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Abstract. The single-cone bit has become the ﬁrst choice for slim hole sidetracking and deep well drilling with
its unique rock breaking method and high ROP (Rate Of Penetration), with its main failure mode being of early
excessive wear of the cutting teeth. In order to improve the adaptability of single-cone bits to hard and highly
abrasive formations, a spherical single-cone Polycrystalline Diamond Compact (PDC) compound bit is
designed. According to the characteristics of the tooth proﬁle, the way of tooth arrangement and the way of
contact between the cutting teeth and the rock, the acceleration equation to the cutting teeth of the spherical
single-cone PDC compound bit is established. The acceleration of the single-cone bit is veriﬁed by numerical
simulation experiment of rock-breaking. The shaft inclination angle of the cone, the position and height of
the PDC teeth, the radius of the PDC teeth, the lateral rotation angle and the front inclination angle on
the acceleration are studied. The results show that as the shaft inclination angle increases, the bit transmission
ratio gradually increases, and the harder the rock formation, the larger the transmission ratio of the single-cone
bit; the shaft inclination angle and the position of the PDC tooth have a greater inﬂuence on the acceleration of
the PDC tooth, and the radius, lateral rotation angle and front inclination angle of the PDC tooth have a small
inﬂuence on the acceleration of the PDC tooth; rock properties have an impact on the acceleration of the cutting teeth, with the acceleration of the cutting teeth in hard rock formations being higher than that in soft rock
formations; near the top of the cone, the absolute acceleration of the cutting teeth will ﬂuctuate sharply and
cause severe wear of the cutting teeth, so the tooth distribution in this area should be strengthened; on the
premise that the bearing life of the single-cone bit is allowed, the value of the shaft inclination angle b can
be approached to 70°. The relative error between the theoretical analysis results of the acceleration of the
PDC cutter and the rock-breaking simulation experiment results is between 0.95% and 2.24%. This research
lays a theoretical foundation for the dynamic research of spherical single-cone PDC compound bit.

Nomenclature

a0

q
h
Z
L

x1, y1, z1

hC
rC
a

Radius vector, as shown in Figure 6, mm;
Polar angle, degree;
Vertical height, mm;
Distance from the center of the cone to the back
cone plane of the cone, mm;
Position height of the center point C of the
PDC cutting tooth surface, mm;
Radius of the characteristic circle where point
C is located, mm;
Rotation angle of the cone relative to the cone
shaft, degree;
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rQ
b
h

h0
ZO0
d
g

Initial rotation angle of the cone relative to the
cone shaft, degree;
Coordinate value of point Q in the coordinate
system O1X1Y1Z1, mm;
Radius of PDC cutter, mm;
Shaft inclination angle of single-cone bit,
degree;
Position angle of the drill bit within 0 ~ t, the
position change caused by the rotation of the
drill bit, degree;
Extreme position angle of the origin O0 of the
moving coordinate system, degree;
Vertical height of the moving coordinate origin
O0 , mm;
Front inclination angle of PDC cutter, degree;
Lateral rotation angle of PDC cutter, degree;
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Angle between the baseline of the PDC tooth
and the axis of the drill bit, degree;
Uniaxial compressive strength of limestone, and
r0 = 124 MPa;
Uniaxial compressive strength of any rock,
MPa.

1 Introduction
The main drill bits currently used in drilling engineering are
PDC bits and tri-cone bits. The single-cone bit is a cutting
type drill bit between the tri-cone bit and the Polycrystalline
Diamond Compact (PDC) bit [1], and the cutting teeth on
the cone crush the rock by rolling, scraping, and twisting.
With its unique rock-breaking method and high ROP (Rate
Of Penetration), it has won the favor of the drilling industry
and has become the preferred drill bit for slim hole sidetracking and deep well drilling [2–6]. Although the single-cone bit
is a good choice for slim hole drilling because of its good formation adaptability, strong guiding ability and easy to be
small-sized [1, 7], according to the ﬁeld application tracking
investigation and statistical analysis, the single-cone bit also
has a fatal weakness, that is, the wear resistance of the cutters is seriously insufﬁcient [1, 8, 9]. The spherical single-cone
bits currently used in the oil ﬁeld (Fig. 1) all use cemented
carbide inserts (such as cone button teeth, wedge teeth,
etc.), which can only be used in soft formations; For hard
formations with high abrasiveness, the early wear is severe
and the life span is short [10, 11]. This is because the single-cone bit will produce relatively large slip at the bottom
of the well when it is working (Fig. 2), resulting in severe
wear of the carbide cutting teeth. Therefore, the wear resistance of the cutting teeth will directly determine the working life of the single-cone bit. Once the cutters are dull, the
drilling speed will decrease sharply. The main reason why
the single-cone bit is less and less used is that the teeth are
not wear-resistant, which leads to the ROP decline and
short service life of the bit. It is of great practical signiﬁcance
and development prospect to research and design singlecone bits with strong abrasion resistance and wider lithological adaptability [12, 13].
Ma [14] founded the geometry and kinematics of modern
roller cone bits. Wang et al. [15] and others [16] designed a
special-shaped single-cone bit to increase the working life of
the bit, but the special-shaped single-cone bit is not a fullhole drill, and the rock-breaking efﬁciency is still not high.
Li [17] researched and designed a new type of impact
press-in single-cone bit. After ﬁeld application, it was found
that the bit was worn seriously. Yu and Ding [18], Yu [19]
and Deng et al. [20] studied the geometry, kinematics, and
dynamics of the spherical single-cone bit, and discussed the
design method of the tooth surface structure of the singlecone bit. Yu et al. [7] studied the inﬂuence of different
geometric parameters and motion parameters for spherical
single-cone bits on rock-breaking. However, many singlecone bit researchers have not conducted in-depth and
detailed studies on the acceleration of PDC cutting teeth
for the special motion trajectory of single-cone bits.

Fig. 1. Failed single-cone bit (a) worn cutting teeth (b) broken
cutting teeth.

Fig. 2. Bottom hole pattern of single-cone bit.

In recent years, researchers have done a lot of research on
bit technology. New bit technology is emerging, especially
the improvement of bit performance brought by new bit
structures. Baker Hughes Company has developed a new
hybrid bit product by combining ﬁxed PDC and unﬁxed
cone. The special structure enables the bit to achieve good
drilling results in some special formations and drilling
requirements [21–25]. Smith bits of Schlumberger has
successively launched 360° rotary PDC bit [26, 27] and
conical diamond element Bits [28–30]. These two kinds of
bit have good performance in some special difﬁcult to drill
formation. Chen et al. proposed a new technology of
single-cone bit, which is composed of ﬁxed and unﬁxed
[31]. The research team led by Professor Yang of Southwest
Petroleum University proposed a diamond bit with unﬁxed
cutting structure through structural innovation [32, 33],
and many useful research results have been obtained
[34–36]. Compared with the existing cone bit and PDC
bit, the new bit has obvious advantages in rock breaking
efﬁciency and service life. The bit is expected to form an
efﬁcient rock breaking tool in the near future. The structure
of the bit has a decisive inﬂuence on the adaptability and
performance of the bit. With the structural innovation,
new research on new drill bits and new tools will have new
breakthroughs [37]. Sometimes, the new bit structure can
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Fig. 3. Spherical single-cone PDC compound bit.

play a role of surprise and drive the development of drilling
technology.
In order to overcome the shortcomings of the prior art
(Fig. 1), improve the wear resistance of the single-cone bit
and prolong the service life of the bit, based on an in-depth
analysis of the structural characteristics and working principles of the single-cone bit, this paper adopts the design
concept of the spherical single-cone bit + PDC bit and
the principle that the PDC cutting teeth work slowly and
alternately on the cone, with the design concept of spherical
single-cone PDC compound bit proposed (Fig. 3). In order
to make this new type of bit better serve the needs of oil
drilling production, we need to conduct an in-depth study
on the kinematics and related parameters for the PDC teeth
on the single-cone bit. However, due to the changes in the
tooth proﬁle characteristics and tooth arrangement method
for the new drill bit, the characteristic points on the PDC
cutting tooth edge can no longer be simpliﬁed to any point
on the cone sphere. Moreover, PDC teeth have cutting
angles such as front inclination angle and lateral rotation
angles during the rock-breaking process. It is necessary to
re-establish the kinematics equations of the cutting teeth
of the spherical single-cone PDC compound bit to thoroughly grasp the acceleration characteristics of the new
type of bit, which provides basic support and reference for
the dynamic research, subsequent design, development
and application of this kind of bit.

2 Establishment coordinate system
As shown in Figure 4, when the spherical single-cone PDC
compound bit is working, the movement of the cone
includes the revolution of the bit body and cone around
the center line of the bit, the movement along the direction
of the center line of the bit, and the rotation of the cone
around the cone axis. Any studies on the basic motions of
cutters on cone shall be based on deep understanding of
the features of bit in the coordinate system, basic plane
and structure.
2.1 Static cylindrical coordinate system
Use the central axis of a single-cone bit as the coordinate
axis OZ to establish a static/ﬁxed cylindrical coordinate

Fig. 4. The motion of spherical single-cone PDC compound bit.

system (static coordinate system) [20], set the polar axis
on a horizontal reference plane and in a certain direction.
Thereafter, a point Q within the space can be represented
by Q (q, h, Z), as shown in Figure 5.
2.2 Dynamic cylindrical coordinate system
Set up a dynamic cylindrical coordinate system for a singlecone [19], with the origin O0 set at the bottom center point
of cone, the vertical axis O0 H0 coinciding with the axis of
cone, and polar axes O0 X0 and O0 H0 perpendicular with each
other. The plane deﬁned by H0 O0 X0 is called as a polar axis
plane of cone.
Figure 6 shows the projection relationships of a complex
cylindrical coordinate system, including: (a) view from
direction A for the back cone plane of cone; (b) front view
of single-cone; and (c) top view in addition to (b). Figure 6
indicates the parameters for bit structure as (L, R, b),
parameters for bit and cone positions as (h0, ZO0 , a0),
parameters for PDC cutter’s position on cone as (hC, rC,
c, d, g), and parameters of point Q’s position on PDC cutter
blade proﬁle as (rQ, u).
Set up four rectangular coordinate systems for PDC cutters and respectively from the center points of four cutters
[38]. Set up a coordinate system O1X1Y1Z1 for the position
of PDC cutters, to make O1Z1//OZ and pointing to the
same direction as OZ, and O1X1 in a horizontal direction
and perpendicular to OZ. Rotate O1X1Y1Z1 around O1Y1
by an angle c (the included angle between the reference line
of cutter and the axis of bit) in the clockwise direction to
obtain a coordinate system O1X2Y2Z2, to make O1X2 collinear with the reference line of cutter and pointing to the
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3 Geometrical equations for describing motion
of PDC cutters
During operation, the motion of a single-cone bit consists of
rotation and displacement, which are for the convenience of
study analyzed in separation before combination of them.
3.1 Rotation of cone
3.1.1 Relative rotation of cone around cone shaft
Assume that the bit does not rotate, and the cone rotates
around the cone shaft. Deﬁne the center point on a surface
of PDC cutter as the characteristic point C (q, h, Z) and the
initial position as a0. After a time lapse t, point C moves to
point C0 and arrives at a position angle a0 + a. Each view in
Figure 6 includes the point C0 and its projection.
The true length is indicated as the distance between O
and C0 to represent the radius vector of point C0 in the
top view. OC0 constitutes the oblique side of the right triangle ON0 C0 , of which the right angle sides ON0 and N0 C0 are
as follows:
0

0

ON ¼ OM þ MN

¼ ðL  h C Þ cos b þ r C cos ða0 þ aÞ sin b;
Fig. 5. Cylindrical coordinate system for bit.

external of bit. Rotate O1X2Y2Z2 around O1X2 by g in the
clockwise direction to obtain a coordinate system
O1X3Y3Z3, to make O1X3 collinear with the reference line
of cutter and pointing to the direction against from the center line of bit (coinciding with O1X3). Rotate O1X3Y3Z3
around O1Z3 by d in the counterclockwise direction to
obtain a coordinate system O1X4Y4Z4, to make O1Z4 perpendicular to the directional reference line of PDC cutter
(coinciding with O1Z3).
In consideration of expressing all geometrical features of
a cutter, such as points, lines and planes, deﬁne the parameter equations for the blade curves of the cutter as follows:
8
x 4 ¼ r Q cos u
>
>
<
ð0  u  2pÞ;
ð1Þ
y4 ¼ 0
>
>
:
z 4 ¼ r Q cos u
According to the principles for transformation of rectangular coordinate system, obtain the equations for the position
coordinates for the blade proﬁle of PDC cutter as follows:
8
x 4 ¼ r Q cos uðcos d cos c þ sin d sin g sin cÞ
>
>
>
>
>
>
 r Q sin u cos g sin c
>
>
<
ð2Þ
y 1 ¼ r Q cos u sin d cos g þ r Q sin u sin g :
>
>
>
>
z 1 ¼ r Q cos uðcos d sin c þ sin d sin g sin cÞ
>
>
>
>
:
þ r Q sin u cos g sin c

qQ ¼

wherein:

ð3Þ

N0 C0 ¼ r C sin ða0 þ aÞ;

ð4Þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
r C ¼ R 2  ðL  h C Þ :

ð5Þ

Subject to the time lapse t, calculate the radius vector qQ of
a point Q on the blade proﬁle of cutter can be expressed as:
see equation (6) bottom of the page
3.1.2 Rotation of cone and cone shaft around the center
axis of bit
Under the assumption that only the bit rotates, and the
cone doesn’t rotate around the cone shaft, point C0 conducts ﬁxed-axis rotation around the center axis of bit,
and, after the time lapse t, point C0 moves to point C00 after
travelling over the angle h, as shown in Figure 6. The true
value is reﬂected in the top view for the polar angle hC00 of
the characteristic point C00 , and hC0 0 is the sum of the polar
angle of point O0 and \N0 OC00 , wherein:
0

\N OC00 ¼ h  1;
1 ¼ arctan
¼ arctan

ð7Þ

N0 C 0
ON0
r C sinða0 þ aÞ
;
ðL  h C Þ cos b þ r C sin b cosða0 þ aÞ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
½ðL  h C Þ cos b þ r C cos ða0 þ aÞ sin b þ x 1 2  þ ½r C sin ða0 þ aÞ þ y 1 2 :

ð8Þ

ð6Þ
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Fig. 6. Geometry of spherical single-cone PDC compound bit.

Accordingly, subject to the time lapse t, calculate the polar
angle hQ of a point Q on the blade proﬁle of cutter can be
expressed as:

Z Q ¼ z O  r C cos ða0 þ aÞ sin b  h C sin b þ z 1 :

hQ ¼ h0 þ h
 arctan

point C after the time t. Accordingly, subject to the time
lapse t, calculate the vertical height ZQ of a point Q on
the blade proﬁle of cutter can be expressed as:

r C sinða0 þ aÞ þ y 1
:
ðL  h C Þ cos b þ r C sin b cosða0 þ aÞ þ x 1

ð10Þ

Equations (6), (9) and (10) are kinematic geometric
equations of the spherical single-cone PDC compound bit.

ð9Þ
3.2 Displacement of cone

4 Acceleration equation of PDC tooth
on single-cone

During operation, the cone moves along the center axis of
bit in addition to rotation. The true length is reﬂected in
Figure 6b for the net vertical height ZC0 of the characteristic

In order to facilitate the study of the acceleration of the
PDC teeth on the cone, the rotation and movement of
the cone are studied separately and combined.

6
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The angular velocity of the bit body is x1, and the angular acceleration is e1.
e1 ¼

dx1 d2 h
¼ 2;
dt
dt

D ¼ r Q ðcos u sin d cos g þ sin u sin gÞ;
kC q ¼

ð11Þ

2

2

e2 ¼

dx2 d a
¼ 2;
dt
dt

ð12Þ

kCq ¼

ð13Þ

e1, e2 and aZ are all random variables, and through experimental measurements, it can be seen how their instantaneous real values change with time.
The acceleration of a characteristic point on a singlecone PDC tooth, especially the acceleration when the
cutting tooth impacts with the bottom of the hole, is an
important parameter for rock-breaking and cutting tooth
strength. However, the actual measurement of the acceleration and dynamic load of the cutting teeth is very troublesome and cannot be implemented on a large scale. It is
obviously very useful if the mathematical relationship
between the acceleration of the PDC teeth of the singlecone bit and the above-mentioned measurable bit acceleration e1, e2 and aZ can be established.
In order to facilitate the study of the acceleration of the
single-cone bit of the PDC tooth, the absolute movement of
a certain characteristic point on the single-cone PDC tooth
is regarded as the combination of the following three kinds
of movements. That is, for the longitudinal implicated
motion of point Q, its position variable is ZQ, and its acceleration is a QZ ; for the tangentially implicated movement of
point Q, its position variable is the polar angle hQ, and the
acceleration is aQs; for the radial relative movement of point
Q, the position variable is the vector radius qQ, and the
acceleration is aQq; the three moving directions are 90° with
each other. Starting from the geometrical equation of
motion of the single-cone bit, the acceleration equation of
any point on the PDC tooth is established.
(1) Relative acceleration ar
The acceleration caused by the radial movement is
the relative acceleration, with the relative acceleration
being the derivative of the radial velocity with respect to
time t.
Let
A ¼ ðL  h C Þ cos b;

ð14Þ

B ¼ r C sin b;

ð15Þ

cos ða0 þ aÞðcos u sin d cos g
þ sin u sin gÞ

1 6
6
6
qQ 4

The up and down position of the bit body is ZO0 , and the
acceleration is aZ
d2 Z O0
aZ ¼
;
dt 2

1
r C cos2 b sin 2ða0 þ aÞ
2qQ
 ðL  h C Þ sin 2b sin ða0 þ aÞ;

The angular velocity of the cone around the cone axis is x2,
and its angular acceleration is e2.

ð17Þ

 sin b sin ða0 þ aÞðcos u cos d sin c

ð18Þ
3
7
7
7:
5

þ cos u sin u sin g cos c  sin u cos g cos cÞ
ð19Þ
Then there is

¼ q1Q ðr 2C  B 2 Þ cos 2ða0 þ aÞ  B cos ða0 þ aÞ
1
ðA þ CÞ  Dr C sinða0 þ aÞx22 þ
qQ


 f r C  cos2 b sin ða0 þ aÞ þ D r C cosða0
2
1 
þ aÞðA þ C Þge2 
kCq þ kQq r Q r 2C x22 ;
ð20Þ
qQ

ar ¼

d2 qQ
dt 2

(2) Tangentially implicated acceleration aes
Let
m¼

A cos ða0 þ aÞ þ B þ C cos ða0 þ aÞ þ D sin b sin ða0 þ aÞ
;
2
2
½A þ B cos ða0 þ aÞ þ C  þ ½r C sin ða0 þ aÞ þ D 
ð21Þ

dm D sin b cos ða0 þ aÞ  sin cos ða0 þ aÞðA þ C Þ
¼
da
q2Q
½ðA þ C Þ cos ða0 þ aÞ þ B þ D sin b sin ða0 þ aÞ
 2f½A þ B cos ða0 þ aÞ þ C r C sin b sin ða0 þ aÞ
½r C sin ða0 þ aÞ þ Dr C cos ða0 þ aÞg
ð22Þ
q4Q :
Then there is
a es ¼ qQ



d2 hQ
dm
2
r
¼
q
e

x

mr
e
1
C 2
C 2 :
Q
da
dt 2

ð23Þ

(3) Implicated centripetal acceleration aeq
The radially implicated centripetal acceleration caused
by the rotation of the drill bit is:
a eq


2
dhQ
2
¼ qQ
¼ qQ ðx1  mr C x2 Þ :
dt

ð24Þ

(4) Longitudinal implicated acceleration aeZ
d2 Z Q
dt 2
¼ a Z þ r C cos b cos ða0 þ aÞx22 þ r C

a eZ ¼
C ¼ RQ ðcos u cos d cos c þ cos u sin g sin c  sin u cos g sin cÞ;
ð16Þ

 cos b sin ða0 þ aÞe2 :

ð25Þ
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(5) Coriolis acceleration ak
The Coriolis acceleration caused by the change in the
direction of the relative speed caused by the implicated rotation and the change in the magnitude of the implicated speed
caused by the relative speed, expressed by the vector ak. By
the deﬁnition of Coriolis acceleration, its magnitude is:

the empirical formula of the transmission ratio i can be
obtained.
r  r0
ð0:318 cos b  0:06Þ þ 1:888
i ¼ 0:26 cos2 b þ
r0

dqQ dhQ
dt dt
 sin W2 kCq þ kQq r Q r C x2 ðx1  mr C x2 Þ:

Three common rocks are selected: sandstone (r = 33.44
MPa), limestone (r = 124 MPa) and granite (r = 236
MPa). According to the empirical formula of transmission
ratio, the change trend of transmission ratio i of single-cone
bit in three kinds of rocks with shaft inclination angle b can
be obtained, as shown in Figure 7. It can be seen from the
curve in the ﬁgure that as b increases, the bit transmission
ratio i also gradually increases, and that the transmission
ratio of a single-cone bit in granite is higher than that in
sandstone, that is, the harder the rock, the higher the transmission ratio of the bit. Of course, the transmission ratio of
a single-cone bit is not only related to the shaft inclination
angle and rock characteristics, but also to the bit tooth surface structure. However, according to previous experimental studies, it can be known that the shaft inclination
angle and rock characteristics are the main factors affecting
the transmission ratio, so the empirical formula for transmission ratio has certain applicability to single-cone bits.
The inﬂuence of the new tooth surface structure on the
transmission ratio of the spherical single-cone PDC compound bit needs to be supplemented and improved in the
follow-up experimental research.

ak ¼ 2

ð26Þ

wherein, W is the angle between the relative speed and the
angular velocity of the implicated rotation, W = 90°; the
direction of ak is perpendicular to the plane deﬁned by
xQ and vQq, pointing to the tangential direction.
Thus, the radial acceleration aQq, the tangential acceleration aQs, and the longitudinal acceleration aQZ at point Q
on the cutting tooth are obtained:
the radial acceleration aQq

a Qq ¼ a r þ a eq ¼ q1Q ðr 2C  B 2 cos 2ða0 þ aÞ
B cos ða0 þ aÞðA þ C Þ  Dr C sin ða0 þ aÞx22
þ q1Q f½r C cos2 b sin ða0 þ aÞ þ Dr C cos ða0 þ aÞ
B sin ða0 þ aÞðA þ C Þge2


1
2
2
kCq þ kQq r Q r 2C x22 þ qQ ðx1  mr C x2 Þ ; ð27Þ
qQ

the tangential acceleration aQs

ð28Þ

the longitudinal acceleration aQZ
a QZ ¼ a eZ
¼ a Z þ r C cos b cos ða0 þ aÞx22 þ r C
 cos b sin ða0 þ aÞe2 ;

ð29Þ

so, the absolute acceleration aQ at point Q on the cutting
tooth is:
aQ ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a 2Qq þ a 2Qs þ a 2QZ :

ð31Þ

5.2 Analysis of factors affecting acceleration

a Qs ¼ a k þ a es
¼ 2r C x2 ðx1  mr C x2 Þ kCq þ kQq r Q


dm
2
r C x2  mr C e2 ;
þ qQ e  e1 
da

 sin b  0:95:

ð30Þ

5 Calculation examples and analysis
5.1 Relationship between the transmission ratio
of the single-cone bit and the rock
The relationship between the roller speed and the bit rotation speed is the transmission ratio. Through analyzing and
summarizing the experimental data of the transmission
ratio of the spherical single-cone bit in the literature [39],

In order to further clarify the inﬂuence of each parameter of
the PDC tooth single-cone bit on the acceleration, the acceleration of the PDC tooth single-cone bit is quantitatively
analyzed and studied in combination with some parameters
given in reference [20], with the given parameters being
L = 30 mm, R = 50 mm, hC = 40 mm, b = 60°, a = 30°,
g = 5°, d = 38°, rQ = 6.72 mm, x1 = 60 r/min, and
i = 0.748 (limestone). The diameter of the spherical single-cone PDC compound bit is 118 mm. The front inclination angle d, the radius rQ of the PDC tooth, the lateral
rotation angle g, the shaft inclination angle b, the position
height hC of the PDC tooth, and the rock strength are
selected as independent variables. The above basic parameters are substituted into equations (27)–(30) for numerical
calculation.
The acceleration simulation calculation result of the
spherical single-cone PDC compound bit is shown in
Figures 8–12. It can be seen from Figure 8 that the tangential acceleration aQs and the absolute acceleration aQ
increase with the increase of the front inclination angle d,
and that the radial acceleration aQq decreases slightly with
the increase of d; the longitudinal acceleration aQZ has nothing to do with d. It can be seen from Figure 9 that aQq, aQs
and aQ all increase slightly with the increase of the radius rQ
of the PDC tooth, but the amplitude of the change is small;
aQZ has nothing to do with rQ. It can be seen from Figure 10
that aQq, aQs and aQ all decrease slowly with the increase of
the lateral rotation angle g; aQZ has nothing to do with g. It
can be seen from Figure 11 that the shaft inclination angle b
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Fig. 7. Change of transmission ratio at shaft inclination angle.

Fig. 8. Effect of front inclination angle on acceleration.

Fig. 9. Effect of PDC cutter radius on acceleration.

Fig. 10. Effect of lateral rotation angle on acceleration.

Fig. 11. Effect of shaft inclination angle on acceleration.

has a relatively large impact on acceleration, where aQq
decreases as b increases, and that both aQs and aQZ ﬁrst
increase and then decrease with b increase; as b increases,
aQ ﬁrst decreases, then remains unchanged, and ﬁnally
decreases. It can be seen from Figure 12 that the position
height hC of the PDC tooth also has a relatively large
impact on the acceleration, and between 0 and 65 mm,
aQq, aQs and aQ all increase as hC increases; between 65
and 80 mm, aQs decreases sharply with the increase of hC
and approaches zero, aQq and aQ increase greatly with the
increase of hC, and decrease sharply when they are close
to the top of the cone; aQZ has nothing to do with hC.
Sandstone (r = 33.44 MPa), limestone (r = 124 MPa)
and granite (r = 236 MPa), and combine equation (31) are
selected to quantitatively analyze and calculate the absolute acceleration of the PDC teeth of the single-cone bit,
with the results shown in Figures 13–15. The analysis
results show that because rock formations of different hardness will cause changes in the bit transmission ratio, the
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Fig. 12. Effect of PDC cutter position on acceleration.

Fig. 14. Relationship between the absolute acceleration and hC
(limestone).

Fig. 13. Relationship between the absolute acceleration and hC
(sandstone).

Fig. 15. Relationship between the absolute acceleration and hC
(granite).

rock formations also have a certain inﬂuence on the acceleration of the cutting teeth, and that the acceleration of the
cutting teeth in sandstone is slightly lower than that in
granite; the absolute acceleration of the cutting teeth at
most positions on the cone in different rock formations
tends to be gentle with the increase of b. However, near
the top of the cone, the absolute acceleration of the cutting
teeth will ﬂuctuate violently and cause severe wear of the
cutting teeth; the greater b, the closer the absolute acceleration ﬂuctuation position is to the top of the cone, and the
smaller the ﬂuctuation amplitude. Therefore, the tooth
placement in the area to the right of the dotted line in
Figures 13–15 require special attention from single-cone
bit researchers. At the same time, the larger b, the smaller
the absolute acceleration, indicating that the inertial force
of the drill bit is smaller and that it is more beneﬁcial to
the strength of the PDC tooth; however, considering the
wear of the roller bearing [40, 41], the shaft inclination angle
b of the single-cone bit cannot be designed too large.
The bit design should try to achieve the goal of equal
life, that is, the life of each component of the cone bit is

almost the same. For a single-cone bit, it mainly means that
the roller bearing and the bit cutting teeth reach the same
life. Therefore, under the premise that the bearing life of the
single-cone bit is allowed, the shaft inclination angle b can
be approached to 70°.
5.3 Multi-factor composite analysis of acceleration
According to Figures 13–15, it is known that among the
various factors affecting the acceleration of the cutting
teeth of the spherical single-cone PDC compound bit, the
shaft inclination angle and the position height of the PDC
teeth have the greatest impact on the acceleration. Therefore, in order to comprehensively investigate the inﬂuence
trend of b and hC of the PDC tooth on the acceleration,
b and hC are used as independent variables at the same time
in analyzing and calculating the radial acceleration aQq,
tangential acceleration aQs, longitudinal acceleration aQZ
and absolute acceleration aQ in the limestone with these
two independent variables, as shown in Figures 16–19.
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Fig. 16. Change of radial acceleration along with hC and b.

Fig. 18. Change of longitudinal acceleration along with hC and b.

Fig. 17. Change of tangential acceleration along with hC and b.

It can be seen from Figures 16–19 that when the position height hC of the PDC teeth and the shaft inclination
angle b increase at the same time, the radial acceleration
aQq ﬁrst decreases and then tends to be gentle. When
b = 40°~60°, the radial acceleration aQq change law tends
to be stable as a whole, and slowly increases with the
increase of hC. The tangential acceleration aQs ﬁrst
increases and then slowly decreases with the increase of b
and hC. When b = 30°~40°, the tangential acceleration
aQs reaches the maximum value, and the maximum value
is close to the top area of the cone. The longitudinal acceleration aQZ ﬁrst increases and then decreases with the
increase of b and hC. When b = 40°, the longitudinal acceleration aQZ of the PDC teeth in the middle of the cone
reaches the maximum. The absolute acceleration aQ
decreases ﬁrst and then stabilizes with the increase of b

Fig. 19. Change of absolute acceleration along with hC and b.

and hC. When b and hC take the minimum at the same
time, the absolute acceleration aQ reaches the maximum;
when b takes the maximum, the absolute acceleration aQ
of the PDC tooth at the end of the cone reaches the
minimum.
In order to verify the theoretical analysis results of the
acceleration of the spherical single-cone PDC compound
bit in this paper, the nonlinear dynamical model is established to simulate the dynamic rock breaking process of
the spherical single-cone PDC compound bit on basis of
which the acceleration state of the bit element during the
rock breaking process is simulated. It provides a theoretical
basis for the application and design of the spherical singlecone PDC compound bit.
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Fig. 20. Finite element model of the drill bit-rock system (a) Overall model, (b) Rock model.

6 Rock-breaking simulation experiment
In the actual drilling process, there are many factors that
affect the rock-breaking of the drill bit. In the process of
numerical simulation of the rock-breaking of the drill bit
using the ﬁnite element method, it is impossible to consider
the inﬂuence of all factors on the simulation results. The
speciﬁc problems and research goals should be addressed.
The simulation model is appropriately simpliﬁed and necessary assumptions are made. To facilitate the analysis the
drilling process of the spherical single-cone PDC compound
bit, the following assumptions are taken:
1. The palm and cone of the drill bit are regarded as rigid
bodies.
2. The inﬂuences of temperature, conﬁning pressure, and
drilling ﬂuid are neglected.
3. The bottom of the well is kept clean at all times, that
is, the rock grid unit will be automatically deleted
after failure, ignoring its impact on the subsequent
cutting.
4. The rock is continuous isotropic medium, ignoring the
effects of initial cracks and internal pressure.
5. The axis of the drill bit coincides with the axis of the
borehole, ignoring the possible radial displacement of
the drill bit.

6.1 Finite-Element model of the drill bit-rock system
The PDC bit exhibits highly nonlinear characteristics during the rock-breaking process, including geometric nonlinearity, material nonlinearity and contact nonlinearity. By
adopting the ﬁnite element method, treat the spatial
domain of the cutter-rock contacting system at time t as
X, and the body force, boundary stress and Cauchy’s stress
respectively as b, r, rC and rC, then the contacting issue
could be represented as [42, 43]:

Table 1. Mechanical parameters of each part of the drill
bit.
Parts of the bit

Elastic
Poisson’s ratio Density/
modulus/GPa
kg/m3

Cutter
Cone
Bit leg

800
218
208

0.08
0.30
0.295

4100
7800
7800

Z

Z
rC de dX 
X

Z
Z
bdu dX 
rde dS 
r C du dS
X Z
Cf
Cc
ð32Þ
þ qa 1 du dX ¼ 0;
X

wherein, Cf is the border for a given boundary force, Cc is
the contact boundary, du is the virtual displacement, de is
the virtual strain, q is the density, a1 represents the acceleration. By discretizing the spatial domain X with ﬁnite
element method, one can obtain the following equation:
M€
u ¼ pðt Þ þ cðu; nÞ  hðu; kÞ;

ð33Þ

wherein, M is the mass matrix, ϋ is the acceleration vector, t is the time variable, p is the external force vector, c
is the contact force and friction force vector, h is the internal stress vector, u is the object displacement, n is the
variable associated with contact surface characteristics,
and k represents the variable associated with constitutive
relation of materials.
Considering that a proper plastic constitutive model is
the key of accurately simulating the yielding, hardening
and damaging process, and that bottom-hole rock is a kind
of granular material so that the rock element will be
expanded when suffering shear force, Drucker-Prager model
[36, 44] is adopted in this paper.
According to the above theory, combined with the bit
structure designed in Figure 3, with the given structural
parameters being L = 30 mm, R = 50 mm, b = 70°,
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Table 2. Mechanical parameters of rock material [33].
Rock sample
Beibei
limestone

Elastic
modulus/GPa

Poisson’s
ratio

Density/
kg/m3

Compressive
strength/MPa

31.2

0.171

2600

105.95

Tensile
Shear strength/ Friction
strength/MPa
MPa
angle/°
6.76

17.72

43.62

Fig. 22. Number of cutters.
Fig. 21. Boundary setting of rock-breaking simulation.

Table 3. Position parameters of PDC cutter.
g = 5°, d = 38°, rQ = 6.72 mm, the nonlinear dynamic ﬁnite
element model of drill bit-rock system was established in
ABAQUS program, as shown in Figure 20a. According to
the Saint-Venant principle, the size of the rock is 220 mm
in diameter and 100 mm in height. To reduce the time of
bottom hole formation and make all the cutter interact with
the rock earlier, a pre-contact bottom hole is set on the surface of the rock model according to the size of the spherical
single-cone bit, as shown in Figure 20b. The 8-node reduced
integration element C3D8R with high accuracy, robustness
and hourglass control was employed to discrete the rock
model, and the rock’s area nearby the cutter was ﬁnely
meshed, the grid size is about 2 mm. The rock-breaking simulation model was totally divided into 912 396 elements.
And the system of unit (mm-N-s) was applied in the numerical model, while for convenience, results were displayed
according to the engineering conventions. The mechanical
parameters of the material of the drill bit are listed in
Table 1. The mechanical parameters of rock material are
listed in Table 2.
As shown in Figure 21, the overall coordinate system of
the spherical single-cone PDC compound bit is in the same
direction as the global coordinate system. The z-axis of the
single-cone bit coincides with the rock center axis, and the
positive direction of the z-axis is the longitudinal movement
direction of the single-cone bit, the x-axis is horizontal and
perpendicular to the z-axis, that is, the x-o-z plane is parallel
to the surface of the rock model.
The rock-breaking simulation adopts ABAQUS/Explicit analysis method. Non-reﬂecting boundary and ﬁxed constraint were applied to the rock surfaces except the top one.
The contact type between the cutter and rock was eroding

Number of cutters
hC (mm)

1#

2#

3#

4# 5# 6# 7#

12.75 28.75 44.75 59 16 34 52

surface to surface. Considering the friction between the
cutting surface and rock, the friction coefﬁcient of contact
surfaces was set to 0.4 [45]. The simulation loading process
is divided into two steps: In the ﬁrst step, the Weight On
Bit (WOB) is 100 kg, which is applied to the upper surface
of the bit leg to keep the cutter in contact with the rock. In
the second step, the WOB is 2000 kg, which is applied to
the upper surface of the bit leg (Fig. 21); at the same time,
the rotation speed applied to the center axis of the bit is
60 r/min, so that the single-cone bit rotates at a uniform
speed around the center axis of the rock model. Set the
simulation time to 6 seconds. The single-cone bit designed
in Figure 3 has 25 PDC cutters distributed. Due to the large
number of cutting teeth, according to the distribution of
PDC cutter on the surface of the cone, seven representative
PDC cutters are selected for research, and their distribution
positions on the cone are shown in Figure 22. The position
height hC of the seven PDC cutters are shown in Table 3.
6.2 Results and discussion
The equivalent plastic strain cloud diagram of the rock in
the simulation of rock-breaking with a spherical single-cone
PDC compound bit within 1–6 s is shown in Figure 23. It
can be seen from Figure 23 that as the working time of
the spherical single-cone PDC compound bit increases, a
complete spherical bottom hole is gradually formed in the
center of the rock model.
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Fig. 23. Equivalent plastic strain in rock-breaking process.

Fig. 24. Longitudinal moving speed of bit.

During the rock-breaking process, the overall longitudinal velocity and acceleration of the drill bit (in the direction
of the borehole axis) vary with the drilling time as shown in
Figures 24 and 25. It can be seen from Figure 24 that the
longitudinal movement speed of the bit ﬂuctuates in the
range of 5 to 25 mm/s. Figure 25 shows that during the
rock-breaking simulation of a single-cone bit, the acceleration of the bit ﬂuctuates in the range of 2500~2500
mm/s2, and the acceleration of most of the time is between
1000~1000 mm/s2. The ﬂuctuation of the speed and acceleration is due to the interaction between the bit and the
rock during the rock-breaking process of the single-cone
bit, which causes the bit to be accompanied by axial vibration during the drilling process. Therefore, the acceleration
of the drill bit has a large extreme value at a certain
moment, which is related to the unique rock-breaking method of the single-cone bit.

Fig. 25. Longitudinal moving acceleration of bit.

Fig. 26. Absolute acceleration of PDC cutters.
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Table 4. Theoretical and simulated values of PDC cutter acceleration.
Number of cutters
2

Theoretical value (mm/s )
Simulation average value (mm/s2)
Fractional error (%)

1#

2#

3#

4#

5#

6#

7#

486.2
495
1.81

580.9
590
1.57

734.2
745
1.47

904.7
925
2.24

508.6
520
2.24

621.9
630
1.31

817.2
825
0.95

The acceleration simulation data of these seven PDC
cutters is shown in Figure 26. It can be seen from Figure 26
that as the drilling time increases, the acceleration of the
PDC cutter at each position on the surface of the cone gradually increases. After 1 s, the acceleration value suddenly
increases, and the acceleration of the seven PDC cutters
reaches the maximum when approaching 1.5 s. After
1.5 s, the acceleration of each PDC tooth is in a small ﬂuctuation, but the overall trend is stable. The reason for the
acceleration ﬂuctuation in the simulation experiment is that
the cone rotates around the cone axis during the drilling
process of the single-cone bit, and generates rolling
rock-breaking, which in turn causes the bit to vibrate,
and ultimately causes the acceleration of the PDC cutter
to ﬂuctuate. The acceleration of the 4# tooth is greater
than that of the 1# tooth, which is consistent with the analysis results of Figures 12 and 14. According to the acceleration ﬂuctuation curve after 1.5 s in Figure 26, the average
curve of each PDC tooth is made, and the theoretical calculation value in Figure 14 is compared with the simulation
experiment average value in Figure 26 (Tab. 4). Table 4
shows that the acceleration values of the PDC cutter
obtained through the simulation experiment are all greater
than the theoretical calculation values, and the fractional
error between the theoretical analysis results of the acceleration of the PDC cutter and the simulation experiment
results is between 0.95% and 2.24%. This shows that
this paper is advisable to study the acceleration theory of
the spherical single-cone PDC compound bit.

7 Conclusion
In this paper, the acceleration equation of the spherical single-cone PDC compound bit is established; sandstone, limestone and granite are selected respectively, and the
acceleration of the spherical single-cone PDC compound
bit is quantitatively analyzed and calculated; the acceleration of the single-cone bit is veriﬁed by numerical simulation experiment of rock-breaking, with the following
conclusions drawn.
The bit transmission ratio i increases as the shaft inclination angle b increases, and the harder the rock formation,
the larger the single-cone bit transmission ratio i; the rock
formation has an inﬂuence on the acceleration of the cutting
teeth, and the acceleration of the cutting teeth in the hard
rock layer is higher than that in the soft rock layer.
The shaft inclination angle and the position height of
the PDC teeth have a greater impact on the acceleration
of the PDC teeth, and close to the top of the cone, the absolute acceleration of the cutting teeth will ﬂuctuate sharply
and cause severe wear of the cutting teeth; the greater b,

the closer the absolute acceleration ﬂuctuation position is
to the top of the cone, and the smaller the ﬂuctuation
amplitude; the absolute acceleration decreases as b
increases, which means that the inertial force of the drill
bit is smaller; however, considering the wear of the cone
bearing, the shaft inclination angle b of the single-cone bit
cannot be designed too large; on the premise that the bearing life of the single-cone bit is allowed, the value of b can be
approached to 70°.
The relative error between the theoretical analysis
results of the acceleration of the PDC cutter and the
rock-breaking simulation experiment results is between
0.95% and 2.24%. This shows that this paper is advisable to study the acceleration theory of the spherical single-cone PDC compound bit.
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