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(57) Abrege/Abstract:
A method for designing a core bit to control and reduce the cutting forces acting on a core of rock Is disclosed. The method
Includes generating a model of a core bit including a plurality of cutting elements on a plurality of blades. The method may
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(57) Abrege(suite)/Abstract(continued):

additionally include simulating a coring operation with the model of the core bit. The method may further include calculating at least
one force vector generated by at least one of the plurality of cutting elements on the model of the core bit during the coring
operation. The method may further include determining at least one force acting on a core in the model of the core bit based on the
at least one force vector and generating a design of the core bit based on the at least one force acting on the core.
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CORE BIT DESIGNED TO CONTROL AND REDUCE THE CUTTING FORCES ACTING
ON A CORE OF ROCK

ABSTRACT

A mcthod for dcsigning a corc bit to control and rcducc the cutting forccs acting on a
core of rock 1s disclosed. The method includes generating a model of a core bit including a
plurality of cutting elements on a plurality of blades. The method may additionally include
simulating a coring operation with the model of the core bit. The method may further include
calculating at least one force vector generated by at least one of the plurality of cutting elements
on the model of the core bit during the coring operation. The method may further include
determining at least on¢ force acting on a core in the model of the core bit based on the at least
on¢ force vector and generating a design of the core bit based on the at least one force acting on

th¢ corc.

Active 16397472.1
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CORE BIT DESIGNED TO CONTROL AND REDUCE THE CUTTING FORCES
ACTING ON A CORE OF ROCK

TECHNICAL FIELD

The present disclosure relates generally to drilling tools and, more particularly, to

a core bit designed to control and reduce the cutting and friction forces acting on a core

of rock.

BACKGROUND

Various types of drilling tools including, but not limited to, rotary dnll bits,

reamers, core bits, under reamers, hole openers, stabilizers, and other downhole tools
have been used to form boreholes in associated downhole formations. Examples of such
rotary drill or core bits include, but are not limited to, fixed cutter drill or core bits, drag
bits, polycrystalline diamond compact (PDC), thermo-stable diamond (TSD), natural
diamond, or diamond impregnated drill or core bits, and matrix or steel body drill or core
bits associated with forming oil and gas wells extending through one or more downhole
formations. Fixed cutter drill bits or core bits such as a PDC dnll bit or core bit may
include multiple blades that each include multiple cutting elements.

Hydrocarbons, such as oil and gas, often reside in various forms within
subterranean geological formations. Often, a core bit 1s used to obtain representative
samples of rock taken from a formation of interest. These rock samples are generally
referred to as ‘“‘core samples.” Analysis and study of core samples enable engineers and
geologists to assess formation parameters such as the reservoir storage capacity, the flow
potential of the rock that makes up the formation, the composition of the recoverable
hydrocarbons or minerals that reside in the formation, and the irreducible water saturation
level of the rock. For instance, information about the amount of fluid may be useful in the
subsequent design and implementation of a well completion program that enables
production of selected formations and zones that are determined to be economically

attractive based on the data obtained from the core sample.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present invention and its features and
advantages, reference is now made to the following description, taken in conjunction with
the accompanying drawings, in which:

FIGURE 1 1s an elevation view of an example embodiment of a coring system;

FIGURE 2 illustrates an 1sometric view of a rotary core bit oriented upwardly in a
manner often used to model or design fixed cutter bits and core bits;

FIGURE 3A illustrates a top view of a core bit including a plurality of cutting
elements and force vector distributions created by each cutting element during a coring
operation, shown in a plane perpendicular to the core bit axis;

FIGURE 3B 1llustrates a top view of on¢ blade of a core bit including a plurality
of cutting elements and the cutting force resulting vectors created by each cutting element
during a coring operation, shown in a plane perpendicular to the core bit axis;

FIGURES 4A and 4B illustratc cross-scctional vicws of core bits scctioned
through one blade, rock formations, and core samples obtained by each of the core bits;

FIGURES 5A and 5B 1illustrate cross-sectional views of core bits sectioned
through one blade, rock formations, core samples obtained by each of the core bits, and a
force vector distribution per cutting element 1n a plane passing through the core bit axis;

FIGURES 6A and 6B 1illustrate cross-sectional views of core bits sectioned
through one blade, rock formations, core samples obtained by each of the core bits, and
force resulting vectors per cutting element 1n a plane passing through the core bit axis;

FIGURE 7 1illustrates a block diagram of an exemplary core bit modeling system;
and

FIGURE 8 1llustrates a flow chart of a method for designing a core bit to reduce

the forces acting on a core.
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DETAILED DESCRIPTION

A core bit may be designed to minimize the forces exerted on the core sample
and/or the areas of the formation from which the core sample will be cut (collectively
“the core”) by one or more cutting elements on the core bit. A core bit designed to
minimizc the forces exerted on the core may minimize wear and/or fracturing of the core.
Additionally, the core bit may reduce the occurrence of jamming during the coring
operation, where no additional length of core may enter the coring tube. Accordingly,
tools and methods may be designed in accordance with the teachings of the present
disclosure and may have different designs, configurations, and/or parameters according to
the particular application. Embodiments of the present disclosure and its advantages are
best understood by referring to FIGURES 1 through &, where like numbers are used to
indicate like and corresponding parts.

FIGURE 1 1s an ¢levation view of an example embodiment of a drilling system.
Drilling system 100 may include a surface or site 104 located above geological formation
106. Various typcs of drilling cquipment such as a rotary table, drilling fluid pumps, and
drilling fluid tanks (not expressly shown) may be located at surface 104. For example,
surface 104 may include drilling rig 102 that may have various characteristics and

73

features associated with a “land drilling ng.” However, downhole drilling tools
incorporating teachings of the present disclosure may be satisfactorily used with drilling
cquipment locatecd on offshorc platforms, drill ships, scmi-submersiblcs, and drilling
barges (not expressly shown).

Drilling system 100 may also include drill string 112 associated with core bit 124
that may be used to form a wide variety of borcholes such as borehole 132. Drilling rig
102 may be coupled to drilling assembly 108 within borchole 132 in formation 106.
Drilling asscmbly 108 may includc drill string 112 and bottom holc asscmbly (BHA) 114.
Drill string 112 may include a plurality of tubular segments coupled in series to define an

inner bore through which drilling fluid may be pumped, as will be described below.

Borehole 110 may be partially covered by steel casing 110.
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BHA 114 may be formed from a wide variety of components configured to form a
borehole 132. For example, components of BHA 114 may include, but are not limited to,
core bits (e.g., core bit 124), drill collars, downhole drilling or coring motors, drilling or
coring parameter sensors for weight, torque, rotational speed, tilt angle, and direction
mcasurcmcnts of drill string 112 and other acccleration rclated sensors, stabilizers,
measurement while drilling (MWD) components containing borehole survey equipment,
logging while drilling (LWD) sensors for measuring formation parameters, short-hop and
long haul telemetry systems used for communication, and/or any other suitable downhole
equipment. The number of components such as drill collars and different types of
components included in BHA 114 may depend upon anticipated downhole coring
conditions and the type of borehole that will be formed by dnll string 112 and core bit
124. BHA 114 may also include vanous types of borehole logging tools (not expressly
shown). Examples of such logging tools may include, but are not limited to, acoustic,
ncutron, gamma ray, density, porosity, sonic, photoclectric, nuclear magnetic resonance,
and/or any othcr commcrcially available logging tool.

BHA 114 may also include telemetry system 116, recording module 118,
downhole controller 120, coring assembly barrel 122, and core bit 124. Coring assembly
barrel 122 may include an inner barrel tube 140 to receive core 144. Telemetry system
116 may communicate with surface control unit 126 via mud pulses, wired
communications, or wirclcss communications. Surfacce control unit 126 may includc, for
example, a microprocessor or controller coupled to a memory device that contains a set
of mstructions. The set of instructions, when executed by the processor, may cause the
processor to perform certain actions such as sending commands to BHA 114 to control
the operation of BHA 114. Surface control unit 126 may transmit commands to elements
of BHA 114 using mud pulscs or othcr communication media that arc reccived by
telemetry system 116. Likewise, telemetry system 116 may transmit information to
surface control unit 126 from elements in BHA 114. For example, measurements of

formation 106 and borechole 132 taken within BHA 114 may be transmitted to surface
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control unit 126 through telemetry system 116. Measurements transmitted to surface
control unit 126 may include the temperature and pressure in borchole 132.

Like surface control unit 126, downhole controller 120 may include a
microprocessor or a controller coupled to a memory device including instructions stored
thercin. Downholc controller 120 may 1ssuc commands to clecments within BHA 114 in
response to commands from surface control unit 126, or downhole controller 120 may
issue the commands without being prompted by surface control unit 126.

During coring operations, drilling fluid may be pumped into drill string 112 from
surface reservoir 128 through pipe 130. The drilling fluid may tlow through drill string
112 and exit from core bit 124, lubricating and cooling the cutting face of core bit 124
and carrying cuttings from core bit 124 to surface 104. The drlling fluid may retumn to
surface 104 through wellbore annulus 149 between BHA 114 and drilling string 112 and
the wall of borchole 132. The drilling fluid may return to surface reservoir 128 through
flow pipe 134 in tluid communication within annulus 149.

Corc bit 124 may bc a coring drill bit that has a central opening, as discussed in
further detail in FIGURE 2, and may include one or more blades that may be disposed
outwardly from exterior portions of a bit body of core bit 124. The bit body may be
generally curved and the one or more blades may be any suitable type of projections
extending outwardly from the bit body. Core bit 124 may rotate with respect to bit
rotational axis 146 in a dircction dcfincd by dircctional arrow 148. The blades may
include one or more cutting elements disposed outwardly from exterior portions of each
blade. The blades may further include one or more gauge pads (not expressly shown).
Core bit 124 may be designed and formed in accordance with teachings of the present
disclosure and may have many different designs, configurations, and/or dimensions
according to the¢ particular application of corc bit 124.

As core bit 124 rotates and cuts into formation 106, it may form a generally
cylindrical core sample 144 by cutting formation 106 around the central opening of core
bit 124. Formation 106 may remain intact in the central opening and core sample 144

may be formed from the intact formation located in the central opening. According to
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aspects of the present disclosure, core sample 144 may be captured in inner barrel 140.
Coring assembly barrel 122 may be coupled to other elements within BHA 114, such as
telemetry system 116 or downhole controller 120. In other embodiments, coring
assembly barrel 122 may be coupled to drll string 112. Inner barrel 140 may be
stationary whilc coring asscmbly barrcl 122 may rotatc with drill string 112. In ccrtain
embodiments, core sample 144 may be retrieved from inner barrel 140 at surface 104 to
perform tests that cannot be performed downhole.

In the process of cutting core sample 144 from formation 106, core sample 144
and/or portions of formation 106 that may become part of core sample 144 (hereinafter
“the future core””) may be subject to various stresses that may damage core sample 144
and/or the future core. For example, as core bit 124 cuts into formation 106, a portion of
the cutting forces exerted by the cutting elements located on the blades of core bit 124
may be directed toward the zones of formation 106 from which core sample 144 is or will
be cut. The forces exerted on core sample 144 and/or the future core may wear and/or
wcaken corc samplc 144 and/or the futurc and may fracturc it. Thercfore, corc bit 124
may be modeled to predict the effect of forces generated by core bit 124 on core sample
144 and/or the future core during a coring operation to allow for designing core bit 124
such that the forces acting on core sample 144 and/or the future core may be reduced.
The use of a core bit designed 1n accordance with the present disclosure may prevent core
samplc 144 and/or the futurc corc from breaking or wearing during the coring operation.

In one embodiment, an interaction model may be used to predict the forces created by

core bit 124 and the interaction of those forces with core sample 144 and/or the future
core.

FIGURE 2 1llustrates an isometric view of a rotary core bit oriented upwardly in a
manncr oftcn uscd to model or design fixed cutter bits and core bits. Core bit 124 may be
any type of fixed cutter core bits, including PDC core bits, thermally stable
polycrystalline (TSP) core bits, diamond impregnated core bits, and/or cutting structure
combinations core bits including cutting elements configured to form borehole 132 (as

illustrated in FIGURE 1) extending through one or more subterranean formations 106.
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Core bit 124 may be designed and formed in accordance with teachings of the present
disclosure and may have many different designs, configurations, and/or dimensions
according to the particular application of core bit 124.

Core bit 124 may include one or more blades 150a—150g (“blades 150”’) that may
be disposcd outwardly from cxterior portions of bit body 174. Bit body 174 may be
generally curved and blades 150 may be any suitable type of projections extending
outwardly from bit body 174. For example, a portion of blade 150 may be directly or
indirectly coupled to an exterior portion of bit body 174, while another portion of blade
150 may be projected away from the exterior portion of bit body 174. Blades 150 formed
in accordance with teachings of the present disclosure may have a wide variety of
configurations including, but not limited to, substantially straight, arched, helical,
spiraling, tapered, converging, diverging, symmetrical, and/or asymmetrical.

Each of blades 150 may include a first end disposed toward bit rotational axis 146
and a second end disposed proximate or toward exterior portions of core bit 124 (e.g.,
disposcd gencerally away from bit rotational axis 146 and toward uphole portions of corc
bit 124). The terms “downhole” and “uphole” may be used in this application to describe
the location of various components of drilling system 100 relative to the bottom or end of
a borehole. For example, a first component described as “uphole” from a second
component may be further away from the distal end of borehole 132 than the second
componcnt. Similarly, a first component described as being “downhole” from a sccond
component may be located closer to the distal end of borehole 132 than the second

component.

In some cases, blades 150 may have substantially arched configurations, generally
helical configurations, spiral shaped configurations, or any other configuration
satistactory for usc with core bit 124. Onc or more blades 150 may have a substantially
arched configuration extending from proximate rotational axis 146 of core bit 124. The
arched configuration may be defined in part by a generally concave, recessed shaped
portion extending from proximate bit rotational axis 146. The arched configuration may

also be defined 1n part by a generally convex, outwardly curved portion disposed between
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the concave, recessed portion and exterior portions of each blade which correspond
generally with the outside diameter of core bit 124,

Blades 150 may have a general arcuate configuration extending radially from
rotational axis 146. The arcuate configurations of blades 150 may cooperate with each
other to dcefine, in part, a gencrally cone shaped or recessced portion disposcd adjacent to
and extending radially outward from the bit rotational axis. Exterior portions of blades
150, cutting clements 158 and other suitable elements may be described as forming
portions of the core bit face.

The number and location of blades 150 may vary such that core bit 124 includes
more or less blades 150. Blades 150 may be disposed symmetrically or asymmetrically
with regard to each other and bit rotational axis 146 where the disposition may be based
on the downhole conditions of the coring environment. In some cases, blades 150 and bit
body 174 may rotate about rotational axis 146 in a direction defined by directional arrow
148.

Each bladc may have a Icading (or front) surface 154 disposcd on one sidc of the
blade 1n the direction of rotation of bit body 174 and a trailing (or back) surface 156
disposed on an opposite side of the blade away from the direction of rotation of core bit
124. Blades 150 may be positioned along bit body 174 such that they have a spiral
configuration relative to rotational axis 146. In other embodiments, blades 150 may be
positioncd along bit body 174 in a gencrally parallel configuration with respect to cach
other and bit rotational axis 146.

Blades 150 may include one or more cutting elements 158 disposed outwardly
from exterior portions of each blade 150. For example, a portion of cutting element 158
may be directly or indirectly coupled to an exterior portion of blade 150 while another
portion of cutting clement 158 may be projected away from the exterior portion of bladc
150. Cutting elements 158 may be any suitable device configured to cut into a formation,
including but not limited to, primary cutting elements, back-up cutting elements,

secondary cutting elements, or any combination thercof. By way of example and not
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limitation, cutting elements 158 may be various types of cutters, compacts, buttons,
inserts, and gage cutters satisfactory for use with a wide variety of core bits 124.

Cutting elements 158 may include respective substrates 162 with a layer of hard
cutting material, e.g., cutting table 160, disposed on one end of each respective substrate
162. Cutting tablc 160 of cach cutting clcment 158 may provide a cutting surfacc that
may engage adjacent portions of formation 106 to form borehole 132. Each substrate 162
of cutting elements 158 may have various configurations and may be formed from
tungsten carbide with a binder agent such as cobalt or other matenals associated with
forming cutting elements for rotary core bits. Tungsten carbides may include, but are not
limited to, monotungsten carbide (WC), ditungsten carbide (W,C), macrocrystalline
tungsten carbide, and cemented or sintered tungsten carbide. Substrates 162 may also be
formed using other hard materials, which may include various metal alloys and cements
such as metal borides, metal carbides, metal oxides, and metal nitrides. For some
applications, cutting table 160 may be formed from substantially the same materials as
substratc 162. In othcr applications, cutting tablc 160 may bc formed from different
materials than substrate 162. Examples of materials used to form cutting table 160 may
include polycrystalline diamond materials, including synthetic polycrystalline diamonds.
Blades 150 may include recesses or bit pockets 164 that may be configured to receive
cutting elements 158.

Bladcs 150 may further include onc or more gauge pads 152. A gage pad may be
a cylindrical area disposed on an exterior portion of blade 150. Gauge pads may often
contact adjacent portions of borechole 132 formed by core bit 124, Exterior portions of
blades 150 and/or associated gauge pads may be disposed at various angles, positive,
negative, and/or parallel, relative to adjacent portions of generally vertical portions of
borchole 132. A gaugce pad may includc reinforcing clements and/or one or more layers

of hardfacing material.

Uphole end 166 of core bit 124 may include shank 168 with threads 170 formed
thereon. Threads 170 may be used to releasably engage core bit 124 with BHA 114,
shown 1n FIGURE 1, whereby core bit 124 may be rotated relative to bit rotational axis
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146. Downhole end 172 of core bit 124 may include a plurality of blades 150a—150g with
respective junk slots or fluid flow paths 173 disposed therebetween. Additionally, drilling
fluid may exit from one or more ports and/or nozzles 176.

During a coring operation, cutting elements 158 on core bit 124 will exert forces
on a corc samplc (c.g., corc samplc 144 shown in FIGURE 1) or portions of a formation
from which the core sample may be cut. The forces may cause damage to the core, such
as wear, weakening, breakage, and/or fracturing, and may modify its characteristics
compared to the in situ characteristics of the formation. A damaged core may not be as
useful for analysis as 1t may not be representative of the original formation. Additionally,
when the core breaks and/or fractures, jamming may occur where the friction between
multiple pieces of the core prevents any further core from entering a coring inner barrel
tube (e.g., inner barrel tube 140 shown in FIGURE 1). When jamming occurs, the coring
operation may have to be stopped and the core may have to be removed before the coring
operation may resume. A jamming occurrence may reduce the efficiency and increase the
costs of the coring operation. Additionally, a worn, broken, or fractured corec may crcatc a
core sample that may be unusable or may not accurately represent the properties of the
formation and/or reservoir (e.g., formation 106) and may reduce the accuracy of analysis
performed on the core sample.

Core bit 124 may be designed in accordance with the present disclosure such that
the forces crecated by cutting clements 158 that act on the core may be reduced. When
core bit 124 1s designed to reduce the forces acting on the core, the likelihood that the
core may be damaged or the likelihood that a jamming occurrence may occur may be
reduced. Core bit 124 may be modified to reduce the forces acting on the core by
modifying various aspects of the cutting structure of core bit 124, such as modifying the
cutting clement size, cutting structurc profile, mixing cutting clement sizes across the
cutting elements on a blade or from one blade to another blade, cutting element
orientation (e.g., back rake angle and/or side rake angle), cutting element chamfer,
mixing of cutting element chamfers across the cutting elements on a blade, cutting

clement geometry, blade count, cutting element alignment or non-alignment along the
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profile, and cutting element alignment or non-alignment from one blade to another blade
(c.g., track-setting).

FIGURE 3A 1illustrates a top view of a core bit including a plurality of cutting
elements and a force vector distribution created by cach cutting element during a coring
opcration, shown in a planc perpendicular to the corc bit axis. Cutting force vcctor
distributions 379 may each include multiple drag force vectors or any other forces that
may be created by the cutting elements. During a coring operation, some of cutting force
vectors included 1 each force vector distribution 379 may be directed toward the core,
such as a core occupying center areca 380 of core bit 324,

Force vector distributions 379 generated by cutting elements 358 may be used to
compute the forces acting on the core sample. Force vector distribution 379 for each
cutting element 358 may be summed to determine resulting cutting force vectors, created
by each cutting clement, acting on the core. FIGURE 3B illustrates a top view of one
blade of a core bit including a plurality of cutting elements and the resulting cutting force
veetors crcated by cach cutting clement during a coring opcration, shown in a planc
perpendicular to the core bit axis. Cutting force distributions 379, shown in FIGURE 3A,
acting on each cutting element 358a-358¢ (“cutting elements 358”"), may be summed to
determine a resulting cutting force vector 378a-378¢ (“resulting cutting force vectors
378”) for each cutting element 358. Resulting cutting force vector 378 may represent the
sum of thc dircction and magnitude of the various forces gencrated by cutting clement
358. When a force from force vector distributions 379 and/or resulting cutting force
vectors 378 1s directed towards the core and center areca 380 of core bit 324, the force
from force vector distributions 379 and/or resulting cutting force vectors 378 may cause
wear or damage to a core in center area 380. Therefore, core bit 324 may be designed to
rcduce the magnitude of force vcector distributions 379 and/or resulting cutting force
vectors 378 directed toward center area 380 and/or change the direction of force vector

distributions 379 and/or resulting cutting force vectors 378 such that force vector

distributions 379 and/or resulting cutting force vectors 378 may be directed away from
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center area 380 and thus reduce the likelihood of wear, fracturing, or breakage of the
core.

The design of core bit 324 may include defining on¢ or more requirements of the
coring operation, such as the diameter of the core sample, the characteristics of the
geological formation, or the coring speed of the operation. For cxample, a hard formation
may be capable of withstanding more force than a softer formation. Therefore in
embodiments where the formation is soft, acceptable force vector distributions 379 and/or
resulting cutting force vectors 378 directed towards center arca 380 may be smaller than
acceptable force vector distributions 379 and/or resulting cutting force vectors 378 in
embodiments where the formation 1s hard. Additionally, a geological formation may be
brittle or may already have existing in situ fractures and thus more susceptible to
breakage during a coring operation and acceptable force vector distributions 379 and/or
resulting cutting force vectors 378 may be even further reduced for brittle or fractured
formations.

Oncc the requircments of the coring opceration arc dcfined, an initial design of
core bit 324 may be generated. The initial design of core bit 324 may be based on a
baseline design for a core bit or based on a core bit that may meet the requirements of the
coring operation. The initial design of core bit 324 may not include consideration of force
vector distributions 379 and/or resulting cutting force vectors 378 generated or how force
vector distributions 379 and/or resulting cutting force vectors 378 intcract with the core.

The initial design of core bit 324 may be used to calculate the forces generated by
cutting elements 358. In some embodiments, the forces may be calculated for the
individual cutting elements 358. In other embodiments, the forces may be calculated for
cutting elements 358 on a blade by blade basis or for all of cutting elements 358 on core
bit 324 as a wholc. The calculated forces may include drag forces that may be used to
determine the torque on bit (TOB) and lateral forces that may be used to determine a
resultant radial force on bit.

In some embodiments, force vector distributions 379 and/or resulting cutting

force vectors 378 generated by cutting elements 358 may be variable across blade 326.
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For example, cutting force vectors 378a—378b generated by cutting elements 358a-358b
may be higher than cutting force vector 378¢ generated by cutting element 358e where
cutting element 358e¢ is closer to center area 380 than cutting elements 358a and 358b.
Cutting force vectors 378a and 378b may be higher than cutting force vector 378¢ due to
cutting clecments 358a and 358b being positioned to morc aggressively cut into the
formation than cutting element 358e.

Frictional forces between core bit 324 and the core sample may also be computed.
For example, as core bit 324 rotates, the core sample may be stationary. Inner diameter
382 of core bit 324 may create frictional forces on the perimeter of the core sample that
may cause wear and/or overheating on the core sample. Therefore force vector
distributions 379 and/or resulting cutting force vectors 378 and frictional forces may be
used to determine the forces potentially acting on the core sample.

Based on the forces potentially acting on the core using the initial design, core bit
324 may be redesigned to minimize the forces, reducing the magnitude of the cutting
forcc vector and/or rcoricnting the cutting force vectors outward, away from the core. In
some embodiments, cutting elements 358 and portions of core bit 324 located at any
point on core bit 324 may be modified. In other embodiments, the modification may
focus primarily on cutting elements 358 and portions of core bit 324 nearest to the
circumference of center area 380. For example, core bit 324 may have a diameter of
approximatcly cight inchcs and an inner diamcter of center 380 may be approximately
four inches. The design process may focus on the inner portion of the core bit, such as the
approximately one-half inch nearest to the circumference of center 380. Cutting elements
358 and the portion of core bit 324 nearest to the circumference of center 380 may
generate the greatest cutting force vectors 378 that may act on the core and thus the
rcdcsign process may focus on these portions of core bit 324,

The redesign of core bit 324 may include modifying attributes of core bit 324
and/or cutting elements 358, such as the cutting element size, cutting structure profile,
mixing cutting element sizes across the cutting elements on a blade, cutting element

orientation (e.g., back rake angle and/or side rake angle), cutting element chamfer,
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mixing of cutting element chamfers across the cutting clements on a blade, and cutting
element geometry (¢.g., round or pre-cut as discussed in further detail with respect to
FIGURES 4A and 4B). For example, a higher back rake angle may cut the geological
formation less aggressively. Thus the forces generated by a cutting element with a higher
back rake anglc may be lower than the forces gencrated by a cutting clement with a lower
back rake angle. Therefore, in some embodiments, to reduce the magnitude of forces
acting on a core, the back rake angle of cutting elements near the inner diameter of the
core bit may be increased.

Once the design of core bit 324 i1s modified, the forces generated by cutting
elements 358 and the forces acting on the core may be recalculated. The forces acting on
the core may be compared to a threshold value and, if the forces are below the threshold
value, the design of core bit 324 may be complete. If the forces acting on the core are
above the threshold value, core bit 324 may be further modified to reduce the forces. The
threshold value corresponding to the amount of force a core can withstand without
wearing and/or fracturing may bc bascd on the propertics of the geological formation
such as the rock formation strength, brittleness, fracturation level, and/or fracture
orientation.

FIGURES 4A and 4B illustrate cross-sectional views of core bits sectioned
through one blade, rock formations, and core samples obtained by each of the core bits .
FIGURE 4A 1llustratcs an cxample corc bit 424a. Cutting clements 458 may be cxerting
forces on core sample 484a and future core 488 (collectively referred to as “core 490”).
Future core 488 may be a portion of rock formation 406 from which core sample 484a
will be cut. Cutting element 458a may be a pre-cut cutting clement, where cutting
clement 458a may have a flat surface where cutting element 458a contacts core 490.
Inner gauge pad 486a may also be in contact with corc 490. Both cutting clement 458a
and/or mner gauge pad 486a may create cutting forces and/or frictional forces that may
act on core 490. In some embodiments, to reduce the frictional forces, the geometry of
cutting element 458 nearest to core 490 (e.g., cutting element 458a) may be modified to

minimize the amount of surface area of cutting element 458 that is in contact with core
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490. For example, the cord length of cutting clement 458a that i1s 1n contact with core 490
may be optimized to minimize the forces acting on core 490. The optimization may take
into account the characteristics of rock formation 406 (e.g., hardness, brittleness, and/or
fracturation level). Additionally, the characteristics of cutting element 458a may be
modificd to reducc the forces acting on corc 490, such as the chamfer and/or radius size
of cutting eclement 458a.

Illustrating one example of the results of optimizing cutting element 458a, in
FIGURE 4B, cutting element 458a in contact with core 490 1s replaced by cutting
clement 458b which may have a generally circular shape. The portion of the perimeter of
cutting element 458b in contact with core 490 may be smaller than the portion of the
perimeter of cutting element 458a 1n contact with core 490. Thus the frictional forces
exerted on core 490 by cutting element 458b may be smaller than the frictional forces
exerted on core 490 by cutting element 458a.

FIGURES 5A and 5B 1illustrate cross-sectional views of core bits sectioned
through onc bladc, rock formations, corc samplcs obtained by cach of the corc bits, and
force vector distributions per cutting element in a plane passing through the core bit axis.
FIGURES 5A and 5B 1llustrate the effects of changing cutting element 458a to cutting
element 458b. Force vector distribution 579a for cutting element 458a shows part of the
force vectors directed towards core 490. After cutting element 458a is replaced by cutting
clement 458b in FIGURE 5B, force vector distribution 579b illustrates that the number
and/or magnitude of force vectors directed towards core 490 may be reduced.

FIGURES 6A and 6B 1illustrate cross-sectional views of core bits sectioned
through one blade, rock formations, core samples obtained by each of the core bits, and
resulting force vectors per cutting element in a plane passing through the core bit axis.
FIGURES 6A and 6B illustratc the cffccts of changing cutting clement 458a to cutting
clement 458b based on the resulting force vector per cutter 578a and 578b generated by
cutting clements 458a and 458b, respectively, based on the force vector distributions

shown in FIGURES 5 and 5B. Force vector distributions 579a and 579b may be summed

to create a resulting force vector 678a and 678b, respectively. After cutting element 458a
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is replaced by cutting element 458b in FIGURE 6B, resulting force vector 678b 1llustrates
that the magnitude and/or direction of resulting force vector 678b directed towards core
490 is reduced when compared to resulting force vector 678a shown in FIGURE 6A.
FIGURE 7 illustrates a block diagram of an exemplary core bit modeling system.
Modcling system 700 may bc configurcd to modcl the forces gencrated by the cutting
elements of a core bit and the effect of the forces on a core sample, such as core bit 124
and core sample 144 shown in FIGURES 1 and 2. In some embodiments, modeling
system 700 may mnclude modeling module 702. Modeling module 702 may be used to
perform the steps of method 800 as described with respect to FIGURE §. Modeling
module 702 may include any suitable components. For example, in some embodiments,
modeling module 702 may include processor 704. Processor 704 may include, for
example a microprocessor, microcontroller, digital signal processor (DSP), application
specific integrated circuit (ASIC), or any other digital or analog circuitry configured to
interpret and/or execute program instructions and/or process data. In some embodiments,
proccessor 704 may bc communicatively coupled to memory 706. Processor 704 may be
configured to interpret and/or execute program instructions and/or data stored in memory
706. Program 1nstructions or data may constitute portions of software for carrying out the
design of a core bit that exerts minimal forces or forces below a given threshold on a core
sample, as described herein. Memory 706 may include any system, device, or apparatus
configurcd to hold and/or housc onc or morc memory modulcs; for cxample, memory 706

may include read-only memory, random access memory, solid state memory, or disk-

based memory. Each memory module may include any system, device or apparatus
configured to retain program instructions and/or data for a period of time (e.g., computer-
readable non-transitory media).

Modcling system 700 may further include geological formation databasc 708.
Geological formation database 708 may be communicatively coupled to modeling
module 702 and may provide values that may be used to design a core bit in response to a
query or call by modeling module 702. Geological formation database 708 may be

implemented 1n any suitable manner, such as by functions, instructions, logic, or code,



10

15

20

235

CA 02966845 2017-05-04

WO 2016/108812 PCT/US2014/072499

17

and may be stored in, for example, a relational database, file, application programming
interface, library, shared library, record, data structure, service, software-as-service, or
any other suitable mechanism. Geological formation database 708 may include code for
controlling 1its operation such as functions, instructions, or logic. Geological formation
databasc 708 may spccify any suitablc paramctcrs that may be uscd to design a core bit,
such as the hardness or brittleness of the formation, the number of fractures existing in
the formation, and/or the orientation of any fractures in the formation.

Modeling system 700 may further include cutting element database 712. Cutting
clement database 712 may be communicatively coupled to modeling module 702 and
may provide parameters for designing a cutting element in response to a query or call by
modeling module 702. Cutting element database 712 may be implemented in any suitable
manner, such as by functions, instructions, logic, or code, and may be stored in, for
example, a relational database, file, application programming interface, library, shared
library, record, data structure, service, software-as-service, or any other suitable
mcchanism. Cutting clement databasc 712 may include codc for controlling its opcration
such as functions, instructions, or logic. Cutting element database 712 may specify any
suitable properties of a cutting element that may be used on a core bit, such as the size,
orientation, chamfer, angle, and/or geometry or shape of the cutting element. Although
modeling system 700 1s illustrated as including two databases, modeling system 700 may
contain any suitable numbcr of databascs.

In some embodiments, modeling module 702 may be configured to design a core
bit that minimizes the forces on a core sample. For example, modeling module 702 may
be configured to import one or more instances of geological formation database 708,
and/or one or more instances of cutting element database 712. Values from geological
formation databasc 708, and/or cutting clement databasc 712 may be stored in memory
706. Modeling module 702 may be further configured to cause processor 704 to execute
program 1nstructions operable to generate a design for a core bit and minimize the forces
exerted on a core sample by the cutting elements on the core bit. For example, processor

704 may, based on values in geological formation database 708 and cutting element
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database 712, calculate the forces gencrated by the cutting elements on a core bit,
calculate the force on a core sample, and modify the design of the core bit to mimimize
the forces acting on the core sample, as discussed in further detail with reference to
FIGURE 8.

Modcling system 700 may bc communicatively coupled to onc or morc displays
716 such that information processed by modeling module 702 (e.g., designs for the core
bit) may be conveyed or displayed to designers of a core bit.

Modifications, additions, or omissions may be made to FIGURE 7 without
departing from the scope of the present disclosure. For example, FIGURE 7 shows a
particular configuration of components for modeling system 700. However, any suitable
configurations of components may be used. For example, components of modeling
system 700 may be implemented either as physical or logical components. Furthermore,
in some embodiments, functionality associated with components of modeling system 700
may be implemented in special purpose circuits or components. In other embodiments,
functionality associatcd with componcnts of modcling system 700 may be implemented
in a general purpose circuit or components of a general purpose circuit. For example,
components of modeling system 700 may be implemented by computer program
instructions.

FIGURE & 1llustrates a flow chart of a method for designing a core bit to reduce
or minimizc the forces acting on a corc. The steps of mcthod 800 may be performed by
various computer programs, models, or any combination thereof, configured to simulate
and design drilling systems, apparatuses and devices, such as the modeling system
illustrated in FIGURE 7. For illustrative purposes, method 800 1s described with respect
to the coring systems as illustrated in the previous FIGURES; however, method 800 may
be uscd to design a corc bit for any subtcrrancan opcration.

Method 800 may begin at step 802 where the modeling system may input one or
more requirements of a coring operation. In some embodiments, the requirements of the
coring operation may be based on the requirements of the analysis performed on the core

sample, such as the size of the core sample and/or the amount of fractures in the core
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sample that may be acceptable without impacting the accuracy of the analysis. In other
embodiments, the requirements of the coring operation may be based on attributes of a
target reservoir, such as the depth of the reservoir and/or the operating time to reach the
reservoir. In further embodiments, the requirements of the coring operation may be based
on propcrtics of thc gecological formation, such as the hardness, brittleness, presence of
fractures 1n the formation, and/or orientation of the fractures in the formation.

In step 804, the modeling system may generate an initial design of a core bit. In
some embodiments, the initial design may be based on a baseline design for a core bit. In
other embodiments, the initial design may be based on at least one of the requirements of
the coring operation, as input in step 802. For example, the core recovery difficulty may
be used to determine an acceptable forces threshold. The initial design of the core bit may
or may not take into consideration the forces generated by the cutting elements of the
core bit and the way the forces act on a core.

In step 806, the modeling system may calculate the forces acting on the core
generated by the cutting clements of the core bit designed in step 804. The calculated
forces may include drag forces, (e.g., TOB) and/or radial forces. The forces may be
calculated on a cutting element by cutting element basis, along the contact surface with
the rock formation, to determine the forces generated by individual cutting elements and
how the forces vary across a blade of the core bit. For example, the forces generated by
cutting clements located further from the center of the core bit may be higher than the
forces generated by cutting elements located closer to the core. In some embodiments, the
modeling system may calculate the overall resulting forces for the core bit as a whole.

In step 808, the modeling system may calculate the forces acting on a core. The
forces acting on the core (e.g., the core sarnpie and/or the portions of the formation that
will be cut to form a corc samplc) may be the forces gencrated by the cutting clements of
the core bit, as calculated in step 806, or may be frictional forces caused by the friction
between the rotating inner diameter of the core bit and the stationary core. The forces
generated by the cutting elements may be summed to determine a total cutting force

vector acting on the core. The modeling system may calculate an effective force per
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cutting element acting on the core, taking into account the length and orientation of the
force vector, the characteristics of the rock ftormation, and the distance between the
cutting element force application point to the core.

The modeling system may display the forces generated by the cutting elements
graphically to assist in determining a modification to make to the core bit design. For
example, the modeling system may display the cutting force vectors of the cutting
elements across a blade of the core bit to illustrate the vanation of forces across the blade
and indicate which cutting elements have the greatest cutting force vectors directed
towards the core. The graphical visualization may also display a distribution of torque per
cutting element, resulting force vectors acting on the core, moments exerted on the core,
and/or any other suitable data point.

In step 810, the modeling system may determine whether the forces acting on the
core are below a threshold value. The threshold value criteria may be based on the
properties of the geological formation, such as the hardness of the formation, and may
indicatc thc amount of forcc the corc may be capablc of withstanding without fracturing,
breaking, and/or wearing. If the forces acting on the core are below the threshold value,
the cor¢ bit may be sufficiently designed to minimize the forces acting on the core and
mecthod 800 may proceed to step 814 to finalize the core bit design. However, if the
forces acting on the core are above the threshold value, method 800 may proceed to step
812.

In step 812, the modeling system may modify the design of the core bit. The
modifications made to the core bit may reduce the forces acting on the core. For example,
the modeling system may modify any attribute of the core bit that may reduce the forces
acting on the core, such as the cutting element size, the cutting structure profile, mixing
cutting clement sizes across the core bit, the cutting clement orientation (e.g., back rake
angle and/or side rake angle), the cutting element chamfer or radius, mixing of cutting
clement chamfers across the core bit, and/or the cutting element geometry (e.g., round or
pre-cut). The modeling system may modify any number of cutting elements and/or

portions of the core bit. For example, the modeling system may modify the cutting
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clements near the inner diameter of the core bit and/or may modify any cutting elements
along the cutting structure profile of the core bit.

The modification may also include balancing the cutting forces across the core bit
face and/or balancing the cutting forces on cutting ¢lements 1n contact with the core. In
cmbodiments where the forces arc balanced, somc cutting clements may cxert a force
vector on the core and other cutting elements may exert a force vector in an equal and
opposite direction such that the total resulting cutting force exerted on the core 18
minimal.

Once the core bit design has been modified in step 812, method 800 may return to
step 802 to calculate the forces on the core generated by the cutting elements of the
modified core bit. Method 800 may then compute the forces acting on the core by the
modified core bit and determine if the forces are below the threshold value. Method 800
may iteratively modify the design of the core bit until the forces acting on the core are
below the threshold value.

In stcp 814, the modcling systcm may output the design of the corc bit. The corce
bit design output may be used to manufacture a core bit having the characteristics of the
design of the core bit and/or may be used to produce additional visualizations of the
forces generated by the core bit and the interaction of the forces with the core.

Modifications, additions, or omissions may be made to method 800 without
departing from the scopc of the present disclosure. For cxample, the order of the steps
may be performed in a different manner than that described and some steps may be
performed at the same time. Additionally, each individual step may include additional
steps without departing from the scope of the present disclosure.

Embodiments disclosed herein include:

A. A mcthod for dcsigning a corc bit including gencerating a model of a corc
bit including a plurality of cutting elements on a plurality of blades, simulating a coring
operation with the model of the core bit, calculating at least one force vector generated by
at least one of the plurality of cutting elements on the model of the core bit during the

coring operation, determining at least one force acting on a core in the model of the core
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bit based on the at least one force vector, and generating a design of the core bit based on
the at least one force acting on the core.

B. A non-transitory machine-readable medium including instructions stored
therein, the instructions executable by one or more processors to facilitate performing a
mcthod for reducing the forces acting on a corc including gencrating a model of a corc bit
including a plurality of cutting elements on a plurality of blades, simulating a coring
operation with the model of the core bit, calculating at least one force vector generated by
at least one of the plurality of cutting elements on the model of the core bit during the
coring operation, determining at least one force acting on a core in the model of the core
bit based on the at least one force vector, and generating a design of the core bit based on
the at least one force acting on the core.

C. A coring system including a drill string and a coring bit coupled to the
drill string. The coring bit including a bit body including a plurality of blades, a plurality
of cutting elements on one of the plurality of blades, and a receptacle in a center of the
coring bit to rcceive a corc. The intcraction of the coring bit on the core 1s cstimated by:
generating a model of a core bit including a plurality of cutting elements on a plurality of
blades, simulating a coring operation with the model of the core bit, calculating at least
one force vector generated by at least one of the plurality of cutting elements on the
model of the core bit during the coring operation, determining at least one force acting on
a corc in the modcl of the corc bit bascd on the at Icast onc force vector, and gencrating a
design of the core bit based on the at least one force acting on the core.

Each of embodiments A, B, and C may have one or more of the following
additional elements in any combination: Element 1: further comprising calculating at
least on¢ second force vector generated by at least one inner gauge pad in contact with
thc corc during the coring opcration. Elcment 2: further including displaying at lcast onc
of the force vectors generated by at least one of the plurality of cutting elements and the

force acting on the core. Element 3: wherein the force acting on the core includes a
frictional force. Element 4. wherein generating the design of the core bit comprises

modifying at least one of a cutting structure profile, a size, an orientation, a chamfer, a
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radius, and a geometry of at lecast one of the plurality of cutting elements. Element 5:
wherein generating the design of the core bit comprises modifying a design of the core bit
if the at least one force is above a predetermined threshold in order to reduce the force
acting on the core during the coring operation. Element 6: wherein the predetermined
threshold 1s bascd on a property of a geological formation. Element 7: wherein gencrating
the design of the core bit includes considering a requirement of a coring operation.
Although the present disclosure and 1ts advantages have been described in detail,
it should be understood that various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the disclosure as defined by the

following claims.
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WHAT IS CLAIMED IS:

]. A method for designing a core bit, comprising:
inputting one or more requirements of a coring operation:;

generating a model of a core bit including a plurality of cutting elements on a plurality

of blades;

simulating the coring operation with the model of the core bit;

calculating at least one force vector generated by at least one of the plurality of
cutting elements on the model of the core bit during the coring operation;

determining at least one force acting on a core in the model of the core bit based on
the at least one force vector;

generating a design of the core bit based on the force acting on the core;

manufacturing the core bit based on the design; and

using the manufactured core bit to obtain a core sample of a formation.

2. The method of claim 1, further comprising calculating at least one second force vector

generated by at least one inner gauge pad in contact with the core during the coring operation.

3. The method of claim 1, further comprising displaying at least one of the force vectors

generated by at least one of the plurality of cutting elements and the force acting on the core.

4. The method of claim 1, wherein the force acting on the core includes a frictional
force.
5. The method of claim 1, wherein generating the design of the core bit comprises

modifying at least one of a cutting structure profile, a size, an orientation, a chamfer, a radius,

and a geometry of at least one of the plurality of cutting elements.

6. The method of claim 1, wherein generating the design of the core bit comprises

modifying a design of the core bit if the at least one force is above a predetermined threshold

in order to reduce the force acting on the core during the coring operation.

7. The method of claim 6, wherein the predetermined threshold is based on a property of

a geological formation.

CA 2966845 2018-08-08
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8. A non-transitory machine-readable medium comprising instructions stored therein,
the instructions executable by one or more processors to facilitate performing a method for

reducing the forces acting on a core, comprising:
Inputting one or more requirements of a coring operation;

generating a model of a core bit including a plurality of cutting elements on a plurality
ot blades:

simulating the coring operation with the model of the core bit;
calculating at least one force vector generated by at least one of the plurality of
cutting elements on the model of the core bit during the coring operation;

determining at least one force acting on a core in the model of the core bit based on
the at least one force vector;

generating a design of the core bit based on the at least one force acting on the core;

wherein the core bit is manufactured based on the design; and

a core sample of a formation is obtained using the manufactured core bit.

9. The non-transitory machine-readable medium of claim 8, the method further
comprising calculating at least one second force vector generated by at least one inner gauge

pad in contact with the core during the coring operation.

10.  The non-transitory machine-readable medium of claim 8, the method further
comprising displaying at least one of the force vectors generated by at least one of the

plurality of cutting elements and the force acting on the core.

1.  The non-transitory machine-readable medium of claim 8, wherein the force acting on

the core comprises a frictional force.

12. The non-transitory machine-readable medium of claim 8, wherein generating the
design of the core bit comprises modifying at least one of a cutting structure profile, a size, an

orientation, a chamfer, a radius, and a geometry of at least one of the plurality of cutting

elements.

13.  The non-transitory machine-readable medium of claim 8, wherein generating the

design of the core bit comprises modifying a design of the core bit if the at least one force 1s

CA 2966845 2018-08-08
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above a predetermined threshold 1n order to reduce the force acting on the core during the

coring operation.

14. A coring system comprising:
S a drill string; and

a coring bit coupled to the drill string, the coring bit comprising:
a bit body including a plurality of blades;
a plurality of cutting elements on one of the plurality of blades; and
a receptacle in a center of the coring bit to recetve a core;

10 wherein the interaction of the coring bit on the core is estimated by:
inputting one or more requirements of a coring operation;
generating a model of a core bit including a plurality of cutting elements on a plurality

of blades;

simulating the coring operation with the model of the core bat;
15 calculating at least one force vector generated by at least one of the plurality of
cutting elements on thé model of the core bit during the coring operation;
determining at least one force acting on a core in the model of the core bit based on
the at least one force vector;
generating a design of the core bit based on the at least one force acting on the core;

20 wherein the core bit is manufactured based on the design; and

a core sample of a formation is obtained using the manufactured core bit.

15.  The coring system of claim 14, wherein estimating the interaction of the coring bit on
the core sample further includes calculating at least one second force vector generated by at

25  least one inner gauge pad in contact with the core during the coring operation.

16.  The coring system of claim 14, wherein the interaction of the coring bit on the core 1S
further estimated by displaying at least one of the force vectors generated by at least one of
the plurality of cutting elements and the force acting on the core.

30
17.  The coring system of claim 14, wherein the force acting on the core comprises a

frictional force.

CA 2966845 2018-08-08
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18.  The coring system of claim 14, wherein generating the design of the core bit
comprises modifying at least one of a cutting structure profile, a size, an orientation, a

chamfer, a radius, and a geometry of at least one of the plurality of cutting elements.
19.  The coring system of claim 14, wherein generating the design of the coring bit

comprises modifying a design of the core bit if the at least one force 1s above a predetermined

threshold in order to reduce the force acting on the core during the coring operation.

CA 2966845 2018-08-08
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