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ARTICLE INFO ABSTRACT

The nanopore structure usually exhibit complex geometry in the shale formation. The interactions between gas
and pore structure in such heterogeneous property impacts the properties of shale gas transport in micro-scale.
The precise description of this shale gas flow processes in detail is impossible if the micropore is not properly
characterized. Thus, this study provides a simulation approach to model the complex geometry of nanopore
structures in the shale formation. Based on SEM image segmentation of the shale matrix, the geometry of three
compositions (nanopore, kerogen, and matrix) are explicitly simulated. Mass storage, transport mechanisms, and
geomechanical properties are fully modeled in the micro-scale model. It demonstrates that the conventional dual
porosity model fails to capture the storage and transport mechanisms in micro-scale by comparison with the
micro-scale model. The simulation results reveal that stress-induced decrease of the diffusion coefficient is both
time-dependent and space-dependent. The reduction of the diffusion coefficient can significantly cut down the
adsorbed gas production in kerogen. It results in the low recovery rate of shale gas that a large proportion of
adsorbed gas is unable to liberate. Moreover, the later stage of gas production is depended on the supply of
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adsorbed gas in kerogen.

1. Introduction

Shale gas reservoir is a typical unconventional hydrocarbon re-
source, which is characterized by nanopores in tight matrix with ultra-
low permeability. In shale resources, large portions of the initial gas in
place is stored within the micro-scale pores of kerogen (Wei et al.,
2018). Understanding the complex micro-scale transport mechanisms
have great significance for accurate predictions and improvement of
recovery rates of shale gas reservoir.

Recent high resolution imaging of shale matrix produced by scan-
ning electron microscopy (SEM) have shown that pores consist of or-
ganic matter pores, interparticle pores, and intraparticle pores with
sizes range from nanometer to micrometer (Curtis et al., 2011; Loucks
et al., 2015; Mehmani et al., 2013). It is generally believed that the
reservoir matrix is commonly composed of clay/silica, organic matter/
kerogen and some minerals primarily (Wei et al., 2018). Thus the shale
reservoir can be described as four categories, such as organic porosity,
inorganic porosity, natural fractures and hydraulic fractures (Yan et al.,

2013). The organic-matter fragments, as the scattered porous medium,
is distributed in the shale matrix. Reed et al. (2007) evaluates that
organic-matter porosity ranges from 0 to 25%. Both of adsorbed gas and
free gas stored in organic matter. Free gas transfers in organic matter
through the nanopores (Wang and Reed, 2009). The other part of free
gas in shale is stored in the natural fractures and micro-pores of the
matrix system. The pore space hosts free gas and adsorb gas at the same
time because of large internal surface areas. Note that the amount of gas
adsorbed on the inorganic walls is considered inappreciable compared
to adsorbed gas in kerogen.

Many continuum approaches have been developed on the basis of
single-porosity or dual-continuum models for describing of the fluid
flow in unconventional reservoirs (Barenblatt et al., 1960; Ertekin et al.,
1986; Cipolla et al., 2010). It provide a simpler alternative in which the
dual porosity geo-material is described as a single homogeneous
medium. It accurately capture the bulk properties of the shale that are
suitable for the homogenization process. The advantage to equivalent
continuum model is that it reducing the input data requirements,

* Corresponding author. IoT Perception Mine Research Center, China University of Mining & Technology, Xuzhou, Jiangsu, 221116, China.

E-mail address: mywei@whrsm.ac.cn (M. Wei).

https://doi.org/10.1016/j.petrol.2019.01.039

Received 22 August 2018; Received in revised form 31 October 2018; Accepted 7 January 2019

Available online 11 January 2019
0920-4105/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09204105
https://www.elsevier.com/locate/petrol
https://doi.org/10.1016/j.petrol.2019.01.039
https://doi.org/10.1016/j.petrol.2019.01.039
mailto:mywei@whrsm.ac.cn
https://doi.org/10.1016/j.petrol.2019.01.039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petrol.2019.01.039&domain=pdf

M. Wei et al.

theoretical complexity, and computational cost (Hosking et al., 2017).
However, the dual-porosity models are limited for the assumption of
uniform matrix-block sizes and geometries throughout the reservoir
which is too simplistic for actual shale reservoirs (Alahmadi, 2010). It
appears that the dual-continuum models too regular to characterize the
distribution of each continuum and the connections between those
continua for shale reservoirs (Yan et al., 2016). The accuracy of
equivalent continuum model for shale is low because of the ultra-low
formation permeability, large matrix block and the non-linear pressure
distribution in the matrix grid (Farah, 2017).

Clearly, there remains strong concern for accurately prediction of
gas production from unconventional reservoirs with suitable model
(Yan et al., 2016). The detailed physics of the transport process and the
interaction between two different porosities need be included. Si et al.
(2018) explore the influence of pore geometry structure on the gas
permeability. The results imply that pore geometry structures cannot be
ignored. Wua et al. (2015) described gas transport in organic nanopores
of shale gas reservoirs. The stress dependence of the nanopore radius is
described with an exponential equation. Janiga et al. (2018) proposed a
methodology that laboratory experiments were conjuncted with the
numerical representation of a core sample to generate trustworthy
models. Yan et al. (2016) consider that conventional dual-porosity/
permeability models are fail to characterize those complex physics and
dynamics. They establish a micro-scale model for shale based on the
reconstructed pores distribution. This model is able to capture multiple
pore scales and flow mechanisms. However, the reconstruction methods
neglect the details of particle geometry and parameters are not easily
acquired (He et al., 2015). Currently, it is able to visualize the pore
structures at the micro-scale using the imaging technology. The method
of digital rock reconstruction attempts to build more realistic structures
with geometric details through enhancement in microscope in-
strumentation and in image mapping technology. The accuracy of this
method totally dependents on the image resolution of pore structure.
Besides, it needs high-performance computing and huge storage space
for data (Al-Owihan et al., 2014; Amabeoku et al., 2013; Walls, 2012).

Gas transport in shale gas reservoirs is a multiple mechanism cou-
pling process as a result of heterogeneity and multiscale pore size,
which is unlike conventional reservoirs. Meanwhile, due to the ex-
tremely low permeability in unconventional reservoirs, traditional
Darcy law equation cannot be used to interpret gas flow in the shale
formation. Because the complexity of pore size characterization, the gas
flow in the shale matrix should be described by multi-mechanisms.
Transport of free gas in nanopores and surface diffusion of adsorbed gas
exist at the same in shale gas reservoirs (Akkutlu and Fathi, 2012).
Knudsen number (Kn) is used to identify the transport mechanism.
Currently, many researchers investigate the free gas transport me-
chanisms in shale include continuous flow, slip flow and transition flow
(Fathi and Akkutlu, 2014; Hadjiconstantinou, 2006; Javadpour, 2009;
Karniadakis et al., 2004; Moghanloo and Javadpour, 2014). The con-
cept of apparent permeability taking into account Knudsen diffusion,
gas slippage, and advection flow was derived (Clarkson and Ertekin,
2010; Ertekin et al., 1986; Javadpour, 2009), and it was further applied
to pore-scale modeling for shale gas (Ali Beskok, 1999; Shabro et al.,
2011). It was applied to modeling shale-gas at pore scale by Shabro
et al. (2011). Civan (2010) and Ziarani and Aguilera (Ziarani and
Aguilera, 2012) proposed an approach to estimate apparent perme-
ability through the flow condition function (a function of Knudsen
number) and the intrinsic permeability of porous medium. Mehmani
et al. (2013) present a pore network model to determine the perme-
ability of shale gas matrix considering the pressure induced perme-
ability change. It characterizes gas flow in multi-scale pores range from
nanometer and micrometer sizes by modeling different flow physics
mechanisms.

Stress dependence causes to decrease gas transport due to the de-
crease of pore radius (Wua et al., 2015). During depressurization de-
velopment in shale gas reservoirs, the effective stress enhances,
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inducing matrix particles rearrangement and crushing (David et al.,
1994). The stress-sensitivity of shale occurs with specific petrophysics
phenomenon, such as a dramatic decline of the pore size, porosity, and
intrinsic permeability. Experimental results (Dong et al., 2010;
Mckernan et al., 2014) showed that permeability may decreases by two
orders of magnitude when the effective stress increases in shale ex-
periments. The permeability of silty-shale was one to two orders of
magnitude smaller when confining pressure increases from 3 MPa to
10 MPa (Dong et al., 2010). The permeability measured parallel to the
layering reduced by 2-3 orders of magnitude when effective stress was
increased from 10 to 70 MPa. The sample perpendicular to layering
experienced a slightly smaller decrease in permeability (Mckernan
et al.,, 2014). A stress dependence effect, giving rise to the changing
petrophysical properties, does not only influences gas transport beha-
vior, but also influence the pressure distribution in shale gas reservoirs.
A lot of theories have been proposed to describe the influence of stress
sensitivity, matrix shrinkage and adsorption layer on shale gas perme-
ability in macro-scale (Durucan and Edwards, 1986; Harpalani and
Schraufnagel, 1990; Shi and Durucan, 2004; Robertson and
Christiansen, 2006; Palmer, 2009; Pan et al., 2010; Liu et al., 2011; Wei
et al.,, 2016a,b; Janiga et al., 2017). However, there are few studies
focused on the gas diffusion under the influence of interactions between
gas and shale structure in micro-scale.

The nanopore structures usually exhibit complex geometry in the
shale formation. The pores in micro-scale are important for gas storage
and transport. The interactions between gas and pore structure in such
heterogeneous property have an impact on the characteristics of shale
gas transport in micro-scale. The precise description of the shale gas
flow processes in detail is impossible if the micropore is not properly
characterized and the storage and transport mechanisms are not accu-
rately identified (Mehrabi et al., 2017). Therefore, understanding shale
gas mass transfer through these nanopores is essential for under-
standing the overall shale gas production mechanisms. Thus, we pro-
posed an approach to simulate gas transport and storage behavior in
nanopores with the explicit discretization of pore geometry based on
SEM image. This model takes complex nanopore structures into con-
sideration. The coupling process of gas diffusion and mechanical de-
formation is modeled. And their effect on actual gas production is
discussed.

2. Modeling of gas flow in micro-scale considering stress influence
2.1. Mass balance equation for gas flow in micro-scale matrix block

The shale gas reservoir has a wide pore size distribution from
nanometers to micrometers. The matrix is the main storage space of
shale gas. Characteristics of the nano-scale pore are crucial in assessing
the resource potential of gas shale. The pore structures in shale are
varied and heterogeneous (Bernard et al., 2012; Bustin et al., 2008).
The SEM images show that the matrix block of shale is composed of two
distinct parts, organic and inorganic. The organic material is primarily
comprised of kerogen material, a mixture of organic chemical com-
pounds insoluble in common polar solvents such as chloroform or di-
chloromethane (Tissot and Welte, 1984). Kerogen is the predominant
part of organic matter in most shales (Vandenbroucke and Largeau,
2007). Thus, kerogen is a key component of shale and plays an im-
portant role in the storage and recovery of shale gas. Hashmy et al.
(2011) claim that the porosity inside the kerogen can reach up to 40%.
Kerogen can be further divided into two parts, porous structure (na-
nopores) and kerogen bulk (solid). The inorganic matter contains clay,
calcite, quartz, carbonates and so on. Nanopores in both organic and
inorganic regions dominate the shale gas reservoir pore structure. As
can be seen from the sections in Fig. 1, almost all the large pores are
exclusively located inside the kerogen. There are also some pores in the
kerogen and matrix, which are much smaller. In shale formations, shale
gas, in general, is stored as free gas and adsorbed gas. The free gas is
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Nanopore

Kerogen

Matrix

Fig. 1. SEM image segmentation of a matrix block (After Rodriguez et al.,
2014). Red zone represents nanopore; Blue zone represents kerogen; Yellow
zone represents matrix. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

stored in the fractures and pores space of a mineral matrix. Adsorbed
gas gathers on the inner surfaces of nanopores in kerogen. Generally,
with higher content of kerogen, the sorption of hydrocarbon is higher.
(Reed et al., 2007).

In order to characterize the mass transport and geomechanical
properties of shale in the micro-scale, the microstructure of shale matrix
based on SEM image was investigated firstly. The SEM image is a
grayscale image where the pixel value varies from 0 to 255 denoting the
different shades of gray. It produces a high-resolution planar image of
the sample surface. Thus, higher-resolution SEM images provide in-
formation on pore structure, pore size, surface topography and com-
position of a shale on micrometer to nanometer scale (Bonnie and Fens,
1992). Fig. 1 shows that the shale consists of nanopores, kerogen and
shale matrix with different grey levels. Image segmentation can be used
to separate pores at different scales (Suri, 2011). The shale matrix bulk
is strictly separated into the matrix (inorganic matrix) and kerogen
(organic matrix). Two types of porosity system in kerogen is dis-
tinguished to emphasize the organic matter in the shale matrix. One
kind pore is nanopores with visible pore space. The other part is
kerogen matter with pores unable to distinguish in the image. In order
to better divide the fractures and matrix, between-class variance max-
imization algorithm was selected to make the image segmentation
process accurately (Baradez et al., 2004). The noises in the images were
firstly suppressed to perform better image segmentation. We select the
median filtration method to smooth the boundary (Gallagher and Wise,
1981). The greyscale threshold values were assigned visually for na-
nopore, kerogen, and matrix respectively. Based on the greyscale
thresholds, the region of interest can be extracted from the unnecessary
region. The segmented compositions of matrix block are shown in
Fig. 1. The red zone represents the nanopores with an average radius of
30 nm embedded in the kerogen. The kerogen is represented by blue
zone and the rest of zone is an inorganic matrix with marked with
yellow color. It is obvious that kerogen containing tiny pores is much
permeable than tight shale matrix.

The balance equations for gas transport and mechanical behavior on
the microscale was established based on the principle of conservation of
mass. The temporal derivative of the gas content is equal to the spatial
gradient of the relevant fluxes. Sink source terms are included allowing
for mass exchange between the different continua. The constitutive
mass balance equation on gas in shale is given by:

om,
ot

-VJ=20Q o)

Gas adsorption in shale can be adequately described by Langmuir
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(1918) adsorption model despite the heterogeneity of the gas adsorp-
tion sites in shale. Compared with the physical process of surface dif-
fusion, gas desorption is a quick process during depressurization of
shale gas reservoirs. Hence, the total amount of adsorbed gas and free
gas can be calculated as (Wei et al., 2016a,b):

L.p
p+ L

ma = (1 - $)pp, + ¢p% @
where ¢ is porosity of kerogen in shale, p, is shale density, g, is gas
density at atmospheric pressure in kerogen system, L, represents the
Langmuir volume constant, L, represents the Langmuir pressure.

The important feature of shale is the nanoscale size of pores, in both
organic and inorganic matters. Due to the nanoscale pores in shale,
diffusion plays an important role. Two major mechanisms contribute to
the gas flow in a single, straight, cylindrical nanotube (Javadpour,
2009). The total mass flux of a gas through a nanopore is the result of a
combination of Knudsen diffusion and pressure forces,

J=J,+Jp 3)

where J is the total mass flux. The first term on the right-side is ad-
vective flow due to pressure forces; the second term is Knudsen diffu-
sion.

The nanopores in shale composite of the gas diffusion channel. The
nanopores are assumed as a bundle of nanochannels. Mass flux for an
ideal gas in laminar flow in a circular tube with a negligible length of
entrance effect can be derived from Hagen-Poiseuille's equation as (Bird
et al., 2007):

Jo=—"-Vp

8u C)]

where r is the pore radius, p is the gas density, u is the gas viscosity.

Roy et al. (2003) showed that Knudsen diffusion in nanopores can
be written in the form of the pressure gradient. Gas mass flux by dif-
fusion with negligible viscous effects in a nanopore is described as
(Javadpour, 2009; Roy et al., 2003):

MD
Ip=——2y
D= "Rr VP 5)
b 2r$ [SRT
T3\ M (6)

where M is the molar mass, D is the diffusion coefficient for shale, R is
the gas constant and T is the absolute temperature in Kelvin, t is the
tortuosity factor of nanopore.

Combining Egs. (3)-(6), yields the total mass flux as:

Mg 2r |8RT
Vp - —¢—r,/ —Vp
RTr 3\ M )
It is evident that the mass flux is related to pore size. The pore space
is sensitive to change in stress or pore pressure. It implies that pore size
is stress-dependent. According to our previous work on the effective

strain-based absolute porosity model (Liu et al., 2011; Wei et al.,
2016a,b), we can obtain:

_pr?
8u

J=

AV, o
—— = ——— (40 — A4p) + Ag
Vo PK €]
ep
& = ———
p+P (C)]

where a is the Biot's coefficient, K is the bulk modulus of shale, o is the
average stress, ¢ is the sorption-induced volumetric strain, ¢, the
Langmuir volumetric strain constant representing the volumetric strain
at infinite pore pressure. Obviously, the effects of gas sorption, shale
deformation, and pore pressure on the permeability of the matrix are
included in the model indirectly.

For simplicity, nanopores in shale are considered as straight nano-
tubes with radius r, length I. The nanopore volume can be defined as:
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Vp = il (10)

By combining Egs. (8) and (10), the stress-dependent pore radius
can be expressed as
]

r=
\/1 + <];LK(AU—Ap) — Agg

an)
where ry is the initial radius. Substituting Eq. (11) into Eq. (6) yields
stress dependent diffusion coefficient as
D= = Do

\/1 + ¢—K(AO' — Ap) — Ag

12)

where D, is the initial diffusion coefficient.
Substituting Eq. (11) into Eq. (7) yields the total mass flux that
considering the stress influence as

R 1

8u o1+ ;LK(AG—AP) — Agg

M 218 | 8RT

RT 3t | i
\/nM 1+ 2(d0 — 4p) - 4e,

Vp

13)

The mass transfer between different region can be considered as
diffusion through nanopores connecting these two systems. In a pseudo-
steady-state, the rate of mass transfer per unit bulk volume is propor-
tional to the pressure difference. Thus, the mass transfer rate can be
described as (Fathi and Akkutlu, 2014):

Q=aD(p — Pf) 14)

where a is a shape factor, p; is gas density in fracture.
For 2D 3D parallelepiped matrix blocks of lateral dimension, the
value of y can be obtained from (Lim and Aziz, 1995):

s
T L a1s)
where L is matrix length.
Combining Egs. (1), (2), (13) and (14), the gas mass balance
equation for shale in micro-scale is:

L M
6((1 —®ep t +¢Pﬁ) .
2
T
ot 8u o1+ (;LK(AO' — Ap) — Agg

8RT

[
L Mg |
RT 3t |

Vp=aD|p —pf
a
VﬂM(l + ¢T<(AU — Ap) —Ass)

(16)

This equation covers all the gas storage states and flows patterns for
shale in micro-scale. The mass equations for different materials are
controlled by the corresponding parameters.

2.2. Governing equations for mechanical deformation

According to the theory of continuum mechanics, the combination
of equilibrium equation with the constitutive equations for the homo-
geneous, isotropic, and elastic medium derives the Navier-type equa-
tion (Wu et al., 2010),
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where u; is the component of displacement in the i -direction, G the
shear modulus, v the Poisson's ratio, and f; the component of body force
in the i —direction. The coupling relationship between gas flow and
deformation in shale was established based on the diffusion coefficient
that is affected by deformation. The gas pressure distribution also has a
large impact on effective stress according to the principle of effective
stress.

3. Verification

A set of experimental data has been selected for evaluation of
quality of diffusion coefficient model that changes with effective stress.
The samples used for measurement was collected from Permian Shanxi
formation in the southern Qinshui basin and eastern Ordos basin (Meng
and Li, 2016). The diffusion coefficient was calculated based on the
Fick's second law. The first experiment was performed under different
confining stress but at the same temperature and gas pressure. As can be
seen in Fig. 2, the measured diffusion coefficient decreases with the
increase of confining pressure. The model results calculated by Eq. (11)
are plotted with a blue line. It is evident from Fig. 1 that the model
prediction is consistent with the experiment data, indicating that the
model is reliable. With the increase of confining pressure, effective
stress increases due to the constant gas pressure. The compaction of the
sample leads to the decrease of pores space and the decrease of the
diffusion coefficient. Diffusion coefficient was also measured under
conditions of different gas pressure, but with same temperature and
confining pressure. From Fig. 3, it can be seen that the diffusion coef-
ficient is enhanced with the increasing gas pressure. Due to the constant
confining pressure, effective stress decreases when gas is injected in to
sample. The pores radius enlarges with an increases of injected gas
pressure, which enhances the diffusion coefficient. It could be con-
cluded that the stress-dependent diffusion coefficient can be predicted
consistently by the proposed model.

4. Numerical simulation

Based on current understanding of shale pore structure, fractures
including natural fractures and hydraulic fractures provide the flow
pathway to produce gas from shale. The organic matter is considered to
be isolated packets scattered within the inorganic matter. As can be
observed in Fig. 1, almost all the nanopores are only located inside the
kerogen. However, there is also a small part of pores in kerogen besides
the recognizable nanopores in image segmentation. Hence, free gas can
be stored in nanopore space, kerogen and void space in the matrix
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Fig. 3. Comparison of model and experimental results under different gas
pressure.

(Javadpour, 2009). Note that adsorbed gas in nanopore is neglected due
to the large free space of nanopore in this paper. The form of adsorbed
gas only can be stored inside kerogen. During gas production, gas is first
produced from a natural and hydraulic fracture network. Then, gas is
released from inorganic material to the fracture driven by diffusion due
to the density gradient. The gas, in turn, is fed from kerogen into the
matrix through gas desorption. Because the kerogen can be connected
to fractures through nanopores, the gas desorbed into nanopores from
kerogen feeds the fractures through a diffusion process. Total mass
transports from nanopore and matrix contributes the source of gas
production (Curtis et al., 2011; Liu et al., 2016; Sun et al., 2015; Yan
et al., 2013).

A micro-scale geometry model of shale matrix was built based on
the pore structure of the SEM image. The model has a length of 2.581
um, a 1.857 um width as presented in Fig. 4. The pore distribution,
shape, and content are explicitly simulated. The computational domain
of this model was divided into three zones with different physical
parameters. The gas pressure and deformation are continuous on the
zone boundaries. The desorbed gas from kerogen flows into matrix and
nanopore. Then the combined flux diffuses into fractures. Considering
fracture is the main transfer pathway for gas from the matrix to well-
bore, the gas production from the matrix is assumed as the gas flow to
fracture. Sink-source term of mass balance equation is defined as Eq.
(13). Mass balance for gas follows Eq. (15). Equilibrium equation for
mechanical deformation is Eq. (16). The derived governing equations
for the gas flow are a set of non-linear partial differential equations
(PDE) with the second order in space and the first order in time. All the
equations were implemented and solved numerically using the

Free gas

Desorption

Free+Adsorbed gas

Desorption

Free gas

Journal of Petroleum Science and Engineering 175 (2019) 961-970

COMSOL Multiphysics simulation software. The different flow me-
chanisms for three media are achieved by assigning corresponding
parameters to each zone. It presents the media properties in Table 1.
The boundary condition is assumed to be constant confining pressure of
50 MPa. The reservoir gas pressure is 20 MPa and fracture gas pressure
is 5 MPa. The parameters related to each medium are listed in Table 1
that are based on measurements and estimates (Curtis, 2002; Jarvie,
2012; Kumar et al., 2012; Yan et al., 2016).

4.1. Evolution of diffusion coefficient

It shows the pressure distribution of gas and volumetric strain dis-
tribution in Fig. 5. This figure indicates that gas pressure in kerogen
significantly varies after 10 days. However, the gas pressure in the
matrix zone is much greater due to the low permeability. Therefore,
there is a high difference in the adjacent zone. Shrinkage strain occurs
when gas pressure decreases in a nanopore at first. Then the gas des-
orption from kerogen lead to shrink of kerogen. The nanopore space
decreases significantly. It can be seen that the strain of the matrix is
extremely small because of the high bulk modulus.

The pore diameter decreases with the decreasing kerogen volume. It
causes the decrease of diffusion coefficient based on the proposed
model. The evolution of the diffusion coefficient for each medium are
plotted in Fig. 6. Three curves represent the ratio of diffusion coefficient
for nanopore, kerogen, and matrix respectively. The measured points in
each medium are also marked in the figure. It is evident that the dif-
fusion coefficients decrease in all three media. As mentioned above, the
nanopore space has a sharp decrease after the decrease of gas pressure
because of the resulting increase in the effective stress. The diffusion
coefficient for nanopore drops rapidly at the beginning. Then it keeps
steady at the following stage when effective stress unchanged. The
diffusion coefficient for kerogen decreases over time. The trend is
smoother because of the initial low diffusion coefficient. The diffusion
coefficients for nanopore and kerogen reduce to one-third of the initial
value after 20 days. The change of diffusion coefficient for the matrix is
quite trivial that is negligible. The result demonstrates that diffusion
coefficient decreases with the increase of effective stress after gas
production. The reduction of the diffusion coefficient relates to its bulk
modulus.

Fig. 7 illustrates the diffusion coefficient distribution around na-
nopore. The location of the cut line is marked in Fig. 5. It crosses the
center of one nanopore. It can be seen that the diffusion coefficient
changes not only over time but also changes with space location. Be-
cause of the pressure drop in a nanopore, the diffusion coefficient is
lower in nanopore than that in kerogen in an early stage. It indicates
that the gas is transferred to fracture through nanopore mainly. It
confirms that diffusion in kerogen does significantly affect production
as a result of gas mass release from kerogen to flow pathway. After the

Fig. 4. Schematic of representation of the shale gas transfer system.



M. Wei et al. Journal of Petroleum Science and Engineering 175 (2019) 961-970

Table 1
Parameters for micro-scale geometry model.
Property Organic matter Matrix (Yellow Zone)
Nanopore (Red Zone) Kerogen (Bule Zone)
Porosity, ¢ (Total is 6%) 95% 18% 3%
Shale density, p, 0 1350 kg/m> 2600
Langmuir volume constant, L, 0 0.017 m3/kg 0
Langmuir pressure, L 0 10 MPa 0
Langmuir volumetric strain constant, ¢, 0 0.02 0
Gas viscosity, u 1.84 x 10~ >Pas 1.84 x 10~ °Pas 1.84 X 10~ >Pas
Initial pore radius, rp 30 nm 3nm 0.3nm
Bulk modulus, K 0GPa 5GPa 30 GPa
Poisson's ratio, v 0.25 0.25 0.25
Initial diffusion coefficient, Dy 7.56 x 10”8 m?/s 7.56 x 10™°m?/s 7.56 x 10™1%m?/s
Volume percentage 0.97% 13.39% 85.64%
Weight percentage 0 8% 92%
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Fig. 5. Distribution of gas pressure and volumetric strain after 10 days.
gas pressure drops in nanopore, the adsorbed gas in kerogen releases 4.2. Comparison with dual porosity model
into nanopore as free gas. Then it results in the decrease of diffusion
coefficient in kerogen. After 5 days, the difference of diffusion coeffi- A dual porosity model with homogeneous matrix and fracture grids
cient between nanopore and kerogen is reduced. The simulation results is built to compare with micro-scale geometry model. All property
confirm that the variation in the diffusion coefficient is both time-de- parameters and boundaries are selected to equalize the condition of
pendent and space-dependent. micro-scale geometry model. The mass balance equations are formed on
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Fig. 6. Evolution of diffusion coefficient for each medium versus time.
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Table 2

Parameters for dual porosity model.
Parameters Kerogen Matrix
Porosity 18% 19.18%
Langmuir volume constant 0.017 m®/kg 0
Langmuir pressure 10 MPa 0
Langmuir volumetric strain constant 0.02 0

Gas viscosity
Initial pore radius
Bulk modulus

Initial diffusion coefficient

Size

1.84 x 10 °Pas
3nm

5GPa

7.56 x 10~ °m?/s
0.96 ym X 0.64 pm
8%

1.84 x 10 °Pas
0.3nm

30 GPa

7.56 x 10~ m?/s
0.96 ym X 0.64 pm
92%

Weight percentage

the basis of Eq. (16), and governing equations for mechanical de-
formation follows Eq. (17). Table 2 lists the parameters related to dual
porosity model.

Fig. 8 shows the simulation results of cumulative gas and average
daily flow rate flowing into fracture with micro-scale geometry model
and dual porosity model. A significant different between two models
can be seen. With the same gas in place, the production rate with micro-
scale geometry model is obviously higher than that of dual porosity
model in the first 2 days. As the production continuing, the production
rate with dual porosity model decreases slower and exceeds the pro-
duction rate with micro-scale geometry model. The deviation is obvious
for accumulated production curves along the whole production history.
The accumulated production from shale matrix block to fracture of
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E
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E —— FR (Micro-scale geometry model 3
< 0.0003 | ( ) & Y )] 9 2
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B CDG (Dual porosity model) k=
=
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A @)

0 * = 0
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Time (Days)

Fig. 8. Comparison between micro-scale geometry model and dual porosity
model. FR represents the flow rate. CDG represents cumulative diffused gas.

micro-scale geometry model is great than that of dual porosity model in
first 5 days. Then the trend of production rate is lower. The cumulative
production is almost the same for the two models at the last stage. This
conflict indicates the dual porosity model fails to capture the storage
and transport mechanisms in micro-scale.

4.3. The contributions of each medium for gas production

In order to evaluate the impact of the variation of the diffusion
coefficient on gas production, a comparison result of cumulative pro-
duction with different diffusion coefficients is plotted in Fig. 9. The
governing gas diffusion over domains of three media is calculated
through the integral method. The first case is that the diffusion coeffi-
cient keeps constant in the simulation (dash line). For comparison
purpose, the change of diffusion coefficient is impacted by effective
stress in the other case (solid line). As discussed above, the diffusion
coefficient decreases over time during gas production for each medium.
The results show that reduction of diffusion coefficient can significantly
cut down the adsorbed gas production in kerogen. It is about 8.3 per-
cent less induced by a decrease of the diffusion coefficient. However, it
has a minor impact on gas production in matrix and nanopore. For the
matrix, it is because its diffusion coefficient is nearly unchanged. The
gas production from nanopore is smaller when the change of the dif-
fusion coefficient is considered, but the difference is negligible. Even
the diffusion coefficient drops sharply after production, its impact on
gas flow in nanopore is minor due to the high initial diffusion coeffi-
cient. The amount of gas production can be overestimated if the effect
of diffusion coefficient evolution is disregarded.

Different transport mechanics controls the gas flow in the matrix,
nanopore, and kerogen separately. Thus the recovery rate for three
media is different. Fig. 10 shows the recovery rate of gas in the matrix,
nanopore and kerogen during gas production. It can be seen that the
recovery rates of free gas in matrix and nanopore are closed to 75%
after 20 days. However, the quantity of adsorbed gas in kerogen re-
leased to fracture is only 22%. And 40% of the total gas in shale block is
produced at last. The results indicate that free gas has a significant
contribution to total production. It suggests that a large proportion of
adsorbed gas is unable to liberate that results in the low recovery rate of
shale gas.

The gas from different domains contributes to the total gas flow as
shown in Fig. 4. The flow rate is controlled by the initial recoverable
reserve and production capability. As a consequence, the individual
contribution of gas from three media to cumulative production is re-
markably different at different stages of gas production. Fig. 11 shows
the average daily flow rate and recovery rate during gas production. It
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Fig. 9. Effect of diffusion coefficient evolution on cumulative diffused gas for each medium.

clearly shows that the flow rate declines dramatically in the first 2 days
and gradually becomes stable later. It can be observed that the cumu-
lative production reaches to 30% after 3 days. Then it increases to 38%
in the last 17 days. The portion of free gas from nanopore is about 8.3%
and almost unchanged in the whole procedure. The gas in free state
from the matrix contributes 60% of the recovery. It can be observed
that the portion of gas from the matrix reduces to 54% at last. On the
contrary, the contribution of gas from kerogen is growing. It implies
that free gas flows into a fracture in response to pressure drop. The
adsorbed gas can be desorbed and diffused from kerogen to fracture
after a critical production pressure reaches. It could be concluded that
the later stage of gas production is depended on the supply of adsorbed
gas in kerogen.

5. Conclusion

The following conclusions can be drawn based on the results of this
study:

(1) This research proposed a simulation approach to model the com-
plex geometry of nanopore structures in the shale formation. Based

100

on SEM image segmentation of shale matrix, the geometry of three
compositions (nanopore, kerogen, and matrix) are explicitly simu-
lated. The pore distribution, shape, content of shale in micro-scale
are properly characterized. Mass storage and transport mechanisms
in the micro-scale are precisely described by balance equations.
And geo-mechanical properties are established based on the theory
of continuum mechanics. The comparison of the micro-scale model
with the conventional dual-porosity model demonstrates that a dual
porosity model fails to capture the storage and transport mechan-
isms in micro-scale.

(2) The interactions between gas and pore structure in such hetero-
geneous property have an impact on the diffusion coefficient. The
coupling between stress and diffusion coefficient is considered in
the model. During depressurization development in shale gas re-
servoirs, the effective stress increases, resulting in decreasing of
diffusion coefficient due to the decrease of pore radius. The diffu-
sion coefficient for nanopore drops rapidly at the beginning then
reduces to one-third at the final stage. The reduction of the diffu-
sion coefficient can significantly cut down the adsorbed gas pro-
duction in kerogen. The diffusion coefficient for kerogen decreases
over time with smoother tendency. The change of diffusion
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Fig. 10. The recovery rate for each medium during gas production.
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Fig. 11. The contributions of each medium for gas production.

coefficient for the matrix is quite small that is negligible. The var-
iation in the diffusion coefficient is both time-dependent and space-
dependent.

The recovery rates of free gas in matrix and nanopore are closed to
75%. Free gas has a significant contribution to total production. A
large proportion of adsorbed gas is unable to liberate that result in
the low recovery rate of shale gas. The adsorbed gas can be des-
orbed and diffused from kerogen to fracture after a critical pro-
duction pressure reaches. The later stage of gas production is de-
pended on the supply of adsorbed gas in kerogen.
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