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Abstract: The understanding of the mechanisms that govern water spontaneous imbibition
in mixed wetting capillary channels plays a significant role in operating the oil extraction
and energy replenishment for the tight oil reservoirs. In this work, the conservative form
phase-field model together with the Navier–Stokes equation is employed to investigate
the influence of the mixed wetting distribution and the wetting degree on the imbibition
oil recovery effects and microscopic flow characteristics. Results indicate that there exist
different oil detachment modes of spontaneous imbibition, and these modes are determined
by the coupled effect of mixed wetting fraction and contact angle size. For the mixed
wetting capillary with strong oil wetting, when f w is low, spontaneous imbibition can only
partially detach the oil. Low f w slows down the fluid flow velocity and leads to the small
imbibition oil recovery rate. After that, the influence of the surface contact angle size of
the mixed wetting capillary is discussed. For the complete detachment mode, the capillary
tube presents a form of water phase saturated filling, achieving the optimal imbibition oil
recovery effect. For the mixed wetting capillary tube with the combination of weak water
wetting and strong oil wetting (i.e., θw = 75◦ and θo = 165◦), local spontaneous imbibition
turbulence can only detach very little oil at the inlet of the water wetting area, ultimately
achieving a recovery efficiency of less than 10%. This work illuminates the spontaneous
imbibition oil recovery mechanisms and flow potentiality for the different mixed wetting
capillary channels.

Keywords: tight reservoirs; mixed wettability; pore scale; imbibition mechanism; oil
detachment

1. Introduction
Tight oil has rich reserves and significant resource potential. It is considered a realistic

alternative for oil replacement [1,2]. However, due to the strong heterogeneity and poor
physical properties of tight oil reservoirs, current development methods mainly combine
horizontal well volume fracturing with depletion development. Additionally, the rapid
attenuation of formation energy results in a primary oil recovery factor that is generally
below 10% of the original oil in place [3,4]. In tight oil reservoirs, the development of micro-
and nano-scale pores is common. These pores exhibit strong capillary forces, making
imbibition a dominant mechanism for oil extraction and energy replenishment in tight
reservoirs [5,6].
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Capillary pressure causes the wetting phase (i.e., water) to be imbibed into the tight
porous medium. This process displaces the original oil in the porous media. Capillary
pressure, which drives imbibition, is closely linked to the wettability of pore surfaces [7].
Siebold et al. [8] studied the spontaneous imbibition process of different fluids in a single
capillary. They found that the wettability of pore walls is related to the fluid imbibition
velocity. In water wetting reservoirs, a smaller contact angle leads to better oil recovery
through imbibition. This results in a greater fluid imbibition migration distance [9]. The
mechanism of imbibition oil recovery in these reservoirs involves water being drawn into
small pores and then discharged from larger ones [10]. In contrast, imbibition oil recovery
is not feasible in oil wetting reservoirs because it cannot overcome flow resistance [11]. To
initiate oil detachment in the pores, chemical agents must be used to improve the pore
surface wettability from oil wetting to water wetting [12]. Although the mechanisms of
imbibition oil recovery for different wetting reservoirs have been clarified, current research
mainly focuses on single-wetting reservoirs.

However, not all of the reservoirs are uniformly wetting. The mineral composition
of tight oil reservoirs is complex and randomly distributed, leading to uneven wettability
distribution on the rock pore surfaces. This is commonly manifested as a mixed wettability
pattern, with partial water wetting and partial oil wetting [13,14]. The surfaces of some
micro- and nano-pores containing rich asphalt exhibit strong oil wetting states, while pores
composed of inorganic minerals exhibit typical water wetting states [15–17]. In addition, the
oil phase containing the polar organic compounds with interfacial activity invades the water
wetting water-saturated rock pores, which also makes the tight oil reservoirs show obvious
dual wetting characteristics [18]. There are varying degrees of wetting effects between
the fluid and the reservoir pore interfaces, which makes the micro distribution of oil and
water, the mechanism of rock–water–oil interaction, and the energy transfer law of the
oil stripping process more complex inside the reservoir [19]. This complex mixed wetting
characteristic will also inevitably affect the oil detachment mode within the pore channels
of porous media, leading to differences in the mechanisms of oil detachment, detachment
efficiency, and the flow characteristics of oil under varying conditions. This finally leads to
the complexity of the spontaneous imbibition process of tight porous media in space and
time, directly affecting the evolution characteristics of the spontaneous imbibition in the
pores [20]. CT research has shown that the flow mechanisms in the spontaneous imbibition
for water wetting and mixed wetting porous media are different [21]. Only in the water
wetting porous media can a clear spontaneous imbibition saturation front be formed, while
in the mixed wetting porous media, only local imbibition filling occurs [22,23]. There is
little literature on quantitatively characterizing the front distance and oil detachment in
mixed wetting channels during the spontaneous imbibition process. Research has found
that the water wetting pores in mixed porous media play a dominant role in the process
of imbibition oil recovery. Moreover, the higher the proportion of water wetting pores,
the better the spontaneous imbibition oil recovery effect is [24,25]. Although a strong
correlation is observed between the oil imbibition efficiency and the mixed wetting degree
(i.e., the mixed wetting fraction), the logic behind this parameter and its application in
the evaluation of imbibition mechanisms have not been resolved. In addition, the contact
angle sizes on the oil–water wetting walls of the mixed wetting reservoirs also affects the
imbibition occurrence and the fluid spatial distribution in tight porous media [26–28]. Yet
there is less available information of the imbibition mechanism and oil detachment pattern
under the coupling variations of the mixed wetting fraction and the contact angle size scale.

For this investigation, numerical simulation is more suitable. It allows for a system-
atic parametric analysis of different mixed wetting states and complex boundary condi-
tions, while also ensuring repeatability. The Lattice Boltzmann Method and the direct
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Navier–Stokes method are widely used for pore-scale modeling. This is because they
provide more reliable predictions of fluid topology and fluid flow [29,30]. Norouzi et al. ex-
plore the effect of capillary number (NCap) on the immiscible fluid displacement in porous
media by using the Lattice Boltzmann Method (LBM) [31]. Although the LBM can capture
fluid flow in three-dimensional irregular porous media, it faces challenges in some cases.
For imbibition flow with a low capillary number and a high viscosity ratio, the spurious
flow problem at the fluids interface can affect the accuracy of the simulation results [32].
In contrast to LBM, the direct Naiver–Stokes method combined with the phase-field (PF)
model, level setting (LS) model, or volume of fluid (VOF) model can accurately track sharp
interfaces of high viscosity ratio two-phase fluid flow [33,34]. The phase-field method,
with its advantages of more accurate interface tracking, more realistic fluid images, energy
conservation in complex pore throats, and lower computational costs, has more extensive
application ranges than LS and VOF [35–37]. Even in the low capillary number and high
viscosity fluid imbibition flows, numerical results consistent with experimental results can
be obtained. Thus, it is essential to employ the phase-field method to perform a detailed
investigation of the imbibition mechanisms and regularities for the spatial mixed wetting
states to solve the existing uncertainty regarding imbibition potential, oil detachment
pattern, as well as critical conditions for different mixed wetting states.

In order to more accurately describe the influence of the various complicated mixed
wetting characteristics on the spontaneous imbibition oil recovery effect, capillary models
are employed to replace the real porous medium model, which aims to eliminate the
influence of complex pore structures. Then this model is validated both numerically
with previous simulation results and theoretically by comparing the results with the
analytical solutions. Moreover, this work also creatively investigates the influence of the
mixed wetting fraction and contact angle size on the imbibition oil recovery regularities,
and objectively analyzes the imbibition oil recovery mechanism, fluid flow pattern, and
imbibition oil recovery potential for the mixed wetting reservoirs.

2. Methodology
2.1. Mathematical Model Description and Establishment

The pores in rocks are simplified as the horizontal capillary tubes with circular cross-
sections of equal diameter. In previous work, a pore-scale mixed wettability model was
developed to simulate the imbibition oil recovery process at the pore scale [24]. It was found
that the degree of mixed wettability and its distribution have a significant relationship with
the imbibition oil recovery rate. During the analysis of residual oil formation, several typical
mixed wettability pore channels were identified. To investigate the imbibition behavior
in these typical mixed wettability pore throats, the pores in the media are simplified as
the horizontal capillary tubes with circular cross-sections of equal diameter. Although
the capillary model ignores the complex morphology of real pores, the distribution of
pore sizes, connectivity between pores, and irregularities, it can effectively quantify the
impact of mixed wettability on the imbibition oil recovery process, thus eliminating the
interference introduced by other factors such as the complexity of pore structure. The
mineral constituent of a tight oil reservoir is complex and randomly distributed, resulting
in the uneven distribution of rock pore surface wettability, which possibly presents different
wetting fractions (i.e., water wetting height to diameter ratio, f w = hw/D) radial along
the capillary tube. The mixed wetting capillary tube with a radius of 1 µm and a length
of 10 µm is employed as the physical model, as shown in Figure 1. The mixed wetting
capillary tube is initially filled with the oil phase. Then the water phase at the left inlet of
the capillary tube is continuously imbibed to expel the existing oil phase under the effect of
the spontaneous imbibition. The density and viscosity of water are 1 g/cm3 and 1 mPa·s,
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respectively. It is assumed that the density and viscosity of the oil phase are equal to those
of the water phase. The interfacial tension of oil–water is 0.035 N/m.
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Figure 1. Schematic representation of spatial radial mixed wetting capillary model.

Due to the capillary pressure, water is imbibed into the tiny pore channels of tight
oil reservoirs. In the process of spontaneous imbibition, the interfacial effect and dynamic
characteristics of two-phase fluid flow in the capillary channel will constantly change. This
makes it necessary to take account of the complex moving interface for conserving the
mass balance. Based on the phase-field method and interface dynamics mechanism, the
Cahn–Hilliard equation together with Navier–Stokes equations is employed to control
the spatiotemporal distribution of ordered physical parameters. Without an additional
interface reconstruction algorithm, the two-phase moving interface can be obtained by
solving the order parameter (ϕ) distribution in the study area [38]. For the imbibition oil
recovery simulation, ϕ = −1 represents that the study region is completely saturated with
oil, and the region with ϕ = 1 is set as water. The Cahn–Hilliard equation can be expressed
as two second-order partial differential equations [37]:

∂ϕ

∂t
+ u · ∇ϕ = ∇2G (1)

G = λ

(
−∇2ϕ +

(
ϕ2 − 1

)
ϕ

ε2

)
(2)

where ϕ is the order parameter. u represents the flow velocity of the fluid. G denotes
the chemical potential that is derived from the mixing energy density function [39]. ε

represents the thickness of the sharp phase interface. λ represents the mixing energy
magnitude. These parameters are related to the surface tension coefficient (σ) through the
following equation [36]:

σ =
2
√

2λ

3ε
(3)

The convective term in Equation (1) is a non-conservative form that enhances the
stability of systems coupled to a momentum equation (fluid flow equation). The non-
conservative form is more suitable for investigating the macroscopic-scale flow and gener-
ally yields a more easily converged solution. However, when the non-conservative form
is applied to the pore-scale two-phase dynamic interface tracking, the accurate numerical
conservation of integration of ϕ is difficult to obtain. Obviously, Equation (1) cannot satisfy
the current research needs and thus should be converted to a conservative form, which can
be expressed as

∂ϕ

∂t
+∇ · (uϕ) = ∇2G (4)
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Although the calculation time cost is increased, the conservative form accurately
preserves the mass of each fluid and further improves the visual fidelity of the evolution of
the fluid phase interface.

The main driving forces of the imbibition in tight rock are the capillary pressure and
gravity. However, the effect of gravity on the imbibition can be ignored for the horizontal
capillary channels. Therefore, the effect of gravity has not been taken into account in this
mathematical model [40]. Assuming that the flow in the spontaneous imbibition process
is incompressible, isothermal, and laminar, the Navier–Stokes equation and continuity
equation in the micro channel can be given as follows:

ρ
∂u
∂t

+ ρ(u · ∇)u = −∇p + µ∇2u + G∇ϕ (5)

ρ∇ · u = 0 (6)

where p, ρ, and µ are pressure, density, and dynamic viscosity of fluid, respectively.
The volume fractions of fluid 1 and fluid 2 can be calculated by

Vf, 2 = min(max([(1 + ϕ)/2], 0), 1)

Vf, 1 = 1 − Vf, 2

(7)

where the min and max operators are used so that the volume fractions have a lower
limit of 0 and an upper limit of 1. The physical parameter can be expressed as a linear
superposition of two fluids (fluid 1 and 2) by the Heaviside function [41]:

ρ = ρ1 + (ρ2 − ρ1)H
(

Vf, 2−0.5
lρ

)
µ = µ1 + (µ2 − µ1)H

(
Vf, 2−0.5

lµ

) (8)

where H is a smooth step function and l is a mixing parameter defining the size of the
transition zone.

The solid wall with the wetted wall boundary condition is employed to investigate
the two-phase fluid interface movement in the spontaneous imbibition. In addition, it is
necessary to ensure that the gradient of chemical potential on the solid wall is zero. Thus,
the boundary conditions can be expressed as

n · ε2∇ϕ = ε2 cos(θw)|∇ϕ| (9)

n · γG = 0 (10)

where n is the outer normal direction of the wall. θw is the contact angle between the fluid
and solid wall, reflecting the wettability of the channel wall. γ is the mobility parameter
relating to the interface thickness (ε), which can be given as

γ = χε2 (11)

where χ is the mobility tuning parameter defined as the velocity-related parameter. The
mobility determines the time scale of the Cahn–Hilliard diffusion and must be large enough
to retain a constant interfacial thickness but small enough so that the convective terms are
not overly damped. For the capillary flow cases, the lower limit of χ of the sharp moving
interface can be estimated through the following two equations [42–44]:

χ =
1

a
√

µe
=

1
a
√

µ1µ2
(12)
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χ =

√
8ε

3σ∆t
(13)

where a is a constant, which is usually approximately equal to 10 [39,40]. µe is effective
viscosity.

Numerical simulation work is implemented by using the COMSOL Multiphysics
platform. In this work, the pressure boundaries with a total pressure of 101 kPa are set as
the inlet and outlet of the model for the Navier–Stokes equation. The following settings
are applied for the boundary conditions in the Cahn–Hilliard equation at the inlet and
outlet. At the inlet boundary, a fixed composition (or phase fraction) for the two fluids
involved is assumed, allowing for the simulation of a constant flow of the displaced and
displacing fluids into the system. This condition ensures that the initial phase distribution
at the inlet is well-defined and remains stable throughout the simulation. At the outlet
boundary, a zero normal flux condition is applied to the phase field, preventing any phase
change or flow of the fluids normal to the outlet boundary. This condition ensures that the
phase fraction remains constant at the outlet without affecting the flow dynamics in the
simulation domain. These boundary conditions are chosen to accurately reflect the physical
nature of the imbibition process, focusing on the impact of wettability and capillary forces.
In the calculation process of fluid simulation, the time step size is controlled by a numerical
solver, which employs the backward differential formula (BDF). It is noted that the initial
time step must be small enough to avoid singularities.

The issue of spurious velocities at the fluid–fluid interface is a well-known challenge in
phase-field simulations, particularly when modeling multiphase flows with sharp interfaces.
Firstly, the phase-field regularization parameter is chosen to ensure a smooth transition
between the two fluids at the interface, which helps avoid sharp gradients that may lead to
numerical artifacts, such as spurious currents. By controlling the interface width, unwanted
velocity effects are minimized without compromising the accuracy of the phase behavior.
Secondly, the mesh is sufficiently refined near the interface to resolve the phase field and
fluid properties with high accuracy. This refinement helps capture the fluid–fluid interface
more precisely, reducing the likelihood of spurious velocities that often arise from poor
resolution at the interface. Additionally, appropriate time-stepping techniques are applied
to avoid excessive oscillations in the solution, particularly near the interface, which can
generate spurious velocities. Stable time steps are selected, and numerical stabilization
methods are employed to ensure the velocity field remains well-behaved throughout the
simulation. Finally, the software’s built-in interface capturing methods, such as ensuring
the continuity of velocity and pressure at the interface, are used to guarantee smooth
handling of the fluid–fluid boundary.

2.2. Numerical Model Validation

Simulations with different mesh densities are performed to evaluate the sensitivity
of the results to the grid resolution. As shown in Figure 2, the simulation results of oil
recovery efficiency at the calculation time of 2.31 × 10−6 s are obtained under different grid
resolutions. When the grid cell number is increased to 40,278, the oil recovery efficiency is
basically the same. In order to fully ensure grid quality and computational accuracy, and
reduce computation time, the mesh generation scheme with this grid cell size is ultimately
chosen for subsequent work.
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Figure 2. Mesh independence verification.

To validate the reliability and validity of the above-mentioned imbibition model,
the capillary imbibition oil recovery process is simulated and compared with the pub-
lished results [37]. In view of the small pore throat of tight reservoirs, the radius of the
two-dimensional long straight capillary is set to 1 µm. The left and right sides of the
capillary, as the inlet and outlet of the model, are set at 101 kPa to ensure imbibition. In
order to reduce the computational cost, half of the capillary is simulated, so the lower
wall of the model is symmetrical. The upper sidewall of the model is the wetted wall,
whose contact angle is set to 30◦ for the model validation in this work. Initially, the entire
capillary is saturated with oil. Under the action of capillary pressure, water, as the wetting
phase, is imbibed into the capillary to displace the existing oil. The numerical results of a
stable meniscus formation and the spontaneous imbibition front widths (i.e., the horizontal
distance from the three-phase contact point to the meniscus center point) for different
aspect ratios (i.e., the ratio of micro-capillary length to micro-capillary radius) are shown
in Figures 3 and 4, which are compared with the corresponding simulation results from
Peng [37].
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(a) Results in reference from Peng [37]; (b) Numerical results in this work.
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Figure 4. The spontaneous imbibition front widths for different l/R at 2.31 × 10−3 ms. (a) Results in
reference from Peng [37]; (b) Numerical results in this work.

From Figure 3a,b, the formation and stabilization of the oil–water two-phase front
meniscus in the spontaneous imbibition process are completely consistent with results
from Peng [37]. Meanwhile, the spontaneous imbibition front width values obtained
by the proposed model in this paper are 0.290 µm, 0.417 µm, and 0.514 µm, respec-
tively. The results displayed a favorable comparison between the above-mentioned results
and published numerical data [37], with an error margin of less than ±3.2% at different
aspect ratios.

In order to evaluate the difference between the numerical model prediction results
and the actual results in this work, a microfluidic chip design similar to that presented
by Sun et al. [45] is created. At the beginning, the entire network of channels in the
model is fully saturated with oil. Water is then injected at a controlled flow rate from
the left inlet to displace the oil. Figure 5 shows a comparison between the simula-
tion results obtained using the current method and the experimental observations from
Sun’s study. The results demonstrate that the flow patterns predicted by the simulation
closely match the experimental findings, particularly during the middle and later stages of
water flooding.
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3. Results and Discussion
3.1. Effect of Wettability Fraction on Spontaneous Imbibition and Oil Production

The effect of the differing spatial distribution of the radial mixed wettability on
the spontaneous imbibition patterns and oil production characteristics is investigated.
The parameter of wettability fraction f w is defined in this paper to quantitate the spatial
heterogeneity of the radial mixed wetting capillary tubes. Based on the different heights of
the water wetting wall along the diameter direction (i.e., z axis), the partitioning schemes
are determined, with corresponding f w values of 1/6, 1/3, 1/2, 2/3, and 5/6, respectively.
The resulting oil production characteristics and fluid distributions for different f w values
are portrayed, as shown in Figure 6. For the mixed wetting combination of θw = 30◦ and
θo = 105◦, the oil in oil wetting and water wetting regions of the capillary tubes is mobilized,
as illustrated in Figure 6a. In other words, regardless of the value of f w, the complete oil
detachment modes of spontaneous imbibition are exhibited, ultimately achieving the good
spontaneous imbibition effect. It also can be found that the lower f w is, the smaller the
fluid migration velocity in the mixed wetting capillary tube becomes. The reason for this
phenomenon is that low f w results in a high oil wetting wall share, which increases the
fluid flow resistance and retards the fluid migration velocity. In addition, the two-phase
moving interfaces show the inhomogeneous plastic deformation of the concave and convex
meniscus with f w. Whereas for the cases of the mixed wetting combination with θw = 30◦

and θo = 165◦, there is not only a complete oil detachment mode, but also a partial oil
detachment mode, as shown in Figure 6b. For the three cases of f w = 1/6, 1/3, and 1/2 of
the mixed wetting combination of θw = 30◦ and θo = 165◦, the water phase initially invades
into the capillary tube and only flows slowly along the water wetting region. Only a small
amount of water is sucked in to replace a small quantity of oil around the inlet of the oil
wetting region, behaving as the partial oil detachment. For f w = 2/3, there is a significant
spontaneous imbibition front distance on the oil wetting wall at 1 × 10−4 s, indicating that
a certain amount of oil at the inlet of the oil wetting area is stripped. For f w = 5/6, the oil
at both the inlet and outlet of the capillary tube is fully detached, presenting the water
saturation filling, and only a small piece of flaky oil is trapped in the bottom oil wetting
area in the middle of the capillary tube. These two cases obviously represent the complete
oil detachment mode. It is further confirmed that the spontaneous imbibition oil recovery
is affected by the wall wettability fraction.

For cases of the radial mixed wetting combinations with θw = 30◦, θo = 105◦ and
θw = 30◦, θo = 165◦, the contribution of oil wetting and water wetting regions to the
spontaneous imbibition oil recovery efficiency varies with f w, as shown in Figure 7. The
results indicate that the spontaneous imbibition oil recovery efficiency in the water wetting
regions significantly increases with the increase in f w. Undoubtedly, this is attributed to
the increase in the fraction of the water wetting wall. However, the spontaneous imbibition
oil recovery efficiency in the oil wetting region first increases and then decreases with f w.
For the weak oil wetting combination (i.e., θw = 30◦, θo = 105◦), the maximum contribution
of the oil wetting region to spontaneous imbibition oil recovery efficiency can be achieved
at f w = 1/3, but can be achieved at f w = 2/3 for the strong oil wetting combination (i.e.,
θw = 30◦, θo = 165◦). This is because at f w = 2/3, a large amount of oil at the inlet of the oil
wetting area is stripped off, presenting the complete detachment mode, ultimately achieving
the highest contribution to spontaneous imbibition recovery from the oil wetting area.
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θo = 165◦.
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Figure 7. The contribution of the oil wetting and water wetting regions to the spontaneous imbibition
oil recovery efficiency at different f w values for the mixed wetting combination with θw = 30◦,
θo = 105◦ and θw = 30◦, θo = 165◦.

3.2. Effect of Contact Angle on Spontaneous Imbibition and Oil Production

In order to further evaluate the impact of contact angle on the oil detachment mode of
spontaneous imbibition, the spatial mixed wetting distribution of f w = 1/2 is selected for
the investigation as it eliminates the different wettability proportion influence of oil and
the water wetting wall. The contact angle at the water wetting wall ranges from 15◦ (i.e.,
strong water wetting) to 75◦ (i.e., weak water wetting), and is increased 15◦ per simulation.
The contact angle at the oil wetting wall ranges from 105◦ (i.e., weak oil wetting) to 165◦

(i.e., strong oil wetting), with an increase step of 15◦. The spontaneous imbibition results
for different contact angle combinations at 5 × 10−5 s are shown in Figure 8. Based on the
observed fluid distribution characteristics during the spontaneous imbibition, there are
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basically three typical oil detachment regimes of spontaneous imbibition, mapped on a
θo − θw diagram in Figure 8. The approximate boundary marked with the pink dashed line
is considered as the boundary between oil complete detachment and partial detachment
modes. The approximate boundary marked with the blue dashed line is considered as
the boundary between oil partial detachment and trace amount detachment modes. For
such a small capillary tube together with a limited number of simulations, it is illogical
to specify definite boundaries between different regimes, so the oil imbibition recovery
regimes are distinguished by the grayish thick boundary zones to avoid errors caused by
the uncertainty. The oil detachment mode, fluid flow regularity, and recovery efficiency of
spontaneous imbibition in the three regions are discussed in detail below.
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Figure 8. θw − θo diagram showing three oil detachment mode regions of spontaneous imbibition
under different wall contact angle size combinations. Green and blue represent the water phase and
oil phase, respectively. The boundaries are specified as the thick layers (light gray).

The evolutions of the fluid distribution and variations of the front interfaces for three
typical spontaneous imbibition oil detachment modes are shown in Figure 9. For the oil
complete detachment cases (as shown in the left lower corner area surrounded by the pink
line and block diagram border in Figure 9), the water phase is preferentially filled into
the water wetting region of the capillary tube and moves along the water wetting wall in
the initial spontaneous imbibition stage. Over time, the oil in the oil wetting part of the
capillary tube also begins to gradually be peeled off under the pushing and pulling effect of
the upper water phase, but the fluid migration starts a bit later than that in the upper water
wetting region, resulting in a significant difference in the two-phase front distance between
the water wetting and oil wetting walls in a relative spatial position. Due to this difference,
there exists the obvious deformation at the two-phase interface. The imbibition meniscus
formed in the mixed wetting capillary tube is a complex combination interface, which is
composed of the concave meniscus in the upper and the convex meniscus in the lower part
of the capillary tube. After the water breaks through the outlet in the water wetting region
of the capillary tube, the oil in the oil wetting region is still constantly stripped until it is
completely expelled off. Finally, the capillary tube presents a form of water phase saturated
filling, indicating good spontaneous imbibition oil recovery efficiency.
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Figure 9. Evolution of the fluid distributions and oil–water interfaces of spontaneous imbi-
bition for the mixed wetting capillary tube at different times. (a) Case for the mixed wet-
ting combination of θw = 30◦, θo = 105◦; (b) Case for the mixed wetting combination of
θw = 30◦, θo = 165◦.

In order to further observe the dynamic changes in the spontaneous imbibition front
interface in the oil complete detachment mode, the migration distance curves of the water
phase front on the water wetting wall and the oil wetting wall located in the relative posi-
tions (i.e., lines AB and MN) are portrayed in Figure 10. The results indicate that the spacing
between these two curves increases over time at the beginning of spontaneous imbibition.
After that, the spacing between these two curves remains constant with increasing time,
behaving approximately parallel until breakthrough at the outlet. Whereas the approximate
constant of the spacing between these two curves is considered to be the front distance
difference (∆L), the magnitude of which is dependent on the contact angle of the mixed
wetting capillary tube wall.
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This can be confirmed in Figure 11, where the stable front distance difference values
varying with the contact angle sizes are shown. The reason for selecting the value of
θo = 105◦ is that at this point, the oil in spontaneous imbibition cases with arbitrary θw

values have completely started up and front distances on the two wetting walls of the
mixed wetting capillary tube change significantly over time. Furthermore, we observe that
a higher water wetting contact angle leads to a reduction in the front distance difference,
which is consistent with theoretical expectations. This reduction occurs because, in cases
with weaker water wetting, the capillary force driving the imbibition process is weaker,
resulting in a lower migration velocity of the front. This slower movement of the front
translates to a significantly longer breakthrough time for the water phase in weak water
wetting systems compared to those with stronger water wetting behavior. In contrast,
in systems with stronger interaction between oil and water, the spontaneous imbibition
process enhances oil recovery efficiency, especially at breakthrough. The analysis indicates
that as the contact angle of the water wetting wall increases from 15◦ to 75◦, the oil
recovery efficiency via spontaneous imbibition improves by 9.52%. This suggests that a
more pronounced water wetting behavior accelerates the displacement of oil, facilitating
the recovery process. Additionally, the effect of prolonged spontaneous imbibition time
on the remaining oil in the corners of the capillary tube is noteworthy. As imbibition
time increases, the remaining oil, which is trapped in the capillary corners, is gradually
displaced and stripped by the advancing water phase. This phenomenon significantly
contributes to the ultimate oil recovery efficiency, as the process continues to enhance the
displacement of residual oil, leading to further improvements in spontaneous imbibition
oil recovery. In summary, the fluid velocity and interface behavior during spontaneous
imbibition are strongly influenced by the contact angle of the wetting walls, and an increase
in the water wetting contact angle leads to more efficient oil recovery. The dynamic changes
in the front distance and the interaction between oil and water further highlight the
importance of optimizing the contact angle to enhance imbibition efficiency and overall oil
recovery performance.
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To further quantify the effect of different oil detachment modes of spontaneous imbi-
bition, the oil recovery efficiencies in the two wetting regions of mixed wetting capillary
tubes are compared, as shown in Figure 12. It can be observed that at arbitrary θw, the
contribution of the water wetting region to spontaneous imbibition recovery efficiency is
significantly greater than that of the oil wetting region. In addition, at a particular θo of 165◦,
the spontaneous imbibition oil recovery factor for both regions decreases as θw increases.
Obviously, in the strong water wetting cases (i.e., the values of θw are 15◦, 30◦, and 45◦),
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the water wetting region achieves a good spontaneous imbibition effect and also drives
the peel-off of the partial oil in the oil wetting region, which corresponds to the wetting
characteristics of the top left area enclosed by the blue line in Figure 8. However, when in
weak water wetting states (i.e., the values of θw are 60◦ and 75◦), the overall spontaneous
imbibition oil recovery efficiency in both the water wetting and oil wetting regions is less
than 10%, ultimately exhibiting poor spontaneous imbibition effects, which corresponds to
the wetting characteristics of the top right area enclosed by the blue line in Figure 8. These
phenomena can be attributed to the influence of the wall contact angle size scale.
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3.3. Effect of Oil Viscosity on Spontaneous Imbibition Front Distance Difference

The effect of the oil viscosity on the spontaneous imbibition front distances on the
two relative wetting sidewalls of the mixed wetting capillaries are investigated, as shown in
Figure 13. The oil viscosity varies from 1 mPa·s to 20 mPa·s. The contact angles on the water
wetting and oil wetting sidewalls of the capillaries are 30◦ and 105◦, respectively. Moreover,
the water wetting ratio is 1/2, meaning that the mixed wetting capillary is symmetric. Due
to the non-uniform wetting characteristic of the mixed wetting capillary, there still exists
asymmetric filling behavior and different fluid front distances on two wetting sidewalls for
a series of different viscosity ratio cases. And the greater oil viscosity enhances the front
distance difference, but little viscosity difference reduces this behavior.
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4. Conclusions
In this work, we investigate the oil detachment modes and recovery efficiency of

spontaneous imbibition in the mixed wetting capillary channels. This research emphasizes
the comprehensive influence of the wettability fraction and contact angle size scale on
spontaneous imbibition oil recovery. By analyzing the capillary spontaneous imbibition
effects of five mixed wetting distribution modes corresponding to different f w values, we
show that there are oil complete detachment and partial detachment modes of spontaneous
imbibition. These oil detachment modes are determined by the combined effects of mixed
wetting fractions and wall contact angle sizes. For the mixed wetting capillary with strong
oil wetting, when f w is low, this leads to the partial detachment mode of spontaneous
imbibition oil recovery.

We further investigate the influence of different contact angle sizes on the spontaneous
imbibition effects of the mixed wetting capillary tubes. A θw − θo diagram for determining
the spontaneous imbibition oil detachment modes in the symmetrical mixed wetting
systems (namely f w = 1/2) is built up. It generally classifies three typical imbibition
oil recovery modes, including oil complete detachment, partial detachment, and local
disturbance. For the oil complete detachment mode, the capillary tube exhibits a water
phase saturated filling, achieving the optimal spontaneous imbibition effect. The oil partial
detachment modes have relatively poor spontaneous imbibition oil recovery effects due to
a certain amount of the continuous flake-shaped oil being trapped. It should be noted that
for mixed wetting capillary tubes with a combination of weak water wetting and strong
oil wetting, local spontaneous imbibition turbulence can only detach very little oil at the
inlet of the water wetting area, ultimately achieving a recovery efficiency of less than 10%.
Moreover, it also can be observed that the different wall wettabilities of the mixed wetting
capillary tube result in the different front distances on two wetting walls. Obviously, there
is a significant front distance difference for the mixed wetting capillary tube, the size of
which is influenced by the coupling effect of two different contact angles on the capillary
walls. Although this work primarily focuses on imbibition oil recovery in mixed wetting
capillary channels, the principles and results can be applied to pore network models. In
our previous work, a numerical model for spontaneous imbibition at the pore scale was
established, and the imbibition and oil recovery process at the pore scale was simulated.
The relationship between the degree and distribution of mixed wettability and the oil
recovery rate through imbibition has been elucidated, along with the imbibition behavior
in typical mixed wetting pore throat channels.
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