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1. Scanning Electron Micrograph
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Introduction

Low salinity water injection (LSWI) has emerged
as a cost-effective and environmentally sustainable
enhanced oil recovery (EOR) method, particularly
attractive for reservoirs near seawater resources in the
Middle East and offshore regions [1]. Over the past
two decades, numerous studies have examined its
mechanisms, which are broadly categorized into fluid/
fluid and rock/fluid interactions [2,3].

Fluid/fluid mechanisms mainly involve changes in
interfacial tension (IFT) and interfacial viscoelasticity
[5,6]. Rock/fluid mechanisms include mineral
dissolution, pH wvariation, multicomponent ion
exchange, and changes in zeta potential at oil/brine
and rock/brine interfaces, all of which contribute
to wettability alteration toward more water-wet
conditions [7,8].

Although many studies have investigated these
mechanisms separately [9], few have explored their
combined effects. It is generally agreed that wettability
alteration exerts a stronger impact on oil recovery than
IFT reduction, but the degree of synergy between
them remains uncertain [4]. Furthermore, reservoir
parameters such as initial wettability, hysteresis, and
injection sequence have rarely been systematically
studied, despite their importance in determining the
success of LSWI [10, 11].

To fill these gaps, the present study employs pore-scale
computational fluid dynamics (CFD) simulations.
Unlike pore-network modeling, CFD enables direct
simulation of immiscible fluid displacement within
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porous media, providing new insights into the coupled
roles of wettability alteration and IFT reduction during
LSWI [12].

Materials and Methods

Pore-scale CFD simulations were performed in
COMSOL Multiphysics to study low salinity water
injection (LSWI). A phase-field model was used to
capture oil-water displacement, coupled with dilute
species transport to account for salinity effects on
wettability and interfacial tension.

Digitized porous media geometries (Fig. 1) were
meshed, and grid sensitivity tests ensured accuracy
with reasonable computational cost. Brine was injected
at constant velocity, with pressure outlet and no-slip
wall conditions. Furthermore, different normalized
salinity levels (0.7, 0.1, 0.01), wettability states, and
injection sequences (secondary vs. tertiary) were
considered in simulations.

Symmetry

Fig. 1 Schematic of the porous media used in the simula-
tions.



This framework enabled isolating and comparing
the roles of wettability alteration and IFT reduction,
both separately and in combination, on oil recovery
efficiency.

Results and Discussion

The simulations demonstrated that initial wettability
strongly influences oil recovery. More water-wet
conditions (=30° contact angle) provided the highest
sweep efficiency, while strongly oil-wet systems
retained significant residual oil. Hysteresis also
played a critical role: secondary LSWI consistently
outperformed tertiary injection, with the largest
difference observed at a final contact angle of ~60°.
When mechanisms were separated, wettability
alteration contributed an order of magnitude more to
recovery than interfacial tension (IFT) reduction alone.
However, combining both mechanisms revealed a clear
synergistic effect, where recovery was significantly
higher than the sum of their individual impacts.
Among salinity levels, tertiary injection at normalized
salinity of 0.01 produced the largest recovery gains
(~40% improvement compared to high salinity brine).

Conclusions

This study initially examines the impact of initial
wettability and interfacial tension on secondary
injection of low-salinity water into a porous medium
using computational fluid dynamics. The effect of
hysteresis is investigated by comparing the injection
sequences (secondary and tertiary low-salinity water
injection) with each other. Finally, the contribution
of wettability alteration mechanisms and reduced
interfacial tension to the final oil recovery during
tertiary water injection is analyzed. In this analysis,
to evaluate each mechanism (for instance, wettability
alteration), the value of the other mechanism (for
instance, interfacial tension changes) is set to zero.
The main results of this research are as follows:

 To quantitatively analyze hysteresis in the injection
sequence, oil recovery behavior during secondary
and tertiary water injections, at a normalized salinity
of 0.01, was compared. Accordingly, despite the
wettability and interfacial tension of fluids being
identical at the final injection conditions, more oil
was recovered during low-salinity water injection in
the secondary injection mode. This indicates that the
injection sequence directly affects the performance
of low-salinity water. Furthermore, the difference
between secondary and tertiary injections in terms of
final contact angle reached a maximum of about 60°.
Under the conditions of strong water-wetting (30°) and
relatively oil-wetting (90°), this effect diminished to a
minimum.

e In the absence of fluid/fluid mechanisms, after
a breakthrough time during high-salinity water
injection, no change is observed in oil recovery with
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continued injection, and the final recovery settles at
around 37%. By reducing the normalized salinity
of injected water during tertiary injection to 0.7, the
contact angle reaches 90°, resulting in only a 3%
increase in production. Tertiary injection with low-
salinity water at a concentration of 0.1 of the high-
salinity water, increased oil production by 8%. With a
reduction in salinity to 0.01 of the initial concentration
(final contact angle of 30°), a significant 40% increase
in tertiary oil production was observed.

e In the absence of rock/fluid mechanisms, the best
performance in tertiary oil recovery occurs in the low
salinity injection case with the parabolic IFT changes
(not the usually expected case which is the reduction
of IFT with decreasing salinity).

* This study demonstrates that rock/fluid and fluid/
fluid mechanisms exhibit synergy regardless of the
trends in interfacial tension changes. Moreover, the
sole effect of IFT on improving oil recovery is an
order of magnitude (ten times) lower than the sole
effect of wettability alteration. However, based on the
synergistic effect, the combined performance resulting
from the simultaneous interactions of these two
mechanisms is significantly greater than that of each
mechanism individually.

Nomenclatures

CFD: Computational fluid dynamics
EOR: Enhanced oil recovery

IFT: Interfacial tension

LSWI: Low salinity water injection
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