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Abstract We investigated the interfacial tension (IFT) effect on fluid flow characteristics
inside micro-scale, porous media by a highly efficient multi-phase lattice Boltzmann method
using a graphics processing unit. IFT is one of the most important parameters for carbon
capture and storage and enhanced oil recovery. Rock pores of Berea sandstone were reconstructed from micro-CT scanned images, and multi-phase flows were simulated for the digital
rock model at extremely high resolution (3.2 µm). Under different IFT conditions, numerical
analyses were carried out first to investigate the variation in relative permeability, and then to
clarify evolution of the saturation distribution of injected fluid. We confirmed that the relative
permeability decreases with increasing IFT due to growing capillary trapping intensity. It was
also observed that with certain pressure gradient P two crucial IFT values, σ1 and σ2 , exist,
creating three zones in which the displacement process has totally different characteristics.
When σ1 < σ < σ2 , the capillary fingering patterns are observed, while for σ < σ1 viscous
fingering is dominant and most of the passable pore spaces were invaded. When σ > σ2 the
invading fluid failed to break through. The pore-throat-size distribution estimated from these
crucial IFT values (σ1 and σ2 ) agrees with that derived from mercury porosimetry measurements of Berea sandstone. This study demonstrates that the proposed numerical method is
an efficient tool for investigating hydrological properties from pore structures.
Keywords Interfacial tension effect · Lattice Boltzmann simulation · GPU computing ·
Porous media
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1 Introduction
Geological storage of CO2 via injection into porous sub-surface formations is considered a
promising solution for reducing carbon emissions into the atmosphere (Bachu et al. 1994).
Injected CO2 in the pore space between rock grains can be trapped according to several
mechanisms, including structural and stratigraphic trapping, capillary trapping, chemical
reaction (mineral precipitation), and dissolution (IPCC 2005). Pilot storage projects and
industrial experience with the injection of CO2 suggest that large volumes of CO2 can be
safely stored in the sub-surface over long time scales (Michael et al. 2010). To evaluate the
injection efficiency, storage capacity, and leakage risk for injection projects, the fundamental
information required include the micro-scale CO2 behaviors within pore space and CO2
trapping mechanisms. One of the most effective mechanisms is residual trapping, which
represents a process by which CO2 quickly becomes immobile in small-diameter pore space.
The behavior of CO2 movement inside a reservoir can be characterized as two-phase flow in
a porous media system, which is usually influenced by temperature, interfacial tension (IFT),
pore structure, and porous medium characteristics (wettability).
Among the factors controlling two-phase flow, IFT plays a central role, influencing the capillary pressure, residual saturation, and relative permeability. The capillary number, defined
as the ratio of viscous forces to capillary forces, is often used to characterize multi-phase
flow behavior in porous media. To investigate the effects of IFT on multi-phase systems
inside porous media, experiments have been carried out to improve displacement efficiency
in enhanced oil recovery (EOR) fields (Fulcher et al. 1985; Talash 1976; Asar and Handy
1988). In these experiments, surfactants are usually added to alter the IFT at water–oil,
water–gas, or oil–gas interfaces and to permit study of the effect of IFT on the two-phase
relative permeability. Fulcher et al. (1985) found that as IFT decreased below 5.50 dyne/cm,
the oil permeability increased dramatically, and the irreducible water saturation became a
function of IFT only rather than of IFT and viscosity. Talash (1976) obtained relative permeability data by two conventional methods, the displacement method and the steady-state
method, in fired Berea cores under low IFT conditions. Asar and Handy (1988) measured
relative permeability curves for two-phase flow of “oil” (methane, ethane, or kerosene) and
gas (nitrogen) under different IFT ranging from 0.033 to 30 mN/m. They concluded that
the curvatures of the relative permeability curves diminish as the IFT is reduced, and the
irreducible gas and liquid saturations approach zero as the IFT approaches zero. Moreover,
Bardon and Longeron (1980) found that a critical IFT value may exist. Below or above this
critical value, the impact of IFT is found to be very different, and the relative permeability
curves changed substantially at IFT values lower than 0.04 mN/m. These experiments are
often time consuming and difficult to interpret and to perform, especially under different
flow conditions, pore structures, and wettability trends. Furthermore, it is also difficult to
adjust the IFT and perform extremely low IFT experiments. As a result, experimental data
are scarce, and it is usually impossible to examine the IFT effect in isolation without also
changing other physical properties such as viscosity.
An alternative approach for obtaining detailed information for analysis concerning IFT
effects on relative permeability and residual saturation is to numerically simulate fluid transport using images of rock microstructure. Recently, numerical models based on the lattice
Boltzmann method (LBM) have been proposed and are growing in popularity because they
provide a convenient means to simulate both single-fluid and multi-phase flow behavior
within true pore geometry of a porous medium system (Boek and Venturoli 2010; Ramstad
et al. 2012; Ahrenholz et al. 2008; Pan et al. 2004). Unlike traditional computational fluid
dynamics (CFD) methods, which solve the conservation equations of macroscopic properties
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(i.e., mass, momentum, and energy) numerically, the basic idea of LBM is that it considers
a many-fictive-particle system obeying the same conservation laws. Those particles perform
consecutive propagation and collision processes over a discrete lattice mesh. The conventional multi-phase models, such as the level set (Sussman et al. 1999), volume of fluid (Hirt
and Nichols 1981), and phase field (Badalassi et al. 2003) methods, usually need complicated
auxiliary algorithms to track and handle the fluid interfaces, whereas phase separations can
be generated automatically from particle dynamics, and no special treatment is needed to
manipulate the interfaces in LBM. Moreover, LBM also has advantages in dealing with complex boundaries and incorporating microscopic interactions for multi-physics. These features
make the LB model well suited to simulate fluid flow directly on digital rock models based
on microstructure images.
However, LBM simulation of multi-phase porous medium systems with sufficient resolution and large grid-number remains computationally challenging. Since LB models are
computationally very expensive, without efficient parallel implementations of the algorithms,
large amounts of computing time will be required due to the number and complexity of computations required (Kandhai et al. 1998; Miller et al. 1998). Recently, a powerful parallel
co-processor, the graphics processor unit (GPU), has drawn much attention due to its outstanding performance for accelerating general scientific computation. The advantages of
GPU computing, including large memory bandwidth, low cost, and easy handling, make it
suitable for conducting large-scale computation on a small-scale GPU-based cluster. GPU
computing can be performed using parallel computing architecture CUDA (Cuda programming 2012). Over the past few years implementation of single-phase LBM on GPUs has
provided excellent performance when compared with their central processing unit (CPU)
equivalent (Tölke and Krafczyk 2008; Tölke 2010; Kuznik et al. 2010).
In this study, we sought to extend and implement multi-phase LBM by adopting GPU
computing techniques. Our aim was to develop a highly efficient GPU-based multi-phase
LBM to investigate the IFT effects on fluid flow characteristics inside micro-scale porous
media. The pore geometry was reconstructed based on micro-CT images of a Berea sandstone
sample. Based on the digital model of real rock, the multi-phase flows were simulated by the
LBM method we developed with a degree of spatial resolution that has never been achieved
in previous numerical simulations (Ramstad et al. 2012; Ahrenholz et al. 2008). The IFT
effects were evaluated in terms of relative permeability by steady-state flow simulation and
saturation distribution by dynamic displacement calculation. The pore-throat-size distribution
was estimated from the crucial IFT value on which a saturation jump was observed. For
carbon capture and storage (CCS) applications, our numerical study provides not only a
better physical understanding of IFT influences but also a useful tool for improving CO2
injection efficiency and increasing the storage capability of reservoirs.

2 Method
2.1 Three-Dimensional Micro Pore Geometry Reconstruction
The 3D rock pore model used in this study was extracted from images of a cylindrical core
of Berea sandstone obtained by means of a multi-slice micro-CT scanner at the resolution
required to accurately resolve the pore conduits through which fluid flows. The scanned
Berea sandstone was a well-sorted and homogeneous rock (Fig. 1). The sizes of the datasets
were 1024 × 1024 pixels laterally, and the size of each pixel was 3.2 µm. The total dataset
was composed of 396 slices at intervals of 5 µm . These 2D pixel images were linearly
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Fig. 1 a CT images, b binary rock matrix, and c reconstructed 3D pore geometry of Berea sandstone. In
panel b, brown represents the solid area and gray denotes the pore space

interpolated to generate a voxel-based 3D volume (Fig. 1c). These images were processed
(segmented) to precisely identify the mineral/pore interfaces.
In the image data, each pixel corresponds to a byte value, which stores a greyscale value
[0–255] that represents the attenuation of the rock at that point. This value is proportional
to the density of the material: the higher the value, the denser the pixel. Consequently, pore
space usually has low attenuation values, which can be discriminated by a selected threshold.
A typical porosity for Berea sandstone is around 20 % Øren and Bakke (2003), which we used
to determine the threshold in the greyscale: the numerical porosity of the rock is calculated
by φporosity = VV /VT , in which VV is the number of fluid lattice points and VT is the total
number of lattice points. As a result, we used this threshold to filter the attenuation values of
the CT image and convert the greyscale to a binary (0 pore pixel, 1 solid pixel) (Fig. 1b). The
binary values representing the rock matrix were then directly loaded into the fluid solver as
the solid boundary for the simulation.
2.2 Lattice Boltzmann Approach
2.2.1 The Lattice Boltzmann model
Previous multi-phase lattice Boltzmann models have been proposed to solve immiscible liquid CO2 –water flow systems in porous media. Shan and Chen (1993) use an interaction
force between the particles to mimic microscopic interactions. An interface can be generated in the Shan–Chen model by modifying the surface-tension-related terms in the collision
operators using the inter-particle potentials. However, this model creates severe spurious
currents near interfaces. The free-energy approach (Swift et al. 1996) implements an equilibrium pressure tensor for a nonideal fluid in the collision operator to treat multi-phase flows.
This method can avoid thermodynamic inconsistency and reduces the spurious velocities
in the interfacial region. A major drawback of this approach is that the viscous terms in the
resulting macroscopic equations do not satisfy Galilean invariance. In contrast, the Rothman–
Keller/Gunstensen (RK) model (Gunstensen et al. 1991), which solves a color gradient for
phase separation, is able to allow variations of density and viscosity and preserves the local
mass of each phase. An extensive review of these models for multi-phase flow was presented by Aidun and Clausen (2010). In the present study, we adopt an optimized version
of the RK-model (Toelke et al. 2006) which uses a multiple-relaxation-time lattice Boltzmann approach. This approach permits higher viscosity ratios and lower capillary numbers
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than previous lattice Boltzmann multi-phase extensions (Yang and Boek 2013). Furthermore,
parameters such as IFT, density ratio, and viscosity ratio can be adjusted independently. This
feature allows us to focus on analysis of the IFT effect individually. A detailed description
of the model is given in Appendix 1.

2.2.2 Grid Generation
The binarized porous media data reconstructed from CT images is mapped to a uniform
Cartesian grid. The system size for the digital sample of Berea sandstone is 320 × 320
× 320, with a resolution of δx = 3.2 µm. The tomographic voxel set (Fig. 1c) is used
directly as the computational grid, which means the mesh size is equal to the pixel size
of the CT images. This non-degraded grid preserves full geometric information but results
in an extreme computational demand, which we addressed by utilizing the parallel GPU
computing technology described in Sect. 2.3 Although this kind of geometrical representation
has first order accuracy because of the stepwise boundary approximation, high computational
accuracy is achieved by using an extremely high-resolution grid.

2.2.3 Computation Conditions
The most important set of parameters for achieving numerical accuracy and stability is
the matrix of relaxation rates for the transferred moments (Appendix 1), the values for
which have to be chosen in the range [0,2] (Lallemand and Luo 2000). The optimum values
depend on the specific geometry and initial and boundary conditions of the system. These
optimal parameters are usually unknown in advance for the general case. In our model, these
parameters are selected according to Ahrenholz et al. (2008). A no-slip boundary condition
is applied at the fluid–solid interfaces; a bounce-back scheme is implemented by reflecting
fluid particles moving toward a solid boundary back toward the fluid node from which they
originated. The wetting properties of the porous media are set such that the wetting phase
perfectly wets the solid. Different wetting conditions such as wetting with a non-zero contact
angle or mixed wetting can be easily incorporated by changing the order parameter (refer to
Sect. 2.4.2) on the solid wall. Because we focus here on investigating the effects of IFT, only
the strongest wetting property (i.e., φwall = 1.0, total wetting) is considered to enhance the
effect of the capillary force.
Two kinds of simulations were carried out to investigate the IFT effects on the flow
of the immiscible fluids inside the porous media: (1) steady-state flow and (2) dynamic
displacement. The initial conditions and boundary conditions of the inlet and outlet differ
from each other as described in the following description of the two simulations.
Steady-State Simulation To mimic a steady-state experiment, two phases of fluids are randomly distributed in the pore space according to the initially prescribed saturation. Periodic
boundary conditions are used at the inlet and outlet boundaries so that conservation of mass is
ensured within the system. The phase saturation thus remains constant during the simulation.
To calculate the relative permeability, a two-phase flow is imposed, driven only by a pressure
gradient in the positive y direction of the rock. The pressure gradient is achieved by adding
a body force. The relationship between the body force g and the pressure drop ∇ P can be
expressed as:
Pi − Po
∇P =
= gρ,
(1)
L
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where Pi and Po are the pressures at the inlet and outlet boundary, respectively; L is the
length of the sample area in the direction of flow (distance between inlet and outlet), and ρ is
the fluid density. To reproduce the relative permeability curve, the average flux is calculated
until the system reaches equilibrium at a given wetting phase saturation Sw . With the pressure
gradient, the relative permeability is calculated by:
knw = −

Q nw νnw L
Q w νw L
, kw = −
,
kabsolute A P
kabsolute A P

(2)

where the subscripts “nw” and “w” refer to non-wetting and wetting phase, respectively.
Q nw and Q w are the calculated flux, and νis the dynamic viscosity of the fluid. kabsolute is
the absolute permeability derived from single-phase simulation and A is the cross sectional
area of the sample.
Dynamic Displacement Simulation Dynamic displacement simulation is performed by injecting a non-wetting fluid into the digital rock model (Fig. 1), which is initially fully saturated
with a wetting fluid. This mimics a primary drainage displacement. The pressure boundary
conditions, rather than periodic conditions, are imposed at the inlet and outlet boundaries.
This is done by copying all moments (Eq. 15) and the phase field values, ρw and ρn , from
the layer adjacent to the boundary, and setting the prescribed pressure. Then the distribution
functions on the boundary are obtained by transformation from the moments using the inverse
of the transformation matrix M (see Appendix 1). The pressure difference between the inlet
and outlet is kept constant during the simulation.
2.3 GPU Parallel Implementation
The multi-phase LBM described above has three remarkable advantages. First, almost all
the calculations are local; second, complicated procedures for interface tracking are not
necessary; and third, the scheme is purely explicit without solving any Poisson equations.
These properties are very favorable for parallel computing. Single-phase LBM has been
successfully accelerated by GPU computing (Wang and Aoki 2011; Obrecht et al. 2011). In
this study, the multi-phase LBM is implemented in a lab-scale cluster that is composed of
three nodes equipped with six Tesla C2070 GPUs.
Because the microprocessors of the GPU chips are thread-block organized at the logical
level, parallel computing inside a single GPU board is to essentially define a relationship
between thread/block IDs (threadIdx.x/y, blockIdx.x/y) and lattice nodes. Here, we define a
grid of blocks in the x- and y-directions, and assign each block a number of threads in each
direction corresponding to the number of lattice nodes (Fig. 2). Consequently, one thread
is responsible for calculating a column of lattice nodes along the z direction. The block
size (blockDimx, blockDimy) should be determined at the beginning of the calculation, and
the numbers of blocks in the x and y directions are therefore Nx/blockDimx, Ny/blockDimy,
respectively. Consequently, there is no need to loop in the x and y directions in the kernel
code and all the threads are automatically ordered by the GPU controller and executed
simultaneously. We obtain the following relations between thread/block IDs and nodes index
jx,jy in the x and y directions (Fig. 2):
j x = block Dim.x × block I d x.x + thr ead I d x.x;

(3)

j y = block Dim.y × block I d x.y + thr ead I d x.y.

(4)

Another important point to consider is the data layout of the array to store the particle
distribution function. Because the threads do not access the memory individually, but in
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Fig. 2 Domain distribution in the CUDA framework. a Physical node assignment. b Logical block/thread
partition. Each thread is assigned to a single (x, y) value and works on all z values

groups of 32, which are called warps, the GPU will coalesce access to the contiguous memory
elements in single-access groups of 128 bytes in length. As a result, continuous memory
access is extremely important to exploit the maximum memory bandwidth. Previous GPU
LBM implementations by Tölke and Krafczyk (2008) and Obrecht et al. (2011) have shown
that a structure of arrays of fluid packets in memory allows coalesced global memory accesses.
Here, to store the particle distribution, a one-dimensional data array is adopted in which the
data layout is defined as i × L z × L y × L x + j z × L y × L x + j y × L x + j x. To reduce the
data memory access, the collision step and the stream step are combined. As a consequence,
the computational efficiency is increased by 30 %.
To simulate a large-scale system, two memory-saving schemes have been incorporated
into our code due to the limited memory space in a single GPU board. First, we adopted a
space-efficient storage method (Bailey et al. 2009) in which both collision and propagation
processes evolve in a single array with the size of a grid cell at one time step. Consequently,
the memory usage for storing the distribution function is reduced 50 %. Second, we only store
two additional variables of densities ρw and ρn for the phase field, and the 19 corresponding
distribution functions needed to evolve each field are locally calculated from the equilibrium
state (Appendix 1).
Moreover, for extremely large-scale simulation, multi-GPU implementation is necessary.
A simple domain decomposition along the z direction is performed, and each GPU is assigned
a subdomain of the total computational volume. For each interface between these subdomains,
we use one additional layer of ghost cells which are synchronized at every time step to ensure
the correct calculation of the color gradient.
Data communications have to be carried out between neighboring GPU boards at each
time step. There are two patterns of data transfer mode. One is the data transfer between
GPUs on different motherboards, and the other is between GPUs connected to the same
PCI-E bus on one motherboard. For the first case, the data transfer has to be conducted
through host CPU sides, whereas the second can be carried out by using direct peer-to-peer
communication features (Fig. 3). Ghost cell data that need to be exchanged between hosts
are transferred by an message passing interface (MPI) library. The data exchange between
device and host is the most limiting factor. To improve the efficiency, we used pinned-host
memory and only exchanged the values that were absolutely necessary corresponding to five
distribution functions for the velocity field and two densities for the phase field.
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Fig. 3 Communication scheme showing data transfer between different GPU boards: unified virtual addressing (UVA) CUDA memory copy between host and device; peer-to-peer memory copy between devices in the
same node; MPI data exchange between hosts. Ghost cells are represented by black filled squares

The developed GPU-based solver achieved 80 times faster computation than serial CPU
computation. With this highly efficient multi-phase LBM code, large-scale computation with
sufficiently high resolution for digital models of real rock samples becomes possible.
2.4 Validation
2.4.1 Relative Permeability Validation
To validate the relative permeability calculation of the steady- state simulation, we first
consider co-current annular flow in a cylindrical pore. The pore is filled with a wetting fluid
along the walls, and non-wetting fluid in the center. The relative permeability for this case is
analytically given (Goldsmith and Mason 1963) by
2
knw = 2Snw M + Snw
(1 − 2M) , kw = Sw2 ,

(5)

where S is the saturation, M denotes the viscosity ratio, and the subscripts “nw” and “w”
refer to non-wetting fluid and wetting fluid, respectively. To verify our numerical method,
the relative permeability curves are computed for this co-current annular flow. Here the
viscosity ratio of the two phases is set to 1. Comparison of the simulated and analytical
relative permeabilities (Fig. 4) demonstrates that the computed relative permeability is in
excellent agreement with the analytical solution.
2.4.2 Surface Wettability
The wettability of solid phase always plays an important role in two-phase fluid systems in
porous media. Three IFTs are involved, and horizontal forces are balanced as:
σs-nw = σs-w + σw-nw cos θ,

(6)

where σs-nw is the IFT between the solid and non-wetting phase, σs-w is IFT between the solid
and wetting phase, σw-nw is the IFT between wetting and non-wetting phase, and θ is the
contact angle. The wetting tendency of the wall can be controlled by setting a virtual order
parameter φwall on the solid lattice nodes to a value from −1 (non-wetting/hydrophobic) to 1
(wetting/hydrophilic) or somewhere in between. The fluid solid interaction is implemented
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Fig. 4 Relative permeability for co-current annular flow in a circular tube with radius r = 40 voxels and
viscosity ratio M = 1

Fig. 5 Droplet on a solid surface with contact angle 150◦ , 90◦ , and 30◦ . The corresponding wall order
parameter φwall are 0.866, 0, and −0.866, respectively

through the produced color gradient, so that the fluid phases feel different attraction and
repulsion by the walls. The target contact angle is able to be defined by the following simple
equation (Latva-Kokko and Rothman 2005):
cos θ = φwall .

(7)

To validate the solid phase wettability implementation, we perform static contact angle simulations in a 200 × 200 × 200 lattice domain. The initial condition is a semi-circular droplet
sitting along the center of the bottom wall. The periodic boundary is used in horizontal direction, while for the top and bottom wall half way bounce-back boundary condition is adopted.
The simulations were run until the shape of droplet does not change. It is clearly observed
(Fig. 5) that the simulated results agreed well with the preset contact angle parameter.

123

214

F. Jiang et al.

Fig. 6 a Geometrical description of the numerical domain for a bifurcating channel. b Snapshots of the
displacement in the bifurcating channel with different values of IFT

2.4.3 Two-Phase Flow Displacements in a Bifurcating Channel
A fundamental calculation of non-wetting fluid invasion into a bifurcating channel was
carried out to verify the numerical model for displacement simulation. This test simulation particularly concerns the relationship between IFT and invadable channel size. The
displacement dynamics are investigated in a three-dimensional Y-junction described by the
two-dimensional sketch given in Fig. 6a, where the z direction is orthogonal to the plane of
the figure. The channel widths L 1 of the upper and lower daughter branches are 12 and 20
lattice units (lu), respectively. The height of the channel L 2 is set to 40 lu. Three simulation
cases with IFT values of 0.2, 0.15, and 0.1 were carried out.
We found that at an IFT value of 0.2 the displacing fluid stops invading at the junction
(Fig. 6b). When the IFT value is reduced to 0.15, the displacing fluid passes through the lower
(wider) branch. Both the upper and lower channels are invaded in the case of the lowest IFT
of 0.1. These phenomena are related to the balance between the IFT force and the pressure
force. Under this kind of capillary equilibrium, the capillary pressure is defined as
Pc = 2
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where θ is the contact angle, R is the channel width or pore radius, and σ is the IFT. The
capillary pressure can be seen as the criterion for the pressure difference. In the dynamic
process, if the pressure difference is above this criterion, the displacing fluid is able to move
forward. In the simulation, the pressure drop between the inlet and the outlet is constant
(P = 0.05). Therefore, from Eq. (8), we can define a corresponding minimal entry size for
the dynamic displacement process. For a completely wettable wall, the theoretical contact
angle θ is 0◦ . As a result, the minimal entry sizes are calculated as 8, 6, and 4 lu for the three
different IFT cases (σ =0.2, 0.15, and 0.1). The equivalent curvature of a rectangular section
of pipe for the case of zero contact angle is given as (Bear 1972):
R = 1/ (2/L 1 + 2/L 2 ) .

(9)

Therefore the equivalent size is 4.671 for the upper branch and 6.67 for the lower branch. Our
simulation results (Fig. 6b) confirmed that invasion occurred in both branches at a minimal
entry size of 4 lu, while only the lower branch was displaced at entry size >6 lu. These results
are consistent with the above theoretical result.

3 Results and Discussion
The results of IFT effects are analyzed in terms of relative permeability by steady-state flow
and in terms of saturation evolution by dynamic fluid displacement simulations. The fluid
viscosity ν decided by the relaxation parameter sν (Appendix 1) was carefully chosen because
it may have a large influence on the calculated permeability (Pan et al. 2006). Here we set the
sν to 0.6, corresponding to a viscosity ν = 0.035. In this study, because we are interested in
IFT effects, the viscosities and densities of the two phases are set to the same values to avoid
viscous coupling effects. The body force g = 10−5 is used in the steady-state simulation,
while the pressure difference between the inlet and outlet is set at 0.05 for the dynamic
simulation. IFT (σ ) is parameterized in the simulation, while all the other parameters are
fixed.
Due to the extremely high resolution of the CT images, some small isolated (island)
pores exist in the reconstructed rock sample. During the steady-state simulation, a very large
capillary force will be generated at these small pores because two phases may co-exist within
the extremely small space. This phenomenon leads to calculation divergence when σ is larger
than 0.01. For the dynamic displacement simulation, in contrast, these small individual pore
spaces are initially occupied by the wetting phase and will never be invaded by the nonwetting phase. Consequently, dynamic displacement simulation can be performed for much
larger IFT, up to σ = 0.1.
3.1 Steady-State Flow
Simulations are first carried out to investigate the effect of IFT on relative permeability based
on the reconstructed Berea sandstone digital model (Fig. 1). We first fix the saturation at 0.5
and adjust the IFT parameter σ to check the relative permeability variation for the wetting
and non-wetting phase, respectively. Six cases with various IFT values from 0.0001 to 0.01
were considered. In the low IFT region, the relative permeability for the non-wetting phase
is much higher than that for the wetting phase (Fig. 7). Because the rock is set to be totally
wetting, a repulsive force near the solid node is generated in the non-wetting phase, whereas
an attractive force from the neighboring rock node occurs in the wetting phase. This leads to
frictional resistance that retards the flow rate of the wetting phase.
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Fig. 7 Relative permeability depended on IFT (Sw = 0.5)

Fig. 8 Relative permeability curves from the cases of σ = 0.0001 and σ = 0.01

The relative permeability curves are calculated by adjusting the initial saturation conditions
for two typical cases with σ = 0.0001 and σ = 0.01 (Fig. 8). The calculated relative permeability (Figs. 7, 8) decreases with increasing IFT for both phases, and the rate of decrease
in the non-wetting phase is much higher than in the wetting phase. For the extremely low
IFT case (σ = 0.0001), the relative permeability curve is characterized by an approximately
straight line, which is in agreement with the prediction of Asar and Handy (1988). The calculated non-wetting phase distributions at a saturation value of 0.8 (Fig. 9) shows that the
non-wetting droplets inside pore space are larger at higher IFT, σ = 0.01, although the initial
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Fig. 9 Non-wetting phase distribution in cross-sections of rock sample with wetting phase saturation 0.8 (red
non-wetting fluid. Dark gray wetting fluid. Light gray solid rock)

condition is similar in both cases. The larger size of the droplets leads to the decrease of the
relative permeability because larger droplets cannot pass through the small pore throats.
The numerical results shown above indicate that IFT plays an important role in hydrological properties of two-phase flow in porous media. Our steady-state simulation results confirm
that when the IFT is high (σ >0.005), the flows of both phases are suppressed because the
non-wetting fluid is trapped because of the large capillary pressure in the relatively small pore
space. This implies that the extended Darcy’s law for two-phase flow is not completely valid
because the non-wetting phase loses continuous connectivity in this situation. Consequently,
the relative permeability is not linear with IFT (Fig. 7). The deviations in non-wetting phase
velocity along the flow direction are calculated by
η = Ū y −

Ny
Nx
Nz 

1 
1
Ū y , Ū y =
Uy ,
Ny
Nx × Nz
i=1

(10)

i=1 j=1

where U y and Ū y are the local velocity and section-averaged velocity in the y direction (i.e.,
inlet to outlet direction), respectively (Fig. 10). The flow nonuniformity corresponds to the
intensity of the capillary trapping. Obviously, the severe deviations in high IFT cases (Fig. 10)
indicate that there is an increasingly higher proportion of trapped fluid at pore throats as IFT
values increase.
In contrast, for the extremely low IFT case (σ = 0.0001), the sum of the non-wetting
and wetting relative permeability values is nearly 1.0 (Fig. 7), which means that the total
two-phase flow rate is almost equal to the single-phase flow rate. This demonstrates that no
capillary trapping occurs in extremely low IFT conditions. It also explains why the curvatures
of the relative permeability curves diminish gradually as the IFT values decrease (Fig. 8) (Asar
and Handy 1988). This variation in relative permeability is critical information for reservoir
simulation in CCS or EOR projects.
3.2 Dynamic Fluid Displacement
Dynamic fluid displacement simulation on Berea sandstone with different IFT parameters is
performed by injecting non-wetting fluid into the reconstructed digital samples and displacing
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Fig. 10 Deviations of non-wetting flow rate along the flow direction for cases with IFT values of 0.0001,
0.006, and 0.01 (Sw = 0.5)

the wetting fluid. This simulation is conducted at IFT values, σ , varying in the range of
0.0001–0.1. The evolution of saturation distribution inside the digital samples is tracked
during the calculation. Calculations continue until the injected fluid saturation reaches a
nearly constant value Snw,max , which is when the system is assumed to have reached a semisteady (equilibrium) state. This semi-steady state is determined when the saturation change
meets the criterion
|Snw (t) − Snw (t − T )|
S =
≤ ε,
(11)
Snw (t)
where T is the output time interval. In this study, T = 4,000 and ε = 1.0 × 10−3 were adopted
based on numerical experiments. The computational time for a single case is less than 1 week
by using the GPU-based parallel method in a lab-scale cluster.
The non-wetting fluid invading processes of the Berea sandstone with IFT σ = 0.0001
and σ = 0.03 are compared in Fig. 11. The non-wetting white fluid is injected from the
left side of the digital sandstone and flows to the right, eventually breaking through (see
Supplementary material). These snapshots of momentary configurations indicate that the
invading fluid spreads much more widely at lower IFT. Due to the zigzag solid boundary,
the interfaces are much more convoluted in the high IFT case. The prioritized invading path
also differs between the two cases; for the high IFT case, displacement occurs in large pore
spaces first. Our simulation further shows that, in the case of lower IFT conditions, much of
the fluid passing the narrow pore throat will be disconnected and break into droplets, then
move forward as separated droplets.
The total evolution of injected fluid saturation at seven different IFT values (Fig. 12) shows
that the global non-wetting saturation Snw increases nonlinearly and finally approaches the
equilibrium value Snw,max . The equilibrium saturation values, penetration time-step, and
average velocity in the direction of invasion for the seven different IFT values are listed in
Table 1. The results confirm that decreasing IFT increases Snw,max (Fig. 12). In addition,
local saturation profiles Snw,l defined as:
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Fig. 11 Snapshots of the non-wetting fluid invasion simulation: a σ = 0.0001, b σ = 0.03. The solid phase
is shown in light gray, while the wetting fluid is transparent. The non-wetting white fluid is injected from left
to right. The size of the calculated cube is 1.024 mm

Fig. 12 Evolutions of the global saturation of injected fluid with different IFT values. The black triangles
denote the breakthrough point

Snw,l =


Γ

Vnw



Vpore ,

(12)

Γ

are calculated to perform quantitative comparison. Γ represents slices along the injection
direction, Vnw is voxel number occupied by the non-wetting phase and Vpore is voxel number
of total pore space inside specified slice. The saturation profiles of the invading fluid along
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Table 1 Results of dynamic displacement simulations for a range of different IFT values.
IFT

Penetration
time step t

Equilibrium
saturation Snw

Average velocity
U y (lu/lt)

0.0001

44,000

0.493

1.15 × 10−4

0.0512

0.005

70,000

0.484

1.01 × 10−4

2.56
5.12

Minimal entry
size R (µm)

0.01

86,000

0.473

0.86 × 10−4

0.03

198,000

0.348

0.41 × 10−4

15.36

0.05

340,000

0.271

0.23 × 10−4

25.6

0.08

NA

0.0927

0.0

40.96

0.1

NA

0.0581

0.0

51.2

Fig. 13 Profiles of local saturation Snw,l for the drainage process at semi-steady state when Snw,max is
achieved

the injection direction are compared in Fig. 13 at semi-steady state for drainage simulations
with the seven different IFT values.
Because high IFT induces blocking of the pore spaces, the permeability of the rock sample
decreases with increasing IFT, as observed in the steady-state case, and the penetration time
increases and the injectivity is reduced due to the decreased flow velocity. The penetration
time-step (i.e., breakthrough time) and IFT are linearly related in our simulation conditions
(Fig. 14). Although equilibrium saturations are similar in the region σ < 0.01 (Figs. 12, 13),
the invading velocity and penetration time-step still depend on the IFT.
Based on these numerical results, we can classify IFT into three ranges in which the distribution of saturation has different characteristics. For the high IFT range, σ > 0.08, invasion
stops very early, and non-wetting fluid is unable to penetrate the rock sample (Fig. 12). The
invading fluid is only distributed near the inlet, and local saturation decreases to zero rapidly
(red lines in Fig. 13). The average flow velocity in the displacement direction drops to zero
(Table 1) because the pressure difference fails to push the non-wetting flow forward due to
the high capillary force. In this case, the global Snw,max is below 0.1. However, in the lower
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Fig. 14 The average flow velocity and penetration time corresponding to different values of IFT

Fig. 15 The capillary number corresponding to different IFT value for dynamic displacement simulation.
The boundary separating capillary fingering and viscous fingering patterns zone locates between σ = 0.01
and σ = 0.03

IFT region (σ < 0.01), IFT has little impact on the invading fluid global saturation evolution
(Fig. 12) or the local saturation distribution (black lines in Fig. 13). Even if we reduce IFT
from 0.01 to 0.0001, the equilibrium saturation increases by only 4 %. Most of the passable
pore spaces are considered to be invaded at the final semi-steady (equilibrium) state of the
drainage process in this region. As a result, the equilibrium global saturation Snw,max tends
asymptotically towards a certain limiting value. When 0.01 < σ < 0.08, which is the middle
zone of the tested IFT values, the equilibrium saturation varies considerably (Figs. 12, 13).
With gradually increasing IFT, pore spaces of certain sizes become impossible to
invade.
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Fig. 16 Displacement patterns at time step T = 120,000 for cases with different IFT value: from stable displacement (up three cases) to capillary fingering (middle two cases). The bottom two cases shows displacement
patterns that invading fluid failed to break through

The dimensionless capillary number is often used to characterize multi-phase flow behavior in porous media. To reveal the physical sense of these obtained results, we calculated the
capillary numbers (Ca) of these tested cases. The relationship between capillary number and
IFT is shown in Fig. 15. Same zones can be observed again, IFT and capillary are in log linear
relationship in the lower IFT region (σ ≤ 0.01), while capillary number decreased rapidly
when σ ≥ 0.03. For the highest IFT range, capillary number drops to zero due to zero flux.
Generally, there are three typical displacement patterns: capillary fingering, viscous fingering, and stable displacement (Lenormand and Zarcone 1989). For stable displacement, the
front of the displacing fluid is almost flat with some irregularities at the scale of a few pores.
For viscous fingering, tree-like fingers spread over the whole porous medium and present
no loops. For capillary fingering, the fingers grow in all directions, even backward. The displaced fluid is able to be trapped due to the loops formed by the fingers. Here, the capillary
numbers various from 10−2 to 10−8 . It can be found from Fig. 16 that the displacement
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Fig. 17 Invading fluid configuration of high IFT (gray) and low IFT (red) at the same global saturation,
Snw = 0.1. The size of the calculated cube is 1.024 mm

process of cases with σ ≤ 0.01 behaviors like viscous fingering patterns, since invading
fluid are moving forwards with front of tree-like fingers, while for large IFT value σ ≥ 0.03,
the capillary fingering is dominant because the movement of a finger toward the inlet is
observed.
The differences in the invaded pore spaces are shown in Fig. 17, in which the invading
fluid distributions at IFT 0.0001 and 0.05 at the same global saturation of 0.1 are compared.
The injected fluid permeated into much smaller pore sizes at σ = 0.0001. The invading
fluid distributions at section y = 60 (i.e., sliced perpendicular to the flow direction) are also
characterized in the equilibrium state (Fig. 18). The injected fluid is distributed widely and
permeates very small pore spaces in the low IFT zone (σ < 0.01), whereas very limited pore
spaces are occupied by the non-wetting phase in the large IFT zone (σ > 0.08). Figure 18
also proves that the lower the IFT, the smaller the pores that can be invaded.
According to the validation described in Sect. 2.4.3, we can estimate the entry
sizes (Table 1) under the assumption that the pore throat has a square cross-section. When
we decrease the IFT from 0.03 to 0.01, corresponding to entry sizes from 15.36 to 5.12 µm,
a jump in the saturation is observed (Fig. 12). This indicates that most of the penetrable
pore-throat sizes are concentrated between 5.12 and 15.36 µm. This is approximately consistent with the results of a mercury porosimetry experiment that showed a pore-throat size
of 15 µm for Berea sandstone (Chen et al. 2003). For entry sizes lower than 5.12 µm
(σ < 0.01), most passable pore spaces are displaced (Fig. 18). Because the injected fluid
is unable to break through when σ > 0.08, it can be predicted that the largest porethroat size is below 40.96 µm in the reconstructed rock sample. Therefore, through these
dynamic displacement simulations, we can approximately evaluate the global distribution
in pore-throat size from the crucial values of IFT derived from the invading fluid evolution
(Fig. 12).
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Fig. 18 Injected fluid distributions in the center region with IFTs ranging from 0.0001 to 0.1. The red regions
indicate non-wetting fluid

4 Summary
In this study we developed a highly efficient GPU-based, multi-phase LB method, and numerically investigated the IFT effects on the fluid flow characteristics inside the micro-scale pores
of natural sandstone. With the use of CUDA parallel computation technology, large-scale simulations on real digital rock sample are realized. Validations carried out by simulating the
co-current annular flow in a cylindrical pore and a single drop in contact with a solid surface demonstrate that the proposed method provides enough accuracy for calculating relative
permeability and mimicking the wetting phenomena. In addition, a displacement validation simulation in a bifurcating channel confirmed the relationship between entry size (i.e.,
pore-throat size) and IFT.
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Based on the results from steady-state two-phase flow simulation, the relative permeability
decreases with increasing IFT because of growing capillary trapping intensity. In extremely
low IFT conditions, the capillary trapping phenomenon disappears, and the curvatures of
the relative permeability curves diminish. The estimated variation in relative permeability is
crucial information in reservoir simulation.
The evolution of injected fluid saturation distributions was investigated by simulations
of non-steady state displacement. Two crucial IFT values, σ1 and σ2 , were found to exist,
forming three zones in which the displacement process has totally different characteristics.
Simulation results are discussed in terms of breakthrough time, displacement patterns, equilibrium invading fluid saturation, and mean flow velocity. It is found that when σ > σ2 , the
invading fluid fails to break through, whereas if σ1 < σ < σ2 , saturation increases linearly
with decreasing IFT. If we further reduce the IFT to σ1 , a saturation jump is observed, which
indicates that most of the penetrable pore-throat sizes are concentrated around the entry size
derived from σ1 . The pore-throat-size distributions can be approximately estimated from
these crucial IFT values.
Increasing IFT leads to the blocking of the pore spaces due to the trapping effect. Consequently, the permeability of the rock sample decreases, and breakthrough time increases.
In contrast, decreasing IFT results in smaller entry size and higher relative permeability,
which improves the injectivity of the invading fluid. The information obtained by the proposed numerical model can be used to improve the CO2 injection efficiency and increase the
storage capability of the reservoir.
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5 Appendix 1: Multi-phase Lattice Boltzmann Model
A D3Q19 (19 velocity vectors in 3D) lattice model is adopted, in which the 19 microscopic
velocities are sorted in antiparallel pairs for the convenience of the anti-diffusion recoloring
algorithm described later (Toelke et al. 2002). A brief description follows.
The multi-relaxation time collision operator (d’Humieres 1992) incorporating the effects
of surface tension was used here to enhance stability. The local propagation and collision
process of the fluid particle distribution can be described by:
f i (x + ei δt, t + δt) = f i (x, t) +

i,

i = 0, . . . , 18,

(13)

where δt is the time step and f i (x, t) is the particle distribution function that represents
the probability of finding a particle at node x and time t with velocity ei . The microscopic
velocities are given with
{ei ⎧
, i = 0, . . . 18}
⎫
0
0 ⎬
⎨ 0 c −c 0 0 0 0 c −c c −c c −c c −c 0 0
0
0 c −c c −c ,
= 0 0 0 c −c 0 0 c −c −c c 0 0
⎭
⎩
0 0 0 0 0 c −c 0 0
0
0 c −c −c c c −c −c c
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where c is a constant lattice reference velocity. The collision operator of the multiplerelaxation-time model is given by
 = M−1 S (Mf ) − meq ,

(14)

where M is the transformation matrix given in Toelke et al. (2006), which transforms the
distributions into moment space. The resulting moments m = M f are written as
m = δρ, e, ξ, ρ0 u x , qx , ρ0 u y , q y , ρ0 u z , qz , px x
πx x , pww , πww , px y , p yz , px z , m x , m y , m z ,

(15)

where δρ is the density variation, j = ρ0 u x , u y , u z is the momentum and ρ0 is the constant
reference density. The moments e, px x , pww , px z , p yz , px z of the second order are related to
the strain rate tensor. The moments of higher order are involved in higher order derivatives
of the flow field and their effect can be ignored. The equilibrium vector meq is composed
of equilibrium moments, which can be found in Toelke et al. (2006). During the collision,
the moments {m k , k = 0, 3, 5, 7} are always conserved, leading to mass and momentum
conservation of this algorithm. The macroscopic quantities density and momentum are given
by

ρ=
fi ,
(16)
i

ρ0 u =



ei f i .

(17)

i

The matrix S is a diagonal collision matrix indicating the relaxation rates which related
to the kinematic viscosity. The non-zero collision parameters Si,i (the eigenvalues of the
collision matrix M−1 SM) are
s1,1 = −se ,
s2,2 = −sξ ,
s4,4 = s6,6 = s8,8 = −sq ,
s10,10 = s12,12 = −sπ ,
s9,9 = s11,11 = s13,13 = s14,14 = s15,15 = −sν ,
s16,16 = s17,17 = s18,18 = −sm .

(18)

The relaxation rate sν is related to the kinematic viscosity ν by
1
ν
1
=3 2 + .
sν
c δt
2

(19)

The other parameters se ,sξ , sq , sπ , and sm have to be chosen in the range [0,2] and can
be tuned to improve accuracy and stability. The optimal choice of these parameters can be
referred to Ginzburg and Verhaeghe (2008).
A phase-field approach is introduced to treat the two-phase flow. A order parameter φ is
defined by using fluid densities field of wetting phase ρw and non-wetting phaseρn as
φ=

ρw − ρn
,
ρw + ρn

(20)

The value of φ is constant in the bulk of each fluid phase and varies in the range [−1,1] at the
diffusive fluid–fluid interface. The width of the interface is around 2–3 lattice units, which
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is smaller than other multi-component LB models (Yang and Boek 2013). The gradient of φ
in lattice framework is calculated as
3 
C (t, x) = 2
wi ei φ (t, x + ei t).
(21)
c t
i

The normalized gradient is
nα =

Cα
,
|C|

(22)

which defines the orientation of the interface. The advection of a scalar density field ψ,
(ψ = ρw orρn ), can be done by using the following LB equation for dimensionless density
distribution gi :
gi (t + t, x + ei t) = gieq (ψ (t, x) , u (t, x)).
The equilibrium distribution function is given by


3
eq
gi (ψ, u) = wi ψ 1 + 2 ei · u .
c

(23)

(24)

The velocity u is computed by the flow solver described above. The weight coefficients are
⎧
⎨ 1/3 i = 0
(25)
wi = 1/18 i = 1, · · · , 6
⎩
1/36 i = 7, · · · , 18.
The LB Eqs. (23) and (24) result in an advection–diffusion equation solver (Kehrwald 2003),
in which the diffusion coefficient is α = (1/6) c2 δt. This diffusion coefficient is usually
undesirable for immiscible fluids, therefore a recoloring algorithm is applied to cancel out
the diffusion effect and keep the interface sharp. In the recoloring step, we redistribute the
mass distributions of ρw and ρn in a way that the inner product of the gradient C and the
momentum of phase ρw is maximized. Two physical constraints have to be considered in this
algorithm: the conservation of the mass of each phase and the conservation of the momentum
of the sum of both phases. The detail recoloring algorithm used here can be found in Toelke
et al. (2002).
Generation of IFT is realized by modifying the equilibrium equations in the vicinity of
the interface that introducing a perturbation based on the gradient of the phase field. These
additional contributions of the interface to the equilibrium moments meq are


2
2
2
m in
(26)
1 = σ |C| n x + n y + n z = σ |C| ,


1
2
2
2
(27)
m in
9 = σ |C| 2n x − n y − n z ,
2


1
2
2
(28)
m in
11 = σ |C| n y − n z ,
2
1
(29)
m in
13 = σ |C| n x n y ,
2
1
(30)
m in
14 = σ |C| n y n z ,
2
1
(31)
m in
15 = σ |C| (n x n z ) ,
2
where σ is the surface tension, n x,y,z is the normalized gradient given in (Eq. 22), m in
1 represents the interfacial effect to the moment which corresponds to the microscopic kinetic energy,
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in
in
in
in
and m in
9 , m 11 , m 13 , m 14 , m 15 denote the interfacial effect to the seconder order moments
related to the viscous stress tensor. By the moment method with the additional terms for
treating the interface with surface tension, the numerical stability is improved significantly.
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