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Waterflooding is the most widely applied improved oil recovery technique. Recently, there
has been growing interest in the chemistry and ionic composition of the injected water. Low-
salinity waterflooding (LSWF) is a relatively recent enhanced oil recovery technique that has
the ability to alter the crude oil/brine/rock interactions and improve oil recovery in both
clastics and carbonates. In this paper, the increase in the recovery factor during LSWF was
modeled based on the exchange of divalent cations (Ca2+ and Mg2+) between the aqueous
phase and the carbonate rock surface. Numerical simulations were performed using labo-
ratory coreflood data, and oil recovery and pressure drop from experimental works were
successfully history matched. The ion exchange equivalent fractions, effluent ions concen-
trations, changes in mineral moles, and pH have also been examined. Besides, an investi-
gation of multi-component ionic exchange as a mechanism responsible for wettability
alteration during LSWF in heterogeneous low-permeability carbonate cores is presented.
The results show that wettability alteration is responsible for the increase in oil recovery
during LSWF, as reflected by the shift in the crossover points of the relative permeability
curves. A sensitivity study done on many key parameters (e.g., timing of LSWF injection,
injection rate and temperature) and the mechanistic modeling method revealed that they all
have huge effects on the process.

KEY WORDS: Low-salinity waterflooding, Wettability alteration, Multi-component ion exchange,
Low-salinity effects, Geochemical modeling.

INTRODUCTION

Carbonate reservoirs are estimated to hold
about 60% and 40% of the world�s oil and gas re-
serves, respectively. Despite the significant amount
of oil and gas in carbonate reservoirs, they have

been very challenging to understand and develop
due to their heterogeneous nature, which results
from the combination of depositional geometry and
diagenesis. This, coupled with the fact that about
90% of carbonate rocks are either neutral or oil-wet,
has resulted in much lower primary recoveries (av-
erage of 30%) compared to sandstones (Sun and
Sloan 2003; Adegbite et al. 2018).

Waterflooding has been and is currently the
most widely used method to increase production
from oil reservoirs worldwide because it is eco-
nomical, easily accessible and reliable (Craig 1971;
Dang et al. 2015). It is classified as a secondary
recovery mechanism that helps to increase produc-
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tion and maintain reservoir pressure. Initially, less
attention was dedicated to the effects of the chem-
istry and ionic composition of injected brine. How-
ever, it has recently been reported that modifying
the salinity of the injected brine by dilution can lead
to incremental oil recovery. This is known as low-
salinity waterflooding (LSWF) (Al-Shalabi et al.
2015). Other names such as smart waterflooding,
advanced ion management, engineered water injec-
tion, designer waterflood and LoSal are used in the
literature. However, it should be noted that engi-
neered (smart) waterflooding is slightly different
from LSWF because it involves modifying the ionic
composition of the injected brine.

Many laboratory studies (Lager et al. 2006,
2008; Al-Attar et al. 2013; Hamouda and Gupta
2017; Nasralla et al. 2018) have reported an increase
in oil recovery in carbonates from LSWF as well as a
few field studies (Yousef et al. 2012). Despite the
growing interest in the process, there is currently no
consensus on the mechanisms responsible for the
increase in oil recovery, and it is believed that a
combination of mechanisms contributes to the ob-
served low-salinity effects (LSEs). However, wetta-
bility alteration is widely accepted to be the primary
mechanism.

The LSWF process is less understood in car-
bonates than in sandstones because of their very
heterogeneous nature and lack of clay minerals and
because of the high bonding energy that exists be-
tween the surface of carbonate rocks and the polar
components in crude oil (Lager et al. 2008; Reza-
eiDoust et al. 2009; Derkani et al. 2018). Chilingar
and Yen (1983) asserted that about 80% of car-
bonate reservoir rocks are oil-wet, which has an
adverse effect on oil recovery by waterflooding.
Altering the wettability of a carbonate reservoir
rock from more oil-wet to less oil-wet by LSWF
could, therefore, help increase oil recovery from the
reservoir. The existing wettability alteration mech-
anisms include multi-component ionic exchange,
expansion of the electrical double layer, rock dis-
solution, fines migration, interfacial tension de-
crease, pH increase and formation of micro-
dispersions. A review of the different mechanisms is
presented below.

Zhang et al. (2006, 2007) proposed a multi-
component ionic exchange mechanism that involves
a process between the potential determining ions
(Mg2+, Ca2+, and SO4

2�) in the injected brine and
the carbonate rock surface. SO4

2� ions adsorb onto
the positively charged carbonate surface, reducing

electrostatic repulsion. Ca2+ ions then adsorb and
react with the carboxylic group bonded to the car-
bonate rock surface. This results in the release of
some carboxylic materials from the rock surface, a
change in wettability and an increase in oil recovery.
The study also investigated the effect of temperature
on the process and found that the adsorption of
SO4

2� and co-adsorption of Ca2+ increased with
temperature. It was also found that the degree of
substitution of Ca2+ by Mg2+ on the carbonate sur-
face increased with temperature.

Hiorth et al. (2008) proposed dissolution of
calcite as the main wettability alteration mechanism.
A geochemical model was developed and tested
using experimental data. They believed that if a
change in surface potential was responsible for low-
salinity effects, it should be observed at both high
and low temperatures. This was, however, not the
case based on the results from their model. In
addition, they suggested that the adsorption of oil
components onto the carbonate rock surface is a
strong and irreversible process, and, therefore, the
equilibrium between the rock surface and oil should
not be affected by a change in water chemistry.
Based on the observations, they proposed rock dis-
solution as a mechanism for wettability alteration in
carbonates.

An innovative approach to investigate dissolu-
tion and dissolution-induced fines migration using a
heterogeneous limestone core was developed by
Altahir et al. (2017). Scanning electron microscope
images were taken before and after coreflood
experiments to investigate the potential of dissolu-
tion to alter the rock geometry and for comparison
purposes. Ionic chromatography was also used to
quantify the concentrations of anions and cations
produced in the effluent. Fines migration was ob-
served in all the images, and dissolution was pro-
posed as the mechanism for fines migration. In
addition, no pressure drop was observed and this
was attributed to the coexistence of dissolution and
fines migration. Finally, an increase in pH was ob-
served, which was considered as further confirma-
tion of the dissolution of calcite.

The role of crude oil/brine/rock interactions and
the formation of micelles were investigated by
Sohrabi et al. (2017). Significant additional oil
recovery was observed in clay-free porous medium,
which they believed was due to the formation of
micelles. It is believed that micro-dispersions are
formed in the oil phase when low-salinity water
comes in contact with crude oil, and the micro-dis-
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persions deplete the surface-active components at
the oil/brine interface. This changes the balance of
forces at the rock/brine and oil/brine interfaces and
results in wettability alteration.

A literature review of the modeling studies of
LSWF is given in the following section. Most of the
modeling studies in carbonates have either used a
homogeneous model or a heterogeneous model with
relatively high permeability. This paper presents the
results of LSWF modeling performed on a hetero-
geneous carbonate core of very low permeability
(< 2 md) and demonstrates that it is possible to
model the effects of LSWF even in very low-per-
meability carbonates. A systematic investigation of
the effects of different input parameters on the
process is presented. The sensitivity study showed
that the number of grid blocks and their dimensions
are crucial for capturing the geochemical interac-
tions during the process. The modeling shows that
cation exchange can sometimes be used to model
LSWF in carbonates instead of the conventional
anion exchange. This insight can be extended to the
field scale, for history matching and prediction of oil
recovery from LSWF.

INSIGHT TO CONTRIBUTING PARTS
IN MODELING OF LSWF

Numerical Modeling

Reservoir modeling is a valuable tool for the
verification and validation of experimental results
and for predictions at conditions beyond the scope
of experimental work (Derkani et al. 2018). How-
ever, the number of LSWF modeling studies in
carbonates is fewer than in sandstones, and most of
the studies focused on understanding the mecha-
nisms responsible for incremental oil recovery in
carbonates through laboratory studies. In addition,
modeling the geochemical reactions between the
carbonate rock surface and the aqueous phases is
not an easy task due to the complex nature of the
crude oil/brine/rock interactions and heterogeneity
in carbonates (Adegbite et al. 2018).

Jerauld et al. (2006, 2008) presented one of the
first models on LSWF, which considered salt as an
additional component lumped in the aqueous phase.
Relative permeability, capillary pressure and aque-
ous phase density and viscosity were all modeled as
functions of salinity. Residual oil saturation (Sorw)
was assumed to be linearly dependent on salinity.

The model equations for water and oil relative
permeabilities (krw and krow) and capillary pressure
(Pcow) are as follows:

krw ¼ hkHS
rw S�ð Þ þ 1� hð ÞkLSrw S�ð Þ ð1Þ

krow ¼ hkHS
row S�ð Þ þ 1� hð ÞkLSrow S�ð Þ ð2Þ

Pcow ¼ hPHS
cow S�ð Þ þ 1� hð ÞPLS

cow S�ð Þ ð3Þ

where

h ¼ Sorw � SLSorw
� ��

SHS
orw � SLSorw

� �
ð4Þ

S� ¼ So � Sorwð Þ= 1� Swr � Sorwð Þ ð5Þ

h is scaling factor, S* is the normalized oil saturation,
HS and LS refer to high and low salinities, respec-
tively, S denotes phase saturation, and subscript r
refers to residual saturation.

Although the same scaling factor proposed by
Jerauld et al. (2008) is currently used in most LSWF
models, the need to use scaling parameters for
handling relative permeability and capillary pressure
of oil and water separately has been pointed out by
Al-Shalabi et al. (2013). They used UTCHEM (an
in-house simulator developed at the University of
Texas at Austin) to simulate and history match
coreflood experiments done on composite carbonate
cores. It was observed that LSWF had negligible
effect on the endpoint water relative permeability
and Corey water exponent. The need for geochem-
ical modeling of LSWF to investigate the change in
surface charge and expansion of the electrical dou-
ble layer was also highlighted.

Dang et al. (2015, 2016) developed a compre-
hensive ion exchange model that captures the geo-
chemical reactions that occur during LSWF. The
model was coupled with the compositional simulator
GEM� from CMG and was validated with the ion
exchange model of PHREEQC and two coreflood
experiments, for a North Sea reservoir and a
heterogeneous Texas sandstone reservoir core. The
geochemistry model was used to evaluate LSWF
optimization through well placement, and the au-
thors investigated the potential of a hybrid enhanced
oil recovery process that involved combining LSWF
and CO2 injection in a miscible water-alternating-
gas process.

A geochemical model that uses the equivalent
fraction of divalent cations (Ca2+ and Mg2+) was
proposed by Awolayo and Sarma (2017). The model
was used to history match several carbonate core-
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flood experiments. Based on the simulation results,
they concluded that the interplay between surface
charge alteration and mineral dissolution was the
key to improved oil recovery at core scale.

Geochemistry

During LSWF, the initial thermodynamic equi-
librium of a system is disrupted through geochemical
reactions that occur at the rock/brine interface (Dang
et al. 2015; Adegbite et al. 2018; Jahanbani and
Torsæter 2018, 2019). The geochemical reactions can
be divided into homogeneous and heterogeneous
reactions. Homogeneous reactions occur among the
aqueous phase components and are known as intra-
aqueous reactions whereas the heterogeneous reac-
tions occur between the aqueous components and
mineral species, such as mineral dissolution/precipi-
tation and ion exchange reactions (Computer Mod-
elling Group Ltd. 2018). The two types of reactions
are typically represented as chemical equilibrium
reactions and rate-dependent reactions, respectively,
because intra-aqueous reactions are relatively faster
than mineral dissolution/precipitation reactions.

Intra-aqueous Reactions

According to Bethke (1996), equilibrium con-
stants are used in modeling chemical equilibrium
reactions. For a chemical reaction to be in thermo-
dynamic equilibrium, the rate of forward and back-
ward reactions must be equal, implying that the
activity product of the reaction must be equal to its
equilibrium constant. This concept gives rise to the
following governing equations for chemical equilib-
rium reactions:

Qa �Keq;a ¼ 0; a ¼ 1; . . . ;Raq ð6Þ

Qa ¼
Qnaq

i¼1

aviai ð7Þ

where Keq;a is the equilibrium constant for aqueous

reaction a, Raq is the number of aqueous phase

reactions, Qa is the activity product and ai and via
are the activity and the stoichiometry coefficients of
component i, respectively. The aqueous phase con-
sists of both the components that only exist in the
aqueous phase ( na) and the gaseous components
that are soluble in the aqueous phase ( nc). The total

number of components in the aqueous phase, naq, is

the sum of the two. The aqueous species can also be
divided into independent (primary) and dependent
(secondary) aqueous species.

Tables of values of equilibrium constants for
many reactions as a function of temperature have
been presented by some authors (e.g., Kharaka et al.
1989; Delaney and Lundeen 1990). The relationship
between the activity of component i (ai) and its
molality (mi) is given by Eq. 8. The molality of a
component is its moles per kilogram of water and is
expressed in molal (m), thus:

ai ¼ cimi; i ¼ 1; . . . ; naq ð8Þ

where ci is the activity coefficient. The activity of an
ideal solution is equal to its molality as ci ¼ 1.
However, most solutions are non-ideal and a value
other than one is required for ci. Many models exist
for calculating the activity coefficients of electrolytic
solutions such as the Debye-Hückel equation, the
Davies equation and the B-Dot model (Bethke
1996). An activity coefficient model describes the
relation between a component�s activity coefficient
and the ionic strength of the solution. The Davies
and B-Dot models are variants of the Debye-Hückel
equation developed by Debye and Hückel in 1923.
In GEM�, computations of ionic activity coeffi-
cients are done using the B-Dot model. This is
widely applied in many geochemical models, be-
cause it can accurately predict the activity coeffi-
cients of components over a wider range of
temperatures (0–300 �C) and molalities (up to 3 m)
compared to other models. The equations for the B-
Dot model and ionic strength are, respectively:

log ci ¼ � Acz
2
i

ffiffi
I

p

1þ _aiBc
ffiffi
I

p þ _B ð9Þ

I ¼ 1

2

Xnaq

i¼1

miz
2
i ð10Þ

where A, B and _B are temperature-dependent
coefficients, _ai is the ion size parameter (constant), zi
is the valence number of component i and mi is its
molality.

Mineral Dissolution/Precipitation Reactions

Reactions involving minerals and aqueous spe-
cies are slower than aqueous reactions and are
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modeled using kinetic rate laws (Bethke 1996). The
expression for the rate law for mineral dissolution
and precipitation is:

rb ¼ cAbkb 1� Qb

Keq;b

� �
; b ¼ 1; . . .Rmn ð11Þ

where r is the reaction rate, cAb is the reactive sur-
face area of mineral reaction b, k is the rate con-
stant, Keq;b is the equilibrium constant, Q is the

activity product for mineral reaction b, and Rmn is
the number of mineral reactions. Q is similar to the
activity product for aqueous chemical equilibrium
reactions, and thus:

Qb ¼
Qnaq

i¼1

aviai ð12Þ

The activities of minerals are equal to unity and
are, therefore, eluded in the above equation. The

ratio Qb=Keq;b
� �

in Eq. 11 is called the saturation

index. Mineral dissolution occurs if log

Qb=Keq;b
� �

\0, while mineral precipitation occurs if

log Qb=Keq;b

� �
[0. If log Qb=Keq;b

� �
¼ 0, the mineral

is in equilibrium with the aqueous phase and no
reaction occurs ðr ¼ 0Þ. Equation (applies to min-
erals only. The rate of formation/consumption of
different aqueous species is obtained by multiplying
by the respective stoichiometry coefficient (Nghiem
et al. 2004):

rib ¼ vib � r ð13Þ

Reaction rate constants are normally reported
in the literature at a reference temperature, T0

(usually 298.15 K or 25 �C). The temperature of
petroleum reservoirs is typically higher than T0. To
calculate the rate constant at a different temperature
T, Eq. 14 is used:

kb ¼ k0b exp � Eab

R
1
T � 1

T0

� �h i
ð14Þ

where Eab and k0b are the activation energy for

reaction b (J/mol) and the rate constant for reaction
b at the reference temperature, respectively, and R
is the universal gas constant (8.314 J/mol-K). Both T
and T0 are in Kelvin (K). The activation energy ( Ea)
of the chemical reactions that result in wettability
modification during LSWF is very important be-
cause if the reaction rate is low, it would take a long
time for any LSEs to be observed due to slower
interactions between the rock and the injected brine.
The activation energy is related to how strongly the

polar oil components are bonded to the mineral
surface, and the reactivity of the ions in the injected
water. The bonding energy between polar compo-
nents in oil and carbonates is generally higher than
that between the oil and clays in sandstones (Reza-
eiDoust et al. 2009).

The equilibrium constants for aqueous and
mineral reactions are calculated as a function of
reservoir temperature, T, using:

log Keq

� �
¼ a0 þ a1T þ a2T

2 þ a3T
3 þ a4T

4 ð15Þ

The default values of a0, a1, a2, a3, a4 for dif-
ferent reactions are specified in GEM�s internal li-
brary and the reservoir temperature, T is 90.6 �C.

As mineral dissolution/precipitation occurs, the
surface area available to reactions also changes, and
so the reactive surface area is an important param-
eter when calculating the reaction rate (Nghiem
et al. 2004; Computer Modelling Group Ltd. 2018).

The reactive surface area cAb

� �
as minerals dis-

solve/precipitate is calculated as:

cAb ¼ cA0
b �

Nb

N0
b

ð16Þ

where N is the number of moles of mineral b per

unit bulk volume. cA0
b and N0

b are the initial param-

eters. In addition, both porosity and permeability of
a porous medium would alter as a result of mineral
dissolution/precipitation. Equations 17 and 18 are
used for calculating porosity:

c/� ¼ /� �
Pnm

b¼1

Nb

qb
� N0

b

qb

� 	

ð17Þ

/ ¼ c/� 1þ c/ p� p�ð Þ

 � ð18Þ

where / is the updated porosity, /* is the reference
porosity with no mineral dissolution/precipitation,
c/� is the porosity with dissolution/precipitation, q is
the mineral�s molar density, c is the rock compress-
ibility, p and p* are the current and reference pres-
sures, respectively. To calculate the permeability,
the Kozeny–Carman equation is used:

k
k0
¼ /

/0

� �3

� 1�/0

1�/

� �2
ð19Þ

where k0 is the initial permeability and /0 is the
initial porosity.
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Ion Exchange Reactions

When water is injected (with a different ionic
composition compared to the formation water),
multiple ion exchange and geochemical reactions
occur between the ions in the aqueous phase and the
rock surface. The exchange reactions are fast and
homogeneous and are, therefore, modeled as
chemical equilibrium reactions. The multiple ion
exchange and geochemical reactions are key to the
increase in oil recovery during LSWF though they
differ with the rock type. Sulfate ions are adsorbed
from the aqueous phase during LSWF onto car-
bonates, which reduce the surface charge allowing
the adsorption of cations from the aqueous phase.

In this study, multi-component ion exchange
and the resulting wettability alteration during LSWF
are modeled using the exchange of divalent cations;
Ca2+ and Mg2+. The ion exchange reactions are
shown in Table 1. The X in the reactions represents
the ion exchanger on the carbonate rock surface.
During LSWF, Ca2+ and Mg2+ are taken up by the
exchanger, while Na+ is released. The reverse pro-
cess occurs during high-salinity waterflooding. Ion
exchange reactions are characterized by equilibrium
constants (Computer Modelling Group Ltd. 2018),
and thus:

KNa=Ca ¼
a Ca2þð Þ½ �1=2a Na�Xð Þ

a Na
þ� �

a Ca�X2ð Þ½ �1=2
ð20Þ

KNa=Mg ¼
a Mg2þð Þ½ �1=2a Na�Xð Þ

a Na
þ� �

a Mg�X2ð Þ½ �1=2
ð21Þ

where a is the activity. It is difficult to evaluate the
activity coefficients of Na � X, Ca � X2 and Mg
X2, and thus, selectivity coefficients are used instead
of equilibrium constants according to the Thomas–
Gaines convention (Appelo and Postma 2005).
Rewriting Eqs. 20 and 21 in terms of the selectivity
coefficients results in:

K
0

Na=Ca ¼
f Na�Xð Þ m Ca2þð Þ½ �0:5
f Ca�X2ð Þ½ �0:5m Na

þ� � � c Ca2þð Þ½ �0:5
c Na

þ� � ð22Þ

K
0

Na=Mg ¼
f Na�Xð Þ m Mg2þð Þ½ �0:5
f Mg�X2ð Þ½ �0:5m Na

þ� � � c Mg2þð Þ½ �0:5
c Naþ� � ð23Þ

where f i�Xa½ � (i = Na+, Ca2+ or Mg2+ and a is the
valency) is the ion exchange equivalent fraction on
the exchanger, m is the molality and c is the activity
coefficient. An important property of the exchanger
is its cation exchanger capacity (CEC), which de-
scribes the number of ions that can be adsorbed on
its surface. The moles of all components in GEM�
are expressed as moles per grid-block bulk volume,
N. Thus, if V is the bulk volume of the rock, the total
moles of the exchangeable components (Na � X,
Mg � X2 and Ca � X2) would be VN(i�Xa). Equa-
tion (24) must, therefore, be satisfied for a given
value of CEC in the grid block:

VNNa�X2
þ 2VNCa�X2

þ 2VNMg�X2
¼ V/ CECð Þ

ð24Þ
Table 1 shows all the intra-aqueous, mineral

and ion exchange reactions used in the modeling of
LSWF, while the various species used in the simu-
lations are provided in Table 2. It should be noted
that cation exchange was used to model the core-
flood experiments, which is mostly attributed to the
presence of clay or sandstones. However, Zhang
et al. (2006, 2007) asserted that Ca2+ and Mg2+ are
potential determining ions during LSWF and are
also involved in the ion exchange process. During
the modeling, it was observed that all the anion
exchange occurred during seawater injection, and
the exchange of cations (Ca2+ and Mg2+) was
responsible for the incremental recovery during
LSWF. As such, cation exchange was selected as the

Table 1. List of aqueous, mineral and ion exchange reactions

used in simulations

Aqueous reactions Equilibrium constants

CO2 + H2O M H+ + HCO3
� K1

eq = 10�6.39

H+ + OH�
M H2O K2

eq = 1012.39

CaCH3COO+
M CH3COO� + Ca2+ K3

eq = 100.38

CaHCO3
+
M Ca2+ + HCO3

� K4
eq = 10�1.5

CaSO4 M Ca2+ + SO4
2� K5

eq = 10�2.69

MgSO4 M Mg2+ + SO4
2� K5

eq = 10�2.54

HSO4
�
M H+ + SO4

2� K5
eq = 10�3.06

NaCl M Cl� + Na+ K5
eq = 101.06

Mineral reactions Solubility pro-

duct

CaCO3 + H+
M Ca2+ + HCO3

� K1
sp = 106.41

CaMg (CO3)2 + 2H+
M Ca2+ + Mg2+ + 2

HCO3
�

K2
sp = 102.53

Ion exchange reactions Selectivity coefficient

Na+ + 0.5 Ca–X2 M 0.5Ca2+ + Na –X K1
¢ = 100.67

Na+ + 0.5 Mg–X2 M 0.5 Mg2+ + Na–X K2
¢ = 100.67
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multi-component ion exchange mechanism for
modeling the coreflood experiments.

Relative Permeability and Capillary Pressure

Relative permeability is a very important
parameter for history matching. The Brooks–Corey
relative permeability correlation was used to obtain
the relative permeability curves used in the model-
ing studies (Brooks and Corey 1964):

krw swð Þ ¼ korws
nw
wn ð25Þ

kro swð Þ ¼ koro 1� swnð Þno ð26Þ

swn ¼ sw�swir
1�swir�sor ð27Þ

where koro and korw are the endpoint relative perme-
abilities, swn is the normalized water saturation, swir
is the irreducible water saturation, sor is the residual
oil saturation. no and nw are the power law param-
eters for oil and water, respectively, known as Corey
exponents.

The effect of capillary pressure on the simula-
tion results and history matching of coreflood data
was considered for LSWF. Initially, a constant
pressure and saturation are defined for all grid
blocks. As the different fluids are injected, both the
pressure and saturation change. The Skjaeveland
et al. (2000) capillary pressure correlation was used
to model capillary pressure effects on the history
match results. The correlations are given in Eqs. 28
and 29 for oil-wet and mixed-wet conditions,
respectively:

Pc ¼ co
So�Sor
1�Sorð Þao ð28Þ

Pc ¼ cw

Sw�Swir
1�Swir

� �aw þ co
So�Sor
1�Sorð Þao ð29Þ

where cw, co, aw and ao are constants for water and
oil, and cw and co represent the entry pressures,

whereas aw and ao account for the pore size distri-
bution. Due to the lack of relative permeability
measurements, the pressure drop at the end of each
flood cycle was used to calculate the endpoint rela-
tive permeabilities.

Wettability Alteration Modeling

The change in wettability from more oil-wet to
intermediate-wet conditions during LSWF is known
as the reason for the observed increase in oil
recovery from the coreflood experiments. Wettabil-
ity alteration is modeled in terms of a change in the
relative permeability where two separate relative
permeability curves are defined: one for seawater
(high salinity) and the other for low-salinity water.
In the modeling study, multi-component ion ex-
change was assumed to be the main mechanism
responsible for the change in wettability and is
modeled using the ion exchange equivalent fraction
of Mg2+ ( f Mg�X2½ �) as the interpolant for the
relative permeability curves. f Mg�X2½ � represents
the amount of Mg2+ that is adsorbed on the car-
bonate surface during the process.

It is assumed that the adsorption of divalent
cations such as Mg2+ and Ca2+ from the injected
brine onto the carbonate surface (resulting from the
adsorption of SO4

2� during seawater injection)
causes the change in wettability from more oil-wet
to less oil-wet during LSWF and, thus, increase in oil
recovery. Zhang et al. (2006, 2007) reported that
there is a high tendency for Mg2+ to substitute Ca2+

on the rock surface at high temperatures (usually
90–110 �C). Because the reservoir temperature is
greater than 90 �C, the ion exchange equivalent
fraction of Mg2+ was used as the interpolant. In the
modeling studies, if f Mg�X2½ � is less than or equal
to 0.33, oil-wet relative permeability curves are used
whereas less oil-wet curves are used when
f Mg�X2½ � is greater than or equal to 0.43. For
f Mg�X2½ � values between 0.33 and 0.43, interpo-

Table 2. List of the aqueous, solid and exchange species used in coreflood simulations

Species Elements

Independent aqueous species H+, OH�, Ca2+, Mg2+, Cl�, CH3COO�, Na+, HCO3
�, SO4

2�

Dependent aqueous species NaCl, H2O, CaSO4, MgSO4, CO2, CaCH3COO+

Solid species CaCO3, CaMg (CO3)2
Exchange species Na+, Ca2+, Mg2+
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lation between the two curves is used. The relative
permeability and capillary pressure curves are
shown in Figures 1, 2 and 3. Corefloods 1 and 2 in
the figures refer to coreflooding experiments done
on four and three composite carbonate cores,
respectively. A more detailed description of core-
floods 1 and 2 is provided in the following the sec-
tion.

PROBLEM FORMULATION

Experimental Data

Two coreflood experiments were performed by
Alameri et al. (2015) on heterogeneous low-perme-
ability carbonate cores. The carbonate cores used
for the experiments were from two facies: Facies 5
and 6 of a Middle Eastern carbonate reservoir. The
experiments aimed at investigating the viability of a
hybrid low-salinity water-surfactant enhanced oil
recovery process. In this paper, only the LSWF part
of the experimental work is investigated in the
modeling study.

The cores were first flooded with formation
water at a rate of 0.1 ml/min so that the core is ini-
tially 100% saturated with brine. Oil was then in-
jected into the cores at the same flow rate until
irreducible water saturation was reached. The car-
bonate cores were then aged for 8 weeks at reservoir
temperature and pressure for wettability restoration.
After aging, the cores were flooded with synthetic
seawater at a flow rate of 0.1 ml/min until residual
oil saturation. Brines of different salinities (LS1, LS2
and LS3) were then injected to study the effect of
low-salinity brine on wettability alteration and oil
recovery. LS1, LS2 and LS3 brines were made by
diluting the seawater twice, four times and fifty
times, respectively. Five pore volumes (PV) were
injected for each set of low-salinity water. Oil
recovery and pressure drop for all the experiments
were measured and recorded. More information
about the experimental work can be found in Ala-
meri et al. (2015).

Simulation Study

Two one-dimensional (1D) Cartesian grid sys-
tems consisting of 30 9 1 9 1 and 40 9 1 9 1 grid
blocks were used to model the two coreflood
experiments by Alameri et al. (2015). A sensitivity

study was done to determine the number of grid
blocks to be used for each coreflood study; to ensure
the physics of the process is properly captured while
optimizing the simulation run-time. The composite
of four cores from Facies 5 was discretized into 40
grid blocks, whereas that from Facies 6 (three
composite cores) was discretized into 30 grid blocks.
Ten grid blocks were used to represent each part of
the composite cores, and the dimensions were cho-
sen such that experimental measurements are ho-
nored. The 40-grid-block and 30-grid-block models
are, respectively, known as corefloods 1 and 2.
Heterogeneity in porosity and permeability is cap-
tured by the composite nature of the cores used for
the experiments.

Based on X-ray diffraction, the predominant
mineral is calcite with minor occurrences of dolo-
mite. Volume fractions of 75% and 5% were,
therefore, used for calcite and dolomite, respec-
tively. The mineral volume fraction does not sum up
to 100% because it is believed that a small fraction
of the rock is not involved in the ion exchange
process (Awolayo and Sarma 2017). The properties
of the reservoir cores and simulation models are
presented in Tables 3 and 4. The porosity and per-
meability used in the simulation models were the
same as reported from the experimental work;
hence, they are only reported in Table 4. The
properties and compositions of the fluids are given in
Tables 5 and 6. Figure 4 shows the porosity and
permeability distributions for the two coreflood
models.

A horizontal configuration was used for the
simulation models, similar to the configurations used
in the experiments, with two vertical wells: an
injector and a producer. Rate control was used for
the injection well with a constant injection rate of
0.1 ml/min (1.44 9 10�4 m3/day) in both cases.
Based on the dimensions of the cores used in the
simulation runs, one PV is equivalent to 0.34 and
0.23 day of injection for corefloods 1 and 2, respec-
tively. The producer was controlled using a mini-
mum bottom-hole pressure, which was set at
1200 kPa. The initial water saturation was set at 0.18
and 0.20 for corefloods 1 and 2, respectively.

RESULTS AND DISCUSSION

Several modeling cases were built, and simula-
tions were performed to history-match the experi-
mental results of oil recovery and pressure drop
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from the two coreflood experiments. The relative
permeability and capillary pressure curves shown in
Figures 1, 2 and 3 depict wettability change from oil-
wet during seawater (SW) injection to intermediate-
wet after LSWF. The crossover changes from 0.39 to
0.44 and 0.43 for corefloods 1 and 2, respectively.

Figures 5 and 6 show the results of the best
history match obtained for oil recovery and pressure
drop for the two coreflood simulations. The simu-
lation results are in very good agreement with the
experimental results, especially when capillary
pressure is included in the model. The figures also
show that capillary pressure has a greater effect on
the pressure drop than the oil recovery, which is in

line with the observations of Adegbite et al. (2018).
The history-match parameters for relative perme-
ability and capillary pressure are given in Table 7,
while the geochemical history-match parameters are
summarized in Table 8.

As shown in Table 6, the concentration of
SO4

2� in SW is about 5 times the concentration in
the initial formation water (FW). The higher con-
centration increased the amount of SO4

2� adsorbed
on the exchanger on the carbonate surface during
SW injection, and this led to the desorption of oil
from the rock surface. This also increased the CEC
of the rock and subsequently the co-adsorption of
Mg2+ as shown in Figure 7. Mg2+ was exchanged

Figure 1. Oil-water relative permeability curves for the two corefloods.

(a) Initial Imbibition capillary pressure curve (b) Final imbibition capillary pressure curve
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Figure 2. Initial and final imbibition capillary pressure curves for coreflood 1 showing a change in wettability from oil-wet

to mixed-wet.
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during SW injection until equilibrium was reached
(i.e., when the ion exchange equivalent fraction of
Mg2+ remained constant). During LSWF, no further

adsorption of SO4
2� occurred, because of the high

SO4
2� adsorption happened earlier during SW

injection. However, the carbonate surface site was

(a) Initial Imbibition capillary pressure curve (b) Final imbibition capillary pressure curve
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Figure 3. Initial and final imbibition capillary pressure curves for coreflood 2 showing a change in wettability from oil-wet to

mixed-wet.

Table 3. Dimensions of reservoir cores. Adapted from Alameri

et al. (2015)

Core properties Facies-5 cores Facies-6 cores

Length, L (cm) 4.17 –

8.27 4.95

4.62 4.60

4.82 3.84

Diameter, D (cm) 3.81

Cross-sectional Area, A (cm2) 11.40

The diameter, D, and cross-sectional area, A, are the same for

both cases

Table 4. Petrophysical properties of the simulation models

Model description Coreflood 1 Coreflood 2

Model dimensions (1D) 40 9 1 9 1 30 9 1 9 1

Grid-block sizes (m) Dx1 = 0.004 Dx1 = 0.004

Dx2 = 0.008 Dx2 = 0.008

Dx3 = 0.005 Dx3 = 0.005

Dx4 = 0.005 Dy = Dz = 0.034

Dy = Dz = 0.032 32.490

Pore volume (cm3) 49.320 U1 = 0.238

Porosity (U) U1 = 0.269 U2 = 0.227

U2 = 0.246 U3 = 0.174

U3 = 0.207 Kx1 = 3.380

U4 = 0.145 Kx2 = 1.180

Permeability (mD) (Kx = Ky = Kz) Kx1 = 3.380 Kx3 = 0.696

Kx2 = 2.250

Kx3 = 1.160

Kx4 = 0.696

Table 5. Fluid properties used in the simulations. Adapted from

Alameri et al. (2015)

Fluid Viscosity (cP) (@ 90.6 �C) �API pH

Oil 3.00 32

FW 0.54 – 7.17

SW 0.54 – 6.60

LS1 0.54 – 6.53

LS2 0.54 – 6.31

LS3 0.54 – 6.00
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still open to more cation exchange, and thus the
exchange of Mg2+ and Ca2+ continued until equi-
librium was reached at each injection stage.

The ion exchange equivalent fractions for dif-
ferent grid blocks are shown in Figure 7. The
amount of Mg2+ exchanged on the surface site was
higher than that of Ca2+, and this could be the rea-
son for the improved recovery. Additionally, the
figure shows that because LS3 brine was injected,
further adsorption of Mg2+ occurred only in the
injection well grid block. In other grid blocks, des-
orption of Mg2+ from carbonate surface took place.

On the other hand, there was significant adsorption
of Ca2+ in all the grid blocks. Desorption of Mg2+

and adsorption of Ca2+ were most likely the reason
why no further increase in oil recovery was observed
from the experiments after the injection of LS3
brine.

The adsorption of Mg2+ and Ca2+ decreased the
amounts of the ions present in the aqueous phase
and this resulted in the dissolution of calcite. The
dissolution of calcite increased the amount of Ca2+

in solution and caused the precipitation of dolomite
(Fig. 8). However, calcite dissolution was about one

Table 6. Compositions of brines used in the simulations. Adapted from Teklu et al. (2017)

Brine/Conc. (ppm) Na+ Ca2+ Mg2+ Cl� SO4
2� TDS

FW 32,439.5 6118.1 1229.7 65,202.0 869.6 107,013.8

SW 12,986.1 691.5 3459.0 30,110.6 4098.8 51,346.0

LS1 6495.1 346.0 1729.5 15,058.7 2049.8 25,679.0

LS2 3247.6 173.0 864.9 7529.7 1024.9 12,840.0

LS3 259.8 13.7 69.2 602.1 82.1 1027.0

Figure 4. Simulation models with heterogeneous porosity and permeability.
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order of magnitude higher than dolomite precipita-
tion. This could have led to an increase in the
porosity and permeability and subsequently an in-
crease in oil recovery. However, the magnitude of
calcite dissolution was believed to be quite small (in
the order of 10�4) to have any significant effect on
oil recovery in this case.

Decreases in the effluent concentrations of
Mg2+, Ca2+, SO4

2�, Na+ and Cl� were reported from
the experimental work, and the same trend was
observed from the simulations (Fig. 9). The increase
in the effluent concentration of Ca2+ in Figure 9,
toward the end of the injection cycle, was because of
an increase in Ca2+ adsorption during the period of
LS3 brine flooding as previously discussed. The in-
crease in Ca2+ adsorption increased the rate of cal-
cite dissolution, resulting in an increase in the

effluent concentration of Ca2+. The effluent con-
centration of Mg2+ also increased toward the end
because of a decrease in dolomite precipitation.

It is also worth noting that Na+ and Cl� were
considered non-active ions and were not expected to
play a role in the process (Awolayo and Sarma
2017). Because Na+ and Cl� were neither present in
seawater nor in any of the low-salinity brines, the
Na+ and Cl� in the effluent were from the formation
water. The small dips at the start of each injection
stage were because of the ion exchange that took
place between the injected brine and exchanger on
the carbonate surface. Shaik et al. (2019) investi-
gated the effect of brine type and ionic strength on
the wettability alteration of naphthenic-acid-ad-
sorbed calcite surfaces and observed that irrespec-
tive of the salt type, the wettability of the

Figure 5. History match of oil recovery and pressure drop for coreflood 1, with and without capillary pressure.
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naphthenic-acid-adsorbed calcite surfaces was al-
tered from oil-wet to water-wet as the brine salinity
decreased. However, it should be noted that their
experiments were done using single-electrolyte

brine-based solutions. We believe that in an elec-
trolytic solution with various salts, the potential
determining ions in carbonates are CH3COO�,
SO4

2�, Ca2+ and Mg2+.

Figure 6. History match of oil recovery and pressure drop for coreflood 2, with and without capillary pressure.

Table 7. Relative permeability parameters used for history

matching

Coreflood 1 Coreflood 2

Relative permeability

krw
* 0.27 0.15

kro
* 0.09 0.10

nw 3.30 3.50

no 2.70 3.90

Capillary pressure

Cw 0.08 0.10

Co � 0.08 � 0.10

aw = ao 2.00 2.00

Table 8. Geochemistry parameters used for history matching

Exchange reactions parameters

CEC 80

K¢Na/Ca 0.67

K¢Na/Mg 0.58

Interpolation parameter 1 0.33

Interpolation parameter 2 0.43

Mineral reactions

Reactive surface area (m2/m3) 100

Activation energy (J/mol) 41,870

Reaction rate calcite (mol/m2s) � 6.80

Reaction rate dolomite (mol/m2s) � 10.80
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Figure 10 shows an increase in pH during the
process. There was a sharp rise in the pH at the start
of LS3 brine injection, after which the pH decreased
to an equilibrium value. The behavior around 20–23
PVI was most likely due to a drastic change in the
injected fluid (dilution from four to fifty times). This
significantly affected the thermodynamic equilibrium
of the system when the fluid was initially injected.
However, after the injected fluid was given some time
to interact with other fluids in the system, the system
returned to its thermodynamic equilibrium state.

SENSITIVITY STUDY

Sensitivity analysis was applied to many key
parameters, and the results are discussed in this

section, in terms of oil recovery and ion exchange
equivalent fractions.

Timing of Low-Salinity Water Injection

The effect of injecting low-salinity water in
secondary mode compared to seawater injection has
been investigated by some researchers (e.g., Zhang
et al. 2006; Shaker Shiran and Skauge 2013). A
comparison of oil recovery from LSWF in secondary
and tertiary modes was studied by Zhang and
Morrow (2006) based on their experiments on Berea
sandstone cores. They concluded that improvement
in oil recovery by LSWF is usually observed for both
secondary and tertiary modes, but sometimes only
for one or another. Shaker Shiran and Skauge (2013)

Figure 7. Ion-exchange equivalent fractions for different grid blocks.

Figure 8. Changes in mineral moles of calcite and dolomite.
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reported positive response from injecting low-salin-
ity water in secondary mode for water-wet and
intermediate-wet Berea sandstone cores. They sug-

gested that the higher oil recovery observed in sec-
ondary mode compared to tertiary mode by LSWF
might be a result of effective trapping of oil clusters

Figure 9. Effluent ions concentration.

Figure 10. Effluent Ph.
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during high-salinity water injection in secondary
mode, before LSWF is initiated in tertiary mode.
The injection of low-salinity water at an early time
might lead to more effective mobilization of oil by
maintaining a continuous oil phase. In this paper,
the effect of injecting low-salinity water in secondary
and tertiary modes was investigated.

Secondary-Mode LSWF

Simulations were performed for three different
cases. The first case involved only seawater injec-
tion, the second case involved injection of LS1 brine,
and LS2 brine was injected in the third case. The
three cases are known as SW, LS1 and LS2,
respectively. In all three cases, 10 PVs were flooded
with the respective fluids. The results of oil recovery
and ion exchange equivalent fractions are presented
in Figures 11 and 12, respectively. Figure 11 shows
that the oil recovery for both LS1 and LS2 was the
same despite different ion exchange equivalent
fractions as shown in Figure 12. Wettability alter-
ation was modeled using a change in relative per-
meability curves with the interpolation on the basis
of the ion exchange equivalent fraction of Mg2+.
However, when the ion exchange equivalent fraction
surpassed a certain threshold, there was very little
change in the relative permeability (or wettability)
and hence insignificant change in the oil recovery. A
summary of the results is given in Table 9.

Tertiary-Mode LSWF

LSWF can be implemented in tertiary mode.
The effect of injection interval size of high-salinity
waterflooding and LSWF was investigated. Three
different interval sizes were selected where the cores
were first flooded with seawater and then with low-
salinity water.

The simulations were performed in such a way
that a total of 15 PVs was flooded in each case. Six
different scenarios (cases 1–6) were simulated for
each of the corefloods; three with seawater and LS1
brine as the injection fluids, and the other three with
seawater and LS2 brine. In case 1, 10 PVs were in-
jected with SW followed by 5 PVs of LS1 brine,
similar to the experimental procedure. Case 2 in-
volved 7 PVs of SW injection and 8 PVs of LS1
injection. Five PVs and 10 PVs are flooded with SW

and LS1 brine in case 3, respectively. The same
interval sizes were used accordingly for cases 4 to 6.
However, LS2 brine was injected instead of LS1
brine after SW injection. Figures 13 and 14 show the
oil recovery and ion exchange equivalent fractions
obtained from the simulations. The results are
summarized in Table 10.

Figures 11 and 13 show that the earlier the
onset of LSWF, the higher the final oil recovery.
When low-salinity water was injected earlier, it had
more time to interact with the reservoir rock and the
fluids present. The salinity gradient due to the
injection of low-salinity water into a high saline
environment caused a disruption of the thermody-
namic equilibrium and triggers the exchange of ionic
species such as SO4

2�, Mg2+ and Ca2+ between the
injected brine and the crude oil/brine/rock system.
This eventually led to wettability alteration and
higher oil recovery (Zhang et al. 2006, 2007; Adeg-
bite et al. 2018).

Figure 14 shows the ion exchange equivalent
fractions of Mg2+ and Ca2+ for different cases of
tertiary-mode LSWF. The concentration of Ca2+ in
the FW was much higher than the concentration of
Mg2+. Therefore, the original ion exchange equiva-
lent fraction of Ca2+ was higher than Mg2+. Intro-
duction of SW (higher concentration of Mg2+ and
lower concentration of Ca2+ compared with FW)
resulted in the ion exchange equivalent fractions of
Mg2+ and Ca2+ to increase and decrease, respec-
tively. When LS1 or LS2 was injected, concentration
of Ca2+ in the aqueous phase was low and this re-
sulted in calcite dissolution. The released Ca2+ ad-
sorbs and resulted in increased ion exchange
equivalent fraction of Ca2+. However, high concen-
tration of Mg2+ resulted in the precipitation of do-
lomite and increased ion exchange equivalent
fractions of Mg2+. This explains the trend observed
in Figure 14.

It should be noted that the increase in oil
recovery was substantially higher when LSWF was
implemented in secondary mode compared to ter-
tiary, which is consistent with the observations of
Shaker Shiran and Skauge (2013). In addition, Fig-
ure 13 and Table 10 show that LSWF with LS2 brine
yield almost the same recovery as LSWF with LS1
brine both in secondary and tertiary modes. How-
ever, the water breakthrough (BT) time for the two
cases differs, with BT occurring slightly earlier for
LS2 brine injection. It is worth pointing out that
these investigations were done at core scale, and the
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increase at reservoir scale would probably be much
less. Taking into account that the timing of LSWF
might have associated additional costs, a thorough
economic analysis was needed to compare the costs
and benefits before a decision is made on when to
implement LSWF.

Injection Rate

LSWF improves both physical and chemical
displacements, unlike high-salinity waterflooding
where physical displacement is mostly benefited
(Srisuriyachai et al. 2016). Physical displacement
occurred immediately as water injection began
whereas chemical displacement began later due to
the time needed for the ions in the brine to react
with the rock surface. The injection rate was,
therefore, a crucial parameter in optimizing the
LSWF process. In this study, the effect of injection
rate on oil recovery was investigated using three
injection rates: 0.1 (base case), 0.045 and 0.5; all in
ml/min. The results are summarized in Table 11.

Figure 15 shows that the higher the injection
rate is, the higher the oil recovery is. At low injec-

Figure 11. Oil recovery comparison for secondary-mode LSWF and SW flooding.

Figure 12. Ion exchange equivalent fraction of Ca2+ and Mg2+, Block 1, 1, 1 for secondary-mode LSWF.

Table 9. Oil recovery comparison for secondary-mode LSWF and

SW injection

Injection scheme Oil recovery (%OOIP)

Coreflood 1 Coreflood 2

SW 55.67 48.54

LS1 62.50 56.20

LS2 62.50 56.20
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tion rates, chemical displacement dominated while
at high/moderate injection rates both physical and
chemical displacements were favored, resulting in
higher recovery. The effect of the injection rate on
the ion exchange equivalent fractions of Mg2+ and
Ca2+ is shown in Figure 16. Injection rate had little
effect on geochemical interactions; thus, the in-
creased oil recovery (with injection rate) was most
likely due to a change in the contribution from
physical displacement. The effect of higher injection
rates (than the rates used in this study) is subject to
further investigation.

Injection Temperature

The effect of temperature on LSWF was
investigated using three different injection temper-
atures. The injection temperature was the same as
the reservoir temperature (90.6 �C) for the base
case. In the second case, the injection temperature

(70 �C) was less than the reservoir temperature, and
finally, the injection temperature (110 �C) was
higher than the reservoir temperature in the last
case.

Figure 17 shows that there was very little
change in the oil recovery as the injection temper-
ature changes. This is because the oil recovery is
primarily a function of the relative permeability
interpolation, and no changes were made to the
relative permeability interpolation in all three cases.
However, some differences can be seen in the ion
exchange equivalent fractions of Mg2+ and Ca2+,
mineral behavior and pH (Figs. 18, 19, 20). Fig-
ure 18 shows that the injection temperature had a
greater effect on the exchange of Mg2+ compared to
Ca2+. This was probably because Mg2+ was the main
cation responsible for the observed LSEs. Figure 19
shows that the injection temperature had a signifi-
cant effect on mineral dissolution/precipitation. At
lower injection temperatures, the changes in the
moles of calcite and dolomite were smaller, because

Figure 13. Oil recovery comparison for tertiary-mode LSWF.
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the reaction rates were lower. The low reaction rates
slowed down the ion exchange process, and no effect
of LSWF on oil recovery is seen (Fig. 17). Figure 20
shows that temperature has a significant effect on

pH, and this is due to the effect on mineral reactions.
The results are summarized in Table 12.

Interpolation Routines

Two additional mechanistic modeling methods
were used in this study to investigate the ability of
different methods to model the same process. The

Figure 14. Ion-exchange equivalent fractions of Ca2+ and Mg2+, Block 1, 1, 1 for tertiary-mode LSWF.

Table 10. Oil recovery results for three different HS–LS injection

interval sizes

Injection scheme Oil recovery (%OOIP)

Coreflood 1 Coreflood 2

CASE 1 60.06 54.44

CASE 2 61.93 55.62

CASE 3 62.41 56.24

CASE 4 61.08 54.47

CASE 5 61.94 55.64

CASE 6 62.41 56.25

Table 11. Oil recovery results for three different injection rates

Injection rate (ml/min) Oil recovery (%OOIP)

Coreflood 1 Coreflood 2

0.1—Base case 63.10 57.69

0.045 61.49 56.23

0.5 64.54 60.45
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two methods involve relative permeability interpo-
lations based on the anion exchange between the
sulfate ion in the brine and the carboxylic ion in the
oil, and the concentration of the sulfate ion in the
aqueous phase. The anion exchange reaction be-
tween the injected brine and the exchanger on the
carbonate rock surface is:

SO2�
4 þ 2CH3COO�X $ 2CH3COO�

þ SO4 �X2

The oil recovery for different methods is shown
in Figure 21. This figure shows that the oil recovery
profile is very sensitive to the interpolant used in the
modeling. When the equivalent fraction of sulfate
was used as the interpolant, no LSE was observed
during LSWF. This was because all the anion ex-

change between sulfate and carboxylic ion occurred
within the first five pore volumes of the injection
(i.e., during SW injection as shown in Figure 22).

When different low-salinity brines were in-
jected, only the adsorption of divalent cations (Mg2+

and Ca2+) took place. Because the equivalent frac-
tion of SO4

2� was constant during LSWF, no change
in oil recovery was observed. Although LSE was
observed when the aqueous concentration of sulfate
was used as the interpolant, the recovery profile that
matches the experimental data was not obtained.
The best match was obtained when the equivalent
fraction of Mg2+ was used as the interpolant. The
final oil recoveries from the three methods were,
however, close to each other. Table 13 provides a
summary of the results.

Figure 15. Oil recovery as a function of injection rate.

Figure 16. Ion exchange equivalent fractions of Ca2+ and Mg2+, Block 1, 1, 1 for different injection rates.
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Figure 17. Oil recovery as a function of injection temperature.

Figure 18. Ion exchange equivalent fractions of Ca2+ and Mg2+, Block 1, 1, 1 for different injection temperatures.

Figure 19. Changes in moles of calcite and dolomite for different injection temperatures.
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CONCLUSIONS

This study investigated the geochemical mod-
eling of LSWF. A history match of laboratory data
from coreflood experiments on heterogeneous low-
permeability carbonate cores was performed using
the compositional reservoir simulator GEM� by
CMG. Sensitivity analysis was performed on some

key parameters to evaluate their effects on the re-
sults. The following conclusions can be drawn:

� Multi-component ion exchange involving
SO4

2�, CH3COO�, Ca2+ and Mg2+ between
the injected brine and the carbonate rock
surface is identified as the main mechanism
responsible for wettability alteration and the
observed increase in oil recovery during
LSWF for the coreflood simulations. Capil-
lary pressure has a significant effect on his-
tory matching of experimental pressure drop
during LSWF and should be included in the
modeling.

� The timing of LSWF has a significant effect
on oil recovery. The earlier the onset of
LSWF, the more the oil recovery is enhanced
because the low-salinity brine has more time
to interact with the reservoir rock and fluids.

� Different mechanistic models can be used in
modeling the LSWF. The ability to history
match the experimental data strongly de-
pends on the mechanistic modeling method
used. It is, therefore, imperative that the
correct mechanism is selected when modeling
the process.

� Benefits from LSWF are from a combination
of both physical and chemical displacement
processes, which make the injection rate a
very important parameter in the process.
Temperature effects on mineral and ion ex-
change reactions can also be significant and
should be included in the modeling process.

Figure 20. Effluent pH.

Table 12. Oil recovery results for three different injection

temperatures

Injection temperature (�C) Oil recovery (%OOIP)

Coreflood 1 Coreflood 2

90.6—Base case 63.10 57.69

70 63.24 58.21

100 63.44 58.32

Figure 21. Oil recovery as a function of the mechanistic modeling method.
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� Temperature, water composition and con-
centration, injection rate and time, rock
mineralogy, and oil type all contribute to the
improved oil recovery observed during
LSWF.
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