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Symbols and abbreviations

API American Petroleum Institute
AN Acid Number, (mg KOH/g oil)
AR Aspect Ratio. Pore body- to pore throat diameter, (meter/meter)
ASTM American Society for Testing and Materials
BET Braunauer-Emmett-Teller
BN Base Number, (mg KOH/g oil)
C Dimensionless constant for capillary tube model, (= 0.4)
CMC Critical Micelle Concentration, (wt.%, M)
COBR Crude Oil/Brine/Rock
C.TAB Surfactant of the type, alkylTrimethylAmmonium Bromide, n =8, .., 18
C.TAC Surfactant of the type, alkylTrimethylAmmonium Chloride, n=12, .,18
Coilphase Total concentration of the surfactant in the oil phase, (mole/l)
Cwaterphase Total concentration of the surfactant in the water phase, (mole/l)
DDDC Dual-Drop-Dual-Crystal
Duody Diameter of pore body, (m)
Dihroat Diameter of pore throat, (m)
EA Ethoxylated Alcohol
EO EthOxy-group (-CH,CH;-O-)
EOR Enhanced Oil Recovery
En Microscopic Displacement Efficiency, (fraction)
F. Oil-water IFT interpreted as force per unit length, (N/m)
f(0) Wettability factor, (-)
G-AB API Gravity-Acid Number and Base Number
g Acceleration due to gravity, (= 9.8 m/s?)
H Height of the liquid column/Height of the core material, (m)
HPLC High Performance Liquid Chromatography
ICP-AES Inductively Coupled Plasma Atomic Emission Spectrometry
IFT InterFacial Tension, (N/m)
IOR Improved Oil Recovery
Ia-n Amott-Harvey index, (-)
I, Amott index to oil, (-)
Iy Amott index to water, (-)
v
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Symbols and abbreviations vi

L
Ly
MDE
NMR
NSO
Nz

Noilphase

Nyaterphase

01013
P.A.
Ph
PV
pH

P #
P,

Po

Pw
Quq”

S #
SDS
SEM
SI
SS #
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Partitioning coefficient, (-)

Absolute permeability, (m?)

Characteristic length, (m)

Vertical height of core sample, (m)

Microscopic Displacement Efficiency, (fraction, %)
Nuclear Magnetic Resonance
Nitrogen-Sulphur-Oxygen

Inverse Bond number, (-)

Total number of surfactants in the oil phase, (mole)
Total number of surfactants in the water phase, (mole)
Original Oil In Place, (m?)

Pro Analysis

Phenyl-group (-C¢Hs)

Pore Volume, (m?)

-log{[H']}

Paper #

Capillary pressure (defined as p, - pw), (Pa)
Pressure in the oil phase, (Pa)

Pressure in the water phase, (Pa)

Cation in the water phase

Cumulative oil production, (m?)

Cumulative oil production after infinite time, (m?)
Ion-pair/catanionic in the organic phase

Alkyl group

Oil recovery, (% OOIP)

Tube radius, (m)

Relative Displacement Index

Radii of curvature of the oil-water interface measured perpendicular to
each other, (m)

Section #

Sodium DodecylSulfate

Scanning Electron Microscope

Spontaneous Imbibition

SubSection #
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Symbols and abbreviations vii

tp(c + g)
UR
USBM
Wr

#X
1(-)
I(+)
III

Greek letters

AG
AP,
Ap

¢

Ho
Hw
0, 0a
Or
Gos
Gow

Ows
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Initial oil saturation, (%, fraction)

Water saturation after forces water imbibition, (%, fraction)
Water saturation after spontaneous uptake of oil, (%, fraction)
Initial water saturation, (%, fraction)

Water saturation after forces uptake of oil, (%, fraction)
Water saturation after spontaneous imbibition of water, (%, fraction)
Total Dissolved Solid, (g dissolved solid/l water)

Imbibition time, (s)

Dimensionless imbibition time, (-)

Dimensionless time including capillary- and gravity forces, (-)
Ultimate Recovery, (% or fraction of OOIP)

United States Bureau of Mines

Wettability index based on pseudo work of imbibition, (-)
Negative counter ion in the water phase

# Times magnification

Oil-in-water microemulsion with excess oil phase
Water-in-oil microemulsion with excess water phase

Bicontinuous middle phase microemulsion with excess oil and water

Change in Gibbs free energy, (J)

Pressure difference between oil and water due to gravity, (Pa)
Density difference between oil and water, (kg/m3)

Porosity, (%, fraction)

Oil viscosity, (Pas)

Water viscosity, (Pa-s)

Advancing contact angle measured through the water phase, (degree)
Receding contact angle measured through the water phase, (degree)
Oil-solid IFT, (N/m)

Oil-water IFT, (N/m)

Water-solid IFT, (N/m)
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Part 1 Introduction 1

Part 1 Introduction

Chapter 1. Introduction and background

1.1. Enhanced oil recovery
Normally, only 5-30 % of original oil-in-place (OOIP) can be produced by the native

pressure energy stored in the reservoir (Castor ef al., 1981; Faroug-Ali and Stahl, 1970). This
phase of the oil production cycle is called the primary production period. As the reservoir
pressure falls towards the bubble point of the oil, great advantage can usually be taken by
maintaining the reservoir pressure above the bubble point hindering the liberation of high
mobility gas in the reservoir. Injection of water into the reservoir is the usual way to maintain
the reservoir pressure during production. The method can be a supplement to reservoirs
having natural water-drive or an expanding gas cap. The injected water will fulfill two
missions when being injected,

e Maintain the reservoir pressure above the bubble point ensuring that no gas is

liberated in the reservoir and thereby maintain high relative permeability for oil

e Push the oil in front of the water towards the production well

The waterflooding method discovered nearly by accident in 1870 (Schumacher, 1978),
will usually increase the oil production to a total recovery of 40-60 % of OOIP. This stage of
the oil production process is called the secondary production period. During the
waterflooding period, oil is produced at a steady increasing water-oil ratio at the production
wells. When the water-oil ratio has become to high, oil cannot be produced in a cost effective
way any more and the field has reached the economical limit. At this point there is still about
40-60 % of OOIP left in the reservoir, mainly because of unfavorable wettability conditions,
heterogeneous rock properties (fractures, layers with large permeability contrasts,
impermeable layers) and capillary trapped- and bypassed oil. It is this residual oil left in the
reservoir after the secondary oil production stage, which is the target for enhanced oil
recovery (EOR) processes. Since EOR processes are following the period of secondary
recovery processes, they are sometimes called tertiary oil recovery methods. The purpose of
initiating tertiary oil recovery processes is therefore to extend the lifetime of oil reservoirs
producing by support of waterflooding or other conventional methods, which are approaching
the economical limit. Baviere (1991) defined EOR in the following way, “EOR consists of

methods aimed at increasing ultimate oil recovery by injecting appropriate agents not
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Part 1 Introduction 2

normally present in the reservoir, such as chemicals, solvents, oxidizers and heat carriers in
order to induce new mechanisms for displacing oil”. This definition excludes water- and gas
injection, which are using mechanical energy to maintain the pressure. Infill drilling, well
stimulations and enhanced drilling techniques like horizontal drilling are also outside the
range of this definition. It also differ from the definition of improved oil recovery (IOR)
methods given by the Norwegian Petroleum Directorate (1993) which reads, “Actual
measures resulting in an increased oil recovery factor from a reservoir as compared with
the excepted value at a certain reference point in time”. This definition is much wider and
includes all optimize techniques used to increase the oil production, which were not planned
at the start of production. Conventional methods like water- and gas injection are therefore
included, as well as different EOR projects at a later production stage. It should also be
mentioned that it is highly recommended to initiate EOR processes at least from a technical
point of view, at an earlier stage than right after the secondary oil recovery period has come to
an end. However, the additional expenses attributed to tertiary oil recovery processes in
relationship to the expected additional recoverable oil will decide the initiation for any EOR
project in practical life (Chaumet and Cottin, 1991).

A distinction will be drawn in this thesis between test temperatures below and above 70
°C, respectively. Temperatures equal to or below 70 °C will be referred to as low-temperature
tests, whereas tests performed above 70 °C will be referred to as high-temperature tests. Low-
temperature imbibition tests conducted using brine, as the imbibing fluid, will be regarded as
the baseline and equal to the oil production level after the secondary oil recovery period. Any
incremental oil production exceeding that from brine imbibition in this temperature range can
therefore be attributed to the applied EOR method. High-temperature tests were conducted
using pure brine as the imbibing phase. In this case, the EOR will be discussed related to
induced physico-chemical changes in the crude oil/brine/rock (COBR) system due to supply

of thermal energy.

1.2. Classification of enhanced oil recovery methods
The most frequently applied EOR methods can be divided into three big families, which

according to Marle (1991) consist of the following methods: chemical-, miscible- and
thermal methods. Figure 1-1 shows from left to right the scale (field scale contrary to pore
scale) by which each EOR method is acting, the effect on the physical parameters involved
and the actual name of the corresponding EOR method. Each method is aimed to either:

e Increase the sweep efficiency, i.e., increase the area swept by the injected water, or

URN:NBN:no-1285
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Act on the pore scale level by increasing the microscopic displacement efficiency

(MDE) in areas previously swept by water, hence reducing the residual oil saturation

Action on sweep
efficiency at the
macroscopic scale

Action on
displacement
efficiency at the
pore scale

<

By increasing
the water viscosity

By decreasing
the oil viscosity

S

By using a
miscible displacing
fluid

By reducing the
interfacial tension

By action on the

—

»

Polymer flooding

Steam drive

In-situ combustion
Carbon dioxide drive

Miscible hydrocarbon
gas flooding

Surfactant flooding

Alkaline flooding

Figure 1-1. The 3
main types
(chemical, miscible
and thermal) of EOR
methods are acting
on the sweep
efficiency on the
macroscopic scale
or on the
displacement
efficiency at the pore
scale. Redrawn after

rock wettability

Marle (1991).

Of course, some of the methods can improve both the sweep efficiency at the macroscopic
scale and the displacement efficiency at the pore scale at the same time.

A chemical EOR method is the subject in this thesis, and it is therefore interesting to note
that chemical methods have been used both to increase the macroscopic sweep efficiency and
the MDE on the pore scale level. Polymer-gel treatment and polymer flooding have been used
to shut-off high-permeability zones in the reservoir (Lund et al., 1995; Seright and Liang,
1994; Sydansk and Southwell, 1998) and to increase the swept areas in the reservoirs due to
increased water viscosity (Chauveteau and Sorbie, 1991; Clampitt and Reid, 1975; Sorbie,
1991; Szabo, 1975), respectively. Both methods are used with the purpose of increasing the
macroscopic sweep efficiency. Alkaline- (Jennings ef al., 1974; Raimondi et al., 1976) and
surfactant flooding (Adams and Schievelbein, 1987; Ashayer et al., 2000; Austad and Milter,
1997; Boneau and Clampitt, 1977; Chen et al., 2000; Danielson et al., 1976; Ely, 1972;
Foster, 1973; French et al., 1973; Inks and Lahring, 1968; Knight and Baer, 1973; Michels et
al., 1996; Olsen et al., 1990; Pope and Baviere, 1991; Pursley et al., 1973; Wellington and
Richardson, 1997) are two other chemical methods which are mainly acting by decreasing the
oil-water interfacial tension (IFT). In some cases, alkaline flooding is assumed to induce
wettability alteration of the reservoir rock, which under certain circumstances can benefit oil
recovery (Arteaga-Cardona et al., 1996; Cooke et al., 1974; Emery et al., 1970; Johnson, Jr.,
1976, Leach et al., 1962). Decreasing the residual oil saturation on pore scale level by

remobilizing oil in previously waterflooded zones is the main purpose of these two methods.
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Part 1 Introduction 4

EOR induced by a wettability alteration of the rock material is the subject in this thesis.
The number of articles treating this subject is more scattered, but Downs and Hoover (1989)
reported promising results from a pilot test in the Torrance field. The wettability alteration
concept has also been tested in the laboratory by performing tests on sandstone cores
(Alveskog et al., 1998; Michaels and Timmins, 1960; Wagner and Leach, 1959), carbonate
cores (Austad and Milter, 1997; Austad et al., 1998; Chen et al., 2000; Spinler et al., 2000b)
and model systems (Morris and Wieland, 1963), respectively.

1.3. Fractured reservoirs
Naturally fractured carbonate reservoirs consist of a specially challenging group of

reservoirs to produce. The problem arises because the injected water is likely to follow the
fracture system to the production well, bypassing most of the oil residing in the matrix blocks.
It was the production from the highly fractured Spraberry field in west Texas in the early
1950s (Brownscombe and Dyes, 1952), which turned the attention towards the mechanism
referred to as spontaneous imbibition (SI) of water into the matrix blocks as an efficient way
to increase oil recovery from fractured reservoirs. Water will imbibe spontaneously into the
matrix blocks and expel the oil to the fracture system, if the reservoir rock is water-wet. This
mechanism is currently regarded as the most important contributor to increase the
displacement efficiency in fractured reservoirs. However, the method will not work efficiently
as long as the reservoir rock is oil-wet due to negative capillary pressure and absence of SI of
water.

The EOR method described in this thesis is aimed to enhance oil recovery from fractured
oil-wet reservoirs. The types of reservoirs under consideration are illustrated in Figure 1-2. It
should be mentioned that most of the produced oil worldwide has its origin from fractured oil
reservoirs (Torsater and Silseth, 1985). Two comprehensive evaluations of the wetting state
for different reservoirs from all over the world also indicate that most carbonate reservoirs
seem to be neutral to oil-wet (Chilingar and Yen, 1983; Treiber et al., 1972). The EOR
potential for reservoirs suffering from low displacement efficiency due to fractures and

unfavorable wettability conditions is therefore very high.
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Carbonate
reservoirs
Fractured Non-fractured
Water-wet reservoir rock. Oil-wet reservoir rock.
Waterflooding Waterflooding and . 3
and spontaneous no spontaneous Figure 1 2f'tghe thod
imbibition. imbibition. tp“rﬁoze_ Oth_ et;]"e_ o
High displacement Low displacement reated in this thesis 1s
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The process referred to as SI is a central concept in this thesis, and it is important to note
that the concept will be used when referring to an increase in water saturation in the porous
medium, where the term water also includes brine and aqueous surfactant solutions.
Sometimes imbibition is used when referring to an increase in wetting phase saturation. This
definition has only a clear meaning when talking about strongly wetted systems (Buckley,
1996). Some mixed-wet cores will imbibe both water and oil spontaneously and it will be
arbitrary which phase is chosen as the wetting one. If the porous medium is oil-wet, oil will
spontaneously flow into the medium, thus decreasing the water saturation. This process will

here be referred to as spontaneous uptake of oil.

1.4. Background and the purpose of the thesis

The main theme in this thesis is an experimental investigation of SI of aqueous cationic
surfactant solution into oil-wet carbonate (chalk- and dolomite cores). The static imbibition
process is believed to represent the matrix flow of oil and water in a fractured reservoir (Yang
and Wadleigh, 2000).

Austad and Milter (1997) observed that aqueous solution of C;,-N(CHj3);Br (C12TAB)
was able to imbibe spontaneously into nearly oil-wet chalk material. The chemical
mechanism for the process was, however, not understood at that time. This project was
therefore initiated with the two following main purposes:

e Put forward a hypothesis for the chemical mechanism underlying the SI of C12TAB

solutions into oil-wet chalk material based on experimental data

e Perform screening tests of low-cost commercial available surfactants for their

ability to displace oil by SI of water into oil-wet carbonate rock material
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It is essential for optimal use of the surfactant in field application to have detailed
knowledge about the mechanism underlying the SI process. Knowing the chemical
mechanism behind the SI process will also makes it easier to suggest other cheaper chemicals
having similar properties as the expensive pure CI2TAB. When the mechanism is established,
further investigations with the aim of practical application of the method in the field can take
place. These investigations include for example SI tests on real reservoir cores, tests for
surfactant phase behavior at different temperatures and concentrations, simulation of the SI
process with history match and predictions of field production, an estimation of loss of
surfactants due to adsorption onto the rock material, screening of cheap commercial
surfactants and optimize of the system for field application. Some of the topics mentioned are
included in the enclosed papers. The thesis also contains some preliminary experimental
results and suggestion of possible mechanisms for EOR from oil-wet carbonate rock induced

by supply of thermal energy.

1.5. Project description
In the limit of real reservoir core material, oil-wet chalk cores had to be established from

originally strongly water-wet outcrop material from Stevns Klint, Denmark. It is well known
that crude oils contain certain surface-active components, which have the ability to alter the
wettability of strongly water-wet material towards oil-wet condition. Crude oil was therefore
used to alter the wettability of the chalk material from strongly water-wet to oil-wet to
mimic the adsorbed material on the mineral surface in a real reservoir as close as possible.
The oil-wetness of the cores after restoration was evaluated by the SI method. No SI of water
indicates that the core material was oil-wet (Anderson, 1986b). However, altering the
wettability of the chalk material to oil-wet was not an easy task, and 6 different crude oils had
to be tested before the chalk material became oil-wet. In addition, some problems appeared
when trying to establish a uniform wettability inside the core material during the core
preparation procedure. The results from this work are described in Paper 1. Figure 1-3 shows

a total overview of the experimental project plan.
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Figure 1-3. Overview of the experimental project plan.

Paper II contains results from SI tests, and a mechanism is suggested for SI of cationic
surfactant solution into oil-wet chalk material. Further investigations using model systems
supported the suggested mechanism, and the results are discussed in Paper III. The C12TAB
surfactant was tested and compared with a non-ionic surfactant, ethoxylated alcohol (EA), for
their ability to produce oil by SI on restored oil-wet dolomite reservoir cores from a field in
west Texas. The response and behavior of the surfactant systems to the reservoir cores and the
outcome of the comparison between the two surfactants are described in Paper IV. The
relative influence of capillary- and gravity forces during SI into low-permeability oil-wet
chalk was the subject in Paper V. To increase the influence of gravity forces, the SI tests were
performed using long oil-wet composite chalk cores. Paper VI and Paper VII contains results
from SI tests on oil-wet chalk- and dolomite cores using cationic primary amine solutions and

commercial available cationic surfactants based on derivates from the coconut palm,
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respectively. The coconut products contained mixtures of alkyltrimethylammonium chloride
with the alkyl chain ranging from C; to Cys.

The first purpose regarding the fundamental aspects related to the chemical mechanism
underlying the SI process is covered by Paper II and III, whereas Paper IV-VII are more
related to impact of capillary- and gravity forces dictating the type of fluid flow, and the
challenge of finding cheaper chemicals for field application. Preliminary experiments to alter
the wettability of oil-wet chalk at increasing temperature was also performed, and a possible
mechanism is suggested based on the present experimental data and reported data in the

literature. This is discussed in Paper VIII.

1.6. Organization of the thesis
This thesis is organized into 5 Parts, Figure 1-4. Each part is subdivided into Chapters,

Sections and Subsections. References to Papers, Sections and Subsections will be given as P

#, S # and SS #, respectively.

Part 1 Part 2 Part 3

Introduction Fundamentals Experimental

Chapters Chapters Chapters

Sections Sections Sections

Subsections Subsections
Part 4 Part 5
Results and Concluding . L
discussion remarks Figure 1-4. Organization
Chapters Chapters of the thesis in Parts,
Sections Sections Chapters, Sections and
Subsections -
Subsections.

Part 1 contains the introduction presenting the background, the topic and the purpose of
the work. Part 2 contains general fundamental aspects related to wettability, residual oil
saturations, the SI process, flow of oil and water in porous media and characteristic properties
of surfactants. Part 3 describes equipment, techniques and procedures used during the
experimental work. The porous media are characterized and fluid properties are described
together with information about the surfactants used in the SI tests. Part 4 presents the main
results from the papers emphasizing the connection between each paper and the development
of the project. Part 5 contains the conclusions drawn from the work, together with
recommendations for future studies. The papers, which this thesis is based on, are located at

the very back after the References.
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Part 2 Fundamentals

This part of the thesis will describe general principles and fundamental concepts related to
wettability, fluid flow and residual oil saturation in porous media. Surfactants and their most
important properties will also be presented. The treatment is tailored to cover the methods and

phenomena pertinent for the experimental work.

Chapter 2. Wettability

2.1. Definition of wettability and different types of wettability in porous

media
Wettability can be defined thermodynamically as, “the tendency of one fluid to spread on

or adhere to a solid surface in the presence of other immiscible fluids”, (Anderson, 1986a).
The fluid with the highest affinity for the solid surface is called the wetting phase, whereas
the other is called the non-wetting. There exist an angle, the so-called contact angle, for a
system consisting of two pure immiscible fluids placed on a smooth homogeneous surface.
The contact angle is described by Young’s equation (Young, 1805), which can be regarded as
a mechanical force balance (Hiemenz and Rajagopalan, 1997; Morrow, 1970) for the

interfacial/surface tensions involved, Figure 2-1:

G, =0, +0,, cos0 [2-1]
where,

Gos:  Oil-solid IFT, (N/m) Oow: Oil-water IFT, (N/m)

Ows:  Water-solid IFT, (N/m) 0: Contact angle, (degree)

Figure 2-1. Force balance at the oil-
water-solid contact line defining the
contact angle 6.

Water will be taken as the reference fluid phase and oil as the non-reference fluid phase in
this thesis. 6 will therefore always be measured through the water phase independent of
whether water is the wetting phase or not. The contact angle 6 can vary between 0 to 180°,
depending on the relative affinity for the fluids towards the surface. An angle below 90° will

therefore indicate a surface with higher affinity for water than oil, and it is classified as water-
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wet. Contrary, if the angle is above 90°, the surface has higher affinity for oil than for water,
and it is termed oil-wet. Figure 2-2 shows three situations where water and oil have different
affinities for the surface. Water is the wetting phase in (a), so 0 is below 90°. The opposite is
the case in (b), where oil is the wetting phase and 0 is above 90°. In (c¢), both fluids have

equal affinity for the surface and it is said to be neutral-wet.

Figure 2-2. Three surfaces with different wettability. (a) Water-wet (6 < 90°), (b) Oil-wet (6 >
90°), and (c) Neutral-wet (6 = 90°).

Wettability is a very important parameter in oil recovery processes, because it has strong
impacts on the distribution, location and flow of oil and water in the reservoir during
production (Anderson, 1986b, 1987a, b, c¢; Cuiec, 1991; Hjelmeland and Torsaeter, 1980;
Morrow, 1990). Water will occupy the narrowest pores and oil will reside as small droplets in
the middle of the pores in a uniform water-wet system. The reverse fluid distribution will be
the case in an oil-wet reservoir.

It is generally believed that oil reservoirs were created by accumulation of hydrocarbons
in a rock originally filled with water (Chernicoff, 1999; Morrow, 1991). Most of the oil-
bearing formations are located in sedimentary rocks consisting of either sandstone or
carbonates (Boggs, 1995; Chernicoff, 1999). Minerals, which have never been contacted by
crude oil, like quartz, carbonates and sulfates are strongly water-wet, but some exceptions
exist (Anderson, 1986a). Initially, it was therefore believed that the mineral surface in all oil
reservoirs was strongly water-wet, because the connate water would protect the invading
crude oil from touching the rock surface (Benner and Bartell, 1942; Morrow, 1990).
However, experience and observations from wettability tests on cores with preserved
reservoir wettability, especially the work by Treiber et al. (1972), indicated that the observed
oil-wetness was real. Tests showed that certain classes of components in the crude oil under
certain conditions were able to alter the wettability of the original water-wet rock towards
more oil-wet conditions, despite the protecting water-film. It was also recognized that

wettability in porous media not necessary was a uniform quantity. Local chemical

10
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heterogeneities in the mineral composition and complexities of the pore system can generate
non-uniform wettability. Core samples, which imbibe only water spontaneously, are said to
be water-wet, whereas those who only take up oil spontaneously are described as oil-wet.
Samples imbibing/taking up neither water nor oil are said to be meutral wet. Fractional
(spotted-, dalmatian-, or speckled) wettability is characterized by isolated areas being water-
and oil-wet (Cuiec, 1991). Mixed-wettability is a special type of fractional wettability, where
water- and oil-wet areas are assumed to be inter-connected (Salathiel, 1973). Such cores
contain continuous water- and oil-wet paths, respectively, and they are able to both imbibe
and take up water and oil spontaneously (Anderson, 1986b).

The current status about wettability of oil reservoirs is therefore that most reservoirs are
assumed to have a non-uniform wettability (Salathiel, 1973), and strongly water- and oil-wet

conditions are regarded as exceptions rather than the rule (Cuiec, 1991; Heaviside, 1991).

2.2. Wettability modifying components in crude oils
Several authors recognized that a small fraction of certain components in the crude oil,

mainly from the heavy asphaltene- and resin fraction, was able to alter the wettability of
original strongly water-wet minerals (Anderson, 1986a; Benner and Bartell, 1942; Bobek et
al., 1958; Marsden and Nikias, 1962; Nutting, 1934; Reisberg and Doscher, 1956). This
observation was further confirmed by Denekas er al. (1959), when performing wettability
tests on cores, which had been contacted with different fractions of crude oils. The heavy
fraction altered the wettability of the core material towards neutral- and oil-wet conditions, by
far the most of all the distillation cuts tested (Sayyouh et al., 1991). Since then, numerous
researchers have confirmed this asphaltene/resin induced wettability alteration, which is now
generally accepted as common knowledge (Clementz, 1982; Collins and Melrose, 1983;
Crocker and Marchin, 1988; Cuiec, 1984; Dubey and Waxman, 1989; Gloton et al., 1992;
Wolcott et al., 1993; Xie et al., 2000; Xie and Morrow, 1999).

Asphaltenes are large complex molecules, somewhat polar, with molecular weights in the
range 600-300,000 (Reonningsen, 1991). They are defined operationally as the components
precipitate from crude oil when diluting with large excess of n-pentane, n-hexane or n-
heptane. Resins are smaller molecules than asphaltenes, but have in general higher content of
the polar elements nitrogen, sulfur and oxygen (NSO-compounds) and are therefore in general
more polar than asphaltenes (Speight, 1999). Asphaltenes and resins are belonging to different

solubility classes and they can be separated as shown in Figure 2-3.

11
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Even though the presence of asphaltenes in crude oil seems to be necessary for wettability
alteration to occur, there have never been demonstrated a correlation between the content of
asphaltenes in crude oil and the extent of wetting alteration induced by the actual oil
(Buckley, 1996). The best counter-example is the Athabasca tar sand in Canada containing
approximately 15 % asphaltenes (Morrow, 1990), which has been shown to prevail its
strongly water-wetness over geologic time (Takamura and Chow, 1983).

Although, asphaltenes are undoubtedly related to the wetting state of oil reservoirs (Xie et
al., 2000), experimental observations, however, point toward a smaller group of components
from the asphaltene/resin fraction as more important regarding wettability alteration. These
components are more specifically of acidic- and basic nature (Anderson, 1986b; Crocker and
Marchin, 1988; Cuiec, 1984), and the content of these molecules are not necessary directly
related to the content of asphaltenes in the oil as pointed out by Skauge et al. (1999).

Acidic- and basic components are more or less present in all crude oils, and these groups
include components as phenols, carboxylic acids (Frye and Thomas, 1993; Reisberg and
Doscher, 1956; Seifert and Howells, 1969; Seifert and Teeter, 1970; Somerville et al., 1987),
sulfur components like sulfides, thiophenes, mercaptanes and polysulfides and nitrogen
components as amides, pyridines, quinolines and porphyrins (Anderson, 1986a). Many of
these and similar components have been shown to have effect as wettability modifiers when
adsorb to clean water-wet minerals (Benner and Bartell, 1942; Cuiec, 1977; Kowalewski et
al., 2000; Legens et al., 1998a, b; Madsen et al., 1996; Madsen and Lind; 1998; Morrow et
al., 1973; P III; Standal, 1999; Thomas et al., 1993a, b; Torsater et al., 1997; Tweheyo et al.,
1999; Wagner and Leach, 1959). There also seem to be a difference in the way sandstone and
carbonate rocks are responding to acidic- and basic components (Buckley and Liu, 1998;
Denekas et al., 1959). Carbonate rocks are usually more sensitive to acidic components

(Cuiec, 1977; Madsen and Lind, 1998; P I, III; Thomas et al., 1993a), whereas sandstone
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becomes more oil-wet after being contacted with basic components (Benner and Bartell,
1942; Cuiec, 1977; Kowalewski et al., 2000; Michaels and Timmins, 1960; Skauge et al.,
1999; Torsater et al., 1997, Wagner and Leach, 1959). These observations can partly be
explained by the difference in surface charge of these two types of rocks. Sandstone is
negatively charged above pH = 2 (Menezes et al., 1989; Skauge and Fosse, 1996), and
therefore sensitive to positively charged ions. Carbonates are in general positively charged
below pH 8 to 9 (Pierre et al., 1990; Wesson and Harwell, 2000), and are therefore able to
adsorb negatively charged acidic groups (Hall, 1986).

2.3. Wettability alteration mechanisms
The molecules containing polar functional groups are the most important regarding

wettability alteration from water-wet to oil-wet conditions in oil reservoirs. Beside the amount
of these components in the oil, the following parameters have been shown to be important
governing the degree of wettability alteration for a given COBR system:
e Mineral composition and surface charge of the rock material (Anderson, 1986a;
Buckley et al., 1989; Dubey and Doe, 1993; Sayyouh et al., 1990)
e Brine salinity and concentration of divalent- and other multivalent ions (Buckley,
1996; Morrow et al., 1986, 1998; Tang and Morrow, 1999; Xie and Morrow, 1999)
e Capillary pressure and thin film forces, disjoining pressure (Hirasaki, 1991; Melrose,
1982)
e Water solubility of polar oil components (Anderson, 1986a; Kaminsky and Radke,
1998)
e The ability for the oil to stabilize heavy components (Al-Maamari and Buckley, 2000;
Buckley, 1993; Buckley et al., 1996, 1998; Buckley and Wang, 2000; Cimino et al.,
1995)
e Temperature (Al-Maamari and Buckley, 2000; Buckley et al., 1996; Liu and Buckley,
1995), pressure (Al-Maamari and Buckley, 2000; Buckley et al., 1998) and initial
water saturation (Jadhunandan and Morrow, 1995; Salathiel, 1973; Zhou et al., 2000b)

Based on this knowledge, four different mechanisms by which polar components are
adsorbed to mineral surfaces, have been recognized and clearly defined by Buckley (1996):

e Polar binding. If no water is present in the porous medium, the adsorption of polar

components is likely to happen between polar surface sites and molecules containing

polar atoms (NSO-compunds)
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e Surface precipitation. Precipitation of asphaltenes occurs when the oil is a poor
solvent for the heavy fraction

e Acid/base interactions. This interaction takes place between sites of opposite electrical
charge

e Jon binding. Divalent- or other multivalent ions in the brine are likely to bind to both

the mineral surface and the oil/brine interface creating bridges

Buckley and Liu (1998) have furthermore shown that the potential for a given crude oil to
alter wettability can be predicted to a first approximation by considering the API Gravity-
Acid number (AN) and Base number (BN) (G-AB) profile of the oil together with the rock

material, i.e., sandstone vs. carbonate rock.

2.4. Measurement of wettability
Several methods (Anderson, 1986b), both quantitative and qualitative, exist to measure

wettability of porous medium. The Amott-Harvey and contact angle measurements were the
quantitative and the SI test the qualitative method used in this work, respectively. Other
quantitative tests include the United States Bureau of Mines (USBM) test (Donaldson et al.,
1969), the Hammervold-Longeron index (Hammervold, 1994) and the SI index (Spinler,
1997), whereas microscopic examination (Castor et al., 1981; Cooke et al., 1974; Michaels et
al., 1964; Morris and Wieland, 1963), adhesion tests (Buckley et al., 1989; Buckley and
Morrow, 1990; Morrow, 1990), bottle tests (Dubey and Doe, 1993), flotation methods (Celik
and Somasundaran, 1980), reservoir logs (Graham, 1958), relative permeability curves
(Owens and Archer, 1971; Treiber et al., 1972), NMR-measurements (Howard and Spinler,
1993) and capillary penetration tests (Varadaraj et al., 1994) all have been used to evaluate
wettability qualitatively. All methods have certain advantages and disadvantages and they
should be interpreted with caution, because the wettability “index” generated by each method
is depending on the method used (Anderson, 1986b; Cuiec, 1991; Hjelmeland and Torsaeter,
1980; Morrow, 1990).

2.4.1. Quantitative tests
Amott-Harvey Test
The Amott—Harvey test (Anderson, 1986b) is an extension of the wettability test

introduced by Amott (1959). The method is based on the fact that the amount of water
imbibing spontaneously into a core saturated with oil is depending on the surface energy of

the system. The change in water saturation due to SI will decrease with decreasing water-
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wetness due to lower surface energy. After establishing the initial water saturation (Sy;) the

test consists of the following steps, Figure 2-4:

PC A

Swr
: Oil uptake
(forced)

Water imbibition

(forced)

(spontaneous) Sos Sor
0 Sui S g > Sw
wi WS Ol uptake Figure 2-4. Capillary pressure vs.
Water imbibition (spontaneous) water saturation diagram illustrating

the parameters needed to calculate
the Amott-Harvey RDI.

e SI of water to reach, Sy
e Flooding the core with water to reach residual oil saturation, S,
e Spontaneous uptake of oil to reach, S

¢ Flooding the core with oil to reach residual water saturation, Sy,

The water index, Iy, the oil index, I,, and the Amott-Harvey relative displacement index

(RDI), Ia.y, can then be calculated from the formulas:

Sws _Swi Sor _Sos

w = > Lo T ) IA—H=I -1 [2-2]
Sor _Swi Sor - Swr " °
where,
Swi:  Initial water saturation, (%) Sor: Water saturation after forces water imbibition,

Water saturation after

forced uptake of oil, (%) Sws:
Sos:  Water saturation after
spontaneous uptake of oil, (%)

S (%)

Water saturation after SI, (%)

Ia.y varies between +1 for strongly water-wet systems to —1 for strongly oil-wet systems.
Cuiec (1984) describes the system as water-wet when + 0.3 < [5.y < +1, intermediate for
—0.3< Iapy £ +0.3, and oil-wet for —1 < Ip.yg <-0.3.

An advantage with the Amott-Harvey test is that both reservoir cores and fluids can be
used. The drawbacks are its problem to differ between small differences in wettability, for
cores having Amott index either close to unity (Morrow, 1990) or zero (Anderson, 1986b).
Standardization of the timeframe for the imbibition tests is another problem, because different

tests can require timeframes ranging from hours to months to reach zero capillary pressure,
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bringing some uncertainty to the Sy and Ss-values. The method cannot handle dynamic IFT
and wetting phenomena (Morrow, 1990), which may be important in the reservoir during the
oil production. The latter problem also applies to the contact angle measurement method

described below.

Contact angle measurements
Measuring contact angles is the most accurate way to determine the wettability for pure

liquids and artificial core material (Morrow, 1990). However, some serious problems are
related to this method when quantifying wettability for porous media using reservoir fluids.
Since contact angles must be measured on smooth surfaces, they can usually not be measured
directly on the porous medium (Sayyouh et al., 1990, 1991). This problem has been solved by
measuring the contact angle on smooth surfaces using minerals with a composition close to
the porous medium. Calcite crystals are usually used as a substitute for carbonates, whereas
different qualities of glass are used to represent sandstone cores (Morrow, 1990; Sharma and
Wunderlich, 1985; Wagner and Leach, 1959). Test surface composition is therefore not
exactly similar to composition of the porous medium (Hjelmeland and Torsaeter, 1980).
Surface roughness (Morrow, 1975), mineralogical heterogeneity and pore structure are
parameters apparently not taken into account when measuring contact angle on smooth
surfaces (Anderson, 1986b). In addition, there are problems with hysteresis connected to
contact angle measurements (Johnson and Dettre, 1969). The contact angles reported in the
literature are usually the advancing- and the receding angles, because these are the most

reproducible, Figure 2-5.

O
O

Figure 2-5. Advancing, 04, and receding, 6,
contact angles. Redrawn after Johnsen and
Dettre (1969).

Problems have also been reported when performing measurements with reservoir fluids,
because naturally occurring surface-active components in the crude oil can disturb the

measurement (Anderson, 1986b; Treiber et al., 1972).
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Different cut-off angles have been used to discriminate between water-wet, intermediate
and oil-wet conditions. Morrow (1976) classifies surfaces having angles in the range from 0-
62° as water-wet, 63-133° as intermediate and 134-180° as oil-wet. These cut off values was
determined by performing SI tests into synthetic teflon cores. Treiber et al. (1972) classified
cores having contact angles below 75° as water-wet, 75 to 105° for intermediate and above
105° for oil-wet, whereas Chilingar and Yen (1983) used the limits 80 and 100° to divide the
three classes of wettability.

Recently, Rao and Girard (1996) published a new way of measuring contact angles called
the Dual-Drop-Dual-Crystal (DDDC) technique, which according to the authors doesn’t

suffer from many of the traditional problems related to contact angle measurements.

2.4.2. Wettability of porous media based on SI data
Measuring the SI of water into core material is a qualitative way of assessing the

wettability of the core material (Morrow, 1990). Both the rate and the amount of water
imbibed, which is rapid and significant for strongly water-wet cores, will decrease as the
wettability of the core material is approaching neutral-wet conditions.

Bobek et al. (1958) argued that wettability of porous media should be measured by
methods related to capillary pressure measurement, because imbibition capacity is mainly
depending on the water-wetness of the core and to a lesser degree the viscosities of the fluids
involved and the pore structure of the core. Different methods have been suggested in an
attempt to make this wettability test quantitative (Denekas et al., 1959).

Morrow et al. (1999) introduced the wettability index, Wg, based on pseudo work of
imbibition to differ between cores having Amott indices close to unity. The significance of
this wettability index was confirmed by analyzing oil recovery from waterflooding tests. Wgr
gave a distinctly better resolution and correlation between oil recovery and wettability than
Amott indices. Since Wy is based directly on SI curves, it has the advantage compared to the
Amott and the USBM tests that it can provide information about dynamic IFT and wetting
phenomena in the reservoir (Morrow, 1990). Zhou et al. (2000b) observed furthermore good
correlation between Wyr and an apparent dynamic advancing contact angle calculated from
scaled dimensionless imbibition time. However, establishing reliable wettability tests based
on SI still require improvements in scaling laws, which will make comparison between
different COBR systems possible (Morrow, 1990). Such improvements have recently been
reported over the past years (Al-Lawati and Saleh, 1996; Xie and Morrow, 2000; Zhou et al.,
2000a).
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2.4.3. Correlation between different we ttability tests

Rao and Bassiouni (2000) investigated and compared the Amott-Harvey, the USBM test
and contact angle measurements. Their conclusion was that different wettability tests showed
great scatter, and they recommended application of the DDDC technique to attain
reproducible and more accurate contact angles for wettability evaluations (Rao, 1997).
However, Lorenz et al. (1974) were able to correlate contact angles (cosO-values) with the
USBM wettability index and Kowalewski et al. (2000), Torsaeter (1988) and Tweheyo et al.
(1999) observed good correlation between the Amott index and the USBM wettability index,
using an improved USBM method developed by Sharma and Wunderlich (1985). Recently,
Dixit et al. (1998) performed a theoretically analysis showing that the USBM index usually
will be larger than the Amott-Harvey RDI.

Establishing a correlation between contact angles measured on smooth surfaces and
displacement behavior in porous media would be of special interest and such correlations
have been observed (Buckley et al., 1995; Morrow et al., 1998; Morrow and McCaffery,
1978; Owens and Archer, 1971; Rao, 1997; Treiber et al., 1972; Zhou, et al., 2000b).
However, the correlation is far from straightforward due to the number of parameters other
than wettability involved when performing displacement tests in porous media (Anderson,
1987a, b; Morrow et al., 1986, 1998; Morrow and McCaffery, 1978). It seems that contact
angles are a useful guide to evaluate relatively large changes in wettability induced by crude
oils or surface-active materials for example, but they cannot be used to quantitatively predict
SI or displacement efficiencies in porous media. It should therefore be clear from the above
discussion that different wettability tests still show scatter, and no certain conclusion can be

drawn regarding the “true” wettability of core samples.

Chapter 3. Fluid flow in porous media

3.1. Interfacial tension, capillary pressure and cylindrical tube model
The IFT between two immiscible fluids can be defined as force per unit distance acting

parallel to the interface perpendicular to any line in the interface, or as the work needed to
increase the surface area one unit (Merk, 1997). When passing over a curved interface
between oil and water, the pressure will increase to balance the interfacial tension forces. The

pressure jump is called the capillary pressure and it is given by the Laplace equation (1806),

1 1
P.=p, — =c_ | —+— 3-1
c =Po ~Pw OW(RI Rz) [3-1]
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where,

Oow:  Oil-water IFT, (N/m) P.: Capillary pressure, (Pa)

Ry, Ry: Radii of curvature of the Po: Pressure in the oil phase, (Pa)
oil-water interface measured pw:  Pressure in the water phase, (Pa)

perpendicular to each other, (m)

By convention the capillary pressure is defined as the pressure in the non-reference phase (oil
phase) minus the pressure in the reference phase (water phase). P. can therefore both be
positive and negative depending on which phase, oil or water, is the wetting phase. A positive
capillary pressure means that water is the wetting- and oil the non-wetting phase in this thesis,
and vice versa.

Because of its complexity, the cylindrical tube model is often used to idealize porous
media. This geometry allows the relationship between wettability and oil-water IFT to be

expressed explicitly. Thus, for a water-wet cylindrical tube with radius R filled with oil and

water:
2o, -cos0
p, = 2o 050 [3-2]
P.: Capillary pressure, (Pa) 0: Contact angle, (degree)
R: Tube radius, (m) Oow. Oil-water IFT, (N/m)

The driving force underlying SI is proportional to the oil-water IFT, o,y = F., interpreted
as force per unit length, F.. It is the horizontal component of this force called the capillary
force, o,y cosB, which moves the water into the tube spontaneously, Figure 3-1. It follows
that the rate of SI increases with both increasing capillary forces (Cuiec et al., 1994;
Schechter et al., 1991) and water-wetness of the porous medium (Graue et al, 1998;

Jadhunandan and Morrow, 1991; Zhou et al., 1993, 2000b).

Water flow direction Fc=0o
” % i
Figure 3-1. S| of water into

Water Oil R an oil-filled water-wet tube.
The horizontal component of

the oil-water IFT is the
driving force for the
imbibition process.
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3.2. Measuring oil-water IFT
Several methods exist to measure the oil-water IFT (Evans and Wennerstrom, 1994;

Hiemenz and Rajagopalan, 1997). Three methods were used to evaluate this quantity in this

work:

The spinning drop technique is specially suited to measure low oil-water IFTs (Evans
and Wennerstrom, 1994), and it was used to measure oil-water IFT in the presence of
surfactants. The technique is based on the competition between centrifugal- and
interfacial forces when small oil droplets are rotating rapidly in small tubes filled with
aqueous surfactant solution. The IFT can be calculated from the shape of the oil
droplet for a given angular velocity (Merk, 1997)

The ring tensiometer method for determines oil-water IFTs is based on the connection
between the IFT and the force needed to detach the ring from the oil-water interface
(Mork, 1997)

The pendant drop technique is based on the connection between oil-water IFT and the
shape of an oil droplet residing in a fluid phase. The method is especially suited to

evaluate IFTs at elevated temperatures (Meork, 1997)

3.3. Gravity- and capillary forces in porous media
The most important forces determining the flow of oil and water during the oil production

process are viscous-, gravity- and capillary forces (Morrow, 1979). Gravity- and capillary

forces were the active forces during the experimental tests conducted in this thesis and only

these two forces will be discussed here.

3.3.1. Gravity forces

Buoyancy forces are always present in mixtures of immiscible fluids. In such mixtures,

the lighter phase will experience a pressure pointing upwards, and it is given by:

AP, =Ap-g-H [3-3]
where,
APy:  Pressure difference between g: Acceleration due to gravity, (= 9.8 m/s?)

Ap:

oil and water due to gravity, (Pa)  H: Height of the liquid column, (m)
Density difference between oil
and water, (kg/m3)

Density difference between the fluid phases, height of the liquid column together with

magnitude of capillary forces related to the IFT, wettability and permeability are the most

important parameters deciding the influence of gravity forces on the fluid movements in the
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reservoir. In this thesis, the influence of gravity forces on the fluid flow in the SI experiments

was investigated by varying the core height and the oil-water IFT.

Inverse Bond number
The relative influence of capillary- to gravity forces has been shown to have major impact

on the oil expulsion mechanism. This ratio can be scaled according to the inverse Bond

number, N (Schechter et al., 1994):

N = OV OK [3-4]
ApgH
where,
C: 0.4 dimensionless constant for Gow: Oil-water IFT, (N/m)
capillary tube model o: Porosity, (fraction)
(Zhou and Stenby, 1989) H Height of the core material, (m)
k: Absolute permeability, (m?) Ap:  Density difference between oil and
g Acceleration due to gravity, (9.8 m/s) water, (kg/m’)

For a system with well-defined wetting properties, Schechter et al. (1994), showed that
capillary forces are dominant for N5 > 5 and gravity forces for N5 << 1. In the intermediate
range, 0.2 < N < 5, both capillary- and gravity forces can be active in the displacement.
Figure 3-2 shows typical oil/water saturation profiles inside the porous medium for different
ranges of Ng™'. When the SI process is dominated by capillary forces, i.e. Ng™' > 5, the oil is
produced in a counter-current flow mode from all surfaces, Figure 3-2 (a). The oil will be
produced mainly from the upper part of the porous medium when Ng™' is in the intermediate
range, 0.2 < Ng' < 5. Both capillary- and gravity forces are assumed to be active in the
displacement process and the characteristic cone shaped oil/water interface is formed inside
the porous medium, Figure 3-2 (b). Figure 3-2 (¢) shows an imibition process driven by
gravity forces only. The oil recovery rate is slow, but ultimate recovery (UR) level can be
very high due to strong reduction in the amount of trapped oil. Both the oil expulsion
mechanism shown in Figure 3-2 (a) and (b) were demonstrated in the chalk tests performed

in this work.

vt Prrd R Figure 3-2. Distribution of oil
g D e and water inside cores where
h L . the driving forces for the Sl is,
— — « (a) capillary forces (b)
“«— — “« capillary- and gravity forces
N «— P and (c) gravity forces.

sy 244t 24 as Rlegdgrjwn after Schechter et al.

() (b) (©) (1994).
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Gravity driven SI
Several authors have stressed the importance of gravity forces during the oil production

process, especially in gas/oil systems (Haldorsen et al., 1985; King et al., 1970; Murty et al.,
1987; Torvund and Nipen, 1987) and under low oil-water IFT conditions (Austad and Milter,
1997; Gesztesi et al., 1997; Hornof and Morrow, 1987; Hove et al., 1995; Morrow and
Songkran, 1981).

Chen et al. (2000) assumed that improved segregation of oil and water due to application
of EA-surfactant at low oil-water IFT was the primary EOR mechanism when performing
pilot tests in the Yates field. SI tests reported in this thesis showed that gravity forces were

significant during low oil-water IFT tests confirming the above-cited statement.

3.3.2. Capillary forces
Capillary forces have decisive influence on oil recovery efficiency, but the influence

differs in a fundamental way for non-fractured and fractured reservoirs. Strong capillary
forces during waterflooding in a non-fractured reservoir will trap oil and cause relatively high
residual oil saturation (Anderson, 1987c; Morrow et al., 1973; Taber, 1980). Reduction in the
oil-water IFT to remobilizing residual oil is therefore preferred under such conditions
(Danielson et al., 1976; Davies and Jones, 1968; Gogarty, 1976; Kremesec and Treiber, 1978;
Taber, 1980; Taugbel, 1995). However, SI of water due to strong capillary forces is currently
regarded as an important and necessary mechanism to attain high displacement efficiency in
fractured reservoirs. The importance of the SI process is reflected in the numerous research
papers treating this subject (Aronofsky et al., 1958; Austad and Milter; 1997; Bourbiaux and
Kalaydjian, 1990; Brownscombe and Dyes, 1952; Chen et al., 2000; Cuiec et al., 1994;
Graham and Richardson, 1959; Hamon and Vidal, 1986; Mattax and Kyte, 1962; Parsons and
Chaney, 1966; Reis and Cil, 1993; Thiebot ef al., 1990; Thomas et al., 1987; Torsaeter, 1984).
UR and the SI rate are the two most important quantities related to the SI process from a
practical point of view (Xie and Morrow, 2000). It is therefore useful to take a closer look at
the parameters governing these two crucial quantities. It is worth mentioning that all results
cited here were obtained for water-wet core samples. SI into oil-wet material is reported in
this thesis, and some of the cited conclusions may not apply to SI behavior under oil-wet

conditions.

Matrix permeability
Graham and Richardson (1959) argued that the rate of SI should increase with increasing

permeability of the porous medium. Several authors have later confirmed this relationship
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empirically (Al-Lawati and Saleh, 1996; Mattax and Kyte, 1962). No clear correlation has
been observed between permeability and UR. However, Cuiec (1977) and Hamon and Vidal
(1986) observed increase UR with increasing permeability when performing SI tests into

Fontainebleau sandstone cores.

Oil-water IFT
Austad and Milter (1997) decreased oil-water IFT by using surfactants when conducting

SI tests on long low-permeability chalk cores. They found that the rate of SI decreased
significantly for the surfactant solution compared to pure brine. Cuiec ef al. (1994) observed
the same tendency when testing rate of SI into low-permeability chalk from Mantes.

It is generally believed that the SI rate slows down when capillary forces are reduced, due
to increased influence of weaker gravity forces. However, both theoretical simulations by
Bourbiaux and Kalaydjian (1990) and experimental data by Schechter et al. (1994) using
high-permeability core material, indicate that this is not necessary the case. Thus, the
permeability of the porous medium seems to be a crucial parameter regarding rate of SI when
gravity forces become active. It seems that when the permeability of the porous medium falls
below a critical value, the rate of SI is likely to decrease with decreasing oil-water IFT. One
reason for this can be that the simultaneous effect of capillary- and gravity driven imbibition
will be much lesser in this case, because the gravity driven imbibition will be slower and
more extended in time with low- than high-permeability cores. However, the UR is likely to
increase for the low oil-water IFT case, due to suppression of snap-off of oil (Schechter et al.,

1994).

Core sample shape and boundary conditions
Torszter and Silseth (1985) performed SI tests on cores having different shapes and

boundary conditions. They found that the imbibition rate increased with increased imbibition
area. The UR seemed to be nearly independent of the sample shape, which was also observed
by Hamon and Vidal (1986).

Different boundary conditions are usually investigated by coating some of the sides of the
core with impermeable layers. The purpose is to investigate how capillary forces are affected
by change in flow geometry. The general trend shows that UR is independent of test geometry
and the SI rate increases with increasing area available for imbibition (Torsater and Silseth,

1985; Zhang et al., 1995).
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Pore structure
Milter and @xnevad (1996) performed SI tests into two different chalk types, Stevns chalk

from Denmark and Beer Stone from UK. Stevns chalk reached a UR level of 58 % OOIP,
whereas only 22 % OOIP could be produced from the Beer Stone core. The difference in UR
was attributed to different tendency to undergo wettability alteration, which they discussed in
relation to geological parameters. Beer Stone chalk seemed more oil-wet than Stevns chalk
after the aging process, which was assumed to account for the difference in UR. The higher
oil-wetness of the Beer Stone chalk was attributed to (i) higher content of macro-pores (ii)

more fine-grained chalk matrix and (iii) less pore-wall roughness.

Heterogeneities
Heterogeneities in the porous medium can be a serious source to erroneous interpretation

of laboratory tests, and give non-representative data for predicting potential for field
application. Hamon and Vidal (1986) demonstrated that heterogeneities in the permeability of
a real outcrop sample was likely to slow down the recovery rate compared to the expected rate
from a corresponding homogenous sample. Hamon has furthermore showed that the
wettability of the reservoir rock is likely to vary considerably with the location in the field
(Hamon, 2000), emphasizing the importance of knowing the origin of the core samples tested

in the laboratory.

Fluid viscosities
Mattax and Kyte (1962) showed that SI decreased with increasing water viscosity, even

though the oil-water viscosity ratio was held constant. However, later researchers have
emphasized the importance of including the oil viscosity as a parameter when determine the
rate of SI (Babadagli, 1996; Blair, 1964; Briggs et al., 1988; Chimienti ef al., 1999; Donmez,
1997; Ruth et al., 2000). Zhou et al. (2000a) showed that SI rate is inversely proportional to
the geometrical mean of the oil- and the water viscosity as far as the mobility ratio was close
to unity. This relationship gave a theoretical justification to the work by Zhang et al. (1995),

which established the same relationship based on empirical data.

Initial water saturation
Viksund et al. (1998) performed SI tests with varying Sy; on Berea sandstone and 4

different chalk types, including Stevns chalk used in this study. The rate of SI was a complex
function of Sy; and they explained the variations in the water imbibition rate as changes in

capillary pressure and mobility of water with varying water saturation. Increased water
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saturation decreased the capillary pressure driving the imbibition, but the mobility of water
increased at the same time. Hence, two opposing effects governed the SI rate. Decrease in
capillary pressure seemed to be faster than increase in mobility of water for Berea sandstone

cores, whereas the opposite probably was the case for chalk cores.

IFT gradients (Marangoni-effect)
The Marangoni-effect appears when surface-active molecules are distributed unevenly

along an oil-water interface (Dukhin et al., 1995). This non-uniform distribution can cause an
IFT gradient pointing towards the center of the core, speeding up the imbibition rate
compared to an imbibition conducted with equilibrium oil-water solutions. Several authors
have suggested Marangoni flow as a method to increase oil recovery (Chen et al., 2000;

Lyford et al., 1998a, b; Pratt, 1991; Schechter ef al., 1991).

Temperature
Two opposing effects will take place when performing SI tests at elevated temperature.

Lower fluid viscosities will enhance oil production, whereas decreasing oil-water IFT will
slow down the driving force for SI. Donmez (1997) performed SI tests using oils with
different viscosities in the temperature range 20-80 °C. All tests showed increased rate and
UR with increasing temperature, but the effect was much more pronounced for high- than low
viscous oils. The reduction in oil viscosity seems therefore to be the most important factor
governing the SI behavior at elevated temperature, as long as the viscosity reduction is

significant.

3.3.3. Scaling laws
It should be mentioned that many of the parameters described above have been connected

through so-called scaling laws. These scaling laws, which have undergone several
improvements (Babadagli, 2000; Kazemi et al., 1992; Ma et al., 1995, 1997; Zhou et al.,
2000a) since Mattax and Kyte based on the theoretical work by Rapoport (1955) published
the first one in 1962, express that the time require to reach the same recovery level should be
the same for systems having different core-fluid properties as long as certain conditions are
fulfilled. No contribution from gravity forces to the imbibition process is one of these
conditions, implying that the core sample should be strongly water-wet (Mattax and Kyte,
1962).

Wettability conditions different from strongly water-wet have been included in the scaling

laws by introducing a cosf term in the numerator (Guo et al., 1998; Gupta and Civan, 1994).
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It is also interesting to notice that Xie and Morrow (2000) recently have reported a scaling
law for SI into porous media with wettability different from strongly water-wet, which also

includes the influence of gravity forces on the oil production rate:

k7o (GW f(e)+AngCj [3-5]

tp(c+g)=t
’ LZC\/MWMO vk/¢ Ly

where,

tp(c + g): Dimensionless time including Lw:  Water viscosity, (Pa-s)
capillary- and gravity forces Uo: Oil viscosity, (Pa-s)

t: Imbibition time, (s) Gow: Oil-water IFT, (N/m)

k: Permeability, (m?) f(0): Wettability factor, (-)

o: Porosity, (fraction) Ap:  Density difference between

L Characteristic length, (m) oil and water, (kg/m®)

g Acceleration due to gravity, Ly:  Vertical height of core sample, (m)
(=9.8 m/s?)

3.4. Residual oil saturation after SI
The efficiency by which oil is displaced from an oil reservoir can be quantified by the

pore scale displacement efficiency or MDE, E,,, defined by the following equation (Morrow,

1991):
S -S
E — 01 or 3_6
" Soi [ ]
Soi: Initial oil saturation, (%) Sor: Residual oil saturation, (%)

The ultimate purpose for all EOR methods acting on the pore scale level is to reduce the
residual oil saturation, Sy, as much as possible. The underlying mechanisms for the residual
oil saturation can basically be divided into two broad classes:
e The macroscopic displacement efficiency can be low due to poor reservoir conditions
like unfavorable wettability, fractures, impermeable layers and other heterogeneities

e The MDE on pore scale level can be low due to capillary trapped or bypassed oil

3.4.1. Residual oil saturation mechanisms
The reasons for poor displacement efficiency on pore scale level are the target for the

discussions in this section. There are basically two mechanisms by which residual oil is
trapped in the reservoir. The first is a mechanism referred to as bypassing of oil, whereas the
second is referred to as snap-off of oil (Chatzis et al., 1983). When discussing porous media
on a microscopic scale, the following definitions taken from Yu and Wardlaw (1991) will be

used in this thesis. Pores are larger spaces inside the porous medium connected to each other
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by smaller spaces or constrictions referred to as throats. Pores are by definition larger than
directly connected throats, but in some porous media the smallest pore can be smaller than the
largest throat. The pore diameter or pore body diameter (Dyoqy) can be defined as the diameter
of the largest sphere restricted by the pore walls, which can be inscribed inside the pore space.
Pore throat diameter (Dinoat) 1S the diameter of an inscribed circle in a plane of minimum
cross section between two adjacent pores. The ratio of pore body diameter to pore throat
diameter (Dypody/ Diroat) 1S called the aspect ratio (AR). The connectivity or coordination

number of a pore is the number of pore connections leading to adjacent pores.

3.4.2. Bypass of oil
The porous medium is very heterogeneous in pore size, pore throat dimensions, ARs,

pore-wall roughness and coordination number (Mohanty et al., 1987). When the water is
flowing through water-wet porous media containing oil, the oil can be bypassed due to several
different unfavorable pore geometries. Two such geometries are shown for the pore doublets
geometry in Figure 3-3. The oil-water interface is moving faster in the small pore causing
bypassing of oil in the larger pore in (a), while the opposite is shown in (b). In the latter case,
the flow pattern of the injected water may also depend on AR, wettability, pore-wall

roughness, edges of ducts in addition to the radius of the pore.

Figure 3-3. Bypassing of oil.

(a) In a water-wet system, the
Water Water Trapped oil oil-water interface is moving
flow row faster in the small pore than in

the large pore, and the oil in the

latter is partly bypassed. (b) In

m Trapped oil an oil-wet system, the oil-water

Water Water interface is moving faster in the
flow row large pore than in the small
pore, bypassing oil in the latter

one.

Bypass of oil is the most important mechanism causing trapping of oil in porous media
having low ARs (in the range 1-2), because snap-off is suppressed under such conditions
(Chatzis et al., 1983). As the AR increases, the trapping mechanism goes through a transition
where bypassing of oil is the most important mechanism to snap-off as the dominant
mechanism for trapping residual oil. The bypass mechanism is also the dominant mechanism
for generating residual oil in systems containing large pores, clusters of large pores, and vugs

accessible through smaller pores (Chatzis et al., 1983).
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3.4.3. Snap-off of oil
When oil is flowing from one pore into another filled with water through a narrow throat,

the oil surface will at some point become unstable and a droplet will detach from the main
bulk oil (Mohanty et al., 1987; Wardlaw, 1980, 1982). This process is referred to as snap-off
of oil, Figure 3-4.

Porous
medium

‘ Figure 3-4. Snap-off of oil in porous media.
Snap-off Bulk oil is flowing through a narrow throat and
droplets of oil are released by snap-off.

_>
QOil flow
direction

Snap-off of oil is a major mechanism causing residual oil in porous media, especially for
strongly water-wet systems (Wardlaw, 1980). Chatzis ef al. (1983) estimated that 80 % of the
trapped oil in Berea sandstone cores occurred in snap-off geometries. The main parameters
governing snap-off are AR (Chatzis et al., 1983; Yu and Wardlaw, 1986), pore-wall
roughness (Lenormand and Zarcone, 1984; Roof, 1970), connectivity of the pore system (Yu
and Wardlaw, 1986), oil-water IFT (Arriola et al., 1983; Wardlaw, 1982) and the wettability
of the porous medium (Roof, 1970; Wardlaw, 1982).

Roof (1970) studied the physical mechanism for snap-off of oil on the scale of a single
pore by pushing oil through strongly water-wet donut-hole shaped throats. He observed that
the rate of the snap-off process was extremely sensitive to the geometry of the system, and the
timeframe required for snap-off to occur was reduced significantly if a passageway for water
to the pore throat region existed. Fast supply of water to this region will grow collars of water
and thereby induce snap-off of oil. Both high AR (Milter, 1996) and increased pore-wall
roughness (Roof, 1970) will promote fast supply of water to the pore throat region, and hence
enhance snap-off.

The AR is, according to Chatzis et al. (1983), of first importance causing residual oil and
the creation of the latter in water-wet systems with low- and high ARs is shown in Figure 3-5

(a) and (b), respectively.
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(a) Figure 3-5. Sequences of pores
having low- and high AR. (a) Low
AR and no snap-off of oil. (b) High
QOil AR and increased tendency to snap-

off of oil. Redrawn from Chatzis et al.
Collar of water (1983).

Oil trapped b
by snap-off (b)

Slower supply of water to the pore throat region is in the same manner expected to be the
reason for less snap-off in systems with low oil-water IFT or wettability close to neutral.
Wardlaw (1982) observed lower tendency to snap-off when performing imbibition tests into
glass-tube material with decreasing water-wetness. It was assumed that the wetting phase
invaded the pores at a much slower rate close to neutral-wet condition, compared to strongly
water-wet condition. The oil-water interface could therefore move through the pore body in a
more piston-like manner and most of the oil could be displaced from the pore before enough
water had reached the critical throat region to grow a collar of water and snap-off occurred.
Reduced oil-water IFT is likewise likely to decrease the tendency for snap-off due to reduced

capillary forces (Lenormand and Zarcone, 1984; Roof, 1970; S 3.1.; Schechter et al., 1994).

Chapter 4. Surfactants: Types, phase behavior, ion-pair formation
and stability

4.1. Types of surfactants
Surfactants are amphiphilic molecules containing two parts with different properties

towards water. The usual structure is a long hydrophobic hydrocarbon chain bonded to a
hydrophilic group, charged or non-charged (often referred to as the head-group). The
hydrocarbon chain can be saturated or not, straight, branched, or aromatic. Surfactants are
usually classified according to the charge of the hydrophilic group in the molecule. If the
hydrophilic part is negatively or positively charged the surfactant is called anionic and
cationic, respectively. If the hydrophilic part only contains polar groups, the surfactant is
called non-ionic. The surfactant can also contain both negatively and positively charged
groups within the same molecule and they are then classified as zwitter-ionic surfactants.

It is well known that cationic- and anionic surfactants have the ability to interact and

create so-called ion-pairs (Eksborg et al., 1973). Such surfactant systems have recently been

29
URN:NBN:no-1285



Part 2 Fundamentals 30

studied in more detail and they are referred to as catanionic surfactant mixtures in the
chemical literature (Jokela et al., 1987; Karlsson, 2001; Khan and Marques, 1997). Khan and
Marques (1997) define them as a new class of surfactants and they are believed to play a key
role in the mechanism explaining the wettability alteration process put forward in this thesis.
The terms, catanionic mixtures and surfactant ion-pairs, will be used interchangeable in this

thesis. Examples of the different types of surfactants are:

Anionic surfactants: alkylsulfonates, R-SO3'Na', alkylethoxysulfonates R-(OCH,-CH,)-
SO;Na', alkylethoxy-propoxysulfonates R'(OCH2-CH2'CH2)X'(OCH2'CH2)y'SO3-Na+,
alkylsulfates R-O-SO3;'Na" and fatty acids R-COO'Na"

Cationic surfactants: quaternary ammonium salts, R-N(CH;); Br’, and long chain primary
amines, R-NH; CI’

Non-ionic surfactants: ethoxylated alcohols, R-CH,-(C,H40),-OH

Zwitter-ionic surfactants: sulfobetaines, RN+(CH3)2(CH2)HSO§

Catanionic surfactants (ion-pair): alkyltrimethylammonium alkylcarboxylate,

[R;-N-(CH3);'] [R2-COO’]

4.2. Oil-water IFT and critical micelle concentration (CMC)

Surfactants will accumulate at the oil-water interface and orient the charged head-groups
towards the water phase and the hydrophobic hydrocarbon towards the oil phase. IFT between
refined oils and water is typically in the range from 35-60 mN/m. These values can be
lowered significantly by addition of surfactants, and ultra-low oil-water IFT values down to
about 1x10~ mN/m have been reported after addition of surfactants (Foster, 1973; Milter and
Austad, 1996b; Wilson and Brander, 1977). Separate surfactant molecules in solution are
often referred to as monomers. When increasing the monomer concentration the surfactant
molecules will spontaneously aggregate into larger aggregates called micelles at some special
concentration called the critical micelle concentration (CMC). If the concentration of the
surfactant is not too high, the micelle aggregates will have a spherical shape (Hiemenz and
Rajagopalan, 1997) where the charged head of the molecule will point out towards the water
phase and the hydrophobic ends will create a hydrophobic environment in the inner of the
micelle. Figure 4-1 shows a sphere micelle (a) and a cylindrical micelle (b), respectively. The

latter one can be created at higher surfactant concentrations.
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Figure 4-1. Micelles with
different structures. (a) Spherical
micelle, (b) Cylindrical micelle.

The monomer concentration stays almost constant above CMC, and addition of more
surfactant will only increase the number of micelles or the size of preexisting micelles
(aggregation number). For this reason, there is a sharp abrupt in many physical properties for
solutions when passing through the CMC. Electric conductivity and oil-water IFT, shown on
Figure 4-2, will level off and stay almost constant above CMC, because the number of
monomers contributing to the conductivity and the packing density at the oil/water interface

are almost the same above the CMC.

IFT Electrical

conductivity
Figure 4-2. Change in physical properties
for surfactant solutions exceeding the
CMC. Oil-water IFT and electrical
conductivity on the left and the right axis,
¢CMC respectively.

Surfactant concentration

For ionic surfactants, the formation of micelles is usually an exothermic process, and
CMC will therefore increase with increasing temperature (Zana, 1990). The opposite trend is
usually the case for non-ionic surfactants (Evans and Wennerstrom, 1994). The CMC for a
given surfactant is also depending on salinity of the water phase and the presence of other
polar or surface-active molecules (co-surfactants). The effect on CMC from addition of salt is
largest for ionic surfactants. Ions with opposite charge of the head-group are able to screen the
electric repulsion between head-groups in the micelles and thereby lower the electrical barrier
towards micelles formation. The result is a lowering in the CMC-value with increasing salt
content. The same effect will also cause a closer packing of surfactant molecules at the oil-
water interface, implying a decrease in oil-water IFT with increasing salinity. CMC also
decreases with increasing hydrocarbon chain length for surfactants containing the same

hydrophilic head-group (Merk, 1997).
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It is important to notice that catanionic surfactant mixtures show large synergistic effects
on certain parameters compared to those of the individual surfactants from which the mixture
is created. Reduced oil-water IFT and much lower CMC-values can occur in diluted solutions

of these surfactants (Holland and Rubingh, 1991; Khan and Marques, 1997; Rosen, 1986).

4.3. Phase behavior

Solutions containing micelles have the ability to solubilize oil components in the interior
of the micelles due to the hydrophobic environment. Micelles including more than one type of
molecules are called mixed micelles. The capacity for a given surfactant to solubilize organic
components into the micelles is depending on surfactant concentration and factors promoting
micelle formation (Rosen, 1989). Higher concentration of micelles will increase the capacity
to solubilize organic material into the micelles. Addition of salt to ionic surfactants will lower
CMC and likewise increase the solubility of solubilizates. Contrary, an increase in
temperature usually increases the CMC and less material can be solubilized into the micelles.
When mixing an aqueous phase containing surfactant with a concentration above the CMC
together with an oil phase, several different scenarios can take place:

e The surfactant stays mainly in the water phase and oil is solubilized into the micelles.

An oil-in-water microemulsion together with an excess oil phase exists at equilibrium.
Such systems are called Type I1(-)

e Most of the surfactant can partition into the oil phase and solubilize water into the
inverted micelles in the oil phase. A water-in-oil microemulsion together with an
excess water phase exists at equilibrium. Such systems are called Type II(+)

e The surfactant stays mainly in a surfactant rich middle phase, where both oil and water
are assumed to be continuous (bicontinuous). The middle phase is in equilibrium with

both excess water and oil. Such systems are called Type II1

The three systems are illustrated in Figure 4-3. A II(-) system is showed to the left in (a),
type III system in the middle (b) and type II(+) to the right (¢). Water-soluble surfactants are
the most frequently used in connection with EOR, and all systems including surfactants are of

type II(-) in this thesis.
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Excess Excess[, |Water-in-
oil oil + oil
Middle ™ Figure 4-3. Phase systems

% generated upon mixing oil,
% o phase water and surfactant. (a) Type
w # Oil-in- Excess Excess lI(-) system. (b) Type Il system.

water (c) Type lI(+) system. Redrawn
(a) (b) water (C) water after Veggeland and Lohne

(1992).

4.4. Partitioning of surfactants into the oil phase as catanionic mixtures or
ion-pairs

4.4.1. Partitioning coefficient
Some of the surfactant molecules can pass the oil-water interface and transfer to the oil

phase in a II(-) system. There will be established a distribution of the surfactant between the
oil- and the water phase, and the relative amount of the surfactant in each phase can be
characterized by the partitioning coefficient, K. For a complex crude oil-brine system, a
surfactant added to the system may be involved in different equilibriums (associations, etc.) in
the two phases. The total amount of the surfactant in the water phase was analyzed during
experimental work, and the partitioning coefficient is therefore defined as the total
concentration of the surfactant in the oil phase divided by the total concentration of the

surfactant in the water phase. Thus,

C.
K — oilphase [4_ 1]
Cwaterphase
Coilphase: Total concentration of the surfactant in the oil phase, (mole/l)
Cwaterphase' Total concentration of the surfactant in the water phase, (mole/I)

4.4.2. Ion-pair (catanionic mixtures) formation
Cationic- and anionic surfactants in mixture are able to interact strongly and create ion-

pairs or catanionic surfactants (Caria and Khan, 1996; Jokela et al., 1987; Karlsson, 2001;
Khan and Marques, 1997). Electrostatic attraction is the main driving forces for creation of
ion-pairs, but hydrophobic association has also been shown to be important, especially for
surfactant ions having large hydrophobic groups (Mukhayer and Davis, 1975; Smith et al.,
1989). Ion-pairs will usually precipitate in water due to low solubility and they are likely to

transfer to an oleic phase if it is available. This technique has been widely applied in chemical
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analysis like two-phase titration (Cross, 1994) and ion-pair chromatography (Eksborg et al.,
1973). Ion-pair formation can be illustrated by the equation (Eksborg et al., 1973):

QaJrq + X;q A\ onrg [4-2]

Qaq+: Cation in the water phase
Xaq © Negative counter ion in the water phase
QXorg: Ion-pair/catanionic mixture in the organic phase

The degree of partitioning into the oil phase is strongly depending on the ion-pair and the
composition of the oil phase. Increased polarity of the oil phase is expected to increase the

partitioning coefficient K (Eksborg et al., 1973).

4.5. Chemical stability of cationic surfactants
Chemical degradation of surfactants can be a problem in high-temperature high salinity

reservoirs (Baviére, 1989). Quaternary ammonium salts have in general high salt tolerance,
but ammonium hydroxides have been shown to be unstable and undergo chemical degradation
at temperatures in the 100-200 °C range. The degradation reaction is an example of Hofmann

elimination reaction (Laue and Plagens, 1998):

| | Heating \ /
— \er ‘C - N+(CH3)3 E— /C — C\ + N(CH3)3 + H20 [4_3]
aH
HO"

In a neutral solution, however, the cationic surfactant is probably quite stable well above 100

°C for a long time.
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Part 3 Experimental

Chapter 5. Apparatus, equipment and chemical analysis

5.1. Apparatus for measuring fluid- and interfacial properties
Density of the fluids was measured with Anton Paar DMA 4500 Density Meter and

viscosities with Paar Physica UDS 200 METER. pH of aqueous solutions was measured using
pHM 92 LAB pH METER. Oil-water IFT was determined with Du Nouy ring-tensiometer
(Strand, 1996), whereas the spinning drop technique was used when measuring low IFT-
values between oil and aqueous surfactant solutions. The oil-water IFT was also evaluated
qualitatively as a function of temperature using the pendant drop technique (P VI; S 3.2.).
Asphaltenes in the crude oils were precipitated with excess of heptane (ratio 1:40 by
volume) and determined by weight (P I). The oil companies providing the samples gave the
wax-formation temperature for the different crude oils and West Lab Services AS determined

acid- and base numbers according to the ASTM D-664 standard.

5.2. Core-flooding equipment
All core-floods connected to core preparation were performed using a Hassler coreholder

and a Gilson High Performance Liquid Chromatography (HPLC) pump, except for some of
the dolomite core tests, where gas was used to displace the oil through the core. The oil-floods

were usually performed with a differential pressure of 23 bar over the core, and an overburden

Pressure gauge

Inlet valve Outlet valve
I I, # _l:'—l
T
C I
ore sample ol
Water Water
Flow directiorq‘ ﬁValve

|
GILSON HPLC
PUMP

Figure 5-1. Experimental equipment and setup for preparation of cores for Sl tests.
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pressure not exceeding 33 bar. More detailed descriptions of the flooding procedures are
given in the different papers. The experimental setup for the flooding procedure is shown in

Figure 5-1.

5.3. SI test equipment
All low-temperature (< 70 °C) SI tests were conducted in standard Amott cells, whereas

high-temperature tests (> 70 °C) were conducted in closed pressure bottles of metal. Short
cores (5-6 cm long) were placed in a vertical position in the Amott cell/pressure bottle and
surrounded by 350 and 70 ml of imbibition fluid, respectively. Long composite chalk cores
(21-27 cm long) were stored in a rack, which was placed into a long Amott cell. The
composite core was surrounded by approximately 500 ml liquid. Figure 5-2 (a) shows a
picture of a short Amott cell containing a short chalk core and the rack used for long
composite cores is shown in Figure 5-2 (b) together with a chalk core. More detailed

information about temperatures and test procedures are given in the actual paper.

Figure 5-2. (a) Sl test in a short Amott cell. (b) Rack
for mounting long composite cores from several short
cores placed on top of each other, together with a
chalk core.

(@)

5.4. Surfactant partitioning experiments
Partitioning experiments were performed by equilibrating equal volumes of the oil- and

the water phase. Fatty acids were dissolved in the oil phase and the surfactants in the water
phase, before bringing the two fluids together in a separatory funnel. pH was adjusted by
adding small amounts of HCl or NaOH. The total amount of surfactants in the water phase
was determined by two-phase titration, and the amount present in the oil phase was
determined by material balance. The partitioning experiments were always performed with
equal volumes of oil and water, so the partitioning coefficient K of the surfactant could be

expressed as (SS 4.4.1.):
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K = Coilphase — noilphase
¢ waterphase n waterphase [5- 1 ]
Cwaterphase: Total concentration of the surfactant in the water phase, (mole/l)
Coilphase: Total concentration of the surfactant in the oil phase, (mole/l)
Nyaterphase’ Total number of surfactants in the water phase, (mole)
Noilphase: Total number of surfactants in the oil phase, (mole)

5.5. Chemicals and chemical analysis
5.5.1. Chemicals
Synthetic brines were prepared from distilled water and chemicals of P.A. grade. The

chemical formulas and abbreviations used in the text for the different surfactants are shown in

Table 5-1.

Table 5-1. Surfactants and their abbreviations used in the experimental work.
Surfactants Abbreviation

Cationic surfactants

n-Cs-N(CH;);Br CSTAB
1’1-C10-N(CH3)3BI‘ C10TAB
n-C1,-N(CHs)3Br CI12TAB
n-C14-N(CHs)3Br C14TAB
n-C16-N(CH3)3Br C16TAB
H-C8-Ph-(C2H40)z-N(CHg)z(CHz-Ph)Cl Hyamine
n-(Cs-C15)-N(CH;),(CH,-Ph)Cl ADMBACI
n-C;»,-NH,» C12-amine
n-Co-NH, C10-amine
1’1-C12-N(CH3)3C1, 1’1-C14-N(CH3)3C1 Arquad (Arquad MC-SO)
n-C,-N(CH3);Cl, n-C14-N(CH3);5Cl, Dodigen (Dodigen 5462)

1’1-C16-N(CH3)3C1, 1’1-C13-N(CH3)3C1
Anionic surfactants

n-(C12-C15)-(C2H4O)15-803Na S-150
n-C13-(C2H4O)g-803Na B 1317
H-Cg-(C2H40)3-SO3Na S-74
n-(C12-C15)-(C3H6O)4-(C2H4O)2-OSOgNa APES
(n-C3O,CCH;)(n-C30,C)CH-SO3Na Cropol
H-Cg-(C2H40)8-OCH2-COONa AkypO
n-Cy-Ph-(C,H40),-PO3Na Gafac

n-Clz-OSO3Na SDS

Non-ionic surfactant
Co.11-(C,H40)s0H EA
37
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5.5.2. Quantitative analysis

Determination of calcium
West Lab Services AS analyzed the calcium content in the water phase by the Inductively

Coupled Plasma Atomic Emission Spectrometry (ICP-AES) technique (P VI). The relative

uncertainty was + 10 %.

Determination of cationic surfactants
The total amount of cationic surfactants in the water phase during imbibition- and

partitioning experiments was determined by the two-phase titration technique using the

anionic surfactant, sodium dodecylsulfate (SDS), as described by Cross (1994).

Chapter 6. Porous media and fluid systems

6.1. Porous media and fluid systems
6.1.1. Porous media
All minerals containing the anion, CO;? -, are classified as carbonates. The most common

carbonate minerals are shown in Figure 6-1.

Carbonate minerals

/\R Figure 6-1. The most commonly

CaCO; CaMg(COs). CaFe(COs):. carbonate minerals.
Calcite Dolomite  Ankerite

Sedimentary rocks containing more than 50 % of carbonate minerals are defined as
carbonate rock. Furthermore, limestone (chalk) is most commonly defined as the sedimentary
rock containing more than 50 % of the mineral CaCOs, whereas dolomite is the sedimentary
rock containing more than 50 % of the mineral dolomite (Mazzullo et al., 1992), Figure 6-2.

SI tests have been performed on both chalk and dolomite cores in this work.

Carbonate rocks

A Figure 6-2.

Classification of

> 50 % CaCOs| |>509 CaMg(CO:s): carbonate rocks

. . according to Mazzullo
Limestone, Dolomite otal (1002)

(Chalk)
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Chalk
Chalk is a shallow-marine limestone, deposited by calcareous skeletal debris material

originating from unicellular planktonic algae called coccolithophorid algae. The building
blocks of these skeletons are calcite tablets or platelets with a typical diameter of 0.5 to 1 pum.
The platelets are arranged in rings and rosettes known as coccoliths (3-15 pum across). The
coccoliths can further combine into spheres called coccospheres (Kennedy, 1985),

Figure 6-3.

Figure 6-3. Platelets (a),
coccoliths (b) and coccosphere (c)
are the building blocks of the chalk
in the Ekofisk field. After
Schatzinger et al. (1985).

(a) (b)

Platelets Coccoliths Coccosphere

Figure 6-4 shows a Scanning Electron Microscope (SEM) picture of a chalk sample from
Stevns Klint, nearby Copenhagen, Denmark. Figure (a) has a magnification of 8,000X.
Coccoliths can be seen in the middle and in the upper right corner. Figure (b) shows mainly
platelets but coccolith fragments can be seen to the left and the right side. The magnification

on this picture is 4,500X.

L=

o BE9R

(@) (b)

Figure 6-4. SEM pictures of Stevns Klint chalk. The picture to the left (a) is an 8,000X
magnification. Coccoliths can clearly been seen in the middle and on the right side. The
picture to the right (b) is magnified 4,500X. This picture shows mainly platelets, but
coccoliths are also present to the right and to the left on this picture.
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The Stevns chalk is a soft and highly porous material of Maastrichtian age. It is mainly
composed (96 %) of a fine-graded coccolithic matrix, whereas larger bioclasts (mostly
uncemented foraminifera) constitute the remaining part of the rock (Milter, 1996). The chalk
has high porosity, up to 50 %, where most of the void volume originates from micro-
interparticle pores between the skeletal of the coccoliths constituents. The microscopic size of
the building blocks, the coccospheres and the coccoliths, causes matrix permeability in the
range from 0.1-10 mD. The Stevns Klint chalk has a specific area of about 2 m%/g as
determined by the Braunauer-Emmett-Teller (BET) isotherm (Hiemenz and Rajagopalan,
1997). The pore throat size distribution is unimodal with a peak at approximately 0.4 pm, and
a mean value of 0.5 um as shown on Figure 6-5. The AR was estimated to about 3 (Milter,
1996) and the chalk was expected to be similar to the reservoir chalk in the Ekofisk field in
the North Sea (Frykman, 1994).

Figure 6-5. Pore size distribution
in Stevns Klint chalk determined
by mercury injection capillary
pressure curve. Mean pore throat
size is 0.5 um. After Milter (1996).

The Ekofisk field in the North Sea is a highly fractured chalk reservoir, which has been
waterflooded with great success since 1981 (Thomas et al., 1987). The water is expected to
imbibe spontaneously into the water-wet matrix blocks and expel the oil to the fracture
system. However, laboratory investigations from the upper part of the field indicated that the
reservoir rock was much less water-wet in this area. The decrease in water-wetness was
believed to be due to an organic coating on the reservoir rock (Torsaeter, 1984).

This study was initiated with the purpose of investigating the potential for EOR from oil-
wet low-permeability chalk, similar to the chalk type in the Ekofisk area. However, later

investigation of the Upper Ekofisk formation has shown that water imbibes in a satisfactory
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way into this part of the field also, despite the decrease in water-wetness. Therefore, the EOR
method investigated in this thesis does not seems like an actual way to enhance oil recovery
from the Norwegian sector of the North Sea for the time being, since the Ekofisk field
together with Valhall are the only two carbonate fields in this area. However, the potential for
the method to enhance oil recovery from carbonate fields in general should be significant,
because approximately 40 % of the oil production on world basis has its origin from carbonate

reservoirs (Bjerlykke, 1984).

Dolomite
Carbonate rock with more than 50 % CaMg(COs), is classified as dolomite, Figure 6-2.

The dolomite cores tested in this work were from the San Andres formation in Texas and the
carbonate in this formation is believed to have been mostly limestone at the time of
karstification (Craig, 1988). The cores showed great differences in both properties and pore
structure, Figure 6-6 (a) and (b), which is likely to induce different wettabilities when
exposed to crude oil (Hamon, 2000). Permeability varied between 22 to 352 mD and porosity
between 14-30 %. One type of the cores appeared very heterogeneous with big holes and vugs
in the pore structure, whereas the others appeared more homogenous with a sugary texture.
Cores having more than 25 % of the total pore volume due to vugs (P IV), were classified as

moldic and the others as sucrosic (Nogaret, 2000).

Figure 6-6. Carbonate cores with different pore
structure. The left picture (a) shows a homogeneous
core with sugary texture called sucrosic, whereas the
right picture (b) shows a heterogeneous core
classified as moldic with big holes and vugs in the
matrix.

6.1.2. Fluid systems
Synthetic high-salinity brine composed of 2/3 seawater (injection-water) and 1/3

formation-water (Thiebot et al., 1990) was used in the SI tests using chalk (Brine 2, Table 6-
1). The composition was therefore quite similar to the in situ brine composition during a
water-injection process. Total dissolved solid (TDS) in Brine 2 was 44.9 g/l and pH, density
and viscosity at 40 °C were 8.0, 1.02 g/cm’ and 0.8 cP, respectively. The brine used in the
tests with the dolomite reservoir cores (Brine 1, Table 6-1) was a low-salinity reservoir brine

containing TDS of 9.25 g/l. pH and density at 20 °C was 5.9 and 1.0059 g/cm’, respectively.
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The composition of the two brines is given in Table 6-1. In addition, some other brine

compositions were used in P IIL

Table 6-1. Composition of the aqueous phases.

Brine 1 Brine 2
Ion composition Concentration, (g/1) | Concentration, (g/l)
Na 2.36 12.14
K’ - 0.25
Ca™ 0.80 3.43
Mg™" 0.24 0.93
S’ 0.02 -
CI 5.67 26.54
SO~ 0.16 1.56
HCO;y - 0.09
Total dissolved solid (TDS) 9.25 44.94

The oil companies British Petroleum, Phillips Petroleum Company and Den Norske Stats

Oljeselskap (Statoil) provided the crude oils used. The different oils are listed in Table 6-2

and the oil properties are shown in Table 6-3.

Table 6-2. Pretreatment of the crude oils before used in spontaneous imbibition tests.

Oil

Supply and pretreatment

A

Pure n-heptane

B

Ekofisk stock tank oil filtered through 3-u filter. No n-heptane added

C

Oil from BP. Diluted 1:1 with n-heptane

D

Asphaltenic oil. Diluted 1:1 with n-heptane

E?

Oil from Statoil. Diluted 70:30 crude oil: n-heptane

F?

Oil from Statoil. Diluted 60:40 crude oil:n-heptane

G

Oil from carbonate reservoir in west Texas. No n-heptane added

% Different initial crude oils.

Table 6-3. Properties of the crude oils used.

Oil | Density ® | °API |[AN ”, (mg | BN ", (mg | Wax-form. | Asphaltenes ®,| Oil-Brine 2 IFT
at 20 °C, KOH/g oil)) KOH/g |temp.”, (°C) (wt. %) at 20 °C, (mN/m)
(g/cm’) oil)
A 0.684 75.3 - - - - 55.4
B 0.835 38.0 0.12 Trace 29 0.90 19.8
C 0.815 42.1 0.52 Trace 53 0.33 20.3
D 0.798 45.8 0.055 Trace 33 2.57 28.1
E 0.846 35.8 0.41 Trace 22 0.19 15.7
F 0.816 41.9 1.73 Trace 25-30 0.23 15.4
G| 0874 |304] =~10 unknown | unknown unknown 11.19

3 Measured on actual crude oils, © Brine 1

® Measured on initial crude oils before dilution with n-heptane
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Chapter 7. Core restoration, wettability measurements and
evaluation of flow modes

7.1. Procedure for altering the wettability of chalk- and dolomite cores
Restored outcrop chalk samples (Anderson, 1986a; Cuiec, 1977, 1991; Morrow, 1990;

Wendel et al., 1985; Wunderlich, 1991) were used in this study. The purpose was not to
reproduce the wettability state related to some special field, but rather to make the core
material as oil-wet as possible to establish the baseline for the EOR investigations. Oil F was
used to alter the wettability of the chalk cores, whereas both oil F and oil G were used on the

dolomite cores. The following procedures were used to restore the core samples:

7.1.1. Chalk cores with 100 % oil saturation
The dry weight of the cores was noted before saturating the cores with crude oil under

vacuum. Porosity was calculated from weight difference and bulk volume. The cores were
then flooded in a Hassler coreholder with 1.0 and 1.5 pore volume (PV) crude oil in each
direction, before aging in closed containers surrounded by crude oil for 4 days at 50 °C. 2
mm. of the outermost layer of the cores were shaved off in a lathe just prior to the SI tests to

avoid boundary effects.

7.1.2. Cores with initial water saturation (S )
After saturating the cores with brine under vacuum, the cores were flooded in a Hassler

coreholder with 1.5 and 1.0 PV crude oil in each direction. The chalk cores were aged in
closed containers surrounded by crude oil for 1 month at 90 °C. The dolomite cores were aged
in crude oil for 3 weeks at 50 °C.

2 mm. of the outermost layer of the chalk cores were shaved off in a lathe just prior to the
SI tests to avoid boundary effects. This procedure was not performed on the dolomite cores,

due to a limited number of these cores.

7.2. Methods for measuring wettability
Three different methods were used to evaluate the wettability of the porous medium:

e The Amott-Harvey method (Anderson, 1986b) was applied to quantify the wettability
state of an original oil-wet core after C12TAB imbibition (P II; SS 2.4.1.)

e Contact angle measurements were performed on calcite crystals pre-exposed to either
crude oil or model oil containing fatty acids. The purpose was to evaluating the ability

for different surfactants solutions to modify the wettability of the porous medium. The
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contact angles were estimated from pictures of water droplets placed on the crystals
(Johnson and Dettre, 1969; Neumann and Good, 1979; P II), and the repeatability of
the measurements was approximately + 4°. The contact angle measurements were not
meant to represent wettability under reservoir conditions, but they were used as a
rough method to evaluate the potential for different surfactants to modify carbonate
surfaces covered by surface-active components (SS 2.4.1.). Calcite crystals originally
from Chihuahua, Mexico and Poona, India where provided by J. Bromeland & Co.

The rate and amount of brine imbibed by SI (SS 2.4.2.) was used to differ between oil-
wet and weakly water-wet cores. The porous medium was characterized as oil-wet if

no SI of water took place (Anderson, 1986b)

7.3. Evaluation of the influence of capillary- vs. gravity forces during SI

tests

The relative influence of gravity- and capillary forces, i.e., the flow mode during the SI

tests was evaluated in four different ways:

By observing the residual oil saturation profile inside the core. These observations
were performed by cutting the cores along the core axis

By visual location of the oil expelled from the core surface (top- and lateral) during
the imbibition tests

By the shape and the UR level from the SI curves

By calculations of Ng'-values from Eq. 3-4 (SS 3.3.1.)

7.3.1. Residual oil saturation profile inside the porous medium

Cutting the cores and observing the residual oil saturation inside the porous medium gave

the most valuable information about the oil expulsion mechanism. Figure 7-1 shows a typical

example of a core where water has imbibed from all surfaces and expelled the oil in a counter-

current flow mode driven by capillary forces.

Figure 7-1. Residual oil saturation profile inside
an originally oil-wet chalk core. The core has been
imbibed spontaneously by a 1.0 wt.% solution of
C12TAB. The saturation profile shows that the
surfactant solution has imbibed by means of
capillary forces.
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Figure 7-2 shows an oil-wet core, which has been imbibed by a surfactant solution at
rather low oil-water IFT. The residual oil saturation profile points toward an oil expulsion

mechanism mostly driven by gravity forces (SS 3.3.1.).

Figure 7-2. Residual oil saturation profile
inside a chalk core imbibed at low oil-water
IFT. The conic shape of the residual oil
saturation profile shows that the surfactant
solution has imbibed mainly by gravity
forces (P II).

Unfortunately, this method could not be executed with reservoir dolomite cores due to a
limited numbers of cores. Visual observation of the location of the expelled oil, shape of the

SI curves and calculation of NB'l-Values were used to evaluate the flow mode for these cores.

7.3.2. Visual location of expelled oil
It was shown in Section 3.3.1. that oil production appears as oil droplets from all sides of

the core when capillary forces dominate the SI process, whereas oil droplets appeared mainly
from the top surface of the core when gravity forces became more pronounced in the oil

expulsion mechanism.

7.3.3. Oil expulsion mechanism related to shape of oil production curves
Several authors have observed that SI curves resulting from capillary driven imbibition

tend to have a shape, which can be fitted to an exponential expression (Aronofsky et al., 1958;
Ma et al., 1997; Reis and Cil, 1993). Reis and Cil (1993) derived the following expression for

oil recovery as a function of time:

_ Cexoltnl L
Q°_Q‘{1 ¢ p{ln(zthH [7-1]

where,

Qo:  Cumulative oil production, (m®)

Q.. Cumulative oil production after infinite time, (m?)
tp: Dimensionless imbibition time, (-)

Eq. 7-1 implies a shape as for the capillary driven imbibition curve shown in Figure 7-3.
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70
% 60 —&— Capillary driven
o ibit

'.’O\° 50 4 Impipition
§ 30 - —ill— Gravity driven
= imbibition
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= 10 Figure 7-3. Typical shape of
°© oil recovery curves as a

0 0 1‘0 2‘0 3‘0 4‘0 function of time for imbibition

Time, days processes mainly (_jrlven by
capillary- and gravity forces.

The SI rate is usually lower when gravity forces become more dominate in the oil
expulsion process. In the limit where capillary forces become insignificant, water is pushing
the oil in a piston like manner and the flow of oil and water is totally co-current, Figure 3-2
().

Milter and Austad (1996a) observed a linear relationship between oil recovery and time,
which they interpreted as an imbibition driven by gravity forces. The shape of the residual oil
inside the core confirmed the interpretation. Typical curve shapes for capillary- and gravity
driven imbibition are illustrated schematically in Figure 7-3.

Schechter et al. (1994) performed tests on sandstone- and limestone cores at different oil-
water IFT. Figure 7-4 shows SI curves into a 45-mD limestone core for oil-water IFTs equal
to 38.1, 1.07 and 0.1 mN/m, respectively. Figure 7-4 (a) shows the curves for early times
whereas (b) shows the whole imbibition curves. Capillary forces were dominant at 38.1
mN/m and this curve shows the typical shape for an imbibition driven by capillary forces.
Gravity forces were expected to be dominant at 0.1 mN/m, and the oil recovery was almost a
linear function of time in this case. In addition, observations collected during the experimental
work described in this thesis also points towards a tendency for a linear relationship between
oil recovery and time to occur, when oil production is driven mainly by gravity forces
(Chapter 10). The shape of the SI curve was therefore used as a qualitative measure of the

relative influence of capillary- to gravity forces inside the porous medium.
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Figure 7-4. Experimental imbibition data from Schechter et al. (1994) showing the shape of
the imbibition curves when capillary- and gravity forces are dominant. The imbibition curve
for a capillary dominated imbibition process can be fitted to an exponential curve; whereas
the imbibition curve for gravity dominated imbibition appears to be a linear function of time.
(a) Imbibition curves for early times and, (b) Whole imbibition curves.

7.3.4. Calculation of inverse Bond numbers
It is important to notice that Eq. 3-4 for Ng™' with corresponding cut-off values between

the different flow domains, only is valid for systems with well-defined wetting- and non-
wetting phases. Eq. 3-4 will overestimate N when applied to less water-wet or neutral-wet
systems. The situation will become even more complex when the imbibing phase contains
agents, which are modifying the wettability properties of the rock material during the
imbibition process as in this work. However, calculation of Ng-values for the conducted SI
tests showed that these values, even with the above-mentioned difficulties, could bring
additional and useful information about the influence of gravity- and capillary forces. The
method gave theoretical funded support to the conclusions drawn from the other tests, thereby

helping to get a consistent and more complete picture of the driving forces during the SI

experiments.
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Part 4 Main results and discussions

This section of the thesis contains the main results from the experimental work obtained
during the project. Most of the results are presented earlier in the enclosed papers. The

purpose is to present the results in a way showing the connection between each paper and the

development of the project.

Chapter 8. Establishing oil-wet core material

8.1. Heterogeneous wettability in outcrop chalk induced by crude oils
8.1.1. Cores with 100 % oil saturation
Outcrop chalk from Stevns Klint is strongly water-wet. This fact was confirmed when

performing SI tests on chalk cores 100 % saturated with heptane. As expected, heptane did
not influenced on the wettability of the chalk cores. Figure 8-1 shows the oil recovery due to
SI of brine into two chalk cores. The SI was fast and an UR of 72 % of OOIP was reached

within 30 minutes and the curves showed excellent reproducibility.

60

-8 —&—C12TAB. Oil:

8e 50 n-heptane

40
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3 20
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S ‘ ‘ Figure 8-1. Sl of Brine 2 into Stevns Klint
0 50 100 chalk saturated 100 % with heptane at

Time, days 26 oC.

Crude oil was used to alter the wettability of the water-wet chalk material to mimic the
components adsorbed onto the reservoir rock in a real oil reservoir (Graue et al., 1994, 1998;
Graue and Bogng, 1999; Jadhunandan and Morrow, 1991; Jia ef al., 1991; S 2.2.; Xie and
Morrow, 2000; Zhou et al., 1993, 2000b). To interpret the results from SI tests correctly, it is
very important that the wettability of the core material is homogenous. When saturating dry
chalk cores with crude oil using vacuum, it was discovered that the adsorption of surface-
active components took place in a non-uniform way. Figure 8-2 shows the SI curve for a core
prepared by just sucking the oil into the evacuated core. More than 500 minutes was required

to initiate brine imbibition. Only 3.4 % of OOIP was produced after 1 day before the
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imbibition rate increased dramatically and approximately 47 % of OOIP was produced during
the next 3 days. The shape of the SI curve was interpreted as an effect of a wettability
gradient inside the core material. The time delay before the imbibition initiated was expected
to be due to higher adsorption of surface-active material at the boundary of the core. Increased
water-wetness inside the core implied faster imbibition at a later stage in the imbibition
process in line with the experimental observation. The oil-wet layer at the boundary was
assumed to originate from a fast adsorption of surface-active components when the oil was
sucked into the core during the saturation procedure in addition to continuous adsorption of

surface-active components at the boundary during the aging process.

Figure 8-2. Sl curve for chalk core
saturated with crude oil in vacuum
at 40 °C. The long initial SI delay
time was assumed to be due to a
wettability gradient at the
outermost layer as resulting from
o 1t 2 3 4 5 6 7 8 9 the saturation- and the aging

Time, days process.

Oil production, %00IP

The first assumption was confirmed when cleaving the core after saturating in vacuum.
Figure 8-3 indicates that there have been created a wettability gradient during the saturation
process. The oil wettability was most pronounced at the boundary and the water-wetness

increased towards the center.

Figure 8-3. Chalk core saturated with crude oil using vacuum
without flooding the core. The lighter areas in the middle

of the core clearly show that there have been created a
gradient in the adsorption of surface-active components

as the crude oil flowed into the core.

Increased oil-wetness at the outermost layer was furthermore confirmed by submerging an

oil-saturated core cut in different cross sections in brine. The brine imbibed into areas where
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the outermost layer had been removed and oil was expelled from the non-treated less water-

wet areas, Figure 8-4.

Figure 8-4. Core saturated with crude oil and cut in
different cross-sections. Water imbibed in the more
water-wet areas where the outermost layer had been
removed, whereas oil was expelled from the less water-
wet non-treated areas.

The experimental results in this section show that it is necessary to oil-flood the cores to
obtain homogeneous wettability, when crude oil is used to induce wettability alterations in
outcrop chalk material.

The cores were aged in containers filled with crude oil after saturation in the vacuum
chamber and the outermost layer of the cores had access to fresh oil containing surface-active
components during the whole aging process. The amount of surface-active components in the
pores inside the porous medium was, however, limited by the amount of oil residing in each
individual pore. The aging procedure was therefore assumed to contribute to an increased oil-
wetness of the outermost layer as well. It was therefore decided to remove a few millimeter of

the outermost layer of the core after the aging process prior to the SI tests.

8.1.2. Cores with initial water saturation
Figure 8-5 shows the imbibition curve for a chalk core with initial water saturation

prepared as described in SS 7.1.2. Some brine imbibed quickly and about 6 % of OOIP was
produced during the first 2 days. The fast initial imbibition was not related to thermal
expansion, because a similar effect was not observed for 100 % oil saturated cores at the same
temperature. The core seemed to be more water-wet at the outermost layer, even though 2
mm. had been removed prior to the imbibition test. It is likely that the heterogeneous
wettability was due to a decrease in oil saturation close to the core surface created when
establishing Syi. The recovery rate leveled off after 2 days and only 8.8 % of OOIP was
produced within the experimental frame of 55 days. The small oil production of 2.8 % of
OOIP between 2 and 55 days shows that the chalk material had become almost oil-wet inside

the outermost layer.
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Figure 8-5. Sl into chalk core with
Swi = 23.0 % aged for 1 month at
90 °C at 40 °C. The core behaved
nearly oil-wet after a rapid

Oil production, %0O0IP
O =~ N W » 01 O N 0 © ©O

0 16 26 3‘0 4‘0 5;0 60 imbibition of water during the first
Time, days 2 days.

The results presented in this section show that care should be taken when using crude
oils to alter wettability of core material. Non-uniform adsorption of surface-active
components when treating outcrop chalk cores with crude oil have also been reported by

Graue et al. (2000) and Spinler et al. (1999, 2000a).

8.2. Relation: Acid number of crude oil-chalk wettability
Since the subject of this thesis is an exploration of the potential for EOR from oil-wet

carbonate material, the crude oil should alter the wettability of the porous media in an
efficient way towards oil-wet conditions, and thereby establish the baseline for the EOR tests.
Outcrop chalk cores were saturated 100 % with oil using 6 different crude oils, and the
relative wettability of the cores was determined by extent and rate of pure brine imbibition.
The results from the tests are shown in Figure 8-6. The figure shows that the rate of SI
decreased with increasing AN of the crude oil with an exception for oil C. In this case,
however, it was observed that wax precipitated during the imbibition experiment, which
influenced the imbibition process (Xie et al., 2000). Similar relationship between wettability
and AN has been reported earlier (Anderson, 1986a; Buckley and Liu, 1998; Dubey and Doe,
1993). No correlation could be established between the asphaltene content in the crude oils

and the rate of SI (P I).
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Oil F rendered the chalk cores nearly oil-wet and this oil was therefore used to establish
the baseline for the EOR investigations in all subsequent SI tests both with and without initial
water, except for some of the dolomite core tests where oil G was used. The wettability
alteration observed for the chalk material without S,; was likely to take place by a polar
binding mechanism, whereas the G-AB profile predicts acid/base interaction as the most
likely mechanism for crude oil F with high AN in the presence of Sy; (Buckley and Liu,
1998). Since different adsorption mechanisms were involved depending on whether initial
water was present or not, it is likely that both the type and the strengths of the adsorbed
material may differ for the two cases. Buckley (1996) observed that components adsorbed by
polar binding mechanism, usually were weaklier adsorbed than components adsorbed by
mechanisms involving water.

Contact angle were measured through water droplets placed on calcite crystals pre-
exposed to heptane containing fatty acids and heptane (SS 2.4.1.). Angles of 70, 90 and 10°
were observed for lauric acid, stearic acid and heptane, respectively, as shown in Figure 8-7.
The measured contact angles showed that carboxylic groups have high affinity for calcite
surfaces in line with reported data in the literature (Cuiec, 1977; Madsen and Lind, 1998; P
III; S 2.2.; Thomas et al., 1993a, b).

» 100
@ 90 o
5 80 M Lauric acid
8 701
¢ 60 -
?cn 50 M Stearic acid
c 40 -
S 30
& 204 ]
S 104 En-heptane Figure 8-7. Contact angles measured through water
© o Type of droplets placed on calcite crystals exposed to
sglution pure heptane and heptane containing lauric- and
stearic acid.
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Chapter 9. Chemical mechanisms for wettability alteration of
chalk from oil-wet to water-wet

9.1. SI of cationic- and anionic surfactants into oil-wet chalk.
Imbibition mechanisms
The investigations described in the previous chapter showed that the oil-wetting

components are negatively charged and attached to the chalk surface mainly by carboxylic
groups. It therefore seems like a reasonable hypothesis that the SI of the cationic surfactant,
C12TAB observed by Austad et al. (1998), was due to an interaction between positively
charged surfactant head-groups and negatively charged carboxylic groups. The surfactant
monomers were believed to interact and desorb some organic material under formation of ion-
pairs (SS 4.4.2.), thereby altering the wettability of the chalk towards a more water-wet state.
Water can then imbibe spontaneously due to a positive capillary pressure (S 3.1.). A
consequence of this hypothesis is that there should be a great difference in imbibition
behavior when exposing oil-wet chalk to solutions of cationic- and anionic surfactants,

because only cationic surfactants should be able to interact electrostatic with negatively

charged groups.
70

—e—C12TAB & o | —e— Cropol
S —m—B 1317

—l—C16TAB 2 50 Gafac

—A— Hyamine 5 40 —¥— Akypo

ADMBACI 3 307 ——SDs

9 20 —+—S-74

—¥—C10TAB s o ﬁ; e S50
o

—e—C8TAB o TS APES
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Time, days Time, days
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Figure 9-1. Qil recovery by S| of aqueous surfactant solutions into oil-wet chalk material. (a)
Cationic surfactants, (b) Anionic surfactants.

Figure 9-1 (a) and (b) show the result from a screening test including 6 cationic- and 8
anionic surfactants. The cationic surfactants were in general more efficient than the anionic
surfactants to produce oil. This fact supported and strengthened the hypothesis about an
interaction between cationic surfactants and negatively charged organic material on the chalk

surface as a key factor for the observed oil production. However, not all cationic surfactants
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were able to imbibed into the oil-wet cores in an efficient way. CI0TAB and C12TAB were
the most efficient cationic surfactants followed by C16TAB, while Hyamine, ADMBACI and
C8TAB only produced minor amounts of oil at a very slow rate. Other effects than pure
electrostatic interaction were therefore expected to be important in the desorption process as
well.

Hyamine and ADMBACI are quaternary ammonium salts like CI2TAB, but both
molecules have two large hydrophobic groups attached to the N-atom (one methyl group is
exchanged with a benzyl group, i.e., -CH,-Ph). The poor imbibition response from these
surfactants can maybe be related to weaker interaction between the charged centres on the
interacting molecules due to repulsive steric forces, hindering the creation of ion-pairs (Smith
et al., 1989). C8TAB showed poor response, whereas CI0TAB and C12TAB performed quite
well. C8TAB has a relatively short hydrophobic chain, and 8 methyl-groups were probably
too short to interact efficiently with the hydrophobic surface at the oil-water contact. The
hydrocarbon chain seems to require a certain lengths to interact efficiently with the organic
material adsorbed into the mineral surface. C16TAB was relatively efficient, but it imbibed
significantly slower than C1I0TAB and C12TAB. Only surfactant monomers are probably able
to interact with the negatively charged carboxylic groups on the chalk surface. Thus, the
desorption rate must be related to the number of surfactant monomers close to the oil-water-
solid contact line. At a surfactant concentration above the CMC, the monomeric concentration
will be determined by the CMC-value. Furthermore, the diffusion rate of the surfactant from
the bulk phase to the water imbibition front will also be important. The CMC-value for
C12TAB is 1.4x10 M (distilled water) compared to 8x10* M for C16TAB (Munkerjee and
Mysels, 1971). The reason for the slower C16TAB imbibition can be explained by lower
monomer concentration for this surfactant compared to CIOTAB and C12TAB. Slower
diffusion rate (Hiemenz and Rajagopalan, 1997) from the bulk phase to the water imbibition
front due to higher molecular weight together with lower oil-water IFT (S 3.1.) may also
contribute to slower imbibition rate for C16TAB, even though C16TAB should be more
soluble in the organic phase than the other two surfactants.

The hypothesis that a wettability alteration had taken place in the chalk material during
C12TAB imbibition was further supported by two other observations. Figure 9-2 shows a
picture of a cleaved core imbibed by C12TAB. The water saturation was about 45 % of PV.
The residual oil saturation profile clearly shows that oil has been expelled in a counter-current
flow mode driven by capillary forces (SS 3.3.1.). The existence of capillary forces indicated

that a wettability alteration had taken place as the C12TAB solution imbibed.
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Figure 9-2. Picture of cleaved chalk core imbibed by
1.0 wt.% solution of C12TAB. The water saturation
was approximately 45 % of PV.

An Amott-Harvey test (SS 2.4.1.) was performed on an oil-wet core previously imbibed
by C12TAB. The surfactant was removed from the core by flooding the core with brine after
the CI12TAB imbibition was interrupted. The core was then flooded with crude oil and
immediately loaded in an Amott cell and surrounded with Brine 2. The brine imbibed
spontaneously and the Amott-Harvey RDI was determined to 0.6 (P II), indicating that a

wettability alteration had taken place as a result of the previous C12TAB imbibition.

Some of the anionic surfactants also produced oil from the oil-wet chalk cores. The
sequence in decreasing efficiency was S-150 > B1317 > S-74 > APES > Cropol. Only minor
amount of oil was produced using Akypo, Gafac and SDS. Anionic surfactants cannot interact
electrostatic with negatively charged material and no desorption of organic material can take
place. However, it was noticed that the most efficient anionic surfactants (S-150, B 1317 and
S-74) contained hydrophilic ethoxy-groups (EO-groups) as part of the hydrophilic section.
The number of EO-groups decreased in the order 15, 8 and 3, respectively. It was therefore
believed that the hydrophobic part of the surfactant was able to interact with the adsorbed
organic material on the chalk surface, forming a bilayer with the hydrophilic EO-groups
pointing out towards the water-phase. The EO-groups will point out from the surface
increasing the water-wetness on top of the bilayer and brine can imbibe spontaneously due to
the weak capillary forces created. This hypothesis was supported by the fact that the rate of SI
increased with increasing numbers of EO-groups in the surfactant molecules. It should be
mentioned that the anionic surfactant Akypo, even though it contained 8 EO-groups, only
produced minor amounts of oil. This can again be explained by weak hydrophobic interaction
between the short hydrocarbon chain in Akypo (C8) and the organic material on the mineral
surface in a similar way as for the C8TAB surfactant.

It was also confirmed that the oil expulsion mechanism for anionic surfactants differed in

a fundamental way from that of the cationic surfactants. Figure 9-3 shows picture of the
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cleaved cores imbibed by the anionic surfactants, S-150 (a) and B 1317 (b). There was no
indication of oil production due to gravity segregation inside the cores. Brine seemed to
imbibe in certain zones, probably due to weak capillary forces and no uniform imbibition

front as for the capillary driven C12TAB imbibition, was observed.

(a)

(b)

Advancing contact angles measurements on calcite crystals pre-exposed to crude oil
followed by surfactant solutions brought further support to the hypothesis that cationic
surfactants were more efficient to render chalk surfaces water-wet than anionic surfactants.
Figure 9-4 shows the measured angles for both types of surfactants. Cationic surfactants
lowered the contact angles relative to brine significantly more than anionic surfactants. It

should be noticed that the concentration of all surfactant solutions was above the respective

CMC-values in these experiments.

Figure 9-3. Pictures of cleaved
chalk cores imbibed by the
anionic surfactants from P Il.
(a) S-150 and (b) B 1317.

80 . 80
M Brine 2 _ M Brine 2
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@ 60 1 8
o o OB 1317 0.5 wt.%
2 50 | EC16TAB 1.0 wt.% >
G 3 — EAPES 1.0 wt.%
40 - OC10TAB 2.5 wt.% g
s =] = O Gafac 0.5 wt.%
B 30 -+ ©
§ B C8TAB 4.0 wt.% 5 O Akypo 0.5 wt.%
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Figure 9-4. Advancing contact angles measured through water droplets on calcite crystals
pre-exposed to crude oil followed by surfactants solutions. (a) Cationic surfactants and (b)
Anionic surfactants.
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Based on these experimental observations the following mechanisms are proposed for SI

of cationic- and anionic surfactants solutions into oil-wet chalk, respectively.

9.1.1. Imbibition mechanism for cationic surfactants
The proposed mechanism for SI of cationic surfactants into oil-wet chalk is illustrated in

Figure 9-5. The mechanism includes:

e Transport of surfactants to the oil-water-solid contact line

e A desorption process where the cationic surfactant monomers are interacting by means
of electrostatic- and hydrophobic forces with negatively charged organic material
attached to the mineral surface under the formation of ion-pairs

e Desorbed material is transported away from the surface as ion-pairs and assumed to
either be part of the micellar system by forming mixed micelles or transfer to the oil
phase as clusters of ion-pairs

e Water can then imbibe spontaneously into the water-wet chalk material

Water flow
direction § & \/ Figure 9-5. Proposed
— . mechanism for SI of C12TAB
into oil-wet chalk material.
-active material Blue circle are positively
charged surfactant head-
a groups and black squares are
polar components from the

Mixed-micelle lon-pair crude oil.

Oil with surface

9.1.2. Imbibition mechanism for anionic EQ -surfactants
The mechanism for SI of anionic EO-surfactants into oil-wet chalk, previously outlined by

Chen et al. (2000) and Varadaraj et al. (1994), is illustrated in Figure 9-6. The EO-groups are

believed to interact with the hydrophobic part on the material attached to the mineral surface,
creating a bilayer structure. The EO-groups are pointing out from the surface creating a

weakly water-wet layer allowing the water to imbibe (P II).
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Figure 9-6. Mechanism for Sl
of anionic surfactants

Water flow” o S s solutions containing
direction ¢ ¢ " 1 hydrophilic EO-groups into
— B -) s oil-wet chalk. Red circles are
m— Oil with surface negatively charged surfactant

head-groups and black
squares are polar
components from the
crude oil.

» -active material

o

9.2. Removal and stabilizing of desorbed material
This section will focus on the oil-wetting organic material desorbed from the chalk surface

upon contact with cationic surfactants. It is assumed that creation of ion-pairs through
electrostatic interaction between oppositely charged molecules as well as hydrophobic
interaction between hydrocarbon chains played a key role in the desorption process (Khan and
Marques, 1997; SS 4.4.2.). The desorbed material is transported away from the surface as ion-
pairs and it can either be part of the micellar system in the water phase under formation of
mixed micelles, or transferred to the oil phase as clusters of ion-pairs (P III). These two

mechanisms will be discussed in the following subsections.

9.2.1. Solubilization of d esorbed material into micelles
Experiments using different concentration of the C12TAB surfactant were performed to

investigate the influence of the presence of micelles on the desorption mechanism. Figure 9-7
shows SI curves for different concentrations of C12TAB. The figure shows that SI was
strongly depending on the CI2TAB concentration. There was an abrupt decrease in the
imbibition rate around the concentration approximately equal to CMC (C12TAB has a CMC
equal to 0.4 wt.% in distilled water). Thus, the presence of micelles seemed to be of crucial
importance for the SI to proceed into oil-wet chalk material (P II). They were expected to
enhance the desorption rate of organic material in two ways. Micelles will act as surfactant
monomer suppliers ensuring high concentration of monomers at the oil-water-solid contact
line, and, in addition, to solubilize the desorbed materials. The higher UR for the 1.0 wt.%
compared to the 5.0 wt.% solution was attributed to a stronger solubilization of oil into the

II(-) micromulsion at the highest concentration (S 4.3.).
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Advancing contact angles measurements on calcite crystals pre-exposed to lauric acid

dissolved in heptane or crude oil followed by exposure to different surfactant solutions also

confirmed the importance of surfactant concentration on the wettability alteration process.

Figure 9-8 shows angles measured by different surfactant solutions above and below the

respective CMC-values. It can be seen that surfactant solutions having a concentration above

CMC was much more efficient to desorb oil-wetting components from the calcite crystals

than at concentrations below the CMC. Low solubility of the ion-pairs formed in the aqueous

phase at a surfactant concentration below the CMC may be the reason for this observation.
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9.2.2. Desorbed material transfer to the oil phase as ion -pairs

Figure 9-8. Advancing
contact angles measured
through water droplets on
calcite crystals pre
-exposed to crude oil or
lauric acid dissolved in
heptane followed by
surfactant solutions at
different  concentrations
above and below CMC.

The desorption mechanism assumed that organic matter on the mineral surface was

desorbed under formation of ion-pairs. The ion-pairs are scarcely soluble in water and can

transfer to the oil phase (SS 4.4.2.). A detailed study regarding partitioning of C12TAB
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between water and oil was therefore performed to confirm the ability for C12TAB to partition
into the oil phase together with negatively charged material as ion-pairs.

Model oils containing fatty acids, crude oil spiked with octanoic acid and crude oils
having different ANs were used in the experiments. Figure 9-9 shows partition coefficient
(SS4.4.1.) for C12TAB, C14TAB and C16TAB between model oil and brine as a function of
pH in the water phase. The partitioning of surfactants into the oil phase increases with
increasing pH. This increase was expected because more acids will be ionized at the oil/water
interface at higher pH (Buckley, 1996), enhancing the formation of ion-pairs and the amount
of surfactants transferring to the oil phase. Without octanoic acid present, the surfactant

partition coefficient stayed constant.

" —e— C16TAB with Octanoic acid
e 0,8 4 N N —ll— C16TAB without Octanoic acid
506 - 4 . . —A— C12TAB without Octanoic acid
% 04 | C12TAB with Octanoic acid
- —¥— C14TAB without Octanoic acid . P
X02 é‘ —e— C14TAB with Octanoic acid Figure 9-9. Partitioning
coefficient for C12TAB,
0 ‘ ‘ ‘ ‘ ‘ —+— C14TAB without Octanoic acid C14TAB and C16TAB
2 4 6 8 10 12 between model oil and
PH brine as a function of pH.

Crude oil B with AN 0.12 mg KOH/g oil was spiked with different amounts of octanoic acid.
Figure 9-10 shows partitioning of CI12TAB for different concentration of added octanoic acid.

The partitioning coefficient increased with increasing amount of octanoic acid added.

1
& o9
g —&— Partitioning
£ 08 of C12TAB
8 0,7 into Crude
. 06 0il B
¢ 0
0,5 T T T T 1 . .. .
0 001 002 003 004 Figure 9-10. Partitioning of
Concentration of added C12TAB into crude oil B
Octanoic acid, M spiked with octanoic acid.

Increased partitioning coefficient was also demonstrated for C12TAB using crude oils with
different AN. Figure 9-11 shows partitioning coefficient for 3 different crude oils. The
partitioning of C12TAB increased with increasing AN of the oils (P III).
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phase approximately equal to CMC.

These tests confirm that cationic surfactants are likely to partition into the oil phase as ion-
pairs or clusters of ion-pairs. The partitioning coefficient is depending on the surfactant
concentration, the pH and salinity of the water phase, the composition of the oil phase and the

amount and type of negatively charged counter ions available.

9.3. Influence of temperature on SI rate
The monomer concentration of surfactants at the oil-water-solid contact line is an

important parameter governing the desorption rate of organic material from the mineral
surface and hence for the imbibition rate. At a surfactant concentration above the CMC, the
amount of monomers in the water phase is determined by the surfactant’s CMC-value and the
diffusion rate of the surfactant to the water imbibition front. Figure 9-12 shows the rate of SI
into oil-wet chalk at different temperatures and concentrations. A small increase in the
imbibition rate was observed when increasing the concentration of surfactant from 1.0 to 5.0
wt.% at both 40 and 70 °C. It is important to notice that both concentrations were well above
the CMC-value. The difference in UR for both concentrations at 40 and 70 °C was attributed
to differences in oil solubilization into the II(-) microemulsion (S 4.3.). However, the SI rate
seemed much more sensitive to changes in temperature than concentration and the rate and
UR increased significantly for both concentrations when the temperature was raised from 40

to 70 °C.
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Several mechanisms can contribute to increase the Sl rate at elevated temperature:

URN:NBN:no-1285

Increased rate of the chemical desorption process. The chemical desorption process
was assumed to be the rate-limiting parameter in the wettability alteration mechanism.
The rate of most chemical reactions increases with increasing temperature and
desorption reactions will speed up as the temperature increases

Increased diffusion rate of surfactants. The surfactant molecules must diffuse to the
water imbibition front to desorb oil-wetting components as the imbibition front moves
into the porous medium. It is well known that increase in the diffusion coefficient and
viscosity reduction of the solvent are the main parameters governing increase in
diffusion rate for molecules in bulk solution at elevated temperature (Hiemenz and
Rajagopalan, 1997). In addition, surfactants are also able to spread very fast along the
oil-water interface

Increased oil-water IFT. Measurements have shown that the oil-water IFT increases
with increasing temperature for C,TAB surfactants (Austad et al., 1998; P V). This
will increase the imbibition rate when the oil-wetting components have been removed
and water is imbibing (S 3.1.)

Lowering of the fluid viscosities. The contribution from reduction in fluid viscosities
has been shown to be most important for heavy oils (Babadagli, 1996; Briggs et al.,
1988; Donmez, 1997; Reis, 1992). Effects from reduction in oil viscosity were
therefore assumed to have only slightly influences in this study, due to relative low oil
viscosity at 20 °C (2.5 cP)

Thermal expansion of oil. Thermal expansion of the oil phase was assumed to have

small effect in the temperature range 40-70 °C according to reported expansion values
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for typical oils ranging from 0-6 % for temperatures between 15-80 °C (Babadagli,
1996)

o Wettability alteration effects. There are reasons to believe that oil-wet chalk becomes
more water-wet at elevated temperature (Chapter 14). Increased water-wetness of the
chalk was therefore assumed to give a small contribution to the oil production at 70 °C

(slow imbibition of brine at 70 °C)

It is of course, impossible to relate the increased oil recovery rate observed at 70 °C
directly to one of the parameters mentioned above. What can be said is that raising the
temperature had a large influence on the SI rate and this fact does not seem to contradict the

proposed wettability alteration mechanism.

9.4. Main parameters and Kinetics in the wettability alteration mechanism
A mechanism for wettability alteration of oil-wet chalk to water-wet conditions by use of

cationic surfactants of the type, C,TAB, have been proposed. The cylindrical tube model in

Figure 9-13 can illustrate the wettability alteration process.

Water flow direction  Original oil-water interface, 6 > 90°
—

Water containing wettability Oil

modifying agents Figure 9-13. Sl of

water into oil-wet tube
by modification of the

/’ tube material so the
. . I . contact angle drops
Oil-water interface after modification of tube surface, 6 < 90 below 90°.

Young’s equation, Eq. 2-1, solved for the contact angle yields,

B Gws

cos0 = O TOus
O ow [9-1]

The capillary pressure is negative for 6 > 90°, and it can be seen from Eq. 9-1 that the
surfactant is modifying the water-solid IFT, G5, so the numerator, Gy - Gys, turns positive.

The contact angle decreases below 90° and water can imbibe spontaneously.
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The results in the previous subsection showed that raising the temperature had large effect
on the SI rate into oil-wet chalk. The increase in temperature is expected to increase the
kinetics of the wettability alteration process, especially the desorption process, and the
efficiency of the surfactant is therefore expected to increase significantly with increasing
temperature of the actual COBR system under treatment. However, the temperature will
usually stay constant or decrease when injecting water into a reservoir. The following
surfactant parameters are therefore assumed to be most important regarding the kinetics of the
SI rate at constant temperature:

e The size of the hydrocarbon chains attached to the N-atom in the surfactant (Khan and
Marques, 1997). Too large carbon-groups attached is believed to lower the interaction
between the charged centers of the surfactants and the negatively charged organic
molecules due to steric repulsion (Hyamine and ADMBACI vs. CI0TAB and
C12TAB)

e Hydrophobic interaction between the hydrocarbon chain of the surfactant and the
organic material attached to the mineral surface. The surfactant carbon chain should
contain at least 10 carbon atoms to interact efficiently with the organic matter on the
mineral surface (C8TAB vs. CI0TAB and C12TAB)

e Since only surfactant monomers were assumed to take part in the desorption process,
the CMC of the surfactant should be high and the surfactant concentration should be
kept above the CMC to ensure high desorption rate and fast imbibition of water as this
step is assumed to be the rate-determine step in the wettability alteration mechanism
(C12TAB vs. C16TAB)

e The surfactant should only lower the oil-water IFT moderately, ensuring fast capillary
driven imbibition of water after the desorption process. Otherwise, gravity forces may

become active as discussed in the next chapter

9.5. Application of wettability modifying agents for EOR

Earlier reported work involving wettability alteration of reservoir rock with the aim of
EOR includes mostly addition of caustic to the injection water during waterflooding. The
alkaline water was assumed to alter the wettability of the oil-wet reservoir rock to water-wet
and thereby improve the displacement efficiency (Arteaga-Cardona et al., 1996; Emery et al.,
1970; Froning and Leach, 1967; Graue and Johnson, 1974; Leach et al., 1962; Spinler and
Baldwin, 2000). In addition, Blair and Stout (1985) and Downs and Hoover (1989) and

reported promising results from pilot tests injecting thin film spreading agents (Blair, 1982),
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which was assumed to alter the wettability of the reservoir rock towards water-wet. It should
be noticed that all the tests in the cited articles were performed using sandstone rocks.

The EOR in the above cited works was due to the fact that several authors have reported
that optimal oil recovery during waterflooding usually appears when the wettability of the
porous medium is weakly water-wet (Alveskog et al., 1998; Anderson, 1987¢; Jadhunandan
and Morrow, 1995; Lorenz et al., 1974; Morrow, 1987; Morrow et al., 1986; Rathmell et al.,
1973; Torseter et al., 1997; Tweheyo et al., 1999; Zhou et al., 2000b). This knowledge has
furthermore given rise to laboratory investigations with the purpose of reversing the
wettability of strongly water-wet sandstone rock towards neutral-wet (Michaels et al., 1964;
Michaels and Porter, 1965; Michaels and Timmins, 1960; Kowalewski et al., 2000; Tweheyo
et al., 1999; Wagner and Leach, 1959). It is important to notice that all the cited works are
aiming to take advantage of a wettability alteration in previously waterflooded zones. The
injected chemicals were only assumed to be efficient in areas reached by the injected water.
However, a wettability alteration process allowing SI of water into oil-wet carbonate media
has, with the exception of the article by Austad and Milter (1997), to the knowledge of the
author not been reported in the literature. The results presented in this thesis should therefore
be considered as an interesting method to enhanced the displacement efficiency in fractured

oil-wet carbonate reservoirs producing in the secondary- or tertiary stage.

Chapter 10. The relative influence of capillary- vs. gravity forces
during imbibition into low-permeable oil-wet chalk

It is important to gain information about the relative influence of gravity- to capillary
forces acting on the fluids during the SI tests in the laboratory. The reason is that the height of
the matrix blocks in fractured carbonate reservoirs may vary significantly (Thomas et al.,
1987). Tests have shown that SI rate is likely to slow down under increased influence of
gravity forces, especially for low-permeable porous media (Cuiec et al., 1994; Milter and
Austad, 1996a; S 3.3.). Incorrect conclusions about displacement efficiency for field
application can be the outcome, if tests only are performed on short cores when adding

surfactants to the injection water.

10.1. Influence of capillary- vs. gravity forces during C12TAB imbibition

The influence of gravity- and capillary forces during SI into low-permeability oil-wet

chalk was investigated by varying the height of the cores, the temperature, the oil-water IFT
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and the initial water saturation (P V). Figure 10-1 shows SI of CI12TAB into long cores with
and without Sy; at 40 and 70 °C, respectively. The shapes of the imbibition curves at 40 °C
are quite similar for cores with and without Sy;. There was a break on the curves, which were
interpreted as a crossover in imbibition mechanism from an imbibition mainly driven by
capillary forces to an imbibition mainly dominated by gravity forces (S 7.3.). Calculated
values of Ny~ also indicated that gravity forces should be active in the oil expulsion process.
The core without S,; produced oil with a slightly higher rate than the core with S,;. However,
the imbibition rate increased significantly for both cores with and without Sy; when raising
the temperature to 70 °C. Contrary to the curves at 40 °C, no break on the imbibition curves
similar to the curves at 40 °C was observed, indicating that capillary forces were more
pronounced at 70 °C. This assumption was confirmed when studying the residual oil

saturation inside the cores.

60
o
8 50 C12TAB 40°C, Swi=0
= 40
g —m— C12TAB 70°C, Swi=0
3 ] —e—C12TAB 40°C, Swi=25,5%
o 71 /'/./0/’/’ Figure 10-1. Sl of
= C12TAB 70°C, Swi=26,1% C12TAB into long oil-
(@] 3 :

; ; ; ; ; wet chalk with and
0 20 40 60 80 100 without S,,; at 40 and
Time, days 70 °C

There was no sign of gravity segregation in the cores imbibed at 70 °C, Figure 10-2. A
faster wettability alteration process and higher oil-water IFT are probably the main reasons for

the change in imbibition mechanism when increasing the temperature from 40 to 70 °C.
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Figure 10-2. Pictures of cleaved long composite chalk
cores.(a) C12TAB 40 °C and S,; = 0, (b) C12TAB 70 °C and

Swi =0.

Tests were also performed on long chalk cores where crude oil was exchanged with

67

heptane prior to C12TAB imbibition. The IFT between C12TAB solution and heptane was 6.4

mN/m at 40 °C, which resulted in an imbibition mechanism dominated mainly by capillary

forces as confirmed by the shape of the imbibition curve in Figure 10-3. The curve for

C12TAB imbibition into long core saturated with oil F is included for comparison. S,; was

zero in both cases.

Oil production, %00IP

0 50

Time, days

100

—&— C12TAB. Qil:
n-heptane

—ll— C12TAB. Qil:
Crude oil F
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Figure 10-3. Sl of C12TAB
surfactant into long oil chalk cores
100 % saturated with heptane and
crude oil F as oil phases. The
temperature was 40 °.
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(a) (b)

Figure 10-4. Cleaved long composite chalk core saturated with heptane before imbibition
with C12TAB. (b) Upper part of the same core as in (a).

Figure 10-4 (a) shows a picture of the cleaved long composite chalk core where crude oil
was exchanged with heptane before initiating the SI test. The residual oil saturation profile
points to an imbibition dominated by capillary forces. The picture gives interesting
information about flow behavior in porous medium during a SI process, where oil and water
are flowing counter-currently. Water tends to imbibe into the core in certain zones and oil is
expelled in other zones with higher oil saturation. These patterns are showed in more detail in
the upper part of the core (b). Whether such patterns are created in general or are a result of

small heterogeneities in the chalk material is not clear.

Chapter 11. Comparison of C12TAB vs. a non-ionic surfactant for
their ability to imbibe into short and long oil-wet dolomite
reservoir cores

At this point in the project, the C12TAB surfactant system had only been tested on
outcrop chalk cores. It was therefore interesting to see if the surfactant system was able to
benefit oil production from restored reservoir cores. This section will present results from SI
tests performed on restored dolomite reservoir cores from a field in west Texas. A comparison

between C12TAB and an ethoxylated alcohol, Co_1;(EO)sOH (termed EA), for their ability to
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enhance oil production from short and long oil-wet dolomite reservoir cores is also reported
(P IV).

11.1. SI of C12TAB vs. EA into short and long oil-wet dolomite reservoir
cores
11.1.1. Short core tests

Figures 11-1 and 11-2 show imbibition of C12TAB and EA into 4 moldic and 3 sucrosic

dolomite cores (SS 6.1.1.). CI2TAB was in general more efficient to expel oil from the oil-
wet cores compared to EA. Approximately 40-50 % of OOIP was produced using C12TAB,
roughly 2-3 times more than for EA. No correlation could be established between oil
production and moldic and sucrosic type of core. However, the relative efficiency of CI2TAB
and EA to displace oil decreased with increasing permeability for the moldic cores. Increased
influence of gravity forces with increasing permeability was assumed to be the reason for this

tendency (P IV).

Core YS1. k=22 mD, ¢=15.8% Core YS2. k=43 mD, ¢=14.6%

50 - YS1 R#1 50 4 —&— YS2 R#1

Brine Brine
a 401 —m—Ys1R#|| & 407 YS2 R#1

S 30- C12TAB|| | 8 30 - EA

R 20 —&— YS1 R#2 X 20 | YS2 R#2

2 ) Brine "9 Brine
10 YS1 R#2 10 —l—YS2 R#2
0 A EA 0 & 4 ‘ ‘ ‘ C12TAB

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time, days Time, days
Core YS3. k=82 mD, ¢=17.3% Core YS4. k=181 mD, ¢=18.9%

50 | YS3 R#1 50 —&—YS4 R#1

Brine 40 Brine
o 401 —m—vS3R# || | 407 YS4 R#1

S %0 c121AB || |8 30 - EA

X 20 | —A— YS3 R#2 X 20 YS4 R#2

' Brine o Brine
10 - YS3 R#2 10 4 —l—YS4 R#2
oalim—— EA ol & C12TAB

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time, days Time, days

Figure 11-1. S| of C12TAB and EA into oil-wet dolomite reservoir cores classified as moldic.
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Figure 11-2. S| of C12TAB and EA into oil-wet dolomite reservoir cores classified as
sucrosic.

The curves confirmed that C12TAB was able to expel oil in an efficient way from real
reservoir core material restored to mimic reservoir wettability. C12TAB was expected to
increase the water-wetness of the dolomite cores in a similar way as for chalk cores, whereas
EA was believed to enhance oil recovery by oil-water IFT reduction and creation of a water-
wet bilayer similar to the mechanism previously described for anionic EO-surfactants. Hence,
the difference in oil recovery efficiency was assumed to be a result of the different imbibition
mechanisms involved for the two types of surfactants. It should be noticed that the IFT
between C12TAB and EA solutions towards oil were approximately the same.

Contact angle measurements were performed on calcite crystals pre-exposed to crude oil
G followed by Brine 1, C12TAB and EA solution. The angles were measured to 55, 29 and
45°, respectively, showing that C12TAB was much more efficient than EA to alter the

wettability of the calcite crystals towards a more water-wet state, Figure 11-3.
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g 101 Figure 11-3. Contact angles measured on calcite

0- crystals pre-exposed to crude oil G followed by Brine 1,

Type of C12TAB or EA solution.
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11.1.2. Long core tests
Tests were performed on two long dolomite reservoir cores with permeability of 162 and

45 mD. Figure 11-4 shows that C12TAB imbibed quickly into the 162-mD YLI core and
more than 60 % of OOIP was produced during 33 days. The 45-mD YL2 core was first

surrounded with EA and only 4 % OOIP was produced during 37 days; thereafter EA was
exchanged with CI2TAB. Oil production was immediately initiated, but the rate was
significant lower than for the 162-mD core. Lower permeability of the core and synergistic
effects (Rosen, 1986) between previously imbibed EA and C12TAB was believed to be the

main reasons for the slower oil expulsion rate from YL2 compared to YL1 (P IV).

70 -
o —e—YL1 Brine 1. k=162
5 60 - mD
Q 50 ——YL1 C12TAB.
3 k=162 mD
S 40 —A—YL2 Brine 1. k=45
S 30 - mD
g YL2 EA. k=45 mD
8 Figure 11-4. Sl of
3 10 TOT L2 CTZTAB. kedd C12TAB into long
0 S—a— w ‘ ‘ oil-wet dolomite
0 30 Tinfg dave 90 120 reservoir cores at
» day 22 °C.

11.1.3. Spontaneous uptake of oil
Spontaneous uptake of oil was observed for dolomite cores previously imbibed by EA and

C12TAB. Figure 11-5 shows uptake of oil in a core previously imbibed by C12TAB. Low

oil-water IFT and gravity segregation were assumed to be the reasons for the oil uptake (P
IV). It is therefore important to avoid contact between oil and reservoir areas previously

flooded by surfactant in the field, because the oil saturation is then likely to increase again.
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Chapter 12. Amines as wettability modifiers for oil-wet carbonate

This chapter presents results from SI tests into oil-wet chalk- and dolomite cores using
amine solutions. Amines containing long hydrocarbon chain will act as cationic surfactants at
pH below 7-8. The purpose of applying amines in SI tests was to evaluate their ability to
imbibe into oil-wet carbonate according to the same mechanism as C12TAB. Amines are
much cheaper than quaternary ammonium salts, which make them more attractive to be used

in actual fields.

12.1. Imbibition of C12-amine into oil-wet chalk

It was natural to start the screening test of amines with Cl2-amine, since the
corresponding quaternary ammonium salt, C12TAB, was the most efficient surfactant to expel
oil under oil-wet conditions. However, the C12-amine solution became cloudy and solubility
data indicated that Cl12-amine precipitated out of solution. Nevertheless, the C12-amine
solution was able to imbibe into oil-wet chalk and SI profiles at 40 and 70 °C are shown in
Figure 12-1. It should be noticed that the amine was dissolved in distilled water in these tests

to enhance the water solubility.

o
g —&— C12-amine 40°C
N —m— C12-amine 70°C
s
S . :
3 Figure 12-1. Sl profiles
s for C12-amine solutions
) dissolved in distilled

0 — water into oil-wet chalk

0 10 20 30 40 50 60 70 80 90 cores at 40 and 70 °C.
Time, days
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Figure 12-2 shows a picture of a cleaved core imbibed by C12-amine solution at 40 °C.
The residual oil saturation profile indicates that the oil was expelled in a counter-current flow
mode by capillary forces. Hence, the imbibition of C12-amine was believed to proceeds in the
same manner as for C12TAB, i.e., the C12-NH;" was the active cationic surfactant desorbing
the organic material from the chalk surface. However, the instability of the Cl2-amine
solution makes it improper as EOR chemical. The poor imbibition behavior at 70 compared to

40 °C, was believed to be related to dissolution of chalk as discussed in the next section.

Figure 12-2. Picture of a cleaved chalk core
Imbibed by C12-amine dissolved in distilled
water at 40 °C.

12.2. SI of C10-amine into oil-wet dolomite cores at different temperatures
C10-amine has higher solubility than C12-amine in water (Shergold, 1987) and a 1.0 wt.%

solution of C10-amine stayed clear and transparent, even when dissolved in the high salinity
Brine 1. Figure 12-3 shows imbibition of C10-amine into dolomite cores at 40 °C. The
absence of brine imbibition confirmed that the cores were completely oil-wet. However, C10-
amine solution imbibed spontaneously and UR of 73 % of OOIP was reached within 3 weeks
for the high-permeable 352-mD core. The 101-mD core also imbibed quite efficiently and the
oil recovery approached 70 % of OOIP after 55 days. Initially, the 22-mD core imbibed very
fast initially, but UR leveled off at approximately 50 % of OOIP after 3 weeks. This core was
highly moldic and the high residual oil saturation in this core was expected to be due to higher
degree of snap-off and bypass of oil in such pore systems (S 3.4.). These results confirmed
that C10-amine solution has the ability to alter the wettability of oil-wet dolomite and induce

SI into oil-wet material at pH values below 7.0.

73
URN:NBN:no-1285



Part 4 Main results and discussions 74

80 -
70 1
60 -
50 -
40 1
30 |
20 -

Qil production, %00IP

10

—=—C10NH2, k= 22.5
mD, Swi=49.9%

—ll— C10NH2, k=352
mD, Swi=43.4%

—+— C10NH2, k=101
mD, Swi=45.4%

0

0 10 20 30 40 50 60 70

Time, days

Figure 12-3. S| of C10-amine
solutions into oil-wet dolomite
reservoir cores at 40 °C.

However, raising the temperature to 70 °C resulted in a tremendous decrease in oil

recovery for the dolomite cores with highest permeability (101 and 352 mD). The low-

permeable moldic core imbibed C10-amine solution and 43 % of OOIP was produced within

1 week. When lowering the temperature to 20 °C, both of the high-permeable cores imbibed

quite efficiently as shown in Figure 12-4.

Oil production, % OOIP

—&—Brine 1, k=22.5 mD 70°C
—&—Brine 1, k= 101 mD 70°C
—l—Brine 1, k=352 mD 70°C
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—X¥— C10NH2, k= 101 mD
70°C
—8— C10NH2, k= 22.5 mD
70°C
C10NH2, k=22.5 mD
20°C
—+— C10NH2, k=352 mD 20°C
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Time, days

Figure 12-4. S| of C10-
amine into oil-wet
dolomite reservoir cores
at 70 and 20 °C. pH about
6.5.

The decrease in imbibition rate at 70 °C was expected to be due to increased dissolution of

dolomite, which will decrease the amount of active CIONH;  surfactant according to the

following reaction:

CaMg(CO,),(s)+2C NH; < Ca®" + Mg*" +2HCO; +2C,,NH, [12-1]

This interpretation was supported by a dissolution tests performed on chalk powder added to

distilled water and to C10-amine dissolved in distilled water, Table 12-1.
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Table 12-1. Dissolution of chalk powder as a function of temperature for powder suspended
in distilled water and C10-amine solution with pH adjusted to about 6.5.

Chalk powder Temp., | Mass chalk | Calcium conc. | Mass dissolved %
suspended in ©0O) powder, (g) | in the water, | calculated as CaCoO;
(mg/l) mg CaCO; dissolved

Distilled water 20 1.0126 32.2 4.0 0.4

Distilled water 90 1.0043 11.3 1.4 0.14

1.0 wt.% C10- 20 1.0105 86 10.8 1.07
amine

1.0 wt.% C10- 90 1.0079 186 233 2.31
amine

The solubility of calcium carbonate in water decreases with increasing temperature. The
concentration of calcium in distilled water at 20 °C was therefore higher than at 90 °C. The
opposite trend was, however, observed when the water contained C10NH;'. The amount of
calcium was approximately 2 times higher at 90 °C than at 20 °C in this case. Furthermore,
the concentration of calcium in the CIONH;' solution was approximately 16 times the
concentration of calcium in water at 90 °C. Increased dissolution rate of calcium carbonate
induced by CIONH;" with increasing temperature was assumed to be the reason for this.

The C10NH;" surfactant will desorb organic material from the dolomite surface and
thereby give the C10NH; ions free access to the water-wet mineral surface. There will be a
competition between C10NH;" ions used to dissolve dolomite and C10NH;" ions used to
desorb organic material from the surface. The dissolution reaction was assumed to become
dominant at temperatures approaching 70 °C. In the water-wet pores, the concentration of
active CIONH; " surfactants close to the oil-water interface then becomes very low at 70 °C,
and the SI process ceased (P VI).

Contact angle measurement confirmed the strong ability for amine solutions to increase
the water-wetness of a calcite surface covered by oil-wetting components. A 1.0 wt.%

solution of C10-amine lowered the contact angle to 12° compared to 68° for Brine 1,

Figure 12-5.
g 70 W Brine 1
o rine
S 60 -
S 50 -
9 40 | EC10-amine 1.0
2 3 | wt.%
G 204 Figure 12-5. Contact angles measured on
£ 107 calcite pre-exposed to crude oil followed by
o 0- Brine 1 and C10-amine solution. pH about
Type of solution 6.5.
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Chapter 13. Low-cost bio-derivate products from coconut as
wettability modifiers for oil-wet chalk and dolomite

This chapter is also concentrated on finding cheaper surfactants for application in the
field. SI results are presented for two cationic surfactant mixtures Arquad MC-50 and
Dodigen 5462, termed Dodigen and Arquad, using oil-wet chalk and dolomite at 40 and 70 °C
(P VII). The mixtures contain different amounts of quaternary ammonium salts with chloride
as counter-ion. Each individual component will be referred to as CI2TAC, CI4TAC,
C16TAC and CI18TAC in accordance with the abbreviation used for the corresponding
bromide compounds (C12TAB, etc.). Arquad contains 50 wt.% C12TAC and C14TAC mixed
with 35-40 wt.% iso-propanol and 13 wt.% water, whereas Dodigen contains 50 wt.%
CI2TAC, 24 wt.% CI14TAC, 11 wt.% C16TAC and 13 wt.% CI18TAC (Hegnauer, 1963; P
VII).

13.1. SI of Dodigen and Arquad into oil-wet chalk at 40 and 70 °C
Figure 13-1 shows imbibition of Arquad and Dodigen into chalk cores at 40 °C. Both

surfactants were assumed to imbibe according to the same mechanism as C12TAB. Arquad
imbibed quickly with a rate slightly higher compared to pure C12TAB. Approximately, 67 %
of OOIP was produced after 80 days. This behavior was in strong contrast to Dodigen, which
imbibed at a much lower rate. For Dodigen, the oil production appeared to be a nearly linear
function of time. The different shape of the imbibition curves points to a different mechanism
for the oil expulsion. Different values of the oil-water IFT and the CMC for the two surfactant
systems are probably the reasons. The oil-water IFT for Dodigen and Arquad were 0.08 and
0.9 mN/m, respectively (P VII).

C12TAB 1
wt.%

—¥— Brine 2

—&— Dodigen 1
wt.%

—l— Arquad 1
wt. %

Oil production, %00IP

Figure 13-1. Sl of Arquad and

Dodigen into oil-wet chalk at 40

0 20 40 60 80 100 120 °C. The curve for C12TAB is
Time, days included for comparison.
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Likewise, the CMC-value of the Dodigen system was also assumed to be much lower than
for the Arquad system, due to the content of C16TAC and CI18TAC. Figure 13-2 shows
variation in CMC as a function of the number of carbon-atoms in the hydrophobic chain for
C.TAC surfactants. The residual oil saturation profile inside the cores also confirmed that

gravity forces were much more pronounced for the Dodigen system than for Arquad.

1,0E+00

= 1,0E-01 -

[])
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€ 1,0E-02 |

Q

=

© 1,0E-03

Figure 13-2. CMC as a function of # carbon
1,0E-04 ———— atoms in the hydrophobic part of C,TAC
6 8 10 12 14 16 18 20 surfactants.
# Carbon atoms

Figure 13-3 shows the typical cone shaped oil-water interface created when gravity forces
are dominating the fluid flow (SS 3.3.1.). Thus, at 40 °C, Arquad appeared to expel the oil in
a counter-current flow dominated by capillary forces, but in the case of Dodigen, gravity

forces appeared to be more active determining the fluid flow.

Figure 13-3. Cleaved core imbibed by Dodigen solution
at 40 °C.

However, both surfactants were shown to lower the contact angle measured on calcite

crystals pre-exposed to crude oil, Figure 13-4.
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Figure 13-4. Contact angles measured on
Type of calcite crystals pre-exposed to crude oil
solutlon followed by Arquad and Dodigen.

It has been shown that oil-water IFT increases with increasing temperature for quaternary
cationic surfactants (Austad et al., 1998; P V). Figure 13-5 shows SI curves for Arquad and
Dodigen with and without S, into chalk cores at 70 °C.

—&— Brine 2. Swi=0%
m .
5 C12TAB 1 wt.% Swi=0%
o)
°\=. —&— Arquad 1 wt.% Swi=0%
S
S —=— Dodigen 1 wt.% Swi=0% )
3 9 ° ° Figure 13-5. Sl of
2 .
s —¥— Arquad 1 wt.%, Swi=26% Arquad and Dodigen
3 with and without S,;
—@—Dodigen 1 wt.%, Swi=27% into oil-wet chalk at
0 ‘ ‘ ‘ ‘ ‘ 70 °C. The curve for
0 20 40 60 80 100 C12TAB is included
Time, days for comparison.
Without Sy;

Arquad reproduced the curve for C12TAB also for this temperature. The imbibition was
fast and maximum oil recovery of 70 % of OOIP was reached after 30 days. The imbibition
rate for Dodigen was much slower, but the shape of the imbibition curve indicated that
capillary forces had greater influence on the imbibition process compared to what was
observed at 40 °C. This assumption was confirmed when cleaving the core. The residual oil
saturation indicated an imbibition mainly driven by capillary forces, which was assumed to be
due to higher oil-water IFT and higher desorption rate of oil-wetting components from the

chalk surface at 70 compared to 40 °C, Figure 13-6 (a)
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With S,

The imbibition rates were slightly lower for cores containing initial water compared to

cores without Sy; for both Arquad and Dodigen. However, UR seems to be unaffected by Sy;

and the core imbibing Arquad reached 70 % of OOIP after approximately 50 days. Picture of

the core imbibed by Dodigen containing Sy, are shown in Figure 13-6 (b). It is clear from the

picture that capillary forces were much more dominate during the imbibition process at 70

compared to 40 °C, and no indications of gravity segregation can be observed in the former

case. Capillary forces mainly governed the imbibition for both Arquad and Dodigen

imbibition at 70 °C, but Arquad imbibition was much faster due to higher oil-water IFT and

higher monomer concentration of surfactant.

(b)

Figure 13-6. Residual
oil saturation profiles in
chalk cores without (a)
and with (b) S, imbibed
by Dodigen at 70 °C.

3.2. SI of Arquad into long composite oil-wet chalk core at 70 °C
Figure 13-7 shows imbibition of Arquad and C12TAB into long composite chalk cores at

70 °C (20 and 27 cm, respectively). Arquad imbibed faster than pure CI2TAB and 60 % of

OOIP was produced during 32 days.
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Figure 13-7. Sl of Arquad into
long composite oil-wet chalk core
at 70 °C. The curve for C12TAB
is included for comparison.
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Picture of the cleaved core imbibed by Arquad, Figure 13-8, confirmed that capillary
forces mainly determined the fluid flow, even though the magnitude of the gravity forces were

increased about 5 times compared to the short core experiments.

y gh

- — :1

PR

Figure 13-8. Cleaved long composite chalk core imbibed by Arquad
at 70 °C. The residual oil saturation profile points towards an
imbibition mechanism mainly driven by capillary forces.

(e - §L.

13.3. SI of Dodigen and Arquad into oil-wet dolomite at 40 °C

Figure 13-9 shows SI of Arquad and Dodigen into two dolomite reservoir cores with
permeability of 352 and 101 mD. No SI of water during 5 days confirmed the oil-wetness of
the cores. Arquad imbibed very fast into both cores and UR of 90 % of OOIP was reached
within 12 and 25 days for the 352 and the 101-mD core, respectively. The shape of the curves
indicated an imbibition process driven by capillary forces. The curves for Dodigen imbibition
was quite fast initially, but later on they turned almost into straight lines indicating increased
influence of gravity forces on the imbibition mechanism, especially for the 101-mD core.
These observations point towards the importance of keeping capillary forces as the main
driving forces for imbibition. Increased influence of gravity forces is, even for these high-
permeable cores, likely to decrease the imbibition rate, which is a major parameter regarding

oil recovery from the field.
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Oil production, %0O0IP

Figure 13-9. Sl of
Arquad and Dodigen
into oil-wet

dolomite reservoir
cores at 40 °C.

Time, days

13.4. Summary on SI by Arquad and Dodigen

The results presented in this section show promising SI behavior into oil-wet carbonates
when using cheap blends of commercially surfactants. Arquad responded much better than
Dodigen, which was attributed to differences in CMC-value and oil-water IFT for the two
systems. It is also interesting to note that Arquad in some cases performed better than the pure
C12TAB surfactant. When applying surfactants for cleaning, it has been observed that blends
of surfactants usually perform better than a single component surfactant (Bickstrom et al.,
1988; Khan and Marques, 1997; Malmsten and Lindman, 1989). This was explained by the
complexity of the detergency process. Since the process consists of many steps, it is likely
that different steps require surfactants with different properties to work optimal. The same
reasoning can probably be applied to the present problem, where the “cleaning” process
involves desorption and removal of complex organic molecules, which are assumed to differ

largely in size and shape.

Chapter 14. Thermally induced wettability alteration in chalk

Many authors have observed increased water-wetness of carbonate rock with increasing
temperature (Al-Hadhrami and Blunt, 2000; Anderson, 1986b; Hjelmeland and Larrondo,
1983; Kyte and Mattax, 1961; Macaulay et al., 1995; Rao, 1996; Wang and Gupta, 1995). Al-
Hadhrami and Blunt (2000) suggested an improved oil recovery method for the Ghaba North
field in Oman, based on a thermally induced wettability alteration from oil-wet to water-wet

conditions. Preliminary experimental results confirming Al-Hadhrami and Blunt’s observation

81
URN:NBN:no-1285



Part 4 Main results and discussions 82

are presented in this chapter and a wettability alteration mechanism is suggested and

discussed in light of these data and reported data in the literature.

14.1. High-temperature SI of brine into oil-wet chalk
SI curves for imbibition of pure brine into oil-wet chalk are shown in Figure 14-1. The

figure shows that water imbibition increased with increasing temperature. At 130 °C, the oil
recovery level reached 38 % of OOIP after 28 days. Besides wettability alteration, several
other factors can contribute to increased oil production at high temperature like thermal
expansion of the fluids, generation of free gas inside the pores and reduction of fluid

viscosities. The latter effect was expected to only give a minor contribution, due to low
viscosity of the oil phase at 20 °C (2.5 cP). In the present case, however, a wettability
alteration of the chalk material from oil-wet to water-wet with increasing temperature seems

to be the most likely explanation to account for the observed oil recovery curves.

50
s ——Brine 2, 40°C
8 40+
X
g 30 ¢ —@—Brine 2,70 °C
g 20
§ T —e—Brine 2, 90 °C
8 10 -
o) —l—Brine 2, 130°C

0

0 20 40 Figurg 14-1. Sl of brine
Time, days into oil-wet chalk at
different temperatures.

Figure 14-2 shows pictures of two cores imbibed at 90 and 130 °C. The pictures indicate
that water has imbibed into certain zones, due to weak capillary forces. It is interesting to
notice that the imbibition profiles are quite similar to the profiles observed for imbibition of

anionic EO-surfactants into oil-wet chalk at 40 °C shown in Figure 9-3.

Figure 14-2. Residual oil
saturation profile inside
cleaved oil-wet chalk cores
imbibed by pure brine. (a)
Core tested at 90 °C, and (b)
Core tested at 130 °C.
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14.2. Thermal effects upon heating carbonate reservoirs
14.2.1. Adsorption of benzoic acid on calcium carbonate
Carbonate reservoirs become oil-wet when organic components, mainly negatively

charged components, are adsorbed to the mineral surface from the crude oil. Legens et al.
(1998b) calculated the binding energy for benzoic acid and water molecules towards clusters
of calcium carbonate. The energies were calculated to be —221.3 and —225.9 kJ/mol for
benzoic acid and water, respectively. Furthermore, calculations showed that the change in free
energy for the saponification reaction in Eq. 14-1 (Legens et al., 1998b) was approximately

Z€10.

OH H H
+ ﬁ O (@) + H0 [ 14-1 ]
Ca” . COs" E Ca” " COs"

o

This means that the equilibrium is sensitive to respective concentration of free water and
benzoic acid molecules. Most of the carbonate surface will be hydrated in excess of water and
the equilibrium is displaced to the left. In excess of benzoic acid, the equilibrium will be
displaced to the right and the saponification reaction will take place. Adsorption of benzoic
acid will therefore preferentially take place from an oil phase where the water activity is low

compared to an aqueous phase.

14.2.2. Dissolution of water in oil
Several authors have reported increased dissolution of water in the oil phase with

increasing temperature (Glandt and Chapman, 1995; Griswold and Kasch, 1942; Liu and
Buckley, 1995). Figure 14-3 shows dissolution of water in mole % into different oils as the

temperature increases.
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Approximately 0.1 mole % water can be dissolved in crude oil at 38 °C and the amount
increases to approximately 2 mole % at 130 °C. These values indicate that the activity of
water in the oil phase can be significant as the temperature increases. The water molecules are
expected to exist as clusters in the oil phase. Each cluster contained 2-8 water molecules, and
the cluster size and the cluster size increased with increased polarity of the crude (Glandt and
Chapman, 1995).

Furthermore, the reactivity of water molecules in the oil phase increases significantly
compared to water present in the aqueous phase, due to difference in solubilization energies
for water molecules in the oil phase and the aqueous phase (Parker, 1969). Thomas et al.
(1993a) observed that fatty acids adsorbed irreversible into a carbonate surface. Only water-
saturated toluene and 40 % iso-propanol in water were able to desorb the acids from the
mineral surface. Water molecules dissolved in the oil phase were therefore assumed to have
the ability to displace organic material adsorbed to the chalk and alter the wettability of the

mineral surface, when the water concentration exceeds some critical concentration.

14.2.3. Mechanism for increased water -wetness of carbonate at elevated temperatures
Based on these observations, the following scenario can possibly take place in a crude

oil/brine/oil-wet carbonate system when raising the temperature. There will exist a

competition between polar oil components and water molecules to adsorb to the mineral

&4
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surface from the oil phase. The outcome is governed by the activity of the respective

components given by the equilibrium reaction in Figure 14-4.

Water displaces polar compounds

! R E . Figure 14-4. Proposed mechanism for
® ‘ increased water-wetness in oil-wet
& carbonate with increasing temperature. The

— ey
Water flow & -O,':\I(I:t\?\lll tehns]:{feari(ﬁ dissolution of water into the oil phase
direction increased with increasing temperature. The

. high water activity in the oil phase causes
water to displace oil-wetting organic

Water dissolved in components from the mineral surface and

the oil phase the water-wetness increases.

At low temperatures, the water activity in the oil phase is low and the polar oil
components will cover most of the mineral surface. Hence, the surface will act oil-wet under
these conditions. When the temperature increases, the dissolution of water in the oil phase
increases and water molecules can start to compete with the polar oil components, especially
the carboxylates, for sites on the calcium carbonate surface. Water will displace polar
components from the mineral surface with increasing water activity and the surface will
become more water-wet. The critical temperature where the original oil-wet carbonate rock
starts to act water-wet, will depend on the original concentration of polar oil components, the
AN of the oil, the ability for the crude to dissolve water and the chemical nature of the polar
components originally adsorbed to the mineral surface.

Another contribution to increased water-wetness with increasing temperature is based on
the assumption that the following reaction is exothermic, which will displace the equilibrium
of the following reaction to the right:

Polar components (oil phase) + carbonate surface &

[14-2]

Polar components (carbonate surface) + Heat

The assumption seems reasonable due to reported values for AG. Madsen and Lind (1998)
calculated AG = -22 kJ/mol from adsorption data for adsorption of benzoic acid from organic
solution into Stevns Klint chalk. Johnson and Dettre (1969) suggested that increase in

temperature could have large effect on wettability due to desorption of monolayers. Thus, the
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number of polar oil components adsorbed to an oil-wet mineral surface will decrease in a

COBR system where the oil phase is totally free for water upon increasing the temperature.

14.3. Summary on thermally induced wettability alteration
The presented results show that EOR due to a wettability alteration towards more water-

wet conditions can be a significant effect when supplying heat to oil-wet carbonate reservoirs.
The mechanism underlying the wettability alteration was discussed by increased dissolution
of water in the oil phase at elevated temperature. The water will displace the oil-wetting
components from the carbonate surface when the water activity in the oil phase exceeds some
critical value.

The results presented here should, however, not be regarded as conclusive, but rather as
preliminary suggestions and a starting point for further investigation, both experimentally as

well as theoretically.

86
URN:NBN:no-1285



Part 5 Concluding remarks 87

Part 5 Concluding remarks

This part of the thesis presents the conclusions, which can be drawn from the work. Also

recommendations for future work are suggested.

Chapter 15. Conclusions and future work

15.1. Conclusions
The first objective of this work was to put forward a hypothesis about the mechanism for

SI of aqueous surfactant solution, C12TAB, into oil-wet chalk material. A mechanism
explaining the imbibition process based on several experimental approaches and tests is
presented.

Knowing the mechanism, the second objective was to screen different cheaper surfactants
systems for their ability to displace oil in the same manner as for C12TAB surfactant.
Knowledge about the mechanism underlying the SI process simplified this work, and several
different cheaper surfactants, which are believed to act in the same way as C12TAB, have
been screened and tested for their ability to spontaneously imbibe water into oil-wet

carbonates. The following conclusions can be drawn from the experimental results:

Saturation procedures and restoration of oil-wet carbonate cores
e Strongly water-wet outcrop chalk cores have to be flooded in each direction with the

actual oil in order to obtain homogeneous wettability when using crude oil to alter the
wettability towards more oil-wet conditions
e Strongly water-wet outcrop chalk cores and dolomite reservoir cores can be rendered

oil-wet by aging the cores in crude oils having an AN of about 1 mg KOH/g oil

Imibition mechanisms for cationic - and anionic surfactants into oil -wet chalk
e Oil-wetting components containing carboxylate groups adsorbing strongly onto the

chalk surface can be desorbed by cationic surfactants under the formation of ion-pairs.
Electrostatic- and hydrophobic interaction between the two species appeared to drive
the desorption process

e (Contact angle measurements on calcite crystals pre-exposed to crude oil and model
oils containing fatty acids and then exposed to cationic surfactant solutions confirmed
the ability for cationic surfactants to alter the wettability towards a more water-wet

condition
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The desorbed material can either stay in the water-phase under formation of mixed
micelles or be transferred to the oil-phase as oil-pairs or clusters of ion-pairs

The surfactant concentration should stay above CMC to ensure a maximum
concentration of surfactant monomers during the desorption process. In addition, the
micelles will solubilize the desorbed material

The surfactant should not lower the oil-water IFT too much in order to maintain a
strong capillary driven imbibition of water when the oil-wetting components have
been desorbed

Anionic EO-surfactants are able to render oil-wet chalk weakly water-wet by creating
a bilayer structure where hydrophilic EO-groups are pointing out from the organic

coating. Water can then imbibe slowly due to weak capillary forces

The relative influence of capillary- to gravity forces during SI into oil-wet low-
permeable chalk

Increasing the length of the core samples and lowering the oil-water IFT will increase
the influence of the gravity forces compared to the capillary forces. Increased
influence of gravity forces is likely to imply a decrease in the imbibition rate as
demonstrated for C12TAB at 40 °C

Oil-water IFT increases with increasing temperature for cationic surfactants of the
type C,TAB. Long-core experiments using C12TAB at 70 °C confirmed that capillary
forces dominated the SI process at this temperature. The oil production rate did not

decreased significantly compared to short core experiments at 70 °C

SI into short- and long oil-wet dolomite reservoir cores
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C12TAB solution is able to alter the wettability from oil-wet to more water-wet
conditions and thereby spontaneously imbibe into restored dolomite reservoir cores
The oil production rate and the ultimate oil recovery level are depending on each
individual core, but C12TAB is in general 2-3 times more efficient to produce oil
compared to the ethoxylated alcohol, Cy.11(C,H40)sOH, from the short cores

C12TAB is able to expel oil efficiently in a counter-current flow mode from long oil-
wet dolomite reservoir cores at 22 °C

Dolomite reservoir cores previously imbibed by C12TAB are able to take up oil

spontaneously when the core is surrounded by oil
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Amines as wettability alteration modifiers for oil -wet carbonate

C10-amine solutions, which are stable at high salinities and pH of about 6.5, altered
the wettability of oil-wet carbonate towards a more water-wet state in the same way as
CI2TAB

Cl10-amine solutions imbibe fast into oil-wet dolomite reservoir cores at 40 °C.
However, the imbibition process almost ceased when raising the temperature to 70 °C,
probably because of decrease in the concentration of the active CIONH; "™ surfactant
due to reaction with the dolomite surface. Thus, amines can probably only be applied
as wettability modifiers in low-temperature carbonate reservoirs

Contact angle measurements on calcite crystals confirm the ability for C10-amine

solutions to render calcite surfaces pre-exposed to crude oil more water-wet

Low-cost bio-derivate products from coconut as wettability modifier for oil-wet
carbonate

Arquad and Dodigen, containing cationic surfactants of the type C,TAC (n = 12 and
14 for Arquad and n = 12, 14, 16 and 18 for Dodigen), are able to alter the wettability
of oil-wet chalk- and dolomite cores towards a more water-wet state in the same way
as C12TAB

Arquad was much more efficient than Dodigen to produce oil from both oil-wet chalk
cores and oil-wet dolomite reservoir cores. The reasons were discussed in relationship
to both lower CMC and oil-water IFT for Dodigen compared to Arquad

Contact angle measurements on calcite crystals confirm the ability for Arquad and
Dodigen solutions to alter the wettability of calcite surfaces pre-exposed to crude oil
towards a more water-wet state

Experimental results so far point towards Arquad to be the most promising chemical
for field application in fractured oil-wet carbonate reservoirs, due to high displacement

efficiency in the laboratory tests and low price

Thermally induced wettability alteration in chalk
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Water imbibes into oil-wet chalk at elevated temperature. Increased water-wetness at
elevated temperature for carbonates reported in several articles was assumed to be the
reason for this observation

The increase in water-wetness at elevated temperature is suggested to be due to
increased dissolution of water in the oil phase as the temperature increases. The water

molecules are believed to compete with the organic oil-wetting components in the oil
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phase for sites on the carbonate surface. Water molecules are believed to displace oil-
wetting components like carboxylates from the carbonate surface as the concentration
of water increases (elevated temperature) and water can then imbibe spontaneously

into the porous medium

The overall new scientific contribution presented in this work is the demonstration of very

high oil recoveries by SI of aqueous solutions into oil-wet porous carbonates. Based on the

experimental observations, a reasonable chemical mechanism for the wettability alteration is

also suggested, which must be regarded as an important contribution to the topic, wettability

and surface phenomena in enhanced oil recovery processes

15.2. Future work
Research related to the mechanism for SI of surfactant solutions onto oil-wet material is of

course far from closed with this thesis. Further work on the subject can be divided into two

main areas, i.e., more fundamental work is needed, and then, more field-related problems

must be handled. Examples of more fundamental work are:

Characterization of the organic components/functional groups in the crude oil which
adsorbed to the carbonate surface

A closer look at the rock-amine solution interaction to improve the understanding
about the decrease in imbibition rate for amines at elevated temperature

More detailed investigations of physico-chemical processes related to the SI of brine
into oil-wet chalk at elevated temperature

Develop scaling laws for SI into oil-wet material

Work related to field application:

URN:NBN:no-1285

A model describing the wettability alteration mechanism should be included into
commercial reservoir simulators for predicting laboratory- and field behavior

Loss of surface-active chemicals/surfactants like adsorption and phase partitioning
must be quantified for specific field conditions

Optimal surfactant concentration and compositional distribution for the C,TAC must
be tested and related to the specific field

Regarding the oil-water transition zone: Is water-wet carbonate able to take up crude

oil spontaneously?
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