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In order to get the appropriate nozzle parameters, numerical simulation and field tests are used to investigate the influence of
high-pressure water jet nozzle parameters on the effect of hydraulic slotting. A nozzle model is created by using FLUENT
software. For different nozzle contraction angles, outlet diameters, and straight column section lengths, the distribution rules of
the velocity of the water jet and dynamic pressure on the central and vertical axes are obtained, and the parameters for the
best nozzle effect are determined. The relationship between the nozzle contraction angle gradient, the inlet water pressure, and
the nozzle outlet water velocity is discovered. A mathematical model of the nozzle outlet water velocity of the water jet is
established. The depth, width, and volume of the hole generated by the nozzle impact are employed as indications for inquiry,
and field measurements are used to derive the results of nozzle geometry parameter optimization. The field tests validate the
numerical simulation conclusions, and the results have theoretical and practical guidance for hydraulic slotting in coal mines

and get the appropriate nozzle parameters specially.

1. Introduction

Hydraulic slotting is an effective method of increasing the
permeability of coal seams, and many scholars have studied
the high-pressure water jets used for this measure. Yang
et al. [1] studied two different structures of conical nozzles
and performed numerical simulations based on fluid
mechanics knowledge for the parameters of flow field pres-
sure, velocity, and medium of the nozzles, and the advan-
tages and disadvantages of these two nozzles are also
compared in detail. Ma and Zhang [2] established a three-
dimensional mathematical model of the internal flow field
of the nozzle used for soil reaming using numerical simula-
tion software and analyzed the effects of nozzle parameter
changes on the velocity distribution, pressure distribution,
and outlet velocity of the flow field. Zhang et al. [3] investi-
gated the nozzle modeling and the effect of nozzle parame-
ters by a numerical simulation method. By researching the
acceleration mechanism of the water jet within the nozzle,

Ge et al. [4] concluded that the length-to-diameter ratio
has a large effect on the nozzle outlet jet velocity and per-
formed numerical simulations. Based on Hashish cutting
theory, Zou et al. [5] used response surface methodology
(RSM) and physical test verification to optimize a large-
diameter nozzle suitable for loose coal seam applications.
Cui et al. [6] studied the external flow field of two different
diameters of premixed abrasive water jet nozzles by means
of numerical simulations. According to the liquid-solid
two-phase flow theory inside a cone-shaped nozzle, Li
et al. [7] conducted a numerical simulation study of the
internal flow field of a nozzle. Shen [8] designed five differ-
ent structures of nozzles based on the main parameters of
the nozzles and established a solid-liquid two-phase flow
model. Jou [9] conducted an analytical study for the charac-
teristics of the jet boundary layer. By using high-speed pho-
tographic techniques, Liao et al. [10] performed a
comparative study of the jet structure and the rock-
breaking characteristics. Guo et al. [11] carried out a
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F1GURE 1: Modeling notation.
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FIGURE 2: Velocity distribution of the water jet (m/s).

F1GURE 3: Dynamic pressure distribution of the water jet (Pa).
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FIGURE 4: Turbulent kinetic energy distribution of the water jet.

numerical simulation study of the flow field of an abrasive
water jet nozzle using two turbulence models. Kang [12]
investigated the intermixing process of pure water jets, abra-
sives, and air by theoretical analysis and numerical simula-
tion. Wang et al. [13] carried out the structural design of
the nozzle and studied the gas-liquid two-phase flow field
inside and outside the nozzle. Yang et al. [14] studied the
relationship between the influencing factors of energy loss
and the flow coefficient. Jiang et al. [15] conducted experi-
ments with high-pressure water jet nozzles of different
parameters for cutting coal samples of different hardness
and derived the relationship between the nozzle parameters
and the width and depth of the slotting and optimized the
design of the slotting jet nozzle and the processing parame-
ters. Han et al. [16] proposed a nozzle structure to generate
self-oscillating jets and investigated the dynamic pressure
distribution pattern inside the nozzle cavity. Gong et al.
[17] studied a full-size self-oscillating pulse jet nozzle based
on FLUENT simulation software and simulated a variety of
operating conditions. Wang [18] researched the nozzle
structure of multiphase flow by FLUENT numerical simula-
tion software and explored the influence of nozzle geometric
parameters on its internal flow field and proposed a nozzle
structure with better cutting performance. Liao et al. [19,
20] derived the peak pressure, erosion volume, and effective
target distance of the jet by means of a developed self-excited
oscillating pulse nozzle. Zhang et al. [21, 22] studied the
damage characteristics of gas-containing coal by experiment.

In summary, high-pressure water jet research methodol-
ogies are split into theoretical and experimental investiga-
tions; however, numerical simulation and experimental
studies are not mutually verified. Based on this, this paper
uses numerical simulation and field tests to investigate the
structural properties of high-pressure water jets and the
influence rule of nozzle parameters on water jets, with the
goal of giving theoretical and practical guidance for hydrau-
lic slotting methods.

2. The Effect of High-Pressure Water Jet Nozzle
Parameters on the Jet Flow Field

2.1. Numerical Model. As illustrated in Figure 1, the model
was created using the FLUENT software. The contraction
angle of the model is 13°, the length of the contraction sec-
tion is 10 mm, the length of the straight column section is
8 mm, the nozzle outlet diameter is 2mm, and the nozzle
inlet water pressure is 20 MPa. The quadrilateral grids are
applied to numerical models, and a submerged water jet is
used.

Figures 2(a) and 2(b) show the velocity distribution of
the water jet and the distribution of velocity vector,
respectively.

Figure 3 depicts the dynamic pressure distribution of the
water jet. The dynamic pressure contour distribution of the
water jet is similar to the velocity contour distribution of
the water jet. At a distance from the nozzle, the effect area



5.68¢ + 02
5.40e + 02
5.12e +02
4.83e + 02
4.55e + 02
4.26e + 02
3.98e + 02
3.6% + 02
34le+02
3.13e + 02
2.84e + 02
2.56e + 02
2.27e + 02
1.99¢ + 02
1.71e + 02
1.42e +02

1.14e + 02
8.53e + 01
5.68e + 01
2.84e+01
0.00e + 00

5.58e + 02
53le+02
5.03e + 02

0.00e + 00

Speed (m/s)

(a) The contraction angle is 30”

(b) The contraction angle is 60°

FIGURE 5: Velocity distribution of the water jet (m/s).
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FIGURE 6: Velocity distribution of the water jet on the central axis.
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FIGURE 7: Velocity distribution of the water jet on the vertical axis.

m/s

1 —
00414 2 2734 4 4754 6 6774 8 879310

Lr (mm)
- a=13°

-@— a=30°
A o =60°

FIGURE 8: Pressure distribution of the water jet on the central axis.

of the dynamic pressure of the water jet is smaller than that
of the velocity of the water jet.

The turbulent kinetic energy k distribution of the water
jet and the dissipation rate of turbulent kinetic energy ¢ are
shown in Figures 4(a) and 4(b). The areas of higher turbu-
lent kinetic energy are inside the nozzle, at the junction of
the constriction and straight column sections. Outside the
nozzle, the areas of higher turbulent kinetic energy are on
either side of the core, and the areas of lower turbulent
kinetic energy are within the core, which is consistent with
the turbulent flow conditions seen in field applications.
The areas of higher turbulent kinetic energy dissipation are
at the constriction angle, the inner wall of the straight col-
umn section, and the nozzle outlet.

2.2. The Effect of Nozzle Constriction Angle on the Flow Field.
Figures 5(a) and 5(b) show the velocity distribution of the
water jet for contraction angles of 30° and 60°, with all other
parameters constant.

According to the theoretical formula, when the nozzle
inlet water pressure is p, =20MPa, the theoretical velocity
of the nozzle outlet is v, = 200 m/s. When «a = 13°, the actual
velocity of the nozzle outlet is v = 187 m/s, then the velocity
coefficient is ¢, = v/v, = 0.94. When a = 30°, the actual veloc-
ity of the nozzle outlet is v=180m/s and c,=v/v,=0.9.
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F1GURE 9: Velocity distribution of the water jet on the central axis.

When « = 60°, the actual velocity of the nozzle outlet is v =
170m/s and ¢, = v/v, = 0.89.

Figure 6 shows the velocity distribution of the water jet
on the central axis for 13°, 30°, and 60" contraction angles.
With contraction angles of 13° and 30°, the velocity distribu-
tion on the central axis is essentially the same. With the con-
traction angle of 60°, the velocity distribution on the central
axis is significantly lower. Meanwhile, the nozzle at the cone
angle has a large velocity loss, and the velocity of the water
jet in the straight column section is unbalanced and the
velocity is the lowest. The dynamic pressure in the core area
is the lowest. As a consequence, the nozzle performs best at a
contraction angle of 13°.

With contraction angles of 137, 30°, and 60°, the velocity
distribution of the water jet on the vertical axis whose dis-
tance from the nozzle outlet is 0 and 5d is shown in
Figures 7(a) and 7(b).

When the distance from the nozzle outlet is 0, as the dis-
tance from the axis increases, the velocity of water jet
decreases from slowly to rapidly. To the inner wall of the
nozzle, the velocity of water jet quickly becomes 0. At the
same location, the smaller the contraction angle, the bigger
the velocity of the water jet. When the contraction angle is
137, the velocity of water jet is maximum.
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FIGURE 10: Velocity distribution of the water jet on the vertical axis.
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FIGURE 11: Pressure distribution of the water jet on the central axis.

When the distance from the nozzle outlet is 5d, the
velocity of the water jet gradually decreases as the distance
from the axis increases. When the distance from the axis is
less than 1.12 mm, at the same position, the smaller the con-
traction angle, the bigger the velocity of the water jet. When
the distance from the axis is more than 1.12 mm, at the same
position, the smaller the contraction angle, the smaller the
velocity of the water jet, and the velocity is relatively small
at this point.

Figure 8 depicts the pressure distribution of water jet on
the central axis for contraction angles of 13°, 30°, and 60°.
The pressure of the water jet decreases as the distance from
the nozzle increases after it leaves the nozzle outlet. The
pressure distribution on the central axis is substantially
higher when the contraction angle is 13°. When the contrac-
tion angle is 30° or 60°, the pressure distribution on the cen-
tral axis is identical. When the contraction angle is 13°, the
water jet has the highest dynamic pressure.

2.3. The Effect of Nozzle Outlet Diameters on the Flow Field.
Figure 9 shows the velocity distribution of the water jet on
the central axis for nozzle outlet diameters of 1.4 mm,
l.6mm, 1.8mm, and2.0mm, with all other parameters
constant.

With nozzle outlet diameters of 1.4mm, 1.6mm,
1.8 mm, and 2.0 mm, the velocity distribution of the water

jet on the vertical axis whose distance from the nozzle outlet
is 0 and 5d is shown in Figures 10(a) and 10(b).

When the distance from the nozzle outlet is 0, as the dis-
tance from the axis increases, the velocity of water jet
decreases from slowly to rapidly. To the inner wall of the
nozzle, the velocity of water jet quickly becomes 0. At close
proximity to the nozzle outlet, the velocity of the water jet
is relatively close. When the distance from the nozzle outlet
is more than 0.5mm, the velocity of the water jet varies
greatly; at the same location, the larger the outlet diameter,
the slower the velocity decay.

When the distance from the nozzle outlet is 5d, the
velocity of the water jet gradually decreases as the distance
from the axis increases. At the same position, the velocity
of the water jet increases as the nozzle outlet diameter
increases. The larger outlet velocity allows for a larger diam-
eter water jet with greater energy.

With nozzle outlet diameters d of 1.4mm, 1.6mm,
1.8 mm, and 2.0 mm, the pressure distribution of the water
jet on the central axis is shown in Figure 11. The pressure
of the water jet decreases as the distance from the nozzle
increases after it leaves the nozzle outlet. At the same posi-
tion, the velocity of the water jet increases as the nozzle out-
let diameter increases. When the nozzle outlet diameter is
2.0 mm, the velocity of the water jet is the largest.

2.4. The Effect of Straight Column Section Lengths on the
Flow Field. Figures 12(a) and 12(b) show the velocity distri-
bution and the dynamic pressure distribution of the water jet
on the central axis for straight column section lengths of
4mm (2D), 8mm (4D), 12mm (6D), and 24 mm (12D),
with all other parameters constant.

When the straight column section lengths are different,
the velocity distribution and the dynamic pressure distribu-
tion of the water jet on the central axis are the same. At the
same position, the velocity of the water jet and dynamic
pressure increase as the length of the straight column section
increases and reaches the limit state when the length of
straight column section is 24 mm. For water jets in the core
area, the length of the core area and the length of the straight
column section are negatively correlated. When the length of
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FiGUre 12: The distribution of the water jet on the central axis.

3. Mathematical Model of Nozzle Outlet
Water Velocity

In conclusion, when determining the length of the

straight column section, both the length of the straight col-
umn section and the variation in the velocity of the water
jet and dynamic pressure should be considered. As a result,
the demand can be met by selecting a 4D or 6D straight col-

umn section length.

Other parameters stay constant when the model contraction
angle is altered. Figure 13 shows the relationship between
the nozzle outlet velocity of the water jet and contraction
angle for nozzle contraction angles of 0°, 20°, 50°, 90°, 120°,
and 180°, respectively.
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FIGURE 15: Water jet cutting bit.

TaBLE 1: Geometric parameters of the nozzles.

Nozzle Contraction igﬁiihr:
Nozzle outlet Contraction section section
number diameter d  angle () length L
(mm) (mm) length [
(mm)
13° 5 4
13° 10 8
13° 12 16

Geofluids

TABLE 2: Test result.

Nozzle Depth of the Width of the ~ Volume of the
number hole (mm) hole (mm) hole (m?)

1 805 16 0.0002

2 642 25 0.0004

3 374 32 0.00038

The relationship between water jet velocity and contrac-
tion angle at the nozzle outlet can be obtained by fitting:

Vo = 44.159p%°. (1)

In the formula, v is the nozzle outlet velocity of the water
jet (m/s), m is constant, and « is the contraction angle (°).

Other parameters stay constant when the model inlet
water pressure is altered. When the contraction angle is 07,
Figure 14 shows the relationship between the nozzle outlet
velocity of the water jet and nozzle inlet water pressure for
nozzle inlet water pressures of 5MPa, 10 MPa, 15MPa,
30 MPa, 40 MPa, 50 MPa, and 60 MPa, respectively.

The relationship between the nozzle outlet velocity of the
water jet and the nozzle inlet water pressure can be obtained
by fitting:

Vo = 44.159p%°. (2)

From equation (1), when the contraction angle is 0°, m
equals to the nozzle outlet velocity of the water jet v, that is,

m=44.159p">. (3)
Substitution into equation (1) yields
v =44.159p" ¢ 00019 (4)

The geometric properties of the nozzle indicate that

o =2 arctan

(5)
Substitution into equation (4) yields
y= 44.159[70'56_0'0038 arctan ((D—d)/ZL). (6)

In the formula, v is the nozzle outlet velocity of the water
jet (m/s), p is the nozzle inlet water pressure (MPa)
(5MPa<p<60MPa), a is the nozzle outlet diameter
(mm), D is the nozzle inlet diameter (mm), and L is the
length of the straight column section (mm).

4. Field Verification of High-Pressure Water Jet
Nozzle Parameters

Figure 15 shows the water jet cutting bit used in the test
mine, which is a drilling-cutting integrated bit. Three noz-
zles, each at 1207, are distributed in the same plane perpen-
dicular to the drill pipe. Due to issues with the geometry of
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the nozzle settings, the hydraulic slotting is ineffective in
breaking the coal.

To optimize the geometric parameters of the hydraulic
slotting nozzle, a high-pressure water jet breaking coal field
test was performed. According to fluid mechanics theory,
the geometric parameters of the three nozzles of the
drilling-cutting integrated bit are the same and are arranged
centrally symmetrically. Thus, verifying the single nozzle is
sufficient. Table 1 displays the geometric parameters of the
nozzles.

The coal breaking time is 1 minute, and the pump pres-
sure is set at 30 MPa. The depth, width, and volume of the
holes created by the impact of three nozzles were measured,
and the test results are displayed in Table 2.

With the cutting depth and width for the middle level
and the maximum hole volume, the no. 2 nozzle was used,
which is superior to the nozzle used in the mine to break
the coal effect. All in all, the geometric parameters of the
mine’s hydrodynamic slotting nozzle are optimized as fol-
lows: outlet diameter of 2 mm, length of contraction section
of 10mm, length of straight column section of 8 mm, and
contraction angle of 13°.

5. Conclusion

The influence rule of high-pressure water jet structure char-
acteristics and nozzle parameters on the effect of hydraulic
slotting was studied by numerical simulation and field test.
The main conclusions are as follows:

(1) The velocity of the water jet in the contraction sec-
tion is constantly increasing, and the water jet in
the straight column section is relatively stable. The
velocity of the water jet outside the compact section
gradually decreases until it reaches 0 m/s. The veloc-
ity, dynamic pressure, and kinetic energy of the
water jet on the parallel axis increase and subse-
quently decrease as the distance from the nozzle
increases. The velocity, dynamic pressure, and
kinetic energy of the water jet at the axis point are
the highest. The velocity, dynamic pressure, and
kinetic energy of the water jet on the vertical axis
all decrease as the distance from the axis increases.
The velocity, dynamic pressure, and kinetic energy
of the water jet on the vertical axis begin to decay
sooner as the distance from the nozzle increases,
the decay rate reduces, and the range increases. The
effect area of the kinetic pressure of the water jet is
smaller than that of the velocity

(2) The distribution rules of water jet velocity and
dynamic pressure on the central and vertical axes
are obtained for contraction angles of 13°, 30°, and
60°, and it is determined that the nozzle with a con-
traction angle of 13"is the most effective. The distri-
bution rules of water jet velocity and dynamic
pressure on the central and vertical axes are obtained
for nozzle outlet diameters of 1.4mm, 1.6mm,
1.8 mm, and 2.0 mm, and it is found that the nozzle

with a 2.0mm outlet diameter is proven to be the
most effective. The distribution rules of water jet
velocity and dynamic pressure on the central and
vertical axes are obtained for straight column section
lengths of 4 mm, 8 mm, 12 mm, and 24 mm, and it is
established that the nozzles with straight column
section lengths of 8 mm and 12 mm are available to
meet the requirements

(3) The relationship between the nozzle contraction
angle gradient, the inlet water pressure, and the noz-
zle outlet water velocity is discovered. A mathemati-
cal model of the nozzle outlet water velocity of the
water jet is established. The depth, width, and vol-
ume of the hole generated by the nozzle impact are
employed as indications for inquiry; the following
are the findings of nozzle geometry parameter opti-
mization based on field measurements: outlet diam-
eter of 2mm, length of contraction section of
10mm, length of straight column section of 8 mm,
and contraction angle of 13°
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