference of housing 110. Shoulder 118 may be integrally formed with
housing 110, or it may formed as one or more discrete segments and mounted to housing
110. A rotary shoulder seal 154, which allows both rotation and limited axial movement,
may be provided between shaft 130 and the interior wall of shoulder 118. Shoulder seal
154 may be carried by shoulder 118. Shoulder seal 154 may be metallic, ceramic,

elastomeric, or polymeric, for example.

Similarly, shaft 130 may include an external flange 138 located about an exterior
circumference of shaft 130. Flange 138 may be integrally formed with shaft 130, or it may
formed as one or more discrete segments and mounted to housing 130. A rotary flange
seal 156, which allows both rotation and limited axial movement, may be provided
between the exterior wall of flange 138 and the interior wall of housing 110. Flange seal
156 may be carried by flange 138. Flange seal 156 may be metallic, ceramic, elastomeric,

or polymeric, for example.

As described in greater detail hereinafter, downhole oscillation tool 100 may include an
interchangeable modular actuator assembly 170, which may be arranged to axially displace
shaft 130 with respect to housing 110 in a vibratory or oscillatory manner as shaft 130
rotates with respect to housing 110. Modular actuator assembly 170 may include an axial

bore 172 formed therethrough, through which shaft 130 may pass. In an embodiment,
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modular actuator assembly 170 may be located within housing 110, may be seated against
shoulder 118, and may operate on flange 138. Modular actuator assembly 170 may be
mechanical, hydraulic, electric, or electronic in nature, may be characterized by relatively
low, medium, or high frequency vibration, and may be arranged to be quickly and easily

interchanged at the job site to accommodate various formation types and drilling needs.

Shaft 130 may be rotatively and translatably supported within housing 110 by a linear
motion bearing assembly 190. In an embodiment, bearing assembly 190 may be a sealed
ball bearing assembly that includes an outer cylindrical cage 191 defining a number of
elongated oval recirculating tracks about the circumference, a plurality of balls 192 located
within the tracks, an inner cylindrical ball retainer 193, and end rings 194, 195. Balls 192
may engage and roll against the outer surface of shaft 130. Alternatively, a plain linear
motion bushing, or another suitable bearing configuration, may be used as linear motion

bearing assembly 190.

In an embodiment, downhole oscillation tool 100 may include a spring 140 that urges
flange 138 against modular actuator assembly 170. In such an embodiment, modular
actuator assembly 170 may function to axially displace flange 138 in opposition to spring
140. Spring 140 may be a helical spring, wave spring, or Belleville spring, for example. In
an alternative embodiment, spring 140 may be replaced with a second modular actuator
assembly (not illustrated) that operates 180 degrees out of phase with modular actuator

assembly 170.

Spring 140 may be held in place within housing 110 by a housing end cap 114. Housing
end cap 114 may include a central aperture 116 formed therethrough to accommodate shaft
130. An end cap seal 158, which allows both rotation and limited axial movement, may be
provided between shaft 130 and the interior wall of aperture 116. End cap seal 158 may be
carried by end cap 114. End cap seal 158 may be metallic, ceramic, elastomeric, or

polymeric, for example. End cap 114 may be threadably connected to housing 110.

Shaft 130 may include one or more elongated fluid ports 220 formed through its wall that
provide an opening between the interior and exterior of shaft 130. Any suitable number of
ports 220 may be provided as desired. In some embodiments, ports 220 may function to
provide a source of pressurized drilling fluid flow from the interior 33 of drill string 32
(Figure 1) for hydraulically powering modular actuator assembly 170 (Figures 10-12), as

described in greater detail hereinafter. Upper and lower inner actuator seals 224, 226 may
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be provided above and below ports 220 between shaft 130 and axial bore 172 of modular
actuator 170. Inner actuator seals 224, 226 may be arranged to seal against the interior
wall of bore 172 while allowing both rotary and limited axial movement of shaft 130
within bore 172. Inner actuator seals 224, 226 may be carried by shaft 130 and may be

metallic, ceramic, elastomeric, or polymeric, for example.

Housing 110 may likewise include one or more fluid ports 222 formed through its wall that
provide an opening between the interior and exterior of housing 110. Any suitable number
of ports 222 may be provided as desired. In some embodiments, ports 222 may function to
provide communication of pressurized drilling fluid from modular actuator assembly 170
(Figures 10-12) to lower pressure annulus 66 of wellbore 60 (Figure 1), as described in
greater detail hereinafter. Upper and lower outer actuator seals 424, 426 may be provided
about the exterior cylindrical wall of modular actuator 170 so as to be positioned above and
ports 222, Outer actuator seals 424, 426 may be arranged to seal against the interior wall
of housing 110. Outer actuator seals 424, 426 may metallic, ceramic, elastomeric, or

polymeric, for example.

In some embodiments, shaft 130 may include a plurality of recesses or grooves formed
therein about the circumference and along an axial length of the shaft. Within each recess,
a permanent magnet 210 may be affixed for generation of electrical power, as described in

greater detail hereinafter.

Figure 4 is an exploded perspective view in partial cross section of a downhole oscillation
tool having hirth couplings according to one or more embodiments. Referring to Figure 4,
shoulder 118 of housing 110 may include a face having radial teeth 230, which may mesh
and rotationally lock with complementary teeth 232 formed on a shoulder-engaging face of
modular actuator assembly 170. Such a joint is known to routineers in the mechanical arts
as a hirth coupling and is capable of transferring high rotational loads. Although
castellated radial teeth are illustrated, saw tooth or curved radial teeth may also be used as
desired. Alternatively, longitudinal pins and sockets or other suitable arrangement (not

illustrated) may be used to rotatively fix modular actuator 170 within housing 110.

Similarly, according to one or more embodiments, flange 138 of shaft 130 may include a
face having radial hirth teeth 234, which may mesh and rotationally lock with
complementary hirth teeth 236 located on an obverse, flange-engaging face of modular

actuator assembly 170. Although castellated radial teeth are illustrated, saw tooth or
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curved radial teeth may also be used as desired. Alternatively, longitudinal pins and
sockets or other suitable arrangement (not illustrated) may be used to rotatively fix

modular actuator 170 to shaft 130.

Figure 5 1s an exploded perspective view in partial cross section of a downhole oscillation
tool having spline joints according to one or more embodiments. Referring to Figure 5,
housing 110 may include an internal spline fitting 240 therein, which may mesh and
rotationally lock with a complementary external spline fitting 242 formed about the
circumference of modular actuator assembly 170. Spline fittings 240, 242 may be
dimensioned for a slip fit. Alternatively, serrations, keyed joints, one or more flats, or
other suitable arrangement (not illustrated) may be used to rotatively fix modular actuator

170 within housing 110.

Similarly, according to one or more embodiments, shaft 130 may include an external spline
fitting 244, which may mesh and rotationally lock with a complementary internal spline
fitting 246 located within axial bore 172 of modular actuator assembly 170. Spline fittings
244, 246 may be dimensioned for a slip fit. Alternatively, serrations, keyed joints, one or
more flats, or other suitable arrangement (not illustrated) may be used to rotatively fix

modular actuator 170 to shaft 130.

According to some embodiments, modular actuator assembly 170 may be selected from a
number of varying interchangeable actuator assemblies, depending on the formation, drill
bit, and needs of the operator. For example, Figures 4 and 5 disclose a mechanical actuator
assembly 170 according to an embodiment. Mechanical actuator assembly 170 may
include first and second sleeves 600, 602. First sleeve 600 may be arranged so as to be
rotationally fixed with respect to housing 110 via hirth teeth 230, 232 (Figure 4), splines
240, 242 (Figure 5), or other suitable arrangement. Similarly, second sleeve 602 may be
arranged so as to be rotationally fixed with respect to shaft 130 via hirth teeth 234, 236

(Figure 4), spline fittings 244, 246 (Figure 5), or other suitable arrangement.

When downhole oscillation tool 100 is assembled, first sleeve 600 may be seated against
shoulder 118 of housing 110, and second sleeve 602 may be seated against flange 138 of
shaft 130. First and second sleeves 600, 602 may each have a shaped end 604, 606,
respectively, with at least one peaked portion or at least one valley portion, and preferably
a plurality of longitudinal peaks intervaled by a plurality of longitudinal valleys. In one or

more embodiments, the shaped ends may form corresponding undulating or wavy profiles,
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while in other embodiments, the shaped ends may form corresponding saw tooth profiles.
However, the disclosure is not limited to a particular profile so long as the vibrational or
oscillating motion described herein is achieved. Spring 140 may urge flange 138 against
mechanical actuator assembly 170 so that the two shaped ends 604 engage one another.
Rotation of shaft 130 with respect to housing 110 may then cause shaped end 606 of
second sleeve 602 to rotate against shaped end 604 of first sleeve 600, thereby alternately
shifting between a peak-to-valley alignment (Figure 5) and a peak-to-peak alignment. The
peak-to-peak alignment may axially displace shaft 130 via flange 138 to further compress
spring 140. In this manner, shaft 130 and drill bit 80 (Figures 1-3) may be axially
oscillated as shaft 130 is rotated with respect to housing 110. It will be noted that while
uniform oscillations or a uniform vibrational frequency may be achieved with uniform
contours along the full perimeter of the ends 604, 606, in other embodiments, the ends 604,
606 may be shaped so as to yield non-uniform oscillations, i.e., a non-uniform vibrational
frequency. In this regard, any of the modular actuators described herein may be

manipulated accordingly to provide uniform or non-uniform oscillations, as desired.

Mechanical actuator assembly 170 may be characterized by a generally low oscillation
frequency. The longitudinal amplitude between peaks and valleys and the circumferential
peak-to-peak wavelength spacing of shaped ends 604, 606 may be varied to provide a
desired oscillation displacement and frequency. Additionally, shaped ends 604, 606 may

have a saw tooth or other profile defined by the peaks and valleys, as appropriate.

Figures 6-9 illustrate modular actuator assembly 170 according to some embodiments.
The right half of each figure depicts the rotational locking features of the embodiment of
Figure 4. The left half of each figure depicts the rotational locking features of the
embodiment of Figure 5. Referring to Figures 69, as mentioned briefly above, modular
actuator assembly 170 may be selected from a number of varying interchangeable
actuators, depending on the formation, drill bit, and needs of the operator. Some such
actuators may require a source of electrical power to function and therefore may include an

electrical generator subassembly 300.

Thus, according some embodiments, shaft 130 may include a plurality of recesses or
grooves formed therein about the circumference and along an axial length of the shaft.
Within each recess, a permanent magnet 210 may be affixed. Permanent magnets 210 may

provide an alternating magnetic field as shaft 130 rotates with respect to electrical
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windings 308 located within electrical generator subassembly 300 of modular actuator

assembly 170 for generation of electrical power.

Permanent magnets 210 may be arranged so as to create any even number of alternating
magnetic poles about the circumference of shaft 130. In a first example as shown in the
right half of Figure 9 (also shown in Figure 4), elongated longitudinal rows of disk-shaped
magnets 210 may be provided, with each magnet being seated in a discrete circular recess
with its north and south poles radially oriented. The axial rows may be evenly distributed
about the circumference of shaft 130. All of magnets 210 in a given longitudinal row may
share the same radial magnetic orientation, and longitudinal rows may define alternating

north and south poles about the circumference of shaft 130.

In a second example as shown in the right half of Figure 9 (also shown in Figure 5), a
number of circumferential grooves may be formed along a length of shaft 130. Within
each circumferential groove, a number of arc-shaped magnets 210 may be seated. Arc-
shaped magnets 210 may have a radial or approximated radial magnetic orientation, or they
may have a circumferential or approximated circumferential magnetic orientation.
Regardless, arc-shaped magnets 210 may be positioned so as define longitudinally

elongate, alternating north and south poles about the circumference of shaft 130.

Magnets 210 may define any even number of alternating magnetic poles about the
circumference of shaft 130. A larger number of poles, for example, twelve, may allow for
effective voltage generation at lower rotational speeds of shaft 130. Additionally, careful
selection and orientation of magnets 210 may minimize cogging effects. In an
embodiment, neodymium iron boron magnets 210 may be used, as neodymium iron boron
is among the strongest magnet material currently commercially produced. However, other

types of magnets may be used as appropriate.

Electrical generator subassembly 300 may form a part of modular actuator assembly 170
for providing electrical power and/or a tachometer signal for oscillation control purposes to
modular actuator assembly 170. Generator subassembly 300 may include a cylindrical
generator body 302 having an outer diameter so as to be slidingly received within housing
110. Generator subassembly 300 may be arranged to be rotationally fixed with respect to
housing 110. A first end of generator body 302 may include hirth teeth 232 to mesh with
hirth teeth 230 of shoulder 118 (illustrated in the right halves of Figures 6-9), or an outer

circumference of generator body 302 may include an external spline fitting 242 to mesh
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with internal spline fitting 240 of housing 110 (illustrated in the left halves of Figures 6-9),
for example. Generator body 302 may include an axial bore 172 formed therethrough to

accommodate shaft 130.

A ring-shaped electrical armature winding assembly 308 may be provided about a
circumference of axial bore 172 so as to be axially aligned and therefore magnetically
coupled with magnets 210 when downhole oscillation tool 100 is assembled. Accordingly,
in such embodiments, electrical generator subassembly 300 may more particularly be
categorized as a permanent magnet alternator, because a permanent magnetic field is
rotated within stator armature windings. Magnets 210 may be distributed on shaft 130 so
that the effective axial length of the magnetic poles is longer than and extends upward of
winding assembly 308. Therefore, as shaft 130 is axially displaced downward with respect
to housing 110 by modular actuator assembly 170, the magnetic flux coupling between the

rotor poles and winding assembly 308 may be maintained.

Although not expressly illustrated in detail, armature winding assembly 308 may include a
laminated ferromagnetic core defining inward-facing radial slots, in which electrical
conductors are wound. The number of armature poles and arrangement of the core and
windings may be varied as appropriate to produce desired electrical generation

characteristics.

Generator body 302 may include or define one or more compartments 312 for access to the
electrical terminals of armature winding assembly 308. Rectifiers, voltage regulators, and
other circuitry, components, and/or connectors 314 for interconnecting and controlling and
modular actuator assembly 170 may be mounted within compartment 312. Two such
circular compartments 312 are illustrated, but other shapes and numbers of compartments

312 may be used as appropriate.

In some embodiments, modular actuator assembly 170 may include generator subassembly
300 and an interchangeable actuator subassembly 174, which be a hydraulic, electric, or
electronic actuator subassembly, as described in greater detail below. Generator
subassembly 300 may be electrically connected with actuator subassembly 174 for
providing power and/or control to actuator subassembly 174. For this reason, it may be
advantageous for actuator subassembly 174 to be rotationally fixed with respect to
generator subassembly 300. Accordingly, a mating end of generator body 302 may also

include hirth teeth 320 to mesh with hirth teeth 322 of actuator subassembly 174.
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Alternatively, although not expressly illustrated, a spline junction between actuator section
174 and housing 110, longitudinal pins and sockets, serrations, keyed joints, or the like
may be provided to prevent relative rotation between generator subassembly 300 and

actuator subassembly 174.

Unlike mechanical actuator assembly 170 of Figures 4 and 5, in which lower sleeve 602
must remain rotationally locked with shaft 130, a modular actuator assembly 170 that
includes generator subassembly 300 and an interchangeable actuator subassembly 174 may
not need to be rotationally locked with shaft. Accordingly, such modular actuator
assemblies 170 may include a flange bearing or bushing assembly 180 that may promote

free rotation between flange 138 and modular actuator assembly 170.

In some embodiments, modular actuator assembly 170 may be hydraulically operated.
Generally, referring back to Figures 1-3, pressurized drilling fluid from interior 33 of drill
string 32 may flow into the hollow interior of shaft 130. This drilling fluid may then
selectively enter modular actuator assembly 170 through elongated ports 220 in shaft 130
and may axially displace a piston within a hydraulic cylinder, which may in turn displace
flange 138 with respect to housing 110. Thereafter, the pressurized fluid within the
hydraulic cylinder may be vented to the lower pressure wellbore annulus 66 via ports 222
formed through housing 110, thereby allowing spring 140 to return flange 138 to the initial
position. This cycle may be repeated to oscillate drill bit 80.

Figure 10 illustrates modular actuator assembly 170 with a hydraulically powered
interchangeable actuator subassembly 174 according to an embodiment. The right half of
Figure 10 depicts the rotational locking features of the embodiment of Figure 4. The left
half of Figure 10 depicts the rotational locking features of the embodiment of Figure 5.
Figure 10A illustrates modular actuator assembly 170 of Figure 10 with the rotational
locking features of the embodiment of Figure 4. The left half of Figure 10A depicts
downhole oscillation tool 100 in a contracted state, with spring 140 forcing flange 138
against modular actuator assembly 170. The right half of Figure 10A depicts downhole
oscillation tool 100 in an axially expanded state, with modular actuator assembly 170

forcing flange 138 to compress spring 140.
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Actuator subassembly 174 may include a valve subassembly 176. Figure 11 illustrates a
valve subassembly 176 in greater detail. Referring to Figures 10, 10A, and 11, valve
subassembly 176 may include a cylindrical valve body 402 having an outer diameter so as
to be slidingly received within housing 110. Valve subassembly 176 may be arranged to
be rotationally fixed with respect to generator subassembly 300. For this reason, a first,
mating end of valve body 402 may include hirth teeth 322 to mesh with hirth teeth 320 of
shoulder generator subassembly 300, or an outer circumference of valve body 402 may
include an external spline fitting (not illustrated) to engage and rotationally lock valve
body 402 within housing 110. Other locking arrangements, including serrations, keyed
joints, longitudinal pins and sockets, and the like, may also be used. Valve body 402 may

include an axial bore 172 formed therethrough to accommodate shaft 130.

Valve body 402 may include one or more mounting cavities 410 formed therein, into
which directional hydraulic valves 412 may be received. In the embodiment illustrated,
two such mounting cavities 410 are provided, although a differing number may be used. In
an embodiment, each valve 412 may be a three-port, two-position valve that either
hydraulically couples a common port 414 either to a supply port 415 or to a vent port 416.
However, separate two-port valves (not illustrated) may be used to provide this three-port
functionality. Valve 412 may be a spool valve or a poppet valve. In an embodiment, valve
412 may be operated by a solenoid 413 and be powered and controlled by generator
subassembly 300. However, in another embodiment (not illustrated), valve subassembly
176 may use completely hydraulically or mechanically controlled and actuated valves in
place of solenoid operated valves. In such an embodiment, generator subassembly 300

may not be necessary.

For each mounting cavity 410, a longitudinal conduit 417 may be formed within valve
body 402 to fluidly connect common port 414 to one or more hydraulic cylinders, as
described in more detail below. An inner radial conduit 418 may be formed in valve body
402 between supply port 415 and axial bore 172. Inner radial conduit 418 may be located
so that when downhole oscillation tool 100 is assembled, conduit 418 axially aligns and is
fluidly coupled with elongate ports 220 in shaft 130. Ports 220 may be longitudinally
elongate to allow limited axial displacement of shaft 130 with respect to valve body 402
while maintaining fluid communication with conduit 418. Upper and lower inner actuator
seals 224, 226 may be provided above and below ports 220 between shaft 130 and axial

bore 172 of modular actuator 170. Inner actuator seals 224, 226 may be arranged to seal

347311



10

15

20

25

30

16

against the interior wall of bore 172 while allowing both rotary and limited axial movement

of shaft 130 within bore 172.

Similarly, an outer radial conduit 419 may be formed in valve body 402 between vent port
416 and the exterior cylindrical wall of valve body 402. Outer radial conduit 419 may be
located so that when downhole oscillation tool 100 is assembled, conduit 419 axially aligns
and is fluidly coupled with ports 222 in housing 110. Upper and lower outer actuator seals
424, 426 may be provided about exterior cylindrical wall of valve body 402 above and
below outer radial conduit 419. Outer actuator seals 424, 426 may be arranged to seal
against the interior wall of housing 110. Outer actuator seals 424, 426 may be metallic,

ceramic, elastomeric, or polymeric, for example.

In an embodiment, as shown in Figure 10, hydraulic actuator subassembly 174 may define
a single ring-shaped hydraulic cylinder 440. Specifically, valve body 402 may define a
first end of hydraulic cylinder 440, with longitudinal conduit 417 opening into cylinder
440. The exterior wall of shaft 130 may define an inner wall of cylinder 440, and the
interior wall of housing 110 may define the outer wall of cylinder 440. Flange 138 may act
directly as a piston and thereby define the, second, movable end of hydraulic cylinder 440.
A spacer ring 430 may be provided between valve body 402 and flange 138 and provide a

minimum cylinder volume.

In another embodiment, as shown in Figures 12 and 12A, hydraulic actuator subassembly
174 may include a number of discrete hydraulic cylinders 441 circularly positioned and
longitudinally connected between a ring-shaped hydraulic manifold 442 and a ring-shaped
load plate 444. The right half of Figure 12 depicts the rotational locking features of the
embodiment of Figure 4. The left half of Figure 12 depicts the rotational locking features
of the embodiment of Figure 5. Figure 12A illustrates modular actuator assembly 170 of
Figure 12 with the rotational locking features of the embodiment of Figure 4. The left half
of Figure 12A depicts downhole oscillation tool 100 in a contracted state, with spring 140
forcing flange 138 against modular actuator assembly 170. The right half of Figure 12A
depicts downhole oscillation tool 100 in an axially expanded state, with modular actuator

assembly 170 forcing flange 138 to compress spring 140.

Manifold 442 may include a circular flow path that fluidly couples each hydraulic cylinder
441 with longitudinal conduit(s) 417. When downhole oscillation tool 100 is assembled,
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load plate 444 may be seated and act against flange bearing or bushing assembly 180 to
displace flange 138.

Although a hydraulic actuator subassembly 174 has been described that may include a
number of discrete hydraulic cylinders 441 circularly positioned and longitudinally
connected between upper and lower ring-shaped members, in another embodiment (not
illustrated), such hydraulic actuators may be replaced by a circular array of electrical linear
actuators, such as solenoids. In such an embodiment, electrical generator subassembly 300

may be used, but valve subassembly 176 may not be required.

Figure 13 is a perspective view in axial cross section that illustrates an interchangeable
piezoelectric actuator subassembly 174 according to an embodiment, which may be used in
conjunction with generator subassembly 300 (Figures 6—9) to form an electronic modular
actuator assembly 170. As with hydraulic actuator subassemblies 174 of Figures 10 and 12
above, piezoelectric actuator subassembly 174 may be powered and controlled by
generator subassembly 300. Accordingly, a first end of piezoelectric actuator subassembly
174 may include hirth teeth 322 to engage with hirth teeth 320 of generator subassembly
300, or an outer circumference of piezoelectric actuator subassembly 174 may include an
external spline fitting (not illustrated) to engage and rotationally lock within housing 110.
Other locking arrangements, including serrations, keyed joints, longitudinal pins and
sockets, and the like, may also be used. Piezoelectric actuator subassembly 174 may

include an axial bore 172 formed therethrough to accommodate shaft 130.

In some embodiments, piezoelectric actuator subassembly 174 may include one or more
washer-shaped or sleeve-shaped expansion members 500, which collectively may be
axially, radially, or circumferentially stacked. An axial stack is illustrated in Figure 13.
Each ring-shaped expansion member 500 may include one or more piezo elements 510. In
the embodiment illustrated in Figure 13, each expansion member 500 may include one ring

shaped piezo element 510. However, other arrangements may also be used as appropriate.

The particular shapes, dimensions, and arrangements of expansion members 500 and piezo
elements 510 may be varied to obtain desired resonant frequencies. Resonant frequencies
may range between 200 kHz and 10 MHz, for example, to provide ultrasonic vibration of

drill bit 80 (Figure 1).
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Each piezo element 510 may be formed of a ferroelectric ceramic material such as barium
titanate (BaTiOs) or lead zirconate titanate (PZT). Such ceramic materials may be
commercially available in many variations and configurations. Additionally, piezo element
510 may be doped with ions, such as with nickel, bismuth, lanthanum, neodymium, and/or

niobium, to optimize piezoelectric and dielectric properties.

Piezo element 510 may operate to expand along a predetermined direction by the inverse
piezoelectric effect when an electrical voltage is applied across piezo element 510. The
direction of expansion in ferroelectric ceramic piezo materials is determined by the
macroscopic orientation of ferroelectric domains within the crystallites of the ceramic. The
macroscopic orientation of ferroelectric domains may be set during manufacturing of piezo
element 510 by a ferroelectric polarization process under a strong electric field so that
piezoelectric actuator subassembly 174 expands axially within housing 110 (e.g., Figure 6)

to displace flange 138.

Each piezo element 510 may include positive and negative electrodes 502, 504 located at
opposite ends along the axis of expansion of the ceramic material. Piezo element 510 may
also include dielectric layers 506 to allow for adjacent positioning of multiple piezo
elements 510. Positive and negative electrodes 502, 504 may be connected by electrical

conductors 508 to control circuitry 314 within generator subassembly 300 (Figure 6).

Figure 14 is a plan view of a ring-shaped expansion member 500 according to another
embodiment. Each ring shaped expansion member 500 may include a number of
flextensional actuation mechanisms 512. A number of expansion members 500 may be
stacked with aligned flextensional actuation mechanisms 512 to form piezoelectric actuator

subassembly 174.

Figure 15 is a perspective view of a flextensional actuation mechanism 512 in a contracted
state, and Figure 16 is a perspective view of flextensional actuation mechanism 512 in an
expanded state. Referring to Figures 15 and 16, each flextensional actuation mechanism
512 may include one or more piezo elements 510 located within a metal kinematic
amplification frame 522. Amplification frame 522 may include end blocks 524 connected
by metal flexure webs 526. Flexure webs 526 may function as frictionless hinges that are
designed to flex within a designed fatigue stress limit. A spring wire 528 may be coupled
between end blocks 524 to keep piezo elements 510 under a compressive preload. As

shown in Figure 16, when piezo elements 510 expand under an applied electric field in the
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longitudinal direction indicated by arrow 530, frame 522 expands transversely as indicated
by arrows 532. However, flextensional actuation mechanisms 512 may be arranged for

frame expansion under piezo element contraction, if desired.

Figure 17 is a flow chart of a method 700 for axially vibrating a downhole drill bit
according to an embodiment. Referring to Figures 3 and 17, at step 704, a first modular
actuator assembly 170 may be installed between housing 110 and shaft 130. Modular
actuator assembly 170 may require a particular radial orientation within housing 110, for
alignment of ports, etc. Proper radial alignment may be ensured through the use of indexed

hirth teeth, spline fittings, keys, markings, or other indicia, for example.

Thereafter, downhole oscillation tool 100 is reassembled as illustrated in the exploded view
of Figure 3. In the particular illustrated embodiment, shaft 130 may be inserted through
bore 172 of modular actuator assembly 170 until spline fitting 132 is slidingly received
within spline fitting 134 of drive shaft 92. Next, spring 140 may be inserted into housing
110 and housing end cap 114 connected to housing 110.

At step 708, drill bit 80 may be installed to shaft 130 at connector 136. Downhole
oscillation tool 100 may then be conveyed into wellbore 60 (Figure 1). During drilling, at
step 712, an axial force may be imparted on bit 80 via drill string 32, housing 110, the first
modular actuator assembly 170, and shaft 130. Shaft 130 may be rotated with respect to
housing 110, via mud motor drive shaft 92 for example, as shown in step 716. At step 720,
shaft 130 may be oscillated by the first modular actuator assembly 170 at a first frequency
as shaft 130 is rotated with respect to housing 110.

As drilling continues, various parameters associated with the drilling may be monitored.
These parameters may relate to one or more of the following: Drill string, wellbore fluid,
wellbore cuttings, formation fluid, wellbore, and formation composition. Based on one or
more of these parameters, or a change in these parameters, it may be determined that a
different modular actuator should be used. For example, a change in the rock face at the
bottom of the wellbore may dictate that at modular actuator operable at a different
frequency is required in order to maximize ROP during the drilling process. The foregoing
monitoring may occur in-situ or at the surface, and is not limited to any particular type of
monitoring device. In any event, based on a determination that a different modular
actuator is needed, at steps 724 and 728, respectively, downhole oscillation tool 100 may

be removed from wellbore 60 and disassembled. The first modular actuator assembly 170
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may be replaced with a second modular actuator assembly 170, and downhole oscillation
tool may be reassembled and run back into wellbore 60 (Figure 1). Thereafter, shaft 130
may be oscillated by the second modular actuator assembly 170 at a second frequency as

shaft 130 is rotated with respect to housing 110.

Alternatively, in the case of some embodiments of modular actuator assembly 170, such as
electric, piezoelectric, and hydraulic arrangements, control circuitry 314 (e.g., Figure 6)
may allow for adjustment of vibration frequency in situ without the requirement to trip
downhole oscillation tool 100 out of wellbore 13 (Figure 1). Various telemetry techniques,
including mud pulse telemetry, wire-in-pipe, and the like, may be used to communicate

with control circuitry 314 from the surface.

Figure 18 is a flow chart of a method 750 for axially vibrating a downhole drill bit
according to another embodiment. Referring to Figures 3 and 18, at step 754, a piezo
element 510 may be provided between housing 110 and shaft 130. Piezo element 510 need
not be modular or interchangeable in design. In some embodiments, multiple piezo
elements may be provided in the form of one or more washer-shaped or sleeve-shaped
expansion members 500, which collectively may be axially, radially, or circumferentially
stacked. An axial stack is illustrated in Figure 13. Each ring-shaped expansion member
500 may include one or more piezo elements 510. In the embodiment illustrated in Figure
13, each expansion member 500 may include one ring shaped piezo element 510.

However, other arrangements may also be used as appropriate.

The particular shapes, dimensions, and arrangements of expansion members 500 and piezo
elements 510 may be varied to obtain desired resonant frequencies. Resonant frequencies
may range between 200 kHz and 10 MHz, for example, to provide ultrasonic vibration of

drill bit 80.

Each piezo element 510 may be formed of a ferroelectric ceramic material such as barium
titanate (BaTiOs) or lead zirconate titanate (PZT). Such ceramic materials may be
commercially available in many variations and configurations. Additionally, piezo element
510 may be doped with ions, such as with nickel, bismuth, lanthanum, neodymium, and/or

niobium, to optimize piezoelectric and dielectric properties.

Figure 14 is a plan view of a ring-shaped expansion member 500 according to another

embodiment. Each ring shaped expansion member 500 may include a number of
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flextensional actuation mechanisms 512. A number of expansion members 500 may be
stacked with aligned flextensional actuation mechanisms 512 to form piezoelectric actuator

subassembly 174.

Figure 15 is a perspective view of a flextensional actuation mechanism 512 in a contracted
state, and Figure 16 is a perspective view of flextensional actuation mechanism 512 in an
expanded state. Referring to Figures 15 and 16, each flextensional actuation mechanism
512 may include one or more piezo elements 510 located within a metal kinematic
amplification frame 522. Amplification frame 522 may include end blocks 524 connected
by metal flexure webs 526. Flexure webs 526 may function as frictionless hinges that are
designed to flex within a designed fatigue stress limit. A spring wire 528 may be coupled
between end blocks 524 to keep piezo elements 510 under a compressive preload. As
shown in Figure 16, when piezo elements 510 expand under an applied electric field in the
longitudinal direction indicated by arrow 530, frame 522 expands transversely as indicated
by arrows 532. However, flextensional actuation mechanisms 512 may be arranged for

frame expansion under piezo element contraction, if desired.

Referring back to Figure 3 and 18, at step 758, drill bit 80 may be installed to shaft 130 at
connector 136. Thereafter, downhole oscillation tool 100 may be lowered into wellbore 13
(Figure 1). Thereafter an electric field may be applied across piezo element 510 to axially
displace shaft 130 with respect housing 110. More particularly, an oscillating electric field
may be applied to oscillate drill bit 80.

Piezo element 510 may operate to expand along a predetermined direction by the inverse
piezoelectric effect when an electrical voltage is applied across piezo element 510. The
direction of expansion in ferroelectric ceramic piezo materials is determined by the
macroscopic orientation of ferroelectric domains within the crystallites of the ceramic. The
macroscopic orientation of ferroelectric domains may be set during manufacturing of piezo
element 510 by a ferroelectric polarization process under a strong electric field so that

piezo element 510 causes axial expansion to displace flange 138.

Each piezo element 510 may include positive and negative electrodes 502, 504 located at
opposite ends along the axis of expansion of the ceramic material. Piezo element 510 may
also include dielectric layers 506 to allow for adjacent positioning of multiple piezo
elements 510. Positive and negative electrodes 502, 504 may be connected by electrical

conductors 508 to control circuitry 314 within a generator subassembly 300 (e.g., Figure
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6). However, other arrangements for providing electric power may be used, including

batteries, wire-in-pipe, etc.

As drilling continues, various parameters associated with the drilling may be monitored.
These parameters may relate to one or more of the following: Drill string, wellbore fluid,
wellbore cuttings, formation fluid, wellbore, and formation composition. Based on one or
more of these parameters, or a change in these parameters, it may be determined that a
vibration frequency should be used. For example, a change in the rock face at the bottom
of the wellbore may dictate that at modular actuator operable at a different frequency is
required in order to maximize ROP during the drilling process. The foregoing monitoring
may occur in-situ or at the surface, and is not limited to any particular type of monitoring
device. Control circuitry 314 (e.g., Figure 6) may allow for adjustment of vibration
frequency in situ without the requirement to trip downhole oscillation tool 100 out of
wellbore 13 (Figure 1). Various telemetry techniques, including mud pulse telemetry,
wire-in-pipe, and the like, may be used to communicate with control circuitry 314 from the

surface.

In summary, downhole oscillation tool, a system, and a method for axially vibrating a
downhole drill bit have been described. Embodiments of an oscillation tool may generally
have: A tubular housing; a shaft partially disposed within thhousing and extending beyond
a bottom end of the housing, the shaft being rotatively and axially movable with respect to
the housing; and a modular actuator assembly interchangeably carried within the housing
and disposed to axially oscillate the shaft with respect to the housing as the shaft rotates
with respect to the housing. Embodiments of a system may generally have: A tubular
housing; a shaft partially disposed within the housing and extending beyond a bottom end
of the housing, the shaft being rotatively and axially movable with respect to the housing;
and a plurality of interchangeable modular actuator assemblies each interchangeably
securable within the housing and when so secured, disposed to axially oscillate the shaft
with respect to the housing as the shaft rotates with respect to the housing. Embodiments
of a method may generally include: Installing an interchangeable first modular actuator
assembly between a housing and a shaft; connecting the drill bit to a distal end of the shaft;
imparting an axial force on the drill bit via the housing, the first modular actuator, and the
shaft; rotating the shaft with respect to the housing; and axially vibrating the shaft at a first
frequency with respect to the housing by the first modular actuator assembly as the shaft

rotates with respect to the housing.
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Any of the foregoing embodiments may include any one of the following elements or
characteristics, alone or in combination with each other: A ring-shaped shoulder formed
around an interior circumference of the housing; a flange formed about an outer
circumference of the shaft, the flange located within the housing; a spring disposed within
the housing so as to bias the flange towards the shoulder; the modular actuator assembly is
interchangeably carried between the shoulder and the flange and disposed to axially
oscillate the piston with respect to the shoulder against the spring as the shaft rotates with
respect to the housing; the modular actuator assembly includes an axial bore formed
therethrough; the shaft passes through the bore; at least a portion of the modular actuator
assembly is rotationally fixed with respect to the housing by one of the group consisting of
at least a hirth joint, a spline, a serration, and a keyed joint; an electrical generator disposed
within the housing and coupled so as to provide power to the modular actuator assembly; a
winding of the electrical generator is disposed within the modular actuator assembly; the
shaft carries at least one magnet; the modular actuator assembly includes at least one coil
rotatively fixed with respect to the housing and inductively coupled with the at least one
magnet so as to generate an electrical potential by rotation of the shaft with respect to the
housing; the modular actuator assembly is one from a group consisting of at least a
mechanical actuator assembly, a hydraulic actuator assembly, and a piezoelectric actuator
assembly; a first sleeve arranged so as to be rotationally fixed with respect to the housing
and having a shaped end with a plurality of longitudinal peaks intervaled by a plurality of
longitudinal valleys; a second sleeve arranged so as to be rotationally fixed with respect to
the shaft and having a shaped end with a plurality of longitudinal peaks intervaled by a
plurality of longitudinal valleys, the shaped end of the second sleeve engaging the shaped
end of the first sleeve; one of the group consisting of at least a hirth joint, a spline, a
serration, and a keyed joint rotationally fixing the second sleeve to the shaft; the shaft is
hollow and defines an interior; the hydraulic actuator assembly includes or at least partially
defines a hydraulic cylinder operable to impose an axial force on the shaft with respect to
the housing, a first flow path hydraulically coupled between the interior of the shaft and the
hydraulic cylinder, and a second flow path hydraulically coupled between the hydraulic
cylinder and an exterior of the housing; the hydraulic cylinder includes a piston formed
about an outer circumference of the shaft and dynamically sealed against an inner wall of
the housing; the hydraulic cylinder includes a plurality of discreet hydraulic cylinders
disposed about the shaft within the housing; a valve operatively disposed in at least one of

the first and second flow paths so as to control a pressure in the hydraulic cylinder; the
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piezoelectric actuator includes at least one ring-shaped expansion member with at least one
piezo element; the at least one piezo element is ring-shaped and characterized by axial
expansion under an applied electric field; the at least one ring-shaped expansion member
includes a flextensional mechanism; the at least one piezo element is operatively coupled
within the flextensional mechanism; a ring-shaped shoulder formed around an interior
circumference of the housing; a flange formed about an outer circumference of the shaft,
the flange located within the housing; a spring disposed within the housing so as to bias the
flange towards the shoulder; the plurality of modular actuator assemblies are dimensioned
and arranged to be interchangeably disposed between the shoulder and the flange so as to
axially oscillate the flange with respect to the shoulder against the spring as the shaft
rotates with respect to the housing; the shaft carries a magnet; at least one of the plurality
of modular actuator assemblies includes a winding in magnetic communication with the
magnet to form an electrical generator; the plurality of modular actuator assemblies include
one or more from a group consisting of a mechanical actuator assembly, a hydraulic
actuator assembly, and a piezoelectric actuator assembly; the plurality of modular actuator
assemblies include one or more from a group consisting of a low frequency actuator
assembly, a mid frequency actuator assembly, and a high frequency actuator assembly; the
mechanical actuator assembly includes a first sleeve arranged so as to be rotationally fixed
with respect to the housing, a second sleeve arranged so as to be rotationally fixed with
respect to the shaft, and a shaped interface between the first and second sleeves defining a
plurality of longitudinal peaks intervaled by a plurality of longitudinal valleys; the
hydraulic actuator assembly includes or at least partially defines a hydraulic cylinder and at
least one valve for alternately fluidly coupling the hydraulic cylinder between an interior of
the shaft and an exterior of the housing; the piezoelectric actuator assembly includes at
least one at least one piezo element; replacing the first modular actuator assembly with a
second modular actuator assembly; axially vibrating the shaft at a second frequency with
respect to the housing by the second modular actuator assembly as the shaft rotates with
respect to the housing; installing a mechanical modular actuator assembly between the
housing and the shaft; rotatively fixing a first sleeve of the mechanical modular actuator
assembly to the housing; rotatively fixing a second sleeve of the mechanical modular to the
shaft; axially oscillating the second sleeve with respect to the first sleeve as the shaft
rotates with respect to the housing; installing a hydraulic modular actuator assembly
between the housing and the shaft; pressurizing a hydraulic cylinder of the hydraulic

modular actuator assembly with drilling fluid from an interior of the shaft so as to axially
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displace a piston; displacing the shaft with respect to the housing by the piston; venting the
pressurized hydraulic cylinder to an exterior of the housing; installing a piezoelectric
modular actuator assembly between the housing and the shaft; selectively applying an
electric field across a piezo element of the piezoelectric modular actuator assembly so as to
expand the piezo element along a dimension; monitoring a parameter associated with
drilling; upon a change in the monitored parameter, replacing the first modular actuator
assembly with a second modular actuator assembly, and axially vibrating the shaft at a first
frequency with respect to the housing by the second modular actuator assembly as the shaft
rotates with respect to the housing; monitoring a parameter associated with drilling; and
upon a change in the monitored parameter, axially vibrating the shaft at a first second with
respect to the housing by the first modular actuator assembly as the shaft rotates with

respect to the housing.

The Abstract of the disclosure is solely for providing the a way by which to determine
quickly from a cursory reading the nature and gist of technical disclosure, and it represents

solely one or more embodiments.
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CLAIMS

1. A downbhole oscillation tool (100) for axially vibrating a drill bit (80), comprising:

a tubular housing (110);

a shaft (130) partially disposed within said housing (110) and extending beyond a
bottom end of said housing (110), said shaft (130) being rotatively and axially movable with
respect to said housing (110);

a modular actuator assembly (170) interchangeably carried within said housing (110)
and disposed to axially oscillate said shaft (130) with respect to said housing (110) as said
shaft (130) rotates with respect to said housing (110);

a ring-shaped shoulder (118) formed around an interior circumference of said
housing (110);

a flange (138) formed about an outer circumference of said shaft (130), said flange
(138) located within said housing (110);

a spring (140) disposed within said housing (110) so as to bias said flange (138)
towards said shoulder (118); and

an end cap (114) coupled to said housing (110);

wherein

said modular actuator assembly (170) is interchangeably carried between said
shoulder (118) and said flange (138) and disposed to axially oscillate a piston with respect
to said shoulder (118) against said spring (140) as said shaft (130) rotates with respect to
said housing (110).

2. The downhole oscillation tool (100) of claim 1 wherein:

said modular actuator assembly (170) includes an axial bore (172) formed
therethrough; and

said shaft (130) passes through said bore.

3. The downhole oscillation tool (100) of claim 1 wherein:
at least a portion of said modular actuator assembly (170) is rotationally fixed with
respect to said housing (110) by one of the group consisting of at least a hirth joint, a spline,

a serration, and a keyed joint.

4. The downhole oscillation tool (100) of claim 1 further comprising:
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an electrical generator disposed within said housing (110) and coupled so as to

provide power to said modular actuator assembly (170).

5. The downhole oscillation tool (100) of claim 4 wherein:
a winding of said electrical generator is disposed within said modular actuator

assembly (170).

6. The downhole oscillation tool (100) of claim 1 wherein:

said shaft (130) carries at least one magnet; and

said modular actuator assembly (170) includes at least one coil rotatively fixed with
respect to said housing (110) and inductively coupled with said at least one magnet so as to
generate an electrical potential by rotation of said shaft (130) with respect to said housing

(110).

7. The downhole oscillation tool (100) of claim 1 wherein:
said modular actuator assembly (170) is one from a group consisting of at least a
mechanical actuator assembly, a hydraulic actuator assembly, and a piezoelectric actuator

assembly.

8. The downhole oscillation tool (100) of claim 7 wherein said mechanical actuator
assembly comprises:

a first sleeve arranged (600) so as to be rotationally fixed with respect to said housing
(110) and having a shaped end with a plurality of longitudinal peaks intervaled by a plurality
of longitudinal valleys;

a second sleeve (602) arranged so as to be rotationally fixed with respect to said shaft
(130) and having a shaped end with a plurality of longitudinal peaks intervaled by a plurality
of longitudinal valleys, said shaped end of said second sleeve (602) engaging said shaped
end of said first sleeve (600).

0. The downhole oscillation tool (100) of claim 8 wherein said mechanical actuator
comprises:
one of the group consisting of at least a hirth joint, a spline, a serration, and a keyed

joint rotationally fixing said second sleeve (602) to said shaft (130).
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10.  The downhole oscillation tool (100) of claim 7 wherein:

said shaft (130) is hollow and defines an interior;

said hydraulic actuator assembly includes or at least partially defines a hydraulic
cylinder operable to impose an axial force on said shaft (130) with respect to said housing
(110), a first flow path hydraulically coupled between said interior of said shaft (130) and
said hydraulic cylinder, and a second flow path hydraulically coupled between said hydraulic

cylinder and an exterior of said housing (110).

11.  The downhole oscillation tool (100) of claim 10 wherein:
said hydraulic cylinder includes a piston formed about an outer circumference of said

shaft (130) and dynamically sealed against an inner wall of said housing (110).

12. The downhole oscillation tool (100) of claim 10 further comprising:
said hydraulic cylinder includes a plurality of discreet hydraulic cylinders disposed

about said shaft (130) within said housing (110).

13.  The downhole oscillation tool (100) of claim 10 further comprising:
a valve operatively disposed in at least one of said first and second flow paths so as

to control a pressure in said hydraulic cylinder.

14.  The downhole oscillation tool (100) of claim 7 wherein:
said piezoelectric actuator includes at least one ring-shaped expansion member with

at least one piezo element.

15.  The downhole oscillation tool (100) of claim 14 wherein:
said at least one piezo element is ring-shaped and characterized by axial expansion

under an applied electric field.

16.  The downhole oscillation tool (100) of claim 14 wherein:

said at least one ring-shaped expansion member includes a flextensional mechanism;
and

said at least one piezo element is operatively coupled within said flextensional

mechanism
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17. A system for axially vibrating a downhole drill bit (80), comprising:

a tubular housing (110);

a shaft (130) partially disposed within said housing (110) and extending beyond a
bottom end of said housing (110), said shaft (130) being rotatively and axially movable with
respect to said housing (110);

a plurality of interchangeable modular actuator assemblies (170) each
interchangeably securable within said housing (110) and when so secured, disposed to
axially oscillate said shaft (130) with respect to said housing (110) as said shaft (130) rotates
with respect to said housing (110);

a ring-shaped shoulder (118) formed around an interior circumference of said
housing (110);

a flange (138) formed about an outer circumference of said shaft (130), said flange
(138) located within said housing (110);

a spring (140) disposed within said housing (110) so as to bias said flange (138)
towards said shoulder (118);

an end cap (114) coupled to said housing (110);

wherein

said plurality of modular actuator assemblies (170) are dimensioned and arranged to
be interchangeably disposed between said shoulder (118) and said flange (138) so as to
axially oscillate said flange (138) with respect to said shoulder (118) against said spring
(140) as said shaft (130) rotates with respect to said housing (110).

18. The system of claim 17 wherein:
said shaft (130) carries a magnet; and
at least one of said plurality of modular actuator assemblies (170) includes a winding

in magnetic communication with said magnet to form an electrical generator.

19. The system of claim 17 wherein:
said plurality of modular actuator assemblies (170) include one or more from a group
consisting of a mechanical actuator assembly, a hydraulic actuator assembly, and a

piezoelectric actuator assembly.

20. The system of claim 17 wherein:
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said plurality of modular actuator assemblies (170) include one or more from a group
consisting of a low frequency actuator assembly, a mid frequency actuator assembly, and a

high frequency actuator assembly.

21.  The system tool of claim 19 wherein:

said mechanical actuator assembly includes a first sleeve (600) arranged so as to be
rotationally fixed with respect to said housing (110), a second sleeve (602) arranged so as to
be rotationally fixed with respect to said shaft (130), and a shaped interface between said
first and second sleeves (600, 602) defining a plurality of longitudinal peaks intervaled by a
plurality of longitudinal valleys.

22.  The system tool of claim 19 wherein:
said hydraulic actuator assembly includes or at least partially defines a hydraulic
cylinder and at least one valve for alternately fluidly coupling said hydraulic cylinder

between an interior of said shaft (130) and an exterior of said housing (110).

23.  The system tool of claim 19 wherein:

said piezoelectric actuator assembly includes at least one at least one piezo element.

24, A method for axially vibrating a downhole drill bit (80), comprising:

installing an interchangeable first modular actuator assembly (170) between a
housing (110) and a shaft (130);

connecting said drill bit (80) to a distal end of said shaft (130);

imparting an axial force on said drill bit (80) via said housing (110), said first modular
actuator, and said shaft (130);

rotating said shaft (130) with respect to said housing (110);

axially vibrating said shaft (130) at a first frequency with respect to said housing
(110) by said first modular actuator assembly (170) as said shaft (130) rotates with respect
to said housing (110);

monitoring a parameter associated with drilling; and

upon a change in the monitored parameter,

replacing said first modular actuator assembly (170) with a second modular

actuator assembly (170), and
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axially vibrating said shaft (130) at a first frequency with respect to said
housing (110) by said second modular actuator assembly (170) as said shaft (130)

rotates with respect to said housing (110).

25. The method of claim 24, further comprising:

replacing said first modular actuator assembly (170) with a second modular actuator
assembly (170); and

axially vibrating said shaft (130) at a second frequency with respect to said housing
(110) by said second modular actuator assembly (170) as said shaft (130) rotates with respect
to said housing (110).

26. The method of claim 24, further comprising:

installing a mechanical modular actuator assembly (170) between said housing (110)
and said shaft (130);

rotatively fixing a first sleeve (600) of said mechanical modular actuator assembly
(170) to said housing (110);

rotatively fixing a second sleeve (602) of said mechanical modular to said shaft (130);,
and

axially oscillating said second sleeve (602) with respect to said first sleeve (600) as

said shaft (130) rotates with respect to said housing (110).

27. The method of claim 24, further comprising:

installing a hydraulic modular actuator assembly (170) between said housing (110)
and said shaft (130);

pressurizing a hydraulic cylinder of said hydraulic modular actuator assembly (170)
with drilling fluid from an interior of said shaft (130) so as to axially displace a piston;

displacing said shaft (130) with respect to said housing (110) by said piston; and then

venting said pressurized hydraulic cylinder to an exterior of said housing (110).

28. The method of claim 24, further comprising:

installing a piezoelectric modular actuator assembly (170) between said housing
(110) and said shaft (130); and

selectively applying an electric field across a piezo element of said piezoelectric

modular actuator assembly (170) so as to expand said piezo element along a dimension.
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29. The method of claim 24, further comprising:

monitoring a parameter associated with drilling; and

upon a change in the monitored parameter, axially vibrating said shaft (130) at a first
second with respect to said housing (110) by said first modular actuator assembly (170) as

said shaft (130) rotates with respect to said housing (110).
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PATENTKRAV

1. Oscillasjonsverktgy (100) nede i brgnnhullet for a vibrere en borkrone (80) aksialt,
omfattende:

et rgrformet hus (110);

en aksel (130) delvis anordnet inne i huset (110) og som strekker seg forbi en
bunnende av huset (110), akselen (130) er roterende og aksialt bevegelig i forhold til huset
(110);

en moduler aktuatorsammenstilling (170) utskiftbart baret inne i huset (110) og
anordnet for a oscillere akselen (130) aksialt i forhold til huset (110) ettersom akselen
(130) roterer i forhold til huset (110);

en ringformet skulder (118) dannet rundt en indre omkrets av huset (110);

en flens (138) dannet rundt en ytre omkrets av akselen (130), flensen (138) er
lokalisert inne i huset (110);

en fjeer (140) anordnet inne i huset (110) for a forspenne flensen (138) mot
skulderen (118); og

en endehette (114) koplet til huset (110);

hvori

den modulzre aktuatorsammenstillingen (170) er utskiftbart baret mellom
skulderen (118) og flensen (138) og anordnet for a oscillere et stempel aksialt i forhold til
skulderen (118) mot fjeren (140) ettersom akselen (130) roterer i forhold til huset (110).

2. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 1, hvori:
den modula®re aktuatorsammenstillingen (170) inkluderer en aksial boring (172)
dannet derigjennom; og

akselen (130) gar gjennom boringen.

3. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 1, hvori:
minst en del av den modulare aktuatorsammenstillingen (170) er rotasjonsmessig
festet i forhold til huset (110) med én av gruppen som bestar av minst ett Hirth-ledd, en

spline, en serrasjon og et kileledd.

4. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 1, videre omfattende:
en elektrisk generator anordnet inne i huset (110) og koplet for a tilveiebringe strgm

til den modul@re aktuatorsammenstillingen (170).
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5. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 4, hvori:
en vikling av den elektriske generatoren er anordnet inne i den modulare

aktuatorsammenstillingen (170).

6. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 1, hvori:

akselen (130) barer minst én magnet; og

den modul®re aktuatorsammenstillingen (170) inkluderer minst én spole roterende
festet i forhold til huset (110) og induktivt koplet med den minst ene magneten for a

generere et elektrisk potensial ved rotasjon av akselen (130) i forhold til huset (110).

7. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 1, hvori:
den modulzre aktuatorsammenstillingen (170) er en fra en gruppe som bestar av
minst én mekanisk aktuatorsammenstilling, en hydraulisk aktuatorsammenstilling og en

piezoelektrisk aktuatorsammenstilling.

8. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 7, hvori den mekaniske
aktuatorsammenstillingen omfatter:

en fgrste hylse anordnet (600) slik at den er rotasjonsmessig festet i forhold til huset
(110) og har en formet ende med et mangfold av langsgaende topper med mellomrom av et
mangfold av langsgaende daler;

en andre hylse (602) anordnet slik at den er rotasjonsmessig festet i forhold til
akselen (130) og har en formet ende med et mangfold av langsgaende topper med
mellomrom mellom et mangfold av langsgaende daler, den formede enden av den andre

hylsen (602) bringes 1 inngrep med den formede enden av den fgrste hylsen (600).

9. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 8, hvori den mekaniske
aktuatorsammenstillingen omfatter:
én av gruppen som bestar av minst ett Hirth-ledd, en spline, en serrasjon og et

kileledd som rotasjonsmessig fester den andre hylsen (602) til akselen (130).

10. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 7, hvori:
akselen (130) er hul og definerer et indre;
den hydrauliske aktuatorsammenstillingen inkluderer eller minst delvis definerer en

hydraulisk sylinder som kan pafgre en aksial kraft pa akselen (130) i forhold til huset
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(110), en fgrste strgmningsbane hydraulisk koplet mellom det indre av akselen (130) og
den hydrauliske sylinderen, og en andre strgmningsbane hydraulisk koplet mellom den

hydrauliske sylinderen og et ytre av huset (110).

11. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 10, hvori:
den hydrauliske sylinderen inkluderer et stempel dannet rundt en ytre omkrets av

akselen (130) og dynamisk forseglet mot en indre vegg av huset (110).

12. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 10, videre omfattende:
den hydrauliske sylinderen inkluderer et mangfold av adskilte hydrauliske sylindre

anordnet rundt akselen (130) inne i huset (110).

13. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 10, videre omfattende:
en ventil operativt anordnet i minst én av den f@grste og den andre strgmningsbanen

for a kontrollere et trykk i den hydrauliske sylinderen.

14. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 7, hvori:
den piezoelektriske aktuatoren inkluderer minst ett ringformet ekspansjonselement

med minst ett piezoelement.

15. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 14, hvori:
det minst ene piezoelementet er ringformet og karakterisert ved aksial ekspansjon

under et pafgrt elektrisk felt.

16. Oscillasjonsverktgyet (100) nede 1 brgnnhullet ifglge krav 14, hvori:
det minst ene ringformede ekspansjonselementet inkluderer en
bgyespenningsmekanisme; og

det minst ene piezoelementet er operativt koplet inne i bgyespenningsmekanismen.

17. System for a vibrere en borkrone (80) aksialt nede i brgnnhullet, omfattende:

et rgrformet hus (110);

en aksel (130) delvis anordnet inne i huset (110) og som strekker seg forbi en
bunnende av huset (110), akselen (130) er roterende og aksialt bevegelig i forhold til huset
(110);
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et mangfold av utskiftbare modulere aktuatorsammenstillinger (170) hver
utskiftbart festbar i huset (110) og nar de er festet slik, anordnet for a oscillere akselen
(130) aksialt i forhold til huset (110) ettersom akselen (130) roterer i forhold til huset
(110);

en ringformet skulder (118) dannet rundt en indre omkrets av huset (110);

en flens (138) dannet rundt en ytre omkrets av akselen (130), flensen (138) er
lokalisert inne i huset (110);

en fjeer (140) anordnet inne i huset (110) for a forspenne flensen (138) mot
skulderen (118);

en endehette (114) koplet til huset (110);

hvori

mangfoldet av modulere aktuatorsammenstillinger (170) er dimensjonert og
anordnet for a vere utskiftbart anordnet mellom skulderen (118) og flensen (138) for a
oscillere flensen (138) aksialt i forhold til skulderen (118) mot fjeren (140) ettersom
akselen (130) roterer i forhold til huset (110).

18. Systemet ifglge krav 17, hvori:
akselen (130) barer en magnet; og
minst ett av mangfoldet av modulare aktuatorsammenstillinger (170) inkluderer en

vikling i magnetisk kommunikasjon med magneten for & danne en elektrisk generator.

19. Systemet ifglge krav 17, hvori:
mangfoldet av modulere aktuatorsammenstillinger (170) inkluderer én eller flere
fra en gruppe som bestar av en mekanisk aktuatorsammenstilling, en hydraulisk

aktuatorsammenstilling og en piezoelektrisk aktuatorsammenstilling.

20. Systemet ifglge krav 17, hvori:
mangfoldet av modulere aktuatorsammenstillinger (170) inkluderer én eller flere
fra en gruppe som bestar av en lavfrekvent aktuatorsammenstilling, en midtre

frekvensaktuatorsammenstilling og en hgyfrekvent aktuatorsammenstilling.
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21. Systemverktgyet ifglge krav 19, hvori:

den mekaniske aktuatorsammenstillingen inkluderer en fgrste hylse (600) anordnet
slik at den er rotasjonsmessig festet i forhold til huset (110), en andre hylse (602) anordnet
slik at den er rotasjonsmessig festet i forhold til akselen (130), og en formet grenseflate
mellom den fgrste og andre hylsen (600, 602) som definerer et mangfold av langsgaende

topper med mellomrom av et mangfold av langsgaende daler.

22. Systemverktgyet ifglge krav 19, hvori:

den hydrauliske aktuatorsammenstillingen inkluderer eller minst delvis definerer en

hydraulisk sylinder og minst €n ventil for vekselvis fluidkopling av den hydrauliske

sylinderen mellom et indre av akselen (130) og et ytre av huset (110).

23. Systemverktgyet ifglge krav 19, hvori:

den piezoelektriske aktuatorsammenstillingen inkluderer minst ett piezoelement.

24. Fremgangsmate for & vibrere en borkrone (80) aksialt nede i brgnnhullet,
omfattende:
a installere en utskiftbar fgrste modular aktuatorsammenstilling (170) mellom et
hus (110) og en aksel (130);
a koble borkronen (80) til en distal ende av akselen (130);
a pafgre en aksial kraft pa borkronen (80) via huset (110), den fgrste modulare
aktuatoren og akselen (130);
a rotere akselen (130) i forhold til huset (110);
a vibrere akselen (130) aksialt ved en fgrste frekvens i forhold til huset (110) med
den fgrste modulzre aktuatorsammenstillingen (170) ettersom akselen (130) roterer i
forhold til huset (110);
a overvake en parameter assosiert med boring; og
ved en endring i den overvikede parameteren,
a erstatte den fgrste modulere aktuatorsammenstillingen (170) med en
andre modular aktuatorsammenstilling (170), og
a vibrere akselen (130) aksialt ved en fgrste frekvens i forhold til huset
(110) med den andre modulare aktuatorsammenstillingen (170) ettersom akselen

(130) roterer i forhold til huset (110).
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25. Fremgangsmaten ifglge krav 24, videre omfattende:

a erstatte den fgrste modulaere aktuatorsammenstillingen (170) med en andre
modular aktuatorsammenstilling (170); og

a vibrere akselen (130) aksialt ved en andre frekvens i forhold til huset (110) med
den andre modulere aktuatorsammenstillingen (170) ettersom akselen (130) roterer i

forhold til huset (110).

26. Fremgangsmaten ifglge krav 24, videre omfattende:

a installere en mekanisk modular aktuatorsammenstilling (170) mellom huset (110)
og akselen (130);

a feste en fgrste hylse (600) av den mekaniske modulzre aktuatorsammenstillingen
(170) roterende til huset (110);

a feste en andre hylse (602) av den mekaniske modulen roterende til akselen (130);
0g

a oscillere den andre hylsen (602) aksialt i forhold til den fgrste hylsen (600)
ettersom akselen (130) roterer i forhold til huset (110).

27. Fremgangsmaten ifglge krav 24, videre omfattende:

a installere en hydraulisk modulear aktuatorsammenstilling (170) mellom huset
(110) og akselen (130);

a trykksette en hydraulisk sylinder til den hydrauliske modulare
aktuatorsammenstillingen (170) med borefluid fra et indre av akselen (130) for a forskyve
et stempel aksialt;

a forskyve akselen (130) i forhold til huset (110) med stempelet; og deretter

a ventilere den trykksatte hydrauliske sylinderen til et ytre av huset (110).

28. Fremgangsmaten ifglge krav 24, videre omfattende:

a installere en piezoelektrisk modulear aktuatorsammenstilling (170) mellom huset
(110) og akselen (130); og

a pafgre et elektrisk felt over et piezoelement av den piezoelektriske modulare
aktuatorsammenstillingen (170) selektivt for a ekspandere piezoelementet langs en

dimensjon.
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29. Fremgangsmaten ifglge krav 24, videre omfattende:

a overvake en parameter assosiert med boring; og

ved en endring i den overvikede parameteren, a vibrere akselen (130) aksialt i et
forste sekund i forhold til huset (110) med den fgrste modulare aktuatorsammenstillingen

(170) ettersom akselen (130) roterer i forhold til huset (110).
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