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Abstract: Water flooding is an economic method commonly used in secondary recovery, but a large
quantity of crude oil is still trapped in reservoirs after water flooding. A deep understanding of the
distribution of residual oil is essential for the subsequent development of water flooding. In this study,
a pore-scale model is developed to study the formation process and distribution characteristics of
residual oil. The Navier–Stokes equation coupled with a phase field method is employed to describe
the flooding process and track the interface of fluids. The results show a significant difference in
residual oil distribution at different wetting conditions. The difference is also reflected in the oil
recovery and water cut curves. Much more oil is displaced in water-wet porous media than oil-wet
porous media after water breakthrough. Furthermore, enhanced oil recovery (EOR) mechanisms of
both surfactant and polymer flooding are studied, and the effect of operation times for different EOR
methods are analyzed. The surfactant flooding not only improves oil displacement efficiency, but also
increases microscale sweep efficiency by reducing the entry pressure of micropores. Polymer weakens
the effect of capillary force by increasing the viscous force, which leads to an improvement in sweep
efficiency. The injection time of the surfactant has an important impact on the field development due
to the formation of predominant pathway, but the EOR effect of polymer flooding does not have a
similar correlation with the operation times. Results from this study can provide theoretical guidance
for the appropriate design of EOR methods such as the application of surfactant and polymer flooding.

Keywords: Navier–Stokes equation; phase field model; interfacial tension; viscosity; pore-scale;
residual oil distribution

1. Introduction

Water flooding has been widely used in oilfield development as a secondary recovery method
due to its effectiveness and economic feasibility [1]. In the past few decades, water flooding has greatly
improved the recovery of oil initially in place (OIIP). Nevertheless, approximately 60% to 70% of
OIIP is retained in reservoirs after water flooding [2] and surfactant flooding and polymer flooding
can increase oil recovery by about 15% as compared with water flooding [3]. Additionally, a large
amount of water is produced together with oil in mature oilfields and water cut can increase to 98%
before wells are abandoned [3]. Numerous oilfields have entered into the high water cut stage all
over the world, such as Masila Block in Yemen [4], Brown oilfield in Colombia [5], and Shengli and
Daqing oilfields in China [6]. Taking the Shengli oilfield as an example, a survey conducted, in 2015,
by the Sinopec shows that the number of wells with water cut in excess of 95% is 6390, which accounts
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for nearly 22% of total wells. High water cut means that the oil production is reduced and the flow
capacity of oil declines. Therefore, describing the residual oil distribution characteristics accurately
and analyzing the formation mechanism are crucial for recovering residual oil effectively and the
subsequent development of water flooding [7], and as well the implementing of tertiary oil production
techniques creates an additional chance to get more oil and gas from reservoirs [8,9]. Chemical flooding,
as a tertiary oil recovery method, is widely used all over the world, especially in China [10]. This
includes the injection of three kinds of chemicals which are surfactant, polymer, and alkaline. These
three kinds of chemicals have unique functions, but their effects reflecting in macroscale are to improve
displacement efficiency and sweep efficiency. Therefore, exploring the essential mechanism of EOR at
the pore-scale model level can provide the theoretical basis for chemical flooding.

The extensive and continuous distribution of subsurface oil changes greatly when the water cut
exceeds 90% [11]. The residual oil distribution is mainly scattered at the high water cut stage, while
water flows in a continuous state [12]. Oilfields with high water cut are normally suffering from
poor flooding efficiency because of the formation with high permeability flow path [3]. The residual
oil formation mechanisms and precise description under different wetting conditions are primary
consideration for enhancing oil recovery [13]. Darcy’s law has been widely used to describe continuous
fluid flow in reservoirs and a series of theories of reservoir engineering based on Darcy’s law have been
formed [14]. However, a continuum description, such as Darcy’s law, fails to predict and describe the
transport of scattered residual oil in pore space. In the past decades, great improvements in visualization
experiments and microscopic numerical simulation methods have made them powerful tools for the
study of residual fluids distribution and mechanisms of secondary and tertiary floods at the pore-scale
model level [15]. The use of pore network patterns or other micromodel experiments combined with a
microscopic imaging system allows the direct visualization of the flooding process [16,17]. Moreover,
digital core based on high resolution X-ray computed tomography technology offers new possibilities to
quantitatively analyze the physical displacement process and microfluid state [13,18,19]. For example,
Munish Kumar et al. [20] utilized an imaging technology to investigate the fluid distribution in reservoir
cores, which allows the difference in the distribution of residual oil to be quantitatively tested. Gao el
at. [21] investigated the impact of the water flooding and tertiary flooding on microscopic residual oil
distribution, using pore-scale experiments with nuclear magnetic resonance. Despite many microscale
investigations about chemical flooding [22,23], only a limited number of studies have considered
the effects of operational time on ultimate oil recovery. Most of these studies focused on the EOR
mechanisms [22,24,25], displacement differences of different kinds of chemicals [21,26], and effects
of chemical solution property on oil recovery including the concentrations [23,27], shear-thinning
viscosity [28], and salinity [29,30], etc. In this study, we analyzed the relationship between residue oil
distribution and operational time of chemical flooding.

Nevertheless, the high experimental costs and complex operating procedures limit the application
of visualization experiments in sensitivity analysis. Accounting for the inherent defects and limitations
in pore-scale experiments, pore-scale numerical simulation can serve as the supplement and extension
of experimental studies, which provides an economical and efficient way to explore the formation
process of residual oil and the mechanisms of EOR [31]. A series of pore-scale numerical approaches
have been developed for two-phase flow. The lattice Boltzmann method (LBM), pore network model
(PNM), and direct numerical simulation (DNS) method are the most widely used methods. Among
these methods, the PNM has high computational efficiency because of the idealization of pore space,
but it also restricts the predictive capability and accuracy of PNM. Moreover, to the best of our
knowledge, almost none of these methods are employed to analyze the residual oil distribution and the
mechanisms of EOR methods at the pore-scale model level. In this study, a DNS method has been used
to investigate the flooding process and residual oil distribution. One advantage of the direct numerical
simulation method is consistency and the numerical model can be extended to model processes other
than just flow [32]. Furthermore, the displacement mechanisms and flow characteristics are covered in
the DNS method and it can be applied to simulate complex multiphase flow like imbibition processes
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in complex heterogeneous pore space. However, the direction solution of the Navier–Stokes equation
does not involve the movement of interface, and it should be coupled with interface capturing models
for multiphase flow [33], such as phase field method (PFM) [34], volume of fluid (VOF) [35], and level
set method (LS) [36]. In this research, the PFM is applied to capture the evolution of oil-water interface.
The details of phase field method and its coupling with the Navier–Stokes equation are elaborated in
the later section.

The major purpose of this paper is to study the residual oil distribution characteristics and the
dependence of oil recovery rates on chemical flooding schemes, which is very important for the
subsequent development of residual oil and rational design of chemical flooding schemes. In this study,
a microscale model is developed to investigate the residual oil distribution under different wetting
conditions. A direct numerical simulation method is adopted to simulate the flooding process, and
the evolution of the interface of fluids is controlled by a phase field method. This paper is arranged
as follows. First, we introduce the mathematical model of oil and water flow in two-dimensional
(2D) porous media. Then, the residual oil distributions, under different wetting conditions, and its
formation mechanisms are investigated. Lastly, the EOR mechanisms of both surfactant flooding and
polymer flooding are studied at the pore-scale model level.

2. Mathematical Model

2.1. Governing Equations

The Navier–Stokes equation is the principal equation of fluid flow. For the incompressible laminar
flow, it can be expressed as [34]:

ρ

[
∂u
∂t

+ (u·∇)u
]
= ∇·

(
−pI + µ

[
∇u + (∇u)T

])
+ Fst (1)

The continuity equation is written as:

∇·u = 0 (2)

where ρ is the density of the fluid, kg m−3; u denotes the velocity of the fluid, m s−1; I represents the
unit vector; t is the time, s; µ is the viscosity of fluid, Pa·s; and Fst denotes interfacial tension term, N
m−1.

2.2. Phase Field Method

The interface of fluids is treated as a physically diffuse thin layer in PFM. The evolution of the
thin layer is controlled by convection and diffusion between two phases (Cahn–Hilliard equation) [34].
The free energy of interface layer is defined based on a phase field variable (φ), so that φ is introduced
to identify different phase regions. For instance, the value φA = 1 represents oil phase, and the value
φB = −1 represents water phase. In the transition region of two phase, the phase field variable (φ)
continuously changes from −1 to 1. On the basis of the familiar Ginzburg–Landau form, the free energy
of interface layer can be written as [37,38]:

F =

∫
V

[
f (φ) +

1
2
λ
∣∣∣∇φ∣∣∣2]dV (3)

f (φ) is the Ginzburg–Landau double-well potential and can be expressed as [37–39]:

f (φ) =
λ

4ε2
(φ+ 1)2(1−φ)2 (4)
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where ε is the interface thickness, m; λ is the mixing energy density, N. The chemical potential is
defined as the change rate of free energy of interface region with respect to φ [40]

G =
δF
δφ

= λ

−∇2φ+
φ
(
φ2
− 1

)
ε2

 (5)

The evolution of phase-field variable is controlled by the Cahn–Hilliard equation [39–41] ∂φ
∂t + u·∇φ = ∇·

(γλ
ε2 ∇ψ

)
ψ = −∇·ε2

∇φ+
(
φ2
− 1

)
φ

(6)

where γ is the mobility, m3 s kg−1. The interfacial tension between the two-phase fluid can be expressed
as [39]:

Fst = G∇φ (7)

It should be noted that the densities and viscosities of different phases are characterized by the
functions of the phase field variable, and it can be written as: ρ =

1+φ
2 ρn +

1−φ
2 ρw

µ =
1+φ

2 µn +
1−φ

2 µw
(8)

where the subscripts (n) and (w) in Equation (8) represent the nonwetting fluid and wetting fluid, ρ is
the density of the fluid, kg m−3; and µ is the viscosity of fluid, Pa·s. The boundary conditions at the
solid walls are as follows: 

un = 0
n·γλ

ε2 ∇ψ = 0
n·ε2
∇ψ = ε2 cos(θw)

∣∣∣∇ψ∣∣∣ (9)

where n is the unit normal to the solid surface, and θw is the contact angle, ◦.

2.3. Numerical Solution

The Navier–Stokes equation and Cahn–Hilliard equation are highly coupled together. COMSOL
MULTIPHYSICS software [34] based on finite element is employed to obtain numerical solutions.
The mobility tuning parameter is set to 1 m·s/kg and interface thickness is one-sixth of the maximum
element size. After grid dependence studies, the computational domain is divided into 37,910 Delaunay
triangular meshes, as shown in the supporting information Supplementary Materials (Figure S1).
The initial calculation time step is 1 × 10−10 s and time step can be adjusted automatically by the
software’s built-in backward differential formula. The relative tolerance of 0.002 is selected as the
convergence criterion.

3. Results and Discussion

3.1. Validation of Numerical Model

A simple and classical benchmark is provided here to validate the capacity and accuracy of
numerical models. The capillary imbibition is employed to validate whether the mathematical model
can simulate the water-oil flow in 2D porous media. The wetting fluid enters the horizontal capillary
under the action of capillary force. When the inertial and gravity effects are neglected, the relationship
between the position of interface and time can be expressed as [42]:

σ cos(θ) =
6
r
[µwx + µn(L− x)]

dx
dt

(10)
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where θ represents the contact angle; σ represents the interfacial tension, N m−1; r denotes the diameter
of capillary, µm; L is the length of capillary, µm; µn and µw are the viscosities of the no-wetting phase
and wetting phase, Pa·s. Equaiton (11) can be written as an integration form:

µw − µn

2

(
x2
− x0

2
)
+ µnL(x− x0) =

rσ cos(θ)
6

t (11)

The dimensions of simulated domain are 10 µm × 500 µm, as shown in Figure 1. The lengths of
different parts are L1 = 150 µm, L2 = 200 µm, L3 = 150 µm, L4 = 75 µm, respectively. The boundary
conditions are wetting and no slip in the middle portion (L2), with a given contact angle 60◦. The left
portion (L1) and right portion (L3) of the simulated domain have top and bottom periodic boundary
conditions, serving as the “infinite reservoir”. The periodic boundary conditions are also applied at
both ends of the domain in the x direction to ensure the conservation of mass in the system.
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Figure 1. Schematic figure of capillary imbibition.

Both wetting fluid and nonwetting fluid have the same density ρw = ρn = 1000 kg m−3. The
viscosities are µw = 10 mPa·s and µn = 1 mPa·s, respectively. The interfacial tension is 0.04 N m−1.
We show the position of meniscus varying with time for the given contact angle, fluids viscosities,
and surface tension. The behavior of meniscus obtained by numerical method matches well with the
theoretical solutions, as illustrated in Figure 2, which validates the correctness of the numerical model.
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Figure 2. The numerical and theoretical position of moving meniscus, and the analytical solution is
Equation (11).

3.2. The Residual Oil Distribution under Different Wetting Conditions

In this section, a manufactured porous medium is used to investigate the residual oil distribution
and formation mechanisms, as shown in Figures 3–5. The size of this porous medium is 320 µm ×
640 µm. The densities of oil and water are ρo = 890 kg m−3 and ρw = 1000 kg m−3. The viscosities
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of oil and water are µo = 15 mPa·s and µw = 1 mPa·s. The interfacial tension between two phases
is 0.04 N m−1. The contact angles with the oil phase are 60◦, 90◦, and 120◦, representing the oil-wet
porous medium, neutral-wet porous medium, and water-wet porous medium, respectively. Initially,
the porous medium is saturated with oil and water is injected from the left-hand side at an average
velocity Uin = 0.04 m s−1. A pressure of 0 is set at the right-hand side as the outlet. The simulation
is run until the oil saturation reaches a relatively steady state. The oil recovery rate of the porous
medium and the water cut at the outlet are calculated and analyzed. Water cut is the ratio of water
flow rate at the outlet to the total flow rate, and oil recovery rate is defined as the ratio of cumulative
oil production to pore volume of the porous medium.
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Figure 3. Residual oil distribution in the oil-wet porous medium when the water cut is 98%. The white
regions are rock matrix, and the red and blue regions represent oil and water, respectively. (1) isolated
oil droplet; (2) oil film; (3) residual oil in dead ends; (4) residual oil in pore throats; and (5) cluster
residual oil.
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Figure 5. Residual oil distribution in the water-wet porous medium when the water cut is 98%. The
white regions are rock matrix, and the red and blue regions represent oil and water, respectively.

Zhu et al. [43] classified the residual oil as five categories: (1) isolated oil droplet, (2) oil film, (3)
residual oil in dead ends, (4) residual oil in pore throats, and (5) cluster residual oil depending on the
location and formation process of residual oil. Figure 3 shows the residual oil distribution in the oil-wet
porous medium when the water cut is 98%. The white regions are rock matrix, while the red and blue
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regions represent oil and water, respectively. Different types of residual oil are marked by different
numbers in Figure 3. However, there are some significant differences in the residual oil distribution in
different wettability porous media. It is difficult to observe the existence of residual oil in pore throats
and oil film in the neutral-wet and water-wet porous medium, as shown in Figures 4 and 5. And the
amount of residual oil in dead ends and cluster residual oil is dramatically reduced. As can be seen
from these figures, wettability plays a fundamental role in determining the residual oil distributions. In
order to understand the differences of residual oil distribution, it is essential to analyze the formation
process and mechanism of residual oil.

The formations of residual oil in pore throats and oil film are dominated by the wettability of
porous media. Oil is trapped on the wall and becomes oil film by the attractive force as hydrodynamic
effect is weak during the flooding process. Consequently, the oil film is difficult to form when the pore
wall is hydrophilic. As for residual oil in pore throats, capillary pressure is a primary factor in the
formation process, which is closely related to the wettability. The remaining oil cannot be discharged
from throats when the pressure difference is smaller than the maximum capillary pressure at the
narrowest part of the pore throat. However, water is more likely to enter the small pore throat in the
water-wet porous medium since capillary pressure is the driving force as water flows into pore throats.

Other types of residual oil are related to the rock structure. Cluster residual oil and residual oil
in dead ends are two important types of residual oil, and rock structure plays an important role in
their formation process. Rock structure is the main reason for the formation of residual oil in dead
ends (marked 3 in Figure 3). The dead end is not a predominant pathway, which results in a low flow
velocity of water and a poor sweep efficiency on oil, especially in the hydrophobic porous medium.
In the water-wet porous medium, water can enter the dead end due to the capillary force when the
water flow reaches a relatively steady state. Consequently, compared with the oil-wet porous medium,
the volume of residual oil in dead ends in water-wet porous medium is lower. Unlike other types of
residual oil, cluster residual oil exists in pore space in a continuous state, which means that reducing
cluster residual oil is of great significance for EOR. A portion of the domain containing cluster residual
oil is selected to analyze the formation process, as shown in Figure 6, which demonstrates that the
heterogeneity of the porous medium is the major cause for the formation of cluster residual oil. Cluster
residual oil is normally located in low-permeability zones, such as the micropores where radii of
pores and throats are small. There are predominant pathways near the dense areas, as illustrated
in Figure 6e. Water prefers to flow into large pores and displace oil due to the low entry pressure.
Fingering phenomenon is clearly observed during this process because of the heterogeneity of porous
media. Water bypasses the dense areas in a form of flowing around. Once a predominant pathway
forms, the oil in dense zones is difficult to be swept. These two types of residual oil are both in the
non-predominant pathway, and water cannot effectively sweep these areas because of specific rock
structure. As for isolated oil droplet, the formation process is complicated and not controlled by a
single factor, and therefore we have carefully analyzed the formation mechanism in another article [43].
To sum up, rock structure, wettability, and capillary pressure dominate the formation of residual oil.
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The difference in the residual oil distribution under different wetting conditions is also reflected
in the oil recovery rates and water cut curves. Figure 7a shows the oil recovery rate (water saturation)
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in the porous medium during the flooding process. The oil recovery increases rapidly at the early
stage at different wetting conditions. At 0.0045 s, the injection water breaks through the outlet almost
at the same time due to the high injection velocity. The recovery rates show an obvious difference
after water breaks through. For the oil-wet porous medium, the oil recovery increases slightly after
water breakthrough and almost stops growing after 0.01 s. Nevertheless, for the neutral-wet and
water-wet porous media, there is still a large amount of remaining oil being displaced at this stage. In
the water-wet porous medium, capillary pressure is no longer the resistance of the injection water into
the pores and throats. When the displacement pressure drops rapidly along the predominant pathway,
water can still enter small pores and drive out the remaining oil under the action of small displacement
pressure or capillary pressure. On the other hand, there is a resistance for imbibition of water in an
oil-wet porous medium. Therefore, more oil is displaced out in the water-wet porous medium, which
results in a lower residual oil saturation and a fall in water cut, as shown in Figure 7.
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Water cut has a vital impact on oil well production or reservoir development, which reflects the
performance and potential of a well. Normally, 70% to 90% of water cut is called high water cut stage
and oilfield development enters into an extra high water cut stage once water cut becomes over 90%.
In general, the well or reservoir reaches the economic development limit and loses economic value
when water cut rises to 98%. At the initial stage, only oil flows out from the outlet and water cut is
zero, namely, the water-free oil production period. The development enters into water-oil production
period when water breaks through at the outlet. After water breaking through the outlet, the water cut
grows rapidly and reaches 90%. As can be seen from Figure 7b, the wettability of porous media exerts
significant influence on water-oil production period. The raising rate of water cut slows down as the
wettability changes from oil-wet to water-wet, and the economic lifetime of porous media is extended.

3.3. Pore-Scale Investigation of Enhancing Oil Recovery Methods

Increasing oil displacement efficiency and sweep efficiency is the key to recover residual oil
effectively and enhance oil recovery. The emergence of surfactant flooding and polymer flooding has
made it possible for oilfields to stabilize and increase production at high water cut stage [44]. In this
section, the primary EOR mechanisms of surfactant and polymer flooding, as well as the process of
reducing residual oil are investigated, including the effect of operation times on ultimate oil recovery.
We choose the oil-wet porous medium (contact angle with the oil is 60◦) as the research model. All
simulations are run until oil saturation reaches a steady-state.
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3.3.1. Investigation of Surfactant Flooding

In recent years, numerous studies have been conducted to investigate the EOR mechanisms
of surfactant flooding and some important understanding have been elicited [45]. A crucial and
direct element based on surfactant flooding is to reduce interfacial tension between aqueous and oil
phases [23]. In this section, the effect of the surfactant solution on EOR is explored by decreasing
the interfacial tension from 0.04 N m−1 to and 0.02 N m−1. Figure 8 demonstrates that decreasing
interfacial tension by injecting the surfactant can enhance oil recovery significantly. The ultimate oil
recovery increases by 9.0% as compared with water flooding. In addition, it takes more time to reach
the steady-state for the case with a lower interfacial tension. A fall can be found in the water cut and the
economic lifetime is extended as the surfactant flooding is implemented. For the water flooding case,
the water cut reaches 98% at 0.009 s. Whereas for the surfactant flooding case, the water cut reaches
98% at 0.0125 s, which is 0.0035 s later than water flooding. The decline in water cut and the extension
of economic development life mean that more remaining oil is produced, and the EOR mechanisms of
surfactant flooding will be analyzed later. However, the application of surfactant flooding leads to
the shortening of the water-free oil production period for oil-wet porous media. This is because the
decrease of interfacial tension makes it easier for water to overcome entry pressure (capillary pressure)
and occupy pore space, resulting in an increase in the average flow velocity of the injection fluid.
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Figure 8. Water cut at the outlet and oil recovery at different interfacial tensions (Y-axis is water cut, %
and X-axis is time, s).

Selecting appropriate time of injecting the surfactant may have an important impact on oil recovery.
To investigate this possible effect, the interfacial tension decreases from 0.04 N m−1 to and 0.02 N m−1

at the following five different times: t = 0 s (the initial stage of development), t = 0.005 s (water cut is
about 90%), t = 0.01 s (the end of development, water cut is about 99%), t = 0.02 s (steady-state, water
cut is about 100%), and t = 0.03 s (steady-state, water cut is about 100%). Results are presented in
Figure 9a, obvious improvements in oil recovery can be observed as the surfactant flooding is applied
at five different times, but the ultimate oil recovery rates are different. A higher ultimate recovery rate
is obtained by injecting the surfactant before water flooding reaches stability. Compared with injection
of the surfactant at the water-oil production period, water breaks through earlier at the outlet when the
surfactant is applied at the initial stage, as shown in Figure 9b.



Energies 2019, 12, 3732 10 of 16

Energies 2019, 12, x FOR PEER REVIEW 10 of 17 

 

retained in the corner of pore throats after water flooding is displaced. It is also interesting to find 
that some regions that are not swept in water flooding due to heterogeneity of the porous medium 
are affected by surfactant solutions, which implies that surfactant flooding could increase microscale 
sweep efficiency to some extent. This phenomenon is attributed to the lower capillary force which 
reduces the entry pressure of micropores.  

  
(a) (b) 

Figure 9. The oil recovery and water cut at the outlet when the surfactant is injected at different times: 
(a) oil recovery rates (Y-axis is oil recovery rate, % and X-axis is time, s) and (b) water cut curves (Y-
axis is water cut, % and X-axis is time, s). 

(a) (b) 

Figure 10. Residual oil distributions when the surfactant is injected at different times: (a) surfactant is 
injected at 0 s and (b) surfactant is injected at 0.03 s. 

However, there are some remarkable differences in residual oil distributions when the surfactant 
is injected at different times, as shown in the circled part of Figure 10. To observe the differences in 
residual oil distribution clearly and explore the mechanisms, a circled part is selected to analyze this 
process. Figure 11 compares the pressure difference between a and b with the surfactant applied at 0 
s and 0.03 s, respectively. For the 0 s case, the pressure difference between a and b is much higher 
than maximum capillary pressure when the pore throat has not been swept by water. At 0.0019 s, the 
water-oil interface reaches point a on the side of the throat, as illustrated in Figure 11a. At this time, 
the pressure between a and b is still higher than the maximum capillary pressure. The pressure 
difference drops rapidly when water spreads to b, with the formation of water-flow pathway. While 
for the 0.03 s case, the pressure difference between these two points is only a little larger than the 
maximum capillary pressure when the water spreads to point a. However, the flow pressure 
decreases with the high-permeability pathway in the direction of the yellow arrow, as illustrated in 
Figure 11b, and the pressure difference between a and b declines immediately. At 0.03 s, the 
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Figure 10 presents the residual oil distributions with the surfactant applied at 0 s and 0.03 s.
Comparing the residual oil distributions after water flooding (Figure 3) and surfactant flooding
(Figure 10a), we find that displacement efficiency is improved in surfactant flooding and some oil
retained in the corner of pore throats after water flooding is displaced. It is also interesting to find
that some regions that are not swept in water flooding due to heterogeneity of the porous medium
are affected by surfactant solutions, which implies that surfactant flooding could increase microscale
sweep efficiency to some extent. This phenomenon is attributed to the lower capillary force which
reduces the entry pressure of micropores.
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However, there are some remarkable differences in residual oil distributions when the surfactant
is injected at different times, as shown in the circled part of Figure 10. To observe the differences in
residual oil distribution clearly and explore the mechanisms, a circled part is selected to analyze this
process. Figure 11 compares the pressure difference between a and b with the surfactant applied at
0 s and 0.03 s, respectively. For the 0 s case, the pressure difference between a and b is much higher
than maximum capillary pressure when the pore throat has not been swept by water. At 0.0019 s, the
water-oil interface reaches point a on the side of the throat, as illustrated in Figure 11a. At this time, the
pressure between a and b is still higher than the maximum capillary pressure. The pressure difference
drops rapidly when water spreads to b, with the formation of water-flow pathway. While for the
0.03 s case, the pressure difference between these two points is only a little larger than the maximum
capillary pressure when the water spreads to point a. However, the flow pressure decreases with the
high-permeability pathway in the direction of the yellow arrow, as illustrated in Figure 11b, and the
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pressure difference between a and b declines immediately. At 0.03 s, the maximum capillary pressure
decreases with the application of the surfactant. But the displacement pressure is still not high enough
to “push” water pass through the throat due to the formation of predominant pathway alongside. This
situation is related to the rock structure used in this research, while such rock structure is ubiquitous in
real reservoirs. In addition, the water flooding may reach stability in some high-permeability regions
of the reservoir when the water cut at production wells is high. Although some effects of surfactant
flooding are neglected in this study, to the best of our knowledge, surfactants cannot restrain the
formation of predominant pathway. Consequently, applying surfactant flooding at the low water cut
stage is a suitable case to obtain higher ultimate oil recovery.
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To sum up, the low interfacial tension produced by surfactant flooding, not only improves oil
displacement efficiency, but also increases microscale sweep efficiency by reducing the entry pressure
of micropores. This mechanism does not inhibit the formation of predominant pathway, so it leads to
the difference in the ultimate oil recovery of different operation times. Once the high-permeability
pathway of water flow forms and remains stable, the effects of surfactant flooding can be compromised,
especially for the remaining oil in dense zones. Injecting the surfactant solution before water flooding
reaches a steady-state can obtain a higher ultimate oil recovery.

3.3.2. Investigation of Polymer Flooding

Polymer flooding is another common practice for EOR in oilfields. In this section, the EOR
mechanisms of polymer flooding and effect of operation times on oil recovery are studied. Note that
the elasticity of the polymer is not considered in this study; only the viscous effect is taken into account.
The primary effect of polymer flooding is to increase the viscosity of displacement fluid, as a first-order
address to the problem of unstable displacement. The viscosity of displacement fluid increases from
1 mPa·s to 15 mPa·s to investigate the effect of polymer flooding on EOR. Figure 12 shows the water cut
at the outlet and oil recovery in the porous medium when the displacement fluid viscosities are 1 mPa·s
and 15 mPa·s, respectively. Consistent with the development experience of oilfield, the oil recovery
is improved dramatically with the increase of displacement fluid viscosity. Water cut experiences
a considerable decline as compared with the water flooding, implying more oil is produced at the
water-oil production period. At 0.04 s, water cut rises to 99.29% and oil left in the porous medium is
trapped permanently.
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Figure 13 compares the displacement processes in water flooding and polymer flooding. In
water flooding, relatively obvious and long fingers of injectant can be observed, leading to a lower
oil recovery and early water breaking through. With the increase of displacement fluid viscosity in
polymer flooding, the fingering phenomenon is less remarkable and the absolute length of viscos
fingers also reduces. As a result, the displacement front is spatially more uniform and appears to be
relatively stabilized at a larger scale observation. In terms of residual oil distributions, on the one hand,
water flooding exhibits viscous fingers which propagate through the porous medium leaving large
cluster residual oil behind, and the heterogeneities of the porous medium exacerbate this phenomenon.
On the other hand, the sweep efficiency is dramatically improved in polymer flooding, contributing to
a decline in cluster residual oil and the residual oil is scattered with occupancy of the smaller pores. In
contrast, some residual is still continuous and occupies large pore throats after water flooding.
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Figure 13. Displacement processes in water flooding and polymer flooding (µ = 15 mPa·s): (a) water
flood t = 0.002 s, (b) water flood t = 0.003 s, (c) water flood t = 0.0045 s, (d) water flood t = 0.04 s,
(e) polymer flood t = 0.002 s, (f) polymer flood t = 0.003 s, (g) polymer flood t = 0.0045 s, and (h)
polymer flood t = 0.04 s.

Then, the appropriate injection time of the polymer solution is also investigated. The viscosity
of displacement fluid increases from 1 mPa·s to 15 mPa·s at the following five different times: t = 0
s, t = 0.005 s, t = 0.01 s, t = 0.02 s, and t = 0.03 s. Figure 14 illustrates that ultimate oil recoveries
are basically identical as the polymer is injected at different times, although water cut curves show
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some differences. Among these schemes, more oil is produced during the water-free oil production
period as polymer flooding is used at the initial stage of development. However, the operation time
of polymer flooding does not exert significant influence on the ultimate recovery, which differs from
surfactant flooding. In order to investigate the mechanism of this phenomenon, the force analysis of
two-phase fluids flowing in pore throats is performed, as shown in Figure 15. The following three forces
mainly affect the movement of the two-phase interface in this model: viscous force (pµ, resistance),
displacement force (pd, motive power), and capillary force (pc, depending on the wettability of porous
media). Notably, gravity is not considered in this study. If the rate of motive powers to resistances
(RMR) is greater than unity, the displacement fluid can drive the oil forward. When the two-phase
interface in a single throat moves to divergent throats, the RMRs in divergent throats are different
because of the variations in capillary force between diverse sizes of throats. The displacement fluid
tends to enter the throat with less resistance as the difference of RMRs in divergent throats reaches a
threshold, and the fingering phenomenon appears in divergent throats. Subsequently, the displacement
pressure falls dramatically along the bigger throat and is not big enough to “push” the oil forward in
the smaller throat.
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Figure 15. Force analysis of fluids flowing through pore throat.

The implementation of polymer flooding increases the viscous force of fluids flow in porous
media. As can be seen in Table 1, viscous force is always the resistance, and the difference of RMRs
in divergent throats reduces with an increase of viscous force in oil-wet as well as in water-wet
porous media. In other words, viscous force takes a more important position as the viscosity of
displacement fluid increases. The increase in viscous force weakens the effect of capillary force. As a
result, the displacement fluid tends to enter the throats with different sizes uniformly, which leads to
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the improvement in sweep efficiency in macroscopic. This characteristic of polymer flooding prevents
the formation of high-permeability pathway. Therefore, the effect of polymer flooding does not show
the obvious time-dependent effect like surfactant flooding.

Table 1. The changing trend of the difference of rate of motive powers to resistances (RMRs) in divergent
throats with the increase of displacement fluid viscosity.

Wettability of Porous Media Oil-Wet Porous Media Water-Wet Porous Media

Rate of motive powers to resistances (RMR)
pd

pµ+pc

pd+pc
pµ

Difference of RMRs in divergent throats Reduction Reduction

4. Conclusions

In this study, a direct numerical method coupled with a phase field method is firstly used to
investigate the distribution of residual oil at high water cut stage and the mechanisms of EOR methods.
Appropriate application times and potentials of surfactant flooding and polymer flooding are studied
at the pore scale. The simulation results show that:

1. The distributions of residual oil in porous media are significantly different under different
wetting conditions. Rock structure, wettability, and capillary pressure dominate the formation of
residual oil.

2. The wettability of porous media exerts significant influence on the water-oil production period.
The raising rate of water cut slows down when the wettability changes from oil-wet to water-wet,
and the economic lifetime of porous media is extended.

3. The surfactant flooding not only improves oil displacement efficiency, but also increases microscale
sweep efficiency by reducing the entry pressure of micropores. The injection time of the surfactant
solution exerts an important influence on the ultimate oil recovery because of the formation of
predominant pathway. Implementing surfactant flooding at the low water cut stage is a suitable
case to obtain higher ultimate oil recovery.

4. Polymer flooding improves oil sweep efficiency by reducing the difference of RMRs in divergent
throats and weakening the effect of capillary force. The displacement front is spatially more
uniform with a later breakthrough as compared with water flooding. There is no significant
correlation between ultimate recovery of polymer flooding and its injection time.

In addition, the direct numerical method coupling with a phase field method can be used to
investigate the residual oil distribution and EOR mechanisms at the pore-scale model level. Compared
with microscopic visualization experiments, micro-numerical simulation can save experimental
expenses and avoid complex experimental operations in sensitivity analysis. However, changing
viscosity and interfacial tension is a simplified situation of polymer flooding and surfactant flooding.
How to consider the adsorption problem and other flow characteristics of polymer and surfactant
flooding still needs further investigations.
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