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Abstract−− Due to the concern about oil’s extrac-

tion efficiency decline throughout the time, research-

ers have looked for alternatives to raise the displace-

ment efficiency of trapped oil within micropores, 

which has a known complex geometry. The use of nu-

merical simulation presents advantages since it is an 

economically viable technology with good precision. 

The current proposition analyzes numerically and 

with the aid of the Ansys Fluent software, the influ-

ence of wettability in microcavity geometry in the dis-

placement of oil by water. Several cases with different 

radius curvatures of the geometry, contact angles and 

their influence in displacement efficiency of residual 

oil are evaluated. The results led to a more realistic 

analysis regarding the mobilization of trapped oil 

within the microcavities. 

Keywords−− Microcavity; Two-phase flow; Dead-

end; Volume of fluid method; Wettability. 

I. INTRODUCTION 

The decline of oil production is a great preoccupation in 

the oil industry (Muggeridge et al., 2014). Although by 

the time this paper is developed, the world’s demand for 

this energy resource is lower than the offer, which is an 

atypical situation, the trend is that the increase in con-

sumption will be in a bigger proportion than the produc-

tion gets to attend. The incorporation of new oil stocks 

discoveries has reduced, there are a few exceptions to this 

rule, and the Brazilian pre-salt is an example. The pro-

spection is performed in places with difficult access and 

sometimes in flora and fauna environments, which 

should be preserved. The current challenges require, be-

sides new technologies, enormous investments and ways 

to minimize the environmental impact of the oil prospec-

tion and extraction (Pereira et al, 2017; Martins et al, 

2020). 

Referring to oil flow during production, one of the 

most challenging steps is the one involving porous media 

flow. The reservoir rock, which contains the oil to be pro-

duced, can reach up to, or more than a hundred meters 

underground and has complex access, achievable by 

drilling techniques. The information that can be obtained 

from this environment is always involved with uncertain-

ties. The reliability of the collected data improves with 

time and is very representative when the reservoir must 

be abandoned, situation in which these data are almost 

useless. 

Besides the presence of uncertainties, mainly when 

the studies are being performed in order to develop the 

oil field more efficiently, there are scales ranging from 

several kilometers to the microscopic scales of some mi-

crometers, in which fluids’ typical movement speed is 1 

ft/day (1ft = 0.3048 m). This combination of microscale 

(Fig. 1) and low speed involving immiscible fluids results 

in a force balance dominated by capillarity force. The vis-

cous forces show its importance when the subject is 

heavy oils. 

The capillarity forces mean the existence of phenom-

ena such as snap off, Jamin effect, strengthening the oil 

retention. The oil trapping within reservoir rock is one of 

the main factors leading to the efficiency of the extractive 

process to be reduced. 

Due to economy and practicality, the common way to 

improve the indexes is to inject water, allowing the oil 

mobilization. Other alternatives are related to Enhanced 

Oil Recovery (EOR) methods (Romero and Fejoli, 

2015a; Guidi and Romero, 2018; Zitha et al., 2019); how-

ever, it requires higher investments and expertise in ad-

vanced and expensive technologies. Independent of the 

technique put in place, an amount of residual oil will re-

main trapped in the reservoir. It happens because not all 

the reservoir volume can be contacted by the injected 

fluid, and at the contacted area not all the oil can be dis-

placed. Therefore, the volumetric efficiency, or macro-

scopic efficiency, 𝐸𝑉, and the displacement efficiency, or 

microscopic efficiency, 𝐸𝐷, both are smaller than one. 

What does influence the trapping? Is it possible to 

mobilize trapped oil? How does the mobilization hap-

pen? What is the importance of porous geometry in the 

displacement process? What is the role of properties of 

the involved fluids? What are the mechanisms involved? 

The answers to these and other questions are the motiva-

tion for the study. 

 

 

 
Figure 1. Two-dimensional schematic of porous media where 

oil is partially displaced by water. 
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The mobilization of trapped oil in microcavities has 

been studied since the single-phase perspective (Yin et 

al., 2006; Kamyabi et al., 2013; Kamyabi et al., 2015) 

and, more recently, considering as a biphasic flow (Coe-

lho et al., 2016; Rigatto and Romero, 2018; Soares and 

Romero, 2019). 

Yin et al. (2006) and Wei et al. (2014) studied the 

flow behavior of a viscoelastic solution of polymers at a 

microcavity. According to the authors, the numerical re-

sults show the viscoelasticity of polymeric solutions as 

the main factor influencing the displacement efficiency 

of the oil. Also according to Yin et al. (2006), the flow 

velocity to a viscoelastic solution is higher than to a New-

tonian fluid and the viscoelastic nature of polymeric flu-

ids can improve, in general, the oil wettability efficiency 

in relation to the usage of Newtonian fluids. 

Kamyabi et al. (2013) and Kamyabi et al. (2015) an-

alyzed, numerically, the effects of water injection and of 

polymeric solutions in the extraction of residual oil. The 

results obtained show that the viscoelastic fluids have a 

higher capacity to extract oil of the microcavity. Besides, 

the results show that the Reynolds number has lower ef-

fects in the removal of oil of a microcavity. 

The mobilization of trapped oil in a square microcav-

ity was analyzed numerically by Coelho et al. (2016), 

Rigatto and Romero (2018), and Soares and Romero 

(2019). The authors used the injection of a Newtonian 

fluid to provide the oil displacement retained in a square 

microcavity. The results show that only a percentage of 

the oil is displaced, remaining a large part in the micro-

cavity. The authors also concluded that a higher volume 

of oil is recovered when the interfacial tension between 

the fluids is reduced. 

Most authors used geometries with corners as a sharp 

edge to represent the micropores of a reservoir. But, as 

represented in Fig. 1, this assumption does not corre-

spond to the reality, because corners are not mathemati-

cal points and contact lines do not actually pin (Gibbs, 

1961; Oliver et al., 1977; Romero et al., 2006). 

The current paper proposes to analyze numerically 

the influence of wettability of water and oil fluids in a 

pore with rounded corner. Computational techniques are 

used to evaluate how influence of these values in the dis-

placement efficiency of oil. 

II. METHODOLOGY 

A. Problem specification 

The oil extraction efficiency is quantified by comparing 

the amount of extracted oil with the initial oil volume 

contained in the reservoir. This parameter is known as the 

recovery factor (𝑓𝑅) that, which is a result of the volumet-

ric efficiency (𝐸𝑉) multiplied by the displacement effi-

ciency (𝐸𝐷) (Green and Willhite, 1998), 𝑓𝑅 = 𝐸𝑉𝐸𝐷. The 

volumetric efficiency is obtained considering the reser-

voir macroscopic scale, and is subject of research of the 

traditional reservoir simulation. The displacement effi-

ciency refers to the oil mobilization in a microscopic 

scale. 

The current study is directed to phenomena that can 

be identified mainly on a microscopic scale; therefore,  
 

 
Figure 2. Two-dimensional water-oil displacement in a micro-

channel with ℎ = 1 mm at time 𝑡, where three wettability con-

ditions (𝜃𝑤𝑜) are studied. The letters are boundaries of the do-

main detailed in section IIB. 

the macroscopic efficiency (𝐸𝑉) is admitted being uni-

tary. The displacement efficiency can be understood as 

the necessary efforts to mobilize the oil trapped in the 

rock’s porous. Nevertheless, since real problems have 

complex geometries (Fig.1), simplifications are incorpo-

rated in order to make the study viable, resulting in a sim-

plified physical model (Fig. 2), but still preserving the es-

sence and representativeness of the whole. Thus, and as 

shown in Fig. 2, the geometry is conceived as being 

formed by two flat and parallel plates, which represent a 

flat capillary lengthening 10ℎ and with a height of ℎ, and 

with a microcavity square with side ℎ, being ℎ constant 

and equal to 0.001 m. All geometry is initially filled with 

oil of viscosity 𝜇𝑜 = 10−3 kg⁄(m s) = 1mPa s = 1cP and 

density 𝜌𝑜 = 900 kg⁄m3, in which is injected water of vis-

cosity 𝜇𝑤 = 10−3 kg⁄(m s) and density 𝜌𝑤 = 1000 

kg⁄m3, in the left side of the domain. The fluids are im-

miscible and the surface tension water-oil is constant val-

uing 𝜎𝑤𝑜 = 7.4 × 10−6 N⁄m. The presence of the square 

cavity and the capillarity and viscous forces are the main 

drivers of the complex flow of oil displacement. 

Because a real porous media is formed by rounded 

corners, this characteristic has been considered in the 

simulation. The nearest corner of the entry plane has 

three values a radius of curvature 𝑟 equal to 5 mm, 10 

mm and 25 mm. In addition, at Fig. 2 it is possible to 

identify letters that represent the boundary conditions. 

The main parameter explored in this paper is the wet-

tability. In a porous media filled with water and oil, the 

permeability has different behavior if the system is water 

wetting or oil wetting (Green and Willhite, 1998). The 

concept of wettability is translated mathematically 

through the contact angle (𝜃𝑤𝑜 in Fig. 2) between the 

denser fluid and the wall. Three values for the contact an-

gle are adopted: 𝜋/2 rad, that indicates neutral wettabil-

ity; 𝜋 rad indicating the oil as the wetting agent; and 0 

rad indicating the water as the wetting agent. 

In the two – dimensional configuration of Fig. 2, the 

injected water volume, 𝕍𝑤(𝑡) a function of time, invade 

the volume domain 𝕍𝑡𝑜𝑡𝑎𝑙 = 11ℎ2𝑏, displacing the fluid 

contained in this zone, and consequently, the oil volume 

𝕍𝑜(𝑡) reduces with time 

The parameter 𝑏 is the depth perpendicular to the 

plane. One way to accompany these variations over time 

𝑡 is through the concept of average volumetric fraction 

𝛼̅𝑓(𝑡) of fluid 𝑓 given by Eq. 1, where for water 𝑓 = 𝑤 

and for oil 𝑓 = 𝑜, 

 𝛼̅𝑓(𝑡) = 𝕍𝑓(𝑡)/𝕍𝑡𝑜𝑡𝑎𝑙. (1) 

In the biphasic flow water-oil, the sum of the average 
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of the volumetric fractions at every time instant is a unit, 

and can be represented as following 𝛼̅𝑜(𝑡) + 𝛼̅𝑤(𝑡) = 1. 

The information of the oil fraction, which is time-de-

pendent, is particularly important at starting and end of 

the process. At the beginning (𝑡 = 0), the oil volume fills 

the whole domain as following:𝕍𝑓(𝑡 = 0) = 𝕍𝑜_𝑖𝑛𝑖𝑐𝑖𝑎𝑙 =

𝕍𝑡𝑜𝑡𝑎𝑙. Thus, to the configuration proposed, the average 

of the volumetric fraction of oil in the beginning phase of 

the displacement process reaches its maximum value, 

represented by 𝛼̅𝑜_𝑖𝑛𝑖𝑐𝑖𝑎𝑙 = 1. 

As the oil amount reduces, its volume at the end of 

the injection (𝑡 = 𝑡𝑓𝑖𝑛𝑎𝑙) is 𝕍𝑜_𝑓𝑖𝑛𝑎𝑙 , what represents the 

oil volume trapped in the microcavity, and consequently, 

from Eq. 1, the final average oil volumetric fraction is 

𝛼̅𝑜_𝑓𝑖𝑛𝑎𝑙 = 𝕍𝑜_𝑓𝑖𝑛𝑎𝑙(𝑡)/𝕍𝑡𝑜𝑡𝑎𝑙.  

This parameter represents the oil amount, at fractional 

terms, that remains trapped within the cavity. As the pro-

cess is dependent on the water injection time, it is possi-

ble to establish the interval of variation of the oil average 

volumetric fraction, as 𝛼̅𝑜_𝑓𝑖𝑛𝑎𝑙 ≤ 𝛼̅𝑜(𝑡) ≤ 1.  

On the other hand, manipulating previous equations 

and considering unitary macroscopic efficiency, the oil 

recovery factor for this physical domain is 

 𝑓𝑅 = 1 − 𝛼̅𝑜_𝑓𝑖𝑛𝑎𝑙 . (2) 

From Eq. 2 may be verified that 𝛼̅𝑜_𝑓𝑖𝑛𝑎𝑙  must have 

the lower possible value because this reflects how effi-

cient the oil removal process is. As will can be observed 

during the development this paper, 𝛼̅𝑜_𝑓𝑖𝑛𝑎𝑙  depends on 

several dimensionless parameters, like capillarity num-

ber (𝐶𝑎), viscosity ratio (𝜇𝑅), contact angle (𝜃𝑤𝑜), Reyn-

olds number (𝑅𝑒), and of the geometry of the cavity. 

Although the equations for 𝛼̅𝑓 are presented at aver-

age terms to the full domain, they are also valid at any 

flow point. It means that the volumetric fraction besides 

time 𝑡 depends on specific values of the two-dimensional 

position vector 𝐱 = (𝑥, 𝑦). Therefore, the representation 

more appropriate is 𝛼𝑓(𝑡, 𝐱), nonetheless to facilitate the 

following writing, these variables are represented by a 

simple way only as 𝛼𝑤 for water phase and 𝛼𝑜 for oil 

phase. 

B. Solution of the immiscible water-oil problem by 

VOF technique 

The presence of the interface, whose form and position, 

in each domain point and a different instant of time, de-

pends on the operational conditions, liquid properties and 

geometry, defining the complexity of the displacement 

process of water-oil, which requires the appliance of spe-

cifics numerical techniques aiming to achieve a reasona-

ble solution. 

Generally, the methods to address this kind of prob-

lems can be classified as (i) moving mesh, and (ii) fixed 

mesh. The first one requires the solution of additional 

equations to determine the position of each nodal point, 

as a response of fluid flow conditions. In the second cat-

egory, the interface is determined directly, solving also a 

scalar equation (the mesh is maintained fixed), as is the 

case of the technique Volume of Fluid – VOF presented 

by Hirt and Nichols (1981) and used in this paper. In both 

approaches, additional equations are necessary, which in-

creases the complexity of the problem to be solved. Each 

method presents advantages and disadvantages. A more 

detailed explanation of the techniques is out of the scope 

of this research. Nevertheless, examples of its applica-

tions are found at Santos et al. (2016) and Coelho et al. 

(2016). 

The VOF technique, available in the Ansys Fluent 

software (Ansys, 2013), was applied to a two-dimen-

sional flow, isothermal, transient, of Newtonian, incom-

pressible and immiscible fluids, and is solved in each 

point of the domain using the continuity equation, Eq. 3, 

the momentum equation, Eq. 4, together with the equa-

tions that determine the volumetric fractions of each 

fluid, Eqs. 5 and 6, respectively. 

 ∇ ∙ 𝐯 = 0, (3) 

 
𝜕(𝜌𝑤𝑜𝐯)

𝜕𝑡
+ ∇ ∙ (𝜌𝑤𝑜𝐯𝐯) = −∇𝑝 + ∇ ∙ (2𝜇𝑤𝑜𝐃) + (4) 

 𝜌𝑤𝑜𝐠 + 𝐟vol, 

where 𝐯 is the velocity vector, 𝑝 is the pressure, 𝐠 repre-

sents the acceleration of gravity vector, 𝐃 the tensor de-

formation rate defined as 𝐃 = 1/2[∇𝐯 + (∇𝐯)𝑻], being 

∇𝐯 the velocity gradient tensor and the term ( )𝑻 repre-

sents the transposed operation. 

The volumetric fraction of the oil phase 𝛼𝑜 is deter-

mined by 

 
𝜕(𝛼𝑜𝜌𝑜)

𝜕𝑡
+ ∇ ∙ (𝛼𝑜𝜌𝑜𝐯) = 0, (5) 

and the water volumetric fraction 𝛼𝑤 is obtained directly 

from 

 𝛼𝑤 = 1 − 𝛼𝑜. (6) 

Thus, in each point domain of the mesh the volumet-

ric fraction of water 𝛼𝑤  and oil 𝛼𝑜 can have the following 

values: 

• 𝛼𝑤 = 0, meaning that it cell does not contains water, 

only oil (𝛼𝑜 = 1); 

• 0 < (𝛼𝑤  or 𝛼𝑜) < 1, the cell contains the water-oil 

interface. In this case, a specific algorithm is used to 

determine the position and the geometry of the inter-

face inside of each cell; 

• 𝛼𝑤 = 1, when the cell is filled by water, therefore 

without oil, which means, 𝛼𝑜 = 0. 

Due to the determination of the volumetric fractions 

to several positions and time instants, and with the spe-

cifics mass of water 𝜌𝑤 and of oil 𝜌𝑜 as input data, the 

specific mass 𝜌𝑤𝑜 that covers all regions where the flow 

of the two fluids occurs is defined as 

 𝜌𝑤𝑜 = 𝛼𝑤𝜌𝑤 + 𝛼𝑜𝜌𝑜, (7) 

this expression is used to determine the convective term 

in the Eq. 4. With similar argumentation, the viscosity 

𝜇𝑤𝑜 is applied in the complete domain and is defined as 

being 

 𝜇𝑤𝑜 = 𝛼𝑤𝜇𝑤 + 𝛼𝑜𝜇𝑜, (8) 

that specifies the viscous term of Eq. 4. 

Additionally, the term of volumetric fraction 𝐟vol in 

Eq. 4 represents the effects of the surface tension 𝜎𝑤𝑜, 

and is defined by the Continuum Surface Force (CSF) 

model, presented by Brackbill et al. (1992). 

 𝐟vol = 𝜎𝑤𝑜𝜅
𝜌𝑤𝑜∇𝛼𝑜

1/2(𝜌𝑤+𝜌𝑜)
, (9) 
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Figure 3. The full domain is discretized in 9,149 small elements. A detail of the cavity with rounded corner is in the bottom figure. 

where the curvature 𝜅 of the interface water-oil is ob-

tained by 𝜅 = ∇ ∙ (
∇𝛼𝑜

|∇𝛼𝑜|
). 

Initial and boundary conditions: 

In the two-dimensional problem presented at Cartesian 

coordinates, there are five unknowns [𝑢, 𝑣, 𝑝, 𝛼𝑤, 𝛼𝑜] 

and five equations [Eqs. (3), (4-x), (4-y), (5), (6)]. For the 

solution, boundary conditions must be specified. These 

conditions are represented by letter (a) till letter (d) in 

Fig. 2 and means the following: 

(a) At the entrance, the injected fluid (water) speed is 

prescribed as 𝑉𝑤 = 0.001 m/s and is kept constant 

during all flow; 

(b) At the exit plane, the pressure is zero; 

(c) Fixed walls, which means that the no-slip and no-

penetration conditions are applied; 

(d) At the interface, the Eq. 9 is applied. 

C. Numerical considerations 

Discretization algorithms: 

The system of governing equations is solved numerically 

with the VOF method (Hirt and Nichols, 1981). The ap-

propriate choice of the discretization methods is an im-

portant step of the simulation process and is based on the 

papers of Santos et al. (2016) and Coelho et al. (2016). 

To the coupling pressure-velocity the PISO – Pressure-

Implicit with Splitting of Operators is selected. The eval-

uation of gradients of the conserved properties is ob-

tained applying the method Least Squares Cell-Based. 

The model selected to interpolate the pressure is the 

PRESTO! – Pressure Staggering Option. When it comes 

to the momentum equation and volumetric fraction of the 

fluid, the models used are, respectively, QUICK – Quad-

ratic Upwind Implicit Differencing Convective Kinemat-

ics and CICSAM – Compressive Interface Capturing 

Scheme for Arbitrary Meshes. 

Mesh refinement: 

Three levels of mesh refinement with unstructured ele-

ments are tested (3,118 elements, 9,149 elements and 

15,141 elements). After comparisons in performance to 

represent the average volumetric fraction of oil, the mesh 

with 9,149 elements, orthogonal quality of 87.88% and 

an aspect ratio of 2.08, was selected (Fig. 3). 

Choice of the timestep: 

The choice of the timestep, Δ𝑡, is accomplished accord-

ing to the recommendation of Bohacek (2010), which 

was also discussed at Coelho et al. (2016) and Santos et 

al. (2016). Three different conditions must be verified. 

The first one is the Courant–Friedrichs–Lewy condi-

tion (CFL), that results in convective terms for an average 

flow velocity 𝑢 = 𝑉𝑤. Yet, it is also a function of the 

Courant number 𝐶𝑜 and the size Δ𝑥 of the representative 

mesh element in the spatial discretization, resulting in 

Δ𝑡𝐶𝐹𝐿 =
𝐶𝑜Δ𝑥

𝑢
.  

The second restrictive condition includes the influ-

ence of the interfacial tension 𝜎𝑤𝑜 and the density of the 

displacing fluid 𝜌𝑤. It is the capillary timestep Δ𝑡𝐵 pro-

posed by Brackbill et al. (1992) Δ𝑡𝐵 = (
𝜌𝑤Δ𝑥3

2𝜋𝜎𝑤𝑜
)

0.5

.  

 Finally, the condition to biphasic flow with low and 

medium viscosity 𝜇𝑤 proposed by Galusinski and 

Vigneaux (2008) Δ𝑡𝑉 =
𝜇𝑤Δ𝑥

𝜎𝑤𝑜
. 

As a solution for this problem, considering the 

Courant number 𝐶𝑜 = 0.25 and the element velocity 

equal to the entrance velocity, the three obtained 

timesteps are Δ𝑡𝐶𝐹𝐿 = 0.025 s, Δ𝑡𝐵 = 0.0046 s and 

Δ𝑡𝑉 = 0.0135 s. The Brackbill condition requires the 

smaller timestep to ensure the stability of the solution 

process, and that is assumed in this paper. The final time 

to study the retained oil fraction must be sufficiently long 

so it does not influence the results of the displacement 

process, being 𝑡𝐷 = 2.3 for water-wet and intermediate 

wettability conditions, and 𝑡𝐷 = 11.5 when oil is the wet-

ting fluid. 

D. Dimensionless parameters 

The most important dimensionless parameters in the pro-

cess of water-oil displacement can be divided into three 

categories: physical, numerical and geometrical, and are 

the following. 
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Table 1. Studied cases in this paper. The changes are in the cur-

vature radius of the corner 𝑟𝐷, in the wettability 𝜃𝑤𝑜 and dimen-

sionless time 𝑡𝐷. The others parameters 𝜇𝑅 = 1, 𝐶𝑎 = 1, 𝑅𝑒 =
1, 𝐵𝑜 = 132.43 and 𝐶𝑜 = 0.131 were kept constants. 

Case 𝑟𝐷 % 𝜃𝑤𝑜 𝑡𝐷 

1 5 90° 2.3 

2 10 90° 11.5 

3 25 90° 2.3 

4 10 180° 11.5 

5 10 0° 11.5 

Capillarity number (𝐶𝑎): 

𝐶𝑎 =
𝜇𝑤𝑉𝑤

𝜎𝑤𝑜
, that refers to the importance of viscous 

forces in relation to capillarity forces. The term 𝜎𝑤𝑜 rep-

resents the surface or interfacial tension. 

Reynolds number (𝑅𝑒): 

𝑅𝑒 =
𝜌𝑤𝑉𝑤ℎ

𝜇𝑤
, compares the importance of the inertia 

forces in relation to the viscous forces. Low values of 

Reynolds number indicate laminar flows and high values 

characterize a turbulent performance. 

Bond number (𝐵𝑜): 

𝐵𝑜 =
Δ𝜌𝑔ℎ2

𝜎𝑤𝑜
, also known as Eötvös Number, defines the 

relation of the gravitational forces with the interfacial 

forces. Δ𝜌 represents the difference of specific mass be-

tween oil and water, 𝑔 is the gravity acceleration and ℎ is 

the vertical distance. 

Viscosity ratio (𝜇𝑅): 

𝜇𝑅 =
𝜇𝑜

𝜇𝑤
, is the rate between the oil viscosity that is pre-

sent at the domain and the viscosity of the water to be 

injected. 

Courant number (𝐶𝑜): 

𝐶𝑜 = 𝑉𝑤
Δ𝑡

Δ𝑥
, is a criterion that aims to ensure the numeri-

cal stability in the transients problems solutions with the 

explicit approach, and must not be bigger than 1. 𝑉𝑤 is 

the average velocity of the injected fluid; Δ𝑡 is the time 

step and Δ𝑥 the size of a representative element of the 

mesh. 

Dimensionless time (𝑡𝐷): 

𝑡𝐷 =
𝑉𝑤𝑡

𝜙𝐿
, where the simulation time, 𝑡, is in seconds, the 

fluid drains to an average speed (equal to entrance speed), 

𝑉𝑤, through of the canal of length 𝐿 = 10ℎ, with porosity 

𝜙. Replacing the known values and to unitary porosity, 

the dimensionless time is 𝑡𝐷 = 0.1𝑡. 

Dimensionless curvature radius (𝑟𝐷): 

𝑟𝐷 =
𝑟

ℎ
, being 𝑟 the corner radius (Fig. 2), that is used to 

improve the representation of the problem. 

The described methodology has been applied previ-

ously by Pena et al. (2014), Romero and Fejoli (2015b), 

Coelho et al. (2016), Santos et al. (2016), and Rigatto and 

Romero (2018) to solve biphasic problems in the mi-

croscale. 

E. Studied cases 

To carry out the simulations, 25,000 time steps are used 

with 0.0046 seconds each. The average time of each sim-

ulation was approximately 16 hours of continuous use in 

an Intel® Core™ i3, 3GB of RAM computer. 

The dimensionless parameters that characterize the 

phenomenon studied are presented in Table 1 for the five 

scenarios analyzed. 

III. RESULTS AND DISCUSSIONS 

A. General behavior 

The bi-dimensional process of oil displacement by water 

is detailed in nine stages in Fig. 4 for case 2 with 𝑟𝐷 =
10% and intermediate wettability 𝜃𝑤𝑜 = 90°.  At the 

very beginning, as the streamlines become parallel, the 

flow develops in approximately 1 mm, from the entrance 

of the channel. As the fluid velocity is higher in the cen-

terline and null in the walls, the water-oil interface is 

curved and tends to move more easily through the central 

region of the channel, leaving an oil film of approxi-

mately 0.17 mm (0.17ℎ) attached to the walls. For this 

reason, the distance between the most advanced part of 

the interface and the contact line with the wall tends to 

increase with time (Fig. 4a, b, c, d, and e). Rigatto and 

Romero (2018) obtained similar response. 

The microcavity creates a distortion of the stream-

lines since the presence of an abrupt expansion in one 

side of the domain makes the flow asymmetric and al-

lows vertical movement of the fluid. As a result, it tends 

to expand in a typical phenomenon of die swell (Batch-

elor et al., 1973). Although it is not expressive, it can be 

observed counterclockwise recirculations in the cavity 

due to the transfer of momentum of the displacement 

fluid (water) to the displaced fluid (oil) that remains re-

tained. The almost symmetric recirculation, while the in-

terface is in the upper side of the cavity, gains asymmetry 

as the interface reaches the cavity and is displaced in the 

outlet channel direction. 

The contact line moves along the corner curvature un-

til it stabilizes in the initial vertical section of the left wall 

of the cavity, and this occurs at 𝑡𝐷 =  0.644 (Fig. 4d). 

The contact line is apparently fixed, because in this re-

gion the recirculation of the oil and the movement of the 

injected fluid (water) are in the same direction. This cre-

ates a region where the flow is predominantly exten-

sional. In the other corner of the cavity with null radius, 

the oil flow becomes thinner as it gets closer to the exit 

plane (Fig. 4e). As the injection is maintained, the unbal-

ance of viscous and capillary forces in the sharp corner 

causes a rupture in the oil flow (Fig. 4f). For this point on 

(Figs. 4g and 4h) the process aims to remove the oil from 

the outlet channel. The simulation is sustained up to 𝑡𝐷 =
2.3  in order to ensure that the volume retained in the cav-

ity effectively represents residual oil saturation (Fig. 4i). 

The first conclusion is that a great part of the oil in the 

cavity gets trapped. The oil that was removed is almost 

entirely from the one that had filled the channel. The se-

quence of nine images illustrates the negative impact of 

pore presence on the effectiveness of the extractive pro-

cess. Although only one pore has been considered, the 

analysis can be extended to more than one, and the phe-

nomenon will be repeated, with its own particularities.  
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Figure 4. Qualitative behavior of the water-oil displacement 

process changing with (dimensionless) time 𝑡𝐷. At the end, oil 

remains trapped in the square cavity, which is an evidence of 

the inefficiency of the oil recovery process. 

The use of different values of the dimensionless parame-

ters, such as the capillarity number, will cause changes in 

these responses (Coelho et al., 2016). 

The qualitative response shown and discussed in Fig. 

4 is presented quantitatively in Fig. 5 using the average 

volume fraction of oil 𝛼̅𝑜(𝑡) obtained from Eq. 10, which 

is similar to Eq. 1, for several time instants. 

 𝛼̅𝑜(𝑡) =
∑ 𝛼𝑜𝑖𝑣𝑜𝑙𝑖

𝑛
𝑖=1

∑ 𝑣𝑜𝑙𝑖
𝑛
𝑖=1

, (10) 

𝑣𝑜𝑙𝑖  is the volume of each element 𝑖 of the discrete do-

main with 𝑛 = 9,149 elements, 𝛼𝑜𝑖 is the oil volumetric 

fraction in each element, which is represented by 𝛼𝑜 in 

previous sections. 

 
Figure 5. Reduction of the average fraction of oil retained in the 

microcavity at several time instants. Letters (a) to (i) are posi-

tions related with Fig. 4. From (h) to (i), the horizontal line rep-

resents the residual oil saturation, which is the limit of oil mo-

bilization of the method. Additional oil only could be displaced 

with, for example, reduction of capillary effects or another EOR 

approach. The last dimensionless time is 𝑡𝐷 = 2.30. 

Figure 5 shows that the amount of oil decreases with 

the time of water injection, however, the behavior fol-

lows three well-defined regions. First, a linear region in 

which the recovery of oil is proportional to the time of 

injection, positions (a) to (e) in Fig. 5. A second region, 

in which proportionality no longer occurs and less oil is 

mobilized. The transition occurs at a critical time 𝑡𝐷
𝑐1 ≈

 0.844, shortly after the configuration of Fig. 4(e). This 

change in response occurs when the water-oil interface 

reaches the outlet plane, which is the breakthrough (BT), 

and after that water is produced together with the oil. That 

implies that the displaced amount of oil decreases and the 

volume of water increases. This observation is supported 

by Fig. 4(f) at 𝑡𝐷 = 1.104, in which the most advanced 

part of the interface is already out of the domain, and the 

time corresponds to the non-linear transition region of 

Fig. 5. The third region is a practically constant baseline 

that identifies the fraction of oil retained 𝛼̅𝑜_𝑓𝑖𝑛𝑎𝑙  in the 

porous medium and that can no longer be moved. It is the 

lower limit of the interval 𝛼̅𝑜_𝑓𝑖𝑛𝑎𝑙 ≤ 𝛼̅𝑜(𝑡) ≤ 1, point 

(h) in Fig. 5, which remains constant and is no longer 

modified by the continuous injection of water. The mo-

mentum transferred by the injected water is not sufficient 

to overcome the capillary and viscous forces that cause 

oil retention. This region starts at the critical time 

𝑡𝐷
𝑐2≈2.05 and extends to the end of the simulation in 𝑡𝐷 =

2.3 for this case, point (i) in Fig. 5.  

B. Radius of curvature influence 

The efficiency of the oil mobilization process for the 

three radii of curvature of the corner (Table 1) is best vis-

ualized by plotting the final average volumetric fraction 

of oil (𝛼̅𝑜_𝑓𝑖𝑛𝑎𝑙) at the end of simulation, according to Fig. 

6. For the analyzed conditions, the increase of the dimen-

sionless curvature radius results in a proportional reduc-

tion of the oil volume fraction. This linear trend is valid 

for specific fluid proprieties and cavity dimensions. 

The variation with time of this parameter was dis-

cussed in Rigatto and Romero (2018). 
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Figure 6. Influence of the curvature radius of the corner in the 

residual oil saturation. 

 

Figure 7. The wettability influence in the oil volumetric fraction 

for (a) intermediate wettability 𝜃𝑤𝑜 = 90°, (b) oil as wetting 

fluid 𝜃𝑤𝑜 = 180°, and (c) water as wetting fluid, 𝜃𝑤𝑜 = 0° in 

𝑡𝐷 = 11.50. 

C. Influence of wettability 

Oil reservoirs are complex structures frequently formed 

by different types of sediment and filled with fluids 

whose properties can change from one point to another. 

This combination may cause the rock to be wettable to 

water or oil, or to have a neutral wettability (Abdallah et 

al., 2007). Understanding the influence of this parameter 

is important mainly during the oil extraction process. The 

influence of wettability is evaluated through the contact 

angle 𝜃𝑤𝑜. In this study, three values of this parameter 

are considered: 90° (neutral wettability), 180° (wetting 

oil) and 0° (wetting water). To make these comparisons, 

the simulations were conducted five times longer than the 

previous cases. The radius of the corner is kept constant 

at 𝑟𝐷 = 10%, and the volumetric fraction fields of the oil 

and water are presented at the end of the transient pro-

cess, 𝑡𝐷 = 11.50, according to Fig. 7. 

The interface takes different forms according to wet-

tability. This behavior is much more evident in the cavity 

and has a significant impact on the process. For neutral 

wettability, 𝜃𝑤𝑜 = 90°, the interface is almost a line that 

forms a right angle in the solid walls and presents some 

asymmetry due to the greater advancement on the side of 

the rounded corner, Fig. 7a. When the wetting oil system 

is considered, 𝜃𝑤𝑜 = 180°, the interface becomes con-

cave almost symmetrical with the contact lines practi-

cally attached to the corners, although the center of the 

recirculations tends to move closer to the rounded corner, 

Fig. 7b. In this condition, the difficulty to displace the oil  
 

 
Figure 8. Influence of the wettability in the average volumetric 

fraction of the oil. The last dimensionless time is 𝑡𝐷 = 11.50, 

five times longer than the previous cases (response presented in 

Fig. 5, for example). 

is greater, being prejudicial to the extraction process ef-

ficiency.  When water is the wetting fluid, 𝜃𝑤𝑜 = 0°, the 

interface takes the convex form, Fig. 7c. The invasion is 

more expressive, resulting in an improvement in the re-

moval of the oil. 

The behavior of the average volumetric fraction of oil 

with time for the three wettabilities are compared in Fig. 

8. The upper figure shows the full (vertical) scale, where 

the three characteristic regions are evident: linear oil re-

duction, transition region and constant response region. 

A detail of the transition and constant regions is better 

visualized in the bottom figure. 

The best performance in the oil displacement process 

is for the water wetting system (𝜃𝑤𝑜 = 0°, case 5), where 

a small amount of oil remains trapped at the pore. In ad-

dition, the oil trapped at the cavity achieves its smaller 

value in a short time (𝑡𝐷 = 1.43) and then remains con-

stant until the end. When the angle of adherence is 90° 

(case 2) the oil is recovered is also fast, in 𝑡𝐷 =2 it be-

comes constant but with less oil being mobilized than the 

previous case. 

When the concavity of the water-oil interface is con-

vex, because of the oil wettability (𝜃𝑤𝑜 = 180°, case 4), 

the reduction of oil saturation is very slow. There are a 

resistance to oil displacement by water due to the adher-

ence of the oil to the solid surface. Only at 𝑡𝐷 =~10, 

seven times bigger than the water-wet system, the curve 

becomes constant until the end of the simulation in 

𝑡𝐷 =11.5. At 𝑡𝐷≈8 there is an alternation in the perfor-

mance for the situations with intermediate wettability and  
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Figure 9. Influence of the wettability in the effective permeabil-

ity in a two-phase water-oil system (adapted from: Romero, 

2019). 

oilwetting, that can only be seen for long times. The final 

efficiency is intermediate between the water-wet and 

neutral wettability systems. 

The discussed results are in accordance with the 

curves of effective permeability affected by wettability in 

a water-oil system (Fig. 9). 

Since the stabilization of the average oil volume frac-

tion occurs, the recovery of additional oil of the micro-

cavity is no longer possible with the recovery method 

employed.  

What should be the response for different viscosity 

ratios? From macroscopic point of view, more viscous oil 

results in unfavorable mobility ratios and, as a conse-

quence, less efficient displacement process (Green and 

Willhite, 1998). Is this behavior possible to capture at the 

microscale? Our research is going in that direction. 

IV. CONCLUSIONS 

Considering the displacement of Newtonians, immiscible 

and incompressible fluids, in the laminar and transient 

flow regime, in which the fluid is located inside a micro-

cavity, it was analyzed the effects of the radius of the cor-

ner of the microcavity and the wettability of the system 

in the average volumetric fraction of the oil. The solution 

of the two-phase problem was based on the VOF ap-

proach and the analysis of the obtained results allows 

conclude the following: 

a) As observed in Figs. 5 and 8, the oil displacement 

process by water can be classified obeying three dif-

ferent behaviors, keeping up with the oil volumetric 

fraction. The first is a linear region where the dis-

placed volume is equal to the injected volume. The 

second one is a transition region where the amount 

of displaced fluid decreases gradually. And a third 

region where no additional volume of oil is dis-

placed. 

b) At the end of the process, a certain quantity of oil 

will remain trapped in the microcavity, showing the 

inefficiency of the conventional recovery by water 

injection. The trapped oil is the residual oil, that is 

the result of the predominance of the capillarity 

forces over the viscous forces that promote the dis-

placement.  

c) The process becomes more efficient with the in-

crease of micropore curvature radius. That occurs 

because sharp corners with curvature radius next to 

zero make the contact line displacement difficult. 

For higher radius, the contact line slips more easily, 

favoring the invasion of the region that contains the 

oil and, consequently, its displacement. 

d) The wettability has a direct effect on the amount of 

oil displaced and in the required computational cost: 

• Being the water the wetting fluid, a greater 

amount of oil is mobilized with relatively little 

computational efforts; 

• Being the system wetting oil, the oil mobiliza-

tion is much slower, requiring longer times to 

achieve the constant baseline (five times bigger 

in this case), and it is also less efficient. 

e) There is an alternation in the performance for the sit-

uations with intermediate wettability and oil-wet-

ting, that can only be seen for long times. 

Other parameters, as the viscosity ratio, capillarity 

number and geometry of the pore must be changed in fu-

ture works in order to expand the problem comprehen-

sion. 
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