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The fractal Brownian motion is utilized to describe pore structures in porous media. A numerical model of laminar
flow in porous media is developed, and the flow characteristics are comprehensively analyzed and compared with those of
homogeneous porous media. Moreover, the roles of the fractal dimension and porosity in permeability are quantitatively
described. The results indicate that the pore structures of porous media significantly affect their seepage behaviors. The
distributions of pressure and velocity in fractal porous media are both non-uniform; the streamline is no longer straight
but tortuous. When Reynolds number Re < 1, the dimensionless permeability is independent of Reynolds number, but
its further increase will lead to a smaller permeability. Moreover, due to the higher connectivity and enlarged equivalent
aperture of internal channel network, the augment in porosity leads to the permeability enhancement, while it is small and
insensitive to porosity variation when € < 0.6. Fractal dimension also plays a significant role in the permeability of porous
media. The increase in fractal dimension leads to the enhancement in pore connectivity and a decrease in channel tortuosity,
which reduces the flow resistance and improves the transport capacity of porous media.
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1. Introduction

Porous media are composite materials consisting of solid
skeleton and pores with various sizes and shapes. Seepage
phenomena in porous media are widely observed in nature and
practical applications, such as water transport in soil,'!! oil and
gas exploitation,?! and drug delivery in vascular networks.!
Existing studies have documented that the permeability char-
acteristics of porous media depend on their pore structures
and the physical properties of transported fluids. 4! However,
since the pore distribution in most porous media is extremely
intricate in reality, which includes interconnected and intricate
channel network and pores with different sizes and shapes, it
is still of great challenge to predict the seepage behavior accu-
rately, and the quantitative relationship between structure pa-
rameters and permeability of porous media also needs to be
further studied.

Scholars have carried out a lot of experimental!”-3! and
theoretical*>%! studies on the permeability characteristics of
porous media for a long time. Most of the early research re-
sults are based on semi-empirical models, such as the Dacy
model,'9 Brinkman—Forchheimer model,[!!! and Kozeny—
Carman model. Nevertheless, these models all contain em-
pirical constants with no specific physical significance, which
fails to characterize the seepage characteristics of porous me-

DOI: 10.1088/1674-1056/ab7b53

dia further. Moreover, due to the intricate internal channel net-
work, the seepage behavior in porous media includes the in-
tricate micro-boundary effect and the interaction between the
solid matrix and fluid phase. Therefore, the available theoreti-
cal models can only predict the flow behavior in porous media
with simple or regular structures. For irregular porous media,
they are directly or indirectly regarded as a virtual continuum
medium with uniform distribution on a large scale in practical
applications. It is nearly impossible to describe the real pore
structure of porous media accurately, but only to qualitatively
demonstrate the internal flow behavior on a large scale rather
than to reveal the micro-scale flow characteristics in porous
media.

Due to the pioneering work of Mandelbrot,[!?! the frac-
tal theory has been widely applied in the investigations of heat
and mass transfer in porous media in the last decades. [*!3:14]
The introduction of fractal theory not only opens up a new
way for the description of the irregular porous media but
also makes it possible to reveal the percolation mechanism
of porous media in depth. Pitchumani et al.!'! presented a
fractal model of permeability without empirical constants dur-
ing the research on percolation characteristics of porous fiber
fabrics, which pioneered the introduction of fractal geome-
try to predict the flow behavior in porous media. Miao et
al.1'%! presented a fractal permeability model for the porous
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media, which is a function of the tortuosity fractal dimen-
sion, pore area fractal dimension, dimensionless pore size,
and dimensionless pressure difference. Shen et al.l'”! nu-
merically studied the permeability in porous materials recon-
structed by Sierpinski carpet based on a fractal model. Chen
et al.'™ conducted a numerical study on seepage characteris-
tics in fractal porous media constructed by Sierpinski carpet.
The results indicated that the pore structure and connectivity
plays a significant role in the permeability of porous media
with identical porosity. However, most of the available frac-
tal models for the construction of porous media are based on
self-similar structure such as the Sierpinski carpet'®!”-18 and
Menger sponge!'®! (i.e., the fractal dimension is constant),
which fails to demonstrate the randomness of pore structure
in porous media. Kikkinides et al.”?”) constructed a binary
medium with both characteristics of randomness and statistical
self-similarity based on the fractal Brownian motion (FBM).
On this basis, a multi-dimensional fractal porous medium is
developed by Tiirk ef al.?!! via associating the stochastic
function following the statistical characteristics of FBM with
the properties of porous media. As a typical stochastic fractal
model, FBM has proved its outstanding value in various practi-
cal applications, including terrain reconstruction, *?! pollutant
diffusion, > and picture processing.!**! Kikkinides et al.!>!
developed a binary medium generation method for generation
of three-dimensional porous media based on the FBM model
and validated its reliability by comparing the numerical pre-
dictions with the actual experiment for the permeability of the
sandstone. Ma et al.[*! reconstructed the two-dimensional
and three-dimensional porous media by the FBM model, and
numerically investigated the gas diffusion characteristics in the
porous media. Their results indicated that the numerical re-
sults of the effective diffusion coefficient agreed well with the

experimental measurement. These previous research results
have proved the practicability of the FBM method for con-
struction of porous media with complex structures. Therefore,
it is feasible to investigate the permeability characteristics of
fractal porous media generated by the FBM method.

Based on a deep understanding of the FBM, a fractal
model with an adjustable fractal dimension is developed to
describe the solid matrix distribution of porous media quan-
titatively. With the reconstruction of fractal porous media, the
mathematical model of single-phase fluid in fractal porous me-
dia is established and numerically studied with high priority
to the role of solid matrix distribution in permeability charac-
teristics. The flow characteristics in fractal porous media are
compressively discussed and compared with those in homo-
geneous porous media, and the roles of fractal dimension and
porosity in permeability characteristics of fractal porous media
are quantitatively described.

2. Construction methodologies of porous media

The pore distribution and the solid matrix of most porous
media are usually multi-scale, random, and statistically self-
similar,’?7-2%1 which is hard to describe by the traditional
Euclidean geometry. Thanks to the pioneering work of
Mandelbrot!'>?°1 and Kikkinides,*"! fractal geometry be-
comes an attractive application for characterizing porous me-
dia due to its intrinsic property of self-similarity. In their the-
ory, the irregularity of pore distribution for porous media is
quantitatively described by the fractal dimension.””) Due to
its outstanding merits in fractal description, the applications
of the FBM model for porous media reconstruction are val-
idated in the investigation of thermal conduction and mass

transport.[3"] Therefore, FBM is applied to reconstruct the
solid matrix of porous media.
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Fig. 1. Construction methodology of fractal porous media.

Due to its complex pore structure, the porous medium
here is assumed to be two-dimensional, which is usually avail-

(4201 A recursive method based on the

able in the literature.
random midpoint displacement algorithm is applied to de-

scribe the solid matrix distribution in the porous medium. A

random function fy(r) is defined as the methodology obeying
FBM statistical properties. In this study, r represents the dis-
placement and H is the Hurst exponent. In this methodology,
the solid particle of porous media is regarded as a square, and

its size is specified by fu(r). Figure 1 shows the construction
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methodology of the porous medium. As seen from the figure,
a square zone is divided into sub-squares, with the number on
the nodes (i.e., in Fig. 1(a)) representing the iteration number
n. The generation scheme of fractal porous media is summa-
rized as follows:

(1) Four solid particles are arranged at the corners of the
square (see Fig. 1(b)), whose sizes are respectively acquired
from the Gaussian distribution N(0, 62).

(2) Then, the particle size at the square center shown in
Fig. 1(c) is determined by the sum of the average of these
at four corners and a random number F; generated from
N(0, 612). The size of the center solid particle is given by

ka

where fi(r) represents the size of the solid particle denoted
¢/4+0t),
and the displacement r = 1/ /2. Based on the scaling rule, we

2 1 2 2 H-2
clz(ﬁ) o2 (1-212). @

(3) Calculate fi3(r) for the particle size at the edge mid-

an +F17 n:27 (l)

by 1. Here the increment variance of fy 2 (r) is 2(o,

obtain

points (see Fig. 1(d)) by linear interpolation with adjacent cor-
ner values with F> obeying N(0, 0'22). Thus, each particle size
of the four edge midpoints is calculated by

According to the scaling rule of FBM, o7 can be related to 67
by the relationship given by

2 1 . 2
3=(75) ot 0)

(4) Repeating the above steps (2) and (3) with a scaling
factor r = (1/+v/2)* to describe the variance of space dis-
placement, and the repetition is completed when the iteration
number is n = 5.

The statistical self-similarity of FBM depends on the
Hurst exponent, which herein determines the spatial distribu-
tion of solid matrix for the fractal porous media as well. More-
over, the fractal dimension of the two-dimensional porous me-
dia relies on the Hurst exponent, D = 2 — H. For further un-
derstanding of the fractal dimension, Fig. 2 compares the pore
structure of porous media with various fractal dimensions but
identical porosity. The larger solid particles tend to be disper-
sive when the fractal dimension is larger (e.g., D = 1.8). How-
ever, solid particles with different sizes separate more with a
decrease in fractal dimension, where those of the same size
the case of D = 1.2. This indi-

cates that the fractal dimension affects the pore structure, and

tend to form a cluster, e.g.,

its increases will weaken the correlation of solid matrix and

augment the pore connectivity in the fractal porous medium.
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Fig. 2. The porous medium with various fractal dimension: (a) D=1.2,(b)D=1.4,(c) D=1.6,(d) D=1.8.

3. Seepage model and numerical solution
3.1. Physical model

Due to the merits of randomness and the statistical self-
similarity of FBM, the solid matrix of the two-dimensional
fractal porous medium is reconstructed herein. Water is used
as a working medium, and its physical properties are listed in
Table 1. To study the seepage characteristics of porous me-
dia, the schematic of laminar flow in fractal porous media is
shown in Fig. 3. As demonstrated in the figure, the test chan-
nel has a length L = 30 mm and an inner width W =5 mm.
The middle part is a two-dimensional fractal porous medium
with a dimension of Ly X Ly = 5 mm X5 mm. Among them,

the white part is the interconnected pores, and the black part is
the solid matrix. The lengths of entrance and exit are identical,
i.e., Liy = Loy = 12.5 mm. The volume flow rate Q = 10 mL/s
is initially imposed at the inlet of the straight channel.

Lout !

Fig. 3. Schematic diagram of laminar flow in the fractal porous medium.
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Table 1. Physical parameters of water.

Physical property Water
Temperature/°C 20
Density/(kg/m?) 998.2

Viscosity/(kg/m-s) 0.001003

3.2. Governing equations

For simplification of the numerical solution, serial as-
sumptions should be made in this paper: (1) Steady laminar
flow. (2) The liquid—solid interface is the no-slip boundary.
(3) The physical parameters of the fluid are constant. (4) The
mass force item is ignorable.

It has been documented that the liquid flow in porous me-
dia such as oil and gas exploitation, groundwater infiltration,
and blood flow in the vascular network can be assumed to be
laminar flow, in which the Reynolds number of internal flow
is small.3!! Based on these assumptions, the governing equa-
tions for laminar flow in our porous medium can be given by
the continuity equation

du dv
$+a—y—0a ®)

and the momentum equations

du du 1dp 2*u  d*u
u— —— =+ <ﬁ+a—y2), (6)

dx Va_y_ p dx
2%y 9%
o(Grge) o

v dv 1dp
u_ e —
where u and v represent the velocity of water, p represents the

ox va_y__;; dy

pressure, p represents the density, and v is the kinematic vis-
cosity of water.

3.3. Boundary conditions

The volume flow rate at the inlet of the channel is re-
garded as constant. Therefore, the constant velocity condition
is set to be the inlet boundary condition, which can be written
as

x=0, v=0. (8)

U = Uin]et,

In addition, the fluid at the outlet of the straight channel is as-
sumed to be a fully developed flow, like most engineering ap-
plications. Therefore, the outlet boundary condition is given
by

The solid-liquid interfaces are assumed to be no-slip bound-
aries, that is, the fractional velocities u and v in the x and y
directions at solid-liquid interfaces satisfy the following rela-
tionship

u=v=0. (10)

3.4. Numerical approach and grid checking

In the present work, the commercial CFD software Flu-
ent is used to study the seepage characteristics of the two-
dimensional porous medium. To acquire the velocity and pres-
sure distribution of fluid in the porous medium, the governing
equations are solved by the finite volume method with a dual-
precision solver. The momentum equation and pressure term
are discretized by the second-order upwind scheme, and the
convection term is discretized by the fully implicit mixed dif-
ference scheme. Moreover, the SIMPLE algorithm is utilized
to determine the pressure-velocity coupling. A series of dis-
crete equations in terms of velocity and pressure can be ob-
tained by integrating the discretized equations in each control
volume. For better convergence accuracy of the calculation,
the Gauss—Seidel method considering the over-relaxation fac-
tor is applied to solve all the discrete equations. The iteration
is regarded to be convergent when the maximum residuals of
velocity and pressure after iteration are both less than 107°.
Furthermore, the iterative calculation can also be considered
to be converged when the average velocity at the channel out-
let remains constant.

Fig. 4. Grid schematic of the computational domain.

To perform the numerical solution based on the present
model, a structured grid system is used to divide the computa-
tional domain, as shown in Fig. 4. The liquid and solid phases
in the channel are divided into quadrilateral elements. More-
over, local mesh refinement is conducted for the region of the
porous medium to improve the accuracy of the calculation. In
addition, the grid independence test is carried out for various
numbers of nodes to ensure that the numerical results are in-
dependent of the grid system. The velocity distributions of
the porous medium with porosity € = 0.7 under different grid
systems are depicted in Fig. 5. It is evident that with the in-
crease in the number of nodes, the local velocity difference of
the porous medium becomes more obvious. However, when
the number of nodes is larger than 170821, the velocity distri-
bution in the porous medium tends to be identical. Simulta-
neously, the average velocity at the channel outlet illustrated
in Fig. 6 remains constant as well. In this study, considering
the saving of computing resources and time consumption, we
choose a grid system with the number of nodes N, = 170821
for calculation.
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0 0.004  0.008

Fig. 5. Effect of number of nodes on velocity distribution in the porous
medium (€ = 0.7): (a) N, = 62425, (b) N, = 125446, (c) N, = 170821,

(d) N, = 188964.

0.98
—u-u

0 045 090 1.35 1.80 2.25
N,/10°

Fig. 6. Effect of number of nodes on velocity at channel outlet (¢ = 0.7).

3.5. Model validation

To verify the present model, a numerical investigation
on the liquid flow in the two-dimensional porous medium
with different porosities is conducted here. The numerical re-
sults from the current model are compared with those of the
Kozeny—Carman equation(*?!

Cco 83

e e

1D
where € is the porosity of the porous medium, M is the area
of specific surface, k is permeability, cg is Kozeny’s constant,
which depends on the geometrical cross-section of the tubes.
A comparison between the numerical predictions and the
Kozeny—Carman results for the dimensionless permeability in
the two-dimensional porous medium is given in Fig. 7. As
is shown, there is a small discrepancy between the numeri-
cal and Kozeny—Carman results. The explanation is that the
Kozeny—Carman results are achieved based on the assump-
tion that the channels in the porous medium are straight tubes,
which is different from the present model. Still, the numerical
results from the current model agree with the Kozeny—Carman
results. Consequently, it can be considered that the current

model is reasonable and can predict the seepage characteris-
tics in the fractal porous medium.

0.020
—a— numerical prediction
--o - Kozeny—Carman results
0.015F
e 0.010
0.005
0

0.2 0.3 0.4 0.5 0.6 0.7

Fig. 7. Comparison of the numerical predictions and the Kozeny—
Carman results.

4. Results and discussion
4.1. Seepage behavior analysis

The randomness of the pore structure makes the channel
network in the porous medium very complex. Fluid flows in
interconnected pores are distorted, which has a significant im-
pact on the permeability characteristics of the porous medium.
To reveal the percolation mechanism in the porous medium,
Fig. 8 illustrates the velocity and vector distribution in the frac-
tal and homogeneous porous medium. It is seen that along
the flow direction, the fluid is more inclined to converge at
the large aperture channel so the velocity in the large aper-
ture channel is also larger, and the peak velocity appears in
its throat. However, the velocity of water in the narrow chan-
nel is smaller, and that in the wake area of some large solid
particle is nearly zero. Moreover, due to the non-uniform dis-
tribution of the solid matrix, the internal channels in the frac-
tal porous medium are tortuous and vary in aperture, so that
the velocity in the fractal porous medium is not uniform. On
the contrary, the flow channel inside the homogeneous porous
medium is relatively straight, and the aperture difference is
not significant, so the velocity field inside the homogeneous
porous medium is relatively homogeneous.

v/ms~!

0 0.004 0.008

Fig. 8. Velocity and vector distribution in the fractal and homogeneous
porous medium (€ = 0.8): (a) fractal porous medium, (b) homogeneous
porous medium.

To further understand the effect of solid matrix distribu-
tion on the flow characteristics, the pressure distribution and
streamline diagrams in the fractal and homogeneous porous
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medium are demonstrated in Fig. 9. The streamline in the ho-
mogeneous porous medium is nearly straight. Due to the ob-
struction of solid matrix distributed in inhomogeneous fash-
ion, the streamline in the fractal porous medium is no longer
a straight line but a tortuous curve. Moreover, the pressure
distribution in the fractal porous medium is non-uniform com-
pared to that in the homogeneous porous medium. However,
although the channel tortuosity in the fractal porous medium is
larger, the pressure drop along the path is smaller than that in
the homogeneous porous medium. The explanation is that ran-
dom distribution of solid matrix in the fractal porous medium
may provide some larger aperture channels for the fluid flow,
reducing the overall pressure drop loss along the way. There-
fore, it is of great significance to study the role of pore struc-
ture in the percolation characteristics of the porous medium.

homogeneous porous medium (& = 0.8): (a) fractal porous medium, (b)
homogeneous porous medium.

4.2. Reynolds number criterion

It has been documented that when the Reynolds num-
ber is low, the liquid flow in the porous medium agrees well
with the Darcy law.[*3 In general, the permeability is uti-
lized to characterize the percolation behavior in the porous
medium. However, it usually depends on the dimension of the
porous medium, which fails to reveal the inherent characteris-
tics of percolation. Therefore, the dimensionless permeability
is introduced to describe the transport capacity of the porous
medium. The dimensionless parameter is calculated by

_k _ ouL
d?>  AApd®’

k* (12)
where k is permeability, A the cross-sectional area of the pore
domain, Ap denotes the pressure difference between two ends
of the porous medium, p represents the dynamic viscosity
of water, and d. the effective hydraulic diameter of the inner
channels in the porous medium, which is defined as the ratio
of the volume of the channels to its wetted surface area. The
expression is given by

de = — 13)

where € represents the porosity of the porous medium, and M
is the specific surface of the porous medium.

Previous studies have shown that Darcy’s law can only
be applied when the percolation rate is small.[33] With the in-
crease of percolation rate, the flow characteristics in the porous
medium will gradually deviate from Darcy’s law. To deter-
mine the range of percolation rate in which flow characteris-
tics satisfy the Darcy law, the seepage behaviors in the porous
medium are analogized to these in tubes. Here the Reynolds

number can be written as
vd,
Re = 7, (14)
where Re is the Reynolds number, v is the percolation rate of
the porous medium, and v = Q/(€ x A). Moreover, the friction

drag coefficient along the path can be calculated by

2Apd,
p= (15)
pv-Lo
where A is the friction drag coefficient of the porous medium.
2500
e=0.5
2000F ----e=0.7
e e=0.9
1500f
~<
1000}
500}
Ol "l
1 10 100 1000
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Fig. 10. Effect of volume flow rate on friction drag coefficient (D =
1.8).

0.4
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0.1F
0 S~es
0.01 0.1 1 10 100
Re

Fig. 11. Effect of Reynolds number on dimensionless permeability
(D=18).

The relationship between the volume flow rate and the
friction drag coefficient is illustrated in Fig. 10. The porosity
is negatively correlated to the friction drag coefficient through
the porous medium. Moreover, the volume flow rate through
the porous medium is inversely proportional to the friction
drag coefficient when it is less than 10 mL/s. However, with
the further increase in the inlet volume flow rate, the evolution
tendency gradually deviates from the inversely-proportional
relationship, and the larger the porosity, the greater the de-
viation. It attributes that the liquid flow in the porous medium
is a coupling effect of inertial and viscous forces when the
volume flow rate is large. To further determine the Reynolds
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number criterion, the variation of dimensionless permeabil-
ity of the porous medium with Reynolds number is depicted
in Fig. 11. As is expected, there is a transition point in the
effect of Reynolds number on dimensionless permeability of
the porous medium. When the Reynolds number Re < 1,
the dimensionless permeability is almost independent of the
Reynolds number, but further increase in the Reynolds num-
ber leads to a smaller permeability. This is, Darcy’s law cannot
accurately describe the seepage characteristics of the porous
medium when Re > 1.

4.3. Structural parameters analysis
4.3.1. Effect of porosity

As one of the important structural parameters, porosity
visually presents the pore occupancy of the porous medium,
which plays a significant role in the seepage performance of
the porous medium. On account that the pores of the porous
medium considered in the current work are interconnected, the
increase of porosity contributes to higher connectivity and en-
larged equivalent diameter of the internal channel network, en-
hancing the permeability of the fractal porous medium. To
study the role of porosity in the permeability of the fractal
porous medium, Fig. 12 depicts the variation of dimensionless
permeability with porosity. The entrance flow rate of all cases
here is 10 mL/s. As is expected, the dimensionless permeabil-
ity of the fractal porous medium increases monotonously with
the augment of porosity. It is interesting that when € < 0.6,
the dimensionless permeability of the fractal porous medium
is small, and its variation with porosity is small as well. How-
ever, with the further augment of porosity, there is a rapid in-
crease in the dimensionless permeability of the fractal porous
medium.

vms [T [
0

© 0.006 0.012

e=0.5

0.25

0.20

0.05f

i
|

Fig. 12. Effect of porosity on dimensionless permeability (D = 1.2).

Figure 13 further demonstrates the flow characteristics in
the porous medium with different porosities. It is evident that
with the increase of porosity, the equivalent diameter of the
internal channel network is enlarged, and the peak velocity
of the fluid decreases gradually, which leads to a more uni-
form development in velocity distribution so that the effective
seepage performance of the porous medium is enhanced. As
shown in the figure, most fluid flows through the lower part
of the porous medium when its porosity is 0.5, which results
in a polarization trend in velocity distribution. For the case of
€ =0.8, the velocity distribution of the porous medium is more
uniform due to the increase of equivalent aperture and the de-
crease of channel aperture difference. Furthermore, it is clear
that with the augment of porosity, the pressure drop through
the porous medium decreases gradually due to the decrease of
the tortuosity of streamline, and the permeability of the porous
medium is augmented accordingly. It is noteworthy that the
pressure loss through the porous medium is larger when poros-
ity is less than 0.6, which seriously weakens the permeability
of the porous medium. Nevertheless, when € > 0.6, the pres-
sure loss through the porous medium is very small, and the
seepage performance of the porous medium is enhanced.

Fr. IETET
0 3 6

e=0.8

(b)

Fig. 13. Effect of porosity on flow characteristics in the porous medium (D = 1.2): (a) velocity and vector distribution, (b) pressure distribution

and streamline diagram.
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4.3.2. Effect of fractal dimension

The fractal dimension of the porous medium constructed
by the FBM model is applied to characterize the structural cor-
relation of pores or solid matrix in the porous medium to some

t.[20211 The pore structure in the fractal porous medium

exten
varies with the fractal dimension. Consequently, the fractal di-
mension significantly affects the seepage characteristics of the
fractal porous medium as well though the porosity is identical.
The dimensionless permeability of the fractal porous medium
with different fractal dimensions is illustrated in Fig. 14 un-
der the condition with an inlet volume flow rate of 10 mL/s.
The figure indicates that the fractal dimension is positively
correlated with the dimensionless permeability of the porous
medium. With the augment in the fractal dimension, the di-
mensionless permeability increases nonlinearly as well. This
is on account that with the augment of fractal dimension, the
structural correlation of solid matrix in the porous medium de-
creases, which augments the connectivity of the internal chan-
nel network in the porous medium, enhancing the transport
capacity of the porous medium.

For further insight into the role of fractal dimension in the
seepage characteristics of the porous medium, Fig. 15 shows
the permeability characteristics in the porous medium with
various fractal dimensions. It is seen that with the augment
of fractal dimension, the maximum equivalent aperture in the

v/ms~! T [
0

0.004 0.008

(b)

porous medium increases gradually. Nevertheless, although
the peak velocity in the porous medium decreases, the over-
all percolation rate of the porous medium increases gradu-
ally. Furthermore, the fractal dimension is negatively corre-
lated with the pressure drop through the porous medium. This
is, the pressure loss through the fractal porous medium de-
creases gradually with the augment of fractal dimension. The
explanation is that the correlation of solid matrix decreases
with the decrease of fractal dimension, the streamline tends
to be straight and the tortuosity decreases, which reduces the
pressure drop through the porous medium and enhances the
transport capacity of the porous medium. Therefore, a porous
medium with a higher fractal dimension is expected to enjoy a
better seepage performance.

0.05F /'
0.04} _—
e 0.03f
0.02}
0.01f
1.20 1.35 1.50 1.65 1.80
D

Fig. 14. Effect of fractal dimension on dimensionless permeability
(e=0.7).

Fig. 15. Effect of fractal dimension on flow characteristics in the porous medium (¢ = 0.7): (a) velocity and vector distribution, (b) pressure

distribution and streamline diagram.

5. Conclusion

The fractal Brownian motion (FBM) model is utilized to
quantitatively describe and reconstruct the porous structure of
a porous medium in the present work. The numerical model of
liquid flow in the porous medium is developed and solved with

emphasis on the role of solid matrix distribution. The flow
characteristics in the fractal porous medium are analyzed and
compared with those in the homogeneous one, and the roles of
the fractal dimension and porosity in the seepage characteris-

tics of the porous medium are given as well. The conclusions

054701-8
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are summarized as follows:

(1) The pressure and velocity distributions in the fractal
porous medium are non-uniform due to the tortuous internal
channels and different aperture sizes. The streamline in the
fractal porous medium is no longer a straight line but a tortu-
ous curve. Along the flow direction, the velocity in the large
aperture channel is larger, and the peak velocity appears in its
throat, while the velocity in the narrow channel is small, and
the velocities in the wake region of some large solid particles
are nearly zero.

(2) There is a transition point in the influence of Reynolds
number on dimensionless permeability of the porous medium.
When Re < 1, the dimensionless permeability of the fractal
porous medium remains constant. However, with the further
increase of Reynolds number, the dimensionless permeability
decreases gradually, which indicates that it is impossible to use
Darcy’s law to accurately predict the seepage behavior in the
porous medium when Re > 1.

(3) Porosity is an important factor affecting the seepage
characteristics of the porous medium. The permeability of the
fractal porous medium increases monotonously with the in-
crease of porosity due to the higher connectivity and enlarged
equivalent aperture of the internal channel network. It is in-
teresting that the dimensionless permeability only has a slight
variation when € < 0.6, while a further increase in porosity
leads to a rapid augment in the dimensionless permeability of
the porous medium.

(4) Though the porosity is identical, the fractal dimension
also plays a significant role in the seepage characteristics of
the porous medium. The structural correlation of the solid ma-
trix in the porous medium decreases with the augment in the
fractal dimension. In this study, the connectivity of channel
network in the porous medium is enhanced, and the channel
tortuosity is decreased, which reduces the flow resistance loss
and augments the transport capacity of the porous medium.
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