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Pore-corner networks unveiled: Extraction and interactions in porous media
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Generalized network models (GNMs) serve as powerful tools, bridging the intricate gap
between pore- and continuum-scale multiphase transport in porous media. An essential
step in the development of these models is to extract pore-corner networks from actual
porous materials. In this paper, we present a pore-corner-network extraction method in-
volving two steps. In the first step, pore networks, comprising pore bodies interconnected
by pore throats, are extracted based on the omnidirectional Euclidean distance concept.
Subsequently, corners within each distinct pore unit, consisting of a pore body and half
of the connected pore throats, are identified by sweeping the pore unit with a sphere. The
radius of the sphere corresponds to the minimal corner radius within the cross-sections
at the centers of pore throats within the pore unit. To extract pore-corner networks from
three-dimensional images of porous materials efficiently, we introduce a domain decom-
position approach. In this approach, the porous material of interest is divided into multiple
subdomains, each enveloped by a protective layer. To validate our proposed extraction
method, a GNM is developed to simulate evaporation in a porous medium composed
of packed spherical beads. This model is systematically compared with microcomputed
tomography experimental data. Encouragingly, the modeling results are in good agreement
with the experimental data, particularly in terms of the variation of liquid distribution over
time. Our proposed extraction method not only contributes to disclosing the structures of
pores and corners in real porous media but also benefits the development of GNMs that
can be employed to understand in detail the multiphase transport in porous media from the
pore-scale perspectives.

DOI: 10.1103/PhysRevFluids.9.014303

I. INTRODUCTION

Multiphase transport in porous media is of great interest not only to scientific researchers but
also to many industrial applications. This includes areas such as oil recovery [1,2], subsurface
carbon dioxide and hydrogen storage [3,4], as well as proton exchange membrane fuel cells and
electrolyzers [5,6]. Despite its relevance, an accurate depiction of multiphase transport in porous
media remains challenging due to its inherently multiscale nature. The dynamics of interfaces
between different fluids within the pores of porous materials, exemplified by phenomena such
as capillary valve effects [7,8] and capillary instability effects [9], exert control over multiphase
transport processes at the continuum scale, i.e., at the scale of at least several representative
elementary volumes (REVs). Thus, to depict the multiphase transport in porous media accurately, it
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is necessary to link the interfacial dynamics and the continuum-scale transport processes. This issue,
however, is difficult to address experimentally since the resolution and the size of view field cannot
be satisfied simultaneously. Numerically, direct numerical simulations, e.g., volume of fluid (VOF)
[10] and the lattice Boltzmann method (LBM) [11], are aimed at cases of small computational
domains, whereas in continuum models, the pore structures and the interfacial dynamics at the pore
scale are not considered explicitly [12]. By contrast, generalized network models (GNMs) have a
good tradeoff between the depiction of the interfacial dynamics and the computational efficiency
[13].

In the GNMs, the void space of a porous material is conceptualized as a pore network composed
of large regular pore bodies connected by small regular pore throats, or the void space is taken
as a pore-corner network composed of not only pore bodies and pore throats but also the corners
in each pore body and each pore throat to consider the transport of fluids in corner films. The
transport of fluid in each pore and each corner is depicted as a one-dimensional (1D) process. The
interfaces between different fluids in pores and corners are assumed spherical; thus, the interface
reconstruction, e.g., needed in VOF, is avoided. Because of these treatments, GNMs can model
multiphase transport in porous media with sizes of several REVs and at a lower capillary number
than the direct numerical simulations. Thus, GNMs are the ideal approach to link the multiphase
interfacial dynamics in pores and corners in porous media and the macroscale multiphase transport
processes [14].

The accuracy of GNMs is determined by the algorithm depicting the transport of fluid in each
pore and corner as well as the pore and/or pore-corner networks extracted from real porous media.
The microstructures of porous media play an important role in controlling multiphase transport
processes, especially the fluids residing in the corners of pores, referred to as corner films, as
observed in various studies [15–17]. In the context of evaporation, the corner liquid films provide
paths for liquid transport to the surfaces of porous media, hence impacting the evaporation rate.
The precise prediction of the evaporation rate from porous media, where corner liquid films play
a critical role, has garnered considerable attention [18–20]. Over the past two decades, substantial
efforts have been devoted to the development of GNMs incorporating corner liquid films for porous
media evaporation [21–31]. While notable progress has been made in modeling evaporation with
corner liquid films in specific geometries like capillary tubes with square cross-sections [32,33] and
quasi-two-dimensional (quasi-2D) microfluidic pore networks [30], achieving accurate GNMs for
depicting evaporation in real three-dimensional (3D) porous media, such as the evaporation rate and
capillary liquid rings in the corners of sphere packing, remains a challenge [29,31]. Addressing this
challenge requires the extraction of accurate pore-corner networks from real porous media, a task
crucial not only for advancing GNMs but also for refining techniques to characterize the topologies
of pores and corners in real porous materials.

To extract pore-corner networks, the pore network structures are needed first; then the corners
in each pore throat and each pore body of the pore network are determined. The ideas for the
pore-network extraction are as follows. First, the porous material of interest is voxelized. Then
the hierarchy of the void voxels is determined by the Euclidean distance (ED) [34,35] or the more
accurate omnidirectional ED (OED) method [36]. After this, the pore network composed of pore
bodies connected by pore throats is extracted to mimic the pore space of the voxelized porous
material. The maximal ball (MB) [37–39], watershed segmentation (WS) [40–45], and medial axis
(MA) [46–51] are the three methods widely employed for pore-network extraction. Each extraction
methodology has its own advantages and flaws. The different extraction methods have also been
combined to employ the advantages of various extraction methods, e.g., Refs. [52,53].

Once the pore networks are gained, the corners in each pore body and each pore throat need to be
extracted to construct the pore-corner networks. A method proposed by Raeini et al. [13] outlines
the corner extraction process as follows: Firstly, MAs of the pore throat surfaces are generated. Then
each branch of the MAs is assigned a corner label. Finally, these corner labels from the throat MAs
are mapped to the underlying image and then grown toward the pore-body centers. That is to say, in
the method proposed in Ref. [13], corners on a 2D pore-throat surface (cross-section) are extended

014303-2



PORE-CORNER NETWORKS UNVEILED: EXTRACTION …

to encompass the whole 3D void space between the pore bodies connected by that pore throat; this,
on the other hand, implies that the cross-sections between these two pore bodies have the same
number of corners. Nevertheless, real porous media have complex pore and corner structures, and
the structures of corners at two cross-sections between two adjacent pore bodies can be completely
different; see Fig. S1 in the Supplemental Material Material [54] for more details.

In this paper, an alternative extraction method is proposed to gain the accurate pore-corner
networks from real porous media. We first determine the pore bodies and pore throats using our
proposed OED-based pore-network extraction method [36]. A pore unit is composed of a pore body
and half of the connected pore throats. The corner radius of a pore throat is determined as the radius
of the residual wetting phase after drainage of the cross-section perpendicular to the MA and located
at the pore-throat center. The corner radius of a pore unit is equal to the smallest corner radius of the
pore throat in this pore unit. Then the corners in each pore unit are determined by sweeping this pore
unit with a sphere with the radius equal to the corner radius of this pore unit. After this, pore-corner
networks are extracted. To validate our proposed extraction method, we develop a GNM based on
this extraction method to model the evaporation from packing of spherical beads. The modeling
results are in good agreement with the experimental data in terms of the variation of the liquid
distribution with time. Especially, the experimentally observed capillary rings formed by the liquid
corner films are successfully captured by our developed GNM. The agreement between the GNM
and experimental results demonstrates the effectiveness our proposed method to extract pore-corner
networks from real porous media.

The paper is organized as follows. In Sec. II, the workflow of the proposed pore-corner-network
extraction is introduced. In Sec. III, the OED-based pore-network extraction is briefly introduced. In
Sec. IV, the method to determine corners in each pore throat and pore body is presented. In Sec. V,
the domain decomposition technology is introduced to extract pore-corner networks from voxelized
porous media of large size. Based on the proposed pore-corner-network extraction method, a GNM
is developed for the evaporation of sphere packing in Sec. VI, and the modeling and experimental
results are compared. Finally, Sec. VII concludes the paper, summarizing the insights drawn from
the study.

II. WORKFLOW OF PORE-CORNER-NETWORK EXTRACTION

In our proposed method for extracting pore-corner networks, the initial step involves determining
the MAs of the void space of the voxelized porous material of interest as well as identifying the pore-
throat and pore-body regions by using the OED-based pore-network extraction method presented in
our previous study [36]. Then the corners in each pore throat and pore body of the extracted pore
network are identified, thereby forming the pore-corner network.

An important element of our corner determination approach is the identification of corner radii
for pore units. Each pore unit is composed of a pore body and the void space between this pore body
and the centers of neighboring pore throats, i.e., half of the connected pore throats. Subsequently,
we determine the corner radius for each cross-section that is perpendicular to each MA, located at
the center of each pore throat. The computation of the corner radius relies on the semianalytical
method proposed by Frette and Helland [55], specifically for the corner radius of a pore throat.
After this, the corner radii of all pore throats in each pore unit are determined. The corner radius of
each pore unit is defined as the smallest corner radius among the pore throats in that pore unit. Each
pore unit is then traversed by a sphere with a radius equal to the corner radius of that specific pore
unit. Void voxels in each pore unit that cannot be swept by the sphere are determined as corners. In
this way, corners in each pore unit can be determined. The overall process of pore-corner-network
extraction includes two key steps: pore-network extraction, followed by corner-network extraction,
as illustrated in Fig. 1. Figure 1(a) shows the pore structure of a porous material composed of
packed spheres (the sphere packing is illustrated in Fig. S2 in the Supplemental Material [54]).
Figures 1(b) and 1(c) show the MAs as well as the pore-body regions and the pore-throat region
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FIG. 1. Steps to extract a pore-corner network. (a) Void space of 12 packed spheres illustrated in Fig. S2
in the Supplemental Material [54]. (b) Medial axis of the void space. (c) Regions of pore bodies and of pore
throats. (d) Extraction of corners in void space. (e) Identification of corners in pore bodies and pore throats. (f)
Extracted pore-corner network.

in the pore-network extraction. Figures 1(d) and 1(e) illustrate the corners in the corner-network
extraction. Finally, Fig. 1(f) presents the extracted pore-corner network.

In Fig. 1(f), the larger light pink, red, and blue spheres represent the centers of pore bodies and
pore throats, respectively. The blue cylinders denote the interconnection between the pore bodies
and the pore throats. The smaller light blue, green, and yellow spheres represent the centers of
corners in within pore bodies and pore throats. The interconnectivity between these pore corners is
illustrated through black lines. The light blue corners are in the pink pore body, the green corners
are in the red pore body, and the yellow corners are in the blue pore throat.

The comprehensive process of pore-network extraction and corner-network extraction, as illus-
trated in Fig. 1, is introduced in detail in the following sections.

III. PORE-NETWORK EXTRACTION

The extraction of pore networks of porous media is accomplished through our proposed OED-
based extraction method, as detailed in our previous work [36]. A concise overview of the steps of
the method is briefly outlined here and complemented by a visual representation in Fig. 2:

(1) The initial step encompasses determining the anchored void voxels situated at the inlet and
outlet surfaces of the voxelized porous medium [e.g., as depicted in Fig. 2(a)]. These anchored void
voxels, illustrated in yellow in Fig. 2(b), are determined through an approach which is different from
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FIG. 2. Steps to extract a pore network from a two-dimensional (2D) porous medium. (a) A 2D voxelized
porous medium. (b) The anchored void voxels at the inlet and outlet surfaces of the medium. (c) Hierarchical
levels of void voxels inside the voxelized porous medium. (d) Medial axis and the centers of pore bodies and of
pore throats. (e) Pore-body regions (shown in red) and pore-throat regions (shown in blue). (f) Extracted pore
network.

that in Ref. [36]. The details of this approach are pointed out in the following paragraphs. Their role
is vital in establishing nonsimple void voxels inside the voxelized porous medium; see step (3).

(2) The next step is computing the OED for each void voxel inside the voxelized porous medium.
This computation leads to the establishment of a hierarchical arrangement of void voxels, illustrated
in Fig. 2(c). The hierarchical order of the OED assigned to each void voxel is termed as its
hierarchical level.

(3) The nonsimple void voxels inside the voxelized porous medium are determined by the
omnidirectional distance order homotopic thinning (ODOHT) algorithm. These nonsimple void
voxels inside the voxelized porous medium, combined with the anchored void voxels at the inlet
and outlet surfaces, collectively form the MAs of the void space, as visualized by green lines in
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FIG. 3. Steps to obtain the anchored void voxels at the inlet and/or outlet surfaces of porous media. (a) The
inlet and/or outlet surface of a porous material composed of packed spheres. (b) Hierarchical levels of void
voxels. (c) Extracted medial axes (green lines) and the neck void voxels (black voxels). (d) Void clusters and
the anchored void voxels (yellow voxels).

Fig. 2(d). The pore-body centers (void voxels in red) and the pore-throat centers (void voxels in
blue) at the MAs are determined. Note that the anchored void voxels at the inlet and outlet surfaces
are considered pore-body centers.

(4) The pore-body and pore-throat regions are determined, as illustrated in Fig. 2(e). In this
way, the pore network composed of nodes connected by bonds is extracted; see Fig. 2(f). The nodes
represent the centers of pore bodies and/or of pore throats. A bond between two nodes depicts the
connection between a pore body and its adjacent pore throat. For the pore network shown in Fig. 2(f),
two pore bodies are connected by only one pore throat. However, it is noteworthy that, in real 3D
porous media, the connectivity between two pore bodies can involve multiple pore throats—refer to
our previous work for more comprehensive details [36].

This systematic sequence of steps collectively constitutes the process of pore-network extraction,
comprehensively illustrated and summarized in Fig. 2.

In our previous study [36], the pore-network extraction of a porous medium composed of stacked
cylindrical fibers was explored. The fibers in such digital porous material can overlap with each
other, resulting in void spaces at the inlet and/or outlet surfaces being segmented into several
void clusters that are separated by the solid matrix, as illustrated in Fig. S3 in the Supplemental
Material [54]. In each void cluster, the void voxel with the highest hierarchical level is defined as
the anchored one. However, for porous media composed of packed spheres, e.g., the one introduced
in the following Sec. V, most of the void voxels at the inlet and/or outlet surface are connected
to each other, e.g., see the voxelized surface with 100 × 100 voxels shown in Fig. 3(a). Thus, our
approach in this work diverges from that outlined in Ref. [36], necessitating an alternative method
for determining anchored void voxels at the inlet and/or outlet surfaces, as illustrated in Fig. 3. Here
is the refined methodology:

(1) The OED of each void voxel at the inlet or outlet surface is calculated, considering a 2D ED
from a void voxel to a solid boundary voxel in the same surface. Based on the computed OED, the
hierarchical levels of void voxels are determined, illustrated in Fig. 3(b).
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(2) Based on the hierarchical levels of void voxels, the MAs in the surface are determined by
the ODOHT algorithm, illustrated by the green lines in Fig. 3(c).

(3) The void voxel of the minimum hierarchical level in each MA is determined and termed as
the potential neck void voxel, denoted by the black points in Fig. 3(c). However, potential neck void
voxels situated at the end of a MA are excluded from this consideration. Additionally, if the distance
between two potential neck void voxels falls below a critical threshold (e.g., 3 voxels in this paper),
only the lower hierarchical level is retained as the designated neck void voxel.

(4) The void space of the surface is segmented into several void clusters by introducing lines
that intersect the neck void voxels and are perpendicular to the corresponding MAs, as exemplified
in Fig. 3(d). In each void cluster, the void voxel with the maximum hierarchical level is selected as
the anchored voxel, highlighted as the yellow void voxel in Fig. 3(d). These anchored void voxels at
the inlet and outlet surfaces play a pivotal role in identifying nonsimple void voxels inside porous
media, as we mentioned previously.

IV. CORNER-NETWORK EXTRACTION

After the pore network has been successfully extracted, the subsequent steps involve determining
the corners within each pore throat and each pore body. Precise defining the corners of a void space
presents a geometric challenge, yet describing their structural attributes is vital for understanding
two-phase transport phenomena in porous media. For instance, for drainage, i.e., a nonwetting fluid
displaces a wetting fluid, in a porous material, the wetting fluid can reside in the corners of a pore
after this pore is invaded by the nonwetting fluid. From the perspective of two-phase transport in
porous media, we can define the zones occupied by the wetting fluid following drainage within a
pore as its corners. The extent of wetting fluid volume within these corners after drainage depends
on the wettability of the pore wall, reaching its maximum when the contact angle of the wall surface
is zero. The contact angle is the angle between the interface of the wetting and nonwetting fluids
and the interface of the wetting fluid and solid. Thus, one way to determine the corners in each pore
in an extracted pore network is to model the drainage in each pore body and each pore throat. This
approach, however, is time consuming.

The drainage process in a single-entry, single-exit pore throat can be decomposed into successive
drainage of a series of cross-sections of the pore throat along the MA. Thus, the threshold pressure
for the breakthrough of nonwetting fluid within this pore throat aligns with that required for the
invasion of its narrowest cross-section. This threshold pressure is related to the radius of the wetting
fluid films rfilm, which remains at the corners of this minimal cross-section. Specifically, when the
contact angle is zero, this threshold pressure equates to σ/rfilm.

All the wetting fluid films have the same value as the ones at the narrowest cross-section after the
breakthrough of the nonwetting fluid in the pore throat. The radius of the wetting fluid films at the
corners of a 2D cross-section of a pore can be determined quickly by the semianalytical approach
proposed by Frette and Helland [55]. Thus, the corners in a pore throat can be determined quickly by
determining the radius of the wetting fluid films at the corners of the narrowest cross-section. This
radius is called the corner radius of this pore throat. Similarly, the corners in a pore unit composed
of a pore body and half of the connected pore throats, i.e., void space between this pore body and
centers of neighboring pore throats, can be determined by the smallest radius of wetting fluid films
at the corners of the narrowest cross-section in these connected pore throats (this radius is called the
corner radius of the pore unit).

Based on the above analysis, we propose the following procedure to determine the corners in
a pore unit, as illustrated in Fig. 4 [the structure of a pore unit is shown in Fig. 4(a)]. Firstly, the
2D cross-section of each pore throat, i.e., the plane perpendicular to MA and at the center of each
pore throat, is determined, Fig. 4(b). Secondly, the corner radius for the 2D cross-section of each
pore throat (i.e., the so-called corner radius of the pore throat) is determined, which is equal to the
radius of the interface between the wetting and nonwetting fluids in this cross-section after invasion
by the nonwetting fluid, as rfilm shown in Fig. 4(b). Note that the wetting fluids in the corners form

014303-7



ZHAN, WANG, LU, WU, AND KHARAGHANI

FIG. 4. Steps to extract corners in a pore unit: (a) The structure of a pore unit composed of a pore body (red
zone) and void space between this pore body and centers of neighboring pore throats (blue zones). (b) Corner
radius of the two-dimensional (2D) cross-section of a pore throat. (c) The pore unit (shown in white) is swept
by a sphere (shown in yellow) with the radius equal to corner radius of this pore unit. (d) Extracted corners
(orange zone) in the pore unit.

the so-called corner films. Thirdly, the smallest corner radius of the pore throat in the pore unit is
determined, which is called the corner radius of this pore unit. Finally, the corners in the pore unit
are determined by sweeping the pore unit with a sphere of the radius equal to the corner radius of
this pore unit, Figs. 4(c) and 4(d). The details of these steps are presented below.

A. Cross-section of pore throat

As previously mentioned, the cross-section of a pore throat is determined by the plane positioned
at the center of this pore throat. This plan is oriented perpendicular to the MA of the pore throat.
The cross-section obtained by this method has a 3D topological structure. However, to gain the
corner radius of a pore throat introduced in Fig. 4(b) as well as in the following paragraphs, the 3D
cross-section at the center of this pore throat needs to transform into a 2D one. Figure 5(a) shows the
3D cross-sectional view situated at the center of a pore throat depicted in Fig. 4(a). The void voxel
at the center of this pore throat P0 (x0, y0, z0) is also considered the center of this 3D cross-section;
here, x0, y0, and z0 are the coordinates of void voxel P0. The void voxel in this 3D cross-section
that stands farthest from P0 (x0, y0, z0) is identified as Pa (xa, ya, za). The axis connected by P0

(x0, y0, z0) and Pa (xa, ya, za) is called the main axis. For any given void voxel positioned in this 3D

FIG. 5. Schematic of the transformation of (a) a three-dimensional (3D) cross-section into (b) a two-
dimensional (2D) representation at the center of a pore throat.
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cross-section—denoted as Pi (xi, yi, zi)—its distance to the main axis is denoted by Loi,1 = |−−→P0Pi×−−→
P0Pa|

|−−→P0Pa|
,

and its distance to P0 (x0, y0, z0) parallel to the main axis direction is Loi,2 = |−−→P0Pi·−−→P0Pa|
|−−→P0Pa|

.

The following procedure is employed to transform a 3D cross-section into a 2D representation.
First, the center of the 2D cross-section is defined as Q0 (0, 0), as illustrated in Fig. 5(b). Then any
void voxel in the 3D cross-section Pi (xi, yi, zi) is determined as Qi [round_L(Loi,1), round_L(Loi,2)]
in the 2D cross-section, for which round_L is a function to round a real number to a lower nearest
integer. In this way, the 2D cross-section of each pore throat is gained which, however, has a jagged
discrete boundary. Such a discrete boundary cannot represent the true boundary accurately. Hence,
it is needed to reconstruct a real boundary based on information of the discrete boundary of the 2D
cross-section. To do this, the method proposed in Ref. [56] is employed, in which the Euclidean
paths of the discrete boundary are gained to approximate the real boundary. The details of this
method can be found in Refs. [56,57] and hence are not repeated here. The constructed Euclidean
paths of the cross-section in Fig. 5(b) are shown as the red line in Fig. 4(b).

B. Corner radius of pore throat

After the 2D cross-section with Euclidean paths (to approximate the real boundary) of each pore
throat is obtained, the subsequent steps involve simulating the invasion of a nonwetting fluid into
each of these 2D cross-sections. Initially, these cross-sections are filled with a wetting fluid, and this
invasion process is orchestrated by utilizing the semianalytical method proposed in Ref. [55]. In this
modeling, the contact angle is assumed to be zero, thereby maximizing the volume of corners within
the pore throat. In this way, we can obtain the threshold pressure for invasion of the nonwetting fluid
and the configuration of the wetting fluid as well as the radius of the interface between the wetting
and nonwetting fluids in the 2D cross-section of each pore throat [the wetting fluid resides in the
corners, forming the corner films, as illustrated in Fig. 4(b)]. This radius is called the corner radius
of the pore throat.

C. Corner network

After the corner radius of each pore throat is obtained, the next step is to determine the corners in
each pore body and pore throat. This process unfolds as follows: The void space is divided into lots
of pore units. The corner radius of a pore unit is equal to the smallest corner radius of pore throat
inside this pore unit. The corners in a pore unit are determined by sweeping this pore unit with a
sphere with the radius equal to the corner radius of this pore unit, as illustrated in Fig. 4(c). The
void voxels in the pore unit are considered corner void voxels if the centers of these void voxels are
not touched by the sweeping sphere. In this way, the corner void voxels in each pore body and each
pore throat are determined, as illustrated in Fig. 6(a).

After the corner void voxels are determined, we then identify the clusters of corner void voxels
in each pore body and each pore throat by using the Hoshen-Kopelman algorithm proposed in
Ref. [58], as illustrated in Fig. 6(b). A cluster of corner void voxels in a pore (pore body or pore
throat) is composed of corner void voxels connected to each other in this pore. A corner represents
the corner void voxels only in a pore body or in a pore throat. For each corner, the OED of void
voxels is determined, and the hierarchical levels are obtained, e.g., see the void voxels in the pore
throat corners shown in Fig. 6(c). The hierarchical levels of void voxels in the pore body corners
are shown in Fig. S4 in the Supplemental Material [54]. For each corner, the void voxel of highest
hierarchical level is taken as the center of this corner; see the spheres in Fig. 6(d). If a void voxel
in a corner is in contact with a void voxel in a corner in a different pore, then these two corners in
different pores (e.g., in a pore throat and a pore body) are connected; see the spheres connected by
black lines in Fig. 6(d). In this way, the corner network, i.e., the network composed of corners, can
be extracted, as illustrated in Fig. 6(d). Examples of corner extraction from more complicated pore
structures can be found in Fig. S1 in the Supplemental Material [54].
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FIG. 6. Steps to extract a corner network. (a) Corner void voxels in pores (shown in green in the pore bodies
and yellow in the pore throat). (b) Clusters of corner void voxels. (c) Omnidirectional Euclidean distance (OED)
of corner void voxels in the pore throat. (d) Extracted corner network.

V. EXTRACTION OF A PORE-CORNER NETWORK FROM A LARGE POROUS MEDIUM

Based on the pore-network extraction approach introduced in Sec. III and the corner-network
extraction approach introduced in Sec. IV, the pore-corner networks of porous media now can be
extracted straightforwardly. In our method proposed for pore-corner-network extraction, a crucial
step involves determining the OED of each void voxel as well as the MAs in a digital porous
medium. The OED of a void voxel is determined by calculating the distance from that void voxel to
all accessible solid voxels. A solid voxel is considered accessible to a void voxel if a line connecting
them is uninterrupted by any other solid voxels. Thus, as the size of the digital porous medium (e.g.,
the number of voxels) increases, the overall memory and CPU time required for determining the
OEDs of void voxels and the MAs can significantly increase. To mitigate such computational costs,
the domain of the digital porous medium of interest is partitioned into several subdomains using
the domain decomposition method, as illustrated in Fig. 7(a). In this depiction, a 2D digital porous
medium with 100 × 100 voxels is divided into four subdomains, each containing 50 × 50 voxels.

Hence, the OEDs of void voxels in a large digital porous medium can be obtained by determining
the OEDs of void voxels in each subdomain. Obviously, the OED of a void voxel, determined only
in a subdomain, may differ from the OED of the same void voxel determined across the entire
domain of the digital porous medium of interest. This discrepancy arises because the accessible
solid voxels for a void voxel are more extensive in the whole domain than those in each individual
subdomain. On the other hand, it should be noted that not all solid voxels in the entire domain of
the digital porous medium of interest are accessible to a given void voxel. Solid voxels located far
away from a void voxel may not be accessible. Therefore, for accurate and efficient determination
of the OED of a void voxel in a subdomain, we introduce a protective layer surrounding each
subdomain. This protective layer ensures enough supply of accessible solid voxels to each void
voxel in the subdomain, as illustrated in Fig. 7(b). The protective layer of a subdomain is the zone
inside the digital porous medium of interest and adjacent this subdomain. This zone, composed of a
subdomain and its protective layer, takes the form of a cuboid. Note that the four subdomains shown
in Fig. 7(a) are all attached to the boundary of the digital porous medium. If a face of a subdomain
is situated at the boundary of the digital porous medium, then that face of the subdomain is not
covered by a protective layer, as illustrated in Fig. 7(b). Conversely, if a subdomain is positioned
inside (not at the boundary) of a digital porous medium, then all faces of this subdomain are covered
by a protective layer, as illustrated in Fig. S5 in the Supplemental Material [54].
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FIG. 7. Schematic of the domain decomposition method to calculate the omnidirectional Euclidean dis-
tance (OED) map of a large porous material. (a) A large two-dimensional (2D) digital porous material of 100
× 100 voxels and four subdomains. (b) Protective layers of subdomain (shown in red). (c) Hierarchical levels
of void voxels in subdomains. (d) Hierarchical levels of void voxels in the whole domain.

In this way, we can get the OEDs of void voxels in each subdomain of a digital porous medium,
as illustrated Fig. 7(c). For clarity, protective layers are not shown in this figure. By combining the
information from the subdomains, the OEDs of void voxels in the whole digital porous medium can
be obtained, see Fig. 7(d). It should be noted that the OEDs of void voxels in a subdomain depend
on the thickness of the protective layer adjacent to that specific subdomain, as illustrated in Fig.
S6 in the Supplemental Material [54]. When the thickness of the protective layer of a subdomain
exceeds a critical value, the OEDs of void voxels in this subdomain remain unchanged with the
further increase of the thickness of the protective layer. Consequently, the OEDs of void voxels
determined through the domain decomposition method align with those determined directly from
the whole domain of the digital porous medium of interest.

The domain decomposition method mentioned above aims to determine the OEDs of void voxels
and MAs in each subdomain of the digital porous medium of interest. Once the MAs in each
subdomain are obtained, they are then consolidated to derive the MAs of the entire domain. From
these complete MAs, the extraction of pore throats, pore bodies, and corners in each pore becomes
possible. Thus, the accuracy of determining MAs in each subdomain is critical for the effectiveness
of the domain decomposition method. If the thickness of the protective layer for each subdomain is
sufficiently large (exceeding a critical thickness), the MAs in each subdomain are accurate, and they
can seamlessly connect to the MAs in adjacent subdomains. Nevertheless, if the protective layer of a
subdomain is insufficient in thickness, redundancies and/or discontinuities in MAs may occur at the
interface between two adjacent subdomains, as illustrated in Fig. S7 in the Supplemental Material
[54]. This can lead to errors in the extraction of the pore-corner network.

Based on the approach mentioned above, we extract the pore-corner network of a real porous
material composed of packed glass beads with a mean diameter of 0.8 mm. The glass bead packing
(also called sphere packing) is digitalized to gain the 3D binary image thanks to microcomputed
tomography (micro-CT) techniques (see Sec. VI A for more details). The 3D digital image is shown
in Fig. 8(a), which has 500 × 500 × 400 voxels (each voxel has a side length of 16.4 µm). This 3D
image is divided into several subdomains, each of which has 50 × 50 × 50 voxels. Each subdomain
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FIG. 8. Schematic of pore-corner-network extraction from a real porous medium composed of packed
spheres. (a) Three-dimensional (3D) binary image of the sphere packing obtained by micro-CT techniques. (b)
Corners in the sphere packing. (c) Corner network of the sphere packing. (d) Extracted pore-corner network of
the sphere packing.

is covered by a protective layer. The effects of the thickness of the protective layer on the extracted
MAs are checked. We find that the thickness of 20 voxels is enough for the protective layer and
hence is employed for the pore-corner-network extraction shown in Fig. 8. Figure 8(b) shows the
corners in the sphere packing, and Fig. 8(c) shows the extracted corner network. The extracted pore-
corner network is presented in Fig. 8(d). In this figure, the small red and black spheres represent the
centers of pore bodies and pore throats, respectively. The blue lines denote connection between pore
bodies. The small green spheres represent the centers of corners within pore bodies, while the small
yellow spheres depict the centers of corners within pore throats. The black lines denote connection
between pore corners. For clarity, the part of extracted pore-corner network is magnified in Fig. S8 in
the Supplemental Material [54]. Such pore-corner-network extraction requires an overall CPU time
of ∼300 h when conducted on a laptop equipped with an i5-8265U processor and 8 GB of RAM.
The extraction efficiency can be further improved through the exploration of parallel computing
techniques, which will be detailed in a future study. The proposed pore-corner-network extraction
method is employed in the following section for the model of evaporation in the sphere packing.

VI. VALIDATION OF THE PROPOSED EXTRACTION METHOD

Since there is no accurate definition of corners within a pore, the extracted corners exemplified
by those depicted in Fig. 8(b) cannot be straightforwardly validated through direct comparison with
micro-CT images depicted in Fig. 8(a). On the other hand, it is important to note that corners
in porous media play an important role in processes such as two-phase transport, particularly in
scenarios like evaporation. In the context of evaporation in porous media, the process involves the
gradual intrusion of gas into initially liquid-filled pores. As this gas invasion progresses, liquid can
be retained within the corners, giving rise to the formation of what are known as corner liquid films.
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FIG. 9. Experimental setup for evaporation of sphere packing used in the micro-CT experiment.

These corner liquid films hold critical role in dictating the kinetics of evaporation. The morphologies
of these corner liquid films, to some extent, represent the topologies of corners.

Thus, the proposed pore-corner-network extraction method put forth in this paper can be
validated by comparing the outcomes of modeling and experimentation concerning the dynamic
distribution of liquid, particularly the presence and behavior of corner liquid films, within porous
media during evaporation. Following this idea, we develop a GNM for evaporation in the sphere
packing shown in Fig. 8(a). The experimental data (used for validation) regarding the liquid
distribution in the sphere packing are obtained thanks to micro-CT techniques. The micro-CT
experiment and the GNM are detailed in the following paragraphs.

A. Micro-CT experiment

A micro-CT experiment is performed to gain the variation of liquid distribution in the sphere
packing shown in Fig. 8(a) during evaporation. The sphere packing is placed in a cylindrical
transparent container made of plastic (PMMA). The cylindrical container has an inner diameter
of 8 mm and a height of 10 mm. The container is vertically placed, and its top is exposed to a
horizontally placed gas purge tube with an inner diameter of 16 mm, as illustrated in Fig. 9. The gas
purge tube is drilled with a hole of 11.2 mm to connect the top of the cylindrical container.

Initially, the sphere packing in the cylindrical container is saturated with liquid water. Then
the drying air with temperature of 26 ◦C and relative humidity of 40% is flowed into the gas purge
tube at the velocity of 1 m/s. In the experiment, the container is placed between the x-ray source
and the detector in the micro-CT device. The x-ray cone beam source is generated at an acceleration
voltage of 90 kV and a current of 120 µA by the x-ray source. Then the container is rotated slowly,
and 400 different projections, each with an exposure time of 1 ms, are acquired by the detector to
reconstruct a 3D CT image. The container is periodically exposed to evaporation and scanning with
an average duration of ∼30 and 25 min, respectively, until it is not feasible to resolve changes in the
saturation. The image scanned by x-ray micro-CT device only considers the region of interest; the
actual size is 8.2 × 8.2 × 6.6 mm. The corresponding digital image size is 500 × 500 × 400 in this
paper. The details of the micro-CT experiment can be found in Ref. [31].

B. GNM

As previously mentioned, we validate our proposed pore-corner-network extraction method by
comparing the modeling and experimental results on variation of the liquid distribution in the sphere
packing [Fig. 8(a)] during evaporation. The modeling results are derived from the GNM developed
based on the pore-corner-network extraction method mentioned above. Thus, it is needed to ensure
that the algorithm governing the gas-liquid two-phase transport processes during evaporation in
the GNM is accurate enough. This accuracy is vital to mitigate any potential influences stemming
from uncertainties in the two-phase transport algorithm. In our previous studies [30], we have
developed a model that accounts for continuous and discontinuous corner liquid films. This model
can accurately depict the variation of liquid distribution in a microfluidic pore network during
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evaporation. Building upon this work, we employ the following procedure to simulate gas-liquid
two-phase transport in the sphere packing shown in Fig. 8(a) during evaporation: (1) The liquid
saturation in the pore-corner network of the sphere packing is initialized; (2) the vapor pressure field
in the sphere packing and the adjacent diffusion boundary layer is determined; (3) the liquid pressure
field and the moving menisci, i.e., gas-liquid interfaces, in the extracted pore-corner network of the
sphere packing are determined; (4) the time step is determined; (5) the liquid saturation is updated;
(6) the steps (2)–(5) are repeated until the total liquid saturation in the sphere packing is decreased
to 0.03, which is the total liquid saturation of the last image obtained in the micro-CT experiment.
These steps are detailed in the following paragraphs.

For the pore-corner extraction method introduced in the forgoing sections, the corners in a pore
unit are determined based on the smallest corner radius of the pore throat in that pore unit. Corners
represent the regions occupied by the nonwetting fluid after the complete drainage of the pore unit,
wherein both the pore body and all the pore throats are invaded by the nonwetting fluid. By contrast,
during the evaporation of the sphere packing in Fig. 8(a), only one liquid-filled pore is invaded at a
given time step in a liquid cluster (further explanation is provided below). Thus, the morphologies
of corner liquid films in a liquid cluster are dependent on the structure of the pore being invaded by
the gas phase, as illustrated in Fig. S9 in the Supplemental Material [54]. In addition, when a pore
is filled with liquid, there is no need to consider corner liquid films in that pore. The consideration
of corner liquid films mainly stems from the fact that these films in gas-invaded pores can serve
as pathways for liquid flow. Thus, in the following paragraphs, the reference to corner liquid films
pertains specifically to those in a pore invaded by the gas phase.

Based on the considerations outlined above, the following method is employed to determine
corner liquid films in the GNM for the evaporation of porous media. A liquid cluster, with corner
liquid films and liquid-filled pores, is considered. Within this liquid cluster, a pore is being invaded
by the gas phase, and as a result, corner liquid films are formed in this pore during the invasion
process. The morphologies of these corner liquid films within the liquid cluster are determined
using the sweeping approach (mentioned earlier) with the corner radius of the pore being invaded.
Thus, in our GNM for the evaporation of the sphere packing in Fig. 8(a), the corners in the packing
sphere are not predetermined. Instead, the morphologies of corner liquid films in each liquid cluster
at each time step are dynamically updated based on the corner radius of the pore being invaded by
the gas phase.

In the micro-CT experiment, the sphere packing is located inside a cylindrical tube partially
saturated with liquid water. The tube is vertically placed, and the open surface is at the top side.
Initially, the sphere packing is completely immersed in liquid water. The gas-liquid interface above
the sphere packing is spherical (concave) and moves toward the sphere packing during evaporation,
as illustrated in Fig. S10(a) in the Supplemental Material [54]. Because of the shape of this gas-
liquid interface above the sphere packing, when gas touches the sphere packing, liquid above the
sphere packing is not removed completely; see Fig. S10(b) in the Supplemental Material [54]. At
the moment the liquid above the sphere packing is completely removed, some pores in the sphere
packing have been occupied by gas, Fig. S10(c) in the Supplemental Material [54]. Since we are
concerned on evaporation inside sphere packing, the moment the liquid above the sphere packing
is completely removed is taken as the initial moment. The micro-CT experiment indicates that the
total liquid saturation St is ∼0.77 at this initial moment. Thus, in the GNM, not all pores are full
of liquid initially. The initial liquid saturation in our GNM is determined according to the liquid
distribution in the sphere packing at St = 0.77 obtained in the micro-CT experiment.

In the GNM, the vapor pressure field therein needs to be determined. The vapor pressure field
determines the evaporation rate and hence the gas invasion rate of each liquid cluster. The gas
invasion in each liquid cluster, on the other hand, controls the liquid distribution. Thus, to avoid any
uncertainty of the liquid distribution induced by determination of the vapor pressure field, the vapor
pressure field needs to be computed accurately. In previous pore-network models with cuboid pores
(the pore corners are hence regular), vapor transport in a cuboid pore with corner liquid films are
depicted by a 1D + 1D model, e.g., Ref. [22]. It has been revealed that such a 1D + 1D model
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is not accurate, even for cuboid pores [30]. In our extracted pore-corner network, the pores and
corners are irregular, implying that vapor transport in these pores cannot be depicted accurately by
the 1D + 1D model. For this reason, we use the finite volume method to solve the vapor diffusion
equation to calculate the vapor pressure in each void voxel full of gas in the sphere packing. Here,
a pore, corner, or void voxel fully filled with gas means that it is filled by gas; a liquid-filled pore,
corner, or void voxel means that it is partially or fully filled with liquid. For the evaporation process
explored here, liquid is the wetting fluid, and gas is the nonwetting fluid. The vapor diffusion is
considered a quasisteady process and hence is described by ∇ · ( DPg

RT
1

Pg−Pv
∇Pv ) = 0. Here, D is the

vapor diffusion coefficient (1.264 × 10−5 m2/s), R the gas constant (8.314 J mol−1 K−1), T the gas
temperature (26 ◦C), Pg the total gas pressure (1.013 × 105 Pa), and Pv the partial vapor pressure.

In the calculation of the vapor pressure field, the vapor pressure of each void voxel with liquid
is equal to the saturation vapor pressure, and the vapor pressure at the outlet of the tube containing
the packing sphere is determined by the ambient temperature (26 ◦C) and relative humidity (40%).
The solid void pixel is nonpermeable to vapor diffusion. The void region between the top of sphere
packing and the outlet of cylindrical tube is also divided into several mesh elements. The sizes of
these mesh elements in the x and y directions are equal to those of voxels in the sphere packing.
Thus, at the interface between this void region and the sphere packing, each voxel is in contact with
a mesh element with an edge length of 16.4 µm. In the z direction, there are 15 mesh elements in
the void region. For the first 5 layers of mesh close to the sphere packing, the mesh elements have a
side length of 20 µm along the z direction, while the remaining 10 mesh elements have a side length
of 0.33 mm along this direction. Based on these mentioned sizes of mesh elements and boundary
conditions, the vapor pressure field in the sphere packing can be obtained by solving the steady
vapor diffusion equation mentioned above.

We find that, even at the total liquid saturation of 0.03 (the final moment in our GNM), the void
voxels full of gas from the first to the 380th voxel slice in the z direction have a vapor pressure equal
to the saturated one even with a thin diffusion layer at the top of sphere packing; see Fig. S11 in
the Supplemental Material [54]. The sphere packing has 400 voxel slices, each of which has only
one voxel, along the z direction. The first slice is at the bottom, whereas the last one is at the top
of sphere packing. In these void voxels full of gas from the first to the 380th voxel slice, vapor is
always saturated when the total liquid saturation is >0.03. For this reason, the vapor pressures in
these void voxels are set to be the saturated one, and only the vapor pressures in void voxels full of
gas in the 20 voxel slices adjacent to the top of sphere packing are calculated in our GNM to save
the computational time.

After the vapor pressure field is obtained, then the evaporation rate from each liquid cluster can
be determined, from which evaporation-induced gas invasion is determined. The evaporation rate
from the sphere packing is rather small, which in turn results in a low capillary number. The capillary
number Ca represents the ratios of the viscous to the capillary forces, which can be determined by the
equation Ca= μl Q

Aσρl
. Here, μl is the liquid viscosity (0.001 Pa s), Q the mass flow at the initial moment

of evaporation (1.1 × 10−8 kg/s), A the area of cross-section of porous media (6.4 × 10−5 m2), σ the
liquid surface tension (0.0728 N/m), and ρl the liquid density (995 kg/m3). Hence, the calculated
capillary number is 2.3 × 10−9. Evaporation-induced gas invasion in the sphere packing can be
considered a quasistatic process. To this end, for a liquid cluster with liquid-filled pores and corner
liquid films, only the available liquid-filled pore with the lowest threshold pressure will be invaded
by gas at each step. Here, an available liquid-filled pore is the one adjacent to at least a pore
invaded by gas. The threshold pressure for gas to invade a liquid-filled pore throat is defined as
the one for invasion of a nonwetting fluid into the cross-section at the center of this pore throat and
perpendicular to the MA (see Sec. IV for more details). The value of contact angle is needed to
determine the threshold pressure. The contact angle taken in the liquid phase is assumed to be zero.
A pore body has a larger size than its adjacent pore throats. Thus, once a pore throat with liquid is
invaded by gas, its adjacent liquid-filled pore body will be invaded subsequently. For this reason,
the threshold pressure for gas to invade a liquid-filled pore body is taken as the smallest threshold
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pressure of the pore throats full of gas adjacent to this pore body. Since we assume that the contact
angle is zero, the capillary valve effect due to sudden geometrical expansion can be neglected; see
Ref. [59] for detailed explanation.

Since corners occupied by liquid have a smaller size and hence a higher threshold pressure than
pores, liquid-filled corners in a liquid cluster will be the last to be invaded by gas. A liquid-filled
corner can be invaded only in a liquid cluster without liquid-filled pores, i.e., in a liquid cluster
composed of only liquid-filled corners. As the amount of liquid in a corner reduces, the curvature
radius of the gas-liquid interface in this corner decreases, thereby leading to the reduced liquid
pressure (if the gas pressure is assumed constant), and hence, the flow of liquid into this corner from
other corners in the same liquid cluster. Thus, for a liquid cluster composed of only the liquid-filled
corners, the amount of liquid in all corners will be reduced during evaporation, and the liquid-
filled corners are not emptied one by one. On the other hand, at each time step, the morphologies
of corner liquid films in each liquid cluster containing liquid-filled pores are updated based on the
corner radius of the pore with a moving meniscus.

Thus, for evaporation of the sphere packing, the progression is such that solely the pore with
the lowest threshold pressure available is invaded by gas. This pore contains a moving gas-liquid
interface, or meniscus, within a cluster of interconnected liquid-filled pores. The duration required
to empty this specific pore is equal to the mass of liquid it accommodates and the decreased mass of
corner liquid films divided by the evaporation rate associated with the corresponding liquid cluster.
The reduction in the mass of corner liquid films in a liquid cluster is equal to the difference between
the mass of corner liquid films at the last time step and the mass at the current time step. For a liquid
cluster composed of only liquid-filled corners, all the menisci within these corners are moving,
and the time to empty these corners is equal to the mass of liquid in these corners divided by the
evaporate rate of this liquid cluster. The time step is the minimum time to empty a pore or a corner
cluster in each liquid cluster. Based on this time step, the liquid saturations in the pores and corners
containing moving menisci are updated.

C. Comparison

The comparison between the modeling outcomes derived from GNM and the data acquired
through micro-CT experimentation for evaporation of sphere packing shown in Fig. 8(a) is presented
in Figs. 10 –12. Figure 10 shows the liquid distribution profile within the sphere packing, traversing
the z direction (thickness direction) at various total liquid saturations. This profile is generated by
segmenting the sphere packing into 40 layers along the z direction, with each layer encompassing 10
voxels in the z direction. The liquid saturation in each layer Sl is obtained based on the liquid volume
and the volume of void space in this layer. The horizontal axis in Fig. 10 is the fractional distance f
equal to the distance from the layer to the bottom of sphere packing divided by the length of sphere
packing along the z direction. Figure 11 shows the distributions of liquid in the sphere packing at
various total liquid saturation. For clarity, the solid phase is not shown in this figure. The liquid is
shown in blue in the experimental data and red in the modeling results. The distributions of liquid
in the voxel slices along the z direction are shown in Figs. S12–S15 in the Supplemental Material
[54]. There are 400 voxel slices along the z direction, each of which has only one voxel in the
z direction. The first voxel slice is positioned at the bottom, while the last one is at the top of the
sphere packing. Figure 12 shows the variation of the total liquid saturation in the sphere packing over
the course of evaporation. Overall, the modeling and experimental results are in good agreement,
demonstrating the effectiveness of the proposed method for extracting pore-corner networks.

As illustrated in Fig. 10, the regions of spheres packing at f < 0.8 are fully saturated with
liquid at the total liquid saturation of 0.77, indicating that, when St > 0.77, evaporation-induced
gas invasion occurs only near the open surface of the sphere packing. At the total liquid saturation
of 0.52, the liquid saturation at the bottom of the sphere packing is smaller than 1, indicating that
gas percolates through the sphere packing. At St = 0.52, the liquid saturation near the open surface
is trivial, not more than 0.04, and the liquid resides mainly in the corners in zone near the open
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FIG. 10. Liquid distribution profile in the sphere packing along the z direction, obtained from micro-CT
experiment and generalized network model (GNM) simulation, at total liquid saturations of (a) 0.77, (b) 0.52,
(c) 0.10, and (d) 0.03.

surface, as indicated by the liquid distribution in the 350th voxel slice shown in Fig. S13 in the
Supplemental Material [54]. At a total liquid saturation of 0.1, the liquid saturation profile at 0.2
< f < 0.8 is flattened. As the total liquid saturation reduces to 0.03, liquid resides mainly in the
corners, and the liquid saturation is zero for f > 0.9.

To elucidate the role of corner liquid films, we also present the liquid saturation profiles obtained
using the GNM without corner liquid films in Fig. S16 in the Supplemental Material [54]. In the

FIG. 11. Distributions of liquid in the sphere packing at various total liquid saturations St obtained from
(a) micro-CT experiment and (b) generalized network model (GNM) simulation.
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FIG. 12. Variation of the total liquid saturation St in the packing sphere with evaporation time t obtained
from micro-CT experiment and generalized network model (GNM) simulation.

GNM without corner liquid films, the pore network extracted from the sphere packing shown
in Fig. 8(a) is employed. When the corner liquid films are not considered in the GNM, the
simulated liquid saturation profile deviates from the experimental data, as depicted in Fig. S16 in
the Supplemental Material [54]. For instance, at a total liquid saturation of 0.6, the liquid saturation
at the bottom of the packing sphere is ∼0.3; however, the GNM without corner liquid films indicates
a value of 0.6.

Note that some differences can be observed between the experimental data and the modeling
results from GNM with corner liquid films. The main reason could be owing to the digitalization
of the sphere packing. The digital image of the sphere packing obtained from the micro-CT is
composed of voxels which are either solid or void. The accuracy of the digital image depends
on voxel size. The smaller the voxel size is, the more accurate the digital image. However, the
view field of the image obtained from micro-CT decreases with the smaller voxel size. To capture
the whole sphere packing, the cubic voxel has a side length of 16.4 µm in this paper. Apparently,
such voxelization shall result in error in determining the sizes of pore corners and the threshold
pressures of the pore throats, thereby leading to the error in modeling the evaporation-induced gas
invasion in the extracted pore-corner network. In addition, even though the evaporation rate is rather
small, neglecting the effect of liquid viscosity, especially on the liquid flow in the pore corners,
could also result in the difference between the modeling and experimental results. Finally, in the
micro-CT experiment, a CT image is acquired every 55 min, including 30 min waiting time and 25
min scanning time. The liquid saturation is always decreasing during the 25 min scanning process,
causing the error in determination of the volume of liquid.

Despite the differences between the modeling predictions and the experimental results, the corner
liquid films revealed in the experiment are also successfully replicated by the proposed model; see
the corner liquid films in the 350th voxel slice in Fig. S15 in the Supplemental Material [54]. The
results indicate that the positions of corner liquid films in the model results are in good agreement
with that in the experimental data. Furthermore, the model effectively captures the formation of
capillary liquid rings, attributed to the presence of corner liquid films, which are observed in the
experiment, as depicted in Fig. 11. Since the corner liquid films reside in corners, the agreement in
the distribution of corner liquid films between the model and experiment further demonstrates the
validity and effectiveness of the pore-corner-network extraction method proposed in this paper.

VII. CONCLUSIONS

In this paper, we propose a method to extract and examine the intricate pore-corner networks
residing in porous media. These networks serve as a fundamental building block for the development
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of GNMs. The proposed extraction process consists of two sequential steps. First, the extraction
focuses on the pore networks, which are comprised of pore bodies interconnected by pore throats.
This step utilizes the OED concept. Second, the corners within each distinct pore unit, formed by a
pore body and half of the connected pore throats, are determined by sweeping the pore unit with a
sphere. The radius of the sphere is determined as the minimal corner radius for the cross-sections at
the centers of pore throats within the pore unit. Once the corners within each pore unit are identified
in this way, the resulting pore-corner network is subsequently established.

To validate our proposed extraction method, we simulate evaporation of a model porous medium
composed of packed spherical beads based on our proposed pore-corner-network extraction method.
We then compare our simulation results with data gained from micro-CT experiments, specifically
focusing on the variations in the liquid distribution during evaporation. The liquid distributions and
the variation of total liquid saturation with time obtained from both the model and the micro-CT
experiment exhibit remarkable congruence. Notably, the experimentally observed capillary rings,
formed by liquid accumulation in corners, are captured in our model. These consistent findings
between our modeling approach and experimental observations provide evidence for the efficacy of
our proposed method in accurately extracting pore-corner networks that truly represent the intricate
pore structure of porous media.

The proposed extraction method serves as a valuable tool for characterizing the intricate
structures of pore and corners within porous media. This method offers a quantitative means to
investigate the interplay between fabrication parameters and the structures of pores and corners
in industrial porous materials, such as gas diffusion layers in proton exchange membrane fuel
cells. Determination of such quantitative relationships is of vital importance as it facilitates the
optimization of fabrication protocols for porous materials.

Moreover, the utilization of the extracted pore-corner networks in the development of a GNM
unveils the pivotal role of corner films in multiphase-phase transport in porous media, offering
a granular insight into pore-scale phenomena. This revelation enhances the understanding of
the multiphase-phase transport mechanisms in porous media, thus propelling the development of
continuum models.

From these points of view, the pore-corner extraction method proposed in this paper not only
contributes to reveal the structures of pores and corners in porous media but also brings benefits to
the development of continuum models aimed at comprehending multiphase transport phenomena in
porous media.
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