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Abstract The pore network is an approximate representation of the void space of porous materials,

such as rocks and soil, via pores (corresponding to large cavities) and throats (narrow constrictions). During
extraction of networks from real void space, ambiguous definitions or determinations of pores and throats
may cause significant errors in the prediction of single/multi-phase transport properties. Meanwhile, the
pore-throat segmentation needs to exclude non-physical parameters as much as possible. In this work, we
propose a pore-throat segmentation method based on local hydraulic resistance equivalence between the real
void space and the simplified pore-throat geometry. Each pore-throat interface is carefully determined at the
position where the simplified tubes preserve the local hydraulic resistance of the real space best. This local
segmentation method ensures equivalency between extracted pore network and real pore space without any
empirical or non-physical parameters. After validations of accuracy and reliability by benchmarks, this method
is applied to real porous materials including spherical pack, sand pack, sandstone, limestone, and carbonate.
The single/two-phase transport properties predicted by the new method agree well with the experimental data
and the direct simulation results. The proposed method improves the accuracy of pore network model (PNM)
predictions significantly with a slight increase in computational cost. This local pore-throat segmentation
method may enhance the capability of PNM for more complicated applications.

1. Introduction

Multiphase flow in porous media is ubiquitous in nature and industrial processes, such as hydrocarbon recov-
ery (Blunt, 2017; Chen et al., 2021; Huppert & Neufeld, 2014; Liu & Wang, 2020; Singh et al., 2019), aquifer
management (Gerke et al., 2015; Godinho et al., 2016; Rubol et al., 2016; Yang et al., 2022), reactive transport
(Chiogna & Rolle, 2017; Mehmani & Xu, 2022; Wang & Battiato, 2020; Xiong et al., 2016), and engineering
designs of fuel cells (Gholipour et al., 2021; Tranter et al., 2018). To understand these processes, pore-scale
modeling is widely used to connect microscale mechanisms to macroscopic properties. Pore-scale modeling
methods for multiphase flow in porous media can be divided into two categories (Blunt et al., 2013; Meakin &
Tartakovsky, 2009): direct numerical simulations (DNS) and network simulations. DNS solve the governing equa-
tions of flow and other transports directly on the porous structures, using such as finite volume methods (FVM)
(Ferrari & Lunati, 2014), lattice Boltzmann methods (LBM) (Alizadeh et al., 2019; Chen & Doolen, 1998; Chen
et al., 2019; Ramstad et al., 2010; Xie et al., 2021; Zheng et al., 2018), smoothed particle hydrodynamics (SPH)
methods (Tartakovsky et al., 2007), dissipative particle dynamics (DPD) methods (Dzwinel & Yuen, 2000) and
so on. DNS require details of complex microstructures of permeable media to account for the effect of viscous
forces so they are generally computationally expensive. It has been recently reported that DNS limits to a domain
size up to 7003 to the best of personal computational resources (Gerke et al., 2020). An alternative solution to
pore-scale modeling is the pore network model (PNM), which simulates the fluid flow and transport on a repre-
sentative network with simplified elements derived from the void space. Since the complex pore structures of
real materials are simplified as network elements, the transport properties of a pore or throat can be calculated
analytically or semi-analytically. Consequently, the PNM is computationally efficient and can deal with a much
larger computation domain than any DNS method with a given computational resource.

The pore network modeling contains two core processes, network construction and transport modeling. The
network can be either extracted from pore space for real applications or generated artificially for mechanism study.
In recent years, exciting developments have been made in algorithms for PNMs (Chen et al., 2021; Mehmani &
Xu, 2022; Qin et al., 2022; Xie et al., 2017), yet, the efforts paid to network extraction from real pore space, which
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is the basis of pore network modeling for real applications, are still not enough. In the early studies of PNMs,
regular networks (Chatzis & Dullien, 1977; Jerauld & Salter, 1990) were mostly adopted. Nevertheless, it was
generally believed that regular networks fail to reflect the real topology and geometry of rock pore space (Blunt
et al., 2013) and a pore network representative of porous structures is the prerequisite for reliable simulation
results (Wang et al., 2020). Therefore, researchers came up with a way to extract networks directly from the pore
space, typically from scanned images. Extracting a network from an image generally may involve three steps. The
first step is to locate the centers of pores and throats using an effective algorithm, such as medial axis algorithms
(Lindquist et al., 1996), maximal ball algorithms (Dong & Blunt, 2009), or watershed algorithms (Gostick, 2017).
The void space is then divided into pore regions separated by interfaces located at the throat centers. In the second
step, the pore-throat segmentation is performed for each “pore,-throat-pore,” link. Consequently, each voxel in
the image is assigned to a unique pore or throat. The final step is to calculate network attributes such as volume,
conduit length, and shape factor.

As for the determination of pore and throat centers, numerous algorithms have been proposed over the past three
decades. Zhao et al. (1994) developed the multi-orientation scanning approach to locate pore necks (throats) by
slices of a 3D volume in multi orientations. Lindquist et al. (1996) put forward the medial axis algorithm that
transformed the pore space into a medial axis by a burning algorithm. The medial axis represents the topological
skeleton of the pore space, along which pores and throats are located at conjunction nodes and local minima,
respectively. The medial axis-based method mathematically preserved the topology of pore space, however, it
defined the centers of pores and throats a little bit ambiguously, especially for images with high noise or compli-
cated geometries. The maximal ball method was originally proposed by Silin et al. (2003), and then improved by
several contributors (Al-Kharusi & Blunt, 2007; Arand & Hesser, 2017; Dong & Blunt, 2009). In the maximal
ball method (Dong & Blunt, 2009), the first step is to build the maximal inscribed sphere at each voxel; those
spheres included in others are removed; then, through a clustering procedure, centers of masters and common
child define the centers of pores and throats, respectively. Another method is the watershed segmentation of the
pore space. The watershed method was first investigated by Sheppard et al. (2006) and Thompson et al. (2008)
and was substantially improved later (Gostick, 2017; Rabbani et al., 2014). The first step of the watershed method
(Gostick, 2017) is to calculate the distance map of the pore space; next, identify peaks in the distance map. The
void space is then divided into different pore regions by the watershed algorithm. Each pore region corresponds
to a single pore, and the interface where pore regions come into contact defines a throat center.

After pore regions and throat centers are recognized from the real pore space, we need to specify what constitutes
pores and throats, that is, the pore-throat segmentation which is the crucial part of pore network construction.
Several methods have been developed for pore-throat segmentation, which appear empirical because the exact
physical definitions of pore and throat are still lacking (Bhattad et al., 2011; Xiong et al., 2016). @ren and
Bakke (2003) proposed a method to calculate the conduit lengths of pores and throats with a segmentation coef-
ficient a. The pore lengths, /; and /;, are given by

L=l <1—aﬂ>, 1
ri

L=l (1—a§>, )
J

where /{ and l;. are the Euclidean distances from the centers of pore i and pore j to the throat center; r;, r;, and r,
are the radii of pore i, pore j, and throat, respectively. The throat length is defined as

Li=1l;—1—1,, ?3)

where /;; is the Euclidean distance between two adjacent pores. The method was subsequently followed by Dong
and Blunt (2009). In the original work of @ren and Bakke (2003), & was taken as 0.5, whereas 0.6 was used by
Dong and Blunt (2009). For convenience, this method is abbreviated as “@ method” in the following text. Later,
Sholokhova et al. (2009) proposed a similar method to calculate conduit lengths,

L =1(1 - w), @)

1 =11 - w), ®)
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I, = w'[ij7 (6)

where w is the segmentation coefficient. Unlike the @ method, there is no recommended value for w. This
method is abbreviated as “w method” in the following parts of this paper. The coefficient, either a or w, exhibits
non-physical, empirical, and sometimes arbitrary, which may result in uncertain or even counterintuitive simula-
tion results (Bondino et al., 2013; Gerke et al., 2020; Idowu et al., 2013). Youssef et al. (2007) proposed a method
to calculate the effective throat length combined with the medial axis method. Pores had zero lengths while the
effective throat length was defined as

Mmax N
lesrs = ), 1i<ﬁ> , @)
i=1 ri

i

where nm,x was the number of elements along the medial axis between pores, and r, was the throat radius. r;
and /; were the radius and length of the i element. This method pioneered the estimation of effective throat
length based on flow resistance, however, a relative error of 38.4% in absolute permeability prediction was
reported (Youssef et al., 2007). This method is abbreviated as “Youssef method” in the following parts of
this work. Yi et al. (2017) calculated the effective throat length by simplifying the complex pore structures as
capillary tubes whose radii vary linearly along the axes. Zheng et al. (2019) calculated the conduit length by
subtracting the radius from the Euclidean distance between two pores. The conduit length was then combined
with an effective throat radius to obtain hydraulic conductance. All the methods mentioned above, whether
containing non-physical parameters or not, do not specify how the pores and throats constitute the void space.
Consequently, the volume determinations of pores and throats still exhibit non-physical or arbitrary, which
may result in large errors, especially in multi-phase flow simulations. Hence, a physics-based algorithm for
pore-throat segmentation is urgently needed.

To overcome the empirical and non-physical effects of the previous methods, a few attempts have been made
to combine the traditional pore-throat segmentation methods with DNS. It may be natural to determine the
boundary position between a pore and a throat rather than to calculate the effective conduit length. Sheppard
et al. (2005) tried to determine the pore-throat boundaries using DNS for two-phase flow in the pore space.
The interface between the wetting phase and the non-wetting phase was used to define the boundary between
pore and throat under a certain condition. Raeini et al. (2017) developed another segmentation method where
a “half throat” concept was proposed and the conductance of each “half throat” was calculated by single-phase
DNS. Nevertheless, DNS is too computationally expensive and increases extremely the costs of PNM. Thus,
an efficient method for pore-throat segmentation is another crucial demand to obtain a representative network
for PNM.

In this work, we are to propose a new pore-throat segmentation method based on local hydraulic resistance equiv-
alence between the simplified pore-throat geometry and real pore space to exclude any non-physical parameters
in pore network modeling. This method segments the void space and specifies the voxels exactly belonging to
a pore or a throat, and hence the conduit lengths and volumes of pores and throats are physically determined
simultaneously. The accuracy and reliability of this method will be validated by standard or real cases. The
single-phase transport properties, like absolute permeability, and two-phase transport properties, such as the
capillary pressure curve and the relative permeability curves, will be predicted by the new framework of PNM
and the results will be compared with the experimental data or DNS results. The performance of the proposed
method will be analyzed and discussed in the following sections.

2. Methods and Validations

There are four steps in the proposed pore-throat segmentation algorithm: (a) to identify each pore region and
interface in the void space; (b) to partition pore regions into pore and throat and calculate the size of pore and
throat based on local hydraulic resistance equivalence; (c) to correct the conduit length based on local resistance
if the flow pathway is tortuous; (d) to calculate the other network properties for a complete pore-network mode-
ling. The details of the algorithm are introduced as follows.
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2.1. Identification of Pore Regions and Throat Centers

The subnetwork of the over-segmented watershed algorithm proposed by Gostick (2017), abbreviated as SNOW,
is adopted in this work for identifying pore regions and throat centers due to its advantages of robust cross-section
detection, ease of secondary developments, and wide applicability to porous media with various porosity. The
network extraction is initiated by loading the binary image into memory, where “1” represents void and “0” repre-
sents solid, respectively, so that a distance map of the pore space is obtained. The discretized nature of binary
images will result in plateaus in the distance map, which may be wrongly recognized as peaks in the subsequent
step. Thus, a Gaussian blur filter is used to remove these problematic plateaus. The value of sigma in the Gaussian
blur filter will make difference to the number of local maxima. In this work, the value is 0.35, which follows the
practice of Gostick (2017).

Next, peaks, namely the local maxima, are identified by applying a maximum filter with a spherical structuring
element to the smoothed distance map. Peaks are marked as “True” values in a Boolean mask. However, the size
of the structuring element R; affects the number of peaks. Many spurious peaks may be generated if R; is too
small. Following the previous setting parameters of Gostick (2017), R, is taken as 5. Despite of careful parameter
selection, there are inevitably large quantities of spurious peaks. Then, a special step is performed to remove
peaks on the saddles or to merge peaks that are too close together.

The above steps create a set of markers, which is passed to a marker-based watershed algorithm to obtain pore
regions. Each pore region corresponds to a single pore, and the interface with the minimal distance separating
pore regions corresponds to a throat center. The voxels in a pore region are labeled with the same number, repre-
senting the pore index. The connectivity is determined by scanning pore indexes in the shell of adjacent voxels.

2.2. Pore-Throat Segmentation

In the previous stage, the sizes of pores and centers of throats, and their connectivity have been identified, which
characterize the topological and geometric features of the void space. The next step is to locate boundaries
between pores and throats through physics-based pore-throat segmentation. Specifically, the hydraulic conduct-
ance, in other words, the flow resistance, of simplified geometries in the PNM should be as close as possible to
that of real structures of the void space. The question is how to calculate the local flow resistance between two
adjacent pores in the void space. The first solution lies in the various DNS methods, such as FVM, LBM, etc.
Yet, DNS is computationally expensive and runs counter to the intention of PNM for high computational effi-
ciency. To trade off the accuracy and efficiency of calculating the flow resistance between pores, the following
assumptions are made.

1. The cross-sectional shape remains constant along the path from the throat center to the pore center.

2. The hydraulic conductivity of each cross-section along the path is proportional to the fourth power of the
hydraulic radius.

3. The total flow resistance from one throat center to its adjacent pore center can be obtained by integrating the
flow resistance of each cross-section with an infinitesimal length (Sochi, 2013).

To be noted, the contribution of cross-sectional variation on the total flow resistance is not considered here,
which may under- or over-estimate slightly the resistance and will be discussed in Text S1 in Supporting Informa-
tion S1. These assumptions are acceptable for flows under a low Reynolds number. Based on assumption 3, each
“pore -throat-pore,” link can be split into two parts of “throat-pore,” and “throat-pore,,” as Figure 1 shows. The
“throat-pore,” part is taken as an example to illustrate the hydraulic resistance-based segmentation.

The total hydraulic resistance based on assumption 3 at a low Reynolds number is given by
1
Win =C oy [ dx, ®)
P
(x)

where r( is the radius of the maximal inscribed ball at location x, y is the viscosity, and C is a constant related
to the cross-sectional shape.

In the voxel-based image, the flow path is composed of several longitudinal sections. Equation 8 can be approx-
imated by
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“porep-throat-pore;” “throat-pore>” “throat-pore;”

_I_

Figure 1. A schematic of a “pore,-throat-pore,” link, where p,, p,, and ¢ stand for the centers of pore,, pore,, and throat,
respectively.

Al
W =C-p- Y ==, ©)

s Ty

where r(;) and Al, represent the hydraulic radius and the length of the section s, respectively. The r(, is determined
as the maximal distance value corresponding to voxels in section s.

When the length of every section Al, takes one voxel size, the minimal size in a binary image, Equation 9 gives
the best approximation to the total flow resistance. Therefore, a layer-by-layer dilation algorithm is adopted to
obtain the hydraulic radius of each section. The dilation process is detailed as follows.

First, the hydraulic radius of the first section is found as the maximal distance value corresponding to voxels at
the throat center. These voxels become the initial seeds for dilation and then expand a layer of one voxel toward
the pore,.

Next, the newly involved voxels form a new section and the hydraulic radius is analogously determined by the
distance value. The new section continues to expand a layer of one voxel toward the pore,.

The dilation process continues until the center of pore, is involved, as shown in Figure 2c. The dilation index is
used to label the voxels in each section. For example, the voxels in the first section are labeled as 0, and those
in the second section are labeled as 1, etc. The dilation index and hydraulic radius of each section are recorded.
Based on the hydraulic radii of different sections, the total flow resistance is calculated by Equation 9.

During the dilation process, each section is a potential choice for the boundary between the throat and the pore,.
Each potential boundary results in one conduit length of the simplified geometry in the PNM. The simplified
geometry consists of two cylindrical tubes with the same radii as the throat and the pore,, respectively. For each
potential segmentation, the hydraulic resistance of the simplified geometry in the PNM is calculated by

N-‘b Nmax - Ns,,)

VVPNm=C'M'A1s'(—+ (10)

4 4

Rr RP
where R, and R; are the radii of pore, and throat, respectively. Nmax and Nj, are the dilation indexes of the last
section and the chosen boundary section, respectively. The relative error between the flow resistance of the

simplified geometry in PNM and the total flow resistance of “throat-pore,” is

Ns Nmax_Ns
(G w)
I‘»_

3 3
_ [Wenm — Wil (5) R, R,
- l/leal -

X

)

AE (11)

The boundary s, between the throat and the pore, in “throat-pore,” is defined as the section that minimizes the
relative error A E among all sections. The voxels whose dilation index smaller than that of the boundary belong to
the throat, and the rest belong to the pore,. The boundary s, between the throat and the pore, in “throat-pore,” can
be similarly determined. The voxels belonging to the throat in both “throat-pore,” and “throat-pore,” constitute
the whole throat, as shown in Figure 2e. The above operations are performed for the whole void space.
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Start dilation Get hydraulic radius Stop dilation

(@

(b) ©
Determine voxels attribution Locatebounda

-
©

Figure 2. Illustration for local hydraulic resistance equivalence-based pore-throat segmentation. The simplified geometry
in pore network model is represented with the red dashed line. The voxels are rendered by their dilation indexes, where the
larger number corresponds to the redder color. For easy understanding, the r is the geometric radius in the intuitive sense
instead of the closest distance to the wall.

(d)

2.3. Tortuous Corrections of Conduit Lengths

Due to the tortuous nature of pore structures, the dilation direction may deviate from the medial axis. To reduce
the impact of this factor on conduit lengths, the pore, length [, and the throat partial length /;; in “throat-pore,”
are calculated by

N,
T (12)

max

In =

Nmax - N:bll
Nmax

lpl plits (13)

where 1,1, is the Euclidean distance between the pore, center and the throat center. Ny, and Ny, are dilation

indexes of the boundary section s;; and the last section in “throat-pore,,” respectively. The pore, length /,, and the
throat partial length /,, in “throat-pore,” can be similarly determined.

2.4. Other Network Attributes Calculations

The radius is determined by the distance value at the center of a pore or a throat. The throat shape factor is calcu-
lated by Bultreys et al. (2018), Mason and Morrow (1991)

G=— (14)

where R represents the throat radius and A is the cross-sectional area at the throat center. For pores, the shape
factor is calculated by the definition of Dong and Blunt (2009).
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Figure 3. Schematic diagrams of longitudinal profiles of simplified capillary
tubes: (a) a parabolic tube, (b) a hyperbolic tube, (c) a hyperbolic cosine tube,
and (d) a sinuous tube. R, is the pore radius, R, is the throat radius, and L is
the length of the tube.

The whole throat length /; is the sum of the throat partial lengths, namely, [,
in “throat-pore,” and /, in “throat-pore,.”

lf = 111 + 112. (15)

The volume of a pore/throat is determined by counting the number of voxels
within it.

2.5. Benchmarks

Simple structures are used to validate the proposed method for pore-throat
segmentation. To mimic the pore structures in granular porous media, tubes
with a parabolic profile, hyperbolic profile, hyperbolic cosine profile, and
sinusoidal profile are adopted as shown in Figure 3. Schematic representa-
tions of the geometries and the corresponding pressure drops are presented
as follows.

The analytical flow resistance W,,, of a parabolic tube is expressed as
(Sochi, 2013):

5 atan R
1
1 n 5 + 5 n

4uL
Wina = —- - ot — (16)
z(R, = R)|3RR; 12R’R: 8RR, 8R3>\/R, — R,
The analytical flow resistance W, of a hyperbolic tube is expressed as (Sochi, 2013)
R: - R?
atan < %)
4uL 1
Waw = == | s + ' . a”n
R R - R
The analytical flow resistance W,,, of a hyperbolic cosine tube is calculated by Sochi (2013)
R, 2 R,
tanh | acosh | — sech“(acosh | — ) +2
8uL R; R,
I/I/ama\ = " (18)
37R] ( R, )
acosh | —
R:
The analytical flow resistance Wy, of a sinuous tube is given by Sochi (2013)
o = — 5 [2(R, + R+ 3(R, + R) (R, — R (19)
27(R,R)*
The aspect ratio y and pore-throat size ratio # are defined as
L
Y= R’ (20)
p= R 21
=x

The structures above are completely controlled by the throat radius R,, the aspect ratio y, and the pore-throat size

ratio #. That is to say, a combination of (R;, y, #) determines a unique structure. Structures with a wide range

of variation, with R, from 10 to 20, y from 5 to 30, and g from 2 to 10, are used for benchmarks. The proposed
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Table 1 method is applied to the structures for pore-throat segmentation. The flow
Properties of the Studied Samples resistance in the PNM Wpny can be obtained by Equation 9 with C = %
Resolution i Porosity Hydraulic conductance in the PNM, the inverse of flow resistance, is
R Types (um) b (el &) compared with the analytical solution in dimensionless form,
Berea® Sandstone 5.345 400° 19.6
1/ Wina
S1 8.683 300° 14.1 Kl = / < =, (22)
0
S22 4.956 3003 24.6
30 9.10 300° 169 K = 1/Wenm 23)
PNM T T
S42 8.96 3003 17.1 0
s5° 3.997 3003 211 where
S6* 5.1 3003 24.0
3 7R
s7° 4.803 300° 25.0 Ko = 0. (24)
s8¢ 4892 300° 34.0 Sul
S9* 3.398 300° 222 The results prove the reliability of our method for pore-throat segmentation
C1? Carbonate 2.85 4003 23.3 (also see Figure S7 in Supporting Information S1).
Cc2? 5.345 4003 16.8
Al? Sand pack 3.85 3003 42.9 3. Result 4 Di .
. n 1 10N
SP1°® Spherical pack 5.0 290 x 300 x 310 15.7 esults a Scussio
SP2b 5.0 200%300% 310  27.4 The presented segmentation method is applied to a variety of permea-
SP3b 5.0 200% 300 310 414 ble materials, including 6 spherical packs, 1 sand pack, 15 sandstones, 1
Spac 50 207 % 287 x 256 29.2 limest-one, and 2 carbs)na}es. To ensure universality, two distinct program.s
i (Gostick et al., 2019; Smilauer et al., 2015) are used to generate the spheri-
SP3 30 PIRSUARS M o) cal packs. The properties of the studied samples are summarized in Tables 1
SP6¢ 5.0 289 x 279 x 988 34.7

*The core samples are cited from Dong and Blunt (2009). "The samples are
generated by the polydisperse_spheres module in the open-source package
Porespy (Gostick et al., 2019). ‘The samples are generated using the open-

source discrete element software Yade (§milauer etal., 2015).

Table 2

and 4. For comparison, the @ method and the w method coupled with the
SNOW algorithm (Gostick, 2017) are applied to extract pore networks, with
segmentation coefficient @ = 0.6 (Dong & Blunt, 2009) and w = 0.3, respec-
tively. The value of 0.3 is selected for w due to the smallest average error in
the predicted absolute permeability, which is detailed in Text S2 in Support-
ing Information S1. As a representative method for the estimation of effective
throat lengths, the Youssef method is also involved in the comparison. The

calculation of effective throat lengths in the Youssef method is described in Text S3 in Supporting Informa-

tion S1. In addition, the networks extracted by the maximal ball algorithm with ¢ = 0.6 (Dong & Blunt, 2009) are

also considered here. In total, five types of networks are included, they are WS — HC, WS — Youssef, WS — w,

WS — @, and MB — a, and the corresponding methods are shown in Table 2. In all of WS — Youssef networks,

WS — w networks, and WS — a networks, volumes are only assigned to pores, that is, volume of throats is zero.

Conduit lengths and volumes of network elements are compared among different types of networks. Furthermore,

the single-phase and two-phase flow are simulated based on the networks. The predicted transport properties are

verified against the numerical solutions or the experimental data.

Different Types of Networks and Corresponding Methods

Network types

Description

WS — HC (present)

Watershed algorithm® + the present method

3.1. Comparison of Throat Lengths and Volumes

Conduit lengths and volumes of network elements have significant impacts
on predicted single-phase and multiphase transport properties (Bhattad
et al., 2011; Bondino et al., 2013; Gostick, 2017; Idowu et al., 2013; Raeini

WD — st VRS R O GIE BrCH e et al., 2017; Xiong et al., 2016). As a direct result of pore-throat segmenta-
WS —w Watershed algorithm® + w method (w = 0.3) tion, the throat lengths of networks with different segmentation methods are
WS —a Watershed algorithm® + @ method (a = 0.6)° quantitatively compared. The dimensionless throat length (L)) is used
MB — «a Maximal ball algorithm® + a method (a = 0.6)® I
—
*The SNOW proposed by Gostick (2017). ba = 0.6 is cited from Dong Li=17 25)
and Blunt (2009). “The Maximal ball algorithm proposed by Dong and
Blunt (2009). where L, is the real throat length and A L is the size of one voxel.
LIU ET AL. 8 of 18
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Figure 4. Box plots of dimensionless throat length L/, samples including sandstone (Berea and S1-S9), carbonate (C1-C2), sand pack (A1), and spherical pack (SP1-
SP6). The bold black line in the colored box indicates the median value, and the lower and upper boundaries of the colored box indicate the first quartile and the third
quartile. The bottom and top whiskers represent the minimum and maximum values in the data set excluding any outliers, respectively. Outliers are not shown in the
figures. The WS — Youssef networks, WS — w networks, and WS — « networks are extracted by the Youssef method, the w method, and the « method coupled with the
SNOW algorithm (Gostick, 2017), respectively. The MB — « networks are extracted by the @ method coupled with the maximal ball algorithm (Dong & Blunt, 2009).

As shown in Figures 4 and 5, different types of networks vary greatly in terms of throat length. WS — a networks
have the most concentrated distributions and smallest median values of throat lengths, while the other three
networks have very scattered throat length distributions.

Volumes of network elements are compared in Figure 5b. In the present method, the volume of a pore or throat
is calculated by counting the number of voxels within it, whereas in other methods, volumes are only assigned
to pores, that is, throat volumes are zero. Volumes of elements in different types of networks are compared in
dimensionless form as

’ I/e

vi=— (26)

where V, is the volume of an element and A L is the size of one voxel.

As shown in Figure 5b, WS — HC networks have a more uniform distribution and smaller median values of
volumes of network elements, compared to the other types of networks.

3.2. Single-Phase Flow

Absolute permeability, as the most important property of porous media, is used to verify the accuracy of the
proposed method. For different types of networks, the absolute permeability is calculated and verified against
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Figure 5. Box plots of (a) dimensionless conduit lengths L/, and (b) dimensionless volumes ¥, of network elements for the samples involved in two-phase simulation.
The bold black line in the box indicates the median value, and the lower and upper boundaries of the box indicate the first quartile and the third quartile. The

bottom and top whiskers represent the minimum and maximum values in the data set excluding any outliers, respectively. Outliers are not shown in the figures. The
WS — Youssef networks, WS — w networks, and WS — a networks are extracted by the Youssef method, the w method, and the @ method coupled with the SNOW
algorithm (Gostick, 2017), respectively. The “other networks” in the right figure include the WS — Youssef networks, the WS — w networks, and the WS — « networks.

the numerical solutions by LBM simulations in this work, which are based on an open-source program MF-LBM
(Chen et al., 2019).

In the PNM, the hydraulic conductance of an individual element is (Jren et al., 1998; Patzek & Silin, 2001)

kG A?
g —

e @7

where A is the cross-sectional area, [ is the conduit length, and k is a coefficient dependent on cross-sectional
shape. For ducts with triangle, square, and circle shapes, k is 0.6, 0.5623, and 0.5, respectively. The conductance
between two adjacent pores is given by the harmonic mean of conductance in each element,

8ij = s
1,1, 1 (28)

8i 81 8i
where ¢ indicates the throat, and i and j represent pores. With a pressure difference of (P, — P;), the flow rate

between i and j is given by
9 = &i(P = P)). (29

With a pressure drop A P between the inlet and outlet, the pressure field and then the total flow rate g can be
obtained by imposing mass conservation at every pore. The absolute permeability is calculated using Darcy's law,

_ Gisi L
T AoAP’

(30)
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Table 3
The Predicted Absolute Permeability of the Studied Samples
K (mD) K, (mD) K (mD) Kape (mD)
Samples LBM WS-HC LBM WS-HC LBM WS-HC LBM WS-HC WS-Youssef WS-w WS-a MB-a
Berea 1,876 1,860 1,805 1,729 1,658 1,719 1,780 1,769 1,727 1,632 2,406 1,111*
S1 2,753 2,898 2,535 2,734 1,984 1,967 2,424 2,533 2,461 2,292 3,324 1,486*
S2 5,236 5,405 4,799 4,947 4,260 4,967 4,765 5,106 4,906 5,277 6,740 3,950¢
S3 798 663 1,204 1,080 730 673 911 805 775 687 1,256 281
S4 581 503 610 537 415 336 535 459 445 385 705 169*
S5 6,093 6,572 6,383 6,003 6,347 6,663 6,274 6,413 6,117 6,845 8,893 5,369¢
S6 17,134 19,617 14,222 13,536 13,417 12,225 14,924 15,126 14,407 14,969 21,543 11,282
S7 9,280 10,490 10,184 10,391 7,559 8,344 9,008 9,742 9,180 10,070 13,588 7,926*
S8 15,433 15,753 16,081 16,285 15,178 14,950 15,564 15,663 14,754 16,902 21,807 13,932
S9 3,307 3,376 2,673 2,773 2,361 2,204 2,780 2,784 2,691 2,823 3,880 3,640
Cl1 1,099 1,161 2,078 1,993 1,298 1,288 1,492 1,480 1,407 1,479 2,091 556*
Cc2 160 125 314 297 132 115 202 179 174 147 321 158*
Al 9,590 8,673 9,065 8,352 6,511 5,911 8,389 7,646 7,260 8,156 10,788 8076*
SP1 1,310 1,362 1,125 1,220 930 956 1,121 1,179 1,135 1,148 1,836 830°
SP2 8,004 8,487 7,675 7,790 8,409 8,514 8,029 8,264 7,844 8,992 12,226 7,584°
SP3 25,836 24,145 24,848 23,696 25,101 25,087 25,262 24,309 22,865 27,240 36,983  26,362°
SP4 4,179 3,679 4,179 4,422 4,179 3,668 4,179 3,923 3,755 3,872 5,112 2,562°
SP5 13,045 15,052 13,045 14,068 13,045 14,663 13,045 14,594 13,834 16,355 18,112 13,795°
SP6 14,362 15,742 14,362 15,245 14,362 15,602 14,362 15,530 14,708 17,536 19,343 14,741°

*The data is cited from Dong and Blunt (2009). ®The networks are extracted using the “porenet” (Dong & Blunt, 2009) based on maximal ball algorithm, and the
absolute permeability is calculated based on the “poreflow” (Valvatne & Blunt, 2004).

where Ag and L are the cross-sectional area and the length of porous media, respectively.

The directional permeability along x, y, and z directions is presented in Table 3. The relative errors in the abso-
lute permeability predicted by different types of networks are compared in Figure 6. It is shown that the present
method has the highest accuracy in predicting absolute permeability among different segmentation methods.
The relative errors in the absolute permeability predicted by WS — HC networks are mostly below 10%, with
an average relative error of 5.8%, while those of WS — w networks, WS — a networks, and MB — a networks
are 11.4%, 41.4%, and 26.0%, respectively. A slightly lower w in WS — w networks and a slightly higher « in
WS — a networks may result in more accurate predictions of the absolute permeability. Although a relative error
of 38.5% in absolute permeability predictions has been reported in Youssef's own work (Youssef et al., 2007),
with the tortuosity corrections proposed by this work, the average relative error of WS — Youssef networks for
single-phase permeability is reduced down to 6.3% (also see Figure S5 in Supporting Information S1). The good
performance of both the present method and the Youssef method results from the idea of the equivalence of flow
resistance.

3.3. Two-Phase Flow
3.3.1. Prediction of the Capillary Pressure Curve

The capillary pressure curve is used to verify the accuracy of different segmentation methods. Samples include
Bentheimer sandstone and Castlegate sandstone (Shikhov et al., 2017). Information about the two samples is listed
in Table 4. The perfect wetting condition, that is, zero contact angle, is adopted in the pore network modeling of
drainage. The capillary pressure curves predicted by network types of WS — HC, WS — Youssef, WS — w, and
WS — a are compared with the experimental data (mercury intrusion capillary pressure) (Shikhov et al., 2017).
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Figure 6. Relative errors in the absolute permeability predicted by different types of pore networks, compared to the direct
numerical simulations by LBM. Samples include sandstone (Berea and S1-S9), carbonate (C1-C2), sand pack (A1), and
spherical pack (SP1-SP6). The WS — Youssef networks, WS — w networks, and WS — a networks are extracted by the
Youssef method, the w method, and the & method coupled with the SNOW algorithm (Gostick, 2017), respectively. The
MB — « networks are extracted by the « method coupled with the maximal ball algorithm (Dong & Blunt, 2009).
Both simulated and experimental capillary pressure curves are converted to air-water fluid pairs with the
interfacial tension of 72 mN - m~'. Since the volumes of network elements are identical, the capillary pressure
curves predicted by network types of the WS — Youssef, WS — w, and WS — « are exactly the same and collec-
tively referred to as the “other networks,” see Figure S8 in Supporting Information S1.
The predicted capillary pressure curves based on different segmentation methods are almost the same. This is
because the mercury intrusion is a bond percolation and the mercury-air interface moves by piston-type displace-
ment. Whenever mercury passes through a throat, it will enter adjacent pores. Therefore, whether the throat
volume is zero or not has a negligible effect on the saturation of the wetting phase, and ultimately on the capillary
pressure curve. In addition, regardless of the segmentation method, the maximum capillary pressure is underes-
timated due to the limited resolution of pore structures.
Table 4
Information About the Studied Samples and the Settings in Pore Network Modeling of Imbibition
Resolution Wettability Contact angles Porosity
Samples Types Size (voxels) (um) condition (degree) Initial condition Boundary condition (%)
Berea® Sandstone 4003 5.345 Water-wet 50 ~ 70 Oil-invaded elements Water is injected from 19.6
L1-3b 1.000 X 1,000 X 850 3.92 30 ~ 65 are determined the left side, and oil 172
} ’ ’ ’ by the primary has to escape from ’
Bentheimer® 8003 2.89 55 ~ 65 drainage in pore the right side. 23.1
Castlegate® 8003 3.36 50 ~ 65 network modeling. 222
Leopard® 8003 2.15 50 ~ 65 20.3
Gildehause! 893 x 897 x 566 44 50 ~ 55 Oil-invaded elements Water is injected from 20.0
Ketton® Limestone 1,189 1,163x 1,000  3.28 Strongly 40 ~ 55 A g el i ipiop il beiom 5 g
the CT image sides simultaneously,
water-wet . .
of the drainage and oil can escape
experiment. from either side.

*The core sample is quoted from Dong and Blunt (2009). A sandstone sample from Daqing oilfield in China. “The core samples are quoted from Shikhov
et al. (2017). “The core sample is quoted from Riicker et al. (2015). °The core sample is quoted from Singh et al. (2017).
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Figure 7. The predicted relative permeability curves during (a) primary drainage and (b) imbibition for Berea sandstone.
The results of pore network modeling are compared with the experimental data by Oak (1990). The WS — Youssef networks,
WS — w networks, and WS — « networks are extracted by the Youssef method, the w method, and the « method coupled with
the SNOW algorithm (Gostick, 2017), respectively. The MB — « data is referenced from Dong and Blunt (2009).

3.3.2. Prediction of Relative Permeability Curves

The accuracy of the present method is further verified by relative permeability curves. The quasi-static pore
network modeling is performed on seven core samples, including sandstone and limestone (Dong & Blunt, 2009;
Riicker et al., 2015; Shikhov et al., 2017; Singh et al., 2019). The predicted relative permeability curves are
compared with the experimental data (Bultreys et al., 2020; Oak, 1990; Shikhov et al., 2017). Information on the
core samples and the simulation settings are summarized in Table 4.

For each of the cases, 10 simulations are performed on our household program, a secondary development based
on the framework of OpenPNM (Gostick et al., 2016). Network elements are uniform ducts with circular, trian-
gular, or square cross-sectional shapes, which are characterized by the dimensionless shape factor G (Mason &
Morrow, 1991). Pore-scale displacement mechanisms include piston-type displacement, snap-off, and cooper-
ative filling (Valvatne & Blunt, 2004). Wettability effects such as fractional wetting, contact angle hysteresis,
and wetting layers are considered. The contact angle hysteresis is mimicked by the Class III model proposed by
Morrow (1975). The two-phase simulation algorithm will not be described too much here. For details, please
refer to Valvatne and Blunt (2004).
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Figure 8. The predicted relative permeability curves during imbibition for (a) Gildehauser sandstone and (b) Ketton
limestone. The WS — Youssef networks, WS — w networks, and WS — a networks are extracted by the Youssef method, the
w method, and the @ method coupled with the SNOW algorithm (Gostick, 2017), respectively. The experimental results are
quoted from Bultreys et al. (2020).

The relative permeability curves predicted by different types of networks are compared with the experimental
data in Figures 7-9. The relative permeability curves predicted by WS — w networks and WS — & networks are
in reasonable agreement with the experimental data but not good. Except for the cases of Gildehauser sandstone
and Ketton limestone, WS — Youssef networks significantly underestimate the relative permeability of water
during imbibition. Generally, WS — HC networks predict the relative permeability curves in better agreement
with the experimental data than the other types of networks. Pore-throat segmentation has a significant impact on
the predicted two-phase transport properties, as shown in Text 4 in Supporting Information S1. The same conclu-
sion was also reached in previous studies (Bondino et al., 2013; Idowu et al., 2013). This is the reason why the
proper assignment of a boundary between a pore and a throat has been emphasized in numerous studies (Bhattad
et al., 2011; Bondino et al., 2013; Gostick, 2017; Idowu et al., 2013; Raeini et al., 2017; Xiong et al., 2016). The
better performance of WS — HC networks results from the physics-based pore-throat segmentation which leads to
a physical definition of lengths and volumes of network elements. On the one hand, WS — HC networks predict
more accurate absolute permeability under the saturated condition and phase permeability under unsaturated
conditions than the other types of networks, which has been discussed in Section 3.2. Consequently, WS — HC
networks predict more accurate relative permeability which is the phase permeability divided by the absolute
permeability. On the other hand, WS — HC networks predict more accurate saturation than the other types of
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Figure 9. The predicted relative permeability curves during imbibition for (a) L1-3 sandstone from Dagqing oilfield in China, (b) Bentheimer sandstone, (c) Castlegate
sandstone, and (d) Leopard sandstone. The WS — Youssef networks, WS — w networks, and WS — « networks are extracted by the Youssef method, the w method, and
the « method coupled with the SNOW algorithm (Gostick, 2017), respectively. The experimental data of the L1-3 sandstone is obtained by a steady state measurement,
while the experimental data of the Bentheimer sandstone, the Castlegate sandstone, and the Leopard sandstone are quoted from Shikhov et al. (2017).

networks due to the physical definition of volumes of network elements. With the more accurate calculation of
relative permeability and saturation, WS — HC networks predict the relative permeability curves in better agree-
ment with the experimental data than the other types of networks.

4. Conclusions

This study has proposed a pore-throat segmentation method based on local hydraulic resistance equivalence
between the real space and the pore-throat geometry. The method determines the pore-throat boundary at the
position where the simplified tubes preserve the local hydraulic resistance of the real space best. This pore-throat
segmentation method ensures a better equivalency between extracted pore network and real pore space without
any empirical and non-physical parameters. After validations of accuracy and reliability by standard benchmarks,
this method is applied to 25 samples of real porous materials, and the prediction results are compared with those
by the previous segmentation methods, including the WS — Youssef method, the WS — w method, the WS — «
method, and the MB — a method. Significant differences in conduit lengths and volumes of network elements
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have been found for the extracted pore networks with different segmentation methods. The single-phase transport
property, like absolute permeability, and the two-phase transport properties, such as the relative permeability
curves and the capillary pressure curves, have been predicted and compared with the DNS results and the experi-
mental data. The results demonstrate that the proposed method exhibits the best performance in accuracy among
different segmentation methods. The increase of computational costs by local hydraulic resistance equivalence
calculations is slight, and the overall computational cost of the proposed PNM is negligible compared with
any DNS methods. Although the proposed pore-throat segmentation method based on local hydraulic resist-
ance equivalence is still limited to a low Reynolds number, it provides a possibility to enhance the capability of
PNM to capture geometry variations of pore space and extend PNM to more complicated applications, such as
fluid-solid coupling and reactive transport in porous media.

Data Availability Statement

The data in the study are available at Mendeley Data via https://data.mendeley.com/datasets/tdow86djr9/1 with
open access. The open-source code for pore-throat segmentation is available at Mendeley Data via https://data.
mendeley.com/datasets/mwsxdb2tpm/3.
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