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A B S T R A C T   

To understand the flow processes in naturally fractured coal reservoirs, a 3D numerical model for coupled gas 
flow, adsorption and deformation at the scale of coal cleat and matrix blocks is presented in this study. A discrete 
fracture matrix (DFM) modelling approach has been adopted where flow patterns in fractures and matrices are 
described separately and explicitly. Different from previous studies in which constant diffusion coefficient, 
equilibrium adsorption and lumped deformation of matrix and fracture are assumed, in this study, adsorbed 
gases are treated as an independent phase and the mass exchange process between free phase and adsorbed phase 
is described using the Langmuir kinetic model. Different gas transport mechanisms in a porous coal matrix are 
considered for both phase gas transport. Particularly, an equivalent poroelastic continuum model is applied to 
represent deformation of fracture-matrix system, in which impacts of fracture deformation on the bulk matrix- 
fracture deformation is accounted for. The hybrid dimensional elements have been employed to discretize the 
governing equations where fractures are discretized using lower-dimensional interface elements. The accuracy of 
developed model is validated against experimental results collected from literatures. The simulation results 
indicate that the gas diffusion process in coal matrices is pressure dependent, surface diffusion of adsorbed gas 
can contribute to the bulk gas diffusion in coal matrices. Individual cleat initially exhibits a slight opening, 
followed by significant closure due to adsorption-induced swelling. Ignoring the effect of fracture on bulk 
deformation, the aperture change is overestimated.   

1. Introduction 

Coal seams have been broadly recognized as one of the target for-
mations for geological sequestration of carbon dioxide (CO2) due to their 
large volume and often collocation with cluster of large, industrial scale, 
point-source emissions (Masum et al., 2022; Vangkilde-Pedersen et al., 
2009). In addition, injection of CO2 has the potential of enhancing 
coalbed methane recovery concurrently, which can be used for energy 
supply and offsetting CO2 sequestration costs (Cho et al., 2019; Omoti-
lewa et al., 2021). CO2 sequestration and coalbed methane recovery are 
complex flow problems and associated with unique structure of coal 
seams. 

Coal is a naturally fractured porous rock composed of fracture 
network and porous matrix blocks, as shown in Fig. 1(a). When gas is 
injected in coalbeds, it firstly flows through fractures, and then diffuses 
into porous coal matrices. Coal matrix contains numerous pores, which 
provide the potential sites that have strong affinity to certain gases, such 
as CO2, CH4 (Chen et al., 2022; Shi and Durucan, 2003), as shown in 

Fig. 1(b). Fracture network provides the main flow channel for fluid 
flow, which is generally controlled by the fracture aperture. However, 
majority of the studies represent permeation of coalbeds in terms of coal 
permeability rather than direct measurement of change in fracture 
aperture (Pan and Connell, 2012). Recently, Chen et al. (2020a) pre-
sented a two dimensional discrete fracture model of coupled fluid flow, 
adsorption and geomechanics to study dynamic behaviors of fractures in 
coal. From the numerical modelling study, they reported that fracture 
aperture reduced significantly due to adsorption induced coal-swelling. 
Bertrand et al. (2019) reported that prediction based on porosity evo-
lution can largely deviate from the direct fracture aperture models, and 
numerical models at the scale of the matrix and the cleats should be 
considered. 

Gas transport in a coal matrix is the intermediate or rate-controlling 
step of gas migration (Chen et al., 2020b), and critical for successful, 
long term CO2 storage and CH4 production. Gas migration in porous coal 
matrix consists of two important processes: gas diffusion and adsorp-
tion/desorption. The widely used approach to obtain diffusivity of gas in 
coal matrices is conversion of kinetic data into diffusion rates using 

* Corresponding author. 
E-mail address: chenm24@cardiff.ac.uk (M. Chen).  

Contents lists available at ScienceDirect 

Gas Science and Engineering 

journal homepage: www.journals.elsevier.com/gas-science-and-engineering 

https://doi.org/10.1016/j.jgsce.2023.204901 
Received 15 November 2022; Received in revised form 18 December 2022; Accepted 18 January 2023   

mailto:chenm24@cardiff.ac.uk
www.sciencedirect.com/science/journal/29499089
https://www.journals.elsevier.com/gas-science-and-engineering
https://doi.org/10.1016/j.jgsce.2023.204901
https://doi.org/10.1016/j.jgsce.2023.204901
https://doi.org/10.1016/j.jgsce.2023.204901
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Gas Science and Engineering 110 (2023) 204901

2

elapsed time during the adsorption/desorption processes (e.g. Busch 
et al., 2004; Pillalamarry et al., 2011; Sadasivam et al., 2022). Zhao et al. 
(2019) presented a detailed review on the models of gas diffusion in 

coals including analytical and empirical models. The unipore diffusion 
(UD) model and bidisperse diffusion (BD) model are two widely used 
diffusion models to study diffusion behavior in coal matrix. Some studies 

Nomenclature 

a Spacing between fractures 
B Strain displacement matrix 
beff Biot’s effective stress coefficient 
bs Slip coefficient 
Cf Gas concentration in fractures 
CL Maximum adsorbed phase concentration 
Cm Gas concentration in coal matrices 
Cs Adsorbed phase concentration 
Cf ′ Compliance matrices for fracture 
Cm′ Compliance matrices for matrix 
df Fractal dimension of the pore surface 
dm Normalized molecular size 
DK Knudsen diffusivity 
Ds Surface diffusion coefficient 
D0

s Surface diffusivity at zero coverage 
Dv Viscous flow-induced diffusivity 
E Young’s modulus of coal matrix 
G Shear modulus 
Kn Knudsen number 
Kns Normal fracture stiffness 
Kns0 Initial normal fracture stiffness 
Ksh Normal and shear fracture stiffness 
k∞ Intrinsic permeability of porous media 
M Molar weight 
NI Shape function 
n Porosity of coal matrix 
pf Gas pressure in fractures 

pL Pressure constant of Langmuir isotherm 
pm Gas pressure in coal matrices 
rh Hydraulic radius of the pore 
R Universal gas constant 
S Sink/source term 
T Temperature 
u Displacement 
vf Flow velocity 
Zf Gas compressibility factor 
Γfm Fracture-matrix mass transfer term 
μ Gas viscosity 
ωK Weighting coefficient for Knudsen flow 
ωv Weighting coefficient for viscous flow 
τ Tortuosity of the porous medium 
θ Gas coverage on the micropore wall 
γa Rate constants for adsorption 
γd Rate constants for desorption 
v Poisson’s ratio 
σ Total stress tensor 
σe Effective stress tensor 
σ′

n Effective normal stress acting at fracture surface 
ε Strain vector 
εL Volumetric strain coefficient of gas 
εe elastic strain vector 
εs Sorption-induced strain 
w Hydraulic aperture of fractures 
wm Maximum closure of the fracture aperture 
Δw Change in fracture aperture 
W Ratio of rate of blockage to forward migration  

Fig. 1. (a) 3D schematic of naturally fractured coal and (b) representation of gas transport process in fractured coal.  
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suggested that the UD model with only one characteristic diffusion co-
efficient is sufficient to describe the adsorption kinetics of gases in coals 
(e.g. Charrière et al., 2010; Pone et al., 2009). The study by Clarkson and 
Bustin (1999) compared the UD and BD models for dull and bright coals 
of different pore sizes, it was reported that the UD model was able to 
capture sorption kinetics of gases in some bright coals, however, UD 
model was insufficient to describe dynamic adsorption-diffusion pro-
cesses of gases in most coals with multimodal pore distributions. In 
contrast, BD model, which has two characteristic diffusion coefficients, 
shows the capacity of capturing the sorption kinetics in multimodal 
coals (Busch et al., 2004; Clarkson and Bustin, 1999; Cui et al., 2004). 
On the other hand, in these models, the diffusion coefficients are 
assumed to be constant, which contradicts experimental observations. 
For example, Charrière et al. (2010) observed that the adsorption ki-
netics of CO2 and CH4 in coal is pressure- and temperature-dependent. 
Furthermore, application of these models to field studies is not real-
istic or feasible due to complex mathematical procedures and difficulties 
in obtaining the model parameters for coals. Therefore, more attempts 
are required to address these issues on sorption kinetics involved in gas 
migration in coals. 

The purpose of this study is to develop a three-dimensional cleat 
scale model for coupled compressible gas flow and geomechanics in a 
deformable fractured coal. The free phase and adsorbed phase gas are 
treated separately based on relevant gas transport mechanisms. The 
mass exchange between these phases is described by a Langmuir ki-
netics. Instead of traditional dual porosity model which assumes fracture 
network as a continuum, the fracture flow in present model is repre-
sented explicitly through discrete fracture matrix model. An equivalent 
poroelastic continuum model is applied to account for the effect of 
facture deformation on the bulk fracture-matrix deformation. In the 
subsequent sections, firstly, the governing equations for gas phases 
transport and deformation are presented, followed by numerical solu-
tions in section 3. Section 4 presents the validation tests of the proposed 
model against experimental results to confirm reliability of the devel-
oped model. Finally, in Section 5, an application of the model to 
investigate the coupled transport and deformation processes of gases in 
coal at the cleat scale is detailed. The conclusions are drew in section 6. 

2. Model development 

In this work, the discrete fracture matrix (DFM) model is employed to 
represent flow processes in discrete fractures and porous rock matrices. 
Discrete fracture is idealized as a lower-dimensional geometric object. 
For example, a 2D plane represents fractures in 3D problems, as shown 
in Fig. 2. The whole domain Ω is: 

Ω=Ωm ∪
∑

d
wm × Ωf ,d (1)  

in which Ωm represents the domain occupied by matrix, Ωf ,d is the 
domain occupied by the dth discrete fracture, and wm is the mechanical 
aperture of fracture. 

Below, a set of filed equations for gas transport and coal deformation 
are developed based on the following assumption: 1) Coal is considered 
to be a dry; 2) Coal matrix is homogeneous, isotropic and elastic; 3) The 
strain is small; 4) The coal is isothermal; 5) Gas exists as free phase in 
natural fractures, however, it may be free or adsorbed phase in the coal 
matrix. Both phases obey the principle of mass conversation; In the 
following, the subscript m denotes the matrix and the subscript f denotes 
the fractures. 

2.1. Gas transport 

2.1.1. Free gas flow in fractures 
The governing equation for gas flow in fractures is expressed as: 

∂
∂t
(
Cf wh

)
= − wh∇l •

(
vf Cf

)
− Γfm (2)  

where Cf is the gas concentration in fractures, wh is hydraulic aperture of 
fractures, vf is the flow velocity along the longitudinal direction of 
fracture and Γfm is the fracture-matrix mass transfer term. ∇l is the lower 
dimensional gradient operator, for 3D problems, ∇l can be expressed as 
∇l =

∂
∂x′ +

∂
∂y′ x′

− y′ is local coordinate, x′ axis and y′ axis are parallel to 
fracture surface, as shown in Fig. 2, they are generally not consistent 
with the global coordinate. 

The longitudinal flow velocity vf is described as (van Golf-Racht, 
1982): 

vf = −
w2

12μ∇lpf (3)  

pf =Zf RTCf (4)  

where μ is the gas viscosity, pf is the gas pressure in fractures, Zf is the 
gas compressibility factor, R is the universal gas constant and T is 
temperature. In this work, the Equations of State proposed by Peng and 
Robinson (1976) is used to calculate the compressibility factor and the 
gas viscosity is described by Chung et al.‘s approach (Poling et al., 2001). 

2.1.2. Free gas diffusion in coal matrices 
Based on the principle of mass conservation, the mass balance 

equation for a free gas in porous matrices can be expressed as (Chen 
et al., 2020b, 2021; Cui et al., 2022): 

∂(neCm)

∂t
=∇ • (ωKDK +ωvDv)∇Cm +Γfm − S (5)  

Fig. 2. Schematic representation of the discrete fracture matrix approach (x′ -y′ is local coordinate).  
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where ne = n
(

re
rh

)2
, n is the porosity of coal matrix in absence of gas 

adsorption, re = rh − dmθ, rh is the hydraulic radius of the pore, dm is the 
normalized molecular size, θ is the gas coverage on the micropore wall. 
The term in bracket on right hand side is the total gas flux in the free 
phase, ωK = Kn

1+Kn 
and ωv =

1
1+Kn 

are two weighting factors for measuring 
the contributions from Knudsen diffusion and viscous flow to free gas 
migration, respectively (Chen et al., 2020b; Wu et al., 2016). Kn is 
Knudsen number, DK is Knudsen diffusivity and Dv is viscous 
flow-induced diffusivity, S is the sink/source term allowing for mass 
exchange between free phase and adsorbed phase, which will be 
detailed later. 

Knudsen number (Kn) is defined as the ratio of a molecular mean free 
path to the average pore diameter (Javadpour et al., 2007; Villazon 
et al., 2011): 

Kn =
μ

2repm

̅̅̅̅̅̅̅̅̅̅̅̅
πZRT
2M

√

(6)  

where pm = ZmRTCm is the gas pressure in matrices and M is the molar 
weight. 

Following Darabi et al. (2012), the Knudsen diffusion coefficient DK 
is given as: 

DK =
2re

3
ne

τ

(
dm

2re

)df − 2 ̅̅̅̅̅̅̅̅̅̅̅̅
8ZRT
πM

√

(7)  

where τ is tortuosity of the porous medium, df is the fractal dimension of 
the pore surface accounting for the effect of pore-surface roughness. 

Following the work by Chen et al. (2021), the viscous flow-induced 
diffusivity Dv can be expressed as: 

Dv =

(
re

rh

)4k∞

μ u(1+αrKn)

(

1+
4Kn

1 − bsKn

)(

1+
Cm

Z
∂Z

∂Cm

)

(8)  

where k∞ = n
τ

rh
2

8 represents the intrinsic permeability of porous media, 

αr = 1.358
(

1 + 0.178
Kn

0.4348

)− 1 
is the rarefaction coefficient, bs is the slip co-

efficient (here bs = − 1) associated with slippage effect (Civan, 2010). 

2.1.3. Adsorbed gas transport 
Surface diffusion is considered to be the dominant mode of transport 

for adsorbed gases, and the adsorbed gas concentration gradient is the 
driven force for surface diffusion (Wu et al., 2016; Xiong et al., 2012). 
Considering the principle of mass conversation, the governing transport 
equation for adsorbed gas can be expressed as (Chen et al., 2020b): 

∂[(1 − n)Cs]

∂t
=∇ • (1 − n)Ds∇Cs + S (9)  

where Cs is the adsorbed phase concentration and Ds is the surface 
diffusion coefficient. 

Under isotherm conditions, surface diffusivity depends on the 
adsorbed gas concentration, the following relationship propose by Chen 
and Yang (1991) is adopted here: 

Ds =D0
s
1 − θ + W

2 θ(1 − θ) + (1 − W) W
2 θ2H(1 − W)

(
1 − θ + W

2 θ
)2 (10)  

H(1 − W) =

{
0 W ≥ 1
1 0 ≤ W < 1 (11)  

where D0
s is the surface diffusivity at zero coverage, W is defined as the 

ratio of the rate of blockage to the rate of forward migration, which is a 
measure of the degree of blockage by another adsorbed molecule (Chen 
and Yang, 1991). 

It is believed that the gas adsorption obeys the Langmuir adsorption 
isotherm and, therefore, the gas coverage θ can be described as: 

θ=
Cs

CL
(12)  

where CL is the maximum adsorbed phase concentration. 

2.1.4. Mass exchange between free gas and adsorbed gas phases 
Mass interchange between adsorbed and free phase can be charac-

terized by the adsorption kinetics, as shown in Fig. 1(b). Considering 
Langmuir kinetics, the gas adsorption rate, Ra, and desorption rate, Rd, 
can be expressed as (Do and Wang, 1998): 

Ra = γapm(CL − Cs) (13)  

Rd = γdCs (14)  

where γa and γd are the rate constants for adsorption and desorption, 
respectively. 

Therefore, the net rate of adsorption, Rnet, can be given as: 

Rnet =Ra − Rd = γd[BLpm(CL − Cs) − Cs] (15)  

where γa/γd = BL = 1/pL, pL is pressure constant of Langmuir model. 
The mass exchange term between free and adsorbed phases in 

equations (5) and (9) can be given as: 

S=(1 − n)γd[BLpm(CL − Cs) − Cs] (16)  

2.2. Deformation of fractured porous rock 

Matrix blocks are generally surrounded by cleats, however, they are 
in reality not completely separated from each other by fractures, but 
connected by the matrix “bridges” (Liu and Rutqvist, 2010). The me-
chanical behavior of the fractured rock can be divided into two pro-
cesses: when the dual system is compressed, the fracture firstly 
undergoes deformation because of its lower stiffness. Normal and shear 
fracture stiffness are usually introduced to qualify the fracture defor-
mation. While the fractures are nearly closing, the stiffness of the rock 
tends to be identical to that of the intact rock matrix, the fracture and 
matrix will deform together (Bertrand et al., 2017). Therefore, lump 
deformation of both matrix and fracture together should be considered. 

Matrix bridges connect the adjacent matrix blocks like springs (e.g. 
Gu and Chalaturnyk, 2006), as shown in Fig. 3. Considering the 
fracture-matrix system at 3D stress state shown in Fig. 3, the relationship 
between changes in total stress and the effective stress can be written in 
incremental form as: 

dσ = dσe − beff mdp (17) 

Fig. 3. Schematic of fracture-matrix system with 3D loading.  
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where σ is total stress tensor, the current formulation considers a posi-
tive sign convention for tensile stress. σe is effective stress tensor, m is a 
vector, mT = (1, 1,1, 0,0, 0) for three dimensions, beff is the Biot’s 
effective stress coefficient. 

Deformation of coal is composed of mechanical deformation due to 
effective stress and adsorption-induced swelling, and it can be described 
as: 

dε= dεe + dεs (18)  

where ε is the total strain vector, εe is the elastic strain vector, εs is the 
sorption-induced swelling strain. A linear relationship between swelling 
strain and total adsorbed amount of gas is usually employed to calculate 
swelling strain (e.g. Cui et al., 2007): 

dεs =
1
3
εLdCs (19)  

where εL is the volumetric strain coefficient of gas. 
The total elastic strain increment due to deformation of matrix and 

fracture is expressed as: 

dεe = dεe
f + dεe

m (20) 

The elastic strain for individual region is: 

dεe
m =Cm′ dσe (21)  

dεe
f =Cf ′ dσe (22)  

where Cm′ and Cf ′ are the compliance matrices for matrix and fracture 
region, respectively, given as: 

Cm′ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
E

−
v
E

−
v
E

0 0 0

−
v
E

1
E

−
v
E

0 0 0

−
v
E

−
v
E

1
E

0 0 0

0 0 0
1

2G
0 0

0 0 0 0
1

2G
0

0 0 0 0 0
1

2G

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

Cf ′ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1
Kna

0 0 0 0 0

0
1

Kna
0 0 0 0

0 0
1

Kna
0 0 0

0 0 0
1

Ksha
0 0

0 0 0 0
1

Ksha
0

0 0 0 0 0
1

Ksha

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

where E is the Young’s modulus of coal matrix, v is Poisson’s ratio, and G 
is the shear modulus, Kns and Ksh are normal and shear fracture stiffness, 
a is the spacing between fractures. 

The normal stiffness of fracture is generally not constant but sensitive 
to normal fracture aperture. The change in normal stiffness for a fracture 
can be evaluated using the empirical model proposed by Bandis et al. 
(1983): 

Kns =
Kns0

1 − Δw
wm

(23)  

Where Kns0 is the initial normal fracture stiffness, wmm is the maximum 

closure of the fracture aperture and Δw =
σ′

nwmm

σ′
n+Kn0wmm 

is the change of 

fracture aperture, σ′

n is effective normal stress acting at the fracture 
surface (Chen et al., 2020a), wm is mechanical aperture of fractures, 
which is different from hydraulic aperture and can be determined by 
direct measurements. Because of the influences of surface roughness, 
tortuosity etc. The mechanical aperture is generally larger than the 
corresponding hydraulic apertures (Gu and Chalaturnyk, 2010). The 
empirical model presented by Barton et al. (1985) can be used to 
describe the relationship between hydraulic apertures and mechanical 
apertures: 

wh =

⎧
⎪⎨

⎪⎩

wm
2

JCR2.5 JCR > 0

wm otherwise
(24)  

where JCR is the joint roughness coefficient with zero value representing 
smooth plane surfaces, in such case the hydraulic aperture is the me-
chanical one, it is noteworthy that the unit of apertures is micron here. 
Bastola and Chugh (2015) tested the roughness coefficient for coal, 
which ranges from 2 to 12. 

The strain is related to displacement, expressed as: 

dε=Bdu (25)  

where du is a vector of the incremental displacement, B is the strain 
displacement matrix. 

The stress equilibrium equation with ignoring body force is given as: 

BTdσ = 0 (26) 

Substituting Eq. (17)–(22) into Eq. (26) produces: 

BTDmf Bdu − BTmbeff dp − εLBTDmf mdCs = 0 (27)  

where Dmf = (Cf + Cm)
− 1. 

3. Numerical solutions 

In this work, the finite element method is used to obtain the nu-
merical solutions. The unknown variables, Cm, Cf , Cs and u are selected 
as the primary variables. Hybrid dimensional elements are used to 
spatially discretize the computational domain. The lower-dimensional 
interface elements, NIf , are employed to discretize the fractures, while 
matrix domains are discretized with higher-dimensional elements, NIm. 
Fig. 4 shows the generated conforming mesh where interface elements 

Fig. 4. Schematics of conforming mesh: porous matrix is discretized with the 
3D elements and fracture is discretized with 2D triangular elements. 
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for fractures are located on the edges of grids for matrix domain, two 
types of elements share the same nodes. By means of shape functions, the 
primary variables are approximated by interpolating the variables at 
nodes, written as: 

Ĉm(x, t)=
∑

Im∈N m

NIm (x)CIm (t) (28a)  

Ĉf (x, t)=
∑

If ∈N f

NIf (x)CIf (t) (28b)  

Ĉs(x, t)=
∑

Im∈N m

NIm (x)CIs (t) (28c)  

û(x, t)=
∑

Im∈N m

NIm (x)uIm (t) (28d)  

where NIm and NIf are shape functions of node Im and If for the dis-
cretized porous domain and fracture domain, respectively. N m and N f 

are the number of nodes in the elements for discretization of porous 
matrix domain and fracture domain, respectively. 

Due to the fact that width of fracture is orders of magnitude lower 
than its length, it c assumed that the flow variables are continuous over 
the fracture width i.e. Cm = Cf so that the calculation of mass exchange 
term between the free gas transport in fracture and matrix is not 
required with the principle of superposition (Chen et al., 2020a). The 
assembly process of the discretized transport equations for free gas in 
fractures and matrices into the stiffness matrix is shown in Fig. 5. It is 
worth mentioning that the local coordinate system for discrete fracture 
is generally not consistent with global coordinate system. For numerical 
implementation, the local coordinate system should be transformed into 
the global coordinate system. This numerical algorithm has been 
implemented into the in-house finite element-based computer code, 
which is incrementally developed at Cardiff University (e.g. Chen et al., 
2020a; Hosking et al., 2020; Thomas and He, 1995; Thomas et al., 
1998). 

The numerical implementation procedures for the developed 
coupled gas flow, adsorption and deformation model is illustrated in 
Fig. 6. A sequential implicit numerical scheme is adopted here. After the 
initial information including material properties, boundary conditions 
and initial conditions, the solutions of governing equations for both 
phase gas transport and coal deformation (Eqs. ((2), (5), (9) and (26)) 
can be obtained by iteration until convergence is achieved. And then, the 

Fig. 5. Assembly process of the matrix and fracture flow equations into the stiffness matrix.  

Fig. 6. Implementation procedure for developed numerical model in com-
puter code. 
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material properties like gas diffusivities, fracture aperture are updated 
in each timestep based on the results obtained the previous time step. 
The numerical implementation will end until the specified simulation 
time is reached. 

4. Model validation 

In this section, two important subsets of the numerical model were 
validated here: i) the adsorption kinetics, and ii) the noninear me-
chanical behavior of coal. The model predicted results are compared 
with relevant experimental data collected from literatures. More vali-
dation exercises can be found in our previous work, including the role of 
discrete fractures in flow process and numerical algorithm (Chen et al., 
2020a, 2022). 

4.1. Adsorprion kinetics 

Wang et al. (2017) conducted experimental test on a nitrogen (N2) 
diffusion (adsorption kinetic) in coals. A modified manometric method 
was adopted in his work. Bulk coal sample from Bulli coal seam, Sydney 
Basin of Australia was collected, crushed and sieved to 2.36–3.35 mm 
particles. The experimental temperature of their study was 303 K. The 
details of experimental procedures are available in Wang et al. (2017). 
The experimental data on gas uptake fraction (defined as the ratio of 
adsorbed amount at any time to final adsorbed amount at a certain 
pressure condition) is used as benchmark for this validation exercise. 

The coal particle is assumed to be a sphere with radius of 1.43 mm for 
numerical simulation and the N2 adsorption behavior in coal matrix 
follows Langmuir isotherm. The measured pressure decay curve (Fig. 6 
(a)) of Wang et al. (2017) is used as the boundary condition assigned on 
the external surface of the domain for free phase gas. An exponential 

decay fitting function is selected to represent the pressure decay curve, 
as shown in Fig. 7(a). The initial gas pressure is set to the atmospheric 
pressure of 0.1 MPa This value is estimated according to the initial up-
take fraction and gas pressure at equilibrium state. Fig. 7(a) shows that 
the gas pressure drops to about 0.6 MPa when equilibrium state is 
reached. According to the Langmuir isotherm, the amount of adsorbed 
gas is about 3.54 kg/m3. Since the initial amount of adsorbed gas ac-
counts for 18% of amount of adsorbed at equilibrium state, i.e. 0.637 
kg/m3. With the help of Langmuir isotherm, the initial pressure is esti-
mated to be about 0.1 MPa. The gas pressure boundary and initial gas 
pressure were converted to the equivalent free gas concentrations using 
the real gas law in simulation. Table 1 lists the material parameters used 
for this validation test, some of which are chosen from Wang et al. 
(2017), others are obtained by fitting the experimental results. The total 
adsorbed amount of gas is obtained via the sum of volume integrations 
for spherical domain. Fig. 7(b) shows that the model results compare 
well with the experimental result, indicating that the developed model 
describe the transport processes of adsorptive gas in coal matrix suffi-
ciently and adequately. 

4.2. Uniaxial compression test 

This subsection examines validity of the proposed model to describe 
mechanical behavior of coal. This has been achieved by comparing the 
model predicted results against the observed experimental data of 
Czaplinski and Gustkiewicz (1990). Gu and Chalaturnyk (2006) intro-
duced experimental tests carried out by Czaplinski and Gustkiewicz 
(1990). The experimental data on a uniaxial compression test is set as 
benchmark for evaluating the applicability of the proposed model. In the 

Fig. 7. (a) The boundary gas pressure applied at the external surface of the sample for the validation test, which is obtained by fitting the pressure decay results and 
(b) Comparison between model predicted results and experimental tests of Wang et al. (2017). 

Table 1 
Parameters used in the proposed model for validation test.  

Parameters Values 

Temperature, T (K) 303 
Gas molar mass, M (kg/mol) 0.028 
Universal gas constant, R (J/mol/K) 8.314 
Pressure constant of Langmuir model, pL (MPa) 4.44 
Volume constant of Langmuir model, CL (mol/m3) 1062 
Molecular diameter of gas, dm (nm) 0.36 
Pore radius, rh (nm) 1.1 
Fractal dimension of the pore surface, df (− ) 2.0 
Surface diffusion, D0

s (m2/s) 1.2e-12 
Ratio of rate constant, w (− ) 0.0 
Rate constant of desorption, γd (s

− 1) 2.8e-4 
Porosity-tortuosity factor, n/ τ (− ) 1.11e-5 
Porosity, n (− ) 0.049 
Solid density, ρ (kg/m3) 1440  

Fig. 8. Geometry and boundary conditions for validation test.  
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numerical simulation, a prism is applied to represent the fractured coal, 
as shown in Fig. 8. A vertical constraint is applied to the bottom 
boundary while a loading stress is applied to top surface of the prism. No 
constrain is assigned to the lateral sides. Both matrix and fracture are 
assumed to be isotropic. The material properties used in this simulation 
is chosen from Gu and Chalaturnyk (2006) except for the cleat aperture, 
which is estimated via matching the test results, as listed in Table 2. The 
estimated cleat aperture is 0.11 mm, higher than the estimated values 
presented by Gu and Chalaturnyk (2006), but falls within the range of 
0.002–2.02 mm measured by Weniger et al. (2016). The comparison 
between model prediction and laboratory test is shown in Fig. 9. 

It can be seen from Fig. 9 that the horizonal strain exhibits an 
obviously linear correlation with stress, while linear vertical strain 
evolution with stress only occurs as a result of the compression of the 
coal matrix when the stress is higher. There is a concave part for curves 
of strain versus stress in vertical direction under lower stresses, this is 
due to the fact that initial normal stiffness of fracture is lower because of 
larger fracture opening, stress can lead to a relatively larger strain (Gu 
and Chalaturnyk, 2006). With fracture closure, the stiffness tends to that 
of intact sample, the fracture and matrix starts to deform 

simultaneously. The model results compare well with the experimental 
measurement, indicating that the model can describe deformation of 
fractured porous rocks accurately. 

5. Model application 

5.1. Simulation setup 

A typical coal structure consists of two distinct sets of natural frac-
tures. The dominant fracture system is more continuous face cleat. The 
secondary fracture system known as butt cleat is usually perpendicular 
to the face cleat and is less continuous (Laubach et al., 1998; Seidle, 
2011). Based on the characteristics of cleat distribution, a simplified coal 
cleat network is designed, as shown in Fig. 10 (a). The generated 3D 
geometrical model of 4 cm × 3 cm × 0.5 cm is used for simulation 
domain, including 3 face cleats (blue lines) and 18 butt cleats (yellow 
lines) with spacing of 1 cm. The model domain is discretized with un-
structured tetrahedral elements, as shown in Fig. 10(b). A finer grid is 
designed to capture the area around the cleats. 

Two measuring points, P1 (0.6 cm, 0.6 cm, 0.25 cm) closed to cleat 
and P2 (1 cm, 1.0 cm, 0.25 cm) in centre of matrix block are set to 
monitor the variations of the gas pressures and adsorbed concentration 
and P3 (1.5 cm, 1.0 cm, 0.25 cm) is used to monitor the evolution of 
cleat aperture. CO2 is selected as the injection gas. To explore the effect 
of pressure on gas transport behavior in coal matrix, three different gas 
pressures, e.g., 2, 4 or 6 MPa are prescribed individually at left corner of 
the domain. Horizontal displacement constrain is applied to lateral sides 

Table 2 
Parameters used for matching experimental data.  

Parameters Value 

Young’s modulus, E, (GPa) 1.8 
Poisson ratio, v, (-) 0.18 
Fracture spacing, a, (cm) 2.4 
Initial normal stiffness, Kn0, (GPa/m) 28.8 
shear stiffness, Ksh , (GPa/m) 3.6 
Maximum closure, wm, (mm) 0.1 
Initial aperture, w, (mm) 0.11  

Fig. 9. Comparison between experimental data and model prediction of uni-
axial compression. 

Fig. 10. (a) Geometric model and (b) Unstructured mesh for numerical simulation.  

Table 3 
Parameters used for numerical simulation.  

Parameters Values 

Reference temperature, T0 (K) 308 
Density of coal, ρs (kg/m3) 1250 
Initial porosity, n (− ) 0.05 
Porosity-tortuosity factor, n/τ (− ) 1.15e-5 
Gas molar mass, M (kg/mol) 0.044 
Langmuir pressure constant, pL (MPa) 1.13 
Langmuir volume constant, CL (mol/kg) 1.56 
Pore radius, rh (nm) 2.0 
Surface diffusion, D0

s (m2/s) 2.0e-12 
Rate constant for desorption, γd (s

− 1) 5.0e-5 
Fractal dimension of the pore surface, df (− ) 2.0 
Young’s modulus, E, (GPa) 3.0 
Poisson’s ratio, v, (− ) 0.3 
Initial normal stiffness, Kn0, (GPa/m) 5 
Shear stiffness, Kt , (GPa/m) 50 
No-load fracture aperture, w0 (mm) 0.5 
Maximum fracture aperture closure, wm, (mm) 0.49 
Roughness coefficient, JCR,- 2.0 
Volumetric strain coefficient, εL, (m3/mol) 1.8e-5  
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and vertical displacement is assigned to bottom surface. It is assumed 
that the coal seam is 450 m in depth, a stress of 11.3 MPa is applied on 
the top surface and the horizontal stress is 7.9 MPa. It is assumed that no 
gas is initially present in the model domain. The parameters used for 
numerical simulation is listed in Table 3, and the parameters related 
with gas adsorption behavior and mechanical deformation are selected 
from literature (Chen et al., 2020a, 2020b; Cui et al., 2007). 

5.2. Results and discussion 

5.2.1. Evolution of pressure and adsorbed gas concentration 
Fig. 11 shows the spatial distribution of gas pressure in both cleat 

network and coal matrix after 1 day, 3 days and 6 days. It can be seen 
that the gas pressure in the cleat increases to boundary pressure 

immediately due to higher conductivity of cleats and the gas pressure in 
cleats are identical. Meanwhile, gas pressure in matrix increases grad-
ually, especially in the centre of the matrix. Fig. 11 shows that the 
required time to reach the equilibrium state varies with boundary 
pressures. When boundary pressure is 2 MPa, the gas front does not 
reach to the centre of matrix blocks even after 6 days. However, the gas 
pressure experiences an obvious increase in the centre of matrix block 
when boundary pressure is 4 MPa or 6 MPa. This suggests that the 
diffusion behavior of gas in coal matrices is pressure dependent. 

The variation of gas pressures at the P1 and P2 observation points for 
different pressure boundary values is shown in Fig. 12. As expected, the 
pressure evolutions are different for different boundary pressures, 
especially in the vicinity of cleats and centre of matrix block is 

Fig. 11. Spatial distributions of gas pressure in both cleats and coal matrice.  

Fig. 12. Evolution of gas pressure at both detection points with gas adsorption.  Fig. 13. Changes in diffusivities of free phase and adsorbed phase 
with pressure. 
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significantly different. It is observed that the gas pressure at P1 (near 
cleats) increases rapidly at the early stages, and then gradually before 
reaching the equilibrium state. The lower the gas pressure at the 
boundary the longer it takes to reach equilibrium. For example, when 
the applied boundary pressure is 2 MPa, the gas pressure in coal matrices 
can not reach equilibrium state even after 20 days, shown in Fig. 11. 
However, it takes approximately 18 days and 14 days for gas pressure to 
reach equilibrium when the applied pressure at the boundary is 4 MPa 
and 6 MPa, respectively. This can be due to either i) higher pressure 
which can form larger pressure gradient and ii) higher pressure that 
causes a significant increase in surface diffusion as a result of more gas 
adsorption in coal matrices, shown in Fig. 13. Although the apparent 
diffusivity (defined as ωKDK + ωvDv) drops with increase in gas pressure, 
as illustrated in Fig. 13, this decrease is not significant when pressure is 
higher. In contrast, the surface diffusion experiences an obvious rise. 

This implies that the surface diffusion is an important diffusion mech-
anism when pressure is higher. 

Fig. 14 shows the spatial distribution of adsorbed gas concentration 
in coal matrices after 1 day, 3 days and 6 days and Fig. 15 presents the 
evolution of adsorbed gas concentration at both detection points, i. e, P1 
and P2. As gas diffuses from cleats to coal matrices, free phase gas will 
adsorbs onto the pore surface of coal matrices, and adsorbed gas con-
centration increases with time. However, the increase in adsorbed gas 
concentration at higher boundary pressure is slow. The increase in gas 
adsorption concentration resulting from gas pressure increasses from 2 
MPa to 4 MPa doubles compared to that due to gas pressure increasses 
from 4 MPa to 6 MPa, since the gas adsorption follows Langmuir 
isotherm, as shown in Fig. 15. 

It is worth mentioning that compared to the gas pressure distribu-
tion, adsorbed gas fronts advances inward in coal matrices ahead of gas 
pressure front. This is also reflected by the shorter time required for 
adsorbed gas reaching equilibrium compared to that for gas pressure, as 
shown in Fig. 15. Adsorbed gas migration relys on surface diffusion, 
which is a concentration dependent diffusion mechanism. The surface 
diffusion coefficient can increase with adsorbed gas concentration or 
pressure (see Fig. 13). Due to higher adsorbed gas concentration at 
larger pressure, the surface diffusion coefficient is larger; also when gas 
pressure is higher, more adsorbed gas can flow inward. If the gas pres-
sure is not large enough, the adsorption equilibrium can not be reached, 
and the adsorbed gas will evaporate from pore surface of matrices and 
become free gas to increase gas pressure. This can explain why the time 
required for adsorbed gas reaching maximum value is less than that for 
gas pressure, especially for larger pressure boundaries. 

Fig. 14. Spatial distributions of adsorbed gas concentration in the coal matrix.  

Fig. 15. Evolution of adsorbed concentration at both detection points.  

M. Chen et al.                                                                                                                                                                                                                                   



Gas Science and Engineering 110 (2023) 204901

11

5.2.2. Evolution of cleat aperture 
The cleat network plays an important role in gas migration during 

coalbed methane recovery or carbon dioxide sequestration in unminable 
coal seams. Especially at field scale, it provides the most likely pathway 
for the transmission of fluid in coal seams. This work represents the 
variation of cleat aperture explicitly as a result of change in stress field. 
Fig. 16 shows the cleat aperture evolution under boundary pressure of 2, 
4 and 6 MPa. It can be observed that the aperture initially experiences a 
slight opening. This is because the fluid pressure increase in cleat 
network leads to drop in normal stress acting on surfaces of cleats. As 
time increases, and free gas diffuses into coal matrices and adsorbers 
onto the pore surface, this causes coal swelling deformation. Because of 
constraint on horizontal displacement, the compression stress on the 
cleat surface increases and causes the closure of cleat. Fig. 16 shows that 
there is a rapid decrease in cleat aperture at early stage due to less 
normal stiffness, which is however reduced gradually with time. This is 
because the normal stiffness increases with the closure of cleat, and 
larger stress is required to compress the cleat. Higher gas pressure en-
ables faster diffusion of gas into coal matrices, leading to a faster drop in 
aperture at early stages compared to those caused by lower pressure. 

Fig. 17 compares the aperture calculated with and without consid-
ering fracture deformation. The later can be achieved by defining a 
larger cleat spacing. The injection gas pressure is 4 MPa. Without 
considering nonlinear fracture deformation, the change in aperture is 
overestimated considerably. The aperture is 0.037 mm after reaching 
equilibrium state, while it doubles when considering fracture stiffness. 
Importantly, the predicted aperture experiences much faster drop when 
only coal matrix deformation is considered. This implies that the aper-
ture deformation mainly depends on the swelling of coal matrices in the 
vicinity of cleats. However, when considering fracture deformation, the 
aperture evolution takes longer to reach equilibrium state. This suggests 
that when evaluating the permeability of fractured media, the effect of 

fracture stiffness on deformation should be taken into account. 

6. Conclusions 

Fluid flow in deformable fractured coals is a complex process due to 
its unique structure. To understand the coupling of compressible flow, 
adsorption and deformation in a fractured coal, a discrete fracture ma-
trix modelling approach is adopted to model the coupled hydro- 
mechanical behavior occurring at the cleat scale of a coal reservoirs. 
The flow in fractures is represented explicitly with lower-dimensional 
interface elements. The model considers the free gas phase and the 
adsorbed gas phase individually based on different gas transport 
mechanisms. Both phases interlink via mass exchange between the 
phases, which is represented via the Langmuir kinetics. The equivalent 
poroelastic continuum model is applied to lump the deformation of both 
coal matrix and fracture together. The validation exercises demon-
strated good agreements between the model predicted results and 
experimental results collected from literatures. 

The numerical results indicate that the fracture network is immedi-
ately saturated with gas due to its high conductivity, and then the gas 
diffuses into coal matrix blocks. The diffusion of gas in coal matrices is 
affected by gas pressure. The required time for adsorbed gas to reach 
equilibrium is shorter than that of gas pressures. This suggests that the 
surface diffusion is dominant for gas transport in a coal matrix. Fracture 
opening only occurs temporarily, followed by a significant closure as a 
result of adsorption induced-swelling of coal matrices. Ignoring the ef-
fect of fracture on bulk deformation will overestimate the aperture 
change, this implies that the nonlinear fracture deformation should be 
considered when evaluating the permeability of fractured rock. 
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