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The understanding and prediction of preferential fluid flow in porous media have attracted considerable attention in various
engineering fields because of the implications of such flows in leading to a non-equilibrium fluid flow in the subsurface. In this
study, a novel algorithm is proposed to predict preferential flow paths based on the topologically equivalent network of a porous
structure and the flow resistance of flow paths. The equivalent flow network was constructed using Poiseuille’s law and the
maximal inscribed sphere algorithm. The flow resistance of each path was then determined based on Darcy’s law. It was
determined that fluid tends to follow paths with lower flow resistance. A computer program was developed and applied to an
actual porous structure. To validate the algorithm and program, we tested and recorded two-dimensional (2D) water flow using
an ablated Perspex sheet featuring the same porous structure investigated using the analytical calculations. The results show that

the measured preferential flow paths are consistent with the predictions.
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1 Introduction

A non-equilibrium flow in a porous medium may generate
preferential flow, which is a significant transport mechanism
[1]. This phenomenon is relevant to many engineering ap-
plications, ranging from the extraction of oil and gas to the
transport of contaminants in soil and aquifers, and has the
following implications: 1) the existence of preferential flow
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paths leads to inefficient cyclic water flooding, which re-
duces oil recovery efficiency in reservoirs [2]; and 2) with
regard to watershed and contaminant management, pre-
ferential flow reduces solute residence time, which allows
for degradation in the soil, and thereby increases the risk of
agrochemical pollution [3,4]. The mechanisms that con-
tribute to preferential flow are typically caused by destabi-
lization of the wetting front [5], which is significantly
enhanced by textural heterogeneities [6]. Inter-aggregate
pores, shrinkage fractures, and fissures all make a porous
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medium more heterogeneous and cause local differences in
hydraulic conductivity. Consequently, geological hetero-
geneity of the pore structure is frequently a prominent factor
governing fluid flow behavior [7]. As water flows into the
porous structure, the sharp contrast in pore size and tortu-
osity relative to the surrounding textural pores leads to an
abrupt increase in the water flow rate with only a small
increase in water pressure [8]. Understanding the relation
between flow properties and the heterogeneous structure of a
porous medium is crucial for predicting preferential flow
paths.

One essential approach to investigate multiple fluid
transformation is to monitor the dynamic fluid flow process
through porous structures etched into a transparent material
[9,10]. Such micro-models are advantageous because they
enable fluid flow trajectories to be captured using a camera.
A dye tracer is added to the fluid to enhance the contrast
between the fluid and solid and identify flow paths [11,12].
Additionally, non-destructive imaging (including X-ray CT
scanning, electrical resistance tomography (ERT), radar, and
ultrasound techniques) has facilitated the study of flow
structure within porous media [13]. X-ray CT scanning en-
ables the creation of three-dimensional (3D) visualizations of
preferential paths, which can elucidate fluid behavior in
porous structures [ 14—16]. However, this method depends on
the quality of the CT system and generally has certain lim-
itations in sample size. Both ERT and radar techniques can be
applied to larger cores and in the field to demonstrate water
movement [17-20].

One step toward modeling the heterogeneity of a porous
structure is to develop non-equilibrium flow models. Evi-
dence at the pore scale has shown that two primary factors
control the hydraulic properties of a porous structure: the
pore size distribution and the topology of the pore space
(which reflects the nature of pore interconnection). Topolo-
gical properties have been demonstrated to have greater
contributions to the hydraulic conductivity of a porous
medium than does pore size alone [21-24]. A promising
approach to predicting fluid flow in a complex porous
structure is to use network models that represent the topo-
logical features of a porous medium. Development of pore
network models (PNMs) based on real rock structures has
improved topological partitions of the pore space and fluid
transport predictions based on CT data [25,26]. Additional
methods have been developed based on genetic algorithms
[27] or calculating the fluid conductance of network ele-
ments by applying lattice Boltzmann (LB) or computational
fluid dynamics (CFD) algorithms to the sub-volumes defined
by each separate network element [28,29].

A useful method for extracting a pore network is to directly
measure the geometrical characteristics of pore morphology
using undisturbed samples [30,31]. A porous structure con-
sists of pores and throats. Pores represent large empty spaces
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and are connected through narrow throats. Therefore, the
nodes in the network are always pores [32,33]. The skeleton
of a porous structure is extracted to compose a topological
network indicating the connectivity of pores and throats [34].
Moreover, topological properties can be interpreted based on
image processing. In a study of hydraulic properties, Vogel et
al. [35-37] proposed a connectivity function defined using a
3D Euler number to represent the spatial connectivity of
pores. In addition, Deurer et al. [38] identified a flow path
network by spatially linking the scaling factors of the water-
retention curves. Yang et al. [39] suggested using graph
theory to determine the preferential paths in a network
model. Based on the previous studies cited above, it can be
concluded that at the pore scale, topological characteristic is
an important factor affecting preferential flow, and can be
represented well using a single network model [40]. How-
ever, it is still difficult to apply and verify the preferential
flow model in actual porous structures.

The purpose of this study is to develop an algorithm for
predicting the preferential paths of a fluid flow, depending on
the equivalent pore network model that represents the actual
topological properties of porous structures based on graph
theory. The methods used to extract the equivalent pore
network were developed from the existing graph theory and
are briefly discussed herein. The hypothesis is that all fluid
flows will first select paths with the lowest flow resistance
during transport, which are defined as the preferential paths.
The flow resistance of each path is determined based on
Darcy’s law. Our experiments verify that a fluid prefers to
follow paths with lower flow resistance. A computer pro-
gram has been developed to determine the preferential flow
paths of an actual porous structure. The focus of this paper is
describing a method that can be applied to a complex porous
medium, and verifying the applied algorithm by experi-
mentally capturing the fluid flow process within the same
porous structure.

2 Determination of preferential flow paths
based on pore network model

2.1 Pore network modeling

The network model is able to simulate fluid flow directly in
pore-scale images. It has been demonstrated that flow and
transport can be computed directly onto the image of either a
3D representative pore space or a topologically equivalent
network. To extract a pore network, a skeleton is acquired
through integration of the maximal inscribed sphere and the
grassfire algorithm. This skeleton, which is the medial axis
of the porous structure, has the same topological and geo-
metric properties as the porous structure [41,42]. In this
paper, the maximal inscribed sphere algorithm [43,44] is
coupled with the grassfire algorithm [45,46] to extract the
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skeleton from a pore space image. The general procedure is
briefly described below:

1) Searching voids and matrix. Black pixels are initially
picked out by traversing the binary image, and denoted as set
S.oias Whereas the remaining white pixels are denoted as set
Smarix- Because the interface of a matrix and void is also the
boundary of S,iq OF Spaixs pixels belonging to S and
connected to black pixels are specified as interface set 9.

2) Computing the maximal inscribed circles. The minimal
distance from any pixel in S, to d, is calculated based on the
Euclidean distance between two points v; and v; (eq. (1)).
Consequently, the radius of the maximal inscribed circle is
calculated for each pixel belonging to S, as shown in
Figure 1. The radius of the circle is defined as the corre-
sponding radius of the pixel and is denoted as r; (eq. (2))
[42,47]. For pixels belonging to S,,.qix, 7; 1S €valuated as zero.

dist(y, v;) = \/(x[ )+ (3 - yj)z, ()

r, = min{dist(v, v) [ v € .00y, € 3. @)

3) Discriminating the porous body. The center of the
porous body must be a component of the skeleton, and these
pixels therefore cannot be omitted. Because a porous body
normally occupies the largest #; in its neighborhood, each
pixel belonging to S, is programmed to compare with its
eight adjacencies based on the value of r,. Consequently, the
pixels occupying the centers of the porous body are collected
and denoted as S,

4) Obtaining a skeleton based on the grassfire algorithm. A
fundamental aspect of the grassfire algorithm is outside-in-
oriented deletion of pixels in S,.4, Where the topological
properties of the porous structure are invariant; that is, the
number of pixels in S,.4 does not change. To execute the

deletion, we defined a new variable d,, d, € Z", which is
expressed as d, = {rz\l <i<ny. If any r; satisfies the condi-
tion of ;> = d,, the corresponding pixels belonging to S, are
reclassified to join .. under the condition that S,
maintains its integrity. Accordingly, starting from
d,=d;, =1, the scope of S, is decreased layer by layer
with an increasing value of d;. This process continues until
only a single layer of pixels is left. It should be noted that
bistratal pixels are still possible in specific localities where
the value of ; appears to be indistinctive for the two layers.
The chain, composed of black pixels, is defined as the ske-
leton of the porous structure.

5) Realizing algorithms 1) through 4). To realize these
algorithms, a program was written using the MATLAB
platform. The calculated results were output in an image
reflecting the actual morphology of the skeleton using black
and white pixels. Furthermore, to directly visualize the value
of r, for each pixel, the skeleton was also shown in the form
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Figure 1 Schematic of a circle of black pixels, where one block re-
presents a single pixel.

of an EXCEL table in which the grids symbolize the pixels of
the image and are filled in corresponding to ;. The columns
and rows in the table are occupied in terms of the sheet
format of the original image to illustrate the porous structure.
Consequently, most of the grids are filled with zeros except
where the substitutes of the pixels compose the skeleton of
the porous structure.

2.2 Determination of preferential flow paths

Based on the pore network model, a preferential path is de-
termined by separating the paths of interest from the other
paths, and then assigning a set of unique, compact numbers
to them [48,49].

2.2.1 Definition of nodes based on pore network

A skeleton is a dendritic network composed of various
branches. To construct a pore network, it is critical to make
the intersection nodes connect to flow branches that are
identifiable by a computer program. To achieve this task, we
employed the following method to identify the nodes of the
skeleton network. The intersections of the different branches
and terminal points of the free end of any branch are both
defined as nodes of the skeleton. Based on the fact that pores
always connect with the throat and that the diameter of a pore
is larger than that of the throat, the intersections in the ske-
leton must be at the centers of the pores. Furthermore, we
numbered the sequences of points adjacent to one point in the
image in the order shown in Figure 2. The intersections of the
branches have the maximum corresponding radii (7)),
whereas the terminal points of the free end each have only
one adjacent point belonging to the skeleton.

Two conditions must be met to define the nodes in the
skeleton:

1) The current point is a skeleton point.

2) One of the following criteria is satisfied: another unique
skeleton point can be found from its adjacent points; there
are at least three skeleton points among the adjacent points,
and the value of r; of the current point is the largest.
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Figure 2 Numbering sequence of the adjacency of each pixel in the
skeleton.

2.2.2  Branches between nodes

In addition to identifying nodes, the network model must
also search the branches to calculate the flow path char-
acteristics. With our procedure, the traveling graph is im-
ported to ensure that all nodes of the skeleton are searched
once. First, one of the entrance nodes is set as a starting point.
Next, its eight adjacent points are searched in sequence from
points 1 to 8, as shown in Figure 2. Once another point that
belongs to the skeleton is observed, this point is defined as
the new starting point for a continuous search to obtain the
next skeleton point that has never been searched until a new
node is acquired. Thus, the path between these two nodes is
defined as a single branch. Furthermore, the last node is
searched to determine whether another skeleton point exists
at its adjacent position. If another skeleton point exists there,
then the search process described above is repeated, and this
node is taken as the starting point. Otherwise, the preceding
step is repeated to recheck the nodes and search one by one
until all nodes in the skeleton have been searched.

During the search process for a single branch, the values of
the minimum corresponding radius r, the actual length L, and
the linear length L,, are also obtained.

1) r: the radius of one branch. The radius is determined
based on the minimum corresponding radius of pixels
composing a single branch. We record the value of 7; of the
current point; however, once a smaller 7; is obtained, the
original value of r; is replaced with the smaller one. The
smallest r; obtained is denoted as 7.

2) L: the actual length of the branch. During the search
process, if the next point required is at location 2, 4, 6, or 8
(as shown in Figure 2), then the length of the two points is
recorded as a; if it is at location 1, 3, 5, or 7, then the length of
the two points is recorded as ~/2 a. The summation of points
in one branch is the value of L.

(3) L,: the linear distance from the starting node to the
terminal node. In our program, the distance is replaced with
the horizontal distance between two nodes.

2.2.3 Determination of the preferential path
We hypothesize that a preferential flow is attributed to the
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viscous forces, which are determined based on the difference
in the water head from the inlet to the outlet. According to
Poiseuille’s law [50], each branch in the pore network is
treated as a circular tube with different radii and tortuosity,
and the conductivity of the tubes therefore presents sig-
nificant heterogeneity characterized by flow resistance. The
dendritic network model described in this paper forms a
control flow graph (CFG), as shown in Figure 3, in which a
weight is assigned to a single branch. This weight is char-
acterized based on the flow resistance in the network model.
With this knowledge, we calculated the shortest path in an
undirected graph to determine the preferential flow in our
network model because of the similar approach taken when
applying the flow resistance as the weight of each branch.

We utilized Floyd’s algorithm [51], which is a typical al-
gorithm for calculating the shortest path because of its effi-
ciency for both directed and undirected graphs. The set of
branches with the smallest flow resistance is allowed to flow
through and form a preferential path. The general idea of
Floyd’s algorithm is as follows:

1) Define the adjacency matrix D as D = [G,.j] , where

w;, if(v,v) €EE, . ) .
D= . in which FE is the set of branches in
oo, otherwise,

the graph, and w,; is the weight of each branch, described as
v, ).

2) Update the value of w; in matrix D, a total of k=n times,
where k is the number of updates, and » is the number of
nodes, with the exception of nodes i and ;.

(i) When k=0, D=D.

(i) Set k=k+1. Update DV =(wf) k=12, ..n,
ol = min{wg"”, oY, w,g"l)], and record it as Wy @0

(iii) Until k=n, matrix D" is the final result. The value of

" in D" refers to the distance of the shortest path between

nodes i and j, and the path is recorded as i%j.

In the pore network model, weight w;; is replaced by G;
and allocated to each branch. Here, G; is the flow resistance,
which is unique for each branch, and is calculated as follows.

The single-phase flow in a porous medium is generally
characterized based on Darcy’s law:

Figure 3 Schematic diagram of the network model.
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The flow flux Q is determined by % under a certain
. . L .
pressure gradient AP in a tube. Therefore, let G = ,um’ in

which G is defined as the flow resistance. Here, u is the
viscosity of the fluid, and X is the permeability of the tube. In
accordance with the Kozeny-Carman equation, K can be
expressed as

1 >

K= 8?(07" (5)

where ¢ is the porosity of the structure. For a circular tube, ¢
is equivalent to 1. In addition, 7 is the tortuosity and is de-

2
fined as 7= [LTW] .

Thus, one obtains

_ 8uly
il

(6)

In this case, the preferential path can be searched using
Floyd’s algorithm, and by treating the pore network as a

CFQG. Path ikj is the preferential path, and G;”) is its total flow

resistance. The algorithms and principles were programmed
using the C++ language following the flow diagram in Fig-
ure 4, and encapsulated into software [52].

3 Examples

A previously developed porous structure and studies con-
ducted by Keller et al. [53] and Sirivithayapakorn et al. [54]
were employed herein. This porous structure was obtained
from a thin slice of Berea sandstone observed through an
optical microscope (approximately 600 pmx600 um) and
slightly modified to improve connectivity. To analyze the
porous structure numerically, the image was processed into a
binary image based on a self-developed image processing
program [55,56]. Figure 5 shows a processed image of the
porous structure, which is composed of white and black
pixels. The white pixels represent homogeneous matrix, and
the black pixels represent continuous pores and throats.
Figure 6 shows the topological skeleton network of this
porous structure. Consequently, a total of 96 nodes in the
skeleton were searched by the program and numbered con-
secutively in the order that they were searched within the
image. The results are shown in Figure 7. Based on com-
parison of the skeleton figure with the original, nodes 29, 55,
77, and 94 were defined as the entrance of the pore network
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| Extract skeleton of porous structure |

| Search modes of the skeleton |

1
Define the entrance and exit nodes,
start from one of entrance nodes

!

—OI Set as starting point; search its 8 adjacent positions in order

Obtain a new
skeleton point

No

Record rmin, L and A; calculate G between
between every two nodes

Record the
paths and
nodes passed

Go back to the last
node passed

Another branch exists
from starting node

Record dy+dj=dy;and the path ikj

End

Figure 4 Flow diagram of the computing program for preferential flow
paths.

Figure 5 Original image of the porous structure (the black areas are
pores, and the white areas are the matrix).

Figure 6 Topological skeleton network of the porous structure shown in
Figure 5 (the white line indicates the morphology of the skeleton).

model, whereas node 88 was the exit. Furthermore, the
preferential paths were calculated from the entrance to the
exit as follows:
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Figure 7 Node distribution in the skeleton network.

1) The paths between any two nodes were searched, and
the seepage resistance G was then calculated. Water was
considered a penetrative fluid with a viscosity of 1x10’ Pas.

2) The preferential paths from the entrance to the exit were
explored.

The calculation results are given in Table 1. It is clear that
the total seepage resistance of path (O was close to that of
path @ but smaller than that of paths &) and @. Therefore,
paths @) and @) were the preferential paths in this porous
structure, and are indicated with a light green color in the
skeleton figure shown in Figure 8.

4 Experimental validation of water flow in a
heterogeneous porous medium

4.1 Perspex sheet model

For comparison, the porous structure used was machined
onto a Perspex sheet using highly accurate machine tools.
The Perspex sheet was transparent and enabled the flow
process to be directly recorded using a high-definition
camera. Figure 9 shows the ablated transparent model in
which the pore size was expanded to millimeter scale to
make it easier to observe the flow process. Moreover, we
glued another, thinner Perspex sheet onto the surface of the
etched plane to seal the porous model and make it more
difficult for water to penetrate the interface of the two Per-
spex sheets. Figure 9 demonstrates the prepared experi-
mental model with a geometry of 240 mmx120 mm. In
addition, a Perspex water tank was designed to connect with
the model, as shown in Figure 10. During the experiment,
water was injected into the tank through a tube fixed to the
side wall. For comparison, the water heads were set at three
different levels (1, 2 and 4 cm) to provide different pressure
gradient scenarios. Note that water pressure decreased as the

water head advanced within the porous structure. Conse-
quently, the pressure gradient became variable and disobeyed
the assumption of our model. Thus, injection into the tank
continued throughout the entire experiment, and a series of
circular holes were punched into another side of the tank at
different heights for drainage to ensure that the water mass
was maintained at the presupposed height. Because three
water head heights were used in this study, the holes below
the water level were sealed with glue to prevent water
leakage when higher water heights were used. Thus, a stable
water pressure gradient was achieved from the inlet to the
outlet during the experiments.

4.2 Experimental procedures and measurements

To increase the contrast of the fluid trajectory with the pore
matrix, ink-dyed water (a mixture of red ink and water at a
weight ratio of 3%) was used for the wetting phase. The
influence of the tracer transport on fluid flow was negligible
for the small dosage used. During the experiment, the red
solution was first injected at the target height, and the sluice
was lifted to release the fluid into the porous model. Thus,
the entire inlet would have equal opportunity to meet the
fluid body. Because the pore space was saturated with air
until water invasion, this experiment was a process of im-
bibition, whereby the wetting water phase displaced the non-
wetting air initially present in the heterogeneous porous
medium. A high-speed camera fixed above the transparent
sheet recorded the entire flow process for in-depth analysis.

4.3 Experimental results and discussion

Figure 11 illustrates the advancement of the water front over
time. Figure 11(a) and (b) shows different instances of the
entire flow process at the water heights of 1 and 2 cm with 1-
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Table 1 Calculated results of the preferential path from the entrance to the exit

Number Entrance to exit Number of nodes in the preferential path Total flow resistance (Pa s/mm’)
1 29,88 29—>37—>41}%8_)—50_}—;%4_}—5%1736_}—(;35_}—538%65—>74—> 5327%10°
I s === > =
; _— i ot
4 55,88 55—63—69—77—-72—75—80—82—89—-90—83—86— 6.994x10°

73—570—74—87—81—78—85—79—68—88

Figure 8 Preferential flow paths in the skeleton network (the line highlighted in darker dark green is path (D, and the line highlighted in light green

indicates path @).

Figure 9 2D ablated porous structure of a Perspex sheet.

sintervals, compared with the 0.5-s time intervals for the
images in Figure 11(c), which illustrates the fluid dynamic at
the water height of 4 cm. The replications showed that pre-
ferential flow appeared to occur in the well-connected porous
structure, and coincided with the analytical prediction of the
proposed model for all cases. Moreover, to strength the
analysis of the imbibitional preferential flow during the
displacement of air by water, we calculated the water im-
bibition time of each case and plotted the results in Figure 12.
The results show that water displaces air from inlet to outlet
in about 8 s when water height is 1 cm, which is much longer
than the imbibition time (5 s) when the water height is 2 cm,
and approximately three times longer than that when the

pump tube

perspex box

Figure 10 Assembled testing system composed of the water tank and
Perspex sheets.

water height is 4 cm. The volume of the imbibed water is
proportional to the square root of the imbibition time, which
follows Handy’s equation in water-air imbibition [57].
Nevertheless, the final imbibed volume of water according to
the model when water height is 4 cm is slightly lower than
that of the other two cases. This difference is because large
air bubbles were trapped in the fluid body during the im-
bibition process at the highest water height, as illustrated in
Figure 11(c), which rarely occurred in the other two cases.
Previous studies have shown that pore geometry de-
termines which imbibition mechanisms occur [58,59]. Based
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Figure 11 Time-lapse fluid dynamics in a heterogeneous porous struc-
ture. (a)—(c) Instances of fluid trajectories at the water heights of 1, 2 and
4 cm, respectively. The red flow lines indicate the saturated pores and
throats during water front advancement.

70F
Ee0}
c
=
=
£s0r
=
]
@
E 40+ —— water height at 1 cm
< water height at 2 cm
2 —— water height at 4 cm
30F
20 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8

Time (s)

Figure 12 Water saturation during the invasion at different water height.

on previously proposed classification methods [59—-61] and
the test results of this study, we classified three types of
imbibition mechanisms that occur during the water invasion
process: piston-type invasion, tortuous throat flow, and
macropore filling.

1) Piston-type invasion. Piston-type invasion occurs in
narrow throats with a lower tortuosity; in this case, the
throats are invaded by fluid occupying the bulk of the pore
space containing no air bubbles on the fluid front. In addi-
tion, preferential flow can hardly be seen (Figure 13(a)).

2) Tortuous throat flow. When the fluid bypasses a tortuous
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Figure 13 Fluid dynamics for typical pore geometries. (a) Piston-like
flow in low-tortuosity throats; (b) fluid flow bypassing high-tortuosity
paths; (c) fluid filling in macropores.

throat, the fluid bulk can no longer cover the throat space, but
instead advances in a thin film. Behind the front, although
the following fluid bulk attempts to saturate the residual
spaces, air residing in the corners easily traps the phase to
form isolated clusters within the narrow pore throats, parti-
cularly when the tortuosity varies drastically (Figure 13(b)).

3) Macropore filling. When the water head enters the
macropores, the pores cannot be invaded by piston-type
displacement; instead, the water preferentially flows along
the wall of the porous body until it fully fills in the pore space
over time (Figure 13(c)). Moreover, the filling of the pores
depends not only on the size of the porous body, but also on
the number of adjacent throats that have already been filled
with water. Thus, preferential flow strongly depends on the
orientation, continuity, and cluster distribution of the mac-
ropores.

4.4 Comparison of theoretical and experimental results

Because the flow pattern during the imbibition process is
similar at different water heights, we selected only the ex-
perimental results at the water height of 1 cm to compare
with the calculated results. In Figure 14, a map of the porous
skeleton obtained using our model was placed on the surface
of the porous structure. In addition, the preferential paths
calculated from the defined entrance to the exit were dyed for
comparison with the experiment results.

The red solution entered the entrances uniformly during
the early stage, as shown in Figure 14(a) and (b). However,
three flow paths exceeded other fluid peaks, beginning with
the image shown in Figure 14(c). Furthermore, the fluid
tended to fill in the macropores, as shown in Figure 14(d) and
(e). Two paths converged and saturated the macropores be-
fore continuing to flow forward. A similar phenomenon is
shown in Figure 14(f) and (g), in which the paths converged
at other macropores. Note that the fluid initiated and deviated
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Figure 14 Comparison of the experimental and predicted results (development of a fluid peak over time is shown in (a) through (h)).

from the theoretical preferential path after the macropores
were filled. However, these paths eventually arrived at an-
other exit in addition to the defined exit. In other words, more
preferential paths can be obtained through our model if more
possible exits are defined.

5 Conclusions

A simple algorithm and computer program were developed
to predict preferential flow paths based on the topological
network model and the flow resistance of a porous structure,
instead of on the flow behavior of the fluid. The algorithm
simplifies a porous system into circular tubes in series or in
parallel based on Poiseuille’s law. The preferential paths are
selected by calculating the flow resistance of the branches,
which represents the flow capacity of the flow paths. Note

that the algorithm was developed under the condition that the
pore space is composed of connected macropores, and that
the effects of fluid properties are negligible. The algorithm
focuses on the plot and profile scale based on graph theory.
Therefore, the model has certain limitations. However, the
method accurately predicts a preferential path based on an
accurate porous model. The efficiency of the algorithm was
verified through comparison between analytical and experi-
mental results. The predicted results were tested using the
same porous structure ablated on a Perspex sheet. The
comparison indicates that the predicted results fit well with
the experimental results.

It should be noted that in our simple model, the wettability
is assumed to be constant and uniformly distributed through
the entire porous structure. In reality, the preferential flow
pattern of two-phase imbibition in a complex porous system
could be influenced by multiple factors including the nature



1226

Juy, etal

of the fluid, the characteristics of the structure, and interac-
tion between the structure and fluid. To address our primary
objective, our model only takes into account the influence of
structural irregularity on preferential flow.
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