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Coalbed methane (CBM) is a source of clean energy and has been recovered in past decades all over the world. Gas dynamic
disaster is the primary disaster in outburst coal, and methane drainage plays a key role in eliminating this danger. As an
efficient technology, a gas jet is widely used in CBM development and methane drainage. In this work, the full impinging
process of coal and rock fracturing by a supersonic gas jet was studied. To understand how jet parameters affect coal and rock
fracturing results, an elliptical crushing theoretical model was proposed. In addition, a laboratory experiment was designed to
examine the proposed model, and four key parameters affecting the fracturing results were studied. The results show that
different from the monotonic variation of theoretical values, there is a turning point in the variation of experimental values
under some parameters. Considering the influence of the depth and radius of the erosion pit, the rock-breaking effect is better
when the nozzle size is 2.75Ma. The optimal target distance is 30mm, and the impact pressure of a gas jet should be
continuously increased in order to achieve certain rock-breaking effects under the impact of the jet.

1. Introduction

Coalbed methane (CBM) is a source of clean energy and has
been recovered in past decades all over the world [1–4]. In
terms of coal mining, methane is the primary cause of mine
disasters especially for outburst mines [5–7]. Therefore,
methane drainage plays a key role in eliminating gas out-
bursts. To enhance CBM recovery or drainage efficiency,
water jet technology has been proposed and has been proven
effective [8–12]. However, in the low permeability soft coal
seams, the use of water jet technology frequently leads to
the collapse of a borehole and the inhabitation of the gas
desorption [13–16]. Due to the fact that the use of a gas jet
for the fracture of coal can effectively avoid these problems,
more and more attention has been paid to gas jet technology.

Gas jet technology is widely used in the fields of glass
cutting, hole drilling, and cooling [17–19]. Komori et al.
[20] proposed a supersonic gas jet technology based on the
Laval nozzle. Frendi and Brown [21] studied the flow struc-
tures from a supersonic impinging jet and indicated a strong

interaction between the acoustic waves emanating from the
impingement plate and the jet plume. Due to the high
impact force of a high-pressure gas jet, it has been extended
to the fracture of coal and rock in recent years. Kutter and
Fairhurst [22] carried out the research of high-pressure gas
punching fracture earlier, and they proposed that the pres-
sure distribution along the normal direction of a rock frac-
ture can be produced in the rock when high-pressure gas
impacts rock materials. Hagan [23] proposed the “gas wedge
effect” by comparing the action form of high-pressure gas
with the mechanism of a water jet. On the basis of previous
studies, Nilson et al. [24] established a model of high-
pressure gas punching fracture. Eslamian et al. [25] studied
the crushing effect of a supersonic gas jet on a cylindrical
brittle gypsum deposit. It was found that both jet angle
and sediment hardness can affect the crushing efficiency.
Liu et al. [26–29] proposed a high-pressure abrasive gas jet
technology for coal breakage and systematically investigated
the stress wave effect, the wear mechanism of abrasive air jet
erosion, and the effects of nozzle pressure ratios on the
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pulsation frequency of air jets. Ranjith et al. [30] studied the
effect of mass flow on the abrasive acceleration of gas jets.
They found that pressure is also important. When the mass
flow increases, the abrasive acceleration distance and time
decrease.

Previous studies mainly focused on optimizing the noz-
zle structure and jet parameters to improve the efficiency
of fracturing coal and rock [25, 28]. However, high-
pressure gas jet coal breaking is a continuous and compre-
hensive process including the transportation of high-
pressure gas in the pipeline, the free development of high-
pressure gas in the air medium, and the final coal breaking.
Researchers mainly focused on the stage of final coal break-
ing by jet punching, and the study on the whole continuous
process of gas jet impinging coal and rock is relatively rare.
Moreover, as for the research on the damage characteristics
of a high-pressure gas jet, there is lack of the corresponding
criterion for coal breaking by a gas jet. Therefore, in this
work, the full process of a high-pressure gas jet was system-
atically considered, and a mathematical model was pro-
posed. The supersonic air jet impinging laboratory
experiment was designed to examine the proposed model
and four key parameters affecting the fracturing results were
tested, including jet pressure, target distance, nozzle size, and
strength of coal and rock. This study is intended to enrich
the theories of gas jet coal breaking, providing some guid-
ance for the development of CBM and the prevention of
mine gas disasters.

2. Mathematical Model of the Full Impinging
Progress of a Supersonic Gas Jet

As for a full impinging system, considering the risk of high-
pressure gas, the air compressor and high-pressure gas stor-
age tank were placed in an underground chamber, and then
the high-pressure air reaches the nozzle through the pipeline
to fracture the coal and rock. The system is shown in
Figure 1. The introduction of the mathematical model of
the full impinging progress of a supersonic gas jet follows.

2.1. Flow Model of High-Pressure Gas in a Pipeline. The vis-
cosity of gas shall be considered in the mechanical energy
balance formula of pipeline calculation gas, that is, there
shall be resistance loss term hf in the formula:

gz1 +
u21
2 +

ðp2
p1

dp
ρ

= gz2 +
u22
2 + hf : ð1Þ

When the gas flows in the pipeline, the volume flow rate
and average flow rate change along the length of the pipe,
and the resistance loss per unit length of the pipe must also
change along the length of the pipe. Formula (1) above is
changed to the differential form below:

gdz + d
u2

2 + υdp + λ
dlð Þ
d

× u2

2 = 0, ð2Þ

where v = ð1/ρÞ = ðRT/MpÞ is the specific volume of gas

(m3/kg), L is the pipe length (m), d is the pipe diameter
(m), friction coefficient λ is a function of Re and ε/d, and
we have

Re = duρ
μ

= dG
μ

: ð3Þ

In the case of equal pipe diameter transportation, since
the mass flow rate G is a constant along the pipe length,
Re is only related to the temperature of the gas. Therefore,
λ can be regarded as a constant along the length of the tube
for the flow process with little change in isothermal flow or
temperature:

G = qm
A

, ð4Þ

where qm is the mass flow (kg/S), A is the cross-sectional
area of the pipe (m2):

u = G
ρ
=Gv: ð5Þ

For isothermal flow, p∗v is equal to the constant. And
substituting equation (5) into equation (2), we can get

G2 ln p1
p2

+ p22 − p21
2RT/Mð Þ + λ

l
2d G

2 = 0: ð6Þ

If the pressure drop Δp in the tube is very small, the
kinetic energy difference of the first term in equation (6)
can be ignored. In this case, equation (6) is the special form
of the energy equation of the incompressible fluid to the hor-
izontal tube. For the transportation of high-pressure gas, ð
p1 − p2Þ/p2 is smaller and can be treated as an incompress-
ible fluid. After finishing formula (6), we can conclude the
following:

p22 − p21
� � M

2RT + λ
l
2d G

2 = 0: ð7Þ

Under the condition of known T , pipeline parameters,
pipeline outlet pressure p2 (equal to nozzle inlet pressure),
and the pressure p1 at the pipeline inlet can be obtained.
Therefore, p2 can be achieved by adjusting p1 to supply
high-pressure gas remotely.

2.2. Mathematical Model of Continuous Process and
Criterion of Coal Breaking by Jet. The jet is accelerated
through the nozzle, improving the transition from subsonic
to supersonic in the throat. Then, the gas jet is ejected from
the nozzle into the environmental medium. Finally, the
supersonic jet impinges on the coal wall and forms an ero-
sion pit on the target surface. This process can be divided
into three parts: the acceleration of the gas jet, the develop-
ment of the gas jet, and the impact of the gas jet.

2.2.1. Mathematical Model of Acceleration Stage. The nozzle
is the key factor affecting jet velocity. The straight or conical
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convergent nozzles are generally used in traditional gas jet
technology, and the highest speed that a gas jet can reach
is sonic. In order to improve the working efficiency, the
common conical contraction nozzle is often used in engi-
neering applications. After the high-pressure gas flows
through the contraction nozzle, the maximum can only
reach one Mach number, which is equivalent to the sound
velocity flow of local air. Under the same external parame-
ters, the Laval nozzle can achieve speeds several times the
sound velocity. The nozzle is usually composed of a conver-
gence section, a throat part, and an expansion section. Its
structure is shown in Figure 2.

The aerodynamics theory indicates that when the high-
pressure gas flows through the nozzle with known parame-
ters, the gas state after acceleration depends on the nozzle
parameters, inlet air pressure, temperature, and outlet exter-
nal back pressure. When the ratio of a nozzle area to the
throat area is determined, the Mach number after the accel-
eration can be obtained from the following formula [31]:

S
Se

= 1
Ma 1 + k − 1

2 Ma2
� �

× 2
k + 1

� �� � k+1/2 k−1ð Þð Þ
: ð8Þ

In order to simplify the complexity of the problem, an
imaginary reference state is introduced in the study of aero-
dynamics. The state where the velocity of air decreases to
zero after the absolute energy isentropic process from a real
state is called the stagnation state corresponding to the real
state. In the stagnation state, it is assumed that the flow pro-
cess of high-pressure gas in the nozzle is a one-dimensional
steady isentropic adiabatic flow. There is no heat and work
exchange between the gas in the flow and the outside world.
No flow is added or drawn out, and the friction between the
high-pressure gas and the nozzle wall is ignored. For the
Laval nozzle, the supersonic flow in the nozzle can be
expressed by the flow parameters in the stagnation state:

P∗

P
= 1 + k − 1

2 Ma2
� � k/k−1ð Þ

,

ρ∗

ρ
= 1 + k − 1

2 Ma2
� � k/k−1ð Þ

,

T∗

T
= 1 + k − 1

2 Ma2,

8>>>>>>>>><
>>>>>>>>>:

ð9Þ

where P is the gas pressure, P∗ is the gas pressure under
stagnation state, ρ∗ is the gas density under the stagnation
state, ρ is the gas density, T is the gas thermodynamic tem-
perature, T∗ is the gas thermodynamic temperature under
the stagnation state, and Ma is the Mach number, which
means

Ma = V
a
, ð10Þ

where a is the corresponding local air sound velocity in this
state, which can be obtained from a =

ffiffiffiffiffiffiffiffiffi
kRT

p
; R is the gas

constant, and the value for air is 287.06 J/(kg·K); T is the
gas thermodynamic temperature.

According to formulas (8) to (10), the flow velocity at the
nozzle exit section can be obtained from formula (11) com-
bining the total pressure at the nozzle inlet, the total temper-
ature at the nozzle outlet, and the external back pressure at
the nozzle outlet:

U0 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

k − 1
P∗

P

� � k−1/kð Þ
− 1

" #vuut ⋅
ffiffiffiffiffiffiffiffiffi
kRT

p

Mamax ⋅
ffiffiffiffiffiffiffiffiffi
kRT

p
, Ma =Mamax,

8>>><
>>>:

, Ma <Mamax,

ð11Þ

where Mamax is the maximum Mach number that can be
reached at the outlet under the given nozzle parameters.

2.2.2. Mathematical Model of Development Stage. The gas jet
is ejected from the nozzle into the environmental medium
until it strikes a certain wall. The development characteris-
tics of the jet can be divided into three typical zones,
namely, the free jet zone, the impinging zone, and the wall
jet zone [32, 33]. The zoning diagram is shown in
Figure 3.

In the free jet zone, the shear driving interactions exist
between the outer boundary of the jet and the surrounding
air medium. The existence of shear stress would lead to
the generation of turbulence, which causes the attenuation
of the jet velocity in the axial direction. Meanwhile, it
would aggravate the entrainment of the air fluid around
the jet, resulting in the increase of the total jet flow and
the continuous expansion of the jet cross-section along
the radial direction. However, the static pressure of the
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Figure 1: Schematic diagram of full impinging system.
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jet on the wall begins to rise, showing a large pressure gra-
dient and forcing the jet streamline to produce rapid
bending. The jet flow changes from the original axial flow
to the near wall flow, which is characterized by the exis-
tence of a stagnation point and the radial bending of the
jet streamline. In the wall jet zone, the jet generally pre-
sents along the diameter. Due to the shear interaction
between the wall and the air medium, the jet velocity
begins to decay to zero after a long distance from the stag-
nation point.

The influence factors of the development stage of the gas
jet include nozzle radius b0, nozzle plate distance H, inci-
dence angle θ, and jet initial velocity U0: In order to facilitate
the analysis, a rectangular coordinate system (x, y) is estab-
lished in the jet flow field to analyze the free jet zone and
the impingement zone, and the coordinate system (x1, y1)
is used to analyze the impinging zone and the wall jet zone,
as shown in Figure 4.

The axial pressure of a jet is defined as Pm. The pressure
at the stagnation point and the wall pressure are PS and PW ,
respectively. Um represents the jet velocity, and Um1 is the
maximum value of Um in the x1 direction of any cross-
section. bu represents the radial length dimension of the
fluid cross-section velocity of 1/2Um in the free jet section.
According to the analysis, starting from the stagnation point,
Um1 increases with the increase of x1 until the maximum
value. Then, the velocity decreases and tends to be zero at
Um1 far away from the jet axis due to the fact that the turbu-

lence is mixed with the surrounding air medium. In the free
jet zone, the axial velocity Umf and radial length bf can be
expressed as follows:

Umf , bf = f1,2 M0, ρ, xð Þ, ð12Þ

where M0 = ρ · 2b0 ·U2
0; it is the momentum flux of the noz-

zle section.
In the impinging zone, the jet velocity Um, the section

length size bu, and the pressure distribution Pm exist as fol-
lows:

Um, bu = f3,4 M0, ρ, x,Hð Þ, ð13Þ

Pm = f5 M0, ρ, x,Hð Þ: ð14Þ
By using dimensional analysis and referring to relevant

research conclusions in similar fields [34], we establish the
following:

Um

U0

ffiffiffiffiffiffiffi
H
2b0

s
= g1

x
H

	 

: ð15Þ

bu
H

= g2
x
H

	 

: ð16Þ

Pm

ρU2
0/2

H
2b0

= g3
x
H

	 

: ð17Þ

For the free jet zone, the following could be obtained:

Umf

U0

ffiffiffiffiffiffiffi
x
2b0

r
= C: ð18Þ

According to the simultaneous equations (14) and (17),
the following results can be obtained:

Um

Umf
= h

x
H

	 

: ð19Þ

Based on the analysis of the pressure in the jet impinging
zone, combined with equation (16), the pressure value at the
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Figure 2: Schematic diagram of a scaled nozzle structure.
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Figure 3: Schematic diagram of gas jet development zones.
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stagnation point can be obtained as follows:

Ps

ρU2
0/2

⋅
H
2b0

= g3
x
H

= 1
	 


: ð20Þ

According to the simultaneous equations (16) and (19),
the following results can be obtained:

Pm

Ps
= g4

x
H

	 

: ð21Þ

When the jet impinges on the coal, the wall pressure dis-
tribution at x1 away from the jet axis is as follows:

Pw

ρU2
0

H
2b0

= g5
x1
H

	 

: ð22Þ

For the simultaneous equations (19) and (21), the pres-
sure on the inner wall of the impinging zone has the follow-
ing relationship with the pressure at the stagnation point:

Pw

Ps
= g6

x1
H

	 

: ð23Þ

According to the conclusion in Beltaos and Rajaratnam’s
work [35], equation (22) can be written as follows:

Pw

Ps
= e−38:5 x1/Hð Þ2 : ð24Þ

The pressure distribution of the jet acting on the wall of
the coal body is directly related to the feasibility of the jet
breaking coal. The jet velocity and jet pressure in the

impinging zone are analyzed as follows:

∂
Δy

uvð Þy⟶0 = −K1, ð25Þ

u
Δv
Δy

+ v
Δu
Δy

� �
y⟶0

= −K1: ð26Þ

Equation (25) can be written by using the following con-
tinuity equation:

−u
Δu
Δx

+ v
Δu
Δy

� �
y⟶0

= −K1: ð27Þ

When y is 0, in the direction of the jet axis, we have

d
dx

U2
m = 2K1: ð28Þ

The integral treatment of equation (28) is as follows:

U2
m = 2K1x + K2: ð29Þ

Combining with equation (15), the axial velocity distri-
bution of the jet flow can be written as follows:

Um

U0

� �2 H
2b0

= K3
x
H

	 

+ K4, ð30Þ

Um

U0

� �2 H
2b0

= K2
5 1 − x

H

	 

+ K6: ð31Þ

In combination with the law of momentum conserva-
tion, the pressure value at the stagnation point can be
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Free flow zone
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Wall jet zone
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Figure 4: The coordinate system of gas jet development stage.

5Geofluids



expressed as follows:

PS =
ρU2

0
2 ⋅

2b0
H

⋅
1

Kpw
, ð32Þ

where Kpw =
Ð∞
0 ðPw/PsÞ ⋅ dðx1/HÞ, which can be set as 0.13

[34].
In the impinging zone, it is assumed that the turbulence

phenomenon and gas viscosity effect caused by jet impinging
can be ignored, and we have

Pw + ρU2
m1
2 = Ps: ð33Þ

By combining equations (20) and (24), the velocity dis-
tribution along the x1 direction of the wall surface can be
obtained as follows:

Um1
U0

ffiffiffiffiffiffiffi
H
2b0

s
= 2:77 1 − e−38:5 x1/Hð Þ2

h i1/2
: ð34Þ

2.2.3. Mathematical Model of Impact Stage. The ideal elastic-
plastic material failure process is different from the elastic-
plastic fracture theory [36] and forging extrusion theory
[37]. This is because coal is a brittle material with dual
medium characteristics of fracture and pore. When the
instantaneous jet impinges on coal under a certain kinetic
energy, the instantaneous jet velocity decreases rapidly and
produces a back pressure gradient, which produces a blast-
ing shock wave. Meanwhile, it strongly influences the energy
compression force of coal, which destroys the coal wall and
leads to the formation of a plastic compression crushing
zone. Under the action of the blasting shock wave, stress
waves are generated inside the coal and rock mass. Under
the tensile action of the stress incident wave and the free sur-
face reflected wave, the coal and rock mass are damaged to a
certain extent. The particles inside the coal and rock mass
are dislocated. Meanwhile, the medium units are tangentially
stretched and radially compressed, leading to the further
generation of an initial radial crack.

Given that the high-viscosity liquid water is different
from the high-pressure gas jet in a continuous impact wave
damage to the formation of a break zone and the initial
crack, the low viscous gas flows quickly within the crack
space. The pressure effect on the crack wall (Figure 5) fol-
lows the law of quasistatic pressure distribution, which can

be approximately equal to the pressure of a jet under the
action of the stagnation pressure [38]. The quasistatic pres-
sure promotes the initial crack propagation, extension, and
communication, and it generates a cross crack network
inside the coal body. If the tensile stress of the gas in the
fracture exceeds the tensile strength limit of the coal mass,
the coal body will be destroyed and the coal particles will
peel off, thus forming a plastic failure zone centered on the
jet axis and forming erosion pits. The entry of the high-
pressure gas in these cracks decreases gradually after expan-
sion, and the crack stops cracking when the pressure drops
to the point where it is not sufficient to support further crack
expansion.

Because the action time of the gas quasistatic pressure is
much longer than that of the shock wave, it is generally
believed that in the stage of gas jet impingement on rock
breaking, quasistatic pressure failure is the main part, and
tensile failure should be the main mechanism of gas jet
impingement on coal pit formation.

For coal with jet action on the surface, the stress concen-
tration in the crushing core and the extended crack is com-
posed of the jet stagnation pressure and induced stress. The
coal failure criterion can be defined by the following for-
mula:

P + σt ≥ St , ð35Þ

where P is the normal pressure acting on the crack. P is the
induced tensile stress generated and developed under the
action of the jet impact. It can be understood as the stagna-
tion pressure of the jet, and the induced pressure depends on
the characteristics of the jet impact and the geometry of the
crack.

Considering that an infinite plate is subjected to the ver-
tical impact of a high-pressure gas jet (shown in Figure 5),
the pressure distribution along the normal direction of the
wall is P = Pðx, yÞ. The stress distribution in the column
coordinate system can be expressed as follows:

σr =
P
2π 1 − 2vð Þ 1

r2
−

Z
r2

r2 + Z2� �−1/2� �
− 3r2Z r2 + Z2� �−5/2� �

,

σZ = −
3P
2πZ3 r2 + Z2� �−5/2,

σθ =
P
2π 1 − 2vð Þ −

1
r2

+ Z
r2

r2 + Z2� �−1/2 + Z r2 + Z2� �−3/2� �
,

8>>>>>>>><
>>>>>>>>:

ð36Þ

Distribution of pressure within a crack

Broken nuclear

Edge-opened crack

Figure 5: Schematic diagram of pressure inside a crack.
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In equation ((36)), r is the radial distance from the z
-axis. The equation represents the pressure at any point of
the object induced by the existence of normal pressure.
When the pressure P applied to the object is known, the
stress induced by normal pressure can be obtained by inte-
gration. When a jet impinges on the flat panel wall surface,
there is a point Q on the surface of the panel. And x and y
point to the tangent direction of point Q, respectively. The
superposition principle is used at Z = 0, as follows:

σx = σr l, θð Þ cos θ2 + σθ l, θð Þ sin θ2
� �

ldldθ,

σy = σr l, θð Þ sin θ2 + σθ l, θð Þ cos θ2� �
ldldθ:

(
ð37Þ

The two formulas of equation (37) are divided into the
local term with Z and the nonlocal term without Z. The local
term can be expressed as follows:

σr1 =
P
2π 1 − 2vð Þ −

Z
r2

r2 + z2
� �−1/2� �

− 3r2Z r2 + Z2� �−5/2� �
,

σθ1 =
P
2π 1 − 2vð Þ Z

r2
r2 + z2
� �−1/2 + Z r2 + Z2� �−3/2� �

:

8>>><
>>>:

ð38Þ

The analysis of the above equation shows that the value
of Z is very small, and the values on the right side of the
equation are very small except the value near point Q. Since
the pressure distribution around point Q is not obvious, it is
approximately considered that the pressure is equal to that
at point Q. In this case, the pressure is not affected. By inte-
grating equation (37), we can obtain the following:

σx1 = σy1 =
PQ

2π − 1 − 2νð Þ l2 + Z2� �−5/2 × 3πr2Z + Z l2 + Z2� �−3/2
π

h i
ldl:

ð39Þ

By integrating the above formula within a circle with a
small radius (when l is set to a), we can get the following:

σx1 = σy1 =
PQ

2 − 1 + 2νð Þ + 2 1 + 2νð ÞZffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 + Z2

p −
Zffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 + Z2
p

� �3
" #

:

ð40Þ

When Z approaches 0, there is

σx1 = σy1 = −
PQ

2 1 + 2νð Þ: ð41Þ

For the nonlocal phase, there is

σx2 = −σy2 =
1
2π 1 − 2νð Þ − P x, yð Þ

l2
cos θ2 − sin θ2
� �

ldldθ:

ð42Þ

Considering that the value of the nonlocal phase is much
smaller than that of the local phase and the value of the non-
local phase gradually disappears as it approaches the axis

direction, only local terms are generally considered. Com-
bining the local stress failure criterion and local terms, the
relationship between jet pressure and Poisson’s ratio and
tensile strength of a coal body under the tensile failure crite-
rion of a coal body would be established as follows:

P ≥
2

1 − 2ν St: ð43Þ

2.2.4. Criteria for Identification of Coal Breaking Capacity
and Erosion Pit Characteristics by Gas Jet. Combining with
the mathematical model that illustrates the continuous pro-
cess of coal breaking by a gas jet, when the jet pressure is
greater than the critical failure pressure of coal, erosion holes
will be formed. After combining equations (9), (11), (32),
and (43), the criteria for determining whether a gas jet can
break coal can be obtained:

7:7kRb0
H

⋅
T

P∗/Pð Þ k−1/kð Þ ⋅
ρ

P∗/Pð Þ1/k

⋅
2

k − 1
P∗

P

� � k−1/kð Þ
− 1

" #
≥

2
1 − 2ν St ,

ð44Þ

where the adiabatic coefficient k is 1.4 for air, the gas con-
stant R is 287.06 J/(kg·k) for air, b0 is the section area of
the nozzle outlet, H is the initial jet impact distance, and
other relevant parameters are defined as equation (9). The
ratio of gas stagnation parameters to static parameters is
defined as follows:

a = P∗

P

� �1/k
: ð45Þ

After the simplification of equation (44), we can obtain
the following:

1:54 × 104Tρb0 a0:4 − 1
� �

H ⋅ a1:4
≥

2
1 − 2ν St: ð46Þ

When the coal particles are eroded and stripped by a
jet, the impact distance of the jet gradually increases, and
the pressure value at the stagnation point gradually
decreases. When the pressure is less than the critical fail-
ure pressure of coal and rock mass, the jet is insufficient
to cause damage to the coal body. Under the premise that
the nozzle geometric parameters, gas state parameters, and
coal mechanics parameters are known, the initial impact
distance of the jet is determined, and the axial depth of
the hole formed by jet erosion can be obtained from the
following formula:

Δh = kRb0 1 − 2νð Þ
k − 1ð ÞStkpw

P∗

P

� � k−1/kð Þ
− 1

" #
TρP
P∗ −H, ð47Þ

Δh = 7:7 × 103Tρb0 1 − 2νð Þ ⋅ a0:4 − 1
 �

Sta1:4
−H: ð48Þ
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In terms of the radial pressure distribution of the jet
impact on the coal, when the pressure is greater than
the critical failure pressure, the radius of the erosion hole
at the corresponding impact distance can be calculated as
follows:

x = 7:7 × 103Tρb0 a0:4 − 1
 �

St ⋅ 1 − 2νð Þ−1a1:4 ⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
log P∗

w/P∗
sð Þ

−38:5 ,
r

ð49Þ

where P∗
w represents the critical failure pressure of the

wall under the action of the jet impact, and P∗
s represents

the pressure value at the stagnation point under the
impact distance H.

It can be seen from equations (48) and (49) that, in addi-
tion to environmental factors, the coal-fracturing capacity of
a gas jet could be also affected by jet pressure, target distance,
nozzle radius, and coal strength.

2.3. Mass Flow Rate at Nozzle Outlet. According to the con-
tinuity equation of gas steady flow, the flow rate of gas is the
same through any section of the nozzle. However, the flow
rate of all kinds of nozzles is limited by their minimum

Table 1: The theoretical values of the parameters under different jet pressures.

P2 (MPa) T (K) Ma H (mm) Pw (MPa) Ps (MPa) U0 (m/s) Δh (mm) x (mm)

2 298 3.5 30 2.667 54.181 652.104 3.647 1.80

4 298 3.5 30 2.667 108.362 652.104 37.293 3.99

6 298 3.5 30 2.667 162.543 652.104 70.940 4.30

8 298 3.5 30 2.667 216.724 652.104 94.587 4.69

10 298 3.5 30 2.667 270.905 652.104 108.234 5.13

12 298 3.5 30 2.667 325.086 652.104 111.880 5.62

4 MPa

–10 –5 0
x (mm)

𝛥
h(

m
m

)

140

120

100

80

60

40

20

5 10

8 MPa
12 MPa
16 MPa

Figure 6: Characteristics of erosion pit under different jet conditions.

Table 2: Pressure at pipeline inlet under different jet pressures.

P2 (MPa) l (m) d (m) A (m2) λ G P1 (Pa)

2 1000 0.2 0.0314 1.6 0.47 2000037.43

4 1000 0.2 0.0314 1.6 0.94 4000074.87

6 1000 0.2 0.0314 1.6 1.40 6000112.30

8 1000 0.2 0.0314 1.6 1.87 8000149.73

10 1000 0.2 0.0314 1.6 2.34 10000187.17

12 1000 0.2 0.0314 1.6 2.81 12000224.60

Table 3: Mass flow rate at nozzle outlet under different jet
pressures.

P2 (MPa) T (K) Radius of nozzle throat, b1 (mm) m (kg/s)

2 298 1 0.0147

4 298 1 0.0294

6 298 1 0.0441

8 298 1 0.0588

10 298 1 0.0735

12 298 1 0.0882

Figure 7: Physical diagram of a test block fixing device.

Figure 8: Physical diagram of nozzle.
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cross-section. Therefore, the flow rate is usually calculated
according to the minimum cross-section [39, 40].

qm = Sa∗ρ∗, ð50Þ

where S is the area of the nozzle throat; a∗ is the velocity of
the jet in the throat, and ρ∗ is the density of the jet in the
throat.

When the gas velocity through the nozzle reaches the
speed of sound, the gas mass flow will reach the maximum
value. In this work, the gas jet reaches the speed of sound
at the nozzle throat. Therefore, the mass flow at the nozzle
outlet is equal to that speed at the throat.

3. Theoretical Calculation and
Experimental Verification

3.1. Theoretical Calculation. In order to preliminarily ana-
lyze the coal-breaking capacity of a gas jet and the law of
pit formation, the coal-breaking law of a gas jet is theoreti-
cally calculated according to an established mathematical
model. Due to space limitations, only the theoretical values
of the parameters under different jet pressures are listed in
Table 1.

In order to visually investigate the characteristics of ero-
sion pits formed by a gas jet impinged on coal and rock
mass, the initial impact distance is selected to be 30mm,
and the nozzle specification is 3Ma. According to equations
(48) and (49), the shape of erosion pits under different jet
pressures is calculated, and the results are shown in
Figure 6. With the increase of the pressure at the nozzle
inlet, the depth and radial length of erosion pits formed by
a jet impact increase continuously, but the increase of the
axial depth of holes is much larger than that of radial length.
When the pressure at the nozzle inlet increases, the jet
impact kinetic energy increases and the gas stagnation pres-
sure acting on the crack increases, which is reflected in the
expansion of the axial and radial crushing range of the ero-
sion hole. Because the wall pressure attenuates rapidly from
the axial direction, the increment of hole radial length is
much smaller than that of axial depth. Further observation
shows that with the increase of nozzle inlet pressure, the
shape of the erosion hole formed by the jet impact on the
same coal and rock mass gradually changes from the initial
conical shape to an elliptical shape.

For the pipeline part, a new seamless steel tube is
selected as the research object (at this point, the absolute
friction degree of the pipeline ε = 0:15). Under the condition
that the temperature T = 298K and the outlet pressure of the
pipeline is known as the inlet pressure of the nozzle, the

pressure value at the inlet of the pipeline is calculated, as
shown in Table 2.

It can be found from Table 2 that the pressure at the out-
let of the pipeline is slightly higher than that at the inlet
under the assumption that the gas flows in the pipeline are
in a constant temperature environment.

In the case of only changing the jet pressure, the mass
flow rate at the nozzle outlet under different jet parameters
is calculated, as shown in Table 3.

It is found from the Table 3 that the mass flow rate at the
nozzle outlet only increases with the increase of jet pressure
under the condition of constant external back pressure.

3.2. Experimental Verification of the Size of the Erosion Pit.
According to the established mathematical model, the the-
oretical values of the depth and radius of the erosion pit
under different jet parameters are calculated and verified
by experiments. Considering the difficulty and safety of
obtaining gas raw materials, air was selected for the exper-
iment in this task. The following analyses include the
influence of Mach number Ma, target distance H, jet pres-
sure P, and tensile strength St on the coal-breaking ability
of a gas jet.

3.2.1. Experimental System. As shown in Figure 1, the exper-
imental system consists of three parts: high-pressure super-
sonic gas jet forming and controlling device, test block
fixing device, and nozzle system. These three parts of the
experimental system are independent of each other in struc-
ture and are easy to assemble and disassemble. They are con-
nected with each other through a high-pressure rubber hose
and a high-pressure steel pipe. When the gas is repeatedly
compressed by the air compressor, the normal temperature
and atmospheric pressure gas is stored in the high-pressure
gas storage tank. After the manual pressure regulating valve
is opened, the high-pressure gas flows through the pipeline
and nozzle and ejects outwards. Then, the jet continuously
impacts on the wall of the coal and rock mass, resulting in
erosion damage. The following are the details of the
experiment.

(1) The High-Pressure Supersonic Gas Jet Forming and Con-
trolling Device. The gas jet forming and controlling device in
the system is composed of a piston air compressor, a high-
pressure gas storage tank, a high-pressure pipeline, a pres-
sure gauge, and a pressure regulating valve. The air with nor-
mal temperature and atmospheric pressure is first repeatedly
pressurized by the air compressor and then stored in the
high-pressure gas storage tank. The pressure is read by the
pressure gauge installed on the intake pipeline, and the

Table 4: Material ratio and mechanical parameters.

No. Cement Gypsum Sand Water Sand cement ratio Water solid ratio St υ

1 3 1 10 3 2.5 0.214 0.64 0.24

2 3 1 8 2 2.0 0.167 0.70 0.26

3 3 1 6 1.5 1.5 0.150 0.78 0.29

4 1 3 8 2 2.0 0.167 0.50 0.22
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(a) H = 30mm (b) H = 40mm

(c) H = 50mm (d) Ma = 2

(e) Ma = 2:75 (f) Ma = 3:5

(g) P = 4MPa (h) P = 8MPa

Figure 9: Continued.
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start-up and stop of the air compressor are controlled. When
the specified pressure is reached, the required gas pressure is
manually adjusted by the pressure regulating valve.

(2) Test Block Fixing Device. Due to the large impact
dynamic pressure in the process of gas jet impingement, it
is necessary to fix the test block in order to ensure that the
test block is not displaced in the impact process. The
RLCJ-1 device produced by Nantong Renlong Scientific
Research Instrument Co., Ltd. was used to fix the test block.
The loading pressure is 0-60MPa, the loading accuracy is
0.01MPa, and the size of loading chamber is 250mm × 250
mm × 300mm. Because the size of the test block made of
similar material is 100mm × 100mm × 100mm and the
stroke of the piston column of the loading device is limited
(30mm), in order to load the pressure to similar materials,
adding a gasket in the confining pressure loading chamber
was considered. Because the cabin space is larger than that
of similar materials, the size of the high-strength finish roll-
ing pad commonly used in confining pressure loading
should also be large enough. Considering the convenience
of the experimental process, a high molecular polyethylene
backing plate is used. The physical figure is shown in
Figure 7.

(3) Nozzle System. In order to realize supersonic flow, the jet
velocity must be realized by the Laval nozzle. In this test, a
high-pressure rubber pipe and a high-pressure steel pipe
were installed at the outlet of the pressure regulating valve,
and the screw thread was processed at the end of the high-
pressure steel pipe to connect the Laval nozzle. The nozzle
specifications include 2Ma, 2.25Ma, 2.5Ma, 2.75Ma, 3Ma,

3.25Ma, and 3.5Ma. The inlet diameter of the nozzle is
7mm, and the rear diameter is 2mm. The outlet diameter
is different. The larger the Mach number, the larger the sec-
tion diameter of the corresponding nozzle outlet. The phys-
ical figure is shown in Figure 8.

3.2.2. Experimental Method and Sample Preparation. The
pressure regulating valve is adjusted to the required experi-
mental pressure, the impact target distance and the nozzle
specification of the nozzle are adjusted, the air outlet valve
is opened, and the high-pressure gas flows through the noz-
zle to form a high-pressure supersonic gas jet, causing ero-
sion damage to the sample. After the jet pressure is
significantly reduced, the valve is closed. After impact, a ver-
nier caliper is used to measure the depth and width of the
erosion pit. After the measurement, the first test is com-
pleted. Other different test blocks are replaced for repeated
tests.

In order to achieve good results in the jet impingement
experiment, raw coal is the best impact material. However,
due to the randomness of the development of the actual coal
joints and fissures, the mechanical structure is complex, and
it is very easily broken in the process of sampling and sample
preparation. It is difficult to obtain coal blocks with regular
or similar mechanical parameters, and the number of test
blocks required in the experiment is large. Therefore,
cement, gypsum, river sand, and other similar materials are
considered as a replacement for raw coal for processing.
According to the mechanical parameters of raw coal, the
proportion of raw materials is carried out to ensure that
the stress-strain, compressive strength, tensile strength, elas-
tic modulus, and Poisson’s ratio of similar materials are as

(i) P = 12MPa (j) St = 0:3MPa

(k) St = 0:4MPa (l) St = 0:5MPa

Figure 9: Shape of erosion pit formed by different jet parameters (Ma, H, P, St).
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Figure 10: Continued.
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close as possible to the raw coal, as shown in Table 4. The
size of the test block is 100mm × 100mm × 100mm for
experimental verification.

3.2.3. Verification. After the installation of the experimental
device, we carried out four groups of experiments under the
condition of changing the jet parameters. The following
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Figure 10: Theoretical and measured values of erosion pit size under different fracture parameters (Ma, H, P, St).
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Figure 11: Variation of depth and radius of an erosion pit with different jet parameters (Ma, H, P, St).
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analyses include the influence of Mach number Ma (2, 2.25,
2.5, 2.75, 3, 3.25, 3.5Ma), target distance H (10, 20, 30, 40,
50, 60, and 70mm), jet pressure P (2, 4, 6, 8, 10, and
12MPa), and tensile strength St (0.3, 0.4, 0.5, and 0.6MPa)
on the coal-breaking ability of a gas jet. The size of the ero-
sion pit directly reflects the coal-breaking ability of each jet
parameter, so the radius and depth of the erosion pit are
taken as the comparison parameters. The sample after the
experiment is shown in Figure 9. After measuring the ero-
sion pit, the experimental value is compared with the theo-
retical value, and the results are shown in Figure 10.

As shown in Figure 10, the theoretical and measured
values under some parameters have roughly the same varia-
tion trend after ignoring the large error in the experimental
data. However, with the increase of Mach number and target
distance, the theoretical value of erosion pit depth decreases
gradually, while the measured value increases first and then
decreases. With the increase of jet pressure, the change in
the radius of an erosion pit is opposite to the Mach number
and target distance.

Differently from the monotonic variation of theoretical
values, there is a turning point in the variation of experi-
mental values under some parameters. Taking the varia-
tion under different target distances as an example, the
depth of the erosion pit increases with the increase of
the target distance and reaches the deepest depth when
the target distance is 30mm. The radius of the erosion
pit also remains almost unchanged after the target distance
is 30mm. Therefore, the optimal impinging distance is
30mm, rather than that the smaller distance would cause
a better impinging effect.

In order to determine these optimal values within the
paper’s research scope, experimental data under various jet
parameters are analyzed, and the results are shown in
Figure 11.

Under the condition of a constant nozzle Mach number
and impingement distance, the depth of an erosion pit formed
by high-pressure gas jet impact and the area of an erosion pit
both increases with the increase of nozzle inlet pressure. Con-
sidering the influence of the depth and radius of an erosion pit
comprehensively, certain rock breaking can be achieved under
the action of jet impingement. The impact pressure of a gas jet
should be increased continuously.

Under the condition of a constant nozzle inlet pressure
and nozzle Mach number, the depth of an erosion pit formed
by high-pressure gas jet impact first increases and then
decreases with the increase of target distance. Besides the large
area peeling data of test block surface with 10mm spacing, the
erosion pit area also shows the trend of first increasing and
then decreasing. It is considered that an optimum distance
of 30mm exists under the action of jet impingement.

Under the condition of a constant nozzle inlet pressure
and impingement distance, the depth of an erosion pit
formed by high-pressure jet impingement increases with
the increase of nozzle Mach number, and the erosion pit
area reaches the maximum when the nozzle Mach number
is 2.75Ma. Considering the influence of the depth and radius
of the erosion pit, the rock-breaking effect is better when the
nozzle size is 2.75Ma.

Under the condition of constant nozzle inlet pressure,
nozzle Mach number, and impingement distance, the depth
of an erosion pit formed by high-pressure gas jet impact and
the area of an erosion pit both decreases with the increase of
coal strength.

4. Discussion

Gas jet breaking coal and rock is a new type of pressure relief
and permeability increasing technology. By studying the
continuous action mechanism of a gas jet and the influence
law of different jet parameters on erosion and coal breaking,
the theory of gas jet impacting coal and rock breaking is
enriched and developed, and the selection of jet parameters
is optimized, which is of great significance for the applica-
tion of gas jet engineering. Although the mechanism and
law of coal breaking by gas jet impingement have been stud-
ied in this work, there are still some deficiencies which need
to be further studied and improved. (1) Limited by the influ-
ence of a high-pressure gas source, it is impossible to realize
a high-pressure and long-time jet impingement experiment.
In the selection of experimental factors, the influence of
impact time on the experimental results is ignored, and the
optimal value of jet parameters cannot be completely accu-
rately selected. (2) Because the raw coal sample is not easily
obtained and its demand is usually large, it is replaced by
similar materials in this work. The results show that the sim-
ilar materials do not have the joint structure of raw coal, and
the experimental results will have a certain degree of devia-
tion. Moreover, raw coal exists in the complex stress field,
which is not easily achieved in the laboratory conditions.
Therefore, the field test of a gas jet breaking coal and rock
is needed in our future research.

5. Conclusion

(1) The mathematical model of the full impinging pro-
cess of coal and rock fracturing by a supersonic gas
jet is established. In particular, the transport of
high-pressure gas in a pipeline is included in the
model. The relationship between the pressure at the
inlet and the pressure at the outlet of the pipeline is
obtained, and the remote supply of high-pressure
gas can be achieved. Moreover, the criteria for distin-
guishing the coal-fracturing ability of a gas jet and
the characteristics of an erosion pit are deduced,
and it is found that the shape of the erosion pit is
ellipse, which lays a foundation for further theoreti-
cal research and field process design

(2) Laboratory experiment results show that different
from the monotonic variation of theoretical values,
a turning point exists in the variation of experimen-
tal values under some parameters. Taking the varia-
tion under different target distances as an example,
the depth of the erosion pit increases with the
increase of the target distance and reaches the dee-
pest depth when the target distance is 30mm. The
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radius of the erosion pit also remains almost
unchanged after the target distance is 30mm

(3) Considering the influence of the depth and radius of
erosion pit comprehensively, certain rock-breaking
effects can be achieved under the action of jet impinge-
ment. The impact pressure of a gas jet should be
increased continuously. The rock-breaking effect is
better when the nozzle size is 2.75Ma

Nomenclature

g: Gravitational acceleration (m/s2)
u1: Speed at pipeline inlet (m/s)
u2: Speed at pipeline outlet (m/s)
p1: Pressure at pipeline inlet (Pa)
p2: Pressure at pipeline outlet (Pa)
hf : Resistance loss (J/kg)
ρ: Density (kg/m3)
v: Specific volume of gas (m3/kg)
L: Length of pipeline (m)
d: Diameter of pipeline (m)
Re: Reynolds number
λ: Friction coefficient
μ: Viscosity (Pa·s)
qm: Mass flow rate (kg/s)
A: Section area of pipeline (m2)
G: Mass flow rate (kg/s)
R: Gas constant, 287.06 J/(kg·K) for air
T : Thermodynamic temperature (K)
M: Molar mass (g/mol)
S: Any cross-sectional area of nozzle (m2)
Se: Nozzle throat area (m2)
Ma: Mach number
Mamax: Maximum Mach number
k: Adiabatic coefficient, 1.4 for air
P: Gas pressure (Pa)
P∗: Gas pressure under stagnation state (Pa)
ρ∗: Gas density at stagnation state (kg/m3)
T∗: Thermodynamic temperature of gas in stagnation

state (K)
a: Sound velocity (m/s)
b0: Radius at nozzle outlet (m)
H: Target distance: the distance from the nozzle outlet

to the plate (m)
θ: Jet angle (°)
U0: Initial velocity of a jet (m/s)
Pm: Jet axial pressure (Pa)
Ps: Pressure at stagnation point (Pa)
P∗
s : Pressure value at stagnation point at impact dis-

tance H (Pa)
Pw: Pressure at wall (Pa)
P∗
w: Critical failure pressure at the wall (Pa)

Um: Jet velocity (m/s)
υ: Poisson’s ratio
St : Tensile strength (Pa)
Kpw: Constant (0.13)
Um1: Maximum value of Um in x1 direction of any cross-

section (m/s)

bu: Radial length dimension of fluid cross-section
velocity of 1/2Um in a free jet section (m)

Umf : Axial velocity of jet (m/s)
bf : Radial length of jet (m)
x: Radius of erosion pit (m)
Δh : Depth of erosion pit (m).
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