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ABSTRACT: Modified salinity water (MSW) core flooding tests
conducted in carbonates often exhibit a delay in the additional oil
recovery. It has been suggested that the ionic adsorption process
controls this delay. In this study, we examine the adverse effect of
the adsorption process on the performance of MSW flooding in
various models categorized as layered and heterogeneous reservoirs
and a North Sea field sector model. To evaluate the impact of
porous media’s heterogeneity on the delay caused by the
adsorption, we introduce the net present volumetric value based
on which the cost of delay is calculated. This evaluation is achieved
by comparing the calculated cost of delay for heterogeneous
systems and that of their equivalent homogeneous porous media. It
is found that, as the level of reservoir heterogeneity increases, the
adverse effect of ionic adsorption on the improved oil production decreases. Further, computational results suggest that the
connectivity index, which is defined as the effective permeability between injection and production wells divided by the average
permeability, is a better alternative to the vorticity index to describe the impact of the delay of additional oil recovery in
heterogeneous reservoirs subjected to MSW flooding.

1. INTRODUCTION
Modified salinity water (MSW) flooding is a developing
enhanced oil recovery (EOR) technique that aims at
decreasing the residual oil saturation and speeding up the
rate of oil production.1−3 MSW is fabricated through
modification of ionic composition or/and salinity reduction
of injecting brine.4−6 Extensive studies have been conducted
on the framework of MSW flooding in sandstone and
carbonate rocks to explain the principal mechanisms for the
enhancement of oil recovery.2,7−14 The forced core flooding
test is one of the most commonly used techniques that is
served as the primary evidence for the efficiency of MSW on
the improvement of oil recovery at the core scale. MSW core
flooding tests are usually studied in two different ways, namely,
secondary and tertiary modes. Secondary mode refers to the
injection of MSW into a core saturated with formation brine
and crude oil. Tertiary mode refers to the mobilization of the
residual oil after secondary mode oil production by switching
the injecting brine composition from high-salinity formation
brine to MSW (e.g., low-salinity brine). The variation of ionic
composition in injecting brine disturbs the physicochemical
equilibrium condition in the porous medium that may lead to
the detachment of residual oil from the rock surface and
possibly improvement of oil recovery.15

1.1. Modified Salinity Water Flooding in Homoge-
neous Systems. Generally, homogeneous core plug samples
are selected for core flooding tests to eliminate the influences

of heterogeneity. During core flooding tests, several parameters
such as the produced volume of oil and water, the pressure
difference across the core sample, and the ionic concentrations
of injecting and producing brine are monitored as a function of
time or pore volume (PV) of the injected brine. Figure 1
schematically illustrates the behavior of the mentioned
parameters during the secondary and tertiary modes of MSW
flooding in a homogeneous porous medium. For a responsive
oil-rock-brine system to the implementation of MSW flooding,
the oil recovery in both secondary and tertiary modes increases
compared to that obtained from the formation water (FW)
flooding.13,14,16−18 During MSW flooding, the pressure differ-
ence along the core sample may reduce compared to FW
flooding mainly due to lower water relative permeability for
MSW injection than that of FW and possible viscosity
reduction of injecting brine (Figure 1b,g).17,19,20 Figure 1c,h
shows the profile of water saturation as a function of
dimensionless distance, xD = x/L, over dimensionless time,
tD = Qt/(AφL) where Q (m3/s), t (s), A (m2), φ (−), and L
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(m) are the rate of injection, time, cross-sectional area,
porosity, and the length of the core, respectively. Injection of
MSW reduces the residual oil saturation that results in the
formation of a second oil bank ahead of the MSW shock front.
The water-cut shows a dual-step behavior (Figure 1d,i). In
secondary mode, the water-cut jumps and then levels off until
the extra oil due to MSW flooding is produced. When MSW
saturation shock front reaches to the end of the core, the
water-cut exhibits another jump. However, in tertiary mode,
the water-cut reduces (Figure 1i) and becomes constant due to
the formation of a new oil bank ahead of the saturation shock
front and jumps again as the saturation shock front reaches to
the end of the core.21−23 The ionic concentration profiles may
exhibit considerable delay compared with a nonreactive tracer
concentration because of the reactivity of the rock surface with
the displacing brine (see Figure 1e,j).20,24,25 Taheriotaghsara et
al.17 linked the transport of adsorptive ionic species in the
porous medium to the process of the wettability change on the
rock surface from oil-wet to more water-wet conditions. They
analyzed several core flooding tests and observed that the oil
breakthrough in the tertiary mode takes place with a delay, i.e.,
later than the time at which the injected MSW breaks through.
For instance, Figure 1a,f suggests that the adsorption effect
results in a delay for the extra oil production. This means that
for a homogeneous system, the practical (economic) benefit
from the implementation of MSW comes with a delay when
the adsorption process is considered for the calculation of ionic
species, oil, and brine transportation. The impact of the delay
on the water saturation profile is the shift on the shock-front
that translates into the delay for the arrival of a new oil bank.
Also, this delay postpones the appearance of the secondary
jump in water-cut.
1.2. Modified Salinity Water Flooding in Heteroge-

neous Systems. It is well documented that the presence of
heterogeneities in physical, chemical, and mechanical proper-
ties of the reservoir’s rock and fluid can affect the macroscopic
sweep efficiency and oil recovery.26−30 For instance, the effects
of porosity and permeability heterogeneity on the final oil
recovery can be influenced by the flow direction, well patterns,

depositional environment, and driven mechanisms.31−34 In
addition, in a viscous dominated flow regime, the presence of a
high permeable zone in layered reservoirs results in the
channelling of displacing fluid, hence causing the reduction of
final oil recovery.35 The effect of channelling on the ultimate
oil recovery can be even more detrimental when there is an
adverse viscosity ratio between the displaced and displacing
fluids. The adverse viscosity ratio results in the formation of
viscous fingering problems leading to an early breakthrough in
displacing fluid.36−38 Moreover, the density gradient between
the displaced and displacing fluids accompanied by the
presence of heterogeneity in a layered reservoir may result in
the deviation of the flow direction.39 Commonly, the presence
of heterogeneity in the reservoirs develops poor areal sweep
efficiency that leads to large packets of bypassed oil.40 Similar
to the conventional water flooding, the performance of MSW
flooding in the improvement of oil recovery is dependent on
both geological and physicochemical heterogeneities.41−44 For
instance, the initial spatial heterogeneity in salinity and ionic
composition of formation brine,14,45−51 rock wetting prefer-
ence,52−55 mineralogy and chemical activity of the rock
surface,14,55−58 and thermodynamic properties of oil-rock-
brine (ORB) system46,47,49,51,59−64 in the reservoir may have
an adverse effect on the success of MSW flooding. Due to the
presence of various forms of heterogeneity at the reservoir
scale, the scalability of the obtained responses from MSW core
flooding experiments to the larger scale requires considerable
precautions. The application of MSW at the oil field scale is
still limited due to the unknown effects of geological
uncertainty and heterogeneity on the performance of MSW
flooding.65 Reservoir simulations are commonly used to study
the impact of heterogeneity on the performance of MSW
flooding. Al-Ibadi et al.66 provided a predictive analytics tool
for estimating waterfront in a noncommunicating stratified
porous medium using the analytical solution of one-dimen-
sional fluid flow and solute transport in the porous medium.
Attar et al.67,68 investigated the influence of geological
heterogeneity on the oil recovery and water breakthrough
time as a function of slug size of MSW injection during

Figure 1. Schematics of modified salinity water flooding effect during secondary (upper figures) and tertiary (lower figures) modes on oil recovery
(a, f), pressure difference (b, g), water saturation (c, h), water-cut (d, i), and outlet potential determining ions (PDI) concentration profiles (e, j).
Solid black, blue, and red lines illustrate the response to formation water (FW) flooding, MSW flooding with and without adsorption processes,
respectively. The circle markers (BT) show the water breakthrough time during secondary mode water flooding. The black vertical dotted lines
indicate the beginning of the tertiary mode water flooding.
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secondary and tertiary modes. It was shown that as the level of
heterogeneity increases, less oil could be recovered and the
water breakthrough time occurs earlier compared with those of
the equivalent homogeneous system. As the initial wetting
condition is vital in the performance of MSW flooding,
Aladasani et al.69 studied the modelling of MSW in a five-spot
reservoir under the various wetting states. They concluded that
the increment of oil recovery in oil-wet carbonate rock is more
rapid compared with other wetting conditions.69

1.3. Problem Statement. The analyses of several MSW
flooding tests in various types of homogeneous carbonate core
plug samples (e.g., chalk, dolomite, limestone) revealed that
tertiary oil breakthrough typically occurs after a 0.6 pore
volume of MSW injection.17 The observed delay has been
associated with the adsorptive transport of some key ions and
the diffusion-controlled wettability alteration.70 Upscaling such
a delay to the reservoir scale without considering the presence
of heterogeneity is equivalent to decades of waiting time.
However, the analysis of oil production from a few field trials
of MSW flooding shows that the timing of oil bank production
coincides with MSW flooding injection.21,22,71 The objective of
this study is to investigate the role of geological heterogeneity
on the delay in oil production caused by the ionic adsorption
process through the application of MSW flooding in carbonate
rocks. With this aim, first, we present the governing equations
of the two-phase flow and transport of the PDIs. Then, we
illustrate various types of heterogeneous systems, such as a
simple layered system, heterogeneous reservoirs, and a sector-
scale model with contrasting petrophysical properties. Finally,
we compare the cost of delay calculated for homogeneous
reservoirs with that of heterogeneous reservoirs.

2. METHODOLOGY

Through the following section, the method for simulating
MSW flooding in various reservoir models is described. Also,
several techniques for ranking of the complexity of the studied
heterogeneous models are presented.
2.1. MSW Flooding Simulator. Eclipse 100 (Schlum-

berger’s simulator) is used to investigate the effect of
heterogeneity on the performance of MSW flooding in two-
and three-dimensional models. Eclipse 100 uses the salinity
thresholds for MSW flooding72 by interpolating between the
oil and water relative permeability curves as a function of salt
concentration.73 Four sets of heterogeneous models are
generated, and the details of their configurations are discussed
in section 2.2. The level of complexity for the heterogeneous
models is evaluated through the calculation of probability
density function (PDF) of single-phase velocity, vorticity
index, and connectivity index (see section 2.3). Table 1 shows
the employed Broke−Corry parameters and fluid properties

that are used for the simulation of MSW flooding in models 1−
3. To exclude the problem of viscous fingering and deviation of
the flow direction due to the adverse viscosity ratio and gravity
gradient, the viscosity and density for both phases of oil and
water are kept equal to 0.001 Pa·s and 1000 kg/m3,
respectively. The Broke−Corry parameters of the relative
permeability and ionic composition of intrinsic and injecting
brine (Tables 1 and 2) are extracted from the analysis of a
limestone core flooding experiment, conducted by Gupta et
al.18 that is reported in a reference (core ID: L1).17 The ionic
composition of intrinsic and injecting brine for all designed
models are considered the same. Figure 2 shows the shape of

oil and water relative permeability curves for FW and MSW.
This figure illustrates that the wettability of the rock surface
shifts toward the more water-wet condition by the application
of MSW flooding. The injection rate and initial pressure are
equal to 50 m3/day and 2.73×107 Pa, respectively.
We implemented ionic adsorption, the amount of adsorbed

species on the rock surface as a function of ionic concentration,
by using the tracer option in Eclipse 100. For this aim, the
procedure described in ref 17 is followed. The interested
reader is referred to ref 17 for a detailed description of the
methods. The linearized form of the Langmuir isotherm, eq 1,
is used to estimate the amount of single-ion species adsorption
on the rock surface as a function of the ionic concentration in
the injecting brine.

k C k
1 1

i i i

i

ic, c,

β
Γ

= +
(1)

where Γi (mol/m2) is the amount of adsorbed component, Ci
(mol/m3) is the concentration of component i in the injecting
water, and kc (m) and β (m3/mol) are the Langmuir’s
constants. The Langmuir constants for the relevant ions for the

Table 1. Fluid Properties and Employed Brock−Corry Parameters for Oil and Water Phase Relative Permeability17

fluid properties Corey’s relative permeability parameters

brine μw (Pa·s) μo (Pa·s) ρw (kg/m3) ρo (kg/m
3) krw

0 kro
0 nw no Swc Sor

FW 0.001 0.001 1000 1000 0.066 0.417 2.586 1.917 0.108 0.394
MSW 0.001 0.001 1000 1000 0.063 0.592 3.264 1.648 0.102 0.358

Table 2. Ionic Concentrations of FW and MSW (ppm)17

ions Na+ Ca2+ Mg2+ k+ SO4
−2 Cl− HCO3

−

FW 51,820 15,992 1280 0.0 272 111,516 391
MSW 10,345 521 1094 391 9222 11,911 0.0

Figure 2. Oil and water relative permeabilities for oil-wet (FW) and
water-wet (MSW) systems.
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MSW flooding are determined through defining a background
electrolyte concentration for the solution in PHREEQC and
changing the other ion concentration successively. In doing so,
an initial concentration of NaCl of 0.5 M is considered as a
background electrolyte. In this study, the adsorption of SO4

2−

ion is taken into account as the wettability modifier. Therefore,
the SO4

2− ion concentration is increased from 0.01 to 0.1 M by
adding the necessary concentrations of Na2SO4 to the
background electrolyte, i.e., NaCl. Other parameters required
in the implementation of the surface complexation model in
PHREEQC are related to the surface. We set a specific surface
area (SSA) of 2.5 m2/g, and the amount of active surface site
density is equal to 4.95 #/nm2.74−77 The initial solutions are
charged balanced, and we perform the calculations at the
equilibrium pH predicted by PHREEQC. We then represent
1/Γi against 1/Ci and from the equation of the linear trend line
passing through different data points, Langmuir constants are
obtained (Figure 3). In this study, it is assumed that the rock
types for all models is calcite.
2.2. Model Configuration for the Numerical Exam-

ples. Four different models are prepared to evaluate how the
observed delay in the MSW core flooding experiments
manifests itself at the reservoir scale in the presence of
porosity and permeability heterogeneity. These models are
introduced in the following.

2.2.1. Model-1: Layered Reservoirs. Figure 4 shows various
reservoir models comprising 1, 2, 4, and 20 layers with the
same original oil in place (OOIP) equal to 54,400 m3. The
models are discretized with 500 × 1 × 200 blocks. The lengths
of models in x, y, and z-directions are 200, 200, and 80 m,
respectively. It is assumed that the producing and injecting
wells are completed in the first and last columns of the grids,
respectively. The performance of MSW in layered reservoir
models is studied for two sets of permeability distribution.
Model-1-I and Model-1-II have the permeability range
between 0.1 and 10 mD and 1 and 10 mD, respectively.

2.2.2. Model-2: Heterogeneous Media. Figure 5 depicts
various heterogeneous realizations for a single-layer reservoir
model (Model-2). The lengths of the models and discretization
are similar to the Model-1. Similar to Nick et al.,78 correlated
fields are generated with a mean of 0.5 mD and variance, σ2 =
0.5. Three sets of permeability fields with the correlation
length in the y-direction equal to 1, 5, and 10 m are
considered. For each of these sets, four permeability fields are
generated with different correlation lengths in the x-direction
equal to 1, 5, 50 and 200 m. In total, 3 × 4 = 12 permeability
fields are made. The porosity is calculated using eq 2.79

i
k
jjj

y
{
zzzK

8.4 10 5

1/3

φ =
× − (2)

Figure 3. Amount of component adsorbed Γi vs concentration in the aqueous phase (Ci) for SO4
2−.

Figure 4. Schematics of layered models (a) 1-layer, (b) 2-layer, (c) 4-layer, and (d) 20-layer. The permeabilities for the top layer in Model-1-I and
Model-1-II are 0.1 and 1 mD, respectively, and the bottom layer permeabilities in both models are 10 mD. The permeability in the middle layers is
the log spaced between the top and bottom layers. The average absolute permeabilities for the layered reservoirs from a to d in the Model-1-I are
10, 5.05, 3.18, and 2.3 mD, respectively. Also, the average permeabilities for Model-1-II are 10, 5.5, 4.45, and 3.99 mD.
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Due to the presence of heterogeneity, the local fluctuation of
the velocity occurs in the reservoir. The histogram of single-
phase flow velocity provides quantitative insights into the
complexity in heterogeneous systems. For instance, the
probability density function (PDF) of velocity for Ly = 1 m
shows that as the correlation length in the x-direction
increases, Lx = 1, 5, 20, 200 m; the distribution of velocity
range becomes wider; however, the maximum value for PDF
reduces. For models with Ly = 1 m, the fluid flow encounters
less disturbance for the displacement inside the reservoir
compared to models with higher Ly. On the other hand, for

models with Lx = 1 m, as the correlation length in the y-
direction increases, the distribution of the velocity range
becomes more narrow; however, the maximum value of PDF
increases. For this example, the direction of single-phase flow
displacement is perpendicular to the direction of the maximum
principal equivalent permeability, which renders the single-
phase movement harder in the reservoir.

2.2.3. Model-3: Quarter Five-Spot. Figure 6 displays the
permeability fields for Model-3. The correlated fields are
generated with a mean of 0.5 mD and variance, σ2 = 0.5. The
lengths of models in x, y, and z-directions are 200, 200, and 80

Figure 5. Twelve permeability fields generated for Model-2. The flow is from left to right.

Figure 6. Schematics of Model-3 with three permeability fields for quarter 5-spot well pattern.
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m, and the models are discretized with 200 × 200 × 1 blocks,
respectively. The locations of producing and injecting wells are
shown with red and blue circles, respectively. Figure 7 shows
the PDF of velocity for the heterogeneous systems in Model-3.
Both models have the same distribution of velocity,
approximately.

2.2.4. Model-4: Sector Field Scale. A North Sea sector
model is selected to study the effect of the adsorption process
on MSW flooding performance (Figure 8). The 3D-sector

model has a size of 440 × 5264 × 860 m3 and discretized into
78 × 45 × 88 grid-blocks for the simulations. A horizontal
producing well is located between two horizontal water
injection wells. In the original model, parallel hydraulical
fracture exists along the injection wells to increase the sweep
efficiency and injectivity. For the sake of simplicity, the
fractures are not included in the model in this study. Note that
the initial spatial heterogeneity of initial water saturation,
porosity, and permeability in all directions are defined in the
current model.
2.3. Analysis Strategy. Three different characteristic

parameters are calculated as follows: (1) vorticity index, Hs,

(2) connectivity index, α, and (3) normalized cost of delay,
NCD.

2.3.1. Vorticity Index. It works based on the variation of the
share-strain rate of the single-phase-velocity field to character-
ize heterogeneity and rank the geological realization based on
their effects on secondary-recovery performance.40 The shear
deformation rate describes how the shape of a rectangular
packet of single-phase fluid may change as it moves from one
location to another one. Rashid et al.40 used eq 3 as the
definition of rate-of-share-deformation.

u
y

v
x

γ = Δ
Δ

+ Δ
Δ

·

(3)

where Δu(m/s) and Δv(m/s) are the gradients of velocity in x-
and y-directions, respectively. The level of heterogeneity is
calculated by40

H
C

C
1
( )

, ( )
standard deviation( )

mean( )s
v

vγ
γ γ

γ
= =·

·
·

·
(4)

The value of Hs tends to zero as the reservoir becomes more
heterogeneous, and Hs tends to infinity as the reservoir
becomes more homogeneous.40

2.3.2. Connectivity Index. The interconnectivity of different
sections of a reservoir with respect to the injection and
production wells can reflect another aspect of complexity in a
heterogeneous system. The connectivity index is defined as
effective permeability between injection and production wells
divided by the average permeability α = Keff/K̅. The arithmetic
average permeability K̅ is equal to n ki

n
i

1
1∑−

= where ki is the
permeability value in a block, i, and n is the total number of
blocks in a model. The effective permeability (m2) values for
Model-1 and Model-2 are calculated from Darcy flow equation,
as (eq 5)

K
Q
A

L
Peff

μ=
Δ (5)

where Q (m3/s) is the injection rate, μ (Pa·s) is the fluid
viscosity, A (m2) is the cross-section area, L (m) is the distance
between injection and production wells in Model-1 and
Model-2, and ΔP (Pa) is the pressure difference between
injection and production wells. In Model-3, the effective
permeability of the system is calculated using the radial flow
equation, as (eq 6)

( )
K

Q

h P

ln

2

r
r

eff

e

w
μ

π
=

Δ (6)

where re (m) is the distance between injection and production
wells, which is equal to 200 2 m, and rw (m) is a wellbore
radius (we assumed that rw = 0.13 m in the simulations).

2.3.3. Cost of Delay. Figure 1a,f shows the profiles of oil
recovery with/without consideration of the adsorption process
during secondary and tertiary modes of MSW flooding,
respectively. The difference between the blue and red lines is
equivalent to the amount of induced delay due to
consideration of the adsorption process. In practice, the earlier
oil production worth more than later oil production from an
economic standpoint. Therefore, to incorporate delay in our
evaluations, the cumulative net present volumetric value
(NPVV) of produced oil as a function of time subjected to
the discount rate of 8% is calculated. Eq 7 shows the employed
NPVV where Vp (m

3), R (−), and t (year) denote the yearly

Figure 7. Probability density function (PDF) of velocity with the
intervals of 50 for two heterogeneous realizations of Model-3.

Figure 8. 3D North Sea reservoir sector model with three horizontal
wells. The color illustrates the distribution of permeability in the x-
direction
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volume of produced oil, interest rate, and production time,
respectively. The cost of delay induced by the adsorption
process on oil NPVV and the normalized cost of delay (NCD)
are calculated using eqs 8 and 9, respectively.

V

R
NPVV

(1 )t

t N

t
1

p∑=
+=

=

(7)

cost of delay (NPVV)

(NPVV)

without adsorption

with adsorption

= |

− | (8)

NCD cost of delay

/max(cost of delay )

heterogenous

homogeneous

=

(9)

3. RESULTS AND DISCUSSION
Through this section, we discuss the performance of MSW
flooding with and without consideration of the adsorption
process in several heterogeneous systems.
3.1. Mesh Sensitivity. In this section, the sensitivity of the

observation of the water breakthrough time with the
adsorption effect and delay as a function of the block size
are studied. We generated a heterogeneous system with a mesh
of 25 × 1 × 10 grid-blocks and a similar size to the Model-1
and Model-2. Then, we started reducing the block size to
obtain the response of water breakthrough and delay to mesh
refinement, as shown in Figure 9. As the number of blocks
increases (i.e., the size of each grid block reduces), the
estimation of water breakthrough time increases and
approaches a constant value. The calculation of error for
water breakthrough time considering the finest grid as the
reference solution shows that selecting 500 × 200 blocks
results in an acceptable error (<0.5%). As it is shown in Figure
9b, the calculated delay is less sensitive to the mesh size. Based
on these analyses, the size of the employed blocks for the
Model-1 and Model-2 simulations is set to 0.4 m, and for
Model-3, the element size is 1 m. Current simulation refers to
the mesh size used for Model-1 and Model-2.
3.2. Model-1: MSW Flooding in Layered Reservoirs.

Figure 10 shows the performance of secondary and tertiary
modes of MSW flooding in various layered reservoir systems
for Model-1-I. The plots with dashed and solid lines display the

result of simulations with and without consideration of the
adsorption process, respectively. The induced delay due to the
adsorption process in a single-layer homogeneous reservoir
results in the separation of the solid and dashed line in oil
recovery, water-cut, and salt concentration curves. This
behavior is observed both in secondary and tertiary modes.
As the number of layers increases, for instance, the 20-layer
reservoir case, the difference between the dashed and solid
lines in oil recovery curve can hardly be distinguished. Also, the
presence of several layers affects the level of final oil recovery
for a constant volume of MSW injection (e.g., after injection of
1 PV). For both secondary and tertiary modes of MSW
flooding, the rate of oil production increases as the number of
layers increases. The 2-layer shows the lowest value of vorticity
index, Hs, and connectivity, α, which translates into the most
heterogeneous case. However, as the number of layers
increases, the homogeneity level and connectivity of the
defined cases improve, which is in line with the trend of final
oil recovery. The profile of water-cut during secondary mode
shows that, as the number of layers increases, the water
breakthrough occurs faster compared to the homogeneous
system. High permeable layers cause an early water break-
through since most of the injection water preferentially flows
into. Also, during the tertiary mode, the water-cut drops sooner
in a multilayer reservoir compared to the homogeneous
system. Similar behaviour is observed for the profile of
producing salt concentration during the secondary and tertiary
modes.
The saturation fields for Model-1-I and Model-1-II with/

without consideration of the adsorption process are shown in
Figure 11 to illustrate the sensitivity of the delay in layered
reservoir cases to the permeability contrast. The yellow and
black dashed lines show the location of the water saturation
shock front for the studied cases with/without consideration of
the adsorption process, respectively. The obtained results show
that as the number of layers increases, the difference between
the black and yellow dashed lines reduces implying that the
delay in oil production is less significant. Figure 11 shows that
more layers contribute to oil production in Model-1-II, and
water breakthrough occurs slower than the scenarios with
Model-1-I.

3.3. Model-2: MSW Flooding in Heterogeneous
Media. The profile of oil recovery, water-cut, and salt

Figure 9. Sensitivity of (a) water breakthrough time with the consideration of adsorption effect and (b) calculated delay during secondary mode
MSW flooding to the block size. h = L/n where L = 200 m and n are the length and number of blocks, respectively. The time step is set equal to 6
(h).
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concentration during secondary and tertiary modes of MSW
flooding for Model-2 with/without consideration of the
adsorption process are shown in the Supporting Information
(Figure S3). Figure 12 shows the profile of the normalized cost
of delay (NCD) for the discount rate of 8% that is calculated

using eq 9. The obtained results for a constant correlation
length in the y-direction show that as the connectivity index, α,
increases; the maximum of NCD reduces; however, NCD
becomes more dispersed as a function of time. This trend is
observed for both secondary and tertiary modes of MSW

Figure 10. Performance of MSW flooding in secondary (first column) and tertiary (second column) modes in the layered reservoirs, Model1-I. The
tertiary mode starts after the injection of a 0.5 pore volume of FW. The level of homogeneity improves as the number of layers increases. The ionic
adsorption process is included for the model results shown with dashed lines, while for the solid lines, the ionic adsorption is ignored.
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Figure 11. Water saturation fields for heterogeneous systems in Model-1. The water saturation fronts (due to MSW injection) for the simulation
with and without consideration of the adsorption process are shown with yellow and black dashed lines, respectively.

Figure 12. Calculated normalized cost of delay during secondary (upper row) and tertiary (lower row) modes for Model-2.
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injection and all other correlation lengths in the y-direction.
Moreover, there are two differences between the profile of
NCD in secondary and tertiary modes. First, the maximum
delay in the secondary mode is slightly higher than the
maximum delay in the tertiary mode for all heterogeneous
cases. For instance, the maximum NCD for the case “Lx = 200
Ly = 200 m” in secondary and tertiary mode is approximately
0.73 and 0.67 (−), respectively. The second difference is the
shift on the profile of NCD during tertiary mode compared
with that of the secondary mode. This shift is due to the
production of extra oil at a later time in tertiary mode
compared with the secondary mode. In Figure 13, the
maximum NCD for all heterogeneous systems for Model-2 is
shown as a function of connectivity and vorticity index, Hs,
during secondary and tertiary modes of MSW flooding. The
obtained results show that the maximum NCD has a reducing
trend as the connectivity, α, increases; however, no correlation
for the maximum value of NCD as a function Hs is obtained.
Figure 14 shows the profile of water saturation after 0.3 PV

of MSW injection in heterogeneous cases with a constant
correlation length of 5 m in the x-direction. The dashed lines
indicate the water saturation front at the tip. The difference
between the black and yellow dashed lines is due to the
retardation caused by the adsorption process. For the model
with the smaller correlation length in the y-direction, e.g., Ly =
1 m, the heterogeneous systems results in more pronounced
fingering; however, as correlation length in the y-direction

increases, e.g., Ly = 10 m, a more piston-like displacement of
the phase can be observed. The water saturation fields for all
considered cases in Model-2 are presented in the Supporting
Information (Figure S2).

3.4. Model-3: MSW Flooding in the Quarter Five-
Spot. Similar to the effect of heterogeneity on NCD observed
in Model-2, the delay induced by the adsorption process is
reduced considerably for heterogeneous systems in Model-3
(Figure 15). It is evident that this reduction is more
pronounced in tertiary scenarios. The maximum NCD
observed for the heterogeneous cases under tertiary mode is
limited to 30% of that of the homogeneous reservoir. The
reduced adverse impact of adsorption on recovery is due to
velocity variation controlled by heterogeneous permeability.
Figure 16 compares the saturation distribution of homoge-
neous and heterogeneous models with/without consideration
of the adsorption process. The difference between the yellow
and black dashed lines representing the saturation fronts for
MSW illustrates the effect of the induced delay. Note that the
pore volumes of the considered examples in Model-3 are
different, leading to the observation of various oil breakthrough
times.

3.5. Model-4: MSW Flooding in Field-Scale. The
performance of MSW flooding in a North Sea field sector
model is displayed in Figure 17. The obtained result for the oil
recovery during secondary and tertiary modes of MSW
flooding with/without consideration of the adsorption process

Figure 13. Maximum normalized cost of delay as a function of (a) connectivity and (b) vorticity index.

Figure 14. Profile of saturation distribution for isotropic single-layer reservoir with a constant correlation length of Lx = 5 m across various
correlation lengths in the y-direction. The yellow and black dashed lines show the water saturation fronts (due to MSW injection) for the model
with and without consideration of the adsorption process, respectively, after 0.3 PV MSW injection.
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showed a marginal difference. The results suggest that the
manifestation of the delay observed in the core flooding
experiments may not be significant at the field scale. Figure 18
compares the profile of the normalized cost of delay during
secondary and tertiary modes for the North Sea sector model.
The obtained profiles show that the cost of delay is
considerably low for both secondary and tertiary modes.
Also, due to the effect of the discount rate plus the time of oil
production at a later time, the cost of delay for secondary
mode is higher than the tertiary mode. It should be noted that

MSW is injected after 20 years of seawater injection in tertiary
mode.
It should be noted that the adsorption coefficient obtained

from the core flooding test is employed directly for the field
sector model with a somewhat large element size. Raoof et al.80

suggested that the equilibrium adsorption coefficients are scale-
dependent. Therefore, further investigations are required for
scaling up of the adsorption parameters from the core to field
scale to provide better predictive models. Note that the costs
of delay values for this example are normalized through

Figure 15. Calculated normalized cost of delay during (a) secondary and (b) tertiary modes, Model-3.

Figure 16. Profile of saturation distribution for the isotropic single-layer reservoir with well arrangement of quarter 5-spot. The upper and lower
figures show the result of the simulation without and with consideration of the adsorption process, respectively. The yellow and black dashed lines
show the water saturation fronts (for MSW flooding) for the model with and without consideration of the adsorption process, respectively, after 0.3
PV MSW injection.
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dividing the volumetric cost of delay by cumulative oil
production within the 60 years.

4. CONCLUSIONS
The objective of this study is to investigate the influence of
heterogeneity in various forms on the performance of modified
salinity water flooding. To study the effect of geological
heterogeneity systematically, several models are built, and the
performance of the different models with and without
considerations of the adsorption process is studied. The
main findings of this study are as follows:

• The anticipation of field response to the injection of
MSW just by scaling the results from core flooding tests
to the field scale induces a considerable error on the
estimation of final oil recovery improvement and the oil
breakthrough time.

• The results for the layered reservoir models during
secondary and tertiary modes of MSW flooding suggest
that, as the number of layers in the model increases, the
induced delay for oil breakthrough time due to the
adsorption process is reduced.

• In the heterogeneous reservoirs (Model-2), as the
connectivity between the injection and production well
increases, the maximum normalized cost of delay
(NCD) is reduced.

• The calculated delay in various heterogeneous models
shows a nonmonotonic response to the variation of the
vorticity index.
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