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a b s t r a c t

Although the influence of gas sorption-induced coal deformation on porosity and permeability has been
widely recognized, prior studies are all under conditions of no change in overburden stress and effec-
tive stress-absent where effective stresses scale inversely with applied pore pressures. Here we extend
formalism to couple the transport and sorption of a compressible fluid within a dual-porosity medium
where the effects of deformation are rigorously accommodated. This relaxes the prior assumption that
total stresses remain constant and allows exploration of the full range of mechanical boundary con-
ditions from invariant stress to restrained displacement. Evolution laws for permeability and related
porosity are defined at the micro-scale and applied to both matrix and an assumed orthogonal, reg-
ular and continuous fracture system. Permeability and porosity respond to changes in effective stress
where sorption-induced strains may build total stresses and elevate effective stresses. Gas accumulation
occurs in both free- and adsorbed-phases and due to effective grain and skeletal compressibilities. A
finite element model is applied to quantify the net change in permeability, the gas flow, and the resultant

deformation in a prototypical coal seam under in situ stresses. Results illustrate how the CO2 injectivity
is controlled both by the competition between the effective stress and the gas transport induced volume
change within the matrix system and by the dynamic interaction between the matrix system and the
fracture system. For typical parameters, initial injection-related increases in permeability due to reduced
effective stresses may endure for days to years but are ultimately countered by long-term reductions in
permeability which may decline by an order of magnitude. Models suggest the crucial role of stresses and

etwe
the dynamic interaction b

. Introduction

With the growing international concern over the issue of global
arming, geological sequestration of CO2 is a significant contender

n the mix of a greenhouse mitigation options. CO2 sequestration in
eep coal seams has attracted attention as a method of reducing the
utput of greenhouse gases to the atmosphere (Gale and Freund,
001). The coal serves as a receptor for the injected CO2 which is
equestered in the naturally fractured medium. The micro-pores
nd pores in the coal matrix provide the main storage space for gas
nd the micro-fractures through macro-fractures comprise rapid
athways for gas seepage and migration. In addition, sorption-
nduced strain of the coal matrix can change the porosity, the
ermeability and the storage capacity of coal seam via feedbacks
o in situ stresses and displacement constraints. Correspondingly,
he evolution of in situ stress conditions have an important influ-

∗ Corresponding author. Tel.: +61 8 6488 7205.
E-mail address: Jishan@cyllene.uwa.edu.au (J. Liu).

750-5836/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.ijggc.2010.02.004
en matrix and fractures in correctly conditioning the observed response.
© 2010 Elsevier Ltd. All rights reserved.

ence on reservoir response and capacity for CO2 storage, inferring
that both flow and mechanical interactions should be followed in
realistic simulations of behavior. This study addresses this com-
plex dynamic problem associated with the deep sequestration of
CO2 in coal seams, incorporating realistic models of gas flow and
coal deformation as a dual-porosity medium.

For dual-porosity media the porous or micro-porous matrix is
the principal reservoir for the interstitial fluid either as a liquid
or a gas and the interconnected fracture network provides access
to these matrix blocks. Dual-porosity representations (Barenblatt
et al., 1960; Warren and Root, 1963) include the response of these
two principal components only—release from storage in the porous
matrix and transport in the fractured network. Conversely, dual
permeability or multiple permeability models represent the poros-
ity and permeability of all constituent components (Bai et al., 1993)

including the role of sorption (Bai et al., 1997) and of multiple flu-
ids (Douglas et al., 1991). Traditional flow models accommodate the
transport response as overlapping continua but neglect mechani-
cal effects. In situations where mechanical effects are important,
this behavior can be included in the response. Conceptualizations

http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
mailto:Jishan@cyllene.uwa.edu.au
dx.doi.org/10.1016/j.ijggc.2010.02.004
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where �i is the component of the total stress tensor and f,i is the
component of body force.

The gas sorption-induced strain, εs, is assumed to result in vol-
umetric strain only. Its effects on all three normal components of
strain are the same. On the basis of poroelasticity and by making
Y. Wu et al. / International Journal of

nclude analytical models for dual-porosity media with averaged
lastic components (Aifantis, 1977), their numerical implementa-
ion, and models including the component constitutive response for
ual (Elsworth and Bai, 1992; Bai and Elsworth, 2000) and multi-
orous (Bai et al., 1993) media. Such models have been applied
o represent the response of permeability evolution (Ouyang and
lsworth, 1993; Liu and Elsworth, 1999) in deforming aquifers (Bai
nd Elsworth, 1994; Liu and Elsworth, 1998) and reservoirs (Bai et
l., 1995), to accommodate gas flow (Zhao et al., 2004) and to evalu-
te the response to external forcing by human-induced effects (Liu
nd Elsworth, 1999) and by earth tide (Pili et al., 2004) and other
echanical influences.
All of these previous models were developed primarily for the

ow of slightly compressible liquids without sorption, and are not
pplicable to the flow of compressible fluids such as CO2 and where
as sorption is the dominant mechanism of storage. Gas sorption
nd dissolution may cause the coal matrix to swell and/or shrink
nd may significantly change the specific surface areas and total
acro-pore volume of the coal matrix. An increase in gas pressure

esults in sorption to the coal matrix and a concomitant decrease
n effective stress and increase in permeability (under constant
otal stresses). This increase in permeability may be countered by
dsorption-induced swelling of the coal matrix if displacement is
estrained (Cui et al., 2004), necessitating that the correct stress
ath is followed if meaningful predictions of permeability evolution
re to be obtained.

The net change in permeability accompanying gas sequestration
s controlled competitively by the influence of effective stresses
nd matrix swelling, again controlled by the boundary conditions
pplied locally between the end-members of null changes in either
ean stress or volume strain (Zhang et al., 2008). When CO2 injec-

ion begins, the gas flows into the cleats first, and then diffuses
nto the matrix due to the gradient. The gas flowing through the
leats is considered to be gas seepage controlled by the permeabil-
ty of fracture in the coal seam (Harpalani and Chen, 1997). But the
as diffusing in the matrix is controlled by both the permeability
nd the adsorption. Most of the gas is stored within micro-pores
n the absorbed state in matrix. Experimental results have shown
hat gas sorption generally follows a Langmuir isotherm (Clarkson
nd Bustin, 1999a,b; Faiz et al., 2007). The overall influences of
he adsorbed gas and effective stress on coal permeability were
nvestigated through experimental (Harpalani and Schraufnagel,
990; Harpalani and Chen, 1997; Seidle and Huitt, 1995), theo-
etical (Gray, 1987; Sawyer, 1990; Seidle and Huitt, 1995; Palmer
nd Mansoori, 1998; Pekot and Reeves, 2003; Shi and Durucan,
003, 2005) and field (Clarkson and Bustin, 1999a,b) observations.
lthough, these studies have improved our understanding of the
ossible causes of permeability changes, they do not include the
nique characteristic of coal as a typical dual-porosity system
ith important coupling between mechanical and transport behav-

ors. Therefore, these studies cannot represent the true dynamics
etween coal deformation, gas transport in the matrix system, and
as transport in the fracture system.

CO2 injection into a coal seam induces complex mechanical,
hysical and chemical interactions. Although the influence of gas
orption-induced coal deformation on porosity and permeability
as been widely studied, these studies are all under the condi-
ions of no change in overburden stress and effective stress-absent.
ccording to the principle of effective stress, the induced coal defor-
ation is determined by the change in effective stress, which can be

eplaced by the change in pore pressure, under the assumption of

ull change in total stress. This is why terms representing effective
tress or total stress are absent in all of these existing permeability
odels. In our previous work (Zhang et al., 2008), this assump-

ion was relaxed and a new porosity and permeability model was
erived. This model was also applied to quantify the net change
house Gas Control 4 (2010) 668–678 669

in permeability, the gas flow, and the resultant deformation in a
coal seam. In this work, a single porosity and permeability model
was modified to represent both the primary medium (coal matrix)
and the secondary medium (fractures), and implemented into a
fully coupled model incorporating coal deformation, CO2 flow and
transport in the matrix system, and CO2 flow and transport in the
fracture system. The novel dual poroelastic model was applied to
quantify the mechanical responses of coal seams to CO2 injection
under in situ stress conditions.

2. Governing equations

In the following, a set of field equations for coal deformation and
gas flow are defined. These field equations are coupled through new
porosity and permeability models for coal matrix and fractures.
These derivations are based on the following assumptions:

(1) Coal is a dual poroelastic continuum.
(2) Strains are infinitesimal.
(3) Gas contained within the pores is ideal, and its viscosity is con-

stant under isothermal conditions.
(4) Conditions are isothermal.
(5) Coal is saturated by gas.
(6) Compositions of the gas are not competitive, i.e., only one gas

component is considered at a time.

In the following derivations, the coal is conceptualized as in
Fig. 1. It consists of coal matrix and fractures. The cubic matrix
length and the fracture aperture are represented by a and b, respec-
tively. Kn is the fracture stiffness, and �e is the effective stress.

2.1. Coal seam deformation

For all equations, traditional conventions are used: a comma
followed by subscripts denotes differentiation with respect to spa-
tial coordinates and repeated indices in the same expression imply
summation over the range of the indices.

The strain–displacement relationship is defined as:

εi = 1
2

(ui,j + uj,i) (1)

where εi is the component of the total strain tensor and ui is the
component of displacement. The equilibrium equation with self
weight and neglecting inertial effects is given as

�i + f,i = 0 (2)
Fig. 1. Dual-porosity fractured medium.
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n analogy between thermal contraction and matrix shrinkage, the
onstitutive relation for the deformed coal seam becomes

i = 1
2G

�i −
(

1
6G

− 1
9K

)
�kıij + ˛

3K
pmıij + ˇ

3K
pf ıij + εs

3
ıij (3)

or the dual-porosity model, the mechanical properties of coal are
ffected by the fracture. The elastic parameters for Eq. (3) can be
ritten as

1 = 1
E

, C2 = 1
Kn · a

(4)

= 1
C1 + C2

(5)

= D

2(1 + �)
(6)

= D

2(1 − 2�)
(7)

= 1 − K

Ks
(8)

= 1 − K

Kn · a
(9)

here E is elastic modulus, G is shear stiffness, �k are the com-
onents of the mean stress, p is gas pressure, the subscript m
epresents the matrix and f the fracture system, εs is the sorption
train, ˛, ˇ are the Biot coefficients (Biot, 1941), K is the bulk mod-
lus, Ks is the grain elastic modulus, Kn is the normal stiffness of

ndividual fractures and ıij is the Kronecker delta.
Combining Eqs. (1)–(3) yields the Navier-type equation:

ui,kk + G

1 − 2�
uk,ki − ˛pm,i − ˇpf,i − Kεs,i + f,i = 0 (10)

This equation is the governing equation for coal deformation. In
hese equations, three variables, pm (gas pressure in the matrix),
f (gas pressure in the fracture), and εs (gas sorption strain), are
inked to gas flow equations as derived in the following section.

.2. Gas flow

The mass balance equation for the gas phase is defined as

∂m

∂t
+ ∇ · (�g

−→q g) = Qs (11)

ere, m is the gas content including free-phase gas and adsorbed
as, �g is the gas density, −→q g is the Darcy’s velocity vector, Qs is the
as source, and t is the time. It is assumed that gas sorption take
laces in the matrix system only. Therefore, the gas contents in the
atrix and the fracture are defined as

m = �gm�m + �ga�c
VLpm

pm + pL
(12)

f = �gf �f (13)

espectively, the subscripts represent m for matrix, f for fracture,
for gas, and c for coal. � is porosity, �ga is the gas density at stan-
ard conditions, VL represents the Langmuir volume constant, pL

epresents the Langmuir pressure. According to the ideal gas law,
he gas density can be defined as,

g = Mg

RT
p (14)

ere, Mg is the molecular mass of the gas, R is the universal gas
onstant, and T is the absolute gas temperature.
Assuming the effect of gravity is relatively small and can be
eglected, the Darcy volumetric flow rate can be defined as follows,

q g = − k

�
∇ · p (15)
Fig. 2. Schematic of inter-relations between pressure in the matrix, pm , pressure
in the fracture, pf , mechanical volumetric strain, εv, effective stress, �e, sorption-
induced volumetric strain, εs, matrix and fracture porosities, �m and �f , and matrix
and fracture permeability, km and kf .

where k is the permeability of the coal and � is the viscosity of
the gas. Substituting Eqs. (12)–(15) into Eq. (11), the governing
equations for gas flow in a dual-porosity medium are obtained as

�m + pa�c
VLpL

(pm + pL)2

]
∂pm

∂t
+ pm

∂�m

∂t
+ ∇ ·

(
−km

�
pm∇ · pm

)
= ω(pf − pm) (16)

�f
∂pf

∂t
+ pf

∂�f

∂t
+ ∇ ·

(
−kf

�
pf ∇ · pf

)
= −ω(pf − pm) (17)

where pa is standard atmospheric pressure, and ω is the transfer
coefficient between matrix and fracture, defined as

ω = 8
(

1 + 2
a2

)
km

�
. (18)

In Eqs. (16) and (17), the porosities for matrix and fracture, �m

and �f, and the permeability for the matrix and the fracture, km

and kf change with the mean effective stress, �e, and the sorption-
induced strain, εs. In the coal deformation equation (Eq. (10)), pm

(gas pressure in the matrix), pf (gas pressure in the fracture), and
εs (gas sorption strain), are linked to the gas flow equations. The
inter-relations between these parameters are summarized in Fig. 2
including the following cross-couplings to accommodate:

(1) Dynamic porosity evolution in the matrix
(2) Dynamic porosity evolution in the fractures
(3) Dynamic permeability evolution in the matrix
(4) Dynamic permeability evolution in the fractures

and are presented in the following sections.

2.3. Cross-couplings

2.3.1. Dynamic porosity model for matrix
The porosity model for the matrix is defined as (Zhang et al.,

2008),

�m = 1
1 + S

[(1 + S0)�m0 + ˛(S − S0)] (19)

where

S = εv + pm

Ks
− εs (20)

S0 = pm0

Ks
− εL

pm0

pm0 + pL
(21)

where εv is the volumetric strain defined as,
εv = �m
e

K
+ εs (22)

where εs is the sorption-induced strain. The sorption-induced vol-
umetric strain εs is fitted onto Langmuir-type curves and has been
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erified through experiments (Harpalani and Schraufnagel, 1990;
obertson and Christiansen, 2005). The Langmuir-type equation is
efined as

s = εL
pm

pm + pL
(23)

here the Langmuir volumetric strain, εL, is a constant represent-
ng the volumetric strain at infinite pore pressure and the Langmuir
ressure constant, pL, represents the pore pressure at which the
easured volumetric strain is equal to 0.5εL.

.3.2. Dynamic permeability model for matrix
Experiments also show that the permeability of coal matrix

aries with porosity as (Liu et al., 1999; Cui and Bustin, 2005):

k

k0
=

(
�

�0

)3

. (24)

ubstituting Eq. (14) into Eq. (24) gives

km

km0
=

(
1

�0(1 + S)
[(1 + S0)�0 + ˛(S − S0)]

)3
. (25)

Here, the subscript 0 denotes the initial value of the variable
nd subscript m denotes matrix. As shown in Eq. (25), the matrix
ermeability is a function of coal mechanical properties, such as
odulus, sorption and pore pressure.

.3.3. Dynamic porosity model for fracture
The porosity of the fracture system with cubic blocks is defined

s (Robertson et al., 2006).

f = 3b

a
(26)

here a is the uniform spacing between fractures defining the edge
imension of the REV cubic matrix, and b the fracture aperture as

llustrated in Fig. 1. The change in porosity is defined as

�f = 3 
b

a
− 3 
a

a2
= �f

(

b

b
− 
a

a

)
(27)

r

�f = �f (
εf − 
εv) (28)

here εf is the strain within the fracture and εv is the volumetric
train of the matrix. Substituting Eq. (22) into Eq. (28), yields,


�f

�f
= 
�f

e

Kn
− 
�m

e

Ks
− 
εs. (29)

f the initial fracture porosity is �f 0 at the initial effective stress �0
e ,

he dynamic porosity can be expressed as

f = �f 0 exp

[
�f

e − �f 0

e

Kn
− �m

e − �m0
e

Ks
− (εs − ε0

s )

]
(30)

here �m
e = (�kk/3) + ˛pm, �f

e = (�kk/3) + ˇpf . �kk is the compres-
ive stress, ˛, ˇ are the Biot coefficients of matrix and fracture.

.3.4. Dynamic permeability model for fracture
For the fracture system comprising continuous orthogonal frac-

ures, the cubic law for fracture permeability can be expressed as

f = b3

12a
. (31)
The dynamic permeability of the fracture system can be
xpressed as

kf = 3b2 
b

12a
− b3 
a

12a2
= kf

(
3 
b

b
− 
a

a

)
(32)
house Gas Control 4 (2010) 668–678 671

or


kf = kf

(
3 
εf − 
εv

)
(33)

Substituting Eq. (22) into Eq. (33), yields,


kf

kf
= 3


�f
e

Kn
− 
�m

e

Ks
− 
εs. (34)

If the initial permeability of the fracture system is kf 0 at the
initial effective stress �0

e , the permeability can be expressed as

kf = kf 0 exp

[
3

�f
e − �f 0

e

Kn
− �m

e − �m0
e

Ks
− (εs − ε0

s )

]
(35)

For this cubic fracture model, the initial porosity and perme-
ability can be calculated by the initial size of matrix block and cleat
aperture.

�f 0. = 3b0

a0
(36)

kf 0 = b3
0

12a0
(37)

Therefore, Eqs. (19), (25), (30), (35) define the general porosity
and permeability model for a dual-porosity medium.

2.4. Coupled field equations

For convenience, the governing equation for coal deformation is
re-written as follows:

Gui,kk + G

1 − 2�
uk,ki − ˛pm,i − ˇpf,i − KεL

pL

(pm + pL)2
pm,i + f,i = 0

(38)

where pm and pf are pore pressures in the matrix and fracture,
respectively. They can be obtained by solving the field equations
for gas flow. Substituting the partial derivatives of �m and �f with
respect to time from Eqs. (19) and (30) and the permeability equa-
tions (25) and (35) into gas flow equations (16) and (17), yields the
final gas flow equations:[

�m + �ga�c
VLpL

(pm + pL)2
+ (˛ − �m)pm

(1 + S)Ks
− (˛ − �m)εLpLpm

(1 + S)(pm + pL)2

]
∂pm

∂t

+∇ ·
(

− k

�
pm∇ · pm

)
= ω(pf − pm) − (˛ − �m)pm

(1 + S)
∂εv

∂t
(39)

�f

(
1 + pf ˇ

Kn

)
∂pf

∂t
− �f

(
pf ˛

Ks
+ εLpLpm

(pm + pL)2

)
∂pm

∂t

+∇ · (− k

�
pf ∇ · pf ) = −ω(pf − pm) − pf �f

(
1

Kn
− 1

Ks

)
∂(�kk/3)

∂t
(40)

In this study, Eq. (39) is re-arranged as

Sg
∂pm

∂t
− ∇ ·

(
k

�
pm∇pm

)
= ω(pf − pm) (41)

where

Sg = Sg1 + Sg2 + Sg3 + Sg4 + Sg5 (42)
Sg1 = �, Sg2 = �cpaVLpL

(p + pL)2
, Sg3 = �

(˛ − �)p
(1 + S)Ks

,

Sg4 = − (˛ − �)εLpLp

(1 + S)(p + pL)2
, Sg5 = (˛ − �)p

(1 + S)
∂εv

∂p
.
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Fig. 3. Cross-couplings between coal deformation equation, gas flow e

here Sg is the gas storativity. Sg1 through Sg5 represent each term
f the right side of Eq. (42). Gas storativity is defined as the volume
f gas released (or sequestered) from storage per unit change in
ressure in the gas reservoir, and per unit volume of the reservoir.

t consists of five components: Sg1 is the volume of gas released
or sequestered) from the free-phase gas; Sg2 is the volume of gas
eleased (or sequestered) from the adsorbed-phase gas; Sg3 is the
olume of gas released (or sequestered) due to the coal grain defor-
ation; Sg4 is the volume of gas released (or sequestered) due to

oal grain shrinking or swelling; Sg5 is the volume of gas released
or sequestered) due to the bulk (skeletal) deformation of the coal.
n the right-hand side, the term is a coupled term with the pressure
ssociated to the gas flow in fracture.

In Eq. (40), the first term of this equation is the gas storage coef-
cient in the fracture. For the remaining terms, the first is the gas
olume resulting from free-phase gas, and the second is the vol-
me resulting from the mechanical deformation of the coal. The
orption-induced strain in the fracture is not considered as the frac-
ure has negligible volume—adsorption only occurs in the matrix.
he second term on the left-hand side represents the change in
olumetric strain and sorption-induced strain in the matrix, which
an also induce a change in gas storage in the fracture. On the
ight-hand side, the first term is a coupled term with the pressure
ssociated with the gas flow in matrix. The second term is a coupled
erm including the rate change in the volumetric strain due to coal
eformation.

Therefore, Eqs. (38)–(40) define a model for coupled gas flow
nd coal deformation in dual-porosity medium. Cross-couplings
etween the field equations of coal deformation and gas flow are

llustrated in Fig. 3.
This DP model is more complex than some other single porosity

odels and those that do not explicitly accommodate displace-
ents. However the required input data are not significantly

reater than for “smeared” single porosity “invariant-total-stress
odels.” The input data can be categorized as four types.
1) The basic mechanical properties. These include the Elastic modu-
lus, Poisson’s ratio, fracture spacing and initial fracture aperture
(from permeability). These parameters can be obtained by lab-
oratory testing.
on in the matrix system and gas flow equation in the fracture system.

(2) The gas flow parameters. These include permeability of frac-
ture/matrix and the porosity of the fracture/matrix. These
parameters can be obtained by laboratory testing.

(3) The adsorption/desorption properties. These include Langmuir
pressure constant, Langmuir volume constant and Langmuir
volumetric strain constant. These parameters can be obtained
by laboratory testing.

(4) The reservoir conditions. These include the in situ stress condi-
tions and the displacement boundary conditions in the near-
and far-field. These are recovered from field observation.

These properties are the basic parameters needed by the model.
Some other parameters can be calculated from these parameters. In
the normal manner, process-based observations of response result
from the application of measured and estimated parameters and
their matching with field observations through calibration.

2.5. Boundary and initial conditions

For the Navier-type equation, the displacement and stress con-
ditions on the boundary are given as

ui = ũi(t), �ijnj = F̃i(t) on ∂˝ (43)

where ũi(t) and F̃i(t) are the components of prescribed displace-
ment and stress on the boundary ∂˝, respectively and nj is the
direction cosine of the vector normal to the boundary. The ini-
tial conditions for displacement and stress in the domain ˝ are
described as

ui(0) = u0, �ij(0) = �0 in ˝ (44)

Here, u0 and �0 are initial values of displacement and stress in the
domain ˝. For the gas flow equations, the Dirichlet and Neumann
boundary conditions are defined as
pm = p̃m(t), �n · km

�
∇pm = Q̃ f (t) on ∂˝ (45)

pf = p̃f (t), �n · kf

�
∇pf = Q̃ f

s (t) on ∂˝ (46)
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Table 1
Property parameters of simulation model.

Parameter Value

Young’s modulus of coal, E (MPa) 2713
Young’s modulus of coal grain, Es (MPa) 8143
Possion’s ratio of coal, � 0.339
Density of coal, �c (kg/m3) 1400
Density of CO2, �g (kg/m3) at standard condition 1.98
Viscosity of CO2, � (Pa s) 1.84 × 10−5

Langmuir pressure constant, PL (MPa) 6.109
Langmuir volume constant, VL (m3/kg) 0.015
Langmuir volumetric strain constant, εL 0.02295
Initial porosity of matrix, ϕm0 0.02
Initial permeability of matrix, km0 (m2) 10−18
Fig. 4. Quarter simulation model of CO2 injection to a coal seam.

ere, p̃(t) and Q̃s(t) are the specified gas pressure and gas flux on
he boundary. The subscripts m and f represents matrix block and
racture, respectively. The initial conditions for gas flow are

m(0) = pm0, pf (0) = pf 0 in ˝. (47)

. Investigation of pressure responses

Eqs. (38)–(40) define the coupled gas flow and coal deforma-
ion response through (1) dynamic porosity evolution in the matrix
Eq. (19)) and the (2) fracture system (Eq. (30)); and through (3)
ynamic permeability evolution in the matrix (Eq. (25)) and the (4)
racture system (Eq. (35)). The resulting equation system had been
olved by use of Comsol Multiphysics, a commercial PDE solver.
n the following sections, the results of pressure responses to CO2
njection are presented.

.1. Model description and input parameters

In order to investigate the dual poroelastic response of a coal
eam to CO2 injection, a simulation model was constructed as

hown in Fig. 4. A quarter of the injection well with a radius of 0.1 m
s located at the left-bottom corner of the model. The whole model
as 5104 elements in total and the number of degrees of freedom is
1,588 comprising two displacements and two pressures (fracture
nd matrix) at each node.

Table 2
Simulation matrix for the investigation of pressure responses to CO2 injection und

Case 1
Impacts of the ratio of coal bulk modulus to gain modulus on pressure response

Case 2
Impacts of fracture spacing on pressure responses to CO2 injection

Case 3
Impacts of in situ stresses on pressure responses to CO2 injection
Fracture aperture, b0 (m) 1 × 10−4

Matrix size, a0 (m) 0.01
Lateral stress ratio, � 1.5

Appropriate boundary conditions must be applied to this
coupled coal deformation and gas flow problem. For the coal defor-
mation model, the left side and base are both rollered and in situ
stresses are applied to the top and the right side. The ratio of the
horizontal in situ stresses (along page to across page) is kept as 1.5.
For gas flow, a constant pressure of 8 MPa is applied to the injection
well. No flow conditions are applied to all the other boundaries. An
initial pressure of 0.5 MPa is applied in the model. Input properties
are listed in Table 1. The values of these properties were chosen
from the literature (Robertson and Christiansen, 2005) with the
initial porosity and permeability of the fracture system calculated
from Eq. (36) and (37).

A series of injection conditions as listed in Table 2 was simulated
to investigate the mechanical responses of coal. Simulation results
are presented in terms of (1) the impacts of modulus ratio, (2) the
impacts of fracture density, and (3) the impacts of in situ stresses
on the boundary.

3.2. Simulation results and discussions

3.2.1. Impacts of ratios of the coal bulk modulus to the coal grain
modulus

To investigate the impact of skeletal and grain modulii on the
resulting response, four simulations were conducted with: (1)
K/Ks = 1/2 and εv /= 0; (2) K/Ks = 1/3 and εv /= 0; (3) K/Ks = 1/10
and εv /= 0; (4) K/Ks = 1/3 and εv = 0. In all these simulations, the
fracture spacing is set to a = 0.01 m, the in situ stresses to Fy =
−6 MPa and Fx = −9 MPa. Simulation results are shown in Figs. 5–8.

As shown in Eq. (41), there are five contributing mechanisms

to the storativity: free gas compression, gas absorption, coal grain
deformation, coal shrinking or swelling, and coal bulk (skele-
tal) deformation. The contribution of each mechanism to the
complete gas storativity is shown in Fig. 5. As the matrix pore
pressure increases, the volume of gas released (or sequestered)

er different conditions.

s to CO2 injection

K/Ks = 1/2, εs /= 0

K/Ks = 1/3, εs /= 0

K/Ks = 1/10, εs /= 0

K/Ks = 1/3, εs = 0
a = 0.01, εs /= 0

a = 0.05, εs = 0

a = 0.01, εs /= 0

a = 0.05, εs = 0
Fy = −1 MPa, Fx = � · Fy

Fy = −6 MPa, Fx = � · Fy

Fy = −12 MPa, Fx = � · Fy
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Fig. 5. Contributions of each mechanism to gas storativity in the matrix: Sg1 is the
volume of gas released (or sequestered) from the free-phase gas; Sg2 is the vol-
ume of gas released from the adsorbed-phase gas; Sg3 is the volume of gas released
due to the coal gain deformation; Sg4 is the volume of gas released due to coal
grain swelling; Sg5 is the volume of gas released (or sequestered) due to coal bulk
(skeleton) deformation.

F
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ig. 6. The relation between matrix permeability ratio and matrix pore pressure at
he specific point of x = 2 and y = 2, adjacent to the wellbore.

rom the adsorbed-phase gas contributes about 87.6–93.9% to

he total gas storativity. The volume of gas released from the
ree-phase contributes 6.1–12.2% to the total gas storativity,
nd that from bulk deformation contributes 0.38–3.44% to the
otal gas storativity. The contributions from the other mecha-

ig. 8. The distribution of matrix pressure (pm) along a radius outward from the well
= 1 × 107 s; (c) t = 5 × 107 s; (d) t = 1 × 108 s.
Fig. 7. The evolution of the matrix permeability ratio with time at a specific point
of x = 2 and y = 2 adjacent to the wellbore.

nisms are less than 3.5% in total. These results indicate that gas
sorption is the primary mechanism for gas production or seques-
tration.

The relation between matrix permeability ratio and matrix pore
pressure at a specific point is shown in Fig. 6. For the simulation of
K/Ks = 1/3 and εv = 0 (without sorption), the permeability ratio
increases with an increase in the matrix pore pressure as expected
with the effective stress dependency. Conversely, for all other sim-
ulations, the permeability ratio decreases with an increase in the
matrix pore pressure. In these situations, the effective stress effect
and the sorption effect are competing: an increase in the matrix
pressure (or a decrease in the effective stress) enhances the matrix
permeability while an increase in the sorption reduces the matrix
permeability. For these particular conditions the resultant effect is
a monotonic decrease in permeability with increasing pressure as
the effects of sorption-induced swelling dominate.

The evolution of the matrix permeability ratio with time at
a specific point is shown in Fig. 7. At early time, when there

is little influence of sorption, the matrix permeability remains
almost unchanged. As sorption increases, the matrix permeabil-
ity decreases until the gas uptake reaches a final equilibrium.
For all three cases of mechanical response, the evolution of per-

bore (the diagonal line y = x) for different modulus ratios: (a) t = 5 × 106 s; (b)
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on close to the wellbore (x = 2 and y = 2) for the cases of a = 0.01 m and a = 0.05 m.
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Fig. 9. The evolution of fracture permeability ratio with time at a specific locati

eability follows a similar trend but is regulated by the various
odulus ratios. For example, the permeability ratio decreases with

ncreasing pore pressure. The ultimate permeability ratios at steady
tate are in the range 0.71 (K/Ks = 0.5) to 0.26 (K/Ks = 0.1) when
= 108 s. This can be explained through Eq. (8). The greater the
odulus ratio, the smaller the Biot coefficient ˛. Since the Biot

oefficient measures the effect of pore pressure on the coal defor-
ation, the greater value of bulk modulus ratio results in smaller

ltimate permeability ratio of matrix.
The spatial and temporal variations of the pore pressure in

atrix are shown in Fig. 8(a)–(d). These results show that the per-
eability modification profiles propagate outward from the source

f the pressure perturbation (the borehole) with time. The rates of
ropagation and the ultimate permeability ratios are again mod-
lated by the modulus ratios. The greater the modulus ratio, the
aster the CO2 diffuses into the matrix block, indicating that the
iot coefficient has a significant effect on CO2 transport.

.2.2. Impacts of fracture spacing
Four simulations were conducted: (1) a = 0.01 m and εv /= 0;

2) a = 0.05 m and εv /= 0; (3) a = 0.01 m and εv /= 0; (4) a = 0.05 m
nd εv = 0. In all these simulations, the modulus ratio is assumed
qual to K/Ks = 1/3 and the in situ stresses as Fy = −6 MPa and
x = −9 MPa. Simulation results are shown in Figs. 9–14.

These analyses demonstrate the competitive changes in per-
eability in the fractures and matrix as the coal matrix swells.
s fracture pressures are initially increased, effective stresses

re reduced and fracture permeabilities concomitantly increased
Fig. 10). Although gas pressures remain elevated, the evolution
f sorption in the matrix results in swelling, which ultimately
educes fracture permeability as total stresses in the near well-
ore ultimately build, even as fluid pressures remain constant

ig. 10. The evolution of fracture permeability ratio with matrix pore pressure close
o the wellbore (x = 2 and y = 2) for all four cases.
Fig. 11. The distribution of fracture pressure (pf) along a radius outwards from the
wellbore (the diagonal y = x) for different times.

(Fig. 10). This process begins around 106 s, congruent with the
results for the matrix, noted in Fig. 7. The key influence of sorption-
induced swelling in augmenting total stresses is inferred from
Fig. 10 where absent swelling, fracture permeabilities are always
increased with an increase in pore pressure. This influence of
swelling-induced changes in total stresses is a key component
of this analysis that cannot be accommodated where mechanical
effects are only incorporated approximately for assumed constant
total stresses.
For the case of CO2 injection, an increase in the matrix pressure
(or an increase in the gas sorption) reduces the fracture permeabil-
ity significantly. Ultimate response is also conditioned by the Biot
coefficient, ˛—as the Biot coefficient decreases (increasing matrix

Fig. 12. The distribution of matrix permeability ratio a radius outward from the
wellbore (along the diagonal y = x) for different times.
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ig. 13. The relation between matrix permeability ratio and matrix pore pressure
lose to the wellbore (x = 2 and y = 2) for different in situ stresses.

odulus ratio) the influence of pore pressure on coal deformation,
nd hence on permeability change is reduced.

The evolutions of spatial changes of pore pressure in the frac-
ure are shown in Fig. 11, indicating more rapid transport where
he fracture density is large. Similarly, where the fracture system
ffectively transports CO2 into the core of the domain, far from the
ellbore, the pore pressures within the matrix are able to respond
ore quickly, with the relatively short diffusion length (Fig. 12).

.2.3. Impacts of in situ stresses
Three simulations were conducted: (1) Fy = −1 MPa and Fx =

1.5 MPa; (2) Fy = −6 MPa and Fx = −9 MPa; (3) Fy = −12 MPa
nd Fx = −18 MPa. In all these simulations, the modulus ratio
s assumed as K/Ks = 1/3. Simulation results are shown in

igs. 13–15.

The evolution of ultimate permeability is weakly linked to ini-
ial stress magnitude, as illustrated in Fig. 13. Higher initial stresses
rovide greater confinement and result in a slight decrease in ulti-
ate permeability. The boundary conditions selected here are for a

ig. 14. The distribution of fracture pore pressure radially outward from the wellbore (alon
c) t = 5 × 106 s.
Fig. 15. The distribution of the differential value between pore pressure for the case
of Fy = −1 MPa and that for the case of Fy = −12 MPa under three different times.

single injector in an infinite two-dimensional medium. If injection
is completed on a grid, then the stress boundary conditions would
be replaced by rollered sides, and ultimate reductions in perme-
ability would be greater. The ultimate permeability reductions for
a single well are of the order of 0.31 at 12 MPa and 0.45 at 1 MPa,
suggesting that injection is progressively more difficult as initial in
situ stresses increase.

The pore pressure distributions within fracture at different
points in time are shown in Fig. 14. It can be seen from these fig-
ures that the CO2 transport under small overburden loads is much
more rapid than at elevated initial stresses. This results as low
stresses allow higher fracture permeabilities which in turn allow
more rapid transport of CO2 to the extremities of the reservoir.
Once supplied to the distal portions of the reservoir, sorption is
controlled by the diffusive length-scale of the matrix block edge
dimension (fracture spacing). The differences in pore pressure for

two uniform stress states of 1 and 12 MPa at different points in time
are shown in Fig. 15. The greatest difference in pore pressure was
obtained at 3 × 106 s. This means that at the beginning the gas pres-
sure increases much faster under small in situ stress under large in
situ stress.

g the diagonal y = x) for different in situ stresses: (a) t = 1 × 106 s; (b) t = 3 × 106 s;
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. Conclusions

In this study, a novel dual poroelastic model is developed to
uantify the dynamics of CO2 injection into coal. The model sep-
rately accommodates compressible gas flow and transport in the
oal matrix and fracture systems and rigorously accommodates the
ole of mechanical deformations for a dual-porosity continuum.
ince mechanical interactions and the role of sorption-induced
trains are rigorously accommodated, micro-mechanical models
re capable of recovering the evolution of porosity and permeabil-
ty in both the coal matrix and the fracture network. This linearized

odel represents important non-linear responses due to the com-
letion between effective stress and sorptive effects that cannot
e recovered where mechanical influences are not rigorously cou-
led with the transport system. Major findings are summarized as
ollows:

1) Unlike the flow of slightly compressible fluids where no sorp-
tion is included, the gas sorption for this study is the primary
mechanism for either gas production or sequestration. In this
dual poroelastic model, there are five contributing mechanisms
to the storativity, namely: free gas compression, gas absorp-
tion, coal grain deformation, coal shrinkage/swelling, and bulk
skeletal deformation of the coal. Our simulation results indi-
cate that the volume of gas released (or sequestered) from the
adsorbed-phase contributes about 90% to the total gas content.

2) Unlike dual poroelastic models for the flow of slightly com-
pressible fluids where the coal grain modulus can be assumed
large in comparison to the skeletal modulus, the coal grain mod-
ulus for this study may have significant impacts on response.
Model results indicated that the permeability of the matrix
is mainly affected by sorption-induced coal deformation. The
grain modulus is an important parameter that affects the
evolution of permeability when adsorption is taken into consid-
eration. The greater the ratio of coal bulk modulus to coal grain
modulus, the more rapid the reduction in matrix permeability
ratio.

3) Unlike the flow of slightly compressible fluids in inert media
where the fracture permeability typically increases with an
increase in pore pressure in the fracture, this study illustrates
a counter influence of sorption. Early-time increases in perme-
ability in response to elevated fracture pressures are lost and
ultimately reversed as sorption-induced changes in permeabil-
ity swell the matrix, locally increase total stresses, and elevate
effective stresses. The timing of this reversal in response is con-
ditioned by the diffusive timescale conditioned by the ratio of
fracture spacing squared to the sorptive diffusivity of the coal
matrix.

Changes in permeability are shown to be important and fast act-
ng. Permeability may be reduced by an order of magnitude from
he initial permeability and these changes act within the design
ives of typical projects (days to years). End member behaviors
or stress or displacement boundary conditions may be recovered
irectly from the constitutive relations. Where local total stress
onditions are applied, permeability at steady state will increase
or both matrix and fracture system in response to injection. Where
trains are constrained, injection-induced permeabilities within
he fracture will initially increase and subsequently decrease as
orptive stresses build. Where restraints are mixed, the response
ill be defined both by the constitutive behavior and local stress
quilibrium, requiring that full solution of the coupled equa-
ions is completed. Thus, for accurate and reliable predictions
f the response to gas injection in sorptive media, a fully cou-
led model linking transport, sorption and deformation must be
mployed.
house Gas Control 4 (2010) 668–678 677
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