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Introduction

Carbonate rocks are one of the main formations of
petroleum reservoirs worldwide [1]. These reservoirs
are often characterized by high fracture and oil-wet
matrix. Unfortunately, in such reservoirs, the recovery
rate does not exceed 30%. The injection of water
through such reservoirs passes through the fracture
network and pushes the oil inside the fracture due to
their higher permeability [1,2]. Low salinity water-
flooding is a new way to increase the recovery of
carbonate reservoirs by modifying capillary pressure
and surface wettability [3].

Regarding the initial water saturation, there are not
any systematic studies to investigate its impact on
the oil recovery in carbonate rocks, and even in some
literature, no consistency can be observed. Zaeri et al
concluded that the connate water saturation might have
a positive and negative effect on oil recovery based on
its amount and rock permeability [4]. In contrast, Tang
and Firoozabadi have shown that the impact of initial
water saturation on oil recovery depends on wettability
[5]. Many studies have shown that temperature also
has a crucial role in improving oil recovery from
carbonate reservoirs during low salinity water
injection [6,7]. In fact, by elevating the temperature,
the system wettability shifts toward water-wetness
through increasing the activity of divalent ions. In
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other words, the sulfate ions become more active as
the temperature rises, lowering the negative charge for
Mg** and Ca™to come closer to the carbonate surface
and establish complex with carboxylic groups in oil
[7]. Wettability alteration mechanism can affect the
distribution of fluid saturations, residual oil saturation,
relative permeability and capillary pressure curves [§].
Therefore, by observing the changes in these curves as
a tool, this mechanism can be investigated during low
salinity water flooding [9-11].

In this paper, the effects of initial water saturation
and temperature on oil recovery from carbonate cores
were investigated. To evaluate the capability of low
salinity and smart water in the imbibition process, the
spontaneous imbibition experiments were examined
at the ambient conditions, and then core flooding
experiments were conducted at different temperatures
to investigate the forced displacement process. In the
final stage, relative permeability and capillary pressure
curves were measured to confirm the potential of smart
water to modify the system’s wettability.

Materials and Methods

One limestone whole core was taken from Asmari
formation from one of the southwest Iranian oil
reservoirs and two core plugs, labeled S6 and S72, were
drilled from the whole core for conducting experiments.
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The basic properties, porosity, permeability, and initial
water saturation of these core plugs are listed in Table
1. X-ray diffraction (XRD) analysis revealed that
the dominated lithology of the whole core is calcite.
The total acid number (TAN) was determined by the
Mettler Toledo DL50 apparatus using the ASTM D664
method. The TAN of the oil sample was measured to

Table 1 Properties of two limestone cores.

be 2.66 mg of KOH/g. In this study, three different
brines, including synthetic formation water (FW),
Karun River water (KRW), and smart water (SW)
were used as aqueous phases. Table 2 presents the ion
concentration of these brines. For preparing the SW,
KRW ion concentration was adjusted by adding two
salts of MgSO,.7H,O and Na,S O,.5H.O.

Core Number Length(mm) Diameter(mm) Porosity(%) Permeability(mD) | S (%)
S6 50.72 37.45 23.88 2.951 40
S72 50.90 37.58 17.09 7.545 15

Table 2 Ion concentration of synthetic formation water (FW), Karun River water (KRW), and smart water (SW).

ions FW (ppm) KRW (ppm) SW (ppm)
Na* 76538.4 119.9 248.59

K" 1670 55 55

Ca™? 8000 46 46

Mg*™ 486 47.39 94.78

Fe 89.6 0.07 0.07

Crl 134900 195.35 0

SO,? 470 240 960
HCO; 244 141.5 141.5
TDS 223000 960 1545.9

Results and Discussion
Effect of S, ,

The result shows that more oil is produced from the
core with the higher initial water saturation after
contacting KRW and SW (Figure 1). It seems that
the initial water in the rock acts as a bridge, thereby
increasing the more contact of oil-containing pores
with the brines. When initial water saturation increases,
the interactions between ions in brines and rock rise,
causing the absorption of sulfate ions to increase. This
leads to the rock wettability alteration towards water-
wetness, resulting in more oil production.
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Fig. 1 Spontaneous imbibition recoveries at different initial
water saturation.

It can also observed that there is a delay in oil recovery
(induction time) for both low and high initial water
saturation. The oil production from the cores was equal to
zero for one day, and then until the sixth day, the difference

in recovery was about a small amount of 0.02% for the
core with S _=0.4. This induction time indicates that the
multi-ion exchange between oil/brine/rock has been a time-
consuming process. The presence of different initial water
saturations has not had a considerable effect on accelerating
this process and the spontaneous imbibition, at least during
the early stages of production. The observations of this
study regarding the delay in the onset of oil production in
the case of mixed-wet and oil-wet rocks were in line with
the reports by others [4,12]. However, such a delay at the
start of the spontaneous imbibition experiments was not
observed by Yu et al. for different initial water saturation
in chalk samples [13].

Effect of Temperature

Figure 2 illustrates the oil recovery and pressure drop
during secondary and tertiary injection by low salinity
water (LSW) and smart water at temperatures of 80 °C
and 105 °C. By injecting 3.36 PV of Karun water, about
22.66% original oil in place (OOIP) was obtained at
a temperature of 800C (Figure 2a). Injection of LSW
disrupts the ionic balance of the system, which causes
more carboxylic acid groups to dissolve in the water,
thereby reducing the likelihood of adsorption of these
groups to the calcite surface.

The results reveal that by increasing the temperature,
25% additional oil was produced from the core during
the secondary injection with KRW (Figure 2b). This
significant increase in oil could possibly indicate a
change in rock wettability to more water-wetness.
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Fig. 2 Recovery factor versus pore volume injected at tem-
peratures of (a) 80 oC and (b) 105 °C.

The wettability alteration in carbonate rocks toward
water wet with increasing temperature has also been
confirmed in other observations. It is worth noting that
the high oil recovery during the secondary injection in
both flooding experiments is probably due to the better
performance of the LSW injection in displacing the oil
phase with a high acid number, which is also proved in
the observations of Yutani et al [14].

In the SW injection phase, 9.37% of additional oil was
produced at the temperature of 105 °C, so the ultimate
oil recovery reaches 57.47%. It seems that sulfate ions
adhere to positively charged calcite ions when their
concentrations are high in brine which leads to the
wettability alteration occurring through the separation
of carboxylic acids by magnesium ions and replacing
them with sulfate ions.

Effect of SW on Relative Permeability and Capillary
Pressure Curves

The relative permeability of each fluid had changed
when the SW was injected at the ambient conditions
(Figure 3). With the injection of SW, the oil relative
permeability curve has shifted to the right, and its
corresponding values in each specific water saturation
have increased compared to oil relative permeability
during KRW injection. The increase in relative
oil permeability and the decrease in relative water
permeability confirm that wettability alteration occurs
due to ion exchange between sulfate and magnesium
ions existing in SW and rock/crude oil system. As can

be seen in Figure 3, the amount of residual oil saturation
has changed from 0.3 to 0.143 for the injection of SW.
In addition, the crossover point of water and oil relative
permeability curves in KRW/synthesized oil and SW/
synthesized oil systems shows the water saturations of
0.62 and 0.7, respectively.
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Fig. 3 Relative permeability curves for KRW and SW flood-
ing.

Figure 4 shows the capillary pressure curves as a function
of water saturation in the brine-oil system for both KRW
and SW. The result shows that the capillary pressure
increases and residual oil saturation decreases due to the
change in wettability by SW. In general, on a macroscopic
scale, the changes in wettability towards water wetness
caused by LSW are represented through the upward shift
in the capillary pressure curve, such that the capillary
pressure disappears at higher saturations [ 15].
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Fig. 4 Capillary pressure curves for KRW and SW flooding.

Conclusions

In the present study, the effects of initial water saturation
on spontaneous imbibition, temperatures on forced
displacement flooding, and relative permeability and
capillary pressure curves were investigated. The main
conclusions drawn from this work are as follow:

* Higher initial water saturation in the carbonate core
causes the oil recovery enhancement through the
imbibition process.

* The induction time was observed for both high
and low initial water saturations during spontaneous
imbibition of LSW.

* By Increasing the temperature, the oil recovery was
improved significantly in the secondary flooding,
which can be attributed to the high TAN of oil sample
and also the ion exchange mechanism, leading to
wettability alteration mechanism.
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* The relative permeability and capillary pressure
curves confirm the wettability alteration mechanism
by SW injection.
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