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ABSTRACT

Organic matter (OM) serves as the primary source of gaseous hydrocarbons in shales. Fundamental understanding of its permeability and
gas production characteristics is vital to optimize shale gas exploitation. The focused ion beam scanning electron microscopy (FIB-SEM)
imaging can resolve OM macropores with pore radii ranging from tens to hundreds of nanometers, while pore sizes of sub-resolution OM
can be characterized using low-temperature gas adsorption. In this work, we focus on multiscale pore structures of OM and contribute to the
development of an efficient pore-network-continuum model for simulating nonlinear gas flow in multiscale OM digital rocks, along with its
fully coupled implicit numerical implementation. To demonstrate the influence of OM pore structures on its permeability and transient gas
production, we select three types of OM featured by their distinct porosities, connectivity of macropores, and pore morphologies. We show
that the high-porosity OM with interconnected macropores exhibits markedly different intrinsic permeability, mechanisms of apparent per-
meability, gas storage, and production behaviors compared to the medium-porosity and low-porosity OM. Moreover, we propose an empiri-
cal formula for OM apparent permeability with respect to an effective characterization length used in the calculation of Knudsen number,
which will be the key input to the representative elementary volume (REV) size modeling of shale matrix.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0265700

I. INTRODUCTION

Shale gas has become a key player in the transition from conven-

Digital rock physics (DRP) (Blunt ef al., 2013), which uses high-
resolution images of rock samples as the input for flow simulations,
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tional fossil fuels to lower-carbon energy sources for its substantial
reserves and successful exploitation (Long ef al., 2018; Sun ef al., 2021).
Moreover, depleted shale formations can be used as cap rocks for car-
bon storage (Edwards ef al., 2015) and repositories for nuclear waste
disposal (Joyce et al., 2014). However, due to the highly heterogeneous
nature at multiple length scales in terms of pore structures and mate-
rial constituents (Chalmers et al, 2012; Clarkson ef al, 2013; and
Sondergeld et al., 2010), understanding the nonlinear, multi-physics
coupled gas flow processes (Cheng ef al., 2020) in shale matrix, partic-
ularly at the representative elementary volume (REV) scale, still
remains a challenge and an active area of research.

has been used for shales (Ma et al, 2016; 2019). The “dual-scale”
images, including resolved large pores (referred to as macropores) and
pores of a size smaller than the image resolution, can be used by vari-
ous multiscale numerical models. The multiscale models may be
broadly classified into three categories, including direct numerical sim-
ulations (DNS) (Soulaine ef al., 2016), dual-pore-network models (Cui
et al., 2022; Xiong et al., 2016), and pore-network-continuum models
(Shi et al., 2024; Zhang et al., 2024). Tt is worth noting that in the
porous media research, continuum-scale models usually involve aver-
aged material parameters such as porosity and permeability, whereas
DNS models refer to the direct numerical modeling of flow and
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transport in void spaces. First, DNS employs a micro-continuum
modeling framework, usually based on the Darcy-Brinkman-Stokes
equation (DBS) (Brinkman, 1949; Soulaine and Tchelepi, 2016). This
approach solves the Stokes equation for flow in macropores, and
applies the Darcy equation to describe flow in sub-resolution regions
(referred to as microporosity). Second, dual-pore-network models rep-
resent macropores as a pore network of idealized pore elements, while
microporosity is either represented by a separate pore network (Jiang
et al., 2013; Mehmani and Prodanovié, 2014; Prodanovi¢ et al., 2015;
and Yang ef al.,, 2015) or simplified by effective “pore throats” without
resolving the pore structures of microporosity (Bauer ef al, 2012;
Bultreys ef al., 2015). Last, in a pore-network-continuum model, flow
in macropores is modeled using the computationally efficient pore-
network approach, while flow in microporosity is descried by the
continuum-scale approach, which can capture high-resolution hetero-
geneity of microporosity (Wu ef al., 2017). Notably, Shi ef al. (2024)
recently developed a multi-level controllable coarsening algorithm for
microporosity voxels, which substantially reduces computational grids
for the pore-network-continuum modeling.

Over the past few years, there have been many pore-scale numeri-
cal studies of nonlinear gas flow in shale matrix (Feng ef al., 2024; Guo
et al., 2018; Song et al., 2018; 2020; and Zhang et al., 2024). Fully cou-
pled numerical models including gaseous slippage flow, adsorption/
desorption, and surface diffusion of adsorbed methane were developed,
to predict apparent permeability and transient gas production (Cheng
et al., 2020). Feng et al. (2024) developed a dual-pore-network model
for nonlinear gas flow in shale matrix composed of inorganic pores
with and without clays, and organic pores. They extensively investi-
gated various parameters such as pore size, coordination number,
TOC (total organic content), and clay content on apparent permeabil-
ity. However, due to the challenge in reconstructing REV-size shale
digital rocks, regularized numerical pore networks with a maximum
domain size of 18 um were used. Song ef al. (2018, 2020) used the
multiple-point statistics (MPS) method to construct a 3D shale sample
from 2D SEM images, and then pore networks were extracted by vari-
ous methods such as maximal ball filling and medium-axis methods
(Blunt et al., 2013; Dong and Blunt, 2009). The authors conducted the
sensitivity study of apparent permeability to various parameters by
simulating pulse-decay and pressure-drop transient processes.
However, their digital rocks constructed stochastically from limited
images cannot fully capture the properties of the multi-mineral and
multiscale pore structures of shales, may resulting in dissimilarities
with the real natural shale samples (Zhu et al., 2019). Guo et al. (2018)
developed a micro-continuum model based on the DBS equation in
the OpenFOAM®, to simulate nonlinear gas flow in a high-resolution
3D focused ion beam scanning electron microscopy (FIB-SEM) image.
Due to the heavy computational efforts, only a subvolume of
3.56 X 2.5 x 3.36 ,umS was modeled, which is much smaller than the
REV size of shale matrix (Wu ef al., 2020). Zhang et al. (2024) devel-
oped a pore-network-continuum model for two-component gas trans-
port in shale sample, ie., the displacement of methane by CO,. A
synthesized shale digital rock was used, and microporosity voxels were
used as computational grids directly, which are computationally heavy.

Attempts have been made to address the above issues (Ning ef al.,
2016; Wu et al., 2017). A “bottom-up” multiscale reconstruction strat-
egy involving FIB-SEM, nano-CT, and micro-CT to simulate the
transport properties of shale gas from the nano- to macroscale was
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proposed. Empirical formulas, such as the Kozeny-Carman equation
(Civan, 2010) with nanoscale effect (Wu and Zhang, 2016), as well as
molecular dynamics simulations and LBM (He ef al,, 2016), are used
to obtain the apparent permeability of organic matter (OM) and clay
minerals. In organic-rich shale matrix, OM serves as the main source
of gaseous hydrocarbons in shales as well as the main migration path-
ways in exploitation (Gensterblum ef al., 2015; Ross and Bustin, 2009).
Advanced imaging techniques (Curtis ef al, 2012) and low-
temperature gas adsorption (Chalmers et al, 2012; Clarkson et al,
2013; and Sondergeld et al., 2010) have revealed that pore sizes in OM
can range from a few nanometers to hundreds of nanometers, creating
multiscale pore structures. “Dual-scale” digital images taken from FIB-
SEM of OM have shown that macropores themselves may show good
connectivity (Wu et al., 2017) or be interconnected by microporosity
(Ning et al., 2016). Porosity and connectivity of macropores, respec-
tively, determine the gas storage capacity and intrinsic permeability in
OM. Therefore, distinction in different types of OM is the prerequisite
of REV-size gas production simulations and apparent permeability
predictions, which requires further detailed research.

In this work, we extend our previously developed pore-network-
continuum model (Shi ef al., 2024) to simulate nonlinear gas flow in
multiscale OM digital rocks. The model considers the essential mecha-
nisms of compressibility, slippage flow, adsorption/desorption, and
surface diffusion. Moreover, the coarsening of microporosity voxels is
implemented to reduce computational efforts. We aim to demonstrate
the influence of OM pore structures on its permeability and gas pro-
duction characteristics. To this end, we select three types of OM fea-
tured by their distinct porosities, connectivity of macropores, and pore
morphologies. Finally, based on our pore-scale numerical results, we
develop an empirical formula for OM apparent permeability with
respect to a characterization length used in the calculation of Knudsen
number. The developed empirical formula will be the key input to the
REV-scale modeling of gas flow in shale matrix.

Il. MATERIALS AND METHOD
A. Digital rocks of organic matter

Three in situ organic-rich shale samples were taken from the
Longmaxi Formation in the Luzhou Block of the Sichuan Basin, which
were named as OM-HP, OM-MP, and OM-LP (OM denotes organic
matter; HP, MP, and LP denote high-porosity, medium-porosity, and
low-porosity, respectively). As shown in Figs. 1(a) and 1(b), the FIB-
SEM images show distinct OM pores including filamentous, bubble-
like, and sponge-like pores (Ma ef al., 2021). We applied the Fast
Fourier Transformation (FFT) filtering to the original FIB-SEM images
[Fig. 1(a)] to eliminate stripe artifacts. Then, the images were imported
into ImageJ (Schneider ef al, 2012) and was segmented into sub-
resolution regions (i.e., microporosity), resolved macropores, and solid
minerals by using the Trainable Weka Segmentation module
(Arganda-Carreras et al., 2017). We selected the largest organic-rich
regions [Fig. 1(c)] as our study domains, with a size of 400° cubic vox-
els and a resolution of 4 nm. To reduce computational costs, we further
reduced the voxel resolution to 32nm and obtained the final digital
rocks of OM, with a size of 50° cubic voxels as shown in Fig. 1(d). Itis
worth noting that we numerically compared the intrinsic permeability
and the porosity of macropores before and after the resolution reduc-
tion. It is found that the resolution reduction impacts the two values to
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FIG. 1. (a) The FIB-SEM images with a voxel resolution of 4 nm; (b) the 2D cross sections showing distinct OM pores including filamentous, bubble-like, and sponge-like pores;
(c) the selected OM regions of 400° voxels segmented using ImageJ where the white, gray, and black denote macropores, sub-resolution OM microporosity, and solid minerals,
respectively; and (d) the final digital rocks of OM used in the numerical modeling which have the size of 50° voxels with the voxel resolution of 32 nm.

some extent, but does not alter the connectivity of macropores. The
details can be found in Appendix C.

Compared to the FIB-SEM imaging, the FIB-HIM (focused ion
beam-helium ion microscopy) with a higher resolution of 1nm can
reveal more OM pores (Wu ef al, 2023). Moreover, our nitrogen
adsorption experiments indicate that nano pores smaller than 4 nm in
diameter contribute significantly to the total porosity. To characterize
the pore sizes of sub-resolution OM microporosity, we estimated an
average pore radius from the data of nitrogen adsorption and carbon
dioxide adsorption experiments. Given the voxel resolution of 32 nm,
the portion of pore radii smaller than 20 nm in the gas adsorption data
was applied, and a volume-averaged pore radius is found to be
3.48 nm. It is worth noting that, as a first attempt, we assume homoge-
nous OM microporosity. By further assuming an average porosity of
10% (Guo et al., 2018), the intrinsic permeability of OM microporosity
was calculated to be 12.3nD using the Katz-Thompson model (Katz
and Thompson, 1986).

In the hybrid pore-network-continuum modeling framework
for flow and transport in multiscale digital rocks (Shi et al, 2024;

Zhang et al., 2024), first, we extracted the pore network of macropores
by the watershed algorithm (Gostick, 2017; Kornilov and Safonov,
2018). Then, the original voxels of OM microporosity were substantially
coarsened to be microporosity grids by the algorithm developed in Shi
et al. (2024). Finally, the pore network and microporosity grids were
geometrically fused to generate the computational mesh, as the input to
a pore-network-continuum hybrid model. Figure 2 shows the exemplary
workflow for the generation of computational mesh of the digital rock of
OM-HP. For more details, one can refer to Shi ef al. (2024).

We substantially analyzed the three digital rocks, to understand
their key differences in pore structures. Table T lists the key informa-
tion of OM pore structures. First, it is seen that the three cores have
the porosity values of 23.9%, 9.0%, and 7.7% (the revised values are
24.3%, 11%, and 8.1%), corresponding to the digital rocks of OM-HP
(high-porosity OM), OM-MP (medium-porosity OM), and OM-LP
(low-porosity OM), respectively. We also see that the mean pore size
of macropores is positively correlated with the porosity of macropores,
and the digital rocks of OM-HP has the largest mean pore size of
135.4 nm. Based on the image analysis, it is found that the filamentous
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FIG. 2. Workflow for the generation of computational mesh used in the pore-network-continuum hybrid modeling: (a) the FIB-SEM image of shale with the resolution of 4 nm; (b1)
the segmented ternary image with black, red, and blue colors denoting solid, resolved macropores, sub-resolution microporosity, respectively; (b2) sub-volume with the size of
400 x 400 x 400; (c1) the generation of coarsened grids in microporosity; (c2) the extracted pore network of macropores; (d2) the computational mesh used in the hybrid modeling;
(d1) the zoom-in view; (e1) the interface between microporosity grids and macropores; and (e2) the zoom-in view of the interface between pore i, microporosity grids k and m.

TABLE I. Pore-structure information of the three digital rocks of OM used in this work.

Three digital rocks of OM

Pore-structure information OM-HP OM-MP OM-LP
Morphology Filamentous Bubble-like Sponge-like
Connectivity of macropores along the Z direction Interconnected Isolated Isolated
Mean coordination number of macropores (full) 1.41 0.36 0.12
Mean pore diameter of macropores (nm) 135.4nm 107.8 nm 74.8 nm
Porosity of macropores 23.9% 9.0% 7.7%
Volume fraction of solid 1.7% 18.2% 0.05%
Revised porosity of macropores” 24.3% 11% 8.1%
The number of computational grids: 752/27 882 562/21220 1436/26 028

macropores/microporosity grids

*The revised porosity of macropores here is defined as ¢ /(1 — v*), where ¢’ is the porosity of macropores and v* is the volume fraction of solid.

OM macropores are interconnected along the Z direction, but not for
the other two cores. It is worth noting that the three OM digital rocks
are relatively homogeneous in terms of permeability and the connec-
tivity of macropores. Therefore, in this work, we focus on shale gas

flow dynamics along the Z direction. Due to the high porosity of mac-
ropores in the digital rock of OM-HP, it has the largest coordination
number of macropores of 1.41, which is much larger than the values
(0.36 and 0.12) of the other two cores. This indicates that macropores
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in the digital rocks of OM-MP and OM-LP have very poor connectiv-
ity, and OM microporosity may play a dominant role in regulating gas
flow. Figure 3 shows the distributions of pore sizes and coordination
numbers of macropores in the three OM digital rocks. It is seen that in
comparison with the digital rocks of OM-HP and OM-MP, the digital
rock of OM-LP has the most isolated small macropores and the lowest
porosity of macropores (7.7%).

B. Governing equations of the pore-network-
continuum model

In this subsection, we briefly present the governing equations of
the pore-network-continuum model for nonlinear gas flow in OM.
For the detail, one can refer to (Zhang et al., 2024). A digital rock of
OM includes resolved macropores and sub-resolution microporosity.
In the OM microporosity, flow and transport are described at the con-
tinuum scale and the mass conservation of methane gas is given as

i (05| + e T ) 4T o =0 )
where ¢ (-) is the porosity of microporosity regions; p¢ (kg/m?)
denotes the mass density of free methane;, p“d is the mass density of
adsorbed methane, which is assumed to be constant; ¥ (m/s) is the
Darcy velocity; v (m/s) is the surface diffusive velocity; and n,y is
the mass of adsorbed methane per unit volume of microporosity. The
real gas equation of state is used to calculate the methane density by
p8 = Mp/ZRT, where Z (-) is the gas compressibility factor by solving
the Peng-Robinson equation (presented in Appendix A) (Peng and
Robinson, 1976), p (Pa) is the gas pressure, R (J/kg/mol) is the univer-
sal gas constant, T (K) is the gas temperature, and M (kg/mol) is the
molecular weight of methane.

Neglecting the gravity, the Darcy velocity with the consideration
of gaseous slippage effect is given as

¢¢ = —fun(Kn) k—m Vp, 2)
I

where k,, (m?) is the intrinsic permeability of OM microporosity,  is the
dynamic viscosity estimated by the empirical formulas proposed by Lee
et al. (1966) (presented in Appendix B), and fun(Kn) is a correction func-
tion of the Knudsen number for slippage effect. The Knudsen number is

1000
7 om-up
B om-mp
100 5 Y oMm-Lp

Counts [-]
=)

DT T TTTTTTCTTTTTTTT)
Y
T T

[T T
AT

2 N7
0 100 200 300 400 500
Diameter [nm]

4 2
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defined as Kn = A/L, where A is the mean free path of methane esti-
mated by 2 = (u/p)+/nZRT /2M, and L is a characteristic length such
as the mean pore diameter in microporosity. The high-resolution HIM
images show that OM has mostly circular pores and throats (Wu et al,
2017). Therefore, assuming OM microporosity to be a bundle of circu-
lar nano tubes, the correction function has the following form:

fun(Kn) = (1 + oKn) (1 + ;:_K;n), (3)

where o is the fitting parameter given by o =1.358
x 2tan~!(4.0Kn"*) (Beskok and Karniadakis, 1999).

The surface diffusive velocity of absorbed methane is given as
(Heller and Zoback, 2014)

1
Vad = - Wstnmh (4)

where D, (m?/s) is the surface diffusivity. The mass of adsorbed meth-
ane per unit volume of microporosity is calculated as

_ Mai Kp
1+Kp’

Nad (5)
where n™* (kg/m”) is the maximum adsorption amount per unit vol-
ume of microporosity, and K (1/Pa) is the Langmuir coefficient,
defined as the reciprocal of the pressure when half of the adsorption
sites are occupied. In the OM microporosity, the adsorbed methane
occupies part of the pore volume, which reduces the porosity of micro-
porosity regions. As given in Eq. (1), the effective porosity of micropo-
rosity regions is ¢ — %, where Z—Z is the porosity occupied by
adsorbed gas. Therefore, with the increase in gas pressure, the mass of

free methane per unit volume of microporosity, ((p — ;:;5) ps, will

reach the maximum, and then decrease slightly, as shown in Fig. 4.
Given the fact that the pore sizes of macropores are much larger
than those in microporosity (see Table I), adsorption and surface diffu-
sion in macropores can be neglected. In the hybrid pore-network-con-
tinuum modeling framework, flow and transport in macropores are
described by a pore-network model given by Shi et al. (2024),

op? N; N .
V; att + Zj:1 p;gmax(Q;gﬁO) + ijl pfmm(ij,o) =0, (6

1000 OM-HP
B om-mp

OM-LP

7222222777777
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7222272222222
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7722777272227
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1

FIG. 3. The distribution of pore sizes and coordination numbers of macropores in the three OM digital rocks.
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Pressure [MPa]

FIG. 4. Mass of free gas (i.e., excluding adsorbed gas) per unit volume of micropo-
rosity as a function of gas pressure. The initial porosity of microporosity regions is
10%, and the real gas equation of state was used.

where V; (m®) is the volume of pore body i, N; is the coordination
number of pore body i, and Qi (m?/s) is the volumetric flux of meth-

ane given by Q‘g =Tj (p;f - pf >, where Tj is the transmissibility

between the two pore bodies including the slippage effect.

By assuming an isothermal condition, Eqgs. (1) and (6) are the
basic governing equations of mass conservation of methane in both
microporosity and macropores, which are complemented by the flow
equations (2) and (4). The primary unknown variable is gas pressure
in microporosity and macropores. The secondary variables such as gas
density, apparent permeability, and mass of adsorbed methane are
dependent on gas pressure.

C. Numerical implementation and verification

By the implicit Euler scheme, the upwind finite volume scheme,
and the two-point flux approximation scheme (TPFAS), Eq. (1) can be

discretized as
MVip prrAt p; N nrartljax Vi L Mpt+At
AL ad
Z; ™ RTp
Kpj ™ (1 Mp! ) Kp}

RTAt \ zI+A0 Z¢ At
1+ Kpttt ZIRTp ) 1+ Kp!

N; MPHN t+At [ A At
+Z] 1 ZH—AtRT (T ( i P] )70>
1

t+At

N; Mp t+AL (1AL +At
+Z]—1 ZH'A[RT (T ( i P >’0>
4 ;":il Tf-d t+At( ;+At Pt+At> 0, ?)

where V; is the grid volume, N; is the number of shared faces with
microporosity grid i, T”A’ is the transmissibility for Darcy flux, and
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T“d'HAt is the transmissibility for surface diffusion. According to Eq.
(2) and the harmonic average, T} can be given as
a;a; A
Tt+At —J, with a; = fun(Kni) ! ’Ili . fi
Y a; + a; ua;
and
kiA;
a; = fun(Kn;) H—djnj -, (8)

where a; and g; are the transmissibility of microporosity grids i and j,
respectively; A; is the interfacial area between the two grids; d; is the
distance between the centroid of the interface and the centroid of grid
i; Kn; is the Knudsen number in grid i n; is the unit normal to the
interface inside grid 7; and f; is the unit along the direction of the line
joining the grid centroid to the centroid of the interface. According to

Eq. (4) and the harmonic average, T“d A" can be given as
d jad max
Tad At _ ai“aj’ with g% — AiDgngi™ K
ad +a ad ’ ! (1 + Kpt+At)
and
A;Dn K
afl = ——— =, .f ©)

(1 + KP5+At)2dj

By the implicit Euler scheme, Eq. (6) can be discretized as
MVip (pi™ P
RTAt \ zt+5 7t

N; MPHN t+AE (At AL
+ Zj:l Zg+AtRTmaX(T < i TP >70>

N pt+At
I J t+At t+At t-+At _
+y o 1ZMtRqufllrl(T ( LAt ),o)_o. (10)
)

The difference from Eq. (7) is that in Eq. (10), i and j denote
the two neighboring pore bodies, and N; is the coordination num-
ber of pore body i. Furthermore, the transmissibility, T”A’, is
given as

fun(Kn;) + fun(Kn;) nR;*

t+At
TEHA =

(11)

where R; is the equivalent radius of pore throat ij, I;; is the pore throat
length.

At the interface of microporosity and macropores, we impose the
condition of mass-flux and pressure continuities. The mass flux across
the interface between pore body i and microporosity control volume j
is given as

Mpr+At
Z_t+At RT
1
Mpﬁ-At

+zt+itRTmln(THAt( It+At Pt+At> 0>’ (12)
j

(Tt+At ( ;+At Pt+At) 7 0>

where Té*m is the total transmissibility given as
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-d: R'4
T = ﬂ7 with a; = fun(Kn;) L
d a; +a; 8ul;
and
kiA; A;D;n™*K
aj = [ fun(Knj) ]T,ZJ Tty £y A > pf
ud; ot <1 I Kp]g+At> 4
kiA; A;Dsn™*K
x| fun(Kny) % +—* L= ad " n; - fjp§+At < p]&m,
(13)
where ; is assumed to be equal to R; (i.e., the equivalent radius of pore

body i).

With Eq. (12), we can couple Egs. (7) and (10) together. Then,
the only unknown variable is methane pressure in OM macropores
and microporosity. Due to the consideration of real gas EOS, methane
compressibility, slippage effect, and surface diffusion, the resultant
algebraic equations are highly nonlinear. The Newton-Raphson
method is used with a relative residual of 10~ The GPU-parallel
FGMRES (Flexible Generalized Minimal Residual method) solver is
used for linearized algebraic equations. The present pore-network-con-
tinuum model for shale gas flow has been implemented based on an
in-house simulator programed by C++. The numerical verification
against direct numerical simulations can be found in our previous
work of Shi ef al (2024); Zhang et al. (2024), which will not be
repeated here. Finally, Table II lists the constant parameters used in
our numerical simulations (Rexer et al., 2014). The surface diffusion
coefficient is mainly dependent on methane pressure; in this work, we
take typical values from Medved et al. (2011) as shown in Table III,
which is mainly pressure-dependent.

I1l. RESULTS AND DISCUSSION

The pore-network-continuum model presented in Sec. IIT will be
used to study transient processes of shale gas production from OM. By
dropping the transient terms of governing equations (1) and (6), we
can simulate steady-state nonlinear gas flow and predict the apparent

TABLE II. Constant parameters used in our numerical simulations.

Parameters Values
Langmuir coefficient (K) 4x10%1/Pa
Maximum adsorption (%) 44.8 kg/m’
Density of adsorbed methane (p,4) 400 kg/m’?
Temperature 400K
Characteristic length of microporosity, L 6.96 nm
Intrinsic permeability of OM microporosity 12.3nD

TABLE lI. Surface diffusion coefficient as a function of gas pressure.

Gas pressure
(MPa) 1 5 10 20 30 40 50

D, (10 8m?%s) 832x 107" 9.52x 107" 1.14 1.44 1.77 2.10 2.46
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permeability of OM. If we further neglect the nonlinear flow processes
including adsorption, slippage effect, and surface diffusion, the intrin-
sic permeability of OM can be predicted. In Sec. 11T A, we will discuss
the intrinsic and apparent permeability of the three types of OM,
which is followed by transient simulations of shale gas production in
OM under different reservoir pressures in Sec. 111 B. In Sec. 111 C, we
present an empirical equation for OM apparent permeability.

A. Intrinsic and apparent permeability of organic
matter

We first present the intrinsic permeability of OM, which is purely
determined by the characteristic of pore structures. Along the flow
direction, we impose a pressure drop of 100 Pa. The remaining bound-
aries are set to no flow. Once the pressure field is obtained, we can use
the Darcy equation to calculate the intrinsic permeability. From this
point onward, the digital rocks of OM-HP, OM-MP, and OM-LP will
be referred to simply as OM-HP, OM-MP, and OM-LP, respectively,
for the sake of brevity. The intrinsic permeability of OM-HP, OM-MP,
and OM-LP is numerically predicted to be 1095, 14.9, and 14.8 nD,
respectively (1nD =210~ *' m?). OM-HP has two orders of magnitude
larger intrinsic permeability than the other two. By recalling the analy-
sis of OM pore structures in Table I, this is because OM-HP has inter-
connected pathways of macropores throughout the domain.
Moreover, it is seen that the intrinsic permeability of OM-MP and
OM-LP is very close to the intrinsic permeability of OM microporosity
(12.3nD in Table II). This indicates that most macropores of OM-MP
and OM-LP are isolated and the porosity of macropores should be
low. This can be confirmed by the coordination numbers (much
smaller than unity) and the porosity (below 10%) of macropores listed
in Table 1. Therefore, flow in the macropores of OM-MP and OM-LP
must be facilitated by the OM microporosity.

Figure 5 shows the volumetric flux and pressure distributions in
the three digital rocks of OM by the modeling of intrinsic permeability.
For each OM, the fluxes lower than 10% of its maximum are transpar-
entized for better illustration. The first column shows the flux distribu-
tions in the OM macropores, where the colormap range is normalized
by the maximum flux in each OM. It is seen that OM-HP has two
preferential flow pathways of interconnected macropores with high
fluxes, while the remaining macropores are either isolated or locally
connected. The fluxes in the macropores of OM-MP and OM-LP are
much smaller, and the majority of macropores are isolated. The second
column shows the fluxes in the OM microporosity. Still, the fluxes
lower than 10% of maximum are transparentized for better illustration
and the colormap ranges are normalized by the maximum fluxes in
the microporosity. OM-HP and OM-MP show some relatively high
flux regions, which play a role in connecting surrounding macropores
for gas flow. However, OM-LP does not show this tendency, because
almost all macropores in OM-LP are isolated and do not form local
clusters. The homogeneous OM microporosity controls even gas flow
in the domain. It is worth noting that OM microporosity can be heter-
ogenous, and its impact on gas flow will be a future study. The third
column shows the steady-state pressure distributions, which is relative
to a background reservoir pressure value. When linear gas flow and
absence of adsorption are assumed here, the background pressure will
not influence the prediction of intrinsic permeability. It is seen that the
pathways of interconnected macropores in OM-HP dramatically
impact the pressure field, which will play a role in the gas production
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FIG. 5. Normalized volumetric flux and pressure distributions in the three digital rocks of OM by the modeling of intrinsic permeability (i.e., steady state and linear process are
considered). The first and second columns display volumetric flux distributions in the macropores and microporosity, respectively. The fluxes lower than 10% of maximum are
transparentized for better illustration. (The maximum volumetric flux in macropores is given on the top of each graph in the first column, and the maximum volumetric flux in
microporosity is given on the top of each graph in the second column.) The third column shows the steady-state pressure (relative to the background reservoir pressure)

distributions.

process (later see Sec. IV B). OM-MP has some local connected macro-
pores, which slightly impact the pressure field. Finally, OM-LP shows
uniform and gradual pressure drop along the flow direction, because
the homogeneous OM microporosity controls even gas flow as men-
tioned above.

Regarding shale gas production, we are more interested in appar-
ent permeability of OM. Both slippage effect in OM and surface diffu-
sion in microporosity will enhance gas flow and make apparent
permeability much larger than intrinsic permeability. It is also known
that slippage flow and surface diffusion reduce as the increase in shale
gas pressure [see Egs. (2) and (4)]. In this work, we numerically predict
apparent permeability under a wide range of reservoir gas pressures
and investigate its pressure dependence. Figure 6(a) shows the appar-
ent permeability of the three digital rocks of OM under different gas
pressures from 1 to 50 MPa. As expected, the apparent permeability
first decreases dramatically and then gradually approaches to the
intrinsic permeability. Figure 6(b) shows the apparent permeability of
OM microporosity and the comparison with the apparent permeability

of OM-MP and OM-LP. For microporosity itself, the intrinsic perme-
ability is 12.3 nD. At 1 MPa, the apparent permeability with and with-
out surface diffusion is 140 and 96.7 nD, respectively. It indicates that
for gas flow in microporosity, slippage effect will be more important
than surface diffusion. By calculation, it is found that slippage effect
and surface diffusion contribute to about 60% and 31% of the apparent
permeability, respectively. This conclusion will also apply to OM-MP
and OM-LP, because microporosity of OM-MP and OM-LP controls
gas flow in OM as discussed above.

Table IV lists the ratios of apparent permeability to intrinsic per-
meability at the reservoir pressures of 1 and 50 MPa for the three digi-
tal rocks of OM. It is seen that at the low pressure of 1 MPa, the
apparent permeability of OM-MP and OM-LP is around ten times
larger than the intrinsic permeability, which is also the case for micro-
porosity. However, OM-HP has a much smaller ratio of 2.35.
Although slippage effect and surface diffusion considerably enhance
gas flow in OM-HP microporosity, slippage flow in interconnected
macropores dominates the apparent permeability. Moreover, given the
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FIG. 6. (a) Apparent permeability of the three digital rocks of OM vs shale gas pressure and (b) apparent permeability of microporosity and the comparison with OM-MP and

OM-LP vs shale gas pressure.

much larger pore sizes of macropores, the value of the correction func-
tion of the Knudsen number for slippage effect [refer to Eq. (3)] is
much smaller than that for microporosity. Although slippage effect in
OM-HP is not as strong as those in OM-MP and OM-LP, the apparent
permeability of OM-HP is still much larger than the other two OM as
shown in Fig. 6(a). This is because the intrinsic permeability of OM-
HP is much larger (1095 nD).

To sum up, first, we show that both intrinsic permeability and
apparent permeability are strongly dependent on pore structures of
OM. In this work, OM-HP has high porosity (24.3%) and intercon-
nected macropores throughout the domain. As a result, it has the high-
est intrinsic permeability of 1095nD. However, at the low reservoir
pressure of 1 MPa, the apparent permeability of OM-HP is only 2.35
times higher than its intrinsic permeability, because slippage effect in
the interconnected macropores dominates gas flow. In contract, OM-
MP and OM-LP have relatively low porosity and no pathways of con-
nected macropores are formed, where OM microporosity controls gas
flow. As a result, OM-MP and OM-LP have much smaller intrinsic
permeability that is very close to the OM intrinsic permeability of
12.3 nD. However, at the low reservoir pressure of 1 MPa, the apparent
permeability of OM-MP and OM-LP is about ten times higher than
their intrinsic permeability, because slippage effect and surface diffu-
sion in OM microporosity are much pronounced. Overall, OM-HP
still has much higher apparent permeability than OM-MP and OM-
LP. Second, in our case studies, we show that in OM microporosity,
slippage effect is more important than surface diffusion, which is

TABLE IV. The ratios of apparent permeability to intrinsic permeability at the reser-
voir pressures of 1 and 50 MPa for the three digital rocks of OM.

The ratios of apparent to
intrinsic permeability (kq, om/kom)

opposite to the conclusion given in the work of Guo ef al. (2018). This
is because the OM microporosity has much larger intrinsic permeabil-
ity (12.3nD) than that (0.69nD) used in Guo ef al. (2018). As a key
material property of OM, its determination is crucial to our quantita-
tive understanding of gas flow capacity in shale. Last, our case studies
indicate that the classification of OM units will be crucial to the upscal-
ing study of shale gas flow. Moreover, OM porosity may be an impor-
tant and convenient parameter to the classification, because
morphology and connectivity of OM macropores have strong correla-
tion with porosity.

B. Transient simulations of shale gas production in
organic matter

Shale gas production and gas occurrence states strongly depend
on the gas reservoir pressure. The real gas production can last a few
years. For simplicity, to study shale gas production dynamics, we use a
low reservoir pressure of 5MPa and a high reservoir pressure of
50 MPa as the background pressures, corresponding to a late and an
early stages of gas production. In our case studies, we impose a pres-
sure drop of 100Pa along the Z direction, i.e., we set the Dirichlet
boundary condition of 0 Pa pressure (relative to the background reser-
voir pressure) at the Z max, the remaining are imposed of the no-flux
boundary condition. Initially, we set a relative pressure of 100 Pa in the
domain.

Table V lists the total amounts of gas production at the two reser-
voir pressures of 5 and 50 MPa. The pressure drop is set to 100 Pa in
our case studies. It is seen that at 5 MPa OM-HP has slightly more gas

TABLE V. The total amounts of gas production at the two different reservoir pres-
sures with a pressure drop of 100 Pa.

Gas production amount (g)

Digital rocks At 1MPa At 50 MPa
Digital rocks At 5MPa At 50 MPa
OM-HP 2.35 1.05
OM-MP 9.42 1.24 OM-HP 116 x 107 '8 329 x 107"
OM-LP 10.01 1.25 OM-MP 8.54x10 Y 1.54%x 10"
Microporosity 11.37 127 OM-LP 1.01x10° '8 152x10°"
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production than those of OM-MP and OM-LP, because the porosity
of macropores in OM-HP is higher. The macropores of OM-HP can
contain more free gas. At 50 MPa, free gas in the macropores will dom-
inate gas production of all the three OM. As a result, OM-HP with a
high porosity has twice more gas production than those of OM-MP
and OM-LP. It is also seen that for each type of OM, the total amount
of gas production at 5 MPa is much larger than that at 50 MPa, which
can be justified by much more adsorption in microporosity at 5 MPa
and the real gas equation of state.

Figure 7 shows the dimensionless cumulative gas production
curves of the three digital rocks of OM, at the low reservoir pressure
of 5 MPa and the high reservoir pressure of 50 MPa. The dimension-
less production time is defined by T* = t/Tp, where ¢ is the physical
production time and Tp is the reference time. The reference time
(i.e., the surface diffusion time) is calculated by Tp, = L?/D;, where
L is the domain length (1.6 um) and Dy is the surface diffusion
(9.52 x 10~ m?%/s) in OM microporosity at 5MPa. The reference
gas production is the total amount of gas production of each case
given in Table V. As shown in Figs. 8(a) and 8(d), at the low reser-
voir pressure of 5 MPa, gas production of OM-HP from the macro-
pores is comparable to free gas and adsorbed gas in the
microporosity due to its high porosity. However, at the high reser-
voir pressure of 50 MPa, free gas production in the macropores is
dominant accounting for about 80% of the total gas production,
mainly due to the high methane density (213.6 kg/m®). In contrast,
at the low reservoir pressure of 5 MPa, adsorbed gas production in
the microporosity is much larger than free gas production in the
macropores for either OM-MP or OM-LP, due to the low porosity
[Figs. 7(b) and 7(c)]. At the high reservoir pressure of 50 MPa, free
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gas in the macropores is the first source of gas production, account-
ing for more than half of the total gas production [Figs. 7(e) and
7(f)]. To sum up, at high reservoir pressures free gas in OM macro-
pores is the major source of gas production. At low reservoir pres-
sures, absorbed gas in OM microporosity dominates the gas
production, expect for high-porosity OM (e.g., OM-HP) where free
gas in macropores can be comparable to adsorbed gas in micropo-
rosity. Finally, it is worth noting that the negative production of free
gas in microporosity at the high reservoir pressure of 50 MPa is due
to the fact that with the increase in gas pressure, the mass of free gas

per unit volume of microporosity, ( - Z:;ﬂ) p8, will reach the maxi-

mum, and then decrease slightly, as shown in Fig. 4. Therefore, des-
orbed gas production can leave more free gas in the OM
microporosity than before the exploitation.

In Fig. 7, we can further observe the dynamics of gas production.
It is seen that the gas production time of OM-HP is much shorter than
those of OM-MP and OM-LP. This is because the connected macro-
pores in OM-HP can efficiently transport adsorbed gas in the OM
microporosity. Also, we observe that free gas production in the macro-
pores is much faster than gas production in the microporosity at
both low and high reservoir pressures. As mentioned before, the mac-
ropores of OM-MP and OM-LP are mostly isolated or locally clus-
tered, which are connected by the OM microporosity. As a result, the
OM microporosity controls gas flow. Free gas in the macropores
and adsorbed gas in the microporosity flow out of the domain
together, and there is no time-separation of the two gas production
processes. Finally, Fig. 8 shows the pressure distributions (relative
to the reservoir pressure of 1 MPa) in the three digital rocks of OM at

(a) OM-HP (b) OM-MP (c) OM-LP
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—s— Free gas from macropores
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FIG. 7. Dimensionless cumulative gas production curves of the three digital rocks of OM, at the low reservoir pressure of 5 MPa and the high reservoir pressure of 50 MPa. In
each case, there are five curves including total production, free gas from macropores, free gas from OM microporosity, adsorbed gas from OM microporosity, and total gas pro-
duction from OM microporosity. The dimensionless production time is defined by T* = t/Tp, where t is the physical production time, and Tp is the reference time. The refer-

ence time (i.e., the surface diffusion time) is calculated by Tp = L?/Ds, where L is

the domain length and Ds is the surface diffusion in OM microporosity at 5 MPa. The

reference gas production is the total amount of gas production of each case given in Table V.
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FIG. 8. Pressure distributions (relative to the reservoir pressure of 5 MPa) in the three digital rocks of OM at the total dimensionless gas production of 0%, 30%, 60%, and
90%. The dimensionless production time is defined by T* = t/Tp, where t is the physical production time, and Tp is the reference time. The reference time (i.e., the surface dif-
fusion time) is calculated by Tp = L?/Ds, where L is the domain length and D; is the surface diffusion in OM microporosity at 5 MPa. The reference gas production is the total

amount of gas production of each case given in Table V.

the total dimensionless gas production of 0%, 30%, 60%, and 90%. It is
seen that in OM-HP, the decline of gas pressure follows the connected
macropores, while in either OM-MP or OM-LP, the decline of gas
pressure gradually and homogenously penetrates to the left side of the
domain. This observation is in consistent with the production curves
in Fig. 7.

C. Empirical formula for apparent permeability of
organic matter

Extensive work has been conducted to model the apparent per-
meability of OM, coupling multiple physical mechanisms and the
dynamic deformation of OM pores (Sheng et al., 2019; 2020; Tian
et al., 2023; and Wang et al., 2022). However, due to the lack of investi-
gation into 3D pore structures of OM, those studies neglect intercon-
nected macropores within OM. As a result, empirical formulas for
apparent permeability of OM are still missing. As a first attempt, we
propose a simple but accurate formula for calculating the apparent

permeability of OM. By adding free gas flux with slippage effect and
surface diffusion flux of adsorbed gas, the following formula of appar-
ent permeability can be derived (Guo et al, 2018):

ad
ko om = —<qg+v“dp—>,u/Vp
a,om pg

1 K S 4Kn
=—uDn N ——— 1 Ki 1+—— )k
pe (1+Kp)2+( i ")< +1+1<n) o
(14)

where k; o is the apparent permeability of OM, k,,, is the intrinsic
permeability, and Kn is the average Knudsen number of OM defined
as Kn = A/L% where LY is the effective characteristic length of OM.
Notice that in Eq. (13), the pressure-dependent surface diffusion coef-
ficient, D, is given in Table I1], and the gas density, p¢, is calculated by
the real gas EOS. The effective characteristic length of OM is the only
fitting parameter in the empirical formula.
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FIG. 9. Apparent permeability of OM-HP, OM-MP, and OM-LP vs reservoir pres-
sure. The apparent permeability of OM-MP and OM-LP is almost overlapped, which
is shown together here.

As shown in Fig. 9, the empirical formula with the fitted character-
istic lengths can well reproduce the numerical results. The fitted charac-
teristic lengths for OM-HP and OM-MP/OM-LP are 33 and 7.5nm,
respectively. It is found that the effective characteristic length for OM-
HP is close to the minimum pore-throat diameter of macropores
(36nm). In contract, the effective characteristic length for OM-MP/
OM-LP is very close to the mean pore diameter of micropores in micro-
porosity (6.96nm given in Sec. ITA). This is because microporosity
dominates flow and transport in OM instead of isolated macropores.

IV. CONCLUSIONS

Organic matter (OM) is the main source of hydrocarbons in
shales. Comprehensive understanding of its permeability and gas pro-
duction characteristics is vital for accurately analyzing production
curves of shale gas reservoirs and optimizing exploitation strategies. In
this work, for the first time, we have developed an efficient pore-net-
work-continuum model for nonlinear gas flow in digital rocks of OM.
We select three types of OM mainly featured by their distinct porosi-
ties and morphologies. The digital rocks are constructed based on their
FIB-SEM images and the information of low-temperature gas adsorp-
tion data, which compose of resolved OM macropores and sub-
resolution OM microporosity. Based on a number of case studies
under different reservoir pressures, we show that high-porosity OM
(OM-HP in this work) may have interconnected macropores through-
out the domain, which dominate the intrinsic permeability of OM.
Furthermore, slippage effect of connected macropores dominates the
apparent permeability. For low-porosity OM (OM-MP and OM-LP in
this work), sub-resolution OM microporosity controls gas flow. As a
result, the intrinsic permeability is close to the intrinsic permeability of
microporosity. At low reservoir pressures (1 MPa in this work), slip-
page effect and surface diffusion in the microporosity dominate the
apparent permeability which can be ten times larger than the intrinsic
permeability. This is distinct from high-porosity OM.

pubs.aip.org/aip/pof

Porous structures of OM also impact gas production and occur-
rence states. Free gas in macropores is the major source of gas produc-
tion at a high reservoir pressure (e.g, 50 MPa, an early stage of
exploitation). In a low reservoir pressure (e.g., 5 MPa), adsorbed gas in
microporosity is dominant, expect for high-porosity OM where free gas
in macropores is comparable to adsorbed gas in microporosity. Finally,
there is time-separation of the two gas production processes (i.e., free
gas production in macropores and adsorbed gas production in micro-
porosity) for high-porosity OM, not for low-porosity OM. Also, gas
production in high-porosity OM is much faster than low-porosity OM.

Our work has verified that OM can be distinct by the connectivity
of its macropores, which may be indicated by its porosity, ie., high-
porosity OM may have connected macropores. OM can have totally dif-
ferent intrinsic permeability, mechanisms of the apparent permeability,
gas occurrence, and gas production processes. This indicates that the
classification of OM can be crucial to the upscaling studies of gas flow.
For instance, in the REV modeling of shale flow, OM cannot be directly
homogenized or averaged. At least, the classification based on the OM
porosity needs to be conducted. Based on our numerical results, an
empirical formula for the apparent permeability of OM with distinct
pore structures is proposed and can be directly used in the REV-scale
modeling of gas flow in shale matrix. Finally, in the future study, we will
release the assumption of homogenous microporosity and improve the
computational performance to avoid the reduction of voxel resolution.
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APPENDIX A: EQUATION-OF-STATE AND VISCOSITY
EQUATION FOR METHANE

We use the Peng—Robinson equation to describe the density of
methane. First, reduced temperature T, and reduced pressure P, are
given as

(A1)

; (A2)

where P, is the critical pressure of methane and equals to
4.599 MPa, T, is the critical temperature of methane and equals to
400 K.

Then, the coefficients A and B in the Peng-Robinson equation
can be calculated as

P
A=Q,[1+m(1—T%)] (A3)
(TT) )
P
B=Q,— A4
b (A4)
0.37464 + 1.542260 — 0.269920%, < 0.49
") 0.3796 + 1.4850 — 0.16440? + 0.01667°, @ > 0.49,
(A5)
Q, = 0.45724
(A6)
Q, = 0.07780.

Finally, substitute the coefficients A and B into the cubic equa-
tion regarding the compressibility factor z,

2—-(1-B)Z+(A—-2B-3B)z—(AB—B*—B*)=0. (A7)

By solving Eq. (A7), the density of methane as a function of
pressure is presented in Fig. 10.
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FIG. 10. Viscosity and density of methane as a function of pressure calculated by
Lee’s relation and PR-EQS, respectively.
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APPENDIX B: VISCOSITY CALCULATION PROCEDURE

In this work, we calculate the viscosity of methane by the
empirical formula proposed by Lee et al. (1966).

Ke(Xp;’) B
e 7 1
K = 0000 (BL)
where
9.4+ 0.02M,)T"5
K = M7 (B2)
(209 + 19M, + T)
986
X =35+ = + 0.001M,, (B3)
Y = 24— 02X, (B4)
M, = 28.9675G,, (B5)
1 28.967SG,P 56)
= X
Pe = 62428 ° Z210.732T

where p, is the gas density (g/ cm?); SG, is the gas specific gravity,
with methane gas specific gravity being 0.5537; P is the gas pressure
(psi), where 1Pa=0.00014504psi; T is the temperature (Rankine),
where 1K= 1.8 Rankine; z is the gas compressibility factor, obtained
from the Peng-Robinson Equation of State; M is the gas molecular
weight (-), dimensionless; and yu is the gas viscosity, in centipoise (cp).
This formula applies within the range of 311K < T < 4444K and
0.689 MPa < P < 55.15 MPa. The viscosity of methane calculated from
Eq. (B1) as a function of pressure is presented in Fig. 10.

APPENDIX C: THE IMPACT OF IMAGE COARSENING ON
POROSITY AND INTRINSIC PERMEABILITY

In this work, to reduce computational efforts, we resampled
the FIB-SEM images of OM by reducing the voxel size from 4 to
32nm. We compared the number of computational grids, the
intrinsic permeability, and the porosity of macropores as decreasing
the voxel size, respectively, as shown in Tables VI-VIIIL.

TABLE VI. The number of computational grids.

Digital rocks Voxel size4nm Voxel size 8nm Voxel size 32 nm

OM-HP 3467404 812675 30207
OM-MP 2616010 575147 22873
OM-LP 3193758 748 092 29105

TABLE VII. The impact of image coarsening on intrinsic permeability.

Digital rocks Voxel size4nm Voxel size 8nm Voxel size 32 nm

OM-HP 1730.65nD 1351.55nD 1096.59 nD
OM-MP 18.8811 nD 18.4335nD 14.8259 nD
OM-LP 17.4787 nD 17.492nD 14.7062 nD
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TABLE VIII. The impact of image coarsening on volume fractions of solid, micropo-
rosity, and macropores.

Voxel Voxel Voxel

Digital rocks size4nm  size8nm  size 32nm
Solid 1.77% 1.80% 1.69%
OM-HP Microporosity 73.21% 73.3% 74.44%
Macropores 25.02% 24.9% 23.87%
Solid 18.39% 18.38% 18.23%
OM-MP  Microporosity 71.79% 71.85% 72.78%
Macropores 9.82% 9.77% 8.99%
Solid 0.06% 0.1% 0.05%
OM-LP Microporosity 90.4% 90.5% 90.25%
Macropores 9.52% 9.4% 7.69%
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