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ABSTRACT: The control and utilization of coalbed methane (CBM) are
crucial for ensuring the safety of coal mining operations and mitigating
greenhouse gas emissions. Predrainage of CBM from boreholes plays a
pivotal role in preventing CBM accidents, harnessing CBM energy
resources, and reducing greenhouse gas emissions. To better understand
the evolution of key parameters during the predrainage process of CBM
boreholes, this study, based on fundamental assumptions of coupling
models, integrates the theories of elasticity, seepage mechanics, and fluid
mechanics. It establishes a comprehensive mathematical model that reveals
the interrelationships among the stress field, deformation field, and seepage
field within methane-containing coal systems. By comparing numerical
solutions with analytical solutions and conducting physical similarity
simulation experiments, the study demonstrates the correctness of the
methane-containing coal fluid−solid coupling model. The model developed in this study represents an improvement over traditional
methane-containing coal seepage theories and fluid−solid coupling model theories and can be widely applied in the prevention of
coal and CBM outbursts as well as CBM extraction.

1. INTRODUCTION
Coalbed methane (CBM) is a high-heat, clean energy source,
with a heat generation of about (3.35−3.77) × 105 J/m3 of
CBM,1−3 equivalent to the heat of 1 kg of standard coal, and the
pollution it produces is only 1/40 of that of oil and 1/800 of that
of coal.4−6 It can be seen that methane has a very large potential
as a common fuel and chemical raw material.7−9 For the mine
types of CBM outburst mines and high CBM mines, the
simultaneous extraction of coal and CBM is the best measure for
the utilization of coal mine CBM resources and the control of
CBM disasters.10−12 The seepage law of CBM in coalbeds is one
of the basic problems in the research field of coal mine CBM
disaster prevention and control, which has important guiding
significance for the basic theoretical research on CBM outburst,
CBM extraction, and coal and CBM outburst prevention and
control.13−15

Coal is a dual medium of pore fracture, and the deformation of
coal and the flow of CBM during the mining process are under
the fluid−solid coupling effect. Coal and gas outburst is also a
disaster phenomenon caused by the instability and failure of coal
under the fluid−solid coupling effect.16,17 Therefore, if the
migration law of the CBM in coalbeds is to be more in line with
reality, the fluid−solid coupling problem of the CBM in
coalbeds must be considered. Zou18 studied the fluid−solid
coupling characteristics of methane-containing coal in the

hydraulic fracturing (HF) process and obtained the five-stage
change characteristics of gas pressure response, strain change,
and gas diffusion parameters and provided theoretical support
and practical guidance for field test parameter selection to
enhance the CBM recovery mechanism. Hu19 applied the
fundamental principles of fluid−solid coupling to investigate the
correlation between porosity and permeability in coal. Their
study delved into definitions related to coal’s porosity and
permeability and examined the impacts of adsorption expansion,
changes in pore free gas pressure, and the Klinkenberg effect on
gas flow in coal. However, they overlooked the influence of
mobile water and residual water on the expansion stress in gas-
bearing coal seams. Zhang20 proposed a numerical simulation
method of fluid−solid coupling, established the permeability
model of elastic and plastic coal samples through the stress−
permeability experimental results of elastic and plastic coal
samples, and embedded it into FLAC3D software through
uniaxial and triaxial flow simulation to verify the accuracy and

Received: October 8, 2023
Revised: November 11, 2023
Accepted: December 1, 2023
Published: December 12, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

49334
https://doi.org/10.1021/acsomega.3c07852

ACS Omega 2023, 8, 49334−49346

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hu+Wen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongfei+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shixing+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c07852&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07852?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07852?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07852?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07852?fig=agr1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/51?ref=pdf
https://pubs.acs.org/toc/acsodf/8/51?ref=pdf
https://pubs.acs.org/toc/acsodf/8/51?ref=pdf
https://pubs.acs.org/toc/acsodf/8/51?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c07852?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


feasibility of the numerical simulationmethod. Zhou21 proposed
an improved thermal solid−fluid coupling model to simulate the
process of coalbed injection flue gas (CO2/N2) to promote
CBM extraction. The model successfully coupled the complex
interactions, such as coal deformation, multicomponent gas and
water multiflow, gas competitive adsorption, and heat transfer.
Tao22 conducted a study based on nine necessary THM
coupling model basic assumptions; he comprehensively applied
elastic mechanics, seepage mechanics, and heat transfer theory
and established a realistic three-field two-way coupling
mathematical model, revealing the interrelationship between
seepage field, deformation field, and temperature field in
methane-containing coal systems. Peng23 used a self-developed
triaxial servo-controlled permeation device and self-developed
coal and CBM outburst simulation test device to study the
influence mechanism of gas permeation on coal and CBM
outburst disaster through experiments. Yin24 used a self-made
“coal-containing gas coal body thermal−fluid−solid three-way
servo permutation coupling device” to conduct experimental
research on anthropology from Zhaozhuang Mine Jincheng
Coal Mine Group No. 3 Coalbed and explored the CBM term
law of metal containing coal in the whole stress−strain process
under constant gas pressure and condensing pressure con-
ditions. Liu25 established a fluid−solid coupling model based on
an equivalent fracture coal model, with the aim of investigating
the impact of hydraulic fracturing (HF) on coal seam stress
unloading and permeability enhancement.
At present, domestic and foreign scholars have done a lot of

research work on the related theory of CBMflow in coal,26,27 but
there is still an urgent need to improve the evolution law of
porosity and permeability of methane-containing coal,28 the
fluid−solid coupling theory of methane-containing coal,29 and
especially in the simulation experiment of CBM borehole
predrainage in this coalbed.30 Furthermore, at the current stage,
most of the research primarily concentrates on the coupled
control equations between the gas phase and solid phase.
However, it is essential to underscore that a significant amount
of groundwater simultaneously exists within the coal seams. To
gain a comprehensive understanding of the migration behavior
and parameter variation patterns of coalbed methane during the
pre-extraction process, it is imperative to comprehensively
consider the influencing factors of the water phase within the
deformation, permeability, and transport equations.
In order to address this research gap, this study aims to

establish the control equations for the stress field of coalbed
methane, taking into account the influence of the water phase.
This involves a thorough investigation into the flowmechanisms
of coalbed gas diffusion. The coal is considered a “dual-porosity
medium”, and equations governing porosity, fracture ratio, and
permeability are incorporated, along with the diffusion
equations for gas transport. These components collectively
form a coupled flow-solid model for gas-bearing coal. Through
an analysis of gas resistance in the pipelines, the attenuation
patterns of negative pressure in pre-extraction gas drainage
boreholes are derived. This study combines numerical solutions
with analytical solutions and validates the model’s reliability
through a comparison of numerical results to field data and
experimental outcomes. This effort lays a solid foundation for
the subsequent exploration of the evolving patterns of key
parameters in coalbed methane pre-extraction.

2. METHANE-CONTAINING COAL FLUID−SOLID
COUPLING MODEL
2.1. Stress Field Governing Equation. Coal is a natural

body with pores and fractures, where gas is mainly stored in the

pores, and fractures are the flow channels for gas and water. Coal
particles form a skeleton, and when a load is applied to the coal
body, the skeleton deforms and fluid flows relative to the
skeleton. Assuming that CBM flows in the coal body, ignoring
the water flow, the inertial force of coal deformation, and the
body force of fluid in the coal body, coal can be divided into
small equilibrium units. Each unit maintains equilibrium. The
equilibrium differential equation of the unit can be constructed
according to Figure 1.
The stress components along the coordinate axes on the

microelement are denoted by σx, σy, σz, τxy, τxz, τyz, τyx, τzx, and
τzy, which are opposite to the directions of the coordinate axes.
The directions of the stress components are consistent with the
coordinate axes. According to the static equilibrium equation,
the resultant force on the microelement in the x, y, and z
directions is zero.
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This can be written in tensor form as

+ = =F i j0 ( , 1, 2, 3)ij i (2)

Combining the aforementioned expression with the effective
stress equation proposed by Baptista-Pereira31 based on
experimental research, one can derive the following formula

+ [ + ] + =s p s p F( ) 0ij j w w g g ij j i,
eff

(3)

where u(x, y, z), v(x, y, z), and w(x, y, z) are the displacement
components in the x, y, and z directions, respectively, and the

Figure 1. Schematic diagram of the stress state of a coal micro-
hexahedron.
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relationship between strain components and displacement
components can be expressed as follows32

= +u u
1
2

( )ij j i i j, , (4)

where Fi is the volumetric stress of the coal body, N/m3; δij is the
Kronecker variable, taking the value of 1 when i = j, and 0 when i
≠ j; εij is strain component; ui,j(i, j = 1, 2, 3) is the displacement
vector of a particle.
Based on the assumption that coal is an unsaturated porous

medium, the strain of coal is composed of various factors,
including geostress, moisture strain, strain caused by CBM
pressure compressing coal, and strain caused by adsorption and
desorption. In order to better describe the strain characteristics
of coal, we can construct corresponding constitutive equations
from these different aspects.33 These equations can help us
better understand the deformation law of coal and provide
theoretical support for the development of CBM.
The strain caused by CBM pressure, the unidirectional linear

moisture strain, the strain caused by effective stress, and the
strain due to adsorption and desorption can be expressed as
follows34

=
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where Km is the bulk modulus of the coal matrix, βM is the
coefficient of moisture expansion; αsg is the volumetric strain
coefficient induced by adsorption and desorption, kg/m3; Vsg is
the adsorbed CBM content, m3/kg; c1 is the pressure coefficient,
MPa−1; c2 is the temperature coefficient, K−1; VL is the Langevin
volume constant, m3·kg−1; pL is the Langevin pressure constant,
Pa; T is the coalbed temperature, K; Tt is the reference
temperature in adsorption−desorption experiments, K, value is
298.
Then, the total deformation in one direction within the coal

matrix is as follows
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In the field of rock mechanics,35 the following equation is
applicable

= E
1 2

eff
(11)

Introducing the Lame ́ constant into the above equation, we
can rewrite eq 10 as follows

= + +G p s s2 ( )p M w w s seff 0 (12)

where E is the elastic modulus; υ is Poisson’s ratio; λ and G are
Lame ́ constants, = G2

1 2
; θp, θM, and θs represent the stress

coefficients induced by pressure, moisture-induced strain
coefficients, and adsorption−desorption stress coefficients,
respectively.
Substituting the above equations into the constitutive

equation and equilibrium equation, we can derive the following
expression

Figure 2. Schematic Diagram of CBM Flow within the Borehole

Figure 3. Graph depicting the negative pressure attenuation pattern
along the borehole length.
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2.2. Governing Equations for CBMMatrix Porosity and
Permeability. Taking into account the dynamic variations in
porosity and permeability of coal under the influence of gas−
solid coupling is a prerequisite for studying the deformation of
disturbed coal bodies and the gas−solid coupling mechanisms
that lead to the migration of CBM. The determination of
porosity can be expressed using the following formula36
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where Vp is the porosity volume; Vm is the coal matrix volume;
Vp0 is the initial porosity volume; Vm0 is the initial coal matrix
volume; Vs0 is the initial skeleton volume; ΔVp represents
changes in porosity volume; ΔVm represents changes in coal
matrix volume; ΔVs represents changes in skeleton volume; φm0
is the initial porosity ratio; εm is the coal matrix volume strain.
The intrinsic deformation of coal particles in unsaturated

porous media is the sum of strains induced by CBM pressure,
strains resulting from adsorption and desorption processes, and
moisture-induced strains.
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It has been determined through a combination of experimenta-
tion and theoretical derivation that the deformation of the coal
matrix can be approximated as follows37

= Kexp( ) 1m Y
eff (16)

where KY is the volume compression coefficient, MPa−1.
Substituting eqs 15 and 16 into eq 14 yields a dynamic model

for matrix porosity in the gas−water two-phase flow stage under
compression conditions
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Liu and Seidle38−40 demonstrate that there is the following
relationship between porosity and permeability
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In that case, permeability can be expressed by the following
equation
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2.3. Governing Equations for the CBMMatrix Fracture
and Permeability. Considering the width within the coal
matrix as a and the width of the fractures as b, the fracture
porosity within the coal matrix can be expressed as follows

= +
+

a b a
a b

( )
( )f

3 3

3 (20)

Due to the fact that in coalbeds, the width of fractures is
significantly smaller than the width of the coal matrix, i.e., b≪ a,
then

b
a

3
f (21)

The deformation of the coal matrix and fractures in any
direction can be expressed as follows41

= +b
a

d d dv f m (22)

Taking the partial derivative on both sides with respect to
fracture porosity, we obtain
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The intrinsic deformation of coal particles in unsaturated
porous media is the sum of strains induced by effective stress,
strains resulting from adsorption and desorption processes, and
moisture-induced strains.
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Substituting eqs 24 and 25 into eq 23, we have
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where εf is the volume strain of fractures; εv is the intrinsic
deformation of coal particles in unsaturated porous media; σmef f =
σ̅ + βmp̅m, σmef f = σ̅ + βf p̅f; βm, βf are the Biot coefficients for both
the matrix and fractures; σ̅ is the average stress in coal body, σ̅ =
−(σxx + σyy + σzz)/3; p̅m is the average CBM pressure in the
matrix; p̅f is the average CBM pressure in the fractures.
Substituting eq 26 with eq 18 yields
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2.4. CBM Seepage and Diffusion Control Equations.
The continuous flow of CBM within the coal matrix actually
signifies the conservation of CBM mass within the control
volume. Within the time interval dt, the difference in total CBM
mass entering and leaving control volume μ is given by

= M
t

div( )
(28)

Based on the assumption that CBM flows through fractures in
accordance with Darcy’s law within the coalbed, and gas
diffusion in the matrix follows Fick’s law, in conjunction with the
ideal gas state equation and the mass conservation equation, we
can derive

=
C
t
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where Cm is the diffusion mass concentration of CBM in the
matrix, kg/m3; τ is the time for desorption diffusion of CBM, s;
Mg is the molar mass of CBM, kg/mol; R is the ideal gas
constant, 8.314 J/(mol·K); μg is the CBM dynamic viscosity, Pa·
s; ρs is the skeleton density, kg/m3; pn is the standard
atmospheric pressure, 101 kPa; pm is the CBM pressure in the
matrix, Pa.
Based on the above analysis, the equilibrium equation can be

transformed into the diffusion and seepage transport equations
for coalbed gas within the coal body
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2.5. Variation Pattern of Negative Pressure along the
Length of the Borehole during Extraction. When coalbed
gas flows inside a borehole, it experiences frictional forces,

resulting in resistance along the borehole’s length. As coalbed
gas continuously flows from the borehole wall into the borehole
in advance coalbed drilling, the flow within the borehole is
considered as a variable mass flow. To analyze this, the advance
borehole is divided into several small elemental sections, and the
variable mass flow velocity within each elemental section is
treated as the average flow velocity. This allows us to consider
the coalbed gas flow within each elemental section as a constant
mass flow. The schematic diagram of coal seam airflow in the
borehole is shown in Figure 2.
In general, collapse or deformation inside a borehole exhibits

significant uncertainty and randomness. In theoretical calcu-
lations, we neglect the local losses caused by borehole
deformation. Therefore, the combined loss can be expressed as

= + +p
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2m m
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m
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2
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2 2
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where vm and vm+1 are the flow velocities of CBM in the m-th
segment, =vm

Q

r
m

0
2 ; vm+1 is the flow velocity of CBM in the (m

+1)-th segment, m/s, =+
+
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Q q
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m m
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2 ; v̅m is the average flow

velocity in the m-th segment, = =+ ++vm
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r2

2

2
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0
2 ; λm′ is the

corrected local resistance coefficient, N·s2/m4.
Zhang42 elucidates the test results of CBM extraction

experiments under various borehole deformation instability
conditions. It proposes a method for calculating the along-hole
resistance coefficient of borehole walls, as follows
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It is necessary to calculate the Reynolds number of the CBM
flow in the m-th infinitesimal segment according to the formula
below to clarify the flow regime of this segment and determine
its along-borehole resistance coefficient.43

=
+
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where ρm is the average density of CBM in them-th segment, kg/
m3; Qm is the original CBM content within the m-th borehole
segment, m3; qm is the amount of CBM influx into the borehole
wall within the m-th segment, m3.
The negative pressure extraction in each segment is calculated

as follows
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Liu44 conducted numerous similar simulation experiments and
derived the relationship between the flow rate within the
borehole and the borehole length, as described by the equations
below
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= ·q x a( ) ebx (40)

Based on the principles of mass conservation and the flow rate
conservation equation, by simultaneously combining eqs 34 to
40 and setting the boundary conditions as x = 0, q(0) = q1, and
q(L) = qL, we can solve for the negative pressure attenuation
pattern along the borehole length.
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For a known coalbed and borehole, ifQ, q1, L and λm′ in eq 41 are
known constants, then the above equation can be approximately
considered as

=p x s( ) e s x
1

2 (42)

where s1 and s2 are constant coefficients.
Utilizing the monitoring data from the 215 working face of

Huangling No. 2 Coal Mine, it can be determined that the
borehole’s extraction pressure is −18.5 kPa, the flow rate at the
borehole mouth is monitored at 0.1 m3/min, the total length of
the borehole is 280 m, the coalbed’s permeability coefficient is
5.5 m2/MPa2·day, and the effective extraction radius of the
borehole is 17.9 m (1 month after extraction commenced). By
input of these data into the formula for the negative pressure
attenuation along the borehole length, the distribution of
borehole negative pressure can be obtained, as shown in Figure
3.
The results indicate that the negative pressure value is highest

at the borehole mouth, corresponding to the lowest absolute
pressure. As the distance from the borehole mouth increases, the
negative pressure value gradually decreases and the absolute
pressure gradually increases. In addition to airflow and pressure
changes within the coalbed, frictional resistance along the
borehole, including factors such as airflow resistance and
borehole wall friction, is a significant contributor to negative
pressure attenuation. With an increasing distance from the
borehole mouth, the influence of airflow resistance and borehole
wall friction becomes more pronounced, leading to a gradual
decrease in negative pressure values and a corresponding
increase in absolute pressure.
Moreover, the roughness of the borehole wall and the size of

the borehole diameter also affect the pattern of negative pressure
attenuation. By incorporation of all of the parameters, the values
of α and β in eq 44 can be determined, allowing for the
characterization of the negative pressure attenuation pattern
within the borehole as depicted in the above figure.

=y 18500 e x0.002184 (43)

3. MODEL VALIDATION
3.1. Verification of Analytical and Numerical Solution

Models. Equation 44 is the radial flow model of CBM

established by Sun,45 which is widely used. This equation
represents an approximate analytical solution for the radial flow
field of CBM within coalbeds.
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Taking Huangling No. 2 Coal Mine (in Yan’an, Shaanxi,
China) as a reference site and assuming a constant CBM

Figure 4. Comparison between numerical and analytical solutions.

Table 1. Borehole Information for Field Comparative
Experiments

borehole
number

borehole
region

(distance to
the fourth

Liaison lane)
(m)

extraction
negative
pressure
(kPa)

borehole
diameter
(mm)

borehole
inclination
(deg)

borehole
length
(m)

#316 3 −18.5 94 2 280
#338 132 −18.5 94 2 280
#344 168 −18.5 94 2 280
#389 438 −18.5 94 2 280
#379 378 −18.5 94 2 280

Figure 5. Comparison between numerical solutions and onsite
extraction flow rates for each borehole.
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pressure of 0.485 MPa, a negative extraction pressure of −18.5
kPa, an effective extraction radius of 17.9 m, and a borehole
radius of 47 mm, numerical and analytical solutions for the
temporal variation of the CBM pressure at a radial flow field

radius of 1 m were calculated using the NUMPY package in
PYTHON, as illustrated in Figure 4.
The results from the numerical solution of the gas-bearing

coal fluid−solid coupling model in this study show relatively
good agreement with the analytical solution, as indicated by the
graph. Both solutions exhibit the same downward trend. During
the initial phase of drainage, a pressure gradient is instanta-
neously formed between the coal seam and the interior of the
borehole due to the impact of mining activities, leading to a
sharp decrease in gas pressure at a distance of 1 m from the
borehole. As mining progresses, the pressure gradient gradually
declines and the gas pressure in the coal seam experiences a
gentle decline. Both the numerical and analytical solutions
adhered to this pattern.
However, due to the nonlinear second-order partial differ-

ential equation nature of the coupled model, the numerical
solution is typically derived from specific numerical methods
and discretization techniques, while the analytical solution is
based on a series of assumptions and theoretical derivations.
This can lead to an error between the analytical and numerical
solutions, with a maximum value of 6.65% and a minimum value
of 0, meaning that there are two intersections between the
numerical and analytical solutions. By comparing the trends and
characteristics of the numerical and analytical solutions, it can be
seen that they largely adhere to the same pattern, suggesting that

Figure 6. Area chart of percentage errors between numerical solutions
and onsite extraction flow rates for each borehole.

Figure 7. Schematic diagram of the CBM pre-extraction borehole extraction simulation experimental system.
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the gas-bearing coal fluid−solid coupling model is reasonably
accurate.
3.2. Validation with Field Experimental Data. The

comparison between the analytical and numerical solutions
demonstrates the relative correctness and reliability of the
methane-bearing coal−fluid coupling model established in this
paper. To further illustrate the robustness of the couplingmodel,
this section compares the numerical solutions with field
monitoring data. The robustness of the methane-bearing
coal−fluid coupling model presented in this section is verified
by comparing the historical borehole CBM extraction flow rates
from five boreholesmonitored from the start of extraction to 180
days with the numerical simulation results. The borehole
information is detailed in Table 1. The comparison between the
calculated results and the experimental data is depicted in Figure
5.
With integration of the velocity in the entire cross section of

the borehole according to Darcy’s Law, the temporal variation of
the borehole can be calculated. Based on the comparative data
from monitoring of five boreholes in the target monitoring area,
it can be observed that as CBM gradually depressurizes, the
residual CBM pressure in the coalbed decreases and the
methane concentration decreases as well. Therefore, during the
CBM extraction process, the pure extraction flow rate of the
CBM also gradually decreases with time. This phenomenon
indicates that effective CBM extraction plays a positive role in
reducing the methane concentration in the mine.
Furthermore, due to the different locations of the boreholes,

the pure CBM flow rates within the boreholes also vary. This
result suggests that the distribution of CBM in the coalbed is not
uniform but rather exhibits some degree of variation. Therefore,
when designing CBM extraction plans, it is essential to consider
the rational arrangement of the borehole parameters to improve
the effectiveness of CBM extraction.
Through field experiment data, we can observe that the CBM

content is highest around borehole #389, while it is lowest
around borehole #379. This discovery helps us more accurately
identify high-risk areas of CBM in the coalbed, enabling the
development of targeted extraction strategies.
Figure 6 shows the percentage error between the numerical

solution of each borehole and the flow rate inside the borehole in
the field experiment. Comparative analysis of the area chart of
percentage errors between the flow rate data from the five
boreholes and the numerical solutions reveals that while the

onsite monitoring data exhibit oscillations due to environmental
factors, fitting the errors results in a constant relationship.
Additionally, because of the different distribution areas of the
boreholes, there are varying ranges of errors, indicating
differences in the CBM distribution within the coalbed. This
further underscores the practicality of the research objectives in
this study.
It can be inferred that the trend of errors follows a pattern

similar to that of the numerical solutions. This result indicates
that the established coupling model is highly reliable and can
effectively guide the practical implementation of CBM
extraction despite the variability in monitoring data caused by
environmental influences.
3.3. Physical Similarity Simulation Experiments.

3.3.1. Establishment of Experimental Platform. Based on the
methane-bearing coal−fluid coupling model established earlier,
in order to investigate the spatiotemporal variations of key
parameters during CBM extraction, verify the robustness of the
coupling model, and better explore and validate the inversion
model for in situ CBM pressure using monitoring data, a large-
scale CBM pre-extraction borehole extraction simulation
experimental system was independently developed. The
schematic diagram of the system is shown in Figure 7. The
system consists of five main components: a high-pressure gas
source pressurization section, a CBM extraction borehole
simulation section, a section for determining key CBM
parameters, and a parameter data acquisition section.
The simulation pipeline consists mainly of two parts: the

coalbed simulation pipeline and the simulation extraction
borehole. The outer pipeline has an inner diameter of DN300,

Table 2. Coal Particle Size Sieve Analysis Resultsa

particle size (mm) +10 −10, +7 −7, +5 −5, +3 −3, +0.9 −0.9
mass (g) 40.25 84.44 90.15 91.21 94.31 99.64
frequentness (%) 8.05 16.888 18.03 18.242 18.862 19.928

a“+” indicates that the coal did not pass through that sieve, while “−” indicates that the coal passed through that sieve.

Table 3. Experimental Coal Sample Conditions

average
particle size
d50 (mm)

weight of
coal (kg)

volume of
coal sample

(m3)

bulk
density
(g/cm3)

void
rate

coal
sample

3.78 199.1776 0.20266345 0.9828 0.298

Table 4. Proximate Analysis of Coal Samples

moisture content (M) ash content (A) volatile matter (V) fixed carbon (Fc) sulfur content (S) heating value (Q) adhesiveness index

2.62% 16.57% 33.71% 83.2% 0.52% 26.95 MJ/kg 26

Figure 8. Isothermal adsorption curve of the coal sample.
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a wall thickness of 5 mm, and a length of 3 m. To ensure gas
tightness, both ends are sealed with flanges and metal gaskets.
Additionally, pressure inlet and outlet holes are provided at both
ends. To simulate the spatial variation of CBM parameters
during borehole extraction, the outer pipeline has six threaded
bases reserved at the top with diameters of 34 mm. Pressure
sensors can be installed at these bases later. The distances of the
threaded bases from the borehole mouth are 20, 70, 120, 170,
220, and 270 mm, respectively.
The inner pipeline has an inner diameter of DN65, a wall

thickness of 2 mm, and a length of 2.8 m. To simulate the
ventilation pathway inside the borehole, laser-cut flower holes
with a diameter of 5 mm are evenly distributed in six directions
on the inner pipe, with a linear distance of 6 mm between each
pair of holes. Furthermore, to prevent coal dust from entering
the depressurization pipeline through the flower holes during
coal loading and depressurization, a 200 mesh sieve is wrapped
around the outer surface of the inner pipe.
The design involves placing the inner pipe inside the outer

pipe and filling the space between the pipe with experimental
coal samples. This setup can replicate the conditions of CBM
pre-extraction borehole extraction.
3.3.2. Coal Sample Preparation and Experimental Process.

The coal sample used for simulating CBM pre-extraction
borehole extraction is sourced from the 215 working face of
Huangling No. 2 Coal Mine. The coal samples retrieved from
the field were pulverized by using a jaw crusher. To closely
replicate the onsite extraction environment, a mixture of particle
sizes was employed. The desired particle sizes were obtained
through sieving by using mesh screens. A 500g sample was
selected to determine its particle size distribution and sample
conditions, as detailed in Tables 2 and 3. In addition, industrial
analysis was conducted on coal samples, and the results are
shown in Table 4. The borehole inner pipe with mesh screens
was inserted into the outer pipeline. The CBM pre-extraction
borehole simulation pipeline, with one end designated for
pressurization, was elevated by using a lifting vehicle. Prepared
coal samples were sequentially loaded into the pipe by using a
stepladder to simulate the CBM extraction process.
The simulation pipeline is connected to high-pressure

methane gas cylinders, a vacuum pump, a negative pressure
extraction pump, a flowmeter, sensors, and other equipment,
ensuring airtight sealing in all parts.
Before pressurizing the experimental apparatus, in accordance

with the requirements of “Preparation of Coal Samples”
(GB474-2008), coal samples with a particle size of 0.17−0.25
mm and a mass of 35 g were prepared. Under constant
temperature conditions of 30 °C and pressures ranging from
0.1−5.0 MPa, coal−gas isotherm adsorption experiments were
conducted by using an HCA high-pressure gas adsorption

apparatus. These experiments were carried out by using the
volumetric method. Adsorption equilibria were established at
different gas pressures, and the adsorbed gas amounts at various
gas equilibrium pressures were determined. The adsorption
isotherms are shown in Figure 8.
Based on the adsorbed gas quantities at different equilibrium

gas pressures, the Langmuir equation46 was regressed to
calculate the gas adsorption constants for the experimental
coal sample. The calculated values are as follows: the “a” value is
23.549 m3/t, and the “b” value is 0.588 MPa−1. The pressure
relief valve was closed, the vacuum pump was opened to
evacuate the coalbed, and then the methane gas cylinder was
opened to inflate and adsorb in the coalbed. It was kept for 48 h
to ensure that methane gas was adequately adsorbed in the
coalbed. The gas injection hole was sealed, and parameters, such
as pressure, temperature, and methane content, were monitored
and recorded. Subsequently, the negative pressure extraction
pump and the pressure relief valve were opened to release the gas
to the external environment while recording data. Depressuriza-
tion operations were stopped when the gas pressure in the test
pipeline reached equilibrium with the external pressure.

4. RESULTS AND DISCUSSION
The comparison between the analytical and numerical solutions
indicates that the calculation method for the established coal-
fluid coupling model with methane is relatively accurate and
reliable. Using the CBM pre-extraction borehole extraction
simulation experimental platform established in the previous
sections, a geometric model and boundary conditions consistent
with the experimental setup were created. The conditions for the
experimental platform setup were previously stated and are not
reiterated here. In the geometric model, the bottom is
considered a fixed boundary, the roof is subjected to a constant
load boundary of 25 MPa, and the left and right sides are treated
as sliding boundaries. In the initial conditions, the coalbed is in a
state of free stress, with the pressure of the CBM in the matrix
and fractures being equal everywhere. The established coal mass
assembly model has no permeation and diffusion of the CBM at
its four boundaries. The pressure boundary condition for the
diffusion equation is the pressure of the CBM in the fractures,
while the pressure boundary condition for the seepage equation
is the extraction negative pressure.
The boundary conditions for the coal mass deformation field

include displacement boundary conditions and stress boundary
conditions

=u x y z t( , , , )i i (45)

=n x y z( , , )ij i (46)

Table 5. Parameter Values

parameter values parameter values parameter values

E 1.18 × 109 Pa Km 9.26 × 109 Pa υ 0.33
ρs 1.3 × 103 kg/m3 Ks 1.5152 × 1010 Pa ρw 1000 kg/m3

μg 1.193 × 10−5 Pa·s a 24 m3/t μw 1.01 × 10−3 Pa·s
αsg 0.043 kg/m3 b 5.88 × 10−7 Pa−1 pf 0, pm0 7 × 105 Pa
sw0 0.4 c1 0.07 MPa−1 τ 153,360 s
PL 2.45 × 106 Pa KY 0.2 MPa−1 VL 0.016 m3/kg
βM 1 × 10−5 m3/m3 c2 0.02 K−1 φm0 0.298
km0 1.4 × 10−14 m2 λ 5.5 m2/MPa2·day φf 0 0.3
kf 0 1.4 × 10−13 m2 Pc 5 × 104 Pa R 8.314 J/(mol·K)
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Figure 9. Comparison of measured and numerical simulation values of CBM pressure at different distances.
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The flow boundary conditions for the CBM seepage field and
diffusion field are as follows

· =
k

p n Q x y z t( , , , )f
f f (47)

· =
k

p n Q x y z t( , , , )m
m m (48)

where γi is the matrix displacement distribution function; ψi is
the surface force distribution function; n̅ is the directional
derivative at boundary ∂Ω;Qm,Qf is the given gas flow velocity at
boundary ∂Ω.
The values of each parameter in the numerical calculation are

shown in Table 5.
The results of the measured and numerical simulation values

of coalbed methane pressure at different distances in the
experiment are plotted, as shown in Figure 9. From the
experimental results and numerical simulation data, it can be
observed that as time progresses, the gas pressure at various
measurement points shows a significant decrease. The initial
drop is more pronounced, which is due to the large pressure
gradient between the gas pressure in the experimental coal body
and the absolute pressure in the borehole during the initial
extraction. This causes the desorbed gas to rapidly migrate from
the high-pressure zone in the experimental coal body to the
negative pressure zone inside the borehole. As gas gradually
migrates, the gas pressure in the high-pressure zone decreases,
and the pressure gradient decreases. During the extraction
process, the gas pressure in the experimental coal body
continues to decrease, and the curve of CBM pressure also
becomes smoother until it reaches an equilibrium state.
At this point, the gas pressure in the experimental coal body

and the pressure gradient between it and the absolute pressure in
the borehole stabilize. The speed of desorbed gas migration
gradually slows, ultimately reaching a dynamic equilibrium state.
In the graph, the black data represent experimental results, and
the red data represent numerical simulation results. Due to some
assumptions made in numerical modeling, such as the
assumption of coalbed isotropy and homogeneity, there are
some discrepancies between experimental and numerical
simulation data, leading to slight differences between the two
sets of data.
However, from the data in the graph, it can be seen that both

sets of data exhibit similar trends. In the initial stages, the CBM
pressure decreases significantly, and as the pressure gradient
decreases, the curve of the CBM pressure becomes smoother.
The differences between individual data points are not
substantial. Therefore, it can be concluded that the fluid−solid
coupling model proposed in this paper meets the experimental
requirements.

5. CONCLUSIONS

(1) A mathematical model of fluid−structure coupling in
methane-containing coalbeds was developed based on
fluid dynamics, elasticity theory, and seepage mechanics.
This model includes stress field control equations,
equations governing porosity, fractures, and permeability,
as well as equations governing seepage and diffusion
processes. It integrates the complex interactions in the
coal−methane system during the process of predrainage
drilling in coalbeds.

(2) The variation pattern of negative pressure during
predrainage drilling in coalbeds was derived through the
analysis of pipeline resistance. For a known coalbed and
drilling hole, the negative pressure along the hole length
follows the expression: p(x) = s1 e−s2x.

(3) By comparing the results of numerical solutions with
analytical solutions, as well as comparing numerical
solutions with field data, and considering the application
of the model in the physical simulation experiments of
coalbed gas drilling, the reliability and robustness of the
methane-containing coal flow-solid coupling model have
been demonstrated. This provides a solid foundation for
the exploration of the evolution patterns of key
parameters in the coalbed gas extraction process in
subsequent mining operations.

(4) By utilizing this model in conjunction with monitoring
data from drilling and extraction operations, it is possible
to infer the in situ parameters of coalbed gas and residual
gas content within the coal seam. This enables a more
detailed exploration of coalbed gas parameters and
facilitates the development of precise extraction control
strategies.
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■ NOMENCLATURE
σx positive stress component along the x-axis
σy positive stress component along the y-axis
σz positive stress component along the z-axis
τxy shear stress component in the direction from

the x-axis to the y-axis
τxz shear stress component in the direction from

the x-axis to the z-axis
τyz shear stress component in the direction from

the y-axis to the z-axis
τyx shear stress component in the direction from

the y-axis to the x-axis
τzx shear stress component in the direction from

the z-axis to the x-axis
τzy shear stress component in the direction from

the z-axis to the y-axis
u(x, y, z) displacement component along the x-axis
v(x, y, z) displacement component along the y-axis
w(x, y, z) displacement component along the z-axis
Fi the volumetric stress of coal body, N/m3

δij Kronecker variable, taking the value of 1 when
i = j, and 0 when i ≠ j

εij strain components
ui,j(i, j = 1, 2, 3) displacement vector of a particle
Km bulk modulus of coal matrix
βM coefficient of moisture expansion
αsg volumetric strain coefficient induced by

adsorption and desorption, kg/m3

Vsg adsorbed CBM content, m3/kg
c1 pressure coefficient, MPa−1

c2 temperature coefficient, K−1

VL Langevin volume constant, m3/kg
pL Langevin pressure constant, Pa
T coalbed temperature, K
Tt reference temperature in adsorption−desorp-

tion experiments, K, value is 298
E elastic modulus
υ Poisson ratio
λ, G Lame ́ constant, = G2

1 2
θp stress coefficients induced by pressure
θM moisture-induced strain coefficients
θs adsorption−desorption stress coefficients
Vp porosity volume
Vm coal matrix volume
Vp0 initial porosity volume
Vm0 initial coal matrix volume
Vs0 initial skeleton volume
ΔVp changes in porosity volume
ΔVm changes in coal matrix volume
ΔVs changes in skeleton volume
φm0 initial porosity ratio
εm coal matrix volume strain
KY volume compression coefficient, MPa−1

εf volume strain of fractures

εv intrinsic deformation of coal particles in
unsaturated porous media

βm, βf the Biot coefficients for both the matrix and
fractures

σ̅ average stress in coal body
p̅m average CBM pressure in the matrix
p̅f average CBM pressure in the fractures
Cm diffusion mass concentration of CBM in the

matrix, kg/m3

τ time for desorption diffusion of CBM, s
Mg molar mass of CBM, kg/mol
R ideal gas constant, 8.314 J/(mol·K)
μg CBM dynamic viscosity, Pa·s
ρs skeleton density, kg/m3

pn standard atmospheric pressure, 101 kPa
pm CBM pressure in the matrix, Pa.
vm, vm+1 flow velocity of CBM in the m-th segment, m/

s
v̅m average flow velocity in them-th segment, m/s
λm′ corrected local resistance coefficient, N·s2/m4

ρm average density of CBM in the m-th segment,
kg/m3

Qm original CBM content within the m-th bore-
hole segment, m3

qm amount of CBM influx into the borehole wall
within the m-th segment, m3

s1, s2 constant coefficient
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