
Comparative study of VOF, LS, and VOSET on pore-scale immiscible
waterflooding modeling

Jiajun Peng a, Rui Song a, **, Yao Wang b, *, Hanmin Xiao c

a School of Geoscience and Technology, Southwest Petroleum University, Chengdu, 610500, China
b School of Civil Engineering and Architecture, Southwest University of Science and Technology, Mianyang, 621010, China
c Research Institute of Petroleum Exploration & Development, PetroChina Company Limited, Beijing, 100083, China

a r t i c l e i n f o

Article history:
Received 19 September 2020
Received in revised form
22 October 2020
Accepted 13 January 2021

Keywords:
Waterflooding
Oil recovery
VOSET
Displacement speed
Wettability

a b s t r a c t

The pore-scale mechanism of the waterflooding contributes to enhancing oil recovery, which has been
widely emphasized in the petroleum industry. In this paper, the performances and accuracy of three
tracking interface algorithms, including VOF, LS, and VOSET, are compared and analyzed through two-
phase flow in the conceptual model of pore-throat. The results show that the VOSET method com-
bines the advantages of the other two methods, which not only satisfies the mass conservation but also
improves the continuity of the physical quantities near the interface. Then, based on the binary image of
the pore, the two-dimensional micro pore model is reconstructed by extracting image contour. The grid
independence of the reconstructed pore model is verified by the single-phase flow simulation. The
waterflooding process in the reconstructed pore model is simulated using the VOSET method, and the
effects of displacement speed and wettability on the oil recovery are analyzed. The morphologies of
residual oil under different conditions of wettability are investigated and analyzed. The study provides a
basic theory for modeling the pore-scale oil-water flow and optimizing the scheme of the water
injection.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The pore-scale flow behavior is critical in enhancing oil recov-
ery, which has been widely emphasized in the petroleum industry
[1e3]. Many experimental efforts have been devoted to visualizing
the pore-scale flow process inside the pores, using traditional op-
tical technology [4,5], nuclear magnetic resonance [6], laser scan-
ning confocal microscopy [7], and micro-computed tomography
[8e10]. However, these visualized flow experiments have high re-
quirements for experimental conditions and costs. What’s more,

because the displacement experiments are usually destructive, it is
very difficult to achieve comparative experiments under different
conditions in the same sample. Compared with the experimental
methods, the pore-scale flow numerical simulation can not only
save experimental costs and time but also is applicable to simulate
complex in-situ conditions.

Nowadays, the most popular numerical methods to simulate the
pore-scale flow in rock mainly include the lattice Boltzmann
method, molecular dynamics, and computational fluid dynamics.
The Lattice-Boltzmann (LB) method, based on minimal lattice
formulation of the Boltzmann kinetic equation, was introduced in
1989 by Higuera and Jim�enez [11]. It solves a discrete, mesoscale
form of the Boltzmann equation to obtain the solution of the flow
field. And this method has been developed into a viable tool for
complex fluid, including the suspension of particles, deformable
capsules, single-phase fluid, multiphase flow, microfluidics,
chemical reaction flow, and turbulence. Compared with the tradi-
tional continuum method based on the discretized NS equations,
this method has great advantages in simple coding, easy treatment
of complex boundaries, and efficient parallelism [12]. However, this
method is time-consuming even with a massively parallel
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implementation, and the application of a relaxation factor limits
the use of the method in the single-factor analysis [13]. The MD
method characterizes the fluid flow through the statistics of all
molecules’ motion. In this method, the basic dynamics parameters
of each particle such as velocity, position, and interaction force can
be obtained by solving the Newton’s second law equation [14].
With the development of molecular dynamics theory, this method
is developed to be a powerful tool to analyze the mechanism of the
nanoscale fluid flow such as the adsorption and desorption of shale
gas [15], and nanoflow in nanotubes [16]. However, the MD simu-
lation is usually conducted in the single-tube model, and there are
few reports about its application in a complex porous media model.
The computational fluid dynamics method based on the continuum
assumption obtains the fluid density, velocity, temperature, and
pressure by computing the mass equation, momentum equation,
and energy equation [17]. There are many available codes and
commercial software such as Fluent, COMSOL, ANSYS, Abaqus, CFX,
etc. Currently, the combination of CFD-based numerical solver and
tracking interface method is widely recognized as an effective
approach to simulate the pore-scale fluid flowwith a wide range of
density and viscosity ratios due to its mass conservation principle
and superior numerical compute ability [18]. The tracking interface
methods mainly include the phase-field method, the volume of
fluid (VOF) method, the Level set (LS) method, and the coupled
volume of fluid and level set (VOSET) method [19]. The phase-field
method is realized by a diffuse interface technique rooted in the
density functional theory [20], which coupled the advective Cahn-
Hilliard and modified Navier-Stokes equations to solve the flow
field. The phase-field has great advantages in the easy treatment of
complex boundaries, mass conservation, and well interface conti-
nuity. However, there are still many issues needed to be optimized,
such as surface tension, wetting boundary, and computational ef-
ficiency [21].

The VOFmethodwas developed by Hirt and Nichols [22] in 1981
and had been widely used in the free-surface modeling of many
industrial processes such as enhancing oil recovery [23], carbon
dioxide storage [24], and proton exchange membrane fuel cells
[25,26]. Raeini et al. [27] used the VOF based finite-volume method
to model pore-scale two-phase flow through simple pore geome-
tries and investigated the effect of geometry and flow rate on
trapping and mobilization of the disconnected ganglia. Rabbani
et al. [28] used the VOF method to study the effects of intermediate
wettability on entry capillary pressure in the angular pores and
found that the angular pores of 60� with smaller shape factors led
to smaller entry capillary pressure. Wang et al. [10] used the VOF
method to simulate pore-scale waterflooding in rock with
nonuniform wettability and analyzed the effects of micro-macro
capillary number and wettability on trapping and mobilization of
residual oil. Aziz et al. [29] used the VOF method to simulate the
pore-scale dynamics of wettability alteration during low salinity
waterflooding and analyzed the effect of wettability of oil recovery.
The results showed that the presence of stagnant regions in the
tertiary oil recovery impeded the potential of wettability alteration
for additional oil recovery. However, since the VOF function is
discontinuous near the interface, its spatial derivative cannot be
accurately obtained. Thus, the physical quantities such as interface
curvature, surface tension, velocity, and pressure by this method
are poor continuity near the interface [30].

The LSmethodwas developed in 1988 byOsher and Sethian [31].
The LS function is defined in a way that it is negative for one phase,
positive for the other one, and zero for the interface. Thus, the
method solves an advection equation containing LS function to
obtain the zero-level set, which is the interface. Prodanovic and
Bryant [32] applied the level set method to track and describe the
interface duringdrainage andpore imbibitionevents in awide range

ofmicroscale geometries and proposed themethod for determining
critical curvatures for drainage and imbibition. The results indicated
that results by the method were well consistent with that by mea-
surements and other computational approaches. Gunde et al. [33]
adopted the Level Set method to determine the position of the
interface between two immiscible fluids during water flooding and
CO2 flooding in Berea sandstone and calculated the oil recovery.
Helland et al. [34] used the level setmethod tomodel the saturation-
controlled simulations of drainage in sandstone and observed the
spontaneous fluid redistributions with abrupt pressure jumps and
cooperative behavior, including snap-off and interface retraction
events. Friis et al. [35] coupled an existing software for structured
adaptive mesh refinement (AMR) and the level set method to
simulate the capillary-controlled displacement at the pore-scale.
Moataz et al. [36] simulated an oil blob mobilization within a sin-
gle pore by using the LSmethod and investigated the effect of water
ionic composition and surface roughness on pore-scale wettability
alteration. Because the LS function is continuous, the interface
normal vector or curve can be exactly calculated. Thus, the method
can obtain smooth physical quantities near the interface by the
smoothed Heaviside function containing LS function. However, its
calculationprocess does not satisfymass conservation,whichwould
cause mass loss/gain [37,38]. To improve the disadvantage, some
scholars tried to use a higher-order constraint or the fast marching
method to solve zero level set [39] or reduce the spatial discretiza-
tion errors [40]. However, it must be noted that none of them can
realize the mass conservation.

Combining the VOF and LSmethods, the coupled volume of fluid
and level set (CLSVOF) method was put forward by Sussman and
Puckett in 2000 [37]. Based on the existing work, Sun and Tao [41]
improved the CLSVOFmethod in 2010 andnamedVOSETmethod. In
their work, they used the models such as dam break, single bubble
static, and single bubble rising and found that the method was su-
perior for the two-phase flow simulation. Ling et al. [42] simulated
the process of the dambreak and single bubble rising and found that
the VOSETmethodwasmore accurate than the VOFmethod and the
LSmethod for gas-liquid two-phase flow. Li et al. [43] simulated the
rising process of a pair of bubbles side-by-side in a vertical channel
and studied the effect of surface tension on the bubbles rising tra-
jectory and speed. Ansari et al. [44] simulated the rising process of
bubbles in static liquid under different Morton and Eotvos numbers
and analyzed the effect of the initial shape of the bubbles on the
shape and speed of the end face. Sun et al. [45] introduced the IDEAL
algorithm to improve the VOSETmethod and simulated the 3D two-
phase flows with large density and viscosity ratio. Based on the
works of Sunet al., Caoet al. [46] proposed aVOSETmethodbasedon
unstructured triangular grids andused three classical test cases such
as static drop, dam break, Rayleigh-Taylor instability problems to
verify its feasibility and accuracy. Ling et al. [19] further proposed a
VOSET method for capturing the interface of two-phase flows in an
arbitrary polygon grid, which is verified by comparing the simula-
tion with the experiment. The all above researches show that the
VOSET method makes full use of the advantages of the VOF and LS
methods. It can not only accurately determine the interface and
ensure mass conservation, but also the obtained physical quantities
have good continuity near the interface. However, few studies were
reported for simulating complex two-phase flow process such as
waterflooding, CO2 flooding at the pore-scale. Thus, it is of great
significance to verify and evaluate the applicability of the VOSET
method in these complex two-phase flow simulations.

In this paper, the characteristics of the VOF method, LS method,
and VOSET method are compared and analyzed by the water-
flooding simulation of the single-pore conceptual model. Based on
the binary image of the pores, the two-dimensional micro-scale
pore model is reconstructed by extracting image contour. And the
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process of waterflooding in the reconstructed pore model is ach-
ieved by using the VOSET method. Finally, combining the simula-
tion results, the effects of displacement speed and wettability on
the morphologies of residual oil and oil recovery are analyzed.

2. Method and theory

2.1. The reconstruction of two-dimensional micro pore model

Based on the binary image of the pores, the reconstruction of the
two-dimensional micro pore model is completed by extracting
image contour [5], as shown in Fig. 1. The reconstruction mainly
includes the following three steps: Firstly, the binary image of the
pore is imported into the Algolab Raster software, the boundary of
the pore and rock skeleton is extracted and vectored. The vectored
boundary is saved as a dxf file, as shown in Fig. 1(b). Secondly, the
dxf file is imported into the ICEM software, and the fluid domain is
created in the region representing the pore space. Finally, the grid
model is reconstructed under a reasonable cell size, as shown in
Fig. 1(d). The length and width of the reconstructed model
are14mm and 9 mm, respectively.

The gridmodel shown in Fig.1(d) contains 66,800 triangular cells.
The statistical results of the skewness and aspect ratio of the recon-
structed model are shown in Fig. 2. The results indicate that the
maximum skewness of the reconstructed model is 0.56, and the
aspect ratioof thereconstructedmodel isdistributedbetween(2,4.7).
For the Fluent solver, the maximum skewness of the model cannot
exceed 0.95, and the grid aspect ratio should be controlled at (1, 5).
Thus, the grid of the reconstructed pore model has good quality.

2.2. Tracking interface algorithm of two-phase flow

2.2.1. The VOF method
The VOF method is suitable for tracking the interface of

immiscible multiphase flow with a clear interface. In the VOF
method, the volume fraction a is introduced to indicate the volume

fraction of fluid. In each control cell, the sum of the volume fraction
of each phase is 1. For the oil-water two-phase flow, the volume
fraction of the water and oil are recorded as aw and ao, respectively.
Thus, the continuity equation including the volume fraction of the
water is:

vðawrwÞ
vt

þV,ðawrw V
!Þ ¼ 0 (1)

where rw is the density of thewater. In this paper, it is assumed that
the oil-water two-phase flow is incompressible. Thus, the density
of the water is constant during the process of flow, the continuity
equation can be simplified as:

vðawÞ
vt

þV,ðaw V
!Þ ¼ 0 (2)

After solving the above continuity equation, the oil-water
interface can be determined. When the control cell is filled only
by thewater, the volume fraction of water is 1. when the control cell
is only filled by oil, the volume fraction of water is 0. When the
control cell contains the oil-water mixture, the volume fraction of
water distributes between 0 and 1. In each control cell, the sum of
the volume fraction of oil and water is 1:

aw þao ¼ 1 (3)

The velocity shared by all phases can be obtained by solving a
single momentum equation in the entire computational domain.
The fluid density r and viscosity m are related to volume fraction
through the momentum equation:

vðrV!Þ
vt

þV,ðrV!V
!Þ ¼ �vp

vt
þ V,

�
m

�
VV
!þVV

!T
��

þ r g!þ F
!

s

(4)

Where p is the fluid pressure, g is the gravity acceleration. The

Fig. 1. Reconstruction process of two-dimensional micro-scale pore finite element mesh model. (a) The binary image of the pores; (b) The extracted boundary of pore and the rock
skeleton; (c) The created fluid domain; (d) The reconstructed grid model of pores.
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term F
!

sdescribes the Laplace pressure acting at the interface. All
fluid physical properties can be calculated by their volume fraction
average in each computing cell:

r¼awrw þ aoro (5)

m¼awmw þ aomo (6)

In most VOF implementations, F
!

sis described by a continuum
surface force (CSF) that can be represented as:

F
!

s¼ skVa (7)

Where s is the interfacial tension between oil and water, and k is
the curvature of the interface computed by the local gradients of
the interface normal：

k¼V,
Va

jVaj (8)

The normal direction of the interface in these cells near the wall
is adjusted by the contact angle between fluid and solid wall so that
the curvature of the interface near the wall is adjusted. The contact
angle between fluid and wall is qw, the normal direction of the
interface in these cells can be represented as:

n¼ bnw cos qw þ btw sin qw (9)

Where,bnwandbtware the unit vectors normal and tangential to the
wall, respectively.

2.2.2. The LS method
In the LS method system, the interface is represented by a

smooth function f called level set function. The basic idea of this
method is to regard the fluid interface as the zero-level set, and the
level set function f must satisfy the condition of |Vf| ¼ 1. The level
set function can be described as [47]:

4ð r!; tÞ¼
8<
:

�dð r!;GðtÞÞ>0; r!2U1

0; r!2GðtÞ
dð r!;GðtÞÞ>0; r!2U2

(10)

Where G(t) is the interface at time t, d is the distance function,
which is the shortest distance from a point to the interface, U1

represents the fluid 1, U2 represents the fluid 2, as shown in Fig. 3.
During the process of flow, the interface will move and change.

Thus, the evolution of the level set function is achieved by:

v4

vt
þ V
!
,V4 ¼ 0 (11)

The reinitialization of the level set function f after each time
step is achieved by solving the transient problem of the equation
(12), which could ensure the solution accuracy.

�
4t ¼ Sð40Þð1� jV,4jÞ

4ð r!;0Þ ¼ 40ð r!Þ (12)

Whereft is the time derivative of the level set functionf, and S is
the sign function. With the evolution of time, the level set func-
tionfwill converge to |Vf|¼ 1. The curvature of the interface can be
obtained from the level set function f:

k¼V,
V4

jV4j (13)

Through the curvature of the interface, the surface tension can
be obtained:

Fs ¼ skdð4Þ V4jV4j
����
4¼0

(14)

Generally, the physical quantities near the interface are poor
continuity. Thus, the smoothed Heaviside function is introduced to
smooth the physical quantities near the interface:

Fig. 2. The histogram of model grid skewness and aspect ratio. (a)The statistical results of grid skewness; (b)The statistical results of grid aspect ratio.

Fig. 3. The schematic diagram of the level set function.
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Hε ¼

8>>><
>>>:

0 4< � ε

1
2

�
1þ 4

ε

� 1
p
sinðp4=εÞ

�
j4j � ε

1 4> ε

(15)

Where ε is usually 1.5 times of the cell size. Thus, the smoothed
fluid density and viscosity near the interface can be obtained:

r
ε
ð4Þ¼ rwð1� Hεð4ÞÞ þ roHεð4Þ (16)

m
ε
ð4Þ¼moð1� Hεð4ÞÞ þ moHεð4Þ (17)

2.2.3. The VOSET method
The VOSET method is proposed by coupling the advantages of

the VOF and LS methods [37,41]. In this method, both the VOF
function and LS function are used to construct the interface-front.
The size of the cell cut in which the likely interface passes
through is determined by the VOF function. And the direction of the
interface is calculated by the gradient of the LS function. The
technique of piecewise linear interface construction (PLIC) is
introduced during reconstructing the interface-front. The process
of interface-front reconstruction is shown in Fig. 4, which mainly
includes the following five steps:

(1) The interface-front cells filled with a two-phase mixture is
located. For these cells, the LS function f has both positive

and negative value or the VOF function a distributes between
0 and 1;

(2) The interface-front normal in each front cell is calculated
through the gradient of the LS function f;

(3) The position of the cut-through is determined by making
sure at least one corner of the cell is filled with the same fluid
in its neighboring cells;

(4) The intersection points between the cell centerline normal to
the interface and interface are found, which must meet the
VOF function;

(5) The intersection points between the interface and the cell
boundary are determined, and these intersection points
would be regarded as the front point.

3. Results and discussion

3.1. Single-phase flow simulation in the reconstructed model

Based on the reconstructed two-dimensional pore model in
section 2.1, the simulation of single-phase flow is carried out using
the Fluent software. During the simulation, the left side is inlet with
a velocity of 1 m/s, and the right is outlet with a pressure of 0 Pa.
And the remaining boundaries are set as non-slip and impermeable
walls. It is assumed that the flow is an incompressible laminar flow,
and the fluid is water with a density of 1000 kg/m3 and a viscosity
of 1 cP. The coupling between the fluid pressure and velocity is
achieved by using the Pressure Implicit with Splitting of Operators
(PISO). All the simulations in this paper are a constant temperature
process at 298K.

The distribution of the fluid pressure and velocity are shown in
Fig. 5. The results indicate that the fluid pressure decreases with the
increase of the distance from the inlet and changes drastically in
the narrow throat. From the velocity field, it can be found that the
fluid velocity is nonuniformity in the model. And there are two
main flow channels with large velocity in the middle and bottom of
the model.

By changing the cell size, the reconstructed pore model with
different cell numbers is generated, as shown in Table 1. And the
simulation of the single-phase flow is repeated in these recon-
structed models.

After the converging of the calculation, the relationship be-
tween the cell size and the outlet flow is shown in Fig. 6. The results
show that the fluctuation of the outlet flow gradually reduces with
the decrease of the cell size.When the cell size is less than 0.04mm,

Fig. 4. Schematic diagram of the interface-front reconstruction.

Fig. 5. Simulation results of single-phase flow. (a) the pressure field; (b) the velocity field.

Table 1
The number of Model cells.

Cell size 0.028 0.032 0.036 0.040 0.044 0.048 0.052 0.056 0.060

Cell number 126434 103768 82610 66800 55803 46679 40136 34662 29892
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the outlet flow remains stable. It can be seen that themaximum cell
size satisfying the grid independence is 0.04 mm, and the cell
number of the reconstructed model is 66800.

3.2. Comparison of the tracking interface algorithms for two-phase
flow

Based on the simulation of oil-water two-phase flow in the
conceptual model, the comparison of the VOF method, LS method,
and VOSET method is carried out. The long and wide of the con-
ceptual model are 2 mm and 1 mm respectively, as is shown in
Fig. 7. The structured grid is selected in this research, and the
maximum grid skewness is 0.22, and the grid aspect ratio distrib-
utes between 1.42 and 4.40.

The simulation adopts the same boundary conditions as the
simulation of single-phase flow in section 3.1. It is assumed that the
oil-water flow is incompressible and immiscible laminar, and the
fluid physical parameters are shown in Table 2. In the simulation
process, the model is initially saturated by the oil, and then the
water is injected from the left side to displace the oil. The injection
speed is set as 0.005m/s (capillary number¼ 1.04� 10�4) to ensure
that the flow is mainly controlled by capillary pressure.

The oil-water distribution under water-wetted and oil-wetted
conditions are shown in Fig. 8 and Fig. 9. The red and blue phases
represent the oil and the water, respectively. The results indicate
that all of these three methods are effective to simulate the oil-
water flow under different wettability. For the water-wetted con-
dition, the water preferentially wets the walls during water-
flooding. And the capillary pressure consistent with the flow
direction is the driving force for displacement. For the oil-wetted
condition, the water is the non-wetting phase and preferentially
displaces the oil along the center of the pore. At this time, the
capillary pressure opposite to the flow direction is the resistance for
displacement.

The comparison of the three methods is carried out to investi-
gate the mass conservation and the continuity of fluid quantities

Fig. 6. The relationship between cell size and outlet flow.

Fig. 7. The schematic diagram of the single pore conceptual model. (a) The single pore
conceptual model;(b) The structured grid of the model.

Table 2
Fluid physical parameters.

Fluid Density (kg/m3) Dynamic
viscosity (cP)

Surface tension
coefficient (N/m)

Oil 870 50 /
Water 1000 1 0.048

Fig. 8. The oil-water distribution under the water-wetted condition with a contact angle of 30� . (a) the results of the VOF method; (b) the results of the LS method; (c) the results of
the VOSET method. The flow time from left to right is 0.044s, 0.126s, and 0.188s.
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near the interface. The relationship between the volume flow ratios
of the inlet and outlet and flow time under the water-wetted
condition with a contact angle of 30� is shown in Fig. 10. The re-
sults indicate that the flow ratio of the VOF and VOSET methods are
constantly equal to 1, while that of the LSmethod seriously deviates
from 1 when the oil and water coexist in the fluid domain. For the
incompressible flow, the volume flow ratio of the inlet and outlet
should be equal to 1, when satisfying the mass conservation. Thus,
the VOF and VOSET methods satisfy mass conservation, except the
LS method.

The distribution of fluid density on the central axis of the model
(y ¼ 0.5 mm) under the water-wetted condition with a contact
angle of 30� is shown in Fig. 11. The results indicate that the fluid
density obtained by the VOF method has a sudden change near the
interface, while that obtained by the LS method and the VOSET
method have a smooth transition near the interface. The VOF
function is step near the interface, so it is difficult to obtain the

smooth fluid density near the interfaces using equation (5). How-
ever, because the level set function is continuous near the interface,
the fluid density obtained by equation (16) is very smooth near the
interface.

The fluid velocity contour obtained by the three methods at
0.126s is shown in Fig. 12. It can be found that the contour obtained
by the LS method is sparse near the interface and extreme points
are few, while the velocity field obtained by the VOF method has
poor continuity near the interface. And the VOSET method greatly
improves the smoothness of the contour map near the interface. In
which the obtained velocity contour near the interface is almost
equally spaced.When calculating the other fluid quantities near the
interface, these three methods use the same processing method as
the fluid density and velocity. Thus, these fluid quantities near the
interface have the same distribution characteristics as the fluid
density and velocity.

Fig. 9. The oil-water distribution under the oil-wetted condition with a contact angle of 150� . (a) the results of the VOF method; (b) the results of the LS method; (c) the results of
the VOSET method. The flow time from left to right is 0.044s, 0.126s, and 0.188s.

Fig. 10. The relationship between the volume flow ratio of the inlet and outlet and
flow time.

Fig. 11. The distribution of fluid density at the central axis of the model under the
water-wetted condition. The flow time is 0.126s.
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3.3. The waterflooding simulation in the reconstructed pore model
based on the VOSET method

3.3.1. The effects of water injection speed and wettability on the oil
recovery

The VOSET method is adopted to carry out the waterflooding
simulation in the reconstructed pore model. In the simulation,
when the volume of injected water is four times than the volume of
the pore, the waterflooding is considered to be completed. And the
boundary conditions are consistent with these in section 3.1, and
the fluid physical parameters are the same as Table 2.

The effect of displacement speed on oil recovery is studied in
strong water-wetted condition with a contact angle of 10�. The
relationship between the oil recovery and the displacement speed
is shown in Fig. 13. The results indicate that when the displacement
speed is between (0.01 m/s, 0.2 m/s), the oil recovery significantly
increases with the increase of the displacement speed. But when
the displacement speed exceeds 0.2 m/s, with the increase of the
displacement speed, the oil recovery gradually decreases.

The effect of wettability on oil recovery is also simulated when
the inlet velocity is set as 0.2 m/s. The relationship between the oil
recovery and the contact angle is shown in Fig. 14. The results
indicate that the oil recovery gradually decreases with the increase
of contact angle when the rock is saturated with oil. When the
model is strong water-wetted (0, 30�), the maximum oil recovery
can be obtained. When the model is strong oil-wetted (150�, 180�),
the oil recovery is minimum. When the model is weak and
intermediate-wetted, the oil recovery is most sensitive to the
wettability, and the oil recovery is almost linear with the contact
angle.

3.3.2. The viscous fingering phenomenon
The oil-water distribution with different displacement speed is

shown in Fig. 15. It can be found that there are obvious viscous

fingerings of the injected water at the oil-water front during the
process of waterflooding. And the higher the displacement speed is,
the more serious the fingering is. In Fig. 15(b), it can be found that
the injected water flows along the center of the pore and forms
many slender oil-water fronts. When these small oil-water fronts
are broken, the isolated water drops are formed before the new oil-
water front.

For the actual reservoir with a lot of fractures, the fingering will
lead the injected water to leak along with these fractures, which
will seriously reduce the oil recovery of waterflooding. And during
the development of the oilfield, the fracture will increase with the
displacement speed. This will not only waste the replenished en-
ergy by the injected water but also cause the breakthrough chan-
nels of the injected water. Thus, during the development of the
oilfield, it is essential to comprehensively analyze the factors of the
viscous fingering phenomenon, potential leakage of the injected
water in the fracture, and the cost of water injection to choose a
reasonable speed of the injected water.

3.3.3. The morphologies of residual oil
The distribution of residual oil under the different wetted con-

ditions is shown in Fig. 16. It can be seen that for strong water-
wetted condition, the morphologies of residual oil mainly include
isolated residual oil distributed in the center of the large pores and
columnar residual oil in the narrow and long throats at the corners
of the model. For strong oil-wetted condition, there is a large
amount of isolated residual oil distributed in the dead-end pores
and the junctions between the pore and the narrow throat. The
residual oil caused by the viscous fingering and detour flow of the
injectedwater is of large volume, as is shown in Fig.16(c). And there
is a great deal of obvious film oil on the pore and throat wall. For the
intermediate-wetted condition, the residual oil is mainly distrib-
uted in the dead-end pores and the throats connecting the large
pores.

Fig. 12. The fluid velocity contour under the water-wetted condition with a contact angle of 30� at 0.126s. (a)The result by the VOF method; (b) The result by the LS method; (c)The
result by the VOSET method.

Fig. 13. The relationship between recovery factor and displacement speed. Fig. 14. The relationship between oil recovery and contact angle.
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The oil-water distribution at 0.11 s at a displacement speed of
0.02 m/s under different wettability conditions is shown in Fig. 17.
The results indicate that in strong water-wetted pores, the water
preferentially flows along thewall surface. In this case, the capillary
pressure is the driving force for displacement. Because the capillary
pressure is greater in the smaller pore and throat, the injected
water preferentially follows these regions to displace the oil during
the waterflooding. This leads to the formation of isolated residual
oil in the center of the large pore under strong water-wetted res-
ervoirs. For strong oil-wetted condition, the capillary pressure is
resistance for waterflooding. Because the capillary pressure is
smaller in the large pores, the water will preferentially displace the
oil along the center of these large pores. This is the reason for the
formation of the residual oil in narrow dead-end pores and throat,
and residual film oil on the wall under strong oil-wetted condition.
For intermediate-wetted condition, the injected water will displace
the oil phase along the low resistance path.

In natural reservoirs, the pore structure is highly heterogeneous
in the three-dimensional space. For the strong water-wetted res-
ervoirs, the injected water preferentially flows along with the small
pores, which often causes detour flow and jamming effect, and
reduces the oil recovery. Therefore, in the actual development of
oilfields, weak water-wetted and intermediate wetted conditions
are more conducive for waterflooding.

4. Conclusions

In this paper, based on the binarization image, the two-
dimensional micro pore model is reconstructed by extracting im-
age contour. According to the single-phase flow simulation, the grid
independence of the reconstructed model is verified. The simula-
tion of oil-water two-phase flow in the single-pore conceptual
model is achieved. The performance of the VOF method, the LS
method, and the VOSET method are compared and analyzed.

Fig. 15. Oil-water distribution under different displacement speed. (a)The results for the displacement speed ¼ 0.05 m/s; (b)The results for the displacement speed ¼ 0.2 m/s; (c)
The results for the displacement speed ¼ 0.5 m/s.

Fig. 16. Residual oil distribution under different wetting conditions. (a)the result for the strong water-wetted condition; (b)the result for the intermediate-wetted condition; (c) the
result for the strong oil-wetted condition.

Fig. 17. The process of oil-water flow during waterflooding under different wettability conditions. (a)The results for contact angle ¼ 10�; (b)The results for contact angle ¼ 90�; (c)
The results for contact angle ¼ 170� .
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Finally, the simulation of waterflooding in the reconstructed pore
model is completed using the VOSET method. The following con-
clusions can be obtained:

(1) The calculation process of the VOF method satisfies mass
conservation, but the continuity of the physical quantities
near the interface is poor. While the LS method does not
satisfy mass conservation, but maintain the continuity of the
physical quantities near the interface. The VOSET method
combines the advantages of the two methods.

(2) The waterflooding simulation in the reconstructed pore
model shows that the oil recovery increases initially with the
displacement speed. However, When the displacement
speed exceeds 0.2 m/s, the oil recovery gradually decreases
by the viscous fingering. Thus, it is essential to comprehen-
sively analyze the factors of the viscous fingering phenom-
enon, potential leakage of the injected water in the fracture,
and the cost of water injection to choose a reasonable rate of
the injected water.

(3) The morphology of the residual oil differs from the wetta-
bility. In the strongwater-wettedmodel, themorphologies of
residual oil are mainly isolated residual oil distributed in the
center of the large pores, and columnar residual oil distrib-
uted in the narrow and long throats at the corners of the
model. In the strong oil-wetted model, a large amount of
isolated residual oil distributes in the dead-end pores and the
junctions between pore and throat. There are also large-
volume residual oil caused by the onrush and round-flow
of the injected water, and obvious film oil on the pore and
throat wall. In the intermediate-wetted model, the residual
oil mainly distributes in the dead-end pores, the throats
connecting the large pores, and the corners of the model.

(4) Under the strong water-wetted condition, because of larger
capillary pressure (driving force of waterflooding) in the
small pores and throats, the injected water would prefer-
entially displace the oil along these regions. This often causes
serious detour flow and jamming effect, which reduces the
oil recovery. Therefore, in the actual development of oilfields,
the EOR by the waterflooding is more conducive for the weak
water-wetted and intermediate-wetted reservoir.
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