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Hypothesis: The change of wettability toward more water-wet by the injection of low salinity water can
improve oil recovery from porous rocks, which is known as low salinity water flooding. To simulate this
process at the pore-scale, we propose that the alteration in surface wettability mediated by thin water
films which are below the resolution of simulation grid blocks has to be considered, as observed in exper-
iments. This is modeled by a wettability alteration model based on rate-limited adsorption of ions onto
the rock surface.
Simulations: The wettability alteration model is developed and incorporated into a lattice Boltzmann
simulator which solves both the Navier-Stokes equation for oil/water two-phase flow and the
advection-diffusion equation for ion transport. The model is validated against two experiments in the lit-
erature, then applied to 3D micro-CT images of a rock.
Findings: Our model correctly simulated the experimental observations caused by the slow wettability
alteration driven by the development of water films. In the simulations on the 3D rock pore structure,
a distinct difference in the mixing of high and low salinity water is observed between secondary and ter-
tiary low salinity flooding, resulting in different oil recoveries.
� 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The injection of water whose salinity is lower than that of for-
mation brine into subsurface oil reservoirs to improve oil recovery
is known as low salinity water flooding (LSWF). Sheng [1] exam-
ined 17 possible mechanisms of additional oil recovery by LSWF
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based on the results of core flooding experiments and field tests in
the literature, and concluded that wettability alteration is the most
plausible mechanism among them. This is the most commonly
accepted mechanism in the literature [2–6].

This wettability alteration has been observed experimentally at
the pore-scale (on the order of micrometers). Mahani et al. [4]
observed the detachment of oil droplets deposited on a mineral
surface after exposure to low salinity (LS) water. Bartels et al. [5],
using sinusoidal micro-models representing pore bodies and
throats of rocks, observed the remobilization of trapped oil after
the injection of LS water. These observations can be understood
as the consequence of wettability alteration. Meanwhile, the cause
of wettability alteration has also been studied. The wettability of a
rock surface is influenced by the electrical surface charge in thin
water films which coat the rock surface. The stability of the films
is determined by disjoining pressure [7,6]. A wettability alteration
mechanism proposed in the literature is double layer expansion
(DLE). DLE, which is described by the classical Derjaguin, Landau,
Verwey, and Oberbeek (DLVO) theory, increases electrical repul-
sion forces, resulting in positive contributions to the disjoining
pressure, making the films more stable [6]. This makes the surface
more water-wet. If the surface charge changes, these films may
collapse, allowing direct contact of oil with the solid, generating
more oil-wet conditions. This mechanism and associated chemical
interactions have been studied as a central interest of colloid and
interface science based on both experimental [8–11] and modeling
approaches [12–14]. While these studies provide an atomic-scale
explanation for wettability changes, it is still not clear how this
results in improved oil recovery from the complicated three-
dimensional pore space of rocks, because this phenomenon
involves multiple length scales from nanometers upwards.

Akai et al. [15] studied the impact of wettability alteration
toward more water-wet states on oil recovery using a lattice Boltz-
mann model calibrated to experimental measurements of water
flooding on micro-CT images of a mixed-wet carbonate. In that
work, the contact angle of rock surface was simply changed to a
more water-wet value without considering the mixing of injected
LS and existing high salinity (HS) water which could cause a
heterogeneous wettability. Aziz et al. [16] presented numerical
modeling of LSWF in which the two-phase Navier-Stokes equation
was solved by the volume-of-fluid method, while the transport of
salinity was modeled based on the advection-diffusion equation.
They altered the contact angle of a grid block as a function of the
salinity in that block. However, as we will discuss later, there are
potential problems with this approach: (1) the model could not
allow the effect of a wetting film to penetrate beyond the three-
phase contact between oil, water and the solid, and (2) the kinetics
of the alteration was instantaneous, whereas experimental obser-
vations have shown that the behavior is time-dependent [4,5]. Nei-
ther of the two modeling studies linked the wettability alteration
mechanism at the nano-scale in water films (sub-pore scale) to
two-phase flow in porous media. Therefore, it is necessary to
develop a numerical model linking these different scales to under-
stand improved oil recovery from porous media as the conse-
quence of a change in wetting states in water films.

We propose a new numerical model for LSWF which incorpo-
rates the effect of a change in wetting states in thin water films
into a pore-scale direct numerical simulation model. Our model
is developed to simulate the slow kinetics of wettability alteration
driven by the progressive development of water films as observed
in LSWF experiments. The model is validated against two LSWF
experiments: the detachment of oil droplets exposed to LS water
[4], and LSWF in a sinusoidal micro-model [5].

Furthermore, we demonstrate the applicability of the model to
complex 3D porous media, using micro-CT images of a Bentheimer
sandstone. Here, we discuss the distinct difference in the mixing of
LS and HS water between secondary (in which LS water is injected
to an initial oil saturation) and tertiary mode (in which LS water is
injected after HS water flooding).

2. Model development

2.1. Wettability alteration mechanism during low salinity water
flooding

First, we describe the wettability alteration mechanism during
LSWF upon which our model is based. We consider two-phase flow
where water displaces oil with an effective contact angle of h at the
pore-scale. This effective angle is the thermodynamically-
consistent angle which is defined through conservation of energy
for two-phase displacement at a certain resolution at the pore-
scale [17]. Wettability is influenced by thin water films which coat
the rock surface with a thickness of typically less than 10 nm
[7,18]. The stability of the film is determined by the disjoining
pressure (P) which is a function of film thickness determined by
three main forces, electric double layer (PDL), van der Waals
(PLVA) and structural forces (Ps): P ¼ PDL þPLVA þPs [19,6].
The first two terms are classified as DLVO forces, while the third
term is classified as non-DLVO forces. In general, when LS water
is injected, adsorption or desorption of certain ions onto/from rock
surface occurs in the film. This causes a change in the electrical sur-
face charge of the oil/water and water/solid interfaces in the film,
resulting in positive contributions to the disjoining pressure. Speci-
fic atomic-level chemical interactions which cause the change in
electric double layer force which plays an essential role in determi-
nation of disjoining pressure are described in [3,8,20], while the
contribution of non-DLVO forces including structural forces can
be found in [10]. The positive contributions to the disjoining pres-
sure make the films more stable, resulting in a change of effective
contact angle toward more water-wet conditions. We phenomeno-
logically model the change of effective contact angle as the conse-
quence of these chemical interactions.

2.2. Numerical model

We solved two transport equations with the lattice Boltzmann
(LB) method: the Navier-Stokes (NS) equation for immiscible
two-phase flow of oil and water, and the advection-diffusion
(AD) equation for the transport of the concentration of ions. Here,
we briefly describe the solution approach, while the details are
provided in the Supplementary Material. The key contribution of
this work is that we propose a wettability alteration model which
represents the process described in Section 2.1 even though the
model cannot explicitly resolve thin films. This is achieved by
incorporating the adsorption of ions onto the rock surface in a
two-phase direct numerical simulation model coupled with ion
transport in water. A schematic description of our model is shown
in Fig. 1.

The two-phase NS equation was solved with the color-gradient
LB method [21] constructed for the D3Q19 lattice velocity model
with the Multiple-Relaxation-Time (MRT) collision operator
[22,23]. The distribution of the phases was tracked using a color
function qN defined by:

qNðx; tÞ ¼ qrðx; tÞ � qbðx; tÞ
qrðx; tÞ þ qbðx; tÞ

;�1 � qN � 1; ð1Þ

where qrðx; tÞ and qbðx; tÞ are the density of oil and water at posi-
tion x and time t, respectively. qN takes a value of 1 in oil and �1
in water, while it takes the value of �1 < qN < 1 in an interface
region. The exact location of the oil/water interface is given by
qN ¼ 0. As a result, this model is classified as a diffusive interface
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Fig. 1. A schematic description of our numerical model. The distribution of the
color function in our diffusive interface model is shown with the simulation grid.
Here, each lattice node is represented by a grid block. The exact location of the
interface (qN ¼ 0) is shown by the yellow line, while the isocontour lines
corresponding to qN ¼ �0:5 are shown by the red and blue lines, respectively. Ions
in water shown by the yellow circles undergo advection-diffusion in the bulk water
region and adsorption at the solid/fluid boundary nodes indicated by the black
dashed square. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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model which produces a slightly diffusive interface whose thickness
is 2 to 3 lattice units [15] (Fig. 1). This two-phase LB model with our
wetting boundary condition [24] can accurately model wettability
in complex geometries, and has been validated against analytical
solutions [24,25] and experimental results performed on mixed-
wet carbonate rocks [26].

The AD equation for the transport of the ion concentration in
water was solved with a passive scalar approach in a LB framework
constructed for the D3Q7 lattice model with the MRT collision
operator [27]. Furthermore, at the oil/water interface, which is a
region over 2 to 3 lattice units, mass transfer of ions has to satisfy
the correct equation of state — ions have to stay in water, but they
cannot enter the oil. This was modeled based on the method of
Riaud et al. [28], resulting in the following equation of state in
the interface region [28]:

xb ¼ qbðx; tÞ
qrðx; tÞ þ qbðx; tÞ

; ð2Þ

CsðxbÞ
Cmax
s

¼ ðxbÞks ; ð3Þ

where ks is the separation parameter which is set to 1 in this work.
Cs is the concentration of ions. For convenience, we will use a nor-
malized concentration which is Cs ¼ 1 for LS and Cs ¼ 0 for HS
water. This will be simply called the ‘‘LS concentration’’. Cmax

s is
the maximum concentration found at xb = 1 (in water). In this man-
ner, the LS concentration becomes dependent on the distribution of
water.

The effect of a change in wetting states in water films was mod-
eled by considering the following adsorption and desorption reac-
tion of ions at the solid/fluid surface:

Aþ R�AR; ð4Þ
where A is an ion component in water, R is the rock surface for
adsorption, and AR is the adsorbed component on the surface.
Assuming the Langmuir adsorption model, the amount of adsorp-
tion at equilibrium and the rate of adsorption are given as:

H ¼ KeqCs

1þ KeqCs
; ð5Þ
v ¼ k½Csð1�HÞ � H
Keq

�; ð6Þ

where H is the fractional occupancy of the adsorption sites. Keq is
the equilibrium constant whose dimension is the reciprocal of con-
centration. Since we used the normalized concentration (Cs), Keq

was also non-dimensional in this work. k is the reaction rate con-
stant whose dimension is the reciprocal of time. Based on Eq. (6),
we accumulated the reaction products by vDt at every time step
at the solid/fluid boundary nodes. Since we assigned the maximum
concentration Cs ¼ 1 through a constant concentration boundary
condition at the inlet, the maximum occupancy, Hmax, is given by:

HmaxjCs¼1 ¼ Keq

1þ Keq
: ð7Þ

Then, the normalized equilibrium amount of adsorption, H
�
, is

given by:

H
�
¼ H
Hmax

¼ ð1þ KeqÞCs

1þ KeqCs
; 0 � H

�
� 1: ð8Þ

At every time step, contact angles were locally imposed using
the wetting boundary condition of Akai et al. [24], based on the fol-
lowing linear equation:

h ¼ ðhmin � hinitÞH
�
þhinit; ð9Þ

where hinit and hmin are the initial contact angle before wettability
alteration and the minimum contact angle at the maximum occu-
pancy, Hmax.

We now describe how our wettability alteration model works in
the vicinity of the three-phase contact line. Fig. 2 shows our model
representing wettability alteration which occurs at solid/fluid
boundary nodes as shown by the black dashed square in Fig. 1.
Depending on the LS concentration (Cs) at these nodes, adsorption
occurs toward the normalized equilibrium amount of adsorption

(H
�
) over time steps based on Eq. (8) (Fig. 2a). The color function

(qN) around the oil/water interface located at x ¼ 0 changes shar-
ply from �1 in water to 1 in oil within a few lattice nodes of the
interface region (Fig. 2b). The LS concentration of these nodes is
obtained from the equation of state, Eq. (3), as shown in the figure.
Based on the LS concentration, the altered contact angles for these
nodes are then obtained from Eqs. (8) and (9) for different Keq

(Fig. 2c). In this figure, we also plot the altered contact angle simply
obtained by the linear function of Cs as used in Aziz et al. [16].

When the contact angle is changed based on a linear function of
Cs, or on our model with Keq ¼ 1, the contact angle at the three-
phase contact at x ¼ 0 where qN ¼ 0 can be altered to around, at
most, ðhinit þ hminÞ=2: the full wettability change to hmin cannot be
captured. Furthermore, the contact angles of the surface covered
with oil remains ~hinit . As we will show later, this can result in pin-
ning of the three-phase contact (see Section 3.1.1). On the other
hand, when a higher value of Keq is used in our model, the contact
angle can change to a value close to hmin wherever there is some
water present, including slightly in advance (towards the oil) of
the three-phase contact line. This effect is illustrated in Fig. 2c
using Keq ¼ 100 as an example. This mimics the effect of wettabil-
ity alteration occurring through the thickening of a water film
which is below the resolution of the model. As a result, this enables
the contact line to advance across a previously oil-covered surface.
Moreover, the time to reach the equilibrium amount of adsorption
is not instantaneous, but it is controlled by the reaction rate con-
stant. Hence, a slower kinetics of wettability alteration than that
estimated from diffusion only can be modeled through the reaction
rate constant. In summary, the equilibrium constant (Keq) controls
the sensitivity of the wettability alteration to the LS concentration,



Fig. 2. The wettability alteration model (a) Normalized amount of adsorption as a
function of the LS concentration for different equilibrium constants (Keq) obtained
with Eq. (8). (b) The profiles of the color function (qN) and LS concentration (Cs)
around the oil/water interface located at x ¼ 0. These lattice nodes correspond to
the nodes surrounded by the black dashed square in Fig. 2. (c) The altered contact
angle around the interface corresponding to the LS concentration in the above. The
black line is obtained by a simple linear function of Cs , while the others are obtained
from our model with Keq ¼ 1 and Keq ¼ 100 based on Eqs. (8) and (9).

Table 1
Summary of the fluid properties and simulation conditions in comparison with those
in the experiments of Mahani et al. [4].

Experiment Simulation

Oil viscosity 6.5 mPa�s 6.5 mPa�s
Water viscosity 1.0 mPa�s 1.0 mPa�s
Interfacial tension 10 mN/m 10 mN/m
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while the reaction rate constant (k) controls how rapidly the alter-
ation occurs. The validation of our wettability alteration model
against theoretical solutions is provided in the Supplementary
Material.

Although we consider the transport of ions in water through the
three-phase contact line, we do not consider the solubility of water
in the bulk oil phase, i.e., there is no mass transfer from the bulk
water to the bulk oil phase. However, in certain combinations of
crude oil and brine, the solubility of components in the water
can contribute to the nucleation and formation of water emulsions
in the oil phase, as reported in recent experimental studies
[29–31].
Diffusion coefficient 1 ~ 2 � 10�9 m2/s* 2�10�9 m 2/s
Droplet radius 1000 lm 20 lm
Bond numbery 0.16 0.16

* Typical diffusion coefficients for inorganic ions in water taken from Parkhurst and
Appelo [32].
y Bond number is defined by Eq. (10).
3. Results

In Section 3.1, we validate our model against two published
LSWF experiments: (1) detachment of oil droplets exposed to LS
water; and (2) LSWF experiments on sinusolidal micro-models.
Furthermore, in Section 3.2, we apply our model to a 3D micro-
CT image of a rock sample to compare LSWF behavior in secondary
and tertiary modes.

3.1. Validation of the model against experiment

3.1.1. Detachment of an oil droplet exposed to low salinity water
Mahani et al. [4] used a model system consisting of a quartz

substrate coated by clay minerals. Oil droplets were deposited on
the clay surface and initially exposed to HS brine. Then, LS brine
was introduced to the system by diffusion. After exposure to the
LS brine, the contact angle changed toward a more water-wet state
and the oil droplets eventually detached from the solid surface.
Since there was no viscous flow in the system, the detachment
was considered to be purely driven by the balance between buoy-
ancy and adhesion forces. Considering a slower wettability alter-
ation process than that expected by diffusion only, they
concluded that the kinetics is consistent with a slow electrokinet-
ics ion-diffusion mechanism in a thin water film affected by the
surface charge of the interfaces.

A simulation domain consisting of 73 � 73 � 73 l.u.3 with a res-
olution of 1 lm/l.u. was used. The time step (t.s.) in the simulations
was 0.1 lsec/t.s. In the z-direction, the domain was bounded by
solid walls placed at the top and bottom boundaries. In the x and
y-directions, a periodic boundary condition was applied for the
flow field. Initially, a semi-spherical oil drop with a radius of 20
lm was placed on the bottom wall and the rest of the space was
filled with HS water. The oil droplet was equilibrated by perform-
ing two-phase LB simulations with a contact angle of 90� which is
the value observed in the experiments for a HS environment.
Table 1 summarizes the fluid properties and simulation conditions
in comparison with those in the experiments.

The Bond number (Bo) is defined by:

Bo ¼ Dqgr2

r
; ð10Þ

where Dq is the density difference between oil and water; g is the
gravitational acceleration; r is the radius of the oil droplet; r is the
oil/water interfacial tension. During the simulations, the gravity
force was applied by imposing a body force only on oil to achieve
the same Bond number as in the experiments.

Since the detachment is controlled by the competition between
the buoyancy and adhesion forces which is a function of contact
angle, to find a threshold contact angle below which buoyancy
force overcomes the adhesion force, we run the two-phase LB sim-
ulations changing contact angle every 10�. We found that the
threshold contact angle for detachment at this Bond number was
between 30� and 40�. Hence, we used hmin ¼ 30

�
for our LSWF sim-

ulations. We set Keq ¼ 1 with k ¼ 4� 10�4 t.s.�1 to allow the con-
tact angle to reach hmin through the solid/fluid surface. LS water
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Fig. 4. Simulated detachment time for different reaction rates.
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was introduced to the simulation domain in the x-direction by
imposing a constant concentration boundary condition with
Cs ¼ 1:0, while in the y-direction a periodic boundary condition
was applied for the concentration.

The comparison between the simulation results and those of the
experiment is shown in Fig. 3. Here, the time scale is normalized by
the detachment time (Tdetach) of 71 h for the experiment and 0.62 s
for the simulation. The simulation qualitatively captured the
experiment. The difference in the detachment time is discussed
later in this section.

We also compare our simulation results with those obtained
with the existing approach by Aziz et al. [16] in which the contact
angle was changed as a linear function of computed LS concentra-
tion. Here, the minimum contact angle for LS water was set to 0� to
allow the maximum wettability alteration. As a result, the three-
phase contact line in our model continued to move thanks to the
wettability alteration allowed through the adsorption in the diffuse
interface that penetrated a few lattice nodes in advance into the
oil-coated part of the surface of the three-phase contact, and it
eventually detached at 0.62 s, whereas the contact line in the other
approach no longer moved after 0.15 s. This is because the
approach by Aziz et al. [16] had a limited sensitivity of contact
angle to LS concentration, which prevented a significant wettabil-
ity alteration around the three-phase contact line. The comparison
of the movement of the oil/water interface between our wettability
alteration model and the existing approach is shown in Fig. S1 in
the Supplementary Material.

An additional three simulations changing the reaction rate by a
factor of 1/2, 1/3 and 1/4 were performed. As shown in Fig. 4, the
detachment time is inversely proportional to the reaction rate.
The intercept corresponds to the time required for the ion to have
contact with the oil droplet by diffusion. This means that we could
reproduce the longer time scales for detachment in the experi-
Fig. 3. Comparison of detachment of an oil droplet exposed to LS water between exper
black. The time scale is normalized by the detachment time (Tdetach) of 71 h. (b) Simulated
in red, while water is shown in semi-transparent blue. (c) Simulated distribution of the L
indicated by the white line. (a) is adapted from Mahani et al. [4]. (For interpretation of th
this article.)
ment, Fig. 3, simply by decreasing the reaction rate; however, this
would lead to an excessively long computational time.
3.1.2. Low salinity water flooding on a sinusoidal micro-model
Bartels et al. [5] used sinusoidal micro-models through which a

series of flooding experiments were performed for different aging
conditions and presence/absence of clay minerals. We chose two
of their experiments for our simulation study. In both the experi-
ments, crude oil was used as an oil phase and aging was performed
with the crude. In experiment 1 the solid surface had no clay min-
erals present, while in experiment 2 the surface was coated with
clay. Water flooding was performed with HS brine followed by LS
brine. For both experiments, the wettability state for HS brine
showed an oil-wet condition with a contact angle of around
iment and simulation. (a) Experimentally obtained images in which oil is shown in
oil droplets at the time corresponding to the experimental images. Here, oil is shown
S concentration in the central xz slice. The exact location of the oil/water interface is
e references to color in this figure legend, the reader is referred to the web version of
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120�. After LSWF, experiment 1 without clay showed a significant
change in the fluid configuration, resulting in the remobilization
of trapped oil, whereas experiment 2 with clay showed flattening
of the oil/water interface without a significant change in the fluid
configuration.

To simulate their experiments, we constructed a sinusoidal
model of the same size. The simulation model was composed of
120 � 12 � 82 l.u.3 at 5 lm/l.u. with four pore regions. A buffer
region was attached to the inlet and outlet Fig. S2. As in the exper-
iments, the domain was initially fully saturated with oil, then
water flooding was performed with HS water followed by LSWF.
The geometry of the model and the fluid configuration at the end
of HS water flooding for the two experiments are shown in
Fig. S2 in the Supplementary Material.

We define the capillary (Ca) and Péclet (Pe) numbers as:

Ca ¼ lwqw

r
; ð11Þ

Pe ¼ Lqw

Ds
; ð12Þ
Table 2
Summary of the simulation conditions in comparison to the experimental conditions
in Bartels [5].

Experiment Simulation

Viscosity ratio (lo=lw) 6.6 6.5
Capillary number 4:6� 10�7 2:0� 10�5

Péclet number* 1:2� 10�1y 1:0� 10�1

* Péclet number is defined by Eq. (12).
y Péclet number was estimated assuming a molecular diffusion coefficient of 2
�10�9 m 2/s [32].

Flooding

b

14 PVs 17.7 PV

14 PVs 17.7 PV

c

a

Water

Oil

Water

Oil

14 PVs after 7 d

Fig. 5. Comparison of LSWF on a sinusoidal micro-model between the experiment and
blue show crude oil and brine, respectively. Here, the left figure shows the fluid confi
configuration after 7 days of a shut-in period which followed the LSWF. (b) Simulated ph
and semi-transparent blue. (c) Simulated concentration distributions corresponding to th
to color in this figure legend, the reader is referred to the web version of this article.)
where lw is the viscosity of water; qw is the Darcy velocity of water;
r is the interfacial tension between oil and water; L is the character-
istic length taken as the throat (restriction) width of 55 lm; and Ds

is the molecular diffusion coefficient of the ion in water. The com-
parison of flooding conditions between the experiment and simula-
tion is shown in Table 2. To save computation time, we used an
approximately 50 times higher capillary number in the simulations.
However, we assume that our simulations are comparable to the
experiment since they were performed at a capillary number lower
than the critical value of approximately 10�4 below which mobiliza-
tion of residual oil occurs [33–35] —viscous forces do not directly
contribute to mobilization of oil. The molecular diffusion coefficient
in the simulation was chosen to have a similar Péclet number as in
the experiment.

For the simulation of HS water flooding, an initial contact angle
of 120� was assigned, with a contact angle of 30� for the buffer
regions. We used these water-wet buffer regions to establish a
stable phase distribution after HS water flooding by avoiding
snap-off of water droplets at the outlet.

Two LSWF cases were simulated. For experiment 1 without clay,
we used Keq ¼ 1 and hmin ¼ 15

�
to allow the maximum change in

contact angle at the three-phase contact line (case 1). On the other
hand, for experiment 2 with clay, we used Keq ¼ 1 and hmin ¼ 15

�
to

make the wettability alteration less sensitive to the LS concentra-
tion (case 2).

Although in the experiments LSWF was performed for 14 pore
volumes (PVs) and after that the system was kept for 14 days while
stopping fluid injection, LS flooding was kept for 20 PVs in the sim-
ulations to avoid any disturbance in the flow field potentially
caused by changing the flow conditions.
 direction

concentration

color function

s 20 PVs

s 20 PVs

ays

Flooding direction

simulation for case 1. (a) Experimentally observed phase configuration. Brown and
guration at the end of LSWF after 14 PVs, while the right figure shows the fluid
ase configurations after 14, 17.7 and 20 PVs of LSWF. Oil and water are shown in red
e times shown. (a) is adapted from Bartels [36]. (For interpretation of the references



concentration

color function

14 PVs 17.7 PVs 20 PVs

14 PVs 17.7 PVs 20 PVs

Flooding direction

14 PVs after 4 days

b

c

a

Water

Oil

Water

Oil

Fig. 6. Comparison of LSWF on a sinusoidal micro-model between the experiment and simulation for case 2. (a) Experimentally observed phase configuration. Brown and
blue show crude oil and brine, respectively. Here, the left figure shows the fluid configuration at the end of LSWF after 14 PVs, while the right figure shows the fluid
configuration after 4 days of a shut-in period which followed the LSWF. (b) Simulated phase configurations for the time steps corresponding to these in Fig. 6b. Oil and water
are shown in red and semi-transparent blue. (c) Simulated concentration distributions corresponding to the times shown. (a) is adapted from Bartels [36]. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Summary of the simulation conditions in comparison with the experimental
conditions in Bartels et al. [5].

Experiment Simulation

Viscosity ratio (lo=lw) 6.6 6.5
Throat diameter 55 lm 60 lm*
Capillary number 4:6� 10�7 2:0� 10�5

Péclet numbery 1:2� 10�1 1:0� 10�1

* The throat diameter in the simulation was obtained from the volume-weighted
mean throat diameter.
y Péclet number was defined taking the throat diameter as a characteristic length
scale.
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The simulation results for cases 1 and 2 are shown in Figs. 5 and
6, respectively. In both cases, after 14 PVs of LS flooding, the curva-
ture of the oil/water interface changed to positive in case 1 and
almost flat in case 2 from the original negative curvature (see Fig
S2b). In case 1, since the contact angle of the simulation continued
to change toward the minimum angle of 15�, the progressive
development of the wettability alteration into oil-covered regions
of the solid shown by semi-transparent blue in the figure was
observed in the corners and top and bottom walls of the model.
In contrast, there was no such change in case 2. The films observed
in case 1 continued to develop, resulting in a significant change in
the fluid configuration at 17.7 PVs, whereas the fluid configuration
in case 2 remained the same until the end of the simulation at 20
PVs.

We note that, as mentioned in Section 2.2, we do not consider
the solubility of water into the oil phase, even though we do see
the formation of water emulsions in the oil phase in both the
experiments (Fig. 5a and Fig. 6a). In these experiments the authors
did not consider the formation of the water emulsions a main dri-
ver for the occurrence of low salinity effect in their brine-crude-
solid system [5].
3.2. Application of the model to complex 3D porous media

3.2.1. Pore structure and simulation domain
The pore structure of a Benthemier sandstone obtained with a

micro-CT with 3.5 lm/pixel was used for a simulation study of
LSWF. From the images, a domain composed of
288 � 288 � 288 l.u.3 (~1 mm3) was selected. This porous domain
had a porosity of 21% while the volume-weighted mean pore diam-
eter was 60 lm. A void buffer region with a size of
50 � 288 � 288 l.u.3 was attached to the upstream and down-
stream of the porous domain in the x-direction. Each buffer region
accounted for approximately 0.5 PV. Consequently, the simulation
domain consisted of 388 � 288 � 288 l.u.3, i.e.,
ðx; y; zÞ 2 ½0;387� � ½0;287� � ½0;287�.
3.2.2. Drainage simulation
To establish an irreducible water saturation, a drainage simula-

tion was performed by injecting oil into the domain initially satu-
rated with HS water with a contact angle of 45�. Once the oil
saturation stabilized, an aging process was simulated by altering
the contact angle of the domain to 120� and continuing the simu-
lation with the same boundary conditions until the oil saturation
stabilized again. As a result, the simulation domain had an initial
oil saturation of 74%. More details of the drainage simulation can
be found in Akai et al. [37].



Fig. 7. The distribution of fluid and concentration during secondary LS water injection. Oil distribution (a) after 0.2 PV and (b) after 2.0 PVs of LS water injection. The LS
concentration (a) after 0.2 PV and (b) after 2.0 PVs of LS water injection.
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3.2.3. Water flooding simulation
Three water flooding scenarios were considered: HS water

flooding, and secondary mode and tertiary mode LSWF. HS water
flooding was performed for 4 PVs of injection. In secondary mode,
LS water was injected directly into the irreducible water satura-
tion, while in tertiary mode, LS water was injected after 2 PVs of
HS water injection. In both these flooding modes, the LS water
was injected for 2 PVs. A constant concentration (Cs ¼ 1:0) bound-
ary condition was applied for the inlet lattice nodes at x ¼ 0 (l.u.)
and a zero-gradient (@Cs=@x ¼ 0) boundary condition for the outlet
lattice nodes at x ¼ 387 (l.u.), respectively.

Table 3 summarizes the simulation conditions in comparison
with the flooding conditions used in the experiments by Bartels
et al. [5]. Similar to the simulations in Section 3.1.2, we chose a
capillary number of the order of 10�5, while maintaining a Péclet
number of order 10�1 which is typical of reservoir conditions. For
the wettability alteration model, the parameters from experiment
by Bartels et al. [5] in which a significant change in fluid configu-
ration was observed were used: Keq ¼ 1 and hmin ¼ 15

�
, see

Section 3.1.2.
Figs. 7 and 8 show the distribution of fluid and concentration

during LSWF for the secondary and tertiary floods, respectively.
The secondary mode showed a more uniform distribution of LS
concentration at the early stage of LS water injection (Fig. 7c),
while that of the tertiary mode showed a more diffused distribu-
tion (Fig. 8c). This is because injected LS water in the secondary
flood did not mix with high salinity water in the pore space which
was disconnected by oil, whereas injected LS water in the tertiary
flood had connected pathways with pore water from the beginning
of LS water injection. This stabilization of the concentration front is
more clearly seen in the average concentration in a slice perpen-
dicular to the flooding direction in Fig. S3 in the Supplementary
Material.

Aziz et al. [16] observed stagnant regions during their LSWF
simulations and concluded that the presence of stagnant regions
might have a negative impact on oil recovery. Their simulations
were performed on a 2D structure at a capillary number of
7 � 10�4 with a Péclet number of a few hundreds. This means that
diffusion cannot readily allow recovery from stagnant regions
where the flow is slow. However, as indicated by Cs ~ 1 for all
the slices at 2.0 PVs, there was no significant recovery impediment
effect of stagnant regions in our simulations performed at a Péclet
number of order 10�1 which is in a diffusion dominated transport
regime [38]. Hence, we conclude that the mixing of LS and HS
water is predominantly controlled by diffusion under this low
Péclet number condition which is typical of LSWF in oil reservoirs.

The change of recovery factor as a function of pore volumes of
water injected for the three cases is shown in Fig. 9. Secondary
flooding gave a recovery factor of 67%, which is 2% higher than that
of tertiary flooding. The stabilized concentration front contributes
to better oil recovery. Nevertheless, since the final displacement
efficiency would also be determined by how remobilized oil gan-
glia get connected with the surrounding oil and how they form
connected pathways to the outlet, a further parametric study with
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Fig. 8. The distribution of fluid and concentration during tertiary LS water injection. Oil distribution (a) after 0.2 PV and (b) after 2.0 PVs of LS water injection. The LS
concentration (a) after 0.2 PV and (b) after 2.0 PVs of LS water injection.
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the different wettability alteration parameters is required to con-
clude which flooding mode gives better recovery.
4. Conclusions

A new pore-scale numerical simulation model for LSWF has
been proposed. The model solves two transport equations with
the lattice Boltzmann method: the Navier-Stokes equation for oil
and water two-phase flow, and the advection-diffusion equation
for ion transport in water. The model has been validated against
two LSWF experiments in the literature [4,5], then applied to
micro-CT images of a Bentheimer sandstone.

The key development of this work is a wettability alteration
model for LSWF based on atomic-level chemical interactions
[3,8,20,10] in thin water films which are below the resolution of
our simulation grid blocks. This has been modeled based on rate-
limited adsorption of ions onto the rock surface across a diffuse
interface in the simulation model. As a result, our model can sim-
ulate the progressive development of thin water filims with two
parameters controlling the sensitivity of wettability alteration to
LS water and the speed of alteration.

In the experiments by Mahani et al. [4], at the same Bond num-
ber as in the experiments, our model has correctly captured the
balance between buoyancy and adhesion forces, resulting in the
detachment of an oil droplet, whereas the existing approach by
Aziz et al. [16] did not capture the detachment because of pinning
of the three-phase contact line. Moreover, we have shown that the
time for the detachment can be controlled by the reaction rate in
the model.

The role of the parameter which controls the sensitivity of wet-
tability alteration has been demonstrated using the experiments
by Bartels et al. [5]. When a substantial wettability alteration
around the three-phase contact line was allowed in our model, a
significant alteration of fluid configuration observed in the experi-
ment was simulated. In contrast, the experiment in which they
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observed only the flattening of the oil/water interface was success-
fully simulated with an alteration that was less sensitive to LS
water.

We have performed LSWF simulations on 3D micro-CT images
of a Bentheimer sandstone. In secondary mode LS water injection,
the concentration was stabilized by the two-phase displacement
front because the injected LS water did not mix with HS pore water
disconnected by oil. This contributed to better oil recovery in sec-
ondary mode compared to that in tertiary mode. Furthermore, our
simulations performed at a Péclet number of order 10�1 showed no
significant impact of stagnant regions on the mixing between HS
and LS water. This mixing behavior could not be studied by only
changing wettability as in our previous study [15].

The parameters used in our wettability alteration model would
be better explained based on the studies investigating the atomic-
scale chemical interactions on specific brine-crude-solid systems
(e.g., [8–11]), which is a central interest of colloid and interface
science. In this way, our numerical model provide a tool to study
how the atomic-scale chemical interactions influence oil recovery
from the complex pore space of rocks during LSWF.
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