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A B S T R A C T

Low salinity waterflooding aims to alter rock wettability from oil-wet towards less oil-wet or water-wet con-
ditions. There is a limited understanding of how wettability alteration impacts two-phase flow, which is why it is
unclear how wettability change impacts oil recovery. This study is an attempt to evaluate the effect of wettability
alteration on two-phase flow for different pore size distributions under tertiary mode of low salinity water-
flooding. Pore-scale, two-phase flow simulations with wettability alteration were performed in OpenFOAM’s
CFD tool. Two synthetic pore geometries (domains) were constructed with identical pore topology and con-
nectivity, but different variances of pore throat radii. In our simulations, the pore network with a larger variance
in pore radii resulted in 12% additional oil recovery. Whereas, the network with smaller variance in pore radii
experienced no additional oil recovery despite the same wettability alteration change. This implies that change
of wettability in clusters with a larger variation of pore radii can lead to a larger variation in capillary pressure
gradient due to wettability alteration, which induces remobilisation of the trapped oil.

1. Introduction

Wettability is the ability of one immiscible fluid to wet the surface
of the rock in the presence of another immiscible fluid [30]. Different
wettability conditions lead to different fluid configurations within the
pore space under equilibrium. For example, under water-wet condition,
water is found around the grains and oil is found in the middle of the
pore, the opposite occurs under oil-wet condition [30]. There are more
complex wettability conditions, such as intermediate wettability (where
both fluids have an equal affinity to the surface of the rock) and mixed
wettability, where both oil and water-wet conditions can be found at
the pore-scale at the same time [30]. Needless to say, change of wett-
ability will cause a significant change in fluid’s configuration at the
pore-scale as well as its flow pattern [30,14,6]. Wettability is reported
to be a function of i) composition of crude oil, ii) composition of brine
(water initially found in the pore space), iii) rock mineralogy, also
known as crude oil-brine-rock (COBR) system. The resultant force de-
pending on the interaction of all three components establishes the final
wettability state [30,48,29,38,5,25,17,12].

Under conventional waterflooding, wettability is thought to remain
constant, however, under low salinity waterflooding where the salinity
of the injected water is significantly reduced, wettability is known to
shift towards less oil-wet (or more water-wet) conditions

[38,6,5,26,21]. While, other mechanisms (e.g. visco-elastic interface,
osmosis effect, interfacial reduction) are also observed under low sali-
nity waterflooding, most researchers regard wettability alteration as the
most notable effect [5,38,26,6,18,21]. The observation of wettability
alteration under low salinity waterflooding is assumed to be a direct
indicator of achieving higher oil recovery [5]. This assumption has been
challenged in recent literature, where some studies have not reported
higher oil recovery despite observing wettability alteration. Our current
understanding of fluid dynamics in a porous medium is from high
salinity waterflooding, where wettability is presumably constant;
however, low salinity waterflooding behaves differently due to wett-
ability alteration, leaving a clear gap in knowledge [7,6,26,4,3]. Our
lack of understanding about how wettability alteration affects two-
phase flow inhibits us from answering some critical questions such as,
how does wettability alteration influence oil recovery? What is the
optimum wettability alteration? What is the impact of wettability al-
teration on other factors known to influence oil recovery? Few studies
have attempted to construct new pore-scale models to reduce this gap in
knowledge [7,6,26,4,3,43,44]. Our previous study attempted to un-
derstand the impact of wettability change on two-phase flow dynamics
at pore-scale [4]. However, in this study we aim to evaluate the role of
pore size distribution on additional oil recovery due to wettability al-
teration.
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1.1. Pore-scale dynamics of low salinity waterflooding

There are two ways to inject low salinity water: secondary and
tertiary modes. Secondary mode refers to the injection of low salinity
water from the beginning of waterflooding [5]. Tertiary mode refers to
the injection of low salinity water (wettability alteration) after residual
oil saturation is established by high salinity waterflooding (constant
wettability). In the literature, secondary mode of low salinity water-
flooding has significantly improved the efficiency of waterflooding in
many experimental studies [41,2,1,10,37,31,39,28]. This is because
sweep efficiency is improved as oil is easily displaced by low salinity
water due to being in continuous phase at the pore-scale. On the con-
trary, under the tertiary mode, oil is found as a discontinuous phase (oil
ganglia) due to initial high salinity waterflooding. This induces greater
difficulty for low salinity water to produce more oil in tertiary mode,
hence reducing its potential [37]. Therefore, in some experimental
studies tertiary mode has not reported any significant additional oil
recovery, despite wettability alteration [37,31,10,7,5]. Although these
explanations are consistent with our understanding of two-phase flow
behaviour from a theoretical point of view; however, currently there is
no direct evidence of this explanation. From the literature point view,
oil recovery under the tertiary mode of low salinity waterflooding is
more uncertain to a varied pore-scale situation present at the point of
injection. Therefore, it requires more research to better understand the
factors influencing oil recovery, to better overcome the drawbacks. This
gap in knowledge cannot be addressed through sub pore-scale studies,
which majority of the studies in literature are focused upon. Instead,
pore-scale studies are a good starting point to begin understanding
critical fluid dynamics under low salinity waterflooding [38,5,43,44].

Factors such as aspect ratio (ratio of pore body radii and pore throat
radii), pore size distribution, oil banking, remobilisation of oil ganglia
have known to impact fluid dynamics at pore-scale under waterflooding
[8,5]. Under single phase flow higher variation of the pore size dis-
tribution (heterogeneous) leads to lower permeability, due to fewer
pores contributing to flow [45]. Few studies have also evaluated the
impact of absolute pore size on the two-phase flow and performance of
waterflooding such that lower efficiency results as pore size distribution
is more varied [42,15,27,22]. While single-phase flow is well under-
stood, waterflooding efficiency and two-phase flow behaviours under
various wettability conditions are known to a lesser extent. Hence, this
study evaluates the impact of pore size distribution on the performance
of high salinity waterflooding (no change in wettability) and low sali-
nity waterflooding (wettability alteration) in the tertiary mode.

1.2. Mixing of high and low salinity water

Low salinity water and high salinity water are miscible, therefore,
under the tertiary mode, low salinity water mixes with the already
present high salinity water. The water topology under two-phase con-
ditions can be divided into two regions, flowing regions (advection
dominated) and stagnant or dead-end regions (predominately diffusion
dominated) [11,4]. While low salinity water mixes with high salinity
water within one injected pore volume, the stagnant regions retain high
salinity water for many more pore volumes, due to the different time
scales of the mixing mechanisms [3,4,20]. This mixing process limits
the reach of low salinity water in the already present water saturation
topology due to the presence of stagnant regions [11,19,20,3]. Due to
mixing, flowing regions experience wettability alteration much earlier
than stagnant regions, inducing local variation in wettability condi-
tions. Induced wettability alteration at the capillary interfaces, desta-
bilizes the saturation profile established under high-salinity water-
flooding. As a result of the wettability alteration the capillary pressures
at the main menisci (interfaces between oil and water) which change
towards more water-wet, will assist water invasion to new regions
during waterflooding, leading to the unique behaviour of water referred
to as “pull/push” mechanism [4]. High salinity water from stagnant

regions is “pushed” out of the oil-wet pores, which causes the oil to
migrate towards bigger pores. While low salinity water is “pulled” into
newer neighbouring pores of which entry capillary pressure is over-
come by the modified wettability [4]. This causes a change in oil
configuration at the pore-scale. This novel behaviour of water under
induced wettability alteration in tertiary mode was first highlighted in
our previous study [4].

In the mentioned study, it was shown that low salinity water
flooding in the secondary mode is more favourable than the tertiary
mode due to absence of stagnant region. However, in the tertiary mode,
the destabilisation of capillary interfaces and pull–push behaviour leads
to internal redistribution of oil and consequently a part of the redis-
tributed oil will be produced.

In an effort to expand our current understanding of this mechanism,
we test these conditions under different pore size distribution in this
study. Pore size distribution (that controls the capillary pressure) and
mixing (that controls the spatial distribution of wettability) are both
important physical parameters, while to best of our knowledge they
have not been studied in the context of low salinity waterflooding and
we aim to provide novel insights to bridge this gap in understanding.

2. Methods

To investigate the role of pore size distribution, two geometries
were constructed with identical topology (same connectivity of pore
throats) with a narrower pore size distribution (homogeneous) and a
wider pore size distribution (heterogeneous). The homogeneous do-
main has the mean pore size of 300 μm and standard deviation of
82 μm. The Heterogeneous domain has the mean pore size of 150 μm
and the standard deviation of 113 μm. The maximum and minimum
pore throat radii were constrained by the computational feasibility of
the numerical technique. Wettability was changed as a function of
water salinity. The initial wettability was set to oil-wet conditions with
initially only oil present in the pore space. Low salinity water was in-
jected under tertiary mode, while keeping injection rate and fluid
properties the same.

Immiscible two-phase flow was modelled using volume of fluid
(VOF) method, coupled with mass and momentum equations available
in the OpenFOAM library [47], the same methodology had been suc-
cessfully applied in previous two-phase flow studies at pore-scale
[33,35,3,4,24]. VoF method offers a direct numerical two-phase flow
smulations that can resolve sub pore-scale two-phase flow and transport
processes. Also, since Navier–Stokes equations are used in this method,
it allows using physical properties such as contact angle, interfacial
tension, and viscosity, which cannot be easily achieved in other pore-
scale models such as Lattice Boltzmann and smoothed-particle hydro-
dynamics.

2.1. Two-phase flow

VOF method is an interface reconstruction method, implemented in
the OpenFOAM solver interFoam. This method is capable of simulating
immiscible and incompressible two-phase flow in porous media
[47,36]. The advantages of this scheme compared to the other meth-
odologies were mentioned in our previous study [4]. The volume
fraction (α) represents the fluid present in each computational cell: α1

represents oil and α2 ( = −α α12 1) represents water fraction. A sharp
interface is constructed in between cells containing values of

< <α0 11 . The volume fraction field is determined by the mass equa-
tion:

∂

∂
+ ∇ + ∇ − =

α
t

α α αu u·( ) ·( (1 ) ) 0,r
1

1 1 1 (1)

where u is velocity field and ur = −u u1 2 is the relative velocity at the
interface between oil and water. A weighted function is used to calcu-
late fluid properties at the interface:
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= + −ρ ρ α α ρ(1 ) ,1 1 1 2 (2)

= + −μ μ α α μ(1 ) ,1 1 1 2 (3)

where ρ1 and μ1 represent the density and viscosity of oil and ρ2 and μ2
represent the density and viscosity of water, respectively. Mass and
momentum of the system are calculated using the following equations:

∂

∂
+ ∇ = −∇ + ∇ ∇ + ∇ +

ρ
t

ρ p μ
u

uu u u F·( ) [ ·( ( ))] ,T
sa (4a)

∇ =u· 0, (4b)

where the body force is represented by Fsa. Interfacial forces are in-
cluded in the body force. The body force Fsa is defined as:

̂∫= + −ρ σκδ x x d xF g n n· ( ) Γ( ),sa s sz
Γ (5)

where Γ is the liquid-liquid interface and −δ x x( )s is the Dirac delta
function, κ is the interface curvature, and σ is the interfacial tension
between the two fluids. The curvature of the interface is given by

= −∇
∇

∇( )κ · α
α| |

1
1

and the unit vector ̂n is defined as ̂ = ∇

∇
n α

α| |
1
1
.

2.2. Low salinity waterflooding

Low salinity water is miscible with high salinity water, as viscosity
and density of water remains the same despite reduction of salinity. We
solve mass fraction of water salinity (α3) with the following equation:

∂

∂
+ ∇ − ∇ =

α
t

α D αu·( ) 0, forΩα
3

3 2,3 3 2 (6)

where α3 is the scaled water salinity mass fraction. The low salinity is
transported in water (α2) using advection (∇ α u· )3 and diffusion terms
(∇ ∇D α·( ))2,3 3 . =D 01,3 is the diffusion matrix of water salinity (α3) into
oil (α1), thus ensuring no concentration can diffuse into oil. Moreover,
the term ∇D α1,3 1 of the divergence guarantees a sharp interface be-
tween water salinity (α3) and oil (α1), as it does not allow flux through
the interface into the oil due to D1,3 being zero. The diffusion coefficient
matrix for water salinity into water (D2,3) was defined as × −1 10 9m2s−1

[26].

2.3. Wettability alteration

The contact angle is used to define the vector orthogonal to the
contact line interface:

̂ ̂ = θn n· cos ,s (7)

where ̂n and ̂ns are vectors normal to the fluid-fluid interface and solid
wall, respectively. To induce wettability alteration, contact angle was
made a function of the scaled water salinity. The mass of water salinity
was scaled such that =α 03 represents low salinity water and =α 13
represents high salinity water in our model. The contact angle was
assumed to be a linear function of the scale salinity between 0,1:

= +
− × −

−
θ θ α α θ θ

α α
( ) ( )

( )
,HS

HS LS HS

LS HS

3

(8)

where θHS is contact angle at high salinity water ( °140 ) and θLS is con-
tact angle at low salinity water ( °60 ). The exact contact angle under
high and low salinity is based on a recent experimental study [46]. α3 is
the mass fraction of scaled water salinity for a given position and time.

= °θ 140HS corresponds to =α 1HS , emulating oil-wet conditions under
high salinity water. = °θ 60LS corresponds to =α 0LS emulating water-
wet conditions under low salinity water. Since our objective is to
identify flow dynamics due to wettability alteration, we have assumed a
linear behaviour. This modelling approach does not take into account
the effect of different compositions of all components of COBR or the
time required for wettability change. [28,26,46,25,12,17].

2.4. Numerical schemes

Second-order discretisation schemes were used for spatial and
temporal terms. Linear (central) interpolation was used for the eva-
luation of quantities at the cell faces from the cell centres and the van
Leer limiter was used for the convection term to avoid numerical in-
stabilities, whilst improving accuracy. The pressure was computed by
coupling velocity and pressure [40]. Time-step δt( ) was computed fol-
lowing the definition of the Courant number, = <Co 0.5δt

δx
u , where u

represents the velocity and δx the cell size. The average time step
during the simulation was −10 6 s.

2.5. Numerical domain, boundary, and initial conditions

Fig. 1 shows our numerical domains, have a square two-dimensional
geometry. The homogeneous domain’s mean pore size is μ300 m with
standard deviation of 82 μm. The heterogeneous domain’s mean pore
size distribution is 150 μm with standard deviation 113 μm. The geo-
metries were generated by truncation log normal distribution and
Voronoi concept to be representative of standstone. These geometries
were synthetically constructed to provide a difference in pore size
distribution, while preserving the same pore connectivity. Top and
bottom boundaries were walls and share no-flow conditions with no-
slip velocity. The right boundary was at constant pressure with zero
gradient of scaled water salinity normal to the boundary. The left
boundary had constant inlet injection velocity and constant scaled
salinity value. The domain was initially fully saturated by the wetting
phase (oil) with a contact angle of °140 . The velocity at the inlet was
0.009 −ms 1, which corresponds to a global capillary number of

= × −Ca 1 10 4. The capillary number (Ca) is the ratio of viscous force
relative to the capillary force:

=Ca
μ u

σ
,w in

(9)

where uin is inlet velocity of water, μw is viscosity of water and σ is
interfacial tension. Smaller capillary numbers, which is more realistic of
porous media flow, couldn’t be applied in our study because Open-
FOAM VOF method causes artificial velocities near the interface at that
scale, which derives in mass conservation problems [35,24]. However,
despite a higher capillary number, the capillary dominated flow dy-
namics are still observed in our study due to applying wettability

Fig. 1. Two-dimensional numerical domains: a) Homogeneous domain with
mean pore size 300 μm with standard deviation of 82 μm. b) Heterogeneous
domain with mean pore size 150 μm standard deviation of 113 μm. Water (α2)
and scaled water salinity (α3) are initially zero in internal domain. Mesh for
each domain is shown as inset.
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alteration after reaching steady-state water saturation under high sali-
nity waterflooding.

The fluid properties used in the simulations were: water density (ρ2)
and viscosity (μ2) as 998 kg m−3 and −10 3 kg m−1s−1 respectively. Oil
density (ρ1) and viscosity (μ1) were 844 kg m−3 and
1.910 × 10−2 kg m−1s−1, respectively. The interfacial tension (σ) was
0.07 kg s−2.

The domain was meshed with OpenFOAM utility called
snappyHexMesh [47]. This tool ensures high-quality mesh even in the
narrowest pore. Final grid resolution was chosen based on the sensi-
tivity study performed on our previous study, where after performing a
mesh sensitivity test we observed that at least 12–15 cells were required
in the width of each throat to minimize error (less than 1%) while re-
solving the velocity and pressure under two-phase flow [3]. The sen-
sitivity analysis of results as a function of mesh size was performed and
reported in [4]. The domain was meshed such that the narrowest pore
was at least 15 cells thick (0.9 and 0.65 million cells in internal mesh of
homogeneous and heterogeneous domains).

Initially, the oil saturated domain was flooded with high salinity
water with constant wettability, until steady-state water saturation was
reached in both heterogeneous and homogeneous domains. After
reaching steady-state water saturation, low salinity water was injected
into both domains to allow mixing with originally established high
salinity water topology. Using the local salinity of water, the wettability
was altered from oil-wet ( °140 ) to water-wet conditions ( °60 ). Same
number of pore volumes of low salinity water were injected at the end
of the simulations in both domains.

3. Discussion

Flow dynamics are analysed in two sets of conditions in both
homogeneous and heterogeneous domains: i) high salinity water-
flooding under initial oil-wet conditions ii) low salinity waterflooding
with wettability alteration ( ° − °140 60 ) under tertiary mode. The water
saturation against injected pore volume for all simulations is shown in
Fig. 2. High salinity waterflooding at the same injection rate produces
61% of initial oil in place, in the homogeneous domain, whereas the
heterogeneous domain produces 3% less oil at the end of high salinity
waterflooding (water saturation reaches steady-state). Note that the
saturation drop in the homogeneous domain after breakthrough is due
to the outlet boundary that allows ∇ =α· 02 . This causes oil back-flow
due to pressure decrease in the domain after water breakthrough.

3.1. Front dynamics under high salinity waterflooding

The impact of absolute pore sizes on two phase flow dynamics was
largly evaluated under imbibition condition or single-phase flow in the
literature [42]. Although relative permeability curves are produced for
both imbibition and drainage conditions, very little is known about the
dynamics of flow under these conditions apart from the displacement
preference of the invading fluid in both processes. Our simulation re-
sults show that wider pore size distribution reduces the efficiency of
waterflooding under drainage conditions. The homogeneous domain
leads to 3% more oil production than the heterogeneous domain under
high salinity waterflooding (refer to Fig. 2). The difference is not as
significant as tertiary mode recovery. However, it indicates the differ-
ence in the fluid flow behaviour.

Under secondary waterflooding, when oil is found as a continuous
phase, the oil recovery largely depends on displacement efficiency [15].
Through direct visualization and data analysis we have observed that
the homogeneous domain has a higher permeability than the hetero-
geneous domain under drainage conditions. As a result of a narrower
pore size distribution in the homogeneous domain, a uniform front is
observed which leads to an increase in the sweep efficiency. In the
heterogeneous domain, due to a wider pore size distribution, clear
preferential flow pathways are observed which caused fingering during
displacement of oil thus reducing sweep efficiency as 3% higher oil is
bypassed. In Fig. 3 the distance travelled by the water front in both
domains against water saturation is shown with snapshots of water
topology at water saturations of 0.3 and 0.5. Since the length of the
geometry and flow rate are the same for both cases, we can compare the
distance travelled by the water front for a given saturation in both
domains. Initially, the water front distance is not significantly different
in both domains, in fact water front in the heterogeneous domain is
lower than the homogeneous domain (refer to water saturation <0.3 in
Fig. 3). However, for water saturation higher than 0.3, the preferential
flow pathways become more evident in the heterogeneous domain
(refer to Fig. 3 insert (b)). The preferential flow pathways have 3%
higher velocity at water front in the heterogeneous domain compared
to the homogeneous domain, that leads to fingering and subsequent
earlier breakthrough. The recovery by high salinity waterflooding is in
agreement with classical waterflooding behaviour, where most of the
oil is recovered before breakthrough in the absence of film flow
[30,15,16]. The role of spatial pore size distribution in viscous fingering
has been also explored by a recent study [34].

Fig. 2. Water saturation against injected pore volume for high salinity water-
flooding (solid lines), low salinity waterflooding (dashed lines) for homo-
geneous (grey) and heterogeneous (black) domain for wettability alteration
from °140 to °60 . High salinity waterflooding recovers higher oil recovery in
homogeneous domain in comparison to heterogeneous domain due to more
compact-front. However, under wettability alteration in low salinity water-
flooding, 14% additional oil recovery was achieved in the heterogeneous case,
but no additional oil recovery was achieved in the heterogeneous case.

Fig. 3. Distance of water front from inlet, in the direction of flow is on x-axis,
where 0 represent position of inlet and 1 represents position of outlet. Total
water saturation is on y-axis for homogeneous (grey) and heterogeneous do-
main (black). The water topology at water saturation 0.3 is in insert (a) and 0.5
is in insert (b) for both heterogeneous and homogeneous domains.
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3.2. Front dynamics under tertiary mode of low salinity waterflooding

Low salinity waterflooding in tertiary mode leads to 14% additional
oil recovery in the heterogeneous domain, whereas the homogeneous
domain leads to no additional recovery (refer to Fig. 2). Both domains
experience the same wettability alteration but the heterogeneous do-
main displaces/remobilises significantly more oil under wettability al-
teration. Some experimental studies have reported no significant oil
recovery despite wettability alteration; however, there is no under-
standing of why tertiary mode works in some cases and not in others
[37,31,10,23]. The effect of pore size distribution on tertiary mode of
low salinity waterflooding can be discussed from two aspects: i) mixing
of low salinity water in high salinity water and ii) oil ganglia dynamics
under heterogeneous and homogeneous pore size distributions, after
induced wettability alteration.

3.2.1. Mixing, capillary instability and oil ganglia dynamics
Wettability alteration is affected by mixing of high and low salinity

water under tertiary mode. In the tertiary mode, low salinity water
dilutes the water in the pore space initially filled by the high salinity
water and consequently the wettability changes. Previous studies of
transport under two-phase flow conditions illustrated the transport
within the water-filled area does not happen homogeneously and some
regions are more advection controlled called flowing regions (blue in
Fig. 4) and some other regions such as stagnant/dead-end regions (Red
in Fig. 4) are predominantly diffusion controlled [19,20,9,3,13].

The flowing and stagnant regions of water topologies for both do-
mains at the end of the high salinity waterflooding are shown in Fig. 4.
These areas are identified based on concentration thresholding. After 1
pore volume of low salinity water injection, areas which are filled with
low salinity water are labelled as flowing regions and the areas with no
mixing are labelled as stagnant regions. Concentration threshold is used
due to dynamic conditions (saturation topology changes over time) in
which we can not use equilibrium velocity threshold established in our
previous study [3]. Our previous study shows that it takes 1 pore vo-
lume injection for flowing regions to saturate with the inlet con-
centration. Therefore, after 1 pore volume injection of low salinity
water, the regions filled with low salinity water were labelled as
flowing and areas which retained the original high salinity water were
labelled stagnant. The stagnant water saturation in the heterogeneous
and the homogeneous domains are almost similar (0.08 and 0.07, re-
spectively). When the low salinity water is injected into the porous
media, the flowing regions experience wettability alteration at an

earlier time scale than the stagnant regions. This causes local hetero-
geneous wettability alteration around the water topology, shown by
Aziz et al. [4].

Local heterogeneous wettability alteration leads to a fluid flow
mechanism, referred to as “pull and push” demonstrated in our pre-
vious research [4]. Induced wettability alteration at the capillary in-
terfaces destabilizes the saturation profile established under high-sali-
nity waterflooding. As a result, the capillary pressures at the main
menisci (oil water interfaces) changes towards more water-wet condi-
tion, which assists water invasion to new regions. Since stagnant re-
gions are oil-wet, water would pull out from the dead-end regions and in
some new regions water interfaces with wettability towards water-wet
push the oil out of pores [4]. Our simulation results show that the
presence of stagnant regions of water causes oil to divide into local
ganglia. When water from stagnant regions pull out of the pores under
heterogeneous wettability, local oil coalescence occurs. An example of
this is shown in Fig. 5(a) and (b), where 3 ganglia are present (coloured
as green, yellow and pink) with stagnant water (blue) in snapshot 1 and
2 for both domains. In snapshot (1) the oil ganglia and water stagnant
region are at steady-state after high salinity waterflooding. At snapshot
(2) wettability heterogeneity is created at the pore-scale after low
salinity water injection. As a result, stagnant water is pulled out of the
same pores in which oil later coalesces (oil filling event). This process
occurs around all stagnant regions in water topology of the domains.

By identifying pores (in our case computational cells), which con-
tained stagnant water under high salinity waterflooding, we could track
the volume of stagnant water, which experiences oil filling event after
low salinity invasion over time (indicative of “pull and push” behaviour
of water). Due to oil coalescence, the interfacial area (oil water inter-
face) in the porous medium decreases under low salinity waterflooding,
compared to high salinity waterflooding at the same time as pull push is
happening. Combining this data analysis, the change in oil filling sa-
turation over time after low salinity waterflooding is plotted against the
change in interfacial area over time in Fig. 5(c), for the homogeneous
domain. A strong correlation between change in oil filling saturation in
stagnant regions and the reduction of interfacial area over time is ob-
served.

The correlation coefficient is a statistical measure indicative of
whether two variables are related to each other. The interfacial area
over time shows the correlation coefficient of −0.6 when compared to
the oil filling saturation over time, indicating that these two events are
correlated to some degree. Since the homogeneous domain produces no
additional oil ( =S Sw HSW w LSW,, ), the reduction in interfacial area under
low salinity waterflooding is due to the oil coalescence caused by “pull
and push” behaviour of water. The same behaviour is observed in the
heterogeneous domain. Oil coalescence observed locally under low
salinity waterflooding can theoretically lead to oil banking at a larger
scale. This is a favourable process for oil recovery because when oil
ganglia size increase, oil is displaced/mobilised more easily in porous
medium, which increases the potential of recovering additional oil
[32]. Earlier experimental studies have reported oil banking under
wettability alteration [7,6]. Although coalescence of the oil ganglia can
be a favorable process, in our simulation we did not observe the mo-
bilisation of oil ganglia in the homogeneous case as induced pressure
gradient in the oil phase did not overcome the entry capillary pressure
of pores in contact.

3.2.2. Oil ganglia remobilisation and pore size distribution
Oil ganglia remobilisation potential is higher in the heterogeneous

domain due to the local variation in capillary pressure at the pore-scale,
caused by the variable pore throat sizes around the trapped oil.
Fig. 6(b) and (c) show snapshots at pore-scale for both heterogeneous
and homogeneous domains, respectively. In the heterogeneous domain,
Fig. 6(b), snapshot (1), pore throats surrounding water under high
salinity waterflooding are of different sizes, but in the homogeneous
domain, Fig. 6(c) snapshot (1), high salinity water is surrounded by

Fig. 4. Water topology at the end of high salinity waterflooding is shown for
homogeneous (a) and heterogeneous (b) domains, classified into flowing (blue)
and stagnant regions (red). Stagnant water saturation of heterogeneous is 0.08
and homogeneous domains is 0.07 of total water saturation.
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pore throats of relatively similar sizes. At snapshot (2) mixing of low
salinity water with high salinity water in both heterogeneous and
homogeneous domains is observed. At snapshot (3) low salinity water
has changed wettability in Fig. 6 (b) and (c). At snapshot (3) Fig. 6 (b),
the oil is easily displaced in the heterogeneous domain. This is because
after wettability alteration the variable pore size distribution leads to a
pressure gradient in the oil ganglia which helps remobilisation. How-
ever, in the homogeneous domain, due to a narrower pore throat size
distribution, the pressure under low salinity waterflooding around oil
ganglia is fairly uniform. This results in further entrapment of oil at the
pore-scale despite wettability alteration.

Our results show that under the tertiary mode of low salinity wa-
terflooding, porous medium with wider pore size distribution is more
favourable for oil recovery due to a varied local pressure induced

through wettability alteration (i.e. local capillarity). Our study supports
a different narrative to one presented in a recent pore network study of
low salinity waterflooding under the same conditions [43]. This study
acknowledged that while pore size distribution impacts the extent of oil
recovery under low salinity waterflooding, however they concluded
that a less varied pore size distribution will assist higher oil displace-
ment due to more pores being invaded by the water as a result of
wettability change [43]. The results of this pore network study are in
direct contradiction to the results of our study, as under tertiary mode
of low salinity waterflooding the alteration of wettability change will
lower the capillary pressure to assist invasion. But it could also lead to
further entrapment of oil ganglia since pore size distribution and
wettability alteration may fail to create a sufficient pressure gradient
within the ganglia, seen in Fig. 6(c) (3). These results now further raise
a question, as to what extent of variation in pore size distribution is
favourable for oil recovery under low salinity waterflooding in tertiary
mode.

Oil coalescence caused by “pull and push” behaviour and the re-
mobilisation of oil aids additional oil recovery in the heterogeneous
domain. We show the oil coalescence behaviour before remoblisation in
Fig. 6(c) for the heterogeneous domain. In Fig. 6(c) cumulative prob-
ability of dimensionless oil ganglia size is shown for pore volumes of
1.23, 2.60, 3.60 and 4.60. Fig. 6 (c) shows oil ganglia size decreasing
monotonically between pore volume 1.23–3.60. However, at a pore
volume of 4.60, the number of smaller size ganglia ( −− −10 105 4) de-
creases and the number of bigger ganglia size ( −− −10 103 2) increases,
compared to the previous pore volume of 3.60. This indicates that
smaller ganglia increase in size due to coalescence and then being
displaced in the heterogeneous domain under low salinity water-
flooding.

The lack of variability of pore sizes can potentially hinder the
benefits of low salinity waterflooding despite wettability alteration
under tertiary mode. These results further add to the debate that only
wettability alteration is not sufficient to get favourable oil recovery at
the pore-scale, but the effect of other parameters need to be in-
vestigated when predicting pore-scale conditions which can optimise
the performance of low salinity waterflooding under tertiary mode. We
would like to remark that this study is a preliminary work and, due to
the computational cost and time, larger systems could not be simulated.
However, it opens up a new discussion on the importance of geome-
trical and topological properties of the porous media in addition to the
wettability alteration that can be investigated in future works.

Note that in our previous study [4] the redistribution of oil due to
pull-push mechanism of water was deemed unfavourable for oil re-
covery as oil moved towards the bigger pores where it is further trapped

Fig. 5. At snapshot (1) 3 oil ganglia (green,
yellow, pink) are shown at pore-scale in (a)
homogeneous and (b) heterogeneous do-
mains with stagnant water (blue) at steady-
state saturation after high salinity water-
flooding. At snapshot (2), the stagnant
water is pulled out of these pores after low
salinity waterflooding, as a result of local
heterogeneous wettability. This “pull” be-
haviour of water causes oil coalescence. As
a result of oil coalescence, interfacial area
decreases in porous medium under low
salinity waterflooding. When stagnant
water is “pulled” out the pores, oil migrates
to these pores which leads to oil filling
events under low salinity waterflooding. We
plot the change in water saturation in
stagnant regions over time, against the
change in interfacial area over time for (c)
homogeneous domain under low salinity
waterflooding.

Fig. 6. a) Cumulative probability of oil ganglia size at four different pore vo-
lume/PV (1.23, 2.6, 3.60 and 4.60) in the heterogeneous domain. The plot
shows the ganglia size initially decreasing and then increasing in the hetero-
geneous domain. b-c) Magnified pore-scale displacement of high salinity water
(1) and low salinity water in transient (2) and low salinity water after wett-
ability alteration (3) for the heterogeneous (b) and the homogeneous (c) do-
mains. The yellow arrow shows the movement of oil (yellow) and light blue
arrows shows the movement of low salinity water (dark red) which displaces
newer pore throats.
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by the surrounding water-wet areas. This was highlighted in Fig. 5 of
[4] where oil was observed to be redistributing internally. However, the
remobilisation due to local variable capillary pressure observed in
heterogeneous domain, in this study, forces oil out of equilibrium and
constructs a clear path for oil to flow as a result of the heterogeneous
pore size distribution. It also remobilises larger oil ganglia than the
pull–push mechanism, which is why it has resulted in significant ad-
ditional oil recovery. This study also show internally redistribution of
oil in homogeneous domain where we observed no additional oil re-
covery due to the absence of local heterogeneity in pore size distribu-
tion. To summarise, remobilisation caused by wettability alteration
under low salinity waterflooding in tertiary mode does not necessarily
lead to higher oil recovery and our study strongly suggests that other
factors such as pore size distribution, in addition, can have a more
significant impact on the oil recovery.

4. Concluding remarks

Two-phase flow coupled with transport and wettability alteration
was simulated in OpenFOAM. The objective of the study was to in-
vestigate the role of pore size distribution on low salinity waterflooding
in tertiary mode, under wettability alteration. Two geometries were
constructed with the same topology but different pore size distribu-
tions: heterogeneous (wider pore size distribution) and homogeneous
(narrower pore size distribution). We evaluated the 2-phase flow dy-
namics under high salinity waterflooding and low salinity water-
flooding under the tertiary mode and predefined that wettability could
change from 140° to 60° with water salinity.

Based on our results, we conclude the following:

• The presence of stagnant water creates more oil ganglia locally: due
to heterogeneous wettability conditions, stagnant water is pulled
out of the pores causing oil coalescence/banking.

• The potential to remoblise oil in tertiary mode of low salinity wa-
terflooding is higher for the heterogeneous domain due to a varied
local pressure because of variation in the pore throat sizes and local
capillary pressure.

• The efficiency of low salinity waterflooding does not depend only on
the contact angle variation and pore morphology controls the ulti-
mate performance. More spatial variability in capillary pressure may
improve the ultimate performance in the tertiary mode.
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