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(57) ABSTRACT 

According to the invention, a method for designing a rotary 
drill bit for drilling a cavity in a medium is disclosed. The 
method may include determining a characteristic of a drill 
string with which the rotary drill bit is coupled. The method 
may also include determining an initial number of groups of 
cutters for the rotary drill bit, where each group of cutters 
includes a plurality of cutters Substantially aligned along a 
different radius of the drilling face. The method may more 
over include determining a characteristic of the medium rela 
tive to a characteristic of the cutters. The method may addi 
tionally include determining a characteristic of a rotational 
motion source used to rotate the rotary drill bit. The method 
may further include determining the angles of pitch between 
each of the groups of cutters to minimize an amount of Stick 
ing or slipping of the bit in the medium during a drilling 
operation. 
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MINIMIZING STICK-SLIP WHILE DRILLING 

BACKGROUND OF THE INVENTION 

0001. This invention relates generally to drilling. More 
specifically, the invention relates to cutter placement on a drill 
bit to minimize Stick-slip occurrences. 
0002 Drill bits, particularly Polycrystalline Diamond 
Composite (PDC) drill bits commonly used for drilling 
earthen formations, typically exhibit blades of cutters that are 
nearly uniformly distributed around the bit axis of rotation. 
The cutters on the face of such drill bits will therefore evenly 
share the cutting load of the medium into which they are 
applied. In theory, by equally distributing the cutting load 
onto all cutters, the life of the drill bit should be maximized, 
with all bits wearing evenly until the end of their useful life. 
0003. However, such a symmetric drill bit may experience 
sticking and slipping of the drill bit in the medium when the 
drill bit either “bites' too much or to little of the medium to 
cause further boring into the medium. When the drill bit bites 
too much of the medium, each of the symmetrically cutters is 
engaging too much medium without enough torque to cause 
the medium to either be sheared or otherwise removed from 
the cavity. When the drill bit bites too little of the medium, the 
path of least resistance for the drill bits may be to skip over the 
medium rather than remove material from the cavity. Rip 
pling caused by each symmetric cutter on the face of the bore 
hole may also result in each cutter arriving at the same time at 
the location of a ripple left by the previous cutter on the drill 
bit. This may happen repeatedly as the drill bit rotates against 
the face of the bore hole, causing both stick and slip condi 
tions. Both Stick and slip occurrences will cause torsional 
vibrations in the drillstring connecting the drill bit to drill's 
rotational power source. 
0004 Furthermore, because the drill bit is being urged into 
the medium during drilling, axial vibrations may occur from 
the drill bit being forced into a medium it is not actually 
cutting (sticking) or retreating from the medium, albeit 
slightly, when it is slipping. These torsional and axial vibra 
tions can reduce the life of the drill bit and associated drilling 
equipment such as the rotational power Source. 

BRIEF DESCRIPTION OF THE INVENTION 

0005. In one embodiment, a rotary drill bit for drilling a 
cavity in a medium is provided. The rotary drill bit may 
include a bit body and a plurality of cutters coupled with a 
drilling face of the bit body. The bit body may include a distal 
end having the drilling face, and a proximal end having a 
rotational power source coupling mechanism. The plurality 
of cutters is coupled with the drilling face of the bit body and 
includes a plurality of groups of cutters. Each group of cutters 
is Substantially aligned along a different radius of the drilling 
face. The azimuthal distribution of said groups of cutters is 
non-symmetric around the axis of the drilling face. 
0006 Advantageously, the plurality of cutter may include 
at least six groups of cutters and the radius along which the 
second group of cutters may be substantially aligned may be 
Substantially a first angle (A) in pitch from the radius along 
which the first group of cutters may be substantially aligned. 
The radius along which the third group of cutters may be 
Substantially aligned may be substantially the first angle (A) 
minus a second angle (0), (A-0), in pitch from the radius 
along which the second group of cutters may be substantially 
aligned. The radius along which the fourth group of cutters 
may be substantially aligned may be substantially the first 
angle (A) plus the second angle (0), (A+0), in pitch from the 
radius along which the second group of cutters may be Sub 
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stantially aligned. The radius along which the fifth group of 
cutters may be substantially aligned may be substantially the 
first angle (A) in pitch from the radius along which the fourth 
group of cutters may be substantially aligned. The radius 
along which the sixth group of cutters may be substantially 
aligned may be substantially the first angle (A) minus two 
times the second angle (0), (A-2x0), degrees in pitch from 
the radius along which the fifth group of cutters may be 
Substantially aligned. The second angle 0 may be substan 
tially greater than Zero degrees. 
0007 Advantageously, the plurality of cutter may include 
at least eight groups of cutters and the radius along which the 
second group of cutters may be substantially aligned may be 
Substantially a first angle (A) in pitch from the radius along 
which the first group of cutters may be substantially aligned. 
The radius along which the third group of cutters may be 
Substantially aligned may be substantially the first angle (A) 
minus a second angle (0), (A-0), in pitch from the radius 
along which the second group of cutters may be substantially 
aligned. The radius along which the fourth group of cutters 
may be substantially aligned may be substantially the first 
angle (A) in pitch from the radius along which the third group 
of cutters may be substantially aligned. The radius along 
which the fifth group of cutters may be substantially aligned 
may be substantially the first angle (A) plus the second angle 
(0), (A+0), in pitch from the radius along which the fourth 
group of cutters may be substantially aligned. The radius 
along which the sixth group of cutters may be substantially 
aligned in may be substantially the first angle (A) in pitch 
from the radius along which the fifth group of cutters may be 
substantially aligned. The radius along which the seventh 
group of cutters may be substantially aligned may be substan 
tially the first angle (A) minus two times the second angle (0), 
(A-2x0), degrees in pitch from the radius along which the 
sixth group of cutters may be substantially aligned. The 
radius along which the eighth group of cutters may be Sub 
stantially aligned may be the first angle (A) in pitch from the 
radius along which the seventh group of cutters may be Sub 
stantially aligned. The second angle 0 may be substantially 
greater than Zero degree. 
0008. In another embodiment, a method for designing a 
rotary drill bit for drilling a cavity in a medium is provided. 
The method may include determining a characteristic of a 
drillstring with which the rotary drill bit is coupled. The 
method may also include determining an initial number of 
groups of cutters for the rotary drill bit, where each group of 
cutters includes a plurality of cutters Substantially aligned 
along a different radius of the drilling face. The method may 
moreover include determining a characteristic of the medium 
relative to a characteristic of the cutters. The method may 
additionally include determining a characteristic of a rota 
tional motion source used to rotate the rotary drill bit. The 
method may further include determining the angles of pitch 
between each of the groups of cutters to minimize an amount 
of sticking or slipping of the rotary drill bit in the medium 
during a drilling operation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0009. The present invention is described in conjunction 
with the appended figures: 
0010 FIG. 1A is a side view of the cutters of a symmetrical 
circular drill bit, shown linearly with respect to the curvature 
of the drill bit for explanatory purposes only, as the drill bit 
cuts through a medium; 
0011 FIG. 1B is a side view the same drill bit shown in 
FIG. 2A, except incrementally later in the drilling process, 
after a ripple has been caused in the drilling process; 
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0012 FIG. 1C is a side view the same drill bit shown in 
FIG. 2B, except incrementally later in the drilling process, 
after the ripple is first being encountered by the cutters during 
rotation; 
0013 FIG. 1D is a side view the same drill bit shown in 
FIG. 2C, except incrementally later in the drilling process, 
after another ripple is created; 
0014 FIG. 2A is a representation of a drill face with six 
groups of cutters non-symmetrically aligned; 
0015 FIG. 2B is a representation of a drill face with eight 
groups of cutters non-symmetrically aligned; 
0016 FIG. 3 is a graphical representation of a typical 
drilling system for the purposes of simulation; 
0017 FIG. 4 is a typical representation of angular velocity 
Versus torque for a rotational motion Source; 
0018 FIG. 5 is a typical representation of force versus 
depth of cut for the interaction between a rotary drill bit and 
a drilling medium; 
0019 FIG. 6 is a typical representation of torque versus 
depth of cut for the interaction between a rotary drill bit and 
a drilling medium; 
0020 FIG. 7 is a graphical representation of the differen 

tial form of a mathematical depth of cut expression; 
0021 FIG. 8 is a typical representation of rate of progress 
and rotations perminute versus weight on bit for “hard rock; 
0022 FIG.9 is set of graphs showing time transient results 
of a simulation of a symmetrical six cutter drill bit; 
0023 FIG. 10 is a representation of the roots of the system 
simulated in FIG.9; 
0024 FIG. 11 is a representation of the roots of the system 
simulated in FIG.9 when delay terms are introduced into the 
simulation; 
0025 FIG. 12 is a closer view of the bit RPM versus time 
graph shown in FIG. 9; 
0026 FIG. 13 is a representation of the roots of the system 
simulated in FIG. 9 except having a symmetrical eight cutter 
drill bit; 
0027 FIG. 14 is set of graphs showing time transient 
results of a simulation of the symmetrical six cutter drill bit of 
FIG. 13; 
0028 FIG. 15A is a representation of the roots of the 
system with difficult drilling conditions using a symmetrical 
six cutter drill bit; 
0029 FIG. 15B is a representation of the roots of the 
system with difficult drilling conditions of FIG. 15A using a 
symmetrical thirty-four cutter drill bit; 
0030 FIG. 16A is a representation of the roots of the 
system with difficult drilling conditions of FIG. 15A using a 
symmetrical six cutter drill bit having the structure of the bit 
shown in FIG. 1 and where 0=0; 
0031 FIG. 16B is a representation of the roots of the 
system with difficult drilling conditions of FIG. 15A using a 
symmetrical six cutter drill bit having the structure of the bit 
shown in FIG. 1 and where 0=10; 
0032 FIG. 16C is a representation of the roots of the 
system with difficult drilling conditions of FIG. 15A using a 
symmetrical six cutter drill bit having the structure of the bit 
shown in FIG. 1 and where 0=20; and 
0033 FIG. 17 is a set of graphs showing time transient 
results of a simulation of the asymmetrical six cutter drill bit 
of FIG. 16C. 
0034. In the appended figures, similar components and/or 
features may have the same numerical reference label. Fur 
ther, various components of the same type may be distin 
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guished by following the reference label by a letter that dis 
tinguishes among the similar components and/or features. If 
only the first numerical reference label is used in the specifi 
cation, the description is applicable to any one of the similar 
components and/or features having the same first numerical 
reference label irrespective of the letter suffix. 

DETAILED DESCRIPTION OF THE INVENTION 

0035. The ensuing description provides exemplary 
embodiments only, and is not intended to limit the Scope, 
applicability or configuration of the disclosure. Rather, the 
ensuing description of the exemplary embodiments will pro 
vide those skilled in the art with an enabling description for 
implementing one or more exemplary embodiments. It being 
understood that various changes may be made in the function 
and arrangement of elements without departing from the 
spirit and scope of the invention as set forth in the appended 
claims. 
0036 Specific details are given in the following descrip 
tion to provide a thorough understanding of the embodiments. 
However, it will be understood by one of ordinary skill in the 
art that the embodiments may be practiced without these 
specific details. For example, systems, processes, and other 
elements in the invention may be shown as components in 
block diagram form in order not to obscure the embodiments 
in unnecessary detail. In other instances, well-known pro 
cesses, structures, and techniques may be shown without 
unnecessary detail in order to avoid obscuring the embodi 
mentS. 

0037 Also, it is noted that individual embodiments may 
be described as a process which is depicted as a flowchart, a 
flow diagram, a data flow diagram, a structure diagram, or a 
block diagram. Although a flowchart may describe the opera 
tions as a sequential process, many of the operations can be 
performed in parallel or concurrently. In addition, the order of 
the operations may be re-arranged. A process may be termi 
nated when its operations are completed, but could have 
additional steps not discussed or included in a figure. Further 
more, not all operations in any particularly described process 
may occur in all embodiments. A process may correspond to 
a method, a function, a procedure, a Subroutine, a Subpro 
gram, etc. When a process corresponds to a function, its 
termination corresponds to a return of the function to the 
calling function or the main function. 
0038. Furthermore, embodiments of the invention may be 
implemented, at least in part, either manually or automati 
cally. Manual or automatic implementations may be 
executed, or at least assisted, through the use of machines, 
hardware, Software, firmware, middleware, microcode, hard 
ware description languages, or any combination thereof. 
When implemented in software, firmware, middleware or 
microcode, the program code or code segments to perform the 
necessary tasks may be stored in a machine readable medium. 
A processor(s) may perform the necessary tasks. 
0039. In one embodiment of the invention, a rotary drill bit 
for drilling a cavity in a medium is provided. The medium 
may be any material, and in Some embodiments may be an 
earthen formation. The rotary drill bit may include a bit body 
and a plurality of cutters coupled with a drilling face of the bit 
body. The bit body may include a distal end having the drill 
ing face, and a proximal end having a rotational power source 
coupling mechanism. The plurality of cutters may be coupled 
with the drilling face of the bit body, and may include a 
plurality of groups of cutters. Each group of cutters may be 
Substantially aligned along a different radius of the drilling 
face. The different groups of cutters may be non-symmetri 
cally aligned on the drilling face. For the purposes of this 
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disclosure, the phrases “groups of cutters.” “cutting blades.” 
and/or “blades of cutters' may be used interchangeably, and 
may refer to groups of cutters Substantially aligned along a 
different radius of the drilling face. 
0040. By non-symmetrically aligning the different group 
of cutters around the axis of the drilling face, more over he 
overall torque of the system may be applied by fewer number 
of cutters when some slippage occurs. As the rotary drill bit is 
urged downward, this will cause more powerful reengage 
ment of a lesser number of cutters to occur prior to a complete 
revolution of the rotary drill bit. Thus, rather than all of the 
cutters implementing the same amount of torque that caused 
a slippage, fewer cutters will engage due to the non-sym 
metrical nature of the drill face, but will engage at higher 
levels of torque, causing drilling to continue. 
004.1 FIGS. 1A-1D show an example of a drill bit 125 
with symmetrically aligned cutters 140 cutting through a 
medium. In FIGS. 2A-2D, cutters 140 on a circular drill bit 
125 are shown linearly with respect to the curvature of drill bit 
125 for explanatory purposes only. In FIG. 1A, directional 
arrow 130 shows the direction of spin of the cutters 140. 
Directional arrow 150 shows the direction of axial penetra 
tion into the medium 160. Dashed lines 170 show the antici 
pated path of cutters 140 through medium 160 if the rate of 
drill bit rotation and rate of penetration remain constant. 
0042 FIG.1B is a side view of drill bit 125 shown in FIG. 
1A, except incrementally later in the drilling process, after a 
ripple 175 has been caused in the drilling process. Ripple may 
have been cause by drill bit 125 pressing too hard into the 
medium, and temporarily slowing down rotationally, thereby 
causing each cutter 140 to leave a ripple 175 in its path. 
0043 FIG.1C is a side view of drill bit 125 shown in FIG. 
1B, except incrementally later in the drilling process, after 
ripple 175 is first being encountered by the evenly spaced 
cutters 140 during rotation. As is shown, all of cutters 140 
have encountered the ripple 175 at the same time. This results 
in a transient decrease in the amount of medium to be cut, 
speeding up drill bit 125 temporarily. 
0044 FIG.1D is a side view of drill bit 125 shown in FIG. 
1C, except incrementally later in the drilling process, after 
another ripple 180 is created. The transient speed of drill bit 
125 as it encountered the previous ripple 175 has caused a 
new ripple 180 to be created. This process of ripple creation 
may thus repeat as each set of ripples is again each encoun 
tered by an evenly spaced cutter 140. The size of successive 
ripples may, under Some circumstances grow and cause a 
Stick slip condition. 
0045. Through embodiments of the invention, by 
un-evenly spacing the cutters on a drill bit face, each cutter 
may arrive at different times at the location of a ripple left by 
the previous cutter on the drill bit. The tendency of an unsym 
metrical drill bit to speed up or slow down may be reduced 
since only one cutter at a time may encounter a ripple, rather 
than all cutters on a symmetric bit encountering all ripples at 
the same time, over and over again as the drill bit rotates 
through the medium. 
0046 Merely by way of example, in FIG. 2A, a represen 
tation of a drill face 100 with groups of cutters 110 non 
symmetrically aligned is shown. In the embodiment of FIG. 1 
six groups of cutters are represented, referenced respectively 
110A to 110F. The first group of cutters 110A may lie on a 
particular radius. The radius along which the second group of 
cutters 110B may be substantially aligned may be substan 
tially a first angle A in pitch from the radius along which the 
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first group of cutters may be substantially aligned 110A. In 
the example of FIG. 1, the first angle A may be 60 degrees. 
The radius along which the third group of cutters 110C may 
be substantially aligned may be substantially the first angle 
(A) minus a second angle 0. (A-0), or (60-0) degrees in pitch 
from the radius along which the second group of cutters 110B 
may be substantially aligned. The radius along which the 
fourth group of cutters 110D may be substantially aligned 
may be substantially angle of (A+0) or (60+0) degrees in 
pitch from the radius along which the second group of cutters 
110C may be substantially aligned. The radius along which 
the fifth group of cutters 110E may be substantially aligned 
may be substantially first angle A in pitch from the radius 
along which the fourth group of cutters 110D may be sub 
stantially aligned. The radius along which the sixth group of 
cutters 110F may be substantially aligned may be substan 
tially angle of (A-20) or (60-20) degrees in pitch from the 
radius along which the fifth group of cutters 110E may be 
Substantially aligned. 
0047. In another example, as shown in FIG. 2B, a repre 
sentation of another drill face 201 with non-symmetrically 
aligned cutters 210 is shown. In the embodiment of FIG. 2 
eight groups of cutters are represented, referenced respec 
tively 210A to 210H. The first group of cutters 210A may like 
on a particular radius. In the example of FIG. 2, the first angle 
A may be 45 degrees. The radius along which the second 
group of cutters 210B may be substantially aligned may be 
Substantially 45 degrees in pitch from the radius along which 
the first group of cutters may be substantially aligned 210A. 
The radius along which the third group of cutters 210C may 
be substantially aligned may be substantially (45-0) degrees 
in pitch from the radius along which the second group of 
cutters 210B may be substantially aligned. The radius along 
which the fourth group of cutters 210D may be substantially 
aligned may be substantially the angle A, 45 degrees, in pitch 
from the radius along which the third group of cutters 210C 
may be substantially aligned. The radius along which the fifth 
group of cutters 210E may be substantially aligned may be 
Substantially (45+0) degrees in pitch from the radius along 
which the fourth group of cutters 210D may be substantially 
aligned. The radius along which the sixth group of cutters 
210F may be substantially aligned in may be substantially 45 
degrees in pitch from the radius along which the fifth group of 
cutters 210E may be substantially aligned. The radius along 
which the seventh group of cutters 210G may be substantially 
aligned may be substantially (45-20) degrees in pitch from 
the radius along which the sixth group of cutters 210E may be 
Substantially aligned. The radius along which the eighth 
group of cutters 210H may be substantially aligned may be 
the angle A or 45 degrees in pitch from the radius along which 
the seventh group of cutters 210G may be substantially 
aligned. 
0048. In some embodiments, 0 may be substantially 
greater than Zero. Merely by way of example, in the example 
shown in FIG. 2A, the second angle 0 may be five degrees, ten 
degrees, fifteen degrees, or twenty degrees. In the example 
shown in FIGS. 2B, the second angle 0 may, merely by way of 
example, be five degrees, ten degrees, or fifteen degrees. 
0049. In some embodiments, the second angle 0 may be 
determined in an iterative manner based at least in part on any 
one or more of the following: the characteristics of a bottom 
hole assembly (“BHA) coupled with the bit body, the char 
acteristics of a lengthwise element coupling the BHA with a 
rotational motion source, the characteristics of the interaction 



US 2009/O 138242 A1 

between the rotary drill bit and the medium, and the charac 
teristics of the rotational motion source. FIG. 3 shows a 
graphical representation of such a drilling system 300. Sys 
tem300 may include a rotational motion source 310, a length 
wise element 320 coupling motion source 310 to a bottom 
hole assembly (“BHA') 330, and a drill bit head 340 coupled 
therewith. In FIG. 3, a cavity in medium 350 is being exca 
vated by system 300. In this embodiment, lengthwise element 
320 is shown as multiple segments of drill pipe, though in 
other embodiments, drill tube or other connective elements 
could also be used. 

0050. In some embodiments, the second angle 0 may be 
selected and/or determined to maximize a rate of progress 
(“ROP”) of the rotary drill bit in the medium. In these or other 
embodiments, the second angle 0 may also be selected to 
minimize a sticking and/or a slipping of the rotary drill bit in 
the medium during a drilling operation. 
0051. Mathematical constructs are discussed below which 
are capable of determining whether a given configuration of 
exemplary system 300 is stable, and therefore subject to a 
lessened number of Stick-slip occurrences during drilling 
operations. These constructs may be employed in methods of 
the invention for designing a rotary bit for drilling cavities in 
mediums. These methods may determine pertinent drilling 
system characteristics and then apply of the principles dis 
cussed below to both select the number of cutters on the 
designed rotary drill, and the pitch angles between the cutters. 
0.052. In some embodiments, characteristics of rotational 
motion source 310 may include: 

FT = Top force 

Tst 
(Ofree 

TT = Top drive torque = T - 

T = Stall torque of top drive motor 

(of = no load rotational speed of top drive motor 

A typical representation of torque versus angular velocity is 
shown in FIG. 4. In some embodiments, additional control 
hardware and software may be included at the Surface, and 
may be aimed at reducing the stick/slip tendencies of the 
drilling tool, for instance by regulating the applied torque. In 
these or other embodiments, that control may act only after 
the Stick/slip condition downhole is severe enough to reach 
the surface. Such an additional control may work either inde 
pendent or in tandem with the systems and methods discussed 
herein. 

0053. In some embodiments, characteristics of lengthwise 
element 320 may include: 

I, pipe rotational inertia pl(D-D)JL/32 

K pipe extensional spring constant-E(D™-D)JL/ 
(4L) 

Kepipe rotational spring constant-G(D-D)JL/ 
(32L) 

b, pipe axial drag coefficient 

b, pipe rotational drag coefficient 

n=Number of pipe sections(total pipe length-nL) 
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0054. In some embodiments, characteristics of BHA 330 
may include: 

me=BHA mass-pa Le(D-D)JL/4 

I-BHA rotational inertia pala(D'-Da")71/32 

by BHA axial drag coefficient 

b. BHA rotational drag coefficient 

0055. In some embodiments, characteristics of the inter 
action between the rotary drill bit 340 and the medium 350 
may include: 

F=Reaction force at the bit=Fo-KDOC 

T-Reaction torque at the bit-To-KDOC 

Depth of Cut (DoC) may be the axial distance traveled by 
the bit per revolution, and may typically be specified in mil 
limeters per revolution (mm/rev). A typical representation of 
force versus DoC is shown in FIG. 5. A typical representation 
of torque versus DoC is shown in FIG. 6. 
0056. The linear position of lengthwise element 320 may 
be described as Z. The linear velocity of lengthwise element 
320 may be described as V. The angular position of length 
wise element 320 may be described as 0. The angular veloc 
ity of lengthwise element 320 may be described as (). Note 
that these descriptions assume one continuous lengthwise 
element 320. Multiple lengthwise elements in series may be 
described by multiple state variables, each having a progres 
sively higher subscript. 
0057 The equations of motion for system 300 may be, 

1 .. 1 
51.0, -- 5b.0, + Ka (6 - 82) = T = T - (Ofree 

St 8, 

1,02 + b0 + Ka (20 - 6 - 0) = 0 

1 1 
(l, -- le), -- (b. -- b. 9, + Ka (6 - 6) = T = -(T + KT DoC) 
1 1 
(m, +m}. -- (b. -- be). + K(a, - z) = FB = -(Fo + KF DOC) 

m2 + bi + K. (2:2-33 - 31) = 0 
1 
5 mp3| -- 5bp31 + K(31 - 32) = FT 

DoC = n(z, (t) - 3, (t-t)) 

T may be a time delay which represents the time it takes to turn 
the rotary drill bit by an angle (2)/n, where n may be equal 
to the number of cutting blades on the rotary drill bit. 
0058. These equations do not explicitly include the effects 
of gravity. Gravity may generate an offset (the buoyant weight 
of the tool) between the force applied at the top (Hook Load) 
and the actual force pushing the bit against the rock (Weight 
On Bit, or WOB). However, apart from having the offset in 
top force, the development presented here may apply equally 
when gravity is considered. 
0059. Additionally, these equations primarily consider 
just axial movement and rotation around the axis of move 
ment. While this has been done to simplify the analytical 
development, the Stick/slip minimization technique proposed 
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herein may still apply to more complex drilling conditions, 
for example, directional drilling. 
0060. In a stationary condition, at equilibrium, 
(0061 6–6, 7, -2,-0 
0062 0 =0,c) 
0063 z =Z Vo 

DoC-2J'ofoo 

Consequently, 

0.064 

Tst - 
T - cool = b(00 + (To -- Krvo ?o) 

(Ofree 

and, 

- T 

T K- +b) 
( - + b). -- free - (T - To) too + (Ofree by 

Kr(Fr- Fo)- Kt (T. - To) O 
by 

F - Fo 
vo = - - 

by + Kr/coo 

These last two equations may give the steady state values for 
the bit angular rotation speed, (), and axial drilling speed or 
Rate Of Penetration (ROP). v. 
In these equations, 

0065. As an example scenario, the following characteris 
tics of system 300 will be considered in an example applica 
tion: a top drive 310 with a T-10 KNmanda (0–300 rpm; 
a lengthwise element 320 with a 3.5" outer diameter, 2.5" 
inner diameter, which is 10000 ft long in one sectional piece, 
b=0.5 N/m/(m/s), b-0.05 Nm/m/(rad/s); a BHA with a 
4.75" outer diameter, 2.5" inner diameter, which is 200 ft 
long, b1 N/m/(m/s), b-0.1 Nm/m/(rad/s); a rotary drill bit 
with a 6" diameter and six cutting blades; and characteristics 
of the interaction between the rotary drill bit and the medium 
of F-800 N, K-7400 N/(mm/rev), and T20 N, K-640 
N/(mm/rev). 
0066 Given the scenario above, FIG. 8 plots the steady 
state values of axial drilling speed (ROP given in ft/hr) and 
angular rotation speed (in RPM), as a function of the applied 
top force. Clearly a maximal drilling speed may be achieved 
with an applied force of about 60 KN. However, computer 
simulations may reveal that the dynamic behavior of drilling 
under Such condition is unstable. In fact, the system may still 
be unstable even under a lowerforce of 40 KN, as observed in 
the RPM and ROP at the bit and at the surface presented in 
FIG. 9. 
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0067. A study of the dynamic stability of the system may 
be required in order to understand the observed behavior. 
Therefore, the Laplace Transform approach may be 
employed as follows. 
0068. Using the differential form of the DoC expression to 
account for variability of time delay (t), 

DOC(t) = 3, (t) - zh, (it - i) 

d DoC(t) . d C = 2.0-2. - (1-7) 
with 

? col, ()d = 27 fin 

it may be determined that, 

co, (t)d t = (op (i - )(di - di) 

d (ob(t) 
(o, (t-t) 

A graphical representation of this equation is shown in FIG.7. 
Thus, 

d DoC(t) . (ob(t) 
cit = 2.(t)-3-(1-t), (t-t) 

0069 Linearized around the equilibrium state, and using 
the Laplace Transformation representation, 

d DoC(t) wo 
d = 3, (t) - , (t-to) - - - (co, (t) - (ol, (t-to)) 

(00 

with 

to = 27 fin, coo 

SDoC = Sz, (1 - eO) - is0,(1 - efo) 
(0 

(0070 Inserting the above value for DoC back into the 
equations of motion for system 300, and using the Laplace 
Transform representation, 

Tst 1 1 
(s + bars + Ke, - Ka8 - T = T - S6 2 2 (Ofree 

Kg6 -- (Is -- bups -- 2Kg)62 Kg63 = 0 

1 1 
Kg6, -- (l, -- les -- (b. -- bek -- K.), 

TB = -(To + KTnp (1 - efox, 0.) 
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-continued 
1 1 

(m, -- mes -- (b. -- be) -- K.k. - K-3 = 

FB = -(Fo + KFn, (1 - efo). 0.) 

- K-3 + (mps + bips +2K.)32 - K-31 = 0 
1 1 

- K32 + (ms -- 5bps -- K.): = FT 

0071. In matrix notation, this becomes, 

O 

6 T. 
0 || || 0 

6. O 

6, TB 
A(s) 

b FB 
n O 

22 O 

21 F. 

Tst 
Tst St. 

(Ofree 
O 

O 

-(To + KT (1 - efo): 0.) (00 

-(Fo + KF (1- efox, 0.) (00 

O 

O 

F. 
(9 Tst 
(9. O 

6. O 

6, - To 
= B(S) -- 

b - Fo 
n O 

22 O 

3.1 F. 

Thus, 

1, 2, 1 A (1, 1) = 5lps -- 5bps + K. 

A (i, i + 1) = A(i+ 1, i) = - Ka, i = 1, n. 
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-continued 

A (n + 1, n + 1) = (i. -- le): -- (b. -- best Kg 
1 2 . (1 A (n +2, n + 2) = (in + mes +(b. + bi) + K. 

A(i, i + 1) = A(i+ 1, i) = -K, i = n + 2, 2n + 1 

1 1 
A (2n + 2, 2n + 2) = ims -- 5bps + K. 

St 
B(1, 1) = - S 

(Ofree 

B(n + 1, n + 1) = KT (1 -eto)" 
(0 

B(n + 1, n + 2) = -KT (1 - eo) 

B(n + 2, n + 1) = KF (1 -eto)" 
(0 

B(n +2, n + 2) = -K (1 - eo) 

(0072. Therefore, the stability of system 300 may be deter 
mined by the roots of 

0073. In our example scenario, assuming a top force of F. 
of 40 KN, the above equations render the time transient simu 
lation results shown in FIG.9 for a bit with six symmetrically 
place cutting blades. FIG. 10 shows the location of the roots 
of the above system, when the time delay term in the expres 
sion giving the DoC is ignored. The system is shown as stable 
because all roots have a negative real part. However, when 
delay terms are introduced in the DoC expression, FIG. 11 
shows that additional roots are added to the system, a pair of 
them in particular having a positive real part, indicating sys 
tem instability. Observing the bit RPM from FIG. 9, it is 
shown in FIG. 12 how the frequency of the bit RPM similarly 
matches the frequency of the additional roots in FIG. 11. 
0074 To remove this instability from the system, the num 
ber of cutting blades may be increased. Increasing the number 
of cutting blades from six to eight yields the results shown in 
FIG. 13. As can be seen in FIG. 13, all roots now have a 
negative real part, and the system has been stabilized. The 
results of a time transient simulation of the new drill bit is 
shown in FIG. 14. 

0075. However, increasing the number of cutting blades of 
a symmetrical bit drilling face is not always practical. Look 
ing at a simulation using six cutting blades on a more difficult 
drilling medium (FIG. 15A), it may be determined as above 
that the bit may require 34 cutting blades for the drilling 
operation to become stabilized (FIG. 15B). 
0076. Thus the symmetric distribution of cutting blades on 
the bit may be altered to be asymmetric, and thereby obtain 
stability with fewer numbers of cutting blades than symmetri 
cal bits. Using the drill bit configuration shown in FIG. 1 with 
six cutting blades, FIGS. 16A-16C show the results of the 
above equations in altering 0. In FIG. 16A, where 0–0 
degrees, there remains one pair of roots with a positive real 
part (only the positive side of the complex plane is presented 
in the figure as the negative side is the mirror image of that 
positive side) and therefore the drill bit is unstable. In FIG. 
16B, where 0=10 degrees, there still remains one root pair 
with a positive real part and therefore the drill bit is unstable. 
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However, at 0–20 degrees, all roots have a negative real part 
and are therefore stable. FIG. 17 shows a time transient simu 
lation of Such a drill bit, demonstrating that stick-slip insta 
bility has been at least greatly reduced. 
0077. In another embodiment of the invention, a method 
for designing a rotary drill bit for drilling a cavity in a medium 
is provided. The method may include determining a charac 
teristic of a drillstring with which the rotary drill bit is 
coupled. The method may also include determining an initial 
number of cutting blades for the rotary drill bit, where each 
cutting blade includes a plurality of cutters substantially 
aligned along a different radius of the drilling face. The 
method may moreover include determining a characteristic of 
the medium relative to a characteristic of the cutters. The 
method may additionally include determining a characteristic 
of a rotational motion source used to rotate the rotary drill bit. 
The method may further include determining the angles of 
pitch between each of the cutting blades to minimize an 
amount of sticking or slipping of the rotary drill bit in the 
medium during a drilling operation. In some embodiments, 
the calculations and simulations described above may be 
utilized to make any one or more of the above determinations. 
0078. The invention has now been described in detail for 
the purposes of clarity and understanding. However, it will be 
appreciated that certain changes and modifications may be 
practiced within the scope of the appended claims. Merely by 
way of example, though cavities at a normal angle at the 
Surface of a medium have been primarily discussed, the prin 
ciples herein may be applied to deviated drilling operations as 
well. 

What is claimed is: 
1. A rotary drill bit for drilling a cavity in a medium, 

wherein the rotary drill bit comprises: 
a bit body, wherein the bit body comprises: 
a distal end having a drilling face; and 
a proximal end, having a rotational power source coupling 

mechanism; and 
a plurality ofcutters coupled with the drilling face of the bit 

body, wherein the plurality of cutters comprises a plu 
rality of groups of cutters, wherein each group of cutters 
is substantially aligned along a different radius of the 
drilling face; and wherein the azimuthal distribution of 
said groups of cutters is non-symmetric around the axis 
of the drilling face. 

2. The rotary drill bit for drilling a cavity in a medium of 
claim 1, wherein the plurality of cutter comprises at least six 
groups of cutters and wherein: 

the radius along which the second group of cutters is sub 
stantially aligned is substantially a first angle (A) in 
pitch from the radius along which the first group of 
cutters is substantially aligned; 

the radius along which the third group of cutters is substan 
tially aligned is substantially the first angle (A) minus a 
Second angle (0), (A-0), in pitch from the radius along 
which the second group of cutters is substantially 
aligned; 

the radius along which the fourth group of cutters is sub 
stantially aligned is substantially the first angle (A) plus 
the second angle (0), (A+0), in pitch from the radius 
along which the second group of cutters is substantially 
aligned; 

the radius along which the fifth group of cutters is substan 
tially aligned is substantially the first angle (A) in pitch 
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from the radius along which the fourth group of cutters 
is substantially aligned; and 

the radius along which the sixth group of cutters is sub 
stantially aligned is substantially the first angle (A) 
minus two times the second angle (0), (A-2x0), in pitch 
from the radius along which the fifth group of cutters is 
Substantially aligned, wherein the second angle 0 is sub 
stantially greater than Zero degree. 

3. The rotary drill bit for drilling a cavity in a medium of 
claim 2, wherein the first angle (A) is substantially 60 
degrees. 

4. The rotary drill bit for drilling a cavity in a medium of 
claim 1, wherein the plurality of cutter comprises at least 
eight groups of cutters and wherein: 

the radius along which the second group of cutters is sub 
stantially aligned is substantially a first angle (A) in 
pitch from the radius along which the first group of 
cutters is substantially aligned; 

the radius along which the third group of cutters is substan 
tially aligned is substantially the first angle (A) minus a 
second angle (0), (A-0), in pitch from the radius along 
which the second group of cutters is substantially 
aligned; 

the radius along which the fourth group of cutters is sub 
stantially aligned is substantially the first angle (A)in 
pitch from the radius along which the third group of 
cutters is substantially aligned; 

the radius along which the fifth group of cutters is substan 
tially aligned is substantially the first angle (A) plus the 
second angle (0), (A+0) in pitch from the radius along 
which the fourth group of cutters is substantially 
aligned; and 

the radius along which the sixth group of cutters is sub 
stantially aligned is substantially the first angle (A) in 
pitch from the radius along which the fifth group of 
cutters is substantially aligned; 

the radius along which the seventh group of cutters is 
Substantially aligned is substantially the first angle (A) 
minus two times the second angle (0), (A-2x0), in pitch 
from the radius along which the sixth group of cutters is 
substantially aligned; 

the radius along which the eighth group of cutters is sub 
stantially aligned is substantially the first angle (A) in 
pitch from the radius along which the seventh group of 
cutters is substantially aligned, wherein the second 
angle 0 is substantially greater than Zero degree. 

5. The rotary drill bit for drilling a cavity in a medium of 
claim 4, wherein the first angle (A) is substantially 45 
degrees. 

6. The rotary drill bit for drilling a cavity in a medium of 
claim 2 or 4, wherein the second angle 0 is determined in an 
iterative manner based at least in part on at least one selection 
from a group consisting of: 

the characteristics of a bottom hole assembly (“BHA) 
coupled with the bit body; 

the characteristics of a lengthwise element coupling the 
BHA with a rotational motion source: 

the characteristics of the interaction between the rotary 
drill bit and the medium; and 

the characteristics of the rotational motion source. 
7. The rotary drill bit for drilling a cavity in a medium of 

claim 6, wherein the characteristics of the bottom hole assem 
bly (“BHA") include a characteristic selected from a group 
consisting of: 
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a maSS, 
a rotational inertia; 
an axial drag coefficient; and 
a rotational drag coefficient. 
8. The rotary drill bit for drilling a cavity in a medium of 

claim 6, wherein the characteristics of the lengthwise element 
include a characteristic selected from a group consisting of: 

a maSS, 
a rotational inertia; 
an extensional spring constant; 
a rotational spring constant; 
an axial drag coefficient; 
a rotational drag coefficient; and 
a length. 
9. The rotary drill bit for drilling a cavity in a medium of 

claim 6, wherein the characteristics of the interaction between 
the rotary drill bit and the medium include a characteristic 
selected from a group consisting of 

a reaction force at the bit; and 
a reaction torque at the bit. 
10. The rotary drill bit for drilling a cavity in a medium of 

claim 6, wherein the characteristics of the rotational motion 
Source include a characteristic selected from a group consist 
ing of 

a longitudinal force; 
a drive torque; 
a stall torque; and 
a maximum rotation speed. 
11. The rotary drill bit for drilling a cavity in a medium of 

claim 2 or 4, wherein the second angle 0 is selected to maxi 
mize a rate of progress of the rotary drill bit in the medium. 

12. The rotary drill bit for drilling a cavity in a medium of 
claim 2 or 4, wherein the second angle 0 is selected to mini 
mize a sticking or a slipping of the rotary drill bit in the 
medium during a drilling operation. 

13. The rotary drill bit for drilling a cavity in a medium of 
claim 2 or 4, wherein the second angle 0 is 20 degrees. 

14. The rotary drill bit for drilling a cavity in a medium of 
claim 1, wherein the cavity is at least partially deviated from 
a normal angle at a surface of the medium. 

15. A method for designing a rotary drill bit for drilling a 
cavity in a medium, wherein the method comprises: 

determining a characteristic of a drillstring with which the 
rotary drill bit is coupled; 

determining an initial number of groups of cutters for the 
rotary drill bit, wherein each group of cutters comprises 
a plurality of cutters Substantially aligned along a differ 
ent radius of the drilling face; 

determining a characteristic of the medium relative to a 
characteristic of the cutters; 

determining a characteristic of a rotational motion source 
used to rotate the rotary drill bit; and 

determining the angle of pitch between each of the groups 
of cutters to minimize an amount of Sticking or slipping 
of the rotary drill bit in the medium during a drilling 
operation. 
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16. The method for designing a rotary drill bit for drilling 
a cavity in a medium of claim 15, wherein the characteristic of 
the drillstring comprises a characteristic of a BHA coupled 
with the rotary drill bit and a characteristic of a lengthwise 
element coupling the BHA with the rotational motion source. 

17. The method for designing a rotary drill bit for drilling 
a cavity in a medium of claim 15, wherein determining the 
degrees of pitch between each of the groups of cutters to 
minimize an amount of Sticking or slipping of the rotary drill 
bit in the medium during a drilling operation comprises deter 
mining the degrees of pitch between each of the groups of 
cutters based at least in part on: 

the characteristic of the drillstring: 
the initial number of groups of cutters; 
the characteristic of the medium relative to the character 

istic of the cutters; and 
the characteristic of the rotational motion source. 
18. The method for designing a rotary drill bit for drilling 

a cavity in a medium of claim 15, wherein the method further 
comprises determining a revised number of groups of cutters 
for the rotary drill bit. 

19. The method for designing a rotary drill bit for drilling 
a cavity in a medium of claim 18, wherein determining a 
revised number of groups of cutters for the rotary drill bit 
comprises determining the revised number of groups of cut 
ters for the rotary drill bit based at least in part on: 

the characteristic of the drillstring: 
the revised number of groups of cutters: 
the characteristic of the medium relative to the character 

istic of the cutters; and 
the characteristic of the rotational motion source. 
20. The method for designing a rotary drill bit for drilling 

a cavity in a medium of claim 18, wherein determining the 
degrees of pitch between each of the groups of cutters to 
minimize an amount of Sticking or slipping of the rotary drill 
bit in the medium during a drilling operation comprises deter 
mining the degrees of pitch between each of the groups of 
cutters based at least in part on: 

the characteristic of the drillstring: 
the revised number of groups of cutters: 
the characteristic of the medium relative to the character 

istic of the cutters; and 
the characteristic of the rotational motion source. 
21. The method for designing a rotary drill bit for drilling 

a cavity in a medium of claim 15, wherein the method further 
comprises determining the angles of pitch between each of 
the groups of cutters to maximize a rate of progress of the 
rotary drill bit in the medium, and wherein determining the 
angles of pitch between each of the groups of cutters to 
minimize an amount of Sticking or slipping of the rotary drill 
bit in the medium during a drilling operation comprises deter 
mining the angles of pitch between each of the groups of 
cutters based at least in part on the determined angle of pitch 
between each of the groups of cutters to maximize a rate of 
progress of the rotary drill bit in the medium. 

c c c c c 


