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Abstract: High-efficiency rock breaking by hydraulic jetting is the key to radial horizontal drilling
technology. In order to improve the drilling efficiency of hydraulic jet rock breaking in radial
horizontal wells, based on LS-Dyna display dynamics, a numerical simulation model of single-nozzle
jet rock breaking was established to analyze the influence of different nozzle parameters on the
rock-breaking effect. Then, the numerical simulation model of the spin multi-nozzle jet bit was
established, and the influence of different rotation speeds on the rock-breaking effect of the jet bit was
analyzed. Finally, the rock-breaking drilling characteristics of the spin multi-nozzle jet bit and the
conventional multi-nozzle jet bit were compared and analyzed. The results show that when the jet
impacts the rock surface, the larger the inclination angle is, the larger the rock-breaking width formed
by the jet is. The smaller the dip angle, the greater the rock-breaking depth. When the inclination
angle is greater than 60°, it is difficult to meet the needs of reaming. The width and depth of the
nozzle gradually increase with the increase of the diameter. When the nozzle diameter is greater than
1.3 mm, the growth rate of rock-breaking depth begins to decrease. The optimum nozzle diameter is
1.3 mm. When v = 50 m/s, the damage caused by the jet to the rock surface is very small, because the
condition of rock fracture is not reached with this velocity. This shows that there is a critical value of
the water jet impact velocity, and only when the velocity is reached, will the rock break. When the
velocity is v =150 m/s, v =200 m/s, v =250 m/s, v = 300 m/s, the rock breaks. At the same time, the
higher the speed, the higher the degree of rock fracture, the greater the fracture depth, the greater the
fracture area, and the better the fracture effect. The tangential and radial velocity of the jet increases
the shear and tensile failure rate of the sample, and improves the rock-breaking efficiency of the jet,
which has a certain guiding significance for improving the rock-breaking drilling efficiency of radial
horizontal well drilling.

Keywords: display dynamics; hydraulic jetting; spinning multi-nozzle jet bit; highly efficient rock
breaking; dynamic rock-breaking drilling

1. Introduction

With continuous economic and social development, human demand for oil and gas
resources has further increased, resulting in insufficient reserves and increasing difficulty
of exploitation. Traditional mining methods are no longer suitable for the current technical
needs, so more and more new technologies have emerged. With its unique advantages
of environmental protection and efficiency, the high-pressure water jet is widely used in
quarry rock breaking, coal seam drilling, oil drilling, geothermal mining, and deep-sea
shallow drilling [1,2]. This technology can not only avoid or greatly reduce formation
damage caused by the conventional perforation technique, but can also penetrate the
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contaminated areas in the near-well zone for improved oil drainage and production in the
oil layer, thereby increasing crude oil production [3-5].

The high-pressure water jet rock-breaking process is affected by many factors, such
as the form of the drill bit and the jet flow field of the nozzle, which makes the process
extremely complicated. With continuously advancing technology and equipment, spin jet
bits have become a cutting-edge research hotspot for many scholars. The spin bit relies on
the reverse thrust generated by the jet flow of an eccentric nozzle to spin, and its breaking
effect on coal and rock is affected by the velocity of rotation, pump pressure, bit spacing,
and nozzle space arrangement. Therefore, it is of great significance to study the relationship
between the rock-breaking effect of the spin drill bit and the influence parameters.

The spin jet bit is composed of multiple jet nozzles whose combined rock-breaking
effect is an important prerequisite for its application in drilling engineering. And, the nozzle
structure is one of the main factors affecting the efficiency of rock breaking [6]. Different
nozzle inclinations result in different water jet patterns, leading to different rock-breaking
patterns [7]. In earlier studies, researchers built a simple multi-nozzle drilling model that
theoretically verified the rationality of the rock-breaking mechanism of the multi-nozzle
water jet [8]. It has been found that, in further studies of multi-nozzle water jet drilling,
a reasonable nozzle arrangement can improve drilling efficiency [9-11]. The hole drilling
process of the multi-nozzle bit is mainly affected by the interactions of the multi-nozzle jet
flow, of which energy conversion efficiency is crucial. As for the design of the multi-nozzle
bit, it is necessary to increase the diameter of the nozzle on the basis of ensuring the ability
of rock breaking for holes, so as to improve the hydraulic performance of each single nozzle
as much as possible. At present, the study of the multi-nozzle structure parameters focuses
on the effect of the nozzle structure on the jet flow and the comparison of the rock-breaking
efficiency of different bit structures. With CFD software (ANSYS Fluent 2021), the influence
of the nozzle with different inclinations on the jet flow can be analyzed to obtain the
distribution of axial velocity and radial velocity [12,13]. However, the jet rock-breaking
state and fragmental pit formed by water jet flow from different angles are still difficult
to quantify.

An experiment is a direct and reliable method to study water jet technology, but it is
very difficult to observe the jet flow distribution and the physical rock-breaking process,
and the research can also be limited due to experimental costs and conditions. With the
development of computing technology, state analysis at any time in the process of rock
breaking can be carried out by the numerical simulation method. Wang Hongxiang [14]
simulated and analyzed the effect on rock damage of impact velocity, incident angle, and
movement velocity of jet flow. Liu Jialiang compared the evolution of fragmental pits
under the action of a high-pressure water jet in the states of no confining pressure and
high confining pressure. He believed that the axial evolution rate of rock damage in the
high confining pressure state is significantly lower than that in the unconfining pressure
state, and that the radial damage evolution is less affected by confining pressure [15]. Sun
Qingde [16] used the nonlinear finite element method to study the rock-breaking law of
the high-pressure water jet, and proposed that the process of the jet flow breaking rock is
divided into jet flow erosion wear and hammering wear. The above results have further
deepened the research on the mechanism and characteristics of rock breaking by jet flow
with some research progress. However, they usually simplified the real continuous jet flow
as a water column, which is different. Therefore, this paper took the spin bit with multi-
nozzle jet flow as the research object, used the SPH-FEM coupling algorithm to achieve
jet continuity, established a single-jet rock-breaking model for dynamical simulation of
the rock-breaking process, and analyzed the impact of different parameters on the rock-
breaking effect. Based on this, a rock-breaking model of a spin bit with multi-nozzle jet
flow was established, which was compared with a conventional bit. The different drilling
characteristics of rock breaking were analyzed, as well as the rock-breaking effect of the spin
bit with the multi-nozzle jet flow at different velocities. The research results can improve the
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understanding of the high-pressure water jet rock-breaking process and provide guidance
on the design of such a spin bit.

2. Basic Principles of the SPH-FEM Coupling Algorithm

The Smoothed Particle Hydrodynamics (SPH)-FEM coupling algorithm is a gridless
Lagrange algorithm that discretizes moving points (particles or nodes) with fixed mass,
and was proposed by Lucy [17] and Gingold [18] in 1977. As the mass of each particle
in the coordinate system is fixed, the large deformation problem can be solved without
producing grid deformation. It was originally used to solve astrophysical problems in
three-dimensional open space, where smooth particles move according to laws similar to
fluid motion. The SPH method is based on interpolation theory. The particle interpolation
function (kernel function W) works over a short distance to describe the relationship
between spatial particles and their neighbors [19], while macro variables are obtained
through integral interpolation. The problem domain can be described by a set of discrete
points [20], and for any homogeneous continuous field function f(x), it can be expressed
as follows:

N
< f(x) >rmy,= jgl 7;—j"f(x) Wy, (xi — xj, h)

N )
< VI Zamn= = LG 00) = S () - V[Wa (31 = 23,0)]

where the summation is over all the particles (with a total number of N, including par-
ticle (i) within the supporting domain of the given particle i; the label j denotes those
influenced particles which are the neighboring particles of the particle i; & is called the
smoothing length, which defines the supporting domain of the particle; and W(x — x/, ) is
the smoothing kernel function.

The SPH-FEM coupling algorithm compensates for the shortcomings of finite element
modeling and Euler grid deformation, large computation time, and memory resource
consumption. The basic principle of SPH-FEM coupling is thought to be the contact issue
between the smooth particles and the finite element interface, which is achieved by a
constraint [21] function, such as the normal spring K, placed between the smooth particles
and the finite element interface, creating a node that limits surface penetration. In this way,
the role of the jet flow (SPH particles) is transferred to the rock mass (finite element body),
so this is the method of erosion—node-surface point contact by the SPH-FEM coupling.
And, erosion occurs when the energy absorbed by the finite element body reaches its
fracture strength.

3. Study on the Rock-Breaking Drilling Characteristics of a Single Nozzle on the Spin
Bit with Multi-Nozzle Jet Flow

3.1. Structure and Principle of Spin Bit with Multi-Nozzle Jet Flow

The spin bit with multi-nozzle jet flow, whose structural diagram and stereoscopic
diagram are shown in Figures 1 and 2, is designed on the basis of the bit with multi-
nozzle jet flow. It is mainly composed of parts such as a rotary body, inner baffle plate,
friction-reducing ball, center body, adjusting gasket and outer baffle plate. To reduce the
frictional resistance of the nozzle rotary body during rotation, a friction-reducing ball
is inserted between the rotary body and the revolving outer baffle plate, changing the
sliding friction into rolling friction, thereby decreasing frictional resistance. And, a gasket
is set to adjust the axial clearance between the center body and the rotary body. The bit is
simplified, as a whole, into two parts: a rotary body and a non-rotary body, and a number
of spatially inclined nozzles on the rotary body are set up. By adjusting the opening angle
of the front nozzle, the jet of the spatial nozzle can generate tangential reverse thrust
for rotational torque, which enables the rotating body to rotate around its axis, thereby
achieving large-area jet cutting by the nozzle and enhancing the hole-expanding ability of
the jet bit. The rear end of the rotating body is equipped with a reverse nozzle, which has a
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certain eccentricity angle with the central axis. The reverse thrust generated by the reverse
nozzle is greater than that generated by the forward nozzle, generating self-propulsion of
the bit in the drilling direction in terms of its rotation and self-motion while breaking rock.

3 2 A

7

Figure 1. Structure diagram of spin-type porous jet bit. 1—rotary body, 2—inner baffle plate,

3—friction-reducing ball, 4—central body, 5—adjustable gasket, 6—outer baffle plate.

Figure 2. Spin porous jet bit stereogram.

The forward nozzles of the drill bit are distributed in a 1 + 2 + 2 structure, that is, a
central nozzle, two central forward nozzles, and two external nozzles. In order to give full
play to the rock-breaking ability of each jet and maintain the force balance of the rotary
body of the drill bit, the middle and front nozzles and the external nozzles cross each other
in a “cross” distribution. Due to the design limitations of the jet bit and the erosion of the
hose connected to the reverse jet bit, the inclination angle of the reverse nozzle cannot be
set to less than 20°. Generally, it is more reasonable to set it to 60°, and the symmetrical
arrangement is adopted to provide enough self-propelled force for the jet bit.

According to the structure size and field test results of the radial horizontal well
steering gear, the length of the jet bit was designed: | = (7 ~ 10)de. de is the equivalent
diameter of the jet bit, so the length of the jet bit designed in this paper is 35 mm.

There are two main factors affecting the outer diameter of the rotating body: one is the
aperture of the casing window, and the other is the outer diameter of the hose connected at
the back end. In order to ensure a smooth drilling hole, the outer diameter of the drilling
hole should be smaller than the size of the hole. The data show that the diameter of the
casing window is 30~32 mm; in order to ensure that drilling is not hindered by the hole
wall, the outer diameter of the drill bit must be set to be larger than the outer diameter of
the high-pressure hose. In this paper, the outer diameter of the drill bit is 28 mm.

Assuming that the jet flow strikes the rock at an appropriate speed from the multi-
nozzle bit, the flow can be simplified as a regular cylindrical shape spurted from the nozzle
outlet at different incident angles. The structural parameters were optimized by earlier
numerical simulation of a single nozzle performance before the rock-breaking simulation
of the spin bit with multi-nozzle jet flow.
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3.2. Geometric Models

The effect of the nozzle parameter on the rock-breaking effect is mainly reflected in
the inclination and the nozzle diameter. A high-pressure water jet has an impact force
on the rock mass after impinging on the rock at a certain angle, which includes a vertical
direction and a parallel direction on the rock surface. And, the two impact forces can
be characterized by the depth and width of the hole. Therefore, LS-Dyna was used to
simulate the rock-breaking process of jets from different angles. Its physical model is shown
in Figure 3.

water jet

Figure 3. Jet impact rock model diagram.

The model parameters were set as shown in Table 1.

Table 1. Model parameter setting table.

Parameter Taking Values
Jet diameter 0.7mm/1.0 mm/1.3 mm/1.6 mm
Jet direction 0°/20°/30°/40°/50° /60°
Jet length 5 mm
Rock (length x width x height) 30 mm x 30 mm X 30 mm

3.3. Grid Division

The main methods of grid division are the free grid and the mapping grid. The free
grid method does not limit the shape of the cells without a definite pattern in the grid
division, resulting in a large number of grid cells becoming very irregular grid shapes. In
contrast, the mapping grid method has fewer grid cells and more regular grids than the
former, with a more rigid structure.

The model established in this paper is mainly a cube with relatively regular structural
space, so this paper adopted the mapping grid method. To ensure high accuracy and save
on the amount of calculation, the grid is densified in the area close to the contact surface of
the water jet with the rock, while the density of the grid can be reduced accordingly in the
area deviating from the contact surface. Figures 4 and 5 show partial grid diagrams of rock
and water jets.
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Figure 4. Local grid diagram of rock.

(b)

Figure 5. Smoothed Particle Hydrodynamics model of water jet. (a) Before rock breaking; (b) when

breaking rock.

3.4. Boundary Conditions

Jet boundary conditions: on the YOZ interface, displacement in the X direction is
restricted; on the XOZ interface, displacement in the Y direction is restricted.

Boundary condition of rock mass: the amount of displacement between the rock mass
and the YOZ plane in the X, Y, and Z directions is limited, as is the amount of displacement
between the X and YOZ plane; an unreflected boundary is also applied to both sides and
the base of the rock mass to simulate an infinitely large area.

3.5. Material Model and Parameters

The high-pressure water jet was regarded as a fully plastic material, and the material
model was used to define the LS-Dyna water material, whose [15] internal structure was
defined by the state equation of Griineisen, which simultaneously determines the tensile
and compressive strength of the material and is particularly suitable for evaluating material
deformation under high pressure.

In LS-Dyna, the specific form of the state equation of Griineisen is as follows.
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When the material is under pressure, it can be expressed as:

pocpu[1+ (1= ) — 547

1-(S1—1u—52

P =

5+ (yo+ap)E )

g W
u+1 53 (P‘+1)2

In the equation:

P—impulse pressure

a—first order volume correction;

Yo—the Griineisen constant;

c—the truncation distance (shock wave velocity—mass point velocity curve);

E—internal energy per unit volume;

pu—Iliquid viscosity coefficient;

51, S2 and Sz—the slope of the shock wave and the velocity change curve of the
mass point.

When the rock is impacted by high-pressure water, it exhibits high stress, large defor-
mation, non-linearity, and other characteristics. In order to better characterize the failure
behavior of the rock mass, the Johnson-Holmquist concrete (H-J-C) internal model was
used when calculating rocks with a high strain rate and large deformations [22]. The
H-J-C model was developed based on standard concrete that conforms to the mechanical
properties of rock masses, corresponding to the mechanical properties of rocks. This model
contains several characteristics, such as a plastic yield surface with a smooth contraction
surface, three stress-releasing yield surfaces with preheating translation, softening and
erosion based on damage and modulus reduction, and a strength-increasing effect with the
application of a high deformation rate. Therefore, the H-J-C model is suitable for modeling
rocks with large deformation, high strain rate, and high pressure.

Under the influence of the jet, the rock will break and be eroded. When LS-Dyna is
used, the material is usually decomposed and its clearance is enlarged by a scavenging
device. To determine the criteria to remove rock that has been properly broken and eroded,
the erosion keyword “Mat-Add-Erosion” must be added to the finite element model of the
rock mass, and a Mat-id material identical to the rock material must be specified. Criteria
for crushing include maximum crushing stress, minimum crushing principal stress, and
maximum crushing principal stress. When the accumulated stress of the rock reaches its
maximum destructiveness, the rock will be broken apart and removed.

The parameters of the water jet material [23] and the state equation of Griineisen used
in this paper are shown in Tables 1 and 2.

Table 2. * Mat_NULL model parameters.

p/(kg/m3) PC/Pa MU/N-s-m~2
1000 -10.0 0.8684 x 1073

The parameters of the rock constitutive model are shown in Tables 3 and 4.

Table 3. Equation of state parameters of * EOS_GRUNEISEN.

C/(m/s) S1 S, S3 GAMAO A Ey/Pa Vo
1480 0.0 0.0 0.0 0.3 0.0 0.0 0.0
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Table 4. * Mat_H-J-C model parameters.

p(g/Cm3) G(Gpa)  fe(Gpa) A B c N K K; Ks
24 14.86 0048 079 1.6 0007 061 08  —171  2.079
Dy D T(pa)  Pe(pa) Pr(pa)  pe HL €fmin  Smax  €(S7Y)
0.04 1 0004  0.016 08 0001 0.1 0.01 7 1

3.6. Influence of Different Nozzle Parameters on Rock-Breaking Effect

(1) Influence of nozzle inclination on rock-breaking effect

Figures 6 and 7 are the stress damage diagram and fragmental pit shape diagram of
different angled jets impacting rocks, respectively. The results showed that the breaking
width increases along with the increasing jet inclination, and the breaking depth decreases
along with the increasing jet inclination. Under the comparison of the crushing shape, no
obvious shape change was found at 0° and 10° until the inclination angle was increased
from 20° to 50°, and the largest change was seen at 60°. The main reason is that the jet
impact force from a certain bevel angle can be decomposed into axial impact and radial
impact. As the angle increases, the impact force of the radial line gradually increases, while
the impact force of the axial line gradually decreases. Because the compressive strength
of the rock is much higher than its tensile strength, the damage of the rock is mainly
dependent on tensile failure. Therefore, it can be obtained that when the jet strikes the
surface of the rock, the greater the inclination angle is, the greater the width of the rock
breaking by the jet is; and the smaller the inclination angle is, the greater the depth is.

Figure 8 shows the variation in the depth and radial width of the rock breaking along
with the angle of jet inclination at the same time. The above figure shows that the width
increases as a power function with the increasing inclination angle, and that the change
trend is basically the same. The depth gradually decreases along with the increasing
inclination angle, while the width increases instead. In term of the design of the multi-
nozzle bit for rock breaking, it is necessary to meet the larger borehole diameter, so it is
essential to select a reasonable inclination angle to expand the drilling. From the breaking
shape of Figure 5, it is difficult to meet the expansion needs if the inclination angle is greater
than 60°. According to the changing trend of the curve and the amount of breakage, the
nozzle set at 30° is optimal.
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Processes 2023, 11, 2165

90f19

Effective Stress (v-m)

Effective Stress (v-m)

423 104 1.86 x104
3.81:x10° 1.67 x1o<]
3.38 x104 | 149 x104
2,96 x104 _ 1.30 x104 _
2.54 x10+ _ 111 x104 _
211 x104 _ 9.32 x10% _
S 7.46 x10%
s 559 x10%
1 3.73 x10°
840:xt0¢ 1.86 x10%
423 xmrsl 000 106 |
2.60 x10+ |
30°
Effective Stress (v-m) Effective Stress (v-m)
3.01 x10+ 3.77 x104
271 x104 3.40 x1o<]
2.41 x10+ 3.02 x10+ |
211 x104 2,64 x104 _
1.81 x104 2.26 x10+

1.88 x10+
1.51 x104
1.13 x104
7.55 x10¢
377 x10"]
0.00 x10°

1.50 x10+
1.20 x10+
9.04 x10*
6.03 x10*
3.01 x10"]
0.00 x10°

50°

Effective Stress (v-m)
243 x104
219 x104
1.94 x10+
1.70 x10+
1.46 x10+
1.21 x104
9.74 x10*
7.30 x10+
4.87 x10%

243 x10¢ ]
0.00 x10° _|

60°

Figure 6. The stress damage diagram of jet-impacted rock at different angles.

(2) Influence of nozzle diameter on rock-breaking effect

Figure 9 shows the stress damage diagram of jet flow impacting rocks with different
nozzle diameters. It can be obtained from the diagram that the fracture volume of rock
mass increases linearly with the increasing diameter of the water jets. In terms of the depth
and width of the pit, when the jet diameter is in a small scope, the depth of the fragmental
pit is greatly affected by the jet diameter, and gradually increases along with the increasing
jet diameter. However, when the diameter increases to a certain extent, the depth will
decrease instead. And, the increased amount of breakage is mainly caused by the expansion
of the cross-sectional area of the pit.

Figures 10-13 are comparative diagrams of breaking shapes formed at time points of
100 ps and 250 ps under diameters of 0.7 mm, 1 mm, 1.3 mm, and 1.6 mm, respectively.
It can be seen from the figure that with the increasing jet diameter and erosion time, the
erosion holes increase rapidly because of increasing erosion force, as the jet flow and kinetic
energy increase along with the increasing diameter.

In Figure 14, by comparing the effect of the nozzle diameter on the depth and width of
rock breakage, it can be seen that the width and depth gradually increase as the diameter
increases. However, when the nozzle diameter is greater than 1.3 mm, the growth rate of
depth begins to decline. That is to say, a relatively small nozzle diameter dominates the
breaking depth by water jet flow, while a relatively large diameter dominates the width.
Therefore, the best nozzle diameter is 1.3 mm.
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Figure 7. Shape diagram of crushing pit of jet-impacted rock at different angles.
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Figure 8. Changes of depth and width of rock breaking by water jet with different dip angles.
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Figure 9. The stress damage diagram of jet-impacted rock under different jet diameters.
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Figure 10. Shape of the crater at a jet diameter of 0.7 mm.
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Figure 11. Shape of the crater at a jet diameter of 1.0 mm.
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Figure 12. Shape of the crater at a jet diameter of 1.3 mm.
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2.2mm 4.0mm

t=100 ps t=250 pus

Figure 13. Shape of the crater at a jet diameter of 1.6 mm.
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Figure 14. Variation of rock-breaking width and depth for different nozzle diameters.

(3) Influence of Water Jet Velocity on Rock Breaking

Figures 15 and 16 are the stress damage diagram of the water jet impacting rock at
different velocities and the variation of breaking depth along with jet velocity change,
respectively. It can be seen from the figure that the velocity of v = 50 m/s causes little
damage to the rock surface, which is not a condition for rock fracture. This shows that there
is a threshold value for the impact velocity of the water jet, and only when this velocity
is reached will the rock crack. At the velocities of v =150 m/s, v =200 m/s, v=250m/s,
v =300 m/s, the rock ruptures. And, the higher the jet velocity is, the higher the degree of
rock fracture is, with a deeper depth and larger area achieving a better breaking effect.
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Figure 15. Stress damage diagram for rock impacted by jet stream at different velocities.
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Figure 16. Graph of depth of breakage versus water jet velocity.

4. Study of the Rock-Breaking Drilling Characteristics of the Spin Bit with
Multi-Nozzle Jet Flow

On the basis of completing the numerical simulation study of a single nozzle breaking
rock, we established a model of a spin multi-nozzle bit breaking rock to analyze the process.
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4.1. Geometric Models

A model of the rock fragmentation process is shown in Figure 17; It includes two parts:
the bit and the rock.

Jet Drill Bit Models

rock model

Figure 17. Schematic diagram of the rock-breaking process model.

The bit is composed of a bit and a positive-nozzle jet column. The bit can be simplified
as a cylinder with an end diameter of 30 mm, which is the maximum outer diameter of the
nozzle. The jet diameter is 1.3 mm. The jet column is composed of five small cylinders,
connected to the nozzle. The central nozzle is on the nozzle axis, and the central forward
nozzle has a deflection angle of 30°. The external nozzle has a deflection angle of 30° and
an opening angle of 20°.

The rock was supposed to be unlimited rock space, but it was designed into a
40 cm x 40 cm x 10 cm cuboid to simplify the calculation.

To improve the accuracy of the calculation, the grid was subdivided according to the
mapping grid method, which was modeled according to the requirements of the previous
section. The incoming erosion contact algorithm was used between the water jet and the
rock, and the failed cell could be removed in time during the breaking process.

The keyword * CONTACT_ERODING_SURFACE_TO_SURFACE was used. Taking
into account that the water column smashes the rock in a very short time, the analysis time
was 800 ps.

4.2. Influence of Spin Multi-Nozzle Bit on the Rock-Breaking Effect at Different Velocities

Figure 18 is a comparison of the rock-breaking effect of the spin multi-nozzle bit at
different velocities.

It can be seen from Figure 18 that the effective breaking area continues to widen
along with the increasing jet rotation velocity, and there was no overall fragmental pit at
the velocity of 20 rps. The pit continued to be larger at the increased velocity of 40 rps,
with a pit area widened twice as much as before at the same time. And, a complete
fragmental pit formed at the increased velocity of 60 rps. This shows that a rotating jet
can significantly improve the breaking effect, effectively reducing the specific energy of jet
breaking. There are two main reasons for this. First, the area affected by the jet is different,
with the main difference found in the impact area. Compared with the single-point fracture
height generated by fixed jet scouring, the circular impact generated by a rotating jet has a
larger influence range and a more uniform distribution, which plays a certain role in the
stability of the jet. Secondly, the rock-breaking effect also varies. In the rotating state, the
impact point of the jet on the specimen is always in the flow position, which can effectively
inhibit the “water cushion effect “caused by the backflow at the bottom of the pit shaft,
and can also enhance the rock-breaking effect while reducing the energy conversion at
the pit shaft. In addition, the tangential and radial velocity of the jet under the rotational
condition increases the rate of shear and tensile destruction to the sample, improving
the rock-breaking efficiency. In general, the rock-breaking efficiency can be effectively
improved if the jet breaks the rock at a certain rotational velocity.
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Figure 18. Rock-breaking effect of the jet at different speeds for t = 400 us. (a) Rotational speed of
20 rps. (b) Rotational speed of 40 rps. (c) Rotational speed of 60 rps.

4.3. Comparative Analysis of Drilling Characteristics of Bits

Figures 19 and 20 are the drilling characteristics of the spin multi-nozzle bit and
conventional multi-nozzle bit, from which we can see that the spin bit drills forward in
a circular manner, featuring a clear outer contour, larger aperture and conical pit shaft,
whereas the outer edge of the other bit is quincunx with a positive jet flow and water wedge
around it, featuring a clear outer edge, uneven aperture and deeper fragmental pit shaft.
Over time, the spin jet rotates around the center axis of the bit, forming a circular fracture
surface; and the jet formed by the longer-rotation semi-diameter of the jet hole cannot break
enough rock on the outer ring line due to the short breakage time of the rock per unit area
and the conical fragmental pit caused by the interference between the jets. In multi-nozzle
jet drilling, the energy concentration of the jet is fixed, so there is little depth change to the
bottom of the fragmental pit.

- crater
_- crater

(a) (b)

Figure 19. Rock-breaking pit diagram of different jet bits. (a) Spin-on multi-hole jet drill. (b) Conventional
multi-hole jet drill.
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Figure 20. Comparison of rock-breaking effect of different jet bits. (a) Spin-on multi-hole jet drill.
(b) Conventional multi-hole jet drill.

4.4. Mechanism of Rock Breaking and Drilling of Spin Bit with Multi-Nozzle Jet Flow

Based on the analysis of the numerical simulation of a single nozzle breaking rock
and study on the drilling characteristics of the spin multi-nozzle bit breaking rock, we can
obtain its mechanism of drilling through the fracture of and damage to coal rock. As shown
in Figure 21, an intermittent jet from the front end of the bit crushes the coal rock. Because
the impact point of the jet is not fixed, the “water cushion effect” is effectively weakened,
resulting in fatigue rupture of the coal. At the microscopic level, the intermittent water
jet first clears the low-intensity cement and rock particles, and then leads to the matrix’s
brittle fracture through its tensile force. At the macroscopic level, the rotational action of
the water jet breaks the rock, forming a V-ring hole to destroy the surrounding rock. The
quasi-static water pressure further breaks the coal rock, forming a macroscopic fracture
point. The ring-shaped fracture zone of the central jet and the lateral jets with different
propagation radii overlap to form a circular, connected borehole. On the other hand, the
backward jet provides thrust to the bit, allowing the bit to move forward automatically and
further grind the coal to increase the aperture and then discharge the ground coal into the
hole. In this way, continuous high-speed drilling can be ensured.
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Figure 21. Rock-breaking drilling principle diagram of spin-type porous jet bit. (a) The front nozzle
jet breaks the rock, and the rear nozzle jet expands the hole diameter. (b) The jet further cuts and
abrades the residual rock mass. (c) The rock-breaking blind area is easy to exist in the rock-breaking
area of each jet.

5. Conclusions

Using the SPH-FEM method, a coupling model of a high-pressure jet breaking rock was
established to simulate the water jet rock-breaking process. First, a model of a single-nozzle
water jet breaking rock was established to analyze the influence regularity of jet structure
parameters. And then, the dynamic analysis software LS-Dyna’s resulting numerical value
was used to simulate the situation of the spin multi-nozzle bit breaking rocks. The results
showed that:

(1) During the simulation of a single-nozzle jet breaking rock, it has been found that
when the jet strikes the surface of the rock, the greater the inclination angle is, the greater
the width of the broken rock by the jet is; and the smaller the inclination angle is, the
greater the depth is. It is difficult to meet the expansion needs if the inclination angle is
greater than 60°. According to the changing trend of the curve and the amount of breakage,
the nozzle set at 30° is optimal. The width and depth of the nozzle gradually increase
with its increasing diameter. However, when the nozzle diameter is greater than 1.3 mm,
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the growth rate of the rock-breaking depth begins to decline. Therefore, the best nozzle
diameter is 1.3 mm.

(2) The velocity of v = 50 m/s causes little damage to the rock surface, which is not
a condition for rock fracture. This shows that there is a threshold value for the impact
velocity of the water jet, and only when this velocity has been reached will the rock crack.
At the velocities of v =150 m/s, v =200 m/s, v =250 m/s, v = 300 m/s, the rock ruptures.
Meanwhile, the higher the jet velocity is, the higher the degree of rock fracture is, with
deeper depth and larger area achieving a better breaking effect.

(3) In addition, the tangential and radial velocity of the jet under the rotational con-
dition increases the rate of shear and tensile destruction to the rock, improving the rock-
breaking efficiency. Generally speaking, the rock-breaking efficiency can be effectively
improved if the jet breaks the rock at a certain rotational velocity.

(4) The mechanism of the spin bit with multi-nozzle jet flow has been revealed; that
is, the periodical movement of the spin jet generated by the front nozzle of the bit makes
the rock easily broken, weakening the “water cushion effect” and eventually leading to a
huge rupture; the rupture range is achieved by forming a circular connected hole. On the
other hand, the jet from a backward nozzle provides thrust to the bit, allowing the bit to
move forward automatically and further grind the coal to increase the aperture and then
discharge the ground coal into the hole. In this way, continuous high-speed drilling can
be ensured.
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