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gas extraction can not only effectively control gas accidents and
reduce safety hazards, but also make use of gas as a kind of clean
energy (Wang et al., 2018a; Cheng et al., 2020), which is closely
related to gas occurrence regularity and effective extraction radius
(Cheng et al., 2018; Xu et al., 2020). Therefore, the study of gas
occurrence regularity and its effective extraction radius is the key to
ensure the safe extraction.

Previous scholars have carried out lots of studies on the gas
occurrence regularity. In terms of contents, it mainly discusses the
influence of the internal or external factors on the gas occurrence
regularity (Du et al.,, 2020; Ma et al., 2020). As far as theory is
concerned, there are mainly linear/nonlinear seepage theory, gas
diffusion and seepage theory and gas multi-fields coupling theory
(Chen et al., 2017; Qin et al.,, 2019a). In terms of methods, the nu-
merical and experiment simulation, and engineering and geologic
statistics are mainly presented in combination (Du and Wang,
2019; Chen et al., 2020).

The effective extraction radius is an important parameter to
determine the borehole arrangement (Qin et al., 2019b), which is
directly related to the length of pre-extraction time and the final
extraction effect (Zhang et al., 2019a). For coal seam with low
extraction efficiency, the research on effective extraction radius
should be strengthened to effectively improve gas extraction rate
(Chen et al., 2018). The effective extraction radius can be studied by
field test and numerical simulation (Wei et al., 2019), and which can
be determined by the residual gas content, the residual gas pres-
sure and the relative gas pressure (Tang et al., 2019).

The gas occurrence is a process in which the THM fields restrict
each other, and the SLG phases interact each other (Zhao et al. 2018,
2020). The analysis of the coupling mechanism of THM fields and
SLG phases during gas extraction process is of profound signifi-
cance to explore its numerical application in the gas occurrence
regularity and its effective extraction radius. The numerical simu-
lation technology is striving to achieve the coupling of THM fields
and SLG phases, so as to gradually approach the real geological
environment (Rong et al.,, 2019; Wu et al., 2020).

Previous studies did not consider the relationship between the
THM fields and the SLG phases, and the derivation of mathematical
model only highlights the evolution law of a certain physical field or
a certain phase (Xue, 2017; Wei et al., 2019). Studies on the influ-
ence of gas occurrence regularity usually focus on the internal
factors or the external factors, and there are few studies on the
correlation between the factors (Du et al., 2020; Ma et al., 2020).
Therefore, it is very important to deduce the THM fields and SLG
phases fully coupled mathematical model with considering the
internal and external factors, and explore its numerical application
in the gas occurrence regularity and its effective extraction radius
under gas extraction process.

In this study, the Hudi coal mine in Qinshui basin is taken as the
research area, and the purpose is to analyze the full coupling
mechanism of THM fields and SLG phases, and explore its numerical
application in the gas occurrence regularity and its effective extrac-
tion radius during gas extraction process. By using the COMSOL
Multiphysics software (www.comsol.com), the influencing factors of
gas occurrence regularity were analyzed, the differences in over-
burden load for gas pressure distribution and the factors influencing
the effective extraction radius were further discussed. The in-
novations of this study are shown as follows: @ The fully coupled
mathematical model of THM fields and the SLG phases is derived.
®@The influence of engineering factors and geological factors on gas
occurrence regularity is quantitatively analyzed. ®The differences of
overburden load for gas pressure distribution are discussed. @The
influences of the extraction time, the borehole diameter, the negative
pressure of gas extraction, and the permeability on the effective
extraction radius are discussed. This study has important theoretical
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and practical significance for clarifying and summarizing the gas
occurrence regularity and its engineering practice.

2. Derivation and verification of the THM fields and SLG
phases fully coupled model

2.1. Basic assumptions

In order to reveal the coupling mechanism of THM fields and
SLG phases and further deduce the fully coupled mathematical
model during gas extraction process, the following assumptions are
proposed (Duan et al., 2019; Huo et al., 2019; Wang et al., 2019; Wei
etal,, 2019; Zhang et al., 2019b; Qin et al., 2020): ®The coal seam is
a uniform and isotropic continuous medium, that is, the pore and
fracture structure of coal seam is uniform on the macro scale, the
physical properties are the same everywhere, and the coal pa-
rameters are equally isotropic. @The coal seam is a linear elastic
object, and coal deformation in the extraction process is small, so it
can be considered that the coal seam is in the stage of elastic
deformation which can be recovered, so that the stress and strain
have a unique corresponding relationship. ®The coal seam is a
double structure of pore and fracture. The surface of pore and
fracture is the main place for gas adsorption, and the gas migration
is mainly along the large pore and fracture, which conforms to
Darcy's Law. @Gas exists in coal seam in free and adsorbed states,
which obey the ideal gas equation and the modified Langmuir
equation, respectively. ®Pores are only saturated with gas phase,
and the fractures are saturated with gas and water phases.

2.2. Derivation of the fully coupled mathematical model

2.2.1. Governing equation of mechanical field

By analyzing the strain caused by the thermal expansion/
contraction, the reservoir pressure in pore and fracture systems,
and the gas desorption/adsorption (Wang et al., 2018b; Xue et al.,
2018; Li et al., 2020), the constitutive equation of mechanical field
in non-isothermal coal reservoir can be derived, which can be
expressed as follows:

1 1 1 mPm P €a
G =56%~ (E’ﬁ)a""é"ﬁ%a’%)éﬁa 3%f f‘s'ﬁ?é'f
(1)
where,
G=D/2+(1+)] (2)
D:l/(l/E—l—l/I(f) (3)
K=D/[3-(1-2v)] (4)
Km = Em/[3-(1 —2v)] (5)
€3 — asg‘VSg (6)
am =1 —K/Kn (7)
o =1 —1</1<f (8)

where, G is the shear modulus, Pa; K is the volume modulus, Pa; atis
the thermal expansion coefficient, K~'; Tis the temperature variable,
K; Ty is the initial temperature, K; ay, and «f are the Biot effective
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pressure coefficients in matrix and fracture systems, respectively. Pt
is the mixing pressure of gas and water phases in fracture system, Pa;
Py is the gas pressure in matrix system, Pa; e; is the matrix
contraction strain induced by gas desorption; D is the effective elastic
modulus, Pa; v is the Poisson's ratio; E is the elastic modulus, Pa; Kris
the volume elastic modulus in fracture system, Pa; Ky, is the volume
elastic modulus in matrix system, Pa; Ep, is the elastic modulus in
matrix system, Pa; asg is the induced strain coefficient of gas
adsorption, kg/m?; and Vsg is the content of adsorbed gas, m>/kg.

The gas pressure in fracture system can be expressed as follows
(Li et al., 2016; Fan et al., 2017):

Pf = SWPfW + Sgpfg (9)

where,

Sw = (1 — Sgr — Swr) <Pm+PI§fggWPfW>”5W“ (10)
Pegw = Prg — Pry (11)
Sw+Sg=1 (12)

where, S,y is the saturation of water phase; Psy is the water phase
pressure in fracture system, Pa; Sg is the saturation of gas phase; Pfg
is the gas phase pressure in fracture system, Pa; Sg; is the saturation
of residual gas phase; Sy is the saturation of residual water phase;
Pcgw is the capillary pressure; and vy is the aperture distribution
index.

The content of adsorbed gas follows the modified Langmuir
volume equation (Li et al., 2016; Connell et al., 2019), which can be
expressed as follows:

_ VLPm
" PL+Pn

d

Vsg 1 +dyPy

exp (T-Tp) (13)

where, d; is the pressure coefficient, Pa l; dy is the temperature
coefficient, K~!; Vj is the Langmuir volume constant, m3/kg; Py is
the Langmuir pressure constant, Pa; and T; is the referencing
temperature of adsorption/desorption experiment of coal, K.

The Cauchy's law mainly represents the relationship between
reservoir strain and displacement (Fei et al., 2020; Wang et al.,
2020), which can be expressed as follows:
Zs,-j—ui‘j—ujﬂ-:o (]4)
where, u; is the reservoir displacement in the i direction.

The stress balance equation can be expressed as follows (Sang
et al., 2016; Cui et al., 2018; Fan et al., 2018):
oijj= —f; (15)
where, f; is the volume stress of reservoir in the i direction.

In summary, the improved mechanical field equation during gas
extraction process can be defined based on Equations 1—15, which
are expressed as follows:

G
GUiJ‘J' + s Ujji — KorT; — Oémpmj - afPfj — KEa,i +fi =0 (16)

1-2v

2.2.2. Governing equation of hydrological field in matrix system
The gas in matrix system is mainly adsorbed and free state, and
its gas content can be expressed as follows (Ren et al., 2017; Yin
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et al., 2017; Wang et al., 2018c, 2018d):

M M,
Mm = ngPsRiTgSPs + ¢mR77%Pm

(17)
where, mp, is the gas content in matrix system per unit volume, kg/
m>; Vsg is the gas content in adsorbed state, m>/kg; ps is the coal
skeleton density, kg/m>; Mg is the gas molar mass, kg/mol; R is the
gas molar constant; Ps is the standard atmospheric pressure, Pa; T
is the temperature in normalized state, K; and ¢ stands for the
porosity in matrix system.

The gas migration in matrix system is mainly controlled by gas
concentration. The gas pressure in matrix system is equal to the gas
pressure in fracture system in the original state. When the gas is
extracted, the gas adsorbed in matrix system is gradually desorbed
to the fracture system due to the differences of gas concentration.
According to the Fick's law, the gas mass conservation equation in
matrix system can be defined as follows (An et al., 2013; Xia et al.,
2015; Li et al.,, 2016):

amm

Mm _ Mg
ot

" TRT (18)

(Pm =Py

where, 7 is the gas desorption time, s.
In summary, the improved hydrological field equation in matrix

system during gas extraction process is defined based on Equations

(13 and 17-18), which can be expressed as follows:

[ ViPm dq Mg Mg
at {me)‘p { - W(T -Ty) pSRT"SPS + (Pmﬁpm
Mg
T TRT (P”‘ *Pfg)

(19)

2.2.3. Governing equation of hydrological field in fracture system

The gas in matrix system provides mass sources for the gas in
fracture system during the gas extraction process, so the gas mass
conservation equation in fracture system can be defined as follows
(Xu et al., 2014; Li et al., 2016):

3
ot
d
ot

(Sworpw) + V(putiw) = 0 o0

(Sg‘/’f/’g> + V(pglg) = (1 - (Pf) i\% (Pm - Pfg)

where,gr refers to the porosity in fracture system; T is the time, s;
uy is the flow velocity of water phase, m/s; and ug is the migration
velocity of gas phase, m/s.

The density of water phase is closely related to the reservoir
temperature, which can be defined as follows:

pw = (T —Ts) + pus (21)
where, c is the temperature coefficient of water phase, kg/m>/K;
and pys is the density of water phase with standard state, kg/m?>.
The flow velocity of gas and water phases in fracture system can
be defined, respectively, based on the generalized Darcy's law,
which can be expressed as follows (Xu et al., 2014; Li et al., 2016):
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kk ook
Uw = —re0tre rgvwa

w

(22)

kk ook b
Ug = ~Trg0%re <1 + P]> VPfg
Hg fg

where, k is the absolute permeability, m?; krgo is the endpoint
relative permeability of gas phase; ko is the endpoint relative
permeability of water phase; k;; and ki, are the relative perme-
ability of gas and water phases, respectively; uw and ug are the
dynamic viscosity of water phase and gas phase, respectively; and
by is the Klinkenberg factor, Pa.

The relative permeability of gas and water phases can be
defined, respectively, which are expressed as follows (Xu et al.,
2014; Li et al.,, 2016):

4
ke — (sw )

] - SW
e [1 - ( Sw — Swr )r - (sw—swr>2
] —Swr—Sgr ] _SWI'
To sum up, the governing equation of hydrological field with
water and gas phases in fracture system during gas extraction

process can be obtained, respectively, when Equation (21)—(23) is
inserted into Equation (20), which can be expressed as follows:

d M Mg kkigokrg
& (Sg(pr—,I%Pfg) + V| — R_’I% rg—g <Pfg + b])VPfg:|

_ Mg

~(1-0r) 22 (o ) o
0
ot {Sworle™ = T2y pus] 4 9{ = [eT =T

kk[‘WOkl'W }
+ prg | — WGP,
Pfg] ™ fw
=0 (25)

2.2.4. Governing equation of thermal field

Assuming that the liquid and solid phases are in the thermal
equilibrium state, which can be represented by an equation that
ignores the thermal energy and the mechanical energy, and the
energy can be converted into each other, which can be defined as
follows (Lin et al., 2017; Wang et al., 2017; Fan et al., 2018):

ey PsPgs OVsg
it [(pcp)effT} + Nee VT — V(/IeffVT> + aTKSE + (st Mg ot
=0
(26)

The five items on the left side of Equation (26) represent the
changes of the internal energy, the heat transfer and conversion, as
well as the changes of the strain energy of coal skeleton and the gas
adsorption energy, respectively. Among them:

kkigokrg 1 by
Mg

kkewok
+ P—) VPpypyCy — —WOTW
fg

Neff = VP pyCw

w

(27)
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(pCP)eff = (1 - ¢f — (ﬂm)l’scs + (Sg(Pf + (ﬂm)pgcg + SworpwCw
(28)

Jett = (1= 0t — om )35 + (Sg0t + om ) A + Sworhw (29)
where, Cg, Cw and Cs are the specific heat capacity of gas phase,
liquid phase and reservoir skeleton, respectively, J/kg/K; g, Aw and
As are the thermal conductivity of gas phase, liquid phase and
reservoir skeleton, respectively, w/m/K; and g is the equal volume
adsorption heat, kj/mol.

2.2.5. Dynamic evolution equation of porosity and permeability

The porosity and permeability are the key factors affecting gas
extraction, which are very sensitive to the stress state and the coal
property. The porosity in matrix system can be defined as follows
(Palmer and Mansoori, 1998; Cui and Bustin, 2005; Zhang et al.,
2008; Li et al., 2016):

1

=————[(1+S5 S-S5 30
Pm A+ Somo [(1+ So)®mo + &m( 0)] (30)
where,
S = ey + Pm/Ks — ap(T — To) — ea (31)
So = evo + Pmo/Ks — ea0 (32)

where, &, is the reservoir volumetric strain; Ks is the elastic
modulus of coal skeleton; Subscript “0” represents the initial state
of the corresponding variable.

The porosity in fracture system can be defined as follows (Wu
et al,, 2010a; Li et al., 2016):

3950

—————[o7(T — To) + (ea — €a0) — (ev — &v0) ]
050 + 3K /K

Pt = Pf0 —

(33)

There is a cube law between permeability and porosity, so the
permeability equation can be defined as follows (Palmer and
Mansoori, 1998; Pan and Connell, 2007; Wu et al., 2010b; Li et al.,
2016; Wang et al., 2018c, 2018d):

3
k= ko{l (T To) 4 (ea— ea0) — (v — ev0)] }
50 +31<f/1<
(34)

where, ko is the initial permeability of coal reservoir.

2.2.6. Cross coupling of the THM fields and SLG phases

In summary, Equations (2), (16) and (19)4-26 jointly form the
fully coupled mathematical model of the THM fields and SLG
phases during gas extraction process. The mechanical field equa-
tion contains the effective force term, the gas pressure term, the
temperature term and the adsorption term, that is, the change of
the effective stress, pressure and temperature and the adsorption
and desorption of gas will cause the reservoir deformation. The
hydrological field equation includes the porosity and permeability
equations expressed in terms of volume strain, gas pressure and
reservoir temperature, that is, gas flow is affected by coal defor-
mation. The changes in coal reservoir and pore volume caused by
changes in effective stress, gas pressure and adsorption stress will
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Fig. 1. The THM fields and SLG phases fully coupled mathematical model during gas extraction process.

change the internal energy of reservoir and gas, which will cause
the change of the thermal field. The mathematical model itself is
fully coupled (Fig. 1).

The full coupling relationship of THM fields and SLG phases can
be expressed as follows: @ The thermal stress caused by the
temperature change will have an impact on the mechanical field; @
The strain energy and heat transfer caused by the energy dissipa-
tion will affect the reservoir temperature; @ The change of the gas
adsorption, desorption and density caused by temperature change
will affect the fluid field; @ The heat convection and conduction
between gas and skeleton, the gas adsorption, and gas desorption
will affect the thermal field; ® The change of porosity and
permeability caused by reservoir deformation will affect the gas
flow; ® The variation of gas pressure will cause reservoir defor-
mation; @ The change of water density caused by temperature
change will affect the fluid phase; The heat convection and
conduction between fluid phase and skeleton will affect the ther-
mal field; ® The change of porosity and permeability caused by
reservoir deformation will affect the fluid flow; The pressure
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change of fluid phase will cause reservoir deformation (Fig. 1).

2.3. Verification of the fully coupled mathematical model

Based on the geological background information and the gas
extraction data of the Hudi coal mine, the Partial Differential
Equation module and the Solid Mechanics module in COMSOL
software were used to nest and solve the full coupling equations, so
as to verify the accuracy of the mathematical model.

2.3.1. Construction and meshing of geological model

For the coal seam of the 1303 working face in the first mining
area of the Hudi coal mine, its occurrence is stable, the average
thickness is 5.7 m, the maximum gas content is 15.25 m>/t, and the
maximum gas pressure can reach 2.76 MPa. There are a total of the
1# drilling field on the left and the 2# drilling field on the right of
the second lane in this working face (Fig. 2a). In this study, the
region with relatively gentle occurrence of coal seam in the left of
the first drilling field was selected to establish a
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Fig. 2. Construction of geometric model for numerical simulation. (a) Borehole layout for 1303 working face; (b) Geometric model of numerical simulation; (¢) Meshing of

geometric model.

Table 1

Key parameters of this numerical simulation.
Variable Parameter Value (References) Unit
E Young's modulus 2.713 (Fan et al., 2018) GPa
v Poisson's ratio 0.35 (Lab measurement) —
E Young's modulus of coal skeleton 8.469 (Fan et al., 2018) GPa
a Width in matrix system 0.01 (Lab measurement) m
b Opening in fracture system 0.00001 (Lab measurement) m
o, Coefficient of bulk expansion of coal skeleton 2.4e-5 (Fan et al., 2018) 1/K
Qsg Adsorptive strain coefficient 0.06 (Fan et al., 2018) kg/m?3
eL Langmuir strain coefficient of CHy 0.0128 (Fan et al., 2019a) —
PL Langmuir pressure coefficient of CHy 3.034 (Fan et al., 2019a) MPa
Vi Langmuir volume coefficient of CHy 0.036 (Fan et al,, 2019a) m3/kg
dq Temperature coefficient of gas phase 0.02 (Fan et al., 2019a) 1/K
d; Pressure coefficient of gas phase 0.07 (Fan et al., 2019a) 1/MPa
Ts Referencing temperature of gas desorption experiment 273.5 (Lab measurement) K
Om Porosity in matrix system 0.045 (Lab measurement) —
of Porosity in fracture system 0.018 (Lab measurement) —
ke Permeability in fracture system 5.14e-16 (Lab measurement) m?
by Gas slippage factor 0.76 (Fan et al., 2018) MPa
Krwo Endpoint relative permeability of water phase 1 (Lab measurement) —
krgo Endpoint relative permeability of gas phase 0.756 (Lab measurement) -
Swr Saturation of residual water phase 0.52 (Lab measurement) —
Ser Saturation of residual gas phase 0.05 (Lab measurement) —
qst Equivalent adsorption heat 33.4 (Lab measurement) kJ/mol
C Temperature coefficient of water phase 0.0228 (Fan et al., 2018) kg/(m3K)
As Thermal conductivity of coal skeleton 0.191 (Fan et al.,, 2018) W/m/K
Ag Thermal conductivity of gas phase 0.031 (Fan et al.,, 2018) W/m/K
Aw Thermal conductivity of water phase 0.598 (Fan et al.,, 2018) W/m/K
Cs Specific heat capacity of coal skeleton 1350 (Fan et al., 2018) J/kg/K
Cg Specific heat capacity of gas phase 2160 (Fan et al., 2018) J/kg/K
Cw Specific heat capacity of water phase 4200 (Fan et al., 2018) J/kg/K
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20 m x 20 m x 5.7 m geometric model, and the distribution of
borehole was simulated according to the actual borehole location
(Fig. 2b).

In this study, grids of different specifications were divided for
different parts of the analysis domain. The free triangle sections
were refined at the boundary of the borehole, and the free tetra-
hedral sections were standardized at other locations to simplify the
calculation process. The complete grid consisted of 53827 domain
elements, 6808 boundary elements and 1770 edge elements
(Fig. 2c).

2.3.2. Numerical parameters

This study takes the 3* coal seam in Hudi coal mine as the
research object. The numerical parameters were collected from the
geological data and the testing data of the coal samples collected
from this coal mine (Fan et al., 2018; Fang et al., 20193, 2019b). The
key parameters for this simulation are shown in Table 1.

2.3.3. Definite conditions

Mechanical field: the initial displacement is 0, and the type of
mechanical field is analyzed based on the ground stress data, which
are as follows: the maximum horizontal principal stress, vertical
stress and minimum horizontal principal stress are 18.34 MPa,
16.47 MPa and 9.41 MPa, respectively. The influence of regional
tectonic stress on mechanical field is dominant, and the direction of
maximum horizontal principal stress is NEE direction. Therefore,
the boundary load on the top surface of this geometric model is set
as 16.47 MPa and the direction is opposite to the Z-axis. The
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confining pressure is set as 18.34 MPa along the Y-axis direction,
9.41 MPa along the X-axis direction, and the loading direction of
each axis was opposite. The bottom surface is set as a fixed
constraint to control the displacement. Other surfaces are set as the
free surface condition, that is, this geometric model can freely move
(Fig. 3a).

Hydrological field: the initial reservoir pressure is 2.76 MPa, and
the borehole boundary is set as the negative pressure boundary.
The other boundaries were set as no flux condition, that is, there
was no gas flow around the analysis area, and the fluid flow within
the analysis area was only simulated. In order to highlight the
extraction capacity of each borehole in the analysis area, the in-
fluence of other positions is ignored. Moreover, the roof and floor of
this coal seam are all compact and continuous mudstone. There-
fore, the no flux conditions can be set around the analysis area to
simplify the calculation (Fig. 3b).

Thermal field: the initial temperature is 312.5K, the borehole
boundary is set as the constant temperature boundary, and the
other boundaries are set as no flux condition. That is to say, it is
considered that there is no temperature transfer around the anal-
ysis domain, and only the temperature transfer within the analysis
domain is simulated and analyzed (Fig. 3c).

2.3.4. Verification of the fully coupled model

The accuracy of the fully coupled mathematical model can be
verified by comparing the measured data and the simulated data of
the L17-L22 borehole with gas extraction data (Fig. 4).

For the gas extraction data, the variation trend of the measured
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Top view 10m
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0 Crossing hole

0 Multiple borehole

Fig. 5. Geological model and its meshing. (a) Geological model and its two views; (b-1) Bedding borehole and its meshing; (b-2) Crossing borehole and its meshing; (b-3) Multiple

borehole and its meshing.

Table 2
Numerical schemes of this study.

Numerical schemes Models

Coupling mode Influencing factor

A Model 1: Diameter: 70 mm

Model 2: Diameter: 90 mm

Model 3: Diameter: 110 mm

Model 4: Bedding borehole

Model 5: Perforating borehole

Model 6: Superposition borehole
Model 7: Porosity: 0.01

Model 8: Porosity: 0.05

Model 9: Porosity: 0.10

Model 10: Permeability: 9.1 x 10~ °m?
Model 11: Permeability: 9.1 x 10~ 6m?
Model 12: Permeability: 9.1 x 10~'"m?

THM fields Borehole diameter
SLG phases

THM fields Borehole arrangement
SLG phases

THM fields Porosity

SLG phases

THM fields Permeability

SLG phases

data is consistent with that of the simulated data, which shows a
changing regularity of first increasing and then decreasing, and the
maximum error of the gas flow rate at the same time is between
5.41% and 13.83% (Fig. 4). Compared with the measured data, the
simulated data is more stable and gentle. The measured data is
controlled by engineering factors and geological factors, and the
data has a large fluctuation, while the boundary conditions and its
coupling factors are relatively stable during the simulation process,
so the simulated data is relatively stable. The good consistency
between the simulated data and the measured data indicates that
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the established fully coupled mathematical model can represent
the gas flow change of the borehole, and it can be judged that the
established fully coupled mathematical model can conform to the
actual gas extraction regularity.

3. Geological model and numerical schemes
3.1. Geological model and its meshes

The overall undulations of the 3* coal seam in Hudi coal mine
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are small, and the maximum dip angle is 7°—20°. In order to be
closer to the actual geological situation, a tilt model of a rectangle
with cross-section of 10 m x 10 m and thickness of 5.7 m was
established by referring to the distribution of coal seam and the
arrangement of borehole in 1303 working face (Fig. 2; Fig. 5).
Boreholes were arranged in vertical, horizontal and multiple forms.
Monitoring points were buried at different positions and depths of
the model to monitor the dynamic changes of gas extraction. The
coordinates of monitoring points with different depths are
A1(7.5,5,3), Ax(7.5,5,4) and A3(7.5,5,5), respectively. The coordinates
of monitoring points with different lengths are Bi(5,5,5).
B2(5.5,5,5). B3(6,5,5). B4(6.5,5,5). Bs5(7,5,5). Be(7.5,5,5).
B7(8,5,5). Bg(8.5,5,5). Bg(9,5,5). B10(9.5,5,5), respectively.

The drilling site was divided into the refined free triangular
mesh, while the other parts were divided into the standard free
tetrahedral mesh, and a total of 21,664 mesh domains were divided
(Fig. 5).

3.2. Numerical parameters

As the geological model is constructed by referring to the dis-
tribution of coal seam in 1303 working face and the arrangement of
borehole, the numerical parameters of this part are adopted the
same parameters as those in Section 2.3.2 to better meet the actual
gas extraction demand.

3.3. Numerical schemes

The dynamic distribution of gas occurrence is the key to eval-
uate the gas extraction effect. In addition to the geological in-
fluences, the engineering factors cannot be ignored. The
engineering factors include the extraction time, borehole diameter,
negative pressure of gas extraction and the borehole arrangement.

30"7

60" TN

oot

The geological factors include porosity, permeability and initial
pressure. Through the method of controlling variables, the influ-
encing characteristics of each factor on gas occurrence were dis-
cussed, and then the gas occurrence regularity was obtained
(Table 2).

Scheme A, B, C, and D mainly discusses the influence of borehole
diameter, borehole arrangement, porosity, and permeability on gas
occurrence. respectively (Table 2).

3.4. Definite conditions

In order to better reduce the actual situation of gas extraction
and analyze the influence of different influencing factors on the gas
occurrence, the boundary conditions of model are idealized to
highlight the role of a single factor. The specific boundary condi-
tions can be shown in Fig. 6.

Mechanical field: the mechanical field can be modified and
embedded under the Solid Mechanic module in COMSOL software,
and the initial displacement is set as 0. The boundary conditions of
this model are mainly realized by adding boundary loads. In order
to simplify calculation and control variables, loads of the same size
and the different directions were added around the analysis field.
The top surface of the model can be subjected to an overburden
while a load along the X axis with positive direction can be added.
The bottom surface of the model is a fixed constraint boundary, that
is, the location of the analysis domain is fixed, and no displacement
or deformation occurs (Fig. 6a).

Hydrological field: the mathematical model is nested under the
Mathematical module in COMSOL software, and the initial reservoir
pressure can be set in the equation. The boundary condition needs
to be realized by adding the Dieldahl-Newman condition. The
negative pressure of gas extraction was represented by adding the
Dieldahl condition at the borehole boundary, and other boundaries

200"

Fig. 7. Isosurface and cloud map of gas pressure at different gas extraction times.
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Fig. 8. Variation distribution of gas pressure. (a) Variation curves of gas pressure at different depths; (b) Variation curves of gas pressure at different lengths.

were set as zero flux condition. That is, the analysis domain was
considered to be independent and only the gas dynamic change
within the analysis domain was analyzed (Fig. 6b).

Thermal field: the mathematical model is nested under the
Mathematical module in COMSOL software, and the initial reservoir
temperature is 312.5K, the borehole boundary is set as the constant
temperature boundary, and the other boundaries are set as no flux
condition. That is to say, it is considered that there is no tempera-
ture transfer around the analysis domain (Fig. 6¢).

4. Results
4.1. Influence of gas extraction time on gas occurrence regularity

Under the condition that the borehole was arranged in hori-
zontal form and other influencing factors remain unchanged, the
dynamic change of reservoir pressure during the gas extraction
process is simulated with the initial pressure of 1 MPa and the
extraction time of within 200 days. The overall gas extraction effect
can be shown in Fig. 7.

The isosurface of gas pressure with borehole as the central axis
diffuses to other parts of the analysis domain in an uneven page
shape, and the change of color on the isosurface shows the change
of gas pressure (Fig. 7). In the initial stage of gas extraction, the
scope of borehole action is limited to the vicinity of borehole. With
the passage of gas extraction time, the isosurface gradually diffuses
to the outside of the borehole, and at the same time, the pressure

(@)

Gas pressure, MPa

Time, day

difference transfers to the periphery of borehole, so that the
influencing range is gradually expand. The reservoir pressure is
lower on one side of the isosurface near the borebore and higher on
the other. According to the Darcy's law, the pressure difference is
the main driving force of gas extraction.

In order to better reflect the changes of gas pressure in different
regions, the monitoring points with different depths (Point A se-
ries) and different lengths (Point B series) were selected to carry out
the detection of gas pressure (Fig. 8).

The overall reduction trend of gas pressure at all monitoring
points is consistent (Fig. 8a). In the early stage of gas extraction, the
curve slope is larger, the gas migration rate is faster, the gas pres-
sure greatly changes, and the changing rate of gas gradually de-
creases as the gas extraction time goes on. The change of migration
rate is mainly controlled by pressure gradient. The initial pressure
gradient is large and the gas pressure changes relatively quickly.
With the development of gas extraction, the effective range of
borehole is expanded, the gas pressure decreases as a whole, which
results in the decrease of pressure gradient. Meanwhile, the
declining rate of the top measuring point is faster than that of the
bottom measuring point. Due to the overburden on the lower part,
there is a stress concentration area, in addition, it is also affected by
the coal gravity, so the permeability is relatively small. It can be
seen from Fig. 8b that with the increase of the distance between the
monitoring point and the borehole, the drop of gas pressure has an
obvious lag, which indicates that the effect of the borehole is
weakened.

(b) 100

Gas pressure, MPa
°
8

110 nm

1.0 15 20 25 3.0

Influencing distance of borehole, m

Fig. 9. Gas pressure variation curve with different pore diameter. (a) Same location at different times (Point A,); (b) Different location (Point B3-Bs) at the same time (15th day).

999



H.-H. Fang, C.-S. Zheng, N. Qi et al.

(a)

(b)

Petroleum Science 19 (2022) 990—1006

10

(c)

0.7

Fig. 10. Cloud map of gas pressure distribution at the same time under different borehole arrangements. (a) Bedding borehole; (b) Crossing borehole; (c¢) Multiple borehole.

The gas extraction time is the main factor affecting the gas
extraction effect, and the extraction time is related to the effective
extraction radius. The longer the extraction time, the larger the
influencing area of gas extraction. The influence of drilling is rela-
tively weakened on the distal coal seam, which leads to the accu-
mulation of residual gas. Generally speaking, the longer the
extraction time, the better the extraction effect and the lower the
residual gas content.

4.2. Influence of borehole diameter on gas occurrence regularity

The borehole diameter relates to the design of the extraction
borehole, which is controlled by the engineering conditions. In
order to increase the comparability, the dynamic change of gas
pressure with borehole diameter of 70 mm, 90 mm and 110 mm in
the bedding borehole during the gas extraction process were
simulated in this study (Fig. 9).

In the early stage of gas extraction, the borehole diameter has
little influence on the extraction effect (Fig. 9a). With the devel-
opment of gas extraction, the influence of borehole diameter

1.00

Multiple hole
Bedding hole
Crossing hole
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0.80 4
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0.50

0.40

0.30 T T T
50" 100" 150"

200"

Time, day

Fig. 11. Variation curves of gas pressure in the same position (A;) with different
arrangement modes.
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becomes more and more obvious. The variation rate of gas pressure
increases at the same point, and in the same time, the larger the
borehole diameter, the lower the gas pressure. Generally speaking,
the larger the borehole diameter is, the larger the exposed area of
coal is, and the larger the gas emission will be, which is beneficial to
the gas extraction effect. In the early stage of gas extraction, the gas
pressure gradient is large, the gas pressure around the borehole
rapidly changes, the gas sensitivity to borehole diameter is weak,
and the influence of borehole diameter is not obvious. With the
passage of gas extraction time, the extraction range is expanded,
the larger the borehole diameter is, the larger the relief range of
pressure is, and the stronger the influence is on the distal coal seam.
Meanwhile, the reduction of pressure difference increases the in-
fluence of the borehole diameter. With the increase of borehole
diameter, the gas pressure at the monitoring point farther away
from the borehole changes more, which conforms to the afore-
mentioned regularity (Fig. 9b).

The influence of borehole diameter on gas dynamic change is
mainly reflected in the effective extraction radius. The larger the
borehole diameter, the larger the effective extraction radius within
the same time.

4.3. Influence of borehole arrangement on gas occurrence regularity

For the same mining block, different borehole arrangements will
get different gas extraction effects. In order to explore the influence
of borehole arrangement on dynamic change of gas pressure,
different arrangements of borehole were added to the prediction
model, and the prediction simulation was carried out within 200
days under other conditions were unchanged (Fig. 10).

As far as the overall gas extraction effect is concerned, the gas
extraction effect is better if multiple boreholes are jointly arranged,
and the gas pressure can drop to a lower state within the same time
(Fig. 10).

The gas pressure distribution curve of the same monitoring
point (A1) under different borehole arrangements also shows the
same distribution regularity. The gas pressure changes obviously,
and the gas variation trend is consistent under the three modes,
which shows the characteristic that the changing speed is first fast
and then slow. The changing rate of gas is faster in the multiple
borehole, the changing gradient of gas pressure is large, and the gas
content is the lowest after the same extraction time (Fig. 11).

The isoline of gas pressure in bedding borehole presents
asymmetric barrel-shaped diffusion (Fig. 12a). The isoline of gas
pressure in crossing borehole show clear funnel shape, the gas
pressure in top part of this model quickly drops, while slowly falls
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Fig. 12. Contour map of gas pressure on cross sections with different borehole arrangements. (a) Bedding borehole; (b) Crossing borehole; (c¢) Multiple borehole.
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Fig. 14. Gas pressure distribution under different permeability conditions. (a) Curves of gas pressure over time; (b) Curves of gas pressure with distance from borehole.

at the bottom part (Fig. 12b). Under the overburden load and the
coal gravity, the stress condition at the bottom part is concentrated,
the permeability is low, the gas flow is blocked, while the relative
permeability in top part of this model is high, the gas flow speed is
fast, which will result in the isoline of gas pressure presents an
asymmetric funnel-shaped distribution. The isoline of gas pressure
in multiple borehole has the corresponding morphological char-
acteristics in the other two kinds of borehole arrangements
(Fig. 12¢). The isoline of gas pressure interfere with each other and
form a larger pressure relief range, which is the main reason for its
better extraction effect.

The arrangement of borehole is controlled by the engineering
conditions. Therefore, although the arrangement of borehole has a
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great influence on the gas extraction effect, it should be arranged
flexibly according to the actual geological situation.

4.4. Influence of porosity and permeability on gas occurrence
regularity

Reservoir initial porosity is closely related to permeability.
Generally speaking, the greater the porosity, the stronger the
permeability, the faster the gas seepage velocity. In order to explore
the influence of initial porosity and permeability on the gas dy-
namic change, the conditions of porosity with 1%, 5% and 10%
(Fig. 13) and the permeability of 9.1 x 107> m?, 9.1 x 10716 m?,
9.1 x 1077 m? were simulated, respectively (Fig. 14).
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The initial porosity has a significant influence on the change of
gas pressure. At the same position, the changing rate of gas pres-
sure increases with the increase of porosity, and when the porosity
is smaller, the change of gas pressure has obvious hysteresis
(Fig. 13a). The larger the initial porosity is, the larger the influencing
range of borehole at the same time period will be (Fig. 13b). The
mechanism that porosity affects gas migration is that the porosity is
directly related to the permeability. The higher the porosity, the
higher the permeability, the faster the gas migration speed and the
better the gas extraction effect.

The greater the initial permeability is, the greater the variation
of gas pressure at the same monitoring point will be with the in-
crease of extraction time, and the smaller the residual gas pressure
will be after the same extraction time (Fig. 14a). With the increase
of initial permeability, the gas pressure gradient near the borehole
is larger, and the influencing range of the borehole is relatively
larger, which leads to an increase in the effective extraction radius
of the borehole (Fig. 14b).

The primary reason for the influence of initial permeability on
the dynamic change of gas is that the permeability represents the
gas migration ability. The higher the initial permeability is, the
faster the gas migration will be. In the same time, the gas pressure
difference can be transferred to a larger range, which will form a
larger pressure relief range, and the better the extraction effect will
be. On the contrary, the smaller the initial permeability is, the
slower the gas seepage velocity will be, and the worse the gas
extraction effect will be. The effect of initial permeability on gas
extraction is obvious. For coal seams with high permeability, the
gas extraction effect is obvious, while for coal seams with low
permeability, the gas extraction effect is poor and residual gas is
enriched under the same gas extraction condition.
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Fig. 17. Change curve of effective extraction radius with gas extraction time.

5. Discussion
5.1. Differences in overburden load of gas pressure distribution

It can be seen from Fig. 7, Figs. 10 and 12 that the gas pressure
drops more slowly at the lower part and more quickly at the higher
part of the analysis domain. The main reasons for this phenomenon
are as follows: under the joint action of the confine pressure and
the overburden load, the strain is generated at the different parts of
the model, and at the same time, it is also affected by the coal
gravity. The lower part of the model is the stress concentration area,
the pore and fracture close, the permeability relatively decreases,
and the gas pressure slowly drops, which will result in worse gas



H.-H. Fang, C.-S. Zheng, N. Qi et al.

extraction effect.

The isosurface distribution of principal stress in the analysis
domain is shown in Fig. 15. The numerical value in the figure are
positive for compressive stress and negative for tensile stress. It can
be seen from Fig. 15 that the lower part of the model is all
compressive stress under each component, which will lead to the
closure of pore and fracture and the decrease of permeability,
which is not conducive to the gas extraction.

In order to further explore the regional differences of the iso-
surface distribution of gas pressure, that is, to explore the influence
of overburden load on the dynamic change of gas pressure, the
variation of gas pressure within 200 days under 5 MPa, 10 MPa and
15 MPa overburden load was simulated (Fig. 16).

It can be seen from Fig. 16 that the overburden load has a sig-
nificant influence on the distribution of gas pressure. Within the 60
days of gas extraction in bedding borehole, the gas pressure at the
same position decreases with the decrease of the overburden load,
which indicates that the overburden load is proportional to the gas
pressure. With the increase of overburden load, the permeability
and porosity significantly decrease. This is because the greater the
buried depth, the greater the overburden load, the stronger the
effective stress and the more severe of reservoir strain. The defor-
mation and closure of pore and fracture will lead to the decrease of
porosity and permeability and slow down the gas seepage velocity.

5.2. Influencing factors of effective radius for gas extraction

It is pointed out in the Interim Provisions on Coal Mine Gas
Drainage Standards (2011 edition) that the determination of
whether the drainage standards can be achieved by taking the re-
sidual gas pressure as the index can be determined according to the
value of 0.74 MPa. Therefore, in this study, the area where the re-
sidual gas pressure is lower than 0.74 MPa is defined as the area
where the drainage standards are achieved, and the radius of this
area is called the effective extraction radius.

5.2.1. Effective extraction radius varies with gas extraction time

In this part, the borehole diameter is 70 mm, the negative
pressure of gas extraction is 14 kPa, and the initial permeability is
9.1 x 1077 m? The relationship between the effective extraction
radius and the gas extraction time can be simulated and calculated
in the bedding borehole, which can be shown in Fig. 17.

Based on the simulated data, the relationship between the
effective extraction radius and the gas extraction time can be fitted
(Fig. 17). There is a power exponential relationship between the
effective extraction radius and the gas extraction time, and the
correlation coefficient is as high as 99.9%. The specific mathematical
relationship can be shown as follows:
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Fig. 19. Changes of effective extraction radius with time under different negative
pressures of gas extraction.

Y =A; X% = 0.038x9-5923 (35)
where, Y represents the effective extraction radius, m; A is the time
coefficient; By is the time index; and X is the gas extraction time, d.
It can be seen from Fig. 17 that the effective extraction radius
increases with the extension of gas extraction time. However, the
slope of the curve decreases continuously, which indicates that the
increasing amplitude of effective extraction radius decreases.

5.2.2. Effective extraction radius varies with borehole diameter

In this part, the negative pressure of gas extraction is 14 kPa, the
initial permeability is 9.1 x 10~17 m?, and the borehole diameter are
selected to be 70 mm, 85 mm, 100 mm, 115 mm and 130 mm,
respectively. The effects of different borehole diameters on the
effective extraction radius were compared, which are as shown in
Fig. 18a. Fig. 18b shows the relationship between the borehole
diameter and the effective extraction radius at different gas
extraction times.

The larger the borehole diameter, the greater the slope of the
curve between the effective extraction radius and the gas extrac-
tion time (Fig. 18a). With the increase of borehole diameter, the
effective extraction radius continuously increases, and the longer
the gas extraction time, the larger the increasing amplitude. On the
30th day of gas extraction, the effective extraction radius of bore-
hole diameter with 100 mm increased by 0.03 m compared with
that of borehole diameter with 70 mm, while the difference
increased to 0.4 m when the extraction time was 180th day.

Under the condition of different gas extraction times, the
effective extraction radius and the borehole diameter all conform to

——— Y=0.0640X%
—— Y=006835X*"
Y=0.0608Xg47%2

05120

—— Y=0.0812x;

—— Y=0.0584)5""
—— v=0.0482X*"

—— 30" —— gon —— gon
1200 —— 150" —— 180"

85 100 15 130

Diameter of drill hole, mm

Fig.18. Schematic diagram of effective extraction radius varying with borehole diameter. (a) Changes of effective extraction radius with gas extraction time under different borehole
diameters; (b) Changes of effective extraction radius with borehole diameter under different gas extraction time.
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the power exponential relationship (Fig. 18b), and the correlation
coefficient is greater than 0.99, which are as follows:

Y = 0.0640x9-6654
Y = 0.0635X9-6412
Y = 0.0608x96162
Y = 0.0812X95129
Y = 0.0584X39>208
Y = 0.0482X94612

(36)

Therefore, the relationship between the effective extraction

radius and the borehole diameter can be obtained as follows:
B

Y =AxX5? (37)

where, Y is the effective extraction radius, m; X, is the borehole

diameter, mm; A, is the borehole diameter coefficient, which

ranges from 0.045 to 0.085. B is the borehole diameter index, and
the values range from 0.45 to 0.70.

5.2.3. Effective extraction radius varies with negative pressure of
gas extraction

In this part, the borehole diameter and the initial permeability
are 70 mm and 9.1 x 10~ m?, respectively. The negative pressure
of gas extraction can be selected with 5 kPa, 10 kPa, 15 kPa, 20 kPa
and 25 kPa to simulate the change of the effective extraction radius,
and the results are shown in Fig. 19.

Under different negative pressures of gas extraction, the curves
almost coincide (Fig. 19). The results show that the effective
extraction radius has little change under different negative pres-
sures of gas extraction after the same gas extraction time.

5.2.4. Effective extraction radius varies with reservoir permeability

In this part, the negative pressure of gas extraction was 14 kPa,
the borehole diameter is 70 mm, and the initial permeability was
selected to be 2.0 x 10717 m?, 4.0 x 1077 m?, 6.0 x 1077 m?,
8.0 x 1077 m? and 10.0 x 107 m?, respectively. The effects of
different permeability on the effective extraction radius were
compared, which are as shown in Fig. 20a. Fig. 20b shows the
relationship between the reservoir permeability and the effective
extraction radius at different gas extraction times.

The effective extraction radius increases with the increase of
initial permeability. The increasing amplitude of effective extrac-
tion radius increases with the increase of initial permeability and
gas extraction time (Fig. 20a). At the 30th day of gas extraction, the
effective extraction radius with the initial permeability of
4.0 x 1077 m? increased by 0.03 m compared with that of
2.0 x 1077 m? while at the 180th day of gas extraction, the
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difference between the two was 0.4 m.

Under the condition of different extraction times, the relation-
ship of the effective extraction radius and initial permeability all
conforms to the power exponential relationship (Fig. 20b), and the
correlation coefficient is greater than 0.99, which are as follows:

Y = 0.0907x92316
Y = 0.2070X931>8
Y = 0.3555X9-38%0
Y = 0.5513x94472
Y = 0.7358X94822
Y = 0.9152x96504

(38)

Therefore, the relationship between the effective extraction

radius and initial permeability can be obtained as follows:
B

Y =AX5? (39)

where, Y is the effective extraction radius, m; X3 is the initial

permeability, m?; As is the coefficient of initial permeability, which

ranges from 0.09 to 1.00. Bs is the index of initial permeability, and
the values range from 0.20 to 0.70.

6. Conclusion

The purpose of this study is to deduce the fully coupled math-
ematical model of THM fields and SLG phases during the gas
extraction process. The influencing factors of gas occurrence reg-
ularity were analyzed, the differences in the overburden load for
gas pressure distribution and the factors influencing the effective
extraction radius were further discussed. The main conclusions are
as follows:

(1) Gas extraction is a process where the thermal field, hydro-
logical field and mechanical field restrict each other, and the
solid phase, gas phase and liquid phase influence each other.
The derivation of its mathematical model takes into full ac-
count the full coupling relationship of each physical field and
each phase.

(2) The longer the extraction time, the larger the influencing
range of borehole, and the lower the residual gas content.
The larger the diameter of borehole, the larger the effective
extraction radius, and the influence on gas extraction effect is
smaller in the early stage and larger in the late stage. The
borehole arrangement should be flexibly arranged according
to actual extraction situation. The higher the porosity, the
higher the permeability, and the lower the residual gas
content.
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(3) Gas pressure drops more slowly at the lower part and more
quickly at the higher part of the analysis domain. The larger
the overburden load of reservoir, the stronger the effective
stress of coal, which will result in the more severe the strain,
and the deformation and closure of pore and fracture, which
in turn will lead to the decrease of permeability and slow
down the gas extraction.

(4) There is an exponential relationship among extraction time,
borehole diameter, negative pressure of gas extraction,
permeability with effective extraction radius. The effective
extraction radius increases with the extension of gas
extraction time, the increase of borehole diameter and initial
permeability, but has little change under different negative
pressures of gas extraction.
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