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a b s t r a c t

The interfacial properties change strongly with temperature and pressure that could influence the dis-
placement of fluids in porous media. The main objective of this study was to measure interfacial tension
(IFT) of the binary systems of brine/crude oil/carbon dioxide (CO2) and carbonated brine/crude oil/CO2 at
two temperatures and different pressure conditions. Spreading coefficient (SC), which is determined from
IFT data, is an important parameter in enhanced oil recovery (EOR) methods, which are based on three
phase systems. The spreading or non-spreading (the oil creates to form an immobile half sphere) oil
on the water–gas interface is a key factor on determining residual oil saturation during water alternating
gas (WAG) injection process. In this work, experimental results on oil swelling and interfacial tension of
crude oil, brine/carbonated brine and carbon dioxide systems at the pressure range of 2.76–13.79 MPa
and two temperatures of 40 �C and 50 �C is presented. Afterwards, by estimating spreading coefficient
of the mentioned systems an optimum condition for the enhanced oil recovery (EOR)-WAG process is
proposed.
The results indicate that, the equilibrium IFT data of the carbonated brine–crude oil system is lower

compared to that of the brine–crude oil system at the same conditions. The interfacial tension of the
carbonated brine–crude oil system decreases significantly at higher pressures. In addition to IFT
reduction due to the presence of CO2 in water, oil swelling was also observed. In this experimental work,
the dynamic oil swelling was monitored as a function of time. The IFT data of the above systems were also
used to estimate the spreading coefficient as a function of pressure at both temperature conditions. The
estimated spreading coefficient data for the brine/crude oil/CO2 and carbonated brine/crude oil/CO2

systems, indicates that the presence of CO2 in the brine phase, makes the spreading coefficient positive,
while this parameter in the brine/oil/CO2 system is negative. This means that oil would be spread on the
water phase during carbonated water alternating CO2 injection that consequently could further enhance
oil recovery.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Different stages of oil recovery are categorized into three peri-
ods of primary, secondary and tertiary. Primary production arises
from natural reservoir pressure. Recovery factor of this stage
depends to the reservoir rock properties, the oil viscosity, and
the reservoir pressure. When oil production rate during primary
stage is not economical, secondary recovery stage starts. At the
secondary recovery stage, water or gas is injected into the reservoir
to keep and build up the pressure. However, the recovery factor
after primary and secondary stages is about 30–50%. It means that

about two third of the original oil in place is trapped and remains
unrecovered due to the balance of capillary and viscous forces. To
produce the trapped oil phase enhanced oil recovery (EOR) tech-
niques are suggested and applied [1,2]. In this regard, extensive
laboratory studies and field applications of water alternating gas
injection (WAGI), cyclic injection of carbonated water (CW) and
CO2, carbon dioxide-EOR processes to investigate the potential of
carbonated water injection as an injection method for improved
oil recovery and CO2 storage have been performed [3–8]. Storing
carbon dioxide underground is being considered as a promising
sequestration technology for mitigating greenhouse gas emissions
[9–11]. In CO2-EOR and CO2 storage processes, the interfacial
tension phenomenon could strongly affect fluids (i.e. crude oil,
reservoir brine and CO2) distribution, and flow behavior within
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reservoir at high pressure conditions [12,13]. Two main mecha-
nisms of oil recovery that occur in the carbonated water injection
(CWI) process include swelling and coalescence of trapped oil and
the oil viscosity reduction as a result of diffusion and segregation of
CO2 from carbonated water into oil [5]. The interfacial tension
reduction can also be the other positive effect of CWI compared
to water injection (WI) process in the oil reservoir [14]. Further-
more, the interfacial properties of the crude oil, brine and CO2 sys-
tem vary significantly after CO2 injection at reservoir conditions.
Thus, it is of basic and operational importance to investigate the
interfacial tension phenomenon carefully in the crude oil–brine–
CO2 systems at high pressure and high temperature conditions.
Among several presented techniques for measuring the interfacial
tension (IFT), the pendant/rising drop method is probably one of
the best techniques for estimating the IFT at high pressure and
temperature conditions (i.e. at reservoir conditions). For the first
time this technique was used by Jennings Jr to estimate the inter-
facial tension by taking images a pendant drop and then estimating
the drop diameters [15–17]. Moreover, when the density differ-
ence of the two phases is very small (e.g. about 0.01 g cm�3), then
the pendant/rising drop method cannot be applied to determine
the IFT [17]. Recently, this technique has been significantly devel-
oped and is widely used to estimate the IFT data. Different research
groups used this technique to determine IFT values for different
fluid systems: the IFTs of the n-paraffin-CO2 systems [18–23], the
systems of synthetic oil–CO2, the systems of live crude oil–CO2

[24,25], the systems of crude oil–CO2 [14,26,27], the systems of
n-paraffin-water/brine [28,29], the systems of crude oil–brine
[14,30,31] and the water–CO2 systems [14,32,33]. Recently, the
axisymmetric drop shape analysis (ADSA) technique for the pen-
dant drop method is known as a new advanced method for mea-
suring the interfacial tension. ADSA technique was initially
developed by several researchers [34], and was further improved
by another team [35]. With compared to the other methods, accu-
racy of the ADSA technique for the pendant/rising drop method has
been approved for the interfacial tension estimation [36,37]. In this
work, by estimating spreading coefficient of the crude oil–brine
(carbonated brine)-CO2 systems an optimum condition for the
EOR-WAG/CWAG processes is determined.

Riazi et al. using micromodel experiments investigated the
effect of carbonated water injection (CWI) instead of water injec-
tion (WI) prior to carbon dioxide injection (CO2I) on oil displace-
ment mechanisms and recovery. According to their results
carbonated water makes the Glassy micromodel more water wet.
Moreover, they observed that CO2 flooding performances after
WI and CWI are different. That was, the injection of carbon dioxide
after CWI recovered more oil compared to that after WI [5,38]. The
proposed mechanism for the higher performance of CO2I in the for-
mer process was due to the existence of a continuous oil film
between the water and the displacing CO2 phases.

The main objective of the present work is to describe how the
brine/carbonated brine (CB)-CO2 IFT, brine/carbonated brine–oil
IFT, CO2–oil IFT data can be used on optimization of CWAG pro-
cess. To study the effect of pressure on IFT of oil, gas and brine
systems, the experimental results were utilized. Finally, based on
the experimental results, the ability of the oil phase to spread on
water in the presence of CO2 gas was investigated. These results
were also applied to discover an optimum flooding pressure con-
ditions for trapped oil saturation assessment after water and gas
displacement process of an Iranian oil reservoir. Spreading coef-
ficient (SC) is defined for water–oil–gas system, as the ability of
the oil phase to spread as a thin film between the water–gas
phases. This phenomenon (i.e., spreading of crude oil phase)
occurs in water-wet rocks when spreading coefficient is positive.
Spreading coefficient (SC) is estimated by the following
equation:

SC ¼ cCO2�W � ðcO�W þ cCO2�OÞ ð1Þ

where SC is the spreading coefficient, cCO2–W, cCO2–O and cO–W are
IFT of CO2/water, CO2/oil and oil/water systems, respectively.

Spreading coefficient is usually used to describe the physically
and chemically interactions between different fluids. It can be
either positive or negative depending on the composition of fluids
in-place and the reservoir pressure and temperature conditions
[39]. Spreading coefficient would also determine the nature of dis-
tribution of the water, oil and gas within the reservoir rock pores.
Thus, it can be a key factor in gas/water/oil relative flow behaviors
and determining the additional oil recovery [40,41]. The oil recov-
ery and efficiency of an EOR process depends on the spreading
coefficient and wettability of the porous medium. In this work,
spreading coefficient is estimated for a three phase system.

Oren et al. [39,42] using the three fluids of air, refined oil and
distilled water investigated the spreading coefficient in porous
rocks with different wettability conditions. They concluded that
in a water-wet system, oil recovery for the SC > 0 was significantly
higher compared to that for the case when the SC < 0; whereas the
oil-wet system displayed an opposite trend.

In addition, Vizika and Lombard [43] using gravity drainage
experiments studied the spreading and non-spreading conditions
in three systems of water-wet, oil-wet and fractionally-wet. Their
results indicated that the highest oil recoveries were obtained for
positive value of SC and water-wet or fractionally-wet conditions.
The lowest oil recovery was obtained for negative values of SC and
the water-wet system.

In another experimental work, Sharma and Filoco [44] studied
the effect of spreading coefficient on the residual oil saturation.
They performed the drainage tests with samples the air, brine
(NaCl) and decane/dodecene on the water-wet Berea sandstone
core. A small amount of iso-butanol was added to the brine phase
aiming to change the initial spreading coefficient from positive to
negative. Their results indicated that the positive spreading coeffi-
cient (SC = 5.5) results in a very low remaining oil saturation com-
pared to the negative SC (SC = �4.1).

When the SC is positive, the oil phase will spread between the
water and gas phases. Hence, oil would easily flow within the por-
ous medium during the course of immiscible gas injection. The film
continuity of oil favors the hydraulic stability of the oil phase that
results on more oil recovery and hence reduces the trapped oil sat-
uration [45].

In the case of the negative spreading coefficient value, oil would
be trapped within the pore space as a lens of static oil on the water
phase. Since, the oil does not have the ability to spread under neg-
ative spreading coefficient conditions in a water wet rock sample.
Therefore, the water phase may flow and bypass the oil and finally,
a higher trapped oil saturation be left behind [46]. The precise IFT
estimation is also important for evaluating the oil production per-
formance of a fractured reservoir [47]. One of the most important
oil production mechanisms in fractured reservoirs, is gravity drai-
nage [43,48,49]. The distribution and displacement of reservoir flu-
ids in the pores are mainly affected by capillary forces, which
depend on interfacial properties of the rock and fluids (i.e. the rock
wettability and fluids IFT) [46,50].

Amin and Smith [46] measured the IFT of three systems of
methane against the pentane, heptane and n-decane by applying
the pendant drop method at different pressure and temperature
conditions. Using IFT measurements, they reported the spreading
coefficient (SC) values for a crude oil/brine/gas system at reservoir
conditions. They also observed a negative SC value at pressures
higher than 20.68 MPa. Thus, they suggested that operating pres-
sure for EOR process should be performed below 20.68 MPa,
because the spreading coefficient values are positive at pressures
lower than this pressure. In this experimental work, the IFT
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