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Water flooding is a commonly used method in oilfield development, and the water flooding process is essentially the process of
oil-water movement in porous media. Pore-scale flow law in water flooding process can guide the oilfield development plan, to
improve the oil recovery efficiency. In this paper, the computational domain is constructed from the CT scan images of real
cores. The oil-water flow process of the water flooding in the pore structure is simulated using the interFoam solver in
OpenFOAM. The influence of the displacement process and the distribution of the remaining oil is analyzed in three aspects:
the water cut curve, the state of the same water injection amount, and the final displacement state. The flow rate velocity
affects the water flooding swept range, and the recovery factor increases gradually with the increase of the flow rate. With
different injection velocity, the sweeping sequence of pores is different, and the location and shape of remaining oil are very
different. Due to the different dominant forces under different wettability states, the swept patterns of the core are also different.

1. Introduction

At present, most of China’s continental oilfields have
entered a period of high water cut or even ultrahigh water
cut. Two-thirds of the oil reserves remain in the under-
ground oil layers and cannot be exploited [1–3]. In the mid-
dle and late stage of oilfield development, water injection is
generally used. Experiments and data show that even in
the high water cut stage, there are still original oil areas in
the oil layer that have not been swept by water, and the
residual oil saturation is about 50%, which has great poten-
tial for production in depth. The occurrence form and distri-
bution characteristics of the remaining oil in the high water-
cut stage are closely related to the pore properties of the res-
ervoir. The changes of microscopic forces such as capillary

force have a particularly significant impact on the movement
process of the remaining oil [4]. Therefore, how to improve
the oil displacement efficiency in the high water cut stage has
become the focus of industry research.

There are two methods to study pore-scale water flooding:
microscopic physical experiment [5–9] and numerical simula-
tion [10–13]. Microscopic physical experiments can capture
the overall displacement law of the core and obtain the pore-
scale flow behaviors. It has been extensively used in the inves-
tigation of the multiphase flow behaviors in enhancing oil
recovery [14–16]. However, it is difficult for this method to
accurately measure the internal displacement law of the core,
especially the change and action mechanism of the micro-
scopic force. In the numerical simulation of pore-scale two-
phase flow, due to the existence of surface tension at the
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two-phase interface, accurate calculation of the interface sur-
face tension is the guarantee for calculating the microscale
two-phase flow. Tracking the oil-water interface accurately is
essential to capture oil-water phase behaviors. Generally, three
different methods, front-trackingmethod (FTM) [17], level set
method (LSM) [18], and volume of fluid (VOF) method [19],
can be generally used. In FTM, the oil-water interface is repre-
sented by a surface mesh. The movement of the interface is
realized by the movement of the grid points of the surface
mesh. With this method, the surface tension can be accurately
calculated. However, it is difficult for this method to treat com-
plex topological change of the oil-water interface. As a result,
this method is not suitable for tracking the oil-water interface
in the complex porous media. In LSM, the oil-water interface
is represented by the distance function to the oil-water inter-
face, and complex topological change of the oil-water interface
can be easily treated by this method. However, distance func-
tion does not have the information of the volume fraction, and
the phase is not conserved. In VOF, the oil-water interface is
represented by the phase volume fraction, and the volume is
kept conserved during the calculation process, and the inter-
face motion can be accurately tracked by using a high-
precision solution algorithm or an accurate interface recon-
struction technology. This method has been extensively used
in the pore-scale simulation multiphase flow [10–13, 20, 21].

There are many previous studies on flow behaviors in
water flooding process, and very valuable pore scale flow
characteristics and phenomena have been obtained. How-
ever, there are few studies on oil-water distribution evolution
and water flooding characteristics remaining oil distribution
in different oil-water development cycles through numerical
simulation technology under different injection rates and
wettability. In this paper, the two-phase interfacial flow
solver interFoam in OpenFOAM [22] is employed to track
the oil-water flow. In this paper, the two-phase interfacial
flow solver interFoam in OpenFOAM [22] is employed to
track the oil-water flow. The interFoam solver uses Navier-
Stokes equation to describe the oil-water motion and VOF
method to represent the phase distribution. This solver has
been validated in the work [23] and has been used in the
simulation of pore-scale multiphase flow [24, 25], success-
fully. In the work, a physical model reconstructed from CT
image of the sand stone, and numerical simulation of oil-
water flow in the pore-space under different flow rate and
different wettability is performed, and the characteristic of
the remaining oil is also derived. The work is arranged as
follows: the mathematical model is given in Section 2; the
physical model, numerical condition, and boundary condi-
tion are given in Section 3; results and discussions are given
in Section 4; and conclusions are given in the final section.

2. Mathematical Model

2.1. Continuity Equation.

∇∙u = 0, ð1Þ

where u is the velocity of water or oil.

2.2. Momentum Equation. In this work, Navier-Stokes equa-
tion is used to describe the oil-water motion.

∂ρu
∂t

+∇∙ ρuuð Þ−∇∙ μτð Þ = −∇p + ρg + σkδsn, ð2Þ

where t is time, p is pressure, g is gravity acceleration, σ is
surface tension coefficient, k is the interface curvature, δs is
interface area per volume, and n is interface normal. ρ is
the average density, given by

ρ = αρw + 1 − αð Þρo: ð3Þ

ρw and ρo are density of water and oil, respectively. α is
water volume fraction. μ is the average dynamic viscosity,
given by

μ = αμw + 1 − αð Þμo: ð4Þ

μw and μo are the dynamic viscosity of water and oil,
respectively.

2.3. Volume Fraction Equation. In this paper, the VOF
method is used to track the oil-water interface. This method
uses the volume fraction α to represent the phase. When it
equals to 1, the cell is occupied by water. When it equals to
0, the cell is occupied by oil; when it is between 0 and 1,
the cell contains the oil-water interface.

∂α
∂t

+∇∙ αuð Þ = 0, ð5Þ

where α is the water volume fraction.

3. Physical Model, Physical Boundary, and
Numerical Boundary

The physical model used in this work is the computed
tomography (CT) image of a sand stone, which is shown
in Figure 1. The physical model is from Member 3 of Sha
He Jie formation, Gudao Shengli Oil Field, China. The
porosity of the porous medium is 0.29. In this image, black
denotes pore channels, and white denotes stones. Because
the shape of the pore throat channel is irregular and the
structure is complex, a triangular mesh is used. The mesh
includes 340124 elements, in the channels with smallest pore
radius having about 20 mesh elements in radial direction,
which is dense enough for oil-water flow in the porous
media. In the meanwhile, we have also conducted the grid
independence with 170450 mesh elements, 340124 mesh ele-
ments, and 652135 elements. It is found that the final oil-
water distributions in the case with 340124 elements and
the case with 652135 elements are almost the same. In order
to lower the computational expense, the mesh with 340124 is
employed in the later numerical tests. The model is a two-
dimensional core structure with a length of 1mm and a
width of 0.9mm. Gravity acceleration is not considered in
the simulation.
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The porous medium is filled with oil initially. A is the
inlet and B is the outlet; other boundaries are walls. The
boundary conditions used in the simulation are given in
Table 1. We use Neumann boundary condition for pressure
at the inlet and wall and for the velocity and water volume
fraction at the outlet. We use Dirichlet boundary condition
for velocity at the inlet and wall and water volume fraction
at the inlet, for pressure at the outlet. The physical properties
of fluid used in the simulation are shown in Table 2. In order
to investigate the injection velocity and wettability on the
oil-water flow, we performed 25 test cases in this work.
The injection velocities and contact angles in the tests are
given in Table 3.

4. Results and Discussion

4.1. Effect of Flooding Velocity on the Oil-Water Flow. In
order to investigate the effect of the injection velocity on
the water flooding process, five different groups, 1-5, 6-10,
11-15, 15-20, and 20-25, were set in the simulation. Each
group had the same contact angle, which was used to simu-
late five different states of wettability, i.e., strong water-wet,
weak water-wet, neutral-wet, weak oil-wet, and strong oil-
wet.

4.1.1. Water Flooding Curve. Figure 2 shows the water flood-
ing curve with different injection velocities at different con-
tact angles: (a) θ = 25 ° (strong water-wet); (b) θ = 165 °
(strong oil-wet). It can be seen that under the same wettabil-
ity conditions, the higher the injection velocity, the higher
the final water saturation, that is, the higher the oil recovery
efficiency. And under the same wettability conditions, the
water breakthrough time is basically the same. As shown in
Figure 2(a), when the water saturation is about 0.32, there
is water at the outlet. The velocity has little effect on the
water-free oil recovery period. As can be seen from
Figure 3(b), in the oil-wet state, the final water saturation
at the velocity u = 0:25m · s−1 is higher than the water satu-
ration at u = 0:30m · s−1. Therefore, it can be inferred that
when the displacement velocity is higher than a certain
value, the increase of the displacement velocity will lead to
the decrease of the oil displacement efficiency. In the strong

oil-wet rock, the water flooding process is a typical drainage
displacement, in which water is the nonwetting phase and oil
is the wetting phase. As the increase of the flow rate, the
drainage displacement pattern of water exhibits a transition
from capillary fingering to viscous fingering, resulting in a
decrease of water saturation [26]. In viscous fingering, the
thin fingers followed a number of preferential flow path in
the same direction as the injection and no backward move-
ment. Therefore, it can be inferred that when the displace-
ment velocity is higher than a certain value, the increase of
the displacement velocity will lead to the decrease of the
oil displacement efficiency. This can be explained as follows:
in the strong oil-wet rock, the water flooding process is a
typical drainage displacement, in which water is the nonwet-
ting phase and oil is the wetting phase. As the increase of the
flow rate, the drainage displacement pattern of water
exhibits a transition from capillary fingering to viscous fin-
gering, resulting in a decrease of water saturation [26]. In
viscous fingering, the thin fingers followed a number of pref-
erential flow path in the same direction as the injection and
no backward movement. Therefore, it can be inferred that
when the displacement velocity is higher than a certain
value, the increase of the displacement velocity will lead to
the decrease of the oil displacement efficiency.

4.1.2. Oil-Water Distribution with Same Injection Volume
under Different Injection Velocity. Figures 4(a)–4(d) show
oil distribution with same injection volume under different
injection velocity (0.10m·s-1, 0.15m·s-1, 0.20m·s-1, and
0.25m·s-1) under the water-wet condition (contact angle θ
= 25 ° ) before water breakthrough. In the figure, black rep-
resents oil, and gray represents water. It can be seen from the
figure that, in general, there is little difference in the vertical
and horizontal swept of different injection velocity, but there
are some differences in the channels swept among different
injection velocity. Under low-velocity conditions, the effect
of fluid capillary action on the flow is relatively strong,
which makes some channels with small pore radius more
easily broken through in low-velocity conditions. The chan-
nel at point E in Figure 4(a), which is broken through at an
inlet velocity of 0.10m·s-1, but not at other higher velocities.
The high pressure gradient created by the high injection
velocity makes it easier for the fluid to break through in
the direction of the shortest path. The fluid cannot pass
through the channel where point A is located in
Figure 4(a) at low speed, but can break through the channel
at high speed, as shown in Figures 4(b)–4(d). Conversely, for
channel B, which is parallel to the channel at point A, the
fluid breaks through at low speed, but does not break
through at high speed. From the different behaviors of the
two channels A and B at different velocities in Figure 4(a),

Figure 1: Pore geometry.

Table 1: Boundary conditions.

Variables Inlet Outlet Wall

p Neumann Dirichlet Neumann

u Dirichlet Neumann Dirichlet

α Dirichlet Neumann contactAngle
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it can be found that under the condition of high-speed flood-
ing in the hydrophilic environment, the fluid first selects the
large-pore channel to flow and then flows from the large-
pore channel into the small channels, as shown at point A
in Figure 4(b). Under low-velocity conditions, the fluid first
chooses small pore channels and then flows from small pore
channels into large pore channels, as shown by point B in
Figure 4(a). In the ultrahigh-speed environment, small pores
and large pores may be simultaneously broken through,
eventually resulting in the retention of oil in some channels
perpendicular to the flow direction, similar to the position D
in Figure 4(d). This phenomenon occurs in an oil-wet envi-
ronment more common.

Figure 5 shows the distribution of oil and water at a cer-
tain time point before the outlet breaks into water under the
same water injection volume and different water injection
rates under oil-wet conditions. In the figure, black represents
oil, and gray represents water. It can be seen from the figure
that when the water injection volume is the same, the water

injection velocity has little effect on the sweep. In general,
with the increase of injection speed, the viscous finger in
the flow direction is slightly larger at low speed than that
at high speed, and the flow perpendicular to the flow direc-
tion is slightly larger at high speed than at low speed. This is
mainly because in the process of high-speed water flooding,
the pressure difference between the inlet and the outlet is
large, and the pressure field formed in the space is enough
for the fluid to break through and enter the small pores,
thereby achieving a larger sweep. As a result, more swept
regions appear with high injection velocity than with low
injection velocity.

4.1.3. Residual Oil Distribution under Different Injection
Velocity. Figure 3 shows the final oil-water distribution at
different water injection velocity under water-wet condi-
tions. In the figure, black represents oil, and gray represents
water. It can be seen from the figure that under the condition
of low injection velocity, the spatial swept of water is small,
and the residual oil in the swept area is mainly between
the pores (point DEF in Figure 3(a)) and at the blind end.
For instance, at point G in Figure 3(a), the swept area is large
under high-speed conditions, and the remaining oil in the
swept area mainly exists in the blind end, as shown at the
point ABC in Figure 3(d). With low-speed water injection
velocity, discrete water exists in the oil region of the swept
boundary (point ABC in Figure 3(a)), which is caused by
the capillary force, and the continuous water flow will pro-
trude along the thin tube to form. The water flow is blocked,
allowing water to enter the oil area, forming discrete water
retention in the oil area. Under high-speed conditions, this
part of the area is swept, and discrete water will be replaced
by continuous water. Under water-wet conditions, there is
basically no residual oil in the throat of the swept zone.

Figure 6 shows the final oil-water distribution at differ-
ent water injection velocity under the oil-wet conditions.
In the figure, black represents oil, and gray represents water.
It can be seen from the figure that with the increase of water
injection velocity, the spatial sweep is obviously enhanced.
Whether at low speed or high speed, the remaining oil in
the swept area is mainly in the state of oil-in-water
(Figure 6(a) point ABCD), residual oil in the throat between
pores (Figure 6(a) point E), residual at the blind end (point F
in Figure 6(a)), and the film-like residual oil in the pores
(points A and B in Figure 6(c)). With the increase of the
injection velocity, the residual oil in the oil-in-water state
and the residual oil in the interpore throat decreased signif-
icantly. For example, the oil-in-water residual oil at point B
in Figure 6(a) and the residual oil in the throat at point E
do not exist under high-speed injection velocity (the posi-
tions corresponding to Figures 6(c) and 6(d)). However,
the residual film-like oil will increase at high speed. For

Table 2: Physical properties of fluid.

Density of water
Kg ⋅m-3

Density of oil
Kg ⋅m-3

Kinematic viscosity of water
m2 ⋅ s-1

Kinematic viscosity of oil
m2 ⋅ s-1

1000 800 1 × 10−6 1:89 × 10−5

Table 3: Injection velocity and wall condition in different cases.

Case number Injection velocity/m·s-1 Contact angle/°

1 0.10 25

2 0.15 25

3 0.20 25

4 0.25 25

5 0.30 25

6 0.10 45

7 0.15 45

8 0.20 45

9 0.25 45

10 0.30 45

11 0.10 90

12 0.15 90

13 0.20 90

14 0.25 90

15 0.30 90

16 0.10 125

17 0.15 125

18 0.20 125

19 0.25 125

20 0.30 125

21 0.10 165

22 0.15 165

23 0.20 165

24 0.25 165

25 0.30 165
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Figure 2: Water flooding curve at different injection velocity: (a) contact angle θ = 25 ° ; (b) contact angle θ = 165 ° .

(a) (b)

(c) (d)

Figure 3: Final oil-water distribution at different water injection rates under water-wet conditions: (a) 0.10m·s-1; (b) 0.15m·s-1; (c) 0.20m·s-
1; (d) 0.25m·s-1.

(a) (b)

(c) (d)

Figure 4: Oil distribution with same injection volume with different injection velocity under the water-wet condition (contact angle θ = 25 °
): (a) 0.10m·s-1; (b) 0.15m·s-1; (c) 0.20m·s-1; (d) 0.25m·s-1.
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example, the residual film-like oil at point B in Figure 6(d) is
significantly higher than that at low speed (Figures 6(a) and
6(b)). There is little difference between the residual oil at the
blind end at high injection velocity and low injection
velocity.

4.2. Influence of Wall Wettability on Water Flooding Process.
In order to study the effect of wall wettability on the water
flooding process, five different wettability were set under a
certain same injection condition in this paper. Cases (2, 7,
12, 17, 22), (3, 8, 13, 18, 23), (4, 9, 14, 19, 24), and (5, 10,
15, 20, 25), five groups of examples, were used to calculate
the water flooding process with different wettability under
the same injection speed.

4.2.1. Water Flooding Curve. Figure 7 is the water content
curve under different wettability conditions; Figure 7(a) is
the water flooding curve when the injection velocity u =
0:10m · s−1, the contact angle θ is 25°, 45°, 90°, 125°, and
165°; Figure 7(b) gives the water flooding curve of five differ-
ent contact angles when the velocity u = 0:30m · s−1. It can

be seen from both figures that under the same velocity con-
ditions, the final water saturation when the core wall is oil-
wet is lower than that in the water-wet state; the water
breakthrough time at the outlet is quite different. In
Figure 7, there are great differences in the water saturation
at the time of water breakthrough under different wettability,
that is to say, the wettability has a great influence on the
water saturation of the core at water breakthrough. Wetta-
bility has a great influence on the duration of anhydrous
oil recovery period. In Figure 7(a), the recovery rate is the
highest under the condition of weak water-wet, and a large
number of previous experimental results also show that the
oil displacement efficiency of weak water-wet cases is higher
than that of strong water-wet cases.

4.2.2. Oil-Water Distribution with Same Injection Volume
under Different Wettability Conditions. Figure 8 shows the
distribution of oil and water before water breakthrough with
different wettability at the same water injection velocity
(0.10m·s-1) and the same water injection volume, (a) contact
angle θ = 25 ° ; (b) contact angle θ = 45 ° ; (c) contact angle

(a) (b)

(c) (d)

Figure 5: Oil distribution with same injection volume with different injection velocity under the oil-wet condition (contact angle θ = 165 ° ):
(a) 0.10m·s-1; (b) 0.15m·s-1; (c) 0.20m·s-1; (d) 0.25m·s-1.

(a) (b)

(c) (d)

Figure 6: Final oil-water distribution at different water injection rates under oil-wet conditions: (a) 0.10m·s-1; (b) 0.15m·s-1; (c) 0.20m·s-1;
(d) 0.25m·s-1.
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θ = 90 ° ; (d) contact angle θ = 125 ° ; (e) contact angle θ =
165 ° . In the figure, black represents oil, and gray represents
water. It can be seen from the figure that on the whole, the
water moves along the direction of the connection line
between the inlet and outlet, and there is an obvious finger-
ing phenomenon. When the contact angle is larger, the vis-
cous fingering is more obvious, and viscous fingering in
oil-wet cases is more obvious than that of water-wet cases.
The capillary fingering perpendicular to the flow direction
is much larger in water-wet conditions than in oil-wet con-
ditions, making it easier for water to migrate in the direction

perpendicular to the main flow in a water-wet environment.
These findings are consistent with previous experimental
observations in two-dimensional micromodels [27, 28] and
three-dimensional rock [26, 29]. The displacement patterns
are widely recognized to exhibit viscous fingering, capillary
fingering, and stable displacement, which are controlled by
the competition between the viscous and capillary forces. It
can be seen from Figures 8(a)–8(c) that some water leaves
the displacement front, but this phenomenon is not seen in
the displacement front in Figures 8(d)–8(e), which is also
caused by capillary action.
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Figure 7: Water flooding curve under different wettability at the same injection velocity: (a) u = 0:10m · s−1; (b) u = 0:30m · s−1.

(a) (b)

(c) (d)

(e)

Figure 8: Oil-water distribution with same injection volume under different wettability conditions: (a) θ = 25 ° ; (b) θ = 45 ° ; (c) θ = 90 ° ; (d)
θ = 125 ° ; (e) θ = 165 ° .
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4.2.3. Final State Oil-Water Distribution under Different
Wettability Conditions. Figure 9 shows the distribution of
the final remaining oil under different wettability: (a) contact
angle θ = 25 ° ; (b) contact angle θ = 45 ° ; (c) contact angle
θ = 90 ° ; (d) contact angle θ = 125 ° ; (e) contact angle θ =
165 ° . In general, the recovery rate under water-wet condi-
tions is higher than that under oil-wet conditions. The
degree of sweep perpendicular to the flow direction is more
in water-wet cases and that in oil-wet cases. Under water-
wet conditions, the oil in the swept area was completely
recovered, and the residual oil in the swept area mainly
existed in pores (A, B, C in Figure 9(a)) and the blind end
(Figure 9(a) positions D, E). In an oil-wet environment,
due to the hindering effect of interfacial tension on water,
water displaces oil in large pores, and the residual oil in
the swept area mainly exists in small pores (points A B C
D E in Figure 9(d)) and in the blind end (Figure 9(e), point
C) and in the large pores surrounded by small pore channels
(Figure 9(d), point FG).

5. Conclusions

In this paper, a numerical simulation of oil-water two-phase
flow in a real sandstone porous medium is performed using
the interFoam solver in the open source fluid mechanics
software OpenFOAM. The influence of different injection
velocities and different wall wettability on oil-water move-
ment and residual oil distribution during water flooding
was studied, and the following conclusions were obtained:

(1) The larger the injection rate, the larger the swept area,
the higher the recovery factor, and the less residual oil
in the swept area. Under water-wet conditions, the

higher the velocity, the easier it is to displace the oil
in the large pores, and the lower the velocity, the easier
it is to displace the oil in the small pores

(2) Wettability affects how water is swept up and where
the remaining oil appears. When the rock is water-
wet, the sweep perpendicular to the flow direction
is stronger than the oil-wet cases due to capillary fin-
gering; when the rock is oil-wet, the viscous fingering
dominates, resulting in the fingering in the flow
direction being more in the oil-wet cases than that
in water-wet cases. The residual oil in the swept area
of water-wet rocks mainly appears in large pores and
blind ends, while the residual oil in the swept area of
oil-wet rocks mainly appears in pores surrounded by
small pores, slender throats between pores, blind
ends, and pore walls with larger pore-throat ratio

(3) Wettability affects single-channel recovery rate effi-
ciency. With the increase of the contact angle, the
recovery rate decreases gradually, but the oil dis-
placement efficiency is the highest in the weak
water-wet state. The oil displacement efficiency of
the single channel in the water-wet condition is obvi-
ously higher than that in the oil-wet condition
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study are included within the manuscript.
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Figure 9: Final oil-water distribution under different wettability conditions: (a) θ = 25 ° ; (b) θ = 45 ° ; (c) θ = 90 ° ; (d) θ = 125 ° ; (e) θ =
165 ° .
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