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Abstract Enhanced oil recovery (EOR) processes rely heavily on understanding the
complex behaviour of miscible and immiscible fingering, particularly under the
influence of gravity, as fingering instability can significantly affect fluid
displacement in two-phase systems. This study used COMSOL Multiphysics to
investigate miscible fingering instability in a two-phase system affected by gravity,
and included the gravitational effects in the computational model in order to take
account of their influence on fluid flow dynamics. The dynamic interaction between
miscible fluids was studied in order to clarify the mechanisms responsible for
fingering instability and its effect on displacement efficiency. Moreover, the
spatiotemporal evolution of species concentration and miscible fluid saturation was
recorded in order to assess the displacement behaviour of the different injected fluids.
The results highlight key benefits of miscible EOR, including improved sweep
efficiency, reduced mobility ratio sensitivity, and enhanced displacement efficiency.
Findings were consistent with previous investigations, and the simulations showed
that nano-brines achieved higher oil recovery than carbonated water. Among the
nano-agents tested, aluminium oxide performed most effectively, followed by silicon
dioxide and magnesium oxide. Qil production is highly dependent on both the
inclination angle and the dip direction, while this study concluded that gravity plays
a significant role in inclined reservoirs, strongly influencing fluid flow behaviour.

Keywords: COMSOL Multiphysics, Enhanced oil recovery, Gravity effect, Miscible
fingering instability

1 Introduction

Miscible displacement is a crucial phenomenon with widespread implications across
various fields including oil recovery, contaminant transport in aquifers,
chromatography separation, and numerous environmental and industrial processes. The
displacement of a high-viscous fluid by a low-viscous fluid in porous media or Hele-
Shaw cells (Saffman and Taylor 1958) often leads to a hydrodynamic instability known
as viscous fingering. This instability observed in both miscible and immiscible fluids
manifests as the growth of perturbations at the fluid interface due to differences in the
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mobility of interacting fluids. While Darcy's law (Chen 2007) is conventionally
employed for momentum conservation in porous media, its application has limitations
(Homsy 1987, Pramanik et al. 2012), particularly in cases of large fluid velocities and
significant viscous shear effects, where non-Darcian behaviour becomes apparent
(Kumar et al. 2016). However, this paper focused only on the Darcian flow fields. In
the realm of computational modelling, several approaches have been developed to
simulate miscible viscous fingering, primarily based on Darcy's law (Homsy 1987,
Székely 2018). These include equation-based models such as the framework proposed
by Holzbecher (2009) that couples Poisson and convection-diffusion equations, and
models based on Two-Phase Darcy’s Law employed by Pramanik et al. (2012).
However, these models are typically confined to describing viscous fingering
instabilities solely in a Darcian porous medium.

Physical and mathematical description of the fingering

Darcy's law is a fundamental principle in the study of one-phase fluid flow through a
porous medium with lower porosity (Chen 2007). Henry Philibert Gaspard Darcy, a
French hydraulic engineer, conducted experiments with a water tank, leading to the
discovery of a relationship between the flow rate and the pressure difference (Chen
2007). Darcy flux is often called the velocity, although it differs from microscopic
velocity. It represents the volumetric flow rate per unit of the total cross-sectional area
of the porous medium, accounting for the blocked areas caused by materials like sand
or rocks. This macroscopic velocity is calculated based on the Representative
Elementary Volume (REV) discussed in Székely 2018.

Darcy's law (Darcy 1856) can be expressed as,

Kk ,
L= (Vp —pgsina)

This equation relates the seepage velocity u to the pressure gradient Vp, considering

the gravitational force pg sin a, permeability K and the relative permeability k of the

porous medium. It essentially reflects the conservation of momentum, and it can be

derived from the Navier-Stokes equations (Constantin and Foias 1992).

The saturation of injective fluid refers to the proportion or percentage of the reservoir
rock's pore space that is occupied by the injected fluid (e.g. water, miscible/ immiscible
gases, nano or biomaterials, polymer/ clay particles) during the EOR process.
Increasing the saturation of the injective fluid can contribute to EOR in several ways
(Buckley and Leverett 1942). It improves fluid mobility, reduces residual oil saturation,
enhance sweep efficiency while minimizing bypassed oil, interfacial tension reduction,
and miscibility enhancement. In some cases, particularly in gas injection methods like
CO; flooding, increasing the saturation of the injective fluid can enhance the miscibility
with oil. This promotes improved oil displacement by reducing oil viscosity and
swelling the oil phase (Sahabandu et al. 2025).

In the context of fluid flow through a porous medium, saturation S; is a key parameter
that defines the portion of a porous medium occupied by a specific phase i (wetting or
non-wetting phase). Assuming that the fluids completely fill the void space between
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rocks. This leads to a fundamental relation of saturation, as given by,

Zslzl

This equation signifies that the saturation of a particular phase is equal to 1, indicating
complete filling of the void space (Pramanik et al. 2012). Although the saturation of
any phase theoretically ranges from 0 to 1, in the practical scenarios, once water reaches
the irreducible water saturation, it becomes immobile (Székely 2018).

When it comes to immiscible fluids, they are separated by a clear and infinitely thin
boundary which has surface tension. The value of surface tension is the measure of the
forces needed to alter the shape of the interface, and the system always tends to reduce
its surface energy. As a result, the interface of a droplet within another phase tends to
assume a spherical shape, and the interface tension keeps the phases apart, regardless
of the droplet's size. The flow dynamics are significantly influenced by how the phases
attach to the solid material's interface, such as rock. The ability of a liquid to maintain
contact with a solid interface is termed wettability, and it is determined by adhesive
forces when the liquid and solid are in contact. These intermolecular forces cause water
droplets to spread across the mineral surface. In cases where both phases are present in
a pore, one may be more attracted to mineral particles, leading to the classification of
the system as either water-wet or non-wet.

When the phases are wetting or non-wetting, the relationship between the contact
angle 6 and the interface energies can be expressed using the Young’s equation
(Székely 2018):

Yos ~Yws

cosf =
Yow

Here, the subscripts s and y refer to the solid and the surface energy, respectively. The
contact angle less than 90 degrees, is more commonly observed in nature and the porous
medium is referred to as hydrophilic.

In EOR, the terms wetting and non-wetting phases describe the way fluids behave in
a porous rock when interacting with the solid surfaces. They indicate the degree to
which fluids, generally oil and water, are attracted to the rock surfaces and affect the
process of displacing and recovering oil from the reservoir (Beteta et al. 2024). The
wetting phase is the fluid which has a stronger attraction to the solid surfaces of the
porous rock; it is the one that spreads out and wets the rock surfaces, thereby
establishing better contact with the reservoir rock. For instance, in the case of water-
wet systems, water is regarded as the wetting phase since it wets the rock surfaces more
than oil. The non-wetting phase is the fluid that has a weaker affinity or attraction to
the solid surfaces of the porous rock.

The characteristics of wetting and non-wetting are important in EOR processes, such
as water flooding or polymer flooding, since the aim is to displace and recover more oil
from the reservoir. Understanding wetting properties helps develop strategies to
improve displacement efficiency and the total amount of oil recovered. The selection
of the appropriate EOR methods and the injection of particular fluids (for example,
water, gas, nano fluids, or polymers) will depend on whether the reservoir is water-wet
or oil-wet, as this influences the way fluids travel through the porous rock and the
displacement of the oil that is trapped (Székely 2018, Beteta et al. 2024).
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In single-phase models, permeability K is a key parameter determining the rate at
which a fluid flows through a porous medium, and it is known as absolute permeability
and measures the medium's ability to transmit the fluid (Wyckoff and Botset 1936).
Although it is in theory an intrinsic property, interactions at the microscale between the
rock and the fluid can affect the permeability. Moreover, unlike liquids, gases do not
satisfy the no-slip condition at the microscale and thus have different interactions with
the rock surface. In the multiphase flow system, each phase i exhibits an effective

permeability Kieff, which is always smaller than the absolute permeability K. This
stems from the inherent capillary pressure in immiscible fluid flows, where a fluid must
overcome this pressure to displace another fluid. Therefore, the relationship is
expressed as,

YK < K

4

To properly model this phenomenon, a new property termed as relative permeability k;
is introduced. It is defined as the ratio of the effective permeability for a specific phase
to the absolute permeability of the porous medium (Székely 2018).

xeff

ki = -t and Keff = ki K
K i

The gravitational forces acting on the fluids introduce additional challenges to the
phenomenon, thereby necessitating a comprehensive investigation (Sahabandu et al.
2025). This research employed advanced modelling and simulation techniques to
investigate the behaviour of miscible fingering in a two-phase system under the
gravitational field, while additionally exploring the impact of the oil-layer elevation
direction on recovery efficiency using computational fluid dynamics. This aspect is
crucial for understanding how the spatial distribution of fluids within a porous medium
affects displacement performance. Furthermore, the study demonstrates detailed flow
visualizations of the fingering phenomenon. Although Sahabandu et al. (2021, 2025)
reported numerical findings using similar injected fluids under comparable conditions,
those studies lacked direct flow visualizations to support their interpretations.
Addressing this gap, the present study incorporates COMSOL based flow behaviour
analysis to visually interpret and validate the dynamics of miscible displacement,
thereby strengthening the physical understanding of fingering mechanisms. By
analyzing variations in oil recovery under different elevation configurations and
presenting visual evidence of the flow dynamics, this work provides additional
information for developing optimization strategies in EOR techniques. The study
contributes a novel and valuable perspective to the field of EOR, supporting the
development of more efficient approaches for extracting heavy oil from subsurface
reservoirs.

2 Methods

In this research, a homogeneous and isotropic porous material with permeability K and
constant porosity e,was considered. As shown in Figure 1, the geometry consists of a
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horizontal rectangular domain of length L., width L, with injective fluid speed U. It was
assumed that the solute dispersion in the porous medium is isotropic and that x,
represents the interface position with thin transition zone &. All the injective fluids were
assumed to be incompressible, buoyantly neutral, and miscible.

§
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— Xo |
|
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Fig 1. Schematic diagram of displacement of miscible fluid in 2D homogeneous
porous medium

2.1 Two Phase Darcian Domain

Without loss of generality, an injective fluid was considered with a viscosity of u; and
a solute concentration of ¢ = 0 mol m~3, whereas native fluid had a viscosity of i, and
a solute concentration of ¢ = ¢, mol m™3 in the solvent. Simulations were initiated by
assuming that the injective fluids are miscible because this causes a thin transition zone
between the two phases to form right away and denoted thickness of that as §. At x,, the
interfacial concentration was given as ¢ = Cz—zmol m~3,

To form a more advanced model, the density of the injective fluid and native fluid
was denoted by p; and p, respectively. Assuming that the porous medium was fully
saturated, s; + s, = 1, where s; and s, represented the saturations of the injective and
native fluids, respectively. For this scenario, the two-phase Darcy’s law in COMSOL
Multiphysics was considered. The pressure gradient was the only component at the
current position that generates fluid flow. The equation of continuity can be expressed
as,

Vu; =0; i=1,2 (1)
By Darcy law,

i(©)
Vp = - w )

where k; was the relative permeability. The boundary conditions associated with the
equations (1) and (2) were

£=(U,0) and c=0at x =0 3

p =0 at x =L, €))

aui _ _ _ _

E_o,v_oaty_oand y =1L, (5)
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From the convection-diffusion equation, the transfer of solute concentration could be
expressed as

c
Epgp Ui Ve =¢g,DV?c (6)

The boundary conditions associated with the equation (6) were

c=0 atx=0 (7
ac
g—x_o at x = L, (8)
c
5=0 at y =0 and y =L, (9)

Equations (1), (2) and (6) made up the entire governing system of equations, where
u; = (w,v), p, u(c), D are the two-dimensional Darcy (or seepage) velocity vector,
dynamic pressure, the dynamics viscosity of the fluid which depends on the
concentration of the fluid, molecular diffusion coefficient.

Assuming the relation to be monotonic,

1 (©) = w; exp(Re); i=1,2 WwhereR =lin (%) (10)
1

is the log-mobility ratio. Since a transition region is of & exist between the two fluids,
the initial condition for concentration is given by,

c(x,y,0) = 2[1 + erf(22))] (11)

72
where “erf” stands for the error function, erf(x) = fox e 2dz

2.2 Two phase Darcian Domain under gravitational effect

In EOR simulations conducted within the elevation domain using COMSOL, gravity
becomes a pivotal factor, requiring a modification to the Darcy equation to accurately
capture the interplay between fluid flow and gravitational forces. The conventional
Darcy equation, which characterizes fluid flow through a porous medium is augmented
to account for gravity, particularly when elevation changes significantly affect flow
dynamics. This modification acknowledges that gravitational forces contribute to the
overall pressure gradient, influencing fluid movement in porous formations.
COMSOL enables the incorporation of such gravity-dependent modifications into
the simulation framework. So, proposed modelling approach allows for a better
understanding of fluid behaviour in the reservoir, particularly when considering
elevated regions where gravitational effects play a crucial role in governing the
displacement and distribution of oil within the porous matrix. Consequently, integrating
gravity-induced modifications into the Darcy equation in COMSOL simulations
provides a more accurate representation of EOR processes, aiding the optimization and
design of strategies for efficient oil recovery in diverse geological scenarios (Figure 2).
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Fig 2. Schematic diagrams of displacement of miscible fluid in 2D homogeneous porous
medium with an elevation

For miscible fingering, the Darcy law becomes accounting for gravitational impact as
Kk;
ui(e)
where « is the angle of the elevation, which was measured in the negative x-direction,
and it could be expressed as

Kk;
ui(e)

(Vp —p;gsina) (12)

u; =

U = (Vp+p;gsina) (13)
when it is inclined to the positive x — direction, making a similar angle. The initial
condition for concentration was

(14)

c(x,y,0) = 62—2[1 + erf(m)]

é

While numerous COMSOL studies have investigated Darcian miscible fingering
(Pramanik et al. 2012, Holzbecher 2009), a notable gap exists in addressing the effects
of different densities between the injective and native fluids, as well as the presence of
an inclined oil layer. These factors introduce significant complexities that can
substantially influence the dynamics of miscible displacement processes in porous
media. The density contrast between the injected and the native fluids can lead to
buoyancy-driven effects, altering flow patterns and fluid distribution within the porous
medium. Moreover, an inclined oil layer introduces additional gravitational forces that
can further affect the displacement process and subsequent recovery efficiency (Figure
2).

Despite the importance of these factors, existing studies have largely overlooked their
contributions, focusing primarily on simpler scenarios without considering density
variations or inclined oil layers. The effects of density contrasts and inclined oil layers
into the modelling framework were incorporated, and this approach more accurately
represents real-world scenarios and enhances the understanding of the underlying
mechanisms governing miscible displacement processes in porous media. In this study,
various domains were explored, including vertical upwards, vertical downwards, and
inclined orientations towards both the negative and positive x-directions.
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3 Results and Discussion

Equation (1) represents the conservation of mass under the assumptions of constant
porosity and fluid density, with no additional mass sources in the system. At the inlet,
the normal inflow velocity is prescribed, while the outlet boundary is assigned a
specified pressure. The transverse boundaries are subject to a no-flow condition. To
discretize the domain, a detailed triangular mesh was utilized for fluid dynamics, as
illustrated in Figure 3. This meshing approach introduces triangular disruptions at the
fluid interface, facilitating an accurate depiction of the intricate geometries and fluid

behaviour within the homogeneous Darcy porous medium.
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Fig 4. Initial distribution of fluids at T = 0 for different elevations

Spatio-temporal evolution of the species concentration were captured for miscible
fluids at certain times, T = 20 sand T = 50 s, with the use of parameter values from the

existing literature given in the Table 1 when accounting for elevations « = —30°, —90°,
10°, 30°,and 90° for U = 1 x 1073 ms~*. Aluminum oxide has a higher saturated fingers

formation whereas carbonated water injection had lower saturated fingers compared to
others at any elevation or time (Figures 5 to 9).

The correlation between injective fluid saturation and native fluid (oil) saturation
within the porous medium was a critical aspect of this study. As the saturation of the
injective fluid was increased, there was a corresponding decrease in the saturation of
the native fluid, ultimately resulting in the recovery of the trapped oil portion within the
domain (since S; + S, = 1). Accordingly, manipulating the injection fluid saturation

may be a key strategy for the recovery of heavy oil in EOR processes. To elucidate the
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saturation effects, several influencing factors were systematically examined, including
gravitational force, angle of elevation, injection direction, miscibility, and mobility
ratio. The results presented in Figures 5 to 10 revealed that an increase in injective fluid
saturation, coupled with optimized values of other parameters, leads to a more effective
displacement of heavy oil, enhancing overall recovery efficiency.

Table 1: Physical and model parameters used in the simulations

Parameter Symbol Value and Unit
Length of domain Ly 1m
Width of domain L, 0.3m
Injection Speed U 103 ms™1!
Initial saturation 51 .001
Initial pressure p 0
Gravitational acceleration g 9.8 ms™2
Diffusion coefficient D 4x 1078 m%s~?
Interface position Xo 0.01 m
Thickness of the ) 10™*m
transition zone
Porosity €p 0.1
Permeability K 10712 m?
Native fluid density P2 899 Kgm™3
Native fluid viscosity Uy 19 mPa.s
Miscible brines Al203 SiO2 MgO CO2
Injective fluid density p1 [Kgm™3] 1013 1012 968 1010
Log-mobility ratio R 2.8 29 31 33

Additionally, results demonstrate that when employed as injection fluids, nano-brines
yield superior oil recovery compared to alternative methods (Djebour et al. 2014, Neild
and Bejan 1992, Prajapati and Desai 2016, Sahabandu ez a/. 2025). Notably, aluminium
oxide is the most effective, followed by silicon dioxide and magnesium oxide,
respectively (Figures 5-9) (Sahabandu et al. 2025). Furthermore, these findings indicate
that employing a high-viscosity injective fluid with the augmenting the angle of
elevation (but depend on the direction) can significantly enhance the efficiency of oil
recovery (Figures 5-9) (Sahabandu et al. 2025).

Moreover, a gradual increase in the saturation of nano-brine within the considered
domain was observed as the elevation shifted toward the negative x-direction, including
vertically downward movements. Conversely, saturation decreases with elevation
towards the positive x-direction, including vertically upward movements (Figure 10).
This phenomenon leads to increased oil recovery with downward elevation and reduced
oil recovery with upward elevation, primarily due to gravitational effects (Figures 5-
10).
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Fig 5. Spatio-temporal evolution of the species concentration of miscible fluids
forT =20sand T = 50 swhen a = —30°
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Fig 6. Spatio-temporal evolution of the species concentration of miscible fluids for
T=20sand T = 50 swhen a = —90°

Ruhuna Journal of Science 52
Vol 16 (2): 43-55, December 2025



Sahabandu and Dewasurendra Miscible fingering instability in a two-phase system

Al,03
Brine

10

Si02
Brine

MgO
Brine

Carbonated
Water

T=20S T=50S

Fig 7. Spatio-temporal evolution of the species concentration of miscible fluids for
T=20sand T = 50swhen a = 10°

Al,03 10
Brine
9
8
Si02
Brine 7
6
MgO 5
Brine
4
3
Carbonated 2
Water
1
0
T=20S T=50S

Fig 8. Spatio-temporal evolution of the species concentration of miscible fluids for
T=20sandT = 50swhena = 30°
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Fig 9. Spatio-temporal evolution of the species concentration of miscible fluids for
T=20sand T = 50 swhen a = 90°
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Fig 10. Spatio-temporal evolution of the species concentration of Al.Oz brine
at T = 50 s for different elevations

4 Conclusions

This study extends the knowledge of in the field of EOR, offering information that can
help in the design and implementation of more effective and sustainable strategies for
maximizing heavy oil extraction from subsurface reservoirs. The accuracy and
reliability of the results depend on the validity of the underlying models, assumptions,
and input parameters. At intervals of T = 20s and T = 50s, the spatiotemporal
distribution of the species concentration representing miscible fluid saturation was
captured and analyzed for each injected fluid. The results show that the displacement
behaviour changes with the type of injected fluid and the flow conditions. Furthermore,
findings indicate that more oil can be extracted using nano-brines than using carbonated
water. Aluminium oxide is the most common among them, followed by silicon dioxide
and magnesium oxide, in that order. It can be concluded that gravity plays an important
role in inclined oil layers, and oil production depends on both the layer’s angle and the
flow direction in agreement with numerical results from previous studies (Sahabandu
et al. 2025).
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