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In this paper, significant effort was devoted to theoretical/numerical modeling to make an optimal gas
drainage design for a pre-drainage coal seam considering the inhomogeneity of coal permeability and gas
pressure. A fully coupled model of gas flow, gas diffusion and permeability evolution was developed to
evaluate the borehole drainage performances of safety needs (primary consideration) and economic
efficiency (secondary consideration). A novel method was applied to rebuilt the non-uniform initial
condition in COMSOL to realize the inhomogeneous distribution of coal permeability and gas pressure in
the numerical simulations. The significant influences of the inhomogeneity of coal permeability and gas
pressure on gas drainage were discussed, and two main disadvantages were visually revealed, including
unnecessary engineering cost and enormous mining risk. The optimal gas drainage design consists of
three different borehole spacings available for 6 zones, being able to save about 21.5% engineering cost
compared to that without considering the reservior inhomogeneity. Numerical simulation results are
also helpful to the gas drainage technological innovations.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Coal mine methane (CMM) is both a potentially valuable energy
and a serious hazard in active coal mines, degassing coal seams is
an important for mitigating this hazard and results in the beneficial
recovery of a cleanburning, low-carbon fuel resource (Karacan
et al., 2011). Shanxi province is the most important coal produc-
tion base of China, and its landform characteristics are very special:
the Loess Plateau and its dusty soil cover almost the whole Shanxi
province, which has long been suffering from serious soil erosion,
resulting in most parts of Shanxi province is gully-hill dominated
(Zhao et al., 2013; Shi and Shao, 2000). The gully-hill dominated
landform greatly influences the buried depth, generating typically
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inhomogeneous distributions of gas pressure and coal perme-
ability, and further influences gas drainage.

The drainage performance of boreholes is the main foundation
to make gas drainage design, which usually can only be pre-
evaluated by numerical simulations based on strict theoretical
modeling of the physical mechanism of gas drainage. Reservoir-
simulation technology has the capability to provide us with an
economical mean to solve complex engineering problems, the
successful quantitative evaluations of gas drainage in a coal seam
are not only based on the gas migration theory but also based on
the valid predictions of gas occurrence distribution and coal
permeability distribution.

A significant amount of work has been completed in the area of
modeling gas diffusion, gas flow, coal permeability (coupled hydro-
mechanical response) and FEM (finite element method) calculation
(Wei et al., 2007; Manik et al., 2000).

According to the physical mechanism of gas drainage, the
theoretical model should consist of the governing equations of gas
flow, gas diffusion and permeability evolution, and the achieve-
ments of the coupling relations between the three field governing
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equations. Valliappan and Zhang (1996) presented a coupling
mathematical model for gas flow and coal deformation, and the
diffusion effect of adsorbed methane has been taken into account.
Gilman and Beckie (2000) pointed out that coal-seam methane
reservoirs have some unique features compared to conventional
gas reservoirs, and proposed a simplified mathematical model of
methane migration in a coal seam taking these unique features into
account. In consideration that many coals exhibit bi- or multi-
modal pore structure, Shi and Durucan (2003) developed a bidis-
perse pore model for gas diffusion in coal matrix. Ye et al. (2014).
studied the non-Darcy flow behavior in coal seams by coupling coal
permeability change and variable non-Darcy factor in a dual
porosity model. Zhu et al. (2011). built a fully coupled model to
examine the complex coal-gas interactions under variable
temperatures.

Moreover, in general, it is impossible to get a theoretical solution
for the fully coupled model of gas flow, gas diffusion and perme-
ability evolution, and numerical simulation is an effective method
to the multi-physical phenomena. Based on a quasisteady-state,
nonequilibrium diffusion-sorption model, King et al. (1986)
developed a numerical model for the simulation of the unsteady-
state flow of methane and water through dual-porosity coal
seams. Manik et al. (2000). developed a three-dimensional, two-
phase, dual porosity, fully implicit, coalbed compositional simu-
lator. Clarkson et al (Clarkson and McGovern, 2005). presented a
new coal-bed methane (CBM) prospecting tool by combining
single-well reservoir simulators with a gridded reservoir model,
Monte Carlo simulation, and economic modules. Thararoop et al.
(2012). developed a multi-mechanistic, dual-porosity, dual-
permeability, numerical flow model for CBM reservoirs, taking
the effects of water presence in the coal matrix into account. Chen
et al. (2013) improved an relative permeability model for coal
reservoirs, which was then coupled into the reservoir simulation
model to study how the coal porosity change induced relative
permeability change affects the CBM production. Wei et al. (2007).
reviewed three types of existing CBM reservoir models, including
conventional black-oil and compositional models, specialized CBM
models and improved CBM models. Liu and Cheng (2014) con-
ducted a series of numerical simulations and field tests to study the
influences of pressure drop on gas drainage. Yang et al. (2010).
studied the dynamic process of pressure relief and gas drainage
during coal mining by conducting a series of numerical simulations.
Liu et al (Yanwei et al., 2016). studied the influence factors of high-
pressure hydraulic flush enhanced gas drainage based on a nu-
merical method.

Though the mechanism and numerical simulator of gas migra-
tion in a coal seam have drawn a lot of attention, most of the
recently published studies are focused on CBM recovery. To some
degree, the physical mechanism of gas drainage is similar to that of
CBM extraction. However, the objectives of gas drainage and CBM
extraction are different. The main objective of gas drainage
(degassing coal seam) is to mitigate coal and gas outburst hazards.
Comparing with CBM recovery, quantitative evaluations of gas
drainage is more critical as which is closely related to the mining
safety. Thus, gas drainage design is mainly based on the borehole
drainage performance related to safety needs, instead of economic
efficiency (which is the secondary consideration). Moreover,
considering the safety needs of coal mines in Shanxi province, the
inhomogeneous distributions of gas pressure and coal permeability
(induced by the influences of the loess plateau geomorphology)
should be taken into account when conducting the numerical
simulation, which has seldom been implemented in numerical
simulators of gas migration to date. Therefore, further efforts
should be made to fill a gap in quantitative evaluations of gas
drainage performance while ensuring that the influences of the

inhomogeneous distributions of gas pressure and coal permeability
are taken into account.

The primary objective of this paper is to make an optimal gas
drainage design for a pre-drainage coal seam considering the
inhomogeneous distributions of gas pressure and coal perme-
ability. The principal feature of this work is that the influences of
the inhomogeneous distributions of gas pressure and coal perme-
ability on gas drainage are investigated through theoretical/nu-
merical modeling. To achieve this goal, a fully coupled model of gas
migration in a coal seam was developed; image recognition tech-
nology was applied to rebuilt the initial inhomogeneous condition
in numerical simulators. By conducting two numerical case studies,
disadvantages of drainage design without considering the inho-
mogeneous distributions of gas pressure and coal permeability and
the optimal gas drainage design were analyzed. The numerical
simulations are helpful to the gas drainage technological
innovations.

2. Mathematical model

In the following, a set of governing equations are deduced which
govern the gas diffusion, gas flow, coal deformation and dynamic
permeability evolution. These derivations are based on several
simplifying assumptions: (1) The coal seam is dry and isothermal,
ignoring the influences of water and temperature. (2) The coal seam
is an isotropic and dual poroelastic but inhomogeneous medium.
(3) Methane behaves as an ideal gas, and its viscosity is constant
under isothermal conditions. (4) Coal is saturated by methane.

Besides, to describe the storage state and migration of CMM in a
coal seam, we utilize the dual porosity concept (Liu et al., 2015a).
That is, the coal seam is typically dual-porosity systems that consist
of coal matrix surrounded by intersecting fractures. In such a dual
porosity medium, at every point, two pressures are defined: the
pressure in fractures, py, and the pressure in coal matrix, pm. Since
one can hardly speak about the free gas (and gas pressure) in mi-
cropores, py, is defined as the “virtual” pressure that would be in
equilibrium with the current concentration of adsorbate in matrix
blocks (Gilman and Beckie, 2000).

2.1. Gas release from the coal matrix

Gas release from the coal matrix is assumed to be driven by the
concentration gradient, and the gas exchange rate can be expressed
as (Mora and Wattenbarger, 2009; Wang et al., 2012)

Qm:;<cm—cf> (1)

where Qp, is the gas exchange rate per volume of coal matrix blocks,
kg/(m>-s). ¢, is the concentration of gas in the matrix blocks, kg/
m°>. ¢ is the concentration of gas in the fractures, kg/m?>.  repre-
sents the “sorption time”, and it is numerically equivalent to the
time during which 63.2% of the coal gas content is desorbed (Mora
and Wattenbarger, 2009; An et al., 2013; Zuber et al., 1987), s;
Moreover, it has a reciprocal relationship with the diffusion coef-
ficient and shape factor 7 = 1/(D-0.), where D is the gas diffusion
coefficient, m?/s; o is coal matrix block shape factor, m~2.
Based on the assumptions and make use of the ideal gas law:

M

Cm = R—TC- m (2)
M

S = 27Pr 3)
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where M, is the molar mass of methane, kg/mol. R is the universal
gas constant, J/(mol-K). T is the temperature, K.

By applying the mass conservation law to the coal matrix, we
have

om
o 4
= —Qu @)
where t is time, s. m is the quantity of adsorbed gas and free gas per
volume of coal matrix blocks, kg/m?, which can be calculated using
the Langmuir equation and the ideal gas law:

_ Vme MC Mc
e Wﬂc + ¢mﬁpm (5)

where V; denotes the maximum adsorption capacity of the coal,
m>/kg. P, denotes the Langmuir pressure constant, Pa. Vj; is the
molar volume of methane under standard conditions, m?/mol. peis
the coal density, kg/m>. ¢, is the coal matrix porosity, %.

By substituting Eqs. (1)—(3) and (5) into Eq. (4), we obtain the
governing equation for the gas pressure change in the coal matrix
blocks:

%: VM(pm *pf) (pm+PL)2 (6)
ot TViRTPp, + TV (Pm + Pp)?

2.2. Balance equations and flow in fractures

The transfer of free gas through the fractures in a coal seam is
governed by a mass conservation equation (Hassanizadeh, 1986):

3 0 = ~(e) -0 "

where ¢y is the fracture porosity, %. p, is the gas density, kg/m?>, and
pg = Mcpy/RT. V is the gas velocity in fractures, m/s.

Volumetric flow in the fractures is governed by Darcy's law, we
have

k
V- Sy 8
'qu (8)

where k is coal permeability, mD. u is the methane viscosity, Pa-s.
By substituting Eqgs. (1) and (8) into Eq. (7), we obtain the gov-
erning equation for the gas pressure change in the fractures:

opy , 0y _

k 1
¢fﬁ TP = v (ﬁPfVPf) 7 <pm - pf) (9)

2.3. Governing equation for coal deformation

The presence of methane in coal modifies its mechanical
response, and in turn, the change of coal mechanical response will
affect the migration of methane. Considering the characteristics of a
dual-porosity medium and differences between py and pr, the dual
poroelasticity theory is used to define the volumetric response of
coal induced by gas pressure change.

For a dual-porosity medium, the effective stress can be calcu-
lated by (Mian and Zhida, 1999; Zhang et al., 2004)

of; = 0y — (ﬂfpf + 3mpm>5ij (10)

where ag- is the effective stress, MPa. ¢j; is the total stress (positive
in compression), MPa. 4; is the Kronecker delta tensor.
Br=1-K/Km and @, =K/Km —K/Ks, where K is the bulk
modulus of coal, and K = E/3(1 — 2v), MPa; Ky, is the bulk modulus
of the coal grains, and Kpy = En/3(1 — 2v), MPa; K is the bulk
modulus of the coal skeleton, and
Ks = Km/[1 = 1.5¢5(1 —v)/(1 = 2v)], MPa; §f and @, are effective
stress coefficients for fractures and coal matrix blocks, respectively
E is the Young's modulus of the coal, MPa. E;; is the Young's
modulus of the coal grains, MPa. v is the Poisson's ratio of the coal.
The strain-displacement relationship is defined as:

1
&jj :i(uij+uj,i) (11)

where &; denotes the component of the total strain tensor. u; de-
notes the displacement component in the i-direction.
The equilibrium equation is defined as

0'ijJ+Fi:O (12)

where F; denotes the body force component in the i-direction.
Based on the dual-poroelastic theory, the constitutive relation
for the coal seam can be expressed as (Detournay and Cheng, 1993):

1 1 1 1 1 £
i Ted (E - W) 000 + 3 brPrli + 3phmPmdi +30;
(13)

where G is the shear modulus of coal, and G =E/2(1 +v), MPa.
0, = 011 + 022 + 033. & iS the sorption-induced volumetric strain,
and can be calculated by a Langmuir-type equation

e — g DPm
S LPL"‘pm

(14)

where ¢ is the Langmuir volumetric strain. The volumetric strain of
the coal can be calculated by

1 B
gv:811+822+833:ﬁ0v+l_{pf +617mpm+85 (15)

Combining Eqs. 11—13 yields the Navier-type equation for coal
seam deformation:

G
G + 35 Ujji ~ Bpri — BmPmi — Kesj +F; =0 (16)

2.4. Dynamic permeability model for fractures

The permeability of coal is a function of its fracture system, and
the relationship between fracture porosity and permeability can be
defined as:

3
k_ (2 (17)
ko o
where ko is the initial coal permeability, mD. ¢ is the initial
fracture porosity, %.

Under uniaxial strain conditions (expected in CBM reservoirs),
coal deformation induced by gas pressures change is small, i.e.,
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belongs to elastic deformation. Therefore, the relationship between
fracture porosity, coal volumetric strain, grain volumetric strain and
pore volumetric strain can be determined by the poroelastic theory
as (Palmer and Mansoori, 1996)

dgp:@— (1_—‘”>ng (18)

where ¢ is the pore volumetric strain. ¢ is the grain volumetric
strain. Eq. (18) shows that the change of pore volume strain ¢, is a
result of the coal volumetric strain and grain volumetric strain
which are controlled by the competing influences of effective stress
and sorption-induced volume change (as defined by Eq. (15)).
Moreover, according to the dual poroelasticity theory, the volu-
metric response of coal induced by gas pressure change can be
defined as (Liu et al., 2015a; Detournay and Cheng, 1993)

b Bim d_(_epm
dgy (pr.pm) = 5 de*[ +(M’l)dTm(1Dm+PL)]dpm

(19)

where M is the constrained axial
M =E1 —v)/[(1 +v)(1 — 2v)], MPa.

Eq. (19) is a total differential form equation and its solution is
easy to obtain based on the theory of multivariable differential
calculus (Kriz and Pultr, 2013)

modulus, and

gy
#fo M¢f

e (K ) ( Pm Pmo )
+— -1 - 20

#r0 \M ( Pr+pm  Pr+Pmo (20)
where pry and py,g are the initial gas pressures in coal fractures and
coal matrix, MPa, and py, equals to po when the initial state is an
adsorption equilibrium state. The partial derivative of ¢ with
respect to time, which is needed in Eq. (7), can be obtained from Eq.
(20):

M 1 66pf 8 apm yab (K Pm
o _1\/1 "ot ) B+ pm)? \M ot
(21)

The resulting dynamic permeability model, derived from Eq.
(17) and Eq. (20), takes the form

[5f (Pf Pfo) + Bm(Pm —pmo)}

k— ko{l +— < [6:(pr ~ Pro) + Bm(Pm — o) + q;fo (%* 1) (

2.5. Initial and boundary conditions
For completeness, the standard boundary and initial conditions

are defined. The Dirichlet and Neumann boundary conditions for
the gas diffuse (Eq. (6)), and gas flow (Eq. (9)) process are defined as

Dirichlet boundary condition : py = py = pc on 0Q (23)

Neumann boundary condition : Vpp,+n =0, fo-ﬁ

=0onoQ (24)

where p, is the given constant pressure on the boundaries, MPa. 7’
is the outward unit normal vector on the boundary. Q represents
the subdomain on which the balances are performed. 9Q represents
the boundaries of the subdomain. The Neumann boundary condi-
tion is also known as the no-flow boundary condition.

The initial condition for gas diffuse, and gas flow is

Pfo = Pmo = Po in (25)

The displacement and stress conditions on the boundaries for
the Navier equation, Eq. (16), are given as

u; = u;(t) on 9Q (26)

o1 = fi(t) on 0Q (27)

where u;(t) and f;(t) are the given displacement and stress on the
boundary, respectively.
The initial conditions for displacement and stress are

u;(0) = ug in Q (28)
0(0) = 0, in Q (29)

where ug and g, are the initial values of displacement and stress
and gas pressure in the domain.

3. Numerical simulation method
3.1. Finite element implementation in COMSOL

Egs. (1), (6), (9), (21) and (22), incorporating the initial and
boundary conditions define a theoretical model of coupled gas
migration and permeability evolution of a coal seam. These field
equations for gas migration and permeability evolution form a
typical fluid dynamics problem, involving fully coupled, second
order partial differential equations (PDE) whose nonlinearity ap-
pears in both space and time domains. Thus, it is difficult to obtain a
theoretical solution for these partial differential equations.

In this work, the field equations with the boundary conditions
were solved numerically using COMSOL Multiphysics software

3
Pm Pmo
- 22
Pp+pm P +pm0> } (22)

which has been proved to have professional facilities to solve
multiphysics coupled problem based on the finite element method
(FEM) (Shirazian et al., 2012; Liu et al., 2014, 2015b). In detail, Eq. (6)
which is the field equation of gas release from the coal matrix was
imported in the “PDE module”; Eq. (9) which is the field equation of
gas flow in fractures was imported in the “Darcy's Law module”;
Egs. (1), (21) and (22) were imported as variables to define mass
transfer between fractures and coal matrix, and evolutions of
fracture porosity and coal permeability, respectively. In doing so,
the developed theoretical model can be well solved.
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3.2. Numerical model description and input parameters

To investigate a reasonable gas drainage design considering the
influences of the inhomogeneous distributions of gas pressure and
coal permeability, a simulation model was constructed based on
the engineering background and some essential simplifications.
Hexi coal mine is located in Liulin County (western region of Shanxi
province) which is characterized by typical loess plateau geo-
morphology. The length and width of the pre-drainage coal seam
are about 400 m and 1600 m, respectively. As shown in Fig. 1, for the
pre-drainage area, the buried depth ranges between 349 m and

801

479 m, the gas pressure ranges between 0.81 MPa and 1.66 MPa,
and coal permeability ranges between 0.0137 mD and 0.0508 mD,
forming quite inhomogeneous initial distributions of gas pressure
and coal permeability.

To import the inhomogeneous distributions of buried depth, gas
pressure and coal permeability into COMSOL, the image recognition
technology was applied. It is well known that the RGB color model
had been widely used in sensing, representation and display of
images in electronic systems. The image recognition was achieved
by scaling the RGB values in each pixel. Then, we can rebuild the
image in COMSOL based on the scaled the RGB values.
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Fig. 1. Inhomogeneous initial distributions of buried depth, gas pressure and coal permeability.
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As shown in Fig. 2, the upper image represents the statistics of
the buried depth distribution, and the lower image represents the
recognized data. The recognized image has the same size with the
study area, i.e., 400 x 1600 m, and we use the function im1 (x, y) to
load data from the recognized image in COMSOL (Multiphysics,
2015). As the recognized image is far bigger than the original im-
age of buried depth, a linear interpolation method was used to
realize the image zoom in, resulting in the recognized image is
somewhat fuzzier than the original image. Moreover, color and data
range of the original image is between 349 and 479, which of the
recognized image is between 0.02 and 1. Thus, color and data range
transformation of the recognized image should be made:

130

H=505%!

im1(x,y) — 0.02] + 349 (30)

where H is the buried depth, m. im1(x,y) is the recognized value at
point (x,y) loaded from the recognized image. The inhomogeneous
distributions of gas pressure and coal permeability can be imported
into COMSOL by the similar operations to the buried depth.

The geometry and boundary conditions of the numerical model
are shown in Fig. 3. The 2D solution domain measures 1600 m
across by 400 m in length as the geometric model is a simplification
of the pre-drainage area coal seam. The average thickness of pre-
drainage area coal seam is 1.91 m and is quite smaller comparing
with the length. Thus, the 2D geometric model was built to simplify
the calculation. A series of methane drainage boreholes were set in
the solution domain, whose length and radius were 400 m and
154 mm, respectively. In particular, as the sealing length of a

Yy

T

borehole is usually shorter than 20 m in engineering, i.e. far shorter
than the borehole. To avoid the negative influence of sealing part in
a borehole on the finite element mesh generation, the sealing part
has not been taken into account in building the geometry model.

Suitable boundary conditions were applied to the numerical
model based on the theory presented in Section 2.5. A constant
pressure of atmospheric pressure was applied to the top boundary,
and a constant pressure of 87 kPa (less than atmospheric pressure)
was applied to methane drainage boreholes, while no flow condi-
tions were applied to the other three boundaries.

The initial pressure and initial permeability applied to the nu-
merical model were also based on the case conditions. The in-
fluences of the inhomogeneous distributions of gas pressure and
coal permeability on gas drainage were analyzed by conducting
two case studies:

Case A was conducted to study disadvantages of drainage design
without considering the influences of the inhomogeneous distri-
butions of gas pressure and coal permeability. In this case study, the
spacing of boreholes was obtained without considering the inho-
mogeneous initial gas pressure and coal permeability distributions,
i.e., the initial gas pressure and initial coal permeability were uni-
form. The two key parameters were obtained by the field tests, and
whose values are 1.58 MPa and 0.01565 mD respectively. Then, the
corresponding disadvantages were analyzed by comparing the gas
pressure distribution with that considering the inhomogeneous
initial gas pressure and coal permeability (obtained by the image
recognition technology).

Case B was conducted to study how to make gas drainage design

-

600

Fig. 2. Comparison of the statistical buried depth distribution and the recognized distribution.
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Coal seam

Landforms of the Loess Plateau

Coal seam
solution domain is 2D in x-y plane
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Drainage borehole

Constant pressure
p=387 kPa
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Roadway with the constant gas pressure: atmospheric pressure
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No flow
400m

Initial condition: based on case condition

No flow

[

0 X

1600m

Fig. 3. Geometry and boundary conditions for gas drainage of the studied coal seam.

Table 1

Property parameters used in the simulation model.
Parameter Value
Young's modulus of coal, E (MPa) 822
Poisson's ratio of coal, v 0.25
Young's modulus of coal grains, E;, (MPa) 2466
Initial fracture porosity of coal, ¢sg 0.008
Initial porosity of coal matrix, ¢mg 0.059
Langmuir pressure constant, P, (MPa) 1.67
Langmuir volume constant, V; (m>/t) 215
Sorption time, 7 (d) 10
Langmuir volumetric strain constant, ¢, 0.01952
Density of coal, p. (kg/m?) 1250
Molar mass of methane, M. (kg/mol) 0.016
Temperature, T (K) 293
Gas viscosity, i (Pa-s) 1.84 x 107>
Drainage time, t (d) 600

with considering the influences of the inhomogeneous distribu-
tions of gas pressure and coal permeability. The initial gas pressure
and initial coal permeability were applied as image recognized
values of gas pressure and coal permeability.

For a more accurate evaluation of the gas pressure distribution
influenced by boreholes, the mesh density between the adjacent
boreholes (in the same group) is five times of that out of the
adjacent boreholes. The input parameters used in the numerical
model were listed in Table 1, most of which were obtained from
experiments and the others chosen from an appropriate range
obtained from recently published studies (An et al, 2013). In
particular, the maximum drainage time is 600 d obtained by eval-
uating the mining speed and engineering progress.

4. Simulation results and discussion

4.1. Case A: disadvantages of drainage design without considering
the influences of the inhomogeneous distributions of gas pressure
and coal permeability

Fig. 4 illustrates the gas pressure (py) distributions after drainage
100 d and 600 d respectively. As the initial pressure and initial coal
permeability were constant, 6 boreholes with different spacings
were applied in the middle of the solution domain, the x-coordi-
nate of the left-most borehole was 700 and the spacings between
the adjacent boreholes from the left to the right were 15 m, 20 m,
25 m, 30 m and 50 m, respectively. It is clear that the low gas
pressure zone was located around the roadway and drainage
boreholes, and which expanded with the drainage time. The
maximum pressure is 1.58 MPa, and the minimum pressure is
87 kPa, which is equal to the initial pressure and borehole drainage
pressure respectively.

Based on the obtained numerical results of gas pressure, the
reasonable spacing of boreholes was further analyzed. Fig. 5 a
shows the gas pressure along a line (y = 200, x € (700, 840))
varying with drainage time of 100 d, 200 d, 300 d, 400 d, 500 d and
600 d, respectively. These 6 pressure distribution lines are divided
into 5 groups by the boreholes, showing a parabolic shape with
different characteristics influenced by the borehole spacings. The
minimum gas pressure of the 5 groups of lines is equal (87 kPa).
However, the maximum gas pressure increases with the increasing
spacing, and decreases with the increasing drainage time. The
critical value of 0.74 MPa is an index for evaluating coal and gas
outburst dangers of a coal seam, thus, whether the maximum gas
pressure is lower than 0.74 MPa can be used to judge the feasibility
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Fig. 5. Comparison of gas pressures with different borehole spacings.

of the borehole spacing. For the engineering condition discussed in
this research, the drainage time is definite (600 d), thus, as shown
in Fig. 5 a, it can be concluded that the borehole spacings of 15 m,
20 m and 25 m are feasible design. However, the design feasibility is
only the basic requirement of the optimal design. Fig. 5 b shows the
maximum gas pressures of the 5 borehole spacings varying with
drainage time. The essential drainage time for spacings of 15 m, 20
and 25 m is about 170 d, 300 d, and 470 d, respectively. For these
three feasible spacings, the reduction speed of the maximum gas
pressure decreases with the increasing drainage time, meaning the
drainage efficiency decreases with the increasing drainage time. As
the drainage time is definite (600 d), shorter essential drainage
time does not bring more benefits. In addition, the engineering
workload for spacings of 15 m is 1.7 times more than that for
spacings of 25 m. Thus, the spacing of 25 m is the most optimal

design among the three feasible spacings.

Though it is clear that the optimal spacing is between 25 m and
30 m, we are going to discuss the pressure evolution by setting the
borehole spacings of 25 m and 30 m with considering the inho-
mogeneous gas pressure and coal permeability distributions, i.e.,
the real gas drainage effect and disadvantages of the above ob-
tained “optimal design” will be discussed. As shown in Figs. 6 and
12 boreholes were divided into 4 groups (named group A to
group D from left to right), and the locations of the 4 groups were
selected based on the initial pressure distribution characteristics. It
is clear that the gas pressure distribution is quite different from that
without considering the inhomogeneous gas pressure and coal
permeability distributions. The maximum gas pressure is 1.62 MPa,
and the minimum one is 87 kPa. For the boreholes in the same
group, the gas pressure within their influenced area decreases with
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Fig. 6. Illustration of the gas pressure distributions under the practical inhomogeneous initial condition after drainage 100 d and 600 d.

the increasing drainage time and shows strong nonuniform dis-
tribution character. Under the same spacing and drainage time
condition, the gas pressures within different groups of boreholes
are quite different. In addition, the gas pressure of the borehole
uninfluenced area also shows strong inhomogeneous distribution
character.

In the following, quantitative analyses of gas drainage effect and
disadvantages without considering the influences of the inhomo-
geneous distributions of gas pressure and coal permeability were
conducted based on the gas pressure distribution data of the typical
detection lines and detection points. Fig. 7 shows the pressure
distributions of three detection lines after drainage 600 d, and the
three detection lines are y = 200, y = 300, and y = 350, respectively.
It is clear that the real drainage effect was strongly influenced by
the inhomogeneous gas pressure and coal permeability

distributions. The gas pressures for the 4 groups of boreholes were
quite different even under the same drainage time and spacing
condition. The gas pressure for the left 3 groups of boreholes
decreased below 0.74 MPa no matter the spacing was 25 m or 30 m,
however, the gas pressure for group D when spacing was 30 m was
still higher than 0.74 MPa. For group A and group C of boreholes, the
gas pressure of the 3 detection lines had little difference, however,
which can not be ignored for group B and group D of boreholes.
Thus, it can be concluded that the real drainage effect of the
drainage design greatly deviated from the simulation result ob-
tained without considering the inhomogeneous gas pressure and
coal permeability distributions.

Further, disadvantages of drainage design without considering
the influences of the inhomogeneous distributions of gas pressure
and coal permeability can be discussed from two aspects: “time”
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Fig. 7. Gas pressure distributions along three detection lines (y = 200, y = 300 and y = 350) after drainage 600 d.
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and “space”. Fig. 8 shows the gas pressures along two detection
points varying with drainage time. The two typical detection points
were point A (1515, 200) and point B (1015, 200), and the former
was located in the middle between two boreholes (spacing 30 m)
from group D, and the later was located in the middle between two
boreholes (spacing 30 m) from group C. Though the two detection
points were under the same borehole spacing condition, it only
needed about 210 d for the gas pressure of point B to decrease
below 0.74 MPa, the gas pressure of point A was still above 0.74 MPa
after drainage 600 d. As we have pointed out that shorter essential
drainage time doesn't bring more benefits when the drainage time
is definite (600 d), so for group C, drilling boreholes with a spacing
of 30 m increased unnecessary engineering cost and it was not an
optimal design. It can be concluded that gas drainage design
without considering the inhomogeneous gas pressure and coal
permeability distributions will increase unnecessary engineering
cost.

The disadvantage induced by “space” was closely related to the
mining safety. Gas pressure distributions along two detection lines
which were x = 1515 (line A) and x = 1015 (line B) after drainage
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Fig. 8. Gas pressures of two detection points (A (1515, 200) and B (1015, 200)) varying
with drainage time.

—_
S

Gas pressure (MPa)
s o
(=)} oo

<
~

—o— x=1515m, 100d —e— x=1015m, 100d
—e—x=1515m, 600d —e— x=1015m, 600d

o
)

0.0 A N N SR R N RS RN S R S R
0 50 100 150 200 250 300 350 400

Borehole length (m)

Fig. 9. Gas pressure distributions along three detection lines (x = 1515 and x = 1015)
after drainage 100 d and 600 d.

100 d and 600 d were shown in Fig. 9. The two detection lines were
parallel to the boreholes and point A and point B were located on
line A and line B, respectively, i.e., the two detection lines were also
under the same borehole spacing condition. After drainage 600 d,
the gas pressure on line B was below 0.74 MPa, however, which
only on the part of line A was below 0.74 MPa. According to the
engineering practice, we need to evaluate and justify coal and gas
outburst dangers by testing the residual gas pressure of the pre-
drainage coal seam after drainage. Thus, there will be an enor-
mous risk if the residual gas pressure test point is located in the low
gas pressure area (<0.74 MPa).

From the above discussion it should be clear that, there are two
main disadvantages of drainage design without considering the
influences of the inhomogeneous distributions of gas pressure and
coal permeability, the first one is that it will increase unnecessary
engineering cost and the second one is that it may produce an
enormous risk.

4.2. Case B: how to make gas drainage design with considering the
influences of the inhomogeneous distributions of gas pressure and
coal permeability

The influences of the loess plateau geomorphology on gas
drainage design are mainly from the inhomogeneous gas pressure
and coal permeability distributions. Thus, the first stage to make
gas drainage design is to evaluate the inhomogeneity of gas pres-
sure and coal permeability. Based on the initial distribution of gas
pressure and coal permeability, we made a further evaluation of the
nonuniformities of them. The achieved results show that we can get
a same drainage difficulty judgement of pre-drainage by using both
gas pressure and coal permeability as the evaluation index, sub-
stantially simplifying the evaluation procedure. We introduce the
median value of gas pressure and coal permeability as the critical
value to make the partition of the pre-drainage seam. By doing this,
we can divide the pre-drainage seam into several zones with lower
nonuniformities of gas pressure and coal permeability within each
zone.

As discussed in section 3.2, in the pre-drainage seam, the gas
pressure ranges from 0.81 MPa to 1.66 MPa, and coal permeability
ranges from 0.0137 mD to 0.0508 mD. The median value of gas
pressure and coal permeability were set as 1.2 MPa and 0.032 mD.
The logical judgement results of the initial gas pressure and coal
permeability were shown in Fig. 10. When the initial gas pressure is
lower than 1.2 MPa, the logical judgement result is “1”, otherwise, it
is “0”. For coal permeability, when the initial value is higher than
0.032mD, the logical judgement result is “1”, otherwise, it is “0”. In
particular, there was some data not equal to 1 or O that was located
at the inside boundary between the “1” zone and the “0” zone due
to the operating mechanism of COMSOL, without influencing the
evaluations.

The pre-drainage seam can be divided into 6 zones based on the
logical judgement results (mainly based on gas pressure logical
judgement result). They were zone 1 to zone 6 from left to right.
Among them, zone 1, zone 3 and zone 5 were with a lower drainage
difficulty than the other three zones. The x-coordinate range of
zone 1 to zone 6 was 0—60 m, 60—180 m, 180—315 m, 315—735 m,
735—1100 m and 1100—1600 m, respectively. As the former three
zones were too small to influence the whole engineering cost, the
drainage design of zone 1 and zone 3 was in accordance with that of
zone 5, and the drainage design of zone 2 was in accordance with
that of zone 4. Moreover, by comparing gas pressure distributions
between zone 1, zone 3 and zone 5, it can be concluded that there
was no safety risk of this simplification, which was also tenable for
zone 2.

Based on the above discussion, the second stage to make gas
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Fig. 10. Partitions of the pre-drainage seam based on the logical judgement results of the initial gas pressure and coal permeability.

drainage design is applied by conducting numerical simulations of
gas pressure distributions in zone 4, zone 5 and zone 6 by setting
different borehole spacings. This numerical simulation was char-
acterized by a two-steps approach. At the first step, every 6 bore-
holes were set in zone 4, zone 5 and zone 6; in each zone, the
borehole spacings gradually increases from left to right with a
stationary added value of 5 m. For zone 4, the borehole spacings
ranged from 20 m to 40 m and the x-coordinate of the leftmost
borehole is 400 m; for zone 5, the borehole spacings ranged from
35 m to 55 m and the x-coordinate of the leftmost borehole is
800 m; for zone 6, the borehole spacings ranged from 15 m to 35 m
and the x-coordinate of the leftmost borehole is 1400 m.

The gas pressure distributions after drainage 500 d, 550 d and
600 d, and the logical judgement results of gas pressure (with the
logical judgement condition of p < 0.74 MPa) were shown in Fig. 11.
It is clear that the borehole spacing densities in the three zones
were different from each other, and gas pressure within the bore-
hole influenced area was quite lower than the uninfluenced area
after drainage more than 500 d. However, the gas pressure within
borehole influenced area still shows inhomogeneous characteristic.
Thus, it is needed to conduct regional logical judgement of residual
gas pressure. As shown in Fig. 11, the area where the residual gas
pressure is higher than 0.74 MPa decreases with the increasing
drainage time within the borehole influenced area, and when it
disappears, it can be concluded that the corresponding borehole
spacings are feasible. Take, for example, the performance of bore-
hole spacings were analyzed based on the logical judgement results
of the residual gas pressure in zone 4. The fessible borehole spac-
ings were 20 m and 25 m for zone 4 after drainage 500 d, and which
were 20 m, 25 m, and 30 m after drainage 550 d and 600 d. As the
fessible spacing increases with drainage time, it can concluded that
maximum borehole spacing which is the optimal spacing may be
larger than 30 m after drainage 600 d, i.e., it can be concluded that
the optimal borehole spacing was between 30 m and 35 m. Based
on the same analysis procedure, we obtained the optimal borehole

spacing for zone 5 was between 40 m and 45 m, and for zone 6 was
between 25 m and 30 m. However, the critical value of the optimal
borehole spacing can not be obtained at the first step due to the lack
of adequate information, the seconde step should be implemented.

At the second step, boreholes were set according to that of the
first step, but the stationary added value of borehole spacing now
was 1 m, i.e., the borehole spacings for zone 4 ranged from 30 m to
34 m, for zone 5 ranged from 40 m to 44 m, and for zone 6 ranged
from 25 m to 29 m. Under the new conditions, the gas pressure
distributions after drainage of 500 d, 550 d, and 600 d, and the
logical judgement results of gas pressure (with the logical judge-
ment condition of p < 0.74 MPa) were shown in Fig. 12. Take, for
example, the performance of borehole spacings were also analyzed
based on the logical judgement results of the residual gas pressure
of zone 4. After drainage 550 d, the feasible borehole spacing was
30 m; after drainage 600 d, the feasible borehole spacings were
30 m and 31 m. Though it is possible that the optimal borehole
spacing is between 31 m and 32 m, without markedly influencing
the engineering cost, the optimal borehole spacing of 31 m was
recommended for zone 4. Using the same analysis procedure, we
recommended the optimal borehole spacings for zone 5, and zone 6
were 41 m and 27 m, respectively.

To sum up, the optimal borehole spacing of 41 m was recom-
mended for zone 1, zone 3 and zone 5, the optimal borehole spacing
of 31 m was recommended for zone 2 and zone 4, and the optimal
borehole spacing of 27 m was recommended for zone 6.

Without considering the influences of the inhomogeneous dis-
tributions of gas pressure and coal permeability, about 65 bore-
holes are needed. However, only about 51 boreholes are needed
with considering the influences of the inhomogeneous distribu-
tions of gas pressure and coal permeability, saving about 21.5%
engineering cost. More important, coal and gas outburst dangers
would be eliminated preferably by conducting the gas drainage
design with considering the influences of the inhomogeneous
distributions of gas pressure and coal permeability.
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Fig. 13. Gas pressure distribution along the line y = 300 m after drainage 600 d.

It should be noted especially that the above obtained optimal
borehole spacings were limited by the engineering conditions:
boreholes were straight and with no branch; the drainage time was
specified. As shown in Fig. 12, after drainage of 600 d, it is clear that
the residual gas pressure of small areas was higher than 0.74 MPa
within the borehole influenced area for all the three zones. For a
clear description, the gas pressure along the line y = 300 m after
drainage 600 d was extracted and shown in Fig. 13; it can be found
the gas pressure was lower than 0.74 MPa for all borehole spacings.
So, if the boreholes can be drilled with suitable branches, more
engineering cost would be saved. Moreover, if the drilling trace can
be well controlled and designed based on the numerical simulation
results, another more engineering cost would be saved, which is
based on the combination of gas drainage theory and borehole
drilling technology and equipment. To sum up, it also suggests that
with considering the influences of the loess plateau geo-
morphology, the analysis of borehole performance are helpful to
the gas drainage technological innovations.

5. Conclusions

In this study, theoretical/numerical modeling are conducted to
study the influences of the inhomogeneous distributions of gas
pressure and coal permeability on gas drainage of the pre-drainage
seam. Theoretical modeling is developed by fully coupling gas flow,
gas diffusion, and permeability evolution. Numerical modeling is
achieved by using COMSOL Multiphysics software based on the
finite element method. As the influences of the loess plateau geo-
morphology on gas drainage are reflected in the inhomogeneous
initial distributions of gas pressure and coal permeability, image
recognition technology is applied to rebuilt this initial condition in
two numerical case studies. Based on the work completed, the
following conclusions are made:

(1) The image recognition was achieved by scaling the RGB
values of the distributions of gas pressure and coal perme-
ability in each pixel, providing the practical inhomogeneous
initial condition for the numerical simulation.

(2) The borehole design with good performance obtained
without considering the influences of loess plateau geo-
morphology, showing quite poor performance when applied
to the practical conditions of the pre-drainage seam, i.e., the

loess plateau geomorphology greatly influences gas drainage
of the pre-drainage seam. Based on the comparisons, two
main disadvantages of drainage design without considering
the influences of the loess plateau geomorphology are visu-
ally revealed, including unnecessary engineering cost and
enormous mining risk.

(3) The procedure of making optimal gas drainage design with
considering the influences of the inhomogeneous distribu-
tions of gas pressure and coal permeability is presented. At
the first stage, by comparing to the median value of gas
pressure (1.2 MPa) and coal permeability (0.032 mD), the
pre-drainage seam is divided into 6 zones with lower non-
uniformities within each zone. At the second stage, two-
steps numerical simulations are conducted to analysis the
performance of different borehole spacings in different
zones. Based on the two stages analysis, the optimal borehole
spacings are obtained, which for zone 1, zone 3 and zone 5 is
41 m, for zone 2 and zone 4 is 31 m, and for zone 6 is 27 m,
saving about 21.5% engineering cost compared to the design
without considering the influences of the inhomogeneous
distributions of gas pressure and coal permeability.

The simulation results in this work reveal that the optimal gas
drainage design should be made based on a comprehensive eval-
uation of engineering conditions, which are also helpful to the gas
drainage technological innovations. More additional works are
highly required in the future to develop an accessible combination
of gas drainage theory and borehole drilling technology and
equipment.
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Nomenclature

pr pressure in the fractures, MPa

DPm pressure in the matrix blocks, MPa

Qn gas exchange rate per volume of coal matrix, kg/(m>-s)

Cm concentration of gas in the matrix blocks, kg/m>

Cr concentration of gas in the fractures, kg/m>

T sorption time, s
gas diffusion coefficient, m?/s

Oc coal matrix block shape factor, m2

M, molar mass of methane, kg/mol

R universal gas content, J/(mol-K)

T temperature, K

m quantify of adsorbed gas and free gas per volume of coal
matrix blocks, kg/m>

t time, s

Vi maximum adsorption capacity of coal, kg/m>

Py Langmuir pressure constant, Pa

%Y molar volume of methane under standard condition, m?/
mol

Pc coal density, kg/m>

dm coal matrix porosity, %

bf fracture porosity, %

Pg gas density, kg/m>

74 gas velocity in fractures, m/s

k coal permeability, mD

w methane viscosity, Pa-s

cr,?j effective stress, MPa

aij total stress, MPa

0jj Kronecker delta tensor

Bs effective stress coefficient for fractures

Bm effective stress coefficient for coal matrix blocks

K bulk modulus of coal, MPa

Km bulk modulus of the coal grains, MPa

Ks bulk modulus of the coal skeleton, MPa

E Young's modulus of the coal, MPa

Emn Young's modulus of the coal grains, MPa

v Poisson's ratio of the coal

&jj component of the total strain tensor

U; component of the displacement in the i-direction

F; component of the body force in the i-direction

G shear modulus of coal, MPa

£ sorption-induced volumetric strain

er Langmuir volumetric strain

ko initial coal permeability, mD

bro initial fracture porosity, %

p pore volumetric strain

&g grain volumetric strain

M constrained axial modulus, MPa

Pro initial pressure in the fractures, MPa

DPmo initial pressure in the matrix blocks, MPa

De given constant pressure on the boundaries, MPa

w outward unit normal vector on the boundary

Q subdomain on which the balances are performed

aQ boundaries of the subdomain
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