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Abstract:

The structure of fractures and pores has a dominant impact on the heat transfer-seepage-
deformation process of a coal seam. Previous models have primarily used the cubic
permeability model to characterize coal seam permeability properties. In this study, we
developed a new multi-field coupling model, which includes fracture and pore structure,
coal seam temperature, effective stress and gas seepage. Two major extraction scenarios
were simulated: the unconstrained plane strain state and the uniaxial plane strain state. In
addition, two microstructural parameters were applied to characterize coal permeability:
the maximum fracture length and the fractal dimension for the fracture. The results show
that the fractal seepage model provides a more realistic and reliable characterization
of resource migration and extraction processes in unconventional reservoirs than the
cubic-law permeability model. Compared with the cubic-law permeability model, the
permeability calculated by the model proposed in this paper changes about 17.09%-91.56%.
Furthermore, coal seam permeability is proportional to the maximum fracture length and
the fractal dimension for the fracture. The permeability changes about 17.09% and 17.18%
with the different fractal dimension, and about 87.17% and 91.56% with the different
maximum fracture length. However, the fractal dimension and coal seam permeability are
inversely proportional to seam temperature.

1. Introduction

Coal bed methane (CBM) is an essential part of the world’s

significance (Barton and Hsieh, 1989; Kulatilake et al., 1995;
Qin et al., 2019).
As an essential influence on the migration of CBM, thermal

clean energy mix (@ren and Bakke, 2002). Fracture and pore
structure are extremely complex, which is the key factor
affecting the migration behavior of coalbed methane (Cai et
al., 2017; Li et al., 2018; Zeng et al., 2020). In the process of
CBM extraction, various factors affect the fracture and pore
structure of a coal seam, such as gas adsorption-desorption, the
thermal conductivity of the coal seam, the long-term effects of
ground stress, and extruded deformation, which has an obvious
impact on permeability (Arand and Hesser, 2017; Li et al.,
2020; Liu et al., 2020). The contribution and evolution of
coal seam microstructure in the migration and extraction of
coalbed methane is thus of great theoretical and engineering

conduction in a reservoir initiates a variety of interactions,
such as coal seam deformation, gas seepage and adsorption-
desorption effects. Higher temperatures lead to a decrease in
the Langmuir constant, causing a lower slope of the isotherm
(Bustin and Clarkson, 1998). The adsorption of CBM has a
significant negative correlation with coal seam temperature
(Wang et al., 2018). Harpalani and Schraufnagel conclude
that in percolation tests, the gas desorption effect due to
temperature changes caused the contraction of the coal matrix,
and consequently increased the permeability of the coal seam
(Harpalani and Schraufnagel, 1990). Through simulations, Cai
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et al. (2017) concluded that methane desorption clearly occurs
at a high temperature, which enables a significant increase in
coal seam permeability.

The quantitative study of the interaction of thermal conduc-
tion, seepage and adsorption-desorption during CBM extrac-
tion is a principal focus of current research. Current seepage
studies considering various factors such as heat conduction,
adsorption-desorption, and matrix deformation are usually
based on Darcy’s law (Liu et al., 2020). Mctigue developed a
gas-saturated thermoelastic model and calculated the gas mi-
gration at a constant temperature (McTigue, 1986). Jafari and
Babadagli characterized seepage properties through a derived
non-linear multiple regression equation and defined equivalent
permeability (Jafari and Babadagli, 2012). Cui and Bustin
used the classical model to derive an expression for perme-
ability that incorporates matrix stress and pore pressure (Cui
and Bustin, 2005). However, previously published models,
including those mentioned above, do not consider the effect of
reservoir microstructure on fluid migration and extraction (Au
et al., 2016; Liu et al., 2019; Wang et al., 2020). Further, in
previous seepage studies involving the microstructure of the
coal seam, the thermal effects have not been coupled to the
models (Zhu et al., 2011; Ni et al., 2018).

In order to study the influence of the reservoir microstruc-
ture and thermal effects on gas migration, we developed a
new fractal model to quantitatively analyze the contribution
to the macroscopic seepage of the coal seam microstructure
under thermal effects. The evolution of coal seam temperature,
gas pressure, and coal seam deformation with the extrac-
tion process under thermal-hydraulic-mechanical interaction
was studied. In addition, we analyzed the impact of coal
microstructure on permeability, and studied the effect of the
characteristic parameters on the microstructure.

2. Governing equations

As the predominant non-linear reservoir, coal seam has
a complex pore-fracture structure. In order to quantify the
effects of this complex structure, we coupled the microstruc-
tural parameters to the thermal-seepage model. This model
includes the adsorption-desorption effects and the thermal-
hydrological-mechanical interactions. Besides, the following
assumptions were made to simplify the calculations (Palmer,
2009; Raeini et al., 2017):

1) Gas in pores is saturated;

2) Coal deformation meets linear elasticity;

3) Adsorption deformation is a small deformation;

4) The effects of heterogeneity and anisotropy are ne-
glected.

2.1 Governing equations for coal seam
2.1.1 Equations for coal permeability

In this subsection, we develop a fractal-seepage model to
analyze the microstructure of the coal seam. Based on this
model, this paper studies the impacts of coal seam structure
on macroscopic permeability. Miao states that the number of
fractures whose lengths lie between / and [/ +d! is (Yu et al.,
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2002; Miao et al., 2015):

—dN(I) = Dyl I~ PrV (1)

where Dy is the fracture fractal dimension, /yax is the maxi-
mum length for fractures and N is the number of fissures in
a coal unit. Further, the fractal dimension for the fracture is
expressed as (Yu and Li, 2001; Miao et al., 2015):

In¢

Dy =dp+—5— 2
In 2

lmax

where dg is the Euclid dimension, and dr = 2 and 3 re-
spectively in two and three dimensions. ¢ is the porosity of
coal seam fracture, /i, and /ax represent the minimum and
maximum fracture lengths in the coal seam unit, respectively,
and in the case of the usual 0 < Dy < 2, there is Ipin << Imax-
Miao derived the flow through the full fracture for the general
cases as follows (Miao et al., 2015):
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where 8 = a/l, a is the effective aperture, 0 is the dip angle
of a fracture, y is the azimuth angle of a fracture, p is the
pressure in fractures, and Ly is the side length of a unit cell
of fracture system. According to Darcy’s law:

0=
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where k is the permeability of the coal seam, A is the cross-

sectional area of the characteristic unit of the fracture network.

Combining Egs. (1)-(4) as well as simplifying them, we obtain
the governing equation for coal seam permeability as:

“4)
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2.1.2 Equations for coal deformation

k

Changes in the temperature of the coal seam significantly
affect the properties of the coal. This effect causes changes
in porosity and matrix deformation. We therefore approx-
imate the swelling/shrinkage of the coal seam as thermal
swelling/shrinkage (Palmer and Mansoori, 1996). In this re-
gard, the adsorption intrinsic relationship for coal bed methane
at a gradual change in temperature is derived as (Zhu et al.,
2011):

2Gv
Cij = 2G€l‘j + 5o v ekk5,-j — Olp6,'j —K(XTT5ij —Kes5,-j (6)

1
where G is the shear modulus, v is Poisson’s ratio, and Sij
is Kronecker delta. K =2G(1+v)/3 is the bulk modulus,
and (1 —2v)=E/3(1—-2v). ar is the coefficient of thermal
expansion of coal seam. oo = 1 — K/K is Biot’s coefficient,
where K; is the bulk modulus of coal. And & = 0, Vi, is the
matrix shrinkage strain caused by the desorption, where Vi,
is the content of absorbed gas. The deformation for the coal
matrix can be derived from the assumptions (Zhang et al.,
2008):

o;;j+fij=0 (7)
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where f;; is the component of force, and o;; is the component
of stress. Furthermore, according to the equation for the
relationship between strain and stress:

1
E(ui,j + Mj,i) ®)

where ¢g;; is the strain component in different directions. u; ;
and u;; are the components of the displacement. Substituting
Egs. (7) and (8) into Eq. (6):

8,']' =

&uk,ki —op;i—KorT;—Keg;+ fi=0

Eq. (9) is the matrix deformation equation of the coal
seam contributed by thermal gradients, gas pressure effects,
and adsorption-induced matrix strain. Further, the evolution of
porosity could be caused by matrix deformation due to these
factors. The porosity model with multifactorial effects is as
follows (Zhu et al., 2011):

Gu; i + &)

(10)

¢:a_<a_¢0)exp (W))

K

where ¢ is the initial porosity with pressure py and stress Gy,
and the main stress 6 = 1/3 (03 + 02 + 03).

2.2 Governing equations for methane
2.2.1 Equations for gas migration

According to the state of coalbed methane, the gas can be
divided into free phase and adsorbed phase. The fractures are
the main space for the transport and adsorption of the gas.
The CBM in the various phases of the coal seam is (Zhu et
al., 2011):

m=Pg® + PgaPcVsg (11)

where p, is methane density, pg, is the standard condition
density, and p. is the coal density. Vi, is the gas absorption
volume, which can be defined as (Liang, 2000):

Vip )
X _—
p+ P 1+cip

where Py and V represent the Langmuir pressure and volume
constant at 7;. T; is the reference temperature, T, is the
absolute reference temperature in the stress-free state, and c
and c; are the coefficients of pressure and temperature.
Combining Egs. (11) and (12), Darcy’s law, mass conser-
vation of the gas, and the ideal gas equation, we can obtain:

ng: (Tar+T_7;) (12)

Rom_30_p  ap_o
Mg ot 0t Ty +T = 0t Tyy+T
~JdT  ¢p PaP VY1 Y2
ot (T, +T)* T,
cc1Y3 1 dp cp 0T
X 5| =5 — —
(1+cp)”  (p+pL)’| 9t l+cip ot

13)
where Y =pr/(p+pL), Ya=exp[—c2/(1 +cop)(Tor + T — T7)],
Y; = (Tar‘i’T*E).
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Additionally, based on Eq. (6), we can obtain the volume
strain as follows (Zhu et al., 2011):

1 _
g = ?(G+ap)+(XTT+8S

The deformation of the coal seam due to adsorption is
€ = O, Vse (Zhu et al., 2011), where ay, is the coefficient of
adsorption strain. Therefore, Eq. (12) can be expressed as:

(14)
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In the conventional methane reservoir state, there is
&+ p/Ks—es—orT < 1. Therefore, substituting Eq. (10)
into Eq. (14) we can obtain:

¢=a—(a—go)exp(B-A)

where A =¢, +p/KS —&—orT,B=¢y —|—po/Ks —&g0 — arTy.
Thus:

(16)
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Substituting Egs. (15) and (17) into Eq. (13), we can
obtain:

R 1 (a—9)p]dp
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(18)

The migration model for methane in coal seam containing

the adsorption, heat transfer and stress effects is shown in Eq.
(18). The fractal permeability can be obtained by Eq. (5).

2.2.2 Equations for thermal conductivity
Zhu et al. (2011) proposed the gradient of heat flux as:
V-gr = —VauVT — V2T + peCoGe(T + Tuyr)
+Co(T +Tur)V (Pgdy)
=— VT —(1—)AVT — A,V -VT
+PgCodg(T + Tur) + Co(T + Tar)V (Pgds)

where g7 = —Ay VT + pgCoqe(T + Ty) is the total heat flux;
C, is the gas specific heat constant; and Ay = (1 —@)A;+ A, ¢
is the heat conduction coefficient, where A, and 7Lg are the
thermal conductivities of rock and gas. According to the

19)
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energy conservation equation, the unit heat capacity is related
to the heat flow as follows (Tong et al., 2010):

I(PC) (T + Tuy)]

p) + (T + Tar)Kgaqug
! (20)
€,
+(T+ Tor)Katr = = ~Vir
(PC)m = ¢ngg+(1 = 0)psCs 2n

where (pC)y is the specific heat capacity of coal, and o, =
1/T is the thermal expansion coefficient. C, and C, are the
heat constants of gas and solid.

Combining Egs. (17) and Egs. (19)-(21), we can obtain:

oT k ¢,
(PC)MW — (T +T) [Kgagv' (MVP) —Kor 8tv_
T.C, k
= A VAT + -PeP a8 2 uT (A — ) (o —

M Pa(Ty+T) u +( ) (o —9)

Vp VY- VT \]
st—i——(xTVT—ngz(XVp— @ ) VT

K; p I4+cip/ |

(22)
where X = cicpp¥3/(1 —|—c1p)2 +7.

The thermal capacity of the coal matrix is much higher than
that of gas in the fractures. Therefore, the heat transfer process
is quite slow. The heat flex is conducted faster in the fractures,
but it is extremely slow in the solids. The propagation of
elastic stress can be regarded as spontaneous. The governing
equations for the model are shown as Eq. (23):

B> Ds(1—cos’ysin’6) ,
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where X = cjcp¥3/(1 +c1p)2 +Y1.
Eq. (23) is the coupled multi-physics field model, where
the interaction of gas pressure and coal seam temperature (Eq.
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(22)) leads to changes in effective stress (Eq. (14)) and coal
seam deformation. The generation of coal seam deformation
causes a change in porosity, which in turn reacts on the
gas pressure (Eq. (2)) and coal seam temperature (Eq. (22)).
Further, gas pressure and coal seam temperature (Eq. (9))
contribute directly to coal seam deformation. There is also an
interaction between gas pressure and coal seam temperature
(Egs. (18) and (22)). The process of permeability evolution
and the multi-factor coupling process are shown in Figs. 1
and 2. Based on fractal theory, this model describes the me-
chanical deformation, adsorption-desorption effects, seepage
and thermal conduction process during the migration of CBM,
and analyzes the influence of the coal seam microstructure on
the multi-field coupling process.

Temperature changes
in coal seam, T

\ \
!

Changes in adsorption-desorption
effects, ¥;, Vi, &

l

Pressure changes in
CBM, P

Changes in effective stress of the
N |
coal seam, &,
Changes in the stress field and
deformation of the matrix
Changes in coal seam l
porosity, ¢
l Changes in maximum
fracture length, /.
Changes in fractal
dimension, D,

!

Changes in coal seam permeability, &

Fig. 1. Flow chart of permeability evolution.

P, Eq 12)
Gas flow in coal Gas adsorption-
Fractal permeability model desorption effect
Y,, Eq. (13) V., Eq.(18)
S
] ¢ Ea@ T, Eq(12) g
= &8 &, Eq(8) S
w o
- w
a
- [
I
&, Eq.(22) P, Eq.(9)
T, Eq.9)
. — .
Energy concervation P E— Coal deformation

&, Eq.(20); o, Eq(22)

(12)) with the adsorption-desorption effect (Egs. (13), (18) and  Fig. 2. The multi-factor coupling process.
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Table 1. Parameters of coal seam and gas for the field case.

Parameter Value
Young’s modulus of coal, E (MPa) 2713
Young’s modulus of coal grains, E; (MPa) 4070
Poisson’s ratio of coal, v 0.34
Density of coal, p. (gm/cc) 1.52
Density of methane, p, (kg/m?) 0.717
Methane dynamic viscosity, u (Pa-s) 1.84x107°
Langmuir pressure constant, P, (psia) 280
Langmuir volume constant, V;, (scf/ton) 830
Porosity of coal, ¢ 0.3
Permeability of coal, k (mD) 0.7
Temperature, T (°F) 70
Volumetric thermal expansion of the solid, oy (K™!)  2.4x1073
Thermal conductivity of coal, Ag (J-/(m-s-K)) 0.2
Specific heat capacity of coal, Cs (J-/(Kg-K)) 1.25%103
Specific heat capacity of gas, C; (J-/(Kg-K)) 1.625%x103

“n-(pu) = 0(0Q2,)

= O(mz)

—n-(pu)

19T T

—n-(pu) =0(22,)

Fig. 3. Simulation model for verification.

3. Model verification against field data

In order to verify the reliability of the fractal multi-field
coupled model proposed in this paper (Eq. (23)), we selected
data from coal seam mining sites to develop a validation
model, and thus proved the correctness of the fractal model.
Most of the parameters were chosen from the experimental
results (Ni et al.,, 2018), and unreported parameters were
substituted from contemporary literature, as shown in Table
1. The dimension of the model simulation area is 568x568
m?, and the boundary conditions and initial conditions of the
model are shown in Fig. 3.
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Fig. 4. Comparison of simulation results with field data on gas production.

Table 2. Parameters of coal seam and gas.

Parameter Value
Young’s modulus of coal, E (MPa) 2713
Young’s modulus of coal grains, E; (MPa) 4070
Poisson’s ratio of coal, v 0.339
Density of coal, p, (kg/m?) 1.25%103
Density of methane, p, (kg/m3) 0.717
Methane dynamic viscosity, p (Pa-s) 1.84x107°
Langmuir pressure constant, P, (MPa) 1.57
Langmuir volume constant, V7, (m3/kg) 0.043
Langmuir volumetric strain constant, &, 0.02295
Initial porosity of coal, ¢y 0.01
Initial permeability of coal, kg (m?) 1x1071
Absolute reference temperature, 7y (K) 300
Volumetric thermal expansion of the solid, o (K™!)  2.4x1073
Thermal conductivity of coal, Ag (J-/(m-s-K)) 0.2
Specific heat capacity of coal, Cs (J-/(Kg-K)) 1.25x103
Specific heat capacity of gas, C, (J-/(Kg-K)) 1.625x10°

The model (Eq. (23)) analyses various factors such as frac-
ture deformation and thermal conduction. The temporal and
spatial evolution of the flow is non-linear, and it is difficult to
obtain an analytical solution. Therefore, we chose COMSOL
Multiphysics to solve the partial differential coupled equations.
The results compared with the experimental data on the natural
methane production rate (Q) at different times (f) (Ni et al.,
2018) are shown in Fig. 4. From these it can be concluded
that the fractal model proposed in this paper agrees well with
the coal seam mining site data.

4. Numerical experiments

The characteristic parameters of the coal seam matrix and
methane are shown in Table 2. Most of the modelling parame-
ters were from previous field and simulation experiments, and
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—n-(pu) = 0(02,)
oT 1oy =0

Fig. 5. Boundary and initial conditions of Scenario 1.
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those not reported in the table have been replaced by param-
eters from contemporary literature.

We applied two different simulation scenarios to illustrate
the contribution of coal seam microstructure to thermal con-
ductivity and methane seepage under the combined effects of
ground stress, deformation and adsorption-desorption. These
two scenarios are different stress states arising in the coal
seam under different boundary condition. The first is the
unconstrained plane strain state and the second is the uniaxial
plane strain state. Based on these two scenarios in different
states, we quantitatively analyzed the influence of coal seam
microstructure on permeability, thermal conductivity effect and
coal deformation during gas extraction. The evolution of the
microstructural parameters of the coal seam was also analyzed.
The processes described above are all considered the gas
adsorption and the contraction effect of the coal seam matrix.

4.1 Scenario I: Thermal-seepage-deformation
processes under unconstrained plane strain

In this scenario, we studied the migration of methane
under unconstrained plane strain conditions. The geometry

Max: 283.031
283

282

273
Min: 273

Max: 275.533
275.5

274.5

273.5

273
Min: 273

-50 -40 -30 -20 -10 0 10 20 30 40 50

Fig. 6. Gas temperature distribution after (a) 1e8s, (b) 5e8s, (c) 1e9s, (d) 1e10s.
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Max: 6.263e6

x108

6

-50 -40 -30 -20 -10 0 0 20 30 10 50 Min: 1.033e5

Max: 5.449e6

x108

-40

-50

-50 -40 -30 -20 -10 0 10 20 30 40 50 Min: 1.033e5

(©)

Fig. 7. Gas pressure distribution after (a) 1e8s, (b) 5e8s, (c) 1e9s, (d) 1el0s.

and boundaries of the simulation are shown in Fig. 5, for a
rectangular area of 100x100 m constrained by the bottom
only. This geometry has been used to describe the basic
characteristics of gas migration in coal in previously published.
The initial pressure of the coal seam is Py = 6.2 MPa, and
the initial temperature is Tp = 283 K. All three sides have an
initial pressure of P, = 103.325 kPa and an initial temperature
of T,, =273 K, except for the bottom side, which is thermally
insulated with no gas flow.

With the seepage at stabilization, the temperature of the
coal matrix at different mining times is shown in Fig. 6. It
can be concluded with the continuation of the CBM mining
process, there is an overall trend of coal body temperature
decreases under the combined effect of adsorption and defor-
mation extrusion under the ground stress. At the same time,
due to thermal insulation, the temperature near the bottom
edge does not change significantly. The highest temperatures
occur in the middle and lower parts of the seam, and the high
temperature zone gradually decreases as mining progresses.

The pressure distribution of the coal seam gas with the
mining process is shown in Fig. 7. It can be concluded that
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Max: 6.26e6

x108

6

50 Min: 1.033e

Max: 4.078e6

x100
!

Min: 1.033e5

the gas pressure decreases from the high-pressure zone in the
middle of the seam towards the area with gas flow on three
sides. At the same time, the extent of mining decompression
continues to expand as mining proceeds.

With thermal conduction and seepage at stabilization, the
stress distribution in the simulated area is shown in Fig. 8. As
mining proceeds, the degree of model deformation gradually
decreases. The bottom edge is a fixed constraint which limits
the deformation of the coal seam. Under the effect of long-
term mining, the coal matrix is regarded as a high stress
zone, leading to the deformation of the coal matrix gradually
increasing from the fixed end to the free end.

The multi-field coupled fractal model proposed in this
paper is based on the microstructure of the coal seam. Thus,
we have selected the two most significant structural parameters
of the coal seam fracture: the fractal dimension for the fracture
and the maximum fracture length (Liu et al., 2020). At
the same time, we selected the classical cubic permeability
equation applied in previously published models of thermal
conduction seepage in coal seam:
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Fig. 8. Coal deformation distribution after (a) 1e8s, (b) 5e8s, (c) 1e9s, (d) 1e10s.

3
k_ <£> (24)
ko do
where the porosity ¢ is obtained by Eq. (16).

We obtained the evolution of the permeability (m?) with
the fractal dimension of the fracture when the seepage and
thermal conduction processes are stable. The comparison on
the results of the classical cubic model and the fractal model
is shown in Fig. 9.

It can be observed that the fractal dimension of the fracture
has a significant effect on the permeability of the coal body. In
particular, when the fractal dimension reaches 1.75, the coal
seam permeability increases by 17.09% compared to the initial
value. As the fractal dimension of the fractures increases, the
coal seam fractures expand and many new, tiny fractures are
created, leading to an increase in the permeability of the coal
seam. However, previously published seepage thermal con-
ductivity models do not take into account the microstructural
characteristics of the coal seam and are therefore unable to
draw these conclusions.
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In addition, we analyzed the contribution of another coal
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seam structural parameter, the maximum fracture length (m),
to the permeability of the seam, as shown in Fig. 10. It can
be concluded that the maximum fracture length contributes
significantly to the permeability of the coal seam. Compared
with the cubic heat transfer model, the fractal model proposed
in this paper is more realistic in characterizing the migration
properties of methane. The increase in maximum fracture
length characterizes the gradual increase of fractures in the
coal seam under the effect of ground stress. As a result, gas
flows more easily in the fractures, leading to a significant
increase in permeability. In this case, when the maximum frac-
ture length is 0.128, the coal seam permeability is enhanced
by 91.56% from the initial permeability. Therefore, we found
that the coal seam structure has a significant effect on gas
seepage. Besides, the fractal model has significant advantages
over the traditional cubic thermal seepage model.

The simulation results in this scenario are geometrically
symmetrical due to the mechanical constraints of symmetry,
and therefore we have chosen four monitoring points at equal
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distances from each other in the middle position

((0,-30),(0,-10),(0,10),(0,30)). The evolution of the
macroscopic permeability with the temperature at different
locations is shown in Fig. 11. It can be concluded from
Fig. 11 that with the increases in coal seam temperature, the
permeability at different locations shows a decreasing trend.
The permeability also decreases as the measurement location
moves away from the fixed end. The trend also becomes
progressively smaller. As the temperature rises, the gradual
increase in coal seam deformation causes the original fractures
to be squeezed shut, which is consequently detrimental to
methane migration.

The evolution of the fractal dimension for different mon-
itoring points is shown in Fig. 12. When the thermal con-
duction and the seepage process are stable, the overall fractal
dimension of the coal seam tends to increase with the min-
ing process, and the increase tends to become progressively
slower. The fractal dimension reflects the complexity of the
coal seam fractures. With the extraction of methane, numerous
new fractures are gradually created in the coal seam under the
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long-term effect of high stress, resulting in a significant
increase in the fractal dimension of the fractures.

We additionally analyzed the effect of coal seam temper-
ature on the fractal dimension for the coal seam fracture, as
shown in Fig. 13. In Fig. 13, the fractal dimension of the
fractures at the different monitoring points decreases as the
coal seam temperature increases. Concurrently, at the same
temperature, the fractal dimension decreases as the monitoring
point moves away from the fixed end. This is because, as the
coal seam deformation increases with the temperature, more
and more original fractures are squeezed closed, resulting in
a decrease in the fractal dimension for the fracture.

4.2 Scenario 1I: Thermal-seepage-deformation
processes under uniaxial stress conditions

This scenario illustrates the process of thermal conduction
and seepage under uniaxial stress. The boundary conditions
and initial values of the coal seam are shown in Fig. 14. This
scenario applies the same geometry and material parameters
as Scenario I, as shown in Table 1. Where the right side is
free, while the other three sides are constrained by uniaxial
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Fig. 15. Gas temperature distribution after (a) 1e8s, (b) 5e8s, (c) 1e9s, (d) 1el0s.
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stress and no gas and heat exchange (zero fluxes).

The temperature distribution of the coal seam in Scenario
IT is shown in Fig. 15. We observe that the overall temperature
of the coal seam shows a gradual decrease from left to right
due to the gas fluxes only on the right side. The low temper-
ature zone gradually expands under the combined effects of
adsorption, deformation, and thermal conductivity.

The evolution of gas pressure with the extraction process
for Scenario II is shown in Fig. 16. It can be concluded that
the gas pressure distribution gradually decreases from the left
side towards the extraction end (the right side) and the zone of
the decrease gradually expands with the extraction process.

The stress distribution in the coal seam is shown in Fig. 17.
The three constraint ends limit the deformation of the seam.
As the mining of the coal seam progresses, the coal gradually
deforms less from the free end to the fixed end. Also, the
overall deformation of the seam increases with the duration of
the mining.

We selected the two most important microstructural param-
eters of the coal seam: maximum fracture length and fractal
dimension. The contributions of the structural parameters to
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the permeability (m?) of the coal seam were also quantified. In
addition, the classical cubic permeability model was compared
with the fractal thermal conductivity model proposed in this
paper to verify the advantages of the fractal model. The
contributions of the fractal dimension and maximum fracture
length (m) to the permeability are shown in Figs. 18 and 19.

It can be shown that the microstructural parameters of the
coal seam have a significant influence on the permeability
evolution of the seam. In particular, the fractal dimension of
1.75 increases permeability by 17.18% compared to the initial
value (1.25). The maximum fracture length of 0.128 increases
the permeability of the coal seam by 87.17% compared to
the initial value (0.078). These conclusions cannot be drawn
from previously published models which do not consider the
microstructure of the coal seam. Coal seam structure has
a significant impact on gas seepage, and the fractal model
proposed in this paper is more applicable to the gas transport
process.

Similarly, in this section we analyzed the evolution of the
microstructure and characteristic parameters of the coal seam
in Scenario II. It can be concluded from Figs. 14-17 that the



Ye, D., et al. Advances in Geo-Energy Research, 2021, 5(1): 104-118 115

Max: 0. 185 Max: 0. 185
50 0.18 0 0.18
10 0.16 10 0.16
3 0.14 30 0. 14
20 20
0.12 0.12
10 10
0.1 0.1
0 0
0.08 0.08
-10 -10
0 0.06 w0 0.06
30 0.04 -30 0.04
-10 0.02 40 0.02
-50 -50
-0 0
-5 40 =30 20 <10 0 10 20 30 40 50 Min: 0 50 40 30 20 -10 0 10 20 30 40 50 Min: 0
(@) (b)
Max: 0. 185 Max: 0.185
50 0.18 - 0.18
10 0.16 10 0.16
30 ot 30 o
20 20
0.12 0.12
10 10
0.1 0.1
0 0
0.08 0.08
10 -10
-20 0.06 20 0.06
30 0.04 ~30 0.04
-40 0.02 -40 0.02
-50 -50
0 0
50 -40 =30 20 -10 0 1020 30 40 50 Min: 0 50 40 30 20 -10 0 0 20 30 40 50 Min: 0
(©) (d)
Fig. 17. Coal deformation distribution after (a) 1e8s, (b) 5e8s, (c) 1e9s, (d) 1el0s.
x10'% %1012
2.250 1.900 } \
I Fractal model I Fractal model
Cubic law model Cubic law model
1.520
2.000
1.140
S &
£ £
< 1750 - <
0.760
1.500 —
0.380 | I —
1.250 0.000 J I
1.2500 1.3500 1.4500 1.5500 1.6500 1.7500 0.078 0.088 0.098 0.108 0.118 0.128
Dy I max (M)
max

Fig. 18. Permeability evolution under the fractal dimension of the fracture. Fig. 19. Permeability evolution under the maximum length of the fracture.



116

x10717
1.850
1845 | \\
180 L ("\\ S o - \\
NN ~
< RS S~
S N AR
: AN SO
AN N
1.835 | S -
. \'\ S~ ~
. T
——%=30 y=0 R
1830 F - — -x=20 y=0 \.\_\ .
-~ x=10 y=0 ~—
-~ x=0_y=0 S
1.825
2784 279.2 280.0 280.8 2816 2824
T(K)
Fig. 20. Permeability evolution under different temperatures.
1.2515
1.2510 —— x=30 y=0
- — -x=20 y=0,
- x=10 y=0
1.2505 -~ x=0 y=0
1.2500
a _—
1.2495
1.2490 \/
1.2485 \ e —
~c-T e T -
R P Ll R _—
1.2480 S
x10°
0 2 6 10

t(s)

Fig. 21. Evolution of the fractal dimension at different positions.

results of simulation in this scenario are geometrically sym-
metric due to symmetric stress constraints. We therefore
selected four equally spaced monitoring points with clearly
distinguishable intermediate locations ((50, 50), (60, 50), (70,
50), (80, 50)). The permeability evolution of the coal seam
with temperature at different locations is shown in Fig. 20.
In Scenario II, the coal seam permeability tends to decrease
overall with increasing temperature, which is consistent with
the law of simulation results in Scenario I. At the same time,
the permeability of the coal seam increases as the monitoring
position gradually moves closer to the gas exchange end with
the temperature unchanged.

In order to quantitatively analyze the evolution trend in the
microstructure of the coal seam in Scenario II, we calculated
the fractal dimension of the fracture at different locations in
the mining process, as shown in Fig. 21. The overall fractal
dimension in Scenario II tends to increase. As the mining
process, new microfractures are created in the coal seam under
the long-term effect of high ground stress, resulting in an
increase in the fractal dimension. Additionally, the fractal di-
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Fig. 22. Evolution of the fractal dimension at different coal temperatures.

mension of the seam decreases as the location of the moni-
toring point moves away from the gas exchange edge (right
boundary).

We also analyzed the effect of coal seam temperature on the
fractal dimension at different monitoring locations, as shown
in Fig. 22. We conclude from Fig. 22 that the fractal dimension
at different locations decreases with increasing temperature,
and the fractal dimension of the fracture increases when the
monitoring point is located closer to the gas exchange end
(right boundary)-when the seam temperature is the same. As
the coal temperature increases, the coal matrix deformation
increases, leading to fracture closure and a decrease in the
fractal dimension.

5. Conclusion

In this study, we proposed a thermal-seepage-deformation
model considering the microstructure of coal seam. This model
quantifies the impacts of coal seam microstructure on thermal
conduction, seepage and the matrix deformation. This study
provides a new approach to analyzing the impact of coal seam
microstructure on the reservoir gas migration. Based on the
simulation results, we can conclude that:

o The microstructure of the coal seam is the principal
component of gas from the unmined state to eventual
equilibrium. Compared with previously published seep-
age models, the fractal model proposed in this paper
provides a more realistic and reliable characterization
of the resource migration and extraction processes in
unconventional reservoirs.

o Coal seam permeability can be characterized by the
two main coal seam microparameters: (a) the fracture
fractal dimension, and (b) the maximum fracture length.
Both structural parameters have significant effects on
permeability under various extraction scenarios.

o For various extraction scenarios, the evolution of the
structural parameters is approximately the same. The
results show that both the fractal dimension and the per-
meability decrease with an increase of coal temperature.
During the gas extraction process, the fractal dimension
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of the fractures tends to increase gradually at different
monitoring positions.
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