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Abstract 
In the current work, a phase-field method has been used to develop a numerical model in order to 
simulate two-phase flow of water and oil through a heterogeneous fractured porous medium. An 
accurate finite element solver based on Comsol Multiphysics was applied to solve the Cahn–Hilliard 
phase-field method coupled with Navier–Stokes and continuity equations. A two-dimensional (2D) 
heterogeneous matrix block and an adjacent fracture were constructed for considering the 
computational domain. To deal with a more realistic reservoir settings, both matrix block and the 
fracture were initially oil saturated and then water injection was applied to maintain continuous water 
supply and also expel the oil phase. Various sensitivity analyses were performed to assess the impacts 
of wettability, fracture aperture, interfacial tension, and water injection velocity on the process of 
displacement. It was observed that the water mass imbibed into the matrix block varies linearly with 
time before the water front meets the outlet, known as “filling fracture” regime, which is captured for 
the first time in a numerical study. Increasing interfacial tension increases imbibition rate and ultimate 
oil recovery. Variation of the position of interface/ wall contact point with time for model of 50 mN/m 
IFT indicates contact angle alteration during the imbibition process. Increasing the fracture aperture 
reduces water breakthrough time and oil recovery; but it has a negligible effect on ultimate recovery. 
The results indicate that the model with the highest injection velocity of 5 mm/s recovered the matrix 
oil by 14% in the first 5 s and rapidly reached its ultimate recovery. However, for the lowest injection 
velocity of 0.05 mm/s the lowest imbibition rate and highest ultimate recovery of 65% were observed. 
It is revealed that at higher injection velocities, the water infiltration path is less selective compared to 
the other cases; consequently, the water front progresses almost uniformly downward, known as, 
“instantly filled fracture” regime. The developed model has captured three pore-level mechanisms, 
including fluids’ reverse displacement, water bridging, and  interface coalescence successfully. 
Keywords: Counter-current spontaneous imbibition; Wettability; Fracture aperture; Interfacial tension; Water 
injection velocity. 

1. Introduction

Flowing of fluids especially with two phases in subsurface porous and permeable media  has
received significant attention since the last decades due to its application in various fields 
including hydrocarbon recovery, sequestration of carbon dioxide, and waste disposal [1-8]. 
Therefore, it has been of great interest to investigate the influences of different factors such 
as heterogeneity, capillarity, wettability and viscosity, on this process to reduce the flow in-
stabilities which cause inefficient immiscible displacements [9]. Other key parameters affecting 
the process are rock fractures and their geometrical characteristics [10]. The interaction be-
tween three forces of gravity, capillary and viscous, determine pore-scale process and mac-
roscopic configuration of the multiphase flow [11]  

In the petroleum context, the process of wetting phase displacement using non-wetting 
phase is referred as drainage, and the imbibition process is the non-wetting phase displace-
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ment by the wetting phase [12]. Spontaneous imbibition (SI) refers to a process that the ca-
pillary forces suck the wetting phase into porous media , and the non-wetting phase is expelled 
into the fracture [13]. A fundamental mechanism in water-wet fractured reservoirs for recovery 
of oil is SI of water into the oil-saturated matrix blocks [14-15]. The process of SI can be clas-
sified into co-current or counter-current SI. Co-current SI occurs when two-phase flow of oil 
and water is in the same direction. While, in the counter-current SI, fluids flow in the opposite 
directions [16-17]. 

During the past decades, a large number of core-scale experiments have been implemented 
to understand the influences of various mechanisms on the interactions between matrix and 
fracture (See Morrow and Mason [18] and Mason and Morrow [19]). Rangel-German and Kovscek 
[20] used X-ray computerized tomography (CT) images to study the capillary imbibition in 
fractured mediums.  Based on different values of the fracture aperture and injection rate, two 
different regimes of flow in fracture were observed. The regime of “Filling fracture” is identified 
during relatively slow advancement of water inside the fracture which can be characterized by 
a 2D imbibition pattern. While, in the regime of “Instantly filled fracture”, the required time 
to fill the fracture is much less than the time needed for imbibition. In this regime, a 1D water 
advancement was observed. Fernø et al. [21] used magnetic resonance imaging (MRI) to study 
the fluid displacements by conducting oil- and water-flooding experiments. The mechanism of 
reoccurring droplet growth-detachment-growth was captured. It was determined that in an 
open fracture, the water bridges development consists of three regimes including bridge-
growth, fracture-filling, and fracture-filled.  

The physical and micro-constructed models of the porous media (micromodels) have been 
extensively applied to visualize the relevant factors influences on the fluids flow in porous 
media [22-24]. However, few studies have focused to investigate the multiphase flow in frac-
tured porous media using micromodels [25]. Rangel-German and Kovscek studied water infil-
tration in fractured porous media using an etched-silicon-wafer micromodel [26]. It was indi-
cated that during the imbibition, while oil blobs detached from the surface, they grew into the 
fracture. It was also demonstrated that the size of the growing oil droplets on the fracture is  
affected by fluid flow rate. Using silicon-etched micromodel, Hatiboglu and Babadagli [27] 
showed that the structure and size of pore and throat determine the residual oil development. 

Laboratory experiments are costly and time-consuming [28]. Thus, several detailed simula-
tion techniques, which simulate multiphase flow in complex porous structures, have been de-
veloped [29-30]. Among them, pore network modeling [31-32], lattice Boltzmann [33-34], level set 
[25-36], phase-field [37-41], and volume of fluids based finite volume [42-43] have been the most 
popular methods. For the first time, Hatiboglu and Babadagli [27] developed a pore-scale lattice 
Boltzmann model to describe the SI into oil-saturated porous media. Residual oil saturation 
development was captured and it was found that water recovery is directly related to the pore 
structure and changing the wettability did not affect the ultimate recoveries. They also showed 
a limitation of using lattice Boltzmann method for two-phase flow of water and oil at high 
viscosity ratios above four. Gunde et al. [44] applied the two-color lattice Boltzmann method 
to predict the two-phase relative permeabilities during capillary driven counter-current flow 
through a fractured media for oil-water system. They investigated the development of kero-
sene-water interface at the scale of pore. They showed that the values of oil phase relative 
permeability are approximately half of the co-current case corresponding values. It was ob-
served that water capillary imbibition and kerosene simultaneous expulsion take place in 
smaller pores and relatively larger pores, respectively. The relative permeability of oil in-
creases by interfacial tension (IFT) reduction. Andersen et al. [45] proposed a simple one di-
mensional model for SI to study the influences of different parameters such as different vis-
cosity relations, injection rate, and saturation functions. In addition, the constructed model 
was able to capture the two “filling fracture” and “instantly filled” regimes which were reported 
and discussed in Rangel-German and Kovscek work [20]. 

Akhlaghi Amiri and Hamouda compared level-set and phase-field techniques using various 
criteria such as accuracy, running time, and pore-scale events capturing capability. They found 
that the phase-field method is superior over level set for complex porous medium [46]. Using 
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Comsol Multiphysics, Akhlaghi Amiri and Hamouda [9] studied the problem of flow instabilities 
during displacement for uniform and dual permeability media. It was shown that as the me-
dium gets more water-wet, the water film becomes thicker. In addition, as the porous medium 
becomes less water-wet, the wetting phase disintegrates into several thin water fingers with 
a mean thickness of less than pore body. Their results also revealed that the water saturation 
increases by capillary number for different mobility ratio values during water-oil displacement. 
Maaref el al. [11] used the phase-field method to study the influences of wettability, heteroge-
neity, and viscosity ratio on the displacement of water-oil system in micromodel media. The 
obtained results showed that when the medium becomes more heterogeneous, the oil recov-
ery factor decreases as a result of oil phase trapping. Two mechanisms of water blob trapping 
and water finger splitting in the pore-scale were observed for neutral and oil-wet mediums. 
Rokhforouz and Akhlaghi Amiri [17] performed a simulation study to investigate the counter-
current spontaneous imbibition in a fractured porous media, where the fracture and matrix 
blocks were first saturated with oil and water, respectively. The influences of wettability, in-
terfacial tension, and viscosity ratio during the countercurrent imbibition process were as-
sessed. Jafari et al. [39] used the same method to study the effects of fracture aperture, water 
injection velocity, and grain shape during countercurrent spontaneous imbibition. Using a lat-
tice Boltzmann (LB) color-gradient model, Gu et al. [48] studied the effects of water injection 
velocity, geometry configuration of the dual permeability zones, interfacial tension, viscosity 
ratio, and fracture spacing in a synthetic porous media constructed by a Voronoi tessellation 
technique. Initial presence of oil phase in the fracture is often the only possible situation occurs 
in the fractured reservoirs. This manuscript deals with a more realistic situation where both 
matrix and fracture are initially saturated with oil and then water invasion occurs, which dif-
ferentiate it from previous works. It can be expected that fluid interactions are different from 
the situation where the porous matrix is initially fully saturated with the oil phase, while the 
fracture is initially saturated with the water phase. In the current study, the method of phase-
field was applied to investigate the effects of wettability, fracture aperture, water-oil IFT, and 
water injection velocity on the displacement process. The results give an insight into better 
understanding of the underlying physics of the counter-current spontaneous imbibition in frac-
tured porous and permeable media.  

2. Numerical model 

In the current study, 2D rectangular heterogeneous porous medium with fracture is con-
sidered to simulate a matrix block. The dimension of the rectangle is with respectively porosity 
and permeability of 35% and 8.9 e-10 m2. The grains distribution is represented using an 
equilateral triangular array of circles with various diameters. To create heterogeneity, grain 
diameters in the range of 0.6 up to 1.15mm were used. The fracture is represented using a 
rectangle with the dimension of   located close to the porous matrix. Permeability of the frac-
ture is about 2.5 e-8 m2. The average pore and throat diameter are set to 1.3 e-3 and 2.2 e-4 m, 
respectively. Figure 1 illustrates constructed domain for the numerical experiments.  

Water is injected to the model from the fracture itself. The 2D model is discretized using 
predefined “normal” mesh density with triangular elements as a specific refinement level of 
the physics-controlled meshing methods built into the computational software. Figure 2 de-
picts a magnified view of the discretized system. Considering coarser mesh grids in the bulk 
and denser mesh grids covering the boundary layers will reduce computational time and will 
result in better convergence [49]. Grid sensitivity study indicates that the water and oil satu-
rations have no significant relation with number of grid elements (Figure 3). Therefore, the 
“normal” mesh density is applied during all numerical experiments. The recovery factor is 
defined as the ratio of the total recovered oil to the total reservoir oil. In addition, the dimen-
sionless time is defined as tD=t/tbreakthrough. 
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Figure 1. Schematic representation of constructed fractured heterogeneous porous media. The green 
and blue areas represent the matrix block and fracture, respectively 

 
Figure 2. Mesh generation for the simulated domain. Note how meshes are refined at the boundaries 

 

 
Figure 3. Matrix oil recovery factor versus dimensionless time for three mesh sizes 
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To solve the interfacial problems of the counter-current SI, the phase-field equation is cou-
pled with the continuity and modified Navier-Stokes equations. The modified Navier-Stokes 
equations represent momentum conservation, and continuity represents mass conservation 
for flowing fluids at porous media. Cahn–Hilliard phase-field technique is implemented to iden-
tify a diffusive interface separating the immiscible phases. The fourth order partial differential 
equation of Cahn-Hilliard [50] is decomposed into two second order partial differential equation 
through applying an auxiliary parameter (Ψ) [51]. It is assumed that each phase is incom-
pressible and the phase change does not occur. In addition, gravity forces are ignored by 
considering 2D horizontal flow.  The system of equations is as below: 
𝛻𝛻.𝒖𝒖 = 0                         (1) 
𝜌𝜌 𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕

+ 𝜌𝜌(𝒖𝒖 ⋅ 𝛻𝛻)𝒖𝒖 = −𝛻𝛻𝑝𝑝 + 𝛻𝛻 ⋅ [𝜇𝜇(𝛻𝛻𝑢𝑢 + 𝛻𝛻𝑢𝑢𝑇𝑇)] + 𝐺𝐺𝛻𝛻𝜑𝜑           (2) 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝒖𝒖 ⋅ 𝛻𝛻𝜑𝜑 = 𝛻𝛻 ⋅ (𝛾𝛾𝛾𝛾
𝜀𝜀2

)𝛻𝛻𝜓𝜓                    (3) 
𝜓𝜓 = −𝛻𝛻𝜀𝜀2𝛻𝛻𝜙𝜙 + (𝜙𝜙2 − 1)𝜙𝜙                   (4) 
where u denotes fluid flow velocity; p represents pressure; t is time; ρ is weighted average of the 
fluid components density; μ is weighted average of the fluid components dynamic viscosity; 
𝜙𝜙 represents phase-field order parameter and G is the chemical potential. In addition, Ψ is 
the auxiliary parameter; ε is capillary width; γ is mobility; and λ is the mixing energy density.  

The region with the dimensionless phase-field parameter (𝜙𝜙) between -1 and 1 is defined 
as the diffusive interface. The relative concentrations of the two components are 1+𝜙𝜙

2
 and 

1−𝜙𝜙 
2

based on phase-field parameter. In this notion, the two phases are represented by 𝜙𝜙 = ±1 
and the interface is represented by. Using , the physical properties of diffusive interface are 
as follow: 
𝜐𝜐(𝜙𝜙) = 1+𝜙𝜙

2
𝜐𝜐𝑜𝑜 + 1−𝜙𝜙

2
𝜐𝜐𝑤𝑤                        (5) 

where 𝜐𝜐 represents individual phase property like density (ρ) and viscosity (μ). Further infor-
mation about the phase-field theory is available in literature [52-55].  

The porous matrix and fracture are oil phase saturated initially. Water with a constant 
velocity of (uinj= 0.0005 m/s) is injected at the inlet of the fracture to maintain continuous 
water supply and expel the oil phase. The outlet has zero pressure. No-slip boundary condi-
tions (u=0) are considered on the matrix block’ edges for establishing a counter-current in-
teraction of the model. The grain surfaces are considered as wetted walls with a specific con-
tact angle. On the solid wetted grains, the following boundary conditions are imposed: 
𝒖𝒖 = 0                           (6) 
𝑛𝑛 ⋅ 𝜀𝜀2𝛻𝛻𝜑𝜑 = 𝜀𝜀2 𝑐𝑐𝑐𝑐𝑐𝑐( 𝜃𝜃)|𝛻𝛻𝜑𝜑|                   (7) 
𝑛𝑛 ⋅ (𝛾𝛾𝛾𝛾

𝜀𝜀2
)𝛥𝛥𝜓𝜓 = 0                         (8) 

where n denotes unit normal to the wall, 𝜃𝜃 and is the contact angle. Densities of oil and water 
are respectively 800 and 1000 kg/m3. Both fluids’ viscosities are also considered equal to 0.001 Pa.s. 

Comsol software was employed to solve the governing equations based on the finite ele-
ment method. A predefined time dependent laminar two-phase flow located in the “Multiphase 
flow” module, was utilized [51]. The simulation time step was δt = 1 s. It should be noted that 
the governing equations were solved in 2D. The model and mesh convergence are satisfied 
for the phase-field method by considering the average grain diameter in the porous medium 
as the characteristic length (lc) and defining Cahn number as Cn=ε/lc at Cn=0.03 and mesh 
size ℎ = 0.8𝜀𝜀. The results of simulations with 𝛾𝛾𝑐𝑐 = 1 indicated less volume shrinkage and more 
physically realistic outcomes [46]. These values were employed in all numerical experiments.  

3. Results and discussion 

3.1. Impact of wettability on the fluid flow in porous media 

In a system of multiphase fluids, the tendency of a rock surface to preferentially contact a 
particular fluid is referred to wettability [56]. The contact angle (𝜃𝜃) of liquid/vapor interface 
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with a solid surface is used to determine the degree of wettability [57]. Depended on the con-
tact angle’s value, the reservoir rock surface can be water-wet (𝜃𝜃 < 𝜋𝜋

2
), oil-wet (𝜃𝜃 > 𝜋𝜋

2
), or 

neutral-wet (𝜃𝜃 = 𝜋𝜋
2
 ). Wettability of the porous media is an important factor, which affects the 

flow mechanisms and porous media properties at the levels of microscopic and macroscopic [58]. 
In this part, models with various contact angles were simulated to understand the impact of 
wettability on two-phase flow in the porous media during the counter-current SI. 

Figure 4 shows the water-oil distributions during the imbibition process in the extremely 
water-wet model �𝜃𝜃 = 𝜋𝜋

10
� for different times.  

 
Figure 4. Fluid distributions at six different dimensionless times during counter-current SI for the simu-
lated model with 𝜃𝜃𝑐𝑐 = 𝜋𝜋

10
 (a) tD = 0, (b) tD = 0.1, (c) tD = 0.4, (d) tD = 0.6, (e) tD = 0.85, (f) tD = 1 

Firstly, the matrix and the adjacent fracture were saturated with oil, and then water was 
injected through the inlet (Figure 4a). The oil and water phases respectively are represented 
by red and blue colors, and the color gradient represents the interface mixing zone. Through 
water injection into the fracture, water was sucked into the porous medium with the sizes of 
2-3 pore bodies and also progressed to the fracture (Figure 4b). It can be seen from Figure 
4c that the matrix oil was displaced by water phase and the water front was narrowed from 4 
pore bodies to a pore body. It is indicated that the wetting phase firstly fills the small size 
pores and throats, which is in accordance with micromodel observations conducted by Hati-
boglu and Babadagli [27]. Water phase gradually floods the fracture and displaces the resident 
oil. Figure 4d shows that the water phase is progressed by forming a capillary finger with a 
mean width of 1-3 of pore bodies. This kind of instability occurs in the form of wide forward 
and lateral moving fronts of displacing phase with a mean width of more than 1-3 of pore 
bodies, that is in agreement with the experimental study of Lenormand et al. [59]. Afterwards, 
another capillary finger is formed in the medium right-hand side and the formed finger is 
thickened through occupying more pore bodies (Figure 4e). It can also be seen that small 
droplet of oil is trapped between three grains because of water bridging between adjacent 
grains. The imbibition process is stabilized after 65 s and 40% of matrix oil recovery (Figure 
4f). In different zones of porous medium, water-oil interface stops progressing as it reaches 
wider pores and throats.  

Figure 5 summarizes the results obtained for all models with various grain’s contact angles,  
𝜃𝜃 = 𝜋𝜋

10
 up to 𝜃𝜃 = 𝜋𝜋

2
 , during the imbibition process. Recovery factor is referred to the ratio of 

matrix oil recovery to the total oil of matrix. As can be seen, the water mass imbibed into the 
matrix block varies linearly versus dimensionless time until the water front meets the outlet. 
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This curve is characterized by “filling fracture” regime which was identified by Rangel-German 
and Kovscek using X-ray CT scanning [20]. Alteration of wettability from neutral–wet to 
strongly water wet increases imbibition rate and ultimate recovery, which is in agreement with 
the previous experimental findings [60]. For example, ultimate oil recovery in neutral-wet me-
dium (π/2) is about 11%, while it is more than 40% for the extremely water-wet me-
dium�𝜃𝜃 = 𝜋𝜋

10
�. It is also found that increasing the contact angle results in an earlier break-

through time. 

 
Figure 5. The matrix oil recovery factor as a function of dimensionless time for different models with 
contact angles of π/2, π/3, π/4, π/6, π/8 (the base case), and π/10 

Figure 6 depicts the stabilized distribution of oil and water for models with various wetta-
bility states. According to the equation of Young–Laplace, 𝑝𝑝𝑐𝑐 = 2𝜎𝜎 𝑐𝑐𝑜𝑜𝑐𝑐 𝜃𝜃

𝑟𝑟
, where pc represents ca-

pillary pressure and r is the capillary radius based on pore and throat sizes, for cases with 
neutral wet medium(𝜃𝜃 = 𝜋𝜋

2
), the capillary pressure is zero and capillary fingers do not form. 

Thus, water imbibition and matrix oil expulsion do not occur. Water phase stops moving to-
ward the porous matrix and no more production is observed (Figure 6a). The models with 𝜃𝜃 =
𝜋𝜋
3
 and 𝜋𝜋

4
 show higher imbibition rate as a result of increased capillarity level and water invades 

the neighboring grains of the fracture (Figure 6b, c). Water imbibed zones become wider when 
𝜃𝜃 decreases (𝜃𝜃 < 𝜋𝜋

4
) and it forms a front with a regular shape and negligible fingers. The wetting 

phase front stops progressing as it reaches larger pores and throats (Figure 6d, e). In the 
extremely water-wet matrix (𝜃𝜃 = 𝜋𝜋

10
), the capillary fingers formed by water phase propagate 

deeply into the matrix and one oil drop is trapped in the middle of matrix block (Figure 6f).  
These results are qualitatively similar to numerical results of Rokhforouz and Akhlaghi Amiri, 
where the fracture and matrix block were initially saturated with oil and then with water [47].  

 
Figure 6. Snapshots of the stabilized fluid distributions for different models with contact angles of (a) 
π/2, (b) π/3, (c) π/4, (d) π/6, (e) π/8, and (f) π/10 
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3.2. Effect of fracture aperture on the fluid flow in the porous media 

To understand the effect of fracture geometrical characteristic models three different frac-
tures with 0.45, 0.90 (the base case), and 1.25 mm of apertures were simulated. Figure 7 
shows the matrix oil recovery versus dimensionless time for imbibition process of the men-
tioned models. According to this figure, generally, by increasing the fracture aperture the 
imbibition rate will increase at early times. The model of widest fracture aperture reached to 
its ultimate recovery factor first, after 50 s. However, the model with the narrowest aperture 
continued imbibition process until 97s and its ultimate matrix oil recovery was about 0.3. 

 
Figure 7. The matrix oil recovery factor as a function of dimensionless time for three models with fracture 
apertures of 0.45, 0.90 and 1.25 mm 

Figure 8 illustrates the water and oil stabilized distributions for these models. For the case 
with the fracture aperture of 0.45 mm, more pore bodies in the medium left-hand side were 
invaded compared with the other models and consequently higher water saturation can be 
expected.  

 
Figure 8. Snapshots of the stabilized fluid distributions for three models with different fracture apertures 
of (a) 0.45 (b) 0.90 and (c) 1.25 mm 

 
Figure 9. (a) velocity (m/s) and (b) Pressure (Pa) distribution profiles at tD = 0.3  for the simulated 
model with fracture aperture of 1.25 mm 
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Figure 9 shows the velocity and pressure fields of the model for widest aperture at tD = 
0.3. A pressure gradient between the phases of advancing and receding in the matrix, i.e., 
capillary pressure (pc), can be identified. To expel the oil from matrix into the fracture, it is 
observed that the pressure of the water front decreases to lower values in the middle of the 
medium. Figure 9b shows the main water and oil streamlines inside the fracture and matrix 
based on velocity profile. 

3.3. Effect of IFT on the fluid flow in the porous media 

This section investigates the effect of IFT on displacements of two-phase flow of water and 
oil in heterogeneous fractured porous media for the cases with the initially oil saturated matrix 
block and fracture. Figure 10 shows the matrix oil recovery versus dimensionless time for 
three models with IFTs of 5, 25 (the base case), and 50 mN/m. It can be observed that higher 
water-oil IFT causes higher imbibition rate and ultimate oil recovery. As an example, in the 
first 50 s, 16% of the matrix oil is recovered in the model with the lowest IFT, while for the 
models with the highest IFT, the ultimate oil recovery is above 30%. It is also revealed that 
increasing the IFT leads to a delayed breakthrough time. These results are in accordance with 
the Young–Laplace equation, which states increasing the IFT will cause higher capillary pres-
sure, and consequently higher water imbibition rate. A stabilized distribution of water and oil 
for the cases with various IFTs is shown in Figure 11.  

 
Figure 10. The matrix oil recovery factor as a function of dimensionless time for three models with IFTs 
of 5, 25 and 50 mN/m 

 

Figure 11. Snapshots of the stabilized fluid distributions for three models with (a)𝜎𝜎 = 5𝑚𝑚𝑚𝑚
𝑚𝑚

, (b) 𝜎𝜎 =

25𝑚𝑚𝑚𝑚
𝑚𝑚

and (c) 𝜎𝜎 = 50𝑚𝑚𝑚𝑚
𝑚𝑚

 

In the model with the lowest IFT, water phase progressed in a zone on the medium left 
hand side with the sizes of 2-3 pore bodies. In the rest of the medium, water phase has 
invaded upper grains with the size of 1-2 pore bodies (Figure 11a). As it is shown in Figure 
11c, the model with the highest IFT has a progressed capillary finger in the middle of porous 
medium due to the higher capillary pressure. Figure 12 indicates the variation of the position 
of interface/ wall contact point with time for model of 50 mN/m IFT. The water surface slightly 
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oscillates during the filling fracture regime as a result of instantaneous start. Periodically os-
cillations of the water surface indicate contact angle variation during the process. The inter-
face/ wall contact point exhibits an ascending behavior before the water front meets the outlet. 
 

 
Figure 12. Position of the interface/wall contact point as a function of time for the model with IFT of 50 mN/m 

3.4. Impact of water injection velocity  

Figure 13 shows the recovery of matrix oil versus dimensionless time during the process of 
imbibition for water injection velocities of 0.05, 0.5 (the base case), and 5 mm/s. As it is 
observed, the model with the highest injection velocity of uinj=5 mm/s, has recovered the 
matrix oil by 14% in the first 5 s and then rapidly reaches to its ultimate recovery. At injection 
velocity of 5 mm/s, water just invaded the fracture and the closest grains to the fracture and 
breakthrough occurred early (at t = 5 s) (See Figure 13). After stabilization, the model with 
injection velocity of 0.5 mm/s recovered almost 27% of the matrix oil. In the case of the 
model with the lowest injection velocity, the lowest imbibition rate and the highest ultimate 
recovery, i.e., 65%, can be observed. The matrix-fracture interactions are improved because 
the process takes place much slower compared to the other cases. The forces of viscous type 
causing fluids flow in the fracture, are not significant at this condition; thus, water could pen-
etrate into most parts of the matrix. It was observed that water moves unstably forward and 
backward in the fracture. Water reached the outlet through the matrix and the fracture has 
not been occupied; thus, a later water breakthrough was observed (at t = 585 s). According 
to Figure 13, it can be concluded that at low injection rates, more time is needed to reach 
higher recovery.  

As shown in Figure 14c, five oil blobs are trapped around the smallest grains, due to the 
lower capillary pressures. Besides, the expelled oil formed a pistonlike plug in the fracture 
which blocked water flow through the fracture. As a result of this phenomenon, more water 
can imbibe into the matrix and thus larger amount of oil is expelled from the matrix into the 
fracture.  Figure 14b shows that water phase has progressed into the porous matrix with three 
capillary fingers. In the case of the model with uinj=5 mm/s, absence of blocking effect and 
existence of larger shear force prevent formation and growth of oil droplets which result in  
reduction in the imbibition rate. Figure 14a reveals that the water infiltration path is less 
selective compared to the other cases; consequently, the water front progresses almost uni-
formly downward. This regime is characterized as the “instantly filled fracture” which is in 
agreement with micro-model observations made by Rangel-German and Kovscek [20]. It can 
be found that by increasing water injection velocity, the oil recovery factor and the imbibition 
depth decrease. Figure 15a illustrates that the movement of water-oil contact line happens on 
the marked grain surface until the water phase takes the whole grain. This figure also shows 
that the oil phase film between the grains narrows as the water phase bridges between the 
adjacent pores and the interface coalescence occurs. Figure 15b shows that the reverse dis-
placement at the pore-level as a consequence of pressure gradient decreases across the fracture. 
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Figure 13. The matrix oil recovery factor as a function of dimensionless time for three models with 
different water injection velocities of 0.05, 0.5, and 5 mm/s 

 
Figure 14. Snapshots of the stabilized fluid distributions for three models with different water injection 
velocities (a) uinj=5, (b) uinj=0.5, and (c) uinj=0.05 mm/s 

 

 
Figure 15. An enlarged section of the simulated model with uinj=0.05 mm/s at three successive instants 
during the imbibition process 
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4. Conclusions 

A precise-pore-scale model using the phase-field method was provided to investigate the 
matrix-fracture interaction during capillary imbibition. An accurate finite element solver was 
applied to solve the coupled Navier–Stokes and Cahn–Hilliard phase-field equations. A 2D 
heterogeneous matrix block and an adjacent fracture were established to be considered as 
computational domain. The constructed domain was discretized into triangular elements and 
the governing equations were solved in 2D space. Both matrix block and fracture were initially 
saturated with oil phase and the constant velocity water was injected at the fracture inlet to 
maintain continuous water supply and expel the oil phase. Different sensitivity analyses were 
implemented to study the effects of wettability, fracture aperture, IFT, and water injection 
velocity on the process of displacement. For the models with 𝜃𝜃 > 𝜋𝜋

6
, water just progressed in 

the fracture and could not propagate into the matrix block. While, for the strongly water-wet 
mediums �𝜃𝜃 ≤𝜋𝜋

6
�, water invaded more pore bodies and capillary fingers propagated into the 

matrix. It was found that decreasing the contact angle has a considerable impact on imbibition 
rate and ultimate oil recovery. It was also observed that the water mass imbibed into the 
matrix block varies linearly as a function of time before the water front meets the outlet, which 
was characterized as “filling fracture” regime. Higher imbibition rate and ultimate oil recovery 
could be reached by increasing the IFT. As an example, in the first 50 s, 16% of the matrix oil 
recovery was observed in the model with the lowest IFT (𝜎𝜎 = 5 𝑚𝑚𝑚𝑚

𝑚𝑚
). While for the model with 

highest IFT (𝜎𝜎 = 50 𝑚𝑚𝑚𝑚
𝑚𝑚

), ultimate oil recovery was higher than 30%. Increasing the fracture 
aperture decreased both water breakthrough time and oil recovery; however, the ultimate 
recovery was not significantly affected. The results revealed that 14% of matrix oil recovery 
observed in the first 5 s and rapidly reached to its ultimate recovery for the case with the 
highest injection velocity (uinj =5 mm/s). While the lowest imbibition rate and the highest 
ultimate recovery (65%) were observed for the model with lowest injection velocity of (uinj 
=0.05 mm/s). The model with uinj=0.05 mm/s had capability to show some mechanisms at 
the pore-level such as oil trapping, reverse displacement, thinning of oil film, movement of 
fluids’ contact line, interface coalescence, and bridging of water films. The constructed model 
could be applied as a benchmark for qualitative and quantitative study of the phenomenon 
and also for phase-field counter-current simulations. 
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