wo 2013/155261 A1 | I 0N OO R AR A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

17 October 2013 (17.10.2013)

WIPOIPCT

(10) International Publication Number

WO 2013/155261 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

International Patent Classification:
E21B 10/43 (2006.01) E21B 10/42 (2006.01)

International Application Number:
PCT/US2013/036106

International Filing Date:
11 April 2013 (11.04.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/622,749 11 April 2012 (11.04.2012) US
13/829,815 14 March 2013 (14.03.2013) US
Applicant: SMITH INTERNATIONAL INC. [US/US];

1310 Rankin Rd., Houston, Texas 77073 (US).

Inventor: HAUGVALDSTAD, Kjell; Havnegt 5F, N-
7125 Vanvikan (NO).

(74

(8D

(84)

Agents: HOLTHUS, Lisa K. et al.; 10001 Richmond Av-
enue, IP Administration Center of Excellence, Room 4720,
Houston, Texas 77042 (US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
IM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

[Continued on next page]

(54) Title: DRILL BITS HAVING DEPTH OF CUT CONTROL FEATURES AND METHODS OF MAKING AND USING THE
SAME

(57) Abstract: A drill bit for drilling a borehole in an earthen forma-

tion may include a bit body having a bit axis and a direction of rotation
about the bit axis; at least two blades extending azimuthally from the
bit body; and a plurality of cutting elements disposed on the at least
two blades; the plurality of cutting elements forming a cutting profile
in a rotated profile view, each cutting element having a radial distance
from the bit axis. At least one blade, at its formation facing surface,
may include, between two radially adjacent cutting elements on the at
least one blade, a raised depth of cut feature for each cutting element
on the other of the at least two blades that are at radial distances from
the bit axis intermediate the radial distances from the bit axis of the ra-
dially adjacent cutting elements on the at least one blade.



WO 2013/155261 A1 WK 00N VAT VT A0

EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, Published:
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, _
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

with international search report (Art. 21(3))



WO 2013/155261 PCT/US2013/036106

DRILL BITS HAVING DEPTH OF CUT CONTROL FEATURES AND
METHODS OF MAKING AND USING THE SAME

BACKGROUND
Background Art

[0001] An earth-boring drill bit is typically mounted on the lower end of a drill string and
is rotated by rotating the drill string at the surface or by actuation of downhole motors or
turbines, or by both methods. With weight applied to the drill string, the rotating drill bit
engages the earthen formation and proceeds to form a borehole along a predetermined
path toward a target zone. The borehole thus created will have a diameter generally equal

to the diameter or "gage" of the drill bit.

[0002] Many different types of drill bits and cutting structures for bits have been
developed and found useful in drilling such boreholes. Two predominant types of drill
bits are roller cone bits and fixed cutter bits, also known as rotary drag bits. Some fixed
cutter bit designs include primary blades, secondary blades, and sometimes even tertiary
blades, angularly spaced about the bit face, where the primary blades are generally longer
and start at locations closer to the bit's rotating axis. The blades generally project radially
outward along the bit body and form flow channels there between. In addition, cutter
elements are often grouped and mounted on several blades. The configuration or layout
of the cutter elements on the blades may vary widely, depending on a number of factors.
One of these factors is the formation itself, as different cutter element layouts engage and

cut the various strata with differing results and effectiveness.

[0003] The cutter elements disposed on the several blades of a fixed cutter bit are
typically formed of extremely hard materials and include a layer of polycrystalline
diamond ("PCD") material. In the typical fixed cutter bit, each cutter element or assembly
comprises an elongate and generally cylindrical support member which is received and
secured in a pocket formed in the surface of one of the several blades. In addition, each
cutter element typically has a hard cutting layer of polycrystalline diamond or other
superabrasive material such as cubic boron nitride, thermally stable diamond,

polycrystalline cubic boron nitride, or ultrahard tungsten carbide (meaning a tungsten
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carbide material having a wear-resistance that is greater than the wear-resistance of the
material forming the substrate) as well as mixtures or combinations of these materials.
The cutting layer is exposed on one end of its support member, which is typically formed
of tungsten carbide. For convenience, as used herein, reference to "PDC bit" or "PDC
cutter element" refers to a fixed cutter bit or cutting element employing a hard cutting
layer of polycrystalline diamond or other superabrasive material such as cubic boron
nitride, thermally stable diamond, polycrystalline cubic boron nitride, or ultrahard

tungsten carbide.

[0004] While the bit is rotated, drilling fluid is pumped through the drill string and
directed out of the face of the drill bit. The fixed cutter bit typically includes nozzles or
fixed ports spaced about the bit face that serve to inject drilling fluid into the flow
passageways between the several blades. The flowing fluid performs several functions.
The fluid removes formation cuttings from the bit's cutting structure. Otherwise,
accumulation of formation materials on the cutting structure may reduce or prevent the
penetration of the cutting structure into the formation. In addition, the fluid removes cut
formation materials from the bottom of the hole. Failure to remove formation materials
from the bottom of the hole may result in subsequent passes by cutting structure to re-cut
the same materials, thereby reducing the effective cutting rate and potentially increasing
wear on the cutting surfaces. The drilling fluid and cuttings removed from the bit face
and from the bottom of the hole are forced from the bottom of the borehole to the surface
through the annulus that exists between the drill string and the borehole sidewall. Further,
the fluid removes heat, caused by contact with the formation, from the cutter elements in
order to prolong cutter element life. Thus, the number and placement of drilling fluid
nozzles, and the resulting flow of drilling fluid, may impact the performance of the drill

bit.

[0005] Without regard to the type of bit, the cost of drilling a borehole for recovery of
hydrocarbons may be very high, and is proportional to the length of time it takes to drill
to the desired depth and location. The time to drill the well, in turn, is greatly affected by
the number of times the drill bit is changed before reaching the targeted formation. This

is the case because each time the bit is changed, the entire string of drill pipe, which may
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be miles long, is retrieved from the borehole, section by section. Once the drill string has
been retrieved and the new bit installed, the bit is lowered to the bottom of the borchole
on the drill string, which again is constructed section by section. This process, known as a
"trip" of the drill string, involves considerable time, effort and expense. Accordingly, it is
desirable to employ drill bits which will drill faster and longer, and which are usable over

a wider range of formation hardness.

[0006] The length of time that a drill bit may be employed before it is changed depends
upon a variety of factors. These factors include the bit's rate of penetration ("ROP"), as

well as its durability or ability to maintain a high or acceptable ROP.

[0007] Excessive wear of cutter elements and damage to cutter elements resulting from
impact loads detrimentally impact bit ROP. Excessive wear and damage to cutter
clements may arise for a variety of reasons. For example, in a soft formation layer, the
cutter elements can often sustain a relatively large depth-of-cut (DOC) and associated
high ROP. However, as the bit transitions from the soft formation layer to a hard
formation layer, such a large depth-of-cut generally result in abrupt and unpredictable
impact loads to the cutter elements, which increases the likelihood of excessive wear of
the cutter elements, breakage/fracture of the cutter elements, and/or delamination of the
cutter elements. As another example, instability and vibrations experienced by a
downhole drill bit may result in undesirable impact loads to the cutter elements, which
may chip, break, delaminate, and/or excessively wear the cutter elements. Such excessive
wear and damage resulting from impact loads experienced by cutter elements generally
results in a reduced ROP for a given weight-on-bit (WOB). Further, in many cases, such
damage to the cutter elements is not recognized at the surface as the drilling rig attempts
to further advance the bit into the formation with increased weight-on-bit (WOB),
potentially damaging the bit beyond repair.

[0008] Bit balling and formation packing off can also detrimentally impact bit ROP. In
particular, as formation is removed by cutter elements, drilling fluid from the bit's nozzles
flushes the formation cuttings away from the bit face and up the annulus between the drill

string and the borechole wall. As previously described, while drilling through soft
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formations the cutter elements can sustain a relatively high depth-of-cut and ROP, which
results in a relatively high volume of formation cuttings. If the volume of formation
cuttings is sufficiently large, the nozzles may not provide sufficient cleaning of the bit
face, potentially leading to plugging of the nozzles and the junk slots between the blades
by the formation cuttings (i.e., bit "balling"). In addition to bit balling, an excessive
depth-of-cut may decrease the steerability of the drill bit, thereby reducing effective ROP
in directional drilling applications. In particular, with a large depth-of-cut, the drill bit is
continuously steered to keep the bit on course to limit and/or prevent the bit from

"straying" off course.

[0009] Accordingly, there remains a desire in the art for a fixed cutter bit and cutting
structure capable of enhancing bit stability, bit ROP, and bit durability. Such a fixed
cutter bit would be particularly well received if it offered the potential to limit the depth-
of-cut of the cutter elements to reduce the potential for abrupt impact loads and bit

balling, while allowing for enhanced steerability.

SUMMARY

[0010] This summary is provided to introduce a sclection of concepts that are further
described below in the detailed description. This summary is not intended to identify key
or essential features of the claimed subject matter, nor is it intended to be used as an aid

in limiting the scope of the claimed subject matter.

[0011] In one aspect, embodiments disclosed herein relate to a drill bit for drilling a
borehole in an earthen formation that includes a bit body having a bit axis and a direction
of rotation about the bit axis; at least two blades extending azimuthally from the bit body;
and a plurality of cutting elements disposed on the at least two blades. At least one blade,
at its formation facing surface, may include, between two radially adjacent cutting
clements on the at least one blade, a raised depth of cut feature for each cutting element
on the other of the at least two blades that are at radial distances from the bit axis
intermediate the radial distances from the bit axis of the radially adjacent cutting
clements on the at least one blade. Aspects of the embodiments disclosed herein also

relate to raised depth of cut feature(s) corresponding to a bottom hole pattern including

4



WO 2013/155261 PCT/US2013/036106

methods of manufacturing such drill bits. Methods of drilling using the drill bits having

raised depth of cut features are also disclosed.

[0012] Other aspects and advantages of the claimed subject matter will be apparent from

the following description and the appended claims.

BRIEF DESCRIPTION OF DRAWINGS

[0013] FIG. 1 is a cross-sectional view of a blade of a drill bit according to an
embodiment.

[0014] FIG. 2 is a top view of an embodiment of a drill bit.

[0015] FIG. 3 is a perspective view of an embodiment of a drill bit.

[0016] FIG. 4 is a top view of an embodiment of a drill bit.

[0017] FIG. 5 is a perspective view of an embodiment of a drill bit.

[0018] FIG. 6 is a cross-sectional view of a drill bit showing a cutting profile in a single

rotated view.

[0019] FIGS. 7A-B show conventional blade profiles.

[0020] FIGS. 7C-D show blade profiles according to embodiments of the present
disclosure.

[0021] FIGS. 8A-D show the blade profiles of FIGS. 7A-D at 1 mm depth of cut.

[0022] FIGS. 9A-C show the blade profiles of FIGS. 7B-D at 2 mm depth of cut.

[0023] FIGS. 10A-C show the blade profiles of FIGS. 7B-D at 3 mm depth of cut.

[0024] FIGS. 11A-D show the blade profiles of FIGS. 7A-D at 4 mm depth of cut.

[0025] FIGS. 12A-D show the blade profiles of FIGS. 7A-D at 5 mm depth of cut.

[0026] FIGS. 13A shows a plot of depth of cut versus weight on bit for drill bits drilled

through two formation types.
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[0027] FIGS. 13B shows a plot of torque versus weight on bit for drill bits drilled

through two formation types.

[0028] FIGS. 14A-C show illustrations of the bits (and blade profile) of the drill bits used
to generate the data presented in FIGS. 13A-B.

DETAILED DESCRIPTION

[0029] In one aspect, embodiments disclosed herein may relate to earth-boring drill bits
used to drill a borehole for the ultimate recovery of oil, gas, or minerals. More
particularly, embodiments disclosed herein may relate to drag bits and to stabilizing
features for such bits. Still more particularly, embodiments disclosed herein may relate to

a blade geometry to enhance bit stability.

[0030] Referring to FIG. 1, a cross-sectional view of a blade 102 of a drill bit (not
shown) is shown. As shown in FIG. 1, blade 102 is a structure that extends from a bit
body 104 of a drill bit. Blade 102 includes a plurality of cutting elements 106 disposed in
cutter pockets 107 formed in blade 102. Between adjacent cutting elements 106.1 and
106.2, at least a portion of blade’s 102 top or formation facing surface includes at least
one raised depth of cut feature 108 therebetween. As used herein, a raised depth of cut
feature refers to a portion of the blade formation facing surface that is non-uniform and/or
non-smooth having either a local curvature non-equal to the overall blade curvature or a
stepped profile with substantially planar raised surface. The raised depth of cut feature
may be present between any two adjacent cutting elements such as in the cone region,
nose region, and/or shoulder region of a blade / cutting profile. The cone, nose, and
shoulder region of a blade / cutting profile are illustrated in and explained with respect to

FIG. 6.

[0031] Referring to FIG. 6, a profile of bit 10 is shown as it would appear with each
blades (102 in FIG. 1) and associated cutter elements 40 rotated into a single rotated
profile. For purposes of clarity, the rotated profile of depth-of-cut features (108 in FIG. 1)

are not shown in this view.
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[0032] In rotated profile view, blades of bit 10 form a combined or composite blade
profile 39. Composite blade profile 39 and bit face 20 may generally be divided into
three regions conventionally labeled cone region 24, shoulder region 25, and gage region
26. Cone region 24 comprises the radially innermost region of bit 10 and composite
blade profile 39 extending generally from bit axis 11 to shoulder region 25. In this
embodiment, cone region 24 is generally concave. Adjacent cone region 24 is shoulder
(or the upturned curve) region 25. In this embodiment, shoulder region 25 is generally
convex. The transition between cone region 24 and shoulder region 25, generally
referred to as the nose or nose region 27, occurs at the axially outermost portion of
composite blade profile 39 where a tangent line to the blade profile 39 has a slope of
zero. Moving radially outward, adjacent shoulder region 25 is gage region 26, which
extends substantially parallel to bit axis 11 at the radially outer periphery of composite
blade profile 39. As shown in composite blade profile 39, gage pads 51 define the outer
radius 23 of bit 10. Outer radius 23 extends to and therefore defines the full gage
diameter of bit 10. As used herein, the term "full gage diameter" refers to the outer
diameter of the bit defined by the radially outermost reaches of the cutter elements and

surfaces of the bit.

[0033] Still referring to FIG. 6, cone region 24, shoulder region 25, and gage region 26
may also be defined by a radial distance measured from, and perpendicular to, bit axis 11.
The radial distance defining the bounds of cone region 24, shoulder region 25, and gage
region 26 may be expressed as a percentage of outer radius 23. In the embodiment shown
in FIG. 4, cone region 24 extends from central axis 11 to about 40% of outer radius 23,
shoulder region extends from cone region 24 to about 90% of outer radius 23, and gage
region extends from shoulder region 25 to outer radius 23. Cone region 24 may also be
defined by the radially innermost end of one or more secondary blades (defined below).
In other words, the cone region (e.g., cone region 24) extends from the bit axis to the
radially innermost end of one or more secondary blade(s). It should be appreciated that
the actual radius of the cone region of a bit measured from the bit's axis may vary from
bit to bit depending on a variety of factors including without limitation, bit geometry, bit

type, location of one or more secondary blades, location of cutter elements, or
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combinations thercof. For instance, in some cases the bit (e.g., bit 10) may have a
relatively flat parabolic profile resulting in a cone region (e.g., cone region 24) that is
relatively large (e.g., 50% of the outer radius). However, in other cases, the bit may have
a relatively long parabolic profile resulting in a relatively smaller cone region (e.g., 30%

of the outer radius).

[0034] Referring back to FIG. 1, depth-of-cut features 108 are intended to limit the
depth-of-cut of cutting faces of cutting elements 106 as they engage the formation. In
particular, depth of cut features 108 are intended to slide across the formation and limit
the depth to which cutting faces bite or penetrate into the formation. As used herein, the
limitation of depth of cut by the depth of cut features may still allow further cutting as the
weight on bit is increased, but the engagement of the depth of cut features with the
formation may alter the rate of torque generated with respect to applied weight on bit.
Depending the formation type, the effect on the slope change upon engagement of depth
of cut features may vary. For example, harder rocks may result in a greater effect on the

slope or even a zero slope, but softer rocks may have a lesser effect on slope reduction.

[0035] Depending on the desired extent of depth of cut limitation intended for depth of
cut feature 108 to limit the depth of cut for adjacent cutting elements 106.1 and 106.2, the
back-off from the cutting tip 105 of cutting elements 106 may vary. Thus, for example,
as the desired maximum depth of cut increases , the axial distance between the cutting tip
105 and the raised depth of cut feature 108 also increases (indicated by blade profile
series A, B, and C).

[0036] In the embodiment shown in FIG. 1, at least one raised depth of cut feature 108 is
provided between each pair of radially adjacent cutting elements 106. In other
embodiments, at least two raised depth of cut features 108 may be provided between each
pair of radially adjacent cutting elements 106. In yet other embodiments, the number of
raised depth of cut features 108 may match the number of cutting elements on the other
blades of drill bit (not shown) that are located at radial distances from the bit axis L
intermediate that of the cutting elements 106 between which the raised depth of cut

feature 108 is located.
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[0037] Referring now to FIGS. 2 and 3, a top and perspective view of another
embodiment of a drill bit is shown. As shown in FIGS. 2 and 3, drill bit 200 includes a
bit body 202, a shank (not shown) and a threaded connection or pin (not shown) for
connecting bit 200 to a drill string (not shown), which is employed to rotate the bit in
order to drill the borehole. Bit face 201 supports a cutting structure 212 and is formed on
the end of the bit 200 that faces the formation and is generally opposite pin end (not
shown). Bit 200 further includes a central axis L about which bit 200 rotates in the
cutting direction represented by arrow 218. As used herein, the terms "axial" and
"axially" generally mean along or parallel to the bit axis (e.g., bit axis L), while the terms
"radial" and "radially" generally mean perpendicular to the bit axis. For instance, an axial
distance refers to a distance measured along or parallel to the bit axis, and a radial

distance refers to a distance measured perpendicularly from the bit axis.

[0038] Body 202 may be formed in a conventional manner using powdered metal
tungsten carbide particles in a binder material to form a hard metal cast matrix. In one or
more other embodiments, the body may be machined from a metal block, such as steel,

rather than being formed from a matrix.

[0039] Cutting structure 212 includes a plurality of blades 204 which extend from bit
face 201. In the embodiment illustrated in FIGS. 2 and 3, cutting structure 212 includes
three primary blades 204.1 circumferentially spaced-apart about bit axis L, and three
secondary blades 204.2 circumferentially spaced apart about bit axis L.

[0040] In this embodiment, primary blades 204.1 and sccondary blades 204.2 are
circumferentially arranged in an alternating fashion. Thus, one secondary blade 204.2 is
disposed between each pair of primary blades 204.1. Further, in this embodiment, the
plurality of blades (e.g., primary blades 204.1 and secondary blades 204.2) are uniformly
angularly spaced on bit face 201 about bit axis L. In particular, the three primary blades
204.1 are uniformly angularly spaced about 120° apart, and the three secondary blades
204.2 are uniformly angularly spaced about 120° and each primary blade 204.1 is
angularly spaced about 60° from each circumferentially adjacent secondary blade 204.2.

In other embodiments, one or more of the primary and/or secondary blades (e.g., blades
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204.1 or 204.2) may be non-uniformly angularly spaced about the bit face (e.g., bit face
201). Moreover, although bit 200 is shown as having three primary blades 204.1 and
three secondary blades 204.2, in general, bit 200 may comprise any suitable number of
primary and secondary blades. As one example (i.e., other configurations may be used),
bit 200 may comprise two primary blades and four secondary blades. Thus, as used
herein, the term "primary blade" refers to a blade that begins proximal the bit axis and
extends generally radially outward along the bit face to the periphery of the bit. However,
secondary blades 204.2 are not positioned proximal bit axis L, but rather, begin at a
location that is distal bit axis L and extend radially along bit face 201 toward the radially
outer periphery of bit 200.

[0041] In the embodiment illustrated in FIGS. 2 and 3, the blade tops or formation facing
surfaces 216 of blades 204 include a plurality of depth of cut features 208 thercon.
Specifically, the plurality of depth of cut features 208 are disposed between radially
adjacent cutters 206. Depending on the location of the cutting elements 206 on the blade
204, at least one depth of cut feature may be included between a pair of radially adjacent
cutters 206. In another embodiment, at least two depth of cut features 208 may be
included between a pair of radially adjacent cutters 206. In yet another embodiment, the
number of depth of cut features 208 between a pair of radially adjacent cutters 206 may
be dependent on the number of cutting elements 206 on the other blade(s) 204 located at
radial distances from the bit axis L between or intermediate the radial distances from the
bit axis of the pair of radially adjacent cutters. Further, one of ordinary skill in the art
would appreciate after reading the teachings of the present disclosure that, in such
embodiments, the radially interior portion of the primary blades 204.1 may thus have
fewer depth of cut features 208 between pairs of radially adjacent cutters as compared to
radially outward portions of the primary blades 204.1 due to the introduction of cutting
elements on secondary blades 204.2, which increases the number of cutting elements 206
on the other blade(s) 204 located at radial distances from the bit axis L between or
intermediate the radial distances from the bit axis of a given pair of radially adjacent
cutters 206. Further, in one or more embodiments, the plurality of depth of cut features

208 do not just correspond in number to the cutting elements 206 on the other blades 204
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located at radial distances from the bit axis L between or intermediate the radial distances
from the bit axis L of a given pair of radially adjacent cutters 206, but the plurality of
depth of cut features 208 also correspond to the radial location (from the bit axis L) to
such cutting elements 206 on the other blades 204.

[0042] In one or more embodiments, the plurality of depth of cut features 208 are present
in a cone region of a blade 204. In one or more embodiments, the plurality of depth of
cut features 208 are present in a nose region of a blade 204. In one or more
embodiments, the plurality of depth of cut features 208 are present in a shoulder region of
a blade 204. Further, various combinations of depth of cut features 208 being present in
two or more of the cone, nose, or shoulder region of the blades 204 is also within the
scope of the present disclosure. In one or more embodiments, there are no raised depth of

cut features 208 in at least a portion of a gage region of a blade 204.

[0043] As illustrated, the depth of cut features 208 extend along the blades’ 204
formation facing surfaces 216 from a leading face 220 of the blade 204 rearward to the
trailing face 222 of blade 204. However, it is also within the scope of the present
disclosure that the depth of cut features 208 do not have to extend the entire width of
formation facing surface 216, but may instead extend less than the entire width and not
intersect the leading face 220 and/or the trailing face 222. Thus, in one or more
embodiments, the raised depth of cut feature 208 extends along the formation facing
surface 216 from the leading face 220 rearward in the direction of the trailing face 222,
but stops short of the trailing face 222. Conversely, in one or more embodiments, the
raised depth of cut feature 208 extends along the formation facing surface 216 from
rearward of the leading face 220 in the direction of the trailing face 222, and may either

stop short of trailing face 222 or may extend to and intersect trailing face 222.

[0044] Further, in the embodiment shown in FIGS. 2 and 3, the plurality of depth of cut
features 208 include curvature along the radial direction of the features 208. In one or
more embodiments such radius curvature may be substantially the same as the cutting
element 206 on another blade 204 to which the depth of cut feature 208 corresponds, i.e.,

is at the same radial distance from the bit axis L as such cutting element 206.
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[0045] In addition (or instead of) to the radially extending curvature of the raised depth
of cut features 208, in one or more embodiments, at least one depth of cut feature 208
also possess curvature circumferentially bit axis L or in the direction of bit rotation.
Thus, in such embodiments, at least one depth of cut feature 208 may extend arcuately in

the direction of rotation of the bit 200 about the bit axis L.

[0046] In one or more embodiments, the shape and profile of one or more depth of cut
features 208 may correspond to the bottom hole pattern, i.e., the pattern created on a
formation bottom hole as a cutting element shears the formation due to bit rotation and
application of weight on the bit, of the corresponding cutting element 206 at a selected
depth of cut. For example, referring back to FIG. 1, as the desired depth of cut changes,
the profile of the depth of cut features 108 may similarly change because the depth of cut
will alter the bottom hole pattern of the cutting elements 108.  When drilling through a
formation, one skilled in the art would appreciate that the weight on bit is applied to have
a desired level of depth of cut of the cutting elements into the formation. However,
during the normal drilling process, there may be occurrences of sudden or instantancous
increases in the depth of cut, for example, as the formation type or downhole conditions
may change. The incorporation of the depth of cut features of the present disclosure may
assist in reducing and/or preventing such instances of instantancous or sudden increases
in the depth of cut and maintain more uniform depth of cut during the drilling process.
Additionally, by keeping depth of cut more uniform, the bit may experience less torque

increase with increasing weight on bit.

[0047] Referring now to FIGS. 4 and 5, a top and perspective view of another
embodiment of a drill bit is shown. As shown in FIGS. 4 and 5, drill bit 400 includes a
bit body 402, a shank (not shown) and a threaded connection or pin (not shown) for
connecting bit 400 to a drill string (not shown), which is employed to rotate the bit in
order to drill the borehole. Bit face 401 supports a cutting structure 412 and is formed on
the end of the bit 400 that faces the formation and is generally opposite pin end (not
shown). Bit 400 further includes a central axis L about which bit 400 rotates in the

cutting direction represented by arrow 418.
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[0048] Body 402 may be formed in a conventional manner using powdered metal
tungsten carbide particles in a binder material to form a hard metal cast matrix. In one or
more other embodiments, the body may be machined from a metal block, such as steel,
rather than being formed from a matrix. Cutting structure 412 includes a plurality of

blades 404 which extend from bit face 401.

[0049] In the embodiment illustrated in FIGS. 4 and 5, the blade tops or formation facing
surfaces 416 of blades 404 include a plurality of depth of cut features 408 thercon.
Specifically, the plurality of depth of cut features 408 are disposed between radially
adjacent cutters 406. Depending on the location of the cutting elements 406 on the blade
404, at least one depth of cut feature 408 may be included between a pair of radially
adjacent cutters 406. In another embodiment, at least two depth of cut features 408 may
be included between a pair of radially adjacent cutters 406. In yet another embodiment,
the number of depth of cut features 408 between a pair of radially adjacent cutters 406
may be dependent on the number of cutting elements 406 on the other blade(s) 404
located at radial distances from the bit axis L between or intermediate the radial distances

from the bit axis of the pair of radially adjacent cutters.

[0050] In contrast to the embodiment illustrated in FIGS. 2 and 3, in the embodiment
illustrated in FIGS. 4 and 5, the plurality of depth of cut features 408 include a
substantially planar surface at the apex along the radial direction of the features 408. In
one or more embodiments such radius curvature may be substantially the same as the
cutting element 406 on another blade 404 to which the depth of cut feature 408
corresponds, i.e., is at the same radial distance from the bit axis L as such cutting element

406.

[0051] In the embodiment illustrated in FIGS. 4 and 5, cutting structure 412 includes
three primary blades 404.1 circumferentially spaced-apart about bit axis L, and three
secondary blades 404.2 circumferentially spaced apart about bit axis L. In this
embodiment, primary blades 404.1 and secondary blades 404.2 are circumferentially
arranged in an alternating fashion. Thus, one secondary blade 404.2 is disposed between

cach pair of primary blades 404.1. Further, in this embodiment, the plurality of blades
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(e.g., primary blades 404.1 and secondary blades 404.2) are uniformly angularly spaced
on bit face 401 about bit axis L. In particular, the three primary blades 404.1 are
uniformly angularly spaced about 120° apart, and the three secondary blades 404.2 are
uniformly angularly spaced about 120° and each primary blade 404.1 is angularly spaced
about 60° from each circumferentially adjacent secondary blade 404.2. In other
embodiments, one or more of the primary and/or secondary blades (e.g., blades 404.1 or
404.2) may be non-uniformly angularly spaced about the bit face (e.g., bit face 401).
Moreover, although bit 400 is shown as having three primary blades 404.1 and three
secondary blades 404.2, in general, bit 400 may comprise any suitable number of primary
and secondary blades. As one example, bit 240 may comprise two primary blades and

four secondary blades.

[0052] Further, one of ordinary skill in the art would appreciate after reading the
teachings of the present disclosure that, in such embodiments, the radially interior portion
of the primary blades 404.1 may thus have fewer depth of cut features 408 between pairs
of radially adjacent cutters as compared to radially outward portions of the primary
blades 404.1 due to the introduction of cutting elements on secondary blades 404.2,
which increases the number of cutting elements 206 on the other blade(s) 404 located at
radial distances from the bit axis L between or intermediate the radial distances from the
bit axis of a given pair of radially adjacent cutters 406. Further, in one or more
embodiments, the plurality of depth of cut features 408 do not just correspond in number
to the cutting elements 406 on the other blades 404 located at radial distances from the bit
axis L between or intermediate the radial distances from the bit axis L of a given pair of
radially adjacent cutters 406, but the plurality of depth of cut features 408 also
correspond to the radial location (from the bit axis L) to such cutting elements 406 on the

other blades 404.

[0053] In one or more embodiments, the plurality of depth of cut features 408 are present
in a cone region of a blade 404. In one or more embodiments, the plurality of depth of
cut features 408 are present in a nose region of a blade 404. In one or more
embodiments, the plurality of depth of cut features 408 are present in a shoulder region of

a blade 404. Further, various combinations of depth of cut features 408 being present in
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two or more of the cone, nose, or shoulder region of the blades 404 is also within the
scope of the present disclosure. In one or more embodiments, there are no raised depth of

cut features 408 in at least a portion of a gage region of a blade 404.

[0054] As illustrated, the depth of cut features 408 extend along the blades’ 404
formation facing surfaces 416 from a leading face 420 of the blade 404 rearward to the
trailing face 422 of blade 404. However, it is also within the scope of the present
disclosure that the depth of cut features 408 do not have to extend the entire width of
formation facing surface 416, but may instead extend less than the entire width and not
intersect the leading face 420 and/or the trailing face 422. Thus, in one or more
embodiments, the raised depth of cut feature 408 extends along the formation facing
surface 416 from the leading face 420 rearward in the direction of the trailing face 422,
but stops short of the trailing face 422. Conversely, in one or more embodiments, the
raised depth of cut feature 408 extends along the formation facing surface 416 from
rearward of the leading face 420 in the direction of the trailing face 422, and may either

stop short of trailing face 422 or may extend to and intersect trailing face 422.

[0055] Further, in one or more embodiments, at least one depth of cut feature 408 also
possess curvature circumferentially bit axis L or in the direction of bit rotation. Thus, in
such embodiments, at least one depth of cut feature 408 may extend arcuately in the

direction of rotation of the bit 400 about the bit axis L.

[0056] In one or more embodiments, the shape and profile of one or more depth of cut
features 408 may correspond to the bottom hole pattern, i.e., the pattern created on a
formation bottom hole as a cutting element shears the formation due to bit rotation and
application of weight on the bit, of a worn corresponding cutting element 406 at a
selected depth of cut. For example, referring back to FIG. 1, as the desired depth of cut
changes, the profile of the depth of cut features 108 may similarly change because the
depth of cut will alter the bottom hole pattern of the cutting elements 108. When drilling
through a formation, one skilled in the art would appreciate that the weight on bit is
applied to have a desired level of depth of cut of the cutting elements into the formation.

However, during the normal drilling process, there may be occurrences of sudden or
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instantaneous increases in the depth of cut, for example, as the formation type or
downhole conditions may change. The incorporation of the depth of cut features of the
present disclosure may assist in reducing and/or preventing such instances of
instantancous or sudden increases in the depth of cut and maintain more uniform depth of
cut during the drilling process. Additionally, by keeping depth of cut more uniform, the

bit may experience less torque increase with increasing weight on bit.

[0057] The bottom hole pattern for a particular cutting element layout and profile,
described with respect to the embodiments illustrated in FIGS. 2-5, may be generated in
one of several ways, including, for example, through creation of an actual bottom hole
pattern using a bit having the particular cutting element layout and profile or through a
simulation. For example, a bottom hole profile may be simulated based on a bit model
using the methods described in U.S. Patent No. 7,693,695, which is assigned to the
present assignee and herein incorporated by reference in its entirety. Once the bottom
hole pattern is determined (through actual drilling or simulated drilling), it may be
transposed onto a bit during manufacture of the bit, such as through the mold used in
making the bit or through tooling of a previously casted or molded bit. For a depth of
cut features reflecting a bottom hole pattern corresponding to worn cutting elements, the
wear of cutting elements may be determined through actual drilling or by simulation of
cutting element wear and the corresponding bottom hole pattern using the methods
described in U.S. Patent No. 7,693,695 and U.S. Patent Publication No. 2005/0015229,
which is assigned to the present assignee and herein incorporated by reference in its
entirety. In a particular embodiment, the wear profile may be generated based on a
maximum wear amount for any cutting element, and then determining the wear on the
remaining cutting elements accordingly. In one or more embodiments, the maximum
wear ranges from 0.25 mm to 2 mm, and between 0.5 and 1.5 mm in other embodiments,

and between about 0.75 and 1.25 mm in yet other embodiments.

[0058] In the embodiments described above, the depth of cut features are described
without reference to any depth of cut values. First, it is noted that the desired depth of cut
may depend, for example, on the type of formation being drilling, downhole conditions,

cutter size, cutter type, etc. However, the depth of cut may range, in some embodiments,
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from greater than 2 mm to up to 5 mm in some embodiments. Other embodiments may
use a lower limit of any of 1 mm, 2 mm, 3 mm, 4 mm, or 5 mm, and an upper limit of any
of 3 mm, 4 mm, 5 mm, 6 mm, 7 mm, or § mm, where any lower limit can be used in

combination with any upper limit.

[0059] Referring now to FIGS. 7A-D, a comparison of a conventional blade profile (the
blade formation facing surface being located at approximately the cutter diameter) in
FIG. 7A, a high profile conventional blade profile with a 3 mm offset in FIG. 7B, a blade
having depth of cut features corresponding to a bottom hole profile with a 4mm depth of
cut in FIG. 7C, and a blade having depth of cut features corresponding to a bottom hole

profile of I mm maximum worn cutters with a 4 mm depth of cut.

[0060] Referring now to FIGS. 8A-D, the blades shown in FIGS. 7A-D are shown
interacting with a formation at a Imm depth of cut. Referring now to FIGS. 9A-C and
10A-C, the blades shown in FIGS. 7B-D are shown interacting with a formation at a
2mm depth of cut and a 3 mm depth of cut, respectively. Referring now to FIGS. 11A-D
and 12A-D, the blades shown in FIGS. 7A-D are shown interacting with a formation at a

4mm depth of cut and a Smm depth of cut, respectively.

[0061] Referring now to FIGS. 13A-B, the results of the bits illustrated in FIGS. 14A-B
being drilled in Lazonby (8kpsi sandstone) and Rocheron (18kpsi limestone). FIG. 13A
shows a plot of depth of cut versus weight on bit, and FIG. 13B shows a plot of torque
versus weight on bit. FIG. 14A corresponds to “Bit #0001 shown in FIGS. 13A-B, and
has a blade top profile that is offset 2mm from neutral (neutral is through the cutter
centers). FIG. 14B corresponds to “Bit #0002” shown in FIGS. 13A-B and has a blade
top profile based on the bottom hole pattern generated by new cutters at a 4mm depth of
cut. FIG. 14C corresponds to “Bit #0003 shown in FIGS. 13A-B and has a blade top
profile based on the bottom hole pattern generated by worn cutters (to a Imm maximum

height loss) at a 4mm depth of cut.

[0062] Although only a few example embodiments have been described in detail above,
those skilled in the art will readily appreciate that many modifications are possible in the

example embodiments without materially departing from this invention. Accordingly, all
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such modifications are intended to be included within the scope of this disclosure as
defined in the following claims. In the claims, means-plus-function clauses are intended
to cover the structures described herein as performing the recited function and not only
structural equivalents, but also equivalent structures. Thus, although a nail and a screw
may not be structural equivalents in that a nail employs a cylindrical surface to secure
wooden parts together, whereas a screw employs a helical surface, in the environment of
fastening wooden parts, a nail and a screw may be equivalent structures. It is the express
intention of the applicant not to invoke 35 U.S.C. § 112, paragraph 6 for any limitations
of any of the claims herein, except for those in which the claim expressly uses the words

‘means for’ together with an associated function.
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CLAIMS

What is claimed:

1. A drill bit for drilling a borehole in an earthen formation, the bit comprising:

a bit body having a bit axis and a direction of rotation about the bit axis;

at least two blades extending azimuthally from the bit body, the at least two blades
having a leading face facing the direction of rotation of the bit body about the bit
axis, a trailing face facing away from the direction of rotation of the bit body
about the bit axis, and a formation facing surface extending between the leading
face and the trailing face; and

a plurality of cutting elements disposed on the at least two blades, each cutting element
having a radial distance from the bit axis;

wherein at least one blade, at its formation facing surface, comprises, between two
radially adjacent cutting elements on the at least one blade, a raised depth of cut
feature for each cutting element on the other of the at least two blades that are at
radial distances from the bit axis intermediate the radial distances from the bit

axis of the radially adjacent cutting elements on the at least one blade.

2. The drill bit of claim 1, wherein the raised depth of cut feature is at a radial distance
corresponding to each cutting element on the other of the at least two blades that are at
radial distances from the bit axis intermediate the radial distances from the bit axis of the

radially adjacent cutting elements on the at least one blade.

3. The drill bit of claim 2, wherein the raised depth of cut feature comprises a radius of
curvature substantially the same as the corresponding cutting element at the radial

distance of the raised depth of cut feature.

4. The drill bit of claim 2, wherein the raised depth of cut feature comprises a substantially

planar surface.

5. The drill bit of claim 4, wherein at least two raised depth of cut features are on the same

blade at radial distances from the bit axis between the radially adjacent cutting elements.
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10.

11.

12.

13.

14.

15.

The drill bit of any of the above claims, wherein the raised depth of cut feature extends
along the formation facing surface from the leading face rearward in the direction of the

trailing face.

The drill bit of claim 6, wherein the raised depth of cut feature extends from the leading

face to the trailing face.

The drill bit of any of the above claims, wherein the raised depth of cut feature extends
along the formation facing surface from rearward of the leading face in the direction of

the trailing face.

The drill bit of claim 8, wherein the raised depth of cut feature extends from rearward of

the leading face to the trailing face.

The drill bit of claim 8, wherein the raised depth of cut feature extends from rearward of

the radially adjacent cutting elements.

The drill bit of any of the above claims, wherein the raised depth of cut feature extends

arcuately in the direction of rotation of the drill bit about the bit axis.

The drill bit of any of the above claims, wherein the raised depth of cut feature is located
on the at least one blade in at least one of a cone, nose, or shoulder region of the cutting

profile.

The drill bit of claim 12, wherein the raised depth of cut feature is located on the at least

one blade in at least two of a cone, nose, or shoulder region of the cutting profile

The drill bit of any of the above claims, wherein the raised depth of cut feature
corresponds to an expected bottom hole pathway for the corresponding cutting element at

the radial distance of the raised depth of cut feature.

A method of making a drill bit, comprising;:
simulating a drill bit drilling through an earthen formation, the drill bit comprising:

a bit body;
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16.

17.

18.

at least two blades extending azimuthally from the bit body, the at least two
blades having a leading face facing the direction of rotation of the bit body
about the bit axis, a trailing face facing away from the direction of rotation
of the bit body about the bit axis, and a formation facing surface extending
between the leading face and the trailing face; and
a plurality of cutting elements disposed on the at least two blades;
determining a simulated bottom hole pattern of the plurality of cutting elements drilling
through the earthen formation;
manufacturing the drill bit, wherein the manufactured drill bit comprises at the formation
facing surface, at least one raised depth of cut feature on at least one blade
corresponding to the bottom hole pattern of at least one cutting element on the

other of the at least two blades.

The method of claim 15, further comprising:

determining simulated wear on the plurality of cutting elements; and

determining a simulated bottom hole pattern for the simulated worn plurality of cutting
clements,

wherein the manufactured drill bit comprises at least one raised depth of cut feature
corresponding to the bottom hole pattern of a simulated worn cutting element on

the other of the at least two blades.

The method of claim 15 or 16, wherein the manufactured drill bit comprises along the at
least two blades, a plurality of raised depth of cut features corresponding to the bottom
hole pattern for each of the plurality of cutting elements in a cone, nose, and shoulder

portion of the other of the at least two blades.

The method of claim 16, wherein the manufactured drill bit comprises along the at least
two blades, a plurality of raised depth of cut features corresponding to the bottom hole
pattern for each of the plurality of cutting elements in a cone, nose, and shoulder portion
of the other of the at least two blades, wherein the bottom hole patter is based on the

simulated wear for the plurality of cutting elements.
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19. A method of drilling a borehole in an earthen formation comprising:
(a) providing a drill bit of any of claims 1-14;
(b) engaging the formation with the drill bit after (a);
(c) penetrating the formation with the plurality of cutting elements to a depth-of-cut; and

(d) limiting the depth of cut with the raised depth of cut feature.
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