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Abstract

More than 50 % of the proven oil resources in the world are present in carbonates, but the
recovery rate is relatively low. Accordingly, a lot of focus has been on improving the efficiency
of carbonate reservoirs by applying enhanced oil recovery (EOR) methods. Since most of the
fractured carbonate reservoirs are oil-wet, the reservoir rock will hold more strongly onto the
oil compared to a water-wet rock. Spontaneous imbibition (SI) of Smart water is the main
recovery mechanism in carbonate reservoirs, where a wettability alteration towards a more
water-wet rock takes place. When Smart water spontaneously imbibes into a chalk core, SO4*
will adsorb onto the positive water-wet surface sites, whereas Ca* complexes with carboxylates
in the oil. Subsequently, some of the organic materials are released from the surface and

contributes to a higher oil recovery.

Several analytical and numerical models have been developed to describe the SI process in
carbonate reservoirs. The models aim to capture the complex interactions between the imbibing
Smart water, crude oil, formation water and the rock surface. In this study, a 3-D simulation
model is built, where the wettability alteration of chalk is linked to the amount of sulfate
adsorption in an anion exchange process. By using the simulation software IORCoreSim, the
dynamical shift from a neutral wetting system towards a more water-wet system is illustrated,
and the simulated oil recoveries are matched towards laboratory experiments executed by
Puntervold et al. (2015).

The results showed that the anion exchange model can capture a wettability alteration due to
sulfate adsorption in carbonate reservoirs. The model can predict the main oil recovery trends
of the laboratory experiments (Puntervold et al., 2015), but is sensitive to important parameters
as the temperature of the system and the concentration of Ca?*. It has been concluded that the
anion exchange model is not adequate to thoroughly capture the complexity of these systems,

however, the model can be used as a basis for further investigations.
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Chapter 1

1 Introduction

1.1 Background

Enhanced oil recovery by spontaneous imbibition (SI) of a wetting liquid into porous media is
of great importance in naturally fractured reservoirs. Several studies have been carried out by
researchers to improve the understanding of the physical processes behind the SI mechanism.
Most of the SI experiments are conducted under a counter-current flow assumption, where the
wetting fluid imbibes into a porous medium and displace the non-wetting phase by the action

of capillary pressure.

According to Xie et al. (2004), Sl is only possible when a large enough portion of the pore
surfaces are adequately water-wet in order for the water to imbibe into the matrix while oil are
pushed along the fractures towards the producer. However, most of the fractured carbonate
reservoirs are oil-wet and will hold more strongly onto the oil compared to a water-wet rock.

Consequently, the wettability of the rock need to be altered to get an increased EOR effect.

Multiple imbibition experiments are found in the literature where the composition of the
imbibing brine is varied. In (Zhang & Austad, 2006; Zhang et al., 2007), several tests were
utilized on carbonate cores during Sl of seawater brines with modified composition. The results
showed an increase in oil recovery, which may be explained by a wettability alteration of the
mineral surface. By changing the concentration of naturally existing ions in seawater, the
mineral surface is altered towards a more water-wet state and a greater amount of oil is
displaced by the injected water. Previous studies (Fathi et al., 2011b; Puntervold et al., 2015)
have also shown that the EOR effect of seawater can be even smarter by removing Na* and CI-
ions and increase the SO4? concentration of the imbibing water.



The SI process in fractured carbonates involves complex interactions between the imbibing
Smart water, crude oil, formation water and the rock surface. Although several core-scale
laboratory studies have been executed, it is necessary to implement a good simulation and

numerical analysis due to the uncertainty and complexity of these systems.

Yu et al. (2009) developed a numerical one-dimensional model describing the SI process of
seawater. The model included adsorption of SO4* as well as molecular diffusion, capillary- and
gravitational forces. The results indicated that the capillary pressure curve moved from an oil-
wet system towards a more water-wet system and was proportional to a wettability alternating

component.

A similar model was proposed by Evje and Hiorth (2011), which was based on the well-known
Buckley-Leverett equation for two-phase Sl. The water-saturation equation was connected to a
range of reaction-diffusion (RD) equations to illustrate how changes in the wetting state of a
chalk core are related to water-rock chemistry. The model was able to capture the main trends
of the matched experimental results, particularly the dependency of the brine composition on

enhanced oil recovery.

Rangel-German and Kovscek (2002) proposed an experimental equipment that was able to
measure the imbibition rate in fracture and matrix blocks. They also presented an analytical
solution for the flow of water into the matrix-fracture system by extending a one-dimensional
solution for imbibition. Their findings showed that the recovery of oil was linear with time
initially, becoming linear with the square root of time later. The results were consistent with

the behavior of previous experiments conducted.

Qiao et al. (2015) further established a thorough multicomponent and multiphase reactive
transport model that accounts for wettability alteration in carbonates. The model outlines the
geochemical interactions in a Smart water system, specifically among the carboxylic groups,
sulfate, cations and solid surface. The results showed that the oil production was proportional

to the concentration of SO+, which are consistent with previous studies.

Although Smart water injection has shown significant promise in core experiments and
numerical analysis, modelling of the EOR mechanisms are lacking. ECLIPSE is a well-known
simulation software used in the industry worldwide, with the ability to propose the exploitation
of areservoir and testing different production scenarios for oil recovery optimization. However,
it may be difficult to implement the complex geochemical interactions involved in a Smart

water injection process. Nonetheless, the simulation tool IORCoreSim have a more advanced

2



chemistry and can be used to model the interactions among different species and phases in
chemically tuned injection water. IORCoreSim is also capable of providing improved
interpretations of laboratory experiments, as well as reducing the uncertainty of field
implementations.



Oil Recovery (%0O0IP)

1.2 Objective

The main objective of this thesis is to test whether an anion exchange model can be coupled to
wettability alteration of carbonate reservoirs. The simulation software IORCoreSim is used to
capture the behavior of the Smart water spontaneous imbibition experiments conducted by
Puntervold et al. (2015) represented in Figure 1.1. Outcrop Stevns Klint chalk (SK) was used
as the porous medium, originating from nearby Copenhagen, Denmark. The petrophysical
properties and the matrix material are comparable to the chalk oil reservoir Valhall, which is
situated in the North Sea.

A 3-D simulation model is built based on the experimental data, where wettability alteration
towards a more water-wet system is linked to the amount of SO4? adsorbed on the chalk surface.
The model aims to capture recovery profiles where the imbibing brine is gradually depleted in
NaCl and spiked with 0-4 times the SO4> concentration in seawater. Estimated recovery profiles
are matched towards experimental data and discussed in terms of the suggested mechanisms of
Smart water SI. Possible limitations or shortcomings of the model will be examined, especially
the diffusion velocity of ions, anion exchange capacity, changes in temperature, oil chemistry
and the impact of modifying the Ca?* concentration. At last, potential improvements of the

anion exchange model will be proposed and discussed.
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Figure 1.1 - Oil Recovery for various Smart water SI experiments retrieved from
Puntervold et al. (2015)



Chapter 2

2 Fundamentals

2.1 Oil Recovery in Naturally Fractured Reservoirs

A large proportion of the worlds petroleum reserves are naturally fractured reservoirs (NFR).
Natural fractures are caused by stresses in the formation due to tectonic forces such as faults
and folds. In carbonate reservoirs, the formation consists of matrix blocks with relatively low
permeability, which are disconnected from a dense fracture network. As follows, naturally

fractured carbonate reservoirs may be challenging to produce.

According to Green and Willhite (1998), oil production from a reservoir can be divided into the
following stages; primary recovery, secondary recovery and tertiary recovery. Primary
production describes the first stage where oil displacement is driven by the energy initially
stored in the reservoir. The main driving forces are gravity drainage, rock and fluid expansion,
water drive, solution gas drive and gas cap drive. Generally, the recovery factor for primary

production is very low and covers around 5-20 % of the original oil in place (OOIP).

Secondary oil recovery processes are usually implemented where the primary depletion reduces
its driving force. Traditionally, external energies must be applied to increase oil recovery. These
processes include injection of gas into the gas cap and/or injection of water into the aquifer to
prevent a rapid pressure reduction and support the injection drive mechanism in the reservoir.
NFRs are normally divided into fracture and matrix systems, where fluids in the fracture have
the potential to flow more easily compared to fluids stored in the matrix. When water is injected
in a secondary recovery process, it will follow the high permeable fracture network with the
lowest flow resistance. Correspondingly, conventional waterflooding is unfavorable since the

injected water will bypass any trapped oil inside the lower permeable blocks.



Tertiary recovery methods are almost synonymous with the Enhanced Oil Recovery (EOR)
classification. EOR aims to recover the entrapped oil by primarily inject chemicals, thermal
energy or gases to improve the sweep efficiency and extend the lifetime of a reservoir. The

most common EOR processes are listed in Table 2.1.

Table 2.1 - Classification of EOR processes taken from Thomas (2008)

Hot Water
Steam
In-Situ Combustion
Electrical Heating
Slug Process
Enriched Gas Drive
Miscible Vaporizing Gas Drive

CO3 Miscible
N2 Miscible
Alcohol
Polymer
Surfactant

Chemical Alkaline

Micellar
ASP

Emulsion

Thermal

At the end of the 19"" century, another EOR method was proposed by Morrow (1990) , namely
to alter the wettability of the reservoir by changing the ionic composition of the injected water.
Most fractured carbonate reservoirs have a significant amount of oil in place (OOIP), which
results in a great interest for improving oil recovery. One of the main EOR mechanisms in such
reservoirs is wettability alteration by Sl of seawater/modified seawater, which will be a central
area of interest in this thesis. Table 2.2 feature the fundamental processes within this EOR

method.

Table 2.2 - EOR processes by water-based wettability alteration retrieved from Thomas
(2008)

Smart Water
Wettability Alteration by Sl Low salinity (Sandstone)
Seawater/modified Seawater (Carbonate)




2.2 Spontaneous Imbibition in NFRs

When water is injected into NFRs to optimize recovery, oil is displaced from the higher
permeable zones during advective flow and the fractures are saturated with water. The advective
flow of water and oil will only follow the paths of the fractures, while capillary driven flow is
able to follow the parts of the matrix that stores most of the oil. Thus, if the capillary forces are
efficiently high, water will imbibe into the less permeable parts of the matrix in a S| process
and redistribute water and oil. Consequently, capillary forces are of great importance in NFRs.

Sl arise where the wetting phase spontaneously displaces the non-wetting phase in a porous
medium. The process is often divided into two types of flow, namely co-current and counter-
current imbibition. During a co-current flow, oil and water will move into the fracture volume
in the same direction, while oil is expelled from the rock. In core analysis experiments, SI will
in many cases be a counter-current imbibition process, where water and oil flow in the opposite
directions. When a core sample is placed in a container with a surrounding water-bath, the water
will automatically imbibe into the rock without any applied pressure. The counter-current Sl
process is driven by the capillary pressure (Pc), where the smallest pores are displaced first due
a higher Pc. Afterwards, the water extends to the larger pores and oil is expelled from the core.

The process is visualized in Figure 2.1.

A+t
Tt

Figure 2.1 - Schematic overview of a counter-current imbibition process in a chalk core with

all faces open for flow



2.3 Wettability

Even though Sl of water is regarded as one of the most efficient methods to retrieve oil from
fractured reservoirs, the process is strongly dependent on the matrix wettability. It is believed
that the wettability of a reservoir gives information about the potential of oil recovery by
spontaneous and forced imbibition. Accordingly, researches have spent a large amount of time
understanding the relation between EOR and wettability. In fractured reservoirs, multiple
interactions between the rock/brine/crude oil makes the system remarkably complex. Each

phase contains several individual components, which can influence the wetting of the reservoir.

2.3.1 Wettability definition

When two non-miscible liquids are present at the same time near a surface of a solid, there
exists a cohesive force between the liquid molecules and the molecules at the surface. As
represented by Anderson (1996), wettability can be defined as “the tendency of one fluid to
spread on or adhere to a solid surface in the presence of other immiscible fluids.” The fluid
with the highest affinity to the solid surface is called the wetting phase, whereas the other fluid
is called the non-wetting phase. Another closely related definition is given by Jerauld and
Rathmell (1997), who states that “wettability is defined as the tendency of one fluid of a fluid

pair to coat the surface of a solid spontaneously.”

2.3.2 Wettability classification

Wettability is both a continuous and complex parameter that controls the flow, distribution and
location of the fluids in a reservoir. Nevertheless, it is often grouped into three categories; oil-

wet, water-wet and intermediate-wet (neutral wet).

In an oil-wet reservoir, the oil will occupy the smallest pores in the matrix and contact most of
the rock surface, while water is situated in the middle of the pore volume. Similarly, if the rock
is water-wet, most of the rock surface is in contact with water, and water will occupy the
smallest pores. An intermediate-wet/neutral-wet system will show little to no preference

between the two fluids.



Previous work (Morrow, 1990) has shown that researchers originally believed that oil reservoirs
had a strongly water-wet surface, and that the connate water would shelter the entering crude
oil from covering the rock surface. Nonetheless, laboratory work done by Treiber and Owens
(1972) indicated that the majority of the 55 cores tested were in the oil-wet range, especially
the carbonate reservoirs. They believed that the reason was that some of the constituents in the
crude oil had the possibility to alter the wetting from an original water-wet system towards an

oil-wet system, despite the protecting water shelter.

It is now generally accepted (Salathiel, 1973) that some reservoirs have become oil-wet over
time, and those reservoirs are classified as being mixed-wet. In such systems, the grain contacts
and the smaller pores would preferentially be water-wet, while the larger pore surfaces are
strongly oil-wet. The oil will flow as a film if the oil-wet paths are continuous, and consequently
only a minor amount of oil would be trapped in the smaller pores due to capillary forces. Mixed-
wet systems can also occur due to heterogeneities and variations in the chemistry and
composition of the reservoir rock. This wetting state is often referred to as fractional-wet, where
a portion of the rock is strongly oil-wet, and the other portion is strongly water-wet. Figure
2.2 is taken from Abdallah et al. (2007) and illustrates the initial fluid distribution in a water-

wet, mixed-wet and oil-wet system respectively.

Water-wet Mixed-wet

D Oil j Brine (water) . Rock grains

Figure 2.2 - Initial fluid distribution of a reservoir rock in a water-wet, mixed-wet and oil-wet
system respectively. Retrieved from (Abdallah et al., 2007)



2.3.3 Wettability measurements

Several methods exist for determining the wetting properties of a porous medium, and they are
usually categorized into quantitative and qualitative methods. Quantitative methods include
contact angle measurement, Amott-Harvey Index and U.S Bureau of Mines (USBM). All these
methods are considered as being direct tests of the wettability. Furthermore, qualitative methods
are indirect measurements including microscope examination, chromatographic wettability test,
imbibition rates and capillary pressure curves. The USBM method together with the

chromatographic wettability test will be outlined in more detail below.

2.3.3.1 U.S Bureau of Mines (USBM)

According to Donaldson et al. (1969), the USBM method is a quantitative approach for
measuring the average wettability of a core sample using capillary pressure curves. The core
with irreducible water saturation is rotated in a water filled tube by a centrifuge. By increasing
the speed stepwise, the sample eventually reaches residual oil saturation. Afterwards, the
sample is placed into an oil-filed tube for another sequence of measurements. The USBM index
(WIlusewm) is related to the work required for the wetting phase to displace the non-wetting phase,

which corresponds to the area behind the capillary pressure curves as indicated in Figure 2.3.

A
Wlysgm = log (A_:) (eq. 2.1)

where A1 is the area under the curve where oil displaces water, whereas A; is the area under

the curve where water displaces oil.
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Figure 2.3— Plot of effective pressure vs. average water saturation where oil displaces water
(Curve II) and where water displaces oil (Curve I) taken from Dandekar (2013)

According to Abdallah et al. (2007), the USBM index varies between o™ (strongly oil-wetting)
and oo* (strongly water-wetting), although most of the measurements extends from -1 to +1.
The method is relatively fast and quite sensitive close to neutral wettability. However, the test
can only be done on plug-size samples, and it cannot determine whether the system has mixed

or fractional wettability.

2.3.3.2 Chromatographic Wettability test

The chromatographic wettability test was developed by Strand et al. (2006b), and is based on a
chromatographic separation of two water-soluble components during a flooding process in
carbonates, namely SCN" (non-adsorbing tracer) and SO4% (potential determining ion). Since
carbonates have a positively charged surface, the sulfate ions will adsorb onto the water-wet
sites. Thus, the wetting index parameter is assumed to represent the fraction of the carbonate
surface covered by water, where the amount of adsorption depends on the wetting state of the

rock. The process is visualized in Figure 2.4 below.
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Figure 2.4 - Adsorption of SO4%" on a water-wet, oil-wet and mixed-wet carbonate surface

retrieved from Shariatpanahi (2012)

By flooding a core at residual oil saturation (Sor), it is possible to measure the area between the
effluent profiles for SCN- and SO4%. Consequently, the area will be proportional to the amount
of water that covers the carbonate surface, Awett. The water index is defined as the ratio between
Awett and a corresponding area in a completely water-wet reference core, Aret.

Wi = Zwett (eq. 2.2)
Aref

WI varies between 0 and 1, where O represents a completely oil-wet system, and 1 indicates a
perfectly water-wet system. Figure 2.5 is based on the studies of Strand et al. (2006b) and gives
a schematic overview of the effluent profiles of SCN™ and SO4%, in addition to the area used in

calculating the wetting index.
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Figure 2.5 — Schematic overview of the chromatographic wettability test and the separation
between effluent profiles of SCN™ and SO+ based on the studies of Strand et al. (2006b)

2.4 Relative permeability and Capillary Pressure

In carbonate reservoirs, the initial wetting has an apparent impact on important reservoir
parameters, such as the relative permeability of oil and water, the capillary pressure and the
distribution of fluids in the reservoir. The magnitude of the capillary pressure is the driving
force in a Sl process, while the mobilities of oil and water controls the rate of the process.
Consequently, the total oil recovery is highly dependent on the interactions between the fluids

at the surface of the rock as well as inside the pores.

2.4.1 Relative Permeability Curve

The permeability of a reservoir rock is a measure of the ability the porous medium has to
transport fluids through the pores. Large continuous pore openings are associated with high
permeability, while small, contiguous pores are related to low permeability.
Permeability is also a tensor, where the size often varies in different directions. Thus, the degree

of anisotropy is of great importance when predicting flow patterns and for optimizing
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production strategy. Darcy’s law for a linear horizontal flow of an incompressible liquid

through a porous medium can be written as follows;

AK (0P

0 = __(a) (eq. 2.3)

i

where Q is the flowrate of the formation, A is the cross-sectional area, K is the absolute
permeability, W is the viscosity of the fluid and Z—i is the pressure change per unit length of the

formation.

Nonetheless, an oil reservoir is often saturated of more than just one phase. Consequently, there
will be less space for the fluid to flow within the porous medium. The relative permeability (Krj)
is thus defined as the effective permeability a fluid experience, divided by the absolute
permeability of the porous medium;

Ke
ky; = % (eq. 2.4)

The wetting fluid in a porous media will generally occupy the smallest pores and be distributed
as a thin film in the larger pores. The non-wetting fluid will in comparison be situated in the
center of the larger pores, resulting in a higher fluid relative permeability. This is clearly
visualized in Figure 2.6 taken from Anderson (1987b), where knw is higher in the oil-wet system
compared to the water-wet system. This phenomenon occurs because the oil in the oil-wet
system tends to move between the less permeable pores, while water flow more easily in the
larger pores. Furthermore, at low water saturations, some of the water will get trapped in the

larger pores, causing a blocking of the pore throats, resulting in a lower permeability of oil.
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Figure 2.6 - Relative permeability curves in a water-wet system (left) and in an oil-wet system
(right) taken from Anderson (1987b)

2.4.2 Capillary Pressure Curve

Capillarity is the physical phenomenon that causes a wetting liquid to enter thin capillary tubes.
The effect is due to surface tension, which occurs on the interface among two liquids, and is
defined as:

_aw
0 =— (eq. 2.5)

where dW is the work required to increase the fluids surface with an area dA.
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Figure 2.7 - Oil/water interface in a capillary tube taken from Anderson (1987a)

Figure 2.7 illustrates the interfacial tension between oil and water in a capillary tube. The oil
droplet has a radii R, which is decided by the surface tension o, water pressure Py and oil
pressure Po. The surface tension tries to minimize the droplets surface, which results in a force
acting inwards. The work required to increase the radii of an oil droplet with area dR thus

becomes;

dW = F-dR = (P,—P,)-4m-R%-dR (eq. 2.6)

The area of the droplet surface is A=4zR2. An increase of the area due to an increase in the radii
is then dA=8zRdR. It follows from eq. 2.5 that the surface tension can thus described as;

dw _ (Po—Py)4mR?*dR _ (P,—Py)R
da 8m-R-dR - 2

(eq. 2.7)

If the defining surface between oil and water is not spherical, two different curvature radii are

needed, namely R: and R2. The new expression is called the Laplace equation:

P.=P —P =0 (++2) (eq. 2.8)

Ry Ry
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Asiillustrated in Figure 2.7, the fluid saturation is strongly related to the curvature radii between
oil and water. Consequently, the capillary pressure depends on the fluids that wets the porous
medium. The different stages in a capillary pressure curve is shown below in Figure 2.8.

m_\

1. Initial oil drive
2. Spontaneous imbibition
of brine

Forced imbibition of brine
Spontaneous drainage of oil
5. Forced drainage of oil

Hw

Figure 2.8 - Capillary pressure curves vs. water saturation retrieved from Hggnesen (2005)

At the start of the initial oil drive curve (labeled 1) in Figure 2.8, the core is initially filled with
water. Before oil can enter the system, an entry pressure must be exceeded. As the capillary
pressure increases, the water saturation decreases, and more oil can enter the core. As the
externally applied capillary pressure reaches a sufficiently high value, the wetting phase will be
separated from the bulk wetting phase. Thus, the continuity of the water phase is lost, and the
system has reached an irreducible water saturation. Furthermore, after the primary drainage
curve has been measured, the capillary pressure is steadily decreased to zero in a Sl process
(labeled 2). At Pc = 0, some of the oil will still be connected to the rock surface, therefore, the
residual oil saturation will not be the irreducible oil saturation. For a more water-wet system,

Pc =0 at a higher water saturation. Consequently, the capillary pressure determines how much
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oil that can be recovered. Lastly, the capillary pressure is lowered from zero to a negative value,
where a forced imbibition of brine takes place (labeled 3). As the capillary pressure is negative,
Pw > P, and water is forced into the rock until the water saturation reaches 1-Sor. Curve number
4 represents spontaneous drainage of oil, which happens if Py is slowly reduced. In this process,
the capillary pressure increases from a negative value to zero and will reach a water saturation
which is higher than during Sl of brine. The water saturation can also be reduced further by
applying forced drainage of oil (curve 5), which will finally arrive at the start of the SI curve
(Anderson, 1987a).

2.4.2.1 Wettability Effects on the Capillary Pressure curve

The Pc- curve will be different depending on the wettability of the system. In a more water-wet
reservoir, Ser is reduced since the oil is more mobile and situated in the middle of the pores.
Correspondingly, the water saturation increases where the curve crosses zero capillary pressure.
Zhou et al. (2000) examined this process by executing Sl and waterflood experiments on several
Berea sandstone cores with different Swi and initial wetting. It should be mentioned that the
same behavior has also been observed in chalk cores. Behbahani and Blunt (2005) interpreted
the experiments numerically and further investigated how the aging time of the reservoir rock
impacted the capillary pressure curve. In this context, aging time is referring to a wetting state,
where a non-aged core represents a strongly water-wet system. The results from the study
showed that as the aging time increases, corresponding to more of the pore space being oil-wet,
Pc reduces to a lower value and a higher fraction of the curve is situated below zero. Since
recovery by Sl is controlled by the fraction of the P¢ — curve situated above zero, a decrease in
recovery is expected as more of the pore space are oil-wet. This is because SI will be limited to
a small saturation range with a low Sy, due to poor water connectivity through the pore network.
Consequently, the water relative permeability is remarkably low, giving recovery rates 10 —
10° times smaller compared to a water-wet rock. Aging time of the cores investigated, and their
wetting states are shown in Figure 2.9. Note that in a strongly water-wet rock, all the mobile

oil can be produced in a Sl process.
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Figure 2.9 - Capillary pressures for different aging times (ta) corresponding to different

wettability states, retrieved from Behbahani and Blunt (2005)
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Chapter 3

3 Smart Water as an EOR mechanism In
Carbonates

3.1 Wetting properties in Carbonates

It is assumed that almost all carbonate reservoirs were initially water-wet, and that the carbonate
surface was in equilibrium with the surrounding formation water. The formation water contains
Ca?*, resulting in a positively charged surface with pH < 9. When oil migrated into the reservoir
and displaced water, the interface between the water-wet rock surface and the oil became
negatively charged. This is due to partial separation of the carboxylic acid groups
(-COOH) in the crude oil, which results in negatively charged carboxylates (-COO).
Consequently, the carboxylates have the possibility to adsorb onto the carbonate surface making
it less water-wet. Previous studies (Puntervold et al., 2007) have shown that the degree of water-
wetness is associated with the acid number (AN), which is an estimate of acidic material present
in the crude oil. A higher AN indicates that more of the carboxylates can adsorb onto the

carbonate surface and reduce the initial water-wetness of the reservoir.

3.2 Mechanisms of Smart Water injection in Carbonates

Modified seawater has been regarded as a “smart” EOR fluid in carbonate reservoirs due to its
capability of increasing the water-wetness of the rock surface. It is suggested that the wettability
alteration is due to the interaction among the rock surface and the potential determining ions
Mg?*, Ca?* and SO4 present in seawater.
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The Smart water mechanism implies that SO4> adsorbs onto the positively charged water-wet
sites on the carbonate surface and reduces the net surface charge. Due to less electrostatic
repulsion, the concentration of Ca?* close to the surface increases and calcium complexes with
carboxylates. Subsequently, some of the organic materials are released from the surface and
can contribute to a higher oil recovery. According to Strand and Puntervold (2017), sulfate acts
as the catalyst in a Smart water Sl process, but the adsorption is highly dependent on the amount

of calcium ions in the system.

Mg?* is a strongly hydrated ion in water, meaning it has a small reactivity at lower temperatures.
However, at higher temperatures, the magnesium ions get remarkably reactive due to the
splitting of hydrogen bonds. Accordingly, Mg?* have the possibility to substitute Ca?* at the
carbonate surface and hence displace calcium connected to the carboxylates. Correspondingly,
the degree of substitution increases with temperature. The reaction is illustrated by the

following equilibrium:

CaCO05 (s) + Mg?*t =2 MgCO;(s) + Ca?* (eg. 3.1)

Nevertheless, since the experiments investigated in this thesis are conducted at a relatively low
temperature (90 °C), Mg?* is assumed to have a minor contribution to the wettability alteration

process. Correspondingly, only the effect of Ca?* and SO4% will be tested in the simulations.

Figure 3.1 is taken from Zhang et al. (2007) and highlights the suggested mechanisms for
wettability alteration by smart water injection. (A) shows the mechanism where SO4% adsorbs
and lower the surface charge where Ca®* reacts with the adsorbed carboxylic group and release
it from the surface. (B) emphasize the substitution reaction of Ca?* with Mg?* at higher

temperatures.
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Figure 3.1 - Suggested mechanisms for a wettability alteration in CaCO3 (s) taken from
Zhang et al. (2007)

3.3 Electrical double layer

A charged surface will have the potential to affect the distribution of ions in the surrounding
area of a polar medium. lons with the opposite charge of the surface will be attracted, while
those with equal charge will be rejected. This, together with the thermal motion of the ions,

forms an electrical double layer.

The double layer can be divided into two parts according to Sterns theory; an immobile and a
mobile part as visualized in Figure 3.2 taken from Du et al. (2015). The immobile part is
situated closest to the surface and is referred to as the Stern Layer. This layer consists of
adsorbed ions and is only 1-2 molecular diameters thick. The transition between the immobile
and the mobile part of the double layer is called the shear plane. The mobile part consists of a

diffusive layer, where the ions are not bounded to the surface.
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Figure 3.2 - Schematic figure of the different parts of the electrical double layer taken from
Du et al. (2015)

It is generally believed that when there is an increase in the electrolyte concentration, the
diffusive part of the electrical double layer will be compressed. This means that a reduction in
the salt content around the surface can give a wider double layer. Correspondingly, the salt
density near the surface is reduced, and the access of Ca?*, Mg?* and SO4> to the surface
increases. Consequently, a reduction in the electrolyte concentration of the imbibing brine may

give a higher oil recovery.

3.4 Chemical reactions

Since chalk is composed of CaCOs(s), SI of Smart water may lead to several chemical reactions.
Only some of the reactions are discussed in this thesis, like dissolution/precipitation, water
complexations and ion exchange. Special emphasis has been on reactions including the
potential determining ions Ca?*, Mg?* and SO4%", but other species present in SW and FW will
follow the same equations. Below are some of the chemical reactions that will be discussed
more thoroughly in the discussion part of the thesis. Note that Z* represent the positive and X

the negative surface sites in the ion exchange reactions respectively.
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Dissolution/precipitation

CaC05(s) = Ca?* + C03~

Ca?*t + S0~ = CaS0,(s)

Water complexations
Na* + S0~ = NaS0;
Ca** + ClI= = CacCl*
Mg?**t + Cl- = MgcClt
lon exchange

XNa = Na*t+ X~
X2Ca = 2X™ + Ca?*
X2Mg = 2X~ + Mg?*t
XK = X+ K*
7280, = S02~ +27*
ZCl = Cl-+Z*

ZHCO; = HCO; +Z*
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Chapter 4

4 Modelling the Smart Water Sl process

4.1 Mathematical 3-D model based on Darcy’s law

The fundamental equations to describe transport of two or more phases in a porous medium are
differential equations that depict conservation of mass, Darcy law, and capillary pressure curves
to relate the phase pressures. The following mathematical descriptions are based on part of the
work done by Qiao et al. (2018). In the following we will take a closer look at a model for two
immiscible and incompressible fluids in a porous medium. This model is used to find numerical
solutions to the counter-current imbibition process. The contribution of gravity effects will be
neglected since the vertical displacement of the fluids is small compared to the capillary forces.
A 3-D model is necessary since the experiments are conducted on a cylindrical core, where the
boundary conditions of the spontaneous imbibition process require a 3-D system. The 3-D

transport equations for water and oil are given by:

aSw

W+Vuw =0 (eq 41)
%"+Vu_’o =0 (eq. 4.2)

where ¢ Is porosity, S is saturation, u is the Darcy velocity and the subscripts o/w represents oil

and water phases. Darcy velocity is defined as:

W = —KA,VP, 2= (j=w,o0) (eq. 4.3)

Hj

25



where /; is the mobility of phase j, K is the tensor notation for absolute permeability and VP the
pressure gradient of the system in x-, y- and z-direction respectively. Substituting the extended

Darcy’s law into eq. 4.1 and eq. 4.2 yields the following 3-D transport equations for water and

oil:
3Sy
Q ? +V- (KW AWVPW) =0 (eq 44)
¢ 22+ V- (K, A,VP,) = 0 (eq. 4.5)

The pressures and saturations are constrained by the following conditions:

P.=P,—P,, Sy+ S, =1 (eq. 4.6)

By adding the 3-D transport equations for water and oil, using the constraints introduced in

eq. 4.6, it is reasonable to say that:

0:(Sw + So) = —V(w, + ug) = =V -ur =0 (eq. 4.7)

The total Darcy velocity can be described using eq. 4.3, together with eg. 4.6 and eq. 4.7:

ur = —K(A,VP, + A,,VB,) (eq. 4.8)

Introducing the fractional flow of water and solving for VP, gives:

krw

A -
fw= %= kT_Wl:_kﬂ (eq. 4.9)
v ? Hw  Ho
Aofw fw
VR = T fuVR = 35 (eq. 4.10)

Since VB, = VP, — VP,., the equation above can be introduced to eq. 4.8. Correspondingly,

the 3-D water-transport equation can be written on the following form:

0:(Sw) + V- (urfy, + KA fyVB.) = 0 (eq. 4.11)
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Generally, ki and Pc - curves are functions of Sw and the ionic concentration of Smart water.
This is because it is assumed that a WA component can change the functions by altering the
wettability of the system. Therefore, it is more convenient to write the 3-D water-transport

equation in the following form, where both 1, and f,, depend on water saturation and chemistry:

0¢(Sw) + V- (Urfuw(Sw, Fn) + K26 (Sws Fn) fur(Sws ) VP(Sy, F)) = 0 (eq. 4.12)

where Fr represents an interpolation parameter between 0 and 1 that interpolates between two
sets of saturation functions as the wettability of the system changes. Accordingly, Fn is directly
coupled to a wettability alternating component, which will be outlined in more detail in section
4.2. EQ. 4.12 must be given initial water distribution, as well as boundary conditions. Q is

defined as the domain of the core composed of calcite, while 012 is the surface of the core.

Initial conditions
e Sy(,t=0)= S,, (eqg. 4.13)

Boundary conditions
e (x,y,x)€dn:S, =1 (eq. 4.14)
e P =0€dN (eq. 4.15)

The above equations describe a system containing water and oil. However, since the focus of
this thesis is to model SI of modified seawater, additional equations need to be defined that
illustrate the movement of different ions in the system. The transport equation for a general
component i is defined below, where i is the different ions present in FW and the imbibing

brines.

at(SwCi + pls) = -V (u_T:wai + K/lofwcivpc) +V- (DiSWVCi) (eq 416)

where C;j is the concentration of component i, p; the adsorption of i at the surface and D; the
dispersion coefficient of i. The dispersion coefficient is described by an advective and a

diffusive part:

Di = ocdisp Uy + Dmol (eq 417)
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where o, is the dispersivity of the porous medium, uw the water velocity and Dmor the

molecular diffusion coefficient of the components.

The first term of eq. 4.16 describes the advective flux, which is controlled by a bulk
displacement of water containing a certain concentration of component i. The second term
describe the water phase flow, which depend on the gradient in capillary pressure. Component
i will flow together with water, but is also controlled by dispersion and diffusion according to
the third term of the equation. Furthermore, the component i will be retained by adsorption (p;’),

which is given in mol/L PV.

Eq. 4.16 must be given initial and boundary conditions. The initial conditions represent the
composition of ions at the start, whereas the boundary conditions express the composition of
the surrounding brine respectively.

Initial conditions
e (;(2,t=0)= C;, (referring to Table 5.3) (eq. 4.18)

Boundary conditions
o C;(00,t) = C™P (referring to Table 5.4 and Table 5.5) (eqg. 4.19)

4.2 Anion exchange as a model for WA

According to Halling-Sorensen et. al (1993), ion exchange is a process where ions in a solution
are exchanged for ions detached to the surface of a solid. Since calcite is composed of Ca?* and
COs?%, these ions will represent the positive (Z*) and negative surface sites (X°) respectively.
When Smart water spontaneously imbibes into the chalk core, SO+* will adsorb onto the
positive water-wet surface sites, whereas Ca?* complexes with carboxylates and release the oil
from the surface. Thus, it would be natural to use a model that can couple wettability alteration

to the adsorption of SO.* and co-adsorption of Ca?*.

However, since IORCoreSim is still in the development phase, it only links wettability
alteration to the concentration or adsorption of a single component. In this thesis, the wettability
of chalk will be altered according to the amount of SO4> adsorbed on the surface in an anion

exchange process. Initially, all the ions in the formation water will compete against the positive
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and negative surface sites. Since FW contains zero concentration of sulfate, ions adsorbed on
the positive surface sites are exchanged with CI- and HCOg3™ referring to eq. 3.12 and eq. 3.13
respectively. When a brine containing sulfate is introduced to the system, SO.% will also
compete against the available Z* sites for adsorption referring to eg. 3.11, and an anion

exchange process will take place.

Since sulfate is assumed to be the wettability alternating component, the system moves towards
a more water-wet state as the amount of sulfate adsorption increases. The adsorbed amount of
sulfate (p34) is directly linked to an interpolation parameter (Fm), which interpolates between
two sets of saturation functions. The first saturation function represents the initial wetting of
the system, whereas the last saturation function defines a more water-wet system. It was decided
to use the same relative permeability curves for the different wetting systems (explanation given

in section 6.3.1), so that the interpolation only occurs between the Pc-curves.

P¢interpotatea = Fm * P, Sw) + (@ —Fm) - P,(Sw) (eq. 4.20)

where Pc; represents the first capillary pressure curve at a given Sy and Pc2 the second capillary
pressure curve at the same Sy. If there is no sulfate adsorption corresponding to zero pgg,4, Fm
will be equal to zero and the saturation function representing the initial wetting will be used.
Contrary, if sulfate occupies all the available positive surface sites for adsorption, Fr is equal
to one and the saturation function representing a more water-wet system is used. This will be

demonstrated in section 6.5 where the adsorption isotherm of sulfate is outlined.
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4.3 Correlations for the Saturation functions

The magnitude of the capillary pressure is the driving force in a Sl process, while the
permeabilities of oil and water determines the rate of the process. Since the objective of this
thesis is to test if an anion exchange model can match experimental oil recoveries, the k;j - and
Pc — curves needs to be converted to tabulated values for corresponding water saturations. The

correlations are presented in the following sections.

4.3.1 Correlation for Relative Permeability

Normally, when the permeabilities are measured in the laboratory, only endpoint values and
values in between are used to generate relative permeability curves. Hence, analytical models
are needed in a numerical study to include additional data-points between the measured values.
In this thesis, modified Corey correlation from Standing (1974) was used to develop the relative

permeability curves for water and oil.

* Sw—Swi Nw

krw = krw . (m) (eq 421)
% So—=Sor o

kro = kro . (m) (eq 422)

where kn” is the endpoint relative permeability of water, kro the endpoint relative permeability
of oil. Furthermore, ny and n, are constants used to modify the shape and curvature of the
relative permeability curves for water and oil respectively. Corey exponents of oil and water

for different wetting systems are presented in Table 4.1.
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Table 4.1 - Corey exponents for different wetting systems retrieved from Stiles (2013)

\‘Cttabil“.‘ 'vu ‘\.u‘ krw end-point
Strongly Water-Wet 2t03 4106 0.1 t0 04
Mixed Wettability 3t05 2t04 0.5 to 0.9

4.3.2 Correlations for Capillary Pressure

As for the relative permeabilities, the capillary pressure curve needs to be converted to tabulated
values for corresponding water saturations. There are several analytical models available in the
literature, where the input parameters depend on the problem under investigation. In this work,
we have chosen to use a modified version of the Skjaeveland correlation by Skjaeveland et al.

(2000), due to its flexibility. The capillary pressure correlation is given by:

P. = C,(Sy —S)7FL — Cr(Sg — Syw)ER + (, (eq. 4.23)

where C_ and Cr are capillary pressure parameters, whereas S. and Sg are the minimum and
maximum saturation parameters respectively. Furthermore, E. is the first capillary pressure
exponent, while Er is the second capillary pressure exponent. The constant Co is a fitting
parameter that accounts for different shapes and curvatures of the Pc-curves.

For modelling purposes, it is often convenient to convert the capillary pressure function into a
dimensionless J-scaled function. J-scaling is generally used to get the same shape of the Pc-
curves when the experiments have different permeability and porosity. The capillary pressure

can be J-scaled according to the following equation:

1 P 5
PR (eq. 4.24)

] =

where Cs is a unit conversion factor (e.g. Cs =0.3183 for unit set: bar, mN/m and mD).
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Chapter 5

5 Literature Experimental Data

As indicated in section 1.2, the objective of this thesis is to test if an anion exchange model can
capture the behavior of the Smart water SI experiments conducted by Puntervold et al. (2015)
represented in Figure 5.1. The experimental setup is described in section 5.1 together with core
properties and dimensions. Section 5.2 outlines the fluid properties of oil and water, in addition

to the ionic composition of the FW and the different imbibing brines.

. | 60 T T
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Q40 - 291
] | .
s -%-C#7 SWONa E -©-CH#A SWONa4s
§ -©-C#6 SW0.05Na § -4-CH#D SWONa3$
82 ®CHSSWOLONa || @ p0 | = = | --CHC SWONa25 |
= -4-C#4 SW0.25Na 5 -#C#7 SWONa1s
-+-C#3 SW0.50Na -o-C#B SWONa0s
*-CH2 SW S
0 ‘ ‘ : 1 0 1 ‘
0 10 20 30 40 50 60 0 10 20 30 40 50
Time (Days) Time (Days)

Figure 5.1 - Oil Recovery for various Smart water SI experiments taken from
Puntervold et al. (2015)
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5.1 Core Properties and Dimensions

Outcrop Stevns Klint chalk (SK) was used as the porous medium, originating from nearby
Copenhagen, Denmark. The petrophysical properties and the matrix material are comparable to
chalk oil reservoirs like Ekofisk and Valhall situated in the North Sea. Prior to the experiments,
the cores were flushed with at least 4 pore volumes (PV) of distilled water to get rid of
dissolvable salts. Then, an initial water saturation of 10% was obtained using the porous plate
technique. Afterwards, the core was placed in a Hassler core holder and flooded with 2 PV of
Oil A at 50 °C to establish initial oil saturation. In the end, the cores were wrapped in Teflon
tape and aged at 90 °C for 3 weeks to prevent abnormal adsorption of polar components on the
chalk surface (Puntervold et al., 2015). The core properties are presented in Table 5.1, where L
is the length of the core, D the diameter of the core, Vpuk the bulk volume and Vpore the pore

volume of the core respectively.

Table 5.1 - Core Properties from Puntervold et al. (2015)

Core L D Vbulk Viore () k Swi Soi
[em] | [cm] | [cm’] [cm?] [%] | [mD] [%] [%]
SK 7.02 3.8 79.61 37.91 48 3.5 10 90

5.2 Fluid Properties

The laboratory experiments were conducted at T = 90 °C and P = 10 bar respectively. The
interfacial tension (IFT) between oil and water is predicted from related fluids at comparable
conditions (Fathi et al., 2011a). The fluid properties of oil and water are shown in Table 5.2,

whereas the ionic composition of the formation water is presented in Table 5.3.
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Table 5.2 - Fluid properties of oil and water from Puntervold et al. (2015)

u p AN o
[cP] [g/cm?3] [MN/m]
Oil 2.33 0.8012 0.5 13
Water 1.09 1.05 -

Table 5.3 - lonic composition of the formation water from Puntervold et al. (2015)

lons Concentration (mol/L)
Na* 0.992
Ca** 0.029
Mg?* 0.008
CI 1.061
SO4* 0.000
HCOs 0.005
K* 0.005

The imbibing brines used in the laboratory experiments are given in Table 5.4 and Table 5.5
below. Table 5.4 represents the case where the imbibing brine has a varying concentration of
NaCl with the definition “SWXNa”. SW is an abbreviation for seawater, where “X” stands for
“X” times the NaCl concentration of ordinary SW. Note that for the case “SWONa”, the NaCl
concentration is not completely zero. Table 5.5 describe the experiments where the brine is
depleted in NaCl and spiked with 0-4 times the sulfate concentration in seawater. These
experiments have the definition “SWONaXS”, where “0S” represents zero sulfate

concentration, and “4S” implies four times the sulfate concentration in ordinary seawater.
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Table 5.4 — lonic composition of imbibing brines (Puntervold et al., 2015) with varying

concentration of NaCl

Smart water used

lons

Ca**

SW

0.013

SWONa

0.013

SWO0.05Na

0.013

SWO0.1Na

0.013

SWO0.25Na

0.013

SWO0.5Na

imoI/Li

0.013

Mi]2+ 0.045 | 0.045 0.045 0.045 0.045 0.045

S04+ | 0.024 | 0.024 0.024 0.024 0.024 0.024
HCO3 | 0.002 | 0.002 0.002 0.002 0.002 0.002
K* 0.010 | 0.010 0.010 0.010 0.010 0.010

Table 5.5 — lonic composition of imbibing brines (Puntervold et al., 2015) depleted in NaCl

and spiked with 0-4 times SO4 concentration

Smart water used
lons SW | SWONaOS | SWONalS | SWONa2S | SWONa3S | SWO0Na4S
(mol/L)

Na* 0.450 0.002 0.050 0.098 0.146 0.194
Ca** | 0.013 0.013 0.013 0.013 0.013 0.013
Mg®* | 0.045 0.045 0.045 0.045 0.045 0.045
Cl 0.525 0.125 0.125 0.125 0.125 0.125
HCOs | 0.002 0.002 0.002 0.002 0.002 0.002
K* 0.010 0.010 0.010 0.010 0.010 0.010
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Chapter 6

6 Numerical Model

6.1 IORCoreSim Software (BugSim version 1.2)

IORCoreSim is used for building a 3-D model based on experimental laboratory data from
Puntervold et al. (2015) to investigate the Sl process of Smart water. The software is the second
version of the BugSim simulator, developed at the IOR Centre of Norway (International
Research Institute of Stavanger). It has the purpose of investigating oil recovery mechanisms
from lab experiments and help upscale the processes to field levels. The program is extended
to handle multiple components that are dissolved in the water phase, where the flow equations
are solved using finite-difference discretization and a sequential solution approach for
saturations and pressures. This means that the pressure field will be determined from a linear
pressure equation, whilst the saturation-dependent parameters are set equal to their values at
the preceding timestep. Afterwards, an additional saturation equation based on the fractional
flow of water is solved, in order to update the phase velocities calculated in the first step (Lohne,
2013).

In addition, a lattice Boltzmann advection diffusion solver is used to include the geochemistry.
The solver contains surface complexations, non-linear dissolution-precipitation kinetics and ion

exchange, referring to the work done by Hiorth et al. (2012).
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6.2 Numerical Setup and Simulation Input

The numerical model contains a total of 1600 grid blocks in cylindrical coordinates (20x1x80
in r, 0 and z-direction respectively). Normally, the grid cells in the radial direction are divided
based on the same interval, where dx is constant. This means that the first cell will have a large
volume, and the volume will decrease as the number of grid cells increase. Thus, to get more
representative results, it was decided to divide each grid cell based on volume instead of having
a constant interval in the radial direction. This is illustrated in Figure 6.1, where the first cell
closest to the radial center (at r = 0 cm) is much wider than the last cell (at r ~ 1.9 cm),

corresponding to equal cell volume.

7.2

54

3.6

y (cm)

1.8

0.0 + ‘ . .
0.000 0.475 0.950 1.425 1.900

R (cm)

Figure 6.1 - Visualization of grid cells in radial direction

The main input parameters necessary to run the simulator are as follows:

e Core properties and dimensions (porosity, permeability, diameter, length)
e Fluid properties (density, viscosity, oil/water interfacial tension)
e Imbibing brines (ionic compositions)

e Saturation functions (relative permeability, capillary pressure)
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6.3 Saturation functions

The model implemented in IORCoreSim aims to capture the wettability alteration from a

system with initial wetting towards a more water-wet system. Thus, two saturation functions

are required that explains these two scenarios.

6.3.1 Relative Permeability curves

The relative permeability curves for water and oil are developed using modified Corey
correlations corresponding to eq. 4.21 and eq. 4.22 respectively. Since there is not enough
information to independently determine the functions for both the initial system and a more
water-wet system, it was decided to keep the curves constant and vary Pc instead. Corey
exponents used to establish the curves are shown in Table 6.1, while the relative permeability

curves are presented in Figure 6.2.

Table 6.1 - Corey exponents used to develop relative permeability curves

Krw*

Kro* Nw No Swi Sor

0.57

1.00 4.70 2.20 0.073 0.13

Relative permeabilities (kro, krw)

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

0 WM

0 0,2 0,4 0,6 0,8

—@— krw

kro

Sw

Figure 6.2 - Relative permeability curves for oil and water
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6.3.2 Capillary Pressure curves

The capillary pressure curves are based on the experiments executed by Webb et al. (2005).
The study was performed on a core at reservoir conditions analogous to the North Sea Valhall
field. Capillary pressure tests were utilized during two imbibition tests, one with formation
water (SFW) and the other with sea water (SSW) as the displacing fluid. For simulation
purposes, it is convenient to express the capillary pressure curves as an analytical function. The
capillary pressure curve obtained by flooding a core with Valhall formation brine (SFW) is J-
scaled according to eq. 4.24. The result, J-experimental, is shown in Figure 6.3 together with
the correlated J-function used to match the experimental. The correlated J-function is calculated

using modified Skjaeveland’s correlations corresponding to eq. 4.23.

0,2

0,15

—@— ] - experimental
0,1

J - correlation

0,05

0 0,1 0,2 0,3 0,4 06 0,7 0,8 0,9

-0,05 B S
-0,1
-0,15

-0,2
Sw

Figure 6.3 - J-scaled capillary pressure curves for experimental formation water (J-

experimental) and calculated formation water (J-correlation)

Since SO4% is assumed to be the wettability alternating agent, an imbibing brine without sulfate
will represent the initial wetting of the core. Seeing that the formation water in the experiments
carried out by Webb et al. (2005) contained zero SO+ concentration, it is possible to compare
the corresponding capillary pressure curve with the case “SWONa0S” from Puntervold et al.

(2015). It was decided to tune the “J-correlation” capillary pressure curve and lower the
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curvature to obtain a slower imbibition rate of the formation brine. The tuned capillary pressure

curve “J17, which will be used in the “SWONa0S” simulation, is shown in Figure 6.4.

0,2

0,15

——J1
0,1

J - experimental

0,05

J-function
o
4
»

0 0,1 0,2 0,3 04 ‘039993, 0,7 0,8 0,9 1
-0,05

0,1
0,15

-0,2
Sw

Figure 6.4 - J-scaled capillary pressure curves for experimental formation water (J-

experimental) and tuned calculated formation water (J1)

Given that the model requires two saturation tables to capture a wettability alteration, another
capillary pressure curve needs to be defined. In a more water-wet system, Pc will reach zero at
a higher Sy compared to a less water-wet system. Since there is not enough information to
determine this function, it was decided to raise the capillary pressure curve in Figure 6.4 by
approximately 50 mBar, while keeping the curvature constant. This resulted in the second
capillary pressure curve referred to as “J2”, which will be used as an estimate of representing a
more water-wet system. Figure 6.5 illustrates the capillary pressure curves that will be used in
the model, namely “J1” for the initial wetting system and “J2” for a more water-wet system
respectively. Figure 6.6 illustrates the same capillary pressure curves, but in the unit mBar
instead of J-function. Modified Skjaeveland’s correlations used to establish the curves are

shown in Table 6.2.
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Figure 6.5 - Calculated J-function for a less-water wet state (J1) and

a more water-wet state (J2)
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Figure 6.6 - Calculated Pc-curves for a less-water wet state (J1) and

a more water-wet state (J2)
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Table 6.2 - Modified Skjaeveland's correlations used to compute the Pc-curves

CL Cr Co EL Er SL Sr
J1 0.014 0.013 -0.0102 0.51 0.75 0.06 0.88
J2 0.013 0.008 0.01 0.70 0.080 0.07 0.88

6.4 Imbibition velocity of imbibing brines

One of the main challenges in matching the experimental oil recoveries from Puntervold et al.
(2015) is to get a correct imbibition velocity of the imbibing brines. As is evident in Figure 5.1,
the brine without chemistry “SWO0Na0S” seems to have a lower SI rate compared to the cases

where a WA agent is present in the brine. Thus, the model need to be modified to capture the

correct imbibition velocity of the imbibing brines when sulfate is present.

It is believed that the imbibition rate depends on the capillary pressure of the system and the
relative permeabilities of oil and water. Thus, one option is to change the Pc-curve in the same
way as for the initial case “SWONa0S”. However, making an artificial flat Pc-curve is very
difficult since the model interpolates between “J1” and “J2” when the imbibing brine contains
sulfate. Another option is to reduce the relative permeabilities of oil and water. The contribution

of water and oil is investigated by plotting the distribution of Py and P, at early time as

illustrated in Figure 6.7 and Figure 6.8.
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Figure 6.7 - lllustration of Py [bar] distribution in the core at t=0.001 days, t=0.5 days,
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Figure 6.8 - lllustration of P, [bar] distribution in the core at t=0.001 days, t=0.5 days,

t=2 days and t=5 days respectively
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As is apparent from Figure 6.7 and Figure 6.8, there is a high gradient in the water pressure
when the imbibition starts. Contrary, the oil pressure has almost a zero gradient, which means
that it is the A,, and P¢ (Swi) that controls the production rate. Thus, it would be natural to reduce
the relative permeability curve of water to obtain a slower imbibition velocity of the brines.
However, reducing kw with a factor ten would give unrealistic results. Therefore, a reasonable
choice is to assume that the oil recovery rate is restricted by the diffusion velocity of sulfate

into the core. The diffusion model implemented in IORCoreSim follow the subsequent relation:

Ji = VCy Dy i@™Sy" (eq.6.1)

where Jj is the diffusive flux of a diffusing component i travelling with the water phase w,
D the bulk diffusion coefficient, m the cementation exponent (between 2.0 — 2.6 for carbonates)

and n the saturation index for water (between 2.0 — 3.0 for mixed-wet systems).

It is useful to first estimate the diffusion coefficient in the systems without chemistry and further
lower this value to capture the imbibition velocity of the brines containing sulfate. When no
chemistry is added to the model, the process is capillary driven, and diffusion follow the last
term of eq. 4.11 corresponding to:

D.(S,) = —KA,f,, VP. (eq. 6.2)

where D¢ is the capillary diffusion coefficient at various water saturations. The gradient in
capillary pressure can be determined for both the first and the second saturation function based

on the numerical derivative of P:

& — PC(Swl)_PC(SWZ) (eq 6 3)

aSw Swi— Swz

Figure 6.9 depicts the calculated diffusion coefficients for the systems without chemistry,
where Dcl is calculated by using “J1” and Dc2 is calculated by using “J2” with corresponding

relative permeability values.
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Dcl Dc2
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Figure 6.9 - Diffusion coefficients for systems without chemistry: Dcl (corresponding to

saturation table one) and Dc2 (corresponding to saturation table two) respectively

2
If we assume that D¢ =2.5 - 10710 mT referring to Figure 6.9, the time it takes to reach recovery

can be calculated based on a simplified version of the analytical solution to the well-known

Fick’s 2" law, where L is the distance to the center of the core:

t= il (eq. 6.4)

4-D

(0.019m)? 1.16:107° days

t= = 4.2 days (eg. 6.5)

2
4-2.5-10—10"‘7 s

According to the experimental data under investigation (Puntervold et al., 2015), it takes tens
of days or even months to reach the recovery when the imbibing brine contains sulfate. Thus,

it was decided to assume that the diffusion coefficient should be reduced with a factor 10-100,

2
corresponding to D = (10! — 10°1?) mT
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6.5 Adsorption Isotherm

The ion exchange capacities for positive and negative surface sites are presented in Table 6.3.
X is just a selected value, whereas Z* was chosen high enough to reduce the diffusion velocity

of sulfate into the core.

Table 6.3 - lon exchange capacity for Z* and X

Surface site lon exchange capacity
(mol/L PV)
z 0.2
X 0.15

To determine the adsorbed amount of sulfate ions in the different cases, each of the experiments
in Figure 5.1 are simulated and run for one timestep. IORCoreSim will then create a datafile
that gives information about the initial solution of the system, and particularly the fraction of
sulfate that occupies the available positive surface sites. Based on the equivalent fraction of
S04 and the anion exchange capacity (Z*), the adsorbed amount of sulfate is determined based

on eg. 6.6. This is done for all the experiments, and the results are shown in Table 6.4.

Z*x equivalent fractionof SOZ‘

s
= eq. 6.6
Psoa valence number of S0~ (eq )

Table 6.4 - Adsorbed amount of SO4 (mol/L) for the different Smart Water Sl experiments

Case P304 (MOl/L PV)
SW 0.019
SW0.5Na 0.033
SWO0.25Na 0.045
SWO0.1Na 0.054
SWO0.05Na 0.058
SWONa 0.062
SWONa0S 0.000
SWONalS 0.062
SWONa2S 0.073
SWONa3S 0.078
SWONa4S 0.081

46



By using the keyword “ncmisc” in the model, the interpolation parameter “Fm” is triggered,
which is used to interpolate between two sets of saturation functions according to eq. 4.20.
“Fm” needs to be entered as a table together with adsorbed amount of sulfate (p3,.), where the
interpolation parameter is the weighing of saturation table number two. As the concentration
of adsorbed sulfate increases, the system moves towards a more water-wet wetting state, and

more oil can be retrieved from the core. The interpolation parameter is defined for all the cases

based on eq. 6.7 and eq. 6.8 below.

— 0 — Py (SWena)
Fm - PCZ(SWe‘nd) — PCI(SWe‘nd) (eq 67)
Fm = —= (eq. 6.8)
m= a+b g. 0.

where the constants a and b are visualized in Figure 6.10, Pc1 (SWend) and Pc2 (Swend) are the
capillary pressure at the water saturation endpoint. Sweng is found by estimating the recovery of

the experiments from Figure 5.1 and then use the value in the equation below.

SWena = Recovery x (1 —3S,,;) + Sy (eq. 6.9)
80
60
——J1
40
2
. 20
(1°]
2 b
S 02 0,6 0,8
8 0 a
-40
-60
-80
Sw

Figure 6.10 - Visualization of how to define the interpolation parameter from the Pc-curves
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The final adsorption isotherm applied in the model is described in Table 6.5. Note that even
though the anion exchange capacity was set equal to 0.2 mol/L, the table extends from 0 — 0.1
mol/L. This is because adsorption of 1 SO4 will occupy 2 surface sites, referring to eq. 3.11.

Table 6.5 - Adsorbed amount of SO4? versus miscibility parameter Fm

Psos (MoI/L) Fm
0.000 0.017
0.019 0.443
0.033 0.474
0.045 0.507
0.054 0.528
0.058 0.618
0.062 0.641
0.062 0.641
0.073 0.618
0.078 0.739
0.081 0.936
0.100 1.000

48



0,7

0,65

0,6

| 0,55

Sw_end

0,5

0,45

0,4
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09

Amount SO4 adsorbed (mol/L PV)

Figure 6.11 — Amount of SO+ adsorbed vs. endpoint water saturation used to develop Fm

table in the model

Figure 6.11 illustrates the adsorbed amount of sulfate vs. endpoint water saturation that was
used to develop the interpolation table in the model. The y-axis is independent of the model
since it only describes the endpoint saturation retrieved from the experimental data. However,
the x-axis will depend on the model for adsorption, and another model will most likely give
different results. Nevertheless, there is a relative monotony relation between Swend and the
amount of sulfate adsorbed on the chalk surface. The stippled line illustrates an estimated
regression line, but the data points were used as input values in the model.
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Chapter 7

7 Results and Discussion

7.1 Sl in a system with fixed wettability

As wettability alteration is assumed to be one of the main mechanisms in a SI Smart water
process, it is useful to first interpret the case corresponding to a system with fixed wettability.
As was outlined in the introduction of this thesis, an oil-wet rock will hold more strongly onto
the oil compared to a water-wet rock. If the imbibing brine can alter the wettability, the recovery
profile should be comparable to that of a more water-wet system. Figure 7.1 depicts the
estimated recovery of a chalk core with fixed wettability corresponding to a more water-wet
state. The simulation is run without chemistry where only the second saturation function is used,
namely “J2”. The predicted SI was initiated almost immediately, and a recovery of 65 % after

~ 0.3 days is expected.

o
~

Recovery (fraction)
o o o o o ©
= N w » ] ()]

o

0 0,5 1 1,5 2 2,5 3
Time (days)

Figure 7.1 - Expected recovery for a system with fixed wettability
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7.2 History matching experimental data

The following section provides the history matching between simulated and experimental oil
recoveries. The results are presented and discussed in terms of the proposed Smart water

mechanisms in carbonate reservoirs.

7.2.1 Matching SWXNa — experiments

Figure 7.2 illustrates the matching of simulated and experimental oil recoveries during
spontaneous imbibition of “SWXNa” brines. As is apparent from the figure, there is a small
deviation in the time it takes to reach plateau. This is particularly the case for Sl of ordinary
SW, where experimental data gives an oil recovery plateau after 45 days in contrast to a
simulated plateau after 30 days. Even though the imbibition velocity of the brines was reduced
by lowering the diffusion coefficient of ions, the effect of too high imbibition velocity may still

be a limitation of the anion exchange model. This will be discussed further in section 7.5.1.

Even though there is a slight difference in the imbibition rates, the simulated curves capture the
most important recovery trends of the experimental data. As is evident in Figure 7.2, oil
recovery of 42 % is achieved in both cases during Sl of ordinary SW into the chalk core. When
the NaCl concentration of the imbibing brine is reduced, the oil recovery gradually increases.
The plateau recovery for the brine depleted in NaCl (SWONa) is 50 %, which is an 8 % increase

compared to ordinary SW.

The anion exchange model couple wettability alteration to the adsorbed amount of sulfate at
the chalk surface. Consequently, the system will move towards a more water-wet state as the
sulfate adsorption increases. However, the experimental data in Figure 7.2 show that the
concentration of sulfate is unchanged, but the recovery increases through the experiments.
Accordingly, there must be another mechanism that can explain the extra oil retrieved from the
core in an anion exchange process. The formation water and the imbibing brines consist of three
anions, namely CI, HCOs and SOs2. As the CI- concentration decreases through the
experiments, there is less competition between the anions in the system. Correspondingly, it
will be easier for SO4> to adsorb onto the chalk surface when the concentration of chloride is
reduced, referring to Figure 7.3. Thus, the anion exchange model can predict the experimental

recoveries, even though the sulfate concentration is kept unchanged.
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60



According to Qiao et al. (2016), a high concentration of NaCl in the imbibing brine may reduce
the Smart water effect in two ways. Firstly, all charged surfaces in acquaintance with a brine
will have an excess of ions near the surface, which was outlined in section 3.3 and is known as
the electrical double layer. Since Na™ and CI- does not contribute active in the wettability
alteration process, access of the potential determining ions SO4*, Ca?* and Mg?* to the chalk
surface will be slightly obviated. This results in less attraction between the chalk surface and
the potential determining ions, corresponding to a reduction in surface adsorption and a decline
in the amount of carboxylic material released. Table 7.1 signifies that the concentration of NaCl
is much higher in seawater compared to SO4?, Ca®* and Mg?*. Correspondingly, SW depleted
in NaCl should act as a smarter water compared to ordinary SW. This observation is well
recognizable in Figure 7.2, where SWONa gives an 8 % higher oil recovery compared to
ordinary SW.

Secondly, Na* and CI- can form aqueous complexes with SOs%, Ca?* and Mg?", referring to
eq. 3.4 — 3.6. When aqueous complexes form, the free-ion concentration feasible to adsorb on
the surface is lowered. Accordingly, reducing the concentration of NaCl can benefit the

adsorption of potential determining ions and correspondingly give an increase in oil recovery.
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7.2.2 Matching SWONaXs — experiments

Figure 7.4 illustrates the history matching of oil recoveries during spontaneous imbibition of
“SWONaXS” brines, where the concentration of sulfate is changed through the experiments. As
is apparent from the figure, a relatively good match is obtained for the case “SWONa0S” with
a recovery of 22 %. The system is representative of the initial wetting of the core, as it does not
contain any wettability alternating properties. When sulfate is added to the imbibing water,
corresponding to “SWONalS”, the oil recovery instantly increases from 22 % to 50 % of the
OOIP. However, the spontaneous imbibition is slightly too fast, which again may be one of the

limitations of the model.

A deviation between simulated and experimental “SWONa3S” is also apparent from the figure.
It appears that the experimental curve would have reached a recovery comparable to
“SWONa4S” if the experiments were carried out for a longer period. In comparison, there is a
7 % difference in oil recovery between the simulated “SWONa3S” and “SWONa4S”. The
difference between experimental and simulated results may be caused by an experimental
uncertainty, but since the experimental data ends after 25 days, it is difficult to give a precise
prediction of the behavior of the curve. Nevertheless, the overall match between the simulated

and the experimental data is satisfactory and captures the main trends of the recovery profiles.
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Figure 7.4 - SI of Smart water brines depleted in NaCl and spiked with 0-4 times SO4
concentration of SW. Left: experimental recoveries (Puntervold et al., 2015) and

right: simulated recoveries
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As was outlined in section 3.2, sulfate acts as a catalyst for the wettability alteration process
towards a more water-wet system. Therefore, the effectiveness of the process is highly
determined by the access of SO4% ions towards the chalk surface. When the imbibing brine is
depleted in NaCl, the ionic double layer is primarily expressed by potential determining ions.
Thus, the access of sulfate to the calcite surface is enhanced. As the concentration of SO4% in
the imbibing brine increases, more sulfate is exchanged against other anions detached to the
surface in an anion exchange process. Accordingly, as the amount of pg,,, increases, the system
moves towards a more water-wet state and a greater amount of oil is expelled from the chalk
core. According to Fathi et al. (2011b), the optimal sulfate concentration corresponding to the
highest possible oil recovery, is dependent on the initial Ca** concentration in addition to
temperature. These effects will be discussed more thoroughly in section 7.5, where possible

limitations of the model are examined.

7.3 Other possible Smart water mechanisms

It should be emphasized that the anion exchange model does not account for other Smart water
mechanisms such as precipitation and dissolution of minerals. However, these reactions may

have an important role in the SI process and will be outlined in more detail below.

Precipitation and Dissolution reactions

Hiorth et al. (2010) investigated how pore water chemistry can impact carbonate rocks and
change the wettability of the system. They implemented a chemical model that couples surface
and aqueous chemistry with dissolution and precipitation reactions in carbonates. In the
temperature range investigated (70 — 130 °C), they found that dissolution of calcite and
precipitation of anhydrite may occur in SK chalk cores. In the lower temperature range, the
imbibing brine is in equilibrium with the chalk surface. However, when the temperature is
increased, Ca?* will react with SO4%, which causes CaSO4 (s) to precipitate. As the system
wants to remain in equilibrium with CaCOs (s), calcium needs to be supplied to the system and
dissolution may take place referring to eq. 3.2. Their findings are presented below in
Figure 7.5.
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Figure 7.5 - Expected calcite dissolution vs. %OOIP taken from Hiorth et al. (2010)

As is apparent from Figure 7.5, the expected calcite dissolution correlates linearly with oil
recovery experiments executed by Zhang and Austad (2006). The cores were initially saturated
with Ekofisk brine, whereas seawater at temperatures between 70 — 130 °C spontaneously
imbibed and expelled oil from the core. Their findings indicate that dissolution of calcite could
be linked to a higher oil recovery, if the process takes place where the organic matter is
adsorbed.

Puntervold et al. (2015) claims that it is not feasible to spike the imbibing water with SO4% at
temperatures above 100 °C due to possible precipitation of anhydrite referring to eq. 3.3.
Precipitation of anhydrite is unwanted due to the reduction in permeability of the chalk and
blocking of pores. It is commonly known (Austad, 2013) that the solubility of CaSOas (s)
decreases as the temperature increases. However, the experiments investigated in this thesis are
executed under a relatively low temperature compared to other carbonate fields in the North
Sea. Thus, at a reservoir temperature of 90 °C, precipitation of anhydrite should not affect the

final oil recoveries.
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7.4 Scaling

According to Stoll et al. (2008), imbibition of water after a wettability alteration process will
be limited to the diffusion of ions. The paper claims that spontaneous imbibition after a WA
process will take ~1000 times longer compared to SI of water into a more water-wet medium.
The reason is that the wettability alternating water must diffuse into the rock and make it more
water-wet before a S1 process takes place. Stoll et al. (2008) claims that it could take up to 200
years before the same recoveries are achieved from a 1m3® matrix cube, compared to a

centimeter-scale core plug in a 100 days period at the laboratory.

Possible scaling problems can be investigated by looking at the link between diffusion and time,
given by the simplified version of the analytical solution to Fick’s 2" law, which was outlined
in section 6.4. It was assumed that D= 2.5-10"1° m?/s in a system without chemistry, but since
it seems that sulfate limits how fast the SI process goes, it was decided to lower the diffusion

by a factor 10-100 by introducing Archie exponents m and n.

If we assume that D = 10"t m?/s and the matrix block is 1 m* (center of block is L = 0.5 m.),

we can estimate the time it takes for the brines to diffuse into the rock:

= (0.5m)®  3.17-107% years

= 198 years (eq. 7.1)

4.10—11m_2 N
N

In comparison, for a core with r = 0.019 m and D = 10** m%/s, the estimated diffusion time is:

b= (0.019m)?>  3.8-10~7 months

= 3.4 months (eq. 7.2)

4.10—11m_2
N

Since the time of diffusion increases with the square root of distance, diffusion in a larger matrix
block can take hundreds of years compared to diffusion in cores at the laboratory. For upscaling
purposes, this implies that the imbibing Smart water need to have an effective transport

mechanism to be economically feasible as an EOR method.
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7.5 Limitations of the model

In the following section, possible limitations of the anion exchange model will be discussed.
Special focus will be on diffusion velocity of ions, anion exchange capacity, changes in

temperature, oil chemistry and the impact of modifying the Ca?* concentration.

7.5.1 Diffusion velocity

The current diffusion model implemented in IORCoreSim is represented by eq. 6.1. The
equation includes diffusion of a component dissolved in the water phase and is restricted to
represent only non-polar species. However, according to the study done by Samson et al.
(2003), the diffusion of ions also depend on the gradient of electrical potential and the activities
of the ions. The relation is presented in eq. 7.3 below.

ac; Diz;F 0Y; dlny;
Ji= —6D; 5t~ 0L - 0DC; a’;y + CV, (eq. 7.3)
where Ji = bulk ionic flux

Ci = concentration of species i

6 = volumetric water content in the pores
w = electrical potential

zi = valence number of species i

F = Faraday constant

R = ideal gas constant

y; = activity coefficient of species i

Vx = bulk velocity of fluid

According to eq. 7.3, the gradient in electrical potential and the activity of SO4%>° may also
contribute to the effective diffusion of sulfate. This means that the current diffusion model in
IORCoreSim (eq. 6.1) may be insufficient as it gives a too high diffusion rate of ions,

corresponding to a deviation in the time it takes to reach plateau in simulated oil recoveries.
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7.5.2 Anion exchange capacity

The anion exchange capacity (Z*) used in the model is equal to 0.2 mol/L PV. The following

section will address whether this is a realistic value or not.

An upper limit for the number of free sites on the surface (CEC) can be defined by estimating
the amount of CaCQOs ions at the surface. First, the shape of CaCOs ions is assumed to be cubic
so that their sides (ds) can be computed by eq. 7.4. Then the number of ions/m? is calculated
based on eq. 7.5, followed by a conversion to the number of ions/L PV corresponding to eq.
7.6. It is assumed that the specific surface area (So) of SK chalk is ~ 2 m?/g, and that the
molecular weight (My) is 100 g/mole. Avogadro’s constant (Na) is the number of molecules in

one mole and has the value 6.022-10%.

1

My ca . LN\3
Pcacos
ions _ ﬁ (e 7 5)
m2  dsZ- 104 q. 7.

ions

(eq. 7.6)

The estimated maximum CEC based on eq. 7.6 has a value of 0.07 mole/L PV. This should
correspond to the sum of both Z* and X, representing both positive and negative free surface

sites. Thus, the calculations indicate that the value used in the model is unrealistically high.

The validity of the anion exchange capacity can also be discussed based on other experimental
data. Strand et al. (2006a) investigated how sulfate adsorbs onto the chalk surface by looking
at effluent profiles from chromatographic tests. In their studies, they considered SK cores that
were initially 100 % saturated with brine without sulfate. The initial brine was displaced by
seawater containing both tracer (SCN") and SO+ at a concentration of 0.024 mol/L. The test

was performed at 100 °C and the result is shown in Figure 7.6 below.
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Figure 7.6 - Chromatographic test of sulfate adsorption in SK chalk at 100C retrieved from
Strand et al. (2006a)

By measuring the offset in the effluent profiles between SCN- and SO+* from Figure 7.6, it is
possible to estimate the amount of sulfate adsorption on the chalk surface. SO4* appear ~ 0.3

PV later than SCN", which means that pg,, is equal to:

mol mol

PSos = 03PV - 0.0247% = 0.00727% (eq. 7.7)

Even though the experiment by Strand et al. (2006a) was carried out at 100 °C, the adsorbed
amount of sulphate in seawater is much less than the Z* value used in the model. This could

also be an indication that the anion exchange capacity of 0.2 mol/L PV is too high.

Nevertheless, it is important to mention that the experiment by Strand et al. (2006a) was
executed at Sw = 1, which means that the cores did not contain any crude oil. In the experiments
under investigation in this thesis (Puntervold et al., 2015), the cores were initially saturated
with Sy = 0.1, containing both water and oil. Accordingly, since Z* is merely an indication that
sulfate is retained, it is possible that sulfate can adhere not only to the chalk surface, but also to
other components. Consequently, this could mean that it is reasonable to say that a higher Z*

value is more representative in a more complex two-phase system.
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7.5.3 Temperature

Since carbonate reservoirs varies in temperature, it is very important to understand how the
Smart water SI behaves under different conditions. It has been observed in previous work
(Zhang & Austad, 2005) that as the reservoir temperature increases, the system will move
towards a more water-wet system. The reason is that the acid number of the oil is reduced as

the temperature increases due to decarboxylation of the acidic material existing in the oil.

Strand et al. (2006a) thoroughly investigated how the adsorption of sulfate on the chalk surface
was affected by temperature changes. By exposing the system to different temperatures in a
chromatographic wettability test, the authors were able to predict the affinity of sulfate towards
the surface. Initially, the cores were 100 % saturated with formation brine containing no SO42.
Then, the cores were displaced with seawater where the concentrations of SO4> and SCN™ were

0.024 mol/L. The results are presented in Figure 7.7.
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Figure 7.7 - SO+ adsorption at different temperatures taken from Strand et al. (2006a)

Figure 7.7 indicates that the area between the tracer and SO4> increases as the temperature
increases. Correspondingly, it is evident that the amount of sulfate adsorbed on the surface
increases with higher temperatures. Furthermore, an increase in sulfate adsorption will give a

greater efficiency of the wettability alteration process, leading to a higher oil recovery.
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To check if the anion exchange model can capture the temperature dependency, three
simulations are done by changing the temperature from 90°C to 100°C, 110°C and
130 °C respectively. All other parameters are kept constant in the model, and the case under

investigation is SI of ordinary seawater. The results are shown in Figure 7.8 below.
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Figure 7.8 - Simulated Sl of ordinary SW at different temperatures

As is evident in Figure 7.8, the anion exchange model is not able to capture a higher oil
recovery as the temperature of the system increases. This can possibly be explained in two
different ways. One is that the anion exchange model does not account for other Smart water
mechanisms such as precipitation and dissolution of minerals. As the temperature increases,
magnesium ions get remarkably reactive due to the splitting of hydrogen bonds as was outlined
in section 3.2. Accordingly, at higher temperatures, Mg?* will substitute Ca?" at the chalk
surface and release oil referring to eg. 3.1. Zhang and Austad (2006) also found that dissolution
of calcite could be linked to a higher oil recovery, if the process takes place where the organic

matter is adsorbed, which was explained in section 7.3.

Another explanation is that the anion exchange capacity is set constant in the model. However,
based on Figure 7.7, a greater amount of sulfate will adsorb at higher temperatures. Thus, the

Z" value should be higher at elevated temperatures.
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It is also evident in Figure 7.8 that SI of seawater at 130 °C has a higher imbibition velocity
compared to the cases at lower temperatures. Since Sl of ordinary seawater contains sulfate, the
model will interpolate between two sets of saturation functions and a too high imbibition
velocity could be explained by the diffusion rate of sulfate into the chalk core as outlined in
section 6.4. The diffusion model implemented in IORCoreSim is directly proportional to the
temperature. Thus, at elevated temperatures, the diffusion velocity is higher, which may give a
faster imbibition of brines into the core. It also appears from Figure 7.8 that SW130C gives a
lower end recovery compared to the other cases. The reason may be due to aqueous
complexation reactions referring to eq. 3.4 — 3.6. As the temperature increases, free ions in the
solution may form complexes, which can contribute to a lower concentration of ions in the
imbibing brine. Correspondingly, less sulfate is adsorbed on the chalk surface, leading to a less
effective wettability alteration process.

7.5.4 Oil chemistry

Previous work (Hiorth et al., 2010) have shown that the formation- and imbibing brine may
influence the charged oil components in the reservoir, especially if there exist several oils with
different chemical characteristics. At the oil/water interface, active species such as -COO", -
COOCa?* and -COOMg?* may react with the organic material and cause an increase or
reduction in the surface charge. lons in the solution may also designate complexes with the oil,
which in turn could alter the solubility of the organic material.

The current version of IORCoreSim does not include changes in oil chemistry. This means that
if the type of oil is varied during the experiments, the model does not capture the chemical
variations between the oils. Nevertheless, the experiments under investigation in this thesis

(Puntervold et al., 2015) only consider one oil without any changes in oil chemistry.
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7.5.5 Calcium concentration

In section 3.2, the mechanisms of Smart water Sl in carbonates were outlined. Even though
SO+ acts as a catalyst for the wettability alteration process, the calcium ions are the most
important ones in the wettability alteration process. According to Strand and Puntervold
(2017), a higher concentration of Ca?* in the FW will give a slightly less water-wet system.
This is due to more adsorption of acidic components with increasing amount of calcium ions.
Correspondingly, a greater wettability alteration effect is observed under a Smart water Sl

process in these systems, which corresponds to higher recoveries.

Researchers also believe (Fathi et al., 2011b) that a higher Ca?* concentration in the imbibing
brine can contribute to an increased recovery. The reason is that higher calcium activity on the
calcite surface causes a larger amount of sulfate adsorption. Correspondingly, a stronger
wettability alteration process is generated, and more oil can be retrieved from the core. This
theory was also tested by Zhang et al. (2006), where different calcium concentrations in the
imbibing brine were investigated. They used SK chalk without initial water present, and the Sl
tests were conducted at 70 °C using an oil with AN = 0.55 mg of KOH/g. The results of the
study are shown in Figure 7.9.
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Figure 7.9 — Qil recovery by Sl tests of Ca2+ modified imbibing brines at 70C retrieved from
Zhang et al. (2006)
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Even though the temperature and initial water saturation in the tests are different compared to
the experiments investigated in this thesis, they are both done on SK chalk with approximately
the same oil. It is evident from Figure 7.9 that a higher oil recovery should be achievable when
increasing the Ca?* concentration of the imbibing brine. To investigate this observation in the
anion exchange model implemented in IORCoreSim, the Ca?* concentration of ordinary SW is
changed according to Table 7.1, while the initial water saturation is set equal to 0.001. The
imbibing brines are named “SWXCa” where “X” stands for “X” times the Ca®* concentration

of ordinary SW. The simulations are run at T=70°C and the results are given in Figure 7.10.

Table 7.1 — lonic composition of imbibing brines with different concentration of Ca2+

Smart water used
lons SW | SW2Ca SW3Ca SW4Ca
(mol/L)
Na* 0.450 0.411 0.372 0.333
Mg?* | 0.045 0.045 0.045 0.045
Cl 0.525 0.512 0.499 0.486
SO~ | 0.024 | 0.024 0.024 0.024
HCOs | 0.002 0.002 0.002 0.002
K* 0.010 0.010 0.010 0.010
0,6
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Figure 7.10 — Simulated Sl tests on SK chalk cores at 70C using imbibing brines with

different Ca2* concentration

65



According to previous experimental research (Fathi et al., 2011b; Zhang et al., 2006), more
Ca?* in the system should contribute to a less negative surface, leading to a higher adsorption
of sulfate. As is evident in Figure 7.10, the anion exchange model is not able to capture a higher
oil recovery as the Ca?" concentration of the imbibing brine increases. Since the SOs*
concentration is kept constant and equal to the amount present in seawater, the WA and oil
recovery follows that of ordinary seawater. The reason could be that the WA mechanism is only
linked to the amount of sulfate adsorbed on the chalk surface, which again is directly coupled
to the anion exchange capacity of the system. Accordingly, since Z* is independent of the
calcium concentration, the model will not capture a higher sulfate adsorption as the Ca?*

concentration in the imbibing brine increases.
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Chapter 8

8 Conclusion and Future work

8.1 Conclusion

The main objective of this thesis was to check if an anion exchange model in IORCoreSim
could capture a wettability alteration due to SI of Smart water into chalk cores. Based on the

observed results, one can draw the following conclusions:

e The anion exchange model provided a good match between simulated and experimental
oil recoveries (Puntervold et al., 2015) by coupling WA to the amount of sulfate
adsorbed on the chalk surface.

e The most challenging part of the matching process was to capture the transient behavior
of the experiments, rather than the end recoveries. It seems that the oil recovery rate is
restricted by the diffusion velocity of sulfate into the core, which could cause problems
in larger matrix blocks.

e The model was tested against other experimental data (Zhang et al. (2006), Strand et al.
(20064a)) to investigate if it had any limitations or shortcomings. The results showed that
the model was sensitive to changes in temperature and Ca?* concentration, which could

be explained by an independency between the mentioned parameters and Z*.
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8.2 Suggestions for Improvements

According to the findings of this thesis, the anion exchange model could be enhanced by
improving the implementation of two parameters, namely the diffusion velocity of ions and the

ion exchange capacity.

It was assumed that the recovery rate of oil is restricted by the diffusion velocity of sulfate into
the core. Even though the diffusion coefficient was reduced, the model was not able to capture
the transient behavior of the experiments. The current diffusion model in IORCoreSim (eq. 6.1)
may be insufficient as it provides too high diffusion rates of ions. Accordingly, a deviation in
the time it takes to reach plateau is expected. A suggestion for improvement is to implement a
more representative diffusion equation (eq. 7.3), with the purpose of providing a better match

between experimental and simulated oil recovery rates.

The current anion exchange model did not capture a higher oil recovery at elevated
temperatures, nor when the Ca?* concentration of the imbibing brine increased. This could be
linked to the independency between the anion exchange capacity, temperature and Ca?*
concentration. A suggestion for improvement is to implement Z* as a variable parameter that

depends on the concentration of other ions in addition to the temperature of the system.

A more correct approach for modelling the SI of Smart water into carbonate reservoirs could
be to include surface complexations. One suggestion is to have a model where the potential
determining ions Ca®*, Mg* and SO.*> compete against the available surface sites for
adsorption. This could solve the problem with diffusion velocity of ions in the system, but the
model would be highly complex. Nonetheless, the anion exchange model is a satisfying starting
point of modelling SI of Smart water in carbonate reservoirs, and forms a great basis for future

work.
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