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Abstract

Most fractured carbonate oil reservoirs have oil-wet rocks. Therefore, the process of imbibing water from the fractures into
the matrix is usually poor or basically does not exist due to negative capillary pressure. To achieve appropriate ultimate oil
recovery in these reservoirs, a water-based enhanced oil recovery method must be capable of altering the wettability of matrix
blocks. Previous studies showed that carbonated water can alter wettability of carbonate oil-wet rocks toward less oil-wet
or neutral wettability conditions, but the degree of modification is not high enough to allow water to imbibe spontaneously
into the matrix blocks at an effective rate. In this study, we manipulated carbonated brine chemistry to enhance its wettabil-
ity alteration features and hence to improve water imbibition rate and ultimate oil recovery upon spontaneous imbibition in
dolomite rocks. First, the contact angle and interfacial tension (IFT) of brine/crude oil systems were measured for several
synthetic brine samples with different compositions. Thereafter, two solutions with a significant difference in WAI (wettabil-
ity alteration index) but approximately equal brine/oil IFT were chosen for spontaneous imbibition experiments. In the next
step, spontaneous imbibition experiments at ambient and high pressures were conducted to evaluate the ability of carbonated
smart water in enhancing the spontaneous imbibition rate and ultimate oil recovery in dolomite rocks. Experimental results
showed that an appropriate adjustment of the imbibition brine (i.e., carbonated smart water) chemistry improves imbibition
rate of carbonated water in oil-wet dolomite rocks as well as the ultimate oil recovery.

Keywords Spontaneous imbibition - Carbonated smart water - Wettability alteration - Enhanced oil recovery - Dolomite
rocks

1 Introduction

Reservoir rock in naturally fractured oil reservoirs consists
of two regions with different permeabilities, namely matrix
blocks and the fracture network. Oil recovery in these reser-
voirs strongly depends on the interaction between high con-
ductive fractures and low conductive matrix blocks (Nelson
2001; Haugen 2010; Sahimi 2011).
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Three major forces control the drainage of oil from matrix
blocks: capillary force, gravity force, and viscous force. Dur-
ing waterflooding, injection water tends to flow quickly into
the fractures and bypass the matrix blocks. Preferential flow
of water through the fracture network causes a limited dif-
ferential pressure across the reservoir that results in weak
viscous forces for oil production. This leads to poor sweep
efficiency and low oil recovery (Guo et al. 1998; Narr et al.
2006; Seyyedi and Sohrabi 2015). However, the two other
forces, i.e., gravity and capillary, could be effective depend-
ing on the properties of the rock and fluids (i.e., the injec-
tion water and the reservoir oil) such as wettability of the
rock, water/oil IFT, and the density difference between the
displacing and displaced fluids.

In water-wet fractured reservoirs, water is the wetting
phase; therefore, the capillary force would be a productive
force to bring water spontaneously into the matrix (i.e.,
spontaneous imbibition) and expel the oil from the matrix
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into the fracture network. In such reservoirs, if there is a
high-pressure high-rate water injection or a strong aquifer,
the matrix oil could also, to some extent, be produced by
force imbibition.

In oil-wet naturally fractured reservoirs, water is the non-
wetting phase; therefore, the capillary force would be an
unproductive force. However, gravity and to some extent
viscous forces can be effective in oil production from matrix
blocks. The lower the capillary force is, the more oil will
be produced from the matrix. In addition, when an oil-wet
reservoir is subjected to waterflooding and/or in the pres-
ence of a strong supporting aquifer, the mechanism of force
imbibition would drive out the oil from the matrix blocks
into the fracture network.

Previous field studies revealed that the process of imbib-
ing water from the fractures into the matrix is one of the
main oil recovery mechanisms in naturally fractured reser-
voirs (Bourbiaux and Kalaydjian 1990; Hirasaki and Zhang
2004; Narr et al. 2006). Imbibition, which is assisted by
capillary and gravity forces, is known as a slow process.
For naturally fractured oil reservoirs in which matrix oil is
mainly produced by an imbibition mechanism, oil produc-
tion is small because of the oil-wet nature of matrix blocks
(Bourbiaux and Kalaydjian 1990; Babadagli 2003; Narr
et al. 2006). In such reservoirs, water spontaneous imbibition
is extremely slow or does not occur because of negative cap-
illary pressure. However, force imbibition, if it exists, and/or
gravity drainage, if the size of matrix blocks is appropriately
high, would cause an improvement in oil production (Hira-
saki and Zhang 2004). Therefore, for those oil-wet naturally
fractured reservoirs where there is not enough pressure gra-
dient across the matrix blocks to cause force imbibition of
water into the matrix or viscous displacement of matrix oil,
and also there is not enough gravity force to expel oil from
matrix blocks, it would be necessary to alter the wettabil-
ity of the matrix rock into a water-wet condition in order to
improve the spontaneous imbibition rate. Hence, during a
water-based EOR process in naturally fractured oil reser-
voirs with oil-wet rocks, injection water should be able to
alter the rock wettability to water-wet conditions to achieve
an appropriate ultimate oil recovery.

Wettability alteration of rock surfaces toward water-wet
conditions would increase capillary forces, and injection
water would imbibe more quickly into the rock (Standnes
and Austad 2000a, b; Hirasaki and Zhang 2004; Meng et al.
2018; Pal et al. 2018).

The effectiveness of carbonated water (CW) in improv-
ing the water spontaneous imbibition rate and oil recovery
in sandstone and limestone rocks has been shown in several
studies (Grape 1990; Perez et al. 1992; Sohrabi et al. 2008,
2009, 2011; Fjelde et al. 2011; Seyyedi and Sohrabi 2015).
According to these studies, the main mechanisms through
which carbonated water enhances oil recovery in carbonate
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rocks are: (1) wettability alteration which occurs due to the
synergic effect of mineral dissolution and potential deter-
mining ions, (2) oil swelling, (3) oil viscosity reduction, and
(4) oil/brine IFT reduction.

It has been proven previously that the carbonated water
is capable of dissolving limestone and dolomite minerals
and detaching the oil aggregates from rock surfaces which
leads to changes in wettability of carbonate rocks from oil-
wet to neutral conditions (Shiraki and Dunn 2000; Oelkers
et al. 2008; Seyyedi et al. 2015; Abbaszadeh et al. 2016).
However, wettability alteration toward neutral is not enough
to achieve the proper rate of water spontaneous imbibition.

In recent years, there has been growing interest in smart
water injection as an effective method in wettability altera-
tion and improving spontaneous imbibition rate. Smart
water is a brine with modified composition that changes
the interfacial properties of the fluids and rock—fluid inter-
faces. Wettability altered by smart water is described as a
symbiotic interaction between the potential determining
ions Ca?*, Mg?*, and SO,*>~ and the adsorbed carboxylic
organic materials on the carbonate surface (Fathi et al. 2012;
Shariatpanahi et al. 2016). This mechanism of wettability
alteration has been previously observed in chalk, limestone
and dolomite cores (Strand et al. 2006; Zhang et al. 2007,
Fathi et al. 2010; Shariatpanahi et al. 2016).

Beside the wettability alteration aspect of smart water, it
does not reduce water—oil interfacial tension significantly
(Manshad et al. 2016), which is imperative for having a
strong capillary force and as a result an effective rate of
spontaneous imbibition of water into the matrix.

In this study, we made an attempt to investigate the poten-
tial of smart water for improving the wettability alteration
feature of carbonated water to enhance its spontaneous imbi-
bition rate in dolomite rocks. To achieve this purpose, first,
the contact angle and interfacial tension (IFT) of crude oil/
brine systems were measured for several synthetic brine
samples with different compositions. The compositions of
the solutions were determined so that they contained all the
important divalent ions for wettability alteration which are
commonly found in injection brines (e.g., Ca**, Mg?*, and
SO42_). Thereafter, two solutions with a significant differ-
ence in WAI (wettability alteration index) but approximately
equal brine/oil IFT were chosen as imbibing solutions to
investigate the effect of wettability alteration on spontaneous
imbibition in the same IFTs. In the next step, spontaneous
imbibition experiments at ambient pressure and high pres-
sure were conducted to evaluate the ability of carbonated
smart water in enhancing spontaneous imbibition rate and
the ultimate oil recovery in dolomite rocks.
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Table 1 Properties of the utilized crude oil at atmospheric pressure and 75 °F

Density, g/cm? Viscosity, cP API gravity, °API

SARA composition, wt%

Saturates Aromatics Resins Asphaltenes
0.9376 97 19.54 43.5 35.6 12.9 8.0
Table 2 Composition of the formation brine and the Persian Gulf (PG) water
Fluid Composition, ppm Total dissolved
solids (TDS),

Na* and K* cr Ca?* Mg S0, HCO," pprln (TDS)
Synthetic formation brine 30,262 57,317 3317 1935 853 37 93,721
Persian Gulf (PG) water 14,544 23,000 520 1500 3100 24 41,359

2 Materials and methods
2.1 Fluid properties

In this study, crude oil used was obtained from an Iranian
oil field. Table 1 lists its physical properties and the results
of SARA (saturates, aromatics, resins, and asphaltenes)
analysis.

Synthetic brine with a pH of 5.9 was used as the for-
mation water for saturating all the core plugs used in this
study. The brine was prepared to match the composition of
the formation brine of the oil field from where the crude
oil sample was taken. Table 2 shows the composition of
the synthetic formation brine.

Different imbibing brine solutions (i.e., smart solutions)
used in this study were prepared by dissolving MgSO,,
CaCl,, and NaCl in distilled water based on the designed
concentrations as will be explained in Sect. 2.3.1. For
comparison, we also used Persian Gulf (PG) water with
a pH of 6.3 as the imbibing brine in several spontaneous
imbibition experiments. Table 2 shows the composition of
the utilized PG water. Carbonated solutions were then pre-
pared by dissolving carbon dioxide gas in smart water and
seawater at a high pressure using the procedure described
in Sect. 2.3.4.

2.2 Core properties

Several core plugs, taken from a carbonate outcrop rock,
were used for ambient and high-pressure imbibition exper-
iments and also for preparing thin sections utilized in con-
tact angle measurements. As shown in Table 3 and Fig. 1,
the X-ray diffraction (XRD) analysis of this rock shows
that about 98% of the rock was dolomite (CaMg(CO3),).

Table 3 Results of X-ray diffraction analysis of the rock sample using
X’Pert 3.0 software

Compound name Chemical formula Approximate

quantity, wt%

Dolomite Ca; 49 Mg3 .09 Ce.00 O18.00 98
Magnesite Mg; g9 Cds3 09 Ce.00 O13.00 2
Peak list
Rock sample

96-900-3514, Calcium magnesium carbonate; dolomite

i H \’\‘ [T

T T T T T
20 40 50 60 70 80 90

Position 26, degrees

Fig.1 Comparison of diffraction peaks of the rock sample and the
standard dolomite. The XRD tests show that the rock is very largely
dolomite

Table 4 shows the physical properties and dimensions
of the core plugs used in atmospheric and high-pressure
imbibition experiments. The porosity and permeability
values of the core plugs were measured using a helium gas
expansion porosimeter (GREBE 32351, VINCI, France)
and a gas permeameter (Coreval 700, VINCI, France). In
Table 4, the residual brine saturation after oil flooding,

Syi» 18 also reported.
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Table 4 Properties of the core plugs

Core plug ID Experiment ID Length, mm Diameter, mm Porosity, % Absolute perme- Pore volume, mm?® Sois %
ability, mD
C, A} 53.34 38.35 18.03 26 78,448 19.3
C, A, 49.53 38.61 19.13 32 73,835 23.3
C, A, 50.29 38.10 18.27 26 73,001 224
Cy A, 51.56 38.12 20.61 29 74,923 247
Cs Ag 50.55 38.58 19.05 24 75,239 33.1
Cs H 51.54 38.60 22.81 31 76,792 27.3
C, H, 51.31 38.36 23.04 34 75,502 31.3
Cq H, 51.26 38.44 20.42 28 75,743 29.5
Cy H, 52.07 38.23 21.61 30 76,102 32.3

*A: atmospheric spontaneous imbibition experiments **H: high-pressure spontaneous imbibition experiments

2.3 Methodology
2.3.1 Test design and solution preparation

A key factor for analyzing the effect of different variables
and investigating their interactive effect in an experimen-
tal study is to design the experimental conditions properly.
Experimental design techniques offer a smaller number of
experiments compared to the full factorial design. This is
effective in reducing both the experimental time and cost.
In this work, Design Expert software (version 7.0, Stat-Ease
Inc.) was employed to determine the experimental condi-
tions for evaluating the effect of the type and concentra-
tion of potential ions on wettability alteration and IFT. The
design was performed at three levels of total dissolved sol-
ids (TDS), i.e., 2000, 5000 and 7000 ppm. Three criteria
were considered to choose the total salinity of the imbibition
brine:

1. This is the salinity range in which effective results of
wettability alteration in carbonate rocks have been
reported in the literature (Al-Rossies et al. 2010; Rashid
et al. 2015).

2. In this salinity range, oil/brine IFT reduction is not
intense (Lashkarbolooki et al. 2014a, b).

3. This is the salinity range in which a reduction in CO,
solubility in water is not severe. As the CO, solubility in
water reduces, the strength of CW for wettability altera-
tion, oil swelling, and viscosity reduction reduces (Riazi
et al. 2009). At higher total salinities, the carbon dioxide
solubility reduces significantly (Weiss 1974; Scharlin
1996).

The conditions of 12 designed experiments with TDS of
7000 ppm are shown in Table 5. For the other two total
salinities of 5000 and 2000 ppm, the experiments are similar
and are not shown for the sake of brevity.
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Table 5 Experimental conditions designed by Design Expert 7.0,
showing the concentration of different ions in the synthetic brine at a
total salinity of 7000 ppm

Solution Ton concentration, mol/L

mmber o2 ot Mg Nat ar

1 0.000 0.000 0.000 0.120 0.120
2 0.000 0.014 0.000 0.094 0.121
3 0.000 0.009 0.029 0.055 0.131
4 0.000 0.025 0.001 0.073 0.122
5 0.047 0.000 0.000 0.100 0.005
6 0.015 0.000 0.019 0.082 0.089
7 0.014 0.000 0.051 0.037 0.104
8 0.020 0.011 0.000 0.090 0.072
9 0.000 0.000 0.063 0.006 0.146
10 0.023 0.005 0.032 0.048 0.076
11 0.029 0.024 0.000 0.061 0.051
12 0.001 0.021 0.046 0.004 0.137

2.3.2 IFT and contact angle measurements

Contact angle measurements were performed using several
thin sections cut from eight core plugs after these thin sec-
tions were completely saturated with the synthetic forma-
tion brine. To assess the extent of wettability alteration,
first, the contact angle of a clean brine-saturated thin sec-
tion (i.e., 6;,,,;) Was measured using a drop shape analysis
device (DSA-100, Kriiss, Germany). The measurement was
repeated four times at different positions on the thin sec-
tion using distilled water and crude oil as the fluid pair. The
average of four measured contact angles was reported as the
initial contact angle.

Then, all thin sections were put in crude oil and aged
for 1000 h at 158 °F to reach completely oil-wet conditions
(Seyyedi and Sohrabi 2015; Seyyedi et al. 2015). After aging
treatment, to ensure the accurate measurement of the contact



Petroleum Science

angle on oil-wet thin sections, the bulk oil was removed from
the surface of all thin sections by centrifuging at 3000 rpm
for 20 min using a centrifuge tube filled with distilled water.
Then, the contact angle measurement was conducted four
times and the average was reported as 6,,.4. Figure 2 shows
pictures of the aged and unaged thin sections.

In the next step, the oil drops, which were previously
used to measure contact angle, were removed from the rock
surface by centrifuging thin sections with the same proce-
dure employed before. Each aged sample was then soaked
for 55 h in different brine solutions with the compositions
shown in Table 5; then, the altered contact angle (6,creq) Was
measured using the desired brine solution and crude oil as
the fluid pair. Finally, to determine the extent of wettability
alteration, the wettability alteration index (WAI) was calcu-
lated for each solution using Eq. (1) (Sheng 2013):

gaged - ealtered |

Haged ~ Yinitial

WAI =

In addition, a series of IFT tests were performed using
the DSA-100 device to evaluate the interfacial tension
between oil and different brine solutions with a precision of
0.01 mN/m. Solutions that give maximum wettability altera-
tion and minimum IFT reduction could be proper candidates
for spontaneous imbibition experiments. For water to initiate
imbibing into the rock spontaneously, it is necessary to alter
the rock wettability to water-wet conditions to get positive
capillary forces. On the other hand, IFT should not decrease
severely to have enough capillary force and as a result pow-
erful spontaneous imbibition. Therefore, in this study, the
solution with the highest WAI and IFT value (called SH
solution) was chosen as the solution that was expected to
have the best return in spontaneous imbibition experiments.
Also, another solution with almost the same IFT value but
with a much lower WAI value (named SL solution) was
chosen to compare its performance with the SH solution in
spontaneous imbibition experiments.

cm
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Fig.2 Photographs of unaged (left) and aged (right) thin sections

2.3.3 Ambient pressure spontaneous imbibition of brine

After the core samples were cleaned, their pore volume,
porosity, and absolute permeability were measured. Then,
the core plugs were completely saturated with synthetic
formation brine (Table 2), and the initial water saturation
(S, condition was established by injecting crude oil into
the brine-saturated cores. After that, ambient pressure spon-
taneous imbibition experiments were performed at 104 °F
using conventional spontaneous imbibition cells made of
glass. The reason for choosing this temperature was to keep
the experimental conditions near ambient and also to ensure
that a constant temperature is maintained by an oven during
the imbibition experiments.

The imbibition brines used in these experiments included
three solutions: (a) the solution with the maximum wettabil-
ity alteration toward water wetness and with the small IFT
reduction, (b) the solution with approximately equal IFT
to the IFT of the solution in part (a) but with lower ability
in wettability alteration (lower WAI), and (c) Persian Gulf
(PG) water.

2.3.4 High-pressure spontaneous imbibition of CW

High-pressure spontaneous imbibition experiments were
performed to evaluate the effects of dissolved CO, on the
imbibition rate of water and also the effects of smart water on
imbibition of CW. Imbibition brine solutions were selected
based on the IFT and contact angle results with the details
explained in the next section, and then the carbonated form
of these brine solutions was also used as imbibition brine
in the high-pressure spontaneous imbibition experiments.
Carbonated water solutions used in these experiments
were prepared by mixing brines with different compositions
and CO, with purity of 99.9% in a rocking cell apparatus at
104 °F and 2000 psi. To reach equilibrium conditions, first
the brine solution was transferred into the rocking cell and
then CO, gas was injected into the cell to attain the desired
pressure by making a gas cap at the top of the solution.
Thereafter, the rocking cell was rotated to dissolve the gas
in the brine. Upon dissolving carbon dioxide, the cell pres-
sure reduces. Therefore, CO, gas was injected into the cell
at a very low rate until reaching the desired pressure again.
This process was repeated several times within at least 48 h
until no pressure drop occurred (which was the sign of equi-
librium conditions). The solubility of CO, in water is a func-
tion of pressure, temperature, and salinity. It increases with
increasing pressure, decreasing temperature, and decreasing
salinity. Figure 3 shows CO, solubility curves in freshwater
at different temperatures (Crawford et al. 1963; Holm 1963;
Jarrell et al. 2002) which could be adjusted to the salinity
of the brine using Fig. 4 (Johnson et al. 1952; Martin 1951;
Chang et al. 1996; Jarrell et al. 2002). The performance of
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spontaneous imbibition of CW is enhanced by increasing the
amount of dissolved CO, (Riazi 2011; Sohrabi et al. 2011);
thus, the imbibition of CW is expected to improve with
increasing pressure, decreasing temperature, and decreasing
brine salinity. As shown in Fig. 3, the CO, solubility sharply
increases with pressure up to about 2000 psi; however, above
this pressure, the solubility change is not very significant.
Therefore, in this study, the high-pressure spontaneous imbi-
bition experiments were conducted at 2000 psi, low salinities
(i.e., the total salinity under 10,000 ppm) and temperature of
104 °F as the optimum conditions based on CO, solubility
and operational considerations.

The conventional glass spontaneous imbibition cells that
were used for atmospheric pressure tests are not suitable
for high-pressure spontaneous imbibition tests. Therefore, a
special setup was designed to conduct high-pressure sponta-
neous imbibition experiments. As shown in Fig. 5, the setup
consists of a high-pressure injecting pump, a cylinder for
keeping and injecting CW solutions, an oven for providing
constant temperature during spontaneous imbibition tests,
a high-pressure imbibition cell to ensure that the imbibi-
tion occurs spontaneously by providing equal pressure all
around the core plug, a back-pressure regulator, and a fluid
separator.

For high-pressure spontaneous imbibition experiments,
first the core plug was placed in the imbibition cell and the
back-pressure regulator (BPR) was set at 2000 psi. Then,
the imbibing brine was injected from the bottom of the cell
until the first droplets of water came out of the BPR output to
ensure that the imbibition cell was completely filled with the
imbibing brine. The imbibition cell was designed so there is
a space between the inner part of the imbibition cell and the
core plug, and therefore, all surfaces of the core plug were in
contact with the brine when the brine was injected into the

Oven

Pump

Nitrogen cylinder

Water

(

Fig.5 High-pressure spontaneous imbibition setup
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cell. Due to the existence of this space that acts as a fracture
around a matrix block, there would be no resistance to the
injecting flow, and therefore the pressure gradient that can
lead to pushing the oil out from the core will not be applied
to the rock. At the time of sampling, the imbibing brine with
the volume of the space between the imbibition cell and the
core plug was injected into the cell and the outlet fluids were
collected. After removing the gas from the collected fluids,
oil and water were separated, and the amount of recovered
oil was measured. Taking samples was stopped when no
oil production was observed after at least 100 h of starting
the test.

3 Results and discussion
3.1 Results of contact angle and IFT measurements

The objective of this step was: (1) to find a brine solution
with maximum wettability alteration capacity, (2) to find a
solution with approximately equal solution/oil IFT, like the
one in the first step, but with lower wettability alteration
ability, and (3) to compare the performance of both solutions
in spontaneous imbibition experiments.

Figure 6 and Table 6 show the measured IFTs for all 36
brine solutions. With respect to IFT results, it was found
that for all brines, at the salinity range studied here, upon
increasing the total solution salinity, the oil/brine IFT
reduces. Moreover, at each salinity level, with increasing
concentration of divalent ions in the aqueous phase, the
brine/oil IFT decreases. This IFT reduction could be attrib-
uted to the higher tendency of natural surfactant molecules
(such as asphaltenes and resins) in crude oil to transfer into
the oil/brine interface at higher salinities and also at higher

40.00
2000 ppm @ 5000 ppm A 7000 ppm —— DW
g 35.00
€
E 30.00
= e * N
© . A
0]
T 25004 A . ¢ * ¢ y
4
o A ¢ .
A A
2 ¢ A A
‘= 20.00 A A A
o
A
15.00 T

Solution number

Fig.6 Measured brine/crude oil IFTs for solutions with different con-
centrations and salinities. DW line is the measured IFT for distilled
water/crude oil shown for comparison

concentrations of divalent ions when the total salinity is con-
stant (Lashkarbolooki et al. 2014a, b).

Figure 7 shows the calculated WAIs using Eq. (1) based
on the measured contact angles for all 36 brine solutions.
To discern the individual effect of TDS and brine composi-
tion on WAL, a factorial analysis of variance was performed.
p values of 6.01 x 10713 and 4.42x 10™* were obtained for
the solution type and TDS, respectively. The small p values
reveal that both factors significantly affect WAL However,
the results of this analysis indicate that the solution type
(brine composition) is more effective in altering the rock
wettability compared to TDS. Moreover, at almost all of
the levels of the total salinity, solutions 7, 9, 10, and 12
with a maximum concentration of potential determining ions
(i.e., Ca**, Mg>", and SO,*") showed the highest wettability
alteration. Previous studies showed potential determining
ions are capable of desorbing the adsorbed polar components
(i.e., carboxylates) from the rock surface (Strand et al. 2003,
2008; Zhang et al. 2007; Karimi et al. 2015). Among these
four solutions, solution 10 with a maximum concentration of
S0, resulted in the best wettability alteration. Adsorption
of negatively charged sulfate ions on the positively charged
dolomite surface reduces the positive charge of the dolomite.
Therefore, magnesium and calcium ions can get closer to the
rock surface and carboxylate groups are desorbed more eas-
ily by these ions (RezaeiDoust et al. 2009; Fathi et al. 2012;
Rashid et al. 2015).

Two solutions with approximately equal crude oil/brine
IFT but with a significant difference in wettability alteration
index were selected as the imbibition brines. Among the
solutions with a salinity of 5000 ppm, solution 10 with a
WAI of 0.93 and solution/crude oil IFT of 28.50 mN/m was
selected (this solution is called SH), and from the solutions
with a salinity of 2000 ppm, solution 8 with WAI of 0.52
and solution/crude oil IFT of 28.99 mN/m was chosen (this
solution is called SL).

3.2 Effect of wettability alteration on imbibition
rate and oil recovery

A spontaneous imbibition experiment for seawater showed
a relatively low ultimate oil recovery factor [2.6% OOIP
(original oil in place)] in the aged core, as shown in Fig. 8
(the green curve). This could be related to the relatively low
potential of seawater for altering the wettability of oil-wet
dolomite rock. Looking at the data of contact angles and
IFT shown in Table 6, it can be seen that seawater changed
the contact angle from 143° to 112° and the measured IFT
for seawater/crude oil was 34.20 mN/m. These results show
that seawater was not successful in altering wettability of
the core and promoting the imbibition rate (i.e., the appar-
ent slope of oil recovery curve). It should be noted that
since sampling of the outlet fluid from the imbibition cell is
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Table 6 Measured contact angles, calculated WAI, and measured IFTs for solutions with different salinities. Contact angles and IFTs were meas-
ured using crude oil as the drop phase and brine as the bulk phase

Total salinity, ~ Solution number O,itial» degree O,geq, degree O, 1ierea> degree Calculated WAI Measured solution/
ppm crude oil IFT, mN/m
2000 2000.1 43.6+1.1 1442+12 133.4+09 0.11 34.78
2000.2 46.8+1.2 143.1+£1.3 116.6+0.8 0.18 30.04
2000.3 452409 146.5+1.1 78.3+1.0 0.39 27.74
2000.4 450+14 140.4+0.7 105.6+1.1 0.30 28.64
2000.5 47612 1413+12 121.3+£1.2 0.15 31.15
2000.6 46.5+£1.0 1412+13 87.9+1.0 0.40 30.48
2000.7 46.7+1.3 143.5+1.0 58.2+0.6 0.78 31.84
2000.8 46.4+1.1 139.8+0.9 89.0+1.0 0.52 28.99
2000.9 458+14 139.9+0.6 55.6+£0.8 0.67 30.93
2000.10 47.5+0.9 1425+1.1 54.3+0.7 0.84 31.75
2000.11 45.0+1.1 1439+1.0 76.3+1.1 0.46 28.86
2000.12 476+1.3 142.6£0.8 67.6+£0.6 0.69 28.74
5000 5000.1 479+1.1 1453+1.2 132.9+0.8 0.13 29.10
5000.2 469+12 145614 118.5+£1.0 0.27 27.53
5000.3 473+£12 141.2+0.9 78.0+£1.2 0.67 21.79
5000.4 455+14 141.8+£0.9 106.7+1.1 0.36 23.71
5000.5 438+1.0 144.1+1.1 122.6+1.3 0.21 29.28
5000.6 45.1£0.5 141.2+0.7 87.1+£0.7 0.56 24.65
5000.7 48.1£1.2 140.5+0.8 59.1+£09 0.88 25.85
5000.8 453+1.5 146.6 1.2 91.5+0.8 0.54 24.90
5000.9 472+13 1432+1.1 57209 0.90 23.30
5000.10 46.2+1.1 143.3+1.0 532407 0.93 28.50
5000.11 459+1.0 1441+1.3 77.0+£09 0.68 25.78
5000.12 433+£12 139.9+0.8 63.6+1.0 0.79 24.03
7000 7000.1 46.5+1.1 144012 132.5+0.8 0.12 25.00
7000.2 42.8+1.1 139.3+£0.9 112.8+1.2 0.29 23.17
7000.3 442+1.0 139.7£1.0 75.4+1.0 0.74 16.49
7000.4 43112 143.6+1.2 107.0£1.1 0.30 19.35
7000.5 424+12 145014 123.1+1.3 0.23 24.97
7000.6 424+1.1 141312 85.6+0.9 0.51 21.47
7000.7 43.7+£0.6 1433+1.2 555+1.0 091 21.99
7000.8 441+13 1442+14 89.8+1.4 0.45 21.06
7000.9 43.6+1.0 142.8+1.3 539+12 0.83 20.26
7000.10 43.1£0.5 146.1+1.3 50.5+1.0 0.83 26.98
7000.11 42114 143.5+£0.9 742+1.3 0.58 22.05
7000.12 424+13 142.3+0.9 63.4+0.8 0.65 19.96

Contact angles and IFTs were measured using crude oil as the drop phase and brine as the bulk phase

carried out almost every 24 h or more, the amount of meas-
ured output oil is an average of the oil production within
this period and therefore, the actual imbibition rate within
this period (the time interval from one sample to another)
cannot be measured.

Spontaneous imbibition experiments were then per-
formed for SH, SL, and PG solutions to further evaluate
the effect of wettability on spontaneous imbibition. The
blue, orange, and green curves in Fig. 8 show the recovery

@ Springer

factors of the SH, SL, and PG solutions, respectively. The
core plugs used for these spontaneous imbibition experi-
ments were C,, C;, and Cs, respectively (with specifica-
tions shown in Table 4). Although the physical properties
of these core plugs were almost the same, for the solution
with greater WAI more oil recovery and a higher imbibi-
tion rate were achieved. These results reveal the impor-
tance of the wettability alteration during the spontaneous
imbibition process. In other words, for a good spontaneous
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Fig.7 Calculated wettability alteration index (WAI) for solutions
with different compositions and salinities
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Fig.8 Effect of brine composition on the spontaneous imbibition
recovery

imbibition rate and oil recovery, it is required that imbibi-
tion brine has the high potential to change wettability to
strongly water-wet conditions.

In general, there are two types of forces that mainly con-
trol the spontaneous imbibition of water into the core plug:
gravity and capillary forces. At first, when the core plug
is completely oil-wet and capillary forces are against the
spontaneous imbibition, solutions with higher IFT reduction
can decrease the amount of counterproductive forces (capil-
lary forces) and as a result, increase the productive forces
(productive force in this situation is gravity force) for spon-
taneous imbibition. In other words, when we have oil-wet
matrix blocks, we need to decrease the IFT to increase oil
production due to gravity forces. Therefore, as can be seen in
Fig. 8, for SL and SH solutions that can decrease IFT enough
when it is in oil-wet conditions, the initiation of production
of oil droplets could be observed at early stages. However,
for PG which is unable to decrease IFT enough, after about
50 h, when it reaches neutral or water-wet conditions and the

capillary forces turn to be productive, the first oil droplet can
be seen on the core wall.

3.3 Spontaneous imbibition of CO,-enriched brines

In this section, the results of spontaneous imbibition
experiments of plain and carbonated water (CO,-enriched)
solutions were compared. Figure 9 compares the oil recov-
ery results of the first atmospheric spontaneous imbibition
experiment and the first high-pressure spontaneous imbibi-
tion of carbonated water. These experiments were carried
out using core plugs of almost-identical physical proper-
ties (cores C, and Cg with specifications shown in Table 4).
In both experiments, the cores had been aged in crude oil
for 1000 h at 158 °F to allow their wettability to be natu-
rally changed to oil-wet conditions. In both experiments,
the spontaneous imbibition was carried out for solution 1
with a salinity of 2000 ppm which consisted only of Na*
and C1™. In the atmospheric experiment, the solution was
in contact with the aged core in a glass imbibition cell for
29 days; however, as shown in the blue line in Fig. 9, no
oil production was observed during this time. This result
indicates that the NaCl solution was unable to change the
wettability of the strongly oil-wet core; hence, spontane-
ous imbibition did not take place. In the high-pressure
experiment, a carbonated form of the former solution was
used as the imbibing brine. After approximately 5 days, oil
production started (the brown curve). The results show an
oil recovery of about 4% OOIP after about 18 days. This
low oil recovery compared to zero oil recovery of the plain
NaCl solution could be attributed to the ability of CW
to change the carbonate rock wettability from oil-wet to
neutral or weakly water-wet conditions through dissolution
of carbonate rock which leads to detaching carboxylate
groups from the rock surface because of its acidic power
(Seyyedi et al. 2015). This provides a positive capillary

—— Carbonated solution 1, TDS = 2000 ppm
5 | —®— Plain solution 1 (Nacl), TDS = 2000 ppm, WAI = 0.11, IFT = 34.78 mN/m

Recovery factor, % OOIP

500 600

Time, h

Fig.9 Spontaneous imbibition recovery curves, the effect of CW on
wettability alteration and spontaneous imbibition
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pressure and lets the CW imbibe into the core. Addition
of CO, to water would result in an acidic pH which can be
obtained by the following correlation:

1
KhKal 2
K o @

pH ~ 10g<10_14 +
H

where P, is the partial pressure of CO,, K, is the hydration
equilibrium constant, Kj; is Henry’s constant, and K, is the
dissociation constant (i.e., dissociation of carbonic acid into
bicarbonate) (Riazi 2011).

Previous studies also show that dissolved CO,, even at
low CO, partial pressure, can reduce the pH of the fully
saturated CW (Crawford et al. 1963; Ross 1982). The pH
value of carbonated water at a pressure of 2000 psi and
temperature of 104 °F is estimated to be around 3 accord-
ing to Eq. (2). This pH is low enough such that the solu-
tion can dissolve minerals of carbonate rocks and also
detach carboxylate groups from the rock surface (Seyyedi
and Sohrabi 2015; Seyyedi et al. 2015; Abbaszadeh et al.
2016).

In addition, oil swelling and oil viscosity reduction
are other mechanisms by which CW could enhance the
oil recovery as a result of CO, diffusion from the water
phase to the oil phase (Riazi et al. 2009, 2011; Seyyedi
and Sohrabi 2015).

Figure 10 compares spontaneous imbibition recovery
curves of seawater (PG) and carbonated seawater (carbon-
ated PG), which were conducted under high-pressure con-
ditions. The core plugs used for these two experiments (Cgq
and C,) were almost similar in terms of physical properties
as shown in Table 4. Similar to the results shown in Fig. 7,
these curves indicate that the carbonated seawater imbibes
more in the oil-wet cores compared to the plain seawater,

Carbonated seawater (PG)
12 4 —e— Seawater (PG), WAI = 0.34, IFT = 34.20 mN/m

Recovery factor, % OOIP

jrteaaiiil

0 100 200 300 400 500 600 700
Time, h

Fig. 10 Spontaneous imbibition recovery curves, the effect of CW on
spontaneous imbibition of seawater
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showing the positive impacts of CW including wettability
alteration, oil swelling, and oil viscosity reduction.

3.4 Spontaneous imbibition of carbonated smart
water

In Sect. 3.3, it was shown that the NaCl solution as imbi-
bition brine has no wettability alteration effect even after
a long running time (400 h). Therefore, after this period,
imbibition brine was replaced with SL solution in order to
investigate the effect of divalent ions on wettability altera-
tion and oil recovery. As shown in Fig. 11, oil recovery
started approximately 20 h after this replacement (the purple
curve). Adding potential determining ions (i.e., Ca’* and
S0,%") to the system leads to wettability alteration toward
the water-wet conditions by detaching the negatively charged
oil components from the rock surface and consequently,
after a while water spontaneously imbibed into the core.
SO, ions tend to adsorb on the positively charged dolomite
surface resulting in a decrease in the positive charge of the
rock surface. By lowering the level of the positive charge of
the rock, Ca>* ions tend to get closer to the surface and con-
sequently, detach the negatively charged carboxylate groups
more easily (Strand et al. 2006; Fathi et al. 2010, 2011; Sha-
riatpanahi et al. 2016).

In the experiments with results shown in Fig. 9, after
reaching a plateau in the oil recovery curve of the carbonated
NaCl solution (the orange curve), without changing the core
or any other experimental conditions, carbonated brine of
the SL solution was injected into the imbibition cell from the
bottom to replace the former solution. As shown in Fig. 11
(the green curve), after approximately 110 h, oil production
started again, and the final oil production reached 13.5%.
This result emphasizes the synergic effect of the potential
determining ions and the effect of the dissolution mechanism

—— Plain solution 1, TDS = 2000 ppm, WAI = 0.11, IFT = 34.78 mN/m

14 4—=— Plain solution 8, TDS = 2000 ppm (SL), WAl = 0.52, IFT = 30.92 mN/m
Carbonated solution 1, TDS = 2000 ppm

12 4 —*— Carbonated solution 8, TDS = 2000 ppm (carbonate

The time of changing
6 1 the imbibition brines

Recovery factor, % OOIP
oo

0 200 400 600 800 1000 1200
Time, h

Fig. 11 Spontaneous imbibition recovery curves, effect of carbonated
water and divalent ions on spontaneous imbibition in the aged car-
bonate cores
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Fig. 12 Spontaneous imbibition recovery curves, the effect of salin-
ity and brine composition on oil recovery and spontaneous imbibition
rate

of CW on wettability alteration (Seyyedi and Sohrabi 2015;
Seyyedi et al. 2015; Vaz et al. 2017) which can enhance the
imbibition rate and also oil recovery through accelerating
and intensifying the process of wettability alteration of the
carbonate oil-wet rock to water-wet conditions. Therefore,
the positive capillary pressure caused spontaneous imbibi-
tion of water into the core and resulted in an additional oil
recovery. As can be seen from the CW recovery curve shown
in Fig. 11, unlike the plain brine, oil production did not start
immediately after the replacement of imbibition brine with
smart water. This could be related to the amount and dis-
tribution of the residual oil saturation at the beginning of
the second stage of the spontaneous imbibition experiment
(Viksund et al. 1998; Zhou et al. 2000). In the case of plain
brine, because there was no oil recovery during the first
stage, oil recovery started faster. However, for the case of
CW, since part of CW should have passed through swept
zones of the core plug at the beginning of the second stage,
it took a longer time to lead to oil recovery.

Another example of the positive impact of smart water
to improve spontaneous imbibition of CW can be seen in
Fig. 12 which compares the results of oil recovery for the
carbonated SH solution and the carbonated seawater. The
faster and higher oil recovery for the carbonated SH con-
firms the impact of the modification of imbibition brine
salinity and composition on wettability alteration and oil
recovery.

4 Conclusions

We explored the possibility of improving brine imbibition
rates in dolomite core plugs by altering the rock wettability
using carbonated smart brines. The following conclusions
can be drawn from this experimental study:

1. The most important mechanism that controls the success
of the spontaneous imbibition process in oil-wet rocks is
wettability alteration. As the strength of the imbibition
brine for wettability alteration toward more water-wet
condition increases, the amount of imbibed water into
the rock and consequently oil recovery would increase.

2. Using solutions which contain divalent ions (i.e., Mg2+,
Ca?t, SO42_) with customized salinity and concentra-
tions, it is possible to increase the wettability alteration
strength of imbibing brine. This enhances the amount of
imbibing water during spontaneous imbibition of both
plain brine and carbonated brine.

3. Carbonation at high pressures provides high acidic
power to the imbibing water which can accelerate the
wettability alteration through the dissolution of surface
rock and oil aggregates, leading to reinforcement of
spontaneous imbibition.

4. When comparing spontaneous imbibition of smart water
and carbonated smart water, it is concluded that although
high-pressure carbonation slightly reduces the imbibi-
tion rate through IFT reduction, the final oil recovery is
significantly higher, because of the incremental power
of the acidic brine in wettability alteration, oil swelling,
and oil viscosity reduction.
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