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Abstract

Rock wettability plays an important role in oil production. A slight change in rock
wettability towards more water wetness will have a significant change in the oil
production. Carbonate rocks tend to be preferentially oil-wet or mixed-wet. Al-
tering the ionic composition of the injected brine and lowering the salinity has
proven to be an efficient way to improve the water wetness of carbonate rocks.
This claim has been supported by several laboratory and field tests.

This masters thesis is a continuation of the work done as part of the specializ-
ation project by Adejumo (2020). The objective of this thesis is to explore the
efficiency of two aging methods and to investigate the influence of brines with
varying salinity and ionic composition on oil recovery in a spontaneous imbibi-
tion (SI) experiment. The SI tests are conducted at an elevated temperature of
96oC using high temperature Amott cells.

Two outcrop cores, one from Angola and one from Ainsa in Spain, were used
in this study. They are considered as representatives of carbonate fields in Brazil.
The same Ainsa cores were previously used by Azizov (2019). The Ainsa cores
have higher porosity, and are more homogeneous than the Angola cores. The An-
gola cores are heterogeneous and tight. Both core materials are classified as an-
hydrite free limestones. From the mineralogy experiments, traces of magnesium
were found in the Angola cores, but not enough to classify them as dolomite cores.

The dynamic aging method proved to be more efficient in core restoration. The
interplay between the potential determining ions, SO2−

4 , M g2+ and Ca2+ in sea-
water (SW) was able to improve the water wetness of the carbonate samples. Also,
an NaCl reduced SW brine, resulted in an incremental oil recovery of about 5.5 %
of original oil in place (OOIP). In addition, all modified versions of NaCl reduced
SW brines were able to improve oil recovery in all of the spontaneous imbibition
experiments carried out. Results of contact angles and zeta potential measure-
ments are in agreement with those results from the SI experiments. Furthermore,
SO2−

4 and M g2+ are found to be potential determining ions to a carbonate surface,
as they are able to alter wettability towards more water-wet conditions.
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Chapter 1

Introduction

Oil production in Brazil has been on an upward trending pattern since 2008, when
it produced about 2 million barrels for each day. From that point, forward pro-
duction has expanded almost 53 %, arriving at a normal of 3.10 million barrels
for each day in 2019 Bruna Alves (2020). Campos Basin, the main production
province in Brazil, was discovered in 1974. It is located on the North coast of the
Rio de Janeiro State (Costa Fraga et al., 2003). As of 2008, only about 10 % of
the original oil in place (OOIP) had been recovered (Lucia, 2007). This low oil
recovery is a general characteristics of carbonate reservoirs, i.e, dolomite, lime-
stone and chalk. More than 50 % of world oil reserves are located in carbonate
reservoirs (Strand, Tor Austad et al., 2008). The average worldwide oil recovery
from carbonate reservoirs is estimated at 30 % (Strand, Høgnesen and Tor Austad,
2006).

Carbonate rocks tend to be preferentially oil-wet or mixed wet because of the
positive zeta potential of the rock surface, solubility of anhydrite and presence
of organic acids in oil (Gandomkar and Rahimpour, 2017; Strand, Høgnesen and
Tor Austad, 2006; Peimao Zhang, Tweheyo and Tor Austad, 2007). As at 2016, Al-
Hadhrami and Blunt (2001) reported that after 20 years of production, only 2 %
of oil recovery has been made in Ghaba North Field in Oman which is considered
to be a carbonate reservoir. Generally, carbonate reservoirs are considered to be
fractured and having low permeability, i.e, being tight. Hence, the oil recovery
from these kind of reservoirs is a great challenge in the industry today (Peimao
Zhang and Tor Austad, 2006).

Spontaneous imbibition is a process where a wetting phase displaces a non-wetting
phase by capillary action (Sriram Chandrasekhar, 2013). The ability of imbibing
brines to recover oil can be accessed by the SI process. The SI is relatively easy
to conduct in the laboratory, as not large cores sizes are needed and experiments
can be carried on wide ranges of samples simultaneously (Romanuka et al., 2012).
The wettability alteration by the low salinity brines is assessed by the incremental
oil recovered during the SI experiments after replacing the current brine with

1
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a low salinity brine (Song et al., 2020). The SI of water into the oil containing
matrix is a key process for oil recovery in carbonate reservoirs. The matrix per-
meability and wettability, play very vital roles in oil production from carbonate
reservoirs. The injection of water has been considered as an option for improved
oil recovery, however this technique has been unsuccessful in carbonate reservoirs
as a lot of residual oil saturation is left behind. Because of the initial wetting state
of carbonate rocks, it is imperative for such reservoirs to produce from the rock
matrix, therefore majority of laboratory experiments on wettability in carbonate
rocks are carried out through the spontaneous imbibition process (Sohal, Thyne
and Søgaard, 2016).

Water injection into carbonate reservoirs tends to follow through the path of the
fractures and only displace the little oil contained therein. Because of the neg-
ative capillarity of oil-wet rocks, the water is unable to imbibe into the matrix
blocks which are the source of oil in carbonate reservoirs (Strand, Tor Austad et
al., 2008; Karimi et al., 2016). This is attributed to their natural wettability states
which is either mixed-wet or oil-wet (Sriram Chandrasekhar, 2013; Gandomkar
and Rahimpour, 2017; Strand, Høgnesen and Tor Austad, 2006; Zhang, Tor Austad
et al., 2005). The reason for these types of wettability is their net surface charge
density, which is usually positive (Donaldson and Alam, 2013, p.227). Wettability
is the general attraction of liquids to a surface. In this way, for a water/oil/rock
framework, the term wettability alludes to the normal, in general, relative wetting
inclination of the interstitial surfaces of the rock (Donaldson and Alam, 2013, p.2).

To date, quite a number of publications, including but not limited to (Sriram
Chandrasekhar, 2013; Yi, Sarma et al., 2012; Tor Austad, Seyed Farzad Shari-
atpanahi et al., 2015; Strand, Høgnesen and Tor Austad, 2006; S Jafar Fathi, Tor
Austad and Strand, 2011; S. Shariatpanahi et al., 2016; Yousef, Al-Saleh, Al-Kaabi
et al., 2010; Strand, Tor Austad et al., 2008) have focused on how the wettability
of the carbonate reservoirs can be altered to more water-wet thereby increasing
the ultimate oil recovery. Altering the wettability can be done by reducing the
salinity or modifying the ionic composition of the injected brine. Modifying the
ionic composition involves varying the quantities of the potential determining ion
(PDI), in the injected brine. The capacity of an ion to specially break down (dis-
solve) over its counter ion is classified as PDI. The injected brine is able to alter the
existing thermodynamic equilibrium between all the phases present in the porous
media. This alteration is birthed by the interaction between the rock surface and
the injected brine.

Seawater (SW) has been found to be an effective enhanced oil recovery (EOR)
fluid. SW increased oil recovery by around 40 % of original oil in place (OOIP)
compared to the initial formation brine (FB) in a spontaneous imbibition pro-
cess [Strand, Høgnesen and Tor Austad (2006), Seyed Jafar Fathi, Tor Austad,
Strand et al. (2012), S. Shariatpanahi et al. (2016), Yousef, Al-Saleh, Al-Kaabi et
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al. (2010), Strand, Tor Austad et al. (2008) and Sriram Chandrasekhar (2013)].
Several mechanisms have been discussed to support the oil recovery by modified
injected brines. Some of these mechanism include multi-ion exchange (MIE) and
expansion of the electric double layer (EDL). The mechanisms are not yet fully
understood, hence continued work on this subject would be of great benefit to
the oil industry.

The static and the dynamic aging procedures were used in this experimental study,
so as to test the effectiveness of both in wettability restoration. The static aging
process entails the core plug being fully submerged in the crude oil at a given tem-
perature, while the dynamic aging process ensures the continuous flow of crude
oil through the core samples. One Ainsa core was aged statically. Three (3) Ainsa
cores were aged dynamically without sleeve pressure, while two (2) Angola cores
were aged dynamically with sleeve pressure. All aging process were carried out
at an elevated temperature of 96oC.

This masters thesis is a continuation of the work done as part of the specializ-
ation project in Adejumo (2020) in the Fall 2020 semester. This project, sees to
study the effect of low salinity effect on enhanced oil recovery (EOR) from Ainsa
carbonate and Angola carbonates, which are representatives of carbonate fields in
Brazil. As part of this project, core analysis experiments have been carried out to
quantify the properties of the reservoir. Hence, the objectives of this specialization
project are;

1. To build a spontaneous imbibition set up at an elevated temperature of
96oC .

2. To look at the possibilities of using the built SI set up to understand the
controlling factors behind the oil recovery from core materials by using the
knowledge of the PDI on the carbonate surface, to develop varying salinity
and ionic composition brines in the SI experiment.

3. To test the effectiveness of the static and dynamic aging process on wettab-
ility restoration by building a high temperature dynamic aging set up.

Furthermore, to achieve the aforementioned objectives, several core analysis ex-
periments have been carried out to have a deeper understanding of the reservoir
properties, which would serve as guidelines to develop a suitable smart water to
optimize oil recovery from the core samples. "Smart Water" is an adjusted injec-
tion brine which is designed to alter wettability to improve oil recovery Mamonov,
Puntervold, Strand et al. (2017). The use of smart waters have improved oil recov-
ery, eliminated the use of expensive chemicals, thereby reducing accompanying
environmental and logistical problems Karimi et al. (2016).

In the following chapters, the Introduction presents initial knowledge of the study,
states the object of the masters thesis and also provides the overall structure of the
report. In the Background, the literature reviewed are summarized. The chapter
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discusses initial wetting in carbonates, types of carbonates and their distinct fea-
tures and how they respond to low salinity EOR in terms of oil recovery. Fur-
thermore, in the Surfaces forces and mechanisms section, effect of different brine
composition on contact angle, spontaneous imbibition, zeta potential, interfacial
tension (IFT) as discussed in literature are briefly summarised. The Methods and
materials discusses all materials and methods used for the wettability alteration
study on the core samples. The newly built imbibition and dynamic aging rig are
also discussed in this chapter. In the Results and discussion section, all results ob-
tained from laboratory experiments are discussed. In the Conclusion and future
work section, final notes and recommendations are made concerning the experi-
mental study as well as the way forward for future works.



Chapter 2

Background

2.1 Wettability

The preference of one fluid in the presence of another, to spread on the surface
of the rock in a rock-fluid system can be termed rock wettability. Reservoir wet-
tability is determined by complex interface boundary conditions acting within the
pore space of rocks (Morrow et al., 1990). Typically, when two immiscible flu-
ids contacts a solid surface, one of the fluids tends to spread more over the solid
surface than the other. Interfacial tension (IFT) is the attractive force (adhesive),
occurring at the interface, between two immiscible liquids Torsæter and Abtahi
(2003). Wettability is a reservoir property that depends on rock-fluid interfacial
tension, thus in an oil/water/rock system in equilibrium, the following equation
(Young’s equation) can be derived;

σso −σsw = σwocosθ (2.1)

σso is the interfacial tension between the oil and the solid.

σsw is the interfacial tension between the water and the solid.

σwo is the interfacial tension between the water and oil.

cosθ is the contact angle measured through the aqueous face.

Adhesion tension AT ; Equation 2.2, determines which fluid adheres to the solid
surface. A positive AT indicates a water-wetting, a zero AT indicates mixed-wetting
while a negative AT indicates oil-wetting.

AT = σso −σsw = σwocosθ (2.2)

5
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Rock wettability plays an important role in oil production, and for this reason, this
subject is widely discussed in the industry. Most reservoirs are usually classified
as either water-wet, mixed-wet, or oil-wet. Water-wet means that the rock surface
has a preference for water in the presence of oil, while the rock surface have a
preference for oil in the case of oil-wetting conditions. When more than 50 % of
the surface of a water/oil/rock system is occupied by water, the system is con-
sidered as water-wet. That is, water is considered as the continuous phase, while
oil, which is the non-wetting phase is the discontinuous phase. At irreducible wa-
ter saturation (SWIRR), water remains as the continuous face through the smaller
pores in the porous medium but also, the oil saturation is now sufficient to also
act as a continuous phase through the larger pores. The wetting phase seize to be
one, at saturations, less than SWIRR. If a water preferring surface is first satur-
ated with oil, and then exposed to water, the water imbibes into the rock pores to
displace the oil until a balance is reached between the capillary and surface forces
of the fluid and rock (Donaldson and Alam, 2013, p.2).

Figure 2.1: Wetting in pores. Figure from Abdallah et al. (1986)

Making the assumption that a reservoir is water-wet, when it is not, can lead to
irreversible reservoir damage (Morrow et al., 1990). As shown in Figure 2.1, in a
water-wet case, oil remains in the center of the pores. In the case of the oil wet-
ting, the positions of the oil and water, are the reverse of those of the water-wet
conditions. Also, oil seize to be a continuous phase (water is the continuous phase
in the water wet conditions), for all saturations less than residual oil saturation
(Donaldson and Alam, 2013, p.3). In the mixed-wet case, oil has displaced wa-
ter from some of the surfaces, but is still in the centers of water-wet pores. The
little pores in the rock have a preference for water, while the bigger pores have
a preference for oil. The capillary and viscous forces as well as the displacement
energies are about the same (Donaldson and Alam, 2013, p.201).

Carbonate reservoirs are usually water-wet prior to oil migration. Wettability af-
fects the amount of oil that can be produced at the pore level. Because the impact
of wettability extends from pore scale to reservoir scale, wettability can affect
project economics. Satisfactory estimation of rock wettability involves laboratory
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experiments. Two most widely discussed methods for estimating rock wettabil-
ity are contact angle method and the Amott method. Contact angle is the most
universal measure of the wettability of surfaces because it provides information
about the solid-liquid interaction (Morrow et al., 1990). A water-wet rock would
have a contact angle of 0o - 75o; mixed-wet would have 75o - 115o; and oil-wet
would have 115o - 180o (Santos et al., 2006).

2.1.1 Carbonate reservoir rock family

Carbonates begin from the calcareous skeletons of creatures. These parts are so-
lidified via carbonate precipitating from water. The greater part of the living or-
ganisms stayed on the base in shallow marine water, where algae were available.
After the death of these organisms, they fall into deeper depth, where they are ac-
cumulated (Darling, 2005). One of the most important parameters in classifying
carbonate reservoirs, is the network between all porosity types. Because some-
times, the overall porosity can be large enough but the permeability is too low
due to tiny pore throats, owned by chains of interconnected pores (Donaldson
and Alam, 2013, p.184). The voids within the three kinds of carbonates, ranges
and the general guidance for the porosity classifications are extensively discussed
in Chilingar and Yen (1992). The types of reservoir rocks found in the carbonate
family are chalk, dolomite and limestone. These rocks have their unique features
and the affinities of the potential determining ions on the surface of these rocks
varies as well. Chalks are the consequence of compaction and cementation of mar-
ine creatures, limestone is a combination of carbonate mud and pieces of biogenic
materials (Jordan, Sjursaether, Collins et al., 2004).

In similarities, all carbonate rock types are all made up of the same chemical
composition which is the CaCO3 and same carboxylic materials adsorb on their
surfaces. Chalk is a soft, friable and light-coloured version of limestone. Chalk
is believed to have more reactive surfaces and having a larger surface area than
limestone. The specific surface area of chalk and limestone as measured in Seyed
Farzad Shariatpanahi, Strand and Tor Austad (2010), results to 1.70 m2/g, and
0.29 m2/g respectively. Limestone is less homogeneous in porosity and permeab-
ility when compared to chalk Strand, Tor Austad et al. (2008). Dolomite is a type
of limestone. The magnesium carbonate M gCO3 concentration makes the differ-
ence between the two rock types. When the M gCO3 concentration approaches 45
% it is called dolomite, which is a double carbonate of calcium and magnesium.
Thus, the term ’limestone’ in a general sense, includes dolomite (Bowles, 1956).

2.2 Wetting in carbonate rocks

According to Thomas, Clouse and Longo (1993), the mixed or oil wetness of the
carbonate reservoir can be credited to the adsorption of the carboxylic materials
on the rock surface. The carboxylic materials in crude oil are characterised by the
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acid number (AN). These carboxylic materials are negatively charged and they
adsorb to the positive sites of the calcite surface (Seyed Jafar Fathi, Tor Austad,
Strand et al., 2012).

Water based EOR is significantly affected by the initial wetting properties of the
carbonate rocks. The low concentration of SO2−

4 in formation brine (FB) is a result
of high concentration of Ca2+ and the precipitation of anhydrite at high temper-
atures (Seyed Farzad Shariatpanahi, Strand and Tor Austad, 2011). The composi-
tion of FW have an abiblity to improve or impede recovery actory when it interacts
with other inhect brines Sohal, Thyne and Søgaard (2016). Seawater (SW) has
been found to be an effective EOR fluid [(Strand, Høgnesen and Tor Austad, 2006;
Seyed Jafar Fathi, Tor Austad, Strand et al., 2012; S. Shariatpanahi et al., 2016;
Yousef, Al-Saleh, Al-Kaabi et al., 2010; Strand, Tor Austad et al., 2008; Sriram
Chandrasekhar, 2013)]. Excessive concentration of SO2−

4 in injected brines can
make a once sweet oil field to become sour, therefore producing corrosive and
toxic H2S gas (Sohal, Thyne and Søgaard, 2016). Seawater differs from forma-
tion water primarily by having a lesser salinity content, which is about 35,000
ppm compared to 247,000 ppm for FB.

2.2.1 Initial wetting conditions in carbonate reservoirs

In principle, the flow of oil through the porous medium is supported by capil-
lary, viscous, and gravity forces. The SI process is dependent on its capillary force,
which is related to the wetting state of the rock. Capillary force is the driver that
enhances the imbibition of injected brines into the pore matrix (Sohal, Thyne
and Søgaard, 2016). The displacement of oil is thus dependent on the capillary
force, which reduces with reducing water-wetness of the rock (Peimao Zhang,
Tweheyo and Tor Austad, 2007). Altering the wettability towards more water wet,
reduces the capillary action and thereby there is an improvement in the oil recov-
ery (Karimi et al., 2016). One of the factors that determine the success rate of any
EOR methods is wettability. Porosity, wettability and permeability, are some of the
key parameters in determining the value of a petroleum reservoir. The wettabil-
ity of a particular reservoir will have an effect on the fraction of recoverable oil
(Thomas, Clouse and Longo, 1993). According to a study in Puntervold, Strand
and Tor Austad (2007), a 19 % increase in the water wetness of the rock improved
the oil recovery by 25 %.

The thickness of the water film between the oil phase and the rock surface also af-
fects the wettability in carbonate rocks. The thicker the water film, the more stable
the system (Seyed Farzad Shariatpanahi, Strand and Tor Austad, 2011). Activa-
tion energy is another parameter that affects wettability, as discussed in Strand,
Tor Austad et al. (2008). The wetting condition in carbonate rocks is also con-
trolled by the acid number Section 2.3, which is characterized by the carboxylic
materials and fatty acids present in the crude oil.
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The capacity of an ion to break down (dissolve) over its counter ion is classified as
potential determining ion (PDI). The most common PDIs over a carbonate surface
are Sulphate, Calcium and Magnesium. The properties of these ions are unequi-
vocally identified with the surface potential of the corresponding ion (Han, 2002).
Understanding the symbiotic interplay between the three PDIs in injected fluid is
a good start to develop a ’smart water’ to act as a wettability modifier in carbonate
rocks. Therefore, injected fluids should have sufficient negatively charged ions to
make the positively charged rock surface, less positive to enable the desorption of
the negatively charged carboxylic material from the rock surface. This would in
turn improve the water wetness of the rock (Peimao Zhang and Tor Austad, 2006).

Previous literature [Seyed Farzad Shariatpanahi, Strand and Tor Austad (2011),
Peimao Zhang, Tweheyo and Tor Austad (2007) and Austad et al. (2012)] have
established the effectiveness of seawater as a wettability modifying fluid to alter
carbonate rocks into more water wet, especially at high temperatures. A recent
study have also shown that not only is presence of active ions in SW important in
the wettability alteration process; the amount of non-active salt, NaCl also have
an impact (S Jafar Fathi, Tor Austad and Strand, 2011).

A detailed study of the mechanisms occurring in the interactions between rock
and fluids must be thoroughly understood, to have a successful EOR projects.
The idea behind these mechanisms is how a positively charged carbonate surface
is made less positively charged by PDIs contained in the injection brine, which
results in the desorption of the carboxylic materials contained in the crude oil,
thereby increasing water wetness of the carbonate surface.

2.3 Acid number

The chemical properties of crude oil include but not limited to asphaltenes, res-
ins, acid, and base numbers (Standnes and Tor Austad, 2000). Acid number is the
most important wettability modifier according to Standnes and Tor Austad (2000)
and Seyed Farzad Shariatpanahi, Strand and Tor Austad (2010). The acid num-
ber (AN) has a unit of milligrams of KOH per gram of oil. For an acid number y, it
means that y mg of KOH is needed to neutralise the acidic material present in 1g
of oil Hopkins et al. (2016).

Base number is also discussed in some literature, such as Seyed Farzad Shari-
atpanahi, Strand and Tor Austad (2010), but acid number is the most important.
Crude oils contain acidic components (carboxylic materials) which are charac-
terised as AN. The ability of a crude oil to alter wettability tallies with its AN.
The higher the AN, the lower the water wetness of the rock. However, a strongly
water-wet cores might not necessarily result in optimal oil recovery due to capil-
lary trapped oil Austad et al. (2012). The carboxylic materials are usually present
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in the molecules of the heavy end of the crude oil [(Seyed Farzad Shariatpanahi,
Strand and Tor Austad, 2011; Peimao Zhang, Tweheyo and Tor Austad, 2007)].

In an adsorption test carried out by Thomas, Clouse and Longo (1993), it was
concluded that carboxylic materials adsorb most strongly to carbonate surface and
the adsorption is stabilized by long, straight chains. According to Standnes and
Tor Austad (2000), there is a relationship between AN and the capacity to modify
the wetting condition of the porous media, as estimated by unconstrained imbib-
ition of brine. Experimental results from same literature agrees with the works in
Austad et al. (2012) which states that high AN guarantees stronger adsorption of
the carboxylic materials on the rock surface which makes it more oil-wet. From
Figure 2.2, which is the layout of the SI experiment in Standnes and Tor Austad
(2000), where varying AN oils were used.

Figure 2.2: SI results of brines, into a core sample, using different oils with vary-
ing acid number (AN). Figure from Standnes and Tor Austad (2000).

For oil A, which is a pure n-heptane, a water-wet core, its imbibition rate is in
clear contrast to oils B-F. Furthermore, it can be suggested that all oils are able
to alter wettability to an extent, so far they contain some amount of carboxylic
group components. Also, there seem to be a correlation between the AN and the
percentage % of oil production. Oil F, with the highest AN, seem to make the core
sample most oil-wet and no imbibition of brine was recorded, after 33 days as
reported in Standnes and Tor Austad (2000). It should be noted that oils D and
E, contains 2.6 wt % and 0.19 wt % of asphaltene respectively. However, no trend
between the asphaltene level and wettability modification was established. This
further reinstates that, when the carboxylic materials present in the crude oil, in-
teract with a rock surface, they are able to modify the wettability of the particular
rock surface. The acid number of the oil used in this masters’ thesis is 3.3 mg KO-
H/g.

Furthermore, in a spontaneous imbibition test carried out in Austad et al. (2012),
using limestone cores with FW as the imbibing fluid. Core 16A and 11B were
saturated with oil AN = 0.08 and 0.07 respectively. The results shown in Fig-
ure 2.3 depicts that the water wetness decreases with increasing AN. According
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Rao (1999), the water wetness of carbonate rocks, increases with increasing tem-
perature. And the higher the acid number, the lower the water wetness of the
rock. Therefore, temperature and AN are dependent parameters. Because, AN de-
creases with increasing temperature. This is due to decarboxylation of acidic ma-
terial contained in the crude oil, due to geologic time (Zhang, Tor Austad et al.,
2005). The quantity of carboxylic materials and its effect on wettability was ex-
plored in (Seyed Jafar Fathi, Tor Austad, Strand and Puntervold, 2010). They took
out the carboxylic materials from different samples of crude oil and reported that
the higher the quantity of carboxylic materials present, the higher the oil wetness
characteristics exhibited by the sample of crude oil.

Figure 2.3: Spontaneous imbibition of FW into limestone cores with a varying
AN at 110oC . Figure from Austad et al. (2012).

2.4 Core aging

Aging is a widely used method for altering core wettability. The aging process
is required to restore the core samples to their initial reservoir state as much as
possible, since a lot of changes (mechanical, wettability e.t.c) must have occurred
to reservoir rocks, during coring and transportation from the field to the laborat-
ory. Mechanical damages, which could result from coring programs of reservoir
rocks, have made outcrop cores one of the commonly used samples for laboratory
experiments. Outcrop cores are usually drilled from the earth surface, thus com-
monly water-wet. The process of restoring these samples to oil-wet is called aging.

Aging tends to have an effect on wetting, since the oil is made to make contact
with the core surface hopkins2016adsorption. Aging is able to alter wettability of
a rock sample while maintaining the initial state of the pore network structure
and mineralogy graue1999impacts. During the aging process, the core samples
are made to make contacts with crude oil samples, at elevated temperature and
a period of time. According to Standnes and Tor Austad (2000), the acid number
(AN), Section 2.3 of the crude oil and the homogeneous distribution of the sur-
face active agents contained therein, effective aging condition and initial water
saturation are some of the factors that impact the wetting state of a core sample.
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Fernø et al. (2010) reported that, the wetting state of a rock sample affects its
ultimate oil recovery method of fluid flow e.t.c

The two major kinds of aging are static aging and the dynamic aging. The static
aging process entails the core plug being fully submerged in the crude oil, in an
enclosed aging cell, for a period of time and at a given temperature, while the
dynamic aging process ensures the continuous flow of crude oil flowing through
the core samples, placed in an hassler core holder with a confining pressure, at an
elevated temperature. Unlike the static aging, fresh oil, with new surface active
agents are available to get attached to the rock surface. Al-Mahrooqi et al. (2005)
investigated the changes in wettability by aging at a pore scale using a series of
electrical impedance and NMR T2 measurements. 3 outcrop core samples were
aged at varying pressure, time and temperature conditions and the results were
compared with non-aged plugs from the same outcrop sample. The T2 distribu-
tions changed as more oil came in contact with the samples and this was inferred
as a result of wettability changes.

In a work by Fernø et al. (2010), the wettability alteration established by both
aging methods was compared using consolidated, porous chalk samples, with ini-
tial water present in the pore space, at constant temperature of 90oC. Wettability
change during the aging process was assessed by the reduction in water imbib-
ition rate, total volume of spontaneously imbibed water, and the Amott-Harvey
water index. Two sets of dynamic aging were carried out; constant aging time (96
hours) with varying flow rate (1, 3, and 5) cm3/h and constant flow rate (3cm3/h)
with varying aging times (48, 96, and 192) hours. The static aging was carried
out for 72 hours. At shorter aging times (72 hours or less), both aging methods
performed equally well. At longer aging times, the dynamic aging process was
more effective, as it takes the static aging 3 times as long aging time to match the
same level of effectiveness. Also, at a constant aging time of 96 hours, there exist
an optimal flooding rate at which the greatest wetting can occur.

(a) Induction and production rates of
two aging types.

(b) Amott water index vs time, when
different aging methods were used.

Figure 2.4: Comparison between static and dynamic Aging. Figures from Fernø
et al. (2010).
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Furthermore, the induction time (time of cores, making contact with water in the
Amott cell and when the first oil production is noticed) was faster for cores aged
dynamically. The production rate of statically aged cores was 15 times slower for
the first 40 % of oil recovery during the spontaneous imbibition process. Figure
2.4a show results of the comparison of the production rate and the induction
times of the two aging types. The statically aged cores (C9 and C10) show slower
production rates and longer induction times. The wettability change is sensitive
to the flooding rate, especially when the flooding time is constant. In the work in
Fernø et al. (2010), with a constant aging time of 96 hours, the flooding rate of
1cm3/hr, 3cm3/hr and 5cm3/hr gave an average wetting of 0.53, 0.31 and 0.44
respectively. Figure 2.4b, shows the comparison of both aging methods compared
to Amott water index, reached at a given time. It is evident that the most signi-
ficant change, as measured by the water index, occurs with the dynamic aging
method.

To achieve a uniform wettability state throughout the core is beneficial for a good
interpretation of spontaneous imbibition (SI) experimental results Standnes and
Tor Austad (2000). Dubey, Waxman et al. (1991) and Graue, Bognø, Baldwin et
al. (2001) experienced a radial wettability distribution while using the static aging
method. More aging occurred in the circumference of the core plug than the inner
central axis of the sample. In a SI experiment by Standnes and Tor Austad (2000),
where the core were statically aged for four days at 50oC , no oil production was
recorded until after 600 minutes, which was at a slow rate. This observation is
consistent with those made in Fernø et al. (2010), where the cores aged statically
exhibited long induction times. In the work in Standnes and Tor Austad (2000),
after 1600 minutes, the production rate increased rapidly and the oil peaked at
74 % as shown in Figure 2.5a.

(a) Results of SI experiments with stat-
ically aged cores.

(b) Cross sectional view of statically
aged cores, showing non uniform wet-
tability distribution

Figure 2.5: Static Aging. Figures from Standnes and Tor Austad (2000).

The long induction times can be attributed to a nearly oil-wet core surface and a
more water-wetness of the core centre. This was confirmed when the core sample
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was halved, after the SI experiment. The observation was, the core surface was
darker and the centre of the core as shown in Figure 2.5b. That is, as the oil moves
from the surface of the core, towards the center, the adsorption of surface active
agents are so fast such that, not enough reaches the center of the core. This causes
a non-uniform distribution, which is not a good wettability restoration character-
istics. Further confirmation was made, when a core with similar petrophysical
properties, was statically aged for 4 days at 50oC. The core was then halved after
the aging process as shown in Figure 2.6. Similar observation was made, the centre
of the colour contains a colourless fluid, while the core surface, have a darker col-
our which shows the deposits of more surface active agents. Graue, Bognø, Moe
et al. (1999) also reported poor wettability distribution, while aging core samples,
at irreducible water saturation, at a high temperature.

Figure 2.6: Cross sectional view of statically aged cores, showing non uniform
wettability distribution, after being halved following a statically aged process.
Figure from Standnes and Tor Austad (2000).

(a) Results of SI with cores first dynam-
ically aged, then aged statically.

(b) Cross sectional view of the core,
after the experiment.

Figure 2.7: Dynamic aging: No visible induction time and uniform wettability
distribution due to aging type. Figures from Standnes and Tor Austad (2000).

On the contrary, dynamically aged cores showed no visible induction time and
also uniform wettability distribution was established as illustrated in Figure 2.7.
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One of the disadvantages of the dynamic aging is the high volume of crude oil
used in the process. A study in Johanssen, (2008) shows that dynamically ages
cores, longer than 6 days exhibits better wettability changes and result in lower
Amott Harvey water indices than statically aged cores. One of the reasons for the
distinction in the results of the two aging processes can be attributed to the con-
tact between the crude oil, surface of the pore wall and the interior of the core.
Because of the limited amount of crude oil used during the static aging method,
there is also a limited amount of surface active agents contained in the crude oil
that can alter the wettability whereas in the dynamic aging, the constant supply
of crude oil ensures that more surface active agents are available.





Chapter 3

Surfaces forces and mechanisms

3.1 Role of surface forces on wettability

Surface forces play vital roles in determining the wettability state of reservoir
rocks. The molecular interaction, i.e., the preference of a reservoir rock for oil or
water, is largely dependent on the distance between the mineral surface and the
liquid. Examples of the applicability of surface forces can be seen in the interaction
of two solid surfaces in a liquid medium, two liquid-gas interface interactions in
a liquid layer and also oil/gas/rock system in oil reservoirs Butt, Graf and Kappl
(2013, p.6). Surface forces control the wetting of mineral surfaces by liquids Hir-
asaki et al. (1991).

3.1.1 Disjoining pressure

Disjoining pressure Π, can be defined as the difference in pressure within a film,
spreading between two surfaces and the pressure in the bulk phase. It is charac-
terized as the adjustment of Gibbs free energy with distance and per unit area at
steady cross-sectional area, temperature, and volume Butt, Graf and Kappl (2013,
p.95). In a three-phase system, which forms three contact lines, when they inter-
act, the distance between these interfaces, as a function of energy is expressed by
the disjoining pressure that separates the interfaces. A negative disjoining pres-
sure leads to attraction of the two interfaces Hirasaki et al. (1991).

The disjoining pressure is made up of Van der Waals (VDW) forces (attractive),
electrostatic forces (could be attractive or repulsive), and hydration or structural
forces, caused by the inter-molecular structure of the solvent or water. The hy-
drogen forces are not as prevalent as the others. In a gas/liquid/solid system,
Figure 3.1, say a reservoir fluid spreading on a solid surface, the liquid creates a
film whose thickness is dependent on the total interacting fluid and the surface
forces acting on the system. There is an interaction between all three interfaces.
Repulsive interaction between these interfaces stabilises the thin film, while the
attractive interaction destabilises the thin films, spreading on the surface of the

17
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rock.

Figure 3.1: Spreading of reservoir fluid on a flat horizontal surface, resulting in
primary film with thickness, h. Figure from Donaldson and Alam (2013, p.84).

The pressure that keeps the film from the surface is called the disjoining pressure
Donaldson and Alam (2013, p.85). Hirasaki et al. (1991) reported that, when the
disjoining pressure is positive, there is a repulsion of the interfaces, and the liquid
film becomes stable. According to Donaldson and Alam (2013, p.85), the adher-
ence of a liquid to a flat and horizontal surface or its rise along a tube with height
H, can be expressed in Equation 3.1. At equilibrium, the rate of change in free
energy with the thickness (h) of the liquid film is zero.

δG
δh
= 0=

A
6πh3

+ρgH = −Ph (3.1)

With increasing thickness of h, Figure 3.1, the VDW pressure keeps diminishing
to zero and Equation 3.1, results to the capillary pressure equation but with a
decreasing value of h, as applicable on an horizontal flat surface, the gravity term
diminishes to zero and the VDW, repulsive disjoinng pressure, ΠvdW (h) becomes
Equation 3.2.

ΠvdW (h) = −
A12

6πh3
(3.2)

A12 is called the Hamaker constant.

3.1.2 van der Waals interaction and Hamaker constant

The Hamaker constant (A) is a coefficient that provides a relationship between
the thickness of two interacting interfaces and the Van der Waals (VDW) energy
Donaldson and Alam (2013, p.82). According to Hirasaki et al. (1991), the know-
ledge of the dielectric constant ε, refractive index n and the absorption potential
of the interfaces is sufficient to calculate the Hamaker constant. The long-range
and short-range forces, which arise from the electrostatic interactions between
molecules, atoms, and particles, do have an influence on wettability. The inter-
actions occurring at space (commonly less than one nanometer), which are con-
trolled by short range forces while the London dispersion forces, Keesom forces
and Debye-Induced forces, which comprise of the long-range forces , are jointly
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described as the VDW forces (Donaldson and Alam, 2013, p.67) and this is ex-
pressed in equation 3.3.

Evdw = Edisp + Eelec + Eind (3.3)

Evdw is VDW Energy, Edisp is London dispersion forces, Eelec is Keesom forces and
Eind : Debye-Induced Energy. For two molecules with polarization α, and dipole
moment, µ:

Evdw =
1
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(3.4)

T : Absolute Temperature K: Boltzmann approximation v: Electron frequency.
The conventional methodology of VDW interaction is built on the Hamaker hy-
pothesis, which accepts that the connections are pair-wise attractive substance
and free of the mediating media. However, a more modern hypothesis, called the
Lifshitz theory, is based on the quantum field theory. This modern theory, is not
in total agreement with the Hamaker’s hypothesis. According to Hirasaki et al.
(1991), the Lifshitz theory agrees that the assumptions by Hamaker are only true,
when the interactive forces are Edisp.

The Hamaker constant for the solid (1), gas (2) and liquid phase (3), shown in
Figure 3.1 is approximately, Equation 3.5.
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(3.5)
The first term results from Keesom and Debye force which depends on temperat-
ure, T while the second term results from London forces and it depends on the
electron frequency, v, and refractive index, n. The Hamaker constant A, is posit-
ive when the interactive forces are repulsive and negative when the interactive
forces are positive as summarized in Donaldson and Alam (2013, p.83). The Ha-
maker constant for two dissimilar phases (1 & 2) interacting, across a third phase
(3) with the identity of the materials being unknown is given as Equation 3.6 in
Hirasaki et al. (1991).
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According to Figure 3.1, in a scenario with a solid (1), and a gas (2) with an ab-
sorbed liquid layer with thickness δ on a solid (4) and liquid film (3) with thick-
ness, h, the Hamaker constant is estimated by Equation 3.7, as given in Donaldson
and Alam (2013, p.84):
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When the δ is negligible in comparison with h, the interaction is equivalent to that
of a liquid film between solid and gas phases. When δ is large, the interaction
between gas and solid, across phase 3 becomes applicable. These scenarios are
capable of changing the a repulsive force in the system to attractive forces and
vice versa. The interactive forces in play have a significant effect on the wettability
of the system Donaldson and Alam (2013, p.84).

3.1.3 Stability of wetting layer film and DLVO theory

The inter-molecular surface force concept stem from the DLVO (Derjaguin, Landau,
Verwey, and Overbeek) theory, which was first used to explain the stability of a col-
loid system. The theory provides the required knowledge of double layer repulsive
and VDW attractive forces and how they affect the stability of colloid system Don-
aldson and Alam (2013, p.81). The DLVO was later used to explain the stability of
the water layer film. The assumptions for both stability conditions (colloid system
and water films) differ, as described in Hirasaki et al. (1991). A sufficient energy
is required between the thick wetting film with approximately zero contact angle
and the think water film, with a significant contact angle, for there to be a sta-
bility for the thick water film. The stability of a water film with zilch capillary
pressure, is reached when the summation of the electrostatic and VDW forces are
at a maximum, at the thick wetting area. The stability of the thin water film is com-
promised when energy between the thick and thin wetting films is not sufficient
enough. This condition is feasible, once the capillary pressure increases signific-
antly Hirasaki et al. (1991). According to Butt, Graf and Kappl (2013, p.95), the
shape, material type, and distance between two bodies are some of the criteria
that determines the energy between two bodies.

According to Han (2002, p.52), the ultimate potential, VT , is the summation of
the attractive and repulsive potentials. For two parallel plates,

VT =
64nkTγ2
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The first term is the repulsive force between the parallel plates while the second
term is the attractive force between them. For two spheres plates,
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(3.9)

Likewise, in Equation 3.9, the first term is the repulsive force between the spheres
while the second term is the attractive force. H0 is the distance between two plates,
ψ is the electrical potential, ε is the permittivity of the medium, T is the temperat-
ure of the system, κ is the Boltzmann constant = 1.38066×1023, J K−1, λ is the
surface tension, A is the Hamaker constant and a is the radius of the sphere. Equa-
tions 3.8 and [3.9] are not valid for when H0 is about 0.1λ. Figure 3.2, is shows
the plot of VT against H0. According to Han (2002, p.51), at shorter distances, a
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Figure 3.2: Schematic showing the relationship between VT and H0. Figure from
Han (2002, p.53).

secondary minimum, Vs is reached. And as the gap between both molecules closes,
Vm, the primary minimum is attained. As the gap closes further, attractive VDW
forces, further dominates and the Vm becomes more apparent. A significant repuls-
ive force comes into play, when two molecules are made to forcefully approach
each other.

Aqueous dispersion tend to precipitate with increasing salt concentrations. Com-
pared to other ions, divalent ions tend to precipitate at smaller salt concentrations
of 0.5 to 2 mM. Butt, Graf and Kappl (2013, p.103) used the DLVO theory Equation
3.9, to calculate the interaction energy between two identical spherical particles,
the results are illustrated in Figure 3.3.

Figure 3.3: Interaction energy between two identical spherical particles. Figure
from Butt, Graf and Kappl (2013, p.104).

Fragile attractions are experienced at lengthy distances, while repulsive forces
are evident at intermediate distances. However, significant attractions are exper-
ienced at much shorter distances. At high salt concentrations, the energy limit
reduces and the VDW forces become evident, and reverse is the case for low salt
concentrations Butt, Graf and Kappl (2013, p.103).
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3.1.4 Electric double layer model

The electric double layer (EDL) is made up of the diffuse and the stern layer. This
theory provides substantial knowledge as to why most solids become charged
when they come in contact with a polar medium, like liquids, especially water,
which has a high dielectric constant and a good solvent for ions Butt, Graf and
Kappl (2013, p.42). When solid surfaces become charged, an electric field is es-
tablished. The liquid phase contains counter ions that attract the ions in the solid
surface, this overall charge in the system becomes neutral and an electric double-
layer is formed in the solid-liquid interface. The ions in the solution rearrange
themselves often to keep this electroneutrality at the interface Han (2002, p.23).

(a) The electric double-layer.

(b) Electric potential distribution in the
liquid phase due to electroneutrality of
the bulk solution.

Figure 3.4: The electric double-layer model. Figure from Han (2002, p.25).

In the double layer, the liquid and solid phases are each charged as shown in Fig-
ure 3.4a. The result of electrical potential distribution in the liquid phase, as a
result of surface charge is illustrated in Figure 3.4b. The Gouy-Chapman and Gra-
hamme theories have been used to explain the double layer theory using planar
surfaces, afterwards, Debye and Huckel used spherical surfaces.

According to the Gouy model, the electrical potential distribution in the bulk solu-
tion is expressed with the Poisson’s equation 3.10:

∇2ψ= −
4πρ
ε

(3.10)

For one dimension along the x-axis, Equation 3.10, becomes Equation 3.11:

d2ψ

d x2
= −

4πρ
ε

(3.11)

ψ is the electrical potential, ρ is the charge density, ε is the permittivity of the
medium. D is the dielectric constant of the medium and εo is the permittivity of
the vacuum. εw is the permittivity of water = 4π78x8.85x10-14 coul2/J.cm. ρ is
the charge density and expressed by:

ρ =
∑

zini exp (3.12)
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zi is the valence of ions, present in the solution and ni is the number of moles
of the ionic species of i and e is the electronic charge. The permittivity of the
medium, ε, is expressed by:

ε = 4πDεo (3.13)

Boltzmann equation, 3.14, can be used to show the ion distribution.

ni = no
i ex p
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The expression εezi , can be used to determine the number of ionic specie, i, at
any position close to the solid surface, n. By substituting Equations 3.12 and 3.14
into Equation 3.11, The analytical expression 3.15 is gotten, which is the Poisson
equation for a monovalent ion present in the solution. Boundary condition, ϕ = 0
at x =∞ and ϕ = ϕ0 at x = 0 is applied.
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Navo is the Avogadros number and Ci is the ion molar concentration in the system.
For conditions of z << 1 or ψ0<25mV, Equation 3.15 becomes Equation 3.18:

ψ=ψ0e−kT (3.18)

For surface potentials as high as +/- 100 mV, Equation 3.18, has proven to be
more accurate than Equation 3.15, according to Han (2002, p.25). The inverse
of Equation 3.17 is called the Debye length λD, which is also known as the elec-
tric double-layer thickness and can be simplified to Equation 3.19, at 25oC. The
double-layer thickness decreases drastically with increasing salt concentration and
this phenomenon is called double-layer compression. As illustrated in Figure 3.5,
the exponential decrease of potential becomes steeper with increasing salinity
content.

1
k
=

4.3
p

2I
x10−8cm (3.19)

The Guoy model is applicable for systems containing only NaCl. As long as the
electroneutrality of the system is maintained, NaCl moves freely in the system.
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Figure 3.5: Schematic of diffuse electric double-layer. Figure from Butt, Graf and
Kappl (2013, p.46).

However, not all systems are this way, therefore the Guoy model becomes in-
applicable. Furthermore, this model does not consider the size of the ions. For
aqueous solutions, the Guoy model is valid for salt concentrations of up to 0.2
M and potentials less than 50 - 80 mV. According to Butt, Graf and Kappl (2013,
p.51), the limitations of the Poisson-Boltzmann theory are:

1. Ionic sizes are neglected.
2. Surface charge is homogeneous and smeared out.
3. Between ions and the surface, the image forces are ignored.

Regardless, this theory provides a good approximation.

3.2 Mechanisms

A detailed understanding of the mechanisms birthed by the interactions between
rock and fluids must be thoroughly understood, to have a successful EOR pro-
cess. As at 2015, there was an average 80,000 - 120,000 barrels/day over a 3
year period additional recovery, from the Ekofisk chalk field, after the injection
of SW (Sohal, Thyne and Søgaard, 2016). The unexpectedly high recovery have
triggered several laboratory tests to determine the underlying mechanism.

In this section, a detailed analysis is given as to how a positively charged carbon-
ate surface is made less positively charged by PDIs contained in injection brines,
which results in the desorption of the carboxylic materials contained in the crude
oil, thereby increasing water wetness of the carbonate surface. Different mechan-
isms have been suggested in the literature to aid this process and some of these
mechanism are discussed here. It is noteworthy that a consistent explanation of
the exact mechanism that causes wettability in carbonate rocks is yet to material-
ise in literature.
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It is quite possible that different mechanisms could be in effect at the same time
with each proving its own contribution. Some of the proposed mechanisms are
Multi-ion exchange (MIE) and Electric double layer EDL. Others include fine mi-
gration, rock dissolution, increase in pH and IFT reduction and a low salinity
recovery hypothesis called salting-in effect in RezaeiDoust et al. (2009). While, a
generally accepted mechanism is yet to be available in the literature, a widely ac-
cepted idea is that low salinity brines creates an environment, which is convenient
for additional oil recovery.

3.2.1 Multi-ion exchange

Multi-ion exchange (MIE) has been discussed and supported in Strand, Høgnesen
and Tor Austad (2006), Peimao Zhang, Tweheyo and Tor Austad (2007), Seyed
Farzad Shariatpanahi, Strand and Tor Austad (2011), Yousef, Al-Saleh, Al-Kaabi
et al. (2010) and Tor Austad, Seyed Farzad Shariatpanahi et al. (2015). MIE in
carbonates is discussed in terms of anion exchange and cation exchange as dis-
cussed in sandstone. MIE involves the process where SO2−

4 is adsorbed onto the
positively charged rock surface, thereby allowing the co-adsorption of Ca2+ an-
d/or M g2+ which facilitates the desorption of the negatively charged carboxylic
group from the rock surface which then results in the less oil wetness of it, as
illustrated in Figure 3.6. This process is temperature sensitive. At higher temper-
atures, the process becomes more active and M g2+is able to displace Ca2+ and
form carboxylate complexes (Sohal, Thyne and Søgaard, 2016). SO2−

4 just serves
as a catalyst to enable the co-adsorption of Ca2+ and/or M g2+ by reducing the
electrostatic repulsive force (Yi, Sarma et al., 2012). For an effect MIE process,
the following conditions should be met.

1. Presence of SO2−
4 and another PDI.

2. Preferable temperature should be > 90oC Austad et al. (2012).

Figure 3.6: Suggested wettability alteration mechanism in carbonate surface to
illustrate the interplay between M g2+ and Ca2+ at high temperatures. Figure
from Peimao Zhang, Tweheyo and Tor Austad (2007).
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Figure 3.6 illustrates the interplay between the anion SO2−
4 and cations Ca2+

and/or M g2+ at high temperatures on the chalk surface. The MIE is also valid
for dolomite S. Shariatpanahi et al., 2016 and limestone with traces of anhydrite.

3.2.2 Electric double layer

The electric double layer (EDL) is made up of the stern layer and the diffuse layer.
The EDL was referred to in the work in Seyed Jafar Fathi, Tor Austad, Strand et
al. (2012). The principle behind the EDL explains that just right beside a strongly
charged solid surface as shown in Figure 3.7, there are layers of negatively charged
ion particles that adsorb to the surface of the positively charged solid surface to
form an immobile later of ions called the Stern layer. That is, the stern layer is
a static area containing counter ions. The diffuse layer is situated between the
stern layer and the ionic equilibrium area, which is where several ions of different
charges are allowed to move freely. The diffuse layer is an area of co and counter
ions repelled by the stern layer. The charge density at any point from the solid
surface is given by the difference in the concentration of these co and counter
ions. Thus, the charge density is negligible at the point of electroneutality. The
concentrations of these ions increase with the distance to the surface until elec-
troneutrality is reached.

Figure 3.7: Diagrammatic representation of electric double layer. Figure from
Google Images.

Na+ and Cl− are not potential determining ion (PDI)s though they belong to the
double layer. The PDI are contained in the stern layer while the Na+ and Cl− are
contained in the diffuse layer. Both layers make up the double layer. When the
cations contained in the double layer, mainly consist of the PDI, they tend to have
better access to the rock surface as shown in Figure 3.8 to alter wettability. Same
principle applies in the presence of SO2−

4 , if the concentration of Cl− is decreased,
SO2−

4 would have an unconstrained access to the rock surface. This is why deplet-
ing the injected fluid of NaCl would result in increased oil recovery Seyed Jafar
Fathi, Tor Austad, Strand et al. (2012).
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Figure 3.8: A schematic diagram showing the effect of NaCl interaction with other
ions on the chalk surface. Figure from Seyed Jafar Fathi, Tor Austad, Strand et al.
(2012).

Electric double layer expansion

The impact of low salinity brines on wettability alteration depends on the inter-
action between the EDLs at the oil/brine and the brine/rock interface. The inter-
action between the ions of the low salinity brine and the ions on the rock surface
leads to the expansion of the EDL. Higher pH resulting from rock dissolution res-
ults to negatively charged brine/rock interface which is largely repelled by the
negatively charged oil/brine interface. The reduction in brine salinity leads to the
expansion in the interface of the two EDLs. This expansion means that there is a
greater repulsion between the rock and oil interfaces and leads to the desorption
of the organic components from the rock surfaceKarimi et al. (2016). Reduction
of salinity in the injected brine, will enhance the solubility of organic compounds
in the aqueous phase (Salting-in effect) which will in turn enable more desorption
of the carboxylic materials from the rock surface (RezaeiDoust et al., 2009).

3.2.3 Rock dissolution

Although there are still several debates about this mechanism which was first
introduced in Hiorth et al. (2008). where a geothermodynamic model was de-
veloped with some pre-existing experimental data. Simulation experiments could
not find a correlation between surface charge changes and the oil recovered by
SI of SW. The geo-model was then applied to compute the change of chalk to
other different minerals. This new results was able to provide some positive find-
ings between rock disintegration and oil recovery. Furthermore, the model fur-
ther clarified the low salinity impacts in carbonates by contending that reducing
the Ca2+ concentration in the injected brine that would result in the dissolution
which would restore equilibrium within the brines. This dissolution would deliver
strongly adsorbed carboxylic materials from the rock surface and this will improve
the water wetness Yi, Sarma et al. (2012).

The NMR results in Yousef, Al-Saleh, Al-Kaabi et al. (2010) confirmed the effect
of this mechanism. The differences in the concentration of Ca2+ ion in the FB and
the low salinity brine would lead to mineral dissolution which will in turn enable
the removal of the adsorbed oil components form the rock surface according to
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Equation 3.20, Karimi et al. (2016). Equiliberation is one of the reasons why this
mechanism might not be applicable at reservoir scale as noted in Mahani et al.
(2015). Also Tor Austad, Strand and Puntervold (2009) via series of experiments
have rejected the effectiveness of this mechanism.

CaSO3(s) +H2O→ HCO−3 +OH− (3.20)

3.2.4 Fines migration

This mechanism is more common in sandstone and is a phenomenon linked with
MIE. However, some previous studies like Tang and Marrow, Bernard et. al; have
suggested that this mechanism could play a part in carbonates. The idea behind
the fines migrations is that moving particles (usually clay, in the case of sand-
stone), released by low salinity water, tend to block pore-throats. This particle
tend to re-direct flow of water, into unswept regions and this increases micro-
scopic sweep RezaeiDoust et al. (2009). The dissolution of anhydrites and dolo-
mite Yousef, Al-Saleh, Al-Kaabi et al. (2010), Tor Austad, Seyed Farzad Shariat-
panahi et al. (2015), Austad et al. (2012) and S. Shariatpanahi et al. (2016) will
result in fine migration. A lot of work is currently ongoing concerning this mech-
anism.

3.2.5 Interfacial tension reduction

The effect of reducing injected water salinity and varying ionic composition keeps
raising several doubts in literature. Residual oil saturation is usually controlled
by the capillary number which is a ratio of the capillary force to the viscous
force [NTNU TPG4160 2021 notes]. The composition of injected brine has a mar-
ginal effect on the viscous forces which means the effect on capillary force is pro-
nounced. Yousef, Al-Saleh, Al-Kaabi et al., 2010 noticed a little interfacial tension
(IFT) change between diluted SW and live oil. Okasha et. al. suggested otherwise.
Therefore, there is no form of conclusion yet concerning the effect of brine salinity
on IFT. The effect could be attributed to brine and crude oil composition.

3.3 Zeta potential and electric double layer

When liquids are not intentionally deionized, they usually contain ions which
could be negatively charged, also called cations, or positively charged, also called
anions. Particles are also charged, therefore when positively charged particles
comes in contact with negatively charged ions, attraction of ions occur and vice
versa. The ions which are far off of surface of the particles, form a diffuse layer.
These ions could be seen as free ions and tend to move with the particles as they
move with the incoming liquid. outside of the diffuse layer are the static ions,
and this is called the slip plane (stern layer), as discussed in Section 3.2.2. The
potential at the slip plane is called the zeta potential (ζ).
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A potential exists between the molecule surface and the scattering fluid which
changes as indicated by the separation from the molecule surface. Several literat-
ure, Mahani et al. (2015), Song et al. (2020), Tetteh, Janjang, Barati et al. (2018)
and Peimao Zhang and Tor Austad (2006) have reported that the knowledge of
zeta potential measurements are useful for understanding rock wettability.

Figure 3.9: A diagrammatic representation of the potential at the slipping plane.
Figure from Zetasizer Nano series Manual.

The ζ measurement gives an idea about the stability of the particle suspended in
the solution. Low zeta potential measurements indicate the absence of forces, to
hold the particle from flocculating. ζmeasurements are made with the knowledge
of the electrophetic mobility, which is defined as the velocity of the particle in an
electric field. ζ is calculated using Henry’s equation which is given as;

UE =
2εζ f (Ka)

3η
(3.21)

UE is the electrophoretic mobility, ε is the dielectric constant, ζ is the zeta poten-
tial, f (Ka) is the Henrys function and η is the viscosity.





Chapter 4

Effect of brine composition on
wettability

4.1 Oil recovery in limestone cores

4.1.1 Effect of ionic composition

Effect of SO2−
4

The concentration of SO2−
4 in the formation brine (FB) is almost negligible due to

the high concentration of Ca2+. However, about 2,689 mg/l of SO2−
4 can be found

in seawater (SW) Limestone is a less reactive surface, compared to chalk Strand,
Tor Austad et al. (2008). Therefore, the effectiveness of SW as an EOR fluid and
the affinities of the PDIs to the limestone surface need to be investigated.

The chromatographic separation technique is used to determine the adsorption
of an ion on a solid surface. The principle of the test is the chromatographic sep-
aration of the non adsorbing tracer (in this case SCN−) and adsorbing ions (in this
case SO2−

4 ) contained in a chromatographic liquid (SW); on the water-wet site of
the rock surface. The region between the emanating bend of tracer and the PDI is
legitimately corresponding to the water-wet surface. Utilizing a totally water-wet
condition as a source of perspective framework, the proportion between the two
zones will give a wetting list, which portrays the water-wet part of the real center
surface zone Strand, Tor Austad et al. (2008). The larger the area between the ef-
fluent tracer and the ion, the stronger the affinity of that ion towards the surface
being investigated. The area is calculated using the trapezoid method.

Results of chromatographic tests carried out in Strand, Tor Austad et al. (2008),
confirms that SO2−

4 adsorb equally to the surface of limestone as it does for chalk
surface and the adsorption increases with an increasing temperature. At elevated
temperatures, (Above 100oC), the adsorption of SO2−

4 tends to increase due to
the breakage of hydrogen molecules which would lead to sulphate being more

31
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strongly desolvated by the water molecules Strand, Høgnesen and Tor Austad
(2006).

Combined interaction between SO2−
4 and other potential determining ion

(PDI)

SO2−
4 alone cannot act as a wettability modifier in the absence of other PDIs. Gupta

and Mohanty (2011) scrutinized the effect of SO2−
4 on a calcite surface, with an

initial contact angle between 150o- 170o. The base concentration SO2−
4 , Ca2+

and M g2+ were kept at 0.025, 0.013 and 0.045 M respectively. As represented
in Figure 4.1, at room temperature, MgCa2S and MgCa4S couldn’t significantly
alter the contact angle below 150o. At an elevated temperature of 70oC, same
brines were able to alter the wettability to a resulting average contact angle of a
86o (Intermediate-wet). MgCa2S and MgCa4S made the calcite surface water-wet
with contact angle measurements of 54o and 36o respectively, at 90oC. Therefore,
at higher temperatures, SO2−

4 is able to act as a catalyst, to desorb the carboxylic
materials contained in crude oil, from the solid surface, thereby making the sur-
face more water-wet.

Figure 4.1: Contact angle measurements with varying brine salinites and tem-
perature. Figure from Gupta and Mohanty (2011).

Further contact angle measurements as reported in Gupta and Mohanty (2011),
carried out at 90oC, made the following observations as shown in Figure 4.2;

1. High SO2−
4 concentrations in the presence of other two PDI, was able to

greatly alter the calcite surface to water-wet. In comparison, presence of
SO2−

4 alone, in the absence of other PDI, was less effective in altering wet-
tability.

2. Likewise, the absence of sulphate was unable to significantly alter the wet-
tability of the calcite surface, as in the case of MgCa0S and 4Mg0Ca0S.

3. M g2+ alone is unable to alter wettability 4Mg0Ca0S, except in the presence
of SO2−

4 , as in 4Mg0CaS.
4. High concentration of Ca2+ alone, is able to alter wettability, but performed

slightly better in the presence of SO2−
4 0Mg5CaS.
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Figure 4.2: Contact angle measurements with varying brine salinites at 90oC.
Figure from Gupta and Mohanty (2011).

As reported in Gupta and Mohanty (2011), SO2−
4 is an effective wettability mod-

ifier towards a limestone surface. Its affinity towards the solid surface increases
with temperature and oil recovery increases with increasing sulphate concentra-
tion in the injection brine, though there exist an optimal concentration Hognesen,
Strand, Tor Austad et al. (2005). Furthermore, Hognesen, Strand, Tor Austad et al.
(2005) carried out a spontaneous imbibition (SI) experiment at a temperature of
120oC , using modified SW with varying concentrations of SO2−

4 . The oil recovery
when the injection brine was SW and SW without sulphate are 30 % and 15 %
respectively.

Figure 4.3: Results from spontaneous imbibition of limestone cores at a temper-
ature of 120oC by brines with and without SO2−

4 . Figure from Strand, Tor Austad
et al. (2008).

In an oil displacement test, whose results are shown in Figure 4.3, the oil recovery
at 120oC was about 15 % higher when the limestone core was imbibed with SW
compared to SW without SO2−

4 (SW0S). It is can therefore be seen that SW is a
suitable EOR fluid in limestone as it is in chalk. Also, in a SI experiment (120oC),
carried out in Sriram Chandrasekhar (2013), to investigate the lone effect of SO2−

4
in the absence of other PDI in SW, (0Mg0Ca4S). A total oil recovery of 22 % of
OOIP was made. Furthermore, an additional 19 % of oil was recovered when brine
MgCa4S was used Sriram Chandrasekhar (2013).
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The mechanism responsible for this recovery can be attributed to multi-ion ex-
change (MIE) Sriram Chandrasekhar (2013). SO2−

4 tend to adsorb strongly on the
limestone surface which then allows for the co-adsorption of Ca2+ and thereby
displace the negatively charged carboxylic materials contained in the crude oil.
This process increases the water-wetness of the calcite surface. Though, sulphate
is a PDI to carbonate surface, it is also regarded as a problem because precipita-
tion of BaSO4 can result to reservoir souring and scaling Strand, Høgnesen and
Tor Austad (2006).

Effect of M g2+ and Ca2+

The concentration of M g2+ in the initial brine FB; and SW are 27.41 mg/l and
1279 mg/l respectively. M g2+ has the highest concentration in SW amongst all the
potential determining ion (PDI)s. The concentration of Ca2+ in the FW is usually
high which stands at about 27,118 mg/l and 409 mg/l in SW. Amongst other
conditions, the degree of success of a wettability alteration process is supported by
the concentrations of PDIs in the injection fluid and the temperature. The affinities
of M g2+ and Ca2+ onto the limestone surface were investigated in Strand, Tor
Austad et al. (2008) using the chromatographic tests described in Section 4.1.1.
The results from Strand, Tor Austad et al. (2008), are presented in Table 4.1.

Temperature oC Ca2+ adsorption area M g2+ adsorption area
20 0.19 0.16
70 0.16 0.18
100 0.14 0.26
130 0.15 0.29

Table 4.1: Results of adsorption tests on limestone surface. Data source: Strand,
Tor Austad et al. (2008).

At lower temperatures, the adsorption of both PDIs were quite similar. However, at
higher temperatures, the adsorption of M g2+ became more evident. The reasons
are, according to Strand, Tor Austad et al. (2008);

1. M g2+ ion is quite small with a high charge density, hence it is more solvated
in water.

2. Hydration energy of both ions. -459 Kcal/Mol and -380 Kcal/Mol for M g2+

and Ca2+ respectively. Hence, M g2+ is more reactive than Ca2+ due to par-
tial dehydration of the ions.

Furthermore, to study the interaction between all the PDIs, and the limestone
surface, results showed that in the presence of SO2−

4 , the concentration of Ca2+

decreases while the concentration of M g2+ increases Strand, Tor Austad et al.
(2008). This is attributed to;

1. The adsorption of Ca2+ on the limestone surface and the desorption of
M g2+ from the surface.
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2. When SO2−
4 adsorb onto the rock surface, it makes the surface less positive

charge, so Ca2+ is able to adsorb on the surface due to less electrostatic
repulsion.

3. M g2+ forms an ion pair with SO2−
4 in the aqueous phase.

[M g2+ SO2−
4 ] = M g2+ + SO2−

4 (4.1)

This ion pair lowers the effectiveness of the M g2+ and thus allow it desorb
from the carbonate surface.

Results of adsorption tests carried out in Seyed Farzad Shariatpanahi, Strand and
Tor Austad (2010) are in agreement with those carried out in Strand, Tor Austad
et al. (2008). As the concentration of SO2−

4 increases on the solid surface, the
co-adsorption of Ca2+ increases, thereby increasing the water-wetness of the car-
bonate surface. The presence of SO2−

4 , decreases the equilibrium condition of the
Ca2+ ion and this allows for the desorption of M g2+. As observed in chalk, there
was a substitution of Ca2+ by M g2+, though the rate of substitution is lower for
limestone. Furthermore, no substitution was noticed at temperatures below 80oC.
However, the substitution increased with increasing temperature Seyed Farzad
Shariatpanahi, Strand and Tor Austad (2010).

Combined interaction between M g2+, Ca2+ and other potential determining
ion (PDI)

M g2+ is able to substitute Ca2+ from the rock surface at elevated temperatures,
and this is called the dolomization process. The rate of substitution increases as
the temperature increases. In a SI experiment, carried out at a temperature of
120oC in Sriram Chandrasekhar (2013), to investigate the lone effect of M g2+ in
the absence of other PDI in a SW. A total oil recovery of 23 % of OOIP was made.
The phenomenon responsible for this recovery can be attributed to dolomization
process Sriram Chandrasekhar (2013).

Figure 4.4: Oil recoveries made in a SI experiment, with varying imbibing brines
at 120oC. Figure from Karimi et al. (2016).

Karimi et al. (2016) examined the impact of M g2+ and SO2−
4 in injected brines,

on oil recovery using a limestone sample in a spontaneous imbibition experiment
whose results are illustrated in Figure 4.4. The recoveries for 100 times diluted FB
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(DB), and DB spiked with 5 times the concentration of magnesium in FB (DB-M),
are 58 % and 56 % of OOIP respectively. DB spiked with 10 times the concen-
tration of sulphate in FB (DB-S), had a recovery of 60 % of OOIP. And 75 % of
OOIP was recovered with DB spiked with 5 times magnesium and 10 times sulph-
ate concentration in FB (DB-S-M). Though all brine combinations improved the
water wetness of the rock surface, but brines with higher concentration of SO2−

4 ,
than M g2+ were more effective. At low temperatures, M g2+ tends to be strongly
hydrated in water, and this impedes it reactivity with other minerals. However, at
higher temperatures, it is dehydrated and therefore its reactivity with other min-
erals also increases.

The results of coreflooding experiment in Tetteh, Janjang, Barati et al. (2018),
shows that brines depleted of Ca2+, i.e, SW0Ca and LSW0Ca reduced oil recov-
ery potential by about 0.2 % and 3.4 % respectively when compared to baseline
results when using ordinary SW and LSW in tertiary mode.

4.1.2 Effect of divalent ions on interfacial tension

Interfacial tension (IFT)is the contractile tendency of a liquid surface when ex-
posed to another immiscible liquid Torsæter and Abtahi (2003). The chemical
reactions happening at the interface of the oil and brine has been found to be con-
nected with wettability alteration. Therefore, the contributions of divalent ions to
these chemical reactions has been investigated in various literature Tetteh, Jan-
jang, Barati et al. (2018) and Gandomkar and Rahimpour (2017).

In an IFT measurements in Tetteh, Janjang, Barati et al. (2018), M g2+ had the
most significant effect on IFT. In SWS0Mg, i.e., SW without M g2+, the absence
of M g2+ resulted in the initial and final IFT values of 26.38 mN/m and 21.63
mN/m respectively. This trend is in agreement with the work of Gandomkar and
Rahimpour (2017), where the single brine with M gCl2 resulted in the greatest
wettability change towards water-wet.

Figure 4.5: interfacial tension (IFT) results for varying salinity brines with dif-
ferent divalent concentrations.Figure from Tetteh, Janjang, Barati et al. (2018).
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Furthermore, as shown in Figure 4.5, the absence of divalent ions such as SWS0Ca,
SWS0S, LSW0S, LSW0Ca, and LSW0Mg resulting in series of high IFT values.
Therefore presence of divalent ions have tendencies to reduce IFT. SWS contains
the highest of concentration of divalent ions amongst all the brines tested, hence
the reason for the least IFT value. Other reasons for the IFT values for FB, SW
and LSW are further explained in Section 4.2.2. Al-Attar et al. reported that, with
decreasing concentration of SO2−

4 and Ca2+ in injected brines, there was also a
decreasing trend in , and also mentioned that the maximum recovery was not
recorded with this brine.

4.1.3 Effect of divalent ions on zeta potential

Similar to interfacial tension (IFT), the surface charge of a carbonate surface, will
give a strong indication of its wettability. Disjoining pressure [3.1.1] is a key in-
gredient in the wettability alteration process and electrostatic forces are the most
pre-dominant determinant in the disjoining pressure required to result in wet-
tability alteration Tetteh, Janjang, Barati et al. (2018). Furthermore, these forces
between the solid/brine and oil/brine interfaces are responsible for the expan-
sion of the electric double layer (EDL), which in turn results in the occurrence of
stable water film at the oil/rock interface. Ionic strength and multi-ion exchange
(MIE) between the PDI are responsible for surface charge reduction Tetteh, Jan-
jang, Barati et al. (2018).

To quantify the effectiveness of M g2+ and Ca2+ on the surface charge of a lime-
stone surface, four brines (FWS0Ca, SWS0Ca,FWS0Mg, SWS0Mg) were tested
with both divalent ions being isolated in varying salinity brines. M g2+ has been
found to be more effective at higher temperatures, therefore Ca2+ is expected to
be more effective in this test temperature of 25oC in Tetteh, Janjang, Barati et al.
(2018). Experimental results are illustrated in Figure 4.6.

Figure 4.6: Zeta potential results for varying salinity brines with different divalent
concentrations. Figure from Tetteh, Janjang, Barati et al. (2018).
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For pure limestone, the reduction in the zeta potential values between SWS0Mg
and LWS0Mg can be attributed to the excessive reactivity of calcium and the
remainder of SO2−

4 concentrations in the brines. For the case of the aged lime-
stone, the negative zeta potential values are caused by the higher influence of
the brine/oil interface over the solid/brine interface. Carboxylic acid present in
the crude oil is the reason for -23.39 mV value recorded at the brine/oil inter-
face for the LSW0Ca brine. Wettability alteration is expected to occur when a
similar polarity is measured at the oil/brine and solid/brine interface, therefore
the most significant wettability change to more water-wet is expected to occur
with brines SWS0Mg and LSW0Mg. To investigate the effect of SO2−

4 on surface
charge, SO2−

4 concentration was isolated in varying brine salinites while keeping
their ionic strength constant. The surface charge without sulphate became more
positive for both brines for the pure limestone, Figure 4.6, this is because the ab-
sence of sulphate will give room for extra activity for other PDI on the solid surface
Tetteh, Janjang, Barati et al. (2018).

Song et al. (2020) carried out several zeta potential measurements at 25oC, us-
ing single electrolyte based and different sea water modified brines, to investig-
ate the interactions of the PDI on an Indiana limestone surface. Though, the test
temperature might not represent the reality of the rock/brine and oil/brine inter-
faces at 96oC but it gives perspective to the temperature effect on ion interactions
with limestone surface. Sufficient electrostatic repulsion at the oil/brine and rock-
/brine interface is necessary for the disjoining pressure required to stabilize the
brine film between rock and oil Song et al. (2020). The reduction of Na+ from
injection brines and the addition of sulphate concentration, enables the rock sur-
face towards water-wet conditions. Furthermore, M g2+ alone is unable to alter
the wettability alteration, to favourable conditions Song et al. (2020).

Gopani et al. (2021) performed several zeta potential analysis using varying salin-
ity brines and ionic compositions. Zeta potential increases with increasing level of
dilution and this is attributed to the double layer mechanism Gopani et al. (2021).
Figure 4.7, shows zeta potential vs pH plot for several brines used in the zeta po-
tential analysis. Within the pH range of 6.5-7.5, the carbonate surface tends to
be net positive and attach to the carboxylic materials contained in the crude oil
Mahani et al. (2015). Figure 4.8 illustrates zeta potential results for varying ionic
strength brines, to demonstrate the effect of the potential determining ion (PDI).
The following conclusions were drawn from Figures [4.7] and [4.8] as per, Gopani
et al. (2021).

1. Zeta potential values becomes more negative as brine salinity moves from
25 % dilution to 1 % dilution compared to SW. The implication of negative
potential, is a negative rock surface, which is beneficial to the double layer
expansion.

2. The addition of Ca2+ and M g2+, renders the carbonate surface more pos-
itive. That is, more positive zeta potential values.



Chapter 4: Effect of brine composition on wettability 39

Figure 4.7: Zeta potential of brines with varying composition and pH values of
measurement. Figure from Gopani et al. (2021).

3. The addition of SO2−
4 renders the carbonate surface more negative. This

is due to the chemical affinity of sulphate on rock surface to form CaSO4

precipitates. This affinity thus, increases the force of repulsion between the
rock/brine and oil/brine interfaces.

4. To enable the desorption of carboxylic materials from the rock surface, it is
beneficial to keep the zeta potential value either more negative or near zero.
A near zero value insinuate a reduction in the attractive forces, keeping the
oil attached to the rock surface, while a more negative zeta potential value,
means an increment in repulsion forces between the negatively charged oil
and rock surface.

5. With more adsorption of Ca2+ and M g2+ on the rock surface, the elec-
trostatic force reaches a minimum between the rock/brine and oil/brine
interfaces, this results to the release of oil molecules from the rock surface.

Figure 4.8: Zeta potential of brines with varying ionic strengths. Figure from
Gopani et al. (2021).
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4.1.4 Effect of divalent ions on contact angle measurements

Contact angle is one of the numerous ways to quantify rock wettability. Contact
angle measurements in Tetteh, Janjang, Barati et al. (2018), using the same brines
as in sections 4.5 and 4.1.3, the contact angle measurements, as shown in Figure
4.9a, reduced from 168o to 156o to 137o, when changing from brines FWS to
SWS0Ca and LSW0Ca respectively.

(a) Effect of Ca2+ measurements taken
sequentially using FW, SWS0Ca and
LWS0Ca.

(b) Effect of M g2+ measurements taken
sequentially using FW, SWS0Mg and
LWS0Mg.

Figure 4.9: Contact angle measurements at 40oC, using brines of varying Ca2+

and M g2+concentrations. Figure from Tetteh, Janjang, Barati et al. (2018).

Also, the contact angle measurements reduced from 142o to 102o to 76o; Fig-
ure 4.9b, when changing from brines FWS to SWS0Mg and LSW0Mg respectively.
Therefore as explained in Section 4.1.3, the most significant wettability changed
occurred with brines SWS0Mg and LWS0Mg because similar polarity measure-
ments were recorded at the oil/brine and oil/rock interfaces which leads to the
increased elastic forces to the gross disjoining pressure Tetteh, Janjang, Barati et
al. (2018). It should also be noted that, due to the test temperature of 40oC, Ca2+

is expected to be more reactive to the limestone surface than M g2+.

In the case of SO2−
4 , the reduction of SO2−

4 concentration in the testing brines
will have no much significance to the wettability alteration. As shown in Figure
4.10, the contact angle measurements in Figure 4.10b, are similar to Figure 4.10a,
which are the baseline results.

Contact angle measurements in Gandomkar and Rahimpour (2017), to test the
affinity of ions on limestone surface as they affect wettability alteration, results
that increasing the SO2−

4 in the presence of M g2+, reduced the contact angle from
43o to 32o. Increasing SO2−

4 concentration in the LSW, changes the wettability of
the limestone to a more intermediate wetness and increasing the SO2−

4 concen-
tration in the LSW, in the presence of other PDIs, changes the wettability from
intermediate wetness to strongly water-wet, i.e., 87o to 30o. When the concentra-
tion of Ca2+ in the LSW, was increased in the presence of other PDIs, the contact
angle measurements varied from 128o to 132o.
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(a) Baseline measurements taken sequentially us-
ing FW, SW and LSW.

(b) Effect of SO2−
4 measurements taken

sequentially using FW, SWS0S and
LWS0S.

Figure 4.10: Contact angle measurements at 40oC, using brines of varying ionic
composition. Figure from Tetteh, Janjang, Barati et al. (2018).

Similar contact angle measurements in Sriram Chandrasekhar (2013) confirms
that SW with added concentrations of SO2−

4 and M g2+ are able to alter the wettab-
ility of an initially oil-wet limestone sample to more water-wet. These results were
further validated by SI experiments. The test temperature is 100oC. The ranges
of selected brines contains different combinations and insulation of all the PDI
in reference to ordinary SW. Brines MgCa2S, MgCa4S, 0Mg0Ca4S, 0Mg0Ca2S,
Mg0Ca0S and Mg0Ca4S showed promising results while 0MgCa0S, 0MgCa4S and
MgCa0s were unsuccessful combinations.

As in MgCa2S and MgCa4S, the presence of all the PDIs in SW have the abil-
ity of altering wettability. Increasing the concentration of SO2−

4 by two times and
four times in SW and the absence of other PDI (0Mg0Ca4S and 0Mg0Ca2S) im-
proved the wettability of the calcite surface to more water-wet. M g2+ alone in the
absence of other PDI (Mg0Ca0S) and in the presence of four times concentration
of SO2−

4 (Mg0Ca4S), proved to be an effective wettability modifier. This can be
largely based on the effect of the test temperature; which means M g2+ becomes
more reactive.

4.2 Effect of brine salinity

The effect of water saltiness and particle structure on oil recuperation has been a
region of examination as of late. Proof from research facility considers upheld by
some field tests focusing on principally sandstone, has particularly demonstrated
that infusing low saltiness water significantly affects oil recovery. New series of ex-
periments are being carried out on carbonate reservoirs. The salinity of ocean SW
is about 30,000 parts per million (PPM) while the salinity of FB is about 250,000
PPM. However the salinity of Gulf SW is about 58,000 PPM. The mechanism be-
hind the effectiveness of reducing salinity has been explained in Section 3.2.2.
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In a core flooding experiment in Yousef, Al-Saleh, Al-Kaabi et al. (2010) to in-
vestigate the effect of low salinity on oil recovery in carbonate reservoirs, using
composite core with six individual cores. The average porosity and permeability
of the individual cores are about 25 % and 39.6 mD respectively. The composition
of the rock material is 80 % of calcite, 13 % of dolomite, 6 % of anhydrite and
less than 1 % of quartz. X-ray Computerized Tomography (CT) scans helped to
identify cores with fractures and permeability barriers.

Figure 4.11: Coreflooding results of a composite carbonate core which had been
injected with brines diluted 2, 10, 20 and 100 times the salinity of Gulf SW. Figure
from Yousef, Al-Saleh, Al-Kaabi et al. (2010).

From Figure 4.11, oil recovery after the injection of Gulf SW peaked at 67 %. A 9
% incremental recovery was made when the brine was switched from 2 times di-
luted Gulf SW to 10 times diluted Gulf SW. Most notably, no much was recovered
when the brine was switched to 100 times diluted Gulf SW. A similar experiment
was carried out in Yousef, Al-Saleh, Al-Kaabi et al. (2010), using a different com-
posite core to validate the results of the first experiment. The results of this new
coreflood test affirmed and approved the considerable extra oil recuperation seen
with past coreflood experiments.

In accordance with Yousef, Al-Saleh, Al-Kaabi et al. (2010), Feldmann et al. (2020)
carried out several spontaneous imbibition experiments at 20oC to quantify low
salinity effects on limestone samples. In the first test, the highest oil recovery
(3.1 %) was recorded when the initial and the imbibing water was diluted SW.
Feldmann et al. (2020) noted that not a lot of oil recovery should be expected
if the same fluid is used as the initial as well as the imbibing fluid. In group 2
experiments, the highest oil recovery (36.1 %) was recorded when FW and di-
luted seawater were used as connate water and imbibing brine respectively. The
sulphate concentration (about 3.5 g/l) of the SW is more than that of the FW, and
also 4 times less saline, therefore the oil recovered when the cores were initially
imbibed with SW, after FW could be a combined effect of high sulphate concen-
tration and low salinity. Hence, the huge recovery (36.1 %) when the cores were
then imbibed with diluted seawater, after using FW as the connate water will be
attributed to the effect of low salinity. As the diluted seawater, is 400 times less
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saline and the sulphate concentration is about 0.035 g/l. Diluted SW showed to
be more efficient than smart water for oil recovery.

Alongside Yousef, Al-Saleh, Al-Kaabi et al. (2010) and Feldmann et al. (2020),
Nasralla et al. (2018) examined the effect of low salinity on oil recovery in lime-
stone cores, in series of spontaneous imbibition experiments. Three samples with
varying permeability values were imbibed with FW, SW and 10 times diluted SW
in secondary and tertiary modes. In all experiments carried out in Nasralla et al.
(2018), the 10 times diluted SW showed more potential for oil recovery. In the
secondary mode, the approximate oil recovery of 9 % and 5 % by SW and FW
respectively shows that SW is a better wettability modifier than the FW. While in
the tertiary mode, the imbibition of SW resulted in an oil recovery of 5 %, and 7
% when the cores were imbibed with 10 times diluted SW in the same mode. This
further shows the efficiency of low salinity of injected brine. However, Nasralla
et al. (2018) noted that the optimal level of dilution varies from section to section
in the reservoir.

The results of Nasralla et al. (2018) are in agreement with those of Romanuka
et al. (2012), where limestone cores were used for spontaneous imbibition tests
at temperatures of 70oC and 120oC. As shown in Figure 4.12 Romanuka et al.
(2012) reported about 6 % - 10% OOIP after the sample was imbibed with FW,
1 % oil recovery was made when the initial brine was replaced with a higher sa-
linity brine (PW) and 3 % incremental recovery was made when a type of the FW
was spiked with Ca2+, SO2−

4 and M g2+ [FW − CaM gSO4]. The ionic strength of
[FW −CaM gSO4] was significantly lower than FW, hence, an affirmative reason
can not be given for the change in wettability, i.e, whether its because of the lower
ionic strength or the introduction of potential determining ion (PDI).

Figure 4.12: Spontaneous imbibition results for a limestone with varying brine
salinities. Figure from Romanuka et al. (2012).

Similar experiments with same core in Romanuka et al. (2012), was imbibed with
a lower ionic strength brine with no PDI and there was an incremental 3 % re-
covery compared to when 0 % when PDIs were later introduced. These results
were further validated with another limestone but with only SO2−

4 . Romanuka
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et al. (2012) concluded that, the wettability of the limestone core was altered by
reducing the ionic strength and not by the introduction of potential determining
ion. The introduction of sulphate could lead to plugging of reservoir rock, scale
formation and souring of oil fields Romanuka et al. (2012). All these problems,
can be eliminated by low salinity brines.

Romanuka et al. (2012) reported higher oil recoveries at a 120oC, during SI tests
using limestone cores as seen in Figure 4.13. Therefore, oil recoveries are higher
at elevated temperatures.

Figure 4.13: Spontaneous imbibition results for a limestone with varying brine
salinities at temperatures of 70oC and 120oC. Figure from Romanuka et al.
(2012).

Seyed Jafar Fathi, Tor Austad, Strand et al. (2012) reported a reduction in oil
recovery with decreasing salinity. The difference in results compared to Yousef,
Al-Saleh, Al-Kaabi et al. (2010), this has been attributed to rock type, reservoir
fluids, injection practices e.t.c most notably is the presence of anhydrite.

4.2.1 Presence of anhydrite

Majority of carbonate reservoirs exist at a very high temperature. The initial brine
contains a lot of Ca2+, hence sulphate is present through the solubility of anhyd-
rite, CaSO4(s). But the solubility of anhydrite decreases with increasing temper-
ature and for this reason, the sulphate dissolved in the FW is usually low Austad
et al. (2012). The solubility of anhydrite in pure water is about 2.01 g/L at 20oC
and 1.62 g/L at 100oC.

According to Tor Austad, Seyed Farzad Shariatpanahi et al. (2015), tertiary oil
recovery was observed with limestone reservoir cores with a given amount of
dis-solvable anhydrite, no recovery was made from cores which are dis-solvable
anhydrite free when same experiments were carried out. Hence, the presence of
dis solvable anhydrite in limestone cores is essential for low salinity effect.

It is established that SW contains all the active ions to improve the wettability
of a carbonate surface Seyed Jafar Fathi, Tor Austad, Strand et al. (2012) and
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Tor Austad, Seyed Farzad Shariatpanahi et al. (2015). However, the combination
of the presence of anhydrite in the pore space and the injection of diluted SW,
could result in a better wettability modifying process. To investigate these con-
ditions, Tor Austad, Seyed Farzad Shariatpanahi et al. (2015) carried out two
sets of test. In the first test, at a temperature of 100oC, a core was successively
flooded with sulphate depleted FW (FW0S), Gulf SW (GSW) and 10x diluted Gulf
SW (d10GSW). The oil recovery peaked at 33 % of OOIP after the injection of
d10GSW, the recovery after the injection of FW0S was about 25 % as shown in
Figure 4.14.

Figure 4.14: Oil recovery test of a core with anhydrite in the pore space. Figure
from Tor Austad, Seyed Farzad Shariatpanahi et al. (2015).

The effluent of the d10GSW fluid used in test Figure 4.14, was analysed for the
concentration of SO2−

4 and Ca2+ which where initially 4.5mM and 1.6 mM re-
spectively. The concentrations of both ions in the d10GSW increased to about
10mM. The importance of sulphate in imbibing fluid cannot be over emphasised.
SO2−

4 acts as a catalyst for the desorption of carboxylic materials from the carbon-
ate surface. If SO2−

4 is absent in the injection fluid, the dissolution of anhydrite,
CaSO4(s), could act as an ’emergency’ or ’in-place’ source of SO2−

4 Tor Austad,
Seyed Farzad Shariatpanahi et al. (2015). Hence, the presence of dissolvable an-
hydrite is important. The chemical mechanism to understand the low salinity ef-
fect in carbonate rocks is suggested in Tor Austad, Seyed Farzad Shariatpanahi
et al. (2015) in Equation 4.2;

CaSO4(s)→ Ca2+(aq) + SO2−
4 (aq)→ Ca2+(ad) + SO2−

4 (ad) (4.2)

Ca2+ (aq) + SO2−
4 (aq) tend to dissolve in pore water while Ca2+ (ad) + SO2−

4
(ad) are ions which are dissolved on the carbonate surface. As mentioned earlier,
solubility of anhydrite is the source of SO2−

4 (aq) and this is a function of the
brine composition, temperature and salinity of the injected fluid. The solubility of
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anhydrite increases with a decreasing concentration of Ca2+ and NaCl but with in-
creasing temperature. The shortfall in solubility of anydrite in high temperatures
can be compensated for if there is a significant amount of anhydrite distribution
in the pore space Tor Austad, Seyed Farzad Shariatpanahi et al. (2015).

Mahani et al. (2015) investigated the impact of reduced brine salinity using two
types of carbonate rocks. The limestone became less oil wet after it was success-
ively flooded with FB, SW, 25 times diluted SW (25dSW) and 25 times diluted SW
equilibrated with calcite (25dSWEQ). In this experiment in Mahani et al. (2015),
low salinity effects were seen when the injected brine was diluted with deionized
water, i.e, the concentrations of PDIs are now reduced. Therefore, low salinity
effect can also be achieved even with little concentration of PDIs present in the
injected brines. This further validates that wettability alteration in carbonates is
majorly as a result of brine salinity and ionic composition of injected brines. Fur-
thermore, the results of the zeta potential measurements were consistent with
the wettability alteration of the limestone surface to more water-wet. That is, the
limestone-brine interface because less positively charged.

4.2.2 Effect of brine salinity on interfacial tension

interfacial tension (IFT) is the contractile tendency of a liquid surface when ex-
posed to another immiscible liquid Torsæter and Abtahi (2003). According to
Yousef, Al-Saleh, Al-Kaabi et al. (2010), variation in salinity insignificantly affects
the IFT, and therefore on liquid-Liquid connections. A further investigation was
done to quantify the effect of varying salinities on IFT. The experiment was car-
ried out at reservoir conditions, which is similar to that of the the core flooding
experiments.

Figure 4.15: IFT measurement results live oil and brines with varying degree
of dilution compared to levels in ordinary SW. Figure from Yousef, Al-Saleh, Al-
Kaabi et al. (2010).

Results of the IFT measurements are depicted in Figure [4.15]. The lower the sa-
linity, the lower the IFT values. However, the greatest change occurred between
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switching from the connate water (FB) to the Gulf SW. Not much significant
change in IFT was noticed between the diluted brines.

Though IFT measurements tend to decrease with decreasing salinity, However,
Lashkarbolooki, Ayatollahi and Riazi (2014), have reported that this trend is not
always true. Results of IFT measurement in Tetteh, Janjang, Barati et al. (2018),
using limestone samples are illustrated in Table 4.2.

FW SW LSW
Initial (mN/m) 21.39 13.75 21.98
Final (mN/m) 18.65 10.42 19.15

Table 4.2: Results of IFT measurements on limestone surface. Source: Tetteh,
Janjang, Barati et al. (2018).

Since divalent ions tend to have significant effect on IFT, the reduced values shown
in SW is quite understandable. This can be attributed to the presence of more
divalent ions compared to other two brines and strong inter-molecular forces
at the oil/brine interface. The dilutions in LSW reduced the concentrations on
divalent ions present therein, and this leads to LSW, having identical IFT meas-
urements as FW.

4.2.3 Effect of brine salinity on contact angle measurements

Yousef, Al-Saleh, Al-Kaabi et al. (2010) used the contact angle method in his in-
vestigation to address the effect of infusing distinctive saltiness slugs of seawater
on carbonate rock wettability. The same rock sample and brine injection sequence
was used for this experiment as the previous ones described above in Yousef, Al-
Saleh, Al-Kaabi et al. (2010) and the pendant drop instrument method was util-
ized. All experiments are carried out at reservoir conditions and monitored for
2 days to ensure a proper impact of all injected brines. A water-wet rock would
have a contact angle of 0o - 75o; intermediate would have 75o - 115o; and oil-wet
would have 115o - 180o Santos et al. (2006).

Figure 4.16: Images of wettability measurements when using brines of varying
salinities Yousef, Al-Saleh, Al-Kaabi et al. (2010).
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The contact angle results, Figure 4.16, are consistent with the oil recovery from
the core flooding results in Yousef, Al-Saleh, Al-Kaabi et al. (2010) as more oil
was recovered during the injection of 2x and 10x diluted SW. These contact angle
measurements are consistent with those carried out in Mohanty, Chandrasekhar
et al. (2013). Therefore, since the IFT measurements confirmed that, diluted SW
have no effects on fluid-fluid interaction, then it can be concluded that the addi-
tional oil recovered during the injection of diluted SW, is as a result of rock-fluid
interactions.

Karimi et al. (2016) investigated the ability of different salinity brines to alter the
wettability of a limestone sample through contact angle measurements. Before
the introduction of brines, the sample was aged and the contact angle measure-
ment results to 149o, which shows an oil-wet state. And this can be attributed to
the adsorption of the organic materials on the surface of the sample, during the
aging process. As shown in Figure 4.17, the contact angle reduced from 149o to
146o to 81o to 61o and finally 47o after the introduction of the calcite surface to
100 times diluted FB (DB), DB spiked with 10 times the concentration of sulph-
ate in FB (DB-S), DB spiked with 5 times the concentration of magnesium in FB
(DB-M), and DB spiked with both magnesium and sulphate concentration (DB-
M-S) respectively. The dilution of the FB is done to reduce the concentration of
the nonactive salts NaCl. However, the low concentrations of PDIs in FB makes
the dilution ineffective, i.e., unable to remove the adsorbed carboxylic materials
on the surface of the calcite. The calcite surface became more water wet with the
introduction of magnesium and sulphate. Therefore, they can be considered as
wettability modifiers for oil-wet limestone.

Figure 4.17: Contact angle measurements when using brines of varying salinities
Karimi et al. (2016).

Mahani et al. (2015) examined how the contact angle measurement changes when
it contacts brines of varying salinity with carbonate (Limestone and dolomite)
patches with oil droplets. More contact angle changes were noticed in the lime-
stone cores compared to the dolomite cores. And this is also in alliance with the
zeta potential results where positive charges were seen at higher salinities with
lower rate of change at lesser salinities. The contact angle measurements reduced
after the introduction of SW. The carbonate patches were first exposed to FW for
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about 40 hours. Results are shown in Figure 4.18.

Figure 4.18: Contact angle measurements when using brines of varying salinities
(FW) and (SW)on limestone (left) and dolomite (right) patches right. Mahani et
al. (2015).

However, in similar experiment in Mahani et al. (2015), where 25 times diluted
SW (25dSW), Figure 4.19, was using as the brine phase after the exposure to
FW, reduction in contact angle, measurements were only noticed in the limestone
cores as shown in Figure . This was as a result of mineral dissolution. These res-
ults were enough for Mahani et al. (2015), to conclude a low salinity effect on
wettability alteration in carbonates.

Figure 4.19: Contact angle measurements when using brines of varying salinities
(FW) and 25dSW on limestone (left) and dolomite (right) patches right. Mahani
et al. (2015).

Contact angle measurements carried out in Tetteh, Janjang, Barati et al. (2018),
where 3 brines with varying salinity was used. The least saline brine (LSW) re-
duced the contact angle measurement by about 18 angles, compared to the in-
termediate brine (SW), which reduced the contact angle measurement by about
31 angles. The contact angle measurement of the initial brine (FW) was about
160o. These reduction in contact angle values with decreasing salinity brine are
in agreement with results in Yousef, Al-Saleh, Al-Kaabi et al. (2010) and Mahani
et al. (2015).
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4.2.4 Effect of brine salinity on zeta potential

Zeta potential measurements provides an information on the surface charge of
a solid (Karimi et al., 2016). It is a function of pH and particle size. Mahani et
al. (2015) investigated the impact of salinity changes on the surface charge of
oil/water and water/rock interface of two kinds of carbonate rocks. The results
of the zeta potential measurements as a function of brine salinity and pH values
are shown in Figure 4.20a.

(a) Zeta potential of limestone particles (b) Zeta potential of dolomite particles

Figure 4.20: Zeta potential of two carbonate rocks in varying brine salinities.
Figure from Mahani et al. (2015).

For the limestone core, the zeta potential values increase with increasing pH val-
ues for all salinities. The zeta potential remained positive for the FW, while the
difference in composition of SW made the zeta potential less positive. The least sa-
line brine tends to be much more negative as seen from the illustration. Therefore,
the higher the salinity of the brine, the lower the gradient of the zeta potential
with pH values.

In zeta potential experiments in Tetteh, Janjang, Barati et al. (2018), where 3
salinity brines FW, SW and LSW were used. The SW is 5 times diluted FW, while
LSW is 82 times diluted FW. The zeta potential value shift in the case of pure lime-
stone as illustrated in Table 4.3, from 8.70 mV to 4.35 mV, shows the effectiveness
of low salinity water in the reduction of surface charge in a calcite surface. The
negative values gotten at the oil/brine interface can be attributed to the strongly
adsorbed carboxylic materials which are present in the crude oil. For the aged
limestone, the values are -8.33 mV, -8.50 mV and -10.95 mV for FW, SW and LSW
respectively. This trend is in agreement with those in Karimi et al. (2016).

FW SW LSW
Pure Limestone (mV) 8.70 6.30 4.35
Aged Limestone (mV) -8.33 -8.50 -10.95

Oil/brine (mV) -2.97 -4.89 -11.90

Table 4.3: Results of Zeta potential measurements in Tetteh, Janjang, Barati et al.
(2018).
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4.3 Oil recovery in other carbonate cores

4.3.1 Chalk

Effect of ionic composition and brine salinity

In comparison to other carbonate rocks, a lot more research have been done con-
cerning wettability alteration in chalk Seyed Jafar Fathi, Tor Austad, Strand et al.
(2012), Peimao Zhang and Tor Austad (2006), Strand, Høgnesen and Tor Austad
(2006) and Peimao Zhang, Tweheyo and Tor Austad (2007), compared to lime-
stone and dolomite. However, our focus in this thesis is limestone. It has been
reported in literature that PDIs that adsorb unto a limestone also apply to chalk.
In an adsorption test in Strand, Høgnesen and Tor Austad (2006), the adsorption
of sulphate to the chalk surface increases with increasing temperature which is
similar to limestone.

Seyed Jafar Fathi, Tor Austad, Strand et al. (2012) investigated the effectiveness
of SO2−

4 as a PDI on a carbonate surface. At 70oC, 50 % of OOIP was recorded
when an NaCl depleted SW was spiked with 4 times sulphate concentration of
original SW. Ordinary SW gave a recovery of 38 % of OOIP. Hence, the concen-
tration of sulphate has a big impact on the oil recovery as seen in Figures 4.21a
and 4.21b.

(a) Results at 70oC using Oil B with
AN=0.5, BN=0.3 mgKOH/g.

(b) Results at 70oC using Oil B with
AN=0.5, BN=0.3 mgKOH/g.

Figure 4.21: Spontaneous imbibition into oil saturated chalk cores using different
imbibing fluids, with different salinities and ionic composition. Swi=10%. Figures
from Seyed Jafar Fathi, Tor Austad, Strand et al. (2012).

At 90oC, similar trend was noticed as shown in Figure 4.21b. formation brine
which has a low SO2−

4 content gave the least recovery of about 17 % of OOIP
while NaCl depleted SW which was spiked with 4 times sulphate concentration
of original SW gave the maximum recovery of 62 % of OOIP. This is attributed
to more activity of the active ions in the double layer. Ordinary SW recovered
about 38 % of OOIP. Similar experiment carried out in Strand, Høgnesen and Tor
Austad (2006) resulted in akin trend as noticed in Seyed Jafar Fathi, Tor Austad,
Strand et al. (2012). The result is depicted in Figure 4.22. The effect of additional
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sulphate concentration is quite evident.

Figure 4.22: Spontaneous imbibition into oil saturated chalk cores at 110oC using
different imbibing fluids, with different SO2−

4 concentrations, Oil with AN=2.1,
Swi=26% - 28 %. Figure from Strand, Høgnesen and Tor Austad (2006).

The affinity of Ca2+ to a chalk surface was investigated in Strand, Høgnesen and
Tor Austad (2006). Results show that co-adsorption of Ca2+ on the rock surface
increases with increasing temperature and SO2−

4 concentration. The more Ca2+

adsorbed onto the chalk surface, the more the negatively charged carboxylic ma-
terials are removed from the chalk surface which in turn improves the water-
wetness. Ca2+ is an active wettability modifier in the presence of SO2−

4 at tem-
peratures less than 100oC when approaching temperatures greater than 125oC,
the precipitation of CaSO4 is initiated but this can be mitigated by the increased
concentration of M g2+ Peimao Zhang, Tweheyo and Tor Austad (2007).

In a series of spontaneous imbibition experiments in Peimao Zhang, Tweheyo and
Tor Austad (2007), to investigate the interplay between M g2+ and Ca2+. The oil
with the lower AN was used at the lower temperatures (40oC and 70oC) to ensure
a reasonable oil recovery. As shown in Figure 4.23a, at 40oC, about 20 % to 25 %
of the OOIP was recovered. At 40oC, when 0.025 mol/l of M g2+ and Ca2+ were
separately added to individual cores; after 30days, the core with additional Ca2+

had an increase in oil recovery of up to 33 % of the OOIP and negligible oil recov-
ery for the core with M g2+. When 0.045 mol/l of M g2+ and Ca2+ were added to
the cores, there was a 4 % recovery in the core with additional Ca2+ but the core
with M g2+ still had a negligible recovery.

At 70oC, the core with Ca2+ concentration reached an oil recovery of 55 % and
the one with M g2+ peaked at 33 %. Hence, Ca2+ appeared to be a more efficient
wettability modifier in the presence of SO2−

4 at temperatures less that 70oC.
Similar experiment carried out in Peimao Zhang, Tweheyo and Tor Austad (2007)
at elevated temperatures >= 100oC results that Ca2+ is a better wettability mod-
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(a) A representation of how equal con-
centration of M g2+ and Ca2+ and con-
stant SO2−

4 concentration performed at
low temperatures, i.e, < 70oC.

(b) A representation of how equal con-
centration of M g2+ and Ca2+ and con-
stant SO2−

4 concentration performed at
high temperatures, i.e, > 100oC .

Figure 4.23: Combined Interaction between M g2+ and Ca2+. Figure from Peimao
Zhang, Tweheyo and Tor Austad (2007).

ifier than M g2+ at a temperature of 100oC as depicted in Figure 4.23b. At 130oC,
the core which was imbibed with M g2+ had more recovery (48 %) than the core
imbibed with Ca2+ (40 %). The solubility limit of CaSO4 was confirmed to have
been exceeded at a temperature of 125oC and this was further confirmed virtually
by precipitated materials beneath the imbibition cells. Hence, the effectiveness of
M g2+ and Ca2+ in the presence of SO2−

4 is limited by the precipitation of CaSO4
at high temperatures. In a zeta potential measurement in Peimao Zhang, Tweheyo
and Tor Austad (2007), the positive charge on the chalk surface increases with an
increasing concentration of M g2+ while the pH is kept constant at 8.4. Therefore,
it was verified that M g2+ is a PDI to chalk surface which in turn can act as a wet-
tability modifier towards more water-wet.

The adsorption of M g2+ on the chalk surface was studied in Peimao Zhang, Twe-
heyo and Tor Austad (2007) at 23oC and 130oC. The rate of adsorption was more
evident at the higher temperature. After the effluent was analysed, the concentra-
tion of Ca2+ significantly increased by 60 % from the initial concentration and the
concentration of M g2+ was reduced compared to the initial concentration. This
shows a possible occurrence of dolomization process.

These results are similar to those gotten in Karimi et al. (2016). No significant
substitution was noticed at temperatures lower than 80oC, but a similar molar in-
crease and decrease of both ions were noticed at temperatures of 90oC, 110oC
and 130oC. According to Petrovich and Hamouda (1998), in the Ekofisk field
(T=130oC), decrease in the concentration of M g2+ was noticed after the break-
through of SW. This can be attributed to dolomization process. It is expected that
the substitution reaction is more evident when using SW as the injection fluid, be-
cause of it’s high concentration in M g2+. Finally, it can be concluded that M g2+

is very active PDI at high temperatures.
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The effectiveness of M g2+ in the presence of other PDIs especially at 70oC, 100oC
and 130oC is depicted in Figure 4.24, during SI tests carried out in Peimao Zhang,
Tweheyo and Tor Austad (2007). At 70oC, the imbibing fluids were totally de-
pleted of Ca2+ and M g2+ but concentration of SO2−

4 were added at 0, 1, 2 and 4
times the concentration in SW. Oil recovery was low, about 10 % and this could
be attributed to partial water wetness of the rock and fluid expansion. At 100oC,
the little oil recovered could be attributed to fluid expansion and thus it was con-
cluded that SO2−

4 alone is unable to improve oil recovery by SI in chalk cores in
the absence of other PDIs. The concentration of Ca2+ = 0.013 mol/l and M g2+

as in original SW was added to the imbibing fluids. In the case of M g2+, the oil
recovery increased with increasing SO2−

4 concentration.

Figure 4.24: The effect of PDIs on spontaneous imbibition into chalk core at sev-
eral temperatures.Figure from Peimao Zhang, Tweheyo and Tor Austad (2007).

At 130oC, the highest recovery was also made when M g2+ was combined with
4 times the concentration of SO2−

4 content in SW. The oil recovery was about 60
% compared to 42 % in the previous temperature. Hence, the effectiveness of the
combination of M g2+ and SO2−

4 are temperature dependent. The higher the tem-
perature, the higher the oil recovery. When a core was exposed to an injection
fluid with M g2+ but depleted of SO2−

4 , a marginal oil recovery was made which
could be as a result of fluid expansion. Thus, M g2+ is only a wettabilty modifier
at high temperatures in the presence of SO2−

4 . The chemical mechanism to ex-
plain this oil displacement process is called multi-ion exchange (MIE) which was
explained in Section 3.2.1.
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4.3.2 Dolomite

A number of field and laboratory experiments have been carried out concerning
the effects of ’smart water’ on oil recovery in carbonates especially in chalk and
limestone [Seyed Jafar Fathi, Tor Austad, Strand et al. (2012), S. Shariatpanahi
et al. (2016) and Standnes and Tor Austad (2000)]. However, little attention has
been paid to dolomite which is also a member of the carbonate family. S. Shari-
atpanahi et al. (2016) in series of experiments, studied the affinity of the afore-
mentioned PDIs towards the dolomite surface by using the chromatographic test
method, which was initially discussed in Section 4.1.1. Furthermore, spontaneous
imbibition studies were carried out using a Sulirian outcrop core with up to 235
mD and 20 % permeability and porosity respectively.

The chromatography results, Figure 4.25 shows that the adsorption of sulphate
onto dolomite surface is quite low at room temperature which amounts to like
0.08 and then increases to 0.16 at elevated temperature of about 130oC.

Figure 4.25: Chromatography test results on dolomite core. Figure from S. Shari-
atpanahi et al. (2016).

This adsorption results are generally low compared to those of chalk and lime-
stone. Further experiments in S. Shariatpanahi et al. (2016) shows that the pres-
ence of SO2−

4 has negligible effect on the adsorption and co-adsorption of M g2+

and/or Ca2+ which is in contrast with other carbonate families, hence there should
be questions about the effectiveness of SW as an EOR fluid in dolomites.
To further quantify results of oil recovery by spontaneous imbibition in dolomite,
S. Shariatpanahi et al. (2016) conducted a test on two dolomite cores with sim-
ilar properties. The results from both cores show a similar trend as seen in Figure
4.26. About 8 %, 11 % and 25 % of cumulative OOIP was recovered from core SIL
# 9 when flooded successively with FW, SW and 10 times diluted SW (d10SW)
respectively. While, about 6 %, 7 % and 16 % of cumulative OOIP was recovered
from core SIL # 6 when flooded in the same order. Similar experiment in Ro-
manuka et al. (2012) on two Silurian outcrop dolomite cores resulted in similar
results. About 8 %, 9 % and 18 % of cumulative OOIP was recovered from the first
core when flooded successively with FW, SW and 10 times diluted SW (d10SW)
respectively. While, about 6 %, 8 % and 22 % of cumulative OOIP was recovered



56 GBADEBO NAFIU ADEJUMO:

Figure 4.26: Spontaneous imbibition results on dolomite core with varying brine
compositions. AN=0.52 mgKOH/g. Figure from S. Shariatpanahi et al. (2016).

from the last core, when brine flooding was done in the same order.

The oil recovered from this dolomite cores are quite low compared to those from
limestone and chalk cores which again signifies that SW might not be the most
optimum injection brine for dolomite. However, the pronounced jump in oil re-
covery after the injection of 10 times diluted SW (d10SW) cannot be ignored. This
dramatic increase could not be attributed to the presence of dis solvable anhyd-
rite as it was asertain that the cores were anhydrite free at the beginning of the
experiments.

In the presence SO2−
4 also acts as a catalyst of wettability alteration in dolomite

at high temperatures, and by reducing the salt content in brines, it gives room for
increased activities of SO2−

4 . Furthermore, the results of these outcrop dolomite
cores were similar to those gotten in Romanuka et al., 2012 where reservoir cores
were used.

In zeta potential measurements for dolomite cores, as Figure 4.20b indicates, more
positive surface charges compared to the limestone cores. This shows the differ-
ence in the surface reaction of both cores to brine salinities. The higher surface
density, due to the presence of excess magnesium which is part of the mineralogy
of the dolomite core, could be the basis for the more presence of positive charges
when compared to the limestone core Mahani et al. (2015). The EDL structure of
the dolomite is highly structured, therefore the ionic strength have not so much
impact on the surface density Van Cappellen et al. (1993). Therefore, it was con-
cluded that desorption of carboxylic materials from the dolomite surface are less
easy when compared with their limestone counterparts, this is based on the sur-
face charge results gotten from the experiments. Surface charge thus play a role
in the wettability alteration of carbonates to more water wet.



Chapter 5

Methods and materials

This chapter describes the experimental setup for the dynamic aging set-up and
the spontaneous imbibition (SI) tests. However, before detailing these set-ups,
several core analysis experiments were carried out to determine the petrophysical
properties of the cores and fluids used in the experiments. Therefore, the materi-
als and methods of these core analysis are also discussed here.

The early subsections of this chapter discuss the preliminary tests carried out to
determine core and fluid properties, followed by oil and brine preparations and
finally the aging and SI set ups. Two types of core materials were used in this
project;

1. Outcrop Ainsa core from the Ainsa Basin in the Spanish Pyrenees which is a
representative of a carbonate field in Brazil operated by Equinor. The Ainsa
cores are classified as anhydrite free limestone.

2. Outcrop Angola cores which is a representative of a carbonate field in Brazil
operated by Equinor. The Angola cores are classified as limestone cores and
also anyhdrite free.

The Ainsa cores are labelled B1, B2, B3, B5, B6, B7 and B8, which were previously
used by Azizov (2019). Angola cores are the newest cores provided solely for this
experiment.

5.1 Liquids preparation

5.1.1 Oil preparation

A single type of oil was used for this experiment and it was provided by Equinor.
The acid number (AN), Section 2.3 is 3.30 mg KOH/g as provided by Equinor.
The oil is called Heidrun oil from the Norwegian oil field called Heidrun. The oil
filtration was done in the fumehood under vacuum. It was made to pass through
a 5 micrometer filter.

57
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Figure 5.1: An image of the oil filtration set-up.

The purpose of oil filtration is to remove particles from the oil to avoid any form
of blockage of the system. The schematic of the crude oil filtration set up can be
found in Figure 5.1. The Bucher funnel and flask are connected via a tight clip
holder. A rubber tung is placed at the entrance of the buckner flask to prevent any
air flow. The white rubber tubing connects the flask to the tap, which also creates
vacuum for oil flow through the filter.

5.1.2 Brines preparation

Six (6) types of brines were used in this experiment. FW, SW, SW-0.1, SW-0.1NaCl,
SW-0.1NaCl-2S-4Mg, and SW-0.1NaCl-2S-8Mg. The brines were synthesized us-
ing deionized water (DI) and various laboratory salts with at least 99.3 % purity
from VWR BDH Chemicals-Belgium. The FW have same properties as those of the
Ekofisk Field FW. The SW ionic composition is similar to those of the North Sea.
The FW and SW compositions are shown in Figure 5.1.

SW-0.1, SW-0.1NaCl, SW-0.1NaCl-2S-4Mg, and SW-0.1NaCl-2S-8Mg are modified
SW compositions. SW-0.1 is ten times diluted concentration of SW. SW-0.1NaCl
is 10 times diluted NaCl in SW. SW-0.1NaCl-2S-4Mg is 10 times NaCl diluted SW
enriched with two and four times the concentration of sulfate and magnesium in
SW respectively. SW-0.1NaCl-2S-8Mg is 10 times NaCl diluted SW enriched with
two and eight times the concentration of sulfate and magnesium in SW respect-
ively. The composition of all modified brines used are presented in Figure 5.2. To
ensure complete dissolution of the solids, the magnetic stirrer was utilized. The
stirring was done for 24 hours prior to usage.
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Ions FW SW SW-0.1
(g/l) (g/l) (g/l)

NaCl 148.521 23.741 2.374
NaHCO3 0.000 0.194 0.019
Na2SO4 0.000 0.3976 0.398

KCl 5.510 0.755 0.076
MgCl2 x6H2O 22.927 10.696 1.070
CaCl2 x2H2O 99.473 1.500 0.150
SrCl2 x6H2O 13.3338 0.024 0.002

Salinity (g/ltr) 247.7925 34.8218 3.482
Ionic Strength (mol/ltr) 5.13366 0.69137 0.069

Table 5.1: Synthetic formation water and seawater composition.

Ions SW-0.1NaCl SW-0.1NaCl-2S-4Mg SW-0.1NaCl-2S-8Mg
(g/l) (g/l) (g/l)

NaCl 2.371 2.371 2.371
NaHCO3 0.1940 0.1940 0.1940
Na2SO4 0.3976 7.9520 7.9520

KCl 0.7550 0.7550 0.7550
MgCl2 x6H2O 10.696 42.7840 85.5680
CaCl2 x2H2O 1.500 1.500 1.500
SrCl2 x6H2O 0.024 0.024 0.024

Salinity (g/ltr) 13.45 32.4585 52.4952
Ionic Strength (mol/ltr) 0.32 0.8832 1.51458

Table 5.2: Modified seawater compositions.

5.2 Liquid properties

5.2.1 Density measurements

Density ρ is defined as the mass of a substance per unit volume. The density of
a substance varies with temperature and pressure. The units of mass and volume
used at a measured temperature must be stated when the density of a substance
is being reported. Density measurements were taken at room temperature and
values are reported in the unit of g/cc. The pycnometer; Figure 5.2, method of
measuring the density of fluids was utilized in this experiment.

Figure 5.2: Pycnometer.
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The primary advantages of using the pycnometer method over others (API hydro-
meter, Westphal balance, Specific gravity balance) for density measurements are:
it is a simple method, the instrument is relatively inexpensive, and the measure-
ments are of higher accuracy. However, the pycnometer also has some disadvant-
ages such as density must be calculated (indirect method), and the instrument for
measurement is breakable.

The measurement principle of the pycnometer method is that a clean dry pycno-
meter of known weight is filled with a known volume of the liquid of interest at a
known temperature. The opening of the pycnometer is then closed and the weight
of the pycnometer plus the fluid is then used in calculating the density of the fluid.
The fluid density is calculated using Equation 5.1:

ρ f luid =Wp yc+ f luid −Wp yc/Vp yc (5.1)

ρ f is the fluid density, Wp yc is the weight of the dry pycnometer, Wp yc+ f luid is the
weight of the pycnometer filled with fluid and Vp yc is the volume of pycnometer.

5.2.2 Viscosity measurements

Crude oil viscosity was measured using the Brookfield rotational viscometer as
shown in Figure 5.3. Viscosity is sensitive to temperature changes, but relatively
insensitive to pressure changes until a very high pressure is reached Torsæter and
Abtahi (2003).

Figure 5.3: Brookfield rotational viscometer.

The crude oil was poured into the annulus contained in the lower section of the
viscometer. Then, the spindle was totally submerged in the crude oil and made to
rotate (spin). The torque required to rotate the spindle, can be used to determine
the velocity of the fluid contained therein. The test was carried out at 22.3oC and
96oC using spindle 31 and spindle 18, respectively. The value of the viscosity was
recorded from the equipment when the readings stabilized.
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5.2.3 Interfacial tension measurements

The Kruss Drop Shape Analyzer as shown in Figure 5.4 utilizes the optical pendant
drop technique with a climbing drop, was utilized to gauge the interfacial tension
between the Heidrun oil and the brine. IFT is determined with the pendant drop
technique by utilizing the arch of the drop in the saline solution. The IFT makes
the weight in the drop increment. The Laplace equation portrays the connection
among IFT and the pressure contrast in the drop.

Figure 5.4: A schematic of the pendant drop method set-up.

The chamber is filled with saltwater and a needle is used to drop the oil droplets
into the saltwater solution. The entire setup is connected to a computer and the
video of the experiment can be viewed on it. A baseline is set to fix and track the
formation of the oil droplet and the measurement program on the computer is star-
ted. The program automatically performs the measurement by adding volumes to
the drop, until the drop finally breaks off from the needle. The program then dis-
plays all relevant results for the interfacial tension calculation. The measurement
was carried out at room temperature, however a difference of about+/- 2oC could
be noticed. About 300 runs were made to determine the IFT results.

5.3 Core analysis

5.3.1 Core cutting and dimensions

A whole Angola outcrop core, Figure 5.5, was provided by Equinor. The core cut-
ting was done at the thin section workshop at the IV faculty building with the help
of Kjetil Eriksen and Jon Runar Drotninghaug. A precised saw was used for the
core cutting to get the required dimensions of the core plugs. To avoid any form
of material damage and salt dissolution as we are making use of a carbonate core,
the cutting process was done dry.



62 GBADEBO NAFIU ADEJUMO:

Figure 5.5: Angola whole core as provided by Equinor.

Pressurized air was used as the coolant, and a diamond toothed drill bit with a
low rotations per minute (RPM) so as to avoid core breakage during cutting. With
the help of the computerized tomography (CT) scan provided by Equinor, the best
positions for drilling was identified. The CT scan helped identify the presence of
fractures and permeability barriers. While cutting, a plastic and duct tape was
connected to the cutting equipment to avoid so much dust while drilling dry.

Though a precised saw was used to cut in set-determined dimensions, there could
still be some minor deviations from these set dimensions, hence a digital vernier
caliper was used to measure the length and diameter of the core plugs so more
accurate bulk volumes V bulk, can be obtained. Several length and diameter meas-
urements were taking along the core plug and average values were obtained for
calculations. The cross-sectional area (A) was calculated using the Equation 5.2

cross− sec t ionalarea[cm2] =
πd2

4
(5.2)

d is the average diameter of the core plug [cm].

Bulkvolume = AL (5.3)

L is the average length of the core plug [cm].

5.3.2 Core cleaning, drying and storage.

One of the aims of core cleaning is to ensure that no form of residue is left within
the cores before the commencement of the experiment. Weight measurements
were taken before and after the cleaning process to note any form of weight dif-
ference. The cores were cleaned in the soxhlet extraction set-up as seen in Figure
5.6. At the base of the soxhlet is a heating compartment that warms the fluid used
for cleaning which could be toluene or methanol, to its boiling point. Methanol
is utilized for salt and water expulsion, while toluene is utilized for oil evacuation.

The methanol will disintegrate and move to the highest point of the instrument,
where there is a water-based cooling component or condenser. This makes the
methanol consolidate over the center until the soxhlet is filled. The methanol is
presently disintegrating and gathering in a nonstop shut framework, until the cen-
ter is esteemed clean.
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Figure 5.6: Core cleaning by Soxhlet extraction.

All Angola cores and two Ainsa cores were cleaned with only methanol. The clean-
ing was done for a day and when no change in the colour of the methanol was
noticed, the cores were moved to the drying oven. The other Ainsa cores (B1, B2,
B3 and B8) were cleaned with toluene for about 5 days and drying was done for
the same number of days, until constant weight. All drying was done at a tem-
perature of 60oC. All cores were constantly wrapped in aluminium foil while not
in use. Ainsa cores which were saturated in crude oil before the cleaning process
were still left submerged in a plastic container. All this careful processes were
taken to preserve the integrity of the samples.

5.3.3 Porosity measurements

The porosity of the core sample was determined using the Helium Porosimeter
method. The set-up is shown in Figure 5.7, all valves are manually operated. This
type of porosimeter is suitable for grain volume 5.4 determination. The Helium
gas expansion porosimeter enables the determination of grain and pore volume
via an isothermal helium expansion and the application of Boyles law and Charles
law. Subsequently, the porosity and grain density can be calculated.
Helium is the preferred gas because the advantages it has over other gases Tor-
sæter and Abtahi (2003):

1. It has small molecules, which are able to penetrate small pores rapidly.
2. It is inert and does not absorb on rock surfaces.
3. For pressure and temperature employed in the test, helium can be con-

sidered as an ideal gas.
4. It has high diffusivity, hence, it can be used for determining porosity of rocks

with low permeability Torsæter and Abtahi (2003).

The grain volume is calculated by;

V grain = V 1 − V 2 (5.4)
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Figure 5.7: Helium Porosimeter.

V grain is the grain volume of core sample [cm3], V 1 is the volume of matrix cup
without a core sample [cm3] and V 2 is the volume of matrix cup with a core
sample [cm3].

V pore = V bulk − V grain (5.5)

V pore = pore volume of core sample [cm3].

The effective porosity is calculated using then computed using Equation 5.6;

φe =
V pore

V bulk
∗ 100 (5.6)

φe is the effective porosity [%].

The liquid saturation method of determining porosity was also explored to check
the validity of the helium porosity results. With a known weight of a core sample
when dried and when saturated with a liquid and finally with the density of the
liquid well known, the pore volume can then be determined using Equation 5.7;

V pore =
W wet −W dr y

ρw
(5.7)

W wet is the wet weight of core, W dr y is the dry weight of core and ρw is the
density of saturating liquid.

5.3.4 Permeability measurements

Air permeability of the core sample was measured using a constant head per-
meameter as seen in Figure 5.8a. Liquid permeability of the core plugs were found
using the Klinkenberg correlations.
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(a) Constant Head Permeameter. (b) Hassler core holder.

Figure 5.8: Permeability measurement set-up. Figure 5.8b is from Torsæter and
Abtahi (2003).

The Manometers on both sides of the core measured upstream and downstream
pressures, while the airflow was measured by the flow meter. Hassler core holder
shown in Figure 5.8b was used with the permeameter. Hassler core holder type
was preferred because of its below listed advantages Torsæter and Abtahi (2003):

1. excellent tightness.
2. can be used for measuring relative permeability.
3. can be used for samples of different sizes.

Up to six permeability tests were carried out at varying upstream and downstream
pressures. The pressure difference was kept at a minimum of 0.2 bar. The air
permeability was then calculated using Equation 5.8,

K g =
2QLµPatm

A(P2
1 − P2

2 )
(5.8)

K g is the air permeability [D], µ is the air viscosity [cP], Patm is the atmospheric
pressure [atm], Q is the flowrate [ml/s], P1 is the upstream pressure [bar] and
P2 is the downstream pressure [bar].

The Klinkenberg correction factor b, can be calculated by

b =
m
K l

(5.9)

K l is the liquid permeability [mD], b is the correction factor and m is the slope of
the graph.

5.3.5 Thin sections and scanning electron microscope

Two thin sections, E1 and E3 from core samples C1 and C3, respectively, were
constructed for the experiment. Scanning electron microscope (SEM) was used
for the chemical identification of the rock sample. The SEM test were set up by
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setting a little piece of rock on the carbon glue circle mounted on the aluminum
stub. A slim platinum layer was applied to prevent charging of the samples. Several
points were picked based off from different colour representations. The colours
differ by the densities of the elements contained in the sample. Dr. Haili assisted
in the SEM analysis of the thin sections.

5.4 Core plug saturation

5.4.1 Formation water saturation

The core plugs were saturated using the vacuum pump in Formation water (FW).
The set up is shown in Figure 5.9. The cores were first placed in a beaker, and
then placed in the gas container before being completely sealed off.

Figure 5.9: A schematic of vacuum pump apparatus.

The weight of dry and subsequently saturated cores were measured. At a stabilised
pressure of 0.1 bar reading on the pump, FW was let into the tank from the over-
head storage till the cores were fully submerged in the FW. The vacuum pump was
run for about 2 hours and afterwards the cores were removed and submerged in
the same brine at room temperature till the drainage process was initiated within
5 days.

5.4.2 Contact angle measurements

A Goniometer Figure 5.10a, was used to carry out series of contact angle meas-
urements to determine the wettability of the calcite plate by. A goniometer is an
image system set-up to capture the profile of a liquid drop (in our case, crude oil)
on a solid substance (in our case, the rock sample). The profile of one liquid on
the solid can be observed in the presence of another liquid (in our case, brines of
varying salinities). The angle formed between the oil-brine interface, through the
calcite surface is the contact angle.
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A high resolution camera was employed to accurately capture this drop and cal-
culate the contact angle. The image is then processed on a computer using a spe-
cialised software, called the attention theta. The software outputs, the right and
left angles of the drops, which was calculated using the Youngs lapace equation.
The values displayed on the screen are measured through the oil phase. These
values are then subtracted from 180, to determine the contact angles through the
denser (more dense) phase, which is water.

(a) Goniometer (b) Core aging in test brine at 23oC.

Figure 5.10: Contact angle measurement experimental set-up.

Two calcite plates (Chip 1 and Chip 2) were polished on a diamond plate. The sur-
face of the polished samples is assumed to be non porous and this was confirmed
from images where no porosity was seen. Therefore, the chips are expected to be
completely sealed samples. The two polished plates were statically aged in crude
oil for 20 days, at 96oC, to render them more oil-wet. Afterwards, the chips were
aged in each test brine as shown in Figure 5.10b, at varying temperature and time.

Measurements were taking after 24 hours of aging in each test brine at room
temperature. The images from the goniometer were taken after the calcite sur-
face was introduced to crude oil droplet. The contact angle was then recorded
few minutes after the introduction of the droplet, to make certain that the droplet
was stabilised on the calcite surface. A minimum of three drops, from three meas-
urements were taking for each brine. An average of these values were analysed
before final conclusion was reached as results.

5.4.3 Zeta potential measurements

The role of electrostatic interactions in wettability alteration was analyzed by
taking zeta potential measurements. The zeta potential measurements, Section
4.2.4, were performed with milled carbonate samples suspended in several brine
solutions of interest, using the Malvern Zetasizer Nano machine shown in Figure
5.11a. The Zetasizer uses the laser doppler velocemetry technique (LDV) for nano
particle analysis. Using LDV, the system measures the velocity of the particles (elec-
trophoretic mobility), as they move through a fluid. The velocity of the particle is
proportional to the rate of fluctuation which is being captured by the optics and
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reference beam systems of the Zetasizer. These movements are thus, combined
with the Smoluchowski’s approximation from Henry’s equation Section 3.3, to
determine the zeta potential.

According to Equation 3.21 in Section 3.3, f (Ka) is 1.5 which is known as the
Smoluchowski approximation. This approximation is relevant in this measure-
ment as its an aqueous solution. The folded capillary cell, Figure 5.11b was used
to house the milled powder and brine, before being placed in the Zetasizer. The
sample was milled, using the Vibratory Disc Mill RS 200, and particle size was
arrived at, as 8 microns.

(a) Malvern Zetasizer Nano machine. (b) A sample of the capillary tube.

Figure 5.11: Zeta potential measurement experimental set-up.

Two sets of zeta potential measurements were carried out with all 6 brines used
in this experiment. Pure carbonate sample was used in one set, while carbonate
sample, aged in crude oil for 30 days at 96oC was used in another set. 0.5 gram
of the pure carbonate sample is added to 95 ml of the particular brine of interest.
This makes it a 1 wt % sample in brine solution. The solution is then stirred using
a magnetic stirrer, as shown in Figure 5.12, for a minimum of 48 hours (not more
than 55 hours), at room temperature.

Figure 5.12: One of the solutions being stirred on the magnetic stirrer.

The aim of stirring is to ensure the adequate suspension of the particles in the
brine solution. After stirring, the pH value of each solution is measured using the
pH meter. The most important parameter that affects the zeta potential is pH,
therefore a quoted pH value is required for adequate analysis of results. About 1
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ml of the solution is then put into the cell, which is then inserted into the Zetas-
izer machine, which then gives the zeta potential measurements. For each brine,
3 measurements were taken at zetasizer temperature of 23oC and 70oC, which is
the highest temperature the machine was designed for. The zeta potential values
were recorded along with an error bar based on the standard deviation of meas-
urements made. Brine viscosity at each measurement temperature is captured in
the zetasizer software, so the effect of temperature is observed.

The procedure enumerated below, was used to prepare the crude oil aged car-
bonate sample.

1. Prepare 50-50 % concentration of toluene and n-heptane each. This con-
centration is going to preserve the organic molecules contained in the crude
oil from dissolving. Also, diluting with this concentration, would make the
crude oil less viscous. Toluene alone would wash away the active ingredients
but n-heptane would diminish this effect. However, a moderate concentra-
tion of both is ensured.

2. Add a 20 % solution of crude oil (with powder), for microscopic analysis.
3. Put a pint of the mixture on a microscope slide, to see if there is asphaltene

precipitation or not, Figure 5.13. Asphaltene tend to show as flocculate
particles under microscope.

4. If there is none, the original sample (aged powder) is then spitted into two
parts. One for the zeta potential, while the other is used as a backup.

5. One of the splitted sample is then diluted with the 20 % of toluene and n-
heptane sample, and filtered using a 0.45 mesh filter while using the same
set up as Section 5.1.

6. After the first stage filtration, another concentration of toluene and n-heptane
is added to make the separated particles cleaner. This was done twice.

7. The 0.45 filter, with filtered powder is carefully removed and put in a glass
vial to dry. This drying is done by heating the filtered particle with nitrogen
in a heating block.

8. After drying, the particles are mixed with different test brines, and allowed
to stirr on the magnetic stirrer for 48 hours, after which pH measurements
are done, then zeta potential measurements are followed.

Figure 5.13: Checking for asphaltene precipitation, using the microscope.
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5.4.4 Oil saturation

The irreducible water saturation of the core plugs was determined by oil saturation
using the Beckman centrifuge; precisely the Beckman Coulter Optima L-80 XP
Ultracentrifuge model. The oil drainage process is achieved during the rotation
of the core holders inside the centrifuge machine. The process was carried out
at an RPM of 5000 for the Ainsa cores and 7000 RPM for the Angola core at
room temperature and 10 hours. All inputs were made in an adjacent computer
connected to the centrifuge machine which had a centas program installed in it. A
total of 7 core plugs (4 Ainsa cores and 3 Angola cores) were used in three rounds
of the centrifuging process.

(a) The Beckman Coulter Optima L-80
XP Ultracentrifuge

(b) Core holders housing 3 cores in the
centrifuge machine.

Figure 5.14: Centrifuge apparatus.

Figure 5.15: Components set-up for the centrifuging process

Once 10 hours was elapsed, the operation was stopped and the centrifuge ma-
chine is opened to collect the core holders. The water displaced is collected in the
calibrated polycarbonate receiving tube which is part of the core holding assembly.
The water is then poured into a burette and the volume of water displaced is de-
termined. Afterwards, the irreducible water saturation is then calculated using the
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Equation 5.11 and the mass balance equation 5.12;

Residualwatervolume = V pore − V w (5.10)

V pore is the pore volume and (V w) is the net produced water.

Swirr =
Residualwatervolume

V pore
(5.11)

Ww −Wo = Mt −Mi (5.12)

Ww is the weight of 100 % FW saturated core plug, Wo is the weight of an irredu-
cible water saturated core, Mt is the total mass of produced FW, after the process
and Mi is the total mass of the initial FW introduced into the core at the beginning
of the process.

5.5 Core aging

This section describes the experimental procedures and overall set-ups of several
aging procedures explored in this experiment. All aging procedures were carried
out at an elevated temperature of 96oC.

5.5.1 Component set-ups

The experimental set-up was carried out at an elevated temperature in the heat-
ing cabinet in the laboratory. A suitable set-up fit for purpose was designed, as-
sembled, and tested before commencement. The objective of the set-ups is to en-
sure an efficient core restoration through the aging processes. Also, the design
was made such that unnecessary interruption of the aging processes is completely
avoided.

In this experiment, the static and dynamic aging processes were explored. The
static aging process entails the core plug being fully submerged into the crude
oil, usually in a stainless steel aging cell. The dynamic aging process entails that
there is a continuous crude oil flowing through the core plug, with or without the
presence of a sleeve pressure. The options of both sleeve and non-sleeve pressure
were explored in this experiment. Below are the different components assembled
together to ensure a working set-up.

Pumps

The peristaltic pump was used for the dynamic aging without the presence of a
sleeve pressure. The choice of this pump is its availability, easy to operate and its
portability. Although, the least injection rate that could be provided by the pump
was about 15cm3/hr, which is quite high. The pump was placed outside of the
heating cabinet.
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The vindum and Isco pumps were used for the dynamic aging with the presence
of sleeve pressure. The choice of the vindum pump is motivated by the fact that
it is pulse free and is able to pump continually. It has a pressure limit of about
29,000 psi, which makes it suitable for laboratory experiments. Furthermore, a
desired pump rate as low as 1ml/hr can be reached compared to the peristaltic
pump.

The Teledyne D-series pump (Isco pump) was also used for the dynamic aging
with sleeve pressure. This pump ensures a continuous fluid delivery like the vin-
dum pump. The controller refills one pump while the other is delivering fluid,
using a special inbuilt algorithm. The Isco pump ensures accurate flow rate and
pulse free delivery. However, its mode of operation is quite complex compared to
the other two pumps used in the experiment.

Brine lines

A ‘white’ transparent line was used for crude oil flow. In both dynamic aging pro-
cesses, the flow line connects the oil reservoir, the pump, the core holder, and the
collection points (Effluent crude oil).

Core holders and oil reservoirs

Plastic and stainless steel materials were used as oil reservoirs and core hold-
ers. Most importantly, it was confirmed prior to the experiment that all selected
materials are able to withstand the elevated temperatures. Furthermore, a larger
volume of effluent crude oil collection was selected such as the frequent need to
empty is prevented.

5.5.2 Experimental set-up

During the static aging process, the core plug is simply immersed in a crude oil
containing stainless steel container and placed in the heating oven at an elevated
temperature of 96oC. For the dynamic aging process without the sleeve pressure,
Figure 5.16 the pump and the oil reservoir are placed outside of the heating cab-
inet. Fresh crude oil flows from the reservoir through the pump at an assigned
flow rate and then into the core holder which is placed inside the heating cabinet.
The injection rate is set at 15cm3/hr which is the lowest limit that can be reached
by the peristaltic pump. The flow lines that connect the outlet of the pump to the
core holder are made to be long enough to ensure that the crude oil is heated up
to the required temperature before it enters the core holder where the plugs are
placed.
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Heating cabinet at 90°C.

Effluent crude oil

Core holder

Crude oil 
reservoir

Peristaltic Pump

Dynamic aging set-up without sleeve pressure. 

Direction of flow

Figure 5.16: Schematic of dynamic aging set-up without sleeve pressure.

The introduction of sleeve pressure and back pressure in the subsequent aging
process is to ensure the need of the crude oil to forcefully flow through the core
plug into the core holder. The introduction of the back pressure is to ensure the
removal of air pressure and also the reduction of gas size. Therefore, the setup
with the introduction of these components becomes more complex. Figure 5.17
shows a schematic of the dynamic aging process in the presence of sleeve and
back pressures. To prevent the pumps coming in direct contact with crude oil,
Exssol D-60 is used to inject the crude oil into the core holders where the plugs
are already placed. Hence, the crude reservoir used in this set-up has a piston in
it.

Figure 5.17: Schematic of dynamic aging set-up with sleeve pressure.
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Outside of the heating cabinet, the D-60 reservoir is placed in a fumehood, and
the Isco pump is used to pump the D-60 into the crude oil reservoir which is
placed in the cabinet as shown in Figure 5.17. The sleeve and back pressures are
regulated from outside of the heating cabinet, which are set 30 bars and 2 bars,
respectively. The core was mounted in the core holder using the vacuum from the
flowing water installed in the laboratory. Leakage tests were carried out before the
beginning of the experiment. The choke on the gas bottle allows for a maximum
of 60 bar pressure. The valve is mounted between the regulator and the sleeve,
which allows for slow pressurization and accurate readings of pressure leaving
the gas bottle to the core holders. Safety pressures were also set at the pumps,
and any pressure exceeding the set pressures activates an alarm and shut down
of the system if no intervention is done. To prevent plugging of the flowlines, the
oil used were filtered at room temperature to enable the removal of possible wax
particles.

5.6 Spontaneous Imbibition experiment.

This section describes the experimental procedure and set-up for the high tem-
perature spontaneous imbibition (SI) test carried out in the laboratory. The test
temperature is 96oC. Core plugs with similar petro physical properties are im-
bibed with the same brines to have arrived at comparative results and reasonable
conclusions.

5.6.1 Experimental and component set-up.

The design of the set-up was finally arrived at after several phases of modification.
From the conceptual design on paper, to risk analysis/assessment, to the eventual
building of the rig. All phases have the same guiding design principles and the
overall objective remains the same. The final set-up was developed, keeping in
mind the objectives of the project while also considering availability of equip-
ment, laboratory safety, and time (COVID-19 lockdowns).

A test run was carried out before the main experiment which involves the core
samples used in this experiment. All glass-made components that forms part of
the set-up are properly cleaned with ordinary and distilled water, soap, and acet-
one where necessary, before being dried at 60oC. Furthermore, all components
with o-rings are replaced with new o-rings to maintain the integrity of the exper-
iment. O-rings are fluid sealing components placed between two solid surfaces.

The set-up consists of two Amott cells with a metal clutch and a metal core stand,
designed to withstand high temperatures and pressure of up to 2 bar. Other com-
ponents used are vindum pump 5.5.1, conductivity and salinity measurement tool
called hanna, flowlines 5.5.1, graduated cylinder, 3-way valves, pressure relief
valve and brine reservoirs 5.5.1. Hanna is an handheld multi 340i meter from
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geotech. All flowlines used in the experiment are properly measured to ensure
not too short to cause tension on the equipment, and not too long to cause unne-
cessary untidyness or accident.

(a) (A) and (B) Upper and lower
component of Amott Cell respectively,
(C) Metallic core stand and (D) Metal
Clutch.

(b) Handheld conductivity and salinity measuring
tool - Hanna.

Figure 5.18: Some of the components used in the high temperature imbibition
experiments.

The spontaneous imbibition (SI) set-up is showed in Figure 5.19. One of the guid-
ing principle or the objective of this set-up is to minimize to the barest minimum,
the number of times the heating oven is opened during the course of the exper-
iment. This is to ensure an interruption free test. Therefore, the designed set-up
is totally controlled externally, i.e., from outside of the heating cabinet. All brines
for the experiment are pre-heated and stored in the reservoirs from the beginning
of the experiment. To avoid brine evaporation, the brines were filled to the brim
of the reservoirs. Consistent pressure and temperature is needed for an effective
SI process.

Therefore, the graduated tube set-up outside of the oven, is not only used to
collect oil recovered but also to remove air from the system to avoid pressure
build-up. Drastic or fluctuating temperature from the heating cabinet was also
avoided by setting the temperature at 96oC and manipulating the settings to en-
sure the temperature remains so throughout the course of the experiment. The
overall idea of the set-up as illustrated in Figure 5.19, the vindium pump, placed
between the Exssol-D60 reservoir and the heating cabinet is used to inject D-60
into the flowline, then into the brine reservoirs, which then helps to inject brines
into the imbibition cells via the flowlines.
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Figure 5.19: Schematic of spontaneous imbibition (SI) setup.

The flowlines and equipment are connected at room temperature. The core was
then removed from the aging cells and rolled uniformly over a tissue paper to
remove excess oil from the core surface. This process was uniformly carried out
for all core samples. The core sample is then placed on the metallic core stand,
already placed on the bottom component of the Amott cell which seat on the bot-
tom component of the Amott cell. Afterwards, the upper component of the Amott
cell is connected to the lower component using the metal clutch. All connections
are then double checked for accuracy.

After the core has been mounted as described above, the experiment is then ini-
tiated as the first brine is injected at a rate of 5 ml/min and safety pressure of
400 psi, simultaneously the heating cabinet is turned on and temperature set at
96oC. The brine is injected to a level slightly above the neck of the Amott cell. Oil
recovered were collected in the Amott cell or the graduated tube placed at ambi-
ent temperature outside of the oven. The graduated cylinder; aside from helping
to collect the oil recovered, it also helps to eject air from the system and to avoid
pressure build-up. Oil recovery readings are made every 24 hours, while also mon-
itoring the liquid level in the Amott cells. After sometime, the graduated cylinder;
though cleaned with acetone, becomes oil-wet thereby allowing the oil to spread
over its surface leading to erroneous readings. Therefore, the preference is to take
oil readings in the Amott cells via the window in the oven.

Three SI experiments were carried out. The first SI experiment involve using cores
B1 and B8 from the Ainsa samples. Both cores have similar petrophysical proper-
ties and this forms the basis for selection, furthermore, both cores will be imbibed
with FW and SW successively. Also, cores B1 and B8 have been aged dynamically
and statically respectively. Therefore, SI results, will enable me make recommend-
ations on the different aging methods. The second SI experiment will involve using
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cores B2 and B3 from the Angola samples. These samples will be imbibed with
FW, SW, SW-0.1NaCl and SW-0.1NaCl-2S-4Mg successively. The third SI experi-
ment will involve using cores C1 and C2 from the Angola samples. These samples
will be imbibed with FW, SW, SW-0.1NaCl-2S-4Mg and SW-0.1NaCl-2S-8Mg suc-
cessively.

Replacement of high salinity brine with low salinity brines

The guiding principle behind brine replacement is utilizing the density difference
and segregation by gravity potentials between the old brine (high salinity) and
new brine (low salinity). With the old brine still in the Amott cell, the new brine
is now injected from the top of the Amott cell at a rate of 5 ml/min through the
flowlines connecting valves T5, T6 and T7 as illustrated in Figure 5.19. Valves
T4 and T3 are then opened to effluent connecting reservoir placed outside of the
oven.

While the injection and ejection of new brine is going on, the liquid level in the
Amott cell is closely monitored. Oil recovered remains in the Amott cell and the
new brine droplets move into the Amott cell. Density difference allows the new
brine move past the oil at the top of the liquid level in the Amott cell. The liquid
level is kept high enough, such that no disturbance is caused to the core gently
placed in the cell. A level of segregation is expected between both brines; due to
density differences, visible enough to be seen from outside of the heating cabinet.

The conductivity and salinity measurements of all brines were taken shortly before
the beginning of the experiment. In addition, the volume of the Amott is estim-
ated at about 350 ml. Therefore, the values were used to estimate when the new
brines fully contained in the Amott cell. Periodic measurements of conductivity
and salinity were taken with the hanna tool at the effluent end and this can be
used to determine when the old brine has been fully ejected from the Amott cell,
i.e., when the readings at the effluent end is similar to those of the old brine taken
before the experiment. To double check, when the volume of liquid at the effluent
end is greater than 350 ml, then we can be sure the new brine is contained in the
Amott cell.

Replacement of brines with comparative salinity.

Figure 5.20, shows the schematic for the replacement of brines with comparat-
ive density as in the case of SW-0.1NaCl-2S-4Mg and SW-0.1NaCl-2S-8Mg. The
procedure is similar to that described in Section 5.6.1. The difference is the new
brine is now being injected from beneath the Amott cell at the rate of 5 ml/minute.
Simultaneously, the old brine which is contained in the Amott cell, is being ejec-
ted and collected in an effluent containing beaker and the Hanna tool is used as
described above to know when the new brine is totally contained in the Amott cell.
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Figure 5.20: Schematic of spontaneous imbibition (SI) setup for the replacement
of brines with comparative densities.

(a) The vindium pumps (b) Inside of the SI oven.

Figure 5.21: Images of the imbibition rig.

(a) The external oil recovery section in
the set-up.

(b) View of the spontaneous imbibition
(SI) experiment.

Figure 5.22: External view of the imbibition rig.



Chapter 6

Results and discussion

The results obtained after applying the methods described in Section 5, are re-
ported here. This section begins with fluid properties such as the acid and base
numbers of the considered crude oil, viscosity, density, mineralogy results e.t.c.
This is followed by core analysis results. In addition, the contact angle and zeta
potential results are documented in this section. Finally, spontaneous imbibition
(SI) results are described.

6.1 Fluid data

Table 6.1 lists the Heidrun oil parameters. The acid and base numbers, colour
were provided in a document provided by Equinor. The oil density was calculated
by following the procedure in Section 5.2.1.

Parameter Value
Acid Number 3.3 mgKOH/g
Base Number 1.2 mgKOH/g
Oil Density 0.889 g/cc

Colour Dark Brown

Table 6.1: Heidrun oil parameters.

Parameter Value
IFT 11.1 mN/m

FW Density 1.12 g/cc
Salinity (ppm) 247,793

Table 6.2: Formation water (FW) parameters.

79
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6.1.1 Density

Results of fluid density measurements taken at room temperature are displayed in
Table 6.3. These density results are necessary for the brine replacement process in
the SI experiments. For brines with significant differences in salinity, like FW and
SW. The less saline brine, SW would be injected from the top of the Amott cell as
no form of mixing is expected. However, for brines with comparative density, such
as SW-0.1NaCl-2S-4Mg and SW-0.1NaCl-2S-8Mg. A bit of mixing is expected and
this can be minimised by injecting the latter from the bottom of the Amott cell.

FW SW SW-0.1NaCl-2S-4Mg SW-0.1NaCl-2S-8Mg
Density (g/cc) 1.120 0.972 0.969 0.990

Table 6.3: Results from density measurements at room temperature.

6.1.2 Viscosity

The volume sufficient for the annulus containing the crude oil is about 20ml and
10ml for spindle 31 and spindle 18 respectively. As shown in the Table 6.4, the
viscosity is reduced with increasing temperature. In addition, the trust region of
this apparatus is when the torque is between 10 % to 30 %. Thus, all the results
presented here, are obtained within this torque range. In addition, the 0.39 cp
difference for measurements taken at 96oC is not expected to be a major cause of
uncertainty in the SI experiments.

Temperature RPM Torque [%] Viscosity [cp]
22.3oC 100 24.5 7.35

120 29.3 7.32
Average 7.34

96oC 100 20.6 6.21
120 23.3 5.82

Average 6.02

Table 6.4: Results from viscosity measurements.

6.2 Core data

6.2.1 Core cutting and core dimensions

A total of 11 cores were used in this experiment, but only 6 of them were used
in the SI experiments. 5 Angola cores and 6 Ainsa cores. The Ainsa cores were
already cut before the commencement of the project, hence only the Angola cores
were cut solely for this project. All cutting procedures were followed as described
in Section 5.3.1.
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The 5 core plugs gotten from the Angola whole core are named C1, C2, C3, C4,
and C5. C5 is an end-cap of C3, hence it is of a shorter length. All core plugs
were cleaned, dried, and stored as described in Section 5.3.2. Core dimensions
are listed in Table 6.5. The least pore volume was recorded for C5 which is 1.20
cm3. The bulk volume of cores C4 and C5 is significantly smaller which can be
attributed to their reduced length.

Core ID Diameter Length Bulk Volume Matrix Volume

D(cm) L(cm) Vb(cm3) Vm(cm3)
Angola
C1 3.73 4.52 49.52 41.5
C2 3.76 4.49 49.96 42.6
C3 3.77 4.59 51.26 45.3
C4 3.77 3.13 34.86 32.9
C5 3.76 2.61 29.1 27.9
Ainsa
B1 3.8 4.62 52.33 41.45
B2 3.81 4.59 52.43 41.8
B3 3.82 4.61 52.68 41.9
B5 3.71 4.6 49.75 43.1
B6 3.8 4.42 50.15 40.9
B8 3.81 4.56 52.03 42

Table 6.5: Core dimensions.

Since one of the objectives of this thesis, is to carry out a SI experiment at elevated
temperature, the pore volume of the cores are highly significant for quantifiable
results. Cores C1 and C2 have the highest pore volume of the Angola cores, and
is about 8.02 cm3 and 7.36 cm3 respectively. Core plugs B5 and B6 have the least
pore volumes of the Ainsa samples. Therefore, cores C1, C2, B1, B2, B3 and B8
were the 6 plugs eventually used in the SI experiment. This selection was not
made based on pore volume only but pore volume played an important role. It
is worthy to note that plugs B5 and B6 were neither used in SI experiments in
Azizov (2019).

6.2.2 Porosity

The porosity results obtained from the procedures described in Section 5.3.3, are
listed in Tables 6.6 and 6.7. The results calculated for the Ainsa cores were sim-
ilar to those gotten Azizov (2019), though small variations were noticed. Cores
B5 and B6, showed exactly the same helium porosity results as in Azizov (2019).
One reason could be that cores B5 and B6 were not eventually used for the SI
experiments carried out in Azizov (2019).
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However, for cores B1, B2, B3 and B8 which were used for the previous SI ex-
periments; the newly obtained porosity results were a slightly smaller than the
previous ones. The maximum difference is about 4.14 %. The liquid porosity ob-
tained for core B1 is more than the helium porosity, the reason for this can be
attributed to excess liquid on the surface of the core during measurement.

For the Angola cores, the highest porosity is recorded for core C1 with 16.19 %,
with a pore volume of 8.02 cm3. Generally, these results validates the cleaning
process carried out as described in Section 5.3.1.

Core ID PV Old helium φ New helium φ ∆inφ Liquid φ
Ainsa cm3 % % % %

B1 10.88 20.80 19.93 4.14 19.96
B2 10.63 20.27 19.89 1.88 19.53
B3 10.78 20.46 19.70 3.37 19.64
B5 6.63 13.33 13.33 0.00 0.00
B6 9.25 18.44 18.44 0.00 0.00
B8 10.03 19.27 18.70 2.99 18.52

Table 6.6: Data for old and new helium and liquid porosity measurements for
the Ainsa cores. The old values are those gotten in (Azizov, 2019), while the new
values are results from this experiment. PV is pore volume.

Core ID C1 C2 C3 C4 C5
PV (cm3) 8.02 7.36 5.96 1.96 1.20

Helium φ(%) 16.19 14.72 11.63 5.62 4.11

Table 6.7: Data for pore volume (PV) and helium porosity measurements for the
Angola cores.

6.2.3 Permeability

Air permeability were calculated according to Equation 5.8. These results were
then plotted against the inverse of the mean pressures gotten in the measurements
described in Section 5.3.4. The resulting graph was extrapolated to obtain liquid
permeabilities. The obtained liquid permeabilities are reported in Table 6.8.
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Core ID B1 B2 B3 B5 B6 B8
Ainsa

New Kl(mD) 35.54 30.24 42.66 89.58 19.16 48.35
Old Kl(mD) 41.00 52.00 62.00 86.00 30.00 53.00

Core ID C1 C2 C3 C4 C5
Angola
Kl(mD) 15.38 1.73 1.00 0.30 14.24

Table 6.8: Data of permeability measurements. The old values are those gotten
by (Azizov, 2019) while the new values are results from this experiment.

There was a difference in the calculated permeability results for the Ainsa cores
except core B5 which increased by 3.58 mD, compared to (Azizov, 2019). The
Ainsa cores have considerably better pore volume and liquid permeability, Table
6.8, than the Angola cores. Hence, a quantifiable amount of production is expected
during the SI experiments. Lastly, the similarities in the measurements of core
plugs B1, B2 and B3 is indicative of the homogeneity of the core material.

Core ID B1 B2 B3 B5 B6 B8
Ainsa

Pore Volume (cm3) 10.43 10.43 10.38 6.63 9.25 9.73
Kl(mD) 35.54 30.24 42.66 89.58 19.16 48.35

Core ID C1 C2 C3 C4 C5
Angola

Pore Volume (cm3) 8.02 7.36 5.96 1.96 1.20
Kl(mD) 15.38 1.73 1.00 0.30 14.24

Table 6.9: Pore volume and liquid permeability results for core materials.
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Figure 6.1: Gas permeability against inverse of mean pressure plot for core plugs
B1, B2 and B3.
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Permeability measurements for core plugs B5, B6 and B8. 
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Figure 6.2: Gas permeability against inverse of mean pressure plot for core plugs
B5, B6 and B8.

The permeability values gotten from the Angola cores are quite low. As shown in
Table 6.8 and 6.9, the highest permeability value is 15.38 mD (Core B1) while the
lowest was C4 with 0.30 mD. The Angola cores are classified as heterogeneous.
The low pore volumes and liquid permeability results of cores C4 and C5 might
lead to low production during the SI experiments.
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Figure 6.3: Gas permeability against inverse of mean pressure plot for core plug
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6.2.4 Core mineralogy

The outcrop cores’ mineralogy have been analysed by thin sections and scanning
electron microscope (SEM). The reason for using the SEM imaging is the ele-
mental breakdown results that it delivers, which in turn would give ideas of min-
eral compositions in the cores. End caps of cores C1 and C3 were used to make
thin sections E1 and E3 respectively, as shown in Figure 6.5a. The thin sections
were used for the SEM analysis.
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(a) Thin section images of C1 and C3
and their corresponding end-caps E1
and E3 respectively.

(b) scanning electron microscope (SEM) images
of sample E1.

Figure 6.5: Core mineralogy.

The procedure for the SEM analysis was carried out as described in Section 5.3.5.
Several areas were picked based on different grey level values. The grey levels
correspond to the densities of the elements contained in the sample. Figure 6.5b
shows a cut piece from one of the thin sections, the major points and the magni-
fied areas (minor areas). 4 and 3 major areas were picked from sections E1 (E1.1,
E1.2, E1.3 and E1.4) and E3 (E2.1, E2.2 and E3.3) respectively. Each areas were
then magnified to pick several smaller areas. In total, about 51 smaller areas were
analysed.

Fe O C Si Ca Mg Ba S

E1.1 47.87 23.23 6.19 1.00 8.26 2.51 0.00 0.00
E1.2 0.90 24.98 20.92 0.00 17.13 7.85 0.00 0.00
E1.3 10.79 26.82 30.47 0.81 8.32 3.84 0.00 0.00
E1.4 42.05 23.99 16.30 0.74 0.00 0.00 0.00 0.00

25.40 24.75 18.47 0.85 11.24 4.73 0.00 0.00

Fe O C Si Ca Mg Ba S
E3.1 45.74 18.19 10.15 2.12 9.99 3.57 0.00 0.00
E3.2 35.54 19.54 5.78 6.06 9.67 0.68 41.33 8.29
E3.3 47.31 26.67 10.70 1.06 22.10 3.05 0.00 0.00

42.86 21.47 8.88 3.08 13.92 2.43 41.33 4.15

Table 6.10: Elements by weight percentage from SEM analysis.

The energy dispersive spectrometry (EDS) analysis are given in Table 6.10. The
magnesium concentration shows the possible presence of dolomite and the small
content of Si and Al, which results in low clay content in the core materials. In ad-
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dition, the table lists the average weight % of the most occurring elements in the
minor areas selected. The amount of magnesium present is not enough to classify
the core as dolomite. Figure 6.6a shows the random areas picked in section E1.1
and the elemental results got from the SEM analysis. Figure 6.6b shows the SEM
analysis for section E1.1.

(a) Minor areas picked from section
E1.1. (b) Elemental analysis of section E1.1.

Figure 6.6: SEM analysis of section E1.1.

The possibilities of barium precipitation is also anticipated because of its concen-
tration in section E3.2. The mineralogy analysis of the Ainsa cores were carried out
by Azizov (2019). Four thin sections were analysed by the microscope, and there
were suggestions of potential anhydrite grains. However, SEM analysis showed no
anhydrite on the limestone cores.

6.2.5 Saturation of core plug

Core plugs were first saturated with FW according to the procedures stated in
Section 5.4.1. This was followed by saturating the samples using Heidrun oil. This
saturation was carried out according to Section 5.4.4. The oil drainage process is
achieved by the rotating of the core holders inside the centrifuge machine. While
preparing the core holders, a high level of meticulousness ensured a good cent-
rifuging process. Following laboratory procedures, all core holders should have a
weight difference of +/- 0.08g. However, +/- 0.05 was achieved during this ex-
periment. Furthermore, no spills were seen on the walls of the centrifuge machine
after the first set of centrifuging.

The water produced after the experiment was collected in a burettes in order
to carry out Swirr calculations, as described in Section 5.11. The Swirr results are
presented in Table 6.11. All the calculated Swirr values are lower than those pre-
viously gotten in Azizov (2019). The old Swirr values for cores B1, B2 and B3
are 34 %, 40 % and 46 % respectively. No observable problems were seen during
the centrifuging process of the Ainsa cores. Furthermore, the mass was also con-
served as seen from the mass balance calculations. The Angola cores were not as
untroubled. The Angola cores (C1, C2 and C3) were centrifuged according to the
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CORE 1D B1 B2 B3 B8 C1 C2
Pore volume [cm3] 10.43 10.43 10.38 9.73 8.02 7.36

OOIC [cm3] 8.85 9.23 9.10 8.72 5.61 4.41
SWIRR [%] 15.23 9.88 12.02 9.45 23.70 40.10

Table 6.11: A table showing the SWIRR calculation results.

process detailed in Section 5.4.4.

The operations of core plug C2 was as smooth as for the Ainsa cores. For cores C1
and C3, the produced FW were far less than the initial volume (8g), introduced at
the beginning of the process. A further probe of the equipment was done, and not
only were salt deposits found in the centrifuging machine, Figure 6.8b, the cups
also had cracks which would have led to leakages, Figure 6.8b, which resulted in
fluid loss. C3 produced the least FW as seen in Figure 6.7, hence more leakages
are expected to have occurred therein, compared to core plug C1.

Figure 6.7: Produced FW, after the centrifuging process.

The Beckman Coulter Optima L-80 XP Ultracentrifuge was designed to withstand
rotations per minute (RPM) of up to 12,000. The maximum RPM reached in this
experiment is 7,000, which is within the designed limit. The decision to use 7,000
RPM for the Angola cores was because of their tight properties, therefore more
centrifugal force is needed for an effective saturation to occur. The cracks on the
core holders might have resulted from the combination of the tight nature of the
core and the centrifugal force as a result of the high RPM.

Another possible explanation is the care of the centrifuging plastic cups. Per the
manufacturers’ manual, iso-propane should be used to clean the cup after use.
However, toluene have been used in the laboratory, in the absence of iso-propane.
Also, when toluene is used to clean the cups, a bit of melting is noticed and when
further dried at 60oC, the transparency of the cups keeps eroding. This practice
might have made the cup weaker overtime. The weakness of the cup, tight nature
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(a) Patches of salts seen from one of the
cups.

.
(b) Salt and oil droplets seen in the
centrifuge machine.

Figure 6.8: Problems encountered during the oil saturation of Angola cores.

of the core and high RPM could possibly explain the reason for the cracks which
led to the leakages.

6.2.6 Contact angle

Two phases, with four rounds of contact angle measurements were taken with the
Goniometer as described in Section 5.4.2. In phase 1, we considered the effect of
selective dilution of NaCl in seawater (SW) on contact angles. The measurement
sequence and conditions are listed in Tables 6.12 for phase 1 and in Table 6.13
for phase 2.

Phase 1: Impact of selective dilution of NaCl in seawater.

Chip Crude oil aging Brine aging Sequence of
/ T (oC) / T (oC) brines used

1 20 days /96 3 days /96 SW
SW-0.1NaCl

Table 6.12: Contact angle measurement sequence and aging conditions for phase
1.

The impact of selective dilution of NaCl in SW, was scrutinized in this phase of the
measurements. Chip 1 was first statically aged in crude oil for 20 days, at 96oC.
Then, the chip was aged in each test brine at 96oC for 3 days. Contact angle meas-
urements at 3 different sites on the chip were made at room temperature in the
first brine SW, and another measurement is made in the second brine SW-0.1NaCl,
after 3 days of aging. Average values of left and right angles, from the measure-
ments were used to illustrate the results as shown in Figure 6.9. In all cases, a
reduction in contact angle was recorded, which indicates that SW-0.1NaCl is able
to alter the wettability of the calcite surface towards more water wetness.
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Figure 6.9: Contact angle (CA) measurements after calcite surface contact with
SW and then, SW-0.1NaCl brine.

A total angle reduction of about 39.06, 53.77 and 54.19 were recorded in meas-
urements 1, 2 and 3 respectively. SW-0.1NaCl showed a change in contact angle
from an average value of 108.03 recorded for SW to 59.03. This shows an alter-
ation in the wettability from completely oil-wet towards water-wet according to
the criteria in (Santos et al., 2006), thereby rendering the calcite surface towards
more water-wet.

Similar experiments were conducted in (Rashid et al., 2015; Yousef, Al-Saleh, Al-
Jawfi et al., 2012), however, in their experiments changes in NaCl+ was unable
to alter the rock wettability. On the other hand, Honarvar et al. (2020) obtained
results similar to ours. In Honarvar et al. (2020) the concentration of NaCl+ in the
initial brine was increased. The angle change from 70.4 to 129.8, after the brine
salinity reached about 120,000ppm. Therefore, the presence of NaCl+ rendered
the rock surface towards oil-wet. According to the experiment in (Anderson, Wil-
liam G et al. 1986), 4 sites were observed to be water wet in NaCl+-diluted SW
whereas all sites in SW remained relatively oil wet. This shows that selective di-
lution of NaCl+ in SW improves the activity of PDIs in improving the wettability
state.
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(a) Oil droplet shape after chip is aged
in SW brine for 3 days.

.
(b) Oil droplet shape after chip is aged
in SW-0.1NaCl brine for 3 days.

Figure 6.10: Contact angle (CA) measurements to determine the impact of se-
lective dilution NaCl in seawater (SW).

Phase 2: Impact of brines with varying magnesium concentrations on contact
angle measurements

Chip Crude oil aging / Brine aging / Sequence of
T (oC) T (oC) brines used

2 20 days / 96 24 hours / 96 FW
SW

SW-0.1NaCl-2S-4Mg
SW-0.1NaCl-2S-8Mg

1 15 days / 96 24 hours / 23 FW
SW

SW-0.1NaCl-2S-4Mg
SW-0.1NaCl-2S-8Mg

2 15 days / 96 24 hours / 96 FW
SW-0.1NaCl-2S-8Mg

Table 6.13: Contact Angle: Measurement sequence and conditions for phase 2.

The objective of the first test in this phase, is to determine the effect of varying
magnesium concentrations and its combined effect with sulphate in an NaCl di-
luted SW. In addition, the first two sets in this phase investigates the effect of
temperature on the brine aging of the polished chips. Having investigated the ef-
fect of NaCl in SW as discussed in phase 1, it is quite imperative to study the
effect of this potential determining ion (PDI) at varying temperature. A polished
chip (Chip 2) was first statically aged in crude oil for 20 days, at 96°C. Afterwards,
the chip was aged in each test brine at 96°C for 24 hours. Contact angle meas-
urements at 3 different sites were made at room temperature in the same brine.
The results are illustrated in Figure 6.11, where, the average left and right contact
angles were plotted against the brine types.
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Figure 6.11: Contact angle measurements after calcite surface were aged in vary-
ing salinity and ionic brine concentrations at 96oC.

(a) Oil droplet shape after chip 2 is aged
in FW brine for 24 hours, at 96oC.

(b) Oil droplet shape after chip 2 is aged
in SW brine for 24 hours, at 96oC.

Figure 6.12: Contact angle measurements with chip 2, brine (FW and then aged
at 96oC.

(a) Oil droplet shape after chip 2 is
aged in SW-0.1NaCl-2S-4Mg brine for
24 hours, at 96oC.

(b) Oil droplet shape after chip 2 is
aged in SW-0.1NaCl-2S-8Mg brine for
24 hours, at 96oC.

Figure 6.13: Contact angle measurements with chip 2, have contact with FW,
SW, SW-0.1NaCl-2S-4Mg and then SW-0.1NaCl-2S-8Mg aged at 96oC.
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A general trend of improving water wetness was observed by reduced contact
angle values after sequential contacts with varying brines with lower salinity. Av-
erage angles changed from 162.0 to 128.5 to 127.3 to 118.11 after the calcite
surface sequentially contacted FW, SW, SW-0.1NaCl-2S-4Mg and SW-0.1NaCl-
2S-8Mg for 24 hours. After SW, small changes in contact angles were observed.
These results further confirms, the effectiveness of PDIs, on the surface of calcite
material. These results suggests that magnesium and sulphate could be PDIs to
a carbonate surface. And their combined effect is able to render the carbonate
surface less oil-wet.

To determine if the wettability alteration process was reversible or not, the same
chip was aged in a FW brine for 24 hours after it was immersed in SW-0.1NaCl-2S-
8Mg, and contact angle measurements taken. It was noticed that the surface re-
mained less oil-wet, with similar contact angles as observed after the SW-0.1NaCl-
2S-8Mg measurements. We therefore concluded that the wettability alteration
process is irreversible. For the wettability alteration process to be reversible, oil
presence is needed. But in this case the chip has been in contact with SW-0.1NaCl-
2S-8Mg, and lower active components are expected to be present on the rock sur-
face. Therefore, to view a more oil wet surface, the chip should be exposed to oil.

As a further test under phase 2, similar experiment was conducted but this time
the calcite surface was aged in each test brine at room temperature. The results
are displayed in Figure 6.14. This time, chip 1 was cleaned with toluene until
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Figure 6.14: Contact angle measurements after calcite surface were aged in vary-
ing salinity and ionic brine concentrations at 23oC.
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a clear effluent was observed. It was then further cleaned with methanol. Both
cleaning process was done for about 3 days. The chip was then dried at 60oC
until a constant weight was observed before being aged in crude oil at 96oC for
15 days. The chip was then aged in each test brine at room temperature, and
measurements were taken every 24 hours. The general trend gotten were sim-
ilar to those of similar experiment, discussed above. The calcite surface became
less oil-wet with decreasing brine salinity. Average contact angles changed from
136.2 to 39.4 between FW and SW-0.1NaCl-2S-8Mg. However, this time, signific-
ant changes to less oil-wetness was seen after contact with SW. An angle reduction
of about 42.2 was recorded between the calcite plates’ contact with SW and then
SW-0.1NaCl-2S-4Mg. In addition, it was confirmed that this wettability alteration
is irreversible, as observed in the previous measurement, where the calcite plate
was brine aged at 96oC.

(a) Oil droplet shape after chip is aged
in FW brine for 24 hours, at 23oC

(b) Oil droplet shape after chip is aged
in SW brine for 24 hours, at 23oC.

Figure 6.15: Contact angle measurements with chip, brine (FW and then aged
at 23oC.

(a) Oil droplet shape after chip is aged
in SW-0.1NaCl-2S-4Mg brine for 24
hours, at 23oC.

(b) Oil droplet shape after chip is aged
in SW-0.1NaCl-2S-8Mg brine for 24
hours, at 23oC.

Figure 6.16: Contact angle measurements with chip 2, have contact with FW,
SW, SW-0.1NaCl-2S-4Mg and then SW-0.1NaCl-2S-8Mg aged at 23oC.

One more contact angle measurement was taken with chip 2, to quantify the effect
of SW-0.1NaCl-2S-8Mg on the chip, after direct contact with FW. The chip was
cleaned with methanol and toluene as described previously for chip 1. As depicted
in Figure 6.17, SW-0.1NaCl-2S-8Mg was able to reduce the contact angle by up
to 57.62 degrees. Tending the calcite surface towards immediate water wetness.
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Figure 6.17: Contact angle measurements, after 3 drops on a calcite surface,
exposed to SW-0.1NaCl-2S-8Mg, after contact with FW. Brine aging was done at
96oC.

(a) Oil droplet shape after chip is aged
in FW brine for 24 hours, at 96oC.

(b) After chip is aged in SW-0.1NaCl-
2S-8Mg brine for 24 hours, at 96oC.

Figure 6.18: Contact angle measurements with chip, brine (FW and then SW-
0.1NaCl-2S-8Mg) aged at 96oC.

Results observed in this experiment are in agreement to those in Rashid et al.
(2015), where a M g2+ SO2−

4 brine changed the contact angle towards water-wet
values. As reported in Karimi et al. (2016), the addition of 5 times magnesium to
SW reduced by 28 degree of contact angle, and a combined effect of M g2+ and
SO2−

4 , further reduced by 14 degrees of contact angle. This confirms that mag-
nesium alter the surface of carbonate rock towards more water wet, especially
in the presence of SO2−

4 . The presence of SO2−
4 increases the concentration of

magnesium close to the carbonate surface by reducing the electrostatic repulsive
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forces, thereby allowing magnesium release the carboxylic materials from the car-
bonate surface Rashid et al. (2015). Thus, SO2−

4 acts as a catalyst for the process
of wettability alteration.

6.2.7 Zeta potential

A change in the surface charge of a rock will lead to an expansion of the double
layer, which can result in wettability alteration of the rock Tetteh, Janjang, Barati
et al. (2018) and Mahani et al. (2015). The surface charge between the rock/brine
and oil/brine are affected by brine pH, temperature, salinity and composition Ma-
hani et al. (2015). Disjoining pressure is necessary for wettability alteration to
occur. The electrostatic force is the most important contributor to the disjoining
pressure necessary for wettability alteration Tetteh, Janjang, Barati et al. (2018).
Other forces include Van der Waals (VDW) and structural forces Gopani et al.
(2021).

The expansion of the double layer is caused by the electrostatic repulsion between
the rock/brine and oil/brine interfaces, which will lead to development of stable
water film between these interfaces and therefore result to water wet conditions,
i.e., an adequate electrostatic repulsion between these interfaces, which stabilizes
the water film and contributes to water wet conditions.

The rock/brine measurements were taken within the pH range of 7.75 - 8.40 for
all the brines except FW, whose pH stands at 6.74. As reported by Mahani et al.
(2015), below the pH of 5, ζ potential measurements were impossible due to the
dissolution of carbonates. Therefore we have tried to keep the pH values above
this range. However, according to Strand, Høgnesen and Tor Austad (2006), at
pH values within 7.5 - 8.0, carbonate dissolution occurs in under-saturated low
salinity brines. Since the pH range for the low salinity brines are within an accept-
able range, comparison analysis can thus be done.

For measurements with pure limestone powder, the ζ potential for FW and SW are
recorded as 5.66 mV and 6.53 mV respectively at 25oC. While, the ζ potential for
FW and SW are recorded as 7.38 mV and 5.24 mV respectively at 70oC. The differ-
ence in pH values of both brines might have contributed to more positive values
recorded for SW at the lesser temperature. According to Mahani et al. (2015), at
higher temperatures ζ potential moves towards the origin, i.e, from more negative
values to less negative, and from more positive to less positive values. Though this
trend was not observed for FW but for SW. The presence of sulphate in the SW,
which adsorbs more on the rock surface at high temperature, could also explain
the potential difference of 1.29 mV between the two test temperatures.
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FW SW 4Mg 8Mg SW-0.1NaCl SW-0.1

pH 6.74 8.28 7.86 7.75 8.09 8.40

25°C 5.66 6.53 9.84 9.90 4.98 5.16

70°C 7.38 5.24 5.88 11.50 4.45 4.04
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Figure 6.19: ζ potential results of pure limestone powder in varying brines, tem-
perature and pH. 4Mg represents SW-0.1NaCl-2S-4Mg and 8Mg represents SW-
0.1NaCl-2S-8Mg.

Usually, less positive values should be observed for SW compared to FW because
of more sulphate concentration in SW is expected to contribute to lower ζ poten-
tial values. However, the higher pH of which the SW measurement was carried
out at the lesser temperature might have contributed to higher values recorded.
The absence of sulfate would give room for other positively charged divalent ions
to react with the rock surface, thereby making it more positive. Sulphate renders
the rock surface less positive, i.e, induces more negative potential. This trend was
observed in Gopani et al. (2021), and it can be attributed to the affinity of sulphate
for CaSO4 precipitates. Furthermore, Gopani et al. (2021) noted that the decrease
in ζ values with increasing sulphate concentration is not indefinite.

Similar ζ potential value for FW, within the same pH range was recorded in Ma-
hani et al. (2015). The effect of pH on ζ potential is dependent on salinity. Smaller
gradient in ζ potential values are expected with increased pH, with an increasing
salinity. This is because the interaction between H+ and OH (pH), and the PDI on
the rock surface would affect the structure of the EDL, which would in turn affect
the ζ potential measurements Mahani et al. (2015).
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At both temperatures there was a spike in ζ potential values for brines with ad-
ditional magnesium concentration. 6.53 mV, 9.84 mV and 9.90 mV were recor-
ded for SW, SW-0.1NaCl-2S-4Mg and SW-0.1NaCl-2S-8Mg respectively at 25oC,
while 5.24 mV, 5.88 mV and 11.5 mV were recorded at 70oC. An increase in mag-
nesium concentration would make the ζ potential value more positive Gopani et
al. (2021).

According to Mahani et al. (2015), selective increments of specific ions in smart
water composition, have the ability to alter the surface chemistry between the
rock and brines, and this will therefore alter the wettability towards water-wet
conditions. Kasha et al. (2015) noted water-wet conditions in brines with addi-
tional concentrations of sulphate and magnesium. With an increasing magnesium
concentration. The electrostatic force between the oil/brine and rock/brine inter-
face reaches a minimum and this facilitates the desorption of oil molecules from
the oil surface.

Least positive ζ potential values were recorded with brines SW-0.1NaCl and SW-
0.1 at both test temperatures as shown in Figure 6.19. 4.98 mV and 5.16 mV
were recorded for SW-0.1NaCl and SW-0.1 respectively at 25oC, while 4.45 mV
and 4.04 mV were recorded at 70oC. Low salinity, drives the ζ potential value
to less positive values which is indicative of a strong double layer Gopani et al.
(2021). With increasing dilution with respect to SW, ions around the rock be-
came less dense. Hence, the repulsive force between the oil/rock/brine interface
increases and helps to detach oil molecules faster.

The measurements with crude oil aged powder were taken within the pH range
of 7.74 - 8.30 for all the brines except from FW, whose pH stands at 7.14. Ac-
cording to Strand, Høgnesen and Tor Austad (2006), within the pH range of 6.5
– 7.5. The rock surface possesses a positive net charge, which then sticks with the
polar components in the crude oil which are negatively charged. The negatively
charged carboxylic materials present in the crude oil drives the ζ potential values
to even less positive and more negative potentials as observed in Tetteh, Janjang,
Barati et al. (2018) and Karimi et al. (2016). The presence of these carboxylic
materials would allow for the oil molecules to attach to the rock surface. A negat-
ively charged surface, is a good ground for desorption for these oil molecule due
to higher repulsive forces between oil/brine and rock/brine interfaces. A more
negative ζ potential values is indicative of a more negative surface charge Gopani
et al. (2021), which supports a strong double layer that drives the system towards
water wet conditions Honarvar et al. (2020).

At both test temperatures, negative zeta potential values were recorded for brine,
SW-0.1NaCl and SW-0.1. This could also suggest the effectiveness of brine dilu-
tion compared to introduction of potential determining ion (PDI)s. The negative
charge on the rock surface, due to the existence of (-COOH-), drives the desorp-
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FW SW 4Mg 8Mg SW-0.1NaCl SW-0.1

pH 7.14 8.30 7.91 7.74 8.10 9.16

25°C 8.89 6.76 8.65 1.60 -1.71 -2.08

70°C 7.00 2.98 11.00 4.79 -0.51 -0.15
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Figure 6.20: ζ potential results of crude-oil aged limestone powder in varying
brines, temperature and pH. 4Mg represents SW-0.1NaCl-2S-4Mg and 8Mg rep-
resents SW-0.1NaCl-2S-8Mg.

tion of oil molecules from the rock surface, thereby tending the surface towards
water-wet conditions Gopani et al. (2021). The trends for brines with additional
magnesium concentration were dissimilar for measurements with pure and crude
oil aged powder.

At both temperatures, ζ potential values reduced for SW but increased for SW-
0.1NaCl-2S-4Mg and SW-0.1NaCl-2S-8Mg. This is as expected as magnesium is
more reactive at higher temperature. Although this was not the trend for the pure
limestone measurement, therefore the presence or absence of crude oil maybe
the factor for this variation in results. According to Gopani et al. (2021), as more
cations are adsorbed on a negatively charged rock surface, the electrostatic force
between the oil/brine and rock/brine interfaces reaches a minimum and this res-
ults into desorption of oil molecules, due less positive ζ potential values. Further-
more, as reported in Mahani et al. (2015), the interaction between the divalent
cations and the polar components in the crude oil, is more pronounced at higher
temperatures.
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The zeta potential results at 25oC may not overly represent the situation at 96oC,
which is the temperature of the spontaneous imbibition experiments. However,
this gives a general idea of the effect of ions on surface charge. According to
Mahani et al. (2015), relative zeta potential values are not expected to change at
varying temperature, though, the magnitude might vary.

6.3 Core aging

Ainsa core B8 was randomly picked to be aged statically at 96oC for 90 days.
Ainsa cores B1, B2, and B3 were aged dynamically without sleeve pressure with
an injection rate of 15ml/hr with a peristaltic pump, for a total of 90 days. Angola
cores C1 and C2 were aged dynamically with sleeve pressure at an injection rate
of up to 2ml/hr for 20 days.

In the first 12 days of aging dynamically with sleeve pressure of 30 bars, back
pressure of 2 bars, and injection rates of 1ml/hr, there was throughput and no
forms of leakages were experienced in the set-up. However, after the 12th day, no
observable throughput was noticed and leakages were visible in the set-up. The
Angola samples are known to be very tight.Readings from the Isco pump showed
increasing pressure in the system. Therefore, a point was reached when the injec-
tion pressure was higher than the system could hold, and resulted in leakage.

The injection rate was then halved to 1ml/hr, throughput resumed but the pres-
sure in the system remained high, and leakage resumed after about four days.
A separate set-up was then created for each core, with each core having its own
core holder, pumps and sleeve pressure. The individual aging set-up worked for
an additional six days before leakages resumed again. In total, the dynamic aging
with sleeve pressure was successful for about 20 days. We decommissioned the
set-up after the 6 days of aging. Based on the work in Fernø et al. (2010), which
concluded that dynamically aging for up to 8 days is sufficient to improve the core
restoration.

6.4 Spontaneous imbibition

The spontaneous imbibition experimental process worked as described in Section
5.6. A lot was learnt during the pre-tests, and this prepared us for the 3 SI ex-
periments. All brines used in the experiment were preheated at the experimental
temperature to avoid gas in the system. However, the Exssol D-60 injected into
the pistons was mixed with the magnetic stirrer a few hours before the experi-
mental procedure, and some air were seen in the flow lines that connect the D-60
container to the reservoir brines via the pump. This might have introduced some
air into the system. Air bubbles were only observed during one of the experiments
for a short period of time (about 4 hours).
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The process of brine changing was effective as initially planned. For brines with
significant difference in salinity, such as FW and SW, a piston like displacement
can be viewed from outside of the oven as shown in Figure 6.21. The conductivity
tool, Section 5.6, was used to double check when the low salinity brine is fully
contained in the Amott cell as described in Section 5.6.

Figure 6.21: Segregation due to density difference, seen when changing to brines
with lower salinity.

For brines with comparative salinity, although the piston displacement is not vis-
ible enough as compared to the former, the conductivity tool was used to confirm
the full presence of the low salinity brine in the system. It is important to highlight
that, after each brine has been replaced, we can confirm that the amount of oil
produced before the brine is replaced is the same as the amount of oil right after
brine replacement. This confirms that no oil production occurred during the brine
changing process. Especially in the first spontaneous imbibition experiment, some
leakages were observed in the brine reservoir flowlines, which led to some salt pre-
cipitation. However, the salt clogged the leakage within an hour and caused no
further issue.

6.4.1 Static and dynamic aging results.

The effectiveness of two aging types have been tested by carrying out spontan-
eous imbibition experiment on two Ainsa cores, B1 and B8, which has been aged
dynamically and statically. respectively, as described in Section 5.5. Petro-physical
properties of both samples are listed in Table 6.15. Both cores were aged at an
elevated temperature of 96oC, for 90 days, and SI experiments were carried out
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on both cores at similar conditions. The dynamic aging process for sample B1 was
done without a back or sleeve pressure as described in Section 5.5.2, therefore
this set-up is slightly different from that described in Fernø et al. (2010). Further-
more, both cores were spontaneously imbibed with Formation water (FW) and
seawater (SW) successively.

Property B1 B8
Porosity (%) 19.96 18.52

Permeability (mD) 35.54 48.35
SWIRR (%) 15.23 9.45
PV (cm3) 10.43 9.73

Ultimate recovery (%) 28.2 33.3

Table 6.14: Petrophysical properties of the Ainsa cores used for SI experiments
at elevated temperature.
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Figure 6.22: Spontaneous imbibition experimental results of two limestone cores,
after being imbibed by FW and SW successively and aged statically (B8) and
dynamically (B1).
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As shown in Figure 6.22, the ultimate recovery of sample B1 was 28.2 % of OOIP,
compared to 33.3 % of OOIP for B8. This suggests that sample B1 tends to be
more oil-wet. Additionally, the significant reaction of core B8 to FW indicates a
larger wettability. As observed in Figure 6.23, more spread of oil drops were seen
on the surface of the dynamically aged core, when compared to its statically aged
counterpart.

When a less saline brine (SW), replaced the initial brine (FW), using the steps de-
scribed in Section 5.6.1, a more evident response was recorded in the core which
was dynamically aged (B1), i.e., a recovery from 16.9 % to 23.7 % of OOIP, com-
pared to 29.6 % to 31 % of OOIP, recorded for B8. This observation is in accord-
ance with the work in Fernø et al. (2010). The degree at which the PDIs in SW
respond to wettability is a function of the oil-wetting state of the core sample. That
is, the higher the response, the higher the oil wetness of the core. Furthermore,
during the experiment, the induction time, defined in Section 2.4, was faster for
core B1, and this is also in agreement with the work in Fernø et al. (2010). There-
fore, it can be suggested that the dynamic aging process is a more efficient process
in core restoration than the static aging process.

Figure 6.23: Observation of oil droplet spread on the surface of core sample B1.

The dynamic aging set-up in Fernø et al. (2010) was done at 90oC, slightly lower
than that of this experiment at 96oC. No sleeve pressure was used when dynam-
ically aging core B1, which is different from the set-up in Fernø et al. (2010).
The absence of a confining pressure means that the injected crude oil is more li-
able to flow through the space between the core holder and the core sample. The
core plug is assumed to be initially water- wet, polar compounds contained in the
crude oil reaches the mineral surface via diffusion through the water film. The
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polar compounds thus adsorb on the rock surface until equilibration is reached,
and this adsorption process is controlled by temperature, quantity of polar com-
ponents, and the degree of diffusion between the inject crude oil and the core.

The adsorption of this polar compounds on the rock surface makes the core oil-wet
Donaldson and Alam (2013, p.204). Hence, diffusion between the injected crude
and the core explains the wettability alteration process during aging. In addition,
the optimal injection rate as suggested in Fernø et al. (2010) was 3ml/hr. In this
experiment the injection rate used was 15 ml/hr, which was the lowest rate, al-
lowed by the peristaltic pump. No conclusion can be made as to the most optimal
injection rate for flooding without sleeve pressure, because just one rate was used
in this experiment. In the later aging procedures, more sophisticated pumps were
used and a lower injection rate was possible.

6.4.2 Examining the individual roles of NaCl, magnesium and sulph-
ate.

Capillary imbibition is retarded when the core wettability is oil preferring, there-
fore, when the initial brine is replaced by a ‘smart water’ in a spontaneous imbibi-
tion process, the additional oil recovery is an evidence of wettability change Song
et al. (2020). In developing a smart water to optimize oil recovery, the concen-
tration of active ions, amongst other factors, are very important. The NaCl con-
centration in seawater was diluted by 10 %, denoted SW-0.1NaCl, and this same
brine was enhanced with 2x times concentration of sulphate and 4x times con-
centration of magnesium as in seawater, this is denoted as SW-0.1NaCl–2S-4Mg.
The effect of these two brines, on oil recovery were tested in this spontaneous
imbibition experiment. For this experiment we used Ainsa cores B2 and B3, Table
6.15. The cores were imbibed with SW-0.1NaCl, and then SW-0.1NaCl–2S-4Mg
after FW and SW successively. The results of the spontaneous imbibition tests are
shown in Figure 6.25.

Property B2 B3
Porosity (%) 18.89 19.70

Permeability (mD) 30.24 42.66
SWIRR (%) 9.88 12.02
PV (cm3) 10.43 10.38

Ultimate recovery (%) 41.7 30.2

Table 6.15: Petrophysical properties of the Ainsa cores, B2 and B3, used for SI
experiments at elevated temperature.

The oil recovery by FW was low. About 16.8 % and 11.0 % of OOIP for cores
B2 and B3 respectively. The absence of sulphate to alter any wettability change,
could suggest the reason for the low recovery Zhang, Tor Austad et al. (2005). In
fact, the recoveries made could be attributed to capillary effects, initial wetting
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Figure 6.24: Oil recovery by spontaneous imbibition into cores B2 and B3 using
different imbibing brines.

conditions of the rock, and temperature effects. Song et al. (2020) recorded very
low recoveries in brines depleted of sulphate.

The additional recovery when the imbibing fluid was changed to SW can be at-
tributed to various reasons. One is the sulphate concentration in SW is more than
that of FW, and the presence of this potential determining ion (PDI) to play a
role in wettability alteration was therefore confirmed. The recoveries by SW brine
were about 6.5 % and 5.5 % OOIP for cores B2 and B3 respectively. The plateau
recovery after imbibition of SW for cores B2 and B3 are 23.3 % and 16.5 % OOIP
respectively. This further confirms studies claiming that SW is about to alter wet-
tability, towards water-wet conditionsStrand, Høgnesen and Tor Austad (2006)
and S. Shariatpanahi et al. (2016). Also, the salinity of SW is about 35,000 ppm
compared to 247,000 ppm for FW.

To investigate the effect of low salinity on oil recovery, the cores were then im-
bibed with SW-0.1NaCl with a salinity of about 13,000 ppm. Additional recovery
was made for both cores. The imbibition rate was slow in both, but slower for core
B3. The recovery was similar for both brines, about 5.4 % and 5.5 % of OOIP for
cores B2 and B3 respectively. The plateau recovery after imbibition of SW-0.1NaCl
brine for cores by B2 and B3 are 28.7 % and 22.0 % OOIP respectively. S. Shari-
atpanahi et al. (2016) reported about 13 % of OOIP additional oil recovery when
a core sample that was imbibed with NaCl depleted SW, after the imbibition of
ordinary seawater. The work in S Jafar Fathi, Tor Austad and Strand (2011) was
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also in agreement with our observation, where additional oil recovery was made
when using an NaCl depleted SW in a spontaneous imbibition experiment.

None of Na+ or Cl− is a potential determining ion (PDI) to a chalk surface, and
this is also applicable to limestone Strand, Tor Austad et al. (2008). Therefore
Na+ and Cl− do not belong to the stern layer of the double layer, where other PDI
are commonly located. However, NaCl is active in the double layer. Their pres-
ence reduces the activities of the PDIs, which are present in SW, in releasing the
carboxylic materials from the calcite surface, resulting in wettability alteration
towards water-wetness. The presence of Cl− would limit the access of SO2−

4 on
the rock surface, while the presence of Na+, would limit the access of M g2+ and
Ca2+. The reduced ionic strength, is able to reduce the concentration of NaCl,
this allows the PDI have a better access to the double layer and therefore able to
alter the wettability of the rock surface Seyed Jafar Fathi, Tor Austad, Strand et al.
(2012).

According to Liu et al. (2018), Na+ has a strong influence to alter inter facial water
structure compared to other ions because it resides closest to the calcite surface.
Likewise, Guo and Kovscek (2019) noted that Na+ tampers with the innermost
water structure by limiting the decay length of short-range non- repulsion. There-
fore, the increased concentration of NaCl reduced the adhesion energy between
the brine/rock interface and makes it less water-wet. The reduction of NaCl is
thus able to trigger wettability towards more water-wet. Section 3.2.1, describes
this mechanism.

After noticing additional recovery in an NaCl reduced SW brine, the impact of
sulphate and magnesium on the recovery potential of imbibing brines were ex-
amined with brine SW-0.1NaCl–2S-4Mg. With this brine is, there is less NaCl con-
centration to impede the access of the additional active ions (4x magnesium and
2x sulphate) to access the double layer to alter wettability to more water-wet
conditions. The improved oil recovery after a day delay in both cores signified the
effect of the new brine. The recoveries by SW-0.1NaCl–2S-4Mg brine were about
13 % and 8 % of OOIP for cores B2 and B3, respectively.

The plateau recovery after imbibition of SW-0.1NaCl–2S-4Mg brine for cores B2
and B3 are 41.7 % and 30.2 % of OOIP respectively. These results show the com-
bined effects of sulphate and magnesium as wettability modifiers for carbonate
rocks. SW-0.1NaCl–2S-4Mg is effective at releasing the carboxylic materials which
are strongly attached to the rock surface and thereby reducing the oil-wet condi-
tions of the rock. The response of core B2 was more profound than core B3 for
all imbibing brines, and no conclusive reason was decided upon. A further invest-
igation about the combination of magnesium with sulphate is tested with Angola
cores in the next spontaneous imbibition (SI) experiment.
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6.4.3 Spontaneous imbibition results on varying magnesium content

Property C1 C2
Porosity (%) 19.19 14.72

Permeability (mD) 15.37 1.73
SWIRR (%) 23.699 40.100
PV (cm3) 8.02 7.36

Ultimate recovery (%) 34.7 47.6

Table 6.16: Petrophysical properties of Angola cores, C1 and C2 used for SI ex-
periments at elevated temperature.

Angola cores, C1 and C2 with petrophyscial properties displayed in Table 6.16,
were successively imbibed with FW, SW, SW-0.1NaCl–2S-4Mg and SW-0.1NaCl–2S-
8Mg. The efficiency of SW to improve oil recovery was confirmed in Section 6.4.1
while the effectiveness of SW-0.1NaCl–2S-4Mg was investigated in Section 6.4.2
of the SI experiments. In this section, the implication of double the magnesium
content in SW-0.1NaCl–2S-4Mg was explored, i.e., changing to SW-0.1NaCl–2S-
8Mg. Results are shown in displayed in Figure 6.25.
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Figure 6.25: Oil recovery by spontaneous imbibition (SI) into cores C1 and C2
using different imbibing brines.

Both cores behaved similarly after the imbibition with FW. 21.4 % of OOIP and
21.5 % of OOIP were recovered for cores C1 and C2, respectively. Both cores plat-
eaued after the second day of imbibition. Once again, SW proved to be an efficient
wettability modifier. Additional recovery of 5.3 % of OOIP and 10.2 % of OOIP
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was recovered from core C1 and C2 respectively. The response from core C2 was
more profound that C1. The ultimate recovery after the imbibition with SW stands
at 26.7 % of OOIP and 31.7 % of OOIP for cores C1 and C2, respectively.

Additional recovery was made for both cores after imbibition with SW-0.1NaCl–2S-
4Mg brine. As observed before, the combined effect of additional sulphate and
magnesium concentration in an NaCl diluted SW was confirmed in this experi-
ment. An incremental oil recovery of 3.6 % of OOIP and 5.7 % of OOIP was made
from core C1 and C2, respectively. Core C1 peaked on the 3rd day of imbibition,
while C2 peaked on the 5th day.

Karimi et al. (2016) reported additional recoveries when using brines with mag-
nesium, sulphate and combined effect of both PDIs. Additional oil recoveries when
imbibing brine was enhanced with sulphate have been reported in Zhang, Tor
Austad et al. (2005), Hognesen, Strand, Tor Austad et al. (2005), Tor Austad,
Seyed Farzad Shariatpanahi et al. (2015) and Puntervold, Strand and Tor Austad
(2007) have all reported additional. Specifically, Zhang, Tor Austad et al. (2005)
reported that the effectiveness of the combined effect of magnesium and sulphate
increased with temperature and magnesium is a wettability modifier in the pres-
ence of sulphate.

A further confirmation of the effect of this combination of PDI was confirmed,
after the cores were imbibed with SW-0.1NaCl–2S-8Mg. A fast imbibition was
observed from both cores. Also, an incremental recovery of 4.5 % of OOIP and
10.2 % of OOIP was made from core C1 and C2 respectively. These observations
confirms that sulphate and magnesium are PDI towards a carbonate surface, and
assumed to alter the wettability of the rock surface. The ultimate recovery from
C1 is 34.7 % of OOIP and 47.6 % of OOIP for C2.



Chapter 7

Conclusion and future work

Part of the goals of this thesis is to probe the effect of varying salinity brines and
ionic compositions on the wettability alteration of two different sets of carbonate
core samples, Ainsa cores and Angola cores, which are representatives of carbon-
ate fields in Brazil operated by Equinor. In addition, the efficiency of two differ-
ent types of aging methods, static and dynamic aging, were also tested, and the
results of spontaneous imbibition experiments were used to arrive at several con-
clusions listed below. A total of 6 brines, namely, FW, SW, SW-0.1, SW-0.1NaCl,
SW-0.1NaCl-2S-4Mg, and SW-0.1NaCl-2S-8Mg were used in the spontaneous im-
bibition experiments. The acid number (AN) of the Heidrun oil used in our exper-
iments is 3.3 mg KOH/g.

The SI results were supported by zeta potential and contact angle measurements.
The core mineralogy was analysed by SEM/EDS experiments. The following con-
clusions have been drawn from the completion of this project;

1. The core samples were confirmed to be limestone with no traces of anhyd-
rite.

2. The dynamic aging process is a more efficient process in core restoration
and a more oil-wet core responds better, i.e, gives more oil recovery, when
changing from FW to SW. This is also supported in literature.

3. During dynamic aging, it is advisable to age tight cores (<1mD) in parallel,
while higher permeability cores with comparable properties could be aged
in series.

4. Choice of injection rate needs to be compatible with the permeability of the
core (cores with permeability <1mD needs a flow rate less than 1.5 ml/hr).

5. In contact angle measurements, NaCl diluted brine is able to reduce contact
angle to 59.03 from 108.3 recorded for SW.

6. A general trend of improving water wetness was observed by reduced con-
tact angles after successive contacts of chip with FW, SW, SW-0.1NaCl-
2S-4Mg, and SW-0.1NaCl-2S-8Mg. Average angles changed from 165.3 to
128.5 to 127.3 to 118.11 respectively. Though, the changes were small after
contact with SW.

109
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7. As noted in literature, magnesium and sulphate are potential determining
ion (PDI)s for limestone samples, and able to alter wettability towards more
water wetness.

8. The wettability alteration observed in this thesis is irreversible, in the ab-
sence of oil. As confirmed by repeated contact angle measurements.

9. When the polished chip was aged in each test brine at room temperature,
more visible reduction in angles were observed compared to brine aging at
96oC. Note that the chips used for these tests are different.

10. About 56 degree of contact angle reduction was observed when a chip was
first contacted with FW and then with SW-0.1NaCl-2S-8Mg.

11. For pure limestone powder, presence of sulphate renders the rock surface
less positive, and the reduction of NaCl in SW reduced the surface potential
to less positive values at both test temperatures (25oC and 70oC).

12. For crude oil aged powder, negative potentials were recorded for brines SW-
0.1 and SW-0.1NaCl. A negative potential is indicative of a strong double
layer.

13. SW can improve the spontaneous imbibition of water into limestone cores.
In all phases of SI experiments carried out, SW was able to improve oil
recovery by a total of 14.8 %, 12 % and 12 % of OOIP in the first, second
and third phases, respectively. These incremental recoveries is attributed to
the interplay between the potential determining ions contained in SW.

14. Low salinity brine, SW-0.1NaCl, resulted in a cumulative incremental recov-
ery of 9.9 % of OOIP. This further confirms the efficiency of NaCl reduced
brines to improve oil recovery in carbonate rocks.

15. The combined reaction of sulphate and magnesium or calcium is necessary
to improve oil recovery. Brines SW-0.1NaCl-2S-4Mg resulted in cumulative
incremental oil recovery of 21 % of OOIP in Section 6.4.2 and 9.3 % of
OOIP in Section 6.4.3. Brines SW-0.1NaCl-2S-8Mg resulted in cumulative
incremental oil recovery of 14.6 % of OOIP in Section 6.4.3.

7.0.1 Future work

Having spent a lot of time carrying out these experiments in the laboratory, and al-
though a lot of the set up behaved as predicted, there are still some improvements
that can be made in case of future work to be done in this subject.

1. SI experiments should be carried out at varying temperature so as to prop-
erly quantify the effect of temperature on oil recovery.

2. As an improvement to the current set up, a better and more efficient way
to retrieve the oil recovered externally, should be explored. An improved
measurement must ensure that the set-up is not disturbed while running,
and also that little or no oil is lost on the walls of the flowlines.

3. Just one type of oil was used in this experiment, therefore the impact of acid
number was not investigated. Further work could explore the possibilities
of varying acid number, to quantify its effect on SI experiments.
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4. The range of brine salinity and ionic composition could be expanded for
contact angle experiments, so as to determine the most optimal composition
for carbonate rocks.

5. The direct effect of sleeve pressure in dynamic aging processes could be
explored to determine if the effect is significant enough compared to a set-
up without a sleeve pressure.

6. A SI set up that totally eliminates air bubbles moving through the Amott
cell would greatly improve the integrity of production results. Such set-up
should be explored in future works.
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Appendix A

Additional material

A.1 Raw measurement data

A.1.1 Core dimensions

Figure A.1: Core Dimensions for all cores used in the experiment.
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A.1.2 Porosity and permeability measurements

Figure A.2: Permeability measurement data for Ainsa cores B1, B2 and B3.

Figure A.3: Permeability measurement data for Ainsa cores B5, B6 and B8.
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Figure A.4: Permeability measurement data for Angola cores.

A.2 Porosity measurements

Figure A.5: Porosity measurement data for all cores.
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Figure A.6: Final porosity measurement data for all cores.

Figure A.7: Liquid Porosity Measurements
.

A.3 Viscosity and irreducible water saturation data
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Figure A.8: Viscosity measurement data
.

Figure A.9: Irreducible water saturation results
.

A.4 Contact angle data

Figure A.10: Contact angle measurement results for SW, then SW-0.1NaCl se-
quence

.
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Figure A.11: Contact angle measurement results for FW - SW-0.1NaCl-2S-8Mg
sequence at high temperature.

Figure A.12: Contact angle measurement results for FW - SW-0.1NaCl-2S-8Mg
sequence at room temperature.

Figure A.13: Contact angle measurement results for direct FW - SW-0.1NaCl-2S-
8Mg sequence

A.5 Zeta potential data
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Figure A.14: Zeta potential data for pure limestone powder.

A.6 Spontaneous imbibition data
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Figure A.15: Zeta potential data for crude oil aged powder.
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Figure A.16: Spontaneous Imbibition data for cores B1 and B8
.

Figure A.17: Spontaneous Imbibition data for cores C1 and C2
.



128 GBADEBO NAFIU ADEJUMO:

Figure A.18: Spontaneous Imbibition data for cores B2 and B3
.
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