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Featured Application: A finite element computer program, Comsol Multiphysics, was used to
solve the partial differential equations in this paper.

Abstract: Although numerous studies have tried to explain the mechanism of directional hydraulic
fracturing in a coal seam, few of them have been conducted on gas migration stimulated by directional
hydraulic fracturing during coal mine methane extraction. In this study, a fully coupled multi-scale
model to stimulate gas extraction from a coal seam stimulated by directional hydraulic fracturing
was developed and calculated by a finite element approach. The model considers gas flow and heat
transfer within the hydraulic fractures, the coal matrix, and cleat system, and it accounts for coal
deformation. The model was verified using gas amount data from the NO.8 coal seam at Fengchun
mine, Chongqing, Southwest China. Model simulation results show that slots and hydraulic fracture
can expand the area of gas pressure drop and decrease the time needed to complete the extraction.
The evolution of hydraulic fracture apertures and permeability in coal seams is greatly influenced
by the effective stress and coal matrix deformation. A series of sensitivity analyses were performed
to investigate the impacts of key factors on gas extraction time of completion. The study shows
that hydraulic fracture aperture and the cleat permeability of coal seams play crucial roles in gas
extraction from a coal seam stimulated by directional hydraulic fracturing. In addition, the reasonable
arrangement of directional boreholes could improve the gas extraction efficiency. A large coal seam
dip angle and high temperature help to enhance coal mine methane extraction from the coal seam.

Keywords: directional hydraulic fracturing; coal mine methane extraction; multi-scale model;
numerical simulation

1. Introduction

China is one of the most severely threatened nations in terms of the risks of coal and gas outburst
in underground coal mines. In recent decades, as coal mining depths have increased, the majority of
low-gassy coal mines have become high-gassy and outburst-prone mines that reduce the safety and
advantage of mining [1]. Coal mine methane (CMM) extraction is the most fundamental approach
to eliminate the risk of coal and gas outburst. It can not only enhance coal output but also capture
clean energy and reduce greenhouse gas emission [2–4]. However, particularly in southwest of China,
where the coal seam permeability is lower than 0.001 mD, the flow in single-hole gas drainage from
coal seams is quite low and extraction completion takes up to 2–3 years [5,6].
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Hydraulic technology for increasing the permeability of coal seams, including hydraulic slotting,
hydraulic fracturing, and hydraulic flushing is an effective way to increase gas drainage efficiency
in low permeability coal seams. The hydraulic slotting technology uses a high-pressure waterjet to
cut the coal around the borehole and form an elliptic pressure relief zone around the slot. In this
area, the crustal stress is relieved and gas can be easily extracted, but the scope of its influence is
small. Hydraulic fracturing has become a standard practice applied to low permeability coal seams,
and it can transform the structure of coal to enhance gas extraction efficiency. It is generally believed
that hydraulic fracture propagation in coal seams is subjected to the horizontal stress difference and
coal seam dip angle, elastic modulus, and fracture toughness [7,8]. These primary factors could lead
to disorderly propagation of hydraulic fractures and damage to the roof and floor. As a result, gas
drainage from a coal seam stimulated by fracturing can be inefficient. To enlarge the slotting influence
scope and resolve the issue of disorderly crack propagation in conventional hydraulic fracturing,
a directional hydraulic fracturing method integrated hydraulic slotting and hydraulic fracturing is
proposed [9–13], as shown in Figure 1. This method utilizes a high-pressure water jet to slot in
the fracturing borehole and directional boreholes along the coal bed inclination, and then hydraulic
fracturing is performed in the fracturing borehole. Through the guidance of directional boreholes, the
direction of hydraulic fracture propagation follows the trend of coal seam and therefore averts damage
to the roof and floor.
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Figure 1. Directional hydraulic fracturing method.

In the previous study [11], when hydraulic slotting deviation angle or the horizontal stress
difference is small, the hydraulic fracture can be oriented to expand along the direction of the slotting
arrangement and connect fracturing borehole to slotting borehole. Coal is typical a dual-porosity
reservoirs consisting of matrix and natural fractures, termed cleats [14,15]. After directional hydraulic
fracturing, fractures induced by hydraulic slotting and fracturing can provide highly permeable flow
channels for gas transport into boreholes. When CMM extraction process begins, the free methane
within the induced fractures will flow out firstly. Then the methane in the coal matrix will desorb
into these fractures and the gas pressure will decline rapidly in the coal seam. The whole process
contains a series of coupling behaviors, such as coal deformation, gas flow and heat transfer within
hydraulic fractures, matrix, and cleat system. Therefore, it is crucial for gas extraction from a coal seam
stimulated by directional hydraulic fracturing to consider the different type of gas flow at different
scales under thermo-hydro-mechanical (THM) coupling conditions (Figure 2).



Appl. Sci. 2019, 9, 4720 3 of 17

Appl. Sci. 2019, 9, x FOR PEER REVIEW 3 of 17 

 
Figure 2. Different types of gas flow at different scales. 

Previously, many models have been derived for CMM extraction or coalbed methane extraction 
to characterize gas migration in coal seams. Gray [16] first proposed a coal permeability related to 
effective stress and coal matrix shrinkage during gas drainage. Subsequently, many permeability 
models were developed to account for the effect of effective stress and coal matrix shrinkage [17–20]. 
Most of these models assumed uniaxial strain conditions, which is inconsistent with the three-
dimensional in-suit stress in coal seams. To eliminate the restriction of this assumption, a sequence 
of new models have been introduced that account for in the in-situ stress conditions [21–24]. Based 
on these permeability models some scholars established coupled numerical models for coal seam 
methane extraction. Wu et al. [25] conducted a dual poroelastic model to quantify the interactions 
between CO2 and CH4 during CO2-enhance coal seam methane recovery. Zhu et al. [26] considered 
thermal transport in coal to develop a THM-coupled model for investigating coal-gas interactions. 
Wang et al. [27] used a coupled model including equilibrium desorption model and dynamic 
desorption model to analyze how the non-Darcy flow influences coal seam methane extraction. Gao 
et al. [28] explored the gas extraction effect with slotted boreholes using a THM coupled model .A 
hydro-mechanical model for the modeling of coalbed methane extraction is introduced by Bertrand 
et al. [29]. They focused on the impact of critical parameters related to coal seams on the methane 
production. Through a dynamic flow model, the drainage effect after using different stimulation 
technologies was investigated by Szott et al. [30], where they found that the area of drainage zone 
after hydraulic fracturing was about 20 times larger than that after hydraulic slotting. However, none 
of these models is capable of investigating the multi-scale THM coupling behaviors of a coal seam 
after directional hydraulic fracturing. In this paper, a fully coupled multi-scale model was developed 
to investigate the effects of directional hydraulic fracturing on gas extraction and solved using the 
finite element method (FEM). This model correlates gas flow and heat transfer within the hydraulic 
fractures, matrix, and cleat system under deformation of the coal seam. Further, this model was 
validated and used to analyze the evolution of hydraulic fracture apertures and permeability in a 
coal seam during gas extraction. Finally, the impacts of some key factors on extraction completion 
time were investigated. 

2. A Conceptual Model 

Directional hydraulic fracturing is the key technique to improve coal seam permeability along a 
specific direction. Previous studies [9,31,32] have shown that main hydraulic fractures can be oriented 
in coal seams as shown in Figure 3. The computed tomography (CT) graph from [11] in Figure 3 is 
used here to demonstrate the phenomenon intuitively. Based on these, a model of gas extraction from 
coal seam after directional hydraulic fracturing was constructed in this study. In this model, a coal 
seam is set between two rock layers with a dip angle is θ. Three slotting boreholes are created in the 
center of the coal seam. The middle slotting boreholes is a fracturing hole, and the other two slotting 
boreholes are directional boreholes. After hydraulic fracturing, the hydraulic fractures are presumed 
to directly connect the fracturing borehole and the directional boreholes, as shown in Figure 3. The 
maximum horizontal stress Fx is applied to the right side of the model, and the overburden stress Fx 
is applied to the top side. The left and base sides are roller boundaries. After directional hydraulic 
fracturing, the whole coal reservoir consists of the coal matrix, cleats and hydraulic fractures. The 

Figure 2. Different types of gas flow at different scales.

Previously, many models have been derived for CMM extraction or coalbed methane extraction to
characterize gas migration in coal seams. Gray [16] first proposed a coal permeability related to effective
stress and coal matrix shrinkage during gas drainage. Subsequently, many permeability models were
developed to account for the effect of effective stress and coal matrix shrinkage [17–20]. Most of these
models assumed uniaxial strain conditions, which is inconsistent with the three-dimensional in-suit
stress in coal seams. To eliminate the restriction of this assumption, a sequence of new models have
been introduced that account for in the in-situ stress conditions [21–24]. Based on these permeability
models some scholars established coupled numerical models for coal seam methane extraction. Wu
et al. [25] conducted a dual poroelastic model to quantify the interactions between CO2 and CH4

during CO2-enhance coal seam methane recovery. Zhu et al. [26] considered thermal transport in
coal to develop a THM-coupled model for investigating coal-gas interactions. Wang et al. [27] used a
coupled model including equilibrium desorption model and dynamic desorption model to analyze
how the non-Darcy flow influences coal seam methane extraction. Gao et al. [28] explored the gas
extraction effect with slotted boreholes using a THM coupled model. A hydro-mechanical model for
the modeling of coalbed methane extraction is introduced by Bertrand et al. [29]. They focused on the
impact of critical parameters related to coal seams on the methane production. Through a dynamic
flow model, the drainage effect after using different stimulation technologies was investigated by Szott
et al. [30], where they found that the area of drainage zone after hydraulic fracturing was about 20 times
larger than that after hydraulic slotting. However, none of these models is capable of investigating the
multi-scale THM coupling behaviors of a coal seam after directional hydraulic fracturing. In this paper,
a fully coupled multi-scale model was developed to investigate the effects of directional hydraulic
fracturing on gas extraction and solved using the finite element method (FEM). This model correlates
gas flow and heat transfer within the hydraulic fractures, matrix, and cleat system under deformation
of the coal seam. Further, this model was validated and used to analyze the evolution of hydraulic
fracture apertures and permeability in a coal seam during gas extraction. Finally, the impacts of some
key factors on extraction completion time were investigated.

2. A Conceptual Model

Directional hydraulic fracturing is the key technique to improve coal seam permeability along a
specific direction. Previous studies [9,31,32] have shown that main hydraulic fractures can be oriented
in coal seams as shown in Figure 3. The computed tomography (CT) graph from [11] in Figure 3 is used
here to demonstrate the phenomenon intuitively. Based on these, a model of gas extraction from coal
seam after directional hydraulic fracturing was constructed in this study. In this model, a coal seam is
set between two rock layers with a dip angle is θ. Three slotting boreholes are created in the center of
the coal seam. The middle slotting boreholes is a fracturing hole, and the other two slotting boreholes
are directional boreholes. After hydraulic fracturing, the hydraulic fractures are presumed to directly
connect the fracturing borehole and the directional boreholes, as shown in Figure 3. The maximum
horizontal stress Fx is applied to the right side of the model, and the overburden stress Fx is applied to
the top side. The left and base sides are roller boundaries. After directional hydraulic fracturing, the
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whole coal reservoir consists of the coal matrix, cleats and hydraulic fractures. The hydraulic fractures
are the major routes for gas flow induced by pressure and a modified cubic law is used to calculate the
flow through them. The coal matrix and cleats have important roles in CMM extraction process. A
dual porosity/dual permeability model can be applied to accurately represent the interaction of coal
and methane. When negative suction pressure is applied during CMM extraction, the depletion of
methane changes effective stress that influences the intrinsic permeability of the coal matrix, cleats and
hydraulic fractures. Meanwhile, heat transfer modulates effective stress and gas migration in coal seam.
These coupled multiphysics processes are interactive and dynamic. We converted the relationships
into a number of partial differential equations and solved them with Comsol Multiphysics, a finite
element method solver.
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3. Mathematical Equations of the Conceptual Model

3.1. Governing Equations of Coal Deformation

Considering thermal expansion/contraction and matrix swelling/shrinkage are isotropic,
the constitutive relations for a non-isothermal dual-porosity coal seam becomes (negative in
compression) [33,34]:

εi j =
1

2G
σi j − (

1
6G
−

1
9k

)σkkδi j +
α

3K
pmδi j +

β

3K
p f δi j +

αT

3
Tδi j +

εs

3
δi j (1)

where σij is the component of total stress tenor and εij is the component of total stress tenor. G =

D/2(1 + υ), D = [1/E + 1/aKn]
−1, K = D/3(1− 2υ), α= 1 − K/Ks, β= 1 − K/a ·Kn, K is the bulk

modulus of coal, Ks is the bulk modulus of coal grains and Kn is the normal stiffness of individual
fractures. E is the Young’s modulus of coal, G is the shear modulus of coal, υ denotes the Poisson’s ratio
of coal, α and β are Biot coefficients, δij is the Kronecker delta, p is gas pressure, subscript f represents
the cleat system, m represents the matrix system, T is temperature, and αT is thermal expansion
coefficient. From Equation (1), we obtain

εv = −
1
K
(σ− αpm − βp f ) + αTT + εs (2)

where εv = ε11 + ε22 + ε33 is the volume strain of coal and σ = −σkk/3 is the mean stress. The
sorption-induced strain εs is generally represented by a Langmuir-type equation, which is defined as:

εs = εL
pm

pm + pL
(3)
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where εL is the Langmuir constant representing the maximum volume strain and pL is the Langmuir
pressure constant.

The equations of stress equilibrium and the strain-displacement relationships can be expressed as:

σi j, j + fi = 0 (4)

εi j =
1
2

(
ui, j + u j,i

)
(5)

where fi is the body force component and ui is the displacement component. The combinations of
Equations (1)–(5) yields the Navier-type equations:

Gui, j j +
G

1− 2ν
u j,ii − βmpm,i − β f p f ,i −KαTT,i −KεL

PL

pm + PL
pm,i + fi = 0 (6)

3.2. Governing Equations of Gas Flow in the Coal Matrix and Cleats

The gas flow in coal matrix and cleat system can be expressed with mass balance equations as:

∂m
∂t

+∇ · (ρgqg) = QS (7)

where ρg is the gas density, qg the Darcy’s velocity vector, QS is the gas source, t is the time, and m is
the gas content, including free-phase gas and adsorbed gas. Based on the assumption that gas sorption
takes places only in the matrix system, the gas content in the matrix and cleats is defined as:

mm = φmρgm + ρnρc
VLpm

pm + PL
(8)

m f = φ fρg f (9)

where ρgm and ρg f are the gas density in the matrix and cleats, respectively, φm is the porosity of the
matrix system, φ f is the porosity of the cleat system, ρn is the gas density under standard conditions;
and ρc is the coal density. The density of an ideal gas is calculated by:

ρg =
Mg

RT
p (10)

where Mg is the molecular weight of the gas and R is the universal gas constant.
The mass between the matrix and cleat system is conditioned by a smooth pressure gradient that

can be written as [35]:

QS =
ρgmkmψ

µ

(
pm − p f

)
(11)

where µ is dynamic viscosity of CH4, km is the matrix permeability, ψ = 4(1/a2
x + 1/a2

y) is the shape
factor, and ax and ay are the matrix spacing.

Darcy’s law is used to describe gas flow in coal seams. The Darcy velocity is given by:

qg = −
k
µ
∇p (12)

where k is the permeability of the coal and gravity is ignored. Substituting Equations (8)–(12) into
Equation (7) produces the final governing equations of gas flow in the matrix and cleat system:

∂mm

∂t
+∇

(
−

km

µ
ρgm∇pm

)
= −

ρmkmψ

µ

(
pm − p f

)
(13)
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φ f
∂ρ f g

∂t
+ ρg f

∂φ f

∂t
+∇

(
−

k f

µ
ρg f∇p f

)
=
ρmkmψ

µ

(
pm − p f

)
(14)

The dynamic porosity for the matrix can be expressed as [22]:

φm =
1

1 + S
[(1 + S0)φm0 + α(S− S0)] (15)

where S = εv +
pm
Ks
− εs − αTT, S0 = εv0 −

pm0
Ks
− εL

pm0
pm0+PL

− αTT0.
The cubic relationship of permeability and porosity is widely used for the matrix [20].

k
k0

=

(
φ

φ0

)3

(16)

where φ0 and k0 are the initial porosity and initial permeability of the cleat system, respectively.
We substitute Equation (15) into Equation (16) to obtain:

km = km0

(
1

1 + S

[
(1 + S0) +

α
φm0

(S− S0)

])3

(17)

where km0 is the initial matrix permeability at the initial pressure pm0 and matrix porosity φm0.
We consider the permeability anisotropy in terms of swelling/shrinkage, thermal expansion, and

coal deformation for a two-dimension case with two orthogonal sets of fractures. Thus, the directional
permeability kfx and kfy of the cleat system becomes [24]:

k f i

k f 0
=

[
1 +

2(1−Rm)

φ f 0
(∆ε j −

1
3
αT∆T −

1
3

∆εs)

]3

, i , j (18)

where i, j = x, y for two-dimensional case, Rm = E/ES is elastic modulus reduction ratio and φf 0 and kf 0

are the initial porosity and initial permeability of the cleat system, respectively.

3.3. Governing Equations of Gas Flow in the Hydraulic Fractures

To describe gas flow behavior of hydraulic fractures, the mass conservation equation for gas flow
along the hydraulic fracture is given by:

∂(wρgh f )

∂t
+∇T · (wρgh f qghf) = wQS (19)

where w is the hydraulic fracture aperture, ρgh f is the gas density in the fracture and qghf is gas velocity
vector in the fracture. In this study, a modified cubic law was used to calculate the gas flow velocity [36]:

qghf = −
( f w)2

12µ
∇Tph f (20)

where ∇Tph f is gas pressure gradient along the hydraulic fracture and f is an effective fracture
conductivity parameter ranging from 0 to 1.0. When the effective stress effect is combined the swelling
strain and thermal expansion effect, the hydraulic fracture aperture in soft coal seam can be expressed
as:

w = w0 exp(−c f (ph f 0 − ph f )) − f × a
(∆εs

3
+
αT∆T

3

)
(21)

where w0 is the initial aperture of the hydraulic fracture and cf is the stress sensitivity coefficient for
hydraulic fractures.
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3.4. Governing Equations of Heat Transfer

According to the Fourier’s law and the energy balance between the fluid and solid phases, if the
convertibility between thermal and mechanical energy is ignored, the governing equation for heat
transfer in a dual-porosity coal seam can be written as:

(pC)M
∂T
∂t + TKgαg

(
∇qgm +∇qgf

)
+ TKαT

∂εv
∂t = λm∇

2T − ρgmqgmCg∇T − ρg f qgfCg∇T (22)

where λM =
(
φm + φ f

)
λg + (1−φm −φ f )λs, λg and λs are heat conductivity coefficient of coal, coal

skeleton and gas, respectively, (pC)M = φm(ρgmCg) +φ f (ρg f Cg) + (1−φm −φ f )(ρcCs) is the effective
heat capacity of coal, Cg and Cs are the specific heat capacity of gas and coal skeleton, respectively, Kg

denotes the bulk modulus of the gas, and αg denotes the thermal expansion coefficient of the gas. Heat
energy is also exchanged between the matrix and the gas in hydraulic fractures. Equation (23) is used
to establish the governing equation for heat transfer in the hydraulic fracture as:

wρgh f Cg
∂Th f

∂t
+ wTh f Kgαg∇qghf = wλg∇

2
TTh f −wρgh f qghfCg∇TTh f − λn

∂T
∂n

(23)

where λn
∂T
∂n is the exchange of heat energy between the matrix and the hydraulic fracture surfaces, λn

is the heat conductivity coefficient of the coal matrix in the normal direction of the fracture and Th f is
the gas temperature in the hydraulic fracture.

4. Model Validation and Results

To validate the model described in Section 2, directional hydraulic fracturing method was applied
to the NO.8 coal seam at Fengchun mine, Chongqing, Southwest China (Figure 4a). The average
thickness of the seam was 2 m and the coal seam dip angle was 24–28◦. The coal seam permeability was
less than 0.001 mD, and its roof and floor were silty sandstone that had a strong sealing capacity. The
NO.8 coal seam was prone to coal and gas outbursts. Several gas accidents causing casualties and huge
property losses occurred since the seam was opened. The mine operator usually waits 2–3 years to
eliminate the seam outburst risk using conventional boreholes drainage method. Thus, the directional
hydraulic fracturing method was utilized to improve the NO.8 coal seam permeability directionally
and reduce extraction time. The BRW200/56 high-pressure pump and intelligent control device used
in field experimental site are shown in Figure 4b. Field results were compared with our simulation
results. Such simulation geometry used for gas extraction after directional hydraulic fracturing is
shown Figure 1. The length and width of the slot was 2.1 m and 0.231 m, respectively. The directional
distance was 10 m. The main parameters for the THM coupling simulation are given in Table 1. They
were taken from experimental results or literatures [26,37,38].
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Figure 4. Field experimental site of directional hydraulic fracturing: (a) location of Fengchun mine in
Chongqing, Southwest China and (b) the BRW200/56 high-pressure pump and intelligent control device.

Table 1. Main parameters for the thermo-hydro-mechanical (THM) coupling simulation.

Parameters Value

Model dimension (m) 30 × 15
Overburden stress Fy (MPa) 8

Maximum horizontal stress Fx (MPa) 12
Young’s modulus of coal E (MPa) 2100

Young’s modulus of coal grains Es (MPa) 8469
Poisson’s ratio of coal υ 0.35

Density of coal ρc (kg/m3) 1380
CH4 Langmuir volume constant VL (m3/t) 34.47
CH4 Langmuir pressure constant PL (MPa) 0.768

Dynamic viscosity of CH4 µ (Pa·s) 1.84 × 10−5

Temperature of boreholes (K) 293.15
Initial permeability of the fracture system kf0 (mD) 8.75 × 10−4

Initial matrix permeability km0 (mD) 1 × 10−4

Initial matrix porosity φm 0.0479
Initial hydraulic fracture aperture w0 at the stress-free

state (mm) 0.3

Initial Temperature of coal seam T (K) 303
Maximum volume strain εL 0.004

Thermal expansion coefficient of matrix αT (K−1) 2.4 × 10−5

Specific heat capacity of coal skeleton Cs (J/(kg · K)) 1.25 × 103

Specific heat capacity of gas Cg (J/(kg · K)) 1.625 × 103

Thermal conductivity of coal skeleton λs (J/(kg · K)) 0.2

The comparison between field data and simulation results are shown in Figure 5. It can be clearly
seen that the simulations results were in good agreement with the field data for gas volume. The
gas pressure distribution in the matrix at different times is presented in Figure 6. Note that pressure
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around the slotting boreholes and hydraulic fractures declined most rapidly. The area of reduced gas
pressure expanded gradually with increasing extraction time. In China, the government specifies that
a gas pressure of 0.74 MPa is the criterion for the completion of extraction before mining operations are
permitted [39]. The pre-mining extraction was equivalent to the outburst elimination time. As shown
in Figure 7, the maximum residual gas pressure after 10 days was 2.49 MPa between the fracturing and
the directional boreholes. This was far above the 0.74 MPa limit. As the extraction time prolonged, the
residual gas pressure between boreholes decreased rapidly, and the pressure criterion of 0.74 MPa was
reached after 284 days of extraction. The relative error of our simulation results was 5.96%, which
confirmed that the current multi-scale THM model was applicable to a simulation of gas extraction
from a coal seam stimulated by directional hydraulic fracturing.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 17 

Thermal expansion coefficient of matrix αT (K−1) 2.4 × 10−5 
Specific heat capacity of coal skeleton Cs ( J/(kg K)⋅ ) 1.25 × 103 

Specific heat capacity of gas Cg ( J/(kg K)⋅ ) 1.625 × 103 
Thermal conductivity of coal skeleton λs ( J/(kg K)⋅ ) 0.2 

The comparison between field data and simulation results are shown in Figure 5. It can be clearly 
seen that the simulations results were in good agreement with the field data for gas volume. The gas 
pressure distribution in the matrix at different times is presented in Figure 6. Note that pressure 
around the slotting boreholes and hydraulic fractures declined most rapidly. The area of reduced gas 
pressure expanded gradually with increasing extraction time. In China, the government specifies that 
a gas pressure of 0.74 MPa is the criterion for the completion of extraction before mining operations 
are permitted [39]. The pre-mining extraction was equivalent to the outburst elimination time. As 
shown in Figure 7, the maximum residual gas pressure after 10 days was 2.49 MPa between the 
fracturing and the directional boreholes. This was far above the 0.74 MPa limit. As the extraction time 
prolonged, the residual gas pressure between boreholes decreased rapidly, and the pressure criterion 
of 0.74 MPa was reached after 284 days of extraction. The relative error of our simulation results was 
5.96%, which confirmed that the current multi-scale THM model was applicable to a simulation of 
gas extraction from a coal seam stimulated by directional hydraulic fracturing. 

 

Figure 5. Comparison between field data and simulations results. 

 

Figure 5. Comparison between field data and simulations results.
Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 17 

Figure 6. Gas pressure distribution of the matrix at different times. 

 

Figure 7. Gas pressure evolutions in the matrix along line A. 

When the gas pressure decreased over time, the permeability of the matrix also decreased, but 
the cleat permeability in the x- and y-directions increased, as shown in Figure 8. The matrix and cleat 
permeability were both controlled by dual competing mechanism of effective stress and matrix 
deformation. Similar, the hydraulic fracture aperture was sensitive to the change in the effective 
stress. The maximum aperture of hydraulic fracture decreased from 0.229 mm at 10 days to 0.186 mm 
at 284 days of extraction, which indicates that the increased effective stress closed the hydraulic 
fracture apertures and reduced permeability and heat flux in the hydraulic fracture, as shown in 
Figure 9. 

Figure 6. Gas pressure distribution of the matrix at different times.



Appl. Sci. 2019, 9, 4720 10 of 17

Appl. Sci. 2019, 9, x FOR PEER REVIEW 10 of 17 

Figure 6. Gas pressure distribution of the matrix at different times. 

 

Figure 7. Gas pressure evolutions in the matrix along line A. 

When the gas pressure decreased over time, the permeability of the matrix also decreased, but 
the cleat permeability in the x- and y-directions increased, as shown in Figure 8. The matrix and cleat 
permeability were both controlled by dual competing mechanism of effective stress and matrix 
deformation. Similar, the hydraulic fracture aperture was sensitive to the change in the effective 
stress. The maximum aperture of hydraulic fracture decreased from 0.229 mm at 10 days to 0.186 mm 
at 284 days of extraction, which indicates that the increased effective stress closed the hydraulic 
fracture apertures and reduced permeability and heat flux in the hydraulic fracture, as shown in 
Figure 9. 

Figure 7. Gas pressure evolutions in the matrix along line A.

When the gas pressure decreased over time, the permeability of the matrix also decreased, but
the cleat permeability in the x- and y-directions increased, as shown in Figure 8. The matrix and
cleat permeability were both controlled by dual competing mechanism of effective stress and matrix
deformation. Similar, the hydraulic fracture aperture was sensitive to the change in the effective stress.
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5. Discussion

In this section, we discussed how we used the base model to investigate the sensitivity of gas
extraction to key factors important for the design and arrangement of fracturing boreholes and
directional boreholes. The key factors included directional distance, hydraulic fracture aperture, and
intrinsic permeability of the coal matrix and cleat system, coal seam dip angle and initial temperature
of the coal seam.

5.1. Effect of Directional Distance

Different directional distance can affect the gas extraction performance. Figure 10 illustrates that
the residual matrix gas pressure between boreholes increases with increased directional distance. The
increased directional distance changed the time needed to complete the extraction and eliminate the
outburst risk, as shown in Figure 11. When the directional distance increased from 4 m to 12 m, the
extraction time increased by 1.18 times and the zone in which the gas outburst risk is eliminated
was enlarged 1.42 times after 284 days of extraction. Therefore, in consideration of working faces
alternation and coal seam properties, the required spacing between the fracturing and directional
boreholes should be arranged reasonably to complete the extraction process effectively.
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5.2. Effect of Hydraulic Fracture Aperture

As shown in Figure 12, the extraction time of completion was highly sensitive to hydraulic fracture
aperture. A larger aperture increased the gas transport through hydraulic fractures, which decreased
the extraction time. When the hydraulic fracture aperture was smaller than 0.3 mm, the impact of
hydraulic fracture aperture was large. The extraction time was almost 1.5 years for w0 = 0.2 mm.
When the hydraulic fracture aperture increased from 0.3 mm to 0.48 mm, the extraction time decreased
from 284 days to 190 days. Theses simulation results mean that enhancing hydraulic fracture aperture
would be functional to reduce the time needed to complete the extraction.
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5.3. Effect of the Coal Seam Dip Angle

As shown in Figure 13, the coal seam dip angle made a meaningful contribution to gas extraction
time of completion. The required extraction time decreased slowly as the coal seam dip angle increase.
When the directional distance changed from 0◦ to 28◦, the extraction time was reduced from 300 days
to 280 days. The reason was that different coal seam dip angle could affect the cleat permeability
because of the deferent stress distribution within the seam, which increased the gas flow and reduced
the extraction time.
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5.4. Effect of the Matrix and Cleat Permeability

The matrix and cleat permeability also played a crucial role in CMM extraction. As is apparent
from Figure 14, the extraction time of completion was shorter for the matrix and cleat system with
higher permeability. When km0 or kf 0 increased from 0.1 × 10−3 mD to 0.9 × 10−3 mD, the extraction
time of completion decreased by 21.8% and 69.5%, respectively. The extraction time of completion was
more sensitive to the cleat permeability than to the matrix permeability. Since high permeability of the
cleat system improved gas extraction efficiency, many fracture treatment methods were adopted to
create bigger fractures within the coal seam and enhance its permeability.
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5.5. Effect of the Initial Temperature

Temperature was also a key parameter for gas extraction that cannot be neglected. Figure 15
illustrates that the effect of the initial temperature on extraction completion time. The figures shows that
increasing the initial temperature of the coal seam could decrease the time needed to complete extraction,
by 3.8% when the initial temperature was increased from 298 K to 318 K. The data demonstrated that
higher temperatures were conductive to faster gas extraction from a coal seam. If gas was extracted
from a higher temperature coal seam, more methane desorption and temperature reduction would
cause the coal matrix to shrink and increased the cleat permeability. Methane would move into
boreholes more easily.
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6. Conclusions

In this study, a fully coupled multi-scale model for gas extraction in a coal seam stimulated by
directional hydraulic fracturing was developed and verified by gas amount data from an actual coal
mine. Based on a modified cubic law and conventional dual-porosity/dual-permeability model, the
model couples gas flow and heat transfer within the hydraulic fractures, the matrix and cleat system as
the coal deforms while gas was extracted. Using the established model, the evolution of hydraulic
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fracture aperture and permeability in a coal seam was analyzed and the sensitivity of gas extraction to
key factors was investigated. The main conclusions are as follows:

(1) The evolution of hydraulic fracture aperture and permeability in a coal seam were closely
related to effective stress and coal matrix deformation. They were key factors to limit the speed of gas
extraction from a coal seam. Enhancing hydraulic fracture aperture and the cleat permeability of a coal
seam resulted in a significant decrease in the time needed for gas extraction.

(2) The relationship between the extraction time of completion and directional distance was
exponential. Larger directional distance increased the extraction time of completion and enlarged
the zone with reduced outburst risk. The required spacing between the fracturing borehole and the
directional borehole should be arranged reasonably according to working faces alternation and coal
seam properties.

(3) The coal seam dip angle and temperature had a measurable effect on gas extraction. The
extraction time of completion followed an exponential relationship with both of them. A large coal
seam dip angle and high temperature helped to enhance gas extraction from a coal seam.
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