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Abstract: The technology of increasing coal seam permeability by high-pressure water jet has sig-
nificant advantages in preventing and controlling gas disasters in low-permeability coal seam. The
structural parameters of a nozzle are the key to its jet performance. The majority of the current
studies take strike velocity as the evaluation index, and the influence of the interaction between
the nozzle’s structural parameters on its jet performance is not fully considered. In practice, strike
velocity and strike area will affect gas release in the process of coal breaking and punching. To further
optimize the structural parameters of coal breaking and punching nozzle, and improve water jet
performance, some crucial parameters such as the contraction angle, outlet divergence angle, and
length-to-diameter ratio are selected. Meanwhile, the maximum X-axis velocity and effective Y-axis
extension distance are used as evaluation indexes. The effect of each key factor on the water jet
performance is analyzed by numerical simulation using the single factor method. The significance
and importance effect of each factor and their interaction on the water jet performance are quanti-
tatively analyzed using the orthogonal experiment method. Moreover, three optimal combinations
are selected for experimental verification. Results show that with an increase in contraction angle,
outlet divergence angle, and length-to-diameter ratio, the maximum X-axis velocity increases initially
and decreases thereafter. The Y-direction expansion distance of the jet will be improved significantly
with an increase in the outlet divergence angle. Through field experiments, the jet performance of the
improved nozzle 3 is the best. After optimization, the coal breaking and punching diameter of the
nozzle is increased by 118%, and the punching depth is increased by 17.46%.

Keywords: nozzle; high-pressure water jet; structural parameter; numerical simulation; interaction;
structure optimization

1. Introduction

An increase in coal mining depth results in an increase in in-situ stress and gas
pressure, thereby resulting in gas accumulation in local areas. Consequently, the threat
of gas disasters has increased substantially, and gas prevention and control have become
increasingly difficult. Gas extraction is one of the main technical measures to prevent
and control gas disasters. At present, the common methods of increasing coal seam
permeability include deep-hole blasting, rotary hydraulic hole drilling, and dense long-
hole drilling, which play a positive role in preventing gas disasters in low-permeability coal
seam [1–3]. However, these methods are limited by a variety of conditions, including such
problems as narrow scope of application and high cost. Accordingly, high-pressure water
jet technology to punch coal has emerged, which has the advantages of high safety factor,
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low energy consumption, and low cost compared with other pressure relief anti-reflective
technology [4–6]. High-pressure water jet technology has been successfully applied in
Pingdingshan, Kailuan, Fengfeng, and other mining areas of low-permeability coal seam,
thereby accumulating considerable field application.

As the executing element of a high-pressure water jet system, the nozzle converts
the pressure energy of the water into the kinetic energy of the water jet, and shoots out
in the form of a high-speed water jet to break and punch the coal; therefore, the nozzle is
one of the core components of the entire system. In recent years, local and international
scholars have conducted substantial research on the structural parameters and working
conditions of coal breaking and punching nozzle that affect water jet performance [7–10].
Wen et al. [11] conducted a theoretical analysis and numerical simulation of computational
fluid dynamics (CFD) to study the water jet performance of nozzles, particularly cone-
straight nozzles, with different flow channel shapes. They performed an orthogonal
experiment to determine the nozzle structure parameters when the water jet performance
was optimal. Li et al. [12] used the finite element method (FEM) and smooth particle–fluid
dynamics (SPH) to investigate the rock-breaking performance of a self-excited oscillating
pulsed waterjet (SOPW). They likewise determined the mechanism of crack formation, and
propagation and formation of the fracture zone, and analyzed the effects of pulse amplitude,
pulse frequency, and pulse circumference on the rock-breaking ability. Chen et al. [13]
used the CFD numerical simulation method to calculate a fully developed submerged
impingement water jet, and studied the flow field structure and velocity distribution of the
jet under different impact angles. Mohammad, Huang et al. [14,15] conducted a numerical
simulation and experiment to study the influence of the nozzle exit shape on jet velocity,
cluster property, and central impact force. Liu et al. [16] conducted an experiment on
SC-CO2 jet coal breaking based on conical convergent and Laval nozzles, and concluded
that the latter had a higher energy conversion rate and a stronger coal breaking effect
than the former. They also determined that expansion ratio was the key factor affecting
the jet performance of the Laval nozzle. Zhang et al. [17] studied the characteristics of
complex unsteady flow when pulsed jet impinges on the rotating wall using the W-A
turbulence model. They concluded that when the water hammer effect occurs, the impact
pressure of a pulsed jet on the impacting wall is greater than that of a continuous jet in a
certain period. Yang et al. [18] numerically analyzed a square centroid nozzle and found
an optimal shrinkage degree at the nozzle outlet, thereby leading to a strong cavitation
phenomenon in the jet and improving the performance of the cavitation jet. Hong et al. [19]
proposed a method of using nitrogen gas as an abrasive jet medium for coalbed methane
mining. Their experiments indicated that the nozzle diameter and target distance are the
key factors in improving the performance of nitrogen jet coal breaking. Qiang et al. [20]
used the DPM model to study particle movement trajectory in an abrasive water jet, and
concluded that a high particle inlet position and a large convergence angle of the focus tube
can improve jet performance and prolong the service life of the nozzle. Wang et al. [21]
utilized the W-A turbulent model as a basis in analyzing the effects of water jets with
different impinging heights on the flow field characteristics, and impinging pressure of
submerged impinging. They concluded that the maximum velocity of the axis decreases
rapidly with the increase in impact height, but the impact height has a minimal effect on
the velocity of the wall jet zone. Peng et al. [22] analyzed the internal flow characteristics
of the slurry pump under the conditions of clear water and solid–liquid two-phase by the
Euler–Euler multiphase flow model. Ekiciler et al. [23] studied the influence of surface
shape on impinging jet performance at different Reynolds numbers, and concluded that
for small Reynolds numbers, a sinusoidal corrugated surface has a higher performance
evaluation criterion (PEC). Liu et al. [24] investigated the effects of cutting depth and water
pressure on rock-breaking performance using a conical pick assisted by an abrasive water
jet (AWJ). The results show that a conical pick can efficiently break hard rock when assisted
by the strong impact of an AWJ, which can provide a reference for practical application.
Chen et al. [25] measured the shock parameters of a coal–water medium with different
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mass concentrations and obtained the effect of coal particle diameter on shock pressure
and shock distance.

At present, a straight-taper or conical nozzle is mostly used as a punching nozzle
for breaking coal. Moreover, the related research has mainly focused on nozzle inner
flow- channel shape, contraction angle, outlet diameter, and other factors [26–29]. The
experimental method is likewise relatively simple, the effect of the interaction of various
factors on the experiment index is not considered, and the effective strike area is excluded
in the evaluation index.

The reminder of this study is organized as follows: In Section 2, the construction
features and principle of the nozzle are introduced, and two evaluation indexes of the
X-axis velocity and effective Y-axis extension distance are proposed. In Section 3, the
effect of key structural parameters on water jet performance is studied by single factor
method and CFD numerical simulation, and the corresponding results are analyzed and
discussed. In Section 4, the significance of key structural parameters and their interaction
on water jet performance are further analyzed by the orthogonal experiment, and three
structure combinations of the nozzle with better jet performance are selected. In Section 5,
field experiments are carried out on the selected nozzles to verify the correctness of the
theoretical analysis. Finally, the main conclusions are drawn, and the future work is
prospected in Section 6.

2. Construction Features and Principle

The conical or cone-straight nozzle has good hydraulic performance, such as good
jet bunching and energy concentration. Furthermore, they are machined conveniently, so
are widely used in water jet cutting and impact technology. The structure of coal breaking
and punching nozzle in this study is shown in Figure 1. In general, the design parameters
of the nozzle are based on empirical values [30], the contraction angle is set to 12◦–14◦,
and the length-to-diameter ratio is set to 2 to 4. However, the total length of the nozzle in
actual production is limited owing to limitations of construction conditions and of water
jet equipment. Hence, the water jet effect of the nozzle designed according to the empirical
value is not ideal. According to the field experiment in the early stage, the inlet diameter
of all nozzles studied in this paper is D = 10 mm, the outlet diameter is d = 2 mm and
the length of outlet divergence angle l′ = 1 mm. Of particular note is l′ = 0 mm when the
outlet divergence angle γ = 0◦, other specific parameters are shown in Table 1, and the
formula for L is as follows:

L =
D
2

cot
θ

2
− d

2
cot

θ

2
(1)
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Table 1. Structure parameter of the nozzle.

Structure Parameter Inlet Contraction
Angle θ (◦)

Outlet Divergence
Angle γ (◦)

Length-to-Diameter
Ratio l/d

Inlet Diameter
D (mm)

Outlet Diameter d
(mm)

Initial nozzle 30 0 2 10 2

Improved nozzle

30, 50, 70, 90 0 2 10 2

30 0, 10, 20, 30 2 10 2

30 0 0, 2, 2.5, 3 10 2

The research shows that when a continuous water jet impinges vertically on the surface
of an object, it actually converts the kinetic energy of the water jet into dynamic pressure,
that is, the stagnation pressure Ps. Furthermore, Ps is the direct force of the crushing
development of the object [31,32]:

Ps =
1
2

ρν2 (2)

where, ρ is the density of the water (kg/m3), and ν is the propagation speed of the water (m/s).
The following conclusion can be drawn from formula (1): fluid velocity is one of the

important indexes for breaking objects, and also a significant evaluation index of water jet
performance. This study selects the maximum X-axis velocity of a water jet 100 mm away
from the end face of the nozzle outlet as the first quantitative evaluation index. Moreover,
this research refers to the attenuation of the axis velocity of water jet in the flow field. Given
that the axis velocity attenuation is extremely complicated, quantitative analysis is difficult
to conduct and such an attenuation should not be used as a sole specific evaluation index.

The stagnation pressure describes the force per unit area. In addition, the effective
expansion characteristic of the water jet in the horizontal water jet field is also an important
indicator of the water jet performance, which represents the effective impact area of the
water jet. Given that the numerical model in this study is axisymmetric, the extension
distance of the Y-axis was calculated according to the method of Azad et al. [33], specifically
by selecting the data with a velocity attenuation within 15% of the target distance of 100 mm,
which can be used as the second quantitative evaluation index of water jet performance.

3. Effect of Key Structural Parameters on Water Jet Performance
3.1. Computational Model

Water jet is a multiphase flow problem. A relatively large flow field calculation
area outside the nozzle should be established to accurately reflect the actual water jet
performance. In this paper, CFD is used to simulate the process of water jet which is
produced by the coal breaking and punching nozzle impact on the target plate surface.

The effect of key structural parameters on the water jet performance is explored
through the impact effect of different nozzles’ water jets, and then the structural parameters
can be optimized. In this CFD numerical simulation, the injection distances are all set to
200 mm. In addition, the ICEM software is used for meshing, and the FLUENT software is
used for setting parameters and computing.

Given that the computational grid has a significant effect on the time and accuracy
of the CFD numerical simulation, the computational model is divided into parts, namely
nozzle and flow field, [34] and divided by the hybrid grid technology. Inside the nozzle,
the structure size is small, local pressure is large, and turbulence is intense. Hence, an
unstructured grid is used to divide the nozzle. The external flow field is large and has a
regular shape, and is divided by structured grids, thereby ensuring calculation accuracy
and saving on calculation time.

According to the characteristics of the model, the nozzle’s inlet is set to pressure-inlet,
and inlet pressure is 20 MPa. The outer flow field boundary is set to pressure-out, except
for the rightmost boundary, and pressure is set to 1 atmosphere. The rightmost boundary
and other boundaries of the flow field are set to wall. Given that the process of high-
pressure water jet is ejected from the nozzle’s outlet into the air, turbulent diffusion and
momentum exchange will occur between the water and ambient air. Air at the boundary is
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sucked in by the water jet, and droplets are “torn apart” by aerodynamic forces. As they
have different velocities, the mixture model of the multiphase flow model is selected for
numerical simulation. The main and second phases are set to air and water, respectively,
and the transient and implicit pressure solvers are used for calculation. The two-equation
model of RNG k-ε is the best choice for this study, which can clearly simulate the separation,
secondary, swirl, and other complex flows in the water jet; a simple algorithm is used in this
research to solve the coupling of pressure and velocity [35–37]; the computational model is
shown in Figure 2.
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Figure 2. Computational Model.

3.2. Numerical Simulation

In the CFD simulation analysis, grid size has a substantial effect on the accuracy
of results. To ensure the accuracy of results, the initial nozzle model was taken as the
experiment object to obtain the best grid size. Grid sizes are set to 0.2, 0.3, 0.4, and 0.5 mm.
Figure 3 shows the velocity distribution of the flow field under different grid sizes. Note
that velocity distribution at the nozzle outlet and flow field change with an increase in
grid size. Velocity distribution within the 0–100 mm target distance of the outflow field is
shown in Table 2. Analysis indicates that when grid size is 0.2–0.3 mm, velocity changes of
the flow field are the same, which has minimal effect on the calculation results. Although
the calculation result is considerably accurate when the grid size is 0.2 mm, the calculation
cost will increase several times compared with when the grid size is 0.3 mm. Therefore, the
water jet performance of coal breaking and punching nozzle is eventually simulated and
analyzed with a grid size of 0.3 mm. The structural parameters selected in this section are
shown in Table 1.
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Table 2. Water jet velocity distribution of different grid sizes.

Grid Size (mm) Grid Quantity Velocity Distribution (m/s)

0.5 26,528 198.0234–200.9876

0.4 41,419 198.4325–201.0324

0.3 74,391 199.9132–201.4522

0.2 176,040 199.9246–201.4703

3.2.1. Effect of Contraction Angle on Water Jet Performance

To explore the effects of the previously mentioned three key structural parameters on
the water jet performance of coal breaking and punching nozzle, the single factor method
is used for simulation analysis. Under the condition that other parameters are the same,
the value of contraction angle is changed, and the specific value is shown in Table 2.

When contraction angle increases, the maximum velocity at the nozzle exit increases
significantly. When contraction angle is 50◦, outlet velocity reaches the maximum value
of 203.95 m/s. Outlet velocity decreases as contraction angle continues to increase, but
the velocity is still higher than the contraction angle θ = 30◦, as shown in Figure 4. When
the target distance is below 100 mm, the X-axis velocity of water jet attenuation is slowest
with the contraction angle θ = 30◦, and its X-axis velocity is evidently higher than that
of other contraction angles. Within a 40-mm target distance, the X-axis velocity of the
water jet of the nozzle with contraction angle θ = 70◦ is higher than that of the nozzle
with contraction angle θ = 30◦. However, within the target distance of 40–100 mm, the
X-axis velocity of the water jet of the two contraction angles is the same. Although the exit
velocity of the nozzle is larger when the contraction angle θ = 90◦, the X-axis velocity of
the water jet decays rapidly with an increase in the target distance, particularly in the first
100-mm target distance, which decays nearly linearly. In the range of 100–200-mm target
distance, the X-axis velocity of the nozzles with four different contraction angles continues
to decay. The X-axis velocity of the water jet of the nozzles with contraction angles θ = 30◦

and θ = 50◦ decreases gradually, and the X-axis velocity of the two nozzles remains the
same. The X-axis velocity of the water jet of the two nozzles with contraction angles θ = 70◦

and θ = 90◦ attenuates sharply, and are evidently lower than those of the other two nozzles.
When the target distance X = 100 mm, the maximum X-axis velocity increases initially and
decreases thereafter with an increase in the contraction angle. When the contraction angles
θ = 50◦ and θ = 90◦, X-axis velocities are the maximum and minimum, respectively. When
the contraction angles θ = 30◦ and θ = 70◦, the X-axis velocity is the same.
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When the contraction angle increases, the effective Y-axis extension distance of the
water jet increases initially and decreases thereafter, as shown in Figure 5. When the
contraction angle increases from 30◦ to 50◦, the effective Y-axis extension distance of the
water jet increases by 2.48%. However, when contraction angle increases from 50◦ to
70◦ and 90◦, the Y-axis extension distance of the water jet decreases by 5.08% and 9.62%,
respectively. An increase in the effective Y-axis extension distance can increase the effective
punching area of the water jet.
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3.2.2. Effect of Outlet Divergence Angle on Water Jet Performance

To explore the effect of the divergence angle on the water jet performance of the nozzle,
under the condition that the other parameters are the same, the value of the divergence
angle is changed. The specific value is shown in Table 2.

The existence of the divergence angle makes the nozzle become a converging–diverging
nozzle, and the outlet velocity increases significantly, as shown in Figure 6a. When the
divergence angle γ = 0◦, the outlet velocity of the water jet is 201.45 m/s. With an increase
in the divergence angle, the outlet velocity of the water jet increases gradually. When the
divergence angle γ = 30◦, the outlet velocity of the water jet reaches 229.45 m/s, which is
increased by 13.90% compared with that without the divergence angle. To better observe
the change in the X-axis velocity of the water jet, the initial target distance starts from
20 mm, as shown in Figure 6b. With an increase in the divergence angle, the axis water
jet velocity increases initially and decreases thereafter. In the whole flow field, the X-axis
velocity of the water jet of the nozzle with divergence angle γ = 30◦ decays faster than that
of other nozzles. Among the other three nozzles, the X-axis velocity of the nozzle with
divergence angle γ = 10◦ is slightly higher. When the target distance is X = 100 mm, the
sequence of velocity is as follows: γ = 10◦ > γ = 20◦ > γ = 0◦ > γ = 30◦.

When there is an outlet divergence angle of the nozzle, the outlet diameter of the
water jet increases, and the effective Y-axis extension distance of the water jet increases
significantly. When the divergence angle γ = 30◦, the effective Y-axis extension distance of
the water jet reaches 3.24 mm, which is 33.88% more than that of the divergence angle γ = 0◦.
Moreover, the number of data points reaching the effective water jet velocity increases
significantly, as shown in Figure 7.
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3.2.3. Effect of the Length-to-Diameter Ratio on Water Jet Performance

Under the condition that the other parameters remain the same, the value of the
length-to-diameter ratio is changed, and the specific value is shown in Table 2.

When the nozzle has no outlet cylindrical section, Figure 8 shows that the outlet
and X-axis velocities of the water jet are significantly lower than those of the nozzle with
an outlet cylinder. When the target distance exceeds 100 mm, the X-axis velocity of the
water jet of the nozzle without an outlet cylinder decreases rapidly. When there is an
outlet cylinder of the nozzle, outlet velocity of water jet increases initially and decreases
thereafter with an increase in the length-to-diameter ratio. When l/d = 2.5, the outlet
velocity of the water jet is the largest, X-axis velocity attenuation is the slowest, and water
jet performance is the best. When l/d = 2 and l/d = 3, the X-axis velocity and attenuation
of the water jet are the same. When the target distance is X = 100 mm, the X-axis velocity of
the nozzle with outlet cylinder is considerably large, and maximum velocity is achieved
when l/d = 2.5. This result indicates that when some parameters are constant, there is an
optimal length-to-diameter ratio to optimize the water jet performance.
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The non-zero value of the length-to-diameter ratio will increase the effective Y-axis
extension distance of the water jet. When the length-to-diameter ratio is l/d = 2.5, the
effective Y-axis extension distance is the maximum, which is increased by 8.3% compared
with the minimum value, as shown in Figure 9. Note that the non-zero value of length-
to-diameter increases the effective area of the water jet and improves the effects of coal
breaking and punching.
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3.3. Analysis and Discussion

In the process of jetting, the water jet will have a strong momentum exchange with
the surrounding air, and increasing air will move forward with the water jet under the
suction of the longitudinal vortex, making its axial speed continuously attenuated. With
the involvement of air, jet flow will gradually increase and, in a certain range, will realize
the increase in the effective Y-axis extension distance, thereby increasing the effective strike
area. The change in the nozzle’s key structural parameters will affect the air entrainment
rate of the water jet, and affect the jet effect thereafter.

When the contraction angle increases, flow resistance decreases, nozzle exit velocity
increases, and high-speed water jet will have a strong entrainment effect on the nearby air.
When t = 0.02 ms, the water jet has just squirted out, and with an increase in contraction
angle, the maximum vortex of the jet moves backward and the front of the jet fans out
and spreads around, as shown in Figure 10a–c. When the contraction angle is 90◦, the
nozzle exit velocity is considerably large, air entrainment rate is the largest, and the air
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volume fraction of the jet is the highest, thereby attaining the axial velocity attenuation
fastest. Figure 10d shows that the air around the jet indicates a scattered strong volume of
suction state, the consistency of the fluid moving forward is poor, and the front end of the
jet is strongly disturbed. When t = 0.8 ms, the jet has been injected into the middle of the
flow field, as shown in Figure 11. At this point, the velocity vector distribution of the flow
field outside the nozzle of θ = 30◦ and θ = 50◦ is similar. When θ = 70◦ and θ = 90◦, the air
entrainment rate at the front end of the jet is substantially large. When t = 2 ms, the jet
has been injected to the end of the flow field, as shown in Figure 12. That is, the larger the
injection angle, the more evident the effect on air coiling. The air coiling rate of the entire
flow field can be expressed by the volume fraction of air in the jet, as shown in Figure 13.
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A comparison of Figures 4 and 13 shows that the axial velocity decay of the water jet
is negatively related to the volume fraction of air in the water jet. The larger the volume
fraction, the more momentum exchange between the water jet and the air, and the more
rapid the velocity decay. When the volume fraction of air is large, the Y-axis extension
distance of the water jet will increase accordingly. For coal breaking and punching, only
when the velocity reaches a certain level can an effective striking force be formed. This study
calculates the effective Y-axis extension distance within a 15% decay of the Y-axis velocity.
Figure 5 shows that an effective Y-axis extension distance does not increase constantly,
although the larger the contraction angle, the higher the air roll absorption rate.

When there is an outlet divergence angle of the nozzle, a converging–diverging-type
nozzle will form, resulting in a certain cavitation effect and significantly increasing the exit
velocity. Moreover, an increase in the divergence angle will also reduce the wall attachment
effect of the water jet, thereby further enhancing the exit velocity and producing strong
entrainment to the surrounding air, and changing the jet effect. When the divergence angle
is changed, the volume fraction of air in the water jet is shown in Figure 14. A comparison
of Figures 6, 7 and 14 indicates that the larger the divergence angle, the higher the air
enrolling rate. Moreover, axial velocity attenuation increases. However, the presence of
the divergence angle increases the nozzle exit velocity. Thus, the effective Y-axis extension
distance remains considerably large when the target distance X = 100 mm.
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Figure 14. Effect of divergence angle on air volume fraction.

The presence of an outlet cylindrical section of the nozzle will play a certain stabilizing
effect on the water jet, thereby reducing the turbulent flow pattern and improving the water
jet cluster effect. Consequently, the axial velocity attenuation is reduced. However, when
the cylindrical length is markedly long, flow resistance will increase, thereby reducing the
exit velocity. When the length-to-diameter ratio is changed, the volume fraction of air in the
water jet is shown in Figure 15. Figures 8 and 9 show an optimal length-to-diameter ratio,
which makes the water jet to air volume absorption rate considerably moderate, thereby
obtaining superior axial velocity and an effective Y-axis extension distance.
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4. Orthogonal Experiment

To obtain the optimal combination of nozzle structural parameters when the X-axis
velocity and effective Y-axis extension distance of the water jet are the largest, a numerical
simulation and an orthogonal experiment are performed to further study the relationship
among key parameters and their effects on water jet performance. According to the
preceding analysis results, three good levels are selected for each factor. Factors A, B, and
C are the contraction angle, divergence angle, and length-to-diameter ratio, respectively.
The specific values are shown in Table 3.

Table 3. Level table of each factor.

Level
A B C

θ (◦) γ (◦) l/d

1 30 0 2

2 50 20 2.5

3 70 30 3

4.1. Experiment Design

In the study of the effect of nozzle key structural parameters on water jet performance,
the effect of the interaction between various factors on the experiment index is fully con-
sidered. Combined with research rules and practical principles, the first-order interaction
between factors is mainly investigated in this study. According to the number of selected
factors, the orthogonal experiment table of L27 (313) was selected to make a reasonable
arrangement for all factors in the experiment. The experimental data are shown in Table 4.
In particular, single factors A, B, and C are placed in columns 1, 2, and 5, respectively.
Moreover, A × B is in columns 3 and 4, A × C is in columns 6 and 7, and B × C is in
columns 8 and 11. The interaction of the three factors A × B × C is placed in columns
9, 10, 12, and 13, and is taken as the error. When the target distance is X = 100 mm, the
maximum X-axis velocity and effective Y-axis extension distance of the water jet are selected
as inspection indexes. Given that the model is axisymmetric, the effective Y-axis extension
distance is replaced by a half-value.
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Table 4. Orthogonal experiment table L27 (313) and experimental data.

Factors A B AB A2B C AC A2C BC ABC A2BC B2C AB2C A2B2C Maximum
X-Axis

Velocity
(m/s)

Half of Effective
Y-Axis Extension

Distance
(mm)

Experimental
Number 1 2 3 4 5 6 7 8 9 10 11 12 13

1 30 0 1 1 2 1 1 1 1 1 1 1 1 199.865 1.212

2 30 0 1 1 2.5 2 2 2 2 2 2 2 2 200.393 1.303

3 30 0 1 1 3 3 3 3 3 3 3 3 3 199.879 1.221

4 30 20 2 2 2 1 1 2 2 2 3 3 3 199.868 1.323

5 30 20 2 2 2.5 2 2 3 3 3 1 1 1 199.424 1.503

6 30 20 2 2 3 3 3 1 1 1 2 2 2 200.024 1.402

7 30 30 3 3 2 1 1 3 3 3 2 2 2 198.397 1.463

8 30 30 3 3 2.5 2 2 1 1 1 3 3 3 198.118 1.563

9 30 30 3 3 3 3 3 2 2 2 1 1 1 198.350 1.532

10 50 0 2 3 2 2 3 1 2 3 1 2 3 200.484 1.242

11 50 0 2 3 2.5 3 1 2 3 1 2 3 1 199.382 1.283

12 50 0 2 3 3 1 2 3 1 2 3 1 2 199.426 1.281

13 50 20 3 1 2 2 3 2 3 1 3 1 2 199.181 1.341

14 50 20 3 1 2.5 3 1 3 1 2 1 2 3 198.277 1.522

15 50 20 3 1 3 1 2 1 2 3 2 3 1 198.390 1.401

16 50 30 1 2 2 2 3 3 1 2 2 3 1 197.160 1.502

17 50 30 1 2 2.5 3 1 1 2 3 3 1 2 198.476 1.582

18 50 30 1 2 3 1 2 2 3 1 1 2 3 195.748 1.441

19 70 0 3 2 2 3 2 1 3 2 1 3 2 198.331 1.183

20 70 0 3 2 2.5 1 3 2 1 3 2 1 3 198.936 1.191

21 70 0 3 2 3 2 1 3 2 1 3 2 1 199.225 1.101

22 70 20 1 3 2 3 2 2 1 3 3 2 1 195.775 1.361

23 70 20 1 3 2.5 1 3 3 2 1 1 3 2 195.603 1.381

24 70 20 1 3 3 2 1 1 3 2 2 1 3 195.284 1.321

25 70 30 2 1 2 3 2 3 2 1 2 1 3 188.234 1.421

26 70 30 2 1 2.5 1 3 1 3 2 3 2 1 193.189 1.602

27 70 30 2 1 3 2 1 2 1 3 1 3 2 191.606 1.522

4.2. Results and Discussion
4.2.1. Range Analysis of the Orthogonal Experiment

In the orthogonal experiment, the degree of effect of the different factors on the results
is often compared through the intuitive analysis method–range method, and the range
value R can be calculated using Formula (3) [38,39]. The greater the R value, the greater the
effect of this factor on the results.

R = max(T1, T2, T3)−min(T1, T2, T3) (3)

where, R is the range value and Ti (i = 1, 2, 3) represents the sum of the 9 experimental data
corresponding to the ith level in each column.

According to the preceding formula, range analysis was conducted on the factors
corresponding to the maximum X-axis velocity and effective Y-axis extension distance at
the target distance of 100 mm and their first-order interaction. The results are shown in
Table 5.

Table 5. Range analysis of the water jet performance.

Factors A B C A × B A × C B × C

Maximum X-axis velocity (m/s) 38.135 36.643 14.603 18.178 8.967 6.934

Half of effective Y-axis extension
distance (mm) 0.512 2.611 0.882 0.317 0.212 0.252
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Range analysis indicates that the primary and secondary sequence of each factor and
interaction is as follows for the maximum X-axis velocity:

A > B > A × B > C > A × C > B × C

For the effective Y-axis extension distance, primary and secondary sequences of each
factor and interaction are as follows:

B > C > A > A × B > B × C > A × C

4.2.2. Variance Analysis of the Orthogonal Experiment

In the orthogonal experiment analysis, although the range analysis is simple, the effect
of the experimental error on the results cannot be excluded, and the accuracy of the analysis
cannot be verified. Therefore, the F function should be used to conduct variance analysis
for each factor and the interaction between factors, further excluding the experimental error
and exploring the effect of each factor on the index [40,41]. The F function is as follows:

Fa(n1, n2) = F (4)

where a is the significant level, n1 is the degree of freedom corresponding to each factor,
and n2 is the sum of the degree of freedom of error.

When the significant level and degree of freedom are determined, the specific value of
the F function can be obtained using the F distribution table [42]. In this experiment, F0.01
and F0.05 are taken as critical values. If F > F0.05 of a factor, then there is 95% confidence that
this factor has a significant impact on the index value, which is statistically significant. If
F > F0.01, then there is 99% confidence that this factor has a significant impact on the index
value, which is highly statistically significant. In the variance analysis table of this paper,
* * stands for highly significant and * stands for significant.

Factors A × C and B × C are close to the sum of the squares of the error column
A × B × C. Thus, they are combined into the experimental error column, and a new sum
of squares and degree of freedom are recalculated thereafter. The variance analysis of the
maximum X-axis velocity is shown in Table 6.

Table 6. Variance analysis of the maximum X-axis velocity.

Source of Variance Deviation Sum of Squares Degree of Freedom Variance Variance Ratio Significant Level

A 90.207 2 45.1035 44.22725 * *

B 75.918 2 37.959 37.22155 * *

C 10.32 2 5.16 5.059754 *

A × B 32.482 4 8.1205 7.962738 * *

A × C 5.765 4 1.44125

B × C 5.346 4 1.3365

A × B × C 5.206 8 0.65075

Error 16.317 16 1.019813

Sum 255.244 26

Fa
F0.05(2, 16) = 3.63, F0.05(4, 16) = 3.01, F0.05(8, 16) = 2.59
F0.01(2, 16) = 6.23, F0.01(4, 16) = 4.77, F0.01(8, 16) = 3.89

Table 7 shows that the sum of the square of the factor A × C and error column
A × B × C is close. Adding it to the error and the final results are as follows:
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Table 7. Variance analysis of effective Y-axis extension distance.

Source of Variance Deviation Sum of Squares Degree of Freedom Variance Variance Ratio Significant Level

A 0.017 2 0.0085 20.4 * *

B 0.383 2 0.1915 459.6 * *

C 0.048 2 0.024 57.6 * *

A × B 0.011 4 0.00275 6.6 * *

A × C 0.003 4 0.00075

B × C 0.006 4 0.0015 3.6 *

A × B × C 0.002 8 0.00025

Error 0.005 12 0.000417

Sum 0.473 26

Fa
F0.05(2, 12) = 3.88, F0.05(4, 12) = 3.26, F0.05(8, 12) = 2.85
F0.01(2, 12) = 6.93, F0.01(4, 12) = 5.41, F0.01(8, 12) = 4.5

4.3. Comprehensive Analysis of Experimental Data Based on Orthogonal Experiment

According to the results of the orthogonal experiment, when the X-axis velocity is
maximum, optimal levels of each factor are A2, B1, A2 × B1, C1, A2 × C1, and B1 × C1,
comprehensively considering that A2 × B1 × C1 is the optimal combination. A nozzle
of this structure is shown in the orthogonal experiment table, and the maximum X-axis
velocity is 200.484 m/s at 100 mm. When the effective Y-axis extension distance is the
largest, the optimal levels of each factor are B3, C2, A3, A3 × B3, B3 × C2, and A3 × C2.
Hence, A3 × B3 × C2 is the optimal combination. A nozzle of this structure is shown in the
orthogonal table, and its effective Y-axis extension distance is 3.204 mm.

Further analysis of the data in Table 4 shows that the maximum X-axis velocity
and maximum effective Y-axis extension distance do not appear simultaneously, but the
two evaluation indexes should be considered comprehensively in the process of high-
pressure water jet breaking coal and punching. The effective Y-axis extension distance of
the A2 × B1 × C1 combination is 2.484 mm, which is below that of other combinations.
The maximum X-axis velocity of the A3 × B3 × C2 combination is 193.189 m/s, which is
the lowest among the different combinations. Therefore, a comprehensive analysis of the
results of the single factor method in Part 2 and orthogonal experiment method in Part 3
indicates that the combination of A2 × B2 × C2 is the optimal parameter combination of
the water jet performance. At this point, the maximum X-axis velocity is 198.277 m/s, and
effective Y-axis extension is 3.044 mm, which are relatively superior in their respective
index values. The improved nozzles processed with the three parameter combinations will
be verified by field experiments and compared with the original nozzle.

5. Field Experiments

To further verify the water jet performance after nozzle optimization, a water jet
experiment was conducted in the Qianjiaying mining area of the Kailuan Group using the
self-developed equipment of a high-pressure water jet. The schematic of the equipment
and water jet performance are shown in Figures 16 and 17, respectively.
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5.1. Determination of Coal Firmness Coefficient

To eliminate the interference of other factors on the effect of coal breaking and punch-
ing and ensure the accuracy of the results, the firmness coefficient of the four wall surfaces
selected in the punching experiment was measured. Taking wall 1 as an example, after
removing the floating coal with a thickness of approximately 0.3 m on the surface, coal
samples were collected in three locations: the upper left area of the coal wall, the area of
the coal wall directly opposite of the high-pressure water jet equipment, and the upper
right area of the coal wall. The coal samples are labeled A1, B1, and C1. According to the
standard of the determination method of the coal firmness coefficient [43], the coal with
label A1 is sampled and measured.

The three groups were measured in parallel at each position, and the arithmetic mean
value of the 3 positions was taken as the final firmness coefficient of wall 1. Coal samples in
other areas were also measured strictly according to the preceding method. The obtained
data are shown in Table 8. The difference in the firmness coefficient within 0.86% indicates
that the firmness coefficient of the selected three wall surfaces is consistent. According to
the orthogonal analysis experiment results, the initial nozzle, the improved 1, improved 2,
and improved 3 nozzles were arranged to perform coal breaking and punching experiments
at walls 1, 2, 3, and 4, respectively, to further reduce experimental error.

Table 8. Firmness coefficient of the coal wall.

Coal Wall Sample
Position

Firmness Coefficient
of Group 1

Firmness Coefficient
of Group 2

Firmness Coefficient
of Group 3

Average of Firmness
Coefficient

1

A1 0.51 0.53 0.52

0.5222B1 0.52 0.51 0.53

C1 0.52 0.52 0.54

2

A2 0.53 0.52 0.52

0.5256B2 0.52 0.53 0.54

C2 0.54 0.51 0.52

3

A3 0.52 0.53 0.53

0.5244B3 0.51 0.53 0.53

C3 0.52 0.51 0.54

4

A4 0.52 0.52 0.53

0.5267B4 0.53 0.53 0.54

C4 0.53 0.52 0.52
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5.2. Experimental Analysis

Before the coal breaking and punching experiment, the pressure of the pump was
adjusted, and the nozzle inlet pressure was stabilized at 20 MPa according to the pressure
gauge. The erosion time of each nozzle was 300 s. According to the analysis result in Part 3,
three groups of parameters were selected to improve the nozzle. The field coal breaking and
punching experiment is shown in Figure 18. The parameters of the nozzle and measured
data are shown in Table 9. The punching depth is the maximum hole depth measured
perpendicular to the punching end face. Given that all the holes are quasi-circular, the
punching diameter is the arithmetic average of the maximum and minimum diameters.
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Table 9. Experimental results of coal breaking and punching before and after nozzle optimization.

Experimental Group
Structural Parameters Punching Depth

(m)
Punching Diameter

(m)A (◦) B (◦) C

Initial nozzle 30 0 2 0.63 0.11

Improved 1 50 0 2 0.71 0.15

Improved 2 70 30 2.5 0.58 0.21

Improved 3 50 20 2.5 0.74 0.24

According to the experimental data, compared with the initial nozzle, the punching
depth and diameter of improved nozzles 1 and 2 has been significantly improved. However,
the diameter and depth of punching cannot reach the maximum value simultaneously. The
reason is that improved nozzle 1 is selected based on the maximum X-axis velocity, while
improved nozzle 2 is selected based on the maximum effective Y-axis extension distance.
This result also confirms that the two indexes represent the depth and area, respectively,
of punching, which is consistent with the analysis result of the orthogonal experiment.
Moreover, this result indicates the reliability of the orthogonal experiment. When the
maximum X-axis velocity is optimal, punching depth is increased by 12.70% compared
with the initial value. When the effective Y-axis extension distance is optimal, punching
diameter is increased by 90.91% compared with the initial value. Note that improved
nozzle 3 is worth focusing on, the maximum X-axis velocity and effective Y-axis extension
distance of which are less than those of improved nozzles 1 and 2. However, the punching
depth and punching diameter are optimal, which are 4.22% and 14.29% higher than the
two nozzles on the punching depth and diameter, respectively. Both are improved by
17.46% and 118% compared with the initial nozzle. This result shows that punching depth
and punching area are mutually affected. That is, when the punching depth deepens, it is
easier to obtain a larger punching area. Similarly, when the punching area increases, it is
easier to obtain a deeper punching depth. Therefore, to achieve the overall improvement
of the water jet performance, the maximum X-axis velocity and effective Y-axis extension



Machines 2022, 10, 60 19 of 21

distance must be considered simultaneously. In future research, multi-parameter and
multi-objective collaborative optimization of the nozzle can be conducted to improve the
water jet performance comprehensively.

6. Conclusions

In this study, the effect of nozzle structure parameters on water jet performance is
explored by CFD simulation and verified by field experiments. The research results provide
a certain reference value for nozzle structure optimization. The major findings include:

(1) The key structural parameters of the nozzle have a significant impact on the
performance of the water jet. Among the key parameters, the value of the contraction angle
has the greatest impact on the maximum X-axis velocity, and the value of the divergence
angle has the greatest impact on the effective Y-axis extension distance.

(2) Based on the comprehensive results of the orthogonal experiment, range analysis,
and variance analysis, three optimal combinations of nozzle structural parameters are
selected. Through the field experiment, the optimized nozzles can improve the coal
breaking and punching ability of the water jet.

(3) The orthogonal experiment shows that interaction among multiple parameters
will affect the water jet performance, and the X-axis velocity and effective Y-axis extension
distance of nozzle do not reach the optimal value at the same time. According to the field
experiment result in Part 4, the punching depth and area also affect each other. Therefore,
in future research, multi-parameter and multi-objective collaborative optimization of the
nozzle can be carried out to improve the water jet performance more comprehensively.
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