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From a microscopic point of view, nano-scale pores are dominant in shale matrix, which provide
transport space for natural gas. Accordingly, a pore-scale modeling, which can accurately capture the
complex pore morphology and its effects on gas flow behavior, is crucial for understanding the gas
transport mechanisms in shale matrix. In this study, the focused ion beam-scanning electron microscope
(FIB-SEM) technique was employed to observe and characterize the morphology of the nanopores in
shale. Based on the morphology characterizations, three representative porous models (i.e. intergranular
pore model, micro-crack model and “honeycomb” pore model) were proposed and generated by nu-
merical methods. The high-Knudsen gas flows in these generated structures were simulated by the
lattice Boltzmann method (LBM). A comparison of the simulation results among these three porous
models suggests that the nano-scale pore morphology plays an important role in the gas transport
properties. Moreover, the high-Knudsen effect leads to a larger apparent permeability for each nano-
scale porous model. Our work indicates the importance of the nano-scale pore morphology and the

high-Knudsen effect on gas transport properties of shale matrix.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Natural gas extraction from deep underground shale formations
(shale gas) gained worldwide attention since profitable extraction
was achieved in North America (Liang et al., 2014). Shale gas res-
ervoirs are usually referred to as “unconventional reservoirs” due to
the micro-to nanometer sized pore spaces and the lack of
economical production ability before reservoir stimulation (Jackson
et al., 2014). Generally, horizontal drilling and hydraulic fracturing
are employed to increase the effective transport channels for the
gas flow toward the wellbore. However, despite these treatments,
only a small fraction (approximately 5—30%) of shale gas can be
extracted (Bazant et al., 2014). This is mainly attributed to the
extremely restricted transport property of shale matrix situated
between the artificially created hydraulic fractures. A better un-
derstanding of the transport mechanisms, which govern the gas
flow behavior within the porous structure of shale matrix, is thus
important for developing an optimal exploitation method (Zheng
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et al., 2016).

In order to gain a deeper understanding of the macroscopic
shale matrix transport properties, it is indispensable to obtain in-
sights from the microscopic gas flow behavior in its nano-scale
porous structure (Heller et al., 2014; Gensterblum et al., 2015). An
accurate description of porous structures in shale matrix is needed
in the first place. Advanced imaging methods, such as nanoscale X-
ray computed tomography (nano-CT) (Akbarabadi and Piri, 2014)
and focused ion beam-scanning electron microscope (FIB-SEM)
(Kelly et al., 2016; Bultreys et al., 2016), are now available to
observe the nano-scale porous structures in shale. With these
methods, three-dimensional (3D) porous structures in shales from
different regions were depicted (Kelly et al., 2016; Klaver et al.,
2015; Loucks et al.,, 2012; Chalmers et al.,, 2012). These results
combined with the pore size distribution tests (Chalmers et al.,
2012) show that nano-scale pores are dominant in an intact shale
sample. Besides, the porous structures in shale are very complex,
which result from multiple mineral compositions, diagenetic pro-
cesses and hydrocarbon generation processes. Statistically, the
porous structures are anisotropic and heterogeneous (Wang et al.,
2016a). Moreover, from a morphological point of view the porous
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structures are quite diverse and vary from “honeycomb” like pores
in organic matter, intergranular irregular shaped pores and hy-
drocarbon generation related micro-cracks (Loucks et al., 2012).
Accordingly, pore-scale models which can accurately represent
these complex pore morphologies are crucial for understanding the
related gas transport mechanisms. As noted by previous studies
(Wang et al., 2010; Wang and Pan, 2008; Ju et al., 2013, 2014), the
morphology of different types of porous structures influence the
effective properties of porous media. However, little attention has
been focused on the influence of nano-scale pore morphology on
the gas permeability.

As the flows in shale matrix are confined in nano-scale pores,
the conventional Darcy's law, which assumes a non-slip boundary
condition, is not always applicable under reservoir conditions
(Fink et al., 2017; Javadpour et al., 2007; Lauga et al., 2007). For
such gas flows, the Knudsen number (Kn), which is defined as the
ratio between the mean free path (1) and the characteristic length
(I) of the flow region, is relatively large (Kn > 0.001) and the
continuum assumption breaks down (Wang and Li, 2003; Wang
et al.,, 2008; Guo et al,, 2008; Aidun and Clausen, 2010; Li et al,,
2011). Hence, the contribution of gas slip on the solid boundary
cannot be ignored (Wang et al., 2008; Guo et al., 2008; Chai et al.,
2011; Cho et al., 2013; Wang and Yin, 2017; Wu and Struchtrup,
2017; Suga et al., 2010) and the obtained apparent permeability
(kq) is larger than the intrinsic permeability (ko). This was first
experimentally proven by Klinkenberg (1941) and followed by
several analytical and numerical models that proposed solutions
to capture the high-Kn effect. For instance, Ohwada et al. (1989).
studied the high-Kn gas flow on the basis of a linearized Boltz-
mann equation. Beskok and Karniadakis (1999) reported a semi-
analytical model for high-Kn gas flow in the straight channel
and pipe geometries. Civan (2010) extended the equation for
gaseous flow through tight porous media. Kalarakis et al. (2012).
simulated the gas flow in channels and reconstructed porous
media using a direct simulation Monte Carlo (DSMC) method and
a modified LBM. Their results suggested that k, increases two
orders as the Kn increased from 0.1 to 10.

For high-Kn flow simulation, LBM has higher computational
efficiency compared to DSMC, which makes it suitable for studying
the flow in complex porous structures (Chai et al., 2011; Cho et al,,
2013; Wang and Yin, 2017; Wu and Struchtrup, 2017). Guo et al.
(2008). proposed a generalized lattice Boltzmann equation with
multiple effective relaxation times for the unidirectional high-Kn
gas flow. Li et al. (2011). simulated microchannel flows in the
transition flow regime using LBM and the results agreed well with
the linearized Boltzmann equation, the DSMC, and the experi-
mental results. Wang et al (Wang and Yin, 2017). simulated the gas
flow with surface slip in 3D geometries composed of different ar-
rays of spheres. Recently, Wang et al. (2016a, 2016b). employed LBM
in simulating in-situ shale gas flow and investigated the influence
of statistical geometry effects on gas permeability. As indicated by
previous studies, LBM can accurately account for high-Kn gas flows
in complex porous structures, which makes it a popular tool for
studying the flow behavior in the shale matrix.

In this study, we investigated the nano-scale pore morphology
within a shale matrix and its influence on high-Kn gas transport. At
first, the microscopic porous structures of shale were observed and
characterized by FIB-SEM imaging. Based on the morphology
characterizations, three representative types of porous models
were proposed and numerically generated. Finally, the high-Kn gas
flow was simulated by LBM, in order to obtain the kg and k, of the
three porous models. The influences of pore morphology on shale
matrix permeability were discussed based on the calculations.

2. Characterization and reproduction of porous structure in
shale

It is known that complex nano-scale pores are dominant in shale
matrix according to recent publications (Kelly et al., 2016; Klaver
et al, 2015; Loucks et al, 2012; Chalmers et al., 2012). The
morphology of these nano-scale pores exhibits diverse character-
istics, which contribute differently to the transport properties. In
this work, the porous structures in shale were observed by FIB-
SEM. According to the pore morphology features, three typical
structural models were proposed. For each model, a numerical
reconstruction method was employed to generate representative
porous structures.

2.1. Pore morphology characterization

FIB-SEM was used to investigate 3D porous structures in shale
samples drilled from an outcrop of Lower Silurian Longmaxi for-
mation, Sichuan Basin, China. The formation (Ju et al.,, 2017a) has a
high total organic carbon content of 2.28% and a high thermal
maturity of Ro = 2.11%. Three sets of FIB-SEM observations were
conducted which intentionally focused on different porous regions
of the shale samples. The FIB-SEM image resolution of each
observation was chosen to provide a clear indication of the porous
structures. Two sets focused on interparticle regions with trench
sizes of 22 x 15 um and 16 x 14 pm and image resolutions of 22 nm
and 15 nm, respectively. A third set focused on the organic matter
region with a trench size of 13 x 11 pm and an image resolution of
6 nm. The milled thickness by the FIB each time was 10 nm for all
the three sets.

These image sets obtained by FIB-SEM provide useful informa-
tion to classify different pore morphologies in shale, with respect to
the pore shape, position and surrounding mineral compositions.
Three representative image cuts of the three observations are
shown in Fig. 1. Based on these observations, three typical pore
morphology models were defined: intergranular pore model,
micro-crack model and “honeycomb” pore model. As illustrated in
Fig. 1(a), irregular shaped intergranular pores mainly appeared
between particles. The formation of these intergranular pores is
related to the compaction of particles. The micro-cracks, which may
be related to the hydrocarbon generation process, are shown in
Fig. 1(b). These micro-cracks usually appeared near organic matter
and around edges of some hard mineral particles. The pores in the
organic matter result from hydrocarbon generation processes and
have a shape similar to a “honeycomb”, as shown in Fig. 1(c). In high
matured shales, as the one shown in Fig. 1(c), the “honeycomb”
pores usually occupy a large portion of the organic matter.

2.2. Porous structure generation

In order to give a quantitative description of the influence of the
nano-scale pore morphology on the gas transport properties, 150 of
porous models were generated by numerical reconstruction
methods based on the pore morphology characterization. The
generated 3D digital structures were composed of black and white
voxels representing pore space and rock matrix, respectively. Each
structure has a size of 64 x 64 x 64 voxels.

The porosity (¢) of each reconstructed structure is defined as the
number of black voxels divided by the total voxel number. More-
over, the effective porosity (¢.) is defined by solely taking into ac-
count the connected voxels on the flow direction X. In the
calculation of ¢,, all pore voxels were firstly labeled with the con-
nected ones labeled as the same value. Thereafter, the number of
connected pore voxels from the surface of X = 1 to the surface of
X = 64 was calculated and utilized to calculate ¢,.
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Fig. 1. Representative porous structures in shale matrix observed by FIB-SEM with image size of 400 x 400 voxels. (a) Intergranular pores with voxel resolution of 22nm, (b) micro-

crack with voxel resolution of 15nm and (c) organic pores with voxel resolution of 6nm.

2.2.1. Representing of intergranular pore model

A random sphere packing method (Ju et al., 2017b) was used to
generate the intergranular pore models. In this procedure, white
spheres were randomly inserted into a predefined black cubic box
with a side length of 64 voxels until the porosity equaled to the
predefined value. A uniform sphere with a radius equal to 4 voxels
was used in the generation process and they were allowed to
overlap with each other. Five sets of the intergranular pore model
were generated with porosities equal to 8%, 10%, 12%, 14% and 16%,
respectively. In each porosity set, 10 random structures were
generated to give a statistical quantification. A 3D appearance of the
generated intergranular pore structure with 10% porosity is shown
in Fig. 2(a) and the center slice perpendicular to X direction is
shown in Fig. 2(b).

2.2.2. Representing of micro-crack model

A random crack generation method was proposed to generate
micro-crack models. In the procedure, random crack planes were
sequentially cast into a predefined white cubic box with a side
length of 64 voxels until the porosity equaled to a predefined value.
Similarly, five sets of micro-crack model were generated with po-
rosities of 8%, 10%, 12%, 14% and 16%, respectively, and each set
contained ten random structures. In the model, each crack plane
was defined by a random point (Xg, Yo, Zo) and a random vector (a, b,
¢). The value of Xg, yg and zg were random integers from 1 to 64. The

value of a, b and c were random integers from -64 to 64. In the
casting process, the voxels with a coordinator of (x, y, z), which met
the criterion defined by the following Eq. (1), were chosen as the
crack voxels:

abs(a x (x —Xo) + b x (y —yo) + € x (2—-2p)) _

Va2 +b? 42

Under this setting, the effective aperture of each crack was 3
voxels. A 3D appearance of the generated micro-crack model with
10% porosity is shown in Fig. 3(a) and the center slice perpendicular
to X direction is shown in Fig. 3(b).

(1)

2.2.3. Representing of honeycomb pore model

A similar random sphere packing method was employed to
generate honeycomb pore models. The difference is that black
spheres, i.e. pore voxels, were randomly put into a predefined white
cubic box with a side length of 64 voxels. A uniform sphere with a
radius of 4 voxels was used in the generation. Predefined porosities
for the five sets were 30%, 35%, 40%, 45% and 50%, respectively.
Again, each set contained ten random structures. The high porosity
is in consistent with the cases of high mature organic matter in
shale, as shown in Fig. 1(c). A 3D appearance of a generated hon-
eycomb pore model with 40% porosity is shown in Fig. 4(a) and the
center slice perpendicular to X direction is shown in Fig. 4(b).

(b)

Fig. 2. Illustration of the generated intergranular pore model. (a) 3D appearance of the model, (b) center slice perpendicular to X direction.
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(b)

Fig. 3. Illustration of the generated micro-crack model. (a) 3D appearance of the model, (b) center slice perpendicular to X direction.

s

el

Fig. 4. Illustration of the generated honeycomb pore model. (a) 3D appearance of the model, (b) center slice perpendicular to X direction.

3. LBM for gas flows in nanopores
3.1. Basic lattice Boltzmann equation

The LBM is employed for simulating high-Kn gaseous flows in
the reconstructed porous structures due to the following two rea-
sons: (1) it is directly derived by discretization of the Boltzmann
equation (Chen and Gary, 1998; He and Luo, 1997), which is the
fundamental transport equation for high-Kn flow; (2) it is conve-
nient and efficient in dealing with complex boundaries of porous
structure (Sukop and Thorne, 2006). A detailed review of applying
LBM in micro-gaseous flow can be found in Wang et al. (2016c). In
general, the lattice Boltzmann equation without a body force term
is written as:

fix+ At t + At) — fi(x, t) = Q;(fy) (2)

where f;(X, t) is the discrete density distribution function at location
x and time t, ¢; is the lattice speed, Q;(f;) is the collision operator. In
this work, the 3-dimensional 19-speed (D3Q19) model and

multiple relaxation time (MRT) collision operator are employed to
ensure the simulation accuracy and stability (d'Humieres, 2002).
The MRT collision operator is:

Qilf) = —>_(M'sM)_(f; —£77) (3)

J

where f£9 is the equilibrium distribution function. M is a 19 x 19
transformation matrix, which maps the distribution functions onto
the moment space (d'Humieres, 2002). S is a diagonal matrix and
its value employed in this work is according to Pan et al. (2006):

S = diag(0, se, s¢,0,5q,0,5q,0,Sq, Sy, Sx. Sv, S, Svs Sv, Svs Sm, Sm, Sm)
(4)
2-s,

where s, = } and Se =S, =Sqg =Sy =Sm =8 =T is the relaxation
time which is related to the macroscopic kinetic viscosity as
V= g—’(i (1 —0.5). The macroscopic physical density and velocity of
the flow is computed by the distribution function as:




J. Zheng et al. / Journal of Natural Gas Science and Engineering 47 (2017) 83—90 87

p=Sh u=Ycf (5)

3.2. LBM for high-Kn flow

In order to accurately simulate the high-Kn flow by LBM, a
similar procedure as proposed by (Wang et al., 2016a, 2016b; Guo
et al.,, 2008; Li et al., 2011) was employed in this work. Especially,
two property changes of high-Kn flow were considered in the
simulation: 1) gas slip on the wall boundary and 2) a lower effective
viscosity.

Kn is defined as:

Kn :% (6)

where 1 is the mean free path of gas and [ is the characteristic
length of the pores in the model. For the micro-crack model, [ is
defined as the aperture of the micro-crack, which equals to 3 lattice
length. The [ for the intergranular pore model and the honeycomb
pore model are defined by the well-known Kozeny-Carman (K-C)
model (Carman, 1997):

_ ZVP

I= 5,

(7)

where V}, is the pore volume and S, is the surface area of the pore
space. The I defined by this method gives an accurate description of
average pore size and simplifies the following calculation. Addi-
tionally, the simulated gas in this work was treated as methane due
to the fact that the main component of shale gas is methane (Loucks
et al., 2012). The mean free path of the gas is calculated by:

_ K ™
A_,o 2RT ®)

where p is gas viscosity, p is gas density, M is gas molar mass, R is
gas constant which equals to 8314 (J-mol !/K) and T is
temperature.

The fully diffusive boundary condition (Ansumali and Karlin,
2002) is implemented as:

frew = MM (9)
> isolid®j

where 3 f; represents the sum of f; which toward a solid node.

fhew arbstlife diffused outgoing distribution functions on the solid

node. In the next streaming step, the f"*" propagate to the nearby

fluid nodes. Moreover, the Bosanquet-type effective viscosity is

calculated by:

_ |4
Fe =T akn (10)

where a is an empirical parameter equaling to 2.2 (Beskok and
Karniadakis, 1999).

To validate the simulation method, micro-gaseous flows in a
straight channel under different conditions were simulated. The
channel length and height were 500 nm and 55 nm respectively, in
a calculation domain of 100 x 13 lattices. A small pressure gradient
was applied in the simulation using the non-equilibrium extrapo-
lation method (Guo et al., 2002).

At first, the intrinsic permeability (kg) of the channel was

calculated at different values of  without considering the high-Kn
effect. In this case, the bounce-back boundary condition and the
intrinsic gas viscosity were used in the calculation. It should be
noted that under such conditions kg is only a property of the
channel height H, i.e., kg = H2/12. The MRT scheme showed more
stable and accurate results compared to the single relaxation time
(SRT) scheme. As shown in Fig. 5(a), the kg results calculated by the
MRT scheme are almost the same as theoretical values for a wide
range of 7. However, the SRT scheme is applicable only for small
values of 7. The stability of the MRT scheme for different values of 7
is crucial for the accurate simulation of high-Kn gas flow.

Secondly, high-Kn gas flow (Kn = 0.709) in the same channel
was simulated by the MRT scheme, using diffusive wall boundary
and effective viscosity. The velocity profile agrees well with the
model proposed by Beskok and Karniadakis (1999), as shown in
Fig. 5(b). These results demonstrate the capability of our method in
simulating the high-Kn gas flows.

4. Simulation of flow in different pore morphologies

The validated LBM was employed to investigate the micro-
gaseous flow in the three typical porous models. The parameters
listed in Table 1 were used to simulate the gas flow in the porous
structures as generated in Section 2. The ko of each generated
structure was calculated with non-slip boundary condition and
intrinsic viscosity. The k; was obtained by high-Kn gas flow simu-
lation. In the simulations, a small pressure gradient along X direc-
tion was applied using the non-equilibrium extrapolation method
(Guo et al., 2002). The average velocity in the flow direction (Uyx)
was monitored at each iteration time step. The itération process
stopped when the velocity nearly unchanged:]leiI <102, where
U, is the average velocity in the previous iteration time step. Sub-
sequently, the permeability was calculated based on the velocity
data.

4.1. Micro-gaseous flow in intergranular pore model

ko and k, of the intergranular pore model were calculated by the
proposed method. For each porosity set, ten randomly generated
structures were analyzed. The average ¢, for each porosity set is
given in Table 2. When ¢>10%, the value of ¢, is close to ¢. However,
the value of ¢, is significantly less than ¢ when ¢ <10%. The average
Kn under the simulation settings is also listed in Table 2.

In the simulation, two parallel computations were performed
for obtaining the kg and k, of each structure. Comparisons of kg and
ka at different porosities are shown in Fig. 6. As shown, the
permeability increases about one order as the porosity doubled
from 8% to 16%. Moreover, k; is more than two times larger than kg
at the same porosity, indicating that high-Kn effect is significant.

4.2. Micro-gaseous flow in micro-crack model

Ten micro-crack structures were generated for each of the five
porosity sets with an effective crack aperture of 3 lattice length. The
crack length is allowed long enough to cross through the cubic
domain. As a result, ¢, of each set is almost equal to ¢. For the given
parameter settings in Table 1, Kn for each micro-crack structure
equals 0.173.

Two parallel computations were performed to obtain the k, and
ko of each micro-crack structure. As presented in Fig. 7, ka and kg
approximately show a positive linear correlation with the porosity
increase, which is reasonable as the number of cracks in the system
increases linearly with the total porosity as well. In addition, the
average k, is about two times larger than kg for each porosity set.

Compared with the intergranular pore model, micro-crack
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Fig. 5. Validations of micro-gaseous flow simulation. (a) Comparison of the accuracy of MRT and SRT scheme. (b) The velocity profile of high-Kn gas flow in a single nano-channel.

Table 1

Parameters used in the high-Kn gas flow simulation.
Domain size (lattices) 64 x 64 x 64
Lattice length, dx (m) 5% 107
Temperature, T (K) 380
Gas constant, R (J-mol'-K™1) 8.314
Molar Mass, M (kg/mol) 0.016
Gas density, p (kg/m>) 15.19

Gas pressure, P (MPa) 3
Press gradient, VP (MPa/m) -1
Dynamic viscosity, u (kg-m~'-s1) 14 x 10°

Table 2

Average porosity and Kn of the reconstructed intergranular pore structures.
Set (#) 1 2 3 4 5
¢, (%) 8 10 12 14 16
e, (%) 4.28 7.69 11.34 13.67 15.72
Kn 0.59 0.55 0.52 0.49 0.46

model has much larger kg and k,, especially at small porosities. For
instance, porosities of 8% or 10% yield permeabilities that are larger
by more than one order of magnitude for the micro-cracks model.
This can be related to a larger effective porosity and less complex
pore morphology for the micro-crack model. This comparison im-
plies the importance of pore morphology on gas permeability.
Moreover, the highly permeable micro-crack models suggest that
they play an important role in shale gas production.

4.3. Micro-gaseous flow in honeycomb pore model

Unlike the previous two inorganic pore models, the honeycomb
pore model is a representation of the porous structure in organic
matter. However, this work only focused on the influence of pore
morphology on gas permeability, the influence of pore surface
properties, such as the adsorbed gas layer on organic pores (Li et al.,
2016; Ren et al., 2014; Sang et al., 2016), was not included in the
current calculations. The ¢, and Kn of the ten structures in each
porosity set are shown in Table 3. kg and k, of the five sets of
honeycomb pore model, which have a porosity ranging from 30% to
50%, were calculated using LBM.

-19
5x10 . . . . .

-©-Apparent Permeability ka

o
o
T
L

-g-Intrinsic Permeability ku

Permeability (mz)
N w
N o w (3 »

-
(%]
T

0.12 0.14 0.16

Porosity

0.08 0.1 0.18

Fig. 6. Apparent permeability and intrinsic permeability of the intergranular pore
model calculated by LBM simulations.

Again, two series of LBM simulations, with and without
considering the high-Kn effect, were performed to obtain k; and k.
Results of k; and kg are plotted against porosity in Fig. 8, in which k,
and kg increase with increasing porosity. Compared with the
intergranular pore model, the honeycomb pore model has much
larger permeability since its effective porosity and effective channel
size is much larger. However, it should be noted that the perme-
abilities of the honeycomb pore model and micro-crack model
were within the same order of magnitude although porosities were
much larger for the honeycomb model. This again demonstrates the
importance of pore morphology on transport properties within
shales.

5. Conclusions

Our preliminary results show that the FIB-SEM method provides
a useful tool to characterize different pore morphologies in a shale
matrix. Based on the characterizations of the pore morphology,
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calculated by LBM simulations.

Z?/I:‘zg:;e porosity and Kn of the reconstructed honeycomb pore structures.
Set (#) 1 2 3 4 5
# (%) 30 35 40 45 50
e (%) 25.20 32.72 39.35 44.59 49.79
Kn 0.25 0.24 0.22 0.22 0.20
x10718 . . . .
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Fig. 8. Apparent permeability and intrinsic permeability of the generated honeycomb
pore model calculated by LBM simulations.

three conceptual models with different pore morphologies were
proposed: 1) the intergranular pore model, 2) the micro-crack
model and 3) the honeycomb pore model. These conceptual
models were then numerically generated for different porosity
ranges. Finally, LBM with the MRT collision operator was employed
to simulate the micro-gaseous flows in these reconstructed struc-
tures. A lower effective gas viscosity and a diffusive wall boundary
condition were employed in the LBM to capture the high-Knudsen

effect in the nano-scale porous structures. As the calculation results
showed, the permeability of the micro-crack model showed a
positive linear correlation with increasing porosity. Besides, the
permeability of the micro-crack model was much larger when
compared to the intergranular pore model albeit the same porosity.
Although the honeycomb pore model was generated with much
larger porosities than micro-crack model, the permeabilities of
these two models are in the same order of magnitude. These results
numerically prove that micro-cracks have a major contribution to
gas transport within a shale matrix. In addition, the apparent
permeability within each model was about two times larger than
the intrinsic permeability for each model. This emphasizes that the
high-Knudsen effect must be considered when estimating shale gas
production rates.
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