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For the urgent need of gas management in high gas and coal and gas herniated mines, liquid CO2 fracturing is used to increase the
permeability and promote the pumping treatment of low permeability coal seams. In this paper, we construct the coal deformation
and damage model, gas diffusion and seepage model, and coal seam permeability change model; simulate and solve the plastic
zone and gas pressure of coal seam after fracturing with the COMSOL Multiphysics software; and set 4 different hole spacing
groups of 2m, 3m, 4m, and 5m and 3 different hole layout methods of single hole, double hole, and net hole to get the best
solution for liquid CO2 fracturing. At the same time, the specific effect of liquid CO2 on coal seam fracturing was verified by
field experiments using coal seam No. 2 of the 12316 comprehensive mining working face of Wangjialing Coal Mine as the
background of the study. The numerical simulation results show that the stress concentration area around the fracturing hole
appears in single-hole fracturing, and the coal seam is prone to fatigue damage in this area, but the damage range is limited,
and the reduction of gas pressure after fracturing is small; the fracturing effect of double-hole and net-hole fracturing is better
than that of single-hole fracturing due to the existence of sufficient critical air surface. After negative pressure extraction, the
coal seam gas pressure is positively correlated with the distance from extraction hole to fracturing hole, and the best extraction
effect can be seen from the field experimental results with the netted hole layout at the hole distance of 3m. The field test
results show that the pure amount of gas extraction is improved about 4 times after liquid CO2 fracturing, which proves that
liquid CO2 fracturing has a better enhancement effect on gas management in low permeability coal seams.

1. Introduction

Gas is a natural fuel resource as a companion to coal forma-
tion and is also the main source of danger in current mine
mining. With the upgrading of mining technology and the
progress of production method, the underground engineer-
ing resource mining gradually expands to the deep, which
leads to the increase of ground stress on coal seams and
the gradual closure of fissures between coal seams, making
the pressure and concentration of gas in coal seams rise,
which is very easy to cause gas accidents in mines and poses

a great threat to the normal mining of coal. In order to
improve the permeability of deep coal seams and increase
the efficiency of gas extraction, permeability-enhancing
technology can be adopted to require permeability-
enhancing and extraction treatment for coal seams [1–3].

Around the technical problem of liquid carbon dioxide
permeability enhancement of low permeability coal seams,
academics and engineers have conducted fruitful research.
The liquid CO2 fracturing technology is to inject liquid
CO2 into the coal seam, which forces the pore evolution of
the coal body and the expansion and extension of the
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original fractures and the generation of new fractures by the
freezing effect at low temperature and the increase of the
warming phase change, so as to achieve the purpose of
increasing the permeability [4–7]. At the same time, CO2,
which becomes gaseous under the action of pressure injec-
tion pressure and phase change force, percolates and diffuses
into the coal body, competes with CH4 adsorbed on coal gas
adsorption sites, and finally, under the action of partial pres-
sure and concentration difference of injected CO2, replaces
and repels CH4 gas on coal matrix gas adsorption sites, so
that it transports and diffuses along the coal seam gas perco-
lation channel to the gas extraction borehole, thus achieving
the result of improving coal seam gas extraction. The result
is to improve the efficiency of coal seam gas extraction
[8–11]. In this process, firstly, the coal seam is deformed
by the force, and the change of the plastic zone of the coal
body is analyzed by the Flac software to obtain the evolution
of the plastic zone of the coal seam around the fracture hole
after the injection of liquid carbon dioxide, and the rule is
that the radius of the plastic zone around the fracture hole
increases gradually with the injection of liquid carbon diox-
ide [12–16]. The results show that the static fracturing pro-
cess is mainly divided into four stages, microfracture
generation, microdamage formation, large fracture forma-
tion, and fracture expansion and stabilization, and the gen-
erated fractures are distributed transversely, longitudinally,
and multiangle with the blast hole as the center [17–21].
The permeability of the coal body is an important factor
affecting the gas extraction effect in the coal seam, and the
fractures generated after fracturing the coal body affect the
porosity of the coal body, and the porosity and permeability
of the coal body can be expressed numerically by the cubic
law. COMSOL simulates the change of gas pressure and per-
meability in the fracturing process of coal body, and the
effect of CO2 on gas repulsion can be simulated [22–26].
In addition, the effectiveness of the practical application of
liquid CO2 fracturing is also affected by various factors,
among which the arrangement of the fracturing hole has a
great influence on the extraction effect after fracturing.
Therefore, a combination of similar material model and
numerical simulation was used to set the hole placement
method as the variable and simulate the change of plastic
zone of coal body and the change of gas pressure under dif-
ferent hole placement methods [27–32].

The comprehensive literature analysis found that the
effectiveness of coal seam fracturing depends on the effective
radius, and by establishing the mathematical relationship
between a series of external factors such as ground stress,
fracture water volume, fracture time, and effective radius,
the negative impact of external environment on the fractur-
ing effect can be greatly reduced, and the coal seam pumping
effect can be improved. In this paper, we take No. 2 coal
seam of 12316 comprehensive mining working face of
Wangjialing Coal Mine as the engineering background and
use a combination of numerical simulation and field experi-
ment to establish a mathematical analysis model based on
theoretical analysis of CO2 fracturing mechanism, to study
the evolution law of coal seam fracture expansion during
fracturing, to obtain the permeability enhancement effect

of liquid CO2 fracturing, and to provide technical guidance
for efficient gas extraction of low permeability thick coal
seam.

2. Fracturing Mechanism of Liquid
Carbon Dioxide

Liquid carbon dioxide is a low-temperature and low-
viscosity fluid, and the frost heaving force generated by the
instantaneous low-temperature freezing when it contacts
with the coal body makes the weak surface of the coal struc-
ture contract coldly, resulting in new cracks. In addition, the
liquid carbon dioxide injected into the coal seam will pro-
duce convective heat transfer with the coal body when it is
seepage and diffusion in the original fracture. The liquid car-
bon dioxide temperature rises and phase changes, and the
phase change pressure stress can give the coal fracture ten-
sion and shear failure, forcing the original fracture extension
of the coal body and the generation of new fractures,
expanding the fracture network area in the coal seam, and
achieving the purpose of increasing permeability. The study
shows that the adsorption capacity of carbon dioxide in coal
matrix is stronger than that of CH4, so carbon dioxide can
replace coal seam gas well in the seepage diffusion of coal
pore fracture, which provides a new way for gas predrainage
before mining. 12316 working face of No. 2 coal seam in
Wangjialing Coal Mine was selected as the test site. Firstly,
the physical and mechanical mechanism of liquid carbon
dioxide fracturing technology in coal seam permeability
enhancement and drainage promotion was theoretically
analyzed, and the fluid-solid coupling simulation method
was used to study the range of liquid carbon dioxide fractur-
ing and its influence on gas drainage under different hole
arrangement modes. Finally, combined with the geological
conditions of 12316 working face, the industrial test of gas
displacement by injecting liquid carbon dioxide in coal seam
was carried out to explore the technology suitable for this
coal seam, put forward the key parameters for field applica-
tion, and examine the gas drainage effect of the test coal
seam.

In the process of injecting liquid carbon dioxide into coal
seam, the coal seam is affected by three comprehensive
effects of “permeability enhancement, displacement, and dis-
placement” to improve the efficiency of gas drainage in coal
seam. Liquid carbon dioxide is a kind of low temperature
fluid (temperature, 56.6°C). In the process of cyclic injection,
the instantaneous low temperature effect will change the
temperature field of coal seam and force the coal matrix
skeleton to shrink. Under the condition of sharp tempera-
ture reduction, when the shrinkage stress produced by the
temperature difference on the coal body is greater than the
tensile stress, the original fracture network of the weak sur-
face of the structure is unstable. Under the action of shrink-
age stress, the fracture is broken, the overall structure of the
coal seam is destroyed, and the fracture network is recon-
structed. There is a certain amount of free water and bound
water in the pores and fissures of coal seam. Under the
action of instantaneous low temperature, the volume of
water in coal body expands and freezes, which produces
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compressive stress on the original pores and fissures of coal
body and promotes the pore reorganization and fracture
extension of coal body. In addition, the liquid carbon diox-
ide will exchange heat with the coal body when it flows
through the pore-fracture channel, and the temperature field
inside the coal seam changes alternately, resulting in low-
temperature freezing-melting effect and damaging the
pore-fracture structure of the coal body. Specifically, during
the heat exchange, the phase change of liquid carbon dioxide
heating and pressurization and the expansion of coal matrix
give the internal fracture network of coal to squeeze or ten-
sion stress, forcing the expansion, extension, and generation
of new fractures of coal, increasing the fracture area of coal
to a certain extent, and improving the permeability. 80%–
90% of CH4 in coal exists in the adsorbed state, and its dis-
sociated CH4 exists in the pores and fissures of coal seam.
Thermodynamic theory suggests that different gas molecules
have different degrees of motion under the same external
conditions. The average degree of freedom equation of gas
molecules is

λ = 2Z
P

ffiffiffiffiffiffiffiffiffiffiffi

π
Rt
8M

r

: ð1Þ

In formula (1), Z is the dynamic viscosity of gas, t is tem-
perature, r is the molar constant of gas, p is gas pressure, and
m is the molar mass of gas.

Under the same temperature and pressure conditions,
the dynamic viscosity of CH4 is much larger than that of car-
bon dioxide, the molecular weight of CH4 is less than that of
carbon dioxide, and the degree of freedom of CH4 is greater
than that of carbon dioxide. Therefore, the random motion
of CH4 is more intense than that of carbon dioxide. Under
the action of external factors, the van der Waals force
between CH4 and coal molecules is weakened, and it is easy
to desorb. A large number of studies have shown that under
the same conditions, the adsorption capacity of carbon diox-
ide in coal matrix is stronger than that of CH4. When the
amount of carbon dioxide entering the coal CH4 occurrence
area increases, the two will produce competitive adsorption.
This conclusion shows that the carbon dioxide partial pres-
sure entering the adsorption site of coal matrix increases
and the CH4 partial pressure decreases under the action of
transportation power and liquid carbon dioxide phase tran-
sition stress. The adsorption-desorption equilibrium of gas
components in coal matrix is destroyed, and the carbon
dioxide molecules with stronger adsorption capacity occupy
the adsorption site of CH4, so that CH4 molecules are des-
orbed and replaced. With the increase of carbon dioxide
injection, the concentration difference of mixed gas compo-
nents at both ends of the gas migration channel is produced,
and CH4 molecule is displaced to the corresponding gas
migration channel. Finally, under the dual action of pressure
difference and concentration difference, a large number of
CH4 molecules flow along the coal fracture channel and dif-
fuse to the drainage borehole. The displacement process is
shown in Figure 1.

3. Mathematical Model of Crack Propagation

There are a large number of primary fractures in the coal
rock, and the internal fractures are crisscross, the coal rock
show typical anisotropy. The viscosity, density, permeability
coefficient, and other physical parameters of various types of
fracturing fluids, such as water and liquid carbon dioxide,
will change over time during the increase of drilling pres-
sure. Complexity of primary fractures in coal rock is closely
related to complex variation of physical parameters of frac-
turing fluid. In order to deduce the fracture propagation
process of liquid carbon dioxide fracturing, it is necessary
to simplify the coal-rock mass and fracturing fluid.

The fracture shape of the fracturing process is simplified
as shown in Figure 2. In the calculation process, due to the
large buried depth of the coal seam, the direction of the
major principal stress in the formation is perpendicular to
the surface, and the minor principal stress is horizontal,
the borehole wall of the coal seam produces cracks parallel
to the axial direction of the borehole, and the relationship
between injection pressure difference and crack propagation
distance is established by calculation. With the increase of
injection pressure difference, the fracture propagation radius
increases gradually. When the injection pressure is small, the
crack propagation radius is not sensitive to the change of
injection pressure difference; when the injection pressure
difference is large, the injection pressure has a great influ-
ence on the fracture diffusion radius, and the increase of
the injection pressure will lead to the obvious change of
the fracture diffusion radius.

4. Simulation of Permeability Enhancement
Effect of Liquid Carbon Dioxide Fracturing

4.1. Basic Assumptions of the Model. According to the geo-
logical and gas occurrence conditions of No. 2 coal seam
in 12316 fully mechanized working face of Wangjialing Coal
Mine, the fluid-solid coupling model of borehole failure and
gas flow in coal seam under static fracturing was established
by using the COMSOL Multiphysics simulation software.
The distribution characteristics of stress and plastic zone
around the borehole were compared and analyzed under
single-hole fracturing, double-hole fracturing, and mesh dis-
tribution control fracturing. The gas pressure relief range of
the inspection hole under different extraction time was sim-
ulated, and the reasonable carbon dioxide fracturing hole
distribution and extraction time were obtained.

Since the flow of gas in coal seam is affected by many
factors, it is a relatively complex process. In order to make
the modeling convenient and feasible, the following assump-
tions are made:

(1) The coal seam is mainly composed of coal matrix,
matrix pores, and cracks, and the composition of
pores and cracks in the coal seam is continuous

(2) Coal is heterogeneous and isotropic elastic-plastic
medium, ignoring the influence of anisotropy of coal
seam on permeability directivity
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(3) In the whole process of flow displacement, coal seam
contains only carbon dioxide and gas, without con-
sidering the existence and influence of water and
other gases

(4) The migration form of body in coal cracks is only
seepage process, and the seepage process meets
Darcy’s law. The gas migration form in the coal frac-
ture is only the diffusion process, and the diffusion
process follows the Fick’s law

(5) Coal failure satisfies Mohr-Coulomb criterion

4.2. Model Parameters and Boundary Conditions

4.2.1. Establishment of Geometric Model. The actual process
of carbon dioxide flow displacing gas is in three-
dimensional space. In order to facilitate modeling and calcu-
lation, we simplify it into two-dimensional model, ignoring
the thickness of coal seam. The two-dimensional plane
model established in this simulation is 12m long and 8m
wide, and liquid carbon dioxide is injected from fracturing
borehole. Because the instantaneous fracturing process of
liquid carbon dioxide injected into coal seam is unpredict-
able, the simulation does not consider the fracture process
of fracturing, only simulates the gas pressure change after
precracking and the process of carbon dioxide flowing in

coal seam and displacing gas. The average buried depth of
the working face is 400m, the average thickness of the coal
seam is 6m, the thickness of the roof rock is 2m, and the
thickness of the floor rock is 1.3m. The expansion force act-
ing on the borehole wall during the liquid carbon dioxide
fracturing is approximately 10MPa. According to the mea-
surement results of gas content in working face, the corre-
sponding gas pressure is 0.2MPa according to the indirect
calculation equation of Langmuir equation. Therefore, the
surrounding of the model is assumed to be zero flow bound-
ary, the roof and floor of the coal seam are impervious strata,
and the rolling boundary is set around. The bottom of the
model is fixed constraint, and the side of the model is hori-
zontal constraint. The top of the model is free boundary, and
the drilling boundary is free boundary. On the free boundary
of the top of the model, a 10MPa vertical downward stress is
set up to express the load of the rock layer, and the load of
10MPa is applied to the borehole wall of the model to
express the force generated by liquid carbon dioxide fractur-
ing. The initial velocity field and displacement field of the
model are 0, the coal seam gas pressure is set to 0.2MPa,
the extraction negative pressure is 20 kPa, and the borehole
diameter is 75mm. Liquid carbon dioxide pumping model
is shown in Figure 3.

According to the measured gas parameters, coal rock
mechanical parameters, and other physical parameters of
the same coal seam in coal mines and mining areas, the
model parameters are determined as shown in Table 1.
According to the measurement results of gas content in
working face, the original gas content is 3.3m3/t, and the
corresponding gas pressure is 0.2MPa according to the indi-
rect calculation equation of gas content in coal seam.

4.2.2. Setting Boundary and Initial Conditions for Numerical
Simulation. For differential equations, it is necessary to point
out the definite solution conditions; the most common is to
determine the definite solution according to the boundary
conditions and initial conditions. The boundary conditions
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of flow field generally include pressure boundary conditions
and flow boundary conditions, namely,

p = p tð Þ: ð2Þ

In formula (2), pðtÞ is the pressure given on the
boundary.

The initial condition is the value of the unknown func-
tion and its partial derivatives to time at the initial time t
= 0. The initial condition for the flow field is the fluid pres-
sure distribution in the solution domain, which is

p = p x, y, zð Þ: ð3Þ
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Figure 3: Geometric model of liquid carbon dioxide fracturing pumping.

Table 1: Basic parameters of liquid carbon dioxide fracturing model for No. 2 coal seam.

Physical parameter Units Value

Adsorption constant a m3/t 29.24

Adsorption constant b MPa-1 0.95

Drainage negative pressure kPa 20

Coal seam gas pressure MPa 0.2

Coal seam gas pressure MPa 0.2

Klinkenberg coefficient MPa 0.35

Coal seam cohesion MPa 1.5

Atmosphere MPa 0.101325

Roof cohesion MPa 3.5

Floor cohesion MPa 4.8

Roof elastic modulus GPa 5.0

Elastic modulus of base plate GPa 6.5

Elastic modulus of coal seam GPa 3.0

Water proportion % 0.44

Dust proportion % 8.07

Volatile proportion % 17.38

Porosity % 4.3

Maximum adsorption volume expansion % 3

Coal density kg/m3 1400

Density of floor kg/m3 2600

Roof density kg/m3 2300

Internal friction angle of floor /° 37

Roof internal friction angle /° 32

Internal friction angle of coal /° 25

Gas universality coefficient J/(mol·K) 8.314

Initial permeability of coal seam m2 0:2 × e − 14
Poisson’s ratio of coal seam — 0.35

Dynamic viscosity Pa·s 1:08 × e − 5
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5. Simulation Result Analysis

5.1. Simulation Analysis of Single-Hole Fracturing Effect. In
the model, the roadway is the atmospheric pressure constant
pressure boundary, and the extraction borehole is the extrac-
tion negative pressure constant pressure boundary. The size
of the single-hole liquid carbon dioxide fracturing model is
15m × 9:3m (the thickness of coal seam is 6m, the thickness
of roof rock is 2m, and the thickness of floor is 1.3m). The
model is assumed to be zero flow boundary around the
model, and the support is set around the left and right.
The fixed constraint is set at the bottom of the model, and
the horizontal constraint is set at the side of the model.
The vertical stress of 10MPa is set at the top of the model
according to the field test data, and three boreholes with
75mm diameter are excavated in the middle of the model
(liquid carbon dioxide fracturing agent is injected into the
middle borehole as the fracturing hole, and the two bore-
holes are the extraction inspection hole, and the interval
between the fracturing hole and the extraction hole is
1.5m). The negative pressure of the extraction hole is
20 kPa. When the fracturing pressure is 10MPa, the stress
distribution around the borehole is shown in Figure 4.

As can be seen from Figure 4(a), the pressure relief range
of the borehole is also small due to the small aperture of the
extraction borehole (ϕ = 75mm); with the increase of the
expansion load on the wall of the fracturing hole, the influ-
ence area of the horizontal stress around the fracturing hole
is obviously larger than that of the extraction hole, and the
obvious stress concentration appears on both sides of the
fracturing hole (the peak stress reaches 9.6MPa) and gradu-
ally transfers to the deep coal seam, and the stress reduction
zone appears on the upper and lower sides of the fracturing
hole. As shown in Figure 4(b), the vertical stress concentra-
tion appears in the upper and lower sides of the fracturing
hole, and the stress influence range of the fracturing hole is
significantly larger than that of the drainage inspection hole.
The pressure relief zone appears on the left and right sides of
the fracturing hole, which is due to the fact that in the pro-
cess of liquid carbon dioxide fracturing, after the initiation

pressure in the fracturing hole exceeds the ultimate tensile
strength of the coal around the hole, the coal around the
hole begins to break and produces a large number of cracks
to relieve pressure.

In order to further explore the damage and cracking
around the borehole after liquid carbon dioxide fracturing,
the distribution map of the plastic zone around the borehole
is derived, as shown in Figure 5. For coal, the yield of elastic-
plastic material is failure; that is, the area where plastic strain
occurs is the area where coal is damaged.

It can be seen from Figure 5 that the distribution of plas-
tic zone around the fracturing hole is significantly larger
than that of the pumping hole. The plastic zone of the frac-
turing hole presents a spindle-shaped distribution. The plas-
tic zone extends about 0.12m horizontally to the left and
right sides, 0.522m vertically upward, and 0.477m down-
ward. The plastic zone of the extraction hole is butterfly
wing distribution, and the radius of the plastic zone is about
0.11m. This shows that the obvious plastic deformation of
coal around the fracturing hole occurs after the crack initia-
tion pressure is applied to the fracturing hole wall, which
also greatly promotes the development of coal seam cracks,
resulting in a significant increase in the permeability of coal
in the region.

In order to investigate the effect of liquid carbon dioxide
fracturing on gas drainage, it is necessary to compare and
analyze the gas pressure relief range of the inspection hole
under different extraction time. When the drainage time is
10 d, 30 d, 90 d, and 180 d, the gas distribution around the
borehole is shown in Figure 6.

In Figure 6, the vertical and horizontal coordinates are
position size, and the right graphic unit is gas pressure. It
can be seen from Figure 6 that with the increase of extraction
time, the gas content around the extraction borehole on both
sides of the fracturing hole decreases continuously, and the
influence range of extraction pressure relief is expanding.
The variation range of gas pressure around the drainage bore-
hole is obviously larger than that in the far area. In the initial
pumping, the gas pressure gradually increases with the
increase of time, and the pressure drop coefficient is large.
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Figure 4: Stress distribution around borehole after liquid carbon dioxide fracturing.
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However, with the continuous growth of time, the downward
trend of pressure gradually becomes smaller, and the reduc-
tion rate gradually becomes smaller and tends to ease.

The cloud picture of gas pressure distribution at 180 d of
extraction was amplified, and the left extraction hole was
taken as the observation point, as shown in Figure 7.

It can be seen from Figure 7 that after 180 days, the gas
pressure drops to 0.120MPa at 0.20m from the extraction
hole. At 1.49m from the extraction hole, the gas pressure
decreased to 0.184MPa. The closer the extraction hole is to
the side of the fracturing hole, the more obvious the pressure
relief of gas pressure is. The gas pressure around the
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extraction hole shows an asymmetric distribution, indicating
that the permeability of coal near the side of the fracturing
hole is high.

According to the actual production requirements, this
extraction standard is based on the extraction rate of the coal
seam reaching 20%, and the distance from the borehole cen-
ter to the gas pressure drop of 0.189MPa is the effective
extraction range of gas. The gas pressure relief curve under
different extraction time is shown in Figure 8.

It can be seen from Figure 8 that when the liquid carbon
dioxide fracturing is carried out in a single borehole, the gas
pressure of the drainage borehole decreases to 0.189MPa at
10 d, 30 d, 60 d, 90 d, 120 d, 150 d, and 180 d, and the unilat-
eral gas pressure relief ranges are 0.07m, 0.70m, 1.06m,

1.29m, 1.46m, 1.55m, and 1.79m, respectively. The pres-
sure relief range at 180 d is 38.75% higher than that at 90 d,
and the pressure relief range at 90 d is 84.85% higher than
that after 30 d. The data show that after liquid carbon diox-
ide fracturing, the gas pressure relief range around the bore-
hole gradually increases with the increase of extraction time,
but after 90 d, the growth rate of pressure relief range grad-
ually decreases with the extension of extraction time.

5.2. Simulation Analysis of Double-Hole Fracturing Effect.
Double-hole fracturing effect is mainly affected by ground
stress, drilling along the direction of maximum principal
stress or perpendicular to the direction of minimum princi-
pal stress. In order to solve the problem of insufficient coal
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seam face, two fracturing holes can be arranged up and
down at the same position to realize the coupling effect of
in situ stress and stress disturbance between fracturing bore-
holes, which is equivalent to the torque synthesis theorem,
so that the borehole extends along its resultant force direc-
tion (when the hole distance is large, it is equivalent to two
single-hole splitting). The fracturing failure process can be
divided into three stages: stress accumulation, crack stable
propagation, and instability failure. The maximum principal
stress at the observation point between two holes will corre-
spond to the stress drop zone and the energy accumulation
zone with the increase of calculation steps. The change of
initial fracture pressure is not obvious when the borehole
spacing is small, while the initial fracture pressure increases
with the increase of lateral pressure coefficient when the
borehole spacing is large. The dual-hole liquid carbon diox-
ide fracturing is carried out, and the size of the dual-hole
fracturing model is 15m × 9:3m. The zero flow boundary
is assumed around the model, and the rolling boundary is
set around the left and right. The bottom of the model is
fixed constraint, the side of the model is horizontal con-
straint, and the top of the model is applied with 10MPa ver-

tical stress. Two fracturing holes with a diameter of 75mm
were arranged up and down in the middle of the model,
and the spacing was 0.5m. During the fracturing of liquid
carbon dioxide, 10MPa initiation pressure was applied on
the hole wall. In order to investigate the influence range of
dual-hole fracturing, the drainage inspection holes are
arranged on the left and right sides of the fracturing hole,
and the spacings of the two drainage holes are 2m, 3m,
4m, and 5m, respectively. The permeability enhancement
effect of dual-hole fracturing is analyzed as follows.

When the distance between the two extraction holes is
2m, the stress distribution around the borehole after the liq-
uid carbon dioxide fracturing of the two holes is shown in
Figure 9.

It can be seen from Figure 9(a) that in the dual-hole frac-
turing, the horizontal stress relief range at the upper and
lower ends of the fracturing hole further increases due to
the two fracturing holes acting as free surfaces, and they
begin to overlap with each other. The horizontal stress con-
centration on the left and right sides of the fracturing hole is
also gradually transferred to the deep part of the coal seam,
which is larger than that of the single-hole fracturing. As
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Figure 9: Stress distribution map of two-hole fracturing with 2m spacing between pumping holes.
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shown in Figure 9(b), the influence range of vertical stress of
double-hole fracturing is larger than that of single-hole frac-
turing, and the pressure relief area near the side of the frac-
turing hole is almost quickly opened, which shows that in
the process of double-hole fracturing, the coal around the
upper and lower two boreholes produces greater fracture
pressure relief.

The distribution of plastic zone around the borehole
after two-hole liquid carbon dioxide fracturing is up and
down fishtail, and the plastic stress extends horizontally, as
shown in Figure 10.

As shown in Figure 10, it can be seen that the plastic fail-
ure zones around the upper and lower fracturing holes are
interconnected during the double-hole fracturing. The plas-
tic zone extends about 0.365m horizontally on both sides,
0.818m vertically upward, and 0.840m downward. Com-
pared with single-hole fracturing, the failure range of plastic
zone further increases.

The gas distribution around the borehole of double-hole
fracturing at the interval of 2m is shown in Figure 11.

It can be seen from Figure 11 that with the increase of
extraction time, the gas pressure around the extraction bore-
holes on both sides of the fracturing hole decreases continu-
ously, and the range of extraction and pressure relief
gradually expands and begins to be opened. The pressure

relief effect of double-hole fracturing is significantly greater
than that of single-hole fracturing. In the early stage of
extraction, the pressure relief area of the two extraction holes
was circular and gradually evolved into “∞” distribution
after 30 days. The pressure relief effect near the side of the
fracturing hole was more obvious.

When the spacing between the two pumping holes is
3m, the gas distribution around the borehole after the liquid
carbon dioxide fracturing of the two holes is shown in
Figure 12.

It can be seen from Figure 12 that as the extraction time
increases, the gas pressure around the extraction boreholes
on both sides of the fracturing hole decreases continuously,
and the pressure relief effect of double-hole fracturing is still
significantly greater than that of single-hole fracturing.
However, after 30 days of extraction, due to the increase in
the spacing between the two drainage holes, the gas pressure
relief range is not connected. After 90 days, the pressure
relief area gradually evolves into a “∞” distribution and
begins to be connected. The pressure relief effect near the
side of the fracturing hole is more obvious.

When the distance between the two pumping holes is
4m, the gas distribution around the borehole after the liquid
carbon dioxide fracturing of the two holes is shown in
Figure 13.
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It can be seen from Figure 13 that with the further
increase of the spacing between the two extraction holes,
the pressure relief range of the gas after 90 days of extraction
is not fully conduction, but the pressure relief effect of the
extraction hole near the side of the fracturing hole is still
obvious.

When the distance between the two pumping holes is
5m, the gas distribution around the borehole after the liquid
carbon dioxide fracturing of the two holes is shown as
Figure 14.

It can be seen from Figure 14 that with the further
increase of the spacing between the two drainage holes, the
gas pressure relief range after 90 d of extraction is not con-
nected. After 180 d, the pressure relief area gradually evolves
into a “∞” shape distribution and begins to be connected,
but the pressure relief effect of the drainage hole near the
side of the fracturing hole is still obvious.

In order to compare the pressure relief effect of two-hole
liquid carbon dioxide fracturing with four different spacing
extraction holes, the relationship between the range of pres-
sure relief zone on one side of the extraction hole and the
extraction time is drawn as shown in Figure 15.

It can be seen from Figure 15 that in the same extraction
cycle, the smaller the distance between the extraction hole
and the fracturing hole is, the larger the range of gas pressure

relief is. Within 10 d-90 d of extraction, the gas pressure
relief effect of dual-hole fracturing is the most obvious, and
then, the radius of gas pressure relief area increases slowly
with time and tends to be stable after 180 d. When the spac-
ing between the two extraction holes is set to 3m, good gas
extraction effect can be achieved.

When the drainage hole spacing is 3m, the gas pressure
relief effect of double-hole liquid carbon dioxide fracturing
in the same drainage period is obviously better than that of
single-hole fracturing. When the extraction time was 30 d,
the unilateral pressure relief range of double-hole fracturing
increased from 0.64m to 1.40m, an increase of 119% com-
pared with that of single-hole fracturing. When the extrac-
tion time was 90d, the pressure relief range of double-hole
fracturing increased from 1.29m to 2.24m, an increase of
73.6% compared with that of single-hole fracturing. When
the extraction time was 180 d, the pressure relief range of
double-hole fracturing increased from 1.82m to 2.88m
compared with that of single-hole fracturing, with an
increase of 58.2%.

5.3. Simulation Analysis on Fracturing Effect of Mesh Holes.
It can be seen from single-hole simulation and double-hole
results that double-hole fracturing can effectively enhance
the fracturing effect of liquid carbon dioxide fracturing.
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Figure 12: Gas pressure distribution map of liquid carbon dioxide fracturing with 3m spacing between pumping holes.
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The double-hole fracturing mainly relies on the stress super-
position between the two holes, and the fracture of the guid-
ing hole mainly relies on the free surface formed by the
guiding hole. Therefore, on the basis of the double-hole frac-
turing, the grid-like distributed control liquid carbon dioxide
fracturing scheme is proposed; that is, the fracturing and
fracture of the double-hole + guiding hole are combined in
the liquid carbon dioxide fracturing, so that the fracturing
initiation pressure of the liquid carbon dioxide fracturing is
superimposed, and the crisscross fracture network is formed,
so as to achieve better coal seam permeability enhancement
effect.

The size of mesh hole fracturing model is also 15m ×
9:3m. The model is assumed to be zero flow boundary
around, and the roller boundary is set around. The bottom
of the model is fixed constraint, and the side of the model
is horizontal constraint. The vertical stress of 10MPa is
applied on the top of the model. In the middle distance of
No. 2 coal seam, 9 rows of drilling fields are arranged, 3
boreholes per row, the spacing of boreholes is 1.5m, the
aperture is 75mm, the fracturing hole and the extraction
hole (guide hole) are cross arranged, and the radial expan-
sion force of 10MPa is applied on the wall of the fracturing
hole. The stress distribution around the borehole after liquid
carbon dioxide fracturing is shown in Figure 16.

It can be seen from Figure 16 that there are four pump-
ing holes around each fracturing hole as a free surface, and
the free surface is greatly increased. Therefore, the horizontal
stress relief range of the upper and lower ends of the fractur-
ing hole is further increased, and the mutual conduction
occurs. Compared with single-hole fracturing and double-
hole fracturing, the stress influence range is significantly
larger.

The distribution of plastic zone around the borehole
after grid-like liquid carbon dioxide fracturing is shown in
Figure 17.

As shown in Figure 17, it can be seen that after the
implementation of grid-like liquid carbon dioxide fracturing
in thick coal seam, the plastic failure zone around the bore-
hole is basically interconnected, and the in situ stress in most
areas of the coal seam is released, and the permeability of the
coal seam is further increased.

Under different extraction time, the gas distribution
around the borehole after grid fracturing is shown in
Figure 18.

It can be seen from Figure 18 that after the implementa-
tion of liquid fracturing with mesh hole arrangement, the gas
pressure relief effect around the drainage borehole is not
obvious at 10 d of drainage. With the increase of drainage
time for 30 d, the gas pressure around the drainage borehole

6
5
4
3
2
1
0

–1
–2
–3
–4
–5

–8 –6 –4 –2 0 2 4 6 8 –8 –6 –4 –2 0 2 4 6 84×108

4

3.5

3

2.5

2

1.5

1

0.5

0

4×1010

Surface: dependent variable P

10 d

4

3.5

3

2.5

2

1.5

1

0.5

0

Surface: dependent variable P

90 d

Surface: dependent variable P

180 d

4×108

–8 –6 –4 –2 0 2 4 6 8 –8 –6 –4 –2 0 2 4 6 84×108 4×108

4

3.5

3

2.5

2

1.5

1

0.5

0

Surface: dependent variable P

30 d

3.9998×1010 3.9877×1010

4.0×1010

6
5
4
3
2
1
0

–1
–2
–3
–4
–5

6
5
4
3
2
1
0

–1
–2
–3
–4
–5

6
5
4
3
2
1
0

–1
–2
–3
–4
–5

4

3.5

3

2.5

2

1.5

1

0.5

0

×1010 ×1010

×1010 ×1010

Figure 13: Gas pressure distribution map of liquid carbon dioxide fracturing with 4m spacing between pumping holes.
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around the fracturing borehole is significantly reduced, and
the pressure relief range is gradually expanded, and the
influence of the surrounding drainage borehole has a trend
of gradual penetration. After 90 days, the pressure relief area
around the extraction hole has been opened and gradually
expanded; after 180 days, the gas pressure of the whole coal
seam was completely released.

The relationship between the gas pressure around the
drainage hole and the distance in different time periods is
shown in Figure 19.

It can be seen from Figure 19 that after 60 days of extrac-
tion, the gas pressure around the extraction hole is reduced
to below 0.18MPa.

Liquid carbon dioxide fracturing is accompanied by
the process of carbon dioxide replacing gas in coal seam.
When the air contacts with the coal surface, due to the
fracture of the coal matrix and the difference of the
force between the pore surface molecule and the internal
molecule, there is a residual surface force field, which
forms the surface potential energy. Due to the existence
of the surface potential energy, the gas concentration on
the pore and fracture surface of the coal body increases,
and the adsorption phenomenon occurs. With the occur-
rence of the adsorption phenomenon, the adsorption
process is accompanied by the release of the adsorption
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Figure 14: Gas pressure distribution map of liquid carbon dioxide fracturing with 5m spacing between pumping holes.
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heat. Gas adsorption is mainly adsorbed on the surface
of coal matrix, and the coal matrix has a large specific
surface area, so it has strong adsorption. At the same
time, the coal reservoir mainly adsorbs gas by physical
adsorption, and the coalbed methane in the coal reser-
voir mainly exists in the adsorption state. Only when
the gas molecule obtains sufficient kinetic energy and
can overcome the gravitational barrier of the coal sur-
face, the gas can be desorbed from the coal surface.
Therefore, when carbon dioxide replaces gas, because
the attraction of coal to carbon dioxide is much stronger
than that of gas, carbon dioxide preferentially adsorbs,
which reduces the adsorption force of coal to gas. When
the adsorption force cannot bind gas, gas begins to
change from adsorption state to free state. The displace-
ment effect is shown in Figure 20.

Figure 20 is the distribution map of coal seam pres-
sure in carbon dioxide displacement process under the
pressure of 10MPa, 1 h, 2 h, and 4h. It is found that
the influence range of carbon dioxide near the extrac-
tion hole is 0.76m after 1 h, 0.98m after 2 h, and
1.33m after 4 h.

6. Field Experiment of Liquid Carbon
Dioxide Fracturing

6.1. Introduction of Test Site. This liquid carbon dioxide frac-
turing experiment was selected at 60m in front of 850 cham-
ber of return airway of 12316 fully mechanized working face
in Wangjialing Coal Mine. The roadway elevation is
+500m~+540m, buried depth is about 470m, vertical stress
isσv = 11:8MPa, Poisson’s ratio isυ = 0:335, and the hori-
zontal stress isσh = v/ð1 − vÞ∙σv = 0:504 × 11:8 = 5:95MPa.
The tensile strength of coal is 0.5~ 1.5MPa.

6.2. Introduction of Experimental Equipment. In order to
select the technical equipment suitable for high stress and
low permeability coal seam fracturing low permeability coal
seam in Wangjialing Coal Mine, the carbon dioxide fractur-
ing and permeability enhancement technical equipment sys-
tem is developed by Jiangsu Tuochuang Scientific Research
Instrument Co., Ltd. The equipment is shown in Figure 21.

Figure 21 is the underground high pressure liquid car-
bon dioxide fracturing antireflection system. The system
mainly includes liquid carbon dioxide pressurization system,
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decompression control valve, flow automatic monitoring
system, high pressure armor hose connected to the above
device, seamless carbon steel pipe, explosion-proof monitor-
ing and control device, and mine flat car equipped with the
above device. In the process of fracturing, the pressure of liq-
uid carbon dioxide storage tank is maintained between
5MPa and 10MPa in the process of entering and dischar-
ging liquid, which ensures that the continuous transporta-
tion of liquid in the pipeline is not easy to plug and can
realize high pressure liquid carbon dioxide fracturing of coal
seam. The booster pump adopts SITEC brand, GB series gas
booster pump, mainly used for carbon dioxide gas pressuri-
zation. Model GB 25, pressure ratio 25 : 1, maximum outlet

pressure 207.5 Bar, minimum inlet pressure 15 Bar, maxi-
mum displacement 114 L/min. The power source of the gas
booster pump is the low pressure air source with the maxi-
mum output of 0.8MPa.

6.3. Field Drilling Arrangement Scheme. In order to investi-
gate the influence range of liquid carbon dioxide fracturing
and displacement pumping, the fracturing site was selected
at 60m ahead of the 850m chamber of the return airway
in the 12316 fully mechanized mining face of Wangjialing
Coal Mine. The fracturing hole was arranged as the
inspected hole to the center, and the other inspection holes
were arranged to the left and right ends of the fracturing
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hole. A total of 7 boreholes were vertical to the coal wall. The
borehole diameter was 75mm, and the hole depth was 40m.
The arrangement of the boreholes in the influence range of
fracturing is shown in Figure 22.

6.4. Investigation Results of Extraction Effect. The 4 # fractur-
ing borehole underwent three intermittent liquid carbon
dioxide fracturing, and the cumulative injection volume
was about 6m3. After fracturing, the gas drainage effect
and carbon dioxide concentration of 3 #, 5 #, and 6 # inspec-
tion holes around the fracturing hole were investigated.

Figure 23(a) shows that after liquid carbon dioxide frac-
turing, the average extraction mixing amount of 3 #, 5 #, and
6 # boreholes is 0.0791m3/min, which is increased to
0.329m3/min, 0.204m3/min, and 0.143m3/min, respec-

tively. This shows that after liquid carbon dioxide fracturing,
within the radius of 1.5m, the flow increase effect appears in
the inspection hole, and with the increase of the distance
between the inspection hole and the injection hole, the flow
increase effect gradually weakens. However, the carbon diox-
ide concentration shows the opposite trend, as shown in
Figure 23(b). This is because boreholes 3 #, 5 #, and 6 # were
completed after the injection of borehole 4 #, and the frac-
tures around the observation borehole close to the injection
borehole were developed, and the carbon dioxide concentra-
tion remaining in the coal seam after fracturing was low. On
the contrary, in the extraction borehole far from the injec-
tion borehole, the fracture development was small, and the
carbon dioxide residue in the coal seam was large
(Figure 23(c)). The change of gas drainage concentration
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Figure 23: Gas drainage in boreholes 3 #, 5 #, and 6 #.
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after liquid carbon dioxide injection is consistent with the
change of gas drainage concentration after 4 # borehole
injection, and the change of gas drainage concentration
before and after fracturing is not obvious. Figure 23(d)
shows that after liquid carbon dioxide fracturing, the average
value of gas extraction purity of boreholes 3 #, 5 #, and 6 #
increases from 0.00485m3/min to 0.025m3/min, 0.018m3/
min, and 0.011m3/min with the increase of the distance
from the injection hole, which increases by 5.15 times, 3.71
times, and 2.26 times, respectively. Comparing the gas drain-
age effect of borehole after liquid carbon dioxide fracturing
with that of static fracturing, it is found that liquid carbon
dioxide fracturing is more beneficial to the gas drainage of
coal seam.

7. Conclusions

(1) The mechanism of liquid carbon dioxide fracturing
was analyzed, and the effect of liquid carbon dioxide
on coal and gas in coal was expounded from three
aspects of “permeability enhancement and
displacement-displacement.” The feasibility of liquid
carbon dioxide fracturing was demonstrated from
the side

(2) The mathematical model of fracture expansion is
established, and the functional relationship between
the pore pressure p0 of the injection borehole and
the fracture expansion radius L is established. The
influence of the injection parameters (injection pres-
sure, injection flow rate, and fracturing fluid viscos-
ity) on the fracture expansion radius is
emphatically analyzed. When the injection flow rate
is constant and the injection pressure difference is
constant, the larger the crack width, the larger the
corresponding propagation distance, and the influ-
ence of crack width on the crack propagation dis-
tance is more obvious than that of fracturing fluid
viscosity. When the crack width is doubled, the crack
propagation distance increases sharply. The fracture
toughness K IC, formation pressure σ1 and σ3, injec-
tion pressure p0, and fracturing fluid viscosity μ all
affect the fracture propagation in coal and rock mass.
With the increase of injection pressure difference,
the fracture propagation radius increases gradually.
When the injection pressure is small, the crack prop-
agation radius is not sensitive to the change of injec-
tion pressure difference; when the injection pressure
difference is large, the injection pressure has a great
influence on the fracture diffusion radius, and the
increase of the injection pressure will lead to the
obvious change of the fracture diffusion radius

(3) When the injection flow rate is constant, under the
condition of the same injection pressure difference,
the larger the fracturing fluid viscosity, the smaller
the fracture propagation distance; compared with
water fracturing and liquid carbon dioxide fractur-
ing, liquid carbon dioxide fracturing has a longer

crack propagation distance under the same injection
flow and pressure difference due to the low viscosity
of liquid carbon dioxide. Due to the low viscosity
and strong diffusion of liquid carbon dioxide, there
are many cracks produced by fracturing. With the
increase of drainage time after fracturing, the gas
pressure around the drainage borehole on both sides
of the fracturing hole decreases continuously, and
the drainage pressure relief range gradually expands
and begins to pass. The pressure relief effect of
double-hole fracturing is obviously greater than that
of single-hole fracturing. In the early stage of extrac-
tion, the pressure relief area of the two extraction
holes is circular and then gradually evolves into
“∞” distribution. The pressure relief effect near the
side of the fracturing hole is more obvious

(4) In the control group of fracturing hole spacing 2m,
3m, 4m, and 5m, the hole spacing of 3m can
achieve good gas drainage effect; compared with
single-hole fracturing and double-hole fracturing,
the gas drainage effect of mesh hole fracturing is bet-
ter, and the gas pressure of the whole coal seam is
fully released after 180 days

(5) In the same extraction period, the smaller the dis-
tance between the extraction hole and the fracturing
hole, the larger the gas pressure relief range. The
fracture development around the hole near the injec-
tion hole is larger, and the carbon dioxide concentra-
tion remaining in the coal seam after fracturing is
lower. On the contrary, the fracture development is
smaller in the extraction hole far from the injection
hole, and the carbon dioxide residue in the coal seam
is more
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