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The capacitance-resistance model (CRM) has been widely implemented to model and optimise water-
flooding and enhanced oil recovery (EOR) techniques. However, there is a gap in the application of CRM
to analyse physical phenomena in porous media as well as the performance of EOR methods, such as
low-salinity water (LSW) flooding. The main purposes of this study were to investigate how changes in
time constant, as a CRM parameter, can represent physical phenomena in porous media such as
wettability alteration. Moreover, to show CRM is a reliable tool to use for interpretation of LSW process as
an EOR method. The results of different experimental/modelling studies in this research showed that in
CRM model time constant increases when the wettability alters to a water wetness state, whereby the
smallest time constant value is observed for the oil wet medium and the highest is observed for the
water wet medium. The cases with a gradual alteration in wettability show an increasing trend with the
dilution of the injection water. The core flooding data confirms the observed results of the simulation
approach. The increment in time constant values indicates the resistance against displacing fluid, which
is due to the wettability alteration of the porous medium, resulting in additional oil production. The
observations made during this research illustrate that the time constant parameter can be a powerful
tool for comparing different EOR techniques, since it is a good indication of the speed of impact of a
particular injection fluid on production.

© 2022 Chinese Petroleum Society. Publishing services provided by Elsevier B.V. on behalf of KeAi
Communication Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.

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

A considerable amount of oil always remains in the reservoir
after the primary and secondary stages of production (Khosravi
et al., 2021; Lake et al., 1992; Surajudeen et al., 2019). To bring
the remaining oil into the production stream, a tertiary stage of
production needs to be employed using different methods of
enhanced oil recovery (EOR). Therefore, prediction of the perfor-
mance of EOR methods and the subsequent selection of the best
method are essential.

Different EOR methods are used to increase the ultimate oil
recovery from reservoirs, including gas injection, polymer injec-
tion, water alternative gas injection (WAG), thermal methods and
low salinity water (LSW) injection. In particular, LSW injection is
one of the most applicable and economical methods and does not
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require special surface facilities or complicated operational condi-
tions. It has been reported that LSW works for sandstone and car-
bonate reservoir rocks at both laboratory (Lager et al., 2008) and
field scales (Vledder et al., 2010). Moreover, the combination of
LSW and other EOR methods, such as low-salinity surfactant
flooding (Alagic and Skauge 2010; Zivar et al., 2021), low-salinity
polymer flooding (Karimov et al., 2020) and low-salinity water
alternative CO2 injection (Moradpour et al., 2021), has shown
promising performance. Since Martin (1959) first investigated the
applicability of LSW injection (Martin 1959), the topic has been
investigated by many researchers in order to study the active
mechanisms, performance, applicability and required operating
conditions. Based on the findings, the responsible mechanisms for
additional oil recovery while using LSW are wettability alteration
(Khosravi et al., 2020), multicomponent ion exchange (Al-Abri
et al., 2019; Lager et al., 2008; Shabani and Zivar 2020), double-
layer expansion (Lee et al., 2011; Mahani et al., 2015), emulsifica-
tion (Mahzari and Sohrabi 2015; Moradpour et al., 2021), the effect
of pH change (Austad et al., 2010; McGuire et al., 2005; Morrow and
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Buckley 2011), fines migration (Fouladi et al., 2019; Tang and
Morrow 1999), osmosis pressure (Sandengen and Arntzen 2013)
and mineral dissolution (Shabani and Zivar 2020).

There are several types of uncertainty during numerical
modelling of LSW process which affect the final results due to large
number of mechanisms involved. Hence, a simpler method
compared to numerical modelling with less input data is required
to simulate the performance of the LSW. Among the available
methods, predictive models usually meet the time and economic
restrictions due to their rapidity and inexpensiveness. Predictive
models are simple models that use material balance equations to
investigate reservoir characteristics and performance. One of these
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predictive approaches is known as the capacitance-resistance
model (CRM), which is widely used in many fields (Dastgerdi
et al., 2020; Sayarpour 2008; Shabani et al., 2020). Only injection
and production data are required for history matching in this
approach, which makes the process fast and low cost. As a result, it
is possible to carry out a rapid assessment of reservoir character-
istics and predict the performance of production wells without the
use of a complex numerical reservoir simulator.

The CRM is based on the resemblance to the technique of signal
processing. In thismodel, the injection rates are considered as input
signals and the production rates are considered as the output sig-
nals, which are responses of the reservoir to the input signals. The
CRM employs the concepts of interwell connectivity to compensate
for the lost portion of the injected fluid that does not contribute to
production. The historical records of injection/production rates can
be utilised to identify the connectivity between injector and pro-
ducer pairs (Sayarpour 2008). The CRM uses the law of conserva-
tion of mass and deliverability equation as a basis to predict the
future production rate of wells. Different forms of the CRM, such as
the CRM tank (CRMT), CRM producer (CRMP) and CRM injector-
producer (CRMIP), are used in the petroleum industry based on
the control volume (Shabani et al., 2020). We present the general
equations of the CRM and refer to Yousef et al. (2006) and
Sayarpour (2008) for detailed derivations of the CRM and its
different forms (Sayarpour 2008; Yousef et al., 2006). The material
balance equation for the flooded reservoir is given by:

ct ,Vp,
dp
dt

¼ wðtÞ � qðtÞ (1)

where ct is the total compressibility of a porous medium saturated
with fluids, Vp is the total volume of pores or void space, p is the
volume averaged pressure of the reservoir, wðtÞ is the volumetric
rate of injection at time t and qðtÞ is the volumetric rate of pro-
duction at time t.

The deliverability equation of a well (Alarifi et al., 2015) is
written as:

qt ¼ J , ðpðtÞ� pwf ðtÞ
�

(2)

where pðtÞ is the volume averaged pressure of the reservoir at time
t, pwf ðtÞ is the bottom hole pressure (BHP) of the producer at time t
and J is the productivity index.

Expressing pðtÞ from Eq. (2) and substituting into Eq. (1) results
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in:

t ,
dq
dt

þ qðtÞ ¼ wðtÞ � t,J,
dpwf
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(3)

where t stands for the time constant and is expressed by:

t¼ ct,Vp

J
(4)

Finally, by considering the stepwise alteration of injection
flowrates and linear changes of BHP at every time step Dtk, the
analytical solution to Eq. (3) can be written as Eq. (5).
The above equation suggests that qðtÞ, as the output signal, can
be decomposed into a) the response of the initial production rate, b)
the response of the input signal (injection) and c) the response of
the output signal (considering BHP variations). The final form of the
CRM for multiple injection and production wells and at constant
BHP is presented as:

qjðtkÞ¼ qjðtk� 1Þe�
Dtk
tj þ
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where the interwell connectivity ðfijÞ is a parameter of the CRM that
indicates to what extent the injected water from a specific injector
ðiÞ affects the total production from a specific producer ðjÞ.

In analysing the CRM, the interwell connectivity and time con-
stant play important roles. Interwell connectivity is crucial in the
management of secondary and tertiary production, as it provides
knowledge regarding the reservoir's behaviour and the response to
injection variables. The time constant is a parameter that considers
the dissipation of input signals in formation rock. As described
previously, in the CRM, the inputs are injection rates and the BHPs
of producers, which change with time. During primary recovery,
the time constant is also associated with the production decline.
The time constant can be expressed by Eq. (4). The evaluation of Eq.
(4) indicates that a large pore volume or/and a highly compressible
system with a low productivity index lead to the high value of the
time constant, which results in a significant delay to the response to
the input signals. In contrast, the fast input signal transition and the
rapid decline of the primary recovery term results from the low
value of the time constant.

Although the CRMwas developed for water flooding, it has been
used for the evaluation of different EOR methods. Considering the
fact that any EOR method deals with a complicated interaction
between fluids and rock, history matching and predicting such a
process is possible using a simple CRM approach. Table 1 summa-
rises the studies conducted in this area.

The presented studies in Table 1 are proof of the progress made
in using the CRM for the waterflooding process and analysing
different EOR methods using CRM. However, the effect of initial
wettability and wettability alteration by LSW flooding, as an EOR
method, on the CRM parameters has not yet been studied. More-
over, there is no available literature to use CRM in interpreting core
flooding data. Therefore, in this study, the main objectives are to
evaluate the ability of the CRM to interpret the wettability



Table 1
Application of CRM to EOR processes.

EOR method Highlights Reference

CO2 flooding An equation was proposed to predict the enhancement in oil rate due to the injection of CO2 while the CO2 injection rate was
considered constant. The proposed solution requires the history matching of four parameters for the injection gas.

Sayarpour
(2008)

A semi-empirical power-law fractional flow model in conjunction with the CRMP was used to optimise a miscible CO2

flooding process.
Eshraghi et al.
(2016)

WAG WAG injection into theMcElroy field, Permian Basin,West Texas was investigated using CRMP and CRMT approacheswith the
semi-empirical power-law fractional flow model.

Sayarpour
(2008)

Simultaneous water and
gas (SWAG)

An oil rate model was derived to deal with water and CO2 separately while both of them pushing oil to the injectors with
known relative permeability curves.

Nguyen (2012)

Gas injection The CRM was modified based on gas density and average reservoir pressure. The modified model was also coupled with a
genetic algorithm. The obtained results in comparison with streamline simulation showed reliable interwell connectivity and
oil rate prediction.

Yousefi et al.
(2019)
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alteration as a physical phenomenon encountered in porous media
and to investigate the application of the CRM in LSW flooding as an
EOR method.

In this study, two approaches are used to satisfy the objectives.
First, several scenarios are simulated by CMG-GEM to generate
injection/production histories for the media with different initial
wettabilities, as well as the wettability alteration by LSW injection.
Then, the CRM approach is used to extract the time constant values
for the different simulation scenarios. Second, the data of two core
samples that were under LSW flooding are used to compare with
the obtained results from the simulation section and validate the
observed results. In the final step, it is shown that time constant (as
a CRM parameter) is able to predict physical phenomena such as
wettability alteration. Moreover, CRM is reliable tool to use for
interpretation of the LSW process as an EOR method.
2. Methodology

To analyse the effect of different wettability conditions and the
alteration of wettability due to the injection of LSW on the time
constant (as a CRM parameter), two main approaches were used.
First, the time constant was estimated by a series of simulation
models. In the first step of the simulation approach, three porous
media with initial wettabilities of water wet (WW), mixed wet
(MW) and oil wet (OW)were floodedwithwater. In the second step
Fig. 1. Workflow diagr
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of the simulation approach, three porous media with the same
properties were flooded with three different LSWs (Caspian Sea
water (CSW) and 5 � and 10 � diluted waters). Second, the data of
two core samples with initial wettabilities of OW and WW, which
were under LSW, were used to validate the simulation approach.
The obtained histories of injections and productions were then
used to calculate time constant values using the CRM approach.
Fig. 1 shows the workflow of this study.
2.1. Simulation models and properties

To study the time constant, the injection/production history at
different wettability conditions and salinities of the water is
required. Hence, a model was developed to generate the injection
and production histories. The model was developed in CMG-GEM
with dimensions of 30 (i) � 1 (j) � 1 (k) grid blocks. The length of
the grid blocks in the i and j directions are equal to 150 ft and in the
k direction is equal to 10 ft. It should be mentioned that this study
deals with one-dimensional models in order to eliminate the effect
of interwell connectivity ðfijÞ and focus on the time constant ðtÞ.
Moreover, the similarity between one-dimensional simulation
models and core flooding in terms of the direction of fluids flow
makes the comparison and validation possible. One injector and
one producer contribute to the model, as shown in Fig. 2. The
detailed properties of the model are presented in Table 2. Heptane
am of this study.



Fig. 2. Geometry of the model (color bar shows saturation of the oil).

Table 2
Properties of the simulation model.

Properties Value

Porosity 20%
Permeability 100 mD
Initial reservoir pressure 3000 psi
Initial water saturation 0.2
Rock compressibility 2 � 10�10 1/psi
Simulation duration 2191 d (6 years)
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(C7H16) is used as the contributing hydrocarbon component in the
model to reduce complexity.

A sensitivity analysis was conducted on the number of grid
blocks to determine the appropriate grid block number to avoid
numerical error and unreliable results (see Fig. 3). This analysis was
carried out on two parameters simultaneously, namely, the break-
through time (BT) and the cumulative fluid produced during the
simulation, as they are important parameters that are used in CRM
analysis. The results show that there is a significant difference be-
tween the BT and cumulative fluid for the model with 15 and 30
grid blocks. The difference between 30 and 45 grid blocks is
Fig. 3. Sensitivity analysis of t
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ignorable; thus, the model with 30 grid blocks was chosen for
further analysis to reduce computational costs. It should be
mentioned that normal variation in pressure, saturation and global
composition per timestep reduce in all simulation scenarios in or-
der to avoid numerical dispersion.

To investigate the effect of different states of wettability and
wettability alteration on the time constant, three porous media
with different initial wettabilities (WW, MWand OW) were used to
generate the 6-year injection/production history. The different
wettabilities were dictated in the simulation using different relative
permeability curves. The models were then flooded with water
based on the pre-defined schedule. In the second scenario, the
wettability is gradually changed from the OW state to the WW
condition due to the alteration in the concentration of ions in the
water. This concept is based on gradually wettability alteration of
the porous media when it is under LSW flooding (Negahdari et al.,
2021). We assumed that the reservoir rock properties, such as
porosity, compressibility and absolute permeability, remained the
same for all the scenarios.

The oil and water relative permeability values depend on the
wettability of rock (Khosravi 2012). Therefore, the corresponding
relative permeability data should be introduced for the OW and
he number of grid blocks.



Table 3
Criteria for assessing rock wettability.

Criteria OW WW Reference

End-point relative permeability to oil at Swi <0.70e0.80 >0.95 Owens and Archer (1971)
End-point relative permeability to water at Sor >0.50 <0.30 Craig (1971)
Initial water saturation, Swi <0.15 >0.20 Craig (1971)
Water saturation at cross-over point <0.50 >0.50 Craig (1971)

Fig. 4. Water/oil relative permeability curves for OW, MW and WW systems.

D. Zivar, A. Ishanov and P. Pourafshary Petroleum Research xxx (xxxx) xxx
WW systems. The rule of thumb proposed by Owens and Archer
(1971) and Craig (1971) was implemented to generate truthful
relative permeability data for the OWandWW states of wettability
(Craig 1971; Owens and Archer 1971). The criteria are given in
Table 3.

The developed relative permeability curves for the OW, MWand
WW systems by interpolation are demonstrated in Fig. 4.

The CSW and 5 � and 10 � diluted water are considered as
injecting fluids in the third scenario, as presented in Table 4. The
formation brine used in this study is representative of the oil field
in West Kazakhstan. CSW was used as LSW, the composition of
which was measured by Metrohm 930 Compact IC Flex ion chro-
matographer. Other LSW samples were prepared by diluting CSW.
Ion concentrations were calculated based on the stoichiometry and
molecular mass of the compounds (Bazhanova and Pourafshary
2020).

The geochemical reactions that contribute to the simulation
models are described as Eqs. (7) through (11).

OH� þHþ4H2O (7)
Table 4
Composition of LSW streams.

Cl� SO2�
4 Naþ

Formation water 104,980 N/A 54,500
Caspian Sea water (CSW) 7215 3145 4975
5 � dilution 1443 629 995
10 � dilution 722 315 498

5

Ca2þ þ SO2�
4 4CaSO4 (8)

Mg2þ þ SO2�
4 4MgSO4 (9)

Hþ þ SO2�
4 4HSO�

4 (10)

HCO�
3 ðaqÞþCa2þðaqÞ4CaCO3ðsÞ þ HþðaqÞ (11)

When wettability alteration takes place as a result of the LSW
injection, the oil/water relative permeability also changes, which
can be captured using interpolation between the relative perme-
ability curves based on the concentration of active ions, such as

SO2�
4 (l). A weighting factor (u) is used to show the relative

permeability alteration as Eq. (12).

u¼ l� lHSW

lLSW � lHSW
(12)

where l is the overall concentration of SO2�
4 , lHSW is the concen-

tration of SO4
2� in the HSW (here HSW is formation brine) and lLSW
Kþ Ca2þ Mg2þ TDS (ppm)

N/A 9450 1450 170,380
155 535 770 16,795
31 107 154 3359
16 54 77 1682
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is the overall concentration of SO2�
4 in the LSW. The water and oil

relative permeability values are calculated by Eqs. (13) and (14)

Krw¼uKLSW
rw þ ð1�uÞKHSW

rw (13)

Kro ¼uKLSW
ro þ ð1�uÞKHSW

ro (14)

where Krw is the calculated water relative permeability, Kro is the
calculated oil relative permeability, Krw

LSW is the water relative
permeability (LSW injection), Krw

HSW is the water relative perme-
ability (HSW injection), Kro

LSW is the oil relative permeability (LSW
injection) and Kro

HSW is the oil relative permeability (HSW injection).
Fig. 5 demonstrates the injection scheme during the simulation
time for all scenarios.

2.2. Core flooding data

The injection and production history of two carbonate core
flooding experiments were used to study the effect of LSW flooding
on the CRM parameters. The effect was analysed for different initial
wettability states. To achieve this, the data obtained by the core
flooding experiments conducted by Shakeel et al. (2021a, 2021b)
was used in this study, as shown in Table 5.

In all tests, the HSWwas injected, followed by LSW flooding. The
mineralogy and types of cores were the same but the wettability of
the cores was different due to the different aging periods by oil.
Two cores were selected to represent the OW (sample no. 1) and
WW (sample no. 2) states. The oil used in the core flooding
experiment had a viscosity of 10.8 cp and a density of 0.868 g/cc. All
core flooding cases were performed under a back pressure of 500
psi and a temperature of 80 �C. First, the HSW injection was per-
formed on the core samples at injection rates of 0.5, 2.0 and 5.0 cc/
min. LSW injectionwas then performed at the same injection rates.
Fig. 6 presents the injection scheme for both core samples.

2.3. History matching by CRM

The CRM is able to predict the rate of the producer(s) using Eq.
(6). In our calculations, the time interval (Dt) was considered to be
equal to 1 month. The history matching process was conducted
based on the objective function (Eq. (15)). As the simulation model
Fig. 5. Injection scheme used
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used in this study consists of one injector and one producer, the
interwell connectivity ðfijÞ is equal to 1.

minq¼
Xnt

k¼1

�
qobs � qpre

�2
(15)

whereminq is the objective function, which should be minimised, k
is the number of time intervals, nt is the total number of time in-
tervals, qobs is the observed flow rate and qpre is the predicted flow
rate. The final estimation of the time constant was obtained by
fitting the injection/production histories based on the physical
constraints and objective function.
3. Results and discussion

3.1. Time constant from simulation models

3.1.1. Different states of wettability
The history matching of the observed and estimated total pro-

duction rates for different states of initial wettability was per-
formed by the CRM (see Fig. a1 of the Appendix). The results show
that the CRM is able to predict the simulated rates with a high level
of confidence. Fig. 7 presents the estimated time constants for the
OW,MWandWWmedia. As shown in this figure, the time constant
increases when thewettability of the porous medium changes from
OW to WW.

It is believed that the flow resistance of the non-wetting phase
decreases as the wettability of the porous media to the wetting
phase increases. Here, water, as the non-wetting phase in the OW
medium, finds its way to the productionwell faster compared to the
MWandWWsystems. This has been confirmed experimentally and
numerically in the literature (Anderson 1987; Li et al., 2005; Zhao
et al. 2017, 2018). We also show this phenomenon by presenting
the values of thewater velocity in the 29th block in the (i) direction,
which are equal to 0.306, 0.258 and 0.202 ft/day for the OW, MW,
and WW systems, respectively (see Table 6). In addition, we used
water cuts as a sign to show how fast the signal would be received
by the producer. The water cuts for the OW, MW and WW systems
are illustrated in Fig. 8. As shown, the water cut starts to increase at
737, 976 and 1090 d in the OW, MWandWW systems, respectively
(see Table 6). Thus, it can be inferred that when the injecting fluid
in the simulation model.



Table 5
Parameters of core samples.

Sample number Initial state of wettability Porosity (%) Permeability (md) Ultimate recovery factor (%)

1 OW 14.60 103.6 52.3
2 WW 14.83 134.4 76.0

Fig. 6. Injection scheme for (a) OW and (b) WW.

Fig. 7. Time constants for different states of initial wettability.

Table 6
Selected parameters from the simulation models.

OW MW WW CSW 5� 10�
Water velocity (ft/day) @ block (29, 1, 1) 0.306 0.258 0.202 0.260 0.254 0.251
Average pressure (psi) @ block (29, 1, 1) 1312 1360 1504 1421 1430 1435
Average oil flux (bbl/day) @ block (29, 1, 1) 38.9 49.4 63.2 50.5 52.2 53.0
BT (d) 737 976 1090 791 797 798
Ultimate recovery factor (%) 48.19 62.54 79.73 61.62 63.64 64.56
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shows less resistance, the response can be seen in the producer
sooner, resulting in a smaller time constant. This was also noted by
Yousef et al. (2006), where a nearly instantaneous and equal change
can be seen in the producer when the time constant is small (Yousef
et al., 2006). The results of this scenario obviously demonstrate the
time constant to be a reliable parameter that can indicate the
wettability of porous media.
7

3.1.2. Wettability alteration from LSW injection
The production rates during the injection of LSW with different

salinities were history matched by the CRM using the injection/
production data obtained during the simulation. The predicted
production rates are in good agreement with the observed values
(see Fig. a2 of the Appendix), which shows the applicability of the
CRM for predicting the EOR process by LSW injection. Fig. 9 pre-
sents the time constants for the process of LSW injection with



Fig. 8. Water cut for different states of initial wettability.

Fig. 9. Time constants for different salinities of injected water.

Fig. 10. Water cut for different salinities of injected water.
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different salinities. As can be seen in this figure, the time constant
increases when the salinity of the injected water decreases.

The BTs are in the narrow range of 791e798 d but the trend of
increasing is different, where the CSWwith a higher salinity shows
a sharper increasing trend compared to the 5 � and 10 � diluted
waters (Fig. 10). The water cut of the 5 � diluted water is slightly
higher than the 10 � diluted water. This observation is in line with
the results of Bazhanova and Pourafshary (2020) in the core scale,
where 5� diluted water was selected as the optimised LSW sample
(Bazhanova and Pourafshary 2020).

The time constants of this scenario show a range of 28.19e29.16
and are between the initial wettabilities of MW (27.8) and WW
(29.41). The average water velocity at the 29th grid block is similar
to MW and the BT is between the OW and MW media
(702 < 791e798 < 967) for all three cases of this scenario. The
magnitude of the ultimate recovery factors is similar (±2% differ-
ence) to the ultimate recovery factor of the MW medium (62.54%).
From the obtained results, it can be inferred that the overall state of
wettability during the LSW flooding (gradual alteration of wetta-
bility) is placed between MW and WW. It is also showed that
although the BT occurs faster compared to the MW medium, the
ultimate performance of the process increases when thewettability
gradually changes. The results of this scenario highlight two
important points. First, the time constant can be representative of
the wettability alteration during LSW injection. Second, gradual
alteration of the wettability improves the ultimate performance of
the process.
3.2. Time constant from core flooding data

The total production rates are history matched by the CRM for
OW and WW conditions using the injection data recorded during
core flooding tests. The observed and modelled production rates
showgood agreement (see Fig. a3 of the Appendix), illustrating that
the CRM is capable of predicting the results of the experiments with
good accuracy. Fig. 11 presents the time constants for flooding of
the OW and WW core samples with LSW. As can be seen in this
figure, the time constant is smaller in the case of the OW core
sample compared to the WW core sample.
Fig. 11. Time constants for co
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The same trend was observed for the time constants in the core
flooding experiments. In addition, the BTs confirm this observation
when the water finds a way to the production stream after 14 and
17 min for the OW and WW core samples, respectively. The results
of this section illustrate that the alteration of wettability affects the
time constant and also validate the simulation results.
4. Do changes in the time constant represent wettability
alteration?

The findings show time constant is good representative of
wettability alteration in the porous media. The time constant, as
one of the key parameters of the CRM, is representative of the
porous media response to the input signal. The changes in the time
constant depend on the reservoir rock and fluid properties, as well
as the operating conditions. For example, the production well can
sense the input signal faster if the signal fly path is facilitated,
resulting in a reduction in the value of the time constant, or a
porous medium filled with incompressible fluid shows a smaller
time constant compared to the same porous medium with a
compressible fluid. Therefore, the time constant is able to present
physical phenomena in the porous media.

During the EOR with LSW injection, several mechanisms may
happen simultaneously based on the rock and fluid interactions,
which finally lead to additional oil recovery. The most possible and
well-known scenario is wettability alteration due to the injection of
water with lower salinity or the injection of an ion-engineered
water. The injection of such water causes changes in the fluid
flowability (relative permeability and capillary pressure curves)
and the distribution of the fluids in the porous media (such as the
pull and push mechanism and the redistribution of fluids). It is
believed that switching to LSW removes the barriers against
additional oil production. Thus, LSW injection brings more oil into
the production stream by facilitating the flow of oil.

The results of this study show that the time constants of the
CRM increase when the wettability of the medium alters toward a
more WW state. Such an increment in the time constant is due to
the fact that the interactions between the rock and fluids increase
because more volume of oil is available to displace by displacing
re flooding experiments.
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fluid (water), resulting in higher resistivity against flowing water as
a signal sent from an injector to a producer. In other words, the
observed increment in time constants shows that the wettability of
the porous medium is changed to a state where there are less
conductive paths for flowing water.
5. Conclusions

This study investigated the effect of different initial wettabilities
andwettability alteration by LSW flooding on the time constant as a
CRM parameter. Several scenarios were simulated by CMG-GEM to
generate injection/production histories. Moreover, the core flood-
ing data were used to validate the hypothesis. The producer-based
CRM was then used to estimate time constants for different sce-
narios. The obtained results from the different scenarios have
shown that:

� Changes in wettability, either by injecting LSW or different
initial wettabilities, affect the time constant of the CRM.

� The time constants logically present the state of wettability and
wettability alteration of porous media.

� The time constants show an increasing trend when the wetta-
bility of the porous media alter from oil wet to mixed wet and
from mixed wet to water wet.
Fig.a1. Fluid (water þ oil) production rates for different
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� The results of core flooding confirm the observed trend in the
simulation approach.

� Changing the state of wettability after a period of production
causes the overall magnitude of the time constant to increase,
which means a favourable state of wettability.

� Changing the state of wettability by a stepwise manner increase
results in time constants close to water wet, which is repre-
sentative of the improvement in the performance of the process.
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Appendix
states of wettability: (a) OW, (b) MW, and (c) WW



Fig.a2. Fluid (water þ oil) production rates for different salinities of water: (a) CSW, (b) 5� dilution, and (c) 10� dilution
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Fig.a3. Fluid (water þ oil) production rates for cor
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e flooding experiments: (a) OW and (b) WW
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