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Abstract

Coupled gas flow and solid deformation in porous media has received considerable attention because of its importance in pneumatic
test analysis, contaminant transport, and gas outbursts during coal mining. Gas flow in porous media is quite different from liquid flow
due to the large gas compressibility and pressure-dependent effective permeability. The dependence of gas pressure and gas desorption on
gas permeability has a significant effect on gas flow, but has been ignored in most previous studies. Moreover, solid deformation has a
direct impact on the porosity, which also leads to desorption or sorption of methane in the coal seam. In this study, a coupled
mathematical model for solid deformation and gas flow is proposed and is implemented using a finite element method. The numerical
code is used to solve the gas flow equation with Klinkenberg effect, and is validated by comparison with available analytical solutions.
Then, it is used to simulate the coupled process during gas migration in a deformable coal seam. The numerical results indicate that the
desorption and Klinkenberg effects and mechanical process effect make a significant contribution to gas flow in the coal seam. Without
considering the desorption and Klinkenberg effects and the coupling action of mechanical process, the gas pressure in the coal seam

would be underestimated.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Coupled gas flow and solid deformation in porous media
has received considerable attention because of its impor-
tance in areas such as pneumatic test analysis, contaminant
transport, and gas outbursts during coal mining [1-3]. One
major area of application concerning the coupled gas flow
and solid deformation has been considered in the field of
petroleum engineering, in which gas flow through porous
media is of paramount importance [4]. The transient flow
of gas through porous media has also received attention in
such field as fluid mechanics, physics, and thermody-
namics.

Gas flow in porous media is quite different from liquid
flow due to the large gas compressibility and the pressure-
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dependent effective permeability [5,6]. The dependence of
gas permeability on the gas pressure of porous media,
which is called the Klinkenberg effect, has a significant
effect on gas flow behavior, but it has been ignored in most
previous studies. Moreover, the desorption-induced matrix
shrinkage also leads to a permeability increase [7]. For
methane migration in the coal seam, the porosity decrease
due to the compaction of coal also induces the sorption or
desorption of methane, which of course changes the gas
content. Therefore, it is important to study subsurface gas
flow as a coupled process.

Coal-bed gas production is a two-stage process: upon
desorption following a reduction in the cleat pressure, gas
diffuses out from within the matrix blocks to the cleats; it is
then transported along the cleats to the production well.
During this process, the geological structures, in situ
stresses and high-gas-pressure gradients play important
roles in initialing an outburst, with the gas content and
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gas-pressure gradients being the most dominant factors [8].
Therefore, the gas migration in coal seam is a coupled
process in which the gas flow and solid mechanical
deformation interact with each other. This process becomes
more complex when the gas content, which depends on gas
pressure and solid deformation, and the Klinkenberg
effect, which reflects the effect of gas pressure on the gas
permeability, are included. In previous models, gas
migration has been studied as a coupled gas flow and solid
deformation process when the gas content is considered to
be dependent on gas pressure [8-12]. In the reservoir
simulation study of gas-bearing coal beds, the COMET
computer model is fully three-dimensional to account for
vertical wells intercepting multiple coal seams and struc-
tural features [13]. The unique feature of this coupled
model is that the stress-induced changes in cleat porosity
and permeability, and sorption or desorption of gas, are
included. However, these studies do not consider the
desorption and Klinkenberg effects for the gas flow
analysis, which are also very important for characterizing
gas flow in porous media. On the other hand, many other
analyses have introduced more complex gas flow equa-
tions. For example, Ville [6] took the inertia effect term and
the quadratic Forchheimer resistance term into account in
the gas flow equations, whereas Wu et al. [1] and Skjetne
and Auriault [14] accounted for the pressure-dependent
effective permeability effect (Klinkenberg effect). However,
due to the complexity of the equation system, they ignored
the coupled effect of solid deformation on the porosity, and
even the effect on the gas content (sorption or desorption
of gas) in the coal seam. Therefore, further efforts should
be made in order to fill a gap in the gas migration
simulation when the coupling between gas flow and solid
deformation, as well as the desorption and Klinkenberg
effect of the permeability, are taken into account.

The primary objective of this work is to formulize the
fully coupled gas flow and mechanical deformation
processes when the desorption and Klinkenberg effects
are taken into account. The principal feature of this study
is that the dependence of permeability on the gas
desorption and gas pressure (desorption and Klinkenberg
effects), as well as the coupling between gas flow and solid
deformation, are included in the numerical simulations,
and their effects on the gas flow are discussed.

2. Governing equations

The present study will involve two coupled processes, gas
flow and solid deformation, wherein one physical process
affects the initiation and progress of another. The
individual processes, in the absence of full consideration
of cross couplings, form the basis of well-known disciplines
such as elasticity and gas dynamics. Therefore, the
inclusion of cross couplings is the key to mathematically
formulating the coupled process.

A comprehensive review of mathematical formulations
for the coupled thermal, hydraulic, and mechanical (THM)

systems can be found in [15]. In this study, we formulate
the coupled equations based on [16]. Conservation
equations for mass and momentum are derived on the
macroscopic scale (all variables are averaged over the REV
of the medium) for a saturated, porous elastic medium.

2.1. Mechanical equilibrium equation

The porous medium is assumed to be perfectly elastic so
that no plastic deformation occurs. The constitutive
relationship of an isotropic linear poroelastic medium can
be expressed in terms of the total stress o;; (positive for
tension), strain ey pore fluid pressure change p (negative
for suction) as

G
1-2
in which G is the shear modulus (Pa), v is the Poisson’s
ratio, ¢, is the Kronecker delta tensor defined as 1 for i =
and 0 for i#j, and the parameter o (<1) is the Biot’s
effective stress coefficient which depends on the compres-
sibility of the rock or coal constituents.

Using compact notation, the equations of equilibrium and
the strain-displacement relationship can be expressed as

2Gv
gjj = ZGS!‘,‘ + VSkk(SU‘ — Otpé,‘j, (1

(7,']"]' + F,‘ = O (2)
and

1
& =5 (uij + u; ), (3)

respectively, where F; and u; (i = X, y, z) are the component
of the net body force and displacement in the i-direction.
With the help of Egs. (1) and (3), a modified Navier
equation in terms of displacement under a combination of
changes of applied stresses and pore gas pressures can be
derived from equilibrium (2) as

Gui’ﬁ + — OCp,l» + Fl' =0. (4)

T2y i

2.2. Gas flow equation

The material is composed of a solid matrix that contains
interstitial pore space filled with a freely diffusing pore gas.
The absorption or desorption of gas may occur when the
gas pressure and porosity of coal seam are changed.

Under isothermal conditions, the gas flow in porous
media is governed by a mass balance equation,

0
=4V (0,0 = 0, 5)

where m is the methane content (kgm ™), pg is gas density
(kgm™?), q, is Darcy’s velocity of gas phase (m s7h, 0, is
source term (kgm~>s™"), and ¢ is time (s).

The ideal gas law is used to describe the relation between
gas density and pressure as

Py = Pp, (6)
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where p, is gas density (kg m~?), p is gas pressure (Pa), and
B is a compressibility factor (kgm > Pa™"), defined as

= M,/RT, ()

where M, is the molecular weight of the gas (kg/kmol), R
the universal gas constant (kJ kmol™'K™"), and T the gas
temperature (K).

2.2.1. Sorption and desorption of gas from coal seam
The methane content reserved in the rock matrix can be
described by the Langmuir’s equation [17]:

m= ﬁ(’f’) ‘”"2’%) : 8)

1+ ayp

where m is the methane content (kgm™), ¢ is porosity, p is
gas pressure (Pa), po is unit atmospheric pressure (Pa),
which is 1.013 x 10° Pa, ps is the density of coal (kgm™),
and a; and a, are Langmuir’s constants with units of
m>kg™! and Pa™', respectively. Actually, this equation
defines the sorption and desorption of gas from coal seam
under changing gas pressure, whereas the sorption
isotherm defines the relationship between gas content and
pressure only.

The gas flow follows Darcy’s flaw, and so Darcy’s
velocity of the gas phase is defined as

K
— ;g - (Vp + pagVa), 9)
g

q, =

where qg is Darcy’s velocity (m/s), kg is gas permeability of
rock (m?), Mg is gas dynamic v1s0051ty (Pas), g is
acceleration of gravity (ms~?). In many cases, the
gravitational term is relatively small, and Vz = {00 1}T
ignored in later calculations, because the contribution of
gas density on the Darcy velocity is relatively small
compared to that of the gas pressure.

Substituting Egs. (6), (8) and (9) into Eq. (5), we find

ﬁ[j"' aaps ald%Ps }6172
o l4+ap 2(1—i—azp)2

_v. (ﬁ’EW) o, (10)
Hg

2.2.2. Desorption and Klinkenberg effects
According to Klinkenberg [18], the effective gas perme-
ability depending on gas pressure is given by

kg:koo(1+b>, (11)
P

where k., is the absolute gas permeability under very large
gas pressure at which condition the Klinkenberg effect is
negligible (m?), and b is the Klinkenberg factor (Pa),
depending upon the mean free path of the gas molecules
which, in turn, depends on pressure, temperature, and
molecular weight of the gas. It is generally expected that
the Klinkenberg effect is the greatest in fine-grained, low
permeability porous media [1]. Jones [19] found that b

decreases with increasing permeability and it is fitted to be,
b = ok, (12)

where oy is Klinkenberg effect coefficient (Pam®’?), which
is fitted to be 0.251 based on the experimental data of 100
cores ranging in permeability from 0.01 to 1000 mD [1].
Other researchers [19,20] also present the similar fitted
value of b from a study using approximately 100 low
permeability rock samples.

2.2.3. Effect of desorption induced matrix shrinkage

The most important conclusion of the previous work is
that desorption of gas causes the coal to shrink [7]. The
shrinkage of coal matrix causes the permeability to increase
significantly once the pressure falls below the desorption
pressure. Above the desorption pressure, the effect of pore
volume compressibility is dominant and the permeability
decreases. However, once the pressure falls below the
desorption pressure, the effect of matrix shrinkage becomes
dominant resulting in increased permeability.

According to the fitting excise based on the experimental
results of desorption of methane from coal specimen, the
variation in permeability with decreasing gas pressure can
be expressed with an equation of the form [7]

kg0 =%+6‘2 +esp? (13)

where p is the gas pressure, kg is the permeability at zero
stresses, and ¢y, ¢,, and ¢z are three coefficients that must
be determined based on gas desorption experiments. For
different experimental conditions, the similar non-linear
equations with different coefficients should be given. In the
experiments of Harpalani and Schraufnagel [7],
c; =2.25¢—12, ¢, =7.50e—20, and c¢3=4.62573e—31,
when the units of pressure and permeability are Pa and
m?, respectively.

Eq. (13) actually describes the influence of both the
desorption and Klinkenberg effects on permeability of
coal, which is complex and the two effects cannot be
separated.

2.3. Cross coupling equation

The effect of gas flow processes on the mechanical
process is implicit in Egs. (1) and (4). In addition, gas
content is dependent on the porosity, which is closely
related to solid deformation, which is given by [12]

d) = (d)O - ¢ ) exp(ot¢, . G_U) + ¢r’ (14)

where ¢ is porosity at zero stress, o is stress sensitivity
coefficient, which is 5.0 x 10~ Paf1 [12], ¢, is residual
porosity at high stress, and &, is the effective mean stress
(with tension positive and in Pa), which is calculated as [12]

5b=(01+0'2~|-0'3)/3+06p, (15)

where « is Biot’s effective stress coefficient [21] and a1, 0>,
and o3 are first, second, and third principal stresses,
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respectively. In the current calculations, we have o =1,
which is a reasonable value [12]. Besides, the absolute gas
permeability is correlated to the porosity according to the
following exponential function [12]

kg = kgo exp[22.2(¢/ by — )] (16)

where k4 is the zero stress gas permeability when
desorption and Klinkenberg effects are both considered
(m?), and kg is the gas permeability under non-zero stress
condition with desorption and Klinkenberg effects con-
sidered.

The above equations (13) and (16) describe three
different mechanisms that dominate the permeability
changes. The former incorporates the effect of desorption
and Klinkenberg effect, while the latter depends on the
porosity changes induced by effective stress because the
permeability increases with porosity.

In this regard, the permeability at zero stress condition
koo is firstly calculated from Eq. (13) in order to consider
the desorption and Klinkenberg effects and, secondly, the
permeability at non-zero stress k, is obtained according to
Eq. (16).

It can be seen that the permeability is not only dependent
on desorption and Klinkenberg effects, but is also related
to the porosity. On the other hand, porosity is related to
the effective stress.

2.5. Initial and boundary conditions

For completeness, standard boundary conditions and
initial conditions are defined as follows.

2.5.1. Boundary conditions
Stress—displacement conditions for the mechanical ana-
lysis are defined as

u(x, ) =u(x,t), telo,00), 17

o(x,t)-n=F(x,1), tel0,00), (18)

where u(x, 7) and F(x, 7) are the known displacement and
stress at boundary, respectively, and n is the outward unit
normal vector on the domain boundary.

Fluid flow process:

The Dirichlet condition:

p(x, 1) = p(x,1), t€][0,00), (19)
The Neumann condition:

;Vp ‘n=Q,x,1), tel0,00), (20)

g

where j(x, ) and Q,(x, t) are known boundary gas pressure
and gas flux, respectively.

2.5.2. Initial conditions
Initial conditions for the mechanical and gas flow
analyses are defined as

u(x,0) =uy on V, (21)

d(x,0) =069 on V, (22)

p(x,0) =p, on V, (23)

where uy, 6y, and p, are initial values of displacement,
stress, and gas pressure at the domain V. The quantity V'
represents the volume under consideration.

2.6. Numerical implementation in COMSOL multiphysics

The above governing equations, especially the gas flow
equation with desorption and Klinkenberg effects, is a non-
linear partial differential equation (PDE) with second order
for space and first order for time. The non-linearity appears
both in space and time domain, and therefore these
equations are not possible to be solved analytically.
Therefore, the complete set of coupled equations is
implemented, and solved by using COMSOL Multiphysics,
a powerful PDE-based multiphysics modelling environ-
ment [22]. In COMSOL Multiphysics, the specified PDEs
may be non-linear and time dependent and act on a 1D,
2D, or 3D geometry. The PDEs and boundary values that
are represented by general forms is

0
da§+v-r,=F1, in Q,
R
—n- I =G+ (6 '")um, on 09Q, (24)
Ouy
0=R,, on 0Q.

The first equation (24a) is satisfied inside the domain Q,
and the second (24b) (generalized Neumann boundary) and
third (24c) (Dirichlet boundary) equations are both
satisfied on the boundary of the domain 0Q. n is the
outward unit normal and is calculated internally. The
equation index / ranges from 1 to N, while the constraint
index m ranges from 1 to M. This discussion uses the
summation convention. F;, G;, and R, are scalars and can
be functions of the space, time, and the solution uy,
whereas I; is a vector and w, (m=1,2,...,M) are
unknown vector-valued functions called the Lagrange
multipliers [22]. This multiplier is also calculated internally
and will only be used in the case of mixed boundary
conditions.

In this study, the independent variable ' denotes three
variables, i.e., u, v, and p, which are displacement in x
direction, displacement in y direction, and gas pressure,
respectively. All the coupling relationships, which are
included in those coefficients such as F;, G, R,, and I},
can be given based on friendly input dialogs of COMSOL
Multiphysics.

Compared to the loose coupling, in which two sets of
equations are solved independently (as in one-way cou-
pling) with two simulators, the fully coupled simulator—
COMSOL Multiphysics can solve the coupled multi-
physical processes simultancously. Specifically, we derive
a single set of equations incorporating the physics of gas
flow and the physics of solid deformation in porous media.
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The cross-couplings among multiphysics are defined by the
coupled relations between material properties and inde-
pendent variables.

3. Comparison to the analytical solution

In order to examine the accuracy of the COMSOL
Multiphysics in simulating the porous medium gas flow
with the Klinkenberg effect, the steady and transient gas
flow in rock is numerically solved and compared with the
analytical solution. In this regard, it is not possible to find
the analytical solution for the coupled gas flow and
mechanical process; therefore, the comparison to the
analytical solution given only for the gas flow process
including the Klinkenberg effect.

3.1. One-dimensional steady gas flow

For the isothermal system (f is a constant), assuming
also that porosity ¢ is a constant, under one-dimensional
steady-state flow condition, we can simplify Eq. (10) when
Eq. (11) is substituted into, and obtain

0 [kofp+D)Op\
2 (strsom) -

The analytical solution of this equation can be derived
under the boundary conditions that are: a constant mass
injection rate Q,, at the inlet (x = 0) and a constant gas
pressure p(L) at the outlet (x = L). This solution can be
written as follows:

Py = b+ \/ B+ L+ 200pt) + 22

(26)

The numerical model of this one-dimensional gas flow
problem is carried out for a rock column. The rock column
is 10m long, in which the single-phase gas at isothermal
condition is contained. A constant gas mass injection rate
is imposed at the inlet of the column, while a constant
pressure is kept at the outlet end of the rock column. The
parameters, as listed in Table 1, are selected from a
laboratory study of the welded tuff at Yucca Mountain
[23].

Fig. 1 presents the comparison of pressure along the rock
column from our numerical result and the analytical
solution, which indicates that the numerical solution of
this study is in excellent agreement with the analytical
solution for this problem.

In order to discuss the effect of the Klinkenberg effect on
the gas flow process, different values of b, which are
pertinent to the permeability at high gas pressure as
expressed in Eq. (12), are selected and the numerical results
are shown in Fig. 2. At the lower permeability (high
Klinkenberg factor b), its effect on the gas pressure is very

Table 1
The parameters used for one-dimensional steady gas flow with Klinken-
berg effect

Parameter Value
Klinkenberg factor, b 7.6 x 10° Pa
Permeability at very high pressure, k., 5.0x 107" m?
Length of the column, L 10.0m

Outlet boundary pressure p(L) 1.0 x 10°Pa

Air mass injection rate, Q,, 1.0x 10 %kgs™!

Compressibility factor, f§ 1.18 x 103 kgPa~'m~3
Porosity, ¢ 0.3

Gas dynamic viscosity, p, 1.84x 10> Pas

Gas density, p, 1.0kgm™3

8
7
= 6 "\u\u\u\
a
2 5
) ‘D\D\n\«
g 4
o 4| —— Analytical solution (Wu et —\u\u\
= al., 1998) “\\k\
o
® 2] o Numerical solution in this \
11— study \
O 1 1 1 1
0 2 4 6 8 10

Distance (m)

Fig. 1. Comparison of numerical and theoretical results of one-dimen-
sional steady gas flow with Klinkenberg effect.

salient. This effect disappears as the permeability at very

high gas pressure (k) is increased to 10~'*m?.

3.2. Two-dimensional transient gas flow

This is to examine the capability of the COMSOL
Multiphysics formulation in simulating transient gas flow
with Klinkenberg effect. When no gas desorption is
considered and the source term is ignored, the mass
balance equation for gas flow is expressed as

op

where p, is gas density (kg m~), q, is Darcy’s velocity of
gas phase (ms™'), and ¢ is time (s).

When gravity effects are ignored, substituting Egs. (6),
(9) and (11) into Eq. (27) gives

' o

V- (Vpp) = ——=2,
Op ot

(28)

where we use a new variable p, = p+b, o, is gas diffusivity,
which is expressed as

_keo(ptb)

op = Tﬂg . (29)
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T
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?
o 01r
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G 010002 |- K.. = 1.0e-12 m?
0.1r b =3.95e03 Pa
0.09998 L L L L
0 2 4 6 8 10

x coordinate (m)

Fig. 2. The gas pressure distribution at different Klinkenberg factors with
or without Klinkenberg effect considered.

This example concerns gas injection into a well in a large
horizontal, uniform, and isothermal formation, which
follows Eq. (28). A constant gas mass injection rate is
applied at the well, and the initial pressure is uniform
throughout the formation. As listed in Table 2, the
parameters that are pertinent to this example are the same
as the ones in the analytical solution given by Wu et al. [1].

Fig. 3 presents our numerical result, which is the gas
pressure distribution after 10 days of gas injection, in
company with the analytical solution and the numerical

Table 2
The parameters used for two-dimensional transient gas flow with
Klinkenberg effect

Parameter Value
Klinkenberg factor, b 475 x 10*Pa
Permeability at very high pressure, k., 1.0 x 107" m?
Air mass injection rate, Q,, 1.0 x 10 kgs™!

Porosity, ¢ 0.3
Gas dynamic viscosity, iy 1.84 x 10> Pas

1.02 ‘&
101 f
1.00 =

0.99 1 1 1 1
0

1.06

1.05 — Analytical solution (Wu et
= al., 1998)
% 1.04 —— Numerical solution in the
9 \ study
s 1.03 . . .
Y ‘? o Numerical solution with
5 TOUGH2 (Wu et al., 1998)
2
s
@
O

Distance (m)

Fig. 3. Comparison of numerical and theoretical results of two-dimen-
sional transient gas flow with Klinkenberg effect (This is the gas pressure
distribution after ten days of injection.).

result calculated with TOUGH2 [1]. It can be found that
this numerical solution compares well with the one given
by TOUGH2. The analytical solution of Eq. (28) is usually
obtained based on linearization of the gas flow equation
using the conventional approach [1]. Therefore, the error
occurs for the analytical solution when compared with the
numerical results given by this study and by TOUGH2.

4. Numerical simulation of gas migration in coal seam

In the above section, the validations of the gas flow
model and its implementation into COMSOL Multiphysics
against theoretical solutions are given when gas flow with
Klinkenberg effects is considered. In this section, the
coupled model that has been numerically implemented is
used to simulate gas migration in coal seam.

In this section, we will focus on simulating the gas
migration in coal seam, which is of course dominated by
geological structure, in situ stresses, gas content and gas
pressure, and not concerned about the real coal or gas
outburst because the outburst is, in fact, controlled by
failure process of coal.

4.1. Geometry and boundary conditions

The geometry and boundary condition of this example is
shown in Fig. 4. The depth from the surface to the top of
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the analyzed region is 200 m. The analyzed region is 26 m
along the vertical direction and 25 m along the horizontal
direction. The coal seam, which is 20 m in length and 6 m in
depth, is horizontally layered between two rock layers. The
crosscut is Sm in length throughout all thicknesses of the
coal seam. The mechanical deformation is only considered
within the rock, while both the coupled gas flow and
mechanical deformation analysis are conducted within the
coal seam.

For the gas flow process analysis, it is only done in the coal
seam. The initial gas pressure in the coal seam is 2.1 Mpa,

¥ i
Rock
£
[«
¥ . =
20 m
=0]————>
¥ [dp/dy = 0] ok
:;E Coal (Gas flow applies only in coal seam.) 1
I °
£¥ iy £
© Initial condition: p = 2.1MPa e
) !
$ [0p/dy = 0] ——————> *
=
H N
y
Rock
¥ i
v 7 o v 7 X

Fig. 4. Geometry and boundary conditions for the coupled mechanical
deformation and gas flow process in coal seam, where gas flow applies
only in the coal seam. (The equations in the square brackets presented the
boundary conditions for gas flow. py = 1.01e05Pa.)

and a constant atmospheric pressure of 0.101 MPa is applied
at the boundary near the working face, while a zero gas flux
is applied at the other boundaries. With respect to the solid
deformation analysis, the displacements along the vertical
direction on the top and bottom boundaries and along the
horizontal direction on the left and right boundaries of the
analyzed region are fixed. The in situ stress induced by
gravity of overburden strata of 200 m height is applied at the
top boundary. The initial displacement in the domain is
assumed to be zero. The gravity of rock and coal seam is also
considered. The coupling relationships, which include the
desorption and Klinkenberg effects, as well as the effect of
mechanical deformation on porosity and permeability, are
implemented into COMSOL Multiphysics and its effect on
gas flow is discussed. The desorption and Klinkenberg effects
are assumed to have the same properties as that experi-
mented by Harpalani and Schraufnagel [7]. The parameters
used in this example are given in Table 3.

4.2. Gas pressure distribution

Fig. 5 presents the gas pressure distribution at different
times. It can be seen that the maximum pressure, which is
located at the left boundary, is still the initial gas pressure
(2.1 MPa) before time ¢z = 1e09s. The maximum pressures
decreases over time, which are 2.1e06, 1.94e06 and
7.35¢05Pa at r = 1e09, 1el10 and lells, respectively. Fig.
6 shows the plot of gas pressure along the horizontal line
y =13. For the sake of convenient contrast, the gas
pressure distributions when no mechanical process is
considered as well as when no mechanical process and no
desorption and Klinkenberg effects are considered are also
plotted. The desorption effect together with the Klinken-
berg effect, leads to the increase of permeability, while
the compressive volumetric strain leads to the decrease
of permeability. The gas pressure will be underestimated
when no coupling of mechanical process is included.

Table 3

The parameters used for transient gas migration in coal seam

Parameter Value

Young’s modulus of rock, E 24500 MPa
Poisson’s ratio of rock, v 0.25

Young’s modulus of coal, £ 7410 MPa
Poisson’s ratio of coal, v 0.33

Mass density of coal, pq 1.25x 10°kgm 3
Klinkenberg factor of coal, b 7.6 x 10° Pa
Stress sensitivity coefficient of coal, o, 50x 1078 Pa~!
Zero-stress porosity of coal, ¢ 0.083

Residual porosity of coal, ¢, 0.02

Langmuir’s constant of coal, @, 3.817x 107 2m’ kg ™!
Langmuir’s constant of coal, a, 7.90 x 10°Pa~!
Coefficient for desorption and Klinkenberg effects, ¢, 2.25¢—12
Coefficient for desorption and Klinkenberg effects, ¢, 7.50e—20
Coefficient for desorption and Klinkenberg effects, c¢3 4.62573e—31

Compressibility factor of gas, f§
Gas dynamic viscosity, i,
Gas density, p,

1.18 x 10~ kgPa™'m™3
1.84 x 10 Pas
1.0kgm™
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For the flow process only (without considering the effect of
permeability decrease due to compressive volumetric
strain), the non-incorporation of desorption and Klinken-

ad t=1e08s b t=1e09s

C t=1e10s d t=1e11s

k=) o © ¥ o 0 © ¥ @«
< N i — \a — — =} o o o

Max: 2.10e6
Min: 1.01e5

Fig. 5. Gas pressure distribution in the coal seam at different time scales
(The maximum pressures are 2.1e06, 2.1e06, 1.94e06, and 7.35¢05Pa at
t = 1e08, 1e09, 1el0, and lells, respectively.).

W.C. Zhu et al. | International Journal of Rock Mechanics & Mining Sciences 44 (2007) 971-980

berg effects in the numerical analysis underestimates the
gas pressure.

In this example, the gas in the coal seam is drained
gradually, as shown in Fig. 7. Before time ¢ = 1e07s, the
gas content decreases fairly little. Most of the gas drainage
occurs from the time 7= 1.0e07 and 1.0ells. In this
respect, ignoring the coupling action of mechanical process
leads to fast gas drainage.

4.3. Porosity evolution

Fig. 8 shows the porosity distribution during the gas
drainage. The mechanical process is not considered time-
dependent. Therefore, the porosity change at different
times, as shown in Fig. 8, are only induced by gas pressure
variation as the transient gas flow progresses. In general,
all the results indicate that the porosity has declined
due to the compaction of the coal. In this regard, the
decline of the gas pressure increases the effective average
compressive stress, thereby restraining the decline of the
porosity.

As shown in Fig. 8, although the porosity through-
out the coal seam is lower that its initial value at zero
stress state (¢ = 0.083), the higher porosity is found
near the working face. Owing to the Dirichlet boundary
of pressure near the working face, there is a fixed porosity
that is almost 92% of its zero-stress porosity. The
lowest porosity is found at the edges between the working
face and roof (or floor), because high compressive
stress concentration occurs here. Fig. 9 plots the porosity
distribution along the horizontal line that crosses the
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Fig. 6. Gas pressure distribution along the horizontal line y = 13 m for different numerical models, at = 108, 109, 1e10, and lells (Here “DH effects”

means the desorption and Klinkenberg effects.).
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Fig. 7. The gas content in the coal seam at different times (The gas
content is obtained when the gas mass at a time is normalized with initial
gas mass. Here “DH effects” means the desorption and Klinkenberg
effects.).
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Fig. 8. Porosity evaluation in the coal seam at different time scales during
the fully coupled processes.

mid-thickness of the coal seam. With the elapse of
time, the ratio of ¢/¢o near the left side boundary
is decreased gradually from 0.978 at ¢=1e06s, to
0.955 at ¢t = lel2s. The porosity decline owing to the
increase of effective compressive stress, is obviously
found.

With regard to the major principal stress, it is positive
(tensile) only near the work face, and this tensile stress zone
becomes smaller over time (Fig. 10). At time ¢ = 1.0e12s,
the tensile stress zone disappears, which indicates that the
gas flow gradually releases the tensile stress concentration
near the working face.

1.01
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x coordinate (m)

Fig. 9. Porosity distribution along the horizontal line y =13m at
different times during the fully coupled processes. (Here ¢ and ¢, are
the porosity under current stress condition and that under zero-stress
condition, respectively.)
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Fig. 10. Major principal stress distribution along the horizontal line
y = 13m at different times during the fully coupled processes.

5. Conclusions

In this article, the governing equations for the coupled
gas flow and solid deformation in saturated porous media
are proposed. In the gas flow equation, the large gas
compressibility on permeability, the desorption and Klin-
kenberg effects on permeability, as well as the sorption and
desorption of gas in the coal seam that are related to the
gas pressure and coal porosity, are all taken into account.
The coupling is achieved when the gas pressure is applied
on the solid, and the solid deformation has a significant
effect on the porosity of coal. All these governing equations
are implemented into COMSOL Multiphysics, a powerful
PDE-based multiphysics modelling environment.

The gas flow equation, as well as its implementation in
COMSOL Multiphysics, is validated against the analytical
solution when the Klinkenberg effect is included. Fully
coupled simulation on the gas migration in coal seam is
carried and the impact of desorption and Klinkenberg
effects, as well as of stress-sensitivity of porosity on the gas
pressure distribution, is analyzed, where the gas pressure-
dependent methane sorption or desorption is also being
considered. The gas pressure will be underestimated when



980 W.C. Zhu et al. | International Journal of Rock Mechanics & Mining Sciences 44 (2007) 971-980

neither coupling interaction of mechanical process nor the
effect of desorption and Klinkenberg is considered. There-
fore, in order to capture the gas flow in coal seam
effectively, it is very important to consider the desorption
and Klinkenberg effects as well as coupling effect of solid
deformation during the gas migration.

The numerical simulations in this study have concluded
that the porosity will reduce as gas emission; however, the
occurrence of in situ rock failure will involve dramatic
porosity increase. Therefore, more sophisticated non-linear
material failure models will be needed in further work in
the future.
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