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a b s t r a c t

One of the promising and emerging enhanced oil recovery techniques in both sandstones and carbonates
is engineered water injection (EWI). However, few studies discussed the field-scale applications of this
technique in heterogeneous carbonate formations. This paper is an extension of our previous work of the
EWI technology at core-scale. This research numerically investigates heterogeneity effect on EWI tech-
nique in carbonates at field-scale using five-spot models. Three synthetic five-spot sector models were
considered including homogeneous, heterogeneous with permeability channeling, and heterogeneous
with gravity underride.

The results showed that EWI improves both volumetric and displacement sweep efficiencies compared
to conventional formation water injection (FWI) for all models investigated. Also, tracer method is
recommended for better estimation of volumetric sweep efficiency as opposed to fractional flowmethod.
Moreover, secondary EWI outperforms other techniques including secondary FW and tertiary EWI. In
addition, the observed delay in tertiary EWI can be reduced by increasing well injection pressure and
sulfate concentration in the engineered water. An optimum sulfate concentration of 25,000 ppm is
recommended for achieving the highest oil recovery by EWI. This study gives more insight into under-
standing the performance of the EWI technique at field-scale. Recommendations for boosting the per-
formance of this technique have been discussed, which assure more certainty and lower risk.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction and background

Several enhanced oil recovery (EOR) methods have been
recently proposed for further improving oil recovery beyond con-
ventional waterflooding [1e5]. Recent advances in EOR through
modification of ionic composition of injected brine have shown
significant impact on oil recovery in carbonates [6e10]. Most of the
researchers believe in wettability alteration as the underlying
mechanism behind the incremental oil recovery by this technique
[11e14]. In the context of this work, diluting the injected water is
referred to as low salinity water injection (LSWI); however,

modifying the ionic composition of the injectedwater by increasing
selective-ion concentration (hardening) or decreasing it (softening)
is referred to as engineered water injection (EWI).

Both corefloods and spontaneous imbibition experiments have
been used to investigate oil recovery from carbonates [8,13,15].
Zhang et al. [6] concluded through spontaneous imbibition exper-

iments that imbibing water containing Ca2þ and SO2�
4 or Mg2þ and

SO2�
4 causes wettability alteration. Gupta et al. [16] showed that

adding borate and phosphate as well as reducing the concentration
of injected water through softening lead to a pronounced increase
in oil recovery. At field-scale, Yousef et al. [15] reported the first
ever LSWI application in carbonate reservoirs. They applied two
single well chemical tracer tests (SWCTTs) using dilutions of Qur-
ayyah seawater in an Upper Jurassic carbonate reservoir. The au-
thors observed about 7% reduction in oil saturation which was in
match with their laboratory results.

Al-Shalabi et al. [17] investigated LSWI through simulation of a
single-well chemical-tracer (SWCTT) in a carbonate reservoir using
the UTCHEM simulator. Analytical and numerical methods were
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used to estimate residual oil saturation. AlSada and Mackay [18]
investigated LSWF in carbonate reservoirs through simulating a
five-spot 3D homogeneous model using the CMG-GEM™ compo-
sitional simulator. In their work, they varied sulfate concentration
in the injected water. However, they did not optimize sulfate con-
centration in the injected water and their model was based on a
simple interpolating factor by considering the amount of sulfate in
the injected water. Their results showed an incremental oil recov-
ery of about 9% with ten times sulfate concentration than that of
seawater (42,900 ppm).

Adegbite et al. [19] proposed a geochemical model for modeling
engineered water injection in carbonate reservoirs, which was
validated through historymatching of Chandrasekhar andMohanty
[9] corefloods. In this model, the oil carboxylic group undergoes
anion exchange reactionwith the sulfate ion present in the EW. The
latter alters the wettability of the carbonate rock towards a more
water-wet state and thus leads to the release of oil ganglia (Fig. 1a).
The governing reaction is given by:

SO2�
4 þ2CH3COO� X 42CH3COO

� þ SO4 � X2; (1)

where CH3COO
� represents oil carboxylic group and X represents

the exchanger. This equation was used in this work for mechanistic
modeling of oil recovery by EWI using the geochemical engine in
CMG-GEM™. Interpolation between two sets of relative perme-
ability and capillary pressure curves were captured using sulfate
equivalent fraction (xðSO4 � X2Þ) as the interpolating factor. This
proposed model differs from the model (Fig.1b) of Zhang et al. [6]
where the latter necessitates the presence of other ions, namely
calcium ion and/or magnesium ion, along with the sulfate ion to
cause wettability alteration. Nevertheless, for Adegbite et al.'s [19]

proposed model, SO2�
4 is the key contributor that renders the rock

more water wet and thus increases the oil recovery.
Al-Ibadi et al. [20] performed numerical simulation of LSWF at

the reservoir-scale using salinity range and weighting function.
They observed that salinity is dispersed as analytically predicted
even though the advection velocity might change. More informa-
tion about the LSWI/EWI techniques, including experimental, nu-
merical and field works, can be found elsewhere [21e26].

For accurate field-scale prediction of EWI performance, both
mechanistic geochemical model and heterogeneity need to be
captured. Channeling of the injected water along high permeability
layer has been observed in the field, which leads to early water
breakthrough during water injection. The accumulation of hydro-
carbons in the reservoir is influenced by processes such as lithifi-
cation and sedimentation, which cause channeling of the injected
water along high permeability layer and lead to early water
breakthrough during water injection. Tsang and Tsang [27]
described these pathways as “paths of least resistance”where most

of the flow occurs while Neretnieks [28] called it the “flow chan-
nels”. Wang et al. [29] studied the characteristics of water chan-
neling through physical experiments and observed that water
channeling and water cut occur easily and rapidly after break-
through when the permeability contrast is higher than 5.88. Chang
et al. [30] used the UTCOMP simulator through which they
observed that the flow pattern was channeling when the perme-
ability fields had a large Dykstra Parson’s coefficient (VDP) and a
large correlation length. Zeinijahromi and Bedrikovetsky [31]
claimed that the injection of a small slug of low salinity water
(LSW) induces permeability damage that blocks the water influx
from high permeable water producing layers. Their results showed
that injection of 10% pore volume of LSW into the production well
resulted in about 20% reduction in produced WOR and about 60%
incremental recovery.

Chang et al. [30] used the UTCOMP simulator to observe these
channeling phenomena through utilizing a large Dykstra Parson’s
coefficient (VDP) and a large correlation length. For a constant
permeability formation, segregation by gravity of heavier water
driving the oil might result in a tongue of water running along the
base of the formation [32,33]. During a water-alternating-gas
(WAG) injection process, Cho et al. [34] observed that the injec-
ted water settled at the bottom while the gas rose to the top.
Usually, both gravity underride and channeling phenomena have a
severe effect on the sweep efficiency [35].

This paper is an extension of our previous work on the EWI
technology where EWI corefloods of Chandrasekhar and Mohanty
[9] were history matched and modeled using the CMG-GEM™
simulator [19,24]. The paper includes numerical predictions of
heterogeneity effect on EWI performance using 5-Spot Models
including homogeneous, heterogeneous with permeability chan-
neling, and heterogeneous with gravity underride conditions. The
presented work is among the very few studies that describe the
field-scale performance of the EWI technology with both mecha-
nistic geochemical modeling and heterogeneity aspects being
captured. Moreover, this work highlights the EWI effect on
enhancing displacement and volumetric sweep efficiencies
compared to conventional waterflooding. Model set up and simu-
lation data, oil recovery predictions for EWI in secondary and ter-
tiary injection modes as well as sensitivity and volumetric sweep
efficiency (EV) analyses are discussed.

2. Methodology

2.1. Simulation data

Chandrasekhar and Mohanty [9] investigated the role of LSWI/
EWI in carbonates by conducting several corefloods. Two of their
corefloods were used in this work; the formation water coreflood

Fig. 1. Wettability alteration in carbonate rocks.
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and the engineered water coreflood using calcium and magnesium
with four-times spiked sulfate (13,240 ppm), MgCa4S, than that in
seawater (3310 ppm). Both corefloods were conducted at reservoir
temperature (212 �F) with average porosity of 17.8% and 19.1%, and
average absolute permeability of 23.2 mD and 40.9 mD, respec-
tively. Total dissolved solids (TDS) for the FW was 179,730 ppm
while for the EW was 40,322 ppm. Other fluid properties, petro-
physical properties, and experimental procedure are described
elsewhere [9].

Three five-spot models were generated based on these core-
floods as described in the next subsection. Tables 1 and 2 describe
the dimensions and input data used for the reservoir models where
10 ft was used for the longitudinal dispersivity and 1 ft was used for
the transverse dispersivity.

Table 3 shows the calculations of the capillary number
(8.59 � 10�8) and pressure gradient applied (1.39 psi/ft) to make
sure that the critical capillary number and the fracturing pressure
are not exceeded. Marhoun [36] and Ahmed [37] correlations were
used to estimate oil formation volume factor (Bo) (1.862 bbl/STB),
which was later used to determine original oil in place (OOIP).
Other simulation data were taken from Chandrasekhar and
Mohanty [9].

2.2. Model set up

The CMG-GEM™ compositional simulator was used to investi-
gate the performance of FWI and EWI in carbonate reservoirs [38].
Three synthetic 5-spot reservoir models were created by upscaling
the history matched corefloods of Chandrasekhar and Mohanty [9].
The three reservoir models are homogeneous, heterogeneous with
permeability channeling, and heterogeneous with gravity underride,
respectively (Fig. 2). 3D Cartesian grid system was used with
17 � 17 � 6 gridblocks honoring the experimental data used by
Chandrasekhar and Mohanty [9].

In the upscaling process, for porosity and permeability distri-
butions, the average values obtained from the cores were used for
the homogeneous model. For the heterogeneous channeling and
gravity underridemodels, the sequential Gaussian simulation (SGS)
algorithm in the Petrel software was utilized in creating perme-
ability and porosity distribution maps using their average values
[39]. In the SGS method, a variogram correlation and a probability
distribution are needed for the simulations. A spherical variogram
was utilized, which represents a medium level of heterogeneity
between Gaussian and Exponential variograms. In addition, log-
normal and normal distributions were assigned for permeability
and porosity, respectively. In these probability distributions, a
mean and a standard deviation are needed to define the distribu-
tion. The mean was taken as the average core value and the stan-
dard deviation was estimated using a Dykstra Parson’s coefficient
(VDP) of 0.8 for both permeability and porosity heterogeneous
maps. Furthermore, a cross flow (kv/kh) of 0.2 and 1 were used for
the channeling and gravity underride models, respectively.
Fig. 2aec shows the permeability distribution map used for each of
the three models; however, Fig. 2d shows the porosity distribution

map used for the heterogeneous models (channeling and gravity
underride).

On the other hand, the flow functions including relative
permeability and capillary pressure as well as residual fluid satu-
rations were honored based on the history matched corefloods for
both FW (Fig. 3) and EW injections (Fig. 4).

As was previously mentioned, the sulfate equivalent fraction,
xðSO4 � X2Þ, was used as an interpolating factor (u) between the
two sets of relative permeability (kr) and capillary pressure (Pcow)
curves (Figs. 3 and 4) according to the equations below:

krw¼u� kHSrwðS*Þ þ ð1�uÞ � kLSrwðS*Þ; (2)

kro ¼u� kHSro ðS*Þ þ ð1�uÞ � kLSroðS*Þ; (3)

Pcow ¼u� PHScowðS*Þ þ ð1�uÞ � PLScowðS*Þ; (4)

S*¼ðSo � SorwÞ=ð1� Swr � SorwÞ; (5)

where subscripts w and o denotewater and oil phases, respectively.
Superscripts HS and LS denote high salinity and low salinity waters,
respectively. The set of curves used in Fig. 3 represents a mixed-wet
rock; however, those in Fig. 4 represents a water-wet rock.
Depending on the sulfate concentration in the engineered water
injection, interpolation occurs between the mixed-wet and the
water-wet sets. It is worth mentioning that the same set of curves
were used across the three sector models.

Furthermore, it is worth mentioning that Zhang et al.'s [6]
model was not utilized in this work because the experimentally
conducted data by Chandrasekhar and Mohanty [9] showed that

Ca2þ ion does not play a major role in their observed wettability
alteration. One should also note that although in the proposed

model by Adegbite et al., [19] sulfate ion (SO2�
4 ) is the key

contributor to wettability alteration, the contributions of other

ions, particularly Mg2þ and Ca2þ ions, are indirectly incorporated
through affecting sulfate concentration along with the other
incorporated geochemical reactions. The simulation runs were
performed in the secondary and tertiary injection modes. More
details about the history matching of the experimental work can be
found elsewhere [19,24].

2.3. Grid refinement and dispersivity analysis

Grid refinement analysis was conducted for each of the three
reservoir models. The analysis was performed by comparing the oil
recovery curve from the base model of 1734 gridblocks (Table 1)
with other six grid models with varying total gridblocks of 500,
1000, 1575, 2000, 4000, and 5000. Moreover, the grid refinement
analysis was conducted in the tertiary mode of injection (formation
water injection first, followed by engineered water injection). This
analysis is essential to check the numerical accuracy and to deter-
mine the proper number of gridblocks used to capture the physics

Table 1
5-spot model dimensions.

Parameter Value Comments

Number of Gridblocks 1734 3D (17 � 17 � 6)
Gridblock Sizes (Dx, Dy, Dz), ft X direction: 1e17, Dx 38.824 ft

Y direction: 1e17, Dy is 38.824 ft
Z direction: 1e6, Dz is 10 ft

Constant grid size in the x, y, and z directions.

Reservoir Model Dimensions, ft 660 ft � 660 ft � 60 ft Length � width � height
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of both formation water and engineered water injections.
Figs. 5aec shows that the difference in oil recovery of all six models
compared with the base case is less than 3%. Also, sensitivity study
was conducted to investigate the impact of additional physical
dispersion on sulfate-ion concentration and transport during
engineered water injection (Fig. 5d). One should note that longi-
tudinal dispersivity of the base case was estimated based on Arya
et al. [40] while the transverse dispersivity was assumed to be 10
times smaller than the longitudinal dispersivity based on the work
of Khan [41]. The latter figure shows that the changes in velocity-
dependent longitudinal and transverse dispersivities have no ma-
jor significance on sulfate wave propagation during engineered

Table 2
Input simulation data for the 5-spot model.

Parameter Value Parameter Value

Reservoir Area (Acres) 10 Formation water viscosity (cP) @ Reservoir Temperature 0.4
Average Porosity (fraction) @ Initial Reservoir Pressure 0.196 Engineered water viscosity (cP) @ Reservoir Temperature 0.279
Average Permeability (mD) @ Initial Reservoir Pressure 40.6 Formation water density (g/cc) @ Reservoir Temperature 1.118
kv/kh Ratio (Homogeneous/Underride) 1 Engineered water density (g/cc) @ Reservoir Temperature 0.984
kv/khRatio (Channeling) 0.2 Formation water salinity (ppm) 179,730
VDP(Porosity, Permeability Channeling and Underride) (fraction) @ Initial Reservoir

Pressure
0.8 Engineered water salinity (ppm) 40,230

Initial Pressure (psi) 4000 Longitudinal dispersivity (ft) 10
Depth (ft) 8000 Transverse dispersivity (ft) 1
Initial Oil Saturation (fraction) 0.784 Pore volume (MRB) 258.15
Irreducible Water Saturation (fraction) 0.216 OOIP (MSTB) 94.1
Formation water residual oil saturation (fraction) 0.47 Time to inject 1 PV of water (Years) 3
Engineered water residual oil saturation (fraction) 0.163 Water-Oil IFT (dynes/cm) @ Reservoir Temperature and

Pressure
30

Oil viscosity (cP) @ Reservoir Temperature 0.9 Reservoir Temperature (oF) 248
Oil density (g/cc) @ Reservoir Temperature 0.82

Table 3
Applied pressure gradient and capillary number calculations.

Parameter Value

Fracturing pressure gradient (psi/ft) 0.7
Fracturing pressure (psi) 5600
Injection pressure (psi) 5200
Production pressure (psi) 3900
Pressure drop (psi) 1300
Distance between Injector and producer (ft) 466.69
Applied pressure gradient (psi/ft) 1.390
Formation water capillary number 8.59 � 10�8

Fig. 2. Field-scale models used.
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Fig. 3. Relative permeability and capillary imbibition curves for FW (Adegbite et al., 2018a).

Fig. 4. Relative permeability and capillary imbibition curves for EW (Adegbite et al., 2018a).

Fig. 5. Grid refinement and dispersivity analysis.
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water injection. A flow diagram that describes the approach used in
this study is depicted in Fig. 6.

3. Results and discussion

3.1. Formation water prediction (secondary injection)

In the three reservoir models, the formation water (FW) was
injected for about 6 pore volumes to achieve ultimate oil recovery.
This creates a base case for comparison with other injection tech-
niques (secondary and tertiary engineered water injections). It is
worth mentioning that 1 PV of injection is equivalent to about 3
years (Table 2). Figs. 7e9 show a cross section of the water satu-
ration captured for the three models just before the water break-
through while Fig. 10 shows the oil recovery obtained.

For the homogeneous and the gravity underride conditions, the
respective figures show that the formationwater is mainly sweeping
the bottom layers, which is due to water slumping caused by gravity.
Nevertheless, water flows through the high permeability layers for
the channeling conditions. Fig. 10 shows that the homogenous
model results in the highest oil recovery as expected of about 30%
OOIP followed by the channeling model of 28% OOIP, and then the
gravity underride model of 27% OOIP. For the three models, it ap-
pears that gravity underride is relatively themost criticalmodel. This
makes sense aswater by nature tends to underride and bypass upper
layers, especially since a crossflow ratio (kv/kh) of 1 was used.

3.2. Engineered water prediction (secondary injection)

The previously proposed EWI model, which is implemented in
CMG-GEM™, was used to predict the oil recovery from the three
models in the secondary mode of injection. The simulation runs
were made for about 6 pore volumes to be consistent with the
previous case of secondary formation water injection. As expected,
Fig. 11 shows that the homogeneous model has the highest oil re-
covery of about 70.6% OOIP, followed by the channeling (63% OOIP),
and then, the gravity underride (54% OOIP) models. One can notice
that the trend of oil recovery is similar to that of the secondary FW
injection case; however, the difference in oil recovery between the
three models is more pronounced in this case. Moreover, the
findings show that in comparison to formation water, the EWI re-
sults in about 40.6%, 35%, and 27% OOIP incremental oil from the
homogeneous, the channeling, and the gravity underride models,
respectively.

Figs. 12e14 show rate of oil production, both water and oil cuts
for the three models using secondary EWI. The latter figures sup-
port the previous findings of the homogeneous model being the
best and the heterogeneous model with gravity underride being
the worst. This is evident from Fig. 12 where the homogeneous
model results in the highest oil production whereas the gravity

underride has the lowest one. Figs. 13 and 14 are also aligned with
the findings as the gravity underride model has the earliest water
breakthrough.

3.3. Engineered water prediction (tertiary injection)

This analysis starts with injecting the formation water for about
three pore volumes, followed by the engineered water for a total of
6 pore volumes to predict the oil recovery in the tertiary injection
mode (Fig. 15). Out of the three models considered, the homoge-
neous model has the most pronounced effect of EWI with about
38% OOIP incremental oil recovery, followed by the channeling, and
then, the gravity underride models with about 26% and 15% OOIP,
respectively. For the channeling and the gravity underride models,
there is a delay in the response of the engineered water of about
0.1 PV. This delay in response is discussed later in the sensitivity
analysis section.

Fig. 6. Flow diagram of the approach used in this study.

Fig. 7. Water saturation before water breakthrough (Homogeneous).

Fig. 8. Water saturation before water breakthrough (Channeling).
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3.4. Comparison of water injection techniques

This section includes an analysis to determine which water in-
jection technique (secondary FWI, secondary EWI, or tertiary EWI)

is best suited for the discussed three simulation models. This
analysis is shown in Figs. 16e18 for the homogeneous, the chan-
neling, and the gravity underride models, respectively. The latter
figures depict that for all the three models discussed, secondary

Fig. 9. Water saturation before water breakthrough (gravity underride).

Fig. 10. Oil recovery prediction using formation water injection for the three simula-
tion models (secondary Injection).

Fig. 11. Oil recovery prediction using engineered water injection for the three simu-
lation models (Secondary Injection).

Fig. 12. Oil production rates using EWI for the three simulation models.

Fig. 13. Water cuts using EWI.

Fig. 14. Oil Cuts using EWI.
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EWI is outperforming other injection techniques (secondary FWI
and tertiary EWI). Hence, secondary EWI is recommended for
achieving the highest oil recovery as opposed to other injection
techniques. As was previously mentioned, a delay in the response
of EWI in the tertiary injection mode is observed for about 0.1 PV
for both the channeling and the gravity underride models. The
reason behind this delay is discussed in the next section.

3.5. Sensitivity analysis

In this section, the factors that affect the delay in response of
tertiary EWI are discussed by considering the channeling model as
a case study. Three main factors are considered, including
controllable factors (well injection pressure and sulfate concen-
tration in the engineered water) as well as uncontrollable factor
(average reservoir permeability).

3.5.1. Effect of injection pressure
The effect of injection pressure on the delay in oil recovery was

investigated as depicted in Fig. 19. The latter figure shows that
decreasing the injection pressure increases the delay in oil recov-
ery. This observation can be justified using the convection-diffusion

equation, which describes the displacing component conservation
with mass concentration (C) [42]:

4
vC
vt

þu
vC
vx

� 4Kl
v2C
vx2

¼ 0 ; (6)

and the dimensionless form of this equation is as follows:

vCD
vtD

þ vCD
vxD

� 1
NPe

v2CD
vx2D

¼ 0 ; (7)

xD¼ x
L

; (8)

CD ¼ C � CI
CJ � CI

; (9)

NPe ¼
u L
4 Kl

; (10)

Fig. 15. Oil recovery prediction using EWI for the three simulation models (Tertiary
Injection).

Fig. 16. Oil recovery prediction for the homogeneous reservoir model.

Fig. 17. Oil recovery prediction for the heterogeneous reservoir model with
channeling.

Fig. 18. Oil recovery prediction for the heterogeneous reservoir model with gravity
underride.
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tD ¼
ðt

0

u dt
4 L

; (11)

where Kl is the longitudinal dispersion coefficient, C is the solute
concentration, 4 is the porosity, u is Darcy’s flow velocity, NPe is
Peclet number, tD is the dimensionless time or injected pore vol-
umes of fluid, xD is the dimensionless distance, L is the total
macroscopic distance, x is the permeable distance, CI is the initial
solute concentration, and CJ is the injected solute concentration.

Equations (6) and (7) show that the flow velocity (Darcy’s ve-
locity) in the advection term controls the rate of solute wave
propagation. In this case study, the solute of interest is sulfate, as its
concentration is needed for the anionic exchange reactions (AER).
Sulfate concentration controls oil recovery through the proposed
engineered water model. A low Darcy’s velocity results in a slow
sulfate concentration wave and hence, a long time to reach the
desired concentration at the producer well. It should be noted that
Darcy’s velocity is a function of the pressure difference between the
injector and the producer wells. Consequently, as the injection
pressure decreases, the pressure difference decreases, which leads
to a further decrease in Darcy’s velocity in the advection term of
Equations (6) and (7). Therefore, the concentration wave for the
sulfate becomes slower, leading to more pronounced delay in the
EWI response.

To show the effect of injection pressure on the sulfate wave
propagation, the normalized concentration of the sulfate was
plotted against the injected pore volume for different injection
pressures. The results are depicted in Fig. 20, which shows that as
the injection pressure decreases, the sulfate concentration wave
becomes slower. Figs. 21e26 show the effect of slow sulfate wave
propagation on the geochemistry, which is described in the next
subsection, but in the context of sulfate concentration effect.

3.5.2. Effect of sulfate concentration in the engineered water
To investigate the effect of sulfate concentration, several brine

composition calculations were performed for different sulfate
concentrations. The desired sulfate amount was calculated by
adjusting the concentrations of inactive species including Naþ and
Cl� . The composition calculations are needed tomaintain the same
overall salinity level of the base solution case and to ensure that the
solution is electrically neutral, meaning that the sum of all positive
charges (cations) is equal to the sum of all negative charges (an-
ions). As seen in Table 4, for each of the brine compositions, the

solutions are electrically neutral as a whole and the overall salinity
level is maintained (TDS of 40,230 ppm). Fig. 27, which will be

Fig. 19. Oil recovery prediction using EWI for different injection pressures (Chan-
neling, Tertiary injection mode).

Fig. 20. Normalized sulfate concentration for different injection pressures at producer
well, gridblock (9, 9, 6) (Channeling, Tertiary injection mode).

Fig. 21. Equivalent fraction of SO4 � X2 for different injection pressures at producer
well, gridblock (9, 9, 6) (Channeling, Tertiary injection mode).

Fig. 22. Equivalent fraction of CH3COO� X for different injection pressures at pro-
ducer well, gridblock (9, 9, 6) (Channeling, Tertiary injection mode).
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discussed later, shows the reduction in the response of oil recovery
with increasing sulfate concentration in the engineered water.

The effect of sulfate increase can be described through injection

pressure curves presented before (Figs. 21e26). This is due to the
similar effect of increasing injection pressure and sulfate concen-
tration on decreasing oil recovery response. The increase in sulfate
concentration decreases CH3COO� X and increases SO4 � X2
(Figs. 21 and 22), which leads to release of CH3COO

� for oil re-
covery due to the anionic exchange reaction. However, part of these
CH3COO

� is consumed by Ca2þ in the formation of complexes
(CaCH3COO

þ, etc.) leading to the reduction in amount of Ca2þ

present. This reduction in Ca2þ concentration disturbs the equi-
librium between the aqueous solution and the present solid species
(calcite and dolomite). Hence, hydrogen ion reacts with both calcite
and dolomite leading to dissolution and precipitation, respectively
(Figs. 23 and 24).

The dissolution of calcite is more pronounced compared to
dolomite precipitation (in terms of moles), whichmakes the overall
mineral porosity change be affected by calcite dissolution (Fig. 25).
The latter dissolution reaction decreases the amount of hydrogen
ion in the solution and consequently, increases the pH (Fig. 26).
From Fig. 27, one can observe that increasing the sulfate concen-
tration beyond 25,000 ppm might not bring a noticeable change in
the oil recovery. Hence, an optimum sulfate concentration of
25,000 ppm is recommended.

3.5.3. Effect of average reservoir permeability
Fig. 28 depicts the effect of average reservoir permeability on

the delay in oil recovery. The figure shows that the delay in oil
recovery decreases, with increasing the average reservoir perme-
ability. This effect is similar to that of injection pressure and can be
justified the same way. The increase in permeability leads to an
increase in Darcy’s velocity and a consequent increase in the
advection term. This further leads to faster propagation of the
sulfate wave. The justification was given above in the effect of in-
jection pressure subsection.

The analysis of the three factors considered, controllable (well
injection pressure and sulfate concentration) and uncontrollable
(average reservoir permeability), shows that the injection pressure
(pressure difference) has the most pronounced effect on the delay
in oil recovery observed, while the sulfate concentration has the
least effect.

3.6. Volumetric sweep efficiency analysis

This section includes an estimation of volumetric sweep effi-
ciency for the three models investigated as well as a description of
the factors affecting this sweep efficiency.

Fig. 23. Calcite concentration profiles between injector 1 and producer for different
injection pressures at 6 injected PVs (Channeling, Tertiary injection mode).

Fig. 24. Dolomite concentration profiles between injector 1 and producer for different
injection pressures at 6 injected PVs (Channeling, Tertiary injection mode).

Fig. 25. Modified porosity profiles between injector 1 and producer for different in-
jection pressures at 6 injected PVs (Channeling, Tertiary injection mode).

Fig. 26. pH at different injection pressures at producer well, gridblock (9, 9, 6)
(Channeling, Tertiary injection mode).
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3.6.1. Estimation of volumetric sweep efficiency (EV )
The estimation of volumetric sweep efficiency (EV) of the three

5-spot models was performed using the fractional flow and the
tracer methods. The volumetric sweep efficiency analysis includes
both formation water and engineered water injections for each of
the three models. It is worth mentioning that the comparison

between the two injection techniques, formation water and engi-
neered water, was based on the secondary mode of injection. A
description of this analysis and the related results are included.

3.6.1.1. Fractional flow method. The volumetric sweep efficiency
was estimated using the fractional flow analysis through calcula-
tion of the displacement sweep efficiency (ED) from the fractional
flow curves as follows:

ED ¼ NPD

1� Sor � Swirr
; (12)

NPD ¼ Sw � Swirr; (13)

where NPD is the cumulative oil production (dimensionless), Sw is
the averagewater saturation behind the displacing front, Swirr is the
irreducible water saturation, and Sor is the residual oil saturation.
The volumetric sweep efficiency was calculated using Equation (14)
by estimating the recovery efficiency (RE) from simulation runs.

RE ð%Þ¼ED � EV; (14)

Fig. 29 shows the fractional flow curves used to estimate the
displacement efficiency (ED). The calculated volumetric sweep ef-
ficiencies using the fractional flow method for each of the three
reservoir models are shown in Table 5.

It should be pointed out that the volumetric sweep efficiency
values were obtained for 6 pore volumes of water injection in the
secondary mode. The following main observations can be made
from Table 5:

(1) The displacement sweep efficiency (ED) is improved with
EWI; the formation water has an ED of 95.3% compared to
97.7% using the engineered water.

(2) The volumetric sweep efficiency (EV) is improved as well
with EWI and this finding is consistent for the three models:
homogeneous, channeling, and gravity underride.

(3) The homogeneous model has the best volumetric sweep ef-
ficiency while the gravity underride model has the worst
efficiency.

(4) The main challenge in achieving high recovery efficiency
from a reservoir is mainly related to volumetric sweep effi-
ciency as opposed to displacement efficiency.

3.6.1.2. Tracer method. The tracer method is a method used to
understand reservoir heterogeneity and connectivity as well as to
estimate remaining oil saturation and volumetric sweep efficiency
of a certain reservoir. In this section, the tracer method was used to

Table 4
Brine compositions for different sulfate concentration for oil recovery prediction using EWI (Channeling, Tertiary injection mode).

Ions/brines Sulfate concentration

13,240 (ppm) 20,000 (ppm) 25,000 (ppm) 28,000 (ppm)

(ppm) (meq/L) (ppm) (meq/L) (ppm) (meq/L) (ppm) (meq/L)

Naþ 11398 496 10680 464.4 10168 442 9860 429

Mg2þ 1620 133 1620 133 1620 133 1620 133

Ca2þ 521 26.0 521 26.0 521 26.0 521 26.0
CI� 13452 379 7409 208 2921 82 229 6.42

SO2�
4

13240 275 20000 416 25000 520 28000 583

TDS (ppm) 40,231 40,230 40,230 40,230
Ionic Strength (mol/kg.H2O) 0.873 0.912 0.942 0.960
Cations (meq/L) 655 624 602 588
Anions (meq/L) 655 624 602 588

Fig. 27. Oil recovery prediction using EWI for different sulfate concentration (Chan-
neling, Tertiary injection mode).

Fig. 28. Oil recovery prediction using EWI for different permeabilities (Channeling,
Tertiary injection mode).
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estimate volumetric sweep efficiency for the three 5-spot models.
The analysis was conducted in the secondary injectionmode, which
is consistent with the fractional flowmethod. The equation used to
estimate volumetric sweep efficiency using the tracer method is as
follows [43]:

EV ¼
ðtD

0

ð1�CDÞdtD ; (15)

where tD is the injected pore volumes and CD is the tracer con-
centration (normalized), which is defined as:

CD ¼ C� CI
CJ � CI

; (16)

where C is the concentration of tracer at any time, CI is the initial
concentration of tracer, and CJ is the injected concentration of
tracer. Figs. 30 and 31 show the graph of normalized tracer con-
centration for the homogeneous model using both FW and EW
injections, and for EWI in the three models, respectively.

The volumetric sweep efficiency is represented by the area
above the curve. An example of the improvement in volumetric
sweep efficiency using EWI compared to FWI is shown in Fig. 30 for
the homogeneous model. It is worth mentioning that this finding is
consistent for the three models investigated. This improvement in
volumetric sweep efficiency by EW is confirmed in Table 6, which
shows the calculated Ev for EW compared to FW for the three
models. Moreover, Fig. 31 indicates that the best EW volumetric
sweep efficiency is achieved for the homogeneous model, followed

by the channeling model, and then the least for the gravity
underride model.

Table 6 presents the results of fractional flow and tracer
methods of volumetric sweep efficiency estimation including the
absolute error difference. It should be highlighted that this com-
parison was conducted on the basis of 6 pore volumes of injection
water in the secondary mode. An interesting finding can be
observed from the table where the absolute error difference be-
tween the twomethods is higher for the formationwater compared
to the engineered water. This might be due to the assumptions
made in estimating the displacement sweep values (ED) obtained
from the fractional flow analysis. In the fractional flow analysis,
both heterogeneity and capillary effects are not taken into account.
However, the EWI results are closer to the tracer method compared
to those of the FW because of the capillary effect. In EWI, there is a
shift in the rock wettability state more towards water wet and
hence, the capillary effect is less pronounced. This leads to a closer
estimation using the fractional flow method as opposed to the
tracer method. Therefore, the results of the tracer method are
recommended for a better estimation of volumetric sweep
efficiency.

3.6.2. Factors affecting volumetric sweep efficiency (EV )
These factors include mobility ratio, pore volumes of the injec-

ted fluid, and well pattern [44]. In this work, only mobility ratio
analysis and pore volume injection optimization are discussed.

3.6.2.1. Mobility ratio analysis. Mobility ratio is a good indicator of
volumetric sweep efficiency. Amobility ratio of less than 1 indicates

Fig. 29. Fractional flow analysis for estimating average water saturation (Channeling,
Secondary injection mode).

Table 5
Volumetric sweep efficiency estimation using the fractional flow method.

EV based on Fractional Flow Method

tD ¼ 6 PVs

Models Injected cycle RE ED EV

Homogeneous Formation water 0.296 0.953 0.311
Engineered water 0.706 0.977 0.723

Heterogeneous with channeling Formation water 0.285 0.953 0.299
Engineered water 0.632 0.977 0.647

Heterogeneous with gravity underride Formation water 0.275 0.953 0.289
Engineered water 0.543 0.977 0.556

Fig. 30. Estimation of volumetric sweep efficiency for the homogeneous reservoir
(Tracer Method).
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good areal and vertical sweep efficiencies. Mobility ratio was
calculated for both formation water and engineered water in-
jections to indicate the potential of engineered water injection in
improving volumetric sweep efficiency. Two mobility ratio defini-
tions are considered in this analysis: endpoint mobility ratio and
average mobility ratio. For the endpoint mobility ratio analysis, the
equation below was considered for both FW and EW injections:

M0 ¼ðlrwÞjSw¼1� Sor
ðlroÞjSw¼ Swirr

; (17)

where lrw is the water relative mobility, lro is the oil relative
mobility, ðlrwÞjSw¼1�Sor is the water relative mobility at the residual
oil saturation, and ðlroÞjSw¼ Swirr

is the oil relative mobility at irre-
ducible water saturation. The results for this method are presented
in Table 7 for both formation water and engineered water

injections.
On the other hand, Craig [45] showed that the average satura-

tion mobility ratio (M) is used to correlate with the areal sweep
efficiency and is given by:

M¼
ðlrw þ lroÞjSw¼Sw
ðlrw þ lroÞjSw¼Swirr

¼
ðlrTÞjSw¼Sw
ðlrTÞjSw¼Swirr

; (18)

where Swirr is initial water saturation, Sw is the average water
saturation, and lrT is the total relative mobility. The average
mobility ratio is defined as the ratio of total relative mobility at
average water saturation behind the shock front to total relative
mobility at initial water saturation. The analysis for this method is
shown in Fig. 29 where the average water saturation behind the
shock front for the formation water cycle ðSw FWÞ is estimated as

Fig. 31. Estimation of volumetric sweep efficiency for EWI (Tracer Method).

Table 6
Comparison between Fractional Flow and Tracer methods.

ev based on fractional flow and tracer methods

td ¼ 6 PVs

Models Injected cycle Fractional flow method Tracer method ev
Absolute error

Homogeneous Formation water 0.363 0.565 0.202
Engineered water 0.658 0.600 0.058

Heterogeneous with channeling Formation water 0.345 0.482 0.137
Engineered water 0.520 0.517 0.003

Heterogeneous with gravity underride Formation water 0.318 0.463 0.145
Engineered water 0.452 0.502 0.050

Table 7
Endpoint mobility ratio calculation for formation water and engineered water cycles.

Injection mode Parameters considered in calculations Endpoint mobility ratio
(m0)

Water saturation
(Sw)

Fractional flow
(fw)

Endpoint water relative mobility�
lrwjSw¼1� Sor

� Endpoint
oil relative mobility�
lrojSw¼ Swirr

�

Formation water
injection

Sw ¼ 1-Sor ¼ 0.53 1 0.05 e 0.366
Sw ¼ Swirr ¼ 0.265 0 e 0.137

Engineered water
injection

Sw ¼ 1-Sor ¼ 0.837 1 0.043 e 0.077
Sw ¼ Swirr ¼ 0.265 0 e 0.556

Fig. 32. Total relative mobility calculations at the shock front saturation.
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0.48. The total relative mobility at the average water saturation
behind the shock front for this injection cycle, ðlrTÞjSw¼Sw FW

, is

estimated from Fig. 32 as 0.03. Similarly, the analysis was con-
ducted for the engineered water injection, where Sw EWI and
ðlrTÞjSw¼Sw EWI

are estimated as 0.792 and 0.037, respectively. Table 8

shows the calculated average mobility ratio for both secondary
formation water and engineered water injections.

Table 7 shows that using formation water has a favorable
endpoint mobility ratio of 0.366; however, the use of engineered
water renders that the mobility ratio is even more favorable where
mobility ratio is reduced further to 0.077. Moreover, the average
mobility ratio (Table 8) supports the reduction of mobility ratio
using engineered water from 0.219 to 0.067. The latter shows the
improvement in volumetric sweep efficiency using engineered
water injection.

3.6.2.2. Pore volume injection analysis (optimization). An optimi-
zation analysis was performed on the number of injected pore
volumes using the tracer method. In this analysis, the Ev calculated
for both the formation water and engineered water was compared
at different pore volumes ranging from 1 to 6 PVs for the three
reservoir models (Table 9).

The latter table shows that as the pore volumes of the injected
water increase, the volumetric sweep efficiency increases for the
three models. Moreover, since the volumetric sweep efficiency
calculated varies significantly from one model to another, the op-
timum injected pore volumes can be discussed per model as
follows:

(1) For the homogeneous model, 1 PV is recommended for both
the FWand the EWas there is no significant improvement in
volumetric sweep efficiencies with further water injection.

(2) For the heterogeneous reservoir with channeling, 2 PVs are
recommended for the FW while 3 PVs are recommended for
the EW.

(3) For the heterogeneous reservoir with gravity underride,
3 PVs are recommended for the FW while 4 PVs are recom-
mended for the EW.

4. Summaries and conclusions

The numerical predictions of engineered water effect on oil re-
covery from carbonates using five-spot models were performed
successfully under the presence of channeling and gravity under-
ride conditions. The findings of this work can be summarized as
follows:

(1) Engineered water injection (EWI) improves both volumetric
and displacement sweep efficiencies compared to conven-
tional formation water injection. This observation is consis-
tent for all models investigated.

(2) Tracer method is recommended for better estimation of
volumetric sweep efficiency as opposed to fractional flow
method.

(3) For all the three reservoir models discussed (homogeneous,
channeling, and gravity underride), secondary EWI is rec-
ommended for achieving the highest oil recovery compared
to both secondary FW and tertiary EWI.

(4) The observed delay in EWI in the tertiary injection mode can
be reduced by increasing well injection pressure and sulfate
concentration in the engineered water.

(5) The optimum sulfate concentration beyond which EWI has
no effect is 25,000 ppm.

In the futurework, detailed sensitivity analysis and optimization
studies will be conducted on each of the three models for maxi-
mizing oil recovery and net present value.
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Table 8
Average mobility ratio calculation for formation water and engineered water cycles.

Injection mode Parameters considered in calculations Average mobility
ratio (M)

Initial water
saturation (Swirr)

Total relative mobility at irreducible
water saturation,
ðlrTÞjSw¼Swirr

Average water
saturation (Sw )

Total relative mobility at average
water saturation,
ðlrTÞjSw¼Sw

Formation Water
Injection

0.265 0.137 0.48 0.03 0.219

Engineered Water
Injection

0.265 0.556 0.792 0.037 0.067

Table 9
Volumetric sweep efficiency using Tracer method for different pore volumes.

EV based on tracer method at different injected pore volumes

models Injected cycle tD ¼ 1 PV tD ¼ 2 PVs tD ¼ 3 PVs tD ¼ 4 PVs tD ¼ 5 PVs tD ¼ 6 PVs

Homogeneous Formation water 0.551 0.554 0.555 0.557 0.559 0.565
Engineered water 0.592 0.594 0.596 0.597 0.598 0.600

Heterogeneous with channeling Formation water 0.391 0.460 0.477 0.479 0.481 0.482
Engineered water 0.400 0.466 0.498 0.512 0.516 0.517

Heterogeneous with gravity underride Formation water 0.360 0.426 0.452 0.460 0.462 0.463
Engineered water 0.384 0.440 0.469 0.498 0.500 0.502
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Nomenclature

Symbols
C Concentration
f Fractional flow
L Total microscopic distance
Mo Endpoint mobility ratio
M Average mobility ratio
NPe Peclet number
NPD Normalized cumulative oil recovery
Sw Average water saturation
t Time
x Permeable distance

Greek letters
lr Relative mobility ratio

Subscripts/Superscripts
D Dimensionless
I Initial
J Final
o Oil
T Total
w Water

Abbreviations
CMG Computer modeling group
LSWF Low-Salinity water flooding
LSW Low salinity water
RE Recovery efficiency
UTCHEM University of Texas Chemical Simulator
UTCOMP University of Texas Compositional Simulator
WOR Water oil ratio
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