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ABSTRACT: In the shale matrix, organic matter (kerogen) is dispersed and embedded within an inorganic matrix, and its internal
gas diffusion is a long-term process. Under the influence of the transient process and complex structure, pressure and Langmuir’s
strain constant in the matrix are typically distributed nonuniformly. This implies that the sorption-induced swelling/shrinkage in the
matrix would also present a nonuniform distribution, and the resulting matrix−fracture mechanical interactions have significant
impacts on gas flow in shale fractures as well as gas production. In this study, through the concepts of the swelling path and swelling
triangle, the nonuniform swelling/shrinkage is characterized, thereby establishing the relationship between shale response and
swelling/shrinkage behaviors. In addition, given that gas transport in organic and inorganic matrixes is typically governed by different
mechanisms, the influence of the compositional heterogeneity on gas flow in the matrix is also investigated. Subsequently, novel
shale permeability and gas flow models are developed, incorporating the effects of gas diffusion and the dispersed distribution of
kerogen. The proposed concepts and developed models are validated by comparing simulation results with one set of experimental
observations, as well as two sets of field production data. Our results suggest that neglecting the mechanisms induced by the
transient process and complex structure would lead to inaccurate estimations of shale permeability during gas production and result
in underestimations of both gas production rates and cumulative production.

1. INTRODUCTION
Shale gas has emerged as one of the most essential energy
supplies in the world due to its abundant reserves, widespread
distribution, and lower carbon emissions compared to other
fossil fuels (such as coal and oil).1−4 Permeability, as a crucial
property that determines gas flow characteristics within
reservoirs, plays a significant role in shale gas production. It
is affected by multiple factors that involve the coupling of fluid
flow and solid deformation, including effective stress changes,
gas adsorption/desorption, and flow regime effects, and
exhibits a dynamic evolutionary trend during shale gas
production.5−11 In order to have a thorough comprehension
of the shale permeability evolution and thus pave the way
toward shale gas development, great efforts have been made.
Experimental measurements undeniably offer the most direct
means of observing permeability and associated gas flow
characteristics, but they typically come at the expense of time-
consuming and labor intensiveness, coupled with the
limitations in the results obtained.12,13 An alternative way is
to explore how shale responds to gas extraction by developing

theoretical models. Currently, continuum models (such as dual
porosity/permeability models) are widely used because of their
benefits of cost-effective computation and low input data
requirements.14

Typically, shale is idealized as a dual porosity medium (i.e.,
matrix and natural fractures) to capture the nature of
hierarchical pore structures.15,16 Following depressurization,
gas in natural fractures flows to wellbores or hydraulic
fractures, while gas in the matrix diffuses into adjacent natural
fractures before being produced. In general, permeability for
fractures is several orders of magnitude larger than that for
matrix. As a result, gas is able to flow rapidly in fractures, while
gas diffusion in the matrix exhibits a slow pace, lasting from
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days to months.17−19 This means that during gas production,
shale is mainly in nonequilibrium states.6,8,20,21 During
nonequilibrium periods, matrix pressure exhibits a nonuniform
distribution from the fracture wall to the inner matrix.17,20,22 In
addition, under the influence of environmental conditions,
geological history, and chemical reactions during formation,
the shale matrix comprises multiple minerals, which can
broadly be classified into organic matter (kerogen inclusions)
and inorganic matrix (including clay, quartz, and pyrite).23−26

The scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) results reveal that organic matter
is dispersedly embedded within an inorganic matrix.27−29

These two matrix components present significant differences in
physical properties, particularly in their sorption capaci-
ties.12,26,30 In this case, Langmuir’s strain constant in the
shale matrix exhibits a high degree of heterogeneity.

According to the Langmuir adsorption isotherm, the
adsorption-induced swelling or desorption-induced shrinkage
is a function of pressure and Langmuir’s strain constant, which
can be defined by a Langmuir-type equation.31 Therefore,
under the effect of long-term gas diffusion and the staggered
distribution of the two matrix components, the matrix
swelling/shrinkage should present a nonuniform distribution.
This swelling/shrinkage behavior has been documented in the
laboratory by mounting a distributed array of strain gauges on
the sample surface to measure the real-time strain evolution
during gas injection.20 The nonuniform swelling/shrinkage has
long been identified as the root cause for why the adsorption-
induced swelling or desorption-induced shrinkage is involved
in the permeability evolution, even under stress-controlled
boundary conditions.32,33 Specifically, when the matrix swells
or shrinks nonuniformly, matrix deformation would not only
contribute to the shale bulk but also affect natural fractures,
inducing matrix−fracture mechanical interactions.17,34 Under
the effect of the mechanical interactions, the natural fracture
aperture and its associated permeability change, thereby
influencing the gas flow characteristics therein. In addition,
gas flow in the inorganic and organic matrices is generally
influenced by different mechanisms, and the total gas flux in
the matrix should be the sum of the gas flux in the organic and
inorganic parts.35−39 This implies that there is a close
relationship between gas flow characteristics within the matrix
and the compositional heterogeneity.40,41 Therefore, when
investigating shale matrix permeability, it is imperative to take
into account respective flow mechanisms within each
component as well as the proportion of these two matrix
components.

Although long-term gas diffusion and the dispersed
distribution of organic matter in the inorganic matrix would
result in mechanisms that affect permeability and gas flow

characteristics in shale, in existing continuum models, these
important mechanisms have not been fully taken into account.
Under the continuum framework, the representative volume
element (RVE) is the foundation for analysis, from which
governing equations are established, and then macroscopic
phenomenological constitutive relationships are de-
rived.18,42−45 In existing models, the underlying RVE is treated
as a mathematical construct (called the simulation cell).13,34

This treatment results in the loss of spatial information within
the RVE. Each physical property (such as Langmuir’s strain
constant) and state variable (such as pressure) for matrix and
fractures in the RVE are represented by only one value.33,46−48

In this case, the distribution of state variables and physical
properties within the RVE can only be regarded as uniform,
which implies that its internal occurring transient processes
and complex structures are ignored. Consequently, models
derived based on the uniform RVE do not incorporate the
mechanisms induced by these two factors. These models
struggle to adequately explain current experimental observa-
tions, thereby hindering their ability to yield satisfactory results
in predicting gas shale production as well.12,49−52 For example,
these models suggest that shale permeability is related only to
the effective stress and is independent of the gas sorption
effect. Nevertheless, these conclusions are not consistent with
experimental observations reported in the literature.49 We
hypothesize that the neglect of gas diffusion and the dispersed
distribution of organic matter, along with the mechanisms
induced by both, is the fundamental reason for the deficiencies
in existing models. The primary objective of this study is to
resolve this knowledge gap.

2. MODEL DEVELOPMENT
In dual porosity/permeability models, the macroscale geom-
etry of shale is presented by two overlapping continuums,
while the microscale structure is characterized by the RVE with
matrices and fractures.53 In order to incorporate gas diffusion
and the dispersed phase of kerogen into the underlying RVE,
we discard the traditional uniform RVE and instead introduce
a novel nonuniform RVE where the distribution of pressure
and Langmuir’s strain constant is nonuniform. Moreover,
through a pressure mapping method, the nonuniform RVE is
embedded into a macroscale continuum, as shown in Figure 1.
Subsequently, shale permeability and gas flow models that
incorporate the mechanisms induced by the transient process
and complex structure are developed.

2.1. Characterizing Gas Diffusion and Dispersed
Distribution of Organic Matter within RVE. As a porous
medium with complex structures and multiple components,
analyzing gas diffusion in the matrix and evaluating the
pressure distribution during this process is challenging but can

Figure 1. Dual porosity/permeability model based on nonuniform RVE.
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be dealt with by some simplifications and assumptions. In this
study, gas diffusion within a matrix is conceptualized as one-
dimensional pressure diffusion within a cubic region, with the
fracture wall as the base and a half-matrix spacing as the
height.13,54,55 In this case, the boundary conditions can be
treated as follows: pressure at the fracture wall is considered to
align with fracture pressure, while at the matrix center (located
half-matrix spacing away from the fracture wall), due to
symmetry, the mass flux is regarded to be zero here. Moreover,
in order to obtain an explicit closed-form solution for the one-
dimensional diffusion equation to calculate the pressure
distribution during gas diffusion, some assumptions need to
be introduced to linearize the diffusion equation,56 including
(a) gas contained within matrix is ideal; (b) gas viscosity,
porosity, and permeability are uniform and remain unchanged;
and (c) the impact of gas sorption is negligible. Under this
condition, the pressure distribution can be derived
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where plm and plf are the pressure in matrices and fractures
within the nonuniform RVE, respectively; φmd0

and kmdapp0
are the

initial matrix porosity and apparent permeability; μ is the gas
viscosity; ct is the gas compressibility; pi is the initial pressure; tl
is the characteristic time; xl is the space variable; and L refers
to the half-length of the matrix spacing.

A notable distinction between the organic and inorganic
matrices is their different sorption capacities. Therefore, to
implement the characterization of the dispersed distribution of
organic matter in the inorganic matrix within the RVE, we first
randomly generate Langmuir’s strain constant and subse-
quently introduce a threshold to differentiate these two
components, as shown in Figure 2. In this study, the threshold
is defined as 0.005. This is because previous publications have
demonstrated that the shale matrix possesses an average strain
constant of 0.005, with its value primarily governed by
inorganic matter.15,21,57 In this case, an area is classified as part
of the organic matrix if its strain constant is greater than or

equal to 0.005 and as part of the inorganic matrix if it is less
than 0.005

j
1, if 0.005

2, if 0.005
lL

lL
=

<

l
moo
noo (2)

where j = 1 refers to the organic matrix and j = 2 refers to the
inorganic matrix; εlL is the Langmuir’s strain constant in the
nonuniform RVE. The random Langmuir’s strain constant is
assumed to follow a Weibull statistical distribution,58,59 which
can be expressed as
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where λ is the scale parameter and τ is the shape parameter.
Based on the Langmuir adsorption isotherm, the nonuniform
distribution of the matrix swelling/shrinkage caused by the
transient process and complex structure can be obtained
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where pL is the Langmuir’s pressure constant.
Under the continuum framework, the RVE would be treated

as a simulation cell of macro-scale continuum representations,
which has no volume, no area, and no length. To embed the
established nonuniform RVE with spatial information into
continuum representations and utilize it as the basis for
constructing overall permeability and gas flow models, a
pressure mapping method is employed.13 In this method, at
each simulation cell, there is a local nonuniform RVE
corresponding to it, and the pressure results at the simulation
cell are treated as average pressure in the local RVE. This
means that matrix pressure (pgm) and fracture pressure (pgf) at
the simulation cell calculated by overall formulations are equal
to average matrix pressure p( )lm and fracture pressure (plf) in
the nonuniform RVE, respectively. Based on the diffusion
equation, the average pressure of the matrix block within the
nonuniform RVE can be derived as
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It can be seen that, after inputting pgf and pgm into eq 5, that
is, replacing pgf and pgm with plf and plm , respectively, the
characteristic time tl can be calculated. After substituting the
calculated tl into eq 1, the pressure distribution in the local
nonuniform RVE could be obtained. Through this pressure
mapping method, the relationship between global continuum
representations and the local nonuniform RVE is connected. It
should be pointed out that after embedment, there would exist
two systems, one of which is global representations (defined as
the global system), and the other is the local embedded
nonuniform RVE (defined as the local system). These two
systems interact with each other. In order to avoid confusion,
we employ the subscripts g and l to mark parameters as well as
equations in the two systems, acting as the first element in the
subscripts.

2.2. Swelling Path and Swelling Triangle. From eq 4,
matrix swelling/shrinkage behaviors in the local system can be
obtained. Under the combined effect of the transient process

Figure 2. Illustration of the dispersed distribution of the organic
matrix within the inorganic matrix.
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and complex structure, there are innumerable types of
swelling/shrinkage behaviors with various distributions and
magnitudes. It is difficult to determine shale response to each
swelling/shrinkage behavior individually. The most feasible
way is to quantify diverse swelling/shrinkage cases based on a
measure. Consequently, the concept of the swelling path and
swelling triangle is proposed.33 In all behaviors, the case where
the swelling/shrinkage is equal everywhere is defined as the
uniform case, while the case where all swelling/shrinkage is
localized at one region is defined as the localized case. In
general, the actual distribution is somewhere between these
two extreme cases, which is called the intermediate case. At
first, the swelling/shrinkage for the three cases is rearranged
from small to large. Subsequently, using the distance from the
origin as a variable (x), the swelling/shrinkage is integrated
with a variable upper limit (∫ 0

xεlsdxl). With the dimensionless
volumetric ratio (x/L) as the X-axis and the dimensionless
swelling/shrinkage ratio (∫ 0

xεlsdxl/∫ 0
Lεlsdxl) as the Y-axis,

swelling paths for the uniform, localized, and intermediate
case would be generated, as shown in Figure 3.

It is evident that for the localized case, the dimensionless
swelling/shrinkage ratio initially remains unchanged, but it
experiences a nearly vertical ascent to reach 100 at the end (as
shown by the red line). In contrast, for the other extreme case
(the uniform swelling/shrinkage), the swelling path presents a
linear upward trend with a slope of 1 as the dimensionless
volumetric ratio increases (as shown by the black line). The
swelling paths for the two cases delineate a triangle (called the
swelling triangle), and the swelling paths for all intermediate
cases lie within the triangle (as shown by the blue line). Any
swelling path has the same start and end points, but different
paths between these two ends reflect various swelling/
shrinkage behaviors. Each swelling/shrinkage case has a unique
swelling path corresponding to it. It is important to note that
the concept we proposed is called the swelling path, yet it is
possible to characterize both swelling and shrinkage behaviors.
Based on the concept of the swelling path and triangle, a novel
nonuniform swelling coefficient can be introduced to quantify
the degree of the nonuniform swelling/shrinkage. For any
given swelling path, we define the area between this swelling
path and the diagonal line as A and that between this swelling
path and perpendicular lines as B. After that, the nonuniform
swelling coefficient is determined

B
A B

=
+ (6)

It is evident that the position of the swelling path in the
triangle would define the magnitude of the coefficient. Once
the swelling path coincides with the boundaries of the triangle,
β = 1 or β = 0. For intermediate cases, 0 < β < 1.

2.3. Gas Flow in Natural Fractures. According to the
mass conservation law and Darcy’s law, the governing equation
for gas flow and storage in shale natural fractures can be
expressed31
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where φgf is the fracture porosity; ρgf is the gas density in
fractures; pgf is the fracture pressure; ρga is the gas density at
standard conditions; ρs is the shale density; VLf is the
Langmuir’s volume constant for fractures; kgf is the fracture
permeability; kgmdapp

is the matrix apparent permeability; ρgm is
the gas density in the matrix; and ψ is the mass transfer shape
factor and is related to the matrix size (L) in the local
embedded RVE, with dimensions of L−2.

According to previous publications, there exists a typical
cubic relation between permeability and porosity22,60
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The change in porosity is related to the fracture and bulk
volumetric increment61,62
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V
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gb0 0 0
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where Vgf is the fracture volume and Vgb is the shale bulk
volume. The subscript 0 refers to the initial value.

Shale bulk deformation is a function of the effective stress
and the matrix swelling/shrinkage.6 Therefore, volumetric
changes in the shale bulk can be written as
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Figure 3. Schematic diagram of the swelling path and swelling triangle.
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where σcon is the confining pressure (mean normal stress); K is
the bulk modulus of shale; a is 1 − K/Km; Km is the bulk
modulus of the matrix; εgbm refers to the shale bulk strain
induced by the matrix swelling/shrinkage.

Fracture deformation is a function of the effective stress, the
sorption-induced fracture swelling/shrinkage, and the fracture
strain induced by the matrix swelling/shrinkage (i.e., matrix−
fracture mechanical interactions).6,13 The volumetric change in
fractures is

V

V

a p

K
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gf

con f gf

f
gfs gfm
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= + +
i
k
jjjjjj

y
{
zzzzzz

(11)

where Kf is the bulk modulus of fractures; af is 1 − Kf/Km; εgfs
is the sorption-induced fracture swelling/shrinkage; εgfm is the
fracture strain induced by the matrix swelling/shrinkage.

As mentioned in the Introduction, the fundamental reason
for the matrix swelling/shrinkage not only affecting the shale
bulk but also acting on fractures is the nonuniform swelling/
shrinkage. In this study, we hypothesize that the proportion of
the matrix swelling/shrinkage that contributes to bulk
deformation is related to the degree of the nonuniform
swelling/shrinkage. Specifically, when the distribution of the
matrix swelling/shrinkage is uniform, all matrix swelling/
shrinkage contributes to the shale bulk (aligning with
conventional models based on the uniform RVE). Conversely,
when the swelling/shrinkage is localized at one region, all
matrix swelling/shrinkage acts on fractures. Therefore,
according to the proposed nonuniform swelling coefficient
and the volumetric relation between matrices and fractures
(Vgf/Vgm ≈ φgf0/1), changes in the bulk and fracture strain
induced by the matrix swelling/shrinkage are derived as

gbm gms= (12)

(1 )
gfm

gms

gf0

=
(13)

The negative sign in eq 13 indicates that there is a negative
correlation between the fracture strain and matrix swelling/
shrinkage. The swelling/shrinkage for matrices and fractures is

p
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Substituting eqs 10−13 into 9 and then integrating it, we
obtain the following relationship
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After substituting eq 16 into eq 8, shale fracture permeability
incorporating the influence of the nonuniform swelling/
shrinkage can be derived as
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Equation 17 reveals that shale fracture permeability is
controlled by four items: effective stress changes, sorption-
induced fracture swelling/shrinkage, matrix−fracture mechan-
ical interactions, and shale bulk strain influenced by matrix
swelling/shrinkage. The last two items are governed by
swelling/shrinkage behaviors. Once the swelling/shrinkage is
uniform, the sorption items in eq 17 cancel each other out. In
this case, eq 17 would degenerate into the solution of existing
conventional models, where permeability is only related to
effective stress changes.

2.4. Gas Flow in Matrices. As mentioned above, the shale
matrix typically consists of two primary components: organic
matrix and inorganic matrix. In the two components, gas
storage modes and flow processes are distinct.38,40 Therefore,
in formulating the governing equation for gas flow in a matrix,
it is essential to individually consider storage patterns and flow
mechanisms within these two components, while also factoring
in their respective proportions. According to eqs 2 and 3, the
weight coefficient ω that defines the proportion of organic
matter to the total matrix could be determined. Based on the
weight coefficient and the mass conservation law, gas flow in
the matrix is defined as

t
m m J
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where mgom refers to the gas mass in the organic matrix, mgim
refers to the gas mass in the inorganic matrix, and Jgm is the
mass flux. The gas mass in these two components is

m
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gm L
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p pgim gim gm ga im

lim gm

gm L
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where φgom is the porosity in the organic matrix; ρom is the
density of the organic matrix; VLom is the Langmuir’s volume
constant for the organic matrix; φgim is the porosity in the
inorganic matrix; ρim is the density of the inorganic matrix; and
VLim is the Langmuir’s volume constant for the inorganic
matrix.

The gas flux in the matrix should be the sum of the gas flux
in organic and inorganic parts. Therefore, according to the
proportion of the two matrix components, it can be written as

J J J(1 )gm om im= + (21)

where Jom is the mass flux in the organic matrix and Jim is the
mass flux in the inorganic matrix.

In shale matrix, whether organic or inorganic matter, the
pore size is tiny with diameters in the nanometre range.63−65

This means that the pore diameter is typically close to the
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mean free path of gas, and the collision frequency between gas
molecules and pore walls becomes larger.5,12,66 In this case, the
traditional continuum flow governed by Darcy’s law is no
longer applicable, and flow regimes also play an important role
in gas transport. Therefore, relying solely on intrinsic
permeability (related to Darcy’s law) is insufficient to
accurately describe gas flow characteristics. Instead, apparent
permeability, consisting of intrinsic permeability and the
correction factor reflecting the influence of flow regimes, is
generally employed16

k k f Kn( )app int= (22)

where kapp is the apparent permeability; kint is the intrinsic
permeability; and f(Kn) is the correction factor that is a
function of the Knudsen number and is given by

f Kn Kn
Kn

Kn
( ) (1 ) 1

4
1

= + +
+

i
k
jjj y

{
zzz

(23)

where ξ is the dimensionless rarefaction coefficient. This
coefficient is determined by the Knudsen number67

Kn
128

15
tan (4 )2

1 0.4=
(24)

Flow regimes are determined by the Knudsen number,
which is a function of the ratio between the molecular mean
free path and pore radius. In general, flow regimes in organic
and inorganic parts are the slip flow.8,68 However, given that
the pore radius within organic matter is much smaller, the
impact of flow regimes on gas flow characteristics within it
would be more pronounced.40 Moreover, due to the presence
of a large amount of adsorbed gas within the organic matrix, it
is also necessary to consider its internal occurring diffusion of
adsorbed gas along pore walls from high to low concentration
(known as surface diffusion).69 Consequently, the gas flow
mechanism within an organic matrix involves both the slip flow
and surface diffusion, while within an inorganic matrix, it is
primarily governed by the slip flow alone, as illustrated in
Figure 4.

The mass flux in the inorganic matrix can be described as a
modified Darcy equation15

J
k

pim gm

gim

gm
app=

(25)

where kgimdapp
is the apparent permeability for an inorganic

matrix, which can be expressed as

k k Kn
Kn

Kn
(1 ) 1

4

1gim gim gim gim
gim

gim
app int

= + +
+

i
k
jjjjjj

y
{
zzzzzz

(26)

The Knudsen number in the inorganic matrix is

Kn
rgim

m

im
=

(27)

In this study, we assume that the porosity and intrinsic
permeability for both the organic and inorganic matrix remain
constant. In this case, it is reasonable to consider the pore
radius within these two matrix components to keep unchanged
as well, given the relationship between the pore radius,
porosity, and intrinsic permeability.70

The mean free path is given by

K T
p2m

B
2

gm

=
(28)

where KB is the Boltzmann constant; T is the temperature; and
σ̃ is the collision diameter for gas molecules.

The mass flux in the organic matrix can be expressed as the
sum of two terms: the slip flow term (Jomdslip

) and the surface
diffusion term (Jomdsur

)

J J Jom om omslip sur
= +

(29)

The slip flow term can also be written as a modified Darcy
equation

J
k

pom gm

gom

gmslip

app=
(30)

where kgomdapp
is the apparent permeability of the organic matrix,

which can be expressed as

k k Kn
Kn

Kn
(1 ) 1

4

1gom gom gom gom
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app int

= + +
+

i
k
jjjjjj

y
{
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(31)

The Knudsen number is given by

Kn
rgom

m

om
=

(32)

The mass flux of surface diffusion in the organic matrix is21

J D Com gom gomsur
= (33)

Figure 4. Illustration of flow mechanisms in the matrix: (a) organic matrix and (b) inorganic matrix.
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where Dgom is the surface diffusion coefficient in the organic
matrix and Cgom is the gas concentration, and based on the
Langmuir-type equation, its expression is defined as

C
V p

p pgom ga om

Lom gm

gm L

=
+ (34)

The total mass flux in the matrix (Jgm) can also be written in
terms of permeability and the pressure gradient

J
k

pgm gm

gm

gm
app=

(35)

After combining eqs 21−35, we can derive the matrix
apparent permeability that takes into account different flow
mechanisms in organic and inorganic matrixes as well as the
proportion of each matrix component

k k D
V p

p p

k

( )

(1 )

gm gom gom ga om
Lom L

gm L
2

gm

gim

app app

app

= +
+

+ (36)

2.5. Gas Flow in Hydraulic Fractures. Hydraulic
fracturing has been an important technique for unlocking
vast natural gas resources contained within shale formations.
After fracking, a network of primary hydrofractures with
millimeter-scale apertures is created. These primary fractures
can stimulate gas production by increasing the surface area
available for gas to flow through, as well as reducing the flow
resistance.71,72 In hydraulic fractures, the effects of gas sorption
and flow regimes are generally ignored, and Darcy’s law is
employed to describe gas flow characteristics. Therefore, the
governing equation for gas flow in hydraulic fractures is given
by

t

k
p( ) 0

g
ghf ghf T ghf

ghf
ghf+ =

i
k
jjjjj

y
{
zzzzz

(37)

where φghf is the porosity of hydraulic fractures; ρghf is the gas
density in hydraulic fractures; kghf is the permeability of
hydraulic fractures; and ∇T denotes the tangential component
of the gradient operator, which can be used to describe the
pressure gradient in the tangential plane of hydraulic fractures.

The porosity and permeability of hydraulic fractures can be
expressed as5,68

c p pexp( ( ))
ghf

ghf
ghf ghf ghf

0
0

=
(38)

k

k
c p pexp( 3 ( ))

ghf

ghf
ghf ghf ghf

0
0

=
(39)

where cghf is the compressibility for hydraulic fractures.

3. MODEL VERIFICATION
In this section, in order to validate the proposed concepts and
models, simulation results are compared with both measure-
ments obtained in the laboratory and production data in the
field. The proposed equations and models are solved by
COMSOL Multiphysics, which provides a powerful Multi-
physics modeling environment based on the finite element
method.

3.1. Comparison with Long-Term Experimental
Observations. To monitor the dynamic evolution of
permeability under nonequilibrium states, it is essential to
continuously collect permeability data during the experimental
process (called long-term laboratory tests). In this part, the
simulation results would be compared with observations from
a long-term test. In this experiment, confining and injection
pressure are maintained constant at 9 and 5 MPa, respectively,
and permeability data are collected at six different time points
after gas injection.73 As shale samples lack hydraulic fractures,
the governing equation for gas flow within such fractures is
ignored. Furthermore, due to the existence of noticeable
natural fractures on samples, with fracture permeability
typically exceeding matrix permeability by several orders of
magnitude, the obtained permeability data are considered as
fracture permeability. In order to highlight the influence of the
matrix nonuniform swelling, the results calculated by a
conventional model based on the uniform RVE are compared.5

The parameters used in the simulation are listed in Table 1.

The comparison between the simulation results and
experimental ones is shown in Figure 5. It is evident that the
calculations from the proposed models are in good agreement
with the experimental data. In contrast, there is a significant
deviation from the results of the conventional model. In order
to better explain the role of the matrix nonuniform swelling in
the fracture permeability evolution, swelling paths at four
moments and the evolution of the nonuniform swelling
coefficient from the beginning to the end are plotted in Figure
6. It is evident that during the first 200 s after gas injection, the
nonuniform swelling coefficient remains unchanged, which
indicates that gas has not yet invaded into matrix. In this case,
the matrix swelling is not involved in the fracture permeability
evolution, and the results of these two models are basically

Table 1. Simulation Parameters Used for Experimental
Observations

parameter value

initial natural fracture porosity, φgfd0
0.005

inorganic matrix porosity, φgim 0.05
organic matrix porosity, φgom 0.09
bulk modulus of fracture, Kf 100 [MPa]
dynamic viscosity, μ 6 × 10−5 [Pa/s−1]35

intrinsic permeability for organic matrix, kgomdint
4.8 × 10−22 [m2]

intrinsic permeability for inorganic matrix, kgimdint
1 × 10−21 [m2]

initial permeability for natural fracture, kgfd0
1 × 10−17 [m2]

shale density, ρs 2500 [kg/m3]68

Langmuir’s strain constant, εL 0.005
Langmuir’s volume constant for fracture, VLf 0.004 [m3/kg]
Langmuir’s volume constant for organic matrix, VLom 0.015 [m3/kg]
Langmuir’s volume constant for inorganic matrix, VLim 0.004 [m3/kg]
Langmuir’s pressure constant, pL 3 [MPa]
Boltzmann constant, KB 1.38 × 10−23 [J/K]5

temperature, T 300 [K]73

collision diameter, σ̃ 0.42 [nm]5

surface diffusion coefficient, Dgom 1 × 10−8 [m2/s]5

shape factor, ψ 4000 [m−2]
gas density at standard state, ρga 0.75 [kg/m3]68

initial pressure, pi 0.1 [MPa]73

gas compressibility, ct 3.42−8[Pa−1]
matrix size, L 0.05 [m]
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consistent. However, following this point, there is a marked
difference in their calculations. After gas invasion into the
matrix, swelling behaviors would change. Initially, gas primarily
invades the area near the fracture wall, and the gas adsorption-
induced swelling is also localized in that specific area. Under
this condition, swelling behaviors are close to the localized
case, and thus, the nonuniform swelling coefficient drops. This
implies that matrix swelling would mostly contribute to
fractures, leading to fracture compression and a subsequent
reduction in permeability. With the progression of diffusion,
gas is no longer only confined to the vicinity of the fracture
wall but permeates the whole matrix, and the associated
swelling follows the same pattern. In this case, the swelling
path gradually converges to the diagonal, and the coefficient
begins to rebound. Therefore, the proportion of the matrix
swelling acting on fractures decreases, resulting in a rebound in
permeability. When gas diffusion is complete, the pressure
becomes uniformly distributed throughout the whole matrix,
and the nonuniform swelling coefficient reverts to its initial
value before the gas invasion. Nevertheless, due to the
compositional heterogeneity, even at equilibrium matrix still

does not swell uniformly, and thus, the nonuniform swelling
coefficient remains below unity.

3.2. Comparison with Field Production Data. In this
section, the calculation results of the proposed models are
compared with the production data from North American
reservoirs (Marcellus Shale and Barnett Shale). Due to
boundary symmetry, a quarter of these two reservoirs are
used to construct the physical model, thereby reducing the
computational cost. The geometry and boundary conditions
are plotted in Figure 7. Hydraulic fractures are represented by
1-D lines, while natural fractures and matrixes are represented
by two overlapping continuums. Furthermore, in situ stresses
are simplified as orthogonal maximum and minimum
horizontal stresses (held unchanged during gas production).
The simulation parameters for the Marcellus Shale and the
Barnett Shale are listed in Table 2.

The comparison between the simulation results and the on-
site production data is plotted in Figure 8. It is apparent that
the predictions of the proposed models can be well matched
with filed data, which indicates their accuracy and reliability. In
the case of the Marcellus Shale, following depressurization, the
gas production rate decreases from its peak value of 9.1 × 104

m3/d to a mere 2.7 × 104 m3/d within a span of 270 days. In
the initial stage, the calculated results are slightly higher than
the field data. This disparity could be attributed to the fact
that, in the course of the actual production process, the flow
back of water after hydraulic fracturing might result in slight
blockages and a subsequent decrease in permeability. However,
the proposed models do not account for this phenomenon. For
the Barnett Shale, after the initiation of production, the
production rate first experiences a rapid increase and reaches
its peak within the first 10 days. However, in the subsequent
600 days, it exhibits a sharp decline trend, plummeting from
2.13 × 105 m3/d to 3 × 104 m3/d, a drop of almost 90%. After
that, the decline rate decelerates considerably, and the
production rate only further declines to 1.2 × 104 m3/d over
the remaining 900 days. It can be observed that gas
productivity from the Barnett Shale significantly surpasses
that from the Marcellus Shale despite the latter having a higher
reservoir pressure. This is because the number of hydraulic
fractures in the Barnett Shale is twice that in the Marcellus
Shale. Therefore, it can be inferred that hydraulic fracturing
plays a crucial role in enhancing shale gas production.

Figure 5. Comparison between simulation results and experimental
observations.

Figure 6. Evolution of the swelling path and nonuniform swelling coefficient.
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4. MODEL APPLICATIONS AND ANALYSIS
In this section, the established models are applied as a
benchmark to conduct a series of parametric analyses. This
contributes to a more profound comprehension of gas flow
characteristics and gas production under the influence of gas
diffusion and the dispersed distribution of organic matter
within an inorganic matrix.

4.1. Influence of Matrix Nonuniform Shrinkage on
Gas Production. To examine the role of the matrix
nonuniform shrinkage during gas production, in this part, the
developed models are applied to real-world field scenarios, and
two cases are introduced. In one case, β is determined by the
transient process and complex structure, while in the other, β is

assigned a constant value of 1, corresponding to uniform
shrinkage. The gas production rate and cumulative gas
production for these two cases are plotted in Figure 9a.
Apparently, following depressurization, for both cases, the gas
production rate first reaches the peak value almost
instantaneously and then experiences a trend of sharp decrease.
However, the decline rates in the two cases are not the same,
resulting in different forecasts of cumulative production. In
general, neglecting the nonuniform shrinkage and its resulting
consequences would lead to an underestimation of gas
production rates and cumulative production. After a decade,
the prediction for cumulative gas production that takes into
account the impact of the matrix nonuniform shrinkage is 5.83

Figure 7. Geometry and boundary conditions for reservoirs: (a) Marcellus Shale and (b) Barnett Shale.

Table 2. Simulation Parameters Used for Field Data

parameter Marcellus Shale Barnett Shale

geological model dimension 609.6 [m] × 152.4 [m] × 52.7 [m]68 550 [m] × 145[m] × 90 [m]68

initial hydraulic fracture porosity, φghfd0
0.268 0.268

initial natural fracture porosity, φgfd0
0.02 0.02

inorganic matrix porosity, φgim 0.04 0.03
Organic matrix porosity, φgom 0.08 0.05
maximum horizontal stress 42 [MPa]5 41.6 [MPa]5

minimum horizontal stress 37.2 [MPa]5 37.3 [MPa]5

hydraulic fracture compressibility, cghf 1 × 10−8 [Pa−1] 1 × 10−8 [Pa−1]
dynamic viscosity, μ 2 × 10−5 [Pa/s−1]5 2 × 10−5 [Pa/s−1]5

intrinsic organic matrix permeability, kgomdint
4.6 × 10−21 [m2] 7.5 × 10−21 [m2]

intrinsic inorganic matrix permeability, kgimdint
2.5 × 10−20 [m2] 4.8 × 10−20 [m2]

initial natural fracture permeability, kgfd0
1 × 10−17 [m2] 3.8 × 10−17 [m2]

initial hydraulic fracture permeability, kghfd0
8 × 10−14 [m2] 8 × 10−14 [m2]

shale density, ρs 2500 [kg/m3]68 2500 [kg/m3]68

Langmuir’s strain constant, εL 0.005 0.005
Langmuir’s volume constant for fractures, VLf 0.003 [m3/kg] 0.002 [m3/kg]
Langmuir’s volume constant for organic matrix, VLom 0.01 [m3/kg] 0.008 [m3/kg]
Langmuir’s volume constant for inorganic matrix, VLim 0.003 [m3/kg] 0.002 [m3/kg]
Langmuir’s pressure constant, pL 3 [MPa]5 4.8 [MPa]5

Boltzmann constant, KB 1.38 × 10−23 [J/K]5 1.38 × 10−23 [J/K]5

temperature, T 353 [K]68 353 [K]68

collision diameter, σ̃ 0.38 [nm]40 0.38 [nm]40

surface diffusion coefficient, Dgom 1 × 10−8 [m2/s]5 1 × 10−8 [m2/s]5

shape factor, ψ 4000 [m−2] 4000 [m−2]
gas density at standard conditions, ρga 0.717 [kg/m3]68 0.717 [kg/m3]68

initial reservoir pressure 34.5 [MPa]5 20.34 [MPa]5

bottom hole pressure 2.4 [MPa]5 3.69 [MPa]5
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× 107 m3, which is approximately 1.1 times higher than that
without the consideration of this impact. The main reason for
this discrepancy is that shale fracture permeability would be
underestimated when the nonuniform shrinkage is neglected,
as shown in Figure 9b. As gas is produced, the reservoir
pressure would continue to decrease, causing an increase in the
effective stress. The elevated stress results in fracture
compression and a reduction in the fracture permeability. As
a result, the permeability in both cases shows a declining trend.
However, the decrease in permeability induced by the pressure
reduction would be balanced by the matrix−fracture
mechanical interactions resulting from the matrix nonuniform
shrinkage. Consequently, when the influence of the nonuni-
form shrinkage is taken into account, the downward trend in
permeability would be mitigated. In this case, gas can flow
more quickly to the wellbore and be produced.

4.2. Difference in Degree of Nonuniform Swelling/
Shrinkage during Gas Injection and Production. From
eq 17, it can be seen that shale fracture permeability is

influenced by the nonuniform swelling coefficient, which serves
as an indicator for the degree of the nonuniform swelling/
shrinkage. During gas injection, gas propagates from the
fracture wall to the inner matrix, whereas during gas
production, gas diffuses from deeper matrix regions toward
fractures. This implies that in the two processes, the pressure
distribution in the matrix is distinct, which leads to a difference
in the degree of the nonuniform swelling/shrinkage. As a
result, the extent to which resulting matrix−fracture mechan-
ical interactions impact permeability would also be distinct. In
this section, this difference in the degree of the nonuniform
swelling/shrinkage is explored by simulating both gas injection
and extraction on the same sample. All parameters remain
consistent except for initial pressure and boundary conditions.
It should be noted that in this part, we solely focus on the
effect of gas diffusion. Consequently, the dispersed distribution
of organic matter is disregarded, that is, Langmuir’s strain
constant in the matrix is assumed to be uniform in the local
embedded RVE. The difference is characterized by comparing

Figure 8. Comparison between simulation results and gas production data: (a) Marcellus Shale and (b) Barnett Shale.

Figure 9. Effects of matrix nonuniform shrinkage on gas production and shale permeability: (a) gas production rate and cumulative production and
(b) nature fracture permeability ratio.
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the evolutions of the nonuniform swelling coefficient during
gas injection and production, as shown in Figure 10. It is

evident that the drop in the nonuniform swelling coefficient
during gas injection is more evident (occurring earlier and
exhibiting a larger magnitude) compared to gas production.
This means that in terms of the degree of nonuniformity alone,
it is significantly greater in the gas injection process compared
to the gas extraction process. The varying evolution of the
nonuniform swelling coefficient suggests that the role of the
nonuniform swelling/shrinkage should be analyzed separately
for gas injection and production. In general, the gas sorption
effect during gas injection plays a more important role than
that during gas production.

4.3. Influence of Flow Regimes on Swelling/Shrink-
age Behaviors. Gas diffusion in the matrix is closely related
to matrix permeability, the magnitude of which dictates the
speed of gas propagation through the matrix. As shown in eq
22, flow regimes have a significant effect on matrix
permeability. In this section, we discuss the influence of flow

regimes on gas diffusion and corresponding swelling/shrinkage
behaviors. Two scenarios are established: one considers matrix
permeability as apparent permeability (with flow regime
effects), while the other considers it solely as intrinsic
permeability (without flow regime effects). Figures 11 and
12 present the evolution of matrix permeability and the
nonuniform swelling coefficient for the two scenarios during
gas injection and production, respectively. It is evident that
during gas injection when the influence of flow regimes is
incorporated, matrix permeability would be boosted signifi-
cantly in the early stage, while the impact of flow regimes on
matrix permeability during gas production mainly manifests in
the later stage. This is because an increase in pressure leads to
a decrease in the average free path of gas molecules,
consequently diminishing the probability of collisions between
gas molecules and pore walls. Under these conditions, the
Knudsen number decreases, and the influence of flow regimes
becomes minor. For gas injection, gas is able to quickly invade
the matrix in the initial stage when considering flow regime
effects. Consequently, swelling behaviors would approach the
localized case more quickly, leading to a greater decline rate of
the nonuniform swelling coefficient. However, flow regimes
play a minor role in the evolution of the swelling path from the
perpendicular boundaries to the diagonal. For gas production,
the opposite is true; that is, flow regimes have a minimal effect
on the initial evolution of shrinkage behaviors toward the
localized case but significantly affect its subsequent evolution
toward the uniform case.

4.4. Influence of Proportion of the Organic Matrix.
From eqs 25−36, it is conspicuous that gas flow characteristics
in organic and inorganic matrices are different and that the
proportion of these two matrix components control matrix
apparent permeability. Therefore, in this part, through varying
the shape parameter in eq 3, the local embedded RVEs with
various proportions of organic matter are generated to explore
the influence of its proportion on matrix permeability. The
variation in matrix permeability with the proportion under
different pressures is plotted in Figure 13. It is evident that
with an increase in the proportion of organic matrix,
permeability changes can be divided into two categories. At
low pressure (<1 MPa), matrix permeability increases with

Figure 10. Evolution of the nonuniform swelling coefficient during
gas injection and production.

Figure 11. Influence of flow regimes on matrix permeability and swelling behaviors during gas injection: (a) matrix permeability and (b)
nonuniform swelling coefficient.
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organic inclusions, while at high pressure (≥1 MPa), the
opposite trend is presented. This implies that the slip flow and
surface diffusion in an organic matrix have a great contribution
to matrix permeability at low pressure, whereas gas flow in an
inorganic matrix plays an important role at high pressure. This
is because pores with diameters below 50 nm are
predominantly distributed in the organic matrix, while pores
with diameters above 50 nm are more easily observed in the
inorganic matrix.40,63 In this case, gas flow in an organic matrix
is more sensitive to changes in flow regimes. As a consequence,
the apparent permeability for the organic matrix is larger than
that for the inorganic matrix at low pressure. However, at high
pressure, the influence of surface diffusion and the slip flow
would be minor, and thus, intrinsic permeability would play a
decisive role. In general, the intrinsic permeability for the
organic matrix is much lower than that for the inorganic
matrix.12

5. CONCLUSIONS
In this study, the influence of gas diffusion and the dispersed
distribution of organic matter in an inorganic matrix on shale
gas flow characteristics and gas production is discussed.
Through the concept of the swelling path and swelling
triangle, the role of the nonuniform swelling/shrinkage
induced by the transient process and complex structure in
shale fracture permeability is investigated. Furthermore, the
effects of different flow mechanisms in organic and inorganic
matrixes, as well as the proportion of these two matrix
components on shale matrix permeability, are explored. Based
on our research, the following conclusions can be drawn:

• When aiming to predict gas production rates and
cumulative production in the field, models that ignore
the impact of the transient process and complex
structure demonstrate substantial bias. In these models,
the important data tend to be underestimated due to
inaccurate permeability estimations.

• The flow regime effect in the matrix would change the
gas diffusion process and thus affect swelling/shrinkage
behaviors. During gas injection, this effect accelerates the
approach of the swelling path toward the two
perpendicular boundaries of the swelling triangle while
exerting a minimal impact on its subsequent evolution
from the perpendicular boundaries to the diagonal, while
during gas production, the opposite is true.

• During gas injection and production, the pressure
distribution exhibits different trends, leading to various
degrees of nonuniform swelling/shrinkage. In this case,
the influence of matrix−fracture mechanical interactions
is also different. Specifically, the mechanical interactions
during gas injection have a more pronounced effect on
shale fracture permeability compared to those during gas
production.

• Gas flow in inorganic and organic matrices is governed
by different mechanisms, and matrix permeability is
closely tied to the proportion of these two matrix
components. In general, at low pressure, an increase in
organic matter tends to enhance matrix permeability,
whereas at high pressure, a greater proportion of organic
matrix corresponds to decreased matrix permeability.

Figure 12. Influence of flow regimes on matrix permeability and shrinkage behaviors during gas production: (a) matrix permeability and (b)
nonuniform swelling coefficient.

Figure 13. Influence of the proportion of organic inclusions on matrix
permeability.
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