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Abstract Coal mine researchers have been studying the sub-
ject of improving the effect of gas drainage to control gas
accident. This paper focuses on a new permeability-
improvement technology, liquid carbon dioxide phase change
fracturing technology. This technology can be classified as
physical blasting by using the phase energy of liquid carbon
dioxide in the drilling underground coal mine. According to
the results of field tests, by applying the liquid carbon dioxide
phase change fracturing technology, the radius of the damaged
area in the coal body around the drilling reached 5 m. Also,
compared with the original coal body, the permeability of the
damaged area increased approximately six times. In addition,
based on the permeability of the damaged area, the influence
of the liquid carbon dioxide phase change fracturing technol-
ogy on the gas drainage radius was analyzed by numerical
calculation. It can be observed from the numerical results that
the effect of gas drainage was improved greatly by the liquid
carbon dioxide phase change fracturing operation. Research
results of this paper can contribute to safe and efficient mining
of coal mines.
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Introduction

China is a country in which serious gas accidents occur.
Gas pre-drainage of coal seams is an effective means to
prevent gas accidents in coal mines (Wang et al. 2014;
Zhou et al. 2014; Cheng et al. 2011). The characteristics
of low permeability, high gas pressure, and high in situ
stress around coal seams in most mining areas in China
have restricted the development of gas drainage work
(Chen et al. 2014; Chen et al. 2013).

To solve the problem on gas drainage of coal seams
with low permeability, some fracturing technologies im-
proving the permeability of coal seams would be used.
For example, hydraulic fracturing is being used extensive-
ly (Barati and Liang 2014; Vengosh et al. 2014; King
2012). In the process of hydraulic fracturing, fracturing
fluids are pumped into the coal seam at high pressures
to induce fractures and carry proppants to hold open the
fractures and create a flow path for the gas to the drilling
(Rogers et al. 2015). Involved in the hydraulic fracturing,
Zhai et al. (2012) proposed the method of directional hy-
draulic fracturing and proved the feasibility of this
method through field testing. Li et al. (2014) introduced
the effect of pulse frequency on crack expansion and
concluded that high frequency was more successful in
generating cracks. Yan et al. (2015) indicated that a com-
plete pressure relief zone, a transitional pressure relief
zone, and the original stress zone would be generated
around the borehole after hydraulic fracturing. Through
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numerical simulation, Yang et al. (2004) concluded that
the mechanical properties of rock cracking had an impor-
tant influence on the initiation and incrementation of
cracking during hydraulic fracturing.

Except for hydraulic fracturing, dynamite blasting is
also a common fracturing technology to improve the per-
meability of coal seams (Guo et al. 2008). This technique
makes full use of blasting energy, places explosives in
coal seams, and causes fissure development in coal
seams. Liu et al. (2014) analyzed fracture and stress
evolution characteristics during directional blasting using
a test directional blasting system. Zhou et al. (2011) and
Cai and Liu (2011) concluded that dynamite blasts in the
borehole could improve the effect of gas drainage and
eliminate the risk of coal and gas outbursts. Zhu et al.
(2013) discovered that dynamite blasts in the coal seam
could not only eliminate stress concentration around the
borehole but also could increase the permeability coeffi-
cient of the damaged area of the coal body around the
boreholes.

Hydraulic fracturing and dynamite blasting can improve
greatly the permeability of coal seams. However, there are
also disadvantages. A wide variety of chemical additives like
linear polymer, surfactant, potassium chloride, scale inhibitor,
pH adjusting agent, iron control agents, corrosion inhibitors,
and biocides are used in the hydraulic fracturing technology
(Stringfellow et al. 2017; Stringfellow et al. 2014; Barati and
Liang 2014; King 2012; Barati et al. 2009), which could cause
both direct and indirect impacts on the environment and hu-
man health (Burton et al. 2016; Gregory and Mohan 2015;
Long 2014; Vengosh et al. 2014). Also, the process of dyna-
mite blasting in the coal seam often produces a lot of harmful

gases like CO, NO2, H2S, and SO2 and has resulted in the
presence of unexploded dynamite, which creates security risks
for coal mining.

Liquid carbon dioxide phase change fracturing technol-
ogy has been used formerly for the mining of large coal
and for underground excavation (Vidanovic et al. 2011;
Singh 1998; Anon 1995). In this paper, liquid carbon di-
oxide phase change fracturing technology classified as
physical blasting by using the phase energy of liquid car-
bon dioxide in the underground coal mine is applied to
increase the permeability of coal seams for gas drainage.
No spark appeared in the blasting process, and the trans-
port, storage, and use were all convenient. The experi-
mental device is also very simple.

The kernel of liquid carbon dioxide phase change frac-
turing technology is the blasting system, which consists of
a release tube containing release holes, a cutting plate, a
liquid storage tube containing a heating pipe, guide tubes,
and a detonator, following that order from top to bottom.
By starting the detonator, special chemicals in the heating
pipe begin to react, and a lot of heat is then released
instantly to heat the liquid carbon dioxide in the liquid
storage tube. This process brought about the phase change
of carbon dioxide and then caused the dramatic expansion
of the volume of carbon dioxide. When the pressure of
carbon dioxide in the liquid storage tube exceeds the
strength of the cutting plate, the cutting plate is damaged,
and high-pressure carbon dioxide enters the release tube
and acts on the coal body. Once the technology is applied
in the drilling underground coal mine, the amount of the
liquid carbon dioxide is 1.248~1.4 kg. According to the
field data, the amount of carbon dioxide flowing from the
drilling to the roadway is very small and below the safety
value. Also, liquid carbon dioxide phase change fracturing
technology would not affect water and soil quality and is
environmentally friendly.

The permeability-improvement mechanism of the liquid
carbon dioxide phase change fracturing technology is sim-
ilar to hydraulic fracturing. However, the pressurization
methods of two technologies are different. Compared with
hydraulic fracturing, the equipment of the liquid carbon
dioxide phase change fracturing technology is simpler, the
pressure is larger, and the process is also faster. More im-
portantly, it is an effective way of achieving the optimum
fracture network. The main supplies of this technology are

Fig. 1 Aboveground filling system

Fig. 2 Underground blasting
system
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heating pipes, and its price is approximately 12 dollars,
being economically favorable for industry. Therefore, in
terms of environment, human health, technical advantages,
and economy, liquid carbon dioxide phase change fractur-
ing technology has a greater advantage than that of hydrau-
lic fracturing and dynamite blasting. This paper studied
mainly the effect of liquid carbon dioxide phase change
fracturing technology on the gas drainage.

Liquid carbon dioxide phase change fracturing
system

The liquid carbon dioxide phase change fracturing sys-
tem contains a ground filling system and an under-
ground blasting system. As shown in Fig. 1, the above-
ground filling system consists of an air compressor,
CO2 pump, and CO2 cylinder. The underground blasting
system (shown in Fig. 2) consists of a release tube,
liquid storage tube, heating pipe, guide tube, and cutting

plate. The volume of the liquid storage tube is 1.26 L,
and the weight of the liquid carbon dioxide in the liquid
storage tube is 1.248~1.4 kg. The kernel of this

Fig. 3 Fracturing process in
cement block. a Ready state. b
Macroscopic cracks generation. c
Cement block exploded in a flash.
d Blasting end

Fig. 4 Sectional view of the drilling arrangement
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technology is the blasting system, which consists of a
release tube containing release holes, a cutting plate, a
liquid storage tube containing a heating pipe, guide
tubes, and a detonator, following that order from top
to bottom. By starting the detonator, special chemicals
in the heating pipe begin to react and a lot of heat is
then released instantly to heat the liquid carbon dioxide
in the liquid storage tube. This process brought about
the phase change of carbon dioxide and then caused the
dramatic expansion of the volume of carbon dioxide.
When the pressure of carbon dioxide in the liquid stor-
age tube exceeds the strength of the cutting plate, the
cutting plate is damaged, and high-pressure carbon di-
oxide enters the release tube and acts on the coal body.
According to the laboratory test results, the damage
pressure of the cutting plate reaches 270 MPa.
Therefore, the pressure of carbon dioxide acting on the
coal body is also approximately 270 MPa. The release
tube, the liquid storage tube, and the guide rod are
connected by screws, and the guide rod has a built-in
conducting wire that can conduct electricity after
connecting. In the testing process, the release tube and
liquid storage tube could be sent to pre-determined
positions.

Due to complex production conditions in an under-
ground coal mine, the fracturing process of this technol-
ogy is difficult to be captured. In order to understand
easily the explosive characterization of liquid carbon di-
oxide phase change fracturing technology, ground tests
using this technology in cement block were done, and
the fracturing process is shown in Fig. 3.

Field tests of radius of damaged area in the coal body
by using the liquid carbon dioxide phase change
fracturing technology

Radius of damaged area in the coal body
about the fracturing technology

The influence radius in the coal body of the liquid carbon
dioxide phase change fracturing technology was deter-
mined in the 16,051 workface of the Jiulishan coal mine
at the Jiaozuo coal mining area in China. Average thick-
ness of coal seam is 5.44 m. The depth of the 16,051
workface is 390 m, and the temperature underground is
26 °C. The 16,051 workface had a risk of coal and gas
outbursts. The maximum gas content and pressure were
24.36 m3/t and 2.08 MPa, respectively, and the adsorption
constants were 38.597 m3/t and 0.782 MPa−1. The mois-
ture, ash, and volatile contents of the coal body were 0.81,
15.83, and 7.11%, respectively. The porosity of the coal
body is 7.69%.

To determine the influence radius in the coal body of
the liquid carbon dioxide phase change fracturing tech-
nology, four boreholes were arranged. Borehole 1 was
classified as the experimental borehole for the liquid car-
bon dioxide phase change fracturing operation. Boreholes
2, 3, and 4 were classified as observation boreholes. If
the gas flow of an observation borehole increased, it
could be ascertained that the observation borehole was
influenced by the experimental borehole. Conversely, the
observation boreholes were not influenced by the exper-
imental borehole. All of the boreholes were constructed
from the bottom roadway of the 16,051 workface. The
drilling arrangement and parameters are shown in Fig. 4
and Table 1.

The longest distances among different boreholes are
only 7 m, and borehole construction times from boreholes
1 to 4 are very short (approximately 24 h). Due to small
borehole spaces, gas flows in the boreholes before CO2

treatment would be approximately the same according to
the field practice experience. Also, we mainly want to
gain a radius of damaged area in the coal body about
the fracturing technology according to gas flows in the
boreholes after CO2 treatment. Therefore, gas flows in
the boreholes before CO2 treatment were not measured.

Table 1 Drilling parameters

Borehole
number

Borehole
length (m)

Borehole
diameter
(mm)

Drilling
angle (°)

Distance from
borehole 1 (m)

1 22.5 94 120 0

2 31.5 94 134 3.5

3 29 94 130 5

4 29 94 130 7

Fig. 5 Borehole gas flows after the liquid carbon dioxide phase change
fracturing operation
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Figure 5 shows the test results of gas drainage flows
for 10 days after the liquid carbon dioxide phase change
fracturing operation. As can be observed in Fig. 5, after
the liquid carbon dioxide phase change fracturing opera-
tion, the gas drainage flows from the third day around
boreholes 1, 2, and 3 were the same within experimental
error and had significant differences with that of bore-
hole 4. The gas flow of borehole 4, the most distant from
experimental borehole 1, was the smallest. Therefore, it
can also be observed that boreholes 2 and 3 were closer
to experimental borehole 1 and that boreholes 2 and 3
were influenced by the liquid carbon dioxide phase
change fracturing operation. Conversely, borehole 4 was
not influenced by the liquid carbon dioxide phase change
fracturing operation. The distances from boreholes 2 and
3 to borehole 1 were 3.5 and 5 m, respectively (shown in
Table 1). It can be concluded that the radius of damaged
area in the coal body of the liquid carbon dioxide phase
change fracturing technology for the 16,051 workface of
the Jiulishan coal mine was 5 m.

According to the explosive characterization of liquid
carbon dioxide phase change fracturing technology
(shown in Fig. 3), the explosion power of this technolo-
gy is huge, and the permeability-improvement effect
would be obvious. It should be noted that though gas
flows in the boreholes before CO2 treatment were not

measured, we can infer that gas flow rates from bore-
holes 1–3 would not be higher than that before CO2

treatment.

Average permeability of the damaged area

After the liquid carbon dioxide phase change fracturing
operation, a damaged area and the original coal body area
surrounding the experimental borehole form. Compared
with that of the original coal body area, the permeability
of the damaged area greatly increased. The permeability
of the damaged area had a very important influence on the
radius of gas drainage. Therefore, an indirect method was
used to calculate the permeability of the damaged area.

Fig. 6 Calculation process for
coal body permeability

Table 2 Formulas for calculating permeability in the coal body

F0 = Bλ λ A B

10−2~1 λ = A1.61B0.61

A ¼ q⋅r1
p20−p

2
1 B ¼ 4t⋅p1:50

αr21
1~10 λ = A1.39B0.391

10~102 λ = 1.1A1.25B0.25

102~103 λ = 1.83A1.14B0.137

103~105 λ = 2.1A1.11B0.111

105~107 λ = 3.14A1.07B0.07
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An indirect method of calculating the permeability
(Zhou and Kong 1965) for underground coal seams has
been widely used in China. The calculation basis for the
indirect method of calculating the permeability was the
unstable flow of gas in the coal seam along the radial
direction. By determining the gas pressure, gas flow, gas
emission, thickness, and borehole diameters of coal
seams of underground coal mines, as well as by
performing an industrial analysis, the permeability of
the coal seams was calculated. The formulas and calcu-
lation processes are shown in Fig. 6 and Table 2.

In Fig. 6, λ is the permeability of the coal seam in
m2/(MPa2 day), Q is the total gas flow at time t in m3/
day, r1 is the drilling radius in m, L is the length of the
coal bearing section for drilling in m, and q =Q/2πr1L is
the gas flow per unit area of drilling at time t in m3/
(m2 day). p0 is the absolute gas pressure of the original
coal seam in MPa; p1 is the atmospheric pressure, typi-
cally 0.1 MPa; α ¼ X=

ffiffiffi
p

p
is the factor of gas content

around the coal seam; X is the gas content of the coal
seam in m3/m3; and P is the gas pressure of the coal
seam in MPa.

Based on the average gas flows of boreholes 1, 2, 3,
and 4 and the basic parameters of the gas and coal seam
shown in Table 2 and Fig. 6, the permeability was calcu-
lated. The permeability of the coal body surrounding
boreholes 1, 2, 3, and 4 were approximately 2.1 × 10−17,
2.7 × 10−17, 3.0 × 10−17, and 5.0 × 10−18 m2, respectively.
The average permeability of the damaged area (boreholes
2 and 3) after the liquid carbon dioxide phase change
fracturing operation was 2.9 × 10−17 m2. Therefore, after
the liquid carbon dioxide phase change fracturing opera-
tion, the average permeability of the damaged area in-
creased approximately to six times that of the original
coal body area (borehole 4).

Influence of the liquid carbon dioxide phase change
fracturing operation on gas drainage

The influence of the liquid carbon dioxide phase change
fracturing operation in the coal body on the gas drainage
was the basis for carrying out industrial experiments in an
underground coal mine. In combination with gas drainage
research at the Pingdingshan Tianan Coal Mining
Corporation No. 13 coal mine in Henan Province, China,
Comsol Multiphysic numerical simulation software was
used to analyze the influence of the liquid carbon dioxide
phase change fracturing operation on the gas drainage in
the coal body.

The No. 13 coal mine of the Pingdingshan Tianan Coal
Mining Corporation had coal and gas outbursts. The maxi-
mum gas pressure and content are 2.7 MPa and 20 m3/t, re-
spectively. The permeability of the coal seam is very low,
10−15 m2, and the gas flow attenuates slowly under the natural
emission conditions (shown in Fig. 7). The gas drainage work
for the coal seam is difficult.

To compare the influence of the liquid carbon dioxide
phase change fracturing operation on the gas drainage
radius in the coal body, gas drainage models that did
and did not consider the liquid carbon dioxide phase
change fracturing operation were established. Due to sim-
ilar mining conditions and depths of the coal seams in the
Jiulishan and No. 13 coal mines, the influence radius of the
liquid carbon dioxide phase change fracturing operation in the
coal body at the No. 13 coal mine could be set as approxi-
mately 5 m.

The permeability-improvement effect of liquid carbon di-
oxide phase change fracturing technology could be different
in different coal mine, which needs to be measured in engi-
neering practice. The permeability of the damaged area caused
by the fracturing technology at the No. 13 coal mine is not
measured. In this study, we mainly want to gain the influence
of the liquid carbon dioxide phase change fracturing operation

Fig. 8 Model mesh

Fig. 7 Gas flow attenuation characteristic curve under natural emission
conditions
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on the gas drainage in the coal body. For a coal seam with low
permeability, the specific value of permeability of the dam-
aged area caused by the fracturing technology mainly affects
the decline range of the gas pressure inside the coal seam for
different drainage times; however, the permeability-
improvement effect of the fracturing technology is mainly
related to the influence range of this technology in the coal
seam (shown in Figs. 9 and 10). Therefore, considering sim-
ilar mining conditions and depths of the coal seams in the
Jiulishan and No. 13 coal mines, the permeability of the dam-
aged area of coal seam in the No. 13 coal mines is also set to
six times larger than that of the original coal body area. This
permeability value is only used to analyze the influence of the
liquid carbon dioxide phase change fracturing operation on
the gas drainage in the coal body and has no true physical
meaning.

Governing equation

The gas migration in the coal body can be indicated by Eq. 1.

∂m
∂t

þ ∇ ρgqg
� �

¼ Q: ð1Þ

where m is the gas content of the coal seam in kg/m3, t
is the time variable in s, ρq is the gas density in kg/m3,
qg is the gas seepage speed in m/s, and Q is the gas
source in kg/(m3 s).

When the gas is the ideal gas, its density and gas pressure
satisfy Eq. 2.

ρg ¼ βp: ð2Þ

where p is the gas pressure of the coal seam in Pa and β is the
gas compression factor, in kg/(m3 Pa).

β can be indicated by Eq. 3.

β ¼ Mg

.
RTð : ð3Þ

where Mg is the molecular weight of the gas in kg/kmol, R is
the ideal gas constant in kJ/(kmol K), and T is the absolute
temperature in K.

The gas content of the coal seam could be expressed by Eq.
4 (Rutqvist and Tsang 2002).

m ¼ β
ϕ
pa

þ a1a2ρs
1þ a2p1

� �
p1

2: ð4Þ

where ϕ is the porosity, p1 is the atmospheric pressure in Pa, ρs
is the density of coal in kg/m3, and a1 and a2 are the adsorption
constants, with units of m3/kg and Pa−1, respectively.

Moreover, the flow of gas in the coal body obeys Darcy’s
law, which is shown in Eq. 5.

qg ¼
kg
μg

∇p: ð5Þ

where qg is the gas seepage speed in m/s, μg is the dynamic
viscosity of the gas in Pa s, and ∇p is the pressure gradient of
the gas.

Model and boundary conditions

The length and width of the models that did not consider the
liquid carbon dioxide phase change fracturing operation were
150 and 150 m, respectively. The length and width of the
models that considered the liquid carbon dioxide phase
change fracturing operation were 150 and 200 m, respectively.
The mesh of the models is shown in Fig. 8. The diameter of
the drill was 94 mm, and the negative pressure for gas drain-
age was 32 kPa. No-flow boundaries were used around the
models. The gas pressure of the coal seam was 2.7 MPa,
which is consistent with the maximum gas pressure measured
at the No. 13 coal mine. The other parameters used in the
simulations are shown in Table 3.

Results of numerical simulation analysis

The gas pressure changes for different drainage times of 1, 3,
6, and 9 months were simulated. To clearly observe the results
of the numerical simulation, sectioning was performed at the
central site along the longitudinal direction. The results of the
numerical simulation that did not consider the liquid carbon
dioxide phase change fracturing operation and those of the
simulation that considered the liquid carbon dioxide phase
change fracturing operation are shown in Figs. 9 and 10,
respectively.

As shown in Figs. 9 and 10, as the gas drainage time in-
creases, the gas pressure around the gas drainage drilling de-
creases, and the influence radius for gas drainage also

Table 3 Other parameters used in the simulations

Molar mass of gas (g/mol) Ideal gas
constant
(J/(mol K))

Temperature
(K)

Permeability
(m2)

Adsorption constant
a
(m3/t)

Adsorption constant
b
(MPa−1)

Porosity
(%)

16 8.41351 293 10−15 31.874 0.929 6.5
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increases. Compared with the model that did not consider the
liquid carbon dioxide phase change fracturing operation, the
gas pressure had a more significant reduction at the time of gas
drainage than the model that considered the fracturing opera-
tion. Due to low permeability and high gas pressure, when the
fracturing operation was not considered, the gas drainage ef-
fect was poor; the gas pressure inside the coal seam for the
drainage time of 9 months could not decline to 0.74 MPa,
which is the threshold used in China to judge the danger of
coal and gas outbursts (National Coal Mine Safety
Supervision Bureau 2009). However, when the fracturing op-
eration was considered, the gas pressure inside the coal seam
declined to 0.74 MPa for a drainage time of 1 month.

Moreover, the declining areas of gas pressure were consistent
with the influence radius of liquid carbon dioxide phase
change fracturing technology in the coal body.

Conclusions

This paper mainly focuses on the effect of liquid carbon
dioxide phase change fracturing technology on the gas
drainage radius of coal seams. After applying the liquid
carbon dioxide phase change fracturing technology, the
damaged area radius in the coal body reached 5 m.
After using the liquid carbon dioxide phase change

Fig. 9 Gas pressure changes with
varying gas drainage times not
considering the liquid carbon
dioxide phase change fracturing
operation

Fig. 10 Gas pressure changes
with varying gas drainage times
considering the liquid carbon
dioxide phase change fracturing
operation
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fracturing technology, the permeability of the damaged
area increased approximately six times.

To compare the influence of the liquid carbon dioxide
phase change fracturing operation on the gas drainage radius,
gas drainage models that did and did not consider the liquid
carbon dioxide phase change fracturing operation were
established. For the same gas drainage times, the gas pressure
showed a more significant reduction at the time of gas drain-
age when the fracturing technology was used.
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