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Pore network modeling is an efficient and reliable approach for simulating the flow
and transport of fluids in porous media. A key to this modeling approach is to extract
pore networks that can accurately describe the actual pore space of porous media. To
extract pore networks from the voxelized porous media, the Euclidean distance map, i.e.,
the distance of each void voxel to the nearest solid voxel, has been commonly employed
so as to discern the hierarchy of the void voxels. However, for the porous media with
pores of high aspect ratios, the void voxels can have the same Euclidean distance, and the
hierarchy of the void voxels cannot be distinguished clearly by the Euclidean distance map.
To address this issue, we propose a pore network extraction method based on the concept
of the omnidirectional Euclidean distance, which is a set of Euclidean distances from a
void voxel to all the accessible solid boundary voxels. We consider the situation in which
two pore bodies are connected by more than one pore throat. Furthermore, a deterministic
method is introduced to identify the pore body and the pore throat regions. The proposed
pore network extraction method is validated by comparing the pore network modeling
results, in terms of the single-phase flow and the quasistatic two-phase drainage, against the
direct numerical simulation results and the experimental data. The proposed pore network
extraction method not only preserves the topological and morphological properties of the
void spaces in porous media, but it is also robust and insensitive to the image noise.

DOI: 10.1103/PhysRevFluids.7.014304

I. INTRODUCTION

The pore network model (PNM) has been widely employed to simulate the pore-scale two-phase
transport processes in porous media [1-4]. It has proven to be an efficient approach for simulation
of the domains in the order of several representative elementary volumes (REVs) [5,6]. Thus, it can
bridge the two-phase interfacial dynamics in the pores of porous media and the transport processes
at the continuum scale. In a PNM, the void space of a porous material is extracted as a network
composed of large regular pore bodies connected by small regular pore throats. The accuracy of the
extracted pore network structures is key to the pore network modeling results. Methods proposed
for the extraction of pore networks include the maximal ball (MB) [7-13], watershed segmentation
(WS) [14-19], medial axis (MA) [20-25], and generalized pore network extraction [26,27]. In these
methods, a porous material of interest is first voxelized; then the Euclidean distance (ED) of each
void voxel to the nearest solid voxel is determined. Such an ED map is employed to discern the
hierarchy of the void voxels so as to obtain the parameters for the pore network extraction, e.g., the
centers of the pore bodies and of the pore throats in the MB methods, the medial axis in the MA
algorithm, and the seed voxels for the segmentation of the pore regions in the WS method. However,
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FIG. 1. Schematic of a two-dimensional pore with a high aspect ratio. The solid and void voxels are shown
in gray and yellow, respectively. The solid voxels marked with the numbers are the solid boundary voxels. The
red arrow indicates the backward direction of voxel b in the first scan. The blue arrow indicates the forward
direction of voxel f in the second scan.

for the pores with high aspect ratios, many void voxels can have the same ED. Such pores are very
small in some dimensions while very large in others [28]. The hierarchy of the void voxels in a
pore of a high aspect ratio cannot be distinguished clearly based on the ED map. For instance, all
the void voxels in the pore shown in Fig. 1 have the same ED. The pores of high aspect ratios are
commonly encountered in fibrous porous materials, such as the carbon paper gas diffusion layers in
proton exchange membrane fuels (PEMFCs) [29]. Development of reliable pore network models for
gas diffusion layers will benefit the optimization of water and gas transport in PEMFCs and hence
improvements in fuel cell performance.

To accurately extract the pore network structures for porous media with pores of high aspect
ratios, we propose an extraction method based on the concept of the omnidirectional Euclidean
distance (OED). The OED of a void voxel is a set of EDs from this void voxel to all the accessible
solid boundary voxels. A solid boundary voxel has at least one void voxel in its adjacent 8 [two-
dimensional (2D)] and/or 26 [three-dimensional (3D)] directions. The line between a void voxel and
its accessible solid boundary voxel is not interrupted by any solid voxels. Any two void voxels in a
voxelized porous material usually have different OEDs. Hence, the hierarchy of the void voxels can
clearly be discerned by using the OED map; see Table I for the OEDs of the void voxels in the pore
shown in Fig. 1.

After the hierarchy of void voxels is determined, a pore network mimicking the pore space of a
porous material can be extracted through various methods. Among these extraction methods, WS,
MB, and MA are the three classical ones. Each extraction methodology has its own advantages and
flaws. For instance, MB and WS are praised for the determination of the pore bodies and/or the pore
throats. By contrast, MA preserves the topological and morphological properties of the pore space
in porous media. To employ the advantages of various extraction methods, different pore network
extraction methods have also been combined, e.g., the WS-MB combination [30] and the MA-MB
combination [31].

TABLE I. Hierarchical levels and omnidirectional Euclidean distances of the void voxels in the pore shown
in Fig. 1.

Hierarchical level Indexes Omnidirectional Euclidean distance

1 a 1 11 2 2 2 2 5 81016171720 0 O
2 b 1 1 2 2 2 4 4 5 5 5 8 9101013 0
3 f 11 2 2 2 4 45 5 5 8 9131617 20
4 d 1 1 2 2 2 4 5 5 5 5 8101016 17 17
5 e 1 1 2 2 4 4 4 5 5 5 5 8 8 91013
6 c 1 22 2 4 45 55 55 5 8 91010
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In the MA method [24], a single-voxel-width skeleton is extracted to illustrate the structures of
the void space. This skeleton is determined by the thinning algorithm. In the thinning algorithm,
the void voxels in the voxelized porous material need to be scanned and checked. A void voxel is
marked if it is checked to be inessential, i.e., the so-called simple void voxel [20]. The unmarked
or nonsimple void voxels comprise the skeleton of the void space, which is called the medial axis.
The extracted medial axis depends on the order of scanning and checking of the void voxels. For
this reason, the distance ordered homotopic thinning (DOHT) algorithm has been proposed [32].
In the DOHT algorithm, void voxels are scanned and checked in an increasing ED order, i.e., the
void voxel with the smallest ED will be first scanned and checked. The DOHT algorithm, however,
fails to detect the pores of high aspect ratios, since the different void voxels can have the same
ED (Fig. 1). To overcome this issue, the DOHT algorithm with the symmetric detection has been
employed [24]. The extraction results can be improved but are not yet satisfactory.

In the MB method [10], the largest inscribed sphere for each void voxel is determined, and the
spheres that are subsets of others are removed. The remaining spheres are the so-called maximal
balls, from which the centers of the pore bodies and of the pore throats are determined. Based on
these pore centers, the pore body and the pore throat regions are segmented. Two segmentation
approaches can be found in the literature. The first is to set the size of the maximal ball at the
interface between the pore body and the pore throat regions [10]. For example, a size of 0.7
times the pore body radius is defined artificially in [10]. The second approach is based on the
expansion algorithm [31]. In this expansion algorithm, the expansion speed of each region is needed
in advance. But, before the pore network extraction, the sizes of pore regions are actually unknown.
Thus, the expansion speed cannot be determined accurately and is also defined artificially. The
artificial parameters used in these two approaches can result in uncertainty in the pore network
extraction.

In the WS method [16], the void space of a porous medium is segmented into a number of pore
regions, and the interface between two adjacent pore regions is used to determine the pore throat
size. From this point of view, a segmented pore region actually includes a pore body region and part
of the connected pore throat regions. The pore body and the pore throat regions are not distinguished.

By addressing the above-mentioned issues and exploiting the advantages of various extraction
methods as well as the concept of OED, we propose a feasible way to construct the pore networks
that can represent the topological and morphological properties of the void spaces in porous media
with pores of high aspect ratios. The method operates as follows:

(i) The OED map is determined so as to obtain the hierarchy of the void voxels.

(i1) The medial axis is extracted based on the hierarchy of the void voxels. To extract the accurate
medial axis from a porous medium with pores of high aspect ratios, we propose a thinning algorithm
called omnidirectional distance order homotopic thinning (ODOHT). In this algorithm, the void
voxels are scanned and checked in increasing OED order. We find that the medial axis determined
by the ODOHT algorithm is not only accurate but also insensitive to the image noises, e.g., the
noises generated during voxelization of the porous media.

(iii) The centers of the pore bodies and of the pore throats at the medial axis are determined based
on the hierarchy of the void voxels, similar to that in the MB method; see [10].

(iv) The pore body and the pore throat regions are segmented by a deterministic method based
on the distance of each void voxel to the medial axis.

(v) The pore network is constructed based on the medial axis and the locations of the pore bodies
and of the pore throats. To circumvent the issue that two pore bodies are connected by only one
pore throat in the previous studies, e.g., [10], the constructed pore network in the present study
is composed of nodes connected by bonds. The nodes are the centers of the pore bodies and/or
the pore throats. Hence, there are two types of nodes: pore body nodes and pore throat nodes.
A bond between two nodes depicts the connection between a pore body and its adjacent pore
throat.

The OED-based pore network extraction method proposed in this work has the following
distinguished features. First, it can extract pore networks with the topological and morphological
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properties of the void spaces from the porous media with pores of high aspect ratios. Second, it
is deterministic to identify the pore body and the pore throat regions. Third, it involves the case
in which two pore bodies are connected by more than one pore throat. Finally, it is robust and
insensitive to the image noise.

In what follows, the concept of the OED is introduced. In Sec. II1, the thinning algorithm based on
the OED, i.e., the ODOHT algorithm, is presented and validated. In Sec. IV, the centers and regions
of the pore bodies and of the pore throats are determined. The procedures to extract the pore network
from a porous material is summarized in Sec. V. In Sec. VI, the validation of the simulated single-
phase and quasistatic drainage in the pore network extracted from a quasi-2D microfluidic porous
medium is performed. Modeling of the single-phase and the quasistatic drainage in the pore network
extracted from a 3D fibrous porous material is presented in Sec. VII. Finally, the conclusions are
drawn in Sec. VIII.

II. OMNIDIRECTIONAL EUCLIDEAN DISTANCE

The procedures to calculate the OED of each void voxel are introduced in this section. For each
void voxel i, v, ;, all of its accessible solid boundary voxels are identified. A solid boundary voxel
has at least one void voxel in its adjacent 8 (2D) and/or 26 (3D) directions. For instance, as illustrated
in Fig. 1, solid voxels 1,2, ...,16 are the solid boundary voxels. The line between a void voxel and
one of its accessible solid boundary voxels is not interrupted by any solid voxels. A void voxel in
a pore of any morphology has at least one accessible solid boundary voxel. The distances between
a void voxel 7 and all of its accessible solid boundary voxels are determined and stored in an array,
OED_list, ;, in ascending order. To determine the OED of each void voxel efficiently, the “scan
twice” method is employed. The detail procedures are as follows:

(1) Each void voxel i, v, ;, is assigned with an array, ASB_list, ;, so as to store the information
of the accessible solid boundary voxels. The void voxels are scanned in the forward direction, e.g.,
from top to bottom and then from left to right, i.e., a-b-c-d-e-f, in Fig. 1. The accessible solid
boundary voxels of each scanned void voxel are obtained by checking the neighboring voxels in
the backward direction. For instance, the neighboring voxels in the backward direction of voxel b
in Fig. 1 are voxels a, 2, 3, and 4. If a neighboring voxel in the backward direction of void voxel
i is solid, then this solid voxel is stored as the accessible solid boundary voxel of void voxel i.
To this end, after backward direction checking of void voxel a in Fig. 1, we have ASB_list, , =
[1,2,3, 16]. If a neighboring voxel in the backward direction of void voxel i is void voxel j, then
the accessible solid boundary voxels of void voxel j are also taken as the accessible solid boundary
voxels of void voxel i. As a result, after backward direction checking of void voxel b in Fig. 1,
ASB_list, = ASB_list, U [2,3,4] =[1,2,3,16]U[2,3,4] =[1, 2, 3,4, 16].

(i1) Then the void voxels are scanned in the backward direction, e.g., from bottom to top and then
from right to left, i.e., f-e-d-c-b-a in Fig. 1. The accessible solid boundary voxels of each scanned
void voxel are obtained by checking the neighboring voxels in the forward direction. For instance,
the neighboring voxels in the forward direction of voxel f in Fig. 1 are voxels 8, 9, 10, and 11.
The accessible solid boundary voxels of each void voxel are then determined by using the method
mentioned in step (i). The accessible solid boundary voxels of each void voxel are the sum of the
accessible solid boundary voxels determined in the forward and backward scanning procedures.

(iii) The validity of the accessible solid boundary voxels of each void voxel i is judged by
checking whether the line between void voxel i and the accessible solid boundary voxel, e.g.,
solid boundary voxel j, is interrupted by a solid voxel. If this line is interrupted by a solid voxel,
then the accessible solid boundary voxel j is removed from the array ASB_list, ;. For instance,
as shown in Fig. 1, the line between solid boundary voxel 14 and void voxel f is blocked by
solid voxel 13, thus solid boundary voxel 14 is not an accessible solid boundary voxel of void
voxel f.
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(iv) The ED between each void voxel i and its accessible solid boundary voxels j is determined as

\/(xv,,- — xw»)2 + i — yw-)2 + (2. — zw-)z, for which x, y, and z are the x-, y-, and z-coordinates
of voxels, respectively; the subscripts v and s represent the void and solid voxels, respectively. The
EDs between each void voxel i and all of its accessible solid boundary voxels are stored in an array
OED_list, ; in increasing order, forming the so-called omnidirectional Euclidean distance (OED).
The OEDs of the void voxels in Fig. 1 are listed in Table I. Void voxel i has a larger OED than void
voxel j if the first nonzero element in the array ODE_list, ,—ODE _list, ; is positive. To this end,
the increasing OED order of the void voxels in Fig. 1 is a, b, f, d, e, c. The OED order of the void
voxels determines the hierarchy of the void voxels and is defined as the hierarchical level; see the
first column in Table I. The larger the OED is, the higher is the hierarchical level. If two void voxels
have the same OED, then their hierarchical levels are the same.

III. OMNIDIRECTIONAL DISTANCE ORDER HOMOTOPIC THINNING ALGORITHM

To obtain the medial axis based on the OEDs of the void voxels determined in Sec. 11, we propose
amodified thinning algorithm, called omnidirectional distance order homotopic thinning (ODOHT).
In the ODOHT algorithm, the void voxels of the voxelized porous media are scanned and checked,
in increasing OED order, to see if they are the simple ones. Thus, the void voxel with the lowest
OED (i.e., the lowest hierarchical level) is scanned and checked first. A void voxel is simple if
the topology of the void space is not changed without consideration of this void voxel. The simple
void voxels are marked. The scanning and checking are repeated until no new simple void voxel
is detected. The skeleton of the void space thus consists of the unmarked void voxels, i.e., the
nonsimple ones.

Void voxel i, v, ;, in a voxelized porous material is a simple void voxel if the following conditions
are satisfied [20,25].

G(N27(vy,1) NS) = G(Nas(vy,)) N S), (D
O(N27(vy,;)) NS) = O(Nps(vy,)) N S) =1, ()
INy7 (v, ) N S| > 2. 3)

Here, S is the subset of the unmarked void voxels in the voxelized porous material. N»7 (v, ;) is the
structure composed of the void voxel v, ; and its neighboring 26 voxels. Nys(v, ;) represents the 26
voxels neighboring the void voxel v, ;. N27(v, ;) N S denotes the unmarked void voxels in Np7(v, ;).
A 3 x 3 x 3 voxel structure with void voxel v, ; at the center is shown in Fig. 2(a). N»7(v, ;) and
Nis (v, ;) for this structure are illustrated in Figs. 2(b) and 2(c), respectively. G(x ) is the Euler
characteristic of . O(x) is the number of clusters composed of connected void voxels in x. x is
the structure of N»7(v,) N S or of Nog(v,) N S. The schematics of Ny7(v,) N S and of Nog(v,) N S are
presented in Fig. S1 in the Supplemental Material [33].

The Euler characteristic in Eq. (1) is determined as [20]

GOO =v(x) —e(x) + f(x) — ox), “4)

where v(x), e(x), f(x), and o(x) represent the number of void points, number of void edges,
number of void faces, and number of void objects for the structure y, respectively. For the fast
calculation of G(y), the structure x with 3 x 3 x 3 voxels is divided into eight octants, each of
which has 2 x 2 x 2 voxels. Figure 2(d) shows one of the eight octants in Fig. 2(b). To this end, we
can obtain

8
GO =Y Gis(xis.i), (5)

i=1
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FIG. 2. Schematic of (a) a structure of 3 x 3 x 3 voxels, (b) Nx;7(v,;), (¢) Nag(v,;), and (d) an octant. The
solid and void voxels are shown in gray and yellow, respectively. v, ; is the void voxel at the center of the
structure shown in (a).

where the subscript 1/8 represents the structure of an octant with 2 x 2 x 2 voxels, i is the octant
number, and Gy 3 is the Euler characteristic of an octant, expressed as [20]

vis(xissi)  ers(xiys.i) n Si78(x1y8.0)
8 4 2

where vy,g is the number of void voxels in the octant structure, e/g is the number of void edges
composed of void voxels, fi/3 is the number of void faces composed of void voxels, and oy,3
is the number of octants composed of void voxels (when all the voxels in the octant are void
voxels, 01,3 = 1, otherwise 01,3 = 0). The values of vys, ej/3, fi/3, and oy,3 of the octant shown in
Fig. 2(d) with and without consideration of void voxel v, ; are illustrated in Fig. 3. For the octant
shown in Fig. 2(d), 01,3 = 0 since one voxel is the solid voxel. As shown in Fig. 3, if void voxel
VUy,; 18 not considered, vys, eiss, and fig are varied from 7 to 6, from 9 to 7, and from 3 to 2,
respectively.

Equation (2) is employed to check if the number of void clusters remains unchanged without
consideration of a void voxel so as to avoid the breakup of the medial axis during the thinning
operation. The number of void clusters is illustrated in Fig. 4. For the structure with 3 x 3 x 3
voxels shown in Fig. 4, there are three void voxels, which are connected to each other. Hence, the
number of void clusters is 1. If the central void voxel, v, ;, in Fig. 4 is not considered, then the
number of void clusters is changed to 2. According to Eq. (2), this central void voxel, v, ;, is the
nonsimple void voxel.

Equation (3) is used to avoid elimination of the nonsimple void voxels at the inlet and outlet
surfaces as well as in the dead pores of the porous material. Figure 5 compares the medial axes of
pores extracted with and without Eq. (3). For the sake of clarity, only 2D schematics of the pores
and of the extracted medial axes are presented in Fig. 5. The corresponding 3D structures of the
pores and of the extracted medial axes are shown in Fig. S2 in the Supplemental Material [33]. In

Gis(x1/8,) = —o1/8(X18,i) (6)
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FIG. 3. Values of vy, ey/3, and fg for the octant shown in Fig. 2(d) (a) with and (b) without consideration
of the void voxel v, ;. The void voxel, solid voxel, and void voxel not considered are shown in yellow, gray,
and white, respectively. The line between two void voxels is the void edge. The face formed by four void
voxels is the void face. vyg is the number of void voxels in the octant structure. e g is the number of void
edges composed of void voxels. fis is the number of void faces composed of void voxels. 0,z is the number
of octants composed of void voxels (when all the voxels in the octant are void voxels, 0,3 = 1, otherwise
01,3 = 0). The void voxels, void edges, and void faces are numbered in this figure.

Fig. 5(a), a straight pore is considered; see the left image. The extracted medial axis is a straight
line if Eq. (3) is considered; see the middle image. If Eq. (3) is not considered, then the extracted
medial axis is just a point; see the right image. Intuitively, the medial axis of a straight tube shall
be a straight line. Thus, Eq. (3) needs to be considered so as to obtain the reasonable medial axis.
It should be noted that the medial axis in the middle image of Fig. 5(a) is not as long as the pore
length. The reason is that the nonsimple void voxels at the inlet and outlet surfaces are not identified
first. Determination of the nonsimple void voxels at the inlet and outlet surfaces is illustrated in
detail in the following paragraphs.

In Fig. 5(b), a straight pore with a branch is considered. In this case, the nonsimple void voxels at
the inlet and outlet surfaces are determined first; see the left image. The medial axes extracted with
and without Eq. (3) are presented in the middle and the right images, respectively. The medial axis
of the main straight tube can be obtained even though Eq. (3) is not considered. But, the medial axis
of the branch is obtained only when Eq. (3) is taken into account. Thus, Eq. (3) should be considered
so as to extract the reasonable medial axis.

Compared to the internal void voxels, the void voxels at the inlet and the outlet surfaces are
connected to the environment. Hence, the simple void voxels at these two surfaces should be
identified independently (the other surfaces are covered by the solid voxels). On the other hand,
determination of the simple void voxels inside the porous material near the inlet or the outlet surface
depends on the state (simple or not) of the void voxels at these two surfaces. As a result, the simple
void voxels at the inlet and outlet surface should be identified first.

The simple void voxels at the inlet and outlet surfaces of a voxelized porous material are
determined as follows (also illustrated in Fig. S3 in the Supplemental Material [33]). First, the
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FIG. 4. Schematic of a structure of 3 x 3 x 3 voxels with one void cluster composed of three connected
void voxels. If the central void voxel, v, ;, is not considered, then the number of void clusters increases to 2.

void clusters (2D) at each surface are determined. A void cluster is the one composed of only void
voxels connected to each other. As illustrated in Fig. S3b, there are seven void clusters. Then the
OED of each void voxel at the surface is calculated; here, the Euclidean distance is 2D, i.e., from a
void voxel to an accessible solid boundary voxel in the same surface. Based on the OED map, the
hierarchical levels of the void voxels are determined; see Fig. S3c. In each void cluster, the void
voxel with the highest hierarchical level is identified and set as the nonsimple one, and the other
void voxels are set as the simple ones; see Fig. S3d.

The nonsimple void voxels at the inlet and outlet surfaces are marked as anchors and retained
during the subsequent thinning operations applied to internal void voxels, as illustrated in the
left two images in Fig. 5(b). If the nonsimple void voxels at the inlet and outlet surfaces are not
determined first, then the extracted medial axis is not complete; see the left two images in Fig. 5(a).

(

[
p—

= R A g
& _ mm o
Void voxel Solid voxel Nop-mmple
void yoxel
(b) TTTTT
— o
=X g
5 B . 5
[ o T T T T T T T T

FIG. 5. 2D schematics of the extracted medial axes in pores. (a) Extraction of the medial axis from a
straight pore: left, structure of the straight pore; middle, medial axis extracted with Eq. (3); right, medial axis
extracted without Eq. (3). (b) Extraction of the medial axis from a straight pore with a branch: left, structure
of the pore with the nonsimple void voxels at the inlet and outlet surfaces; middle, medial axis extracted with
Eq. (3); right, medial axis extracted without Eq. (3). The corresponding 3D structures of the pores and of the
extracted medial axes are shown in Fig. S2 in the Supplemental Material [33].
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FIG. 6. Extraction of the pore network from (a) a void space of a microfluidic pore network. (b) The
hierarchical level of void voxels in the void space. (c) The extracted medial axis. (d) The hierarchical level of
the void voxels at the medial axis. (e) The extracted pore network with the pore body and the pore throat nodes.

After the thinning operations are finished, these nonsimple void voxels at the inlet and outlet surfaces
are set as the nodes at the medial axis of the voxelized porous material.

To validate the proposed ODOHT algorithm, it is employed to extract the medial axis of a quasi-
2D microfluidic pore network composed of pores with the same thickness of 50 um. The pore bodies
are square and with a side length of 1 mm in the plane perpendicular to the thickness direction. The
distance between the centers of two neighboring pore bodies is 2 mm [Fig. 6(a)]. The pore throat
widths are varied from 100 to 940 um. Hence, these pores have a high aspect ratio. The width of
each pore throat is presented in Fig. S4 in the Supplemental Material [33]. The hierarchical levels of
the void voxels and the medial axis for the microfluidic pore network obtained based on the ODOHT
algorithm are presented in Figs. 6(b) and 6(c). The relevant results obtained by the traditional DOHT
algorithm based on the ED map are shown in Fig. S5 in the Supplemental Material [33].

As shown in Fig. S5a in the Supplemental Material [33], the largest hierarchical level of the void
voxel determined based on ED is 4. Thus, many void voxels have the same ED. The hierarchical
level is employed to determine the scanning order in the thinning algorithm. The void voxel with
the lowest hierarchical level will be scanned and checked first. The void voxels with the same
(omnidirectional) ED are in the same hierarchical level. The scanning order of these void voxels with
the same hierarchical level is randomly determined in the ED-based DOHT algorithm. When many
void voxels have the same hierarchical level, the scanning order shall be rather random, thereby
deteriorating the extraction of the medial axis.

By contrast, the largest hierarchical level of the void voxel determined based on OED can reach
14 000; see Fig. 6(b). Hence, the scanning order of the void voxels is more deterministic in the
OED-based ODOHT algorithm than in the ED-based DOHT algorithm. It should be noted that
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FIG. 7. (a) Determination of the centers of pore bodies and pore throats in a void structure. (b) The extracted
medial axis. (¢) The hierarchical level of the void voxels at the medial axis. (d) The determined centers of the
pore bodies and of the pore throats.

the void voxels can also have the same hierarchical level in the ODOHT algorithm [e.g., see the
hierarchical level shown in Fig. 7(c)]. But, since the OED is employed to determine the hierarchical
level, only the spatially symmetric void voxels can have the same hierarchical level. The scanning
order of the spatially symmetric void voxels, on the other hand, will not influence the extraction
results. As a result, the media axis obtained by the ODOHT algorithm is smoother and more
desirable than the one obtained by the traditional DOHT algorithm. We also find that the medial
axis extracted by the ODOHT algorithm can be insensitive to the image noise, as elucidated in
Appendix A.

IV. LOCATIONS OF PORE BODIES AND PORE THROATS

A. Centers of pore bodies and pore throats

Based on the medial axis extracted by the ODOHT algorithm, the centers of the pore bodies and
of the pore throats can be determined by using the following algorithms. Take the void structure
shown in Fig. 7(a) as an example. Initially, PB(v, ma ;) = O is applied to each void voxel i at the
medial axis, vy ma,i,» and the pore body number is Ny, = 0. PB(v, ma;) denotes the pore body to
which void voxel i is associated. The medial axis for the void structure in Fig. 7(a) is shown in
Fig. 7(b). Then, the void voxels at the medial axis are scanned and checked in descending OED
order; see Fig. 7(c). The highest hierarchical level is 6. The following rules are applied to each
scanned void voxel in the medial axis:

(1) If a scanned void voxel i, vy ma.i, has PB(vy ma;) = O, then this void voxel is the ancestor void
voxel and is the center of a pore body; see the blue points in Fig. 7(d). This indicates that a new
pore body is generated. Thus, the pore body number, Ny, is updated as Np, = Ny + 1; then, the
pore body to which void voxel i is associated is PB(vy ma,i) = Npp. After this, each void voxel j in
the medial axis with a smaller OED adjacent to void voxel i is scanned.

(1.1) If PB(vy,ma,j) = 0, then void voxel j has not been associated with any pore body. Thus,
void voxel j is the first generation of the ancestor void voxel associated with the pore body Ny, and
PB(Vy,ma,j) = PB(vy,ma,i); see the void voxels 1! and 2! in Fig. 6(d) (the superscript 1 represents
the first generation).

(1.2) If PB(vy,ma, j) > O, then void voxel j is already associated with a pore body. This indicates
that void voxel j is associated with two pore bodies. In this regard, v, m,,; is the center of a pore
throat; see the red points in Fig. 7(d).
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(2) If a scanned void voxel i, v, ma i, has Pore(v, ma;) > 0, then check each adjacent void voxel
Jj in the medial axis with a smaller OED.

(2.1) If Pore(vy ma,j) = 0, then Pore(v, ma,j) = Pore(v, ma,i), and if the pore number of void
voxel i is the nth generation of an ancestor void voxel, then the pore number of void voxel j is the
(n + 1)th generation.

(2.2) If Pore(vy ma,j) > 0, then void voxel j is already associated with a pore body. This means
that void voxel j is the center of a pore throat.

Based on the above rule, the centers of the pore bodies and of the pore throats at the medial axis
can be determined; e.g., see Fig. 7. As illustrated in Fig. 7(d), the two pore bodies are connected by
more than one pore throat. The determined centers of the pore bodies and of the pore throats at the
medial axis of the microfluidic pore network shown in Fig. 6(a) are also illustrated in Figs. 6(d) and
6(e). As can be seen, the determined centers are accurate.

B. Regions of pore bodies and pore throats

Once the centers of the pore bodies and the pore throats are obtained, the regions of the pore
bodies and the pore throats can then be determined by using the following algorithm (also illustrated
in Fig. 8):

(1) The medial axis is divided into a number of unit axes, each of which is connected to two pore
body centers; see Fig. 8(a). For each void voxel i, v, ;, axis(v, ;) = 0 is applied. axis(v, ;) represents
the unit axis nearest to v,, ;. The unit axes for the medial axis of the microfluidic pore network shown
in Fig. 6(a) are presented in Fig. S6a in the Supplemental Material.

(ii) For each void voxel i, v, , its nearest unit axis, e.g., unit axis ¢, is determined, and then
axis(v, ;) = ¢. As shown in Fig. 8(a), the unit axis nearest to v, ; is unit axis 4; thus, axis(v, ;) = 4.
If a void voxel has two nearest unit axes, then this void voxel is marked as the common void voxel;
its nearest unit axis number is set as 0; see the yellow void voxels shown in Fig. 8(b). The void voxels
in the microfluidic pore network shown in Fig. 6(a) with the same nearest unit axis are illustrated in
Fig. S6b in the Supplemental Material.

(iii) The cross-sectional plane perpendicular to each void voxel at the medial axis, €.g., Vy ma.i»
is determined. The cross-sectional plane passes through void voxel v, n, ;, and it is perpendicular
to the line between the two void voxels at the medial axis adjacent to v, m, ;. For the void voxels
touched by the same cross-sectional plane, if these void voxels have the same nearest axis, then they
are in a pore throat region; see the cross-sectional plane 1 in Fig. 8(b); if these void voxels have
different nearest unit axes, then they are in a pore body region; see the cross-sectional plane 2 in
Fig. 8(b).

(iv) The void voxels not touched by the cross-sectional plane are scanned iteratively with the
following rule to determine whether they are in the pore body or in the pore throat regions. A
nontouched void voxel is in a pore throat region if it is connected to only the void voxels in the pore
throat regions. A nontouched void voxel is in a pore body region as long as it is connected to a void
voxel in a pore body region.

The segmented pore body and pore throat regions for the void space of the microfluidic pore
network shown in Fig. 6(a) can be found in Fig. S6¢c in the Supplemental Material. Clearly,
the determined pore body and pore throat regions are in accordance with the structures of the
microfluidic pore network shown in Fig. 6(a).

V. PROCEDURE TO EXTRACT THE PORE NETWORK FROM A POROUS MATERIAL

The pore network of a porous material can be extracted by using the following procedures:

(i) Identify the nonsimple void voxels at inlet and outlet surfaces based on the idea detailed in
Sec. I1I.

(i1) Determine the media axis of the voxelized porous material based on the ODOHT algorithm
detailed in Sec. III.
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FIG. 8. Procedures to determine the pore body and the pore throat regions. (a) The unit axes in the medial
axis are determined. The void voxels with the numbers are the unit axis, e.g., unit axis 4. (b) The nearest unit
axis for each void voxel is determined. If a void voxel has two nearest unit axes, then it is set as the common
void voxel; see the yellow void voxels. (¢) The pore body and the pore throat regions are determined. If all
the void voxels in the cross-sectional plane perpendicular to the medial axis have the same nearest unit axis,
then these void voxels are in the pore throat regions; see cross-sectional plane 1 in (b). If the void voxels in the
cross-sectional plane perpendicular to the medial axis have a different nearest unit axis, then these void voxels
are in the pore body regions; see cross-sectional plane 2 in (b).

(iii) Determine the locations, i.e., centers and regions, of the pore bodies and the pore throats;
see Sec. [V.

(iv) Construct the pore network based on the media axis and the locations of the pore bodies
and the pore throats. In previous pore network extraction methods, two pore bodies are usually
connected by only one pore throat. But in reality, two pore bodies can be connected by more than
one pore throat; see Fig. 7. To address this issue, both the centers of the pore bodies and of the
pore throats are considered as the centers of the nodes in the extracted pore network. As a result,
the extracted pore network is composed of nodes connected by bonds. The centers of nodes are the
centers of the pore bodies or the pore throats. A bond between two nodes represents the connection
between a pore body and its neighboring pore throat. Thus, there are two types of nodes: pore body
nodes and pore throat nodes, as illustrated in Fig. 6(e).
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The pore network extracted from the void space of the microfluidic pore network shown in
Fig. 6(a) is presented in Fig. 6(e). The extracted pore network preserves well the structure of the
void space. The medial axes and the pore networks extracted based on the traditional ED map are
also presented in Fig. S5 in the Supplemental Material [33] for comparison. Comparison of Fig. 5
and Fig. S5 indicates that the extracted medial axis and pore network based on the OED map are
more desirable than those obtained based on the traditional ED map.

For the OED-based pore network extraction method, all the accessible solid boundary voxels
of each void voxel need to be determined. By contrast, only the nearest solid boundary voxel of
each void voxel needs to be identified in the ED-based method. Hence, it takes a longer time to
determine the hierarchical levels of void voxels for the OED-based method than for the ED-based
method. The computational time to obtain the hierarchical level for the microfluidic pore network
shown in Fig. 6(a) is 22.39 s for the OED-based method and 4.34 s for the ED-based method.
The computational time to extract the pore network based on the hierarchical levels of void voxels
is 9.31 s for the OED-based method and 8.33 s for the OED-based method. Hence, as compared
to the ED-based pore network extraction method, the OED-based method proposed in the present
study is more accurate to extract the medial axis and the pore network, but it also requires more
computational resources.

VI. VALIDATION OF THE SINGLE-PHASE FLOW AND THE QUASISTATIC DRAINAGE
IN THE PORE NETWORK EXTRACTED FROM A QUASI-2D POROUS MATERIAL

To validate the effectiveness of the extracted pore network, we compare the pore network
modeling results against the direct numerical simulation results as well as the experimental data
in terms of the single-phase flow and the quasistatic drainage of a nonwetting phase displacing a
wetting phase in the microfluidic pore network shown in Fig. 6(a).

A. Single-phase flow

For the single-phase flow in the pore network, the pressure field can be obtained by applying the
mass conversation law to each node i:

> giju(Pj— P) =0, (7)

Jj=1

where v is the dynamic viscosity of fluid, g;; is the flow conductivity between nodes i and j,
and n; is the number of nodes adjacent to node i. To determine g;;, the void space between
nodes i and j is divided into a series of slices along the media axis between these two nodes.
Each slice has a single-voxel thickness and is perpendicular to the media axis. To this end,
we have

1

8ij B 8s,m

where g, ,, represents the flow conductivity of the mth slice. Since the pores in the model porous
material shown in Fig. 5(a) are cuboid, the slices for calculating g;; have a rectangular cross section,
and g ,, is determined as

2As mks,m
&sm = ———, )
lx,m
where Ay, and [, are the cross-sectional area and length of the mth slice, respectively; ks, is
2 Wy, P, m 2
kem = i , 10
> Pos,m |:ws,m + hs,m:| ( )
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where w;,, and A, are the width and height of the cross section of the mth slice; Pos,, is the
Poiseuille number, and it is expressed as [34]

s,m

s,m

1+ (2D ﬁ}z (11)

Po,,, = 14.277 + 1402.5{

After g;; is determined, the pressure field in the extracted pore network can be obtained by
solving the linear equations established based on Eq. (7) and the boundary conditions. The air flow
in the microfluidic pore network shown in Fig. 6(a) is simulated. The air flow rate is 10~ kg/s at
the inlet, and the pressure is zero at the outlet. The pore network model shows that the inlet pressure
is 268.88 Pa. This value is similar to 275.6 Pa obtained from direct numerical simulation based on
the software COMSOL. The relative error of the pore network modeling inlet pressure is 2.44% (the
computational time is 0.072 s).

The inlet pressures predicted by the ED-based pore network model are also presented in Fig.
S7 in the Supplemental Material [33] for comparison. For the ED-based pore network model, the
flow conductivity between a pore throat node and a pore body node is determined based on the
distance between them and the radius of the pore throat, same as that in [16]. The relative error
of the inlet pressure determined by the ED-based pore network model is 25.8% (the computational
time is 0.033 s). If the cross section of the pore throat and the distance between two nodes are used
to determine flow conductivity between these two nodes, similar to Eq. (9), then the relative error of
the inlet pressure determined by the ED-based pore network model is 17% (the computational time
is 0.069 s). The inlet pressure predicted by the OED-based pore network model is more accurate
than that predicted by the ED-based pore network model. The computational time to solve the
single-phase flow in the extracted pore network is higher for the OED-based pore network model
than for the ED-based pore network model.

B. Quasistatic drainage

For the quasistatic drainage of a nonwetting phase displacing a wetting phase in a porous
material, the nonwetting phase invades a pore occupied by the wetting phase only if the difference in
the pressure between the nonwetting and the wetting phases is equal to or larger than the threshold
pressure of the pore. Hence, to simulate the quasistatic drainage in the extracted pore network
composed of nodes connected by bonds, it is necessary to determine the threshold pressure of each
node.

The threshold pressure of a pore depends on the pore morphology and wettability, e.g., the
capillary valve effect induced by the sudden geometrical expansion and the corner films due to
the residual wetting phase at the pore corners. These two effects, however, are not considered in
the present study. To this end, the threshold pressure of node i for the drainage from nodes j to
i or from nodes i to j is determined as follows. The slice with a single-voxel thickness at the
center of node i and perpendicular to the medial axis between nodes i and j is identified. For
the quasistatic two-phase displacement, the work needed to push the nonwetting phase to occupy
the single-voxel-thick slice is equal to the change of the surface energy:

APAs.mdhs,m = O—nwfwdSs,m,nwfw + Os—nwdSs,m,s—nW + OS—WdSS,m,S—Wv (12)

where AP = P,,—P, is the pressure difference between the nonwetting and the wetting phases, As
is the cross-sectional area of the mth slice, dhs,, is the infinitesimal distance along the thickness
direction of the slice, o is the surface tension, and S; ,, is the interfacial area in the mth slice. The
subscripts nw, w, and s are the nonwetting phase, the wetting phase, and the solid, respectively.
During the quasistatic invasion of the nonwetting phase into the slice initially occupied by
the wetting phase, the shape of the interface between the nonwetting and wetting phases is as-
sumed to remain unchanged, and hence dS; , nw-w = 0. By contrast, dS; ,, snw and dS; ,, s.w can be
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expressed as
dSs,ms—nw = Cs,mdhs,mv dSs,m.s—w = _Cs,mdhs,mv (13)

where C; ,, is the perimeter of the cross section of the mth slice. On the other hand, the surface
tensions are correlated:

Os-nw — Os.w = O'nW_WCOSQL;, (14)

where 6, is the equilibrium contact angle taken in the wetting phase. For quasistatic two-phase
displacement in a pore, it is reasonable to assume that the contact angle is equal to 6,. Based on
Egs. (12)—-(14), we can obtain

Cs.m
AP = opy.wC086, ——. (15)
As,m

Equation (15) indicates that in order to make the invasion of the nonwetting phase into the mth
slice happen, the difference in pressure between the nonwetting and the wetting phases should be
equal to or larger than opy.-y €08 8,Cs ;n /As.m, Which is the so-called threshold pressure.

The following algorithm is employed to simulate the quasistatic drainage in the extracted pore
network composed of the nodes and the bonds.

(1) The available nodes are identified. A node is available if it is occupied by the wetting phase,
adjacent to at least one node occupied by the nonwetting phase, and connected to the outlet through
the wetting phase paths.

(i) The entry pressure for the nonwetting phase to invade the available node is determined.
For the nonwetting phase invading an available node, e.g., node i from the adjacent node j, the
nonwetting phase needs to move out of node j and enter into node i. To accomplish this process,
the difference between the nonwetting and the wetting phases should be equal to or larger than
max (P ji, P i—;j), for which P, ;_,; and P; ;; are the threshold pressures for nodes j and i along
the media axis between nodes i and j, respectively. Hence, the entry pressure is max(P; j;, P ij).

(iii) The available node with the lowest entry pressure is identified and is invaded by the
nonwetting phase.

(iv) The phase distribution in the pore network is updated. The trapped nodes, occupied by the
wetting phase and surrounded by the nodes filled with the nonwetting phase, are identified. The
invasion into the trapped nodes and bonds is excluded.

(v) Repeat steps (i)—(iv) until the prescribed condition is satisfied.

The quasistatic drainage in the extracted pore network is simulated by using the above algorithm.
The simulation results regarding the variations of the phase distribution and the saturation and the
number of the gas (wetting phase) clusters during the quasistatic drainage are compared against the
experimental data; see Fig. 9 and Fig. S8 in the Supplemental Material [33]. In the experiment, water
is the invading fluid (the nonwetting phase) and air is the displaced fluid (the wetting phase); the
microfluidic pore network is fabricated based on Polydimethylsiloxane (PDMS). The pore sizes
of the microfluidic pore network shown in Fig. 6(a) are detailed in Fig. S3. The microfluidic
pore network is initially filled with the wetting phase, i.e., air. The nonwetting phase, water, is
then injected into the inlet of the pore network, with a flow rate of 0.1 wL/min. For such a low
flow rate, the capillary number is about 107, and the two-phase flow is a quasistatic process
and thus controlled by the capillary forces. Detailed information on the experiment can be found
in [35].

Overall, the OED-based pore network modeling results have a good agreement with the ex-
perimental data. In particular, the predicted pore bodies invaded by the nonwetting phase are the
same as the experimental results. On the other hand, the pore network model indicates fewer pore
throats occupied by the nonwetting phase (water). The main reason is that the capillary valve effect
induced by the sudden geometrical expansion is not considered in the present pore network study.
A detailed explanation of the capillary valve effect can be found in [35], as well as the reasons
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FIG. 9. Comparison of the pore network modeling and the experimental results for the phase distribution
at various stages (a)—(f) during the quasistatic drainage in the microfluidic pore network shown in Fig. 6(a). In
the experimental results, the solid (PDMS), liquid (nonwetting phase), and gas (wetting phase) are shown in
gray, black, and white, respectively. In the simulation results, the nonwetting phase and the wetting phase filled
pores are shown in blue and yellow, respectively.

for the difference between the simulation results for the cases with and without the capillary valve
effect.

The variations of the phase distribution obtained by the ED-based pore network models are
also presented in Fig. S9 in the Supplemental Material [33] for comparison. In the ED-based pore
network model, two approaches are employed to calculate the threshold pressure. In the first method,
the threshold pressure of a pore is determined as 20yy.w/7,Ep, for which 7, gp is the ED of the pore
center. The second approach is the one used in the present study, i.e., Eq. (15). No matter which
approach is employed to determine the threshold pressure, the variation of the phase distribution
obtained by the ED-based pore network model deviates from the experimental data.

As illustrated in Fig. 9 and Fig. S9 in the Supplemental Material [33], the variation of the phase
distribution during quasistatic drainage predicted by the OED-based pore network model is more
accurate than that simulated by the ED-based pore network model. The computational time to
simulate the quasistatic drainage process in the extracted pore network is higher for the OED-based
pore network model (0.209 s) compared to the ED-based pore network model (0.046 s for the first
method to determine the threshold pressure and 0.091 s for the second method).
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FIG. 10. Procedures to extract the pore network from a fibrous porous material generated numerically. (a)
Schematic of the numerical generation of a fibrous porous material based on the stacking of the cylindrical
fibers. The radius of each cylindrical fiber is 3.5 um. (b) 3D view of the generated fibrous porous material with
the size of 50 um x 50 um x 50 um. (c) The OED-based hierarchical levels of the void voxels, (d) extracted
medial axis, (e) pore throat and pore body regions, and (f) extracted pore network of the voxelized fibrous
porous material with 50 voxels in each direction.

VII. SINGLE-PHASE FLOW AND QUASISTATIC DRAINAGE IN THE PORE NETWORK
EXTRACTED FROM A 3D FIBROUS POROUS MATERIAL

To further demonstrate the feasibility of the pore network extraction algorithm proposed above,
we present in this section the pore network extracted from a 3D fibrous porous material. The single-
phase flow and the quasistatic drainage in the extracted pore network are also simulated. The 3D
fibrous porous material is numerically constructed. The straight cylindrical fibers with the same
radius of 3.5 um are randomly stacked layer by layer on a base surface. Each layer has a thickness
of 7 um and a porosity of about 0.75. All the cylindrical fibers are parallel to the base surface, as
illustrated in Fig. 10(a). The constructed 3D fibrous porous material, as shown in Fig. 10(b), has a
size of 50 um x 50 um x 50 pwm. It is voxelized to have 50 voxels in each direction for the pore
network extraction. Each voxel is cubic with a side length of 1 pum.

A. Pore network extraction

The OED-based hierarchical levels of the void voxels in the fibrous porous material are illustrated
in Fig. 10(c). The ED-based hierarchical levels are presented in Fig. S10 in the Supplemental
Material [33] for comparison. As shown in Fig. S10, most of the void voxels have the same
hierarchical level. By contrast, the hierarchy of the void voxels in the voxelized fibrous porous
media can be distinguished clearly based on OED; see Fig. 10(c).

Based on the hierarchical level of the void voxel shown in Fig. 10(c), the medial axis, pore
throat and pore body regions, and the extracted pore network composed of nodes and bonds can
be obtained; see Figs. 10(d)-10(f). The number of pore throats and pore bodies is 894 and 367,
respectively. The extracted pore network represents essentially the morphology of the void space in
the fibrous porous material. It should be noted that the spherical nodes and cylindrical bonds in the
extracted pore network shown in Fig. 10(f) are just a schematic and not the real shapes. We find that
for the fibrous porous material shown in Fig. 10(b), the pore throat regions can be thin along the
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FIG. 11. Examples of pore throat and pore body regions in the fibrous porous material shown in Fig. 10.
(a) The pore throat region is thin along the medial axis. (b) Two pore body regions can be connected by more
than one pore throat region.

medial axis; see Fig. 11(a). Two pore body regions can be connected by more than one pore throat;
see Fig. 11(b). In addition, some pore throat regions contain only one void voxel. This could be due
to the fact that the resolution of the voxelized fibrous porous material is not enough to capture the
detailed structures of the small pores.

Note that the centers of two pore body regions can be close, e.g., only 2 voxels distance; see
Fig. S11 in the Supplemental Material [33]. Merging of two or more pore body regions close to
each other is not considered in our extraction algorithm. The reason is that the pore throats between
two adjacent pore body regions can be small; see the average radii of the pore bodies and of the
pore throats in Fig. S12 in the Supplemental Material [33]. The average pore radius is defined in
Eq. (16). In the drainage processes, once a pore body region is invaded by the nonwetting fluid,
its invasion into the adjacent pore body region can be hindered by the small pore throats between
the pore body regions. To model accurately the drainage processes in the extracted pore network,
the merging of the adjacent pore body regions is not considered, even though such a merge can
reduce the complexity of the extracted pore network. The detailed distributions of the sizes of
pore bodies and of pore throats as well as the pore connectivity are presented in the following
paragraphs.

Since the pores have high aspect ratios, the pore sizes are different in different directions. In this
way, we defined the average radius of a pore as the averaged value of the distances from the pore
center voxel to all the accessible voxels that wrap the pore region:

1 N
rp,aV:N;ri, (16)

where 7, 5, is the average pore radius, N is the number of accessible voxels that wrap the pore
region, and r; is the distance from the pore center to the ith accessible voxels (solid or void voxels)
that wrap the pore region. The probability density functions (PDFs) of the average radii of the pore
bodies and of the pore throats are shown in Fig. 12. The average radii of pore bodies and pore
throats are in the ranges of 2.7-7.3 and 1.3-6.9 pm, respectively. 79.2% of the pore bodies have
average radii in the range of 4.3-5.7 um. 72.5% of the pore throats have average radii in the range of
2.1-3.3 um.

The average pore radius cannot elucidate the variation or dispersion of the distances from the
pore center voxel to the accessible voxels that wrap the pore region. Such variation, to some extent,
reflects the topology of the pore. To illustrate this variation, the population standard deviation of the
average pore radius is determined:

N
1
SD,, = N§ (FiTpav)? - (17)
i=1
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FIG. 12. Probability density functions (PDFs) of the average radii of the pore bodies and of the pore throats.

The PDFs of SD,, for the pore bodies and the pore throats are presented in Fig. 13. For
the pore bodies, SDy, is from 0.75 to 3.15 um, and 79.2% of SDy, is in the range 1.25-
1.95 pm. For the pore throats, SDy, is from 0.25 to 3.55 um, and 76.9% of SDy, is in the range
0.55-1.25 pm.

To further elucidate the pore anisotropy, we show in Fig. 14 the PDFs of ry, max/7p min for the
pore bodies and the pore throats. Here, 7 max and 7, min are the largest and smallest distances
from the pore center voxel to the accessible voxels that wrap the pore region, respectively. Thus,
Tp.max/"p,min, tO some extent, characterizes the aspect ratio of the pore. For the pore bodies,
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FIG. 13. PDFs of SDy, for the pore bodies and the pore throats. SDy, is the population standard deviation
of the average pore radius.
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smallest distances from the pore center voxel to the accessible voxels that wrap the pore region, respectively.

7'p,max/¥p,min Tanges from 3.5 to 16.5, and 76.3% of 7, max/7p,min 18 located in the range 6.5-9.5. For
the pore throats, 7}, max/7p,min ranges from 1.5 to 14.5, and 84.2% of r), max/¥p,min is located in the
range 3.5-6.5. The results in Fig. 14 show clearly that the pore radii can be quite different in various

directions.

The variations of the pore surface area, A;, against the pore volume, V,, for the pore bodies and
pore throats are shown in Fig. 15. Here, the pore surface area is the sum of the areas of the interfaces
between the void voxels and the solid boundary voxels that wrap the pore region. We find that the
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FIG. 15. Variations of A, with V), for the pore bodies and the pore throats. A; is the pore surface area, and

V), is the pore volume.
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FIG. 16. PDFs of Nyy.pp and Nyp.pi. Nypp-pp is the number of pore bodies connected to a pore body by the
medial axis. Ny is the number of pore throats connected to a pore body.

pore surface area is a power-law function of the pore volume. For the pore bodies, As = 14V[§)'64.

For the pore throats, As = 6.4V,%8!.

The PDF of the coordination number is presented in Fig. 16. The coordination number depicts
the pore connectivity. Since two pore bodies can be connected by more than one pore throat, two
types of coordination numbers are employed. The first is the number of pore bodies connected to
a pore body through the medial axis, Nyp.pb. The second is the number of pore throats connected
to a pore body, Nyppi. As shown in Fig. 16, Npypp is in the range 1-11, and Npp.p ranges from
1 to 25. The distribution range of Nypp is larger than that of Nyp.pp. This indicates that two pore
bodies can be connected by more than one pore throat [e.g., see Fig. 11(b)]. If two pore bodies
are connected by just only one pore throat, then the distribution ranges of Nyp.pp and Npp.pe should
be the same. Hence, there are two types of pore throats. The pore throat of type A is the only
path between two pore bodies. The pore throat of type B is one of the paths between two pore
bodies. These two types of pore throats are illustrated in Fig. S13 in the Supplemental Material
[33].

B. Single-phase flow

To simulate the fluid flow in the pore network extracted from the 3D fibrous porous material
shown in Fig. 10, it is necessary to know the flow conductivity between two nodes, which is
determined by the following procedure:

(i) The absolute permeability of the fibrous porous material is calculated by using the direct
numerical simulation (the lattice Boltzmann method is used; see Ref. [36] for more details) so as to
validate the results obtained by the pore network model.

(i1) The cross section of the slice perpendicular to the medial axis is abstracted as a rectangular,
triangular, or elliptical cross section (these will be called the virtual cross sections hereafter). Based
on the perimeter and the cross-sectional area of the slice perpendicular to each void voxel at the
medial axes, the flow conductivities of the virtual cross sections can be determined (see Appendix B)
and are used for the realistic slices perpendicular to the medial axis. Based on the flow conductivity
of each slice, the flow conductivity between two adjacent nodes is obtained by using Eq. (8).
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TABLE II. Comparison of the absolute permeabilities in the x-, y-, and z-directions of the fibrous porous
material shown in Fig. 10(b) determined by the direction of the numerical simulation and the pore network
modeling.

K, (Darcy) K, (Darcy) K, (Darcy)
LBM 5.57 5.71 3.61
PNM (Rectangular cross section) 12.86 13.40 6.71
PNM (Triangular cross section) 8.28 7.90 498
PNM (Elliptical cross section) 14.16 17.08 10.39

(iii) The absolute permeability of the extracted pore network is determined and compared against
the direct numerical simulation results so as to determine the shape of the virtual cross section.
Table II shows the absolute permeabilities in the x-, y-, and z-directions of the fibrous porous
material (Fig. 10) determined by direct numerical simulation and the pore network model. The
magnitudes of the absolute permeability obtained from these two approaches are in the same order.
According to the results presented in Table II, the triangle is superior to a rectangle or an ellipse,
and hence it is used as the shape of the virtual cross section in the extracted pore network.

Here, the flow conductivity between two nodes in the extracted pore network is determined by
the size and the shape of the virtual cross section. This method leads to fast calculation of the
flow conductivity between two nodes, but it is not accurate enough. A more accurate method to
obtain the flow conductivity between two nodes is to rely on direct numerical simulations, but they
are computationally intensive. In future work, we shall combine direct numerical simulations, e.g.,
LBM, and the machine learning technique so as to obtain the flow conductivity between two nodes
with high accuracy and reasonable computational resources, e.g., as in Ref. [17].

C. Quasistatic drainage

The quasistatic drainage of a nonwetting phase displacing a wetting phase in the extracted pore
network from the 3D fibrous porous material shown in Fig. 10 is also simulated by using the
algorithm depicted in Sec. VI. The contact angle taken in the wetting phase of the surface walls
of the pore network is 0°. The corner films are not considered. The pore network is initially filled
with a wetting phase. The inlet face of the extracted pore network is connected to a nonwetting
reservoir, as illustrated by the blue surface in Fig. 17. In this figure, the nodes and the bonds invaded
by the nonwetting phase at the various nonwetting phase saturations are presented. The spheres and
the lines represent the nodes and bonds filled with the nonwetting phase, respectively. The solid
matrix and the nodes and bonds occupied by the wetting phase are not shown for the sake of clarity.

For the quasistatic drainage in a porous material, the two-phase displacement is dominated by
the threshold pressure of each pore. This indicates that the accuracy of the pore network model for
the quasistatic drainage depends on the determination of the threshold pressure of each node if the
extracted pore network is accurate. The method to determine the threshold pressures of the nodes
in the extracted pore network is detailed and validated in Sec. VI. Thus, we believe that the pore
network modeling of the quasistatic drainage process in the fibrous porous material shown in Fig. 17
is reasonable, even though it is not compared directly against the experimental results.

Although challenging, a comparison of the pore network modeling results on the two-phase
transport in real 3D porous media against the experimental data is of vital importance, especially
for the transport processes controlled not only by the threshold pressure of each pore but also by
the mass transfer, e.g., evaporation in porous media. For evaporation in porous media, the liquid in
the corners of pores, i.e., the so-called corner films, can play an important role [37-39]. Hence, the
corners of pores should be taken into account in the extracted pore networks. Extraction of the pore
networks with pore corners from realistic porous media is envisioned as a future extension of the
present study.
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FIG. 17. Pore network modeling the quasistatic drainage process in the 3D fibrous porous media shown
in Fig. 10(b). The nonwetting phase occupied nodes and bonds are shown in blue. S,,, is the saturation of the
nonwetting phase.

VIII. CONCLUSIONS

In the present study, we propose a method to extract the medial axis from porous media with
pores of high aspect ratios based on the concept of the omnidirectional Euclidean distance (OED).
In our pore network extraction method, the medial axis of the void space is first determined, followed
by the centers and regions of pore bodies and pore throats. Such an extraction method preserves the
topological and morphological properties of the void spaces in porous media. To account for the
case in which two pore bodies can be connected by more than one pore throat, the extracted pore
networks are defined to be composed of nodes and bonds. The centers of nodes are the centers
of pore bodies or pore throats, resulting in two types of nodes, namely pore body nodes and pore
throat nodes. The bonds between two nodes depict the connection between pore bodies and pore
throats. The proposed pore network extraction method is robust and is insensitive to the noise of the
voxelized porous media.

Based on the proposed method, we successfully extract the pore network of a quasi-2D mi-
crofluidic porous material with pores of the same height. The medial axis determined based on the
OED is superior to that based on the traditional Euclidean distance. The pore network modeling
results regarding the single-phase flow and the quasistatic drainage in the quasi-2D microfluidic
porous material are in good agreement with the direct numerical simulation results and/or the
experimental data, further demonstrating the effectiveness of our proposed method. To further show
the feasibility of the pore network extraction method proposed in the present study, we also extract
the pore network from a 3D fibrous porous material, and we perform pore network modeling of the
single-phase and the quasistatic drainage in this 3D fibrous porous material.

In the present study, a deterministic approach is employed to segment the pore body and the pore
throat regions in the voxelized porous media. This approach is based on the distance of each void
voxel to the medial axis. The proposed segmentation approach contributes to a detailed study of the
properties of the void spaces in porous media, especially for porous materials with pores of high
aspect ratios. To suitably disclose the properties of the pore structures, the porous media need to be
voxelized with a high resolution so that each pore region contains at least more than one voxel.

014304-23



ZHAN, WU, TSOTSAS, AND KHARAGHANI

The proposed pore network extraction method provides an effective tool not only for charac-
terizing the structural properties of void space in porous media with pores of high aspect ratios,
but also for modeling the multiphase transport in porous media. However, more future studies are
needed so as to improve the extraction efficiency and to include the pore corners in the extracted
pore networks.
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APPENDIX A: INFLUENCE OF IMAGE NOISE ON THE MEDIAL AXIS EXTRACTION

To extract the pore network from a realistic porous material, the void structure of this porous
material should be obtained first, e.g., by using the micro-CT technique. However, the image noise
is inevitable during acquisition of the void structures of realistic porous media. Such image noise
can affect the extracted medial axis.

To check if the image noise influences the medial axis extracted based on the proposed ODOHT
algorithm, we compare in Fig. 18 the extracted medial axes for the void structures with and without
the image noise. The red voxels are those at the medial axis. Both the convex surface noise and the
concave surface noise are considered. The convex surface noise generates additional void voxels,
Fig. 18(b). The concave surface noise transfers the void voxels to the solid ones, Fig. 18(c). As
shown in Fig. 18, the extracted medial axis is not affected by the image noise. That is to say, the
ODOHT algorithm proposed in the present study is insensitive to image noise. The reason could be
as follows.

In the ODOHT algorithm, the hierarchy of the void voxel can be clearly distinguished. The
hierarchical levels of the void voxels are numbered in Fig. 18. The void voxels have different
hierarchical levels. The void voxel generated because of the convex surface noise is surrounded

-, Solid

3928124 voxel 5 [12[25[15] 7 2 [19[30[22[ 4
8 [45]48l46]11 ] 11/48[51/49]14 14/50(60[52[21
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FIG. 18. Medial axis extracted from the void space with and without noise. (a) Without noise, (b) with
convex surface noise, and (c) with concave surface noise. The numbers represent the hierarchical levels of the
void voxels. The void voxels at the medial axis are shown in red.
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by solid voxels, and hence it has a lower OED and a lower hierarchical level; see Fig. 18(b). The
hierarchical levels of the three void voxels generated because of the convex surface noise shown
in Fig. 18(b) are 1, 2, and 3, respectively. Thus, the void voxels generated because of the convex
surface noise will be scanned and checked first to see if they are the simple void voxel in the ODOHT
algorithm. Since these void voxels are surrounded by solid voxels, Egs. (1)—(3) are applicable to
these void voxels. As a result, the void voxels generated because of the convex surface noise will be
identified as simple void voxels.

Both the convex and concave surface noise affect the hierarchical levels of the void voxels, as
shown in Fig. 18. But, for the hierarchical levels of the void voxels determined based on the OED,
the void voxels near the medial axis have larger OEDs than those away from the medial axis. In this
regard, the image noise cannot change the trend of the scanning order in the ODOHT algorithm,
i.e., from the void voxels away from the medial axis to those near the medial axis. As a result, the
medial axis determined by the ODOHT algorithm is not affected by the image noise, Fig. 18.

APPENDIX B: DETERMINATION OF THE FLOW CONDUCTIVITY OF THE SLICE
PERPENDICULAR TO THE MEDIA AXIS BY THE VIRTUAL CROSS SECTION

The flow conductivity of the virtual cross section of the slice perpendicular to the medial axis is
determined based on the perimeter and cross-sectional area of the slice.

The flow conductivity of the slice (e.g., the mth slice) with a virtual rectangular cross section is
determined by Eqgs. (9)—(11). The width and height of the virtual rectangular cross section, w, g
and h, g, are determined as

wv.s,mhv,s,m = Ax,ma z(wv,s,m + hv,x,m) = Cs,ma (Bl)

where A; , and Cy , are the cross-sectional area and perimeter of the mth slice, respectively.
The flow conductivity of the slice (e.g., the mth slice) with a virtual triangular cross section is
determined as

2
ls mAs,m

8s,m = _—, (Bz)
As.m

for which [ ,, is the length of the mth slice, A, is the cross-sectional area of the mth slice, and
a5, 18 the dimensionless geometrical correction factor. As in Ref. [40], « ,, for the triangular cross
section is

25 4043
s,m — s B3
% = et (B3)
where G; ,, is the dimensionless shape factor of the mth slice and is equal to
As,m
Gs,m - PT» (B4)

s,m

where P; , is the perimeter of the mth slice.

The flow conductivity of the slice (e.g., the mth slice) with a virtual ellipse cross section is
also determined by Eq. (B2). In this case, the dimensionless geometrical correction factor, o, is
determined as

8 8 (B5)
3Gsm 3

Us.m =

Here, G; ,, is calculated by Eq. (B4).
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