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Abstract: In underground coal mines, high-pressure water jet slotting is effective at improving coal
seams’ permeability. The slotting depth determines the effect of pressure relief and permeability
enhancement in coal seams. However, there is no effective and feasible way of determining the
slotting depth; thus, the operational parameters and borehole layout are unknown. This study
determined the effects of key parameters, including the nozzle diameter, jet pressure, rotation speed,
and slotting time, on the slotting depth. A water jet slotting depth calculation model was established
and verified according to the slotting experiments under different operational conditions. The slotting
depths were investigated based on the results of field slotting experiments. The results revealed
that there exists an optimal nozzle diameter for a higher jet impact velocity. The slotting depth
linearly increased with the jet pressure and decreased as a power function with the increase of the jet
translation speed. The slotting depth increased with the slotting time, but the growth rate gradually
decreased and tended to be stable. As the rotation speed increased, the slotting depth became greater
at the initial period and the limit depth was reached faster. Laboratory and field slotting experiments
were conducted to verify the model, and the experimental results are approximately in agreement
with the theoretical predictions. The results of this study can be useful as guidelines for the hydraulic
parameter selection of water jet slotting and for optimizing the layout of coal gas drainage boreholes.
Keywords: gas drainage; water jet slotting; slotting depth; coal and gas outburst

1. Introduction
Coalbed methane (CBM) is a clean and efficient energy source. The efficient development of CBM
could not only increase the clean energy supply but also improve the safety of coal mine production
and reduce greenhouse gas emissions. In China, the CBM reserves above 2000 m are estimated at
36.81 trillion m3 , which is equivalent to the amount of reserved conventional natural gas, ranking in
third place globally after Russia and Canada [1]. However, CBM reserves are characterized by their low
saturation, low permeability, low reservoir pressure, and relatively high metamorphic grade. In most
mining areas, the coal seam permeability is 10−4 –10−3 mD, which is 3–4 orders of magnitude lower
than that in the United States and Australia [2–4]. Moreover, 44% of coal mines in China are high gas
and outburst mines and prone to coal and gas outburst accidents during coal extraction [5]. Therefore,
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measures must be taken to improve the coal seam permeability and control the risk of gas disasters.
In coal seams, high-pressure water jet slotting is an effective method of improving the coal seam
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Many studies have reported that the failure of rock subjected to water jets mainly results from
the water-hammer pressure and stagnation pressure [18–20]. At the initial stage, the water-hammer
pressure is responsible for the majority of rock damage. Then, the stagnation pressure further breaks
the rock and leads to crack initiation and propagation in the damaged rock. Therefore, it is very
necessary to analyze the impact pressure generated by high-pressure water jets.
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Once a high-pressure water jet impacts the rock, water-hammer pressure forms owing to the
liquid jet compression. According to existing studies [21–23], the water-hammer pressure at the central
area of a solid, and the duration time, are expressed as follows:
Pwh =

vρw cw ρs cs
ρw cw + ρs cs

(1)

Rv
,
2c2w

(2)

twh =

where v and R are the impact velocity and diameter of the water jet, respectively; ρw and ρs denote the
densities of the water and rock, respectively; cw and cs are the shock velocities of the impact stress wave
in the water and sandstone, respectively. The duration of the water hammer pressure is very short,
being only a few microseconds. However, the pressure is enormous and causes the main damage to
the rock, which results in the formation of a cavity.
When steady impact is established, the pressure on the central axis decreases to the much lower
Bernoulli stagnation pressure, as follows:
Ps =

ρw v2
.
2

(3)

On one hand, some micro cracks are generated under the impact of enormous water-hammer
pressure. On the other hand, natural rock, particularly coal, contains defects and has its own cracks.
Therefore, the effect of stagnation pressure on rock failure cannot be ignored.
2.2. Rock-Cutting Model for a High-Pressure Water Jet
Cutting rock with a high-pressure water jet is a complicated process, and involves many
factors, such as the nozzle diameter, jet pressure, translation speed, standoff distance, cutting times,
rock properties, and so on. In recent decades, several classic rock-cutting models have been
established and mainly include the Crow cutting model, Rehbinder cutting model, and Hashish
cutting model. However, various parameters, such as the rock particle diameter, jet action time,
jet dynamic viscosity, rock permeability, and so on, are required in the Rehbinder cutting model [24,25].
Moreover, in the Hashish cutting model, the compressive yield limit, hydrodynamic friction coefficient,
and damping coefficient of cutting materials must be calculated or measured in advance [26].
Therefore, the Rehbinder and Hashish models can only be applied to laboratory experiments or
theoretical analysis, but cannot be effectively used to analyze the water jet slotting in field applications.
In contrast, the Crow model is much simpler to a certain extent, and the required parameters can be
obtained more easily. Therefore, it is more suitable for high-pressure water jet slotting field applications.
Based on numerous rock-cutting experiments, Crow proposed the general law of hydraulic rock
cutting. The cutting depth can be calculated as follows:
h=

J·(p − pc )
d0 F(v/ce ),
τ0

(4)

where h is the cutting depth; J is the translation time; P and Pc are the jet pressure and critical
rock-breaking pressure of the water jet, respectively; τ0 is the shear strength of the rock; d0 is the nozzle
diameter; v is the translation speed; and ce is the theoretical translation speed. As can be seen, the key
water jet cutting parameters are considered in the Crow model. However, for water jet slotting in a
coal seam, the existing Crow model is not fully applicable, owing to the difference of rock properties
and working conditions, and requires further modification.
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The relationship between the jet pressure and the jet velocity is expressed by Equation (7). As can
The
relationship
between
the jet the
pressure
and and
the jet
velocity
is expressed
by Equation
(7). As
be
seen,
the jet pressure
determines
jet velocity
impact
energy,
and thus affects
the slotting

can be seen, the jet pressure determines the jet velocity and impact energy, and thus affects the
slotting depth. To obtain the effect of jet pressure on the slotting depth, water jet cutting experiments
were conducted with different jet pressures.
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hP = k1 ( P − Pc ) ,

(8)
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As can be seen from the fitting curve, the cutting depth linearly increased with the jet pressure.
Therefore, the relationship between the jet pressure and the cutting depth can be expressed as follows:
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Subsequently,
the impact depth gradually increased. However, when the impact time was
was 60 mm/s, the sample was completely cut through and the cutting depth was more than 200 mm,
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time increased. Equation (11) describes the relationship between the cutting depth and the jet
water accumulated in the slot and formed a water cushion, which weakened the jet impacting capacity.
translation speed,
ascutting
follows:
Hence, the
depth growth rate decreased as the impact time increased. Equation (11) describes
the relationship between the cutting depth and the jet translation speed, as follows:
α1

hvT = k2vT , α

hvT = k2 vT 1 ,

(11)

(11)

where hvT iswhere
the cutting
depth at different translation speeds; k2 is the proportionality coefficient; α1 is
hvT is the cutting depth at different translation speeds; k2 is the proportionality coefficient; α1 is
the index. the index.
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Figure 6. The effect of translation speed on cutting depth.
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4. Model for Calculating Water Jet Slotting Depth
By comprehensively considering the influence of the jet pressure, translation speed, and cutting
times on the total cutting depth, the cutting depth can be expressed as follows:

h = kvT α1 J α 2 ( P − Pc ) ,

(13)
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4. Model for Calculating Water Jet Slotting Depth
By comprehensively considering the influence of the jet pressure, translation speed, and cutting
times on the total cutting depth, the cutting depth can be expressed as follows:
h = kvT α1 Jα2 (P − Pc ),

(13)

where h is the total cutting depth and k is the proportionality coefficient.
By combining Equations (9) and (10), the model for calculating the slotting depth caused by a
high-pressure water jet in a coal seam is expressed as follows:
h = k(

nπr α1
) (nt)α2 (p − pc ).
30

(14)

As expressed in Equation (14), the rotation speed has a significant effect on the slotting depth
under fixed slotting time. As the rotation speed increases, the slotting depth becomes smaller each time
but increases with the slotting repetition. Therefore, there exists an optimal rotation speed for the water
jet slotting. This study conducted rotary slotting experiments to determine the relevant parameters in
Equation (14) and obtain the optimal rotation speed. As shown in Figure 9, the experimental system
mainly was comprised of a high-pressure pump, hydraulic drilling rig, and the sample. The drilling
rig, with a rated torque of 1250 N·m, was used to control the rotation speed in the water jet slotting.
The slotting sample was shaped coal with a ratio of coal particle:cement:water = 1:0.5:1, size of
1 × 1Sci.
× 12019,
m, 9,
f coefficient
0.21, and tensile strength of approximately 0.08 MPa.
Appl.
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higher rotation speed, the slotting frequency per time increased, which resulted in deeper slotting
depth at the initial period. Moreover, in the process of rotary slotting by the high-pressure water jet,
the action mode of the water jet on the coal body changed. Similar to the oscillation effect of the
pulsed water jet, the coal body is influenced by the water hammer pressure with periodic frequency,
and thus the rock-breaking efficiency improves. In contrast, at lower rotation speed, the impact time
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a higher rotation speed, the slotting frequency per time increased, which resulted in deeper slotting
depth at the initial period. Moreover, in the process of rotary slotting by the high-pressure water jet,
the action mode of the water jet on the coal body changed. Similar to the oscillation effect of the pulsed
water jet, the coal body is influenced by the water hammer pressure with periodic frequency, and thus
the rock-breaking efficiency improves. In contrast, at lower rotation speed, the impact time of the
single slotting coal becomes longer, and the hindrance of the water cushion becomes more severe.
Therefore, in the early stages of slotting, the influence of slotting repetitions on the slotting depth is
greater than that of a single impact. Increasing the rotation speed contributes to the improvement of
the slotting efficiency and slotting depth. However, as the rotation speed increases, the limit slotting
depth first increases and then decreases. This indicates that the influence of a single impact on the
slotting depth is greater than that of numerous slotting repetitions at the later stages of jet slotting.
This is attributed to the fact that the coal body is mainly destroyed by the quasi-static pressure of the
jet. PEER REVIEW
Appl. Sci. 2019,water
9, x FOR

10 of 15
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rotation speed should be adopted according to the slotting time. Specifically, when the slotting times
are 0–5, 5–10, and 10–15 min, the optimized rotation speeds should be 60, 50, and 40 r/min,
respectively. Moreover, as shown in Equation (15), the jet pressure and the threshold rock-breaking
pressure of the coal are proportional to the slotting depth. In other words, the jet pressure and
threshold pressure only affect the slotting depth magnitude, and have no effect on its changing trend.
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Figure 12. Prediction curves of slotting depth versus slotting time at different rotation speeds under
jet pressure of 25 MPa.
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Figure 13. Site of water jet slotting field test: Shoushan Number 1 coal mine affiliated with Pingdingshan
Coal Group Co. Ltd.

5.2. Verification of Slotting Depth Model
In the slotting experiments, the jet pressure, borehole diameter, outer slot diameter, and nozzle
diameter were set as 25 MPa, 75 mm, 50 mm, and 3 mm, respectively. The slotting borehole depth was
15 m. As shown in Figure 14, the number 1, number 3, and number 5 inspection holes were arranged
at the right of slotting borehole with a distance of 0.5 m, 1.5 m, and 2.5 m from the slotting borehole,
respectively. On the left side, the number 2, number 4, and number 6 inspection holes were arranged
at distances of 1, 2, and 3m, respectively. The depths and diameters of all inspection holes were 15 m
and 42 mm, respectively. The inclination dip of all boreholes was 15◦ . The slotting position of the
high-pressure water jet was located 14 m away from the slotting borehole. Four groups of slotting
tests were conducted. The rotation speed and slotting time in the high-pressure water jet slotting were
n = 60 r/min and t = 5 min, n = 50 r/min and t = 10 min, n = 40 r/min and t = 15 min, and n = 30 r/min
and t = 20 min, respectively.

arranged at distances of 1, 2, and 3m, respectively. The depths and diameters of all inspection holes
were 15 m and 42 mm, respectively. The inclination dip of all boreholes was 15°. The slotting position
of the high-pressure water jet was located 14 m away from the slotting borehole. Four groups of
slotting tests were conducted. The rotation speed and slotting time in the high-pressure water jet
slotting
were9,n5250
= 60 r/min and t = 5 min, n = 50 r/min and t = 10 min, n = 40 r/min and t = 15 min,
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Table
1. Results
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Number
Condition
Number TestTest
Condition
11
2

23
4

Whether
ThereIsisWater
Water Flowing
Whether
There
Slotting
Prediction
Flowing Out from
Slotting Depth (m)
Prediction Depth (m)
Out Inspection
from Inspection
Hole
or
Not
Depth
(m)
Depth (m)
Hole or Not

nn == 60
r/min,
60 r/min,
t =t 5 min
= 5 min
n = 50 r/min, t = 10 min
n = 50 r/min, t
n = 40 r/min, t = 15 min
= 10 min
n = 30 r/min, t = 20 min

1#~2#:
Yes,
3#~6#:
No No
1.0~1.5 m
1#~2#:
Yes,
3#~6#:
1.0~1.5 m
1#~2#: Yes, 4#~6#: No
1.0~1.5 m, close to 1.5 m
3#: a little
water
1#~2#:
Yes,
4#~6#: No
1.0~1.5 m,
1#~3#: Yes, 4#~6#: No
1.5~2.0 m
3#:Yes,
a little
close to 1.5 m
1#~3#:
5#~6#:water
No
1.5~2.0 m, close to 2.0 m
4#: a little water

1.37
m
1.37

m

1.48 m
1.69
m
1.48

m

1.91 m

6. Conclusions
This study investigated the effects of the nozzle diameter, jet pressure, rotation speed, and slotting
time on the cutting depth. A model for calculating a slotting depth suitable for field application was
established, and optimized slotting parameters were obtained. Based on water jet slotting field tests,
the proposed calculation model was verified. The following conclusions were drawn from this study:
(1)

The attenuation coefficient of the jet axial dynamic pressure first decreased and then increased with
the increase of the nozzle diameter. For a much higher jet impact velocity, there existed an optimal
nozzle diameter. Additionally, the cutting depth linearly increased with the jet pressure and
decreased as a power function with the increase of the jet translation speed. Moreover, the number
of cuttings had a significant impact on the cutting depth, and the several previous cuttings played
a major role in the jet cutting. With the further increase of cutting times, the cutting depth slowly
increased, but the increment was small.
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(2)

(3)

(4)

14 of 15

Water jet slotting experiments were conducted with different rotation speeds and slotting times.
The results revealed that the slotting depth increased with the slotting time, but the growth rate
gradually decreased and tended to be stable. As the rotation speed increased, the slotting depth
became greater at the initial period, and the limit depth was reached faster. At the early slotting
stages, more slotting repetitions were helpful in increasing the slotting depth. At the later slotting
stages, a longer single impact improved the slotting efficiency.
A model for calculating the water jet slotting depth was established according to the effects of key
parameters on the cutting depth. This model was subsequently verified using the rotatory slotting
experiment data, and the results revealed that the fitting was good. Based on the proposed
model, the slotting depths under different jet pressures and the threshold rock-breaking pressures
were calculated.
Water jet slotting field tests were carried out. The slotting depths at different rotation speeds with
different slotting times were analyzed. Comparisons with the depths predicted by the calculation
model were made, which revealed that the differences are acceptable.
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