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Numerical study of two-phase fluid distributions in fractured
porous media
Peijie Yin and Gao-Feng Zhao*,†

Centre for Infrastructure Engineering and Safety, School of Civil and Environmental Engineering, University of New
South Wales, Sydney, NSW 2052, Australia
SUMMARY

Two-phase fluid distributions in fractured porous media were studied using a single-component multi-
phase (SCMP) lattice Boltzmann method (LBM), which was selected among three commonly used numer-
ical approaches through a comparison against the available results of micro X-ray computed tomography.
The influence of the initial configuration and the periodic boundary conditions in the SCMP LBM for the
fluid distribution analysis were investigated as well. It was revealed that regular porous media are sensitive
to the initial distribution, whereas irregular porous media are insensitive. Moreover, to eliminate the
influence of boundaries, the model’s buffer size of an SCMP LBM simulation was suggested to be taken
as approximately 12.5 times the average particle size. Then, the two-phase fluid distribution of a porous
medium was numerically studied using the SCMP LBM. Both detailed distribution patterns and macro-
scopic morphology parameters were reasonably well captured. Finally, the two-phase fluid distributions
in a fractured porous media were investigated. The influence of the degree of saturation, fracture length,
and fracture width on the fluid distributions and migration was explored. Copyright © 2015 John Wiley &
Sons, Ltd.
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1. INTRODUCTION

The characterization of fluid distributions is of fundamental importance to the accurate modeling of
multiphase flow problems, which are related to many industrial applications, for example,
radioactive disposal sites [1], oil/gas extraction [2], and contaminant transport [3]. According to a
literature review [4–9], there are two types of commonly used approaches to characterize the fluid
distribution in porous media: experimental and numerical approaches.

The most popular types of equipment used to visualize the phase distribution in porous media are
scanning electron microscopy (SEM) and micro X-ray computed tomography (CT). Gvirtzman et al.
[10] investigated the water phase distribution within an unsaturated porous medium using SEM. To
satisfy the requirement of SEM on a dried specimen, a rapid cooling technique was adopted.
However, the cooling process caused a change in the volume of the liquid and led to most of the
samples being destructed. This shortcoming can be overcome using X-ray CT; for example,
Schmitz et al. [11, 12] conducted a study on the stationary water/air distribution in random and
structured packing media using high-resolution micro X-ray CT, and Wildenschild et al. [13]
*Correspondence to: G.-F. Zhao, Centre for Infrastructure Engineering and Safety, School of Civil and Environmental
Engineering, University of New South Wales, Sydney, NSW 2052, Australia.
†E-mail: gaofeng.zhao@unsw.edu.au

Copyright © 2015 John Wiley & Sons, Ltd.



LBM TWO-PHASE DISTRIBUTION 1189
adopted X-ray CT to measure the saturation, distribution, and interfacial characteristics of the fluids
within the pore space. In addition to SEM and micro X-ray CT, other techniques, such as nuclear
magnetic resonance and confocal laser scanning microscopy, have also been used by a few
researchers; for example, Liaw et al. [14] studied the pore structure and fluid phase distribution of
sandstone and carbonate samples using nuclear magnetic resonance, and Krummel et al. [15]
visualized the two immiscible fluids in a 3D porous medium using confocal laser scanning
microscopy.

However, the direct exploration of the underlying microscopic multiphase distribution is time
consuming and expensive. Alternatively, numerical approaches provide attractive solutions because
of their advantages of low cost, high efficiency, and repeatability. Many numerical methods have
been developed to predict multiphase distributions in porous media. There are two popular
categories: the simulated annealing method (SAM) and the lattice Boltzmann method (LBM). The
SAM is a global optimization method proposed by Kirkpatrick et al. [16], which can be used in
the study of multiphase systems, as described in Politis et al. [17]. The SAM was first used to
investigate the equilibrium phase distribution by Knight et al. [18]. Later, Silverstein and Fort [19,
20] applied the method to study the fluid distribution in sphere packs, Berkowitz and Hansen [21]
extended the SAM to the water distribution in a partially saturated sandstone, and Lu et al. [22]
investigated the capillarity phenomenon in porous media. Recently, the LBM has become a
promising solution for multiphase problems for porous media [23]. Three popular multiphase LBM
models have been developed [24]: the free-energy LBM, the Rothman–Keller LBM, and the Shan–
Chen LBM. An extensive literature review on these models can be found in the work by Huang
et al. [24]. Among those models, the Shan–Chen LBM [25, 26] receives the most popularity
because of its well-defined inter-particle potential and straightforward implementation. There are
two sub-categories in the Shan–Chen LBM: the multi-component multiphase (MCMP) LBM [25]
and the single-component multiphase (SCMP) LBM [26]. The MCMP LBM model allows for fluid
phases with different wettability, densities, and viscosities. The MCMP LBM was used to study
the hysteretic capillary pressure–saturation of a packed-sphere system by Pan et al. [27], the
contact angle between the fluid and solid surface in [28], and the distribution of multiphase fluids
in porous media in [29]. The SCMP LBM focuses on the modeling of one-component fluid
systems that obey a non-ideal gas equation of state and that can undergo a liquid–gas-type phase
transition. The SCMP LBM has been successfully applied to investigate the invasion percolation in
porous media [30] and the effect of gravity, adhesion, and surface tension on capillary-rise
problems [31].

The aforementioned studies usually focus on qualitatively describing how the multiphase fluid is
distributed in porous media; however, no quantitative study on the multiphase fluid distribution in
a fractured porous media has been performed. A fracture in porous media is generally considered
as a fast pathway for transports [32], but the fracture may impede the flow under partial saturation
[33]. The accurate description of fluid flow in unsaturated fractured porous media requires a clear
understanding of the mechanism that produces the multiphase distribution. Moreover, to our
knowledge, the accuracy of these numerical methods is still unclear, and a comprehensive
verification is strongly required. For example, Lu et al. [22] verified the prediction results of
the SAM against X-ray CT observations, Sukop et al. [29] compared the MCMP LBM with
X-ray CT results, and Sukop and Or [30] declared that SCMP LBM can produce realistic
multiphase distributions. However, no work has been performed toward a quantitative
comparison between these numerical approaches against the experimental observations. In this
paper, a full comparison of the results predicted by the SAM, MCMP LBM, and SCMP LBM
with the experimental results of micro X-ray CT [29] is discussed. It was found that the SCMP
LBM shows advantages over the other two numerical methods in terms of computational
efficiency and multiphase characterization. In addition, the influence of periodic boundary
condition and the initial configuration on the fluid distribution predicted by the SCMP LBM
were studied. Following this, the influence of the degree of saturation on the fluid distribution
was investigated for an artificial porous medium that was generated using the discrete element
method. Finally, the two-phase fluid distribution in a fractured porous media was studied
numerically.
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
DOI: 10.1002/nag



1190 P. YIN AND G.-F. ZHAO
2. NUMERICAL METHODS

2.1. Simulated annealing method

To represent the fluid distribution of a porous media involving the solid, wetting, and non-wetting
phases, a three-spin Ising model [34] is used.

Ising →r
� � ¼

�1 nonwetting phase

0 solid phase

1 wetting phase

8><
>: (1)

where →r is the spatial location of a pixel (voxel).
The geometry of the solid phase is represented as a group of pixels (voxels) that are assigned to be 0.

The wetting and non-wetting phases are randomly introduced in the pore space to satisfy the desirable
degree of saturation.

The phase distribution of the porous media is governed by the interfacial energy. The equilibrium
configuration corresponds to the system of minimum global interfacial energy. The global interfacial
energy E of the system can be calculated as

E ¼ ∑i; j∑k;kJkkn
k
i n

k
j (2)

which is the interfacial energy between the pixel site i and all its nearest neighbor sites j, with phases of
k and k that span all the sites, where nki ¼ 1 if the pixel site is in phase k and 0 otherwise. Jk;k is the

interfacial free energy of the contact surface between different phases and is defined as

Jk;k ¼

�1 k ¼ 1; k ¼ 1
� �

1 k ¼ 1; k ¼ �1
� �

�2 k ¼ 1; k ¼ 0
� �

0 else

8>>>><
>>>>:

(3)

which reproduces the perfect wetting condition [22].
During the simulation, two randomly selected pixels of different fluid phases in the pore space will

try to exchange their positions, which will result in a variation in the interfacial energy of the system
ΔE. To minimize the system energy, the system is updated with a probability p to accept the pixel
exchange according to the Metropolis algorithm.

p ¼ 1 ΔE ≤ 0
e�ΔE=Eref ΔE > 0

�
(4)

where Eref is the reference energy given by a ‘cooling schedule’ as

Eref ¼ f m�Eref;0 (5)

in which f is the reduction parameter, m is the number of the Markov chain, and Eref,0 is the initial value
of Eref. The value of f is significant in the simulation and must satisfy 0< f<1. A small f indicates fast
convergence but a high risk of local minima trapping. The physically sound configuration appears
when f approaches 1. Meanwhile, the value of Eref should be sufficiently large so that the system
can approach the optimal distribution, which is chosen as approximately 30 times the highest value
of Jk;k, as shown in Politis et al. [17]. Therefore, f=0.95 and Eref,0 = 30 were used in this paper.

The detailed procedure of the SAM is shown in Figure 1. The system approaches equilibrium
(Figure 1(c)) when the energy change between two Markov chains satisfies (Em�Em� 1)/
Em� 1<10� 5. After reaching equilibrium, another 200 Markov chains are performed, and the
profiles generated from each of the Markov chains are averaged to create a smooth curve of the
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
DOI: 10.1002/nag



Figure 1. Flowchart of the simulated annealing method for modeling two-phase distributions (N is the num-
ber of iterations, which is set as 200 in this paper).

LBM TWO-PHASE DISTRIBUTION 1191
interface, which is called anti-aliasing [22] (Figure 2(d)). The simulated annealing is a commonly used
methodology for multi-parameter global optimization problems. More details on the implementation
can be found in [16, 22]. There are also some shortcomings of the SAM, for example, (a) the
interaction force between different phases is unable to be considered precisely; and (b) the
computational requirement is high because of the requirement of global optimization, which also
leads to the difficulties in parallel implementation.
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
DOI: 10.1002/nag



Figure 2. Anti-aliasing to produce a smooth interface after equilibrium is obtained.

1192 P. YIN AND G.-F. ZHAO
2.2. Lattice Boltzmann method

2.2.1. Background theory. The LBM is originated from the lattice gas automata where the space,
time, and particle velocities are all discrete. Its fundamental idea is to construct a kinetic model to
represent the macroscopic averaged properties of the fluid and to take account the essential physical
information of the incorporated microscopic processes. Particles with different velocities are residing
on the nodes x of a regular lattice, and particle distribution functions fi(x, t) are defined to describe
the occupation of particles with the specific velocity at time t. In one time step, there are two
subcalculations, that is, the propagation and the collision. The propagation means particles move to
the neighbor node in the direction of their velocities. The collision means particles that arrive at a
lattice node will interact with each other, which will change their velocity according to the specific
scattering rule. The solving procedure can be viewed as a special finite difference scheme for the
kinetic equation of the discrete-velocity distribution function. In recent years, the LBM has been
regarded as a promising numerical method to simulate single-phase and multiphase fluids for its
remarkable ability in dealing with interfacial dynamics and complex boundaries. For example, the
bounce-back algorithm can be directly implemented to realize the non-slip boundary condition; that
is, when the particle arrives at a node that was resigned as solid, it will be bounced back to its
original position, which has been received the most popularity in LBM simulations. To solve the
complicated two-phase fluid problems in porous media, the solid–fluid interfacial force can also be
readily considered. In this paper, the two classical multiphase LBM models are adopted to
investigate the two-phase distribution problem in fractured porous media.

2.2.2. Multi-component multiphase lattice Boltzmann method. In the MCMP LBM, the two-phase
system is represented as two indissolvable components. For each of the two fluid components, a
distribution function that satisfies the following evolution function is introduced:

f ka xþ eaΔt; t þ Δtð Þ ¼ f ka x; tð Þ � Δt
τk

f ka x; tð Þ � f k;eqa x; tð Þ� �
(6)

where f ka x; tð Þ is the kth component density distribution function in the ath velocity direction at site x
and at time t, Δt is time step for each iteration, and τk is a relaxation time. f k;eqa x; tð Þ is the equilibrium
distribution function calculated as
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
DOI: 10.1002/nag



LBM TWO-PHASE DISTRIBUTION 1193
f k;eqa x; tð Þ ¼ waρk 1þ ea�ueqk
c2s

þ ea�ueqk
� �2

2c4s
� ueqk
� �2
2c2s

" #
(7)

where cs ¼ Δx=x
ffiffiffi
3

p
Δtx, with Δx defined as the lattice spacing. ea are the discrete velocities in the two

dimensional cases and are given by

e0; e1; e2; e3; e4; e5; e6; e7; e8½ � ¼ 0 1 0 �1 0 1 �1 �1 1

0 0 1 0 �1 1 1 �1 �1

� 	
(8)

ωa are weight indexes defined as

ωa ¼

4
9

a ¼ 0ð Þ
1
9

a ¼ 1; 2; 3; 4ð Þ
1
36

a ¼ 5; 6; 7; 8ð Þ

8>>>>>><
>>>>>>:

(9)

ueqk is the macroscopic velocity in the equilibrium distribution given by

ueqk ¼ u’þτkFk

ρk
(10)

where u ′ is the composite macroscopic velocity, which is expressed as

u′ ¼
∑
k

1
τk
∑ f iaea

∑
k

1
τk
ρk

(11)

Fk is the interaction force acting on the kth component involving the fluid–fluid cohesion force Fc,k,
fluid–solid adhesion force Fads,k, and external force Fext, which is expressed as

Fk ¼ Fc;k þ Fads;k þ Fext (12)

The cohesion force acting on the kth component is

Fc;k x; tð Þ ¼ �Gcψk x; tð Þ∑
a
waψk xþ eaΔt; tð Þea (13)

where Gc is the parameter that controls the strength of the cohesion force, and ψk and ψk are the

interaction potential for the components k and k, respectively, which can be taken as the density of
each component.

The adhesion force acting on the kth component is calculated as

Fads;k x; tð Þ ¼ �Gads;kψk x; tð Þ∑
a
was xþ eaΔtð Þea (14)

where Gads,k is a parameter that adjusts the interaction strength between the kth fluid component and the
solid surface, and s(x+ eaΔ t) is an indicator function equal to 1 for solid nodes and 0 for fluid nodes.

The external force Fext acting on the kth component is defined as the body force on the particles
(e.g., gravity), which is set as 0 for all simulations.

After every iteration, the distribution function can conveniently be thought of as a typical histogram
representing a frequency of occurrence. The frequencies can be considered to be direction-specific
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
DOI: 10.1002/nag



1194 P. YIN AND G.-F. ZHAO
fluid densities. Accordingly, the macroscopic density and velocity of the kth component can be
obtained as

ρk ¼ ∑a f
k
a (15)

uk ¼ ∑a f
k
aea=ρk (16)

2.2.3. Single-component multiphase lattice Boltzmann method. The basic components of the SCMP
LBM, such as the evolution function, equilibrium distribution function, macroscopic velocity, and
density are similar to MCMP Shan–Chen model. Instead of two distribution functions for each
component, only one distribution function is used in the SCMP LBM. The principal distinguishing
characteristic of the SCMP LBM is the incorporation of the non-ideal equation of state. In this
paper, we employ the equation of state proposed by Shan and Chen [26]:

φ ρð Þ ¼ φ0exp �ρ0=ρð Þ (17)

where φ0 and ρ0 are arbitrary constants that dominate the characteristics of the equation of state.
The cohesion force of gas/water and the adhesion force of fluid/surface in the SCMP LBM are

defined as follows:

Fc x; tð Þ ¼ �Gcψ x; tð Þ∑
a
waψ xþ eaVt; tð Þea (18)

Fads x; tð Þ ¼ �Gadsψ x; tð Þ∑
a
was xþ eaVtð Þea (19)

where Gc controls the strength of the cohesion force between two phases and Gads adjusts the
interaction strength between the fluids and the solid surfaces.

2.2.4. The Palabos library. The Palabos library [35] is an open-source numerical framework based
on the LBM, which was developed by Jonas Latt and co-workers [36]. The Palabos library utilizes
generic programming, which means that it allows for the intuitive implementation of LBM models
with almost no loss of efficiency and with the ease of further development. Because of the
algorithmic parallel nature of LBM, high-efficiency parallel computation has been provided in the
Palabos library. In this paper, all computations were performed on Leonardi, which is a medium-
sized high-performance computing cluster designed to be used for post-graduate and research
purposes within the Faculty of Engineering at the University of New South Wales [37]. It currently
consists of 2944 AMD Opteron 6174 2.20-GHz processor cores, with a total of 5.8TB of physical
memory (essentially, 2GB of memory per core) and 100TB of usable disk storage. Leonardi runs
the Rocks clustering platform on top of CentOS Linux. The parallelization is performed with the
message-passing paradigm of the Message Passing Interface (MPI) library, which works well on
distributed-memory platforms (e.g., clusters).

For the study of fluid distributions in a fractured porous medium, both the fluid–fluid and fluid–solid
interfacial forces are necessary to determine the contact behavior and the interface characteristics.
However, in the latest release of Palabos library (May 16, 2013), only the fluid–fluid interface force
was provided in the Shan–Chen LBM. It is essential to modify the code so as to involve the fluid–
solid interfacial forces. The codes that deal with the fluid–fluid interfacial force can be found in the
‘ShanChenprocessor’ from the directory of ‘multiphysics’, which correspond to the implementation
of Equations (13) and (18). To include the solid–fluid interfacial forces, Equations (14) and (19)
should be programmed in the code. According to Equation (14), three additional parameters are
required in the MCMP LBM model: Gads,1, Gads,2, and Solid Index, where Gads,1 and Gads,2 are the
parameters that determine the fluid–solid adhesive force for each of the fluid components and the
Solid Index is used to indicate the solid nodes. Similarly, two parameters are added in the SCMP
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
DOI: 10.1002/nag



LBM TWO-PHASE DISTRIBUTION 1195
LBM model according to Equation (19): Gads and Solid Index. In both codes, the contributions of
the fluid–solid on the interfacial forces are calculated if any neighbors of the fluid node are
recognized as solid nodes. Then, these adhesive forces are added to the original fluid–fluid forces
using Equation (12).

To validate the modified Palabos library in dealing with multiphase contact and interaction
problems, a single-drop problem with the complete range of contact angle is numerically simulated.
For a three-phase system, as shown in Figure 3(a), the wettability of a solid surface (gray) by a
liquid (blue) can be characterized by Young’s equation [38]:

cosθ1 ¼ σ2s � σ1s
σ12

(20)

where θ1 is the contact angle between fluid 1 and the solid surface; σ1s and σ2s are the interfacial
tensions between fluids 1 and 2 and the solid surface, respectively; and σ12 is the interfacial tension
between fluids 1 and 2.
Figure 3. Correlation between Gads,σ and the contact angle in the multi-component multiphase (MCMP) lat-
tice Boltzmann method (LBM) (G=0.9; Gads,2 =�Gads,1).

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
DOI: 10.1002/nag



1196 P. YIN AND G.-F. ZHAO
In the MCMP LBM, the interfacial tensions are controlled by the parameters Gc and Gads,k. The
relation between the contact angle and these parameters is given by Sukop [39] as

Gccosθ1 ¼ Gads;2 � Gads;1 (21)

which was further improved by Huang et al. [28] into

cosθ1 ¼ Gads;2 � Gads;1

Gc
ρ1�ρ2

2

(22)

where ρ1 is the equilibrium main density and ρ2 is the associated dissolved density.
For the SCMP LBM, the contact angle between the wetting phase and the solid surface can be

estimated according to Lu et al. [31] using Equation (23)

θ ¼ 210:75þ 0:647Gads (23)

To simulate the multiphase contact phenomenon, the simulation domain was selected as 200×100
lattice units (l.u.), and the wetting component was initialized as a square with sides of 40 l.u., whereby
the wetting component contacts the solid surface. To obtain a reasonable and stable simulation, the
lattice space, relaxation time, and time step are chosen as 1, respectively.

In the MCMP LBM models, ρ1 = 1.0 and ρ2 = 0.06 were selected for the sake of stability [28]. Gads,1

and Gads,2 were chosen in the manner reported in [28], that is, Gads,1 varies from �0.4 to 0.4, with
Gads,2 =�Gads,1. Figure 3 shows the complete range of contact angles predicted by the modified
Palabos library.

Similar simulations were conducted using the SCMP LBM, in which the parameters φ0 and ρ0 in
Equation (16) were selected as 200 and 4, respectively, Gc was fixed as �120, and Gads varied
between �327 and �40. The initial configuration was set in the same manner as was in the MCMP
LBM, and the density of the wetting and non-wetting phases were chosen as 524 and 85,
respectively. Figure 4 shows the simulation results predicted by the SCMP LBM [31]. It is clear that
the solid–fluid interfacial forces are correctly implemented in the modified Palabos library, and the
complete range of contact angles within multiphase systems can be reasonably captured.
3. VERIFICATION

In this section, numerical simulations using three numerical methods, that is, the SAM, MCMP LBM,
and SCMP LBM, were conducted for the two-phase fluid distribution problem in [29]. In their work,
the contact angle of the wetting phase was selected as 0° to reproduce the near perfect wetting.
Therefore, the LBM parameters for the rest of simulations were chosen the corresponding ones in
the last section, which can reproduce the zero contact angle.

The solid phase was taken from the micro X-ray CT image (Figure 5(a)). All the simulations (except
Figure 5(d)) were initialized with a random distribution of wetting and non-wetting phases in the pore
space (e.g., Figure 1(a)). To remove the initial effect on the final conuration of the MCMP LBM, the
model in Figure 5(d) was initialized to be the same as one slice of the 3D model shown in Figure 5(b).
In all of these simulations, the degree of saturation was set as 0.67 with respect to the wetting phase,
and the parameters were selected to produce a zero contact angle [29]. The equilibrium condition is
approached when the stored energy converged, more specifically, the ratio between the deviation
and average energy of the system less than 10�4.

The simulation results using different numerical methods are shown in Figure 5(c)–(f). To produce a
quantitative comparison of the different numerical methods, the lineal-path function [40] was adopted
to compare the numerical simulation results with the X-ray micro CT result. The lineal-path function is
defined as the probability of finding a line segment that lies entirely in one phase, which contains
connectivity information along a lineal path and reflects certain long-range information about the
multiphase system. The wetting phase linear path functions of the fluid configuration from different
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
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Figure 4. Correlation between Gads and the contact angle in the single-component multiphase (SCMP) lattice
Boltzmann method (LBM) (G=�120).
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methods are illustrated in Figure 6. It can be observed that the numerical simulation results are in good
agreement with the experimental data in terms of the stochastic morphological description. However,
different conclusions will be obtained when a detailed comparison between the fluid distribution
pattern of the center area (Figure 5(a)) is performed. The reason that only center area is considered
as the influence of periodic boundary conditions is minimal in the central area. It will be further
discussed in Section 4.1.

It is apparent that the results using the MCMP LBM with random initial configurations (Figure 5(c))
are very different compared with the corresponding X-ray results (Figure 5(a)). The best fits are those
results using the SAM and the SCMP LBM (Figure 5(e) and (f)). It should be mentioned that the
MCMP LBM is sensitive to the initial configuration. For example, when a suitable initial
configuration is used, a better result can be generated (Figure 5(d)).

This difference comes from the dependence on the initial configuration. To verify this, we set an initial
configuration as the square wetting phase with a non-wetting hole of different radius inside, which is
shown in Figures 7(a) and (b) and 8(a) and (b). From Figure 7(d), it is clear that, in the MCMP LBM,
the wetting phase (blue part) splits up once the hole is sufficiently large. In contrast, for the SCMP
LBM, only one droplet is generated regardless of how large the hole is (Figure 8(c) and (d)).
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
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Figure 5. Comparison between micro X-ray CT and three numerical methods. CT, computed tomography;
MCMP, multi-component multiphase; SCMP, single-component multiphase.
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Based on the comparison between the numerical results and experimental observations as presented
in Figure 7, it can also be revealed that the mechanism of the MCMP LBM is the kinematic movement
of the fluids, whereas the SCMP LBM involves both kinematic theory and phase transitions.
Meanwhile, the SAM is the optimization approach to obtain the equilibrium distribution as the
minimum system energy. Both the SCMP LBM and the SAM can produce very desirable results
compared with the experimental observation. This indicates that the process of two-phase fluid
distribution within porous media is controlled by both the phase transition and kinematic movement.
Therefore, in terms of computational efficiency and mechanism explanation, the SCMP LBM is the
most suitable solution. It can simulate a multiphase system with a complete range of contact angles
and phase transition. Moreover, its high computational efficiency is another advantage, for example,
the MPI parallel computation.
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
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Figure 6. Wetting phase linear-path function of different fluid distributions by the different methods in
Figure 5.

Figure 7. Dependence on the initial configuration in the multi-component multiphase (MCMP) Shan–Chen
model.
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4. TWO-PHASE FLUID DISTRIBUTION IN FRACTURED POROUS MEDIA

4.1. Periodic boundary effect and initial configurations

Various boundary conditions in the LBM have been proposed and evaluated [36, 41–43]. The
‘periodic’ boundary condition has usually been applied at the model’s edges for the sake of
simplicity [27]. However, this will introduce some errors because porous media are not
geometrically ‘periodic’ under most conditions. In this paper, the influence of periodic boundary
conditions on the simulation results of the SCMP LBM on fluid distribution problems is
investigated. The porous media are generated through the compaction of randomly sized particles
using the discrete element method code PFC2D [44]. A total of 557 particles with radii 30�50 l.u.
are generated in the 2000×2000 l.u. domain. In order to produce the hydraulic aperture and create
well-connected pore space in the random compaction system, the radii of the particles are reduced to
80% of its original size, but the centers are kept the same as the initial position. The final geometry
of the porous media is shown in Figure 9(a), with radii of 24�40 and porosity of 0.552. During the
SCMP LBM simulation, all the parameters are set in the way that follows Table I. A number of sub-
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
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Figure 8. Dependence on the initial configuration in the single-component multiphase (SCMP) Shan–Chen
model.

Figure 9. Geometry of a porous medium generated from discrete element method. (a) The whole region of
the porous medium; ((b) and (c)) two examples of different buffer sizes, and (d) the region of interest.
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models with different sizes were cropped from the original model (e.g., Figure 9(b) and (c)). The
purpose is to find a suitable model size to minimize the influence of the ‘periodic boundary’ over
the region of interest (Figure 9(d)). The macroscopic properties, degree of saturation, and specific
surface area (SSA) of the two-phase fluid interface of the region of interest are shown in Figure 10.
It can be found that the macroscopic properties of the numerical simulation are only slightly
influenced by the ‘periodic boundary’ when the model size is sufficiently large, which confirms its
applicability to fluid distribution simulations. It should be mentioned that the simulations are
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
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Table I. Parameters used in the single-component multiphase lattice
Boltzmann method simulations.

Boundary condition at open ends Periodic
Boundary condition at the solid nodes Bounce back
Contact angle 0 (perfect wetting)
φ0 200
ρ0 4
Gc �120
Gads �327
Density of wetting phase 524
Density of non-wetting phase 85
Relaxation time (τ) 1
Time step 1
Lattice space 1

(a)

(b)

Figure 10. Influence of buffer size on the macroscopic properties in the region of interest. SSA, specific sur-
face area.
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conducted in the same geometry for five runs to reduce the stochastic effects of the random initial
configurations, which will be addressed later. Moreover, the difference in the fluid configuration in
the region of interest is also slight with increased model size (Figure 11). However, when the
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
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Figure 11. Fluid distribution in the region of interest from simulations of different buffer sizes.

Figure 12. Investigation of the boundary conditions and the initial configuration.
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‘periodic boundary’ is directly applied to the region of interest, an apparent difference will be generated
(Figure 11(a)); therefore a buffer area is recommended. From Figures 10 and 11, it is found that if the
buffer size is large than 400 l.u., the degree of saturation and the SSA of water–air interface become
Figure 13. Fluid distribution in regular geometry from different random initializations.

Figure 14. Fluid distribution in irregular geometry from different random initializations.
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Figure 15. Multiphase distribution at different degrees of saturation in a porous medium.

Figure 16. Correlation between the degree of saturation and the specific surface area of the fluid interface.
SSA, specific surface area.
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relatively stable. By considering the average particle size in the generated porous media as 32 l.u., the
minimum simulation size is suggested, taken as about 12.5 times of the average particle radii so as to
reduce the periodic boundary effect and obtain accurate distribution.

To study the influence of the initial fluid distribution, a model with regular solid squares enveloped
by a water film with the same thickness is first simulated (Figure 12(a)). Because the model geometry is
perfectly ‘periodic’, the boundary condition will not introduce any error, which can be confirmed from
the modeling results shown in Figure 12(b), where a perfect homogeneous fluid distribution pattern is
obtained. In the following, the middle part of the regular configuration is replaced by a random
distribution for the initial configuration (Figure 12(c)); for this case, the periodic boundary
condition is still fulfilled. However, a clearly different distribution pattern is obtained (compare
with Figure 12(b)). Therefore, it can be concluded that for regular porous media, the initial
distribution will significantly influence the fluid distribution patterns. For example, all the models
are randomly initialized in the middle part and simulated four times, and Figure 13 shows the final
distributions, where a large difference in the distribution patterns is presented in the regular system.
The same simulation is performed for irregular porous media (Figure 14), where only slight
differences can be observed. It is easy to draw the conclusion that the initial distribution is less
sensitive to irregular porous media (e.g., geomaterials) compared with regular media.
Figure 17. Influence of fractures on multiphase distributions (S= 0.4, fracture width = 100 l.u., fracture
length = 1000 l.u.).

(a) Coincident ratio (b) Water migration number   
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Figure 18. Macroscopic description of differences between Figure 17(a) and (b) (S= 0.4, fracture
width = 100 l.u., fracture length = 1000 l.u.).

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
DOI: 10.1002/nag



1206 P. YIN AND G.-F. ZHAO
4.2. Fluid distribution in porous media

In this section, the influence of saturation on the fluid configuration in porous media is studied using
the SCMP LBM. The solid part of the system remains the same as in Figure 9(a); the parameters are
chosen to produce zero contact angle for the wetting phase, as reported in the last section; and the
degree of saturation of the wetting phase varies from 0.1 to 0.75.

The simulated distribution patterns are shown in Figure 15. It is clear that, at very low degrees of
saturation (Figure 15(a)), the solid phase is enveloped by the wetting films. The wetting films
become thicker as the saturation increases, and capillary condensation between particles is produced
(Figure 15(b)). A connected network of the wetting phase can be obtained at certain degrees of
saturation (Figure 15(e)). When the degree of saturation continues increasing, large portions of the
porous medium become occupied by the wetting phase, and most of the non-wetting phase is
trapped in the large pores, as observed in Figure 15(i). The simulated results are in agreement with
the experimental observations from the X-ray CT images in both the assembling glass beads and
Ottawa sand under different degrees of saturation from Lu et al. [22]. Moreover, the SSAs of the
fluid interfaces are calculated at different degrees of saturation (Figure 16). The SSA of the
interfaces increase as the degree of saturation becomes less than 0.2, and the opposite phenomenon
is observed when the degree of saturation becomes larger than 0.2. The overall trend, first increasing
and subsequently decreasing, also agrees well with the experimental observations in Lu et al. [22].

4.3. Fluid distribution in fractured porous media

For a porous medium with a static fluid distribution, by introducing fractures, the fluid distribution will
evolve to a new equilibrium condition. In this section, the influence of the fracture length and width on
the fluid changes in the porous media under different degrees of saturations (Sr) will be investigated
using the SCMP LBM. During the simulation, the equilibrium fluid distribution of the porous
medium under given Sr is first calculated. Then, a fracture with given length and width will be
(a) S = 0.20 (b) S = 0.40

(c) S = 0.60 (d) S = 0.75
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Figure 19. Influence of the degrees of saturation on the coincident ratio (fracture width = 50 l.u., fracture
length = 1000 l.u.).
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inserted into the model (Figure 17(a)). To implement this in the LBM model, all the nodes including
the solid, wetting, and non-wetting phases in the range of fracture are converted to the non-wetting
phase (e.g., air). The model will not be at equilibrium, which leads to the fluid migration. Using the
SCMP LBM, the final equilibrium condition can be obtained (Figure 17(b)). By conducting a large
number of simulations, the influence of fractures on the fluid distribution can be observed using the
numerical results. In this paper, the parameters are chosen as follows: Sr with respect to the wetting
phase = 0.2, 0.4, 0.6, and 0.75; the fracture width =25, 50, 75, and 100 l.u.; and the fracture
length = 500, 1000, 1500, and 2000 l.u.

It should be mentioned that the fluid flow distribution in fractured porous media is geometrically
irregular and unsuitable for direct analysis; for example, it is difficult to find the fluid migration
using Figure 17. To obtain a more quantitative analysis, the simulation domain is further divided
into Nsub ×Nsub sub-regions. The coincident ratio at sub-region i is defined as

Coincident ratio ið Þ ¼ Nco ið Þ
Nwetting ið Þ

(24)

where Nco(i) and Nwetting(i) are the number of coincident wetting phases (two pixels of the original
porous medium and the fractured porous medium at the same location were both wetting) and the
number of pixels in the wetting phase at sub-region i of the original porous medium, respectively.
This index can represent the disturbance of the wetting phase; that is, if it is equal to 1, then there is
no disturbance, and if it is equal to 0, then the wetting phase is completely disturbed (migrated).
(a) Fracture width = 25 l.u. (b) Fracture width = 50 l.u.

(c) Fracture width =75 l.u. (d) Fracture width =100 l.u.
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Figure 20. Influence of the fracture widths on the coincident ratio (S= 0.4, fracture length = 1000 l.u.).
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Another index, the water migration number, is defined as the amount of change in the wetting phase
at the sub-region and is given as

Water migration number ið Þ ¼ N ′
wetting ið Þ � Nwetting ið Þ (25)

where N ′
wetting ið Þ and Nwetting(i) are the numbers of wetting phase pixels in the wetting phase at sub-

region i of the fractured and initial porous media. It is a positive value for flowing in and a negative
value for flowing out.

The purpose of the postprocessing is to present information of fluid migration produced in the LBM
simulation. The sub-region size is like the view of the observer: when the size is too small (e.g., 1 l.u.),
the Nco would be 1 or 0, and the whole image would be the shape of the immigrated water. However,
when the view is too large, for example, the whole model, it would be a single value for the whole
model, which is close to 0. Therefore, for both too large and too small, the postprocessed results are
not of our interest. The size is selected as the small order of the fracture size and particle size, in
order to observe the index as a whole, and also could reflect the influence of presentence of fracture
on the fluid distribution. In this paper, the size of sub-region is selected as squares with side lengths
of 40×40 l.u. Therefore, the total number of 50×50 sub-regions is divided.

The changes in the two-phase distribution induced by the fracture expressed as the coincident ratio
and water migration number in each sub-region are shown in Figure 18. It can be found that the
fracture can apparently be reflected from the contour map of the coincident ratio calculated at each
sub-region (Figure 18(a)); in contrast, it is unable to be distinguished using the water migration
number (Figure 18(b)). Therefore, the coincident ratio is used as the postprocessing for the simulation
(a) Fracture length = 500l.u. (b) Fracture length = 1000 l.u.

(c) Fracture length = 1500 l.u. (d) Fracture length = 2000 l.u.
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Figure 21. Influence of fracture lengths on the coincident ratio (S= 0.4, fracture width = 100 l.u.).
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(a) Fracture width = 25 l.u.

(b) Fracture width = 100 l.u.

Figure 22. Influence of the fracture length on the disturbance ratio at different degrees of saturation.
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results. The influences of saturation, fracture width, and fracture length on the two-phase fluid
distributions are diagramed in Figures 19–21, respectively. A large part of the system is disturbed at
low degrees of saturation (Figure 19(a)), and the disturbance area decreases as the degree of
saturation increases (Figure 19(b)–(d)). The disturbance area increases with increasing width and
length of the fracture, with most of the disturbance occurring around the fracture, as illustrated in
Figures 20 and 21.

To quantify the disturbed region of the whole model due to the induced fracture, a disturbance ratio
Ω is introduced as follows:

Ω ¼ 1� ∑Nco ið Þ
∑Nwetting ið Þ

(26)

The influences of the fracture length, fracture width, and degree of saturation on the disturbance
ratio are summarized in Figure 22. It can be observed that the disturbance ratio increases with the
fracture length. Meanwhile, it is also found that the disturbance ratio decreases as the degree of
saturation increases. A possible application of these numerical findings is to explore fractures (which
might be too small to be observed through X-ray CT due to the limitation of resolution) by
indirectly investigating the fluid distribution. Furthermore, it is widely accepted that the fluid
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2015; 39:1188–1211
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distribution will influence the flow behaviors within a multiphase system. However, it is not practical
to obtain the fluid distribution with limited information. Therefore, the most important contribution is
that a feasible solution for two-phase flow distribution using the SCMP LBM is verified, which can be
further used to prepare a more reliable initial fluid distribution for analysis of two-phase flow behavior
in fractured porous media.
5. CONCLUDING REMARKS

To sum up, the SCMP LBM is found to be the best method in predicting the fluid distribution in
partially saturated porous media compared with two other methods (the SAM and the MCMP
LBM). The effect of periodic boundary conditions and the initial configuration is also tested. It is
found that a buffer size of approximately 12.5 times the average particle size is suggested to reduce
the error resulting from the periodic boundary conditions. Moreover, the initial distribution of the
SCMP LBM is less sensitive for an irregular porous medium than that of a regular medium;
therefore, it is more suitable for natural porous media, such as rock and soil. The influence of the
degree of saturation on the two-phase fluid distribution was investigated using this method. The
fluid distribution patterns and the quantitative evaluation at different degrees of saturation were
investigated, which are consistent with experimental results from the literature. Finally, the influence
of fractures on the two-phase fluid distribution was also studied. The disturbance ratio is introduced
to evaluate the change in the two-phase system due to the induced fracture. It was found that more
fluids are disturbed as the fracture length and width increase, and the disturbance ratio decreases as
the degree of saturation increases.
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