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A B S T R A C T   

Low-Salinity Water Flooding (LSWF) is a technique aimed at modifying the interactions between 
rock and fluids particularly altering wettability and reducing interfacial tension (IFT). However, 
there remains limited understanding of how heterogeneous wettability and the presence of Initial 
Water Saturation (Swi) can impact the effectiveness of LSWF. This study contributes to a deeper 
understanding of LSWF mechanisms in the context of heterogeneous wettability, while also 
considering Swi. The simulations were conducted using OpenFOAM, employing a non-reactive 
quasi-three-phase flow solver that accounts for wettability alteration and IFT reduction during 
the mixing of Low-Salinity (LSW) and High-Salinity Water (HSW). A heterogeneous pore geom-
etry is designed, and four distinct scenarios are simulated, encompassing both heterogeneous and 
homogeneous wettability conditions while considering the presence of Swi. These scenarios 
included secondary High-Salinity Water Flooding (HSWF), tertiary and secondary LSWF. Notably, 
the simulations reveal that secondary LSWF consistently yields the highest oil recovery across all 
scenarios, achieving recovery rates of up to 96.98 %. Furthermore, the presence of Swi signifi-
cantly influences the performance of LSWF in terms of oil recovery, particularly in heterogeneous 
wettability conditions where it boosts recovery by up to 3.5 %, but in homogeneous wettability, it 
decreases recovery by nearly 26 %. These simulations also underscore the pivotal role played by 
the distribution of oil and HSW phases in profoundly affecting the outcomes of LSWF.   

1. Introduction 

The ability to extract the most hydrocarbons possible from producing wells of a reservoir system is of paramount importance to the 
oil and gas industry [1,2]. Nearly 60 % of the world’s oil reserve is contained within carbonate reservoirs, and research indicates that 
70 % of this oil cannot be extracted due to the heterogeneous wettability state associated with these reservoirs [1,3–6]. Water Flooding 
is a prevalent method to improve oil recovery, however, this strategy, known as High-Salinity Water Flooding (HSWF), is incapable of 
recovering more than 30–40 % of the oil because of its inappropriate salinity and ionic content. However, multiple studies have proven 
that Low-Salinity Water Flooding (LSWF), which employs water with a lower salt content and corrected ions, has the potential to 
recover more oil than HSWF by altering the wettability to a favorable condition [7–19]. Since its first discovery in the late 1950s [20, 
21], LSWF has been the subject of ongoing research (beginning in 1999) as it is one of the most cost-effective and eco-friendly ways of 
improving oil recovery [2,3,21–24]. It is important to note that in some cases, even in field experiments, LSWF did not result in 
increased oil recovery. The reasons for this lack of consensus are attributed to various mechanisms, which will be explained next 
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[25–27]. 
Several experimental investigations have been carried out to identify the LSWF mechanisms responsible for improved oil recovery: 

Fine migration was the first process hypothesized to explain low-salinity-induced oil recovery [28–30]. Some researchers found mobile 
fines like kaolinite improved oil recovery, while several experiments reported no additional oil recovery by LSWF under fines present, 
suggesting it is not the key mechanism [31–34]. The second mechanism hypothesized by Austad et al. [35], involves the desorption of 
organic material from clay surfaces through local pH elevation at the clay-water interface. Local pH increases induce reactivity be-
tween adsorbed basic and acidic material, as in an acid-base proton transfer, and could alter wettability to a favorable (water-wet) 
condition [36]. Larger et al. [34] proposed a third mechanism referred to as Multicomponent Ionic Exchange (MIE). Low-salinity brine 
injection desorbs positively and negatively charged organic molecules via MIE. They demonstrated that connate water with divalent 
ions like (Ca2+) is necessary for oil recovery to occur in a tertiary injection approach. Additionally, negative ions such as sulfate play a 
crucial role in driving oil from the surface. In a carbonate reservoir, the cation serves to replace the positive charge on the surface. 
Winsauer and McCardell [37] proposed a fourth process known as double-layer expansion. By lowering the concentration of ions 
surrounding particles, Low Salinity Water (LSW) injected into the reservoir expands the second layer of ions, releasing oil trapped on 
the rock surface. According to Ligthelm et al. [38], the major mechanism of LSWF is wettability alteration toward water wetness, which 
develops due to double-layer expansion. Also, Nasralla and Nasr-El-Din [39]claimed that the major mechanism for LSWF to recover 
more oil is the expansion of the double layer, however, the molecular research conducted by Mehana and Fahes [40] rejected the 
double layer expansion as a process during LSWF. The fifth mechanism is wettability alterations, where LSWF affects the water layer 
that separates oil from the mineral surface to make the mineral more water-wet [7,41–45]. Buckley [46] postulated that osmotic 
pressure may be a sixth mechanism to enhance oil recovery as LSW enters the reservoir due to varying salinities. Follow-up studies 
legitimated this theory [47–53]. Austad [54] listed the salting effect as the seventh mechanism for LSWF, but few studies support this 
mechanism [35,39,55]. Additional information regarding the associated LSWF mechanism can be found in Katende and Sagala study 
[21]. Other researchers like Kar et al., 2022 [56] discussed oil-brine interfacial viscoelasticity and believed that viscoelasticity plays a 
more important role than wettability and IFT in oil recovery. Most studies confirm that LSWF induces wettability alterations [8,32, 
57–60], yet the primary mechanism remains ambiguous. Experimental studies are a direct way to investigate LSWF, but they only 
provide macroscopic parameters and do not demonstrate fluid flow behavior or phase distribution. However, thanks to technological 
advances and non-destructive imaging methods like micro-CT, micro-scale simulation permits detailed modeling of fluid flow behavior 
and phase distribution and we can now comprehend LSWF in greater depth than was previously possible [16]. 

As previously mentioned, technological advancements have allowed us to use micro-CT to obtain a realistic and representative pore 
geometry from selected porous materials. The micro-CT scan images were put through a series of image processing steps to generate 
the binary digital model that discriminated the pore and solid regions [12,61–65]. Pore-Scale Simulations (PSS) allow for the tracking 
of phase distribution and additional characteristics not achievable in experimental research by means of numerical simulations uti-
lizing the derived digital model [61,66]. Direct Numerical Simulation (DNS) and Pore Network Modeling (PNM) are two major cat-
egories that describe different types of PSS techniques [9,17,20,61,66–69]. Two of the most well-known DNS techniques, 
Computational Fluid Dynamics (CFD) [70–73] and the Lattice-Boltzmann Method (LBM) [70–75], are applied directly to the digital 
rock model by discretizing the computational domains (meshing procedure) and solving the corresponding equations in each discrete 
element (mesh) [76]. DNS methods have the potential to capture transport phenomena accurately, but their high computational cost 
makes them impractical in specific cases [61]. As an alternative, PNM simplifies the structure of porous media to a representative pore 
network comprising of pore bodies and pore throats, resulting in a reduced computational cost at the expense of losing accuracy. DNS 
techniques are preferred to research LSWF at the pore scale because of the intricacy involved and the necessity for reliable tracking of 
fluid displacement and distribution pattern. 

DNS methods have been widely employed by researchers to precisely capture LSWF fluid flow dynamics. The literature can be 
divided into two categories: studies that used DNS methods to reveal and explore LSWF mechanisms and studies that used DNS to 
model Interfacial Tension (IFT) and wettability variations in several porous geometries. Regarding the first category, Zaretskiy et al. 
(2012) [77] developed first pore scale reactive transport solver based on the finite element – finite volume approaches in a 3D 
sandstone digital model. Maes and Geiger (2018) [78] continued previous work and presented a novel pore-scale reactive transport 
solver for modeling of LSWF at pore scale by coupling OpenFOAM and PHREEQC. The presented solver was capable of modeling the 
effect of surface complexation on rock surface potential and wettability based on pH variations. Using the zeta potential values ob-
tained from crude oil/water and water/carbonate in an experiment, Abu-Al-Saud et al. (2020) [79] utilized DNS for the simulation of a 
single oil droplet in a single pore surrounded by water to create a model that takes the electrical double-layer expansion concept into 
account. An et al. (2022) [80] proposed an innovative GPU-enhanced LBM that took into account the time scale of detachment in 
addition to the influence of buoyancy and interfacial forces (known as Bond number) on droplet detachment. Pourakaberian et al. 
(2022) [81] performed numerical simulations based on the coupled Poisson Nernst-Planck equations to investigate the impact of 
electrokinetic events in the thin brine film on wettability alteration with time in LSWF. Regarding the second category of the literature 
studies, Aziz et al. (2019) [57] modeled wettability alteration during LSWF using OpenFOAM but omitted the chemical reaction at the 
pore scale and instead assumed a linear relationship between scaled salinity and contact angle value. However, Akai et al. (2020) [82] 
claimed that Aziz et al. did not account for the water film penetration that occurs between oil, water, and solid contact. To investigate 
the impact of water film on wettability alteration, Akai et al. developed an LBM-based technique and an ion transport model to 
simulate LSWF using a 3D digital model of the Bentheimer sandstone. In 2021, Alizadeh et al. [8] [83,84] considered IFT variation 
alongside wettability alteration during LSWF to examine the flow behavior in various geometries from single pore to 2D complex pore 
geometries. Namaee et al. [85] investigated the impact of initial wettability, capillary number and salt dispersion in a pore doublet 
model on oil recovery during LSWF utilizing OpenFOAM and Volume of Fluid (VOF) model for multiphase flow simulation. According 
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to the literature, the majority of previous studies have concentrated on examining wettability alterations caused by LSWF, often 
assuming a constant homogeneous contact angle. However, there is a significant gap in research regarding how LSWF behaves as a 
wettability modifier in porous media under conditions of heterogeneous wettability distribution. Given that wettability plays a pivotal 
role in determining fluid distribution following an LSWF procedure, its significant influence on flow patterns during multiphase flow 
displacement cannot be overstated. Despite the fact that plenty of studies have been done on the topic, it is still unclear how the 
complicated wettability distribution present in real porous systems would affect LSWF behavior Furthermore, the effectiveness of 
LSWF has not been extensively studied in the presence of initial water saturation (Swi). Notably, Swi has been disregarded in all 
previous research endeavors. 

The present investigation focuses on examining the influence of wettability on the LSWF process at the pore scale. To achieve this, a 
simulation methodology utilizing a modified VOF multiphase model, the OpenFoam solver, and a 2D heterogeneous pore geometry is 
proposed. The primary objective of this study is to compare the effects of wettability on LSWF behavior and oil recovery across various 
scenarios of wettability distribution. These scenarios include homogenous distributions as well as flow-based heterogeneous distri-
butions, which aim to mirror real reservoir rock wettability conditions. Additionally, the study explores the impact of injection sce-
narios and considering Swi on LSWF behavior. The organization of the rest of the paper is as follows. Section 2 will explain 
methodology, utilized geometries, mathematical modeling, and various numerical simulation scenarios. In Section 3, solver validation, 
mesh dependency analysis and the results of LSWF behavior in various wettability, injection scenario and initial fluid distribution 
conditions will be discussed. Finally, conclusions are made in section 4. 

2. Methodology 

The current section aims to describe the details related to the utilized workflow, revealing the effect of wettability distribution 
(heterogeneity) on the LSWF behavior and overall performance. The OpenFOAM package, an open-source CFD solver, is utilized to 
simulate two and pseudo three-phase non-reactive flow that occur in various injection scenarios during LSWF. First, to validate the 
numerical simulation performed by the utilized software, a pore-doublet geometry based on the Alizadeh et al. [83] study is created 
and discretized (meshed) by a similar procedure implemented in the mentioned study. Subsequently, the flow behavior and fluid 
distribution in the pore-doublet model during the HSWF and LSWF are compared to the literature studies [83,86]. To accurately 
examine the effect of heterogeneous wettability on the LSWF, a 2D Heterogenous pore geometry is utilized and the optimum number of 
elements in meshing procedure is determined through mesh dependency analysis. Subsequent to the mesh dependency analysis, two 
distinct wettability conditions are considered for the further simulations, a homogeneous wettability condition was defined by 
assuming a constant contact angle value and a heterogenous wettability distribution, based on saturation distribution at the end of 
drainage simulation and considering different contact angle values for the wall boundaries. Moreover, the effect of Swi on the flow 
behavior during LSFW is also considered based on the performed drainage simulation. For all wettability conditions and initial fluid 
distribution patterns, different injection scenarios are considered to investigate the flow behavior of HSFW and LSWF. A summary of 
the utilized workflow is depicted in Figs. S–1 (Supplementary Material). 

Fig. 1. 2D heterogenous geometry.  
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2.1. Model geometry 

In this research, two separate geometries are employed: a basic pore doublet model and a 2D heterogeneous porous model. These 
geometries serve the purposes of validating the solver and exploring LSFW behavior on a pore-scale level. Further elaboration on each 
geometry can be found in the subsequent sections. 

2.1.1. Pore doublet geometry 
To validate the utilized solver a pore doublet geometry is designed which is illustrated in Figs. S–2a (Supplementary Material). 

The pore doublet length and total height is about 24 μm and 17 μm respectively and contains two capillary tubes with different width of 
3 μm and 7 μm for narrow and wide capillary tubes, respectively. In general, pore doublet geometry is designed in a way that could 
accurately represent and maintain the features of the pore doublet that has been experimentally studied by Chatzis and Dullien (1983) 
[86]. Such a design would allow us to validate our numerical simulation based on their experiment observation. From the left side of 
pore doublet, the displacing phase is injected into the pore doublet at a constant velocity. The outlet, located at right (end) facet of the 
pore doublet is assigned with a constant pressure condition while a no-slip condition is imposed at the wall boundaries. As shown in 
Figure S-2(b, c) (Supplementary Material), the geometry is discretized using a meshing strategy analogous to that described by 
Alizadeh et al. [83]. The final mesh, resulted in grid size of 0.35 μm with tolerance of 0.05 μm, compared to the grid size of 0.4 μm 
reported by Alizadeh et al. [83]. 

2.1.2. 2D heterogenous geometry 
To investigate LSWF behavior in a complex 2D porous model at various wettability, initial fluid distribution and injection con-

ditions, a synthetic 2D Heterogenous geometry is designed with 90 μm length and 44 μm width depicted in Fig. 1. The constant velocity 
condition is assigned to the inlet of the geometry located at the left part of the model and the constant pressure condition is assigned to 
the outlet facet located at the right end of the model. The no-slip boundary condition is considered for the walls of the pore geometry. 

Fig. 2. A schematic of heterogeneous wettability distribution based on the oil fraction in walls faces categorized into five classes.  

M. Malakoutikhah et al.                                                                                                                                                                                              



Heliyon 10 (2024) e33303

5

2.2. Mathematical modeling 

In this study, OpenFOAM is employed to simulate quasi-three-phase flow. OpenFOAM provides a range of solvers suitable for 
multiphase flow, and for this purpose, the interFoam solver is utilized. This solver is specifically designed for modeling incompressible 
and immiscible two-phase flow while also tracking fluid-fluid interfaces via the VOF multiphase model. To incorporate the third fluid, 
represented as LSW, additional equations are introduced into the interFoam solver [15]. The volume fraction (α) represents the fluid 
present in each computational cell which α1 and α2 (α2 = 1 – α1) are oil and High-Salinity Water (HSW) volume fractions, respectively. 
The volume fraction field is determined by solving Equation (1): 

∂α1

∂t
+∇.(α1u)+∇.(α1(1 − α1)ur)=0 (1)  

where u is velocity field and ur = u1 – u2 is the relative velocity at the interface between oil and HSW. Fluid properties such as density 
and viscosity are calculated using a weight function expressed in Equations 2 and Equation 3, respectively: 

μ= μ1α1 + (1 − α2)μ2 (2)  

ρ= ρ1α1 + (1 − α2)ρ2 (3)  

where μ1 and ρ1 represent the viscosity and density of oil and μ2 and ρ2 represent the viscosity and density of HSW. The mass continuity 
and momentum equations are expressed in Equation (4) and Equation (5), respectively: 

∇.u=0 (4)  

∂ρu
∂t

+∇.(ρuu)= − ∇p+
[
∇.

(
μ
(
∇u+∇uT))]+ Fsa (5)  

the body forces which represent by Fsa including interfacial forces and is expressed in Equation (6): 

Fsa = ρg.nz +

∫

Γ
σκδ(x − xs)n̂dΓ(xs) (6)  

where the Г is the liquid-liquid interface and δ(x − xs) is the Dirac delta function, κ is the interface curvature, and σ is the interfacial 
tension between the two fluids and n̂ is the unit vector. The interface curvature and the unit vector are expressed in Equation (7) and 
Equation (8), respectively: 

κ= − ∇.

(
∇α1

|∇α1|

)

(7)  

n̂ =
∇α1

|∇α1|
(8) 

The LSW is considered to be miscible with HSW, and the density and viscosity remain the same despite reduction of salinity. 
Equation (9) is solved to determine the LSW volume fraction (α3): 

∂α3

∂t
+∇.

(
α3u − D2,3∇α3

)
=0, forΩα2 (9)  

where D2,3 is the diffusion coefficient between LSW and HSW phases. For salinity, α3 represent the scaled salinity mass fraction. The 
advection and diffusion terms ∇.

(
α3u − D2,3∇α3

)
allow the LSW to diffuse into the HSW. Regarding the miscibility assumptions, the 

diffusion coefficient between aqueous and oil phases is assumed to be zero to prevent diffusion between mentioned phases. 
To incorporate the wettability effect into the simulations, the contact angle has been used to define the vector orthogonality to the 

contact line interface expressed in Equation (10): 

n̂ · n̂s = cos θ (10)  

where the n̂ and n̂s are vector normal to fluid-fluid interface and solid wall, respectively. To induce wettability alteration, a scaled 
mass fraction of LSW (α3 = 0) and HSW (α3 = 1) is considered. The contact angle was assumed to be a linear function of the scaled 
salinity (between 0 and 1) expressed in Equation (11): 

θ= θHS +
(α3 − αHS) × (θLS − θHS)

(αLS − αHS)
(11) 

According to mathematical expressions described above, the modified interFoam solver is able to simulate the desired quasi-three- 
phase flow to accurately investigate the LSWF behavior. 
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2.3. Simulations scenarios 

The initial series of multiphase simulations involves the utilization of the devised pore doublet model. These simulations serve a 
dual purpose: validating the utilized solver and drawing comparisons with experimental and numerical studies documented in the 
existing literature. Following this, a drainage simulation is executed to replicate the preliminary migration of oil within the 2D het-
erogeneous geometry. The outcome of the drainage simulation, particularly the distribution of fluids, plays a pivotal role in classifying 
distinct wettability conditions and exploring the impact of Swi on LSWF behavior. For all simulation scenarios, constant values are 
assumed for fluid properties and fluid-fluid interaction parameters, as detailed in Table 1. 

Further details about each simulation scenarios are discussed in following sections. 

2.3.1. Validation 
In this case, for the purpose of validating the solver, the pore doublet geometry is assumed to resemble the one devised in the 

experimental study carried out by Chatzis and Dullien (1983) [86]. According to Chatzis and Dullien (1983) [86] the experiment was 
conducted using two distinct injection methods. Initially, the entire pore doublet geometry was saturated with oil. Subsequently, the 
invading fluid (water) was injected as the non-wetting phase. In the second approach, the invading fluid (water) was introduced as the 
wetting phase within the pore doublet. Similarly, in line with the experiment, the initial step involved injecting water as the invading 
non-wetting phase into the pore doublet, displacing the oil towards the outlet. Next, the invading fluid (water) is introduced as the 
wetting phase to displace the oil. 

Finally, in order to verify the effectiveness of the solver in simulating LSW injection, the simulation is extended until a steady-state 
condition is reached after injecting water as the non-wetting phase. Subsequently, LSW is introduced into the pore doublet along with 
the presence of oil and HSW phases. 

2.3.2. Initial condition 
For certain LSWF simulations, the requirement is to establish two initial parameters, namely heterogeneous wettability distribution 

and Swi. To achieve this, the 2D heterogenous geometry is initially completely saturated with water. Subsequently, oil is introduced 
into the geometry as the invading fluid and the non-wetting phase, mimicking the initial migration of oil into a reservoir rock. In real- 
case reservoir conditions, when oil or another invading phase penetrates the porous medium, it eventually reaches a steady state, and a 
final equilibrium dictating the fluid configuration is established. The portion of the rock surface that come into close contact with the 
oil may undergo wettability alterations due to exposure to certain chemical components of the oil, changing from water-wet to oil-wet 
conditions. The simulation is then conducted until a steady-state condition is attained, resulting in the final fluid distribution shown in 
Figs. S–3 (Supplementary Material). Upon migrating the oil into the water-wet reservoir rock, it became evident that the oil phase 
could not displace all the water after reaching a steady state. Consequently, a coexistence of oil and water within the geometry 
persisted. This state could serve as the initial condition for subsequent simulations and to obtain a heterogenous wettability distri-
bution. In other words, the residual water from this simulation could act as the Swi for subsequent simulations, as depicted in Figs. S–3 
(Supplementary Material). 

2.3.3. Heterogeneous wettability 
In order to achieve the condition of heterogeneous wettability distribution, the oil that had migrated into the water-wet envi-

ronment came into contact with certain parts of the wall boundaries. In the VOF method, walls are simulated using representative faces 
capable of containing fractions of oil and other phases ranging from 0.0 to 1.0 To introduce heterogeneous wettability, five categories 
of wall faces were identified based on the oil fraction values. Subsequently, contact angles for oil, HSW, and LSW are assigned to these 
categories, as depicted in Fig. 2 and detailed in Table 2. 

In this case the heterogeneous wettability distribution is considered as the initial wetting condition of the wall boundaries and the 
geometry is saturated with oil, then three injection scenarios are simulated including Secondary HSWF, Tertiary LSWF and Secondary 
LSWF to calculate the oil recovery and observe displacement patterns. 

2.3.4. Homogeneous wettability 
In this scenario, the initial step involves saturating the entire 2D Heterogenous geometry with oil (So = 1), while configuring the 

wettability of all walls to be oil-wet (θo = 50). Subsequently, three sequential simulations are conducted. Firstly, HSW is injected into 
the geometry as the invading phase, serving as a secondary HSWF to recover oil from the geometry. Once the steady state is attained 
with the Secondary HSWF, a tertiary LSWF is initiated, further impacting oil recovery. Lastly, in order to compare the effects of tertiary 

Table 1 
Fluid properties and fluid-fluid interaction parameters utilized in all simulation scenarios.  

Parameters Values Parameters values 

HSW Density 1050 kg m− 3 HSW and LSW Diffusion Coefficient 1.0e-9 m2.s− 1 

LSW Density 1000 kg m− 3 Water and oil Phase Diffusion Coefficient 0.0 m2 s− 1 

Oil Phase Density 800 kg m− 3 HSW and LSW Brine Scaled Concentration 0.0–1.0 
Water Phase Viscosity 0.001 Pa s HSW and Oil Interfacial Tension 0.02 N m− 1 

Oil Phase Viscosity 0.005 Pa s LSW and Oil Interfacial Tension 0.005 N m− 1  
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and secondary LSWF, the entire geometry is reset to being fully saturated with oil (So = 1), and LSWF is introduced as a secondary 
phase. 

2.3.5. Considering initial water saturation 
Traditionally, all micro-scale simulations are begun with full saturation of a single phase (either oil or water). However, this study 

also aims to examine the impact of Swi on the LSWF behavior. As oil migrates into the reservoir rock, it is unable to displace all the 
water present, leaving behind water in the reservoir known as Swi or connate water. Commencing simulations from the final state of the 
drainage simulation, where both water and oil coexist within the geometry, enables the incorporation of Swi considerations. The 
simulations encompass both homogeneous and heterogeneous wettability distribution scenarios. Additionally, three injection sce-
narios are investigated: secondary HSWF, tertiary LSWF, and secondary LSWF. 

3. Results and discussion 

This section will address the outcomes of the aforementioned scenarios. Initially, we delve into the accuracy of the solver and the 
influence of LSWF within the pore doublet, aiming to validate the solver and comprehend the potential impacts of LSWF on Enhanced 
Oil Recovery (EOR). Subsequently, we will elucidate the analysis of mesh sensitivity performed on the 2D heterogenous geometry. 
Lastly, an investigation of all simulation scenarios conducted for the 2D heterogenous geometry will be presented, along with an 
examination of the impact of LSWF on each scenario. 

Fig. 3. Comparing the non-wet injection into the pore doublet between (a, b, c and d) experiment study by Chatzis and Dullien (1983) [86] and (e, f, 
g and h) performed simulations. 

Table 2 
Contact angle values considered for various wettability classes.  

Classes HSW contact angle (degrees) LSW contact angle (degrees) Oil contact angle (degrees) 

100–80 % Oil 130 85 50 
80–60 % Oil 110 75 70 
60–40 % Oil 90 65 90 
40–20 % Oil 70 55 110 
20–0% Oil 50 45 130  
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3.1. Pore-doublet simulation 

To validate the solver, the initial step involves saturating the geometry with oil. Subsequently, water (depicted in blue) is intro-
duced into the geometry as both the wetting and non-wetting phases. The inlet condition is defined as a constant velocity with a 
magnitude of 0.001 m s− 1, while the outlet maintains a constant pressure at 0 Pa. The walls are assigned a no-slip condition (v = 0 m 
s− 1). A contact angle of 20◦ is assigned to the wet phase, while the non-wetting phase contact angle is set at 160◦. 

As depicted in Fig. 3, the injection of non-wet water initiates from the wider region, while the oil (depicted in black) resides within a 
narrower section. Additionally, a portion of the oil adheres to the wall of the wider channel, resembling a thin layer of the wetting 
phase which is evident in Fig. 3(d–h). Ultimately, A remarkable resemblance in flow behavior between the simulations and the 
conducted experiments is evident in case of non-wetting injection. 

In the case of wetting injection, the water moves through the narrow channel initially, benefitting from favorable capillary effects, 
without causing significant displacement of oil within the wider channel. As the water, functioning as the wetting phase, approaches 
the outlet area, the displacement of oil from the wider channel begins, eventually reaching a stable state. The fluid flow behavior 
observed during the simulation, illustrated in Fig. 4, aligns with the experimental findings reported by Chatzis and Dullien [86]. 

To explore LSWF within the pore doublet, following the injection of HSW as the non-wetting phase (which only occupies the larger 
channel as a result of non-favorable capillary forces), the subsequent injection of LSW (depicted in red) is observed. The outcomes of 
this sequence reveal a shift in wettability from non-wetting to wet conditions, resulting in the displacement of fluid within the narrow 
channel as illustrated in Figs. S–4 (Supplementary Material). 

Fig. 4. Comparing the wetting injection into the pore doublet between (a–e) experiment study by Chatzis and Dullien (1983) [86] and (f–j) per-
formed simulations. 
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3.2. Mesh sensitivity analysis on 2D heterogenous geometry 

In order to establish an optimal mesh size for the 2D heterogeneous geometry, a comprehensive mesh dependency analysis is 
carried out. Determining the optimum mesh size is crucial due to its significant impact on both simulation runtime (computational 
efficiency) and result accuracy. To conduct this analysis, five sets of simulations are performed, involving the injection of non-wetting 
water into the oil-saturated geometry. The boundary conditions mirror those detailed in 3.3.2 section. Considering parameters like 
simulation runtime and the ultimate recovery factor as decisive factors for determining the optimal mesh size, an unstructured mesh 
composed of 20,456 grids, with grid volumes ranging from 2.14e-20 m3 to 1.37e-18 m3, is selected as the optimum mesh for subse-
quent simulations. The mesh dependency analysis results are presented in Table 3. 

3.3. Determining initial condition through primary drainage simulation 

To achieve a heterogeneous distribution of wettability (contact angles) across the wall boundaries and to establish an initial 
condition that accounts for the Swi in various scenarios, a primary drainage simulation is conducted. The inlet boundary condition 
maintained a constant velocity of 0.001 m s− 1, while the outlet is set to a constant atmospheric pressure of 0 Pa. The wall boundary 
condition was defined as a no-slip condition (v = 0 m s− 1). Following this, oil is injected into the water-saturated geometry as the non- 
wetting phase, replicating the primary migration of the oil. The simulation is prolonged until it reaches a stable state. Fig. 5 visually 
illustrates the progression of oil migration into the 2D heterogeneous geometry saturated with water. This simulation reached a steady- 
state condition after 0.07 s. 

3.4. LSWF scenarios 

In this section, the LSWF behavior in the 2D heterogeneous geometry will be examined and presented. In all of these simulations, 
the inlet condition is fixed at a constant velocity of 0.001 m s− 1, while the outlet maintains a constant pressure of 0 Pa. The walls are set 
to a no-slip condition (v = 0 m s− 1), and the fluid properties adhere to those outlined in Table 1. According to the defined boundary 
conditions, the capillary number is approximately 1E-3. At this level, the simulation results are not entirely dominated by capillary 
forces, indicating that capillary regimes do not predominantly influence the outcomes. Based on the core-flooding protocols and 
simulation studies reported in the literature, we have incorporated various injection scenarios into our study. For all scenarios, HSW is 
injected into the model as a secondary recovery approach, while LSW is injected using both tertiary and secondary injection concepts. 
In the tertiary method, LSW is injected after the injection of HSW has reached a steady-state condition, at which point the oil recovery 
remains constant. In the secondary LSWF method, LSW is directly injected into the model as the second phase without considering any 
previous (HSW) injection scenarios. 

3.4.1. Homogeneous wettability 
In this scenario, a uniform contact angle value is allocated to all wall boundaries pertaining to a specific phase. For instance, a 

contact angle of 50◦ is uniformly assigned with respect to the oil phase across all wall boundary patches to simulate an oil-wet 
condition. Initially, HSW is introduced into the domain as a secondary HSWF recovery scenario, leading to an ultimate recovery 
value of 47.11 % original oil in place (OOIP). The evolution of fluid distribution at various time intervals is illustrated in Fig. 6. 

Upon reaching a steady state condition for the Secondary HSWF, the tertiary LSWF is initiated. During this stage, the LSW mixes 
with the HSW, causing a reduction in contact angle with respect to the injected phase and resulting in a shift towards increased water- 
wet condition. This decrease in wettability follows a linear relationship with the concentration of HSW and LSW, declining from 130◦

(for αHSW = 1) to 45◦ (for αLSW = 1). The outcomes of the tertiary LSWF are presented in Fig. 7. As depicted in Fig. 7, the initial phase 
involves the dissolution of LSW into the HSW, leading to a reduction in IFT and contact angle. However, this reduction does not lead to 
immediate displacement of the oil; instead, it needs to reach a particular threshold, as indicated in Fig. 7(c), to effectively push the oil 
towards the outlet. Upon implementing Tertiary LSWF, the oil recovery rate increases to 82.93 % of OOIP, achieving an additional 
recovery of 35.82 %. 

In order to draw a comparison between secondary and tertiary LSWF, the secondary LSWF scenario is simulated anew, commencing 
by saturating the entire geometry with oil (So = 1). The contact angles for oil and LSW are set at 60 and 45◦, respectively. The boundary 
conditions are configured in a manner analogous to the conditions applied in the secondary HSWF. The recovery of oil from the 
secondary LSWF under homogeneous wettability amounted to 96.98 % of the OOIP and the evolving fluid distribution is illustrated in 
Fig. 8. 

Table 3 
Mesh sensitivity for 2D Heterogenous Geometry; according to results, third case has the optimum computational costs.  

Case number Number of grids Recovery Factor (percent) Simulation runtime (hr) Related error to the fine mesh (percent) 

1 8065 46.35 % 1.86 2.42 % 
2 16935 46.96 % 2.65 1.14 % 
3 20546 47.11 % 3.02 0.82 % 
4 35896 47.39 % 5.6 0.23 % 
5 61239 47.50 % 7.3 base case  
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Secondary HSWF, Tertiary LSWF, and Secondary LSWF simulations collectively indicate that introducing LSW as a tertiary phase 
allows it to pass through the HSW phase, possibly leaving behind some remaining oil in the geometry. Although, over time, as the HSW 
gets diluted and transforms into LSW, some of the residual oil is swept away. However, employing LSW as a secondary phase injection 
seems to exhibit a more efficient sweeping effect, resulting in higher oil recovery in a shorter period of time. A comparison of the 
recovery curves for these simulations can be observed in Figs. S–5 (Supplementary Material). 

3.4.2. Heterogenous wettability 
In alignment with the details provided in Section 2.3.3, the contact angles for the wall boundaries in these simulations are 

determined as per the specifications outlined in Fig. 2 and Table 2. Initially, the entire geometry is saturated with oil (So = 1), followed 
by the injection of HSW as a secondary phase from the inlet. The injection persisted until a steady-state condition was achieved, as 
depicted in Fig. 9. The total recovery achieved through secondary HSWF amounts to 65.36 % of OOIP, with a breakthrough time of 
0.027 s. Notably, the recovery rate observed in comparison to the case of homogeneous wettability exhibited an increase of 18.25 %, 
while the breakthrough time saw a reduction of 0.003 s. 

Following the attainment of a steady state condition through secondary HSWF, the initiation of tertiary LSWF is depicted in Fig. 10. 
In this scenario, the continuous phase of HSW persists from the inlet to the outlet, creating a more favorable pathway for LSW due to 
wettability considerations. However, as LSW traverses through the existing HSW phase, it does not yield a substantial enhancement in 
oil displacement. This can be attributed to the continuous presence of HSW and the pathway it offers. Consequently, the oil recovery 
resulting from tertiary LSWF exhibited a marginal improvement, increasing by only 1.45 % and ultimately reaching a recovery rate of 

Fig. 5. Initial condition simulation involving primary oil migration to the water-wet geometry.  

Fig. 6. Secondary HSWF in homogenous wettability condition of 2D heterogenous geometry; Blue signifies HSW, while black represents oil.  
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66.81 % of OOIP. 
For the purpose of comparing secondary and tertiary LSWF within the heterogeneous wettability context, the entire geometry is 

once again saturated with oil (So = 1), and LSW is injected into the geometry as a secondary phase, as indicated in Fig. 11. In this 
scenario, the oil recovery reached 92.72 % of the OOIP. However, when contrasting the impact of heterogeneous wettability against 
homogeneous wettability, it becomes evident that the LSW front takes on a more piston-like shape in homogeneous wettability. This 
distinction arises due to the fact that in heterogeneous wettability, the wettability for LSW is more favorable in the lower section of the 
geometry, as evidenced in Fig. 2. Consequently, LSW tends to accumulate there, resulting in a breakthrough time occurring 
approximately 0.003 s earlier. The oil recovery for secondary HSWF, tertiary LSWF, and secondary LSWF under heterogeneous 

Fig. 7. Starting LSWF as a tertiary Injection recovery method into the geometry; Introducing LSW to HSW environment (a and b); Advancing into 
the geometry and swiping the oil toward the outlet (c); S.S condition of tertiary LSWF (d). 

Fig. 8. Secondary LSWF at homogenous wettability condition; Dark red signifies LSW, while black represents oil.  
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wettability conditions is presented in Figs. S–6 (Supplementary Material). 

3.4.3. Considering initial water saturation 
In these simulations, following the guidelines outlined in Section 2.3.2, all simulations were replicated for both homogeneous and 

heterogeneous wettability conditions while also considering the presence of Swi. The boundary conditions for these simulations 
remained consistent with those employed in the preceding simulations. 

3.4.3.1. Homogenous wettability. In this specific scenario, the wettability of all walls is adjusted to an oil-wet state (θo = 50◦). Initially, 
the HSW is introduced into the geometry as a secondary injection scenario, as depicted in Fig. 12. Through the implementation of 
secondary HSWF, a total recovery of 59.24 % of OOIP is achieved. 

Fig. 9. Secondary HSWF in heterogenous wettability distribution, fluid distributions at breakthrough time (c); S.S condition (d).  

Fig. 10. Injecting LSW as a tertiary recovery method in the heterogenous wettability condition case; by dissolving LSW in HSW, the LSW reached to 
the outlet (c) and until reaching a S.S condition (d) there is no significant additional oil recovery. 
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Following the attainment of a steady-state condition in the secondary HSWF, the initiation of the tertiary LSWF occurs, as shown in 
Fig. 13. As depicted in Fig. 13, the LSW blends with the HSW and progresses towards the outlet. However, this blending does not lead to 
a substantial increase in oil recovery, resulting in an oil recovery rate of 62.44 % of OOIP with an additional recovery of 3.2 %. 

For the purpose of comparing secondary and tertiary LSWF, the water and oil saturation levels were returned to their initial 
conditions in the presence of irreducible water saturation (Swi), and the initiation of secondary LSWF ensued, as depicted in Fig. 14. 
Additionally, as there is an Swi within the geometry, the recovery achieved through secondary LSWF reached approximately 70.78 % of 
the OOIP. This outcome can be attributed to the fact that, the presence of Swi decreases the final oil recovery due to providing more 
continuous preferential pathways to LSW. Consequently, the effect of secondary LSWF on producing significant additional oil recovery 
is diminished. 

However, when LSWF is introduced as a secondary phase, the continuous nature of the oil phase facilitates a more pronounced 
impact from LSWF, leading to enhanced oil recovery. For a comprehensive comparison between secondary HSWF, tertiary LSWF, and 
secondary LSWF, please refer to Figs. S–7 (Supplementary Material). 

3.4.3.2. Heterogenous wettability. In this particular scenario, the geometry is characterized by heterogeneous wettability condition and 
presence of Swi, as specified in Sections 2.3.3 and 2.3.5. The initial contact angles for the wall boundaries are assigned based on the 
guidelines outlined in Section 2.3.3 while also accounting for the presence of irreducible water saturation as detailed in Section 2.3.5. 

Fig. 11. Secondary LSWF in heterogenous wettability condition case; Breakthrough time (c); S.S condition (d).  

Fig. 12. Secondary injection of the HSW under homogenous wettability condition and with the presence of Swi; Initial Condition (a); S.S Condi-
tion (d). 
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The initiation of HSWF as a secondary phase is depicted in Fig. 15. Through this approach, a substantial oil recovery of 49.28 % of 
OOIP is accomplished. 

Upon the attainment of a steady-state condition through secondary HSWF, the commencement of tertiary LSWF is illustrated in 

Fig. 13. Tertiary injection of the LSW under homogenous wettability condition with the presence of Swi; Starting of LSWF (a); Breakthrough (c); S.S 
Condition (d). 

Fig. 14. Secondary injection of the LSW under homogenous wettability condition with presence of Swi; Breakthrough Time (c); S.S Condition (d).  
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Fig. 16. The application of tertiary LSWF in a heterogeneous wettability setting yields an oil recovery of 55.45 % of the OOIP, resulting 
in an additional oil recovery of 6.17 % of the OOIP. 

In order to draw a comprehensive comparison between secondary and tertiary LSWF scenarios within the context of heterogeneous 
wettability conditions, taking into account the presence of Swi, the initial saturation levels of both water and oil were returned to their 
original state. Subsequently, the initiation of secondary LSWF is illustrated in Fig. 17. Notably, in the case of secondary LSWF, a 
substantial oil recovery rate of 73.77 % of the OOIP is achieved. This pronounced enhancement in oil recovery through secondary 
LSWF underscores its potential efficacy in promoting oil displacement within reservoir systems characterized by heterogeneous 
wettability conditions and considering the presence of irreducible water saturation. For a more in-depth comparative analysis, please 
refer to Figs. S–8 (Supplementary Material). In this series of simulations, the interplay between heterogeneous wettability and Swi 
presence brings forth varying degrees of oil recovery, showcasing the influence of these factors on enhanced oil recovery. The 

Fig. 15. Secondary injection of the HSW under heterogenous wettability and with the Swi presence; Initial condition (a); S.S condition (d).  

Fig. 16. Tertiary injection of the LSW under heterogenous wettability condition and with the Swi Presence; Breakthrough time (c); S.S condition (d).  
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outcomes demonstrate the potential of employing such strategies to optimize oil recovery mechanisms in reservoir simulation 
scenarios. 

3.5. Evaluation of all injection scenarios 

In this section, secondary HSWF, Tertiary LSWF and Secondary LSWF in all scenarios will be compared and the efficiency of HSWF 
and LSWF in homogenous and heterogenous wettability condition in presence of Swi will be discussed. 

Fig. 17. Secondary injection of the LSW under heterogenous wettability and with the Swi presence; Breakthrough time (c); S.S condition (d).  

Fig. 18. Comparison of secondary HSWF performance in four different scenarios.  
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3.5.1. Secondary HSWF 
Fig. 18 provides valuable insights into the performance of secondary HSWF in heterogeneous wettability conditions, particularly in 

the absence of Swi. It is evident from the results that secondary HSWF leads to the most favorable oil recovery rate, achieving 65.36 % 
of OOIP. A compelling comparison emerges when assessing homogeneous and heterogeneous wettability scenarios in the absence of 
Swi. In such conditions, heterogeneous wettability demonstrates a remarkable advantage, securing an 18.25 % higher oil recovery rate. 
This disparity can be attributed to the presence of water and neutral-wet regions within the designed pore structure. These regions 
provide favorable pathways for water to traverse and access a larger portion of the porous medium, leading to increased oil recovery. 

However, the dynamics change when Swi is introduced into the system. In this context, the continuous water phase within the pore 
structure facilitates the injection of water. Additionally, the presence of heterogeneous wettability in water-wet regions aids in dis-
placing oil through the initially saturated water. Consequently, the oil recovery achieved by secondary HSWF in the presence of Swi 
under heterogeneous wettability conditions is lower, amounting to 9.96 % of OOIP, compared to homogeneous wettability. These 
findings underscore the intricate interplay between wettability conditions and Swi in influencing the effectiveness of secondary 
waterflooding techniques for oil recovery in heterogeneous reservoir systems. 

3.5.2. Tertiary LSWF 
LSWF behavior as a tertiary recovery method in homogeneous wettability conditions, in the absence of Swi, demonstrates a 

remarkable capability to achieve substantial additional oil recovery, amounting to 35.83 % of OOIP. In contrast, when compared to 
heterogeneous wettability conditions, the incremental oil recovery is only 1.45 %. This suggests that in heterogeneous wettability 
scenarios, the effectiveness of LSWF in reducing contact angles and promoting a more water-wet environment is less pronounced than 
in homogeneous wettability conditions. 

This disparity in effectiveness can be attributed to the variation in contact angles within different regions of the reservoir. In 
heterogeneous wettability scenarios, where oil fractions range from 80 to 100 % and 60–80 %, the contact angles for fully saturated 
LSW are 85 and 75◦, respectively. In contrast, in homogeneous wettability scenarios, the contact angle for LSWF remains constant at 
45◦ across all regions. As a result, in situations where Swi is absent, the reduction in IFT from 0.02 N m− 1 to 0.005 N.m− 1plays a 
significant role in enhancing oil recovery. 

Conversely, in scenarios featuring Swi, the distribution of oil and HSW prior to LSW injection, coupled with the presence of a 
continuous oil phase, particularly in heterogeneous scenarios, leads to greater additional oil recovery compared to homogeneous 
conditions. However, despite this increase in incremental recovery, the overall recovery remains lower in heterogeneous conditions 
than in homogeneous conditions. This underscores the profound impact of phase distribution on the efficacy of tertiary LSWF. Visual 
representations of the results of the tertiary LSWF can be found in Fig. 19. 

3.5.3. Secondary LSWF 
Fig. 20 reveals that in the absence of Swi, the scenario with homogeneous wettability achieves the highest oil recovery among all 

four scenarios. In homogeneous wettability conditions, where all walls exhibit the same wettability, the LSW can efficiently sweep 
nearly all the oil in the geometry, leaving only residual oil in dead-end regions. 

Conversely, in scenarios with Swi, heterogeneous wettability demonstrates a more favorable response to Secondary LSWF. This is 

Fig. 19. Comparison of tertiary LSWF performance in four scenarios.  
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attributed to the Swi aiding in faster breakthrough and the differences in wettability helping to maintain a more continuous oil phase, 
especially in comparison to homogeneous wettability. In homogeneous wettability scenarios, the LSWF front disperses the oil phase 
throughout the geometry before breaking through to the outlet, allowing some oil to remain within the geometry. In contrast, in 
heterogeneous wettability scenarios, the continuous oil phase is better preserved, resulting in a continuous push of the remaining oil 
toward the outlet. Consequently, this leads to higher oil recovery in heterogeneous wettability scenarios. 

Figs. S–9 (Supplementary Material) demonstrates that among all the simulation cases, considering wettability distribution, the 
presence of Swi, and various injection scenarios, secondary LSWF consistently exhibits the highest oil recovery. In general, the reported 
recovery values do not necessarily reflect the outcomes that might be observed on larger scales. This discrepancy can be attributed to 
factors such as the capillary number value, the favorable conditions assumed for the LSW phase, and the inherent nature of pore-scale 
simulation. Consequently, these reported values serve primarily as a macroscopic indicator to differentiate the outcomes of various 
implemented scenarios. Furthermore, despite our research focusing on LSWF at the pore scale, discrepancies persist between labo-
ratory flooding experiments and field-scale pilot flooding. This disparity arises due to the complexity of the mechanisms involved and 
the influence of various factors, including operating conditions and the scale-dependence of effective parameters. 

4. Conclusion 

In this study, the effect of homogeneous and heterogeneous wettability conditions on LSWF performance in the presence and 
absence of Swi is investigated. For this purpose, an OpenFOAM-based quasi-three-phase flow solver is used to capture wettability and 
IFT alteration determined by the varying fraction of LSW and HSW. To validate the solver, a pore-doublet geometry is designed for 
performing simulation and obtained results closely matched the experimental data. Additionally, a 2D heterogeneous geometry is 
designed for the main series of simulations. In total, we considered four scenarios for LSW injection, encompassing three types of 
injection: secondary HSWF, tertiary LSWF, and secondary LSWF. 

Based on our simulations and findings, we draw the following conclusions.  

• Overall, in all scenarios, secondary LSWF consistently achieves the highest oil recovery up to 96.98 %, aligning with several 
experimental findings. In heterogeneous wettability conditions, the efficiency of LSWF in tertiary mode may vary depending on the 
presence of Swi and phase distribution.  

• For secondary LSWF, homogeneous wettability conditions without Swi yield the highest oil recovery (96.98 %) among all four 
scenarios. This behavior is attributed to the piston-like sweeping action that occurs due to consistent wall wettability in the 
geometry.  

• In the case of secondary HSWF, heterogeneous wettability conditions without Swi yield the highest oil recovery (65.36 %). This is 
attributed to the presence of water and neutral-wet conditions in the geometry, which outperform homogeneous conditions. 
However, in the presence of Swi, homogeneous wettability conditions perform better than heterogeneous ones.  

• The results of tertiary LSWF across the four scenarios reveal that a significant additional oil recovery up to 35.82 % is achieved in 
homogeneous wettability conditions in the absence of Swi. Conversely, in heterogeneous wettability, characterized by multiple 

Fig. 20. Comparison of secondary LSWF performance in four different scenarios.  
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wettability regions, wettability alteration alone does not contribute to additional oil recovery; only a minor oil recovery (1.45 %) is 
observed due to the reduction in IFT.  

• When Swi is considered, the distribution of oil and HSW before LSW injection results in a more favorable response to tertiary LSWF 
in heterogeneous wettability conditions. However, the total oil recovery remains lower than that of homogeneous wettability.  

• In the presence of Swi, secondary LSWF recovers less oil in homogeneous wettability conditions compared to heterogeneous ones by 
2.99 %. This can be explained by the faster breakthrough in heterogeneous wettability facilitated by Swi and the variations in 
wettability that maintain a continuous oil phase, subsequently pushing oil continuously towards the outlet. 

Given that this study contributes to the literature by introducing a straightforward methodology for incorporating heterogeneous 
wettability distribution and initial water saturation during LSWF, there are several potential areas for future research that could 
enhance this foundation. The first potential area for future work is to obtain accurate wettability distribution. This can be achieved by 
utilizing QEMSCAN mineralogy assessments or by obtaining contact angle distribution from micro-CT images of core-flooding ex-
periments. Another potential area for future work involves considering the chemical reactions and species involved in LSWF and their 
effect on contact angle variation. This could be achieved by coupling the current solver with a geochemical reaction solver like 
PHREEQC. Exploring larger-scale 3D digital models of actual formations and ensuring they satisfy the REV concept would enable 
investigation into larger-scale recovery mechanisms such as the gravity effect. Additionally, this would facilitate the examination of 
macroscopic parameters like relative permeability and fractional flow curves, and allow for the utilization of applicable upscaling 
approaches to compare outcomes with experimental studies. Investigating the effect of balancing capillary and viscous forces by 
altering the capillary number or pore-doublet dimensions in a pore-doublet focused study will provide valuable insights into the 
complex mechanisms of multiphase behavior during LSWF. 
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