energies MoPY

Article
Rock-Breaking Properties of Multi-Nozzle Bits for
Tree-Type Drilling in Underground Coal Mines

Yiyu Lu "2, Songqgiang Xiao 12, Zhaolong Ge 1'>*, Zhe Zhou '? and Kai Deng -2

1 Gtate Key Laboratory of Coal Mine Disaster Dynamics and Control, Chongqing University,

Chonggqing 400044, China; luyiyu@cqu.edu.cn (Y.L.); xiaosongqiang@126.com (S.X.);
zhouzhe@cqu.edu.cn (Z.Z.); dengkai@cqu.edu.cn (K.D.)

National & Local Joint Engineering Laboratory of Gas Drainage in Complex Coal Seam,
Chonggqing University, Chongqing 400044, China

*  Correspondence: gezhaolong@cqu.edu.cn; Tel.: +86-23-6510-6640

Academic Editor: Vasily Novozhilov
Received: 16 February 2016; Accepted: 23 March 2016; Published: 30 March 2016

Abstract: Tree-type drilling is a new technique for drilling radial tree-type boreholes in coal seams in
underground mines using water jets to break the coal. The aim is to drain gas from the coal seams
in larger quantities and from larger areas than can be done by conventional gas drainage using
single boreholes. The self-propelled drill bit is the most important component for this technique.
The bit generates a self-propelling force to move forward, break coal, and form a borehole. This paper
investigates the relationships between the physical parameters of the forward nozzles in the bit
and the diameter and shape of the borehole drilled. The effect of different physical parameters on
the rock-breaking efficiency is studied by conducting drilling experiments. The results show that
the size, orientation and number of the nozzles significantly affect the rock-breaking efficiency of
the bit. To obtain a better rock-breaking efficiency under the experimental conditions used for this
paper, the axial angle for forward nozzles should be 15°, the radial angle 90°, and nozzles should be
arranged 2.1 mm from the center of a 12 mm drill bit. The experimental results provide a reference
for the design of multi-nozzle bits for many applications such as radial jet drilling (RJD) and bent
pipe cleaning.

Keywords: coalbed methane (CBM) drainage; tree-type drilling; water jet; multi-nozzle bits;
rock-breaking properties

1. Introduction

Coalbed methane (CBM), an unconventional gas, is a clean and efficient energy source. China’s
CBM reserves are estimated to be 36.81 trillion m> [1]. The Chinese government is very interested in
exploiting CBM resources for a number of reasons: CBM drainage allows a valuable energy resource to
be extracted and used and extraction can also lessen greenhouse gas emissions. Additionally, degassing
coal mines can reduce the occurrence of mine disasters like gas explosions and outbursts [2—4].
Unfortunately, many of the coal seams in China are at great depths and under high ground stress. This
means that underground drainage is the only viable approach for extracting both CBM and the coal
economically [5-7].

The main technique used for underground CBM drainage is gas drainage holes bored into the
coal seams. Cross-measure boreholes are one such technique [8,9], boreholes usually drilled from the
floor roadway or drilling field. However, this technique has a number of problems [10-13]. Among the
problems are: (1) drilling the holes is dangerous because there has been no gas pre-drainage; (2) a very
large number of boreholes have to be drilled to drain the gas from a significant portion of any seam.
This results in a huge and costly engineering effort and takes a great deal of time; (3) a large number of
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drill holes are required because gas extraction from a single borehole is low and the area drained by
each hole is small. To solve these problems, a new technique for gas drainage has been proposed that
can create radial tree-type boreholes by utilizing water jets to break the coal and drill holes in the coal
seams. As shown in Figure 1, a whipstock is placed in a conventional gas drainage borehole (called
the main borehole in this paper). Then a self-propelled bit at the end of a flexible high-pressure hose
is inserted into the main borehole drill pipe, run through whipstock, and then used to drill tree-type
sub-boreholes perpendicular to the main borehole. By changing the position and orientation of the
whipstock, a series of radial tree-type boreholes can be completed as shown in plan A-A (Figure 1).
A detailed description of the drilling processes is provided in [14]. The self-propelled bit is without
doubt the most critical piece of technology for drilling tree-type boreholes. It both breaks the rock to
form the tree-type sub-borehole and also generates the self-propelling force to move forward.

Tree Type Sub-borehole s Borshole
High-pressure Hose

Self-propelled Bit

Drill Pipe

(b)

Figure 1. Schematic diagram of tree-type boreholes: (a) panel-cross section; and (b) panel-plan view.
The main borehole would be approximately 100-130 mm in diameter, while diameter of the tree-type
sub-borehole drilled by bit in coal mines can reach 30-50 mm and the sub-borehole lengths can be
10-20 m.

The type of multi-nozzle bit discussed in this paper is a highly efficient self-propelled bit that
has both forward and backward pointing nozzles. It is small enough to pass through the whipstock
to drill the sub-boreholes. In addition, its effective standoff distance is long and the attenuation of
the jet’s rock-breaking energy is low; it is very efficient at breaking rock [15]. In order to improve
bit performance, it is important to study the rock-breaking capability and self-propelling capacity of
multi-nozzle bits. Buset [16] and William [17] studied the rock-breaking mechanism and self-propelled
ability of multi-nozzle bits. Liao et al. [18] analyzed the effect of hydraulic parameters (erosion
time, jet pressure drop, standoff distance, and confining pressure) on the rock-breaking efficiency
of multi-nozzle bits. Li et al. [19-21] discussed the self-propelling mechanism and the horizontal
drilling capacity of multi-nozzle bits and generated a model for calculating the self-propelling force.
Hu et al. [22] and Liu et al. [23] used numerical simulations of multi-nozzle bits to study the internal
and external flow field of the water and the how the bits broke rock to make the boreholes. However,
there are numerous parameters that affect the rock-breaking efficiency of multi-nozzle bits and there
are few studies that analyze how the geometry and size of the forward nozzles influence rock-breaking
efficiency. Moreover, the structural parameters of the bit that determine its rock-breaking efficiency
have not been studied systematically.

This paper focuses on how the size and orientation of the forward nozzles in a multi-nozzle bit
affect its rock-breaking efficiency by conducting the orthogonal experiments with different nozzle size,
number and orientation. The research results will be helpful for designing multi-nozzle bits for use in
any context such as radial jet drilling (RJD) or bent pipe cleaning.

2. Analysis of the Rock-Breaking Capacity of Multi-Nozzle Bits

A simplified structural diagram for a multi-nozzle bit is shown in Figure 2. The important
parameters of the forward nozzles are their diameter, dy, their number, 7, the axial angle, «, the radial
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angle, 3, and their arrangement distance, L (arrangement distance is how far they are from the center
of the bit). They affect the rock-breaking jets velocities (including three-dimensional components
of jet velocity and the jet energy distribution) and the synergy of multiple jets of a multi-nozzle bit.
The velocities and synergy determine both the drilling efficiency and the diameter of the sub-borehole
drilled by a bit. Therefore, the rock-breaking capacity of a multi-nozzle bit is directly related to
these parameters. To analyze the rock-breaking capacity of multi-nozzle bits, this paper studies the
relationships between these nozzle parameters and rock-breaking efficiency by looking at the energy
transferred by the forward jets and the diameter and volume of the sub-borehole produced.
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Figure 2. Structural diagrams showing a longitudinal section: (a) an axial section; and (b) a multi-nozzle
bit. The bits used in this study are 12 mm in outside diameter. (D and D; are the inside and outside
diameter of the bit, respectively. P is the inlet pressure of the bit. v1, v; and v are the jet velocity of
center, lateral and backward nozzles of the bit, respectively.)

2.1. The Analysis of Rock-Breaking Velocity of Multi-Nozzle Bits

The magnitude of rock-breaking jet velocity in a multi-nozzle bit determines how much
rock-breaking energy is delivered to the target rock. The distribution of three-dimensional velocity
components (axial, radial, and tangential velocity components) affects the mode in which the rock fails.
To investigate the rock-breaking capacity of multi-nozzle bits, it is necessary to find out the relationship
between the structural parameters of forward nozzles in a bit and rock-breaking velocity.

A structural diagram of the forward nozzles in a multi-nozzle bit is shown in Figure 3.
The thickness of the front wall, H, is limited by the overall size of the bit; it is regarded as a constant and
does not influence the bit’s rock-breaking efficiency. As shown in Figure 3, the diameter dy, number 7,
axial angle o, radial angle 3, and the arrangement distance L of the forward nozzles will affect the
three-dimensional components of jet velocity and the jet energy distribution. These determine the
rock-breaking and drilling efficiency of the bit.
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Figure 3. Structural diagram showing the forward nozzles: (a) a multi-nozzle bit; and (b) a diagram
showing the relationship between their structural parameters and jet velocity.
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In Figure 3, v indicates the average exit speed of fluid from the lateral jets. The axial velocity
component vy, the radial velocity component v, and tangential velocity component v can be calculated
from the following equations:

Un = UCOSX (1)
Uy = USINXCOs P )
U = vsinasing 3)

where v is the exit speed of jet, x 10> m/s; « is the axial angle of forward nozzles, degrees; and ¢ is
an auxiliary angle, degrees.
The relationship between the jet velocity v and flow rate Q is:

4
v= —Qz (4)
nmdg
where dj is the diameter of a single forward nozzle, mm; Q is the flow rate of bit, L/s; and n is the
number of forward nozzles.

In addition, in right triangle bfg (Figure 3b) there exists:
fg = bg tana = H tana )

where H is the thickness of front wall of multi-nozzle bit, mm.
In triangle ofg, the angle 0 is calculated from the Sine Theorem as:

H tanasinf3

0 = arcsin
L

(6)
where f3 is the radial angle of forward nozzles, degrees; and L is the arrangement distance, mm.

Using the equations above, the relationship of the auxiliary angle ¢ and the radial angle 3 can be
expressed as:

Ht i
(p=[3—6=[3—arcsin%sm[3 7)
Thus, the following equations can be derived by combining the equations above:
4Qcosx
0 = 29002 ®
nmdy
4Qsi Ht i
Uy = QSH;X X COS <[5 — arcsinanmmﬁ') 9)
nrdg L
4Qsi Ht i
U = Qsmzcx X sin ( B— arcsinamxsm[3> (10)
nmdg L

It can be seen from Equations (8)—-(10) that the geometry of the forward nozzles is closely related
to rock-breaking velocity; and it is the orientation and distribution of the axial, radial, and tangential
velocity components of the forward jets that determine the rock-breaking efficiency of the multi-nozzle
bit. This lays a foundation for designing the orthogonal experiments in next sections and is helpful for
analyzing the effects of structural parameters of forward nozzles on rock-breaking efficiency.

2.2. The Analysis of the Diameter of a Borehole Formed by a Multi-Nozzle Bit

The diameter of a borehole produced by a multi-nozzle bit is an important evaluation indexes
for rock-breaking efficiency. Because it determines whether the multi-nozzle bit can pass through
the sub-borehole, and it also affects the resistance that the multi-nozzle bit with a high-pressure hose
continue drilling. Therefore, it is worth studying the relationship between the physical parameters of
forward nozzles and the diameter of a sub-borehole.
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When drilling a borehole with a multi-nozzle bit, a line extending along the axis of each single jet
is considered to indicate the initial rock-breaking point on the surface of the rock. As drilling continues,
the individual areas of broken rock around the initial points expand and deepen. Finally, the broken
zones become connected to form a borehole with a certain diameter. The diameter of the borehole
must be large enough to allow the multi-nozzle bit and the high-pressure hose to pass through and
also large enough to allow rock debris to be discharged easily. The hole must also avoid hampering the
return flow from the backward jets. Because the borehole is not truly circular, the diameter of a circle
inscribed in the borehole is defined as the effective diameter D.
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Figure 4. Schematic diagram: (left) a multi-nozzle bit breaking rock; and (right) a diagram showing
the internal geometry of the same bit.

As shown in Figure 4, depending on how the multi-nozzle bit is constructed, for an appropriate
standoff distance, E is the broken zones made by each individual jet will overlap to make a connected
borehole. If it is assumed that the points where the lateral jets impact the rock surface can be regarded
as the boundary of effective diameter D, then in right triangle bhi (Figure 4, right):

hi = (H + E)tano (11)

where E is the standoff distance, mm.
In triangle ofg, the following equation can be obtained through the Sine Theorem:

H .
Lsin ([3 - arc:sinitamxsm[3 >

1] =08 = sinf3 (12)
Therefore, in triangle hij, the effective diameter D can be derived through the Cosine Theorem
as follows:

: 1/2
L%sin?(B — arcsiniH tanasing
— L + (H + E)*tan2o+
D=2x sin”p H tanasinf (13)
L(H + E)tanasin(f — arcsin—— )
2 X - cosf
sinf3

where D is the effective diameter, in mm.

Equation (13) shows the relationship between the diameter of a borehole formed by a multi-nozzle
bit and the orientations of the forward nozzles. Multi-nozzle bits can pass through the borehole and
drill continuous holes only when hole diameter D is larger than the outer diameter of the multi-nozzle
bit, D,. The larger the hole diameter, the easier it is to discharge rock debris and the smaller the
resistance as the multi-nozzle bit and attached high-pressure hose continue drilling. Therefore, the
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diameter of the borehole is one of the evaluation indexes for rock-breaking efficiency. The depth
and volume of the borehole are also important; together these three criteria constitute a measure of
the rock-breaking efficiency. Meanwhile, this is helpful for designing experiments and analyzing
experimental results.

3. Materials and Methods

To study the influence of the design of the forward nozzles on rock-breaking efficiency,
rock-breaking experiments were conducted. These experiments investigated the size, the orientation
and the number of nozzle orifices, an experimental design known as an orthogonal experiment.

3.1. Parameters of the Multi-Nozzle Bit

As demonstrated by Equations (8)—(10) and (13), two of the important design features of forward
nozzles include the diameter, dj, and the number of nozzles, n, where n = n; + nc. n; is the number of
lateral nozzles and n. the number of center nozzles (there is commonly just one center nozzle along
the axis of the bit). Other important parameters include the axial angle «, the radial angle (3, and the
arrangement distance L. All of these parameters influence rock-breaking efficiency. In the experiments,
the five parameters just mentioned are regarded as the variables and every variable is given four
different values (levels) (Table 1). For each level, the diameters of multi-nozzles and the arrangement
of lateral nozzles are the same. Based on five factors and four levels, an orthogonal array, L16(4°), was
generated to determine the factor values for the forward nozzles (Table 2) [24]. Figure 5 is a photo of
the multi-nozzle bits used for the experiments.

Table 1. Factors and corresponding level values for the multi-nozzle bits used in the drilling experiments.

Factors
Levels
doYmm  «%/(°) B3C) L*mm  n+nc®
1 0.6 10 0 1.5 3+0
2 0.7 15 30 1.8 3+1
3 0.8 20 60 2.1 4+1
4 0.9 25 90 2.4 5+1

1dy,? o, 3 B, * L are the diameter of single nozzle of forward nozzles, the axial angle, the radial angle and the
arrangement distance of lateral nozzles, respectively. ° nj + n. means n lateral nozzles and n. center nozzles.
For example, 4 + 1 means four lateral nozzles and one center nozzle whereas 3 + 0 means three lateral nozzles
with no center nozzle. For our experiments, #. is either zero or one.

No.9 No.10 No.l11 No.12 No.13 No.l4 No.15 No.16

Figure 5. Photograph showing the 16 different multi-nozzle bits used in the experiments.



Energies 2016, 9, 249 7 of 17

Table 2. Structural parameters of forward nozzles in the multi-nozzle bits used in the experiments and
the corresponding response values for experimental results under the jet pressure drop of 25 MPa.

No Structural Parameters of Forward Nozzles Response Values (25 MPa)
do/mm  &/(°) B/(°) Limm n;+n, h/mm D/mm Viem3
1# 0.6 10 0 1.5 3+0 24.0 9.0 1.3
2# 0.6 15 30 1.8 3+1 28.0 10.9 3.1
3# 0.6 20 60 2.1 4+1 31.2 13.5 35
4#* 0.6 25 920 24 5+1 29.0 14.0 4.0
5# 0.7 10 30 2.1 5+1 36.5 14.8 44
6* 0.7 15 0 2.4 4+1 32.3 144 4.6
7# 0.7 20 90 1.5 3+1 31.0 12.6 4.05
gt 0.7 25 60 1.8 3+0 28.0 13.6 3.35
9# 0.8 10 60 24 3+1 34.8 15.6 4.7
10* 0.8 15 20 2.1 3+0 33.5 15.0 6.0
11* 0.8 20 0 1.8 5+1 31.0 15.7 44
12# 0.8 25 30 1.5 4+1 29.4 16.0 3.8
13# 0.9 10 20 1.8 4+1 36.0 16.2 6.3
14# 0.9 15 60 1.5 5+1 35.0 17.3 6.1
15# 0.9 20 30 24 3+0 31.0 17.3 4.5
16* 0.9 25 0 2.1 3+1 28.0 16.6 4.2

3.2. Experimental Apparatus and Procedures

The experiments were conducted in the Laboratory of High-pressure Water Jets at Chongqing

University, China. A schematic of the rock breaking test system is shown in Figure 6. The system
itself is shown in a photograph in Figure 7. The main components of the experimental system include
a high-pressure pump, pressure gauges, a test control system (described below), high-pressure hoses,
and a custom-designed water jet test system. The main performance parameters of the test apparatus
and the experimental procedures are described below:

a)

b)

High-pressure pump. This is a high-performance pump manufactured in the United States with
a peak pressure of 134 MPa and a flow rate of 104 L/min.

Test control system. For monitoring the pressure and flow at all times during the experiment,
a system for pressure and flow control was designed. It consists of a pressure transmitter, an outer
clamping-type ultrasonic flowmeter, a data storage system, and data process and analysis software.
The system is capable of testing pressures of 0—70 MPa with +0.1% precision. The flowmeter can
accurately record flows of 0.5-20 m/s + 1%.

Water jet test system. This system is made up of a drilling console with a sample (rock) holder and
rock bearing system. A steel pipe is fixed to the drilling console. The console plus pipe can be
advanced at a controlled rate of between 0.01 mm/s and 100 mm/s with the front end of the pipe
connected to the multi-nozzle bit. A pressure gauge on the steel pipe monitors the inlet pressure
to the bit. The rock bearing system that holds the rock sample can move up and down, forward
and backward.

Rock sample. Because coal is very anisotropic and commonly has abundant joints and fissures,
a block of coal impacted by a water jet splits easily. This makes experiments fail; blocks of coal are
not really suitable for drilling experiments. Therefore, to better evaluate rock-breaking efficiency
and observe the shape of the borehole, artificial rock samples with good homogeneity were used
instead of coal samples for these experiments. The samples were concrete, 30 cm x 30 cm x 30 cm
in size with a sand:cement ratio of 3.37:1. The samples had a uniaxial compressive strength of
20 MPa.

Hydraulic parameters. The jet pressures used for drilling were 20, 25, 30, and 35 MPa. Drilling times
were 3 min [15,25], and the standoff distance was 10 mm [18].
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f)  Evaluation indexes. The depth, diameter, and volume of the borehole are regarded as the best
indexes for evaluating rock-breaking efficiency [18,26,27]. Because the hydraulic parameters (jet
pressure, drilling time and standoff distance) are all fixed, thus the rock-breaking efficiency was
evaluated by volume, diameter and depth of borehole per unit time of drilling with a fixed jet
pressure and standoff distance. In Section 4.2.4, the roundness of borehole was also adopted
through qualitative analysis. Depth is defined as the distance from the sample surface to the
deepest portion of the borehole. Diameter is measured where the borehole is narrowest because
the diameter of the narrowest part of the hole determines whether a multi-nozzle bit can pass
through the sub-borehole. Volume is measured after drilling is completed by the sand replacement
method. The data discussed later in this paper are the mean values from three holes drilled with
each multi-nozzle bit under the same experimental conditions.

Pressure Gauge Rock Sample S
Test Control System Steel Pipe Multi-Nozzle Bit
Pressure Gauge L
High-Pressure Hose
Relief Valve 7. “
. Riotor Drilling Console | Rock Bearing System
|
|
L C Holder
Water Tank High-pressure Pump

Multi-nozzle Bit
Rock Sample

Rock Bearing System

Test Control
System

D@ Stotage-System

A.,' 1 = 2
P Outer Clamping-Type

Ultrasonic Flowmeler

Figure 7. Photograph of the rock breaking test system.
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4. Results and Discussion

4.1. Analysis of the Influence of the Parameters of the Bit on Rock-Breaking Efficiency

Many details of the parameters of the multi-nozzle bit influence its rock-breaking efficiency.
However, which parameter affects rock-breaking efficiency most significantly is not known. Therefore,
it is necessary to study the influence of each nozzle parameter separately to be able to reach any
conclusions about rock-breaking efficiency.

According to the results of the orthogonal experiments (the experiments results of under a jet
pressure of 25 MPa were given in Table 2.), the sum Kj; of the results of factor j under level i and its
average value k;; were calculated. Then the range R; was obtained from Equation (14), an equation that
evaluates the influence of the nozzle parameters on the rock-breaking evaluation indicators:

R] = max(klj, kz]', ce ,kr]') — min(klj, kz]', PN ,kr]') (14)

In the orthogonal experiments, the ranges of different factors are usually ranked in magnitude
order. This order is known as the significant sequence. If the range of some factor is maximum,
this means that change degree of the corresponding experiment results is greatest when the level
values vary. Therefore, the greater the range value, the more significantly the corresponding factor
affects the experimental result. The highest range value is the main factor: Figure 8 shows the
analysis of ranges for the experimental results for an inlet jet pressure of 25 MPa. The significant
sequence affecting borehole depth is the diameter, the axial angle, the number of nozzles, the radial
angle, and the arrangement distance of forward nozzles, respectively. For borehole diameter, the
sequence is the diameter, the radial angle, the number, the arrangement distance, and the axial angle.
For borehole volume, the sequence is the diameter, the radial angle, the axial angle, the number, and
the arrangement distance. The experiments show that the order of significant sequences is the same
for all jet pressures used.

6 T T T T T

[ Ranges of Borehole Diameter, mm
5| - Ranges of Borehole Depth, mm
- Ranges of Borchole Volume, cm’

Ranges of Experimental Results

Diameter Axial Angle Radial Angle Arrangement Distance Number

Structural Parameters of Forward Nozzles

Figure 8. Range analysis for the experiments run under a jet pressure of 25 MPa.

From the above significant sequences, it is obvious that the diameter of forward nozzles is the most
important factor in the sequences, the factor that affects rock-breaking efficiency most significantly.
The diameter of the nozzles directly determines the amount of rock-breaking energy. When the jet
pressure drops and the other structural parameters are the same, the larger the nozzle diameter, the
greater the rock-breaking jet flow and the greater the pulverization of the rock.

The effect of the radial angle of the forward nozzles on the diameter and volume of the borehole
is in second place in the sequence and the radial angle’s influence on borehole depth is in fourth place.
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This fourth place range value is near the range value for the number of nozzles, which is in third place.
The diameter of the borehole is the most important index because it determines whether the bit will be
able to continue drilling the sub-borehole. Therefore, it is appropriate that the above analysis shows
that the radial angle is in second place. The reason will be discussed in Section 4.2.2., below.

The effect of the axial angle on the depth, diameter, and volume of the borehole are in the second,
fifth, and third places in those sequences, respectively. The axial angle’s influence on the borehole
diameter is close to the influence of the number of nozzles and arrangement distance. The effect
of the axial angle is more significant than the effect of the number of nozzles and the arrangement
distance, therefore, the axial angle ranks in third place. The axial angle determines the magnitude of
the three-dimensional jet velocity and energy distribution, thus affecting the shape of the volume of
rock broken. However, it does not affect total rock-breaking energy transmitted and its influence on
the synergistic effect of different jets is also weak. These are the reasons axial angle is in the third place.

The influence of the number of nozzles on the depth, diameter, and volume of the borehole is
more significant than the arrangement distance, although the differences between their range values
are small except for the influence on depth of borehole. Therefore, the significant sequence of number
of nozzles and arrangement distance of forward nozzles are in the fourth and fifth places, respectively.
The number of nozzles determines the number of rock-breaking jets and how uniformly rock is broken.
This influences rock-breaking efficiency to some degree. However, the arrangement distance only
determines the locations of the zones broken by the individual jets and this has little effect on the
rock-breaking energy and jet velocity distribution, so its overall effect is least important.

It can be concluded from the analysis above that the influence of each parameter of the bit on
rock-breaking efficiency is the same as the volume of rock broken. Obviously, the volume of rock
removed can be used as a comprehensive index for evaluating the rock-breaking efficiency of the
multi-nozzle bit.

4.2. Analysis of the Effect of Structural Parameters on Rock-Breaking Efficiency

The volume of rock broken and the diameter of the borehole are the important indexes
for evaluating the efficiency of a multi-nozzle bit. Therefore, in order to analyze what controls
rock-breaking efficiency, graphs were generated with borehole volume or borehole diameter on the
y-axis and one parameter of the forward nozzles on the x-axis.

4.2.1. Effect of Forward Nozzle Diameter on Rocking-Breaking Efficiency

The diameter of the forward nozzles determines the amount of rock-breaking energy delivered
to the rock face. Therefore, it is necessary to study the influence of nozzle diameter on rock-breaking
efficiency. As shown in Figures 9 and 10 the diameter and volume of the borehole increase as the
diameter of the forward nozzles increase.

22 T T T T

—=—20MPa

20 —e— 25MPa .
—&— 30MPa
—v—35MPa

Diameter of Borehole, mm

Outer Diameter of Multi-nozzle Bit

1
0.6 0.7 0.8 0.9

Diameter of Forward Nozzles, mm

Figure 9. Graph of diameter of forward nozzles vs. diameter of the borehole.
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Figure 10. Graph of diameter of forward nozzles vs. the volume of borehole.

When the diameter of forward nozzles is too small and the jet pressure low, the borehole diameter
is less than the outer diameter of the bit (12 mm). This will cause self-drilling to cease. When the jet
diameter is small, the energy output from a single jet is weak and relatively restricted and the bit will
not drill a large borehole easily. With an increased jet diameter, the jet flow increases so that the impact,
tensile, and shear action of the jet are stronger and the rock-breaking ability is enhanced. However,
according to the formula of pipeline pressure loss [28], the pressure loss is proportional to the square
of the flow. Too large a jet diameter will make jet flow increase too much resulting in a huge pressure
loss in the high-pressure hose. However, if the pump pressure and flow rate can meet the demand and
the jet pressure surpasses the threshold pressure for rock fragmentation, increasing the diameter of
forward nozzles will enhance the rock-breaking ability of a multi-nozzle bit.

4.2.2. Effect of Forward Nozzle Radial Angle on Rocking-Breaking Efficiency

A conventional multi-nozzle bit only inclines the forward nozzles with an axial angle [15,18,21].
Although the axial angle can ensure expansion of the area of broken rock, the synergistic rock-breaking
effect of multiple jets is not realized. During self-drilling or erosion experiments with a fixed standoff
distance, as the surface rock spalls, the distance between the multi-nozzle bit and the target rock is
changing so that the locations of rock-breaking points are also changing. It is proposed that a radial
angle for the nozzles be incorporated into the bit design to make full use of the synergy of multiple jets
to break the rock. The benefits of this design are discussed below.

Figures 11 and 12 show the benefit of including a radial angle for the forward nozzles in order to
increase rock-breaking efficiency. With increasing radial angle, the diameter and the volume of the
borehole increase significantly. The reason is that the positions of the rock-breaking points impacted
by the jets change as the hole progresses. Figure 13 is a schematic diagram showing the changes in
location of the rock-breaking points for a multi-nozzle bit with “4 + 1” forward nozzles. The black
circles in the diagram represent the zones broken by the jets, assuming that the broken areas are the
same for each point at different locations.

As shown in Figure 13, when the rock surface spalls, the distance between the jet and the rock
face increases and the action points will gradually move outward along the radial and axial directions.
When the radial angle is small (such as 30°), the radial deflection is so small that the borehole formed
by synergistic effects among jets is small, thus resulting in a huge blind area (an area where the rock
is not hit by any jets and therefore is not broken). With the radial angle increased (to, for example,
60°), the rock-breaking capacity of the multiple jets is enhanced. This results in a smaller blind area
and the collaborating jets aid the formation of a connected, and larger diameter, borehole. When the
radial angle is 90°, the rock-breaking zones of every jet overlap and the rock erosion zones are evenly
distributed. This jet geometry forms a large and smooth borehole. These considerations are why
the influence of the radial angle on rock-breaking efficiency was assigned the second place in the
discussion in Section 4.1.
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Figure 11. Graph of the radial angle of the forward nozzles vs. the diameter of the borehole.
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Figure 12. Graph of the radial angle of the forward nozzles vs. the volume of borehole.
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Figure 13. Schematic diagram showing how the positions of the rock-breaking points move as the rock
spalls away from the multi-nozzle bit. Increasing the radial angle reduces the “blind zones”, the areas
not impacted by the jet from any nozzle.

4.2.3. Effect of Forward Nozzle Axial Angle on Rocking-Breaking Efficiency

The axial angle of forward nozzles mainly determines the magnitude of the jet velocity in the
axial, radial, and tangential directions. Thus, this angle affects the stress distribution in the rock and
determines the mode in which the rock fails. Therefore, the effect of the axial angle on the rock-breaking
efficiency should be investigated.

As shown in Figure 14, as the axial angle of the forward nozzles increases, the volume of the
borehole first increases and then decreases. Solving Equations (8)-(10) shows that when the axial angle
is small, the axial velocity component is dominant but the radial and tangential components of the
jet velocity are weak. Therefore, the rock is mainly broken by impact damage and the diameter of
the borehole is small. This means that it will be difficult for the jets to work together to make full use
of the combined rock-breaking capacity of multiple jets. The radial velocity of the jet increases with
increasing axial angle and increased velocity means that the rock will undergo shear failure resulting
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in more easily broken rock [29]. However, if the axial angle is too large, the jets are so dispersed and
the collaboration of multiple jets is so small that the volume of rock broken decreases. In addition, the
borehole (in the 3 min experiments) is shallow because the axial velocity is low. It is clear that there is
an optimum axial angle for a multi-nozzle bit. Under the experimental conditions used for this paper,
that angle is 15°.
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Figure 14. Graph of the axial angle of the forward nozzles vs. borehole volume.

4.2.4. Effect of the Number of Forward Nozzles on Rocking-Breaking Efficiency

If the diameter of the borehole is larger and the hole wall smoother, the bit will be able to drill
forward and discharge rock or coal debris more easily. The number of forward nozzles determines
both the number of rock-breaking jets and the synergistic effects among jets. These factors strongly
influence the shape of the borehole and contribute to rock-breaking efficiency. Therefore, it is necessary
to study how many forward nozzles are required to drill sub-boreholes that are suitably smooth with
high efficiency for a specific jet pressures.

As shown in Figure 15, as the number of nozzles increases, the diameter of the borehole first
increases significantly and then increases more moderately. When there are few nozzles and the jet
pressure is low, the borehole is smaller than the outer diameter of the multi-nozzle bit and self-drilling
will stop.

—a— 20MPa
18 | —e—25MPa " -
—a—30MPa T

—v—35MPa

Outer Diameter of Multi-nozzle Bit

Diameter of Borehole, mm
N
T T
1 1

3+0 3+1 4+1 5+1

Number of Forward Nozzles

Figure 15. Graph of the number of forward nozzles vs. the diameter of borehole.

Because the small number of nozzles will produce a very jagged hole (Figure 16a), the narrowest
part of the borehole is extremely small. With a larger number of nozzles, the number of rock-breaking
jets is increased and the distribution of jet energy is more uniform. This breaks more rock and makes
a better hole. However, when the number of nozzles gets too high, the jets start to interfere with each
other and the jet energy is used less efficiently. This results in decreasing benefits as additional nozzles
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are added. An additional consideration is that increasing the number of forward nozzles leads to
an increase in jet flow and this requires an increase in input pressure. Increasing the pressure will
inevitably lead to more pressure loss in the hose. Figure 16 shows the shapes of the initial boreholes
formed by “3 + 1” and “5 + 1” multi-nozzle bits. As can be seen in the figure, more forward nozzles
make better boreholes. For the “5 + 1” bit, the borehole is nearly circular. Therefore considering all
the constraints mentioned above, when designing a multi-nozzle bit, the number of forward nozzles
should be minimized to ensure that a large, round borehole is produced but this must be done without
sacrificing rock-breaking capability.

No.7*
A P=20MPa A P=25MPa A l’ 1’)5 N1 Pa

No.5"
A P-20MPa P A P=25MPa

(b)

Figure 16. Photographs of the shapes of partial boreholes drilled in concrete blocks: (a) “3 +1”7; and
(b) “5 + 1” multi-nozzle bits. “3 + 1” and “5 + 1” mean the bit has three or five lateral nozzles and one
center nozzle. The scales are marked in centimeters.

4.2.5. Effect of Forward Nozzle Arrangement Distance on Rocking-Breaking Efficiency

The arrangement distance of the forward nozzles determines the positions of the jet outlets and
the degree of jet dispersion. These affect the positions of the rock-breaking points and greatly influence
borehole diameter and volume. As shown in Figure 17, the volume of rock broken first increases
and then decreases slightly as the arrangement distance of the forward nozzles increases. There is
an optimal arrangement distance and under the experimental conditions used for this paper, that
distance is 2.1 mm. Departures from optimum rock-breaking may be caused by the presence or absence
of nozzle jet interactions. When the arrangement distance is small, the jets from the multi-nozzle bit
will interfere with each other and this reduces rock-breaking efficiency and forms a small diameter
borehole. With a small nozzle spacing, the bit fails to make full use of the collaborative rock-breaking
capacity of the multiple jets. However, if the arrangement distance is too large, the different jets will
break rock alone so that the zones of broken rock produced by each jet are separated and the individual
damage zones are not connected. At the optimal arrangement distance, neither of these unfavorable
conditions occurs.



Energies 2016, 9, 249 15 0of 17

7 T T T i T T
—=—20MPa !
[ —*—25MPa —

6| —+—3omPa _— | ~
~ ]
—v—35MPa _— '

-—

Volume of Borehole, cm’
FS
T

14 16 1.8 2.0 2.2 2.4

Arrangement Distance of Forward Nozzles, mm

Figure 17. Graph of the arrangement distance of forward nozzles vs. the volume of the borehole.

4.3. Regression Analysis of Experimental Results

On the base of experimental results obtained in Table 2, the regression models were built
for volume of borehole, as a comprehensive index for evaluating the rock-breaking efficiency of
a multi-nozzle bit, with respect to five structural parameters (where n = nj + n.). Stepwise analysis of
multivariate two-degree polynomial was carried out to analyze the volume of borehole. When the jet
pressure was 25 MPa, through the R language, the regression equation can be obtained as follows:

V = —0.616309 + 0.043213p3 — 0.396698n + 8.67 x 107°B2 + 1.028957d L+

15
1.293869dgn — 0.033511dgex + 0.063155Ln — 0.007573 31 (15

where p-value of regression model is 0.0005104, which means that the significant degree is high and
regression equation is valid; correlation coefficient R? is 0.9286, which indicates that the overall effect
of polynomial regression is nice.

It can be known through Equation (15) that the effect of the diameter of forward nozzles on volume
of borehole is most significant. Secondary factor is radial angle, which agrees with the above range
analysis. Moreover, the interactions among five factors (the diameter, number, axial angle, radial angle,
and arrangement distance of the nozzles) appear and are identified. It means that the interactions
should be considered in optimization of the structural parameters for a multi-nozzles bit. When the
volume of borehole reaches the maximum (jet pressure is 25 MPa), five factors are dg = 0.9 mm, o = 10°,
B =90° L=24mm,n=>5+1, respectively. There is a slight difference between the computed values
and conclusions derived by the trend graphs. This is why the interactions among different factors are
considered for computed results from regression model. As for regression Equation (15), we can see
that the bigger diameter and the more number of nozzles, the larger volume of borehole. However,
under different working conditions, these factors should be considered comprehensively, such as
pipeline pressure loss and self-propelling force, efc.

5. Conclusions

Tree-type drilling is a new technology for utilizing high-pressure water jets to drill radial tree-type
boreholes in coal seams. The tree-type boreholes provide better gas drainage in terms of both quantity
of gas removed and area drained than that provided by single gas drainage boreholes. As a critical
component of this technology, the multi-nozzle bit is highly efficient for drilling this type of borehole.
First, the relationships between the forward nozzles in a multi-nozzle bit and nozzle jet velocities
and the diameter of the borehole are described. Then the physical parameters (the diameter, number,
axial angle, radial angle, and arrangement distance of the nozzles) that affect the rock-breaking
properties of a multi-nozzle bit are established. Subsequently, by conducting drilling experiments,
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how the parameters of the forward nozzles influence the diameter, depth, and volume of boreholes are
determined and analyzed. The comprehensive significant sequences that affect rock-breaking efficiency
are the diameter, the radial angle, the axial angle, the number of nozzles, and the arrangement distance
of the forward nozzles. Finally, the effects of the parameters on rock-breaking efficiency of multi-nozzle
bits are studied indirectly through orthogonal analysis of the experimental results, and regression
analysis for experimental results was carried out through R language. Forward nozzles with the
proper large diameter can improve the rock-breaking ability of multi-nozzle bits when the flow rate
and jet pressure loss in the hose are not excessive. There is an optimal radial angle, axial angle, and
arrangement distance for the forward nozzles in a multi-nozzle bit. Under the experimental conditions
used here, the optimal radial angle is 90°, the optimal axial angle 15°, and the optimal arrangement
distance 2.1 mm. The larger the number of forward nozzles, the more rounded the shape of the
borehole. These conclusions will be helpful for optimizing the design of multi-nozzle bits for many
applications including radial RJD and bent pipe cleaning.
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