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Abstract: For the problem of low drainage rate in the low permeability coal seam, this paper studied
the technology of permeability improved by carbon dioxide. The COMSOL was used to determine
the influence radius of liquid carbon dioxide phase transition cracking was 13.4 m, and designed
the scheme of boreholes. The field test was carried out in the 81506 working face of Baode Coal
Mine. Through the on-site monitoring data of the extraction volume of the 100-meter borehole, the
gas concentration of the borehole, and the gas permeability coefficient of the coal seam, the results
showed that the drainage effect was increased by 293.9%, the gas drainage concentration was in-
creased by 242.4%, the permeability coefficient of the coal seam was increased by 3-7.75 times, and
the permeability enhancement effect was good.

Keywords: coal seam permeability, gas drainage, coal seam permeability improvement, carbon di-
oxide fracturing

1. Introduction

For along time, gas has seriously restricted the safety production of coal mine enter-
prises [1-3]. In recent years, with the increase of mining depth, the permeability of coal
seam has become lower and lower. How to enhance the permeability of coal seam is a
prerequisite for gas extraction and safe production of coal mines. At present, hydraulic
fracturing technology is widely used in gas extraction, especially for the upward layer-
through borehole, the effect of hydraulic fracturing is better [4-6]. However, the effect of
coal seam permeability improvement is poor for the downward layer-through borehole.
The influence of different thickness and hardness of coal seam on the effect of permeabil-
ity enhancement is less studied, and the understanding of the coal breaking mechanism
of hydraulic punching, the mechanism of increasing permeability and pressure relief is
not enough, and the process and technical parameters of hydraulic punching need to be
further studied! The commonly punching process is easy to cause problems such as hold-
ing holes, plugging holes, sticking, and running water. In particular, the coal-water mix-
ture flushed from the upward hole tends to accumulate at the upper opening of the casing,
which directly affects the drilling and flushing process [7-9]. Therefore, there is an urgent
need to find a penetration enhancement method with good penetration effect and high
safety, which can be widely used. This paper analyzes and researches the anti-permeabil-
ity technology of liquid CO:2 fracturing coal seam.

2. Study on the permeability improved technology of liquid carbon dioxide

The liquid carbon dioxide phase transition cracking device uses a heating tub eat
the liquid carbon dioxide in the liquid storage tube, making it change from a liquid state
to a gas state, and the pressure increases sharply [10-12]. Then the high-pressure gas
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smashes the constant pressure energy release sheet, and generates stress waves that prop-
agate around. The generated gas passes through the release channel of the exhaust pipe
and reaches the surface of the coal mass in a short time to form an explosive airflow. Stress
waves and high-energy gas can not only generate new cracks in the coal mass, but also
make the original cracks expand and develop to fracture the coal seam [13-15].

2.1. Effect of stress wave on coal mass

When high-pressure carbon dioxide gas is ejected from the liquid storage pipe, it is
accompanied by the generation of stress waves. When the coal mass is regarded as an
ideal elastomer, the motion equation of the coal-rock particle when the elastic wave prop-
agates is as follows:

A+ &)L 46V, = pTh =123 o)
ox; at2

where ui is the displacement of the particle in the coordinate direction; 0 = &ij =
volumetric strain; V2 is the laplace operator; A, G is the lame elastic constant; o is the den-

sity of coal-rock mass; t is time.
2.2. High pressure gas gathering cutting by phase change of liquid carbon dioxide

The special design of the end of the release pipe in the liquid carbon dioxide phase
transition equipment can solve the problem of blasting energy dispersion and dilution.
The exhaust hole of the release pipe allows the gas to be discharged in a fixed direction,
so that the energy is gathered and fractures the coal mass. When the high-pressure liquid
carbon dioxide gas impacts the coal in the form of jet, the high-pressure gas will radiate
from the center of the jet, as shown in Figure 1.

N

N

Figure 1. Pressure distribution of pressurized gas jet on the vertical impact of medium.

The impact of high-pressure carbon dioxide gas to fracture the coal mass is divided
into the following categories: cavitation damage; impact cutting effect of high-pressure
gas; dynamic pressure effect of high-pressure gas; gas wedge effect formed by high pres-
sure gas. Under the impact of high-pressure carbon dioxide gas, the internal stress distri-
bution of the coal mass is similar to the half-space elastomer under the concentrated load.
When the compressive stress generated by the impact of high-pressure gas reaches or ex-
ceeds the compressive strength of the coal body, the original coal body is damaged, and
cracks are formed in the coal body. When the compressive stress generated by the impact
of high-pressure gas exceeds the compressive strength of the coal mass, the original coal
mass is damaged, and cracks are formed. As shown in Figure 2, the high-pressure gas
entering into the cracks makes the cracks develop and expand rapidly, resulting in the
fracture of the coal seam.
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Figure 2. High-pressure carbon dioxide gas cutting the coal seam. 80
2.3. Coal seams fractured by liquid carbon dioxide phase change expansion force 81

The liquid carbon dioxide in the liquid storage pipe gradually changes into gaseous 82
carbon dioxide after heating, the volume expands continuously, and the pressure of the 83
carbon dioxide gas increases continuously [16-18]. When the carbon dioxide gas breaks 84
through the constant pressure valve and is ejected through the release pipe, the carbon 85
dioxide gas still expands and increases, generating expansion work [19-21]. On the one 86
hand, the high-pressure carbon dioxide gas exerts pressure on the wall of the fracturing 87
boreholes, forcing new fractures in the coal seam; on the other hand, the high-pressure 88
carbon dioxide gas enters the coal seam and expands the original fractures in the coal 89

g] seam. 90

3. Numerical simulation of influence radius 91
3.1. Numerical model 92

In order to study the influence radius of liquid carbon dioxide phase transition crack- 93
ing, taking the #8 coal seam of Baode Coal Mine China as the engineering background, 94
the COMSOL was used for analysis. For the convenience of simulation, the phase transi- 95
tion process of liquid carbon dioxide was simplified. In the numerical calculation, a gas 96
pressure of 270 MPa was applied to simulate the cracking gas pressure generated during 97
the phase transition of liquid carbon dioxide. The parameters of coal mass were shownin 98

Table 1. 99
Table 1. The parameters of the model. 100
Symbol Parameter Value Unit

p1 Density of coal seam 1490 kg/m?3

E Elastic modulus 2x10° Pa

\ Poisson ratio 0.35 -

K Permeability 10°Y m?

K1 Porosity 6.58 %

c Cohesion 4 MPa

[0) Internal friction angle 33 °

P2 Density of CO, 1.977 kg/m?®

T Dynamic viscosity of CO; 1.48x10° Paes

Z Compressibility factor of CO; 1.02 —

The model was constructed with the 81506 working face of Baode Coal Mine as the 101
engineering background, and the model was shown in Figure 3. The size of the model was 102
150mx100m, and the fracturing boreholes was located in the middle of the calculation 103
model. To facilitate the calculation, the mesh size was differentiated. The mesh size near 104
the fracturing boreholes was small and dense, and the mesh size away from the fracturing 105
boreholes was large and sparse [22-24]. The boundary of the model was fixed, the diam- 106
eter of the borehole was 113 mm. The boundary condition of the orifice was Darcy's law, 107
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and the pressure was 270 MPa. The upper boundary of the model was subject to uniformly 108

distributed original rock stress. 109
g
150m 110
Figure 3. Numerical model. 111
%] 3.2. Features of plastic deformation 112

According to the numerical model and the stress applied to the model, the plastic 113
deformation characteristics of the coal mass around the borehole after phase transition 114
cracking were simulated, which was shown in Figure 4(a). To analyze the damage area of 115
high pressure gas on the coal mass, a section was made in the middle of the coal mass, 116
which was shown in Figure 4(b). 117
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(b) Sectional view of plastic deformation area 121

Figure 4. Plastic deformation. 122
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Increasing the pore pressure was equivalent to applying a tensile stress to the coal
matrix. Due to the tensile stress, cracks in the coal matrix begin to develop and expand,
and finally plastic deformation occurs in the coal matrix. Under the condition that the gas
pressure of 270 MPa was applied at the orifice, Fail = 0 meant it was in a critical state of
destruction; Fail < 0 meant that plastic deformation had occurred; Fail > 0 meant it was in
a stable state. The numerical simulation results showed that the radius of plastic defor-
mation of the coal matrix was 23 m. According to the numerical simulation, the plastic
deformation region of the coal matrix was divided as follows, the area of Fail <1.0x-108 Pa
was the broken circle, the radius r1 was about 4.6 m; the area of 1.0x-108 Pa < Fail < 0.5%-
108 Pa was the fissured circle, the radius was 4.6 m< r2 <13.4 m; the area of 0.5x-108 Pa <
Fail < 0 was the disturbance circle, the radius was 13.4 m<r3<23.1 m. The area was divided
as shown in Figure 5.

A 8.6746x10"
x10®

-1.5

0 20 40 60 80 100 120 140 ¥ 1.7531x10°

Figure 5. Division of the plastic deformation zone.

As shown in Figure 5, the plastic damage of the broken circle was the most serious,
the plastic damage of the fracture circle was smaller, and the plastic damage of the dis-
turbance circle was the smallest, but it still had a promotion effect on gas drainage. To
make the borehole had good gas drainage effect, the borehole should be arranged within
the range of the fissured circle. According to the numerical simulation, the influence ra-
dius of the fissured circle was 13.4 m.

3.3. Features of the volumetric strain

In order to improve the accuracy of the division of different regions, the volumetric
strain obtained during the simulation process by COMSOL, as shown in Figure 6(a). Ac-
cording to the position of the section line in Figure 5, the volumetric strain contour in
Figure 6(a) is cross-sectioned, and the result is shown in Fig. 6(b).
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(a) The nephogram of volumetric strain (b) The section value of volumetric
strain
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Figure 6. The volumetric strain. 151

As shown in Figure 6, when a gas pressure of 270 MPa was applied at the orifice, the 152
volumetric strain of the coal matrix showed that the closer the distance to the orifice, the 153
larger of the volumetric strain. The distribution of volumetric strain was consistent with 154
the distribution of plastic deformation of coal matrix. The volumetric strain in the broken 155
circle was the largest, followed by the fissured circle, and the disturbance circle was the 156

smallest. 157
4. Field test 158
4.1. Engineering Background 159

According to the current situation of the Baode Coal Mine, the 81506 working facein 160
the five-panel area was selected as the field test site for liquid carbon dioxide fracturing 161
and permeability enhancement. The 81506 working face had a buried depth of 375 m~450 162
m, the original gas content was 4.6 m3/t~6.8 m3/t, the average gas content was 5.7 m3/t,and 163
the maximum gas pressure was 1.7 MPa. The structure of the coal seam was complex, with 164
34 layers of gangue, and the average coal thickness was 8.4m. The roof and floor strata 165

of the coal seam were shown in Table 2. 166
Table 2. The roof and floor strata of the coal seam. 167
Strata Lithology Thickness/m

Main roof Medium sandstone, Mudstone 10
Immediate roof Siltstone, Sandy mudstone 8.4
Immediate floor Siltstone 5.6
Main floor Grit stone 5.3

4.2. Test scheme 168

According to the numerical simulation, combined with the field construction experi- 169
ence, the fracturing test was carried out in the 81506 working face. As shown in Figure 7, 170
two types of drilling holes, fracturing boreholes and contrast boreholes, were arranged in 171
the 81506 working face. The fracturing boreholes were arranged at intervals of 20m in the 172
reserved area of the 81506 working face. The borehole depths were 220m, 140m, 144m, 173
142m, 125m, and 125m. respectively, and the borehole diameter was 113mm. The contrast 174
boreholes were arranged in the 100m area on both sides of the fracturing area. 175
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Figure 7. The arrangement of boreholes. 177
4.3. The effect of fracturing 178
(1) Gas extraction volume and gas extraction concentration 179

The on-site monitoring curves of the gas extraction volume of the fracturing bore- 180
holes and contrast boreholes were shown in Figure 8. 181
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Figure 8. The arrangement of boreholes.

As shown in Figure 8, the gas drainage volume of the fracturing boreholes was sig-
nificantly higher than that of the contrast boreholes during the same period. According to
the on-site monitoring data, the maximum and average values of gas drainage in the frac-
turing boreholes and contrast boreholes were shown in Table 3.

Table 3. Gas drainage volume of fracturing boreholes and contrast boreholes.

Gas drainage volume

Type Maximum value Mean value
Fracturing boreholes 0.0426 0.0276
#1 contrast boreholes 0.0052 0.0046
#2 contrast boreholes 0.0129 0.0122
#3 contrast boreholes 0.0049 0.0049
#4 contrast boreholes 0.0158 0.0148

As shown in Table 3, the gas extraction volume of the fracturing boreholes was 186-
600% of the gas extraction volume of the contrast boreholes, with an average of 393.9%,
and the extraction effect of the fracturing boreholes was 293.9% higher than that of the
contrast boreholes on average. The monitoring curves of gas drainage concentration in
fracturing boreholes and contrast boreholes were shown in Figure 9.
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Figure 9. Monitoring curves of gas drainage concentration.
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As shown in Figure 9, the gas drainage concentration of the fracturing boreholes was
close to that of the contrast boreholes with higher gas drainage concentration, but was
significantly higher than that of the contrast boreholes with lower gas concentration. Ac-
cording to the on-site monitoring data, the maximum and average values of gas drainage

in the fracturing boreholes and contrast boreholes were shown in Table 4.
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202
Table 4. Gas drainage concentration of fracturing boreholes and contrast boreholes. 203
Tvpe Gas drainage concentration/%
yp Maximum value Mean value
Fracturing boreholes 71 62.3
#1 contrast boreholes 11.2 9.9
#2 contrast boreholes 56.4 55
#3 contrast boreholes 12.4 12
#4 contrast boreholes 62.6 61.6

As shown in Table 4, the maximum gas extraction concentration of the fracturing 204
boreholes was 113.4~633.9% of the gas extraction concentration of the contrast boreholes, 205
and the average value was 101.6~632.3%. The maximum and average of the gas extraction 206
concentration of the fracturing boreholes were higher than those of the contrast boreholes, 207
and the concentration of gas drainage increased by 242.4% on average. 208

(2) Coal seam permeability coefficient 209

The coal seam gas content was measured before and after fracturing, and the natural 210
gas flow rate of the borehole was measured. The coal seam permeability coefficient before 211

and after fracturing the coal seam in the #3 and #5 panels were shown in Table 5. 212
Table 5. The coal seam permeability coefficient. 213
. The coal seam permeability coefficient m%MPa?ed .
Location . ) Multiple
Before fracturing After fracturing
#3 panel 0.052755 0.159058 3.01
#5 panel 0.030846 0.23915 7.75

As shown in Table 5, the permeability coefficient of coal seam increases by 3-7.75 214
times after fracturing, and the effect of increasing the permeability coefficient of coal seam 215

by liquid carbon dioxide fracturing was obvious. 216
4.4. Analysis of test results 217
According to the field test data, the conclusions were as follows, 218

(1) In the first month after carbon dioxide fracturing in the 81506 working face of the 219
#5 panel, the gas extraction volume increased by 306% compared with the contrast bore- 220
holes; four months after fracturing, the gas drainage volume of the fracturing boreholes 221
increased by 293.9% compared with the contrast boreholes. 222

(2) The maximum and average values of the gas extraction concentration in the frac- 223
turing boreholes were both greater than those in the contrast boreholes. The average gas 224
concentration of the fracturing boreholes was 1.76 times that of the contrast boreholes, an 225
average increase of 242.4%. 226

(3) After fracturing, the permeability coefficient of coal seam increased by 3-7.75 227
times, and the effect of increasing the permeability coefficient of coal seam by carbon di- 228
oxide fracturing was obvious. 229

5. Conclusion 230

In this paper, the mechanism of the liquid carbon dioxide coal seam anti-permeability 231
technology was preliminarily studied, and the Comsol software was used to numerically 232
analyze the influence radius of liquid carbon dioxide phase transition fracturing, which 233
provides a basis for reasonable field distribution parameters, and analyze the effect of on- 234
site liquid carbon dioxide fracturing, the main conclusions were as follows, 235

(1) The technology of liquid carbon dioxide fracturing to improve coal seam perme- 236
ability through three aspects. First, the action of stress wave causes new cracks to form in 237
the coal mass, and stress concentration occurs at the tip of the crack, which promotes the 238
expansion and development of tiny cracks. Second, the intrusion of high-pressure liquid 239
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carbon dioxide gas into the coal, resulting in cutting, impact, gas wedge and other effects.
Third, the carbon dioxide gas breaks through the constant pressure valve, a large expan-
sion thrust is generated, which acts on the coal mass, generating new cracks and disturb-
ing the primary cracks in the coal seam.

(2) The COMSOL software was used to simulate the influence radius of liquid carbon
dioxide cracking, and it was determined that under the geological conditions of the 8#
coal seam in Baode Coal Mine, the influence radius of carbon dioxide phase transition
cracking was 13.4 m.

(3) The gas extraction volume, gas concentration, and coal seam permeability coeffi-
cient of the fracturing hole and the contrast hole were monitored on site. The results
showed that the fracturing effect was good.
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