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Abstract: The cutter structure and layout scheme of PDC (Polycrystalline Diamond Compact) bits
are important factors in improving efficiency. To further improve the drilling efficiency of PDC bits,
axe, triangular prism, and cylindrical PDC cutters were used as research objects. Based on the
measured granite data, a finite element model of non-homogeneous granite was established and
verified by uniaxial compression simulation. The rock-breaking process of different cutter
combination schemes was compared using the finite element method, and the parameters in the
best scheme were optimized using the Box-Behnken response surface method. The results show that
the constructed model of non-homogeneous granite is consistent with the stress-strain relationship
of real granite and is reliable. The axe PDC cutter is more aggressive than the other two cutters and
is more suitable for the front row of the bit blade tooth arrangement, while the triangular prism
cutter is the second most aggressive and is suitable for the rear row of tooth arrangement, and the
best combination scheme is the front row of axe cutter and the rear row of triangular prism cutter
arranged alternately with the axe cutter. The optimal transverse and longitudinal distances of the
optimized triangular prism cutter from the front axe cutter are 10mm and 7mm, and the optimal
transverse and longitudinal distances of the rear axe cutter from the front cutter are 10.06mm and
7mm. The drilling speed is more stable during drilling and the PDC bit with mixed tooth
arrangement has 16.8% and 16.6% higher rate of penetration(ROP) compared with the bit with
single axe cutter and triangular prism cutter, and the drilling speed is more stable during working,
which can effectively improve the rock breaking efficiency of the PDC bit. The field application
proves that the bit with mixed cutter arrangement is easier to break the complex formations, with
more stable ROP and better efficiency. The study can provide theoretical support for the cutter
layout of the PDC bit.

Keywords: PDC bit; heterogeneous granite; mixed cloth teeth; Box-Behnken; finite element analysis

1. Introduction

China's domestic shallow oil and gas resources have been exploited, and the development of
unconventional oil and gas resources will be the future focus. According to a survey and study, China
ranks second in the world in terms of unconventional oil and gas resources reserves, but the external
dependence on oil and natural gas is as high as 73% and 43% respectively, and it is urgent to increase
the exploitation of unconventional oil and gas resources [1]. However, unconventional oil and gas
resources are located in complex formations and are difficult to extract [2], which puts higher
requirements on the performance of drill bits. It is well known that PDC (Polycrystalline Diamond
Compact) bits have higher wear resistance and efficiency compared with roller cone bits, especially
in hard formations [3,4], which has led to a higher market share of PDC bits, which was investigated
to be as high as 75%-80% in 2018 [5,6]. However, the current common PDC bits mainly rely on the
mounted cutters to break the rock by shearing, which is weak in aggressiveness, and it is difficult to
penetrate hard rocks (such as granite) during drilling, and the PDC cutter needs to constantly rub
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against the rock and wait for the drill string to accumulate enough energy to break the rock, which
leads to a serious decrease in bit life and efficiency and increases the drilling cost, so the performance
of PDC bits needs to be improved, and the structure of PDC cutter is closely related to the
performance of the bit.

The study or optimization of the performance of PDC cutters with different structures is an
effective way to improve the overall drill bit life and efficiency [7]. Therefore, many scholars have
conducted a lot of research on the rock-breaking characteristics of PDC cutters under different
structures and their formation suitability, especially for non-planar cutters [8]. Dong et al [9]
conducted a study on the rock-breaking characteristics and efficiency of circular cutters, axe-shaped
cutters, angled cutters, wedge-shaped cutters, and triangular prism cutters through experiments
combined with numerical simulation methods. Their results showed that the axe cutters have better
drilling ability in hard formations and are suitable for the front row of the cutter blade of the PDC
bit, while the angled cutters are more suitable for auxiliary rock breaking and should be installed in
the back row of the cutter blade of the PDC bit. Conical PDC cutters are mostly used for auxiliary
rock breaking in PDC bits [10,11]. Li et al [12] used the finite element method to numerically simulate
the rock-breaking process of conventional PDC cutters, conical PDC cutters, and the overall rock-
breaking process of the drill bit, and the results of the study showed that the conical cutters as
auxiliary cutting structures could well produce pre-breaking of rocks at 100 MPa compressive
strength, thus improving the overall drilling ability of the bit in hard rocks, while this approach was
not effective for rocks with 50 MPa compressive strength. The axe PDC cutter not only has the
characteristics of conventional cutter’s shear breaking in the rock-breaking process but also has a
crushing effect on the rock, which can significantly improve the ROP and mechanical specific energy
(MSE) of the drill bit [13,14]. The unique ridged structure of the axe-shaped PDC cutter not only
reduces the weight of the bit but also maximizes the rock-breaking efficiency. It has been studied that
a drill bit with an axe cutter can provide up to 35% higher instantaneous ROP for the same input
energy [15].

Because the axe-shaped PDC cutter has a high ROP during rock breaking, it is easier to penetrate
hard rock, which can prevent the bit from sticking and sliding [16], keep the weight on the bit (WOB)
stable during drilling, and keep the bit drilling at high ROP, and its simple structure, easy processing,
and relatively mature technology make it a preferable choice for drilling into hard rock.

In addition to axe-shaped cutters, new cutter structures have been proposed by some scholars
and verified by experiments or numerical simulations. For example, Wang et al [17] designed a
wavy PDC cutter using the mole paw toe as a bionic prototype, and it was found by field experiments
that the life and efficiency of PDC bits could be improved by 54% and 230%, respectively, using this
cutter, which provided new ideas and methods for the performance improvement of PDC bits. Zeng
et al [18] designed a triangular non-planar PDC cutter, numerically simulated its rock-breaking
process, and compared it with conventional PDC cutters, and found that the designed cutter was
subject to less rock-breaking resistance, easier to break the rock, and had both good wear resistance
and efficiency. Liu et al [19] studied the rock-breaking characteristics of the triangular PDC cutter by
numerical simulation and found that this cutter not only has a shearing effect on the rock, but also
has a crushing effect, and the results of field experiments showed that the PDC bit using this cutter
requires less torque and penetrates the rock more easily, which helps the stable drilling of the bit. The
change or optimization of the cutter structure is a more intuitive way to improve the performance of
the bit. In addition, the reasonable arrangement of the cutter position on the PDC bit blade can also
improve the performance of the drill bit to a great extent.

To rationalize the cutter layout, Chen et al [20] changed the cutter layout by extracting the
characteristic curve of the Siberian sheep's horn, which will be applied to the design of the cutter
blade of the PDC drill bit, and after the study, the probability of load concentration of the changed
cutter was greatly reduced and the utilization rate of the cutter was increased to 90%, and this study
helped to improve the overall life and efficiency of the PDC drill bit. Previous PDC cutters were often
arranged in one row on the cutter blade [21], which would lead to wasted space on the cutter blade,
and gradually, the cutter layout of some drill bits began to be changed to two or even more rows on
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one cutter blade [22], which not only rationalized the use of space on the cutter blade but also
improved the efficiency and lifetime of PDC drill bits. Even if the cutter structure is not changed,
changing the cutter space layout can greatly improve the performance of the whole drill bit[12], and
these studies mentioned above provide theoretical support for the cutter space layout.

A rational approach is important in the study of the rock-breaking process of PDC bits. Most of
the current related studies, using experiments combined with numerical simulations [23], have
greatly improved the accuracy of the simulations while reducing the research cost. However, most
of the studies treat the rock as a homogeneous model during the numerical simulation, which does
not reflect the real scenario of the actual drilling process. In addition, the current studies on PDC
cutting tool-related parameters, such as back rake angle [24], depth of cut [25], and speed [26], are
conducted in an interval-modified parameter study, which yields experimental results that do not
necessarily reflect the true relationship between the parameters and the target variables, and thus
may lead to inaccurate conclusions.

Box-Behnken is a method for constructing multi-factor orthogonal rotating combination
experiments [27], which considers the random error in the experimental process and allows for
continuous analysis of each level in the process of finding the optimal test conditions, while the
method can fit unknown complex functional relationships with simple primary or quadratic
polynomials in a small area, which is computationally simple and can solve practical problems. The
above method simplifies the optimization process, and at the same time can obtain more reliable
results [28], which provides ideas and ways to solve optimization problems in engineering.

It is not difficult to find that although the performance of axe cutters and triangular prism cutters
has been fully verified, most of the relevant research is focused on the rock-breaking characteristics
of single cutters, and there are still gaps in the research related to the mixed cutter laying of both, and
there is still a very large research space about the parameters, effects and rock-breaking characteristics
of mixed cutter arrangement, and the numerical simulation process does not reflect the real formation
is also a problem of the current research. Given this, this paper constructs a non-homogeneous granite
model using Python script in ABAQUS software based on the measured granite data in the field and
investigates the rock-breaking process of the mixed tooth arrangement scheme of the axe, triangular
prism, and cylindrical PDC cutters using the finite element method, and after determining the best
scheme, the cutters arrangement spacing is optimized using the Box-Behnken response surface
method, based on the obtained parameters, a hybrid cutter arrangement PDC bit was constructed
and compared with one type cutter arrangement bit for rock breaking numerical simulation. The
study is of guiding significance for the rational layout of cutters to improve the performance of PDC
bits.

2. Modeling and Validation of Non-Homogeneous Granites

2.1. Modeling of Non-Homogeneous Granites

As shown in Figure 1, microscopic observations were made by examining the actual granite
samples. As can be seen from the figure, the actual granite is not homogeneous and contains many
different mineral crystals. All of these crystal structures have distinctive dimensional and mechanical
characteristics and vary widely and differently [29].
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Figure 1. Composition of heterogeneous granite [30].

To reflect the condition of the granite formation during actual drilling, the material properties
of each component crystal in the granite, based on the actual measurements obtained in the literature
[30-32], are shown in Table 1.

Table 1. Material parameters of each component in granite.

Parameters Q-uartz Felldspar Mica Mineral = Other Mineral
Mineral Mineral
Volume content /(%) 24 49 24 3
Density /(kg/m?) 2650 2600 3050 1650
Elastic /(GPa) 51 42 33 24
Linear stiffness ratio 1.1 1.3 1.7 3.7
Parallel mf)<f1u1us of 51 o 13 o4
elasticity
Bonding 'stlffness 11 13 17 37
ratio
Tensile strength
/(MPa) 126+16 105+16 98+13 7749
Bonding strength
/(MPa) 196+42 162+28 146+22 105+0
Friction angle /(°) 19.5 224 17.3 23.7

Using the parameters in Table 1 above, the external compiler Sublime Text was used to write
Python scripts, and the corresponding Python scripts were saved in rpy file format and then imported
into the ABAQUS CAE module to first generate the material parameters of each part of the minerals,
and then the minerals were formed into their respective sets, and the sets and materials were
correlated with the finite element mesh model by generating random numbers to finally obtain the
rock model as shown in Figure 2.


https://doi.org/10.20944/preprints202307.1590.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2023 do0i:10.20944/preprints202307.1590.v1

The external editor,

Sublime Text - Feldspar mineral
3 D Other minerals
, - Mica mineral
Python run seript  —>| rpy file - Quartz mineral
100mm
Abaqus/CAE
Input file ,

Figure 2. Rock model.

2.2. Granite Model Validation

To ensure the accuracy of the numerical simulation, uniaxial compression numerical simulation
tests were performed on the established inhomogeneous granite model, during the simulation, the
lower end of the rock model was fixed and a downward velocity of 0.001 mm/s was applied to the
upper end, and the results of the comparison between the simulation and experimental results [31]
are shown in Figure 3, and the obtained rock stress-strain data were compared with the experimental
results in the literature [33], as shown in Figure 4.

Figure 3. Crack comparison.
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Figure 4. Comparison of stress-strain curves.

As can be seen from Figures 3 and 4, the crack and stress-strain curves after uniaxial compression
are consistent with the experiments, which verifies the accuracy of the constructed model of non-
homogeneous granite. Rock models are very important for the numerical simulation of rock breaking,
and the most commonly used ones are the M-C (Mohr-Coulomb) and D-P (Drucker-Prager) models,
respectively, where the D-P model takes into account the hydrostatic pressure on the rock and can
better explain the yielding phenomenon of the rock, so the D-P model is used in the study [34], and
its mathematical equation is:

pli+J, -K =0 (1)
I, =0,+0,+0; (2)
1

Jz:g[(o-l_0-2)2+(O-2_O-3)2+(O-3_0-1)2} 3)

p= 2sin
\/5(3—sin0() @

6ecos
K=——— )

\/5(3—sin0()

where p and K are experimental constants related only to the rock friction angle @ and cohesion e.

PDC cutters break the rock mainly in shear, and the damage starts when the plastic stress of the
rock exceeds its critical value. Neglecting the effect of the broken unit on the broken rock, the plastic
strain criterion of the rock is:

r rl
£ =s¢g, (6)
where ¢ is the equivalent plastic strain of the rock and €% is the equivalent plastic strain of the rock

when damage occurs. I1 is the amount of stress in the first invariant and J: is the stress bias in the
second invariant.ci. o2, o3 are the first, second, and third principal stresses, respectively.
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3. Construction of the Model
3.1. Simplification and Creation of 3D Models

To study the effect of a double-blade hybrid cutter arrangement of PDC drill bit, cylindrical, axe,
and triangular prism PDC cutters with a diameter of 13 mm and a height of 8 mm were constructed
using SOLIDWORKS2021 software and numbered as shown in Figure 5, with cylindrical cutter
number 1, axe cutter 2, and triangular prism cutter 3. The cutter parameters can be found in the
literature [14,18]. The model of the PDC drill bit with double-blade tooth arrangement was simplified,
and only some of the cutters in the front and back rows were retained for the subsequent study of the
cutter layout scheme as well as the parameters, and the model changes before and after the
simplification are shown in Figure 6, where A and B are the longitudinal distance of the back row of
cutters from the front row of cutters with a value of 10 mm, C and D is the transverse distance of the
back row of cutters from the front row of cutters with a value of 8 mm.

Cylindrical Cutter Axe Cutter Triangular Prism Cutter

Figure 5. PDC cutters with different shapes.

Figure 6. Model simplification.

3.2. Finite Element Model Assumptions and Evaluation Guidelines

PDC cutter rock breaking is a very complex nonlinear process, and the study of this model
focuses on the rock-breaking effect of the cutter under different schemes and parameter
combinations. To improve the computational efficiency, it is necessary to omit secondary factors and
make the following assumptions [16,23]:(1) Due to the difference in hardness between the PDC cutter
and the rock material, the wear of the cutter during rock breaking is ignored and considered as a
rigid body. (2) The rock is removed immediately upon breaking, and repeated cutting is not
considered. (3) The rotational motion of the cutter at the bottom of the well is considered a linear
motion.

The interaction between the PDC cutter and the rock in the process of rock breaking can be
represented in Figure 7, assuming that the lateral and axial forces on the drill bit are Fxand Fy,
respectively, and the PDC cutter is penetrated into the rock by the action of the pressure of Fy in the
process of rock breaking and destroyed by the rotation of Fx. In addition, its cutting surface is
subjected to rock friction Fs and cutting reaction force F: and reaction force Fr along the axial direction,
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the bottom is subjected to rock reaction force Fv, a is the angle of inclination after cutting, d is the
cutting depth, S is the stroke of PDC cutter breaking rock, then the force balance equation is:

F =F+F, cosa+F sino 7)

F,=F,+F sina+F, cosax (8)

The cutting force and the mechanical specific energy of the PDC cutter in the process of rock
crushing are important criteria for judging its performance [14,19]. The cutting force is the resistance
of the PDC cutter in the direction of cutting the rock, and when the cutting force is lower, it means
that the resistance of the cutting cutter in the process of breaking the rock is smaller, and the rock is
easier to be broken, and the wear resistance of the cutting cutter is stronger. The mechanical specific
energy represents the energy consumed by the PDC cutter to crush the rock, the smaller the value,
the higher the efficiency of the PDC cutter, combined with Figure 7, the calculation formula of
mechanical specific energy is:

msg=" L5 _ L )
VoS Id

where MSE is the mechanical specific energy, unit J/cm3, Wis the energy consumed by breaking rock,
unit J, V is the volume of broken rock, unit cm3, [ is the width of cutter, unit mm.

Figure 7. Interaction between PDC cutters and rocks.

For the whole PDC bit, the ROP and the footage during rock breaking are effective criteria to
measure its performance [26], and the higher drilling speed of the bit in a certain time means a greater
feed rate and higher efficiency.

3.3. Finite Element Modeling

A finite element model of the mutual contact between the hybrid PDC cutter and the rock was
constructed in ABAQUS2021 software, as shown in Figure 8, in which the preset back rake angle of
each cutter is 15° and the depth of cut d is 1 mm, and the mesh size at the contact between the rock
and the cutter is 0.8 mm and the size of the rest is 2 mm to take into account the calculation accuracy
and efficiency. According to St. Venant's principle, the cutting-rock contact size should be 5 to 10
times the cutter size, therefore, the size of the rock is 100 mm x 80 mm x 20 mm. Set the speed of the
PDC cutter along the cutting direction is 1 m/s, except for the rock surface and upper surface along
the cutting direction of the cutter, the rest of the rock surface is fixed, to prevent the non-convergence
phenomenon in the simulation process, the frictional contact relationship between the tool surface
and the rock node is established in advance, and the friction factor is set to 0.25. The material
parameters of the cutter during the simulation are: density 3600 kg/m3, modulus of elasticity 750
GPa, Poisson's ratio 0.07, and the materials used in the rock are shown in Table 1 above.
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Figure 8. Finite element model.

4. Results and Discussion
4.1. Rock-Breaking Characteristics Analysis

Figure 9 shows the stress contours during rock breaking when the cylindrical, axe, and
triangular prism cutter are used as the front row, respectively, corresponding to the first, second, and
third rows in the figure, unit MPa. As can be seen from Figure 9, the cylindrical cutter mainly uses
the edge to shear the rock, while the axe and triangular prism cutters have a convex ridge-like
structure that not only shears the rock but also crushes the center of the rock.

As can be seen from the red circle in Figure 9, the cylindrical cutter, due to shearing, contacts a
larger volume of rock compared to the remaining two cutters, which may lead to a change in the
damage mode of the rock from plastic small block damage to large block shedding, causing the cutter
to repeatedly cut the rock chips, resulting in a decrease in the efficiency of the bit and an increase in
the probability of vibration. The axe cutter has a convex ridge-like structure, and when it comes in
contact with the rock, it splits the rock and distributes it on both sides of the cutter, effectively solving
the problem of rock balling, which can make the rock break in a smaller volume compared to the
cylindrical cutter and improve the rock breaking efficiency. Comparing the maximum stress in the
contour, it is found that the stress on the rock is significantly greater when the axe cutter is used as
the front row, indicating that the contact between the axe cutter and the rock is more likely to reach
the yield stress of the rock, which can solve the problem that the cylindrical cutter is not easy to
penetrate into the hard rock. The rock-breaking mode of the triangular prism cutter is similar to that
of the axe cutter, but the crushing effect on the rock is not as strong as that of the axe cutter. From the
comparison of the red circle position in the figure, it can be found that the rock separation effect under
the action of the triangular prism cutter is not as obvious as that of the axe cutter, but the shape of the
triangular prism cutter is symmetrical, and the efficiency should be more stable when the bit breaks
the rock as a whole.

A comprehensive analysis of the rock-breaking characteristics of the cutters mentioned above
reveals that axe cutters are suitable for the front row of the cutter blades of the PDC drill bit, and
cylindrical and triangular prism cutters may be more suitable for the back row.
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Figure 9. Stress contour of the PDC cutter during the rock-breaking process.

4.2. Cutting Force Analysis

To find the best cutter arrangement scheme, 18 different combination schemes of cylindrical(No.
1), axe (No. 2), and triangular prism cutters (No. 3) were numerically simulated, among which the
cutting force curves obtained for the six schemes with cylindrical cutters as the front row are shown
in Figure. 10. Figure 10 shows that when the cylindrical cutter is used as the front row, the overall
cutting force is greatly influenced by the different schemes of rear row arrangement, and the peak
and fluctuation of cutting force are significantly larger than the rest of the schemes when the rear row
is equipped with a cylindrical cutter.

The reason for this phenomenon has a lot to do with the rock-breaking characteristics of the
cutter. The cutting surface of the cylindrical cutter is flat, and it mainly relies on the shear of the edge
to break the rock, which is difficult to break when it encounters a hard rock, and if there are too many
cylindrical cutters in the program, it will make it difficult to drill, resulting in an increase in resistance,
which is very unfavorable to the overall efficiency and life of the drill bit.

It can also be seen from Figure 10 that when the cylindrical cutter is used as the front row and
the axe cutter is used in the back row, the overall cutting force fluctuation is the smallest and the peak
is lower. The reason is that the cylindrical cutter produces pre-crushing on the rock in the front row
first, while the axe cutter itself has not only a shearing effect on the rock, but also a crushing effect,
which is easier to penetrate into the granite compared to the cylindrical cutter, and the resistance is

smaller.
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Figure 10. Different cutting forces with cylindrical cutter in the front row.

Figure 11 shows the cutting force curves for the axe cutter in the front row for six different
scenarios. Figure 11 compares the data in Figure 10 and finds that when the axe cutter is used as the
front row, the stress peaks of all scenarios are reduced compared to when the cylindrical cutter is the
front row. The reason is that the axe cutter has a crushing effect on the rock compared to the
cylindrical cutter, making it easier to penetrate into the granite overall at the beginning, producing a
better pre-crushing effect and releasing the formation stress, allowing the back row of cutters to crush
the rock more easily.

The data in Figure 11 also show that the effect of the front and rear rows of axe cutters is not
ideal, because after the front row of axe cutters crush the rock, the back row of axe cutters crush the
rock and interferes with the force of the front row of cutters so that the overall cutting force fluctuates
and does not produce the desired effect. The peak and fluctuation of cutting forces are at a lower level
when the front row is axe cutter and the back row is a triangular prism cutter and axe cutter, because
the crushing effect of the triangular prism cutter on the rock is not as strong as the axe cutter, and the
influence on the front row is small, and the cooperation between the two is better and the effect is
ideal.
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Figure 11. Axe cutter with different cutting forces for the front row.

Figure 12 shows the cutting force curves for six different schemes with the triangular prism
cutter as the front row. The data in Figure 12 shows that the overall cutting force fluctuation and the
peak are at a lower level when the triangular prism cutter is used as the front row and the axe cutter
is used in the back row. Compared with the scheme of cylindrical and axe cutter, the cutting force
suffered by this scheme is smaller because the triangular prism cutter has a certain crushing effect on
the rock and it is easier to break the granite. However, when the front row is axe cutter, the overall
cutting force is the smallest, which also confirms the analysis in Figure 9 about the rock-breaking
characteristics of the cutter.
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Figure 12. Different cutting forces with triangular prism cutters in the front row.
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4.3. Mechanical-Specific Energy Analysis

Figures 13a, b, and c show the mechanical specific energy(MSE) and cutting force averages for
different scenarios with circular, axe, and triangular prism cutters as the front row, respectively,
where the order of the scenario labels is the same as the order in the cutting force legend. Figure 13d
shows the average value of cutting force and MSE for the best solution with three different cutters in
the front row.
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Figure 13. Comparison of Mechanical Specific Energy and Mean Cutting Force.

The data in Figure 13a shows that the overall average value of cutting force and MSE is minimum
when the front row is a cylindrical cutter and the back row is arranged with all axe cutters, and the
same reason the data in Figure 13b can be obtained that the axe cutter is the front row and the best
combination with the triangular prism and axe cutter, and the data in Figure 13c shows that the
triangular prism cutter is the front row and the best combination with the axe cutter. From the data
in Figure 13d comparing the above three options, it is found that the overall best option is the axe
cutter as the front row and the triangular prism axe cutter as the back row.

Figures 14a, b, and c show the contact stress contours for the best scenarios with the cylindrical
cutter as the front row, the axe cutter as the front row, and the triangular prism cutter as the front
row, respectively. The data in the contours show that the overall stress on the cutter is the lowest
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when the axe cutter is in the front row, the second highest when the triangular prism cutter is in the
front row, and the highest stress on the cutter when the cylindrical cutter is in the front row. The
reason for the above phenomenon is that the axe cutter is the most aggressive, and after contact with
the rock, it quickly releases the stratigraphic stress, making the back row of cutters able to break the
rock with relative ease, while the maximum stress on the cutter as a whole tends to appear in the back
row, so the maximum stress on the cutter as a whole is the smallest when the axe cutter is the front

TOW.
CPRESS CPRESS b CPRESS
+9.671e+03 a +4.302e+03 +9.158e+03 c
+8.704e+03 ( ) +3.872e+03 ( ) +8.242e+03 ( )
+7.737e+03 +3.442e+403 +7.326e+03
+6.770e+03 +3.011e+403 +6.410e+03

+5.803e+03 +2.581e+403 +5.495e+03
836e+03 +2.151e+403 +4.579e+03

Figure 14. Contact stress contour: (a) Circular cutter as front row; (b) Axe cutter as front row;(c)

Triangular-shaped cutter as front row.

5. Cutter Spacing Optimization and Bit Rock Breaking Simulation

To take full advantage of the hybrid cutter layout, it is necessary to make a reasonable choice of
the spacing between the front and back rows of cutters. The cutter spacing parameters shown in
Figure 6 have four parameters, and if the simulation is performed using manually modified
parameters, there are too many options and, likely, the desired results will not be obtained. Because
of this, the Box-Behnken response surface method [35] was used to optimize the cutter spacing to
maximize the rock-breaking advantage of the hybrid cutter arrangement.

5.1. Analysis of Sampling Results

The front row of the axe cutter and the rear row of the triangular prism axe cutter were used as
the study scenarios, and the longitudinal distances 1(A) and 2(B) and the transverse distances 1(C)
and 2(D) of the front and rear rows of the cutter were the design variables (Figure 6), and the mean
value of the cutting force applied to the cutter as a whole (E) was the target variable, and 17 sets of
numerical simulations were performed using the Box-Behnken method sampling, and the results are
shown in Table 2.

Table 2. Sampling points.

Serial Factors Cutting Force
Number A/mm B/mm C/mm D/mm Average Value E/kN
1 15.0 12.5 12.0 9.5 16.7153
2 12.5 15.0 7.0 9.5 14.4970
3 12.5 12.5 12.0 12.0 18.6900
4 15.0 12.5 9.5 12.0 15.7510
5 10.0 10.0 9.5 9.5 14.5990
6 12.5 12.5 9.5 9.5 15.1812
7 15.0 12,5 9.5 7.0 14.7283
8 10.0 12.5 12.0 9.5 16.0326
9 15.0 12.5 7.0 9.5 14.6482
10 10.0 12.5 9.5 7.0 13.7766
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11 15.0 10.0 9.5 9.5 15.4635
12 12.5 10.0 7.0 9.5 14.6482
13 12.5 12.5 9.5 9.5 15.1812
14 10.0 12.5 7.0 9.5 14.2570
15 12.5 12.5 7.0 7.0 13.2620
16 12.5 12.5 9.5 9.5 15.1812
17 12.5 15.0 12.0 9.5 18.2124

As can be seen from Table 2, the cutting force values of the cutter fluctuate considerably for
different spacing cases, proving the importance of optimization. The results obtained were analyzed
using MINITAB software to obtain a Pareto weight plot of the influence of each design variable on
the target, as shown in Figure 15, where the factors exceeding the red line have a significant influence
on the design target, which means that the interaction between transverse distance 1 and 2 and
longitudinal distance 2 and transverse distance 2 has a greater influence on the overall mean value of
the cutting force of the cutter.

To facilitate the analysis of the interaction of factors B and D, the contour plot between the two
and the mean value of the cutting force is drawn, as shown in Figure 16. The data in Figure 16 shows
that the cutting force on the cutter increases with the increase of the transverse distance2 and the
longitudinal distance2.To minimize the cutting force on the cutter, the transverse distance between
the front and rear rows of cutters should be kept at 7 mm to 7.5 mm and the longitudinal distance
should be kept at 10 mm to 12.5 mm. According to the weight of the influence of the factors on the
target value, the MINITAB software was used to fit the design variables and The expression between
the target values is:

E=-0.7+1.524-1.44B-0.5C+2.35D-0.01394° +

0.114B> +0.0374C* +0.0145D* —=0.0018 4B —0.0264AC (10)
—0.0824D+0.0051BC —0.1347BD +0.0654CD

Pareto

The response is the mean cutting force (kN)

Factor 4,9

|
C | ‘ Factor Name

D ‘ A Longitudinal distance 1(mm)
BD B Longitudinal distance 2(mm)
BB j C Lateral distance 1(mm)

A D Lateral distance 2(mm)
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CD -

B 3
CcC
AC -
DD -
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BC -
AB |

N e e e ——

345678

Figure 15. The picture of Pareto.
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5.2. Analysis of Optimization Results

According to the expression between the obtained design variables and the target quantity, with
the minimum mean cutting force as the optimization objective, the minimum mean cutting force of
11.68 kN is obtained when the resultant longitudinal distance 1 is 10 mm, longitudinal distance 2 is
10.06 mm, and transverse distances 1 and 2 are both 7 mm. numerical simulation of the tool for
breaking rock based on the above parameters and comparison with the cutting force of the pre-
optimization scheme As shown in Figure 17.

50
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Figure 17. Comparison of cutting forces before and after optimization.

The data in Figure 17 shows that the peak and fluctuation of cutting force applied to the
optimized cutter during rock breaking are significantly smaller than those before optimization,
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indicating that the optimized cutter solution is less resistant and more effective in the rock breaking
process. The average value of cutting force applied to the optimized cutter is calculated to be 10.96
kN, which is about 13.7% less than the 12.7 kN before optimization. In addition, the error between
the optimized predicted value and the simulated value is only 6.2%, which indicates that the obtained
mathematical model is more reliable.

5.3. Full-Size Bit Rock Breaking Simulation

To fully understand the rock-breaking effect of the obtained optimal solution, the cutting
structure of the PDC bit embedded by a triangular prism cutter, axe cutter, and mixed triangular
prism and axe cutter with a diameter of 215.9 mm was established respectively, and the related finite
element model was constructed in ABAQUS software as shown in Figure 18, with a formation
diameter of 600 mm and a height of 300 mm. The layout of the cutter on the bit follows the principle
of equal cutting volume, the grid size of the cutting structure of the bit is 4 mm, the size of the contact
with the rock is 4 mm, and the grid size of the rest of the rock is 12 mm. The wear of the cutting
structure of the bit is ignored in the simulation process, and it is considered as a rigid body, and the
cutter is arranged with a back rake angle of 15° and a side rotation angle of 0°. Its rotation and vertical
motion in the well are considered. The WOB is 80 kN and the RPM is 210 r/min. The rock is fixed
except for the upper surface, and the simulation time is 15 s.

Axe+Triangualr

Figure 18. Drill cutting structure and finite element model.

The contact between the simulated bit and the rock is a highly nonlinear process, which includes:
(1) Material nonlinearity: the rock begins to deform plastically when it is subjected to more than the
maximum stress it can withstand. (2) Geometric nonlinearity: The position of the bit is constantly
changing during the interaction between rock and bit contact. (3) Contact nonlinearity: The contact
surface between the bit and the rock is constantly changing as the rock disappears after breaking
during the simulation. The above nonlinear process can cause the simulation to be difficult to
converge. Based on D'Alembert's principle, the mechanical model of the contact process between the
drill bit and the rock is established as follows:
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t t t t t
(TQ OjAQ {cg OJVQ +(KQ OJUQ [SemFe]
0 T7,)|4, 0 G ), 0 K,) U, S, —F',
where T is the overall mass matrix of the finite element model; C is the overall damping matrix of the
finite element model; K is the overall stiffness matrix; A is acceleration, V is velocity, and U is
displacement; St is the WOB vector, and F: is the contact force vector; the subscript Q represents the
PDC cutter, and Y represents the rock.

To verify the reliability of the simulation results of the full-size drill bit, a PDC bit with an axe
cutter was applied with 60 kN WOB, 90 r/min RPM, and 1 s simulation time, and the mechanical ROP
curve was obtained as shown in Figure 19a, and its average ROP was calculated to be 11.615 mm/s.
Then a constant mechanical ROP of 11.615 mm/s was applied to the bit, and the reaction force is
shown in Figure 19b. The mean value of the reaction force applied to the bit under constant WOB
was calculated to be 47.65 kNN, and the mean value of the reaction force under constant ROP was 51.92
kN, with an incorrectness of 8.9% between the two, which verified the accuracy of the numerical
simulation to some extent.
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Figure 19. Bit numerical simulation verification.

Figure 20 shows the rock stress contour during and after the completion of rock breaking for the
three bits. From the contour, it can be seen that the bit with mixed cutters has the largest stress on the
rock action, which means that the PDC bit with mixed cutters can more easily reach the yield stress
of the rock when drilling, breaking it and penetrating into the granite more easily, which can avoid
the phenomenon of stick-slip to a certain extent. In addition, according to the pictures, it is obvious
to observe that the PDC bit with mixed cutter layout has the biggest displacement in feed, and the
difference in feed between the bit with triangular prism cutter layout and the bit with axe cutter
layout is not much, which means that the bit with mixed cutter layout can play a better effect.
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Figure 20. Stress contour of rock broken by a bit.

Figure 21a shows the bit footage curves of the three PDC bits in the rock-breaking process. The
data in the figure show that the PDC bit with mixed cutters arrangement has a significantly greater
bit footage, followed by the bit with triangular prism cutters arrangement, and finally the bit with
axe cutters arrangement. Although the axe cutters are more aggressive, the triangular prism cutters’
structure is symmetrical, and the force during rock breaking is more balanced, which can maintain
the stability of the drill bit drilling, so its efficiency is higher. The data in Figure 21a also show that
due to the hardness of granite, the bit will produce displacement in the opposite direction of the
applied WOB during rock breaking due to the inability to drill, which is very unfavorable for drilling,
but it can be seen that the PDC bit with mixed cutter arrangement shows less displacement
fluctuation, which indicates that it is less likely to bounce during drilling and can maintain the
stability of WOB and ROP. It is calculated that the drilling displacement of the PDC bit with mixed
cutter arrangement is 16.6% and 16.8% higher than that of the PDC bit with triangular prism and axe
cutter, respectively.

Figure 21b shows the instantaneous ROP variation curve during the drilling process of the bit.
The data show that the drill bit with mixed cutter has the smallest velocity fluctuation during the
drilling process, indicating that the bit with mixed cutter penetrates into the granite more easily
during the drilling process, which can reduce the occurrence of the sticky sliding phenomenon of the
drill bit and improve the overall efficiency and life of the bit. This corresponds to the above analysis
of the drill bit feed displacement. It is calculated that the ROP of the PDC bit with mixed cutter
arrangement is 16.6% and 16.8% higher than that of the axe and triangular prism PDC bits,
respectively.
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Figure 21. Bit penetration rate and displacement comparison.

5.4. Field Applications.

To verify the effect of the study, fieldwork was carried out in the Tahe oilfield in China using a
bit with a triangular prism PDC cutter and a PDC bit with a mixed arrangement of cutters, and the
effect of using a bit with a triangular prism cutter and a bit with a mixed arrangement of cutters was
compared, provided that the drilling parameters and the nature of the formation and other conditions
were almost identical.

Figure 22 shows a comparison before and after the use of a bit with a triangular prism PDC
cutter, and Figure 23 shows a comparison before and after the use of a bit with a mixed arrangement
cutter. Both types of bits have a high degree of freshness of 85% or more after completion of drilling,
and no chipping or bad cutter has occurred.

Figure 22. Effect of using bit: (a) Before using the triangular prism bit; (b) After use of the triangular
prism PDC bit.
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Figure 23. Effect of using bit: (a) Before using the bit with mixed arrangement cutter; (b) After use of
bit with mixed arrangement cutter.

To compare the actual use of the two bits, the depth and ROP of both were recorded as shown
in Figure 24. The data in Figure 24 shows that the ROP of the PDC bit with the mixed arrangement
of cutters is 2.1 m/h, which is about a 23.5% improvement in ROP compared to the ROP of the PDC
bit with triangular prism cutters of 1.7 m/h, which is closer to the numerical simulation results. The
drilling depth of the PDC bit with a triangular prism cutter is 275.1 m, while the drilling depth of the
PDC bit with a mixed cutter arrangement is 370.1 m, which is 34.5% higher than the drilling depth of
the PDC bit.
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Figure 24. Data from the actual drilling process of the bit.

6. Conclusions

In this study, three-dimensional finite element analysis was performed for different combination
schemes of the axe, triangular prism, and cylindrical PDC cutters, and full-size drill bits to break
inhomogeneous granite. A finite element model of the non-homogeneous granite was constructed,
and the rock failure criterion was adopted by Drucker-Prager. uniaxial compression simulations of
the rock model were used to verify the accuracy. The effect of different cutter type combination
schemes on rock-breaking performance was studied, and the location parameters were optimized for
the best scheme. The rock-breaking performance of PDC bits with the best scheme of cutter placement
was investigated with single triangular prism cutter and single axe cutter bits. The following
conclusions were drawn:
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(1) Compared with the cylindrical cutter, axe and triangular prism PDC cutters have not only a
shear crushing effect on the rock but also a crushing effect, which is easier to penetrate into the
hard rock. The crushing effect of the axe cutter is more obvious and aggressive, which is
suitable for the front row of the blade, and the triangular prism cutter is more stable in drilling,
which is suitable for the back row of the blade.

(2) The axe cutter is in the front row, and the rear row arrangement of the triangular prism cutter
and the axe cutter is the best solution. The optimal spacing is 10 mm transverse spacing and 7
mm longitudinal spacing between the rear row of the triangular prism cutter and the front row
of the axe cutter, and 10.06 mm transverse spacing and 7 mm longitudinal spacing between the
rear row of the axe cutter and the front row of cutters.

(3) Compared with the PDC bit with axe cutter and triangular prism cutter, the PDC bit with the
best combination for cutter placement has 16.8% and 16.6% higher footage respectively. The
instantaneous ROP change during drilling is significantly less volatile and in a more stable
state, which can effectively reduce the occurrence of stick-slip phenomenon, make it easier to
penetrate into hard rock, maintain stable WOB, and keep efficient drilling.

(4) The field application of the bit shows that the ROP and footage of the PDC drill bit with the
mixed arrangement of cutters are significantly improved compared with the PDC bit with

triangular prism cutters, which can effectively reduce the drilling cost in complex formations.
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