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A large proportion of minable coal seams in China belong to low-permeability soft coal seams. Such coal seams suffer serious coal
and gas outburst hazards and endure a high incidence of major disasters in coal mines. The adoption of the high-pressure water jet
(HPWJ) hydraulic flushing cavity can effectively promote the gas drainage efficiency and volume and eliminate the hidden danger
of gas disasters. Nevertheless, the shape and impact pressure of rotating HPWJ are rarely researched. In this study, on the basis of
the numerical simulation, the axial and radial stress distributions of HPWJ and the energy-gathering effect of a conical-cylindrical
combined nozzle were analyzed. It is concluded that the submerged condition will accelerate the attenuation of jet velocity and
reduce the impact strength of the jet. The jet diffusion angle grows with the increases in the nozzle diameter and water pressure,
and 24° is the optimal contraction angle. Finally, the influences of factors such as the rotation speed on the shape and impact
pressure of HPWJ were explored, and the results show that the rotation speed should be controlled within 90 r/min. The
research findings lay the foundation of the study on the mechanism of coal crushing by HPWJ and provide technical support
for the research and development of drilling and flushing integrated equipment.

1. Introduction

China, a country where over 95% of coal mines are recovered
by means of underground mining [1–4], is suffering the most
serious coal and gas outburst disasters in the world [5–7]. It
contains a large number of outburst coal mines where
outburst disasters occur intensely and frequently [8]. Low-
permeability coal seams where gas can hardly be drained
refer to the coal seams whose permeability λ is smaller than
0.1m2/(MPa2·d) [9], and soft coal seams refer to the coal
seams whose hardness coefficient f is smaller than 1 [10].
Low-permeability soft coal seams account for a large propor-
tion of mineable coal seams in China. For a long time, it is
difficult to control gas in high-gas soft coal seams due to
low permeability and poor drilling stability [11, 12], and the
fatality rate of gas accidents in coal mines remains high
[13–15]. Therefore, high-gas soft coal seams endure a high
incidence of major disasters in coal mines [16, 17]. The

hydraulic flushing cavity technique works by drilling along-
measure boreholes or cross-measure boreholes into the coal
body and then flushing out large quantities of coal and gas
through the high-pressure water jet (HPWJ) [18, 19]. The
multiple large-diameter cavities formed in the coal seam are
conducive to pressure relief and gas release. This technique,
together with gas drainage measures, serves to reduce the
ground stress and gas pressure of coal. It can effectively pro-
mote the gas drainage efficiency and volume and eliminate
the hidden danger of mine gas disasters, thus providing a
new approach for gas control in high-gas soft coal seams.

HPWJ, a coal/rock crushing technique, is widely applied
to coal and petroleum fields in recent years [20]. The tech-
nique boasts multiple advantages such as concentrated
energy transfer, no spark, no wear, no generation of high
temperature or static electricity, dust reduction, and strong
adaptability. Thanks to these advantages, it is particularly
competent to crush coal and release gas in high-gas low-
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permeability coal seams [21, 22]. Scholars all over the world
have conducted extensive research studies on rock crushing
by HPWJ and have proposed a variety of theories, including
the water hammer effect theory, the stress wave effect theory,
the impact effect theory, the water wedge effect theory, the
cavitation effect theory, and the pulsed load-induced fatigue
damage theory [23–26] The stress wave effect theory
proposed by Singh and Hartman [27] in 1961 is the earliest
accessible theory about rock crushing and failure under the
action of jets. Based on this theory, Farmer and Attewell
[28] put forward an empirical formula for the jet cutting
depth and the P-wave velocity, i.e., the sound velocity.

Pan and Yao [29] and Bai and Cao [30] established a
simulation model of rock crushing by pulsed water jets based
on the arbitrary Lagrangian-Eulerian (ALE) algorithm, simu-
lated the process of rock crushing with different-velocity jets,
and studied the process of rock crushing damage evolution.
Ma et al. [31] and Wang et al. [32] established a model of
material cutting by HPWJ and a model of material erosion
by abrasive jets by means of finite element modeling (FEM)
and smoothed particle hydrodynamics (SPH). Based on the
simulation data, they obtained the variation curves of the
maximum cutting depth with the HPWJ velocity and the
abrasive jet velocity, respectively, and verified the feasibility
of the model by comparing the simulation data with the
experimental results. Maniadaki et al. [33] and Gong et al.
[34] established a numerical model of material erosion by
HPWJ and a model of material cutting by premixed abrasive
water jets based on the ALE algorithm.

Ni et al. [35–38] researched the process and mechanism
of HPWJ flushing. By regarding the damage variable as the
criterion of rock failure, they established a coupling model
of HPWJ-induced macro/micro rock damage. Wang et al.
[39, 40] simulated the process of HPWJ-induced rock crush-
ing by means of nonlinear dynamic FEM and rock dynamic
damage modeling. They drew the following conclusions. (1)
HPWJ can crush the rock in milliseconds. (2) The rock
crushing mechanism of ordinary continuous HPWJ is to
cause tensile failure as a result of pressure relief and jet
impact. (3) The process of rock crushing proceeds stepwise.
Song and Chen [41] simulated the process of HPWJ-
induced rock crushing based on the SPH algorithm and ana-
lyzed the energy conversion in this process, the impact force
of HPWJ, and the evolution of HPWJ-induced rock crushing.
Lu et al. [42] simulated the stress wave effect of the pulsed
water jet in the process of rock crushing by using the SPH
algorithm, concluding the failure modes of rocks with differ-
ent lithologies under the pulsed water jet stress wave. By
employing the ALE algorithm, Liu and Si [43] revealed that
the confining pressure caused by HPWJ impact had a signif-
icant effect on the axial damage of rock and a slight effect on
the radial damage. Lu et al. [24] conducted a test study on
the mechanism of rock crushing by cavitating HPWJ, and
Tian and Lin [25, 26] probed into the mechanism of jet-
assisted rock crushing from two aspects, i.e., bubble cavita-
tion and water drop impact. Si et al. [44] established a
model of rock crushing by abrasive water jets from two
perspectives, i.e., continuous damage mechanics and meso-
damage mechanics.

Li [45] consolidated coal blocks with cement and
obtained the variation of erosion depth with the pump pres-
sure and target distance. Jiang [46] prepared coal rock speci-
mens by mixing coal, sand, and cement at a certain ratio and
performed experiments with an impeller rotary nozzle.
Through these experiments, he found variations of erosion
depth and width with the spray distance and nozzle diameter.
Zhang [47] simulated the process of coal rock (replaced with
concrete in his simulation) cutting by HPWJ and discussed
the relationship among jet pressure, discharge quantity, and
cutting volume and depth. Wang et al. [48] adopted an abra-
sive jet cutting system to cut argillaceous limestone in a coal
seam floor and elaborated on the relationship between the
cutting depth and the factors including the target distance,
nozzle movement velocity, and number of reciprocation
times. Sun et al. [49] simulated HPWJ-induced rock crushing
in light of the dynamic nonlinear FEM and the Hoffman
crushing criterion. They disclosed that the rock crushing effi-
ciency could be promoted by increasing the impact velocity,
jet diameter, transverse movement velocity, and jet beam
number and reasonably selecting a jet incident angle in the
range of 35~40°. Lin et al. [50] simulated the process of rock
crushing by abrasive water jets through SPH-FEM. On the
basis of the simulation results, they analyzed the range of
rock damage by different-velocity abrasive water jets under
the abrasive concentration of 30%.

The HPWJ, of which the medium is water, refers to a jet
stream with a high impact velocity and a high dynamic pres-
sure produced via a pressurizing device (pump station) and a
nozzle of a specific shape. Its shape and impact pressure are
mainly affected by conditions such as the pump pressure,
pipeline resistance, nozzle structure, nozzle rotation speed,
and environmental medium. In this study, numerical simula-
tion was carried out with the assistance of ANSYS Fluent
software. On the basis of the simulation, the axial and radial
stress distributions of HPWJ and the energy-gathering effect
of a conical-cylindrical combined nozzle were analyzed.
Furthermore, the influences of the submergence conditions,
nozzle diameter and angle, pump station pressure, rotation
speed on the shape, and impact pressure of HPWJ were
explored. The research findings facilitate the study on the
mechanism of HPWJ-induced coal crushing and provide
technical support for the research and development of
drilling and flushing integrated equipment.

2. Impact Characteristics and Shape of HPWJ

2.1. Impact Characteristics of HPWJ. According to its differ-
ent mechanisms, the HPWJ impact pressure on rock can be
divided into two stages, namely, the water hammer pressure
stage and the stagnation pressure stage. Sevda [51] gener-
ated an impact jet by dropping a hammer from a height
to impact the piston. In this way, he successfully monitored
the variations of impact pressure on different solid materials
(Figure 1). The value of the rising angle θ is related to the
transient reaction rate of the impacted material, and the
reaction rate of metal materials is higher than that of
polymer materials.
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The inertia and compressibility of water are the main rea-
sons for the generation of water hammer pressure. The shape
of HPWJ is simplified as a cylinder (Figure 2). In the initial
stage, the jet compression zone will be formed under the
high-speed collision between the jet and the target. And the
peak pressure with strong erosion force will be formed on
the target surface when the water is compressed, that is, the
water hammer pressure [52]. According to the law of conser-
vation of momentum [53], the water hammer pressure can be
derived as follows:

Pwh =
vρwcwρscs
ρwcw + ρscs

, ð1Þ

where Pwh is the water hammer pressure, Pa; v is the velocity
of water jet impact, m/s; ρw and cw are the density of water
and the velocity of shock wave propagation in the water
medium, respectively, kg/m3 and m/s; ρs and cs are the
density of rock and the velocity of shock wave propagation
in rock, respectively, kg/m3 and m/s.

The duration of water hammer pressure, which is gener-
ally in nanoseconds (ns), can be expressed as

tr =
r
cw

, ð2Þ

where r is the radius of the jet, m; tr is the duration of water
hammer pressure, s.

After the water jet gets stabilized, it gradually enters the
stagnation pressure stage where the Bernoulli stagnation
pressure Ps is

Ps =
ρwυ

2

2 , ð3Þ

where Ps is the Bernoulli stagnation pressure, Pa.

2.2. Influence of Submerged/Nonsubmerged Conditions on the
Impact Characteristics and Shape of HSWJ. At present,

scholars all over the world mostly adopt a high-speed camera
for recording the shape of HPWJ [55–57] and analyzing its
radial and axial structural characteristics. After the HPWJ is
ejected from the nozzle, its front end gradually diffuses in
the shape of an arc. Afterwards, the jet profile continues to
expand and the diameter gradually increases until the water
flow is completely dispersed. As exhibited in Figure 3, the
HPWJ is of varying shapes in four primary sections, i.e., the
compact section, the core section, the fracture section, and
the dissipation section [58].

According to media in the surrounding environment,
water jets can be divided into submerged water jets and
nonsubmerged water jets. The analysis on a nonsubmerged
water jet is chiefly focused on its diffusion law and core
section length [59]. The core section where a great deal of
energy is accumulated plays a decisive role in jet impact
performance, while the outer boundary generally expands
linearly in accordance with the angle. From statistics
obtained by different research methods, Huang [60] found
that the core section length of the jet is generally
400%~922% of the nozzle diameter and the jet diffusion
angle generally ranges from 26.6° to 29.9°. Within the basic
section, jet diffusion is rarely affected by the boundary layer
and the nozzle, and it follows Equation (4) [61]:

d = k
ffiffiffi
x

p
, ð4Þ

or

d
R0

= k1

ffiffiffiffiffi
x
R0

r
, ð5Þ

where d is the jet diameter, m; x is the distance from the
nozzle outlet, m; R0 is the radius of the nozzle outlet, m; k
and k1 are the coefficients related to the nozzle,0020where
k1 = 0:12 ~ 0:18.

To explore the influence of the submerged condition on
the impact characteristics and shape of HPWJ, the numerical
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Figure 1: Division of the HPWJ impact pressure stage.
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models of nonsubmerged and submerged jets were con-
structed, respectively, as shown in Figure 4(a). In the models,
the jet impact distance (i.e., the target distance) was set to
100mm, and the diameter of the circular rigid plate is 60
mm. Next, the jets under the submerged and nonsubmerged
conditions were numerically calculated, respectively, with the
calculation results displayed in Figures 4(b) and 4(c).

Under the nonsubmerged condition, the jet corresponds
to slower velocity attenuation, a smaller diffusion angle, a
larger initial section length, and a longer effective impact dis-
tance. The jet impact force on the axis of the rigid plate with
the target distance of 100mm can reach 80.7MPa under the
nonsubmerged condition, while it decreases to 65.2MPa by
19.2% under the submerged condition. This demonstrates
that the submerged condition will weaken the jet impact

strength, thus affecting the coal crushing effect and the flush-
ing efficiency. Therefore, in underground coal mines, HPWJ
flushing operations should be carried out under the nonsub-
merged condition. To achieve this goal, it is necessary to keep
the drainage channel unobstructed.

2.3. Axial Dynamic Pressure Distribution of HPWJ. Dynamic
pressure, which can be expressed by Equation (6), refers to
the kinetic energy of the water jet per unit volume. Primarily
influenced by density and velocity, it can reflect the variations
of jet velocity attenuation and entrained air quality.

P = 1
2 ρν

2: ð6Þ

V
V

V

V V

C
C

Figure 2: Schematic diagram of the initial stage of water jet impact on the solid surface [54].
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Figure 3: Shape of the water jet.

4 Geofluids



Under the nonsubmerged condition, the basic section is
the major section that acts to crush the rock. The impact
dynamic pressure distribution on each cross-section at
different target distances in the initial section can be
expressed as follows:

P
Pm

= f ηð Þ = 1 − Y
R

� �1:5
 !2

, ð7Þ

where P is the impact dynamic pressure, MPa; Pm is the
dynamic pressure on the jet axis, MPa; R is the radius of
the water jet cross-section, m; Y is the radial distance from
the monitored point to the axis, m.

To investigate the impact dynamic pressure variations of
HPWJ at different target distances (distances from the nozzle
x) and different radial distances from the jet axis y, rigid
plates were set at different target distances so that the
problem was converted into HPWJ impact on the plate, as
illustrated in Figure 5(a). The variations of maximum impact

pressure on the monitored plate at different impact distances
are presented in Figure 6. Among them, the contour maps of
jet velocity and the distributions of maximum principal stress
on the plate at the target distances of 10mm, 30mm, 70mm,
and 120mm are shown in Figures 5(b)–5(e).

With the increase in the target distance, the jet velocity
and the maximum impact pressure decrease gradually. The
maximum impact pressure is as high as 188.1MPa at the
target distance of 10mm, but it drops by 71.8% to 53.1MPa
at the target distance of 120mm. The stress concentration
zone at the cross-section center gradually expands with the
increase in the target distance, which corresponds to the
radial diffusion that occurs during jet impact. As the water
jet keeps expanding forward, its cross-sectional area grows
gradually. After being blocked by the plate, the water jet
deflects to both sides. Gradually, the fluid on the jet axis
expands and deflects to both sides for a longer distance.
However, it fails to diffuse effectively in a short time and thus
accumulates there. A fluid accumulation area with a lower jet
velocity can be observed in the middle of the contact surface

Nozzle
D = 60 mm

Monitored
plateJet space

L = 100 mm

Water
inlet

(a) Geometric model

0 10 20

Water velocity (ms–1)

30 40 50 60 70 80 90 100 –25 –15 –5 5 15 25 35 45 55 65

Principal stress 1 (MPa)

(b) Distributions of water jet velocity and impact stress under the nonsubmerged condition
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Water velocity (ms–1)

30 40 50 60 70 80 90 100 –25 –15 –5 5 15 25 35 45 55 65

Principal stress 1 (MPa)

(c) Distributions of water jet velocity and impact stress under the submerged condition

Figure 4: Comparison between jet impact effects under the nonsubmerged and submerged conditions.
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(d) Jet velocity and impact stress distribution on the plate at a target distance of 70mm

Figure 5: Continued.
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between the jet and the plate in Figures 5(d) and 5(e). Despite
the low jet velocity in this area, the transmission of fluid
impact force is not affected.

3. Energy-Gathering Effect of the Conical-
Cylindrical Combined Nozzle

3.1. Influence of the Nozzle Structure on the Jet Impact Effect.
The nozzle, the executive element of the HPWJ generator, is
responsible for converting energy. It gathers the pressure
energy of the high-pressure water flow through the contrac-
tion of its internal cross-section, hence ensuring the excellent
flow characteristics and dynamic performance of the water
jet [62]. The nozzle structure has a crucial effect on jet prop-
erties such as the impact force, diffusion angle, and effective
impact distance. The common nozzle structure and jet flow
characteristics are illustrated in Figure 7.

The nozzle characteristic parameters affecting the jet
impact performance mainly include the contraction angle α,
length-diameter ratio l/d, contraction section length, and out-
let diameter. With the aid of a high-speed camera, Lu et al.

[63] captured the shape of water jet impact under different
nozzle diameters and jet pressures. Besides, theymade a statis-
tical analysis on the jet diffusion angle and drew the following
conclusions. First, when the water pressure is constant, the jet
diffusion angle grows notably with the increase in the nozzle
diameter. Second, when the nozzle diameter is constant, the
diffusion angle changes slightly with the change in the water
pressure. The second conclusion deviates from the conclusion
given in Section 2.3 of this paper, probably due to limitations
of the test equipment or the monitoring method.

Aiming at discussing the influence of the contraction
angle on jet velocity attenuation, nonsubmerged water jet
models whose contraction angles were 13°, 24°, 60°, 90°, and
180° were constructed, respectively. The water jet space in
the model was a cylinder space with a diameter of 60mm
and a length of 200mm. The inlet and outlet diameters of
the nozzles were 4mm and 1mm, respectively. The contour
maps of jet velocity formed by the nozzles are presented in
Figure 8, and the jet velocity attenuation on the jet axis is
shown in Figure 9. The contraction angle significantly influ-
ences the jet velocity. As the contraction angle grows, the jet
velocity at the nozzle outlet falls and the jet attenuation rate
rises. After the inlet and outlet diameters are determined,
the total length of the nozzle is mainly determined by the
contraction section length which is negatively correlated with
the contraction angle. The nozzle adopted for hydraulic
flushing in underground coal mines should not be too long,
and the energy-gathering effect and the jet velocity attenua-
tion amplitude are both acceptable under the contraction
angle of 24°. Considering the two factors, 24° is the recom-
mended contraction angle.

After being accelerated by the nozzle, the water jet is
ejected in a cone shape. The jet velocity declines gradually
in the axial direction, while it expands and diffuses gradually
to both sides in the radial direction. When the nozzle
contraction angle is set to 13°, the variations of jet velocity
on the radial cross-sections at different axial distances are
exhibited in Figure 10.

3.2. Influence of the Nozzle Angle on the Jet Shape. The nozzle,
arranged on the side of the drill bit or drill pipe, forms a
certain angle (denoted as α) with the drill pipe axis. The angle
between the water jet and the normal of the coal wall

Principal stress 1

–20 –10 0 10 20 30 40 50

(MPa)Water velocity (m s–1)

0 20 40 60 80 100 120 140 160 180 200 220

(e) Jet velocity and impact stress distribution on the plate at a target distance of 120mm

Figure 5: Velocity and stress distribution of HPWJ impact on the plate at different target distances.
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(denoted as β) whose value is determined by α shares a com-
plementary angle with α. In this section, the influence of the
nozzle angle on the jet shape and impact force is discussed in
three cases, α = 90°, α = 60°, and α = 30°. The simulation
results are shown in Figure 11. With the decrease in the noz-
zle angle, the turbulence degree of the fluid at the nozzle inlet
decreases; the jet velocity increases; and the effective impact
distance lengthens.

4. Influence of the Rotation Rate on the Impact
Shape and Stress of HPWJ

4.1. Influence of Pump Pressure on HPWJ. The pressure of the
high-pressure water pump station used for hydraulic flushing
in underground coal mines generally lies within 10~60MPa
(10~40MPa in most cases). In this study, the HPWJs gener-
ated at the pump pressures of 45MPa, 35MPa, 25MPa, 15

Inlet
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Water jet
Pl; Vl

P2; V2

D

L

d

l

𝛼

Figure 7: Nozzle structure and jet flow characteristics.
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Figure 8: Contour maps of jet velocity formed by nozzles with different contraction angles.
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MPa, and 10MPa were numerically simulated. The simula-
tion results are displayed in Figures 12 and 13.

The jet velocity on the jet axis rises gradually with the
increase in the pump pressure, so does the acceleration of
the jet when it passes through the nozzle. The maximum jet
velocity at the nozzle outlet is as high as 305m/s at the pump
pressure of 45MPa, while it drops to 143m/s when the pump
pressure is reduced to 10MPa. On the other hand, an exces-
sive pump pressure will result in an increase in the jet diffu-
sion angle and a strong interaction between the jet and the
air. The large amount of entrained air promotes the breakage
and separation of water. As a result, the atomization of water
intensifies. In the case of constant sizes of the jet pipe and
nozzle, when the pump pressure remains low, the effective
impact distance (compact section and core section) of the
jet lengthens with the increase in it; when the pump pressure
increases to a certain extent, raising it further will lead to the
atomization of water; that is, water breaks into small droplets
under the action of air. Under a higher pump pressure, the
atomization of water is more intensified, and thus, the effec-
tive impact distance is shorter. For underground hydraulic
flushing operation equipment in coal mines, there exists an
optimal range of pump pressure where the jet can reach the
best effective impact distance and impact force. Moreover,
since the distance between the nozzle and the coal wall grad-
ually expands as the flushing proceeds, the pump pressure
needs to be constantly adjusted to keep the coal wall within
the effective impact distance. When the distance between
the nozzle and the coal wall reaches a certain limit, raising
the pump pressure further will strengthen the atomization
of water, failing to prolong the effective impact distance of
the jet. Hence, an upper limit exists for the depth of coal
crushing by the same equipment.

4.2. Different Stages of Coal Crushing by HPWJ. According to
the shape of the coal pit formed by HPWJ impact, the process
of coal crushing can be roughly divided into three stages,
namely, the concave stage, the conical pit stage, and the cylin-
drical pit stage. In the initial stage of coal crushing, the jet
rushes to the coal wall almost vertically after being acceler-
ated by the nozzle, as shown in Figure 14(a). The coal at
the jet axis, which undergoes the largest impact force, starts
to break and fall off first, and a conical pit with a certain angle
appears on the coal wall there, as presented in Figure 14(b).
As the coal keeps breaking and falling off, the pit deepens
and becomes cylindrical, as exhibited in Figure 14(c). The
difference in the coal wall shape exerts an enormous effect
on the distribution of jet velocity. Blocked by the coal wall,
the jet changes its direction to varying degrees. In this pro-
cess, part of the momentum in the original jet direction will
be lost and transferred to the coal in the form of force. On
the other hand, the jet velocity gradually attenuates with
the increase in the target distance, and the increase in the
pit depth will induce water accumulation at the bottom of
the pit. In this study, the coal wall formed by HPWJ impact
was appropriately simplified into a regular smooth slope,
and the influence of crushed coal slag on the jet was ignored.
Under this assumption, a numerical model was built to inves-
tigate the influence of different coal wall shapes on the jet
impact effect (Figure 15).

As the impacted coal breaks and separates gradually, the
jet experiences the plane impact stage, the conical impact
stage, and the cylindrical impact stage in turn. Blocked by
the coal wall, water at the bottom of the pit is discharged at
a decelerated rate and accumulates there, forming a cushion
on the coal wall surface. Consequently, the nonsubmerged
jet is progressively converted to a submerged jet at the
bottom of the pit. The HPWJ can hardly directly act on the
coal surface so that the jet impact force is greatly reduced.
In addition, due to the increase in the pit depth, the broken
coal slag on the coal wall has to cross a longer distance to
be discharged. Meanwhile, the decelerated discharge of the
jet from the pit will weaken its slag removal ability. The
crushed coal slag that cannot be discharged in time also
buffers the coal wall from the jet impact. Under the compre-
hensive effect of the above factors, the HPWJ finds it difficult
to crush the coal in a deeper area.

4.3. Influence of the Rotation Rate on the Jet Shape. During
borehole construction in soft broken coal, the borehole
collapses and gets blocked easily. To ensure the successful
construction of boreholes, drilling is often conducted at a
high rotation speed using a large-blade spiral drill pipe so
that the coal slag can be discharged smoothly. In the hydrau-
lic flushing process, the drill pipe also needs to rotate at a
certain speed, which is not only required by the nozzle for
rotary coal crushing but also conducive to the discharge of
coal slag. The influence of rotation on the jet in the rotary
flushing process is exhibited in Figure 16. When the jet
leaves the nozzle to impact the coal wall, it deflects as a result
of inertia, and the jet axis is no longer straight. The jet
becomes less continuous, and the rear jet has a weaker effect
on the front jet. Resultantly, the jet impact force becomes too
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weak to guarantee the impact distance. The rotation speeds
commonly used in drilling and hydraulic operations in
coal mines lie in the range of 30-300 r/min. In this study,
the jet shapes in this range were comparatively analyzed.
The simulation results for the two-nozzle combination
and the three-nozzle combination are given in Figures 17
and 18, respectively.

Under both combination modes, the jet shapes exhibit
resembling variation trends with the rotation speed. For the

two-nozzle combination, when the rotation speed is as high
as 300 r/min, the jet deviates sharply for approximately 90°

after leaving from the nozzle, with the maximum impact
distance being about 20mm. When the rotation speed is
reduced to 180 r/min, the jet deviates less violently, with the
maximum impact distance being about 80mm. As the
rotation speed decreases to 120 r/min, the jet deviation angle
continues to narrow while the impact distance lengthens. As
the rotation speed decreases to 90 r/min, the jet gradually

Water jetNozzle

CoalCoal

(a)

Water jetNozzle

Coal

(b)

Coal

Water jetNozzle

(c)

Figure 14: Different stages of HPWJ-induced coal crushing.
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Figure 15: Contour maps of jet velocity in different coal crushing stages.
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reaches the boundary (200mm) of the model. Compared
with the front end of the jet, the initial section has a smaller
deviation angle. As the rotation speed drops to 30 r/min,
the jet only has a small deflection angle.

In summary, the nozzle rotation speed remarkably influ-
ences the jet shape and the impact distance. Rotation of the
nozzle will lead to the deflection of the jet. The deflection
angle grows with the increase in the rotation speed. It can

Coal

Cavity

Water jet
Pipeline

Affected
by rotation

Figure 16: Influence of the rotation speed on the shape of HPWJ.
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Figure 17: Contour maps of jet velocity for the two-nozzle combination at different rotation speeds.
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be as high as 90° when the rotation speed is high enough.
Besides, the influence of the rotation speed on the deflection
angle is more significant at a longer impact distance. The
deflection of the jet worsens the jet continuity, shortens the
impact distance, and weakens the impact force. When the
rotation speed is low, only the fracture section and the dissi-
pation section are affected. As the rotation rate rises, the
initial section is also affected. An excessively high rotation
speed will shorten the effective impact distance, reduce the
coal crushing depth, and lower the coal crushing efficiency.
On the other hand, as can be known from the analysis in
the previous section, an upper limit exists for the depth of
coal crushing by the same equipment under a constant pump
pressure. When this upper limit is reached, the pit no longer
changes with the passage of flushing time. If the nozzle rota-
tion speed is too low, the flushing will be time-consuming
and unable to achieve an improved flushing effect, which will
not only delay the construction period but also waste water
resources. Moreover, after the jet sweeps over the coal
surface, the reflection of compression waves generated in
the coal also contributes to coal crushing. An excessively

low rotation speed will weaken the reflection and coal crush-
ing performance of compression waves.

5. Conclusions

In this paper, the axial and radial stress distributions of the
high-pressure water jet (HPWJ) and the energy-gathering
effect of a conical-cylindrical combined nozzle were analyzed
by simulation. Furthermore, the influences of the submer-
gence conditions, nozzle angle, pump station pressure, rota-
tion speed on the shape, and impact pressure of HPWJ
were explored. The main conclusions are as follows:

(1) In the radial direction, the submerged condition will
accelerate the attenuation of jet velocity and reduce
the impact strength of the jet. The jet impact force
on the axis of the rigid plate with the target distance
of 100mm can reach 80.7MPa under the nonsub-
merged condition, while it drops to 65.2MPa by
19.2% under the submerged condition. In the axial
direction, the jet velocity and the impact force both

(a) Rotational speed 300 r/min (b) Rotational speed 180 r/min

(c) Rotational speed 120 r/min (d) Rotational speed 90 r/min

(e) Rotational speed 60 r/min (f) Rotational speed 30 r/min

Water velocity

(m s–1)
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

Figure 18: Contour maps of jet velocity for the three-nozzle combination at different speeds.
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decline gradually with the increase in the target
distance under the nonsubmerged condition. The
maximum impact pressure is as high as 188.1MPa
at the target distance of 10mm, but it weakens to
53.1MPa by 71.8% at the target distance of 120mm

(2) After the nozzle inlet and outlet diameters are deter-
mined, the total length of the nozzle is mainly deter-
mined by the contraction angle. Considering that the
nozzle adopted for hydraulic flushing in under-
ground coal mines should not be too long, 24° is the
recommended contraction angle

(3) During coal wall crushing by HPWJ, blocked by the
coal wall, water at the bottom of the pit is discharged
at a decelerated rate and accumulates there. Conse-
quently, the nonsubmerged jet is gradually converted
to the submerged jet at the bottom of the pit. In addi-
tion, the rotation speed should be controlled within 90
r/min in order to increase the coal crushing efficiency
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