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Abstract Due to the limited permeability and high
methane content of the majority of China’s coal seams,
significant coal mining gas disasters frequently occur.
There is an urgent need to artificially improve the
permeability of coalbed methane (CBM) reservoirs,
enhance the recovery efficiency of CBM and prevent mine
gas accidents. As a novel coal rock fracture technology,
the CO, phase transition jet (CPTJ) has been widely used
due to its advantages of safety and high fragmentation
efficiency. In this study, to ascertain the effects of the
pressure of CPTJ fracturing, the influence of its jet
pressure on cracked coal rock was revealed, and its effect
on CBM extraction was clarified. In this research, the law
of CPTJ pressure decay with time was investigated using
experimental and theoretical methods. Based on the results,
the displacement and discrete fracture network law of
CPTJ fracturing coal rock under different jet pressure
conditions were studied using particle flow code numerical
simulation. Finally, field experiments were conducted at
the Shamushu coal mine to assess the efficiency of CPTJ
in enhancing CBM drainage. The results showed that the
pressure of the CPTJ decreased exponentially with time
and significantly influenced the number and expansion size
of cracks that broke coal rock but not their direction of
development. CPTJ technology can effectively increase the
number of connected microscopic pores and fractures in
CBM reservoirs, strongly increase the CBM drainage flow
rate by between 5.2 and 9.8 times, and significantly reduce
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the CBM drainage decay coefficient by between 73.58%
and 88.24%.

Keywords coalbed methane (CBM), CO, phase transi-
tion jet, pressure evolution, damage of coal, CBM
drainage

1 Introduction

CBM is a toxic and harmful product in coal mines and is
known as the “curse” of coal miners (Byrer et al., 2014).
The calorific value of CBM is 34-38 MJ/m3, which is
comparable to the combustion calorific value of natural
gas (Flores, 2013; Zhang et al., 2017). Over the past
20 years, CBM has developed into an indispensable
energy source in the USA, Russia and Australia (Barnhart
etal., 2016). In China, the reserves of CBM resources
within 2000 m have been surveyed and proven to be
36.81 trillion m?® (Qin et al., 2018). However, the
permeability of most CBM reservoirs in China is
relatively low, which makes CBM extraction difficult and
causes frequent mine gas accidents (Zhao et al., 1995;
Zhou et al., 2020a, 2021). Therefore, it is urgent to take
certain technical measures to improve the permeability of
CBM reservoirs (Wang et al., 2012; Wang et al., 2017).
Due to the advantage of high efficiency, blast fracturing
has been widely applied to CBM reservoir fracturing for a
period of time (Yang et al., 2019). Nevertheless, strong
energy and shock waves released during the explosive
process disturb and damage the buried environment of
CBM reservoirs, which affects the stability of the rock
mass in the mining operation area to a certain extent
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(Dowding et al., 2016; Ainalis et al., 2017). To ensure the
security of mine workers, the release of blasting energy
should be reduced while achieving the ideal fracturing
effect of CBM reservoirs (Jaimes et al., 2012). Under
these circumstances, a novel CO, phase change jet
(CPT)) fracturing technology for CBM reservoirs may be
an alternative method.

Recently, a novel technique has been proposed that
involves the use of CPTJ to crack CBM reservoirs. CPTJ
technology uses high-pressure gas jets and shock stress
wave formed by the phase change of heated liquid CO, to
act on coal seams and promote an increase in coal
fractures (Bai et al., 2020). In earlier studies, a many
scholars found that the rock breaking efficiency of CO,
jets was better than that of water jets (Vishal et al., 2015;
Deng et al., 2018; Lu et al., 2022). Furthermore, previous
studies clearly showed that coal seams have a stronger
adsorption capacity for CO, than for methane (Liu et al.,
2017; Qin et al., 2021). After CO, is injected into a coal
seam, under the effect of competitive adsorption, the free
gas content in the fractured coal can be increased, thus
increasing the flow rate and concentration of coalbed
methane drainage (Liu et al., 2019; Cheng et al., 2021a).
In particular, as a relatively safe and efficient fracturing
technology, CPTJ fracturing technology has generated
extensive interest in the field of CBM drainage (Li et al.,
2018). Lu et al. (2015) improved the traditional CARDOX
system to make it useable for coal seam fracturing and
field tested the effect of the application of the improved
high-energy CPTJ system. After that, Chen et al. (2017)
studied the influence scope of CPTJ coal seam fracturing
technology by a numerical research method. Cao et al.
(2017) conducted a field test to study the effect of CPTJ
coal seam fracturing technology on improving coalbed
methane extraction efficiency. Zhang et al. (2018) reveal-
ed the expansion mechanism of CPTJ coal seam fractures
by theoretical research. Gao et al. (2018) used CO, phase
transition technology to conduct rock fracture
experiments without an initial stress field and obtained a
calculation formula for the crack propagation radius
under stress waves. Hu et al. (2019) experiments showed
that multiple crossed cracks formed in cylindrical
concrete specimens under the action of CO, caused by
instantaneous changes in phase and pressure. After rapid
development in recent years, the CPTJ technique was
developed into a relatively safe and efficient technology.
It is widely used for coal seam permeability enhancement
and rock fragmentation.

According to an analysis, most studies have focused on
the effect of using CPTJ technology on ECBM, with
many reporting favorable results (Hu et al., 2018; Zhou
et al., 2020b; Zheng et al., 2022). It was concluded that
there are few reports on the decay law of CO, jet pressure
in the existing CPTJ technology research, especially
studies on the theoretical equation of jet pressure change
with time under different initial pressures. However, these
laws are very important for basic theoretical research and
field technology optimization of CPTJ technology.
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Therefore, it is necessary to study the evolution law of jet
pressure under different initial pressure conditions of
CPTJ technology and carry out numerical simulations of
CPTJ technology coal breaking. In this paper, first, the
developed CPTJ coal-rock fracturing experimental system
was used to study and clarify the pressure decay law with
time under different initial pressure conditions during
CPTJ. Then, using fluid mechanics theory and the energy
balance law, a theoretical model of CPTJ pressure change
with time was established. After that, the particle flow
code (PFC) numerical simulation method was used to
research the influences of the initial pressure on the
distribution characteristics of coal fractures destroyed by
CPTJ. Finally, a field experiment was conducted in the
Sha Mushu mining area to evaluate the efficiency of
CPTIJ technology in improving CBM recovery.

2 Experimental equipment and research
procedure

2.1 Experimental equipment

2.1.1 CPTJ coal fracturing experimental system

Figure 1 shows a simplified diagram of the CPTJ coal
fracturing experimental system (Bai et al., 2020). This
apparatus was designed to study the decay law of CPTJ
pressure with time and to clarify the effect of CPTJ
fracturing in coal rock masses. The principle of this
experimental apparatus was to pressurize, liquefy and
store gaseous CO, by driving a booster pump with high-
pressure air until it reaches the set pressure value. Then,
the solenoid valve was opened, which caused the pressure
of the L-CO, in the storage tank to drop sharply, the
phase transition occurred instantaneously, the volume
expanded by 260 times, forming a high-pressure CO, gas
jet, and the generated impact stress instantly acted on the
coal rock mass sample. In this experimental apparatus,
the output pressure of the air compressor was 0.8 MPa;
the boosting ratio of the booster pump was 1:100; the
volume of the storage tank was 5 L; the maximum
pressure that could withstand was 80 MPa; and the
diameter of the nozzle was 2.5 mm. At the same time, the
gas pressure sensor could be used to measure the gas
pressure of the nozzle during CPTJ.

2.1.2  CPTJ coal fracturing ECBM technology equipment

The CPTJ coal fracturing ECBM technology equipment
contained a CPTJ coal seam fracturing device, a CO,
pressurized filling system, and a hydraulic drilling rig, as
shown in Fig. 2. This equipment was developed for field
testing of CPTJ coal fracturing technology.

During the field application, CO, was poured into the
high-pressure storage tube using the pressurized filling
system described above. Then, the CO, storage tube was
installed into the drilled hole by a hydraulic drill rig. The
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Fig.1 CPTIJ coal fracturing experimental system.

(I) CO, pressurized filling system

(II) Hydraulic drilling rig

(IIT) Drill pipe

(IV) CPTJ coalseam fracturing device
(V) Coal seam

(D High pressure CO, jet release tube
@ Rupture disc

(3 Pressure gas generator

@ High pressure CO, storage tube

Fig. 2 Schematic diagram of CPTJ coal fracturing ECBM technology equipment.

pressure gas generator in the CO, storage tube was
activated remotely, causing the thermal expansion of the
L-CO, in the storage tube to reach the threshold for the
rupture disk. The volume-expanded CO, gas instantly
formed a high-pressure jet from the release tube, which
impinged on the coal of the borehole wall to generate
cracks.

2.2 Research procedure

The purpose of this research is to obtain the pressure
variation law of CPTJ coal seam fracturing technology,
reveal the influence of its jet pressure on cracked coal
rock, and clarify its enhanced CBM extraction effect. The
research scheme of this study is shown in Fig. 3.
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Fig.3 Research scheme.

2.2.1 Experiment on the pressure change law of CPTJ

Using the CPTJ coal fracturing experimental system
shown in Fig. 1, the variation law of CPTJ pressure with
time under different initial pressure conditions was
studied. In this study, compressed air was used as the
power to pressurize the CO, in the cylinder and store it in
an L-CO, storage tank until the pressure in the container
reached the set pressure. In this experiment, the target
pressure of the L-CO, storage tank was set as 10, 20, 30,
40 and 50 MPa. When the pressure of the L-CO, storage
tank reached the set pressure, the pneumatic valve was
opened, and the high-pressure L-CO, transiently
expanded, forming a high-pressure CO, gas jet. The
pressure sensor at the jet nozzle was used to measure the
fluid pressure change with time.

2.2.2 Numerical simulation of coal damage laws under
different CPTJ pressures

A particle-flow code (PFC 2D) is an effective tool to
simulate the deformability and crack generation of
materials because their basic compositions are bonded
particles (He et al., 2021). In this research, the PFC 2D
analysis method was used to research the failure law of
coal under different CPTJ pressures. As shown in Fig. 4,

Boundary force o, =5 MPa

-
-

-
CPTJ pressﬁ%
loading point’

| + B(? n?ary i)rce’ :+ 5 N?Pa*

Boundary force 6, =5 MPa
20 m

Fig. 4 Schematic diagram of a numerical simulation mode.

a numerical model with a size of 20 m x 20 m was
established. The model contained 47546 ball cells with
radii of 3-8 mm in a discrete distribution. Assuming that
the coal-rock mass model was an infinite medium,
viscous boundary conditions for the model were selected,
and the reflection of the CPTJ pressure at the infinite
boundary of the model was ignored to reduce the
calculation. The stress loading of the numerical
simulation model mainly included two processes: in situ
stress static loading and CPTJ dynamic pressure loading,
where the latter was the main reason for the destruction of
the coal rock mass. In the CPTJ pressure loading stage, an
impact point with a diameter of 1.6 cm was set in the
center of the left side of the model wall, and then the
dynamic CPTJ pressure was applied to the loaded
particles.

In the process of model parameter determination and
optimization, the uniaxial compression test was used for
coal samples (¢S50 x 100 mm) collected from the mining
area, and the results were used to optimize the parameters
of the numerical simulation model. Figure 5 shows the
experimental and numerical simulation results of coal
specimens under uniaxial compression conditions. The
results showed that the numerical model results were
basically close to the experimental results. Table 1 shows
the microscopic parameters of the model after
optimization. In the numerical simulation research, the
horizontal principal stress and vertical principal stress of
the model were both set to 5 MPa, and the displacement
of the coal model and the distribution of the discrete
fracture network were studied when the jet pressure
was P(t), 0.8P(¢), 0.6P(¢) and 0.4P(¢). Among them, P(r)
is the CPTJ pressure decay equation with time calculated
according to the equipment parameters and the following
theoretical research results.

2.2.3 Field test research on CPTJ fracturing to enhance
coalbed methane recovery

To study the application effect of CPTJ fracturing
technology in enhanced coalbed methane recovery
(ECBM), a field experiment was carried out at the S3012
working face of the Shamushu Mine in Sichuan Province
using the technology equipment shown in Fig. 2. The
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Fig.5 Comparison of experimental and numerical results.

Table 1 Parameters of the PFC model

Parameters Values Parameters Values
Particle diameter ratio 1.1 Cohesion strength of parallel-bond, (Pa) 13¢6
Particle density, p (kg/m3) 2500 Friction angle of parallel-bond, (°) 21
Normal critical damping ratio 0.5 Parallel bond radius multiplier, A 0.8
Stiffness ratio, K, /K 1.3 Contact modulus of particle, £, (GPa) 1.4
Particle stiffness ratio 13 Effective modulus of the parallel bond, E. (GPa) 14
Particle friction coefficient, u 0.3 Ratio of normal to shear stiffness of the parallel bond, kn/ks 13

study area was located in a series of high and steep
structural zones (as shown in Fig. 6), with burial depths
of 400-520 m, belonging to coal and gas outburst coal
mines. Industrial analysis of the coal samples was carried
out, and the moisture, ash, volatile matter, and fixed-
carbon contents were obtained for the coal samples, as
listed in Table 2. Mechanical analysis showed that the
uniaxial compressive strength of coal rock was 26.6 MPa,

and Poisson’s ratio was 0.10-0.14. Field measurements
showed that the permeability of coal was 0.0115 m%/
(MPa?-d), and the methane pressure and methane content
of the coal seam were 2.34 MPa and 17.34m/t, respec-
tively. Therefore, it was difficult to extract the CBM from
the S3012 working face, and it was necessary to use
CPTJ fracturing technology to improve the permeability
of the coalbed.

|:| Anticlinal axis
Normal fault

A, Tenglong anticlinal

A, Shuanghe anticlinal

Fig. 6

l:l Syncline axis
Transient fault

A, Lanniao syncline

A, Gongchang anticlinal

A, Qingshan anticlinal

@ Study area

Geological structure of the study area.
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Table 2 Industrial analysis results of the coal samples
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Maximum value — Minimum value

Industrial analysis (

Sample Average value (Number of samples) Coal rank
Moisture/% Ash/% Volatile matter/% Fixed carbon/%

#1 034 26.67 18.71 548 High metamorphic

#2 035 26.50 18.81 53.96 anthracite

The field test steps were as follows. First, the experi-
mental borehole shown in Fig. 7 was constructed, and the
raw coal samples before CPTJ fracturing were collected.
Then, coal seam gas drainage was carried out, and the gas
drainage flow rate and CH, concentration parameters
were monitored for at least one month. Next, coal seam
CPTJ fracturing was performed, and coal samples were
collected. Similar to the above steps, coal seam gas drain-
age was carried out after CPTJ fracturing, and its flow
rate and concentration parameters were monitored for at
least two months. Finally, the change law of coal seam
gas drainage parameters before and after CPTJ fracturing
was analyzed, and the microstructure and pore structure
change characteristics of coal before and after CPTJ
fracturing were analyzed by scanning electron micro-
scopy (SEM) and mercury intrusion porosimetry (MIP).

3 Theoretical model research of CPTJ
pressure change

3.1 Mass flow equation of the CPTJ system

The theoretical analysis of CPTJ pressure changes is
rather complicated because the density of CO, gas
changes significantly during the flow. Furthermore, the
carbon dioxide gas jet fluid is assumed to be a perfect gas
with a constant average specific heat value. To simplify
the theoretical analysis process in this study, it was
assumed that the gas jet was an adiabatic process, and
these conditions implied isentropic flow. Furthermore, the

CO, gas jet fluid was assumed to be a perfect gas with a
constant specific heat average value. According to the
research results of previous studies (Peng and Zhou,
2008; Woodward and Mudan, 1991; Arnaldos et al.,
1998), the CO, jet mass flow equation under different jet
flow-rate conditions can be obtained.

When the flow rate is subsonic, the mass loss of the
fluid per unit time is

y+1

yM [ 2 \»T
RT()(’)/+1) ’ (1)

where Qp, is the gas mass flow rate at the nozzle outlet;
Ger 1s the gas expansion factor under subsonic condition
2 r-1 y+l
6= \[2) .[l _(g)yl.l(i).(u)w -
Do Do y—-1 2

the gas pressure at the nozzle outlet; S is the cross
sectional area of the nozzle outlet; y is the heat capacity
ratio, y = 1.33; R is the molar gas constant, R = 8.314
J/(mol-K); Ty is the temperature in the nozzle; and py is
the gas pressure inside the nozzle.

When the flow rate is sonic or supersonic, the mass loss
of the fluid per unit time is

y+1 y+1

yM{( 2 \rT yM ([ 2 \rT
=GerpS \| | — =pS\ | — , (2
Om ef P JRT()()/-FI) p JRTO Y+l (2)

where the gas expansion factor Ger = 1.
Combining Eq. (1) and Eq. (2), the mass loss of the
fluid per unit time can be obtained as:

Qm = GefpS

CPT] fracturing area

Intake airway

Fig. 7 Layout of field experiment boreholes.
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3.2 Theoretical model of CPTJ pressure

In the process of CPTJ, the flow rate and pressure are
continuous parameters that change with time. Ignoring
the heat exchange and gravitational influence in the CPTJ
process, the main variables that change with time (¢) in
the system during the gas jet process are CO, gas pressure
(p), gas flow rate (Qn), and CO, gas mass loss (m1). The
following equation is satisfied by the three parameters of
mg, Om and ¢:
t
mi = | Omt. (4)
It is assumed that the CO, gas satisfies the ideal gas
equation of state before and after the jet. The initial mass
of CO, in the jet system is m, the remaining mass after m;
is lost in the jetting process is m—mi, and the volume and

m-—m
pressure are V

and p, respectively. Then, the
. m .
following equations are satisfied:

n—mj nm-—mj

=RT,
n—mj

poV
(%)

pV = RTO

According to Eq. (3) to Eq. (5), the loss of the CO,
phase transition jet satisfies the following equations:

N2
yM [ 2 \r!
=G pS| —|——
Om efP RT()()/-i-l) ]

(6)

mp = jot Q,,dt

(2

r+1N2
vl t t
Let S{RTO (m) ] =C. Then mp = IO Ondt = IO Get

m-—mj

-Cpo dt, and then we can get:

d GeC
bl G 0 p0m1 = GetCpyp.
dr m

Let % = A, G¢Cpo = B. Then, from Eq. (7), we can
obtain

(N

my = De™ 4" +m,

®)

where D is a constant determined by the initial conditions
of the equation. When =0, m; =0, and D =-m can be
obtained. From this, the theoretical equation for the CPTJ

1_(_
Po

3)

2 \(k+1\ET Soni i fl ’
k—_] T , onic or supersonic How

k=1
)k

pressure decay with time is obtained as follows:

mp = m(l — e‘A‘)

dm1
= — =mAe™
Om ar
m—m
- = poe ™

)

P=Dpo

m

According to Eq. (9), combined with the parameters of
the CPTJ coal fracturing ECBM technology equipment,
when the CO, filling weight is 2.7 kg and the rupture disc
threshold pressure is 276 MPa, the change in the CPTJ
pressure with time satisfies the equation P(f) = 276e~ 1992,

4 Results analysis

4.1 Variation law of CPTJ pressure with time

In the experimental research, a gas pressure sensor was
used to measure the variation in the CO, gas jet pressure.
Figure 8 shows the pressure change curve of the CPTJ
with time under storage tank pressures of 10, 20, 30, 40,
and 50 MPa. Figure 8 clearly shows that the jet pressure
in the CPTJ process decreased rapidly with time and
showed an exponential development trend under different
initial pressure conditions. An exponential equation was
used to fit the CPTJ pressure curve with time, and the
fitting equation and the corresponding determination
coefficient (i.e., R?) under different initial pressure
conditions are shown in Table 3.

4.2  Numerical simulation results

Under the action of CPTJ fracturing technology, coal
rock masses are damaged, a certain displacement occurs,
and a discrete fracture network (DFN) is generated. It is
important to study the displacement and distribution of
DFNs to research the permeability enhancement effect of
CPTJ fracturing on coal seams.

Figure 9, which was produced using numerical
simulation, shows the displacement cloud diagram of the
coal-rock mass damaged by the CPTJ at various
pressures. The deformation of the coal-rock mass mainly
occurred near the point of action of the CPTJ, and the
particles of the coal-rock produced reverse displacement
under the action of the CPTJ. The displacement of the
coal body decreased with decreasing CPTJ pressure. The
maximum displacement of the coal body was 6.79 m
when the jet pressure was P(f). When the CPTJ pressure
decreased by 20%, its displacement decreased to 3.39 m,
3.65m, and 2.71 m.
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Fig. 8 Law of CPTJ pressure changing with time under different initial pressures and its exponential fitting curve.

Table 3 Fitting equation of CPTJ pressure changing with time under
different initial pressures

Initial pressure PyMPa  Fitted curve equation Fitting parameter m  R?

10 0215 0.96
20 0.294 0.92
30 P(t) = Pye™™ 0.376 0.88
40 0.400 0.91
50 0.408 0.93

According to the results of the numerical simulation,
Fig. 10 shows the DFN distribution of coal after CPTJ
fracture under different pressures. The figure shows that
the unit number of DFN fractures of the coal body after
fracturing decreased with decreasing CPTJ pressure.
When the jet pressure P(f) decreased by 20% in turn, the
number of DFN fracture units decreased from 27860 to
19238, 18584 and 9643. Furthermore, with the decrease

in jet pressure, the horizontal expansion size of the
discrete fracture network decreased significantly.

4.3 SEM test results

In this paper, the microscopic pore and fracture structures
of coal rock before and after CPTJ fracturing were tested
by using scanning electron microscopy (SEM). The test
results are shown in Fig. 11.

The SEM results indicated that the coal samples had
different distribution characteristics of microscopic pores
and fractures. For the raw coal samples (Fig. 11(a)),
independent and unconnected microscopic pores and
microcracks were clearly shown on the coal surface, and
the surface was smooth with almost no broken particles.
This microstructural feature led to the coal seam having
good methane storage capacity but low permeability,
which was not conducive to the drainage of CBM. After
conducting CPTJ fracturing, the surface morphologies of
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Fig. 9 Displacement cloud diagram of coal-rock mass damaged by CPTJ at different pressures.

coal samples were altered, as shown in Figs. 11(b)-11(e),
which show the SEM test results of the surface
morphologies of the #1-#4 drilled coal samples,
respectively. It can be seen from the SEM image that a
series of fractured cracks and broken particles with
irregular shapes were produced on the coal samples after
CPTJ fracturing. Furthermore, the pore size and depth of
the coal samples after fracturing were much larger than
those of the original coal samples, and these pores had
various shapes, such as oval, circular, and slit shapes.
Some of these pores and fractures were connected with
each other due to the shock and fracture effects caused by
CPTJ. These interconnected fractures could act as
channels for gas flow. Since the increase in interconnect-
ed pores and cracks in coalbeds can effectively enhance
the gas permeability of CBM reservoirs (Yanetal.,
2020), CPT]J fracturing technology is an effective method
for ECBM of low-permeability coal seams.

4.4 MIP test results

Coal rock is a typical porous medium reservoir, and its
pore space is of great significance for gas storage.

Therefore, it is essential to accurately describe the pore
structure of coal rock masses to determine their
permeability (Zhao et al., 2022). The MIP method was
used to investigate the application effect of CPTJ
fracturing in enhancing the pore structure of coal, such as
porosity, pore size distribution, and specific surface area.
According to the test results, the total pore volume and
porosity of the coal samples were obtained. Furthermore,
the Hodot classification method of pore size was used to
classify the pore characteristics of coal samples as
follows (Hodot, 1966): micropores (< 0.01 pm), transition
pores (0.01-0.1 pm), mesopores (0.1-1 pm), and
macropores (> 1 um), as shown in Table 4. The pore size
distributions and cumulative pore volumes of the raw coal
samples and coal subjected to CPTJ are shown in Figs. 12
and 13.

Table 4 shows that under the effect of CPTJ, the pore
capacity of various types of coal pores increased to
varying degrees. After CPTJ fracturing, the total pore
volume of the coal seam was 2.31-3.03 times that of the
raw coal seam, and the average pore capacities of the
micropores, transition pores, mesopores, and macropores
were 1.03, 3.34, 2.54, and 3.82 times that of the raw coal
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Fig. 10 Distribution characteristics of the DFN under different CPTJ pressures.

seam, respectively. According to the analysis, CPTJ
fracturing can significantly increase the number of
transition pores and macropores in coal seams. The
increase in macropore pore capacity is conducive to the
seepage of coalbed methane.

The volume of macropores and cumulative pore volu-
me in coal samples after CPTJ fracturing significantly
increased compared with raw coal samples, as shown in
Figs. 12 and 13. The above phenomena can be explained
as follows. A large amount of high-pressure gas was
injected into the coal body during the CPTJ fracturing
process, which caused the coal to fracture under the
action of impact stress and CO, phase transition expan-
sion. While many pores formed, some primary
micropores and mesopores developed into macropores.
This further resulted in the specific surface area of the
coal body after CPTJ fracturing being significantly less
than that of raw coal, as shown in Table 4. The capacity
of coal to adsorb methane decreased with the decrease in
specific surface area, which improved the desorption of
methane. Simultaneously, the porosity of coal after CPTJ
fracturing was 2.47 to 2.76 times greater than that of the

raw coal seam, which improved the connectivity of the
coal’s pores. In summary, the research results of the MIP
analysis indicate that CPTJ fracturing technology can
efficiently increase the pore structure and permeability of
coal, which will be effective for the efficient drainage of
coalbed methane.

4.5 Field test results

Coalbed methane drainage flow rates and methane
concentration are important indicators of recovery
efficiency. The change curve of the CBM drainage flow
rate of test borcholes #1 to #4 before and after CPTJ
fracturing was achieved, as shown in Fig. 14, based on
the monitoring data from the field test.

It is obvious that after CPTJ fracturing, the variation in
CBM extraction flow rates over time showed a strong
upward trend, and the four experimental borcholes
increased by 520%, 760%, 780%, and 980%, respective-
ly, indicating that the gas drainage efficiency was
effectively improved. The repeatable results of the four
different groups are shown in Figs. 14 (a)-14(d). During



Xin BAI et al. Pressure variation law and ECBM of CO, phase transition jet 877

I 2- A'. "Jfg‘,:

MIRA3 TESCAN|

) ad

WD: 18.17 mm
Det: SE
Date(m/dly): 08/1318

5
SEM HV: 20.0 kV. WD: 18.19 mm MIRA3 TESCAN]|
View fleld: 55.4 ym Det: SE

SEM MAG: 5.00 kx | Date(m/dly): 08/13/18

SEM HV: 20.0 kV
View fleld: 55.4 um
SEM MAG: 5.00 kx

10pm

MSE SUSTC MSE SUSTC

|t -
P g
0 AR b
o 1 o

Det: SE sum
SEM MAG: 10.0 kx  Date(m/dly): 08/21/18

SEM HV: 20.0 kV. WD: 20.68 mm WD: 20.71 mm
View fleld: 55.4 ym Det: SE

SEM MAG: 5.00 kx | Date(m/dly): 08/21/18

MIRA3 TESCANfl  SEM HV: 20.0 kv

View fleld: 27.7 pm

L MIRA3 TESCAN|
10 pm

MSE SUSTC MSE SUSTC

&

iy
SEMHV 200k | WD:17.42mm

View fleld: 55.4 ym Det: SE
SEM MAG: 5.00 kx | Date(m/dly): 08/13/18

Fig. 11 SEM results. (a) Raw coal sample; (b) #1 borehole; (c) #2 borehole; (d) #3 borehole; and (e) #4 borehole.

MIRA3 TESCAN|
10 pm

MSE SUSTC

Table 4 Pore structure parameters of coal samples

Pore volume/(mm3-g~1)

Samples No. Total pore volume/(mm?-g™1) Specific surface area/(m2-g~!) Porosity/%
Micro- Transition Meso- Macro-

A 18.1 5.1 6.5 26.8 56.5 18.73 9.12

B 222 18.7 17.6 106.7 165.2 14.55 24.5

C 17.4 20.4 19.8 113.6 171.2 14.75 252

D 15.8 12.9 13.2 88.6 130.5 16.21 22.6

E 19.3 16.2 15.5 100.6 151.6 15.72 24.8

Notes: A is raw coal sample; B, C, D and E are the coal samples after CPTJ fracturing of 1 #, 2 #, 3 # and 4 # boreholes respectively.

the extraction process, low methane concentrations and 5 Discussion
small quantities of pure gas are the main causes of low
permeability coal seam gas drainage that does not meet
production requirements. Another significant effect
supplied by CPTJ fracturing technology is that it can
enhance the concentration of gas drainage. The research
results showed that after fracturing, it increased by

140%-210% when compared to the raw coal seam.

5.1 Theoretical model verification

To prove the correctness of the theoretical model
developed in Section 3, the experimental research results
in Section 4.1 were used for verification. From Section
2.1.1, we obtained that the volume of the high-pressure L-
CO, storage tank of the experimental system was 5 L, the

Therefore, CPTJ fracturing technology can achieve
significant improvements in gas drainage. Table 5 gives
some values to demonstrate this capability of the CPTJ
fracturing technology.

cross-sectional area (S) of the nozzle was 4.91 mm?, and
the molar mass (M) of CO, was 44 g/mol. According to
the above parameters, the constant C = 1.37x107® in Eq.
(7) was calculated. When the initial pressure of CO, was
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10 MPa, m=28 kg, Ge=4.22, and the constant
A =0.206 in Eq. (9) was calculated. Then, when the initial
pressure of CO, was 10 MPa, the variation law of CO,
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phase transition jet pressure with time conformed to the
following equation:

"= 10e70-206, (10)

In the same way, when the initial pressure of CO, was
20, 30, 40, and 50 MPa, the theoretical equations of the
CO, phase transition jet pressure change with time was
obtained as shown in Table 6. Comparing the fitting
equation of the experimental data in Table 3 with the
theoretical equation in Table 6, the deviation rate of
parameter 4 was obtained.

According to Table 6, the maximum deviation between
the theoretical equation and the fitting parameters of the
liquid CO, phase change jet pressure change with time
was 8.82%, the minimum value was 2.41%, and the
average value was 5.61%. The pressure of the CPTJ
followed an exponential relationship with time, and the
established theoretical equation was consistent with the
time change in the pressure of the CO, phase transition
jet.

p=poe

5.2 Influence of pressure on CPTJ fractured coal

According to Fig. 9, the change curve of the maximum
displacement of the coal-rock mass with the CPTJ
pressure was obtained, as shown in Fig. 15. Under the
action of CPTJ, as the pressure decreased, the
displacement of the coal-rock mass gradually decreased.
According to Fig. 10, the relationship between the
number of DFN fracture units and the expansion size and
the CPTJ pressure was obtained, as shown in Fig. 16.
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Fig. 14 Variation in CBM drainage flow rates of experimental boreholes.
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Table 5 Specific parameters of CPTJ technology to enhance CBM recovery
Boreholes No. 1# 2# 3# 4#
Raw coal seam 2.6 2.1 2.3 22
Average gas drainage flow rates/(L-min™!) .
After CPTJ fracturing 16.2 18.0 20.2 23.7
Increase percentage/% 520% 760% 780% 980%
A ration/% Raw coal seam 10.5 12.9 12.4 12.8
verage concentration/%
¢ ‘ After CPTJ fracturing 26.8 323 39 30.8
Increase percentage/% 160% 150% 210% 140%
Table 6 Theoretical equation of CPTJ pressure variation with time and its parameter comparison with the experimental fitting equation
Initial pressure P/MPa Theoretical equations Experimental fitting equations Deviation rate/%
10 p= 10870.2061 p= 10670.2151 423
20 p= 206—0,2871 p= 206‘_0'294’ 241
30 p= 30670343[ p= 30670.3761 382
40 p= 40670.3661 p= 40670.4()0[ 358
50 p= 506_0‘424t p= 508_0'408t 4.03
8 E 5 40000 2
. ®  Maximum displacement E ® E
S . ; 2 154 o
£ 6 Curve fitting § | 20000 §
5 < 121 2
Q o
= o &
= 4 S 94 - 20000 Z
3 i " g a
g 5 67 L . k)
E g ® Projection distance of the DFN A - 10000 5
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Fig. 15 Variation curve of the maximum displacement of coal rock
and CPTJ pressure.

With the decrease in CPTJ pressure, the number of DFN
fracture units in coal decreased, and the projection
distance of fractures in the horizontal direction decreased
significantly.

The results implied that the displacement, number of
discrete fracture network units and the expansion size of
the CBM reservoir caused by CPTJ damage decreased as
the jet pressure decreased because the force exerted on
the CBM reservoir decreased with decreasing jet
pressure. Furthermore, the larger the damage displace-
ment formed on the CBM reservoir was, the greater the
degree of CBM reservoir breakage, the more cracks
formed on the coal seam, and the more favorable the
coalbed gas seepage. Therefore, within a safe range,
increasing the CPTJ pressure is beneficial to increasing
the coal seam gas permeability.

5.3 Influence of CPTJ fracturing on the decay law of CBM
drainage

In many cases of CBM drainage practice, rapidly falling

Fig. 16 Relationship between the DFN fracture units, the projection
distance of the DFN fractures in the horizontal direction and CPTJ
pressures.

gas extraction flow rate measurements are frequently
observed in gas extraction operations, especially in low
permeability CBM reservoirs (Karacan et al., 2011; Liu
and Cheng, 2014). That is, the gas drainage flow rate and
concentration drop rapidly after the coal seam borehole
starts gas drainage, which not only brings difficulties to
CBM drainage but also brings many safety hazards to
coal mining. Therefore, the national mine safety
administration of China uses the coal seam gas drainage
flow rate decay coefficient as an important indicator to
assess the difficulty of coal seam gas drainage, as shown
in Table 7. The attenuation coefficient of CBM drainage
flow rates is a characteristic coefficient of the CBM flow
rates of the borehole in coal seams decaying with time,
which is obtained by fitting the data collected from the
field test. The fitting equation is g; = goe ', where £ is the
gas drainage attenuation coefficient, ¢ is the gas drainage
time, g, is the initial gas drainage flow rate, and g, is the
gas drainage flow rate after t days (Yu and Cheng, 2012).

According to the variation trend of the CBM drainage
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Table 7 Corresponding relationship between the decay coefficient
and difficulty level of CBM drainage

<0.003

Decay coefficient 0.003-0.05 >0.05

Difficulty level of CBM drainage Easily Barely Difficulty

flow rates with time (Fig. 14), the exponential fitting
method was used to obtain the attenuation coefficient of
the gas drainage flow, as shown in Fig. 17. Figure 17
shows that before CPTJ fracturing, the attenuation
coefficients of boreholes #1, #2, #3, and #4 were 0.051,
0.053, 0.046 and 0.056, respectively. All these parameters
were almost greater than 0.05. According to Table 7, it
was difficult to extract gas from the experimental area.
After CPTJ fracturing, the attenuation coefficients were
0.006, 0.014, 0.012 and 0.013, which were 88.24%,
73.58%, 73.91% and 76.79% less than those before
fracturing, respectively. All these parameters were less
than 0.05 and greater than 0.003. This shows that CPTJ
technology can effectively reduce the difficulty level of
coal seam gas drainage and reduce the difficulty of CBM
drainage from coal seams.

5.4 Mechanism of CPTJ fracturing to ECBM

Coal is a heterogeneous material that is composed of a
fracture network and matrix, and the main passage for gas
flow is contained in fractures (Sampath et al., 2021; Li
etal, 2021). Under natural conditions, the pores and
fractures of coal seams are closed under the effect of in
situ stress (Liu et al., 2018; Lu et al., 2020), with low
permeability and few gas migration channels (Wang
et al., 2021), resulting in difficult gas drainage, as shown
in Fig. 18 (a).

Through CPTJ fracturing, low permeability coal seams
are damaged and fractured under the force of a high-
pressure CO, gas jet. Under the continuous action of in
situ stress, these fractures continue to expand. This forms
a pressure relief fracture field around the fracturing hole,
increases the number of connected pores in the coal body,
establishes a channel for gas migration, and enhances the
coal seam permeability (Cao etal., 2022; Liao et al.,
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0.053
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Fig. 17 Change law of the gas drainage flow rate decay coefficient
after CPTJ fracturing.
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2021; Cheng et al., 2020). At the same time, the fractures
constructed by CPTJ technology cause the stress in the
coal seam to redistribute, forming a localized area of
pressure relief. This prompts the raw closed fractures in
the coal body to reopen, reducing the effective stress on
the coal body and destroying the dynamic balance of CH,
adsorption and desorption in the coal seam, which results
in desorption of CH, (Chengetal., 2021b). Under the
influence of the pressure difference, free CH, migrates to
the coal seam fissure, increasing the flow and concentra-
tion of CBM drainage. Furthermore, since the coal seam
has a stronger capacity for adsorption of CO, than CH,,
after CO, gas enters the fracture, competitive adsorption
promotes the desorption of CH, (Du et al., 2021), which
can further improve the CH, concentration of coal seam
gas and decrease the attenuation of flow, as shown in
Fig. 18 (b).

6 Conclusions

In this paper, to obtain the pressure variation law of CPTJ
fracturing technology, the influence of its jet pressure on
cracked coal rock was revealed, and its enhanced CBM
extraction effect was clarified. A series of laboratory
experiments, theoretical studies, numerical simulations
and field experiments were carried out. Based on the
above research and analysis, the following important
conclusions were obtained.

1) Experimental studies showed that the CPTJ pressure
decayed exponentially with time. Theoretical research
established an exponential equation of CPTJ pressure
variation with time. After verification, the average
deviation between the theoretical calculation parameters
and the fitting parameters was 5.61%.

2) The numerical simulation study of CPTJ coal rock
fracturing under different jet pressure conditions was
carried out by the PFC method, and the relationship
between the coal rock damage displacement, the
distribution of DFN and the jet pressure was obtained.
The research results showed that with decreasing jet
pressure, the failure displacement of coal, the number of
fracture units and their extension sizes gradually
decreased. The CPTJ pressure mainly affected the
number and expansion size of coal rock breaking
fractures but did not affect the development direction of
fractures.

3) Field tests showed that, compared with the raw coal
seam, CPTJ could effectively increase the number of
connectable macropores and fractures in coal seams,
strongly increase the CBM drainage flow rate by between
5.2 times and 9.8 times, and significantly reduce the
CBM drainage decay coefficient by between 73.58% and
88.24%.
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