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Simulation Study of Coal Seam Gas Extraction Characteristics Based
on Coal Permeability Evolution Model under Thermal Effect
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ABSTRACT: The permeability evolution law of high temperature and high stress coal seam is determined by the influence of
multiphase coexistence and multifield coupling. In an environment greatly affected by disturbance and high temperature, the coal
permeability model under the coupling of thermal and mechanical creep is not only a vital framework from which to examine gas
migration law in multiphase and multifield coal seams but also an important theoretical foundation for gas control in coal seams. The
influence of high-temperature environment on creep deformation and permeability is analyzed by several creep seepage tests under
different temperature conditions.A mathematical model for the evolution of coal permeability considering the influence of
temperature is established through the theory of matrix—crack interaction based on gas adsorption and desorption and thermal
expansion deformation. Based on the permeability model under the coupling of thermal and mechanical creep, the numerical model
of gas migration, seepage field, diffusion field, stress field, and temperature field is constructed, and the law of gas migration in coal
seam under multifield coupling is explored. The influence law of thermal effect on gas extraction characteristics is analyzed, in which
the time-varying mechanism of temperature field, the relationship between creep deformation and temperature and pressure, the
influence of creep deformation on permeability, the dynamic distribution of gas pressure, and the change of gas extraction quantity
are described in detail. It is concluded that the influence of temperature on permeability is much greater than that of creep
deformation and that a high initial coal seam temperature is beneficial to gas extraction. It provides theoretical basis and technical
guidance for the study of multifield coupled gas migration and coal seam gas treatment.

1. INTRODUCTION having a substantial effect on the movement of gases within
4,5 .
At present, more than half of deep coal mines in China are coal seams.”” Temperature not only affects the reaction
high-gas mines.' In a deep high-gas mine, the gas kinetics of gas desorption and adsorption processes but also
concentration and pressure are greater in the coal seam, and affects the law of gas seepage in coal seams.®’
. . . . . 2
the problem of gas outburst is becoming increasingly obvious. With the deepening of deep mining work, the mining

The gas extraction of low-permeability coal seam in high-gas
mine is faced with such problems as difficult extraction, small
range, and high decay rate.” In deep high-gas mines located in
China, over 90% of coal and gas outbursts transpire within low-
permeability coal strata, characterized by permeabilities that Received:  February 22, 2024
vary between 107 and 1077 um>* At the same time, the coal Revised:  April 17, 2024
seam gas permeability diminishes with increasing mining Acce_Pted‘ April 22, 2024
depth. Coal body deformation caused by high ground stress Published: May 15, 2024
and high-temperature-induced deformation to enable thermal

expansion also affect the desorption and adsorption of gas,

conditions of coal seams are increasingly complex and

changeable, and the “three high” coal seams with high
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temperature, high gas, and high stress are gradually increasing.”
The high temperature affects the gas and stress distribution in
coal seam through exerting an influence on gas adsorption and
desorption reactions in addition to coal body deformation,
thus producing the intricate process of thermal and mechanical
coupling between coal and rock.”” Therefore, the change of
the mechanical properties of coal under heat loss and stress has
a great impact on practical engineering. At present, relevant
research is mainly carried out in three aspects: mechanical
properties of coal under thermal and mechanical coupling,
creep, and thermal damage.

(1) Thermal Coupling Mechanical Properties of Coal and Rock
Mass. From the perspective of basic theoretical experi-
ments, it can be seen that coal body changes its physical
and mechanical properties under the action of high
temperature.'” Heuze,'' Glover et al,,'” and Chopra
took coal rock as samples and found that the increase of
temperature reduces its density. Zhang et al."* confirmed
through high-temperature mechanical experiments on
coal and rock that temperature increase exhibits a direct
correlation with the porosity and permeability of coal
and rock.

(2) Study on Thermal and Mechanical Coupling Coal Creep. In
the study of thermal and mechanical coupling coal creep,
the creep test at different temperatures is relatively
concentrated. The constitutive relation of coal creep due
to temperature’s effect was obtained using a rock creep
testing machine and high-temperature seepage system,
and then this governing equation was used to character-
ize the creep of coal under different temperatures and
stresses.

(3) Numerical Simulation of Coal Body Damage under
Thermal—Mechanical Coupling. Related study on damage
to the coal body considering coupling under mechanical
and thermal factors is more focused on the visualization
of coal body cracks under the influence of high
temperature through numerical simulation. Li et al.'®
used the elastic damage mechanism and thermoelastic
theory combined with the isomerization characteristics
of coal and rock at the mesoscopic level to obtain the
thermodynamic coupling effect under the condition of
damage to rock and coal due to thermal stress and built
a mesoscopic thermodynamic coupling damage model.
The stress distribution and failure characteristics of
isotropic and anisotropic coal rock mass under thermal
load were established by numerical simulation using the
RFPA2D program.”’]8

The findings of this study are crucial in establishing the
mechanical properties and fracture laws of coal under heat
loss."”*” The introduction of uniaxial and triaxial compression
tests under the influence of temperature, the microscopic
observation of heat-lost coal by scanning electron microscopy
and nuclear magnetic technology,”"*” and the exploration of
the internal correlation between temperature and pore
distribution and permeability through laboratory tests and
numerical simulation provide an important theoretical frame-
work that underpins the investigation of permeability evolution
and porosity distribution under the coupling effect of thermal—
mechanical creep.”

However, when examining the coal permeability evolution
law based on thermal—mechanical coupling creep, most
domestic and foreign scholars construct permeability models

at normal temperature through seepage tests and numerical
simulation methods or focus on the qualitative or quantitative
analysis of permeability under the influence of temperature or
gas pressure on a single factor. Although it provides an
important theoretical basis and basis to produce models on
permeability, the permeability models considering limited
factors often overestimate matrix deformation’s effect due to
gas adsorption on fracture deformation, resulting in a certain
degree of error between the permeability calculation results
and the permeability obtained from the experimental data of
coal creep and seepage. Furthermore, there are few studies on
the permeability evolution model of matrix—fissure interaction
which takes into account creep deformation, temperature
factor, thermal expansion, and gas adsorption deformation.

Gas treatment in high-temperature, high-stress, and low-
permeability coal seams is a coupling problem of the
temperature field, gas pressure field, and coal deformation
field. However, qualitative and quantitative analyses of the
impact of a single factor on the permeability law are common
in prior research. The permeability evolution model of matrix—
crack interaction caused by creep deformation, temperature
factor, as well as deformation and thermal expansion caused by
gas adsorption are also taken into account, and the multifield
coupling permeability evolution model is combined with the
transport response equations of coal gas migration, seepage
field, diffusion field, stress field, and temperature field. The
multifield coupling of coal seam gas migration as well as the
influence of coal seam thermal effects on gas extraction
properties have been the subject of limited research.

Therefore, to examine this evolution process of coal creep
deformation as well as gas seepage under multifield coupling,
this paper establishes a creep model due to the effect of
temperature according to analyzing the coal creep deformation
evolution law under high ground temperature. To comprehend
entirely the gas transport law regarding a coal body under
multifield coupling, related law on the evolution of
permeability due to combined effects of temperature, creep
deformation, and matrix—fracture interaction is studied.
Experiments and theoretical models of creep and seepage
under different temperature conditions are carried out.
Combined with the evolution of permeability in the
experimental data, a model on permeability is formulated by
determining the interplay between matrix—fracture interaction,
creep deformation, and temperature.

During gas extraction in coal seams, the gas migration law is
affected by many factors, especially the temperature. Based on
a model of permeability depicting interplays between matrix—
fracture interaction, creep deformation, and temperature,
combined with coal gas migration, seepage field, diffusion
field, stress field, and temperature field, a coal gas migration
coupling model based on multiple fields is constructed. Based
on actual mine geological conditions and coal seam condition
parameters, the corresponding physical model and initial
conditions are established, and we apply simulation through
numerical means for analyzing the evolution law of gas
migration under the influence of external factors. This paper
mainly analyzes the influence of the coal seam thermal effect
on gas extraction characteristics. The study of the multifield
coupled model of coal seam gas migration plays an important
role in comprehending the impact of elevated temperature on
permeability as well as its application in gas extraction while
also depicting a guiding function toward improving field gas
extraction engineering technology.
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2. EXPERIMENTAL STUDY

2.1. Creep and Seepage Experiments at Different
Temperatures. The coal sample used in this research was
taken from the no. 8 coal seam of Baode Coal Mine. In the coal
mine, the size of the coal block was about 600 mm X 400 mm
X 400 mm, and the block was sealed with plastic wrap and sent
to the rock mechanics laboratory to determine the coal’s basic
mechanical and physical attributes. The standard sample,
which measured 100 mm in height and 50 mm in diameter,
was fabricated from the coal mass in adherence to the
guidelines set forth by the International Society of Rock
Mechanics.

The test instrument adopts a comprehensive test system, as
shown in Figure 1. The test instrument can be loaded with an

Figure 1. Comprehensive experimental system.

axial loading force of up to 200 MPa, with an axial pressure
applied by hydraulic pressure and a maximum confining
pressure of 100 MPa. The temperature is controlled by a
separate module, and the maximum temperature applied is 200
°C. The axial and transverse deformation can be measured by
two sets of strain gauges. Among them, the hydraulic servo
controls the three-axis rheometer and the heating device and
the strain measuring device. The temperature at which the
creep and seepage experiments were performed was 25 °C.

The experimental equipment used in the experimental
research institute is a comprehensive experimental system, and
the specific steps of coal creep and seepage test under different
temperature conditions are as follows:

(1) Apply hydrostatic pressure. The concurrent loading of the
confining pressure and axial pressure was varied between
2 and 25 MPa, contingent upon the in situ stress state
being examined at the location.

(2) Load the axial deviating stress. The deviating stress was
increased to 30 MPa while maintaining the confining
pressure at 25 MPa.

(3) Control temperature. While the confining and axial
pressures were kept constant, the three test temperatures
were set as 30, 50, and 70 °C.

(4) Measure permeability. The external stress state was kept
unchanged, and nitrogen was injected from the upper
end of the coal body while the osmotic pressure
difference between the upper and lower ends was
maintained at 2 MPa. When the data were relatively
stable, the permeability was measured.

2.2. Experimental Results and Analysis of Creep and
Seepage. To examine the osmotic evolution law during the
creep deformation of coal under different temperatures, three
sets of creep seepage tests at 30, 50, and 70 °C were set under

a 30 MPa axial pressure and a 25 MPa confining pressure.
Figure 2 provides the outcomes from the creep curve test.
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Figure 2. Creep deformation curves at different temperatures.

The data from creep tests conducted on three distinct
groups at varying temperatures indicate that axial strain
increases gradually alongside the temperature, as depicted in
Figure 2. The lateral strain basically shows the same trend, but
the difference of lateral strain is relatively small. When the
temperature is 30, 50, and 70 °C, the maximum axial strain of
the three groups of coal is 0.102%, 0.106%, and 0.111%,
respectively, showing a trend of A&’ > A}’ > Aei’. As the
temperature rises, the transverse creep deformation increment
is different from that of axial creep deformation, and the
transverse strain is —0.014%, —0.022%, and —0.021%,
respectively, showing a trend of A&y’ > Ael’ > Ae3’. The
experimental data show that a direct correlation arises in axial
creep deformation with respect to the temperature. The
transverse creep deformation and axial stress have no obvious
rule. It may be determined from creep deformation data of coal
body under three different temperature states that thermal
damage occurs inside coal body due to temperature, which
degrades the coal body’s mechanical attributes while leading to
higher axial creep deformation.

The progressive reduction in the permeability of the coal
mass during creep deformation is illustrated in Figure 3. A
reduction in temperature causes a departure in the
permeability of the coal body. Coal correspondingly exhibits
an initial permeability of 3.95 X 107'%, 3.31 X 107", and 2.55
x 107" m* at 30, 50, and 70 °C, respectively.

According to Figure 4, with the progress of coal creep
deformation, the final coal permeability changes at 30, 40, and
50 MPa axial pressure are 13.5 X 107", 36.5 X 107", and 3.7
X 107" m? respectively. The permeability change shows a
trend of AK* > AK* > AK*. Coal permeability does not
increase monotonically with axial stress due to the complexity
and variation in its pore structure. However, the experimental
data of coal creep and seepage show that the coal permeability
progressively decreases alongside creep deformation. The
analysis shows that the gas desorption ability is enhanced
due to the increase of test temperature, and coal matrix
expansion and deformation lead to compression of the internal
pores of coal, which inhibits coal permeability. The evolution
law of permeability in this process is analyzed through creep
and seepage tests under different temperature conditions,
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Figure 3. Permeability evolution under creep condition.
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Figure 4. Permeability evolution under creep condition.

which renders an important foundation for experimenting with
high-temperature mine treatment.

3. THEORETICAL MATHEMATICAL MODEL OF COAL
PERMEABILITY EVOLUTION CONSIDERING
TEMPERATURE

3.1. Analysis of Influence of Temperature on Fracture
Opening and Porosity. Through coal creep and seepage
tests based on varying temperatures, the temperature has an
important influence on the evolution law of coal deformation
and permeability. In order to ascertain the impact of
temperature on coal pore structure and permeability, based
on the theory of thermodynamics and rock mechanics, a coal
porosity model under the coupled action of creep, thermal, and
seepage is established from the perspective of thermal
expansion deformation, creep deformation, and gas adsorption.

Coal deformation and fissure cracking often have an impact
on coal fracture and porosity, which are significantly influenced
by its temperature and stress state. To probe the effect of
temperature and creep deformation on the coal pore structure,
a coal crack opening evolution model was generated, as
depicted by Figure S.

deformation via thermal expansion. (a) Matrix model of coal fissure.
(b) Thermal expansion affects matrix evolution of coal fissure.

Coal matrix deformation is predominantly attributable to
external stresses, the creep deformation, and the thermal
expansion deformation. Under constant load, as the temper-
ature increases, the coal matrix undergoes more deformation,
resulting in a contraction of its crack, which leads to a decrease
of the coal porosity. The formula for porosity of coal is**

¢_E_ Vo — AVp _ (VfO_AVT)/VbO _ ¢0_A8T

Vi Vit AV (Go+ AV)/Vyy 1+ Aep
(1)

in which
Aep = arAT ()

where V; represents the coal body’s pore and crack volume,
AV, denotes the increment in volume due to coal matrix
deformation via thermal expansion, Vj, signifies coal matrix
volume, o represents the coal matrix coefficient for thermal
expansion (in K™'), Aer denotes strain coming from such
thermal expansion, AT = T — T is the temperature increment
(in °C), and T, is 25 °C.

According to eq 1, at higher temperature and a coefhicient of
thermal expansion of 1 X 107" K™!, the porosity of coal
exhibits a progressive decline from its initial value of 5%. When
the thermal expansion coefficient is 5 X 107* K" and 1 X 107
K™!, the coal permeability decline increases. It shows that as
the coeflicient of thermal expansion increases, the reduction in
coal permeability becomes more pronounced. The thermal
expansion evolution trend of the porosity is shown in Figure 6.

To facilitate the calculation, this section focuses on the effect
of temperature on the viscoelastic deformation phase (A}, =
0). The constitutive equation for the viscoelastic deformation
of the heat—force coupled fractional creep model can be
expressed as'

c o E.(T) o

. (T) 3)

E(T) | E(T)|

e(t) =

Equation 3 analyzes the viscoelastic deformation of the coal
body under different temperature conditions. The creep
deformation law under different temperature conditions is
shown in Figure 7. This figure shows that the creep
deformation of the coal body gradually increases with the
growth of time, and elevated temperatures result in an
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Figure 7. Creep deformation under different temperatures.

accelerated growth of creep deformation. According to the
evolution law of creep deformation, temperature’s effect on
creep deformation also exists for a long time, that is, the
temperature continuously affects the deformation of the creep.
(t) represents the effect of temperature on the viscoelastic
deformation phase; ¢ denotes stress, MPa; E.(T) signifies the
elastic modulus that takes into account the change in
temperature, GPa; E, (T) represents is the elastic modulus
of the spring body considering the influence of temper-
ature,GPa; 7!, denotes the viscosity coeflicient of Abel pot
considering the influence of temperature,GPa‘h 7.

Numerous investigations have discovered that the presence
of gas within coal deforms the coal matrix. The pores of the
coal body contain gas in two states, adsorbed and free, with the
adsorbed state being the more prevalent. At constant
temperature, the calculation equation of coal matrix is as
follows:**

p I3

Agad =& -
P + pL po + pL (4)

where p; is the gas Langmuir adsorption pressure constant (in
MPa), p is the gas pressure (in MPa), p, is the initial gas
pressure (in MPa), and ¢ is the gas Langmuir adsorption
volume strain.

During the mining of coal, the working face is often not in a
constant-temperature state, and the calculation equation of

o . 25
coal matrix in a non-constant-temperature state is as follows:

Aeaﬂ =g 4 exp(—
p+p

¢, AT ) b
1+ ¢p p, tp (5)

where ¢; is the the gas adsorption pressure coefficient (in
MPa™") and c, is the temperature coefficient (in K™*).
Disregarding the impact of other variables on the
deformation of the coal body matrix, the effect of the
adsorption deformation law on the change in pore structure
of the coal body is examined. The adsorption expansion
deformation will reduce the opening of the coal crack and then

Fracture

f&

(a)

Adsorption swelling deformation

5 U AT=0mmp AT 0

. The fracture
opening degree

increases

Matrix

(b)

Figure 8. Fracture aperture evolution under adsorption swelling deformation.
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reduce the porosity. When the temperature increases, the gas
desorption ability increases, which will increase the fissure
opening and the porosity. Deformation’s influence via
adsorption expansion on the crack opening is shown in Figure
8.

Considering only the adsorption deformation effect on coal
porosity, the porosity is calculated as follows:*

b= Vi _ Vot AV _
Vi Voo~

(VfO + Avad)/vi)o _ ¢0 + AEaE
AVy (V= AVi)/WVe 1 - Ag
(6)

where AV,_4 is the volume increment caused by gas adsorption.
As gas pressure rises, coal porosity increases, as illustrated in
Figure 9. Due to the influence of temperature, the higher the
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Figure 9. Porosity evolution under adsorption swelling deformation.

temperature, the higher is the porosity, showing the positive
correlation between temperature and porosity. The study
shows that as the temperature rises, so does the capacity for gas
desorption, which reduces the coal matrix’s gas-adsorption-
induced expansion deformation.

3.2. Matrix—Fracture Interaction Model Based on Gas
Adsorption and Desorption and Thermal Expansion
Deformation. Based on the principle of thermodynamics and
permeability theory, the last section explored temperature’s
effect on the coal matrix deformation from the perspectives of
thermal expansion deformation, creep deformation, and gas
adsorption, thus affecting the coal body’s pore structure
changes. The coal body’s creep deformation is several times
greater than deformations due to gas adsorption or thermal
expansion, according to experimental data. Considering the
intricate nature of the coal body’s internal pore structure, the
influence of coal matrix deformation as a result of the external
environment on the porosity of the coal body cannot be
directly superimposed, and the interaction between the fissure
and the coal matrix should also be considered.

In order to explore the interaction between the coal matrix
and the fissure, it is assumed that there is a matrix bridge
existing in the coal fissure (solid filling material in the fissure),
as shown in Figure 10b,c, because the influence of coal
deformation on the crack deformation is reduced. In addition
to altering the coal body’s overall volume, the gas adsorption
and expansion deformation also affect crack opening and

volume, as shown in Figure 10f. When the temperature is
constant, the coal matrix deformation is mainly caused by gas
adsorption and expansion deformation, as shown in Figure 10e.
When the temperature rises, the thermal expansion deforma-
tion and gas adsorption expansion deformation comprise coal
matrix deformation. Among them, the temperature increase
will increase the gas desorption capacity, and as Figure 10g
reflects, this reduces the deformation of gas adsorption caused
by an increase in the temperature.

When a coal body matrix undergoes volume expansion
deformation, the deformation consists predominantly of two
constituent elements: crack deformation and coal body
deformation. A parameter is defined to characterize the degree
of coal matrix—cleft interaction, that is, the coupling internal
expansion coefficient fg (0 < fgr < 1). This parameter is the
ratio of fissure deformation and matrix deformation caused by
gas adsorption and thermal expansion. Its expression is as
follows:*°

AVST = AVET + AVET (7)

ST ST ST ST
AV =f AV, AV = (1 —fST)AVm (8)
The strain increase in the volume of the crack and coal, which
is the result of thermal expansion deformation and gas
adsorption combined, can be mathematically represented as
follows: >

ST

AeST = AVPT _ Jsr AV (1= ST

& = = = STAEm
Ve \% ¢

(9)

AVST (1= f AV,

AeST = —(1— 1 — AeST
E'b ‘/b ‘/b ( ¢)( fST) €m
(10)

AedT = Ael + Aey

AT
=g p e (— © ] b + a;AT
p+p 1+cp p,tp

(11)

where AgfT is the fracture volume strain increment, Agj! is the
volume strain increment of coal, and AeS! is the volume strain
increment of the coal matrix.

Under constant external load, an improved permeability
model is developed by incorporating temperature as a factor in
addition to the matrix—fracture interaction and creep
deformation components, that is, the permeability model
under multifield coupling of creep—thermal—seepage. The
specific expression of the model is as follows:"

3

k a f;
— = {14+ —(Ag] + Ae)) + STAeST
kO ¢ ¢0

creep matrix—fracture interaction

temperature temperature

(12)
where A& is the effective elastic volume strain increment, « is
the Biot coefficient, and Ael, is the effective viscoelastic
volume strain increment.

Based on the above derivation, combining eq 8, eq 9, and eq
12 with the coal permeability model (MCT model)
considering temperature influence, creep deformation, and
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matrix—cleft interaction, the permeability model expression is

as follows:

L 1+ i(AeeT + Ael

ko o
f 3

AT
+ L P exp[— = )— b + a;AT
| | tr L+ep) potp
(13)

where k, is the initial permeability (in m?).
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4. NUMERICAL SIMULATION ANALYSIS
4.1. Multiphysical Field Coupling Model of Coal

Body. The control equations describing gas migration in
coal are established by using the seepage field, diffusion field,
temperature field, coal constitutive equation, and permeability
model, and every physical field exhibits coupling.”’~*" The
equations of the seepage field and diffusion field describe two
forms of gas seepage in cracks and diffusion in pores.’”*!
Temperature’s effect on gas desorption and adsorption heat,
heat convection, free gas, and coal deformation is considered in
the governing equation of the temperature field.”**’ In
contrast to the constitutive equation, which accounts for stress
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Figure 12. Physical model and boundary conditions of coal.
and temperature-induced deformation, the permeability model temperature field governing equation:*>*’
also incorporates the influences of creep, gas pressure, and oT O¢, 2 me;Cg k

31 (pC)M + TKay—~ = 3 V’T + 22— 22VpVT

temperature on permeability.”” The multiphysical field 6t pT u

coupling relationship is shown in Figure 11.

diffusion field governing equation:'

9
ot

Vme _CI(T - T;ef) M, Mc
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governing equation of seepage field:**
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coal constitutive equation:
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permeability model:
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3
X
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4.2. Physical Model Construction and Parameter
Selection. In order to fully, truly, and effectively consider
the influence characteristics of the MCT permeability
evolution model on gas extraction law, first an establishment
of a credible coal physical model is imperative. This model is
determined by actual coal seam conditions and the character-
istics of the numerical model. The three-dimensional coal
model is simplified into a two-dimensional coal model without
affecting the simulation results.

4.2.1. Physical Model Construction and Boundary
Conditions. In this paper, COMSOL Multiphysics coupled
software for numerical simulation was used to calculate
migration of gas in coal. The two-dimensional physical
model sets a square coal seam with a side length of 40 m
and a drilling scale of 0.1 m. According to the actual stress

m AT by
exp| — -
1om+PL 1+c1pm 190+PL
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conditions of the coal seam, we established the coal seam’s
deformation field’s boundary conditions. The roller boundaries
are established on the physical model’s left and right sides. The
coal seam is covered with constant ground stress, which can be
considered as the constant load boundary, and the fixed
boundary of the model is located at its base. In the gas flow
field, the scale of the borehole is much smaller than that of the
coal seam, and since extraction from the borehole has little
impact on the boundary surrounding the coal vein, zero flow
boundaries are established on all four sides of the model.””*
Figure 12 illustrates the coal seam’s boundary conditions and
physical model.

4.2.2. Parameter Selection. According to the above section,
some of the coal parameters were determined, and the
measured parameters were applied to the model for
calculation. Except for the parameters that affect creep,
which need to be set separately, the remaining parameters
were obtained from the literature of other scholars. A summary
table of fixed parameters is shown in Table 1.°7**

Table 1. Summary of Numerical Simulation Fixed
Parameters

numerical value

4935 X 1071 m?

parameter

initial permeability, k,

adsorption time, 7 10 days

coal body density, p. 1.25 ton/m?
initial porosity, ¢g 0.005

standard gas volume, Vi 22.4 L/mol
molar mass of methane, M 16 g/mol

gas constant, R 8.314 J"'mol™"-K™*
initial gas pressure, P, 0.8 MPa

gas dynamic viscosity, ¢ 1.08 X 107° Pa-s
gas density, p, 0.717 kg/m?

gas Langmuir volume constant, V;, 0.02 m*/kg

gas Langmuir pressure constant, Pj, 10 MPa

gas Langmuir strain constant, &, 0.002

modulus of elasticity, E 2713 MPa
initial coal seam temperature, T, 310 K

gas desorption reference temperature, T, 300 K

thermal coefficient of the gas temperature adsorption, 0.028 K™
a

thermal coefficient of the gas pressure adsorption, c; ~ 0.068 MPa™*
coefficient of expansion due to heat, oy 0.0001 K™
coal-matrix elastic modulus, E,, 8139 MPa
Poisson ratio, v 0.28

porosity, (o 0.00091

gas thermal conductivity, A, 0.031 W-m K™
thermal conductivity of the coal body, 4, 0.191 W-m™"K™*
gas adsorption heat, g 33.4 J/mol
specific heat capacity of coal skeleton, C, 1350 Jkg K™

specific heat capacity of gas pressure, C, 2160 _]-kg_l-K_1

g

4.3. Analysis of Influence of Thermal Effect on Gas
Extraction Characteristics. To compare the gas migration
law under varying initial coal seam temperatures, some key
parameters include the initial coal seam temperature, initial
coal seam gas pressure, and initial coal seam permeability, as
shown in Table 2.

4.3.1. Time-Varying Mechanism of Temperature Field. To
probe the temperature field’s time-varying mechanism at
different initial coal seam temperatures, the MCT permeability
evolution model constructed above is used to calculate the gas

Table 2. Partial Parameter Table

parameter numerical value
initial coal seam temperature 30, 50, 70 °C
initial coal seam gas pressure 0.8 MPa

initial coal seam permeability 4.935 X 107'¢ m?

extraction time to 1000 days and extract the temperature
evolution cloud maps of four different time nodes of 10, 100,
500, and 1000 days, respectively, as shown in Figures 13, 14,

10d 100 d -

Figure 13. Temperature field evolution at different times when the
initial coal seam temperature is 30 °C.

and 15. Accordingly, at the same initial seam temperature, the
temperature around the drilling hole decreases significantly,
the temperature change radius increases, and the part of the
coal seam distant to the center of the drill experiences less
temperature effect and the temperature decreases slowly. With
rising temperature of the coal seam, the temperature field
evolution is similar, and the corresponding temperature
increases as the initial seam temperature increases. Considering
initial and boundary condition constraints, it is difficult to
intuitively observe the more subtle changes of the temperature
field only from the temperature field evolution cloud map.

4.3.2. Gas Pressure Field Distribution and Evolution.
Figures 16, 17, and 18 are the cloud maps of gas pressure field
evolution considering varying times of extraction under
preliminary temperatures of coal seam of 30, 50, and 70 °C,
respectively. Under the premise of a different initial coal seam
temperature, the extraction time increase enables a progressive
decrease in gas pressure, and the higher the initial coal seam
temperature, the faster the pressure drops. This is because a
greater initial coal seam temperature enables a more conducive
desorption of gas, and the free gas flow along the pressure
gradient is higher; the higher the temperature of the coal seam,
the larger is the permeability, so there is a greater temperature
alongside a change in pressure in the coal seam.

5. RESULTS ANALYSIS

5.1. Analysis of Time-Varying Mechanism of Temper-
ature Field. In order to observe the effect of the coal seam’s
preliminary temperature on the temperature field’s evolution
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Figure 14. Temperature field evolution at different times when the initial coal seam temperature is 50 °C.

Figure 15. Temperature field evolution at different times when the initial coal seam temperature is 70 °C.

more intuitively, the temperature evolution data from the
drilling hole to the two ends of the coal seam at different
temperatures are extracted, respectively, and the underlying
mechanism regarding initial temperature is compared and
analyzed by setting different extraction times (10, 100, 500,
and 1000 days), as shown in Figure 19. It can be intuitively
found from the figure that regardless of the initial coal seam
temperature, the far coal seam’s temperature is significantly

greater than that near the drilling hole. However, at the same
extraction time, the trend of temperature change is smaller at a
distance from the borehole, and the temperature of the coal
seam drops slowly. The radius of temperature change increases
in proportion to the initial temperature of the coal seam. The
coal seam’s gas adsorption capacity diminishes with increasing
temperature, while a large amount of methane is transformed
to the free state from an adsorbed one, which increases the
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Figure 16. Evolution of the pressure field at different times when the initial coal seam temperature is 30 °C.
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Figure 17. Evolution of the pressure field at different times when the initial coal seam temperature is 50 °C.

pressure gradient between the coal seam and the borehole,
promotes the gas migration in the fissure system, and enables
the far coal seam to undergo desorption earlier and faster,
resulting in the trend of increasing the temperature influence
radius. Significant heat can be removed by the free gas, which
accelerates the rate of temperature decline in the coal seam. In
addition, as the distance from the borehole decreases, the
temperature change increases. A decrease in distance from the

borehole results in a reduction in temperature variation, which
is typically constant. This is because as extraction time
progresses, both the temperature variation and the gas
desorption volume of the coal seam in close proximity to the
borehole increase. The temperature difference diminishes as
the quantity of gas desorption in the coal seam distant from the
borehole decreases. With rising time of extraction, gas
adsorption and desorption will tend to an equilibrium state,
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and the temperature field will also tend to be stable.
Meanwhile, with the passage of extraction time, no matter
how the initial coal seam temperature changes, the temperature
curve becomes smoother and smoother. This indicates that the
influence of the temperature field is wider. This can be
attributed to the combined action of gas adsorption and
desorption and gas migration. Desorption initially takes place
in the vicinity of the borehole, and as the extraction time
prolongs, the desorption range expands while the temperature
of the succeeding coal seam diminishes.

By observing the temperature change curve at the distance
of 2 m from the borehole, as described in Figure 20, under any
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Figure 20. Time variation rule of temperature 2 m away from the
borehole.

initial coal seam temperature condition, the temperature at this
distance presents a downward trend, and the rate of decline
presents a trend of first fast and then slow. This is because in
the early stage of gas extraction, gas desorption occurs first in
the coal body near the borehole, which absorbs more heat and
causes the coal body temperature within the borehole’s vicinity
to drop rapidly. During gas extraction at the middle and late
stages, the coal body’s gas proximate to the drilling hole is
nearly at a state of complete desorption, and the heat taken
away by gas desorption is obviously less than that in the early
stage of extraction.

As the initial coal seam temperature during the gas
extraction process increases, the disparity between the coal
seam temperature and the initial temperature becomes more
pronounced, as illustrated in Figure 21. This is because as the
initial coal seam temperature rises, the desorption amount of
gas at the same extraction time also increases, and a large
amount of heat flows out of the coal seam with gas desorption,
enabling a higher degree of temperature drop. At the same
time, it can be found that the temperature drop degree at 2 m
away from the drilling hole is significantly higher than that at 4
m away from the drilling hole.

5.2. Response Characteristics of Creep to Temper-
ature. Creep deformation is highly dependent on the
temperature and time. To probe creep deformation’s
association with temperature, the multiphysics field model
constructed above is used to extract the creep deformation
change data with time under different initial coal seam
temperatures with a fixed extraction time of 1000 days, which
is plotted in Figure 22. Figure 22 illustrates that as the gas
extraction progression yields, the creep deformation degree is
always increasing. Moreover, coal seam creep intensifies when
the initial temperature of the coal seam rises. This trend
indicates that the coal seam temperature is a substantial
determinant to its creep degree. With the time of extraction
being constant, the coal seam with high initial temperature is
obviously higher than the coal seam with low initial
temperature. This is because as gas extraction progresses, the
coal seam temperature evolution law indicates a diminishing
tendency; meanwhile, a greater initial temperature of the coal
seam indicates that the decreasing trend of temperature
becomes more pronounced. Therefore, the degree of creep
deformation shows an obvious increasing trend on the time
scale. In addition, by observing the creep deformation rules at
different monitoring points, it can be found that the creep
deformation of coal near the borehole (2 m) is greater than
that of coal far away (19 m).

In this case, the coal temperature near the borehole changes
greatly, and the corresponding creep deformation is more
significant under the same extraction time. The evolution law
of the creep deformation rate at different monitoring points
can also be clearly seen from Figure 23. Under any initial
temperature conditions, the creep rate at any monitoring point
showed a downward trend. The coal body gas desorption near
the borehole absorbs more heat, and the heat carried away by
the free gas flow results in a large and fast change of coal body
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Figure 24. Permeability evolution of the coal seam at different monitoring points under different initial coal seam temperatures.

temperature; its creep deformation rate is also accelerated. The
desorption far away from the borehole absorbs less heat, and
the heat carried away by the free gas flow leads to a small and
slow temperature change and slow creep deformation rate of
coal here. During gas extraction at a later stage, the
temperature field is almost in a state of equilibrium, which

22884

leads to the creep deformation evolution also tending to be
stable, and the creep rate also shows an obvious trend of
decline. In Figure 22, the creep rate varies greatly in the high-
variability zone, while the creep rate changes slightly and tends
to be stable in the low-variation zone. Considering the
monitoring point with a distance of 2 m from the borehole,
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Figure 26. Permeability of the coal seam on the monitoring line under different initial coal seam temperatures.

there is an obvious difference between the high-variability zone
and the low-variation zone, showing a trend of “high-variability
zone is short and low-variation zone is long”. At 19 m away,
the high- and low-variation areas are almost the same length.
This is because at a more proximate distance to the drilling
hole at the initial extraction phase, the temperature will
decrease significantly with the large amount of adsorbed gas
desorption, which will enable a rising coal seam creep rate. In
the middle and late stages of extraction, the temperature
evolution becomes stable along with the equilibrium of gas
desorption, so the creep rate becomes lower. The high-
variability zone of the coal seam far away from the borehole
becomes longer due to the gradual increase of gas desorption
in the process of extraction, resulting in a low creep decline
rate. The creep rate in the low-variation zone 19 m away from
the borehole has not become flat, indicating that the farther
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away the coal body creep, the longer it takes to reach the stable
state.

5.3. Effect of Temperature and Creep on Perme-
ability. Temperature and creep’s synergistic influences have a
primary function in the evolution of permeability, and
temperature also affects the degree of creep deformation. As
the initial temperature of the coal seam increases, so does the
coal seam’s permeability, as Figure 24 depicts. As the time of
extraction rises, the permeability decreases rapidly first and
then slowly. This is because the coal seam’s high initial
temperature facilitates gas desorption, and an overabundance
of gas desorption induces contraction and deformation of the
coal matrix. Concurrently, as creep deformation increases, the
coal seam opening decreases. The relationship between
temperature and permeability is more pronounced in the
case of coal seams characterized by elevated initial temper-
atures rather than creep deformation. In the early stage of
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Figure 27. Effect of the creep and temperature on permeability.
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Figure 28. Variation of gas pressure at different extraction times on the same monitoring line.

extraction, the temperature of the coal seam decreases rapidly,
while there is an accelerated rise in effective stress because of
the gas pressure’s rapid reduction, and the permeability
decreases rapidly. In the middle and late stages of extraction,
the temperature drop slowly leads to the creep deformation
increase, and then the gas permeation channel narrows, and
the permeability slowly decreases.

Figures 25 and 26 show the evolution of coal seam
permeability near the hole. The greater pressure gradient of
the coal seam in proximity to the borehole facilitates the
desorption of gas and makes the matrix shrink, resulting in
greater permeability changes. Stable gas pressure exists in the

coal seam that is further from the borehole, and its desorption
rate is low, which makes the permeability change less.

Figure 27 illustrates how temperature’s impact on
permeability is much greater than that of creep. This is
because temperature can cause changes in gas adsorption and
desorption, thermal expansion, gas flow, and creep. Perme-
ability is influenced by temperature via a combination of many
factors, including the influence of creep on permeability,
indicating that the temperature and creep are dominant in the
evolution of permeability.

5.4. Gas Pressure Field Distribution and Evolution.
The diagram in Figure 28 illustrates the variation in the gas
pressure throughout the process of extraction on the same
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monitoring line. It can be seen that the variation in gas
pressure becomes more pronounced as one approaches the
borehole, whereas it becomes less pronounced as one moves
further away. This is because as one approaches the borehole,
the pressure differential between the internal coal seam
pressure and the pressure within the borehole increases,
which promotes gas desorption. A large amount of free gas
flows out through the borehole, and as a result, the change of
gas pressure near the borehole is far greater than that far away
from the borehole. Considering Figures 25, 26, and 27, the
pressure change of the gas at the distance from the borehole
and the initial temperature of the coal seam affect the gas
pressure.

According to Figure 29, the gas pressure at the monitoring
point 2 m from the borehole has a sudden change at the
preliminary phase. The change trend in pressure at the point of
monitoring with a distance of 2 m from the borehole is
basically the same as that at 19 m away, with the pressure at
the latter slightly higher than that at the former. From the
above phenomenon, at gas extraction commencement, a large
amount of adsorbed gas desorbs and leaves the coal seam,
resulting in the pressure mutation. Due to the coal body’s small
and slow desorption when distant from the borehole, the small
pressure and temperature change, the low permeability, and
the slow gas transport, the pressure of the farther coal seam is
slightly greater than the one more proximate.

22887

Figure 30 shows the speed of the pressure drop at different
extraction times under different initial coal seam temperatures.
Accordingly, the pressure drop gradually slows down alongside
extraction of gas. The maximum pressure drop ratio can reach
42.3%, and the minimum is 8.5%. This is because in the early
stage of gas extraction, borehole’s pressure discrepancy with
the coal seam is large, and a large amount of adsorbed gas
desorbs into free gas and flows out through the borehole. As
the extraction of gas progresses, the borehole’s pressure
discrepancy with the coal seam decreases, the gas desorption
rate decreases, and the coal seam pressure diminishes, which
affects the effective stress and adsorption expansion deforma-
tion. The reduction in permeability influences the movement
of gases. The ratio of pressure decrease to initial temperature
of the coal seam increases. The initial coal bed temperature
affects gas desorption. The higher the temperature is, as
desorption increases, the initial gas extraction permeability
likewise increases. The ratio of pressure decrease to initial coal
fissure temperature increases proportionally. At a distance of 2
m from the borehole, at this monitoring point, when the initial
coal seam temperature is 70 °C, the ratios of pressure drops
every 200 days are 42.3%, 25.2%, 18.8%, 15.01%, and 12.7%,
respectively. When away from the borehole by 19 m, at the
same initial temperature of the coal seam, the ratios of pressure
drops every 200 days are 38.5%, 25.4%, 18.9%, 15.02%, and
12.8%, respectively. It can be seen that the distance from the
drilling hole has little influence on the gas drop ratio, and
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pressure has greater sensitivity to change in temperature during
the gas extraction process.

5.5. Gas Extraction Capacity. Gas extraction capacity and
gas extraction rate are important indicators of the effect of gas
extraction. Based on the multiphysical field coupling model
constructed, this subsection is solved with the COMSOL
software by setting different initial conditions. For the initial
temperatures of the coal seam of 30, 50, and 70 °C, the gas
extraction rate is computed by the multiphysical field coupling
model.

Figure 31 shows the trend that with increasing extraction
duration, the quantity of gas extracted also increases, and the
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Figure 31. Gas extraction under different initial coal seam
temperatures.

growth rate gradually decreases. As for the coal seam
temperature, the quantity of gas extracted exhibits an upward

trend as the temperature rises (Figure 32). This is because in
the early stage of gas extraction, as the temperature rises, gas
desorption and contraction within the coal matrix intensify.
Upon deformation caused by the combined effects of effective
stress and adsorption, the crack opening at this time is larger,
and its permeability is larger.

According to Figure 33, the gas extraction in the early fast
mining area shows the characteristics of a high extraction rate.
With the extension of gas extraction time, gas extraction
gradually evolves to the slow extraction area, and its rate
gradually stabilizes. This is because the temperature drop in
the middle and late period of gas extraction leads to the creep
deformation degree, and the gas desorption amount is smaller
than in the early stage of gas extraction, and then the
permeability evolves to a low level to reduce the gas transport

capacity.

6. DISCUSSION

6.1. Verification of Coal Permeability Evolution
Model under Thermal Effect. Based on the experimental
data and theory, the coal permeability model, which considers
creep, temperature, and matrix—crack interaction, can better
describe the evolution law of coal permeability under multifield
coupling. However, the validity and applicability of the MCT
model are required to be further demonstrated. Through the
creep and seepage test data considering the influence of
temperature, the parameters in the coal permeability evolution
model (eq 13) can be fitted to obtain the physical and
mechanical parameters of coal, as shown in Table 3.

As can be seen from Figure 34, the coal permeability model
(MCT model) established in this paper considering creep,
temperature, and matrix—crack interaction has a good
agreement with the experimental data, and the correlation
coefficient can reach more than 90%. It is proved that the
permeability model proposed in this paper can describe the
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Figure 32. Rate of increase of extraction at different temperatures.
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Table 3. Mechanical Parameters of Coal Samples

value
MCT model parameter T=30°C T=50°C T=170"°C
elasticity modulus (E,) 2.15 1.98 1.96
(GPa)
viscoelastic modulus (E,.)  1.79 1.72 1.70
(GPa)
coeflicient of viscosity 3.21 3.08 2.97
() (GPa'l)
Poisson’s ratio (v) 0.28 0.28 0.28
Biot coefficient (a) 1.00 1.00 1.00
adsorption pressure 10.0 10.0 10.0
constant (P;) (MPa)
temperature influence -1.1 x 107 —1.6 X 107 -13 x 107

constant (a)

temperature influence 0.26 0.24 0.20
constant (b)

coefficient of thermal 1.0 x 107* 1.0 x 107* 1.0 x 107*
exRalnsion (ay, ar)
adsorption pressure 0.068 0.068 0.069
coefficient (¢;) (MPa™")
temperature coefficient 0.028 0.028 0.028
() (K7)
adsorption volume strain ~ 0.002 0.002 0.002
(eL)
initial voidage (¢b) 091 X107  213x107°  3.74x107°
coupled internal 0.47 0.51 0.57
expansion coefficient
(fsr)
fra(ct)ional derivative order  0.58 0.64 0.71
I8

permeability evolution law of the creep and seepage process
under different temperature conditions.

6.2. Permeability Evolution Analysis at Different
Temperatures Based on MCT Model. According to eq 13
and the MCT model parameter data in Table 3, permeability
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Figure 34. Permeability evolution of the MCT model and
experimental results under creep condition.

evolution curves under different temperature conditions are
drawn, as shown in Figure 35. As can be seen from Figure 35,
considering only the influence of temperature on the
permeability of coal, the initial permeability of coal gradually
decreases with the increase of temperature. When the
temperature is 50 °C, the initial permeability of coal is 28.36
X 107" m? When the temperature is 60 °C, the initial
permeability of coal is 12.35 X 107" m’. When the
temperature is 70 °C, the initial permeability of coal is 3.88
x 107" m” It can be seen that the increase of temperature
leads to the enhancement of gas desorption ability, which in
turn leads to the decrease of adsorption expansion deformation
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Figure 35. Permeability evolution at different temperatures.

ability of the coal matrix, which leads to the attenuation of coal
permeability.

7. CONCLUSIONS

This paper studies the influence of coal deformation on
permeability under high temperature and analyzes the
influence of creep deformation on permeability evolution and
the influence of creep deformation under under different
temperature conditions. A permeability model (MCT perme-
ability model) based on creep deformation, temperature
influence, and matrix—cleft interaction is established. By
establishing the multiphysical field permeability evolution
model considering diffusion field, seepage field, stress field,
and temperature field, the paper analyzes the mechanism of
temperature deformation, the relationship between creep
deformation and temperature and pressure, creep deforma-
tion’s effect on permeability, dynamic gas pressure distribution,
and gas extraction variation. The following conclusions can be
drawn:

(1) In order to quantify temperature’s effect on coal
permeability and internal pore structure, with respect
to thermodynamics and rock mechanics theory, the coal
porosity model is established from the perspectives of
thermal expansion deformation, creep deformation, and
gas adsorption.

(2) A direct association arises in axial creep deformation
with respect to temperature. Due to the influence of
temperature, thermal damage occurs in the coal body,
which deteriorates coal’s physical properties, thus
leading to higher deformation due to axial creep.
Because of rising test temperature, the gas desorption
ability is enhanced, and the expansion and deformation
of the coal matrix lead to intracompression of the coal
body, which suppresses its penetration ability.

(3) By setting the initial temperature of different coal seams
by COMSOL Multiphysics software, the data of the
evolution of temperature field, creep deformation,
permeability change, gas pressure, and extraction
amount can be obtained. By analyzing these data, as
the initial temperature of the coal seam increases, the
rate of temperature change accelerates, creep deforma-
tion becomes more pronounced, permeability decline
decelerates, gas pressure decreases more rapidly, and gas

days of gas extraction; and the gas extraction capacity is
1956 kg. These data are larger than the initial coal seam
temperature of 30 and 50 °C. At the same time, it is
found that temperature’s effect on permeability is much
greater than that of creep deformation, and the high
initial coal temperature is conducive to gas extraction.
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