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Abstract

The initial wetting of carbonate reservoirs will affect the overall oil recovery and
the potential of EOR methods linked to wettability alteration by the generation of
positive capillary pressure. Polar acids in oil also effect the wettability alteration in
carbonates.

Adsorption of polar acidic materials from oil onto a chalk surface at different tem-
peratures is the main essence of this work. The role of only temperature, beside acid
number, to wettability alteration of chalk is also presented. Crude oil with an AN of
0.35 mgKOH /g is flooded into three cores with 10 % initial water saturation at three
different temperatures (50, 90 and 130 °C). Acid number of the effluent is observed
to decrease to a low value for a short time, then increase slowly to the original acid
number. The adsorption of acid is more or less equal at 90 and 50°C and slightly
lower at 130 °C. Wettability of the flooded cores were evaluated by spontaneous
imbibition and ion-chromatography analysis, and the results show that the cores
were more oil-wet. Our experimental results minimizes the effect of temperature on
wettability alteration in chalk.

Theoretical understanding of enhanced oil recovery, carbonates and wettability is
introduced in chapter 1, and discussed more in chapter 2. In chapter 3 different
materials and methods for the experiments are explained. The results of the experi-
ments are presented in chapter 4 and discussed in chapter 5. Finally, the conclusion
of the experiments is presented in chapter 6.
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Chapter 1

Introduction

THE GROWING GAP
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Figure 1.1: Discoveries and oil production since 1930 [44]

The world average oil recovery factor is stuck in the mid-30 per cent range and this
comes from mature or maturing oil fields with reserves which does not keep the pace
with the growing energy demand. This challenge opens a big room for advanced
enhanced oil recovery (EOR) technologies, which might balance the demand-supply
relations. [16]
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Figure 1.2: Proposed EOR/IOR definitions [31,16]

1.1 Reservoir Production

During oil production primary, secondary and tertiary recoveries covers a process
from the start to a point where it is no longer economically feasible to produce

hydrocarbons.[16]

Primary Recovery: first crop of oil

The main parameter in this process is the natural energy of the reservoir itself, i.e.
primary recovery is the period when production is going on due to pressure decline
and the accompanying evolution of dissolved gas, to the expansion of gas cap, or the
influx of water. [31]

Secondary Recovery: second crop of oil

When the natural drive energy is no longer sufficient to maintain reservoir pressure,
additional energy is required. This energy is usually obtained by injecting water or
gas. Thus key element forces are physical, as opposed to thermal, chemical, solvent,
interfacial tension, etc. [31] Secondary recovery should not change any property of
the reservoir.
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OIL PRODUCTION
Improved technology through research is
enhancing oil recovery.
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original 0l in place” shil locked
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Figure 1.3: Steps in oil recovery, [42]

Tertiary Recovery: third crop of oil or EOR

The goal of tertiary recovery/EOR is to recover oil beyond secondary recovery, or
what is left; since average oil recovery from primary and secondary recoveries is 1/3
of the oil originally present in the reservoir. The target using EOR will be then 2/3
of the original oil in place. However only 3.5% of the oil production (about 3 million
barrels of oil per day) is obtained by EOR methods. The most popular method is
thermal methods, which produces 2 million barrels, mainly in Canada (heavy oil),
California, Venezuela etc.. COy-FOR is the second largest EOR method, followed by
the hydrocarbon gas injection and chemical EOR methods. [16] Injection of seawater
as a chemical wettability modifier should be categorized as a chemical process. It is
an outstanding EOR fluid to chalk, which is discussed in chapter 2.2.1.

Tertiary recovery might be applied as a secondary operation in some cases. This ac-
tion might be dictated by the nature of the tertiary process, availability of injectants
and economical feasibility. For example, if a secondary recovery would diminish the
overall efficiency, then secondary recovery might be bypassed. [14]

The recovery efficiency (E) of any EOR process is a function of macroscopic (Ey)
and microscopic (E4) displacement:
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E=Ey* E,. (1.1)

Microscopic displacement is due to the change in oil saturation where the method
has been active, while macroscopic displacement is more of a volumetric parameter
and reflects the region the method has been active in. Macroscopic displacement is
a product of both vertical and horizontal sweep efficiencies.

Several investigated EOR methods are listed in Table 1.1. Waterflooding is not shown
as an EOR method here. But it is counted as an EOR method, since waterflooding
might change the chemical equilibrium between crude oil, brine and the rock and
improve the microscopic displacement.



CHAPTER 1. INTRODUCTION

EOR method Authors Year
Alkaline flooding Cooke et al. 1974
Davis and Jones 1968

Mueke 1979

Lam et al. 1983

Surfactants and polymers Arriota 1083
Hornof and Morrow 1987

Gray and Dawe 1989

Wang 1982

Campbell and Orr 1983

. Orr and Taber 1984

CO2 and other gas injection methods Bahralolom o al. 1085
Peden and Husain 1985

Bahralolom and Orr 1988

Mast 1972

Owete 1982

Wang 1984

Owete and Bingham 1987

Foamms Radke and Ranshoff 1988

Huh et al. 1988

Kuhlman 1988

Manlow and Radke 1988

Armitage and Dawe 1989

Chambers and Radke 1990

Gels Martin and Kovarik 1987

Martin et al. 1988

Microbial techniques giigﬁz :?21P0ublas 1822

Table 1.1: Micromodel studies of EOR processes [6]



Chapter 2

Basic Principles of EOR in
Carbonate Reservoirs

2.1 Carbonate Reservoirs

Secretions and shells from many small lime (CaO)-animals, plants and bacteria that
are found in warm shallow water have formed many of the carbonate rocks. Forma-
tion occurs either by direct precipitation out of seawater or by biological extraction
of calcium carbonate from seawater to form skeletal material. The result is then a
very heterogeneous sediment with mixture of a wide range of particle sizes, shapes
and mineralogies. [34, 19] !

Major minerals found in carbonate rock include calcite (CaCOj), dolomite (CaM g(COs)s)
and minor clay, and by these minerals carbonate reservoirs may be categorized as
limestone with dominant calcite appearance, and dolostone with dolomite. [19, 11,

27]

More than 60% of the worlds oil and 40% of the worlds gas reserves are held in
carbonates, which are mostly concentrated in Middle East. [29] The world’s largest
oil and gas fields which are composed of carbonate rocks are Ghawar Field, Saudi
Arabia and South Pars/North Dome field, Iran & Qatar, respectively.

The average recovery for all reservoirs are 35%. However, it is recognized that re-
covery factors are higher for sandstone reservoirs than for carbonates.

'Figure 2.1 is taken from http://www.slb.com /services
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Figure 2.1: Distribution of oil from carbonate sources around the world

(a) The pools of Pamukkale; terraces of car- (b) Scanning electron microscope (SEM)
bonate minerals in Turkey. [43] photograph of (Upper Cretaceous) chalk [45]

Figure 2.2: Pictures of carbonates in nature and under microscope
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Water-wet

. Qil D Brine (water)

. Rock grains

Figure 2.3: Wetting in pores. The three conditions shown have similar saturations
of water and oil. [1]

2.1.1 Wettability
Definition

"The wettability of the rock is related to the affinity of its surface for water and/or
0il.”]9]

Petroleum reservoir is a complex system of several static interactions of water, oil, gas
and the rock mineral solids. The combined effect of these interactions controls the
saturation distribution and the contacts of fluids in a reservoir, which is an important
parameter for the understanding of the reservoir. The wettability of a solid can be
defined as the tendency of one fluid to spread on, or adhere to, the solid’s surface in
the presence of another immiscible fluid.

The wettability of a reservoir rock can be estimated quantitatively by measuring
an angle, wetting angle (), which reflects an equilibrium between the interfacial
tension of the two fluid phases and their individual adhesive attraction to the solid.
Interfacial tension is a kind of two-fluid physical constant that can be altered by
chemical changes, which is one of the principles exploited by the so-called enhanced
oil recovery. [41]

In oil reservoirs, the rock can have three types of wettablity; water-wet, oil remains
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Figure 2.4: Examples of behavior of solid/liquid systems
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Figure 2.5: Sessile drop method

in the center of the pores, oil-wet, the oil remains in the center of the pores and
mixed-wet, oil displaces the water from some parts of the surfaces, but is still in the
centers of some water-wet pores. [1]

The wetting properties dictates the capillary pressure, P., and the relative perme-
abilities of water, k,.,, and oil, k,,, which gives an influence on the two-phase flow in
a porous medium. Studies show that a slightly water-wet system is optimal for oil
recovery by waterflooding. [4]

Evaluation Methods

Numerous methods have been proposed for evaluating the wettability of a solid
surface with regard to a fluid or a fluid system:

1. Methods based on thermodynamic definition of wetting. The thermo-
dynamic definition of wetting relates to physicochemical reaction caused by inter-
molecular forces of attraction. Wettability, designated by ~,,, thus represents the
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Figure 2.6: Apparatus for imbibition experiments in brine (a) and oil (b)

energy lost by the system during the wetting of a solid by a liquid. (Figure 2.4
[25])

When there is a contact angle 6, we have Young’s equation:
VsV — VSL = Tm (2.1)

Ysv — YsL = Yrv * cos0, (2.2)

where 7y is the surface tension of the liquid.

It then suffices to separately evaluate vy, cosf or the product of them. Several
methods are proposed for the measurements: by a tensiometer, strip method, capil-
larimetric method, dynamic Wilhelmy plate wettability technique etc. [9]

But such treatments for ideal systems cannot be implemented for actual reservoir
systems due to the complexity of the rock, fluids, adsorption phenomena, etc.

2. Method based on contact-angle measurements. It is a popular technique
in laboratories, where a drop of oil or water is placed on a flat surface of a solid
with the same mineralogical nature as the reservoir considered. [9] The angle under
static and dynamic conditions, 6, is then measured. When 6 in water is small, the
solid is water-wet. When it is large, the solid is said to be oil-wet. However, this
method does not reflect the wettability of a heterogeneous solid, since heterogeneity
will cause a variety in solid type over the rock.

3. Method based on spontaneous imbibition. The spontaneous imbibition
is largely controlled by capillary pressure, P., which is proportional to the interface
tension and the cosine of the contact angle between two fluids. As shown in Figure
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+

]
[ab] 1
‘5 [/
a ]
[ab] 1
a )
g 3
=
3]
(48]

Water saturation, fraction
e o USSS e ( )
W= 0= an = o usem = 109
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Figure 2.7: Amott and USBM measurements methods [1]

2.6 [2], the core is set in an apparatus and is surrounded by either the wetting fluid or
not-wetting, where the volume of the displaced fluid is measured. Measurements of
spontaneous imbibition rate provide a useful supplement to Amott indices or USBM

wettability numbers. [11]

2% 0 * cost

P = (2.3)

r

4. Method based on imbibition and displacement experiments. This
method for evaluation of wettability was proposed by Amott [9] and is also called
the Amott wettability measurement. This method consists of four different steps;
spontaneous and forced imbibition, spontanoeus and forced drainage. The followings
are needed to determine Amott-Harvey index for wettability:

1. The amount of imbibed water into the core is measured during spontaneous
imbibition into an oil saturated core at irreducible water saturation, S, in
Figure 2.7,

2. The volume of water forcibly imbibed into the core during forced imbibition,
S3 in Figure 2.7

3. The amount of produced water during spontaneous drainage, S; in Figure 2.7

4. The amount of water produced during forced drainage, S, in Figure 2.7.
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Oil-wet Neutral wet Water-wet
Amott-Harvey wettability index -1.0to-0.3 -03t00.3 0.3 to 1.0

USBM wettability index about -1 about 0 about 1
Minimum contact angle 105° to 120°  60° to 75° 0°
Maximum contact angle 180° 105° to 120°  60° to 75°

Table 2.1: Comparison of Amott-Harvey index, USBM wetting index and contact
angle measurements

Sy — 54

I, = 24
5. — s, (2.4)
Sy — 53

I, = . 2.
54 o Sl ( 5)

The difference between the water ,I,,, and oil, I,, indices gives the Amott-Harvey
index, I 4y, where the water and oil indices are termed as the ratios of spontaneous
imbibition and drainage to total saturation change for water and oil, respectively.
(Figure 2.7) [30]

5. USBM (U.S. Bureau of Mines.) test By the results of Gatenby and
Marsden (1957), Donaldson (1969) proposed this method that makes use of the
areas under the capillary-pressure curves [9], where USBM wetting index, Iyspas is
the logarithm of the ratio of the area under spontaneous drainage curve to the area
over forcibly imbibition curve. (Figure 2.7) [30]

Both the Amott method and USBM method has no validity as an absolute mea-
surement, but it is industry standard for comparing wettability of various cores. A
comparison of both methods are introduced in Table 2.1. [13]

6. Method based on chromatographic wettability test. Even though both
Amott and USBM tests for wettability are common within the petroleum industry,
they show a remarkable differences near the neutral wetting condition. [13, 5]

However a new method for chalk wettability has been developed by Strand et al.,
by the chromatographic separation between a non-adsorbing tracer, SCN~, and
adsorbing SO?™ at the water-wet areas of the surface. The area between the effluent
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Chromatographic Wettability Test
10

09 1
08 1

SCN' relative concentration curve
0,7 4
06 | \
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02 1
0,1 1

C/Co

SO, relative concentration curve

0,0

0,0 02 0,4 0,6 0,38 1,0 1,2 14 1,6 18 2,0 22
PV Injected

Figure 2.8: Schematic illustration of the chromatographic wettability test separation

between SCN~ and SO,%—

curves for SCN~ and SO?™ in a chalk core at residual oil saturation is proportional
to the area contacted by water during flooding. Thus the ratio between this area and
a corresponding area from a water-wet core will give a water index between 0 and 1,
where 0 is completely oil-wet and 1 is completely water-wet. This test is preferred
for cores close to neutral wettability. (Figure 2.8) [30, 32]

2.1.2 Acid and Base Numbers
Definition

Acid number - the quantity of base, expressed in milli- grams of potassium hydroxide
per gram of sample, required to titrate a sample in the solvent from its initial meter
reading to a meter reading corresponding to a freshly prepared non-aqueous basic
buffer solution. [22]

What does AN indicate?

One simple analysis of the composition of oil is SARA, where crude oil is divided into
saturate, aromatic, resin and asphaltene fractions. The saturate fraction contains the
non-polar material, like linear, branched and cyclic saturated hydrocarbons, while
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aromatics contain more polarizable aromatic rings. The remaining fractions, resins
and asphaltenes, have polar substituents and also carboxylic groups. The carboxylic
acid groups, i.e. the acid number, AN, is an important property of crude oils. It is
important for oil’s quality because conductivity, corrosivity and some other properties
of the oils are dependent on AN. Furthermore, AN appears also to be a crucial wetting
parameter for the reservoir. [10, 36, 39|

2.1.3 Wettability in carbonates

Treiber et al. evaluated the wettability of 50 oil reservoirs (mostly American reser-
voirs). Of the carbonate reservoir crude oil-water systems they tested, 8 percent were
water-wet; 8 percent intermediate; and 84 percent oil-wet. Carbonates constitute 45
percent of the reservoir systems, but they constitute 58 percent of those found to be
oil-wet in the publication. [35]

Carbonate reservoir rocks are made of a complex matrix with various mineral types,
and this variety makes it difficult to describe the wettability of the rock. However
some parameters are important to help understand and interpret rock wettability.
These parameters are listed as: saturation (geological) history, crude oil etc.

Because of the saturation history of a rock there might be some areas in the rock,
which has never been touched by oil during the oil-migration. These areas will be
water-wet areas. Other areas might have been touchefd and changed to be oil-wet,
since the primary condition of carbonate are water-wet prior to oil migration. [1]
Carbonate rocks (calcite and dolomite crystals) are generally hydrophobic, if sub-
jected to choice of oil or water, they will prefer oil and become oil wet. Electrostatics
will control the surface charges in a rock/fluid interaction. Carbonate particles usu-
ally adsorb organic coating which protect them from dissolution in the slightly acidic
formation waters. [20]

Crude Qils are also complex mixtures, and some of the organic molecules in oil
can adsorb to high-energy surfaces, which might further alter the wettability on
surface. Especially the carboxylic group (usually resins and asphaltenes), which
adsorbs strongly to onto the carbonate surface by displacement of water. The acid
number, AN, of the crude oil plays also a major role in wetting carbonates, and it has
been observed that the water wetness decreases as the AN increases. [18, 39

Decarbozylation is a process which leads to the generation of carbon dioxide, which
again produces carbonic acid in the presence of water. [3] Both decarboxylation
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Figure 2.9: Correlation between wettability index and aging temperature, by Zhang

et al. 2005.
The reservoir Region Temperature AN Wettability
Ekofisk North Sea 130 ° C 0.1 mgKOH/g  preferential water-wet
Valhall North Sea 90 ° C 0.3-0.5 mgKOH/g  slightly water-wet
Yates Texas 30°C 1.0 mgKOH/g preferential oil-wet

Table 2.2: Field examples, from Hoegnesen 2005.

and other type of decomposition of carboxylic acids present in crude oil, which leads
to decreasing AN, take place in as the temperature increases. Various types of clay
minerals and CaCO3 behaves as a catalyst in this process. Thus temperature in itself
is not a direct factor for wettability alteration, but indirectly affects the wettability
of chalk reservoirs. A correlation from experiments made by Zhang et al. shows how
wettability is not dependent on temperature: Fig 2.9. Field data are shown in Table

2.2. [39, 15]

To sum up, in chalk reservoirs AN of oil is the most important parameter for wetta-
bility. Unlike sandstone reservoirs, 90 % of carbonate oil reservoirs are characterized
as neutral to preferential oil-wet, and with an oil recovery around 30 %. [39, 7]
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Figure 2.10: Obtaining more oil recovery from a core by more diluting injected
seawater (about 60,000 ppm salinity). But there is a limit

2.2 E.O.R. in Carbonates

Ton reactivity with the carbonate rock surface is very complex and depends on different
factors including rock mineralogy, reservoir conditions, oil composition, what has

been injected in the reservoir, and others.”
-Ali Yousef

2.2.1 Recovery by EOR Waterflooding

Initially, the main reasons for waterflooding were to give a pressure support to the
reservoir to avoid gas evolving from oil (P,.s > P,) and displace the oil by vis-
cous forces. This categorizes waterflooding as a secondary recovery. But studies
show that water, different from formation water, changes the chemical equilibrium

in brine/rock/crude oil systems and this makes waterflooding a tertiary recovery.
[4]

Waterflooding is known as the most succesful method for oil recovering, and reasons
can be listed as:
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Figure 2.11: Reduced salinity water is observed to change the wettability of a rock
toward water-wet.

Water is an efficient injectant for displacing oil of light to medium gravity,

Water is easy to inject,

Water is available, and most importantly inexpensive,

Compared to other IOR methods, waterflooding involves much lower capital
investment and operating costs. [37]

In the oil industry, smart water has been synonymous with low-salinity waterflooding
to increase oil recoveries. The goal is to understand how to control rock wettability
by changing the ionic composition of the injected seawater. Researchers have found
that chemicals other than sodium chloride are the critical factors: the core-flood tests
showed that using dilution to halve the salinity increased the incremental recovery
by 8 %. Further increasing the dilution added 10% to the incremental recovery
(Figure 2.10). Studies of changes on the rock surface showed the main reason for the
gains was a change in the wettability from ”slightly oil-wet” to ”strongly water-wet”.
[26] Carbonate rock wettability alteration has also been observed with twice diluted
seawater and also 10 times diluted seawater. (Figure 2.11) [37]

SmartWater is not simply low salinity water, and ionic composition of field injec-
tion water plays an important role in the rock wettability alteration process. [37]
Generally, the difference in oil recovery potential for different carbonate reservoirs
is attributed to variation between conditions of reservoirs, primarily the reservoir
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Figure 2.12: Schematic model of the suggested mechanism for the wettability al-
teration induced by seawater. (A) Proposed mechanism when Ca?* and SO,?~ are
active at lower and high temperature. (B) Proposed mechanism when Mg?*" and
SO,*" are active at higher temperatures. [40]

temperature, the chemistry of initial formation water, oil properties, rock surface
reactivity and the reservoir heterogeneity. [38]

2.2.2 Proposed Mechanisms
Impact of the potential determining ions Ca?*, Mg?", and SO,%

Based on experimental facts , this mechanism is proposed by Zhang et al., and
explains the alteration by the potential determining ions in seawater, Mg+, Ca?* and
SO,2~. (Figure 2.12) Ca?* and SO, ions have great influence on the surface charge,
and can turn the wettability of the rock during waterflooding. At high temperatures,
Mg?* is strong potential determining ion towards chalk, and can substitute Ca?",
where the substitution increases as the temperature increases. This substitution
releases the carboxylic groups attached to the surface, i.e. the water-wetness of the
rock improves.

To sum up, the key parameters in seawater are Ca®", Mg**, and SO,?~, where to
improve the oil recovery, sulphate must act together with either Ca?* or Mg?*. In
both ways, the efficiency increases as the temperature increases. The main mech-
anism is that these ions releases the attached carboxylic groups on surface (which
gives an oil-wet nature to the rock), and creates a water section on the rock surface.
[40]
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Figure 2.13: Map of North Sea with Ekofisk location [17]

Further studies show that oil recovery by spontaneous imbibition of seawater de-
pleted in NaCl is increased from 37 to 47% of OOIP compared to ordinary seawater.
This shows that not only Ca?*, Mg?*, and SO,%~, but also NaCl has an effect on
waterflooding efficiency: water depleted in NaCl is even more effective. [4]

2.2.3 Field Experiments
Ekofisk

Ekofisk was discovered in 1969 and test production was started in 1971 from the
discovery well and three appraisal wells. [17] During its first 20 years, Ekofisk has
undergone both gas and water injection. The initial $1.5-billion waterflood project
(1983) has been expanded (1988), extended (1989) and optimized (1990). [33] It
has boosted the recovery factor from less than 20 per cent of the oil in place to the
current estimate of more than 50 per cent. [21]

Saudi Aramco Field Trials

Saudi Aramco started a R&D program to find ways to increase oil recovery in car-
bonates by changing the salinity and ionic composition of the injected seawater to
maintain pressure and push oil toward producing wells. [26] Several Saudi Aramco
reservoirs have natural water drives and a string of development of injection has been
implemented over the past 60 years, which has resulted in unique water injection in-
frastructure. The primary source of the injection water is seawater, thus the potential
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Figure 2.14: (a) Relative location of selected wells for Smart Water Flood field tests,
(b) Overall field preparation and logistics at the well site.

of obtaining incremental oil recovery by waterflooding is significant considering the
large oil resources and current injection facilities in Saudi Arabia. [37]

The concept of field trials is to determine the effect of waterflooding on residual
oil saturation. To achieve this, field seawater is first introduced to the reservoir to
move oil saturation toward the residual oil saturation. Then, injection of a slug of
smartwater is started, where it should mobilize the oil after the seawater injection.
Single Well Chemical Tracer (SWCT) was selected as a tool for residual oil saturation
measurements. [37]

These tests in carbonate reservoirs showed an increase in the oil recovery:

e Both field tests confirmed that in-house research results can be replicated in a
field scale. Injection of SmartWater revealed a reduction of 7 saturation units
in residual oil.

e The field trial at Well A was designed in three stages over a four-week period.
First seawater was introduced, then additional large volume was injected to
validate and confirm that no further oil is mobilized. At last SmartWater was
injected, and this gave 7 saturation unit reduction in the residual oil saturation
beyond field seawater.

e The design of the field trial at Well B was different; First field seawater was
injected to achieve residual oil saturation, then twice diluted seawater was
injected. This step gave a reduction of 3 saturation units. At last 10 times
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diluted seawater was injected. Last step gave the same reduction as the second
step. Thus a reduction of 6 saturation units was obtained. [37]



Chapter 3

Experimental Procedure

3.1 Materials

3.1.1 The porous media

Four outcrop cores from Stevns Klint chalk nearby Copenhagen, Denmak, is used
as the porous medium for the experiments. More than 98 % of the cores consist of
CaCOg3. The cores have a low permeability in the range of 1-2 mD. This material is
quite similar to the North Sea chalk reservoirs. Physical parameters of the cores are

presented in Table 3.1.

Chalk cores T1 T2 T3 T4
Dry weight, gr 101.47 | 104.63 | 104.35 | 103.73
Length, cm 6.5 | 6.375 6.3 6.48
Diameter, cm 3.9 3.79 3.81 3.8
Bulk volume, cc/ml | 77.65 | 71.92 | 71.83 | 73.49
Saturated weight, gr | 136.85 | 137.63 134 | 137.92
Pore volume, ml 35.27 | 3290 | 29.56 | 34.09
Porosity 45 % | 46 % | 41 % | 46 %

Table 3.1: Chalk cores physical properties, conditions for core flooding and desired

weight for certain initial water saturation

22
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3.1.2 Crude oils

The high AN oil (AN = 1.8 mgKOH/g), RES40, was made by diluting crude oil from
Heidrun sandstone reservoir (AN = 3.0 mgKOH/g) with heptane at a volume ration
of 40/60 heptane/crude. Some of the RES40 was steered with silica powder (10 %
of the oil mass) for 3 days, then the same amount of silica powder was added for 2
more days to obtain RES40-0 (AN = 0.17 mgKOH/g). Then RES40-0.35, oil used in
our experiments, was made by mixing RES40 and RES40-0 in a proper, calculated
ratio. Crude oils were centrifuged and filtered through a 2 ym Millipore filter.

Crude Oil AN
RES40 1.8 mgKOH /g
RES40-0 | 0.17 mgKOH/g

RES40-0.35 | 0.35 mgKOH/g

Table 3.2: Crude oils

3.1.3 Brines

The brines used for experiments were prepared in the laboratory with DI water, and
salts with an order of chlorides, sulphates and carbonates. The terminology is as
follows;

e VBOS, Valhall (carbonate) formation water, used in chalk cores.

e SWOT, Seawater without SO, =2 & SCN™, used in chromatographic wettability
tests

e SW1/2T, Seawater containing 24 mM of SO,~2 & SCN~, used in chromato-
graphic wettability tests.

Chemical composition of the brines is presented in Table 3.3.
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VB0S SWOT SWI1/2T

Salt m, g/L m,g/L m,g/L
NaCl 27.70 26.79 23.41
NaQSO4 0 0 1.71
KSCN 0 0 1.17
LiCl 0 0 0.51
NaHCOs3 0.781 0.17 0.17
KCl 0.395 0.75 0.75
MgCl, 0.74 4.24 4.24
CaCl, (dry) 3213 1.44 1.44
BaCl, 0 0 0
SrCly 0 0 0
MgClyx6H2O 1.58 9.05 9.05
CaClyx2H50 4.26 1.91 1.91
BaClyx2H,0 0 0 0
SIC12X6HQO 0 0 0
Density (measured) 1.040  1.024 1.024
Tons mole/L. mole/L  mole/L
HCO3- 0.009 0.002 0.002
Cl- 1.066 0.583 0.538
S04 2- 0 0 0.012
SCN- 0 0 0.012
Mg2+ 0.008 0.045 0.045
Ca2+ 0.013 0.013 0.013
Na+ 0.997 0.450 0.427
K+ 0.005 0.01 0.022

Table 3.3: Chemical composition of the brines used
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3.1.4 Chemicals

The following chemicals were used:
e Heptane: which is used to dilute crude oil.

e Silica; which is used to treat oil to lower the AN, and dry a fully water saturated
core to desired water saturation.

e Acid and base number solutions: are shown in chapter 3.3.1
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3.2 Experimental Methods

3.2.1 Removal of initial sulphate

In order to remove soluble salts, especially sulphate, the cores were flooded with 250
mL of distilled water at ambient temperature. [24] The effluent during flooding was
tested for sulphate with BaCly, where any possible sulphate would visually create
precipitation of BaSOy(s).

3.2.2 Initial water saturation by desiccator technique

After drying at 90 °C to constant weight, the cores were vacuumed and saturated
with 10xdiluted VBOS to both measure the pore volume (PV) and saturate the cores
with formation water.

The saturated cores were placed in a vacuum desiccator container with silica gel,
that vaporized the pure water steady throughout the whole core. When the desired
weights were achieved, the cores had an initial water saturation of 10% (S,,;=0.1).

3.2.3 Adsorption of polar components by oil flooding

Back

‘ X N AUTO COLLECTER
bt

HASSLER
HOLDER

CORE

PISTON

Water m

Figure 3.1: Schematic diagram of core flooding set-up
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The cores with 10% formation water saturation were then put in a system shown in
Figure 3.1, where they were set vacuumed and then saturated with crude oil (RES40-
0.35) from both sides at ambient temperature. The system was then heated to test
temperature (50, 90 and 130 °C) and the cores were flooded in one direction with
a pump pressure not exceeding 15 bars and pump rate of 4 PV/day. Back pressure
was 10 bars, while confining pressure was 30 bars. The efluent was then collected
with an auto-sampler in sealed vials (6 ml in each). The samples were stored and
measured for AN or BN. !

After core-flooding for about 12 PVs, the injection was stopped and the cores were
equilibrated for 48 hours. The floodings were started again with the same rate for
more pore volumes. If there is any change in adsorption of polar components due to
equilibration, this would show up on the results.

3.2.4 Aging

After oil flooding the cores were wrapped with teflon tape and stored in oil (RES40-
0.35) for aging at the test temperature for 14 days. Pressure of 8 bars was needed
during the aging of the core at 130 °C.

3.2.5 Spontaneous imbibition

After aging the cores for 14 days, spontaneous imbibition was performed by im-
mersing the cores in formation water (VB0S) in a sealed steel cell. The tests were
performed at test temperatures, with a back pressure of 10 bars. The produced oil

was then collected in burettes, and oil recovery vs time was determined. (Figure
3.2)

No chemical interaction and wettability alteration should take place when the cores
are imbibed with formation water.
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Figure 3.2: Schematic diagram of spontaneous imbibition set-up at high temperature
in steel cell

3.2.6 Chromatographic wettability test

The chromatographic wettability test for carbonates, described previously in chap-
ter 2.1.1, studies the reactivity of SO,~2 towards limestone surface, i.e. this test
determines the water-wet fraction of the rock surface.

Flooding steps for this test is as follows:

1. Brine = SWOT. Rate = 0.2 ml/min. Volume = at least 2 PV, until no more
oil production is observed.

2. Brine = SWOT. Rate = 1 ml/min. Volume = at least 2 PV.
3. Brine = SWOT. Rate = 0.03 ml/min. Pumping during night.

4. Brine = SWOT. Rate = 0.2 ml/min. Volume = 1.5 PV. To have a dynamic
equilibrium in the system.

'Due to problems in the software and the flow, at 130 °C the effluent was weighted with the
glasses to have the exact volume in PV.
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Figure 3.3: Schematic diagram of chromatographic wettability test flooding set-up

5. Brine = SW1/2T. Rate = 0.2 ml/min. Volume = 88 ml in 44 glasses. The
effluent is sampled in the auto collector.

6. Brine = SWOT. Rate = 0.2 ml/min

The relative concentration is then plotted against injected pore volume, where the
area , A, between the curves of SO42~, and tracer, SCN™, is directly proportional
to the water-wet area inside the core. The ratio of A, and the corresponding area
for a completely water-wet reference core, A,.r, is a measure of the water-wet fraction
of the core, WI:

I

W= (3.1)

ref

N

where WI=0 is completely oil-wet, WI=0.5 is the neutral wetting state, and WI=1
is completely water-wet.

Dead volume measurements

The dead volume of the system is important to measure, so that the right value of
concentration is plotted against the injected volume. During this measurement, the
system was divided into sections shown in Figure 3.4. A dummy core was installed
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Figure 3.4: The system is divided by sections and each section is measured

in the core holder, and all valves were closed. The inlet was attached to a burette.
The valves are opened one by one, and the injected volume is measured. Since the
last section has a back pressure, the brine was injected by a pump and the difference
between the effluent and injected volume gives the dead volume of the last section.
Dead volume of the sections are measured as: section 1 - 2.5 mL, section 2 - 0.3 mL,
section 3 - 0.2 mL, section 4 - 3.0 mL, section 5 - 1.5 mL, section 6 - 2,9 mL and
section 7 - 0.89 mL.

Total dead volume is then 11.29 mL (Input = 4.5 mL, output = 6.79 mL).

3.3 Chemical Analysis

3.3.1 Acid number measurements
An auto-titrator was used to measure the acid and base number for the different

crude oils, and the effluent during oil flooding. This method involves potentiometric
titrations using an internal standard.

Experimental materials

Auto-titrator: Mettler Toledo DL55

Titrant: 0.05 M tetrabutyl ammonium hydroxide in ethanol

Spiking solution: 0.5 g stearic acid diluted to 100 ml with acid titration solvent
Standard solution: 0.2 g KHP dilute to 500 ml DI water

Titration solvent: 6 ml DI water & 494 ml 2-propanol & 500 ml toluene
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Titration procedures

Before the measurements the auto-titrator needs to be calibrated and standardized.
Then the samples are tested and compared to a blank with known AN, which was
introduced to the system. Thus samples with low AN can be tested easier.

e Calibration. pH meter calibration with ph 4, pH 7 and pH 10 buffers,
e Standardization. Titrant standardization with 50ml KHP standard solution,

e Blanking. 0.85 g spiking solution in 40 g solvent titration with standardized
titrant,

e Testing. ca. 0.80 g crude oil in 40 g solvent titration with 0.85 g spiking
solution.

Calibration and standardization procedures are carried once, while blanking is done
after roughly each 30 testings.

Calculations

The molarity concentration of titrant (N) is calculated as:

N — 1000 * WKHP
20423 % Vg sta’

(3.2)

where, W gp is the amount of KHP in standard solution, and V., sq is the amount
of titrant (ml) consumed at the equivalent point (software). The acid number (AN)
in terms of mg KOH/g oil is the calculated as:

Veg — beg) * N % 56.1

(
AN =
Woil ’

(3.3)

where, V4 is the amount of titrant consumed by crude oil sample and 0.85 g spiking
solution at the equivalent point (software during testing), b, is the amount of titrant
(ml) consumed by 1 ml spiking solution at the equivalent point (software during
blanking) and W,; is the amount (g) of oil used. At least 3 testings are done for
obtaining one value.
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Base number measurements

The method for BN measurements is the same as for AN measurements, with only
a difference in the experimental materials.

3.3.2 lIon-chromatography analyses

The glasses containing the effluent of SW1/2T flooding during chromatographic wet-
tability test were diluted 200 times and analyzed for concentration of SO4%~, and
tracer, SCN™, using Dionex ICS-300 Ion Chromatograph. The apparatus measures
the conductivity in samples with a flow rate of 1.0 mL/min. A graph of conductivity
vs retention time comes automatically, where each peak in the graph represents an
ion. Sulphate retention time is at 3.91 min, while thiocyanate (SCN) retention time
is at 13.60 min. The area of a peak value in a sample related to the are of a peak value
at the same retention time in a reference sample, gives the relative concentration of
the ion.
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Chronology and Results of the
Experiments

4.1 Adsorption of polar acidic components onto
chalk surfaces

The chalk cores with 10 % initial water saturation (S,;=0.1) were saturated with
oil (RES40-0.35) in both directions. Then the cores were flooded in one direction (4
PV/day), and the effluent fractions were collected. After 3 days the injections were
stopped and the systems were equilibrated for 2 days to observe any increased adsorp-
tion at static condition. The experiments were done in three different temperatures:
50 °C, 90 °C and 130 °C.

At the start of the flooding acid number of the effluents were immediately reduced
to a low value and stay there for a while. This is when adsorption of acidic material
from oil onto the chalk surface is at peak value. Then the adsorption decreases slowly
to the plateau value for AN, reached at 0.35 mgKOH/g.

No increase in adsorption at static condition at any temperature was observed when
the injection continued.

33
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Flooding at 50 °C

AN decreases immediately from 0.35 to 0.06 mgKOH/g, and is stable for 2.5 pore
volumes. After 9 pore volumes injected, AN increases to the plateau value (0.35
mgKOH/g), i.e. 9 pore volumes is needed to reach the full adsorption.

The acid number results at 50 °C is presented in Figure 4.1.
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Figure 4.1: Acid number measurements (with corresponding standard derivation)
from the effluent oil during flooding core T1 at 50 °C.

Flooding at 90 °C

The lowest value for acid number is 0.0 mgKOH/g at 90 °C, and this full adsorption
of acidic components is maintained for only 1.5 pore volumes. Later adsorption
decreases, and the core had full capacity of adsorbed species after 11 pore volumes
injected.

90 °C test reaches the plateau value latest, comparing to other tests. Thus more
total adsorption is observed. Some of the increase in adsorption might occur because
of a power shutdown during the flooding.

The acid number results at 90 °C is presented in Figure 4.2.
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Figure 4.2: Acid number measurements (with corresponding standard derivation)
from the efluent oil during flooding core T2 at 90 °C.

Flooding at 130 °C

Results show a generally lower adsorption of polar components at 130 °C. Here acid
number is at its lowest (0.04 mgKKOH/g) for only 1 pore volume, and total adsorption

is reached after 6 pore volumes.

1

The acid number results at 130 °C is presented in Figure 4.3.
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Figure 4.3: Acid number measurements (with corresponding standard derivation)
from the effluent oil during flooding core T4 at 130 °C.

'During 130 °C flooding a continuos flow was not obtained.
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4.2 Wettability

4.2.1 Spontaneous imbibition
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Figure 4.4: Spontaneous imbibition test done with core T1 at 50 °C, after aging in
14 days.

After the crude oil injection (at least 15 PV), the cores were aged at the test tem-
peratures (50 °C, 90 °C and 130 °C) for 14 days. The cores were put for imbibition
in an Amott cell using formation water as the imbibing fluid.

Spontaneous imbibition for T1 at 50 °C, T2 at 90 °C and T4 at 130 °C, is roughly
the same. 50 °C test after 3 days, 90 °C test after 6-8 days and 130 °C test after 3-4
days reaches the plateau in oil recovery. The cores produce less than 10 % of OOIP,
which is only due to thermal expansion. Thermal expansion is discussed further later
in chapter 5.

The results are shown in Figures 4.4, 4.5, 4.6 and Tables A.4, A.6.
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Figure 4.5: Spontaneous imbibition test done with core T2 at 90 °C, after aging in
14 days.
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Figure 4.6: Spontaneous imbibition test done with core T4 at 130 °C, after aging in
14 days.
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4.2.2 Ton-chromatography analysis
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Figure 4.7: Chromatographic wettability analysis after spontaneous imbibition at 50
OC using formation water. The core had been flooded 18 PV with oil with AN of

0.35 mgKOH/g.

After the spontaneous imbibition the cores were flooded with seawater without sul-

phate and SCN~ (SWOT) to reduce the oil saturation to S, and have a chemical and

physical equilibrium in the core. Then SW1/2T brine is injected and the effluent
fractions are collected and measured for SO, and SCN concentrations. The area be-
tween the relative concentrations will determine the water wet area inside the core.
Figures 4.7 and 4.8 show the results from 50 °C and 90 °C tests, respectively.

Test Sor | Aper | WI Wettability
T1 @50 °C 0.25 | 0.065 | 0.201 oil-wet
T2 @90 °C 0.30 | 0.073 | 0.225 oil-wet
Clean reference core [12] | - ]0.324 | 1 | completely water-wet

Table 4.1: Data from the chromatographic wettability test

Table 4.1 shows the calculated area between SO, and SCN concentration graphs,
A, and the wettability index of the cores, WI. Clean reference core value is taken

from Fathi et al.

During this test, residual oil saturations were also measured. Half of concentration
of SCN appears at (1-S,,) pore volumes injected.
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Figure 4.8: Chromatographic wettability analysis after spontaneous imbibition at 90
OC using formation water. The core had been flooded 18 PV with oil with AN of
0.35 mgKOH/g.
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Discussion of the Results

Adsorption of polar acidic components onto chalk surfaces
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Figure 5.1: Comparing AN measurements from flooding core T1, T2 and T4 at 50
9C, 90 °C and 130 °C, respectively.

The results from adsorption tests are compared in Figure 5.1. The tests were per-
formed at 50 °C, 90 °C and 130 °C.

All tests have roughly the same pattern, where adsorption of polar components starts
immediately and decreases gradually , but 90 °C test adsorbs more acid than the
other ones. Some of it might be explained by the power shut down during the

40
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12
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Figure 5.2: Comparing acid adsorption during flooding core T1, T2 and T4 at 50
0C, 90 °C and 130 °C, respectively.

flooding.

Adsorption of acids can be calculated mathematically; if AN,4eqq is the highest acid
number, then there is no adsorption at this value. When acid value is 0, then there

is full adsorption onto the core. Thus adsorption for a given sample nr x, should be
like:

. AN, lateau — ANx
Adsorption, = P , 5.1
ANplateau ( )

where AN, is the acid value at sample nr x. By the help of eq. 5.1 Figure 5.2 is
plotted. In this figure adsorption of each flooding is compared. Total adsorption of
each test is described by the area of adsorption by PV:

Totaladsorption = / Adsorption x Volume. (5.2)

The total adsorption of acidic components for each flooding is presented in Table 5.1
and Figure 5.3. The adsorptions of acidic components is twice at 90 °C than at 130

0C.

The experiments showed that at least 10 pore volume of a crude oil with AN ca. 0.35
had to be injected , before the adsorption capacity of the chalk was reached.
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Figure 5.3: Adsorption and temperature

Flooding | Total adsorption (w x PV)
T1 @50 °C 1.3
T2 @ 90 °C 1.6
T4 @ 130 °C 0.8

Table 5.1: Total adsorption in each flooding

We should not expect that the amount of adsorbed material on the rock surface is
related to the acid number observed in the crude oil. This trend might also be seen
in reservoirs also, when oil flooding and oil effluent refer to oil migration and oil
production, respectively. However, care must be taken to use outcrop cores to mimic
reservoir wettabilities.

Wettability results

The cores produces less than 10 % of OOIP, which might be only due to thermal
expansion of the oil; oil is expected to increase by around 1x1072 of the original
volume by each Celsius degree the temperature is increased. Thus 1% of oil recovery
per 10 °C during spontaneous imbibition is excepted, i.e. at 50 °C 2.5 %, at 90 °C
6.5 % and at 130 °C 10.5 % oil production occurs due to thermal expansion.

Counting thermal expansion, no oil is produced from the cores during spontaneous
imbibition, which indicates that there is no wettability alteration and the cores are



CHAPTER 5. DISCUSSION OF THE RESULTS 43

oil-wet. This was approved further by ion-chromatographic analysis: wettability
index of the cores were 0.201 after flooding at 50 °C, and 0.225 after flooding at 90
oC.

Test Adsorption | SI production | WI | Wettability
T1 @ 50 °C 1.3 3% 0.201 oil-wet
T2 @90 °C 1.6 3% 0.225 oil-wet
T4 @ 130 °C 0.8 10 %

Table 5.2: Comparison of the test results

It would be interesting to see the wettability index for 130 °C test, and how WI and
adsorption is connected to each other in different temperatures.

Earlier studies done by Fathi et al., show that cores flooded with 1.5 pore volume of
crude oil (RES40, AN = 1.9) in each direction have much higher water wettability
(WI = 0.61) than in our experiments. In experiments done by Zhang et al., the same
procedure was carried on: the cores were flooded with 1.5 -2 pore volumes of crude
oil (AN = 0.17) in each direction, and the wetting index was around 0.85 at 40, 80
and 120 °C. It is important to mention that in both experiments the cores were aged
for 4 weeks, contrary to 2 weeks as in our experiments.



Chapter 6

Conclusion and Suggestions

Conclusions

The results of the experimental study can be summarized as:

1. During oil flooding, adsorption of polar acidic components onto chalk surfaces
is slightly larger at 90 °C compared to 50 and 130 °C: T=90 °C > T = 50 °C
> T=130 °C,

2. Based on Amott evaluation the cores act neutral to oil-wet after oil (RES40-
0.35) flooding.

3. Ion chromatographic analysis show that the cores were oil-wet: WI = 0.201(oil-
wet) at 50 °C | WI = 0.225 (oil-wet) at 90 °C

4. The water-wetness of a core flooded with RES40-0.35 in one direction for about
17 pore volumes is less than a core flooded with RES40 in both directions for
1.5 pore volumes.

Suggestions

1. It is known that acidic components effect the wettability alteration, but exactly
what kind of components effect is not studied. More works on that, might
improve "smart water” efficiency.

2. Mathematical modeling of the wettability alteration by ”smart water” might
simplify the introduction of ”smart water” to the oil industry.

44
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3. The same experiments can be carried out on reservoir cores to compare with
outcrop cores.

4. The same experiments can also be carried out with different acid number values,
to see a relation between AN in crude oil and total pore volumes required to
reach full adsorption.



Bibliography

1]

Abdallah, W; Buckley, J.; Carnegie, A.; Edwards, J.; Herold, B.; Fordham, E.;
Graue, A.; Habashy, T.; Seleznev, N.; Signer, C.; Hussain, H.; Montaron, B.;
Ziauddin, M.; 2007

Fundamentals of Wettability. Oilfield Review: 44-61
Afraboli S.; Crescente C.; Alipour S.; Torsaeter O.; 2009

The effect of bacterial solution on the wettability index and residual oil saturation
in sandstone. Elsevier, volume 69, Pages 255-260.

Ali Syed S.; Clark W. J.; John R. D.; 2010
Diagenesis and Reservoir Quality, Oilfield Review, Schlumberger
Austad T.; Muscat 2012

Water baced EOR in carbonates and sandstones: New chemical understanding of
the EOR-potential using “smart water”.

Buckley, J. S.; 1996

Mechanisms and consequences of wettability alterations by crude oils. SPE March
1998, Pages: 54-61.

Buckley J.S.; Morrow N.; 1991

Interfacial phenomena in petroelum recovery. Chapter: Multiphase displacements
in micromodels. Pages 157-190

Chilingarian, G. V.; Mazzullo, S. J.; Rieke, H. H.; 1992
Carbonate Reservoir Characterization: a geological-engineering analysis

Christian T.M.; Currie J.C.; Lantz T.G.; Rismyhr O.; Snow S.E.; 1993

46



BIBLIOGRAPHY 47

Reservoir Management at Ekofisk Field. SPE 26623
[9] Cuiec L. E.; Morrow N.; 1991

Interfacial phenomena in petroleum recovery. Chapter: Evaluation of reservoir
wettability and its effect on oil recovery. Pages: 319-336

[10] Fan T.; Wang J.; Buckley J.; 2002

Fvaluating crude oils by SARA analysis. SPE 75228
[11] Fathi J., PhD Thesis UiS no. 149 - March 2012

Initial Wetting Condition and Wettability Alteration by ”Smart Water”.
[12] Fathi S.J.; Austad T.; Strand S.; 2010

"Smart water” as a wettability modifier in chalk: The effect of salinity and ionic
composition. Energy&Fuels, 2010, 24 (4), pp 2514-2519

[13] Glover P.; 2007

Formation Evaluation Msc Course Notes, Chapter 7: Wettability
[14] Green D.W.; Willhite G.P.; 1998

Enhanced oil recovery. SPE textbook series vol. 6: 1-11
[15] Hoegnesen E. J.; 2005

EOR in fractured oil-wet chalk. Spontaneous imbibition of water by wettability
alteration. ISBN: 82-7644-283-8

[16] Kokal S.; Al-Kaabi A.; 2010

World Petroleum Council 2010. Global Energy Solutions: 64-69
[17] Jensen T.B.; Harpole K.J.; Oesthus A.; 2000

FEOR screening for Ekofisk. SPE 65124
[18] Liu Y.; Buckley J.S.; 1997

FEvolution of Wetting Alteration by Adsorption From Crude Oil. SPE Formation
Evaluation, March 1997. Pages: 5-11.

[19] Lucia F. J.; 2007



BIBLIOGRAPHY 48

Carbonate Reservoir Characterization. An Integrated Approach. 2nd Edition:
111-142

[20] Marzouk I.; Takezaki H.; Miwa M.; SPE 29883; 1995
Geologic controls on wettability of carbonate reservoirs, Abu Dhabi, U.A.E.
[21] Miljeteig B.B.; 18.12.2009

Norwegian continental shelf. A journal from the Norwegian petroelum directorate.
No 3.: Page 40

[22] Nadkarni K. R. A.; 2007

Guide to ASTM test methods for the analysis of petroleum products and lubri-
cants: Page 12

[23] Norman Morrow, SPE, and Jill Buckley, SPE, University of Wyoming
Improved Oil Recovery by Low-Salinity Waterflooding. May 2011
[24] Puntervold T.; Strand S.; Austad T.; 2007

New method to prepare outcrop chalk cores for wettability and oil recovery studies
at low initial water saturation. Energy & Fuels, 2007, 21 (6), pp 34253430

[25] Rajan T.P.D. ; Pillai R.M.; Pai B.C. ; 1998

Reinforcement coatings and interfaces in aluminium metal matriz composites.
Journal of Materials Science 3491 EOF

[26] Rassenfoss S., 2012

Uncovering the Middle Fast and North Africa. Saudi Aramco Injection Innova-
tion Seeking a Smarter Version of Low-Salinity Flooding: 12-14

[27] Roehl P. O.; Choquette P. W.; 1985
Carbonate Petroleum Reservoirs: 1-19
[28] Rostami Ravari R.; Strand S.; Austad T.; 2010

Care must be taken to use outcrop limestone cores to mimic reservoir core mate-
rial in SCAL linked to wettability

[29] Schlumberger; 2007.

Carbonate Reservoirs.



BIBLIOGRAPHY 49

[30] Shariatpanahi S. F., PhD Thesis UiS no. 166 - June 2012
A wettability Alteration Process
[31] Stosur G.J.; Hite R.; Carnahan N.F.; Miller K.; 2003

The alphabet soup of IOR, EOR and AOR: effective communication requires a
definition of terms. SPE 84908

[32] Strand S., Standnes D.C., Austad T.; 2004

New wettability test for chalk based on chromatographic separation of SCN and
SO4. Journal of Petroleum Science and Engineering 52 (2006) 187197,

[33] Sulak R.M.; 1991
Ekofisk Field: The First 20 Years. SPE JPT October 1991: 1265-1271
[34] Tiab D.; Donaldson E.C.; 2011

Petrophysics : Theory and Practice of Measuring Reservoir Rock and Fluid
Transport Properties (3rd Edition); Page: 13

[35] Treiber L.E.; Archer D. L.; Owens W.W.; 1972

A Laboratory Evaluation of the Nettability of Fifty Oil-Producing Reservoirs. SPE
December 1972, 531-540

[36] Tur’yan Y.L.; Strochkova E.; Berezin Y.O.; Kuselman I.; Shenhar A.; 1998

pH-Metric determination of acid numbers in petroleum oils without titration. Ta-
lanta 47 (1998) 5358.

[37] Yousef A.A.; Liu J.; Blanchard G.; Al-Saleh A.; Al-Zahrani T.; Al-Zahrani R.;
Al-Tammar H.; Al-Mulhim N.; Saudi Aramco; 2012

SmartWater fooding: Industry’s first field test in carbonate reservoirs. SPE
159526.

[38] Yousef A.A.; Al-Saleh A.; Al-Jawfi M.; Saudi Aramco; 2012

Improved/enhanced oil recovery from carbonate reservoirs by tuning injection wa-
ter salinity and ionic content. SPE 154076

[39] Zhang P.; Austad T.; 2005

The Relative Effects of Acid Number and Temperature on Chalk Wettability SPE
92999.



BIBLIOGRAPHY 50

[40] Zhang P.; Tweheyo M.T.; Austad T.; 2006

Wettability alteration and improved oil recovery by spontaneous imbibition of sea-
water into chalk: Impact of the potential determining ions Ca®>T, Mg¢**, and
S04%. Colloids and Surfaces A: Physicochem. Eng. Aspects 301 (2007) 199208.

[41] Zolotukhin A. and Ursin J., 2000

Introduction to Petroleum Reservoir Engineering, Wettability and Capillary Pres-
sure: 113-118.

[42] http://www.netl.doe.gov/technologies/oil-gas/publications/eordrawings/BW /bwp.PDF
[43] https://en.wikipedia.org/wiki/Pamukkale

[44] http://www.planetforlife.com/oilcrisis/oilsituation.html

[45] http://geo.rhul.ac.uk/cabinet01/drawer08.htm

[46] http://geologeek.blogspot.no/2011/12/petroleum-system.html

[47]

http://www.glossary.oilfield.slb.com/en/Terms/m/migration.aspx



Appendix A

Raw Data



APPENDIX A.

RAW DATA

Table A.1: AN measurements during flooding core T1 at 50 °C

i

T1

Sample nr

N Ot W N =

11

15
17
19
21
23
25
27
29
31
33
36
40
44
48
52
60
68
76
80
81
82
84
86
88
93
97

Test#1 Test#2 Test#3 Test#4

0.38
0.21
0.12
0.11
0.06
0.06
0.06
0.09
0.07
0.08
0.21
0.23
0.21
0.21
0.36
0.22
0.27
0.30
0.27
0.33
0.29
0.32
0.37
0.33
0.34
0.34
0.29
0.38
0.35
0.32
0.35
0.32
0.35
0.30

0.35
0.21
0.14
0.06
0.06
0.06
0.06
0.09
0.10
0.09
0.12
0.21
0.21
0.24
0.36
0.26
0.24
0.27
0.27
0.27
0.27
0.26
0.35
0.27
0.34
0.34
0.33
0.38
0.36
0.32
0.32
0.35
0.40
0.29

0.36
0.27
0.12
0.06
0.06
0.06
0.06

0.09

0.09
0.19

0.23
0.21
0.22
0.30
0.24
0.26
0.34
0.27
0.29
0.29
0.44
0.34
0.34
0.29
0.35
0.34

0.30
0.30

0.07

0.28

AN
0.36
0.23
0.13
0.08
0.06
0.06
0.06
0.09
0.08
0.09
0.14
0.21
0.21
0.23
0.31
0.23
0.27
0.27
0.27
0.31
0.28
0.29
0.33
0.35
0.34
0.34
0.30
0.35
0.35
0.32
0.34
0.33
0.35
0.30

Stdev  Stdev(%)

0.02
0.03
0.01
0.03
0.00
0.00
0.00
0.00
0.02
0.01
0.06
0.02
0.00
0.02
0.08
0.02
0.03
0.03
0.01
0.03
0.02
0.03
0.04
0.09
0.00
0.00
0.02
0.05
0.01
0.00
0.02
0.02
0.05
0.01

4%
14%
8%
34%
0%
0%
0%
5%
18%
10%
41%
10%
1%
%
27%
8%
11%
11%
2%
11%
5%
11%
12%
25%
0%
0%
6%
14%
3%
1%
6%
5%
14%
2%

PV Adsorption

0.2
0.3
0.5
0.9
1.2
1.5
1.9
2.2
2.6
2.9
3.3
3.6
3.9
4.3
4.6
2.0
2.3
5.7
6.2
6.9
7.5
8.2
8.9
10.3
11.7
13.0
13.7
13.9
14.1
14.4
14.7
15.1
15.9
16.6

0 %
34 %
64 %
7%
82 %
82 %
82 %
4 %
76 %
75 %
60 %
39 %
40 %
34 %
12 %
33 %
23 %
23 %
23 %
10 %
21 %
17 %
5 %
0 %
3 %
3 %
13 %
0 %
1%
8 %
4 %
4 %
0 %
15 %
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Table A.2: AN measurements during flooding core T2 at 90 °C

il

T2

Sample nr
1
2
3
4
5
7

9
11
13
15
17
19
21
23
27
29
31
33
35
37
39
41
43
45
50
95
60
65
70
75
85
86
89
90
95

105

Test#1 Test#2 Test#3 Test#4

0.33
0.15

0.33
0.15
0

o O oo

0.12
0.16
0.16
0.15
0.18
0.24
0.15
0.16
0.16
0.15
0.21

0.2
0.23
0.23
0.24
0.29
0.31
0.33
0.25
0.34
0.37
0.34
0.31

0.4
0.36
0.39
0.35
0.28

0.15
0
0

0.15

0.15
0.15

0.34
0.32
0.49

0.35
0.38

0.38

0.36

AN
0.33
0.15
0.00
0.00
0.00
0.00
0.00
0.06
0.13
0.17
0.16
0.16
0.18
0.21
0.15
0.15
0.17
0.22
0.21
0.22
0.23
0.23
0.23
0.29
0.33
0.30
0.33
0.36
0.36
0.38
0.35
0.39
0.34
0.40
0.32
0.34

Stdev  Stdev(%)

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.02
0.00
0.01
0.00
0.04
0.00
0.01
0.01
0.11
0.00
0.02
0.01
0.01
0.01
0.06
0.03
0.04
0.14
0.01
0.02
0.05
0.04
0.02
0.03
0.02
0.03
0.05

1%
0%
0%
0%
0%
0%
0%
1%
16%
11%
3%
9%
1%
20%
1%
4%
%
48%
2%
8%
3%
5%
4%
19%
8%
13%
42%
4%
5%
13%
11%
4%
9%
4%
11%
15%

PV Adsorption

0.17
0.35
0.52
0.69
0.87
1.21
1.56
1.91
2.25
2.6
2.95
3.3
3.64
3.99
4.68
5.03
2.38
5.72
6.07
6.42
6.76
7.11
7.46
7.8
8.67
9.54
10.4
11.3
12.1
13
14.7
14.9
15.4
15.6
16.5
18.2

6 %
58 %
100 %
100 %
100 %
100 %
100 %
83 %
62 %
53 %
54 %
53 %
49 %
40 %
56 %
57 %
52 %
36 %
41 %
38 %
35 %
35 %
33 %
18 %
7%
14 %
5 %
0 %
0 %
0 %
1%
0 %
4 %
0 %
8 %
3 %
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Table A.3: AN measurements during flooding core T4 at 130 °C

v

T4

Sample nr
1

6

8
10
12
14
16
20
24
28
32
36
40
44
48
52
56
60
64
68
72
76
84
101
105
111
120
130
140
141
143
144
145
149
153
157

Test#1 Test#2 Test#3 Test#4

0.33
0.13
0.04
0.05
0.04
0.05
0.04
0.09
0.08
0.37
0.21
0.25
0.29
0.26
0.26
0.29
0.28
0.26
0.31
0.25
0.26
0.35
0.26
0.43

0.4

0.4
0.35
0.35
0.31
0.26
0.33
0.26
0.33
0.33
0.27
0.24

0.41

0.1
0.04
0.04
0.04

0.1
0.04
0.12
0.15
0.21
0.18
0.23
0.19
0.21

0.3
0.35
0.29
0.27
0.27

0.2
0.29
0.24
0.42
0.35
0.34
0.35
0.39
0.36
0.29

0.35
0.44

0.37
0.27

0.28
0.08

0.07
0.18
0.22

0.2

0.25
0.24

0.32
0.28
0.24
0.22
0.27
0.29
0.35
0.32
0.34
0.35

0.33

0.29

0.36
0.58

0.27

0.32

AN
0.32
0.10
0.04
0.04
0.04
0.08
0.04
0.10
0.14
0.27
0.20
0.24
0.24
0.24
0.26
0.30
0.31
0.29
0.29
0.25
0.22
0.30
0.28
0.40
0.35
0.36
0.35
0.37
0.33
0.27
0.33
0.30
0.33
0.38
0.41
0.26

Stdev  Stdev(%)

0.06
0.02
0.00
0.00
0.00
0.03
0.00
0.03
0.05
0.09
0.01
0.01
0.05
0.03

0.01
0.05
0.03
0.02
0.02
0.03
0.04
0.03
0.05
0.04
0.04
0.01
0.03
0.02
0.02

0.05
0.06

0.16
0.02

20%
24%
10%
5%
10%
39%
0%
27%
37%
33%
%
3%
20%
11%
0%
2%
15%
10%
™%
6%
13%
12%
12%
12%
12%
11%
1%
8%
%
6%
0%
16%
0%
15%
39%
10%

PV
0.25
0.53
0.58
0.73
0.93
0.98
1.16
1.41
1.72
1.94
2.18
2.39
2.65
2.99
3.24
3.65
3.91
4.20
4.56
4.84
5.11
9.35
5.76
6.20
6.78
7.59
8.98

10.36
11.83
12
12.3
12.5
12.7
13.4
14.1
14.7

Adsorption
8 %
71 %
89 %
87 %
89 %
79 %
90 %
72 %
60 %
24 %
43 %
32 %
31 %
32 %
26 %
15 %
11 %
18 %
18 %
29 %
36 %
14 %
21 %
0%
0%
0 %
0%
0%
5 %
21 %
6 %
15 %
6 %
0%
0 %
26 %




APPENDIX A. RAW DATA

Table A.4: Results from spontaneous imbibition, T1 @ 50 C

T1
Time
Day Hour Min Real Time (days) Produced Oil (mL) Oil Recovery
0 11 30 0 0 0%
0 13 30 0.083333 0 0%
0 15 30 0.166667 0 0%
1 10 0 0.9375 0.4 1%
1 13 15 1.072917 0.4 1%
2 11 45 2.010417 0.6 2%
3 10 0 2.9375 0.8 3%
4 9 30 3.916667 0.8 3%
5 12 0 5.020833 0.8 3%
7 11 15 6.989583 0.8 3%
Table A.5: Results from spontaneous imbibition, T2 @ 90 C
T2
Time

Day Hour Min Real Time (days) Produced Oil (mL) Oil Recovery
0 14 0 0 0 0%
1 17 1.125 0.4 1%
3 8 30 2.770833 0.7 2%
4 10 30 3.854167 0.8 2%
) 10 4.833333 0.85 3%
8 15 8.041667 0.95 3%
10 11 9.875 0.95 3%
12 12 11.91667 0.95 3%




APPENDIX A. RAW DATA

Table A.6: Results from spontaneous imbibition, T4 @ 130 C

T4
Time
Day Hour Min Real Time (days) Produced Oil (mL) Oil Recovery
0 16 0 0 0 0%
0 18 30 0.104 0.8 2.3%
1 10 0 0.75 24 ™%
1 13 30 0.89 2.5 7.3%
2 16 10 2 3.05 8.9%
3 12 30 2.85 3.35 9.8%
4 9 10 3.71 3.4 10%




APPENDIX A. RAW DATA vii

Table A.7: Results from Ion-chromatography flooding and testing, T1

Sample # Empty W Full W Veffl. PVefl C-SO4 C-Tracer [oC « PV
1 8.52 10.61 2.05 0.1 0
2 8.952 10.48 1.92 0.1 0.001 0% 0 0% 0
3 9.05 11.08 1.99 0.2 0% 0
4 8.92 10.97 2.01 0.2 0.001 0% 0 0% 0
) 8.43 10.48 2.01 0.3 0% 0
6 9.56 11.61 2.01 0.3 0.002 0% 0 0% 0
7 9.16 11.21 2.01 0.4 0% 0
8 8.45 10.48 1.99 0.5 0.002 0% 0 0% 0
9 8.97 11.01 2.00 0.5 0% 0

10 9.02 11.06 2.00 0.6 0.002 0% 0 0% 0
11 9.14 11.16 1.98 0.6 0% 0
12 8.5 10.52 1.98 0.7 0.002 0% 0 0% 0
13 9.56 11.56 1.96 0.7 0% 0
14 9.06 11.09 1.99 0.8 0.001 0% 0.0002 0% 0.000285
15 9.06 11.1 2.00 0.8 0% 0
16 8.39 10.42 1.99 0.9 0.003 0% 0.0027 1% 0.01028
17 8.44 10.47 1.99 1.0 0% 0
18 9.03 11.04 1.97 1.0 0.03 4% 0.0538 22% 0.02617
19 9.56 11.6 2.00 1.1 0% 0
20 9.13 11.16 1.99 1.1 0.306  46% 0.1808  74% 0.02146
21 8.49 10.53 2.00 1.2 0% 0
22 9.02 11.06 2.00 1.2 0.591  88% 0.2372 9% 0.00537
23 9.1 11.13 1.99 1.3 0% 0
24 9.17 11.2 1.99 1.4  0.654 98% 0.2196  90% 0.00037
25 8.51 10.55 2.00 1.4 0% 0
26 8.41 10.44 1.99 1.5 0.616 92% 0.2396  98% 0.0005
27 8.48 10.52 2.00 1.5 0% 0
28 9.04 11.07 1.99 1.6 0.659  98% 0.2407  99% 0.0006
29 8.5 10.55 2.01 1.6 0% 0
30 9.04 11.08 2.00 1.7 0.667 99% 0.2445 100% 0
31 9.05 11.1 2.01 1.8 0% 0
32 9.13 11.17 2.00 1.8 0.681 100% 0.2403  99% 0
33 9.14 11.18 2.00 1.9 0% 0
34 8.43 10.48 2.01 1.9 0.665  99% 0.2395  98% 0
35 8.52 10.54 1.98 2.0 0% 0
36 9.04 11.05 1.97 2.0 0.68 100% 0.2374 9% 0
37 8.54 10.53 1.95 2.1 0% 0
38 8.5 10.52 1.98 2.1 0.708 100% 0.2421  99% 0
39 8.46 10.5 2.00 2.2 0% 0
40 9.11 11.14 1.99 2.3 0.664  99% 0.234  96% 0
41 8.97 11 1.99 2.3 0% 0
42 9.03 11.07 2.00 2.4 0.717 100% 0.2407  99% 0
43 9.06 11.09 1.99 2.4 0% 0
44 8.93 10.56 1.99 2.5 0.694 100% 0.2462 100% 0




APPENDIX A. RAW DATA viii

Table A.8: Results from Ion-chromatography flooding and testing, T2

Sample # Empty W Full W Veffl. PVefl C-SO4 C-Tracer [oéC* PV
45 9 11.01 1.97 0.1 0
46 9.01 11.06 2.01 0.1 0.012 0.018 0 0 0
47 9.04 11.03 1.95 0.2 0
48 8.44 10.46 1.98 0.2 0.003 0.004 0 0 0
49 9.12 11.17 2.01 0.3 0
50 9.06 11.1 2.00 0.3 0 0 0 0 0
51 8.54 10.58 2.00 0.4 0
52 8.51 10.55 2.00 0.5 0.008 0.012 0 0 0
53 8.95 11 2.01 0.5 0
54 8.59 10.63 2.00 0.6 0.002 0.002 0 0 0
55 8.93 10.96 1.99 0.6 0
56 8.91 10.98 2.03 0.7 0.002 0.004 0 0 0
57 9.55 11.61 2.02 0.7 0
58 8.88 10.93 2.01 0.8 0.021 0.031 0 0 0.00237
59 9.04 11.07 1.99 0.8 0
60 9.03 11.08 2.01 0.9 0.038 0.057 0.0308 0.12941 0.0165
61 8.97 11.03 2.02 1.0 0
62 9.04 11.1 2.02 1.0 0.219 0.327 0.1289  0.5416 0.0238
63 8.48 10.53 2.01 1.1 0
64 8.57 10.63 2.02 1.1 0.418 0.623 0.1966 0.82605 0.0165
65 8.57 10.62 2.01 1.2 0
66 8.51 10.57 2.02 1.2 0.579 0.864 0.2262 0.95042 0.0085
67 8.43 10.51 2.04 1.3 0
68 9.04 11.1 2.02 1.4 0.619 0.924 0.2346 0.98571 0.0039
69 8.49 10.54 2.01 1.4 0
70 9.01 11.08 2.03 1.5 0.666 0.994 0.2384 1 0.00224
71 9.14 11.21 2.03 1.5 0
72 9.11 11.15 2.00 1.6 0.648 0.967 0.2457 1 0
73 8.47 10.52 2.01 1.7 0
74 8.87 10.93 2.02 1.7 0.669 0.998 0.2396 1 0
75 8.5 10.55 2.01 1.8 0
76 9.07 11.11 2.00 1.8 0.657 0.981 0.2398 1 0
77 9.08 11.11 1.99 1.9 0
78 8.47 10.52 2.01 1.9 0.669 0.999 0.2436 1 0
79 9.14 11.15 1.97 2.0 0
80 8.33 10.37 2.00 20 0599 0.894 0.2143 0.90042 0
81 8.98 11.04 2.02 2.1 0
82 8.51 10.53 1.98 2.2 0.683 1 0.2384 1 0
&3 8.97 11.03 2.02 2.2 0
84 9.09 11.14 2.01 2.3 0.659 0.983 0.2382 1 0
85 9 11.05 2.01 2.3 0
86 9.11 11.14 1.99 2.4 0.695 1 0.2395 1 0
87 9.07 11.11 2.00 2.4 0
&8 9.13 11.16 1.99 2.5 0.684 1 0.2351 0.98782 0




