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Abstract

Spontaneous imbibition (SI) is the main recovery mechanism in low matrix perme-
ability, naturally fractured reservoirs. However, for imbibition to occur, the reservoir
rock should be preferentially water-wet. Several studies have indicated that smart
water may increase the water-wetness of an oil-wet carbonate reservoirs. Published
experimental data suggest that sulfate ion in the injected fluid can alter wetting

state of the carbonate from preferentially oil-wet to water-wet.

Numerical and analytical models have been developed to describe SI process in
carbonate reservoirs. The suggested models attempt to capture the complex inter-
actions among different phases and species during SI process. In this study, using
the already existing surfactant model of ECLIPSE 100 simulator, dynamic effect of
adsorption of sulfate on wettability alteration in core scale is modelled. Wettability
change option of the surfactant model is employed to capture change in wettability
due to adsorption of sulfate ion. Using the procedure of weight factor, wettability of
the core shifts dynamically from oil-wet to water-wet conditions proportional to the
adsorbed amount of sulfate. Laboratory experiments have been matched with the
established procedure.

The result showed that the wettability change option under surfactant model in
ECLIPSE 100 is capable of modelling the change in wettability due to adsorption of
sulfate ion. The model is able to predict experimental data using the procedure of
weight factor. Moreover, a correlation between weight factor and Amott wettability
index is established. The basic model that could be used for further investigations
or upscaling to field scale is established.
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Chapter 1

Introduction

1.1 Background

Oil recovery by spontaneous imbibition of brine into reservoir rock is of special
importance in fractured reservoirs. In particular, when the rock matrix has low per-
meability, spontaneous imbibition has been shown to be a major driving mechanism

for oil recovery from fractured water-wet reservoirs [1].

Crain [2] defined fracture as a surface along which a loss of cohesion in the rock texture
has taken place. It is mechanical breaks in rocks including cracks, discontinuities
and openings. Fractures are commonly caused by stress due to tectonic forces,
folds and faults exceeding the mechanical strength of the rock. Those are termed
natural fractures, as opposed to induced fracture caused by drilling stress or by
purposely fracturing reservoir by hydraulic pressure from the surface [2]. Thus,
a fractured reservoir is one in which naturally occurring fractures either have or
are predicted to have a significant effect on the reservoir fluid flow in the form of
increased permeability, increased porosity, and/or increased anisotropy [3].

Fractured reservoirs are more common in carbonate rocks than sandstone rocks.
They are characterized by highly permeable fracture and low permeability matrix.
Significant amount of global proven reserve (more than 60% of oil and 40% of gas) is
contained in fractured carbonate reservoirs. However, the ultimate oil recovery from
carbonate reservoirs is generally less than 30%. This is mainly due to rock wettability
that ranges from oil-wet to mixed wet, and low matrix permeability coupled with
high fracture density. Water injection in these reservoirs results in low recovery due
to water channeling in high permeability fractures and bypassing low permeability
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matrix [4]. Consequently, several enhanced recovery methods have been suggested
to improve oil recovery from carbonate reservoirs by overcoming the high negative
capillary pressure that trapped the oil in place.

One of the proposed techniques for improved recovery in fractured carbonate reservoirs
is wettability alteration from oil-wet to water wet; thereby promotes positive capillary
pressure which in turn results in recovery through spontaneous imbibition into low
permeability matrix. Most carbonate reservoirs are preferentially oil-wet. The
wettability preference of a reservoir rock reflects the imbibition potential of the

reservoir. Water imbibes into matrix block when the reservoir rock is water-wet.

In the presence of high permeability layers or fractures, injection water will tend to
flow into the high permeability areas bypassing the low permeability zones. Therefore,
the oil located in the low permeability parts would not be displaced. The differential
pressure is limited as the result of the injected water prefers flowing in high permeable
fracture. Thus, viscous force would be weak for oil production during waterflooding.
As a result, spontaneous imbibition would be the main mechanism for oil production

in fractured carbonate reservoir compared to viscous displacement [5].

However, spontaneous imbibition can be slow process, and consequently, oil recovery
mainly dependent on spontaneous imbibition may be economically impractical.
Spontaneous imbibition of water into matrix block and thereby oil recovery can be
significantly increased by changing the wettability of the rock.

One of the novel techniques to alter wettability in carbonate reservoir is smart water
injection; for example injection of low salinity water spiked with sulfate. Smart water
is fundamentally injection water that ionic composition is adjusted in such a way that
the crude oil/brine/rock (CBR) equilibrium is changed and results in modification
of initial wetting of the rock. As a result, water imbibes into rock matrix faster and

is able to displace the oil.

Smart water injection have several advantages compared to other EOR methods [6].

Among others:

e [t can achieve higher ultimate oil recovery with minimal investment in current

operations; assuming that a water-flooding infrastructure is already in place.

e [t can be applied during the early life cycle of the reservoir.

LS Universitetet i Stavanger



Section 1.1. Background 3

e [t is relatively a simple chemical EOR method, which makes it able to be
used in conjunction with other EOR methods; for example mobility control
processes.

Smart water as EOR fluid has been verified experimentally and there are also good
indications that it has huge potential in the field. In sandstone core flood experiment,
increases in oil recovery between 5% and 38% OOIP is observed. Incremental oil
recovery up to 40% OOIP have been observed for carbonate core flooding experiments
[7, 8]. Generally, incremental oil recovery from field tests are lower than core flood
experiments. Nevertheless, incremental oil recovery up to 15% OOIP for sandstone
has been achieved. For carbonate reservoirs, for example Ekofisk, increase of 50%
OOIP is reported and smart water effect is believed to contribute to the total recovery
increase observed [9, 10]. The Ekofisk field in the North Sea is a typical example
of the success of seawater injection. The reservoir is highly fractured and mixed
wet, which pointed against injection of water. However, after injection of SW, the
recovery is now estimated to reach 50-55% of OOIP compared to 18% at the very
beginning. Figure 1.1 shows tremendous increase in oil production since the start of
SW injection in mid 1980s [11].

Net - oil [mill Sm3]
20

15

10

5]

i
. il

1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014
1972 1976 1980 1984 1988 1992 1996 2000 2004 2008 2012 2016

Figure 1.1: FEkofisk field net oil production chart [12].

Wettability alteration of the rock from oil wet to water wet has been suggested to
be the primary mechanism for increased oil recovery during smart water flooding in
carbonates. Core experiments have revealed that water-wetness of the chalk material
increased with increasing temperature and concentration of sulphate in the seawater

9].
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4 Chapter 1. Introduction

1.2 Problem Statement

Due to the complexity and uncertainty associated with fractured reservoirs, imple-
menting a simulation and numerical analysis is primarily necessary to investigate the
effect of key engineering parameters on ultimate reservoir performance. Yu et al. [13]
presented one dimensional model of spontaneous imbibition of seawater (SW) into
preferentially oil-wet chalk cores. Two capillary pressures curves, one for water-wet
the other for oil-wet, are assumed. Depending on adsorption of sulfate on the rock
surface, capillary pressures shifts dynamically from oil-wet to water-wet.

Andersen et al. [14] also suggested mathematical model to describe experimental
work that involves measuring capillary pressure with porous disc method using
different brines in the system. The model represents brine-dependent co-current
spontaneous imbibition. The brine dependence has been expressed by interpolating
between relative permeability and capillary pressure between sulfate of 0.0M or
0.37M concentration. They assumed sulfate is the only wetting agent. The model
gives a good match in the water-wet case but there is a significant discrepancy in
the oil-wet case.

Brady [15] proposed a model using surface complexion reaction with reaction network
relevant for sandstone and carbonates. Surface complexion models allow the charge
on oil and reservoir surfaces to be modeled as a function of waterflood chemistry.
However, the model doesn’t involve multiphase flow and hence dynamic change of
wettability can’t be modelled.

Recently, Qiao et al. [16] developed a comprehensive mechanistic model for wetta-
bility alteration in carbonated due to smart water injection. Their model captures
interactions among aqueous species (Ca®*, Mg**, SO?™), crude oil acidity, and solid
surface properties. In this model, parameters are categorized into two types based
on sensitivity. Type I are those responsible for ultimate recovery and wettability
alteration. It includes reaction-equilibrium constants and crude-oil acid number.
Type II are rate controlling agents that includes total surface sites of solid and the
diffusion coefficient. The authors reported that the model is first of its kind to com-
bine multiphase and multicomponent reactive transport model that explicitly takes
into account wettability alteration from these geochemical interactions in carbonate
TEeServoirs.

In spite of several core-scale laboratory researches on wettability alteration [17-19],
it seems that more numerical and simulation works are required to understand

mechanisms involved in larger-scale operations. However, most of the works have

LS Universitetet i Stavanger



Section 1.3. Objective D

developed new core scale mathematical model that couples multiphase flow and
surface complexion. Generally, most of the developed models utilize Pennsim and
Matlab as their simulating tools [13, 15, 20]. One of the advantages of Pennsim is
that it is a multicomponent and multiphase simulator. Although these tools have
proved acceptable performance on an academic level, they are not worldwide and
convenient to use in comparison with other commercial software like ECLIPSE.

1.3 Objective

ECLISPE 100 simulator is industry standard and being able to model improved oil
recovery by smart water injection using such simulator could be valuable. Obviously,
the current version does not specifically describe the complex interactions among
different phases and species involved in chemically tuned injection water. However, it
is capable of giving acceptable result that is representative of the overall effect of smart
water injection on wettability alteration and thereby enhanced oil recovery.

The main objective of this project is to model laboratory experiments enhancing
the spontaneous imbibition process of so-called smart water into non water-wet
carbonate rock samples using ECLIPSE 100. This allows for “dynamic” modelling
of wettability alteration using the procedure of weight factors between a water and
oil-wet case. Particularly we focus on:

e Modeling spontaneous imbibition into non water-wet carbonate rock using
water-wet and oil-wet cases and capturing the effect of sulfate concentration in
the imbibing water phase. Injected sulfate concentration and corresponding
wettability alteration is investigated. Moreover, relations among adsorbed
amount, weight factor and wettability index are investigated.

e Matching experimental data using the procedure of weight factors between a

water-wet and oil-wet cases.

Universitetet i Stavanger LS



6 Chapter 1. Introduction

1.4 Scope

e Establish simplified procedure on how to simulate smart water imbibition
taking into account sulfate concentration in the imbibing aqueous phase using
ECLIPSE 100.

e Match laboratory experiments using the established approach.

1.5 Methodology

Smart water composition and impact on the capillary pressure should be modelled
using the Surfactant Model. Wettability alteration due to adsorption of ion is part
of modeling surfactant injection in ECLIPSE 100. The presence of surfactant can

affect reservoir performance in three different ways [21]:
e The surfactant modifies the oil-water surface tension
e The surfactant can modify the water properties such as viscosity
e The adsorbed surfactant can affect the wettability of the rock

However, the objective of this thesis is to model wettability alteration due to smart
water injection. Thus, the inputs parameters to account change in oil-water surface

tension and property of the water due to surfactant injection are kept constant.

Cylindrical core of a total of 60x20x80 grid-blocks (96,000 grid-blocks) is used. To
mimic imbibition cell, the core sample represented by 40 grid blocks in r-direction,
20 in 6-direction, and 40 in z-direction is surrounded by grid blocks containing
high porosity (0.99), high permeability (100,000 mD), and 100% water saturation.
Relative permeability curves representing strongly oil-wet and water-wet cases are
used. Initially, the outer boundary of the core sample is closed and water is injected
to fill the surrounding grid blocks with 100% water saturation. Then restart file
representing imbibition cell is generated. The spontaneous imbibition (no injection
and production wells) is initiated by opening the core sample. Detail procedure is

elaborated in section 3.1

LS Universitetet i Stavanger



Chapter 2

Theory

2.1 Wettability

2.1.1 Definition

Wettability can be defined as “the tendency of one fluid to spread or adhere to a solid
surface in the presence of other immiscible fluids” [22]. Tt is a property that arises
due to rock-fluid interaction. Wettability has significant impact on fluid distribution,
trapping and multiphase flow in porous medium. Another closely related definition
was given by Jerauld and Rathmell who stated that wettability is a tendency of one

fluid of a fluid pair to coat a solid surface spontaneously [23].

Taking all the definitions into account, fundamentally, wettability refers to when
a solid comes in contact with two immiscible fluids, one of the fluids has greater
affinity towards the solid surface. Thus, fluid with the highest affinity for the solid
surface is called the wetting phase while the other one is called non-wetting phase
[24].

2.1.2 Classification of wettability

Wettability is a complex and continuous parameter; nevertheless, it can be broadly
grouped into three categories: as water-wet, oil-wet and intermediate (or neutral)
wet. In water-wet case, water is preferentially the wetting phase and it will be in
contact with the rock surface while the oil resides in the middle of the larger pores.
However, in oil-wet case, the oil will be in contact with the rock surface while the

7



8 Chapter 2. Theory

water occupies the middle of the larger pores. Figure 2.1, illustrates microscopic
view of water-wet and oil-wet rock. As indicated in the Figure 2.1, the non-wetting
phase occupies the larger pores while the wetting phase attached to the rock surface
in the pore throat or smaller pores. Intermediate or neutral-wet is a case where the

rock surface shows no preference for either fluid.

e

FREE WATER

BOUND WATER : 1 FREE WATER

--n.._:_

Figure 2.1: Wettability and fluid distribution at pore level [2].

Other wettability types are fractional wet and mixed wet. Fractional wet occurs due
to heterogeneity of reservoir rocks where a portion of the rock is strongly water-wet
and the other portion is strongly oil-wet. This occurs due to variation in composition
and chemistry of the reservoir rock. In mixed wettability condition, smaller pores
and fine grains would be preferentially water-wet, whereas the larger pores become
strongly oil-wet and continuous. Consequently, the oil can easily be displaced from
larger pores and hence no or little oil will be held by capillary forces in small pores.

Thus, it results in low residual oil saturation [25].

lS Universitetet 1 Stavanger



Section 2.1. Wettability 9

2.1.3 Measurement of wettability

Several quantitative and qualitative methods have been developed to evaluate wetta-
bility of reservoir rocks. Among quantitative methods, contact angle, imbibition and
forced displacement (Amott), and USBM method are common. Another approach is
qualitative methods that includes imbibition rates, microscopic examination, relative
permeability curves, permeability /saturation relationships, capillary pressure curves,
displacement capillary pressure, and reservoir logs [26]. Qualitative methods are
indirect methods in the sense that wettability is deduced from other measurements.
For example, capillary pressure and relative permeability curves are useful to distin-
guish between strongly water-wet and strongly oil-wet. Some of the aforementioned

methods are discussed below.
1. Quantitative Methods

i. Contact-Angle Method
When a drop of water is placed on the surface of a solid immersed in oil, an angle
between the surface of the liquid and the solid is formed. The angle formed is
referred to as contact angle and it ranges from 0° to 180° [26]. Thomas Young
[27] proposed that the contact angle is the result of mechanical equilibrium of a

drop on solid surface under the action of interfacial tension involved in Figure 2.2.

(505 = 6WS + 5OW cos (21)

Figure 2.2: Force balance at water-oil-solid interface defining contact-angle 0 [28].

By convention, the angle formed is measured through the water phase. Contact
angle less than 90° indicates water-wetness while an angle greater than 90°
indicates oil-wetness.

Universitetet i Stavanger LS



10 Chapter 2. Theory

However, if both fluids have equal affinity towards the solid surface, a contact
angle of 90° is formed and the system is called neutral-wet.

In Figure 2.3 (a), the water droplet is spreading, which indicates that water is
the wetting phase and hence has higher affinity towards the solid. Thus, the
contact angle is less than 90°. However, in (b), the droplet contracts and tries to
minimize its contact area with the solid surface. Consequently, the contact angle
through the water phase is greater than 90° indicating oil-wetness. In (c), both
fluids have equal preference towards the solid surface indicating neutral-wetness.

Figure 2.3: Three surfaces with different wettability [24].

(a) water-wet (0 < 90°), (b) oil-wet (6 > 90°), and (c) neutral-wet (6 = 90°)

There are several methods of contact angle measurements, but the most common
ones are sessile drop method and modified sessile drop method. Sessile drop
method (Figure 2.2 ), involves placing liquid sample also called ‘probe’ liquid
onto a surface by means of a syringe, which can then be analyzed by using a

microscope to determine its contact angle.

lS Universitetet 1 Stavanger



Section 2.1. Wettability 11

ii.

Modified sessile methods uses two flat, polished mineral crystals that are mounted
parallel to each other as shown in Figure 2.4. The cell containing the two mineral
surfaces is filled with water (brine), afterwards an oil drop is placed between the

two crystals.

ATER
ol CONTACT

Figure 2.4: Modified sessile method [26].

The mobile plate is moved slowly allowing the brine to move over the portion of
the surface previously covered with the oil, thus creating advancing contact angle.

The angle measured in this way is called water-advancing contact angle.

The contact angle method is probably the simplest and cheapest method of
quantifying wettability if it is applied on clean and smooth surface. It is also
applicable for non-porous mediums. However, wettability measured in this way
may not be representative of the actual reservoir rocks. Since polished mineral
surfaces are used and reservoir heterogeneity, roughness and pore geometry are
not taken into account. Raeesi et al. demonstrated that roughness and pore
geometry have considerable impact on contact angle and hence wettability [28, 29].
The contact on the smooth side is fixed value, whereas on the rough side a range
of contact angles is possible. Another limitation is hysteresis developed between
the water-advancing and water-receding angles due to roughness, heterogeneity,

and immobility in macromolecular scale [26].

Amott method

Amott method test is the most widely used and preferred method of characterizing
wettability of a porous medium [9]. Tt combines spontaneous and forced imbibition
to measure the average core wettability. The steps involved in Amott test are

summarized next.

Universitetet i Stavanger LS



12 Chapter 2. Theory

1. A core sample at irreducible water saturation is placed in a water-filled tube
so that water imbibes spontaneously (from S1 to S2 in Figure 2.5.)

2. Then the remaining oil in the core is displaced until the oil saturation reaches
irreducible oil saturation (S2 to S4). The recovered oil (due to spontaneous
imbibition and forced displacement) is noted.

3. The core is immersed in oil for about 20 hours and the amount of water
displaced due to spontaneous imbibition of oil is noted (S4 to S3).

4. The sample is placed in flow cell and the remaining water is displaced by
forcing oil through the sample (S3 to S1). A total amount of water displaced
(both by spontaneous imbibition of oil and forced displacement) is noted.

+

Capillary pressure
_\C/)
N(/.)
%

Figure 2.5: Water saturation fraction [30].

Amott water index Iy and oil index I are defined as spontaneous imbibition to
total saturation change for water and oil respectively

(S —51)

Iy = m (2.2)
_ (84— 53)
Ip = m (2.3)

For a strongly water-wet core, Iy is close to 1 while Iy is close to 0. Similarly, in
a strongly oil-wet core, 1o is close to 1 whereas Iy will be close 0.
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iii.

A modified method called Amott-Harvey index, denoted by I, is a widely used
to characterize wettability of a core sample. It is defined as the difference between
Iy and Ip as shown in Eq. 2.4.

Ingg = Iy — I (2.4)

The results ranges from +1 for strongly water-wet to -1 for strongly oil-wet. I,z
near zero indicates intermediate wetness [30]. This occurs when either Ip = Iy
:OOI‘IO:]W:1.

USBM method

USBM, developed by Donaldson et al. [31], is an alternative method for deter-
mining wettability index. USBM method uses the same data as Amott method,
however, it considers the work done for one fluid to displace the other. The work
done is proportional to the area under the capillary pressure curve as indicated
in Figure 2.6. For example, for water-wet core, the area under the brine-drive
capillary pressure curve (when the water displaces the oil) is smaller than the
area under the capillary pressure curve for the reverse displacement. This method
gives average wettability of the core sample [26].

-

Capillary pressure
_U)

Water saturation, fraction

Figure 2.6: USBM method [30].

To quantify wettability, USBM method uses the ratio of the areas under the
capillary pressure curve.

Wysem = log (=) (2.5)
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iv.

Wuyuspm greater than zero indicates water wetness, whereas Wy gpas less than zero
indicates oil wetness. An index of near zero indicates neutral wetness. Generally,
large |Wyspa| is indicative of the degree of preference for the respective fluid.
USBM method is one of the commonly used methods in the industry. However,
comparison with Amott test shows minimal correlation. Particularly, significant
deviation occurs near neutral wettability. The Amott method is more sensitive in
this area and could be a better indicator [32]. USBM method is a more descriptive
of the natural phenomenon undergoing since it measures force to displace one
fluid with another.

Chromatographic Method

This is apparently new method of quantifying wettability in carbonate reservoirs.
It is based on chromatographic separation between a tracer SCN~ and SO3".
Due to opposite charge, SO~ has great affinity to carbonate surface. The test
could be conducted on a core with residual oil saturation or a core with 100%
water saturation. The core sample is flooded with brine with no tracer and
sulfate ion until residual oil saturation is reached. Then the core is flooded with
brine containing SCN~ and SO3~. The tracer is non-adsorbing agent and hence
reaches breakthrough sooner than SO~ which will be delayed due to adsorption.
The effluent is collected and concentration of each species is determined. Finally
relative concentration is plotted against injected pore volume. As illustrated in
Figure 2.7, the area between the effluent curves depends on the wettability of the
core sample [33].

Chromatographic Wettability Test

1,0

0,9 1

0,8 -

SCN’ relative concentration curve
0,7
0,6 1

0,5 1 Area

WA

SO, relative concentration curve

C/Co

04 -
0,3 -
0,2 -

0,1 1

0,0

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0 2,2
PV Injected

Figure 2.7: Schematic illustration of the chromatographic wettability test separation
between SCN~ and SO~ [34).
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The area between the tracer and sulfate ion is proportional to the water-wet
surface of the core. The new wettability index (W 1y.,), as shown in Eq. 2.6, is
computed by dividing the area between the two effluent curves to the maximum
reference area. The maximum separation between SCN~ and SO7~ is obtained

by flooding a strongly water-wet core saturated with heptanes as an oil.

A
WINew = e (26)

AHeptane
Values of W Iy, ranges from 1 (strongly water-wet) to 0 which is strongly oil-wet.
W Iney, of 0.5 indicates neutral-wet core.
This method doesn’t have limitations regarding its validity in certain wettability
range compared to other traditional methods. In fact, it is observed that it gives

excellent result close to neutral wetting conditions [33].
2. Qualitative Methods

Qualitative methods are based on visual inspection, rate of imbibition and shape
of relative permeability curves. Generally, they are fast and effective to distinguish
between completely water-wet and oil-wet conditions. Due to relevance to this

document, imbibition and relative permeability methods are discussed here.
i. Imbibition method

Imbibition method is based on rate and volume of fluid imbibed in a core. If
large volume of water imbibes rapidly, the core is strongly water-wet while lower
rate and small volume indicate weakly water-wet condition. This applies for
oil-wet core as well. If neither the oil nor the water imbibes, the core is neutrally
wet. In some cases, both oil and water imbibe in the core indicating that the
core is either fractional or mixed wettability [26]. Figure 2.8 shows spontaneous
imbibition of brine into chalk cores with different oil type. In the case of Figure
2.8a, n-heptane is used and plateau is reached in around 30 minutes suggesting
that it is strongly water-wet. However, in Figure 2.8b (b), an oil with AN of 0.5
is used and hence the core is no longer strongly water-wet. Consequently, it took

almost 1000 minutes to reach plateau.

Limitation with imbibition method is that the rate is affected by other factors
such as relative permeability, viscosity, IFT, pore structure, and initial saturation
affects. However, dependence on other variables can be reduced if the measured
imbibition value is compared with imbibition measured when the core is strongly

water-wet.
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Figure 2.8: Spontaneous imbibition of brine into chalk core [18].

(a) 100% n-heptane (b) oil with AN =0.5

ii. Relative Permeability method Wettability and relative permeability are
interdependent parameters. As discussed in 2.1.1, wettability affects distribution
of water and oil and their movement through pore spaces. Therefore, the effect of
wettability on flow behavior of reservoir fluid is reflected on relative permeability.
However, it is important to emphasize that relative permeability is used to
discriminated strongly water-wet and strongly oil-wet cases. A minor change
in wettability, for example, between strongly water-wet and moderately water-
wet may not be noticed by this method [35]. Figure 2.9 shows typical relative
permeability for strongly water-wet and strongly oil-wet cases.
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Figure 2.9: Typical relative permeability curves [36].
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Relative permeability is unique property for each reservoir rock. Nevertheless,
Craig [36] developed a rule of thumb to discriminate between water-wet and

oil-wet conditions

1. Connate water saturation are usually greater than 20 to 25% PV in a water-
wet rock, but less than 10% PV in an oil-wet rock.

2. Water saturation at which oil and water relative permeabilities are equal is
generally greater than 50% for water-wet cores and less than 50% for oil-wet

ones

3. The relative permeability to water at residual oil saturation is generally less
than 30% in water-wet rocks, but from 50 to 100% in oil-wet ones.

Craig’s rules of thumb generally give a good indication of the rock wettability
even though there are some exceptions. Caudle et al. [37] pointed out that
relative permeabilities measured on a water-wet sandstone are dependent on the
initial water saturation. Thus, initial water saturations changes location and
shape of the curves. However, Craig [36] stated that initial water saturation has
significant effect on relative permeability curves measured on strongly water-wet
rocks, but has little effect on curves measured on oil-wet rocks as long as the
initial saturation is less than 20%.
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2.1.4 Correlation Between Oil Recovery and
Wettability index

Spontaneous imbibition of water into the matrix is believed to be the main mechanism
for improved oil recovery in fractured carbonate rocks. As discussed in the theory
part, SI depends on wettability of the rock. Thus, it is reasonable to expect relation
between wettability index and maximum recovery. Zhang and Austad, as shown in
Figure 2.10a, suggested correlation of plateau recovery with wettability index based
on chromatographic wettability testing method (W l,e,) [38]. In the experiment,
SO7F~ concentration is varied for three temperature values. Zhang and Austad also
proposed relationship between Amott wettability index and W I, that are shown
in Figure 2.10b.

There is also a rule of thumb that agrees fairly well with the experimental correlation
presented above. The rule of is used to roughly quantify wettability in chalk core
sample based on maximum oil recovery. It is assumed that 75% recovery corresponds
to Amott wettability index ( I,) of unity. Similarly, no oil production indicates
completely oil-wet case and this corresponds to [, = 0 while is Ip non-zero.
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Figure 2.10: Relationship between wettability index and maximum recovery [38, 39].

The experimental correlation provided above enables conversion between I, and
W, given maximum recovery is available. Wettability index calculated in the
methods specified above would be used to quantify wettability of the experimental
data to be matched.
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2.2 Fractured Reservoirs

Naturally fractured carbonate reservoirs are characterized by the presence of two dis-
tinct porous media : matrix and fracture. Usually, low porosity and low permeability
matrix blocks is surrounded by a highly permeable, network of irregular cracks and
fissures. The isolated matrix block acts as a source of hydrocarbon while overall
fluid flow depends on the fractured networks. In fractured reservoir, the fracture has
significant effect on overall property and performance of the reservoir. Thus, it can
not be ignored in the conceptual model unlike most conventional reservoirs which
are somewhat fractured but the fracture plays insignificant role regarding fluid flow.
Figure 2.11 shows schematic illustration of fracture and grid model for numerical

simulation.

Realistic Reservoir Model Conceptual Grid Model

Figure 2.11: Schematic illustration of naturally fractured reservoir [40].

Based on the relationship between matrix and fracture properties, fractured reservoirs
can be divided into four categories [41].

e Type I - little to no porosity and permeability in the matrix. Fractures
provide essential porosity and permeability. Reserves is defined by fracture
characteristics.

e Type II - low porosity and permeability in the matrix. Matrix provides some
storage capacity and fractures provide pathways for the fluid flow. Fracture
intensity and distribution dictates production.

e Type III - Characterized by high matrix porosity and low permeability. Fracture
networks provide permeability and defines anisotropy.

e Type IV - high matrix porosity and permeability. Both storage and flow is
dictated by matrix while fractures simply enhance permeability.
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2.2.1 Recovery Mechanisms in Fractured Reservoirs

Recovery mechanisms in naturally fractured reservoirs are different to conventional

reservoirs. Large contrast in capillary pressure between the matrix and the fractures

is the main reason for the difference in recovery performance between fractured and

conventional reservoirs [42].

The principal recovery mechanisms are :

i

ii

iii

Spontaneous Imbibition

Spontaneous imbibition is an important recovery mechanism in fractured
reservoirs. The water injected to maintain pressure will rapidly invade the
fracture surrounding the matrix. Most of the flow is through the highly
permeable fracture and this in turn limits the build up of large differential
pressure across the reservoir. The limited viscous forces are negative for
production. For example, during waterflooding, most of the water flows in
the fracture only, and bypasses the oil in the matrix leading to poor sweep
efficiency and low recoveries. Therefore, the dominant recovery mechanism is

capillary imbibition rather than viscous displacement [41].

The amount and the rate of water that imbibes from the fracture to the rock
matrix depends on the capillary pressure which in turn is mainly a function of
wettability and pore structure of the rock.

Gravity Drainage

Gravity drainage is gas-oil displacement where gravity force is dominant over
viscous and capillary forces. The height of the matrix block and the density
difference between the gas in the fracture and the oil in the matrix dictates
the efficiency of gravity drainage. If matrix block is tall, gravity drainage is
important recovery mechanism otherwise capillary threshold pressure prevent
the oil against flowing to the fracture.

Fluid Expansion

During primary recovery, the pressure will drop. Particularly, due to high
transmissibility in the fracture, rapid drop is expected in the fracture than in
the matrix. This implies that there is pressure difference between the matrix
and the fracture. Consequently, this leads to flow of oil to the fracture as the
fluids expand. Pressure drop below bubble point causes gas to evolve from the
oil and results in further recovery. However, once the gas is connected in the
system, only gas is produced leaving significant quantity of oil in the matrix.
Moreover, due to high permeability of the fracture network, the pressure drop
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around a producing well is lower than in conventional reservoirs. Thus, pressure
drop does not play significant role in production from fractured reservoir [41].

2.3 Model For Spontaneous Imbibition

Several models with different approaches have been suggested for SI of water into
a naturally fractured reservoir. Many traditional and recently presented SI models
are derived based on Hagen-Poiseuille (H-P) flow in cylindrical capillaries. Usually,
transfer functions are used to describe the rate by which oil is expelled from the
matrix block. One of the limitations of the earliest models was that they are based
on cylindrical capillaries. However, natural porous media are usually tortuous and
non-circular [43]. Therefore, models based on cylindrical capillaries may not be
a good representation of SI in natural porous media. Various investigators have
developed SI model by considering some parameters that they assumed to dictate SI
in porous media. Some of the models that take various geometrical shape and size
into account are highlighted below.

2.3.1 Aronofsky Model

This model is the first approach to modeling SI and it is most widely used as basis
for several other modifications of cylindrical capillaries methods [44]. The author
noticed that oil recovery by SI can be modeled as exponential curve given in Eq. 2.7.

R = Rpax(1 — ™) (2.7)

where R is oil recovery as a function of time, R,,,, is maximum oil recovery, and w to
be found empirically. Determining omega is time consuming [45]. Aronofsky model
is simple model since only one parameter varies to match oil recovery. However,
there are some limitations to this model. Firstly, w is a function of petrophysical
properties and geometry of a system. Secondly, obtaining an good value that takes
into account variation of matrix block size and petrophysical properties is not always
possible.

Thirdly, the value obtained in laboratory may not necessarily be applicable in
actual reservoir [46]. Moreover, the model overestimates recovery in early time and

underestimates in late time.
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Ma et al. proposed a modified version of Aronofsky model introducing different
definition of dimensionless time tp and characteristic length L. that takes into
account shape factor and boundary conditions [47]. Their model is presented in Eq.
2.8.

%max - (1 - G_th) (28)
k o 1
o= l\/;\/WL_ 29
v,
L=
c T E . (2.10)
=

where V; is bulk volume of the core (m?), L; is distance from i-th imbibition surface

to the no flow boundary(m) and A; is i-th imbibition surfaces.

The modified method was tested by correlating ultimate oil recovery by SI from
strongly water-wet core sample . Sample size, shape, and boundary conditions are
taken into account. A close fit to experimental data was obtained by equation
of decay with dimensionless time tp as the only parameter varied. Moreover, it
was suggested that, it is possible to assess wettability of non-strongly water-wet
conditions by comparing the reduction in SI rate relative to results obtained for
strongly water-wet case [47].

A single-parameter fit correlation based on solving Washburn equation was proposed
by Standnes [44]. Washburn equation describes capillary flow in a bundle of parallel
cylindrical horizontal tubes. The equation is also applicable to describe imbibition into
porous media. Fries and Dreyer [48] suggested explicit solution of Washburn equation
for vertical flow including gravity term with respect of height and a Lampbert’s

W function used to mathematical rearrangement. The explicit solution is given

below.
ht) = F1+ W(—e %) (2.11)
. 20cosOk (2.12)
pgcz;uw
b= o (2.13)

where W(x) is the Lambert’s W function defined as inverse exponential function
given by
z=W(zx)eV® (2.14)
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In Eq.(2.11), ¢ gives capillary rise to the gravity head as indicated in Eq. (2.15)

2 01 P,
_ 20cost 1 I (2.15)

a
b roopg Py

where L is the length of the capillary tube and therefore, dividing Eq. (2.11) by L
gives the fraction of the tube imbibed. Thus, normalized oil recovery as a fraction of
recoverable oil vs time is given by:

R(t)
RTTL(II

b2t

— 14+ W(—e'") (2.16)

with introduction of pure fit parameter o = % in Eq. (2.16) we get

R(t)

=1+ W(—e ') (2.17)

The correlation better fits to experimental data compared to the standard Aronofsky
exponential decay correlation. It also preserves the simplicity of Aronofsky’s model as
it requires only adjusting one parameter to fit experimental SI data. As indicated in
the Figure 2.12, discrepancies of Aronofsky’s model at early and late time is improved
in this correlation. Even though only one parameter is varied like Aronofsky model,
the correlation fits SI date more accurately.
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Figure 2.12: The Aronofsky model and the improved correlation based on the Lambert’s
W function [44].
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2.3.2 Cai Model

Recently, Cai et al. [1] presented an analytical model for ST of a wetting fluid in
porous media based on fractal geometry. Fractal characteristics is based on the
assumption that natural porous media have self-similar over several length scale. In
this model, early time imbibition weight is expressed as

ocosf2 — Dy (Adp)*rmaz

M? =
2ur? 3—D; 1—¢

t (2.18)

where, 7,4, is the maximum pore radius and Dy is the pore fractal dimension which
is 0 < Dy < 2 for two dimensional space and 0 < D; < 3 in three-dimensional
Euclidean space. I this model, it is assumed that porosities and pore diameters
of homogeneous porous media are respectively equal in two and three dimensional
spaces. In Eq. 2.18, 7 is to take tortuosity of porous media into account and it is

given by Eq. 2.19.

_L_O

where L; and Lo are the tortuous and straight representative length. Thus, for

T

(2.19)

straight capillary, 7 = 1. The presented model indicates that the weight of wetting
liquid imbibed into porous media is a function geometry of the porous media (A4,¢,Dy,
and 1), fluid properties (p, p, o) and fluid-solid interaction( 6). Furthermore, Eq.
2.18 can also be expressed as

M? = 2at (2.20)

Eq. 2.20 denotes that the accumulated imbibed wight in the porous medium is
proportional tov/t in early imbibition period. A model similar to Eq. 2.20 that
considers the fractal character of tortuous stream-tubes in porous media has been
verified experimentally [1]. The authors argue that model represented in Eq. 2.18 is
in good agreement with experimental data.
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2.3.3 Handy Model

Handy [49] derived a macroscopic imbibition model to predict water imbibition
behavior in porous media. The main assumptions for the model are wetting liquid
imbibition occurs in a piston-like manner, and pressure gradient in the gas phase
ahead of the wetting liquid front can be ignored. Imbibition weight in Handy’s model
is presented in Eq. 2.21.

B 2Pck:A2,02¢Swft
N 7

where £ is intrinsic permeability. Generally, in diffusion equation, the small capillaries

M2

(2.21)

fill first followed by larger capillaries. However, in piston-like displacement, all
capillaries fill at the same time leaving a residual saturation behind. The capillary
pressure is assumed to provide the driving force throughout the porous medium
in which water is flowing. Handy has also conducted experimental works to verify
the validation of the assumptions in deriving Eq. 2.21. The model is in good
agreement with experimental data even though comparatively it is simple and more
representative of the experimental data than equations based on phase continuity

behind the front [49].

2.3.4 Generalized Model by Cai et al.

Cai et al. [43] derived a comprehensive model based on H-P equation that generalizes
several previous models. This model was developed by considering the different
the different sizes and shapes of pores, the tortuosity of imbibition streamlines in
random porous media, and the initial wetting-phase saturation. Flow rate ¢ in
circular capillary is given by

TAAP

- 2.22
128uLo (2.22)

q

Eq. 2.22 applies only to a straight capillary tube with a circular cross-sectional shape.
However, pore channels are seldom circular in natural porous media. Therefore,
correction is required to include tortuous and noncircular nature of natural porous
media. Pickard [50] proposed Eq. 2.23 that takes into account the aforementioned

factors.
TDIAP

_ Tl 2.2
7 198uL, (2:23)

where Dy, is hydraulic diameter, k is a geometry correction factor dependent on the
shape of the capillary and its eccentricity with k& = 1 for circular capillary. L-Y
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capillary pressure equation is modified to account for irregular pore structure [51]

and given by Eq. 2.24.
B 2Bocost B 20cosb

(2.24)

c 1
r E?"

where B = 1 for cylindrical pores and 0 < B < 1 for non-cylindrical pores. By
combining modified H-P and L-Y equations, Cai et al. derived accumulated weight
(M) of imbibed liquid for laminar flow in tortuous capillaries with noncircular cross-
sectional shapes given by:

PP A2 (Syy — Swi)Qagraeacoset

M=
2ut?

(2.25)

where r,. is effective/average radius. « is dimensionless geometry correction factor
and o > 1, with a = 1 for circular cross-section, and a = 1.094 for a square, and

a = 1.186 for an equilateral triangle.

Eq. 2.25 is only valid for early imbibition times and has primarily has two limitations.
The fist one is gravity effect neglected. The second is as time goes to infinity,
accumulated weight of imbibed fluid also goes to infinity and this is not physically
realistic. Gravity effect increases as height/time of the imbibed fluid increases.
Therefore, Cai et al. employed new scaling group suggested by Standnes [44] to
derive an analytical model for entire imbibition process considering the gravity force.
Explicit analytical equation is given below

a

b

2
bt

M(t) = 21+ W(—e1=%)] (2.26)

Eq. 2.26 is similar to Eq. 2.11 except that in this case a and b have different values
as indicated below.

PP A2 (Swp — Swi)?aPraeocosd

a= = (2.27)
2AG(Suy — Sui) 2’72,
p = oA f8/“_2 ) g (2.25)

The authors argue that this model considers almost all of parameters that control
SI in porous media such as fluid properties, porous media properties and properties
that arise due to solid-fluid interactions. Models presented in the previous sections
can be obtained with mathematical manipulation of the generalized model. As
indicated in Figure 2.13, results obtained by fitting experimental data show that the
presented generalized expression can describe SI for many wetting liquids in natural
and artificial porous media.

LS Universitetet i Stavanger



Section 2.3. Model For Spontaneous Imbibition

27

Imbibition weight(mg)

Figure 2.13: Comparison of experimental data and prediction by the model [43].
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In the Figure 2.13, ¢ = ‘j—: is a composite parameter that includes influences of both
shape and streamline tortuosity on SI. It is evident from the figure that the model

gives best fit to the experimental data. Particularly an accurate match for circular

porous media.
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2.4 Mechanisms of Smart Water

Crude oil is a complex mixture of thousands of different compounds such as liquid
fraction, asphatenes, and resins which are rich in polar components. It is indicated
that crude oil components that mainly affect wettability of the rock are polar organic
bases (RsNH™ = H" + R3N), organic acids (RCOOH = H* + RCOO™), and
heteroatoms like nitrogen, sulfur and oxygen (NSO). The polar components in crude
oil adhere to the surface of the rock depending surface charge of the rock. The
mechanisms they adhere to the rock surface depend on asphaltene content, AN, base
number, and brine composition. AN is measured in mgKOH/q oil.

The four interaction mechanisms between crude oil and rock surface have been
identified are polar binding, surface interaction, acid-base interactions, and ion-
binding interactions [52]. Polar binding occurs between mineral surfaces and polar
heteroatoms in crude oil in absence of water. However, if an oil is a poor solvent for
its asphaltenes, surface precipitation can occur and hence the precipitates adhere
to the rock surface making it oil-wet. Acid-base interactions occur between sites
of opposite charge, and this interaction is pH dependent adhesion. Ilon-binding
interactions take place when divalent or multivalent ions in the brine present. They
bind both to the mineral surface and oil-water interface creating bridge.

It has been observed that the water-wetting condition of carbonate reservoirs increases
as the temperature of the reservoir increases. The reservoir temperature is important
factor because the acid number in the actual crude oil decreases as the temperature

increases [53].

Suggested mechanisms of smart water that are pertinent to carbonates are discussed

next.

2.4.1 Mechanisms of Smart Water in Carbonates rocks

Carbonate reservoirs are generally characterized as mixed-wet to preferentially oil-
wet system with heterogeneity. They are observed to be positively charged at basic
conditions (pH< 9.5) and therefore, are able to attract negatively charged acidic
components in crude oil. Thus, the AN of the crude oil has been shown to be a
crucial factor for the wetting state of carbonates. Furthermore, it was observed that
the water wetness decreases as the AN increases [54]. For example, smart water is
verified to increase the water wetness of carbonate rocks by a symbiotic interaction
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between potential determining active ions and the mixed-wet calcite surface. The
potential determining ions are calcium (Ca®"), magnesium (Mg?"), and sulfate
(SO77) [55].

The mechanism for wettability alteration was suggested to be an interaction between
the cationic surfactant monomers and adsorbed negatively charged carboxylic mate-
rial, forming a cat-anionic complex, which is released from the surface. Figure 2.14
depicts surface interactions undergoing during wettability alteration of carbonate

from oil-wet to water-wet. As stated previously, initially, the rock is positively
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Figure 2.14: Wettability alteration mechanism at carbonate surfaces [56].

charged due to a pH < 9.5 and high concentration of C'a*" and possible M ¢*>" in
the formation water. Sulfate ion from the injected water will adsorb onto the posi-
tively charged surface and lower the positive charge which leads to less electrostatic
repulsion. As a result, the concentration of Ca?t close to the surface is increased.
Calcium ion can bind to the negatively charged carboxylic group and releases it from
the surface. At higher temperature, ion activity of Mg¢** increases and it is able
to displace Ca®* and even the Ca®*- carboxylate complex from the surface. The
process is illustrated in Eq. 2.29. However, spiking the injected water with SO3~
is not advisable due to precipitation of anhydride (CaSO,) at higher temperature.

CaCOs(s) + Mg*™ = MgCOs(s) + Ca*" (2.29)
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2.5 Smart Water Implementation in ECLIPSE 100

One of the suggested mechanisms of smart water is wettability alteration. Wettability
change option is under Surfactant Model in ECLIPSE 100. This is due to the
assumption that wettability change occurs when surfactants adsorbs on the surface
of the rock. Furthermore, ECLIPSE 100 has Low Salinity Option (LSO) to model
low salinity effect [57-59]. As stated before, low salinity water is a smart water
which salinity is adjusted to a desired level. LSO allows one to modify saturation
and relative permeability end points, and water-oil capillary pressure as a function
of salt concentration rather than adsorption. The surfactant option allows dynamic
modelling of wettability alteration effect of smart water. The wettability change
option in Surfactant Model can be improvised to model wettability alteration by
smart water by considering sulfate ion as surfactant. In this thesis, wettability
change option is employed to model spontaneous imbibition due to wettability
alteration.

2.6 Modeling Wettability Change due to
Surfactant Adsorption

Huge amount of oil remains in the reservoir even after WF' due to either it is bypassed
by WF or immobile due to zero relative permeability at that saturation. Surfactants
are surface active agents and hence lowers oil-water surface tension that held the oil
trapped due to capillary pressure. Low surface tension enables the water to displace
the oil more easily. Due to electrostatic attraction, surfactants have a tendency
to be adsorbed on the surface of the rock. The adsorbed surfactant can affect the

wettability of the reservoir rock.

The surfactant flooding model is activated by using SURFACT keyword in RUNSPEC
section. The surfactant is assumed to exist only in the water phase, and therefore,
distribution of injected surfactant is modeled by solving a conservation equation
for surfactant within the water phase. The input to the reservoir is specified as a
concentration at a water injector. The Surfactant Model is also able to model changes
in the rock wettability due to the accumulation of surfactant by adsorption. The
option to model change in wettability is activated by specifying the SURFACTW
keyword, which also activates the Surfactant Model (SURFACT keyword) by defualt
if it is not activated already.
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At least two saturations tables, oil-wet and water-wet, have to be provided to model
wettability alteration due to adsorption of surfactant. The SATNUM and SUR-
FWNUM keywords are used to define the oil-wet and water-wet immiscible saturation
regions respectively and hence the associated saturation tables. If miscibility is also
to be considered, the keyword SURFNUM is used to define the miscible saturation
regions. The immiscible saturation regions is for high IFT region while miscible
saturation is for low IFT region. However, in thesis model miscibility is not expected,
thus only immiscible saturation regions are used. Given two sets of saturation func-
tions, one for immiscible oil-wet and one for immiscible water-wet, the immiscible

water and oil table saturation end-points are interpolated firstly according to:

Simm — F450w + (1 . F4)sww

wco wco wco

Simm — F4sow 4 (1 . F4)sww

'wcr wer wer (230)
SZUT:ZZQC = F4Sft/1;}nax + (1 - F4)Sz111})’:rﬂmcc
Somer = FuSgue, + (1 — Fy)Spe,

where Fj is tabulated as a function of the adsorbed surfactant concentration and
corresponds to the second column of the SURFADDW keyword. F; has maximum
value of 1 and minimum value of 0. F; = 1 implies only the oil-wet saturation
function is used whereas value of Fy; = 0 implies only the water-wet saturation
function is used. The interpolated end-point values in Eq. 2.30 are then combined
with the miscible table saturation end-points according to:

quvmax = F3Sq7vnrznsax + (]' - F3>Sﬂfur7nn721
Séwcr = F3S;nufjr + (1 - F3)S(l)7£g;

where Fj is a function of the capillary number (expressed in terms of its logarithm
base ten) and corresponds to the second column of the SURFCAPD keyword. A
value of 0 implies immiscible conditions and a value of 1 is for miscible conditions. It
should be emphasized that in smart water injection, there is no significant miscibility
between the oil and injected fluid. Therefore, F3 = 0 is used and this is in line
with the objective of this study. As shown in Eq. 2.32, the immiscible oil-wet
and water-wet capillary pressures and relative permeabilities are looked up in the
immiscible oil-wet and water-wet saturation tables by applying two-point saturation
(horizontal) end-point scaling using the interpolated saturation end-points.

Pgw - f(SUH S’Zuco? Siiumax? chc:'lt]umar)
. e . (2.32)
kiw = f(SUH S’ZUCT" SZUmax? ki%ax)
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where j stands for o and w, k, stands for k,,, and k,,. In addition, miscible relative
permeabilities are also looked up in miscible table applying end point scaling using
interpolated saturation end points as shown in Eq. 2.33.

K = £(Su, S

wcer?

S ks (2.33)

wmax’ " 'rmax

The water-oil capillary pressure is only interpolated between the immiscible oil-wet
and immiscible water-wet values [21]. The method is the same if we have three phase
except that the gas relative permeability and gas-oil capillary pressure are assumed
to exhibit no dependence upon surfactant concentration or surfactant adsorption.
Summary of the keywords required for modeling wettability alteration in surfactant
flooding is listed in appendix ( ECLIPSE 100 KEYWORDS).

2.6.1 Capillary Pressure

As concentration of the surfactant increases water-oil capillary pressure will reduces.
This in turn leads to reduction of residual oil saturation. The oil-water capillary

pressure is give by
ST (Csury)

P.,,=P
cow cow(Sw) ST(Csurf _ 0)

(2.34)

where ST (Cyyrp) is the surface tension at the present surfactant concentration,
ST (Csurg = 0) is the surface tension at zero concentration. However, in the case
of smart water injection, there is no significant IFT change. Thus, Pg is rather
interpolated between immiscible water-wet and immiscible oil-wet based on the
weighing function as shown in Eq 2.32.

2.6.2 Water PVT Properties

The surfactant modifies the viscosity of the pure water phase. The viscosity of the
water (at reference pressure) is given as input as a function of surfactant concentration.
In modeling wettability alteration due to smart water, viscosity of the surfactant

solution is considered to be equal to viscosity of the water.
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2.6.3 Adsorption Isotherms

The adsorption of surfactant is assumed to be instantaneous, and the quantity
adsorbed is a function of the surfactant concentration. It is required to supply
an adsorption isotherm as a function of surfactant concentration under SURFADS
keyword. The quantity of surfactant adsorbed on to the rock is given by:

1 _
Mass of adsorbed surfactant = PORV.TngD.CA(CSWf) (2.35)

There are two adsorption models that can be selected, using the first argument of
SURFROCK. The first model ensures that each grid block retraces the adsorption
isotherm as the surfactant concentration falls in the cell. The second model assumes
that the adsorbed surfactant concentration on the rock may not decrease with
time and hence does not allow for any de-adsorption. In the current version of
ECLIPSE 100, the adsorption concentrations are updated explicitly for the surfactant
concentration.

The most common adsorption isotherms used are highlighted below.

i. Linear Isotherm
Linear isotherm is simple assumption that the adsorbed quantity directly
proportional to the concentration of injected solution as shown in Figure 2.15a
[60]. Linear isotherm is defined by:

ge = KC; (2.36)

The linear isotherm is a special case of the Freundlich isotherm where the
Freundlich exponent n is equal to 1 as shown in Eq. 2.37

ii. Freundlich Adsorption Isotherm
In 1909, Freundlich suggested an empirical expression representing the isother-
mal variation of adsorption of a quantity of gas adsorbed by unit mass of solid
adsorbent with pressure. This equation is referred to as Freundlich Isotherm
[60]. Mathematically expressed as:

qe = Kfcé/n (237>

where Ky and n are constants whose values depend on adsorbent and gas at
particular temperature. As indicated in Figure 2.15, 1/n indicates the intensity
of adsorption.

Universitetet i Stavanger LS



34

Chapter 2. Theory

iii

Limitation of Freundlich Isotherm is that even though it established the re-
lationship of adsorption with pressure at lower values correctly, it failed to
predict value of adsorption at higher pressure [60].

Figure 2.15 indicates the relationship between adsorbed amount and concentra-

tion of injected solution for linear and Freundlich isotherms.

Ce Ce

(a) Linear Isotherm (b) Freundlich Isotherm

Figure 2.15: Linear and Freundlich Isotherm [61].

. Langmuir Isotherm

In 1916, Langmuir proposed an adsorption isotherm known as Langmuir Ad-
sorption Isotherm (LAI) which is based on the assumption that there exists
equilibrium between adsorbed gas molecules and free gas molecules. LAI is
given by Eq. 2.38.

p = ZnfiCe (2.38)

1+ K,C,

where x and x,, are amount adsorbed and maximum amount adsorbed per unit
mass, respectively. K; Langmuir adsorption constant.
LAT is based on some reasonable assumptions which are mostly valid under low

pressure [62]. The assumptions are:

e Fixed number of vacant or adsorption sites are available on the surface of
solid.

e A uniform surface
e A single layer of adsorbed molecules and constant temperature

LAT works pretty well at low pressure. However, it deviates at high pressure.
This is due to the assumptions made in deriving the equation.
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For example, it does not account surface roughness and variation in affinity,
it ignores interaction between adsorbents and adsorption is monolayer [63].
Figure 2.16 depicts adsorbed amount as a function concentration of solute for

Langmuir and BET isotherms.

Qo — e | _ _
a

o - — — — —

Ce Ce S

(a) Langmuir Isotherm (b) BET Isotherm

Figure 2.16: Langmuir and BET Isotherm [61].

iv. BET Isotherm
This a more general multilayer model. BET isotherm is basically extension of
LAT which is, as pointed out previously, is monolayer isotherm. BET isotherm
assumes that molecules physically adsorb on a solid in layers infinitely; no
lateral interaction between each adsorption layer. However, LI applies for each

layer. The resulting relation is expressed by Eq. 2.39.

KBCeQO
(Cs = Co)L+ (K — 1)(&)]

Ge = (239)

where (° is maximum adsorption capacity for a single layer. Note that in 2.39,
when C, << O, and KB >> 1 and K 4 = Ié—f, BET isotherm approaches LAIL
Moreover, many unusual isotherms are fitted well by BET as there are three

coefficients to manipulate [61].

2.6.4 Capillary Pressure Correlations and Models
Capillary pressure (P,) is an important parameter in modeling reservoir flow behavior.

Usually, it is measured in core analysis laboratories. However, conventional techniques

to measure P, are expensive and time consuming.
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Thus, a number of correlation models have been suggested to calculate P. and some

of them are highlighted as follows. The models are used to fit measured data and

summarize the data with a small set of parameters.

i.

ii.

iii.

Leverett j-function
Leverett proposed the following correlation based on gas/water of P. data for
drainage and imbibition.

o
Py = Ogu 77 (Sw) (2.40)
The function j(S,,) is referred to as Leverett j-function or simply j-function. It
is used to correlate P, of cores with different permeability but similar porosity

and wettability. It is obtained by plotting 2—"5\/% against 9.

The j-function has been used for correlating capillary pressure data for rocks
with similar pore types and wettability but with different permeabilities. This
model was developed to obtain a dimensionless function to average core P,
curves to obtain the most representative curve for a field . The restrictions on
the model is that particularly good results are obtained only in unconsolidated
sands and from the same formation [64].

Thomeer Model
Thomeer developed the following empirical model based on P, profile from core
sample.

-G

o (s
—e SHGoo

P,
P, (2.41)
where S mercury saturation. Thomeer model has in addition three parame-
ters; threshold pressure (P.), pore geometric factor (G) and mercury saturation
at infinite capillary pressure (Sgg~). Low values of G indicate well sorted
pore throats whereas high values indicate poorly sorted pore throats and this
associates capillary pressure to the pore throat distribution. However, it is not
always easy to estimate G; particularly for shally reservoirs and tight rocks
with low permeability [65, 66].

Brooks and Corey Model

Brooks and Corey developed an empirical correlation based on the concept of
threshold pressure (P;). The threshold pressure indicates that pressure reached
a maximum value to form a continuous network across the sample. Left side of

Eq. 2.42 indicates effective saturation.
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iv.

The variable lambda ( A) describes pore size distribution on the core samples.
A is dimensionless parameter which depends on fitting parameters (a,b) and
effective porosity as shown in Eq. 2.43.

A
Suw = Sur _ <&> (2.42)
1 - Swr Pc
A = eletbIn(s) (2.43)

Bentsen and Anli

Bentsen and Anli postulated a drainage capillary pressure model in which a
core initially saturated with water is invaded by an oil. The expression is given
by Eq. 2.44.

" (2.44)

where P, is a parameter with pressure units for controlling the shape of the

Pcow: ct_Pcsln (M)

capillary pressure function. The authors suggested that the model overcomes
some of the limitations of j-function. Moreover, it involves three parameters to
be obtained experimentally. Range of parameters for several rock/oil/water
systems were suggested but the means to obtain those parameters are not
reported [66, 67].

. S.M. Skjeeveland Correlation

Skjeevland et al. developed P, correlation for mixed wet reservoirs that covers
primary drainage, imbibition, secondary drainage, and hysteresis scanning loops
[68]. The expression is given by:

Cw Co
+

Ay Qo
Sw—Swr So—Sor
1—Swr 1—Sor

where a and ¢ are constants and there is one set for imbibition and another for

P = (2.45)

drainage. Most of the correlations mentioned before are applicable for water-
wet reservoirs and besides, they are limited to primary drainage and capillary
pressure. However, it is indicated that most reservoirs are at wettability
condition other than completely water-wet. [69]. Therefore, this model offers
representative capillary pressure curves for numerical modeling with varying
wettability [68].
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Numerical Model

3.1 Methodology

As indicated in section 1.3, the objective is modelling spontaneous imbibition of smart
water into non water-wet carbonate core by using water-wet and oil-wet cases and
capture the effect of sulfate concentration in the imbibing fluid. Sulfate concentration
is varied in the injected fluid and corresponding wettability alteration is investigated.
Using the approach established, experimental data will be matched by using the
procedure of weight factor between a water-wet and oil-wet cases. Furthermore,
relation between wettability index and ECLIPSE 100 weight factor will investigated.

Relation between adsorbed sulfate and weight factor is described.
The workflow is described as follows.

i. The outermost grid blocks surround the core sample is filled with imbibing
water in the BASE.DATA file. The core is isolated from the surrounding water

by closing the boundary as shown below.

EQUALS

- - multiplier i ] k
MULTR 0 40 40 1 20 19 58/
MULTZ 0 1 40 1 20 18 18/
MULTZ 0 1 40 1 20 58 58/

/
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ii. Sulfate concentration in the imbibing water is varied. In the BASE.DATA
file there is WSURFACT keyword which sets surfactant concentration in the
injection well. Desired sulfate concentration is inserted under this keyword.

iii. Restart file(BASE_RST.UNRST ) is obtained from the BASE.DATA file run.

iv. In the BASE_RST.DATA) file, spontaneous imbibition (no injection and
production wells) is initiated by opening up the core in so that water imbibes
freely as indicated in the grid model.

EQUALS

- - multiplier i j k
MULTR 1 40 40 1 20 19 58/
MULTZ 1 1 40 1 20 18 18/
MULTZ 1 1 40 1 20 58 58/

/

However, the procedures mentioned above can be automated to reduce time and
avoid repetitions by creating a BATCH file. A BATCH file is created with names of
the BASE file and BASE_RST and saved in a .BAT file

Assuming the two files are in the same folder and desired sulfate concentration
adjusted in the BASE file, the .BAT file can then be run by double clicking it.

The reference concentration is seawater sulfate concentration which is 24mM. Con-
centration is varied from no sulfate concentration (05) to four times seawater sulfate
concentration (45). The experimental data that will be matched in the end is also
conducted in the same procedure.

As explained in the mechanism of smart water (section 2.4), during imbibition, sulfate
ion from the imbibing water is attached to the surface of the rock releasing crude
oil components. Thus, based on the amount of sulfate ion adsorbed, wettability of
the rock is altered. Weighting of oil-wet to water-wet saturation function is referred
to as Weight Factor (WF) in ECLIPSE 100. It is tabulated as a function of the
adsorbed surfactant concentration. Weight factor is provided in the second column of
SURFADDW keyword. The experimental data is matched by adjusting the sulfate
concentration and WF (also denoted by Fy in ECLIPSE 100 manual).
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3.2 Input Parameters

3.2.1 Grid Model

The numerical model contains a total of 96,000 blocks in cylindrical coordinates (
60220280 in r, # and z-direction respectively). The core sample was represented by 40
grid blocks in r-direction, 20 in #-direction, and 40 in z-direction. In order to mimic
imbibition cell, the core sample is surrounded by a 100%water saturated outermost
grid blocks as shown in Figure 3.1. The outermost grid blocks is represented by
41-60 in r-direction, 1-18 from the top and 59-80 from bottom in z-direction.

Table 3.1: Grid properties

r 0 A 10) kK(mD) | Sui | Sor
Core 1—-40 |1-20 19 — 58 0.49 2 0.09 | 0.12
Outermost block | 41 —60 | 1 —20 | 1 — 18/59 — 80 | 0.99 | 100.0000 1 0

FloViz 2014.2

CilSat

0.000 0.455 0.910

Figure 3.1: Grid mode used in the simulation (red for the core)
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3.2.2 Fluid property

Fluid properties at the temperature and pressure the laboratory experiment conducted

(90 °C and 10 bar respectively). Note that some of fluid parameters are estimated

from closely related fluid at similar conditions.

Table 3.2: Fluid properties

Density(g/cc) | Viscosity (cP) | By, B, | AN | IFT(dynes/cm)
Water 0.9847 0.35 1 - 20
Oil 0.7834 0.65 - 0.5

3.2.3 Relative Permeabilities

Two saturation tables should be provided; immiscible water-wet and immiscible

oil-wet. The two saturations tables are used for oil-wet and water-wet region defined
under SATNUM and SURFWNUM keywords respectively. The third saturation
table for miscible region (SURFNUM ), which is important in surfactant model, is

ignored by providing the same saturation table as in the immiscible oil-wet region.

The reason is that miscibility is not expected in smart water injection. As sulfate

adsorbed on the surface of the rock, wettability is altered and that is reflected in the
weight factor under SURFADDW keyword. A value of 1 implies only the oil-wet
saturation function is used and a value of 0 implies purely water-wet saturation

function is used. The value shouldn’t be greater than 1 or less than 0.

1,0 - 10 -
09 - 09 -
08 - 0,3 -
water-wet oil-wet
07 - 0,7 -
0 06 - 0 06 -
= =05
. 05 - - 05
¥ 2
L o4 < 04 -
03 - 03 -
02 - 02 -
] / 01 -
0,0 —_— 0,0 : ‘ ‘ —
0,00 0,20 0,40 0,60 0,80 1,00 0,00 0,20 0,40 0,60 0,80 1,00
Sw Sw
(a) Water-wet (b) Oil-wet

Figure 3.2: Water-wet and oil-wet relative permeability curve modified from [20].
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Relative permeability for the outermost grid blocks surrounding the core is simply
linear. Grid blocks out side of the core is filled with injected water initially. Thus,
the water saturation is unity.The relative permeability curves for both water and

oil varies linearly. Moreover, the capillary pressure is zero for all saturations value.

Fracture relative perm. curve

1 e

09 >
08 b
07
o 06
Zos
E 04 h . ——Knw
03 S~ —e—kro
02 B
01
0 ®

Figure 3.3: Outermost block relative permeability curve [30].

3.2.4 Capillary Pressure

Capillary pressure used in the simulation for water-wet and oil-wet cases are shown
below. Maximum gravity head for the core sample is 115 Pa and the oil wet P, is
adjusted in such a way that gravity effect is eliminated. Gravity influence will be
discussed later.

water-wet Pc o oil-wet Pc
30 0,00 0,20 0,40 0,60 0,80 1,00
25 0
—. 20 -0,05
£
815 z o1
& 10 5
&£ -015
5
0 -0,2
0,00 0,20 0,40 0,60 0,80 1,00
-0,25
Sw
(a) Water-wet capillary pressure (b) Oil-wet capillary pressure

Figure 3.4: Water-wet and oil-wet capillary pressure modified from [16].
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3.2.5 Adsorption Isotherm

Linear isotherm is assumed and the maximum adsorbed amount, R(g/g) is determined
from the relation 3.1. The adsorbed amount is limited by the adsorbent surface
available for adsorption and injected concentration. In this experiment, 4 times SW
sulfate concentration is the optimum sulfate concentration in the imbibing fluid.
Injecting much higher sulfate concentration would not produce any extra oil due
the fact that it is higher than the adsorption capacity of the core. Moreover, sulfate
concentration higher than 4 times SW suggested to result in precipitation of C'aSOy.
Normally, lower amount of potential determining ions such as Ca®* is injected. The
reason is formation water supplies extra Ca?*. Thus, higher SO~ concentration
than required leads to shortage of Ca?*. This affects SI process which is the result
of a temperature dependent and symbiotic effect of SO~ and Ca?* [70].

Myock

R(g/g) = (3.1)

Adsorption isotherm
0,00016
0,00014
0,00012
0,0001
0,00008

0,00006

Adsrobed (g/g)

0,00004
0,00002

0
0 0,002 0,004 0,006 0,008 0,01

Injected concentration{g/scc)

Figure 3.5: Linear adsorption isotherm.
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Results and Discussions

The methodology has also been outlined in section 3.1. The basic input data required
has been presented in section 3.2. In this section, results from the simulation and

history matching are presented.

4.1 Spontaneous imbibition in water-wet

and oil-wet cases

As stated in the objective of this thesis, by using water-wet and oil-wet cases, SI into
non water-wet core is modelled. Establishing SI for the two extreme cases (water-wet
and oil-wet) is the first step. The result for water-wet and oil-wet cases is shown in
Figure 4.1. As indicated in the figure, there no recovery for both cases from 0 to
7 days. During this period, imbibing fluid is injected in the outermost grid blocks
surrounding the core. Then, as shown in section 3.1, the core boundary is opened so

that the water imbibes freely.

No SI and hence no oil recovery is observed for oil-wet case. However, for water-wet
case, Sl initiated almost instantly. It is discussed in the theory part that, oil recovery
in fractured carbonate rocks mainly depends on SI. However, SI is insignificant in
oil-wet core and this is reflected in the results obtained. Influence of gravity is
discussed in history matching phase.

The SURFADDW entry is shown in Table 4.1. The first column is the adsorbed
amount(g/g) while the second column is weight factor for corresponding cases.
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Figure 4.1: Recovery efficiency for water-wet and oil-wet.

Table 4.1: SURFADDW keyword

SURFADDW
First column Second column
Adsorption(g/g) | water-wet | oil-wet
0.000000000 0 1
0.000034799 0 1
0.000069598 0 1
0.000104397 0 1
0.000139196 0 1

The second column of SURFADDW is the weight factor (WF). WF = 0 for all entry
in first column corresponds to water-wet case whereas WF = 1 for all entry in first
column is for oil-wet case. For any wetting state between the extremes, the WF
starts from initial wetting state to maximum achieved wetting state that corresponds

to maximum adsorption.

Maximum recovery achieved in carbonate core sample can be correlated to wettability
index as discussed in section 2.1.4. Moreover, the rule of thumb discussed in section
2.1.4 is employed here to calculate the calculated wettability index’ listed in the
subsequent discussions. In the Figure 4.1, 65% recovery is achieved for water-wet
case. This corresponds to I,, = 87%. Similarly, the oil-wet case corresponds to

I, = 0 which is oil-wet.
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4.2 History Matching

The experimental data to be matched in the established procedure is presented below
[56]. The experiment was conducted on chalk core. Fluid and core properties are
listed in the input section 3.2. Moreover, the experiment was carried out at 90 °C’
and hence, fluid expansion is expected. Thermal expansion should be taken into
account. Thermal coefficient of the oil is 0.001/°C. An increase of 70 °C' from room

temperature gives recovery of 7%. Therefore, the experimental date corrected for
thermal expansion is provided below.

Experimental data Experimental data (Normalized)

'5 0,9

@
=]

[N @ o0g
8 50 © 0,7
= 20 —8—0SEXP S o6 —e—05EXP
g . —.— IS EXP § 05 —e—1SEXP
] —e—serie2 = —e—25EXP
L 20 —e—Serie3 E 03 —8—35EXP
3 10 —e—4SEXP g 02 —®—4SEXP
£ o1
0 0
0 10 20 30 40 50 60 70 o 10 20 30 40 50 60 70
time(Days) time(Days)
(a) Ezperimental data (recovery vs time) (b) Normalized

Figure 4.2: Ezperimental data to be matched [56].

The imbibing fluid used in the laboratory experiment is presented in Table 4.2. In
the laboratory experiment, modified seawater depleted in NaCl and spiked with
different amount of SO?™ is used. Ordinary SW has 2/mM sulfate concentration.
Five imbibing fluids have been used for SI experiment. They are denoted as ’XS’
where "X’ stands for X times the SO]  concentration of ordinary SW ”. For

example 0S implies no sulfate concentration and 4S signifies four times SW SO3~
concentration.
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Table 4.2: Ionic composition(mM) of imbibing fluid

Smart water used
Tons(mM) | 0S | 1S 25 35 4S
Na* 2 50 | 98.1 146 | 194.1
Ca** 13 | 13 13 13 13
M g** 45.5 | 45-5 | 45.5 | 45.5 | 45.5

ci- 125 125] 125 [ 125 | 125
S0~ 0| 24| 48 | 72 | 92
HCO; | 2 | 2 | 2 2 2

TDS(g/l) | 6.6 | 10.1 | 13.42 | 16.83 | 20.24
IS(mol/L | 0.18 | 0.26 | 0.33 | 0.40 | 0.47

. 0S

As shown in Figure 4.3, oil recovery of 15% is achieved by imbibing with seawater
depleted in NaCl and no sulfate concentration. The imbibing fluid (0S) contains no
wettability altering agent as it has no SO7~. Thus, it represents the initial wetting
of the core. If it were completely oil-wet, there would be no recovery due to SI.

Normalized simulated and experimental recovery data are presented below.

0 x SW sulfate conc.
1 —0
0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2 'f
0,1

0@
0 10 20 30 40 50

time(Days)

—8— 05-EXP
05-SIM

Fractional recovarable oil

Figure 4.3: Spontaneous Imbibition with 0S.
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Wettability index calculated in using the correlation presented in section 2.1.4 is
I, = 0.2 . The wettability index calculated based on a rule of thumb gives the same
result. The weight factor that matched the recovery is also shown with the in Table
4.3. In the experimental data, 0S reaches plateau in a bit shorter time compared to
other curves shown in Figure 4.2. This is in line with the suggested mechanism of
smart water. There is no adsorption and desorption process which might be slower
process compared to recovery due to initial wetting state of the core. However, the
simulated data is slow to reach plateau compared to the experimental data. This is

due to gravity effect which is particularly noticeable in slightly water-wet cases.

Table 4.3: 0S, Weight factor and I,

SURFADDW Calculated Maximum Oil Recovered (%)
Adsorbed (g/g) | Weight factor | Wettability index 05
0.000000000 0.88 0.20

Saturation function and capillary pressure used to generate the simulated curve are
shown below. ECLISPE 100 uses WF to generate respective curves. It is hardly
possible to read the capillary (Pc) values, therefore tabulated values are found in the

appendix B.1.

3,00

0,40 2,50

°
— 2,00
§ 0,30 §
- Krw ® 150
< £
0,20 kro £ 100
00 0,50
0,00
0,00 . 0,00 0,20 0,40 0,60 0,80 1,00
0,000 0,200 0,400 0,600 0,800 1,000 0,50
Sw Sw
(a) Saturation curve for 0S (b) Pc curve for 0S

Figure 4.4: Saturation and capillary pressure curve for 0S.
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1S

When the sulfate concentration is increased to seawater sulfate concentration which
is 24m M, recovery increased to 44%. The only significant difference between 0S and
1S fluid is the concentration of SO;~. Thus, it is reasonable to attribute the higher
recovery jump to wettability alteration due to adsorption of SO?~. Moreover, the
simulated data is a bit faster than the experimental data to reach plateau. This trend
applies also for other imbibing fluid concentrations discussed below. Normalized

simulated and experimental recovery data are presented in Figure 4.5.

1 x SW sulfate conc.

09
0,8
0,7
0,6
0,5
0,4
0,3 = 15-5IM

—8— 1S-EXP

Fracitonal recoverable oil

0,2
0,1

0 10 20 30 40 50 60 70
time(Days)

Figure 4.5: Spontaneous Imbibition with 185.

Table 4.4 shows maximum adsorbed amount and corresponding WF. For any adsorbed
value between the maximum and minimum ( 0.0 in this case), ECLIPSE 100 applies

linear interpolations.

Table 4.4: 1S, Weight factor and I,

SURFADDW Calculated Maximum Oil Recovered (%)
Adsorbed (g/g) | Weight factor | Wettability index
0.000000000 0.88 0.2 44
0.000034799 0.27 0.59
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Compared to 0S, recovery increased from 15% to 44% OOIP. However, this is a big
jump compared to recovery increase achieved by other concentrations as indicated
in IIT ,IV ,V below. This is due to initial wetting of the core which is related to
the low AN (0.5) of the injected oil. Table 4.4 indicates that the initial wetting of
the core sample is slightly water-wet. A similar experiment conducted in slightly
higher temperature and oil with high AN (2.07) shows relatively a uniform increase
in recovery as SO7~ concentration increases. As discussed in the section 2.4, a higher
AN implies a less water-wet condition. Therefore, it requires more adsorption of
SO?". Generally, the result shows that modification of wettability at the waterfront

is able to create capillary forces strong enough to displace oil from very low permeable
matrix blocks.

o
o
o

——CS100-5 -S5Wx4S

'S
o
o

—@—CS100-2 - SSWx35

CS5100-4 - SSWx25

——=C5100:1 - S5W

Recovery (%00IP)
IS
o

20.0
—4—CS100-3 - SSW-1:8
10.0 - -0~ —CS100-6 -SSW-US
0.08 :
0 5 10 15 20 25 30 35 40 45

Time (days)

Figure 4.6: SI using chalk core varying SOZ_ concentration [71]
Conducted at 100 °C, (AN = 2.07 mgKOH/g)
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Saturation function and capillary pressure used to generate the simulated curve are
shown Figure 4.7a and 4.7b respectively.
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(a) Saturation curve for 15 (b) Pc curve for 15

Figure 4.7: Saturation and capillary pressure curve for 18S.

II1. 2S
Spontaneous imbibition with 2S has increased recovery from 44% in 1S to 49%.
However, it could be said that it is minimal increase compared to the increase from
zero sulfate to one times seawater sulfate concentration. Based on Figure 4.8 one can
say, relatively, a close match is observed between the simulated and experimental
data suggesting that the model matches better as water wetness increases.

2 x SW sulfate conc.

0,9
0,8
0,7
0,6
0,5
04 —8—2SEXP

03 ——25SIM
0,2
0,1
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0 10 20 30 40 50 60 70
time(Days)

Figure 4.8: Spontaneous Imbibition with 2S.
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Adsorbed amount and WF, and calculated wettability index is shown in Table 4.5.

Table 4.5: 2S, Weight factor and I,

SURFADDW Calculated Maximum Oil Recovered (%)
Adsorbed (g/g) | Weight factor | Wettability index
0.000000000 0.88 0.2
0.000034799 0.27 0.59 49
0.000069598 0.265 0.65

Saturation function and capillary pressure used to generate the simulated curve are

shown Figure 4.9a and 4.9b respectively.
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Figure 4.9: Saturation and capillary pressure curve for 0S.
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3S

With imbibing fluid of 3S only only a slight increase in oil recovery is observed. It

could be said that there is excellent match between the simulated and experimental

data. Even though minor increase is observed compared to 2§, as indicated in Figure

4.10, considerable improvement in terms of capturing features of the experimental

curve. High sulfate concentration results in dominance of the water-wet curve which

in turn leads to relatively accelerated and high recovery. Corresponding weight factor

and wettability index is shown in Table 4.6.

3 x SW sulfate conc.

= 09

o038

= o7

S 06

2 05

T oa | —8—3SEXP
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< 0,1 {

0e
0 10 20 30 40 50 60
time(Days)
Figure 4.10: Spontaneous Imbibition with 3S.
Table 4.6: 3S, Weight factor and I,
SURFADDW Calculated Maximum Oil Recovered (%)
Adsorbed (g/g) | Weight factor | Wettability index

0.000000000 0.88 0.2
0.000034799 0.27 0.59 51
0.000069598 0.265 0.65
0.000104397 0.22 0.68
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Saturation function and capillary pressure used to generate the simulated curve are
shown Figure 4.11a and 4.11b, respectively.
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050 13,50
© ga0 11,50
= —
= £
g - o || £ 9,50
- Kro o 750
0,20 & 550
010 350
1,50 L
0,00
0,000 0,200 0,400 0,600 0,800 1,000 059 00 0,20 0,40 0,60 0,80 100
Sw Sw
(a) Saturation curve for 89 (b) Pc curve for 35

Figure 4.11: Saturation and capillary pressure curve for 3S.
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. 48

Spontaneous imbibition with 4S gave the maximum recovery. It is also evident from
Figure 4.12 that the simulated curve is almost identical to the experimental data.
This confirms the suggestion that the model matches better as water wetness increases.
In terms of maximum recovery, there is an increase compared to 3S. Moreover, one
can notice that 4S not only gave maximum recovery but also relatively shorter time
to reach plateau. This is indication that as sulfate concentration increases water

wetness increases and this results higher and accelerated recovery.

4 x SW sulfate conc.

1
0,9 ,’*’4/.’_—0——4
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Fractional recovarable oil
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Figure 4.12: Spontaneous Imbibition with 4S.

Table 4.7 indicates adsorption during imbibition of 4S and corresponding WF and
wettability index. Note that one curve is matched after the other and hence curve
for 4S is the last one to be matched. The maximum adsorbed amount occurs during
imbibition of 4S as evidenced by highest recovery and fastest curve relatively.

Table 4.7: 4S, Weight factor and I,

SURFADDW Calculated Maximum Oil Recovered (%)
Adsorbed (g/g) | Weight factor | Wettability index
0.000000000 0.88 0.2
0.000034799 0.27 0.59
0.000069598 0.265 0.65 55
0.000104397 0.22 0.68
0.000139196 0.19 0.73
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Saturation function and capillary pressure used to generate the simulated curve are
shown Figure 4.13a and 4.13b respectively.
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Figure 4.13: Saturation and capillary pressure curve for 45S.

ECLIPSE plot indicating recovery for all imbibing fluids is shown in Figure 4.14. No
recovery is observed until 7 days. This is because the grid blocks surrounding the core
is filled with imbibing fluid during this period. Thus, as mentioned in methodology
(section 3.1), the core sample is isolated by closing the boundary until the restart file
is created.
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Figure 4.14: Spontaneous Imbibition with 0S, 1S, 25, 35 and 45S.
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4.2.1 Summary of History Matching

Based on the history matching presented above one can draw the following conclu-

sions:

e The simulated curves, for the most part, are able to capture the most important
features of the experimental data. Recovery during imbibition of 0S represent
initial state of the core whereas recovery during imbibition of 15, 25, 3S and

48 represent dynamic alteration of wettability due adsorption of sulfate.

e From the normalized experimental data, there is a slight difference in the time
it takes to reach plateau. A similar trend is observed in the simulated value also
except the case of 0S which could be due to gravity effect however small it is.
However, in the experimental data (normalized), 0S is in fact the fastest one.
This is due to the initial wetting of the core sample unlike other cases which
the increase in water wetness is due to adsorption of sulfate. The adsorption
and desorption process could take some time. Thus, the simulated curve
for 0S could not exactly capture the features observed in the corresponding

experimental curve.

e Generally, the simulated curves are faster than the experimental curves. Nev-
ertheless, the overall match between experimental and simulated data is very
good. Obviously, one can notice that the model better fits the experimental
data as final water wetness increases. This is particularly true for the cases of
28, 38 and 4S.
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4.3 Correlation between Adsorption and Weight

Factor

History matching by using weight factor (WF) has been shown in section 4.2. Overall

adsorption and WF used in the history matching is presented below. It is good to
note that in ECLIPSE 100, WF = I signifies oil-wet whereas WF= 0 represents

water-wet.

Table 4.8: Adsorption and Weight Factor

Adsorption (g/g) | WF
0.000000000 0.88
0.000034799 0.27
0.000069598 0.265
0.000104397 0.22
0.000139196 0.19

The water wetness of the core increases as more sulfate adsorbs on the surface of the

core. This implies that there is opposite trend between WF and wettability index.

Figure 4.15 shows overall correlation between adsorption and WF.

Correlation between WF and Adsorption

0 0,00005 0,0001

Adsorption(g/g)

Trendline

0,00015

Figure 4.15: Correlation between Adsorption(g/g) and WF
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4.4 Correlation between Weighing Factor and
Wettability Index

The experimental data has been matched by controlling weighting factor in SUR-
FADDW keyword in the BASE_RST.DATA file. It is interesting to investigate
if there is any correlation between weight factor (WF') used and the wettability
index (I, ) for each sulfate concentration in the imbibing fluid. Weight factor and

corresponding wettability index is presented in Table 4.9.

Table 4.9: Weight factor and Wettability index

Weight Factor | Wettability Index
0.88 0.2
0.27 0.59
0.265 0.65
0.22 0.68
0.19 0.73

As shown in the Table 4.9, when adsorption increases WF decreases. However, I,

seem to show opposite trend.

Figure 4.16 depicts WF against calculated [,, and the corresponding trendline is also
shown. One can conclude that there is positive correlation between WF and [,,. The
implication with this is that given the maximum recovery, one can estimate the WF
from the correlation. WF describes the oil wet-to water-wet ration that is dependent
on the adsorption of the surfactant injected (sulfate in this case). I, describes
the maximum achieved recovery which in turn depends on wettability. The two

parameters are inherently describe wettability but from different perspective.
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As shown in history matching section, there is a big gap between recovery based 0S
and 1S as imbibing fluid. That gap is reflected in Figure 4.16. Unfortunately there is
no imbibition at %S in the experimental data provided. It would have given insight

how the curves behave between 0S and 1S.

Correlation between WF and Iw
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0,6
0,5
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0 0,1 0,2 0,3 04 0,5 0,6 0,7 08

Figure 4.16: Correlation between WF and I,
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4.5 Gravity Influence

Gravity plays significant role in expelling the oil from the matrix block on field basis.
In laboratory scale as well, particularly when the height of the core increases, gravity
effect is clearly observed. However, for the core height used in this model which
is 4cm, recovery due to gravity is minimal and thus recovery is dominated by SI.
Besides, maximum gravity head including the outermost grid blocks is calculated to
be 115Pa and capillary pressure is adjusted to take this into account. Figure 4.17 |
indicates recovery solely due to gravity. In order to investigate recovery purely due
to gravity, zero capillary pressure is assumed. Moreover, zero sulfate concentration
is injected. Recovery due to gravity is characterized by slow but steady recovery.
It is reasonable to conclude that the recovery is rather dominated by spontaneous

imbibition due to wettability alteration.

Hggnesen [72], used similar grid block dimensions and investigated the effect of
gravity. He concluded that recovery due to gravity becomes dominant especially if
core height is over Im. He demonstrated that, horizontal extension has also some
effect on recovery. Increase in horizontal dimension causes depletion of SO;™ from
the waterfront due adsorption and hence as water saturation increases capillary force
decreases. Moreover, gravity effect becomes dominant as horizontal extension of the
cores increases. Capillary pressure induced by sulfate could contribute significantly
even though the size of the core is increased to D=3.5m and H = 6.91m [72]
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Figure 4.17: Recovery due to gravity
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4.6 Sensitivity analysis

4.6.1 Numerical Dispersion Error

To investigate the error due to numerical dispersion, simulation run with three
types of grid blocks is carried out. A fine grid consisting of 80x50x90 in r-direction,
0-direction and z-direction respectively. A coarse grid of 30x20x40 is used. The
4S imbibing fluid is used for this investigation. As indicated in Figure 4.18, the
curve based on the coarse grid is faster than the the two fine grids. This is due
to the waterfront becoming smeared in coarse grid. Curves based on the two fine
grids blocks superimposed on one another. They also seem slower than the coarse
grid curve. A more sharp front is expected in the fine grid blocks than the coarse

grid.

All simulations presented in this paper are run with 60x40x80 as indicated in the
section 3.2 (Input parameters). Based on the simulation run, one can conclude that
there is not significant numerical error that is caused by grid dimension on the results
presented in this study. The grid can be refined further at a cost of increased runtime
but no significant difference would be observed. Thus, the grid block dimension used
this study provides acceptable results regarding numerical dispersion.
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Figure 4.18: Oil Recovery (%OOIP) vs Time (Days) using fine and coarse grid- 4S
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4.6.2 Effect of Weight Factor

In the history matching section, WF has been used to match the experimental data.
It is also pointed out that as water wetness increases WF decreases. In order to
investigate how significant WF is on the model. Analysis of the effect of WF on
the model is carried out using 4S as imbibing fluid. The WF used in each case is
presented in Table 4.10.

Table 4.10: Effect of Weight Factor

Adsorption(g/g) | WF1 | WF2 | WF3
0.000000000 0.88 | 0.98 | 0.78
0.000034799 0.27 | 0.37 | 0.17
0.000069598 0.265 | 0.365 | 0.165
0.000104397 0.22 | 0.32 | 0.12
0.000139196 0.19 | 0.29 | 0.09

WF'1 is weight factor used in the history matching procedure for 4S as imbibing fluid.
For the same adsorption, WF3 < WF1 < WF2 as indicated in Table 4.10. Based on
Figure 4.19, it is clear that the model is sensitive to WF. Consequently, the WF is a
function of adsorption and hence maximum recovery depends on the WF used.
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Figure 4.19: Effect of Weight Factor- 45 as imbibing fluid.
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4.6.3 Effect of Capillary Pressure

Capillary pressure has huge impact on efficiency of smart water in releasing trapped
oil. Oil displacement process depends, among other parameters, on capillary pressure
which in turn depends on wettability of the reservoir rock. Thus, the alteration of
wettability from oil-wet to water-wet changes the capillary pressure from negative to
positive and thereby initiates spontaneous imbibition [35, 73]. Figure 4.20 indicates
the effect of capillary pressure during imbibition of 4S with different Pc. When Pc
is increased twice, recovery increased from 55% to 65% OOIP. However, when Pc
in reduced by half recovery reduced from 55% to 44% OOIP. It is apparent that
the model is sensitive to Pc. Thus, the input Pc value has significant role on the

maximum recovery achieved.
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Figure 4.20: Capillary pressure effect using 45 as imbibing fluid
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Chapter 5

Summary and Conclusion

The main objective of this study was dynamic modeling of wettability alteration
due to spontaneous imbibition of smart water into preferentially oil-wet core using
water-wet and oil-wet cases. Using the established model and weight factor, the
model is tested by history matching laboratory data. Moreover, investigating if
there exists correlation between parameters such as WF, adsorption and wettability
index has been done. Based on the results observed in this study one can draw the

following conclusions:

1. ECLIPSE 100 black oil Surfactant Model simulator is able to model dynamic
wettability alteration of spontaneous imbibition of smart water into preferen-
tially oil-wet carbonate. Nevertheless, it should be emphasized that the model
does not capture detailed chemistry of wettability alteration, but rather the
overall effect of smart water injection in wettability alteration that could be
extended to field scale.

2. Generally, the simulated curves are faster than the experimental curves. How-
ever, the overall match between experimental and simulated data is very good.
Obviously, one can notice that the model better fits the experimental data as

final water wetness increases. This is particularly true for the cases of 2S5, 3§

and 48.

3. There seems to be a correlation between adsorbed amount and weight factor and

furthermore, a correlation between WF and wettability index is also observed.

4. The basic model that could be used for further investigations or upscaling to
field scale is established.
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In this study, there is no adsorption isotherm relevant to core samples which the
laboratory experiment conducted; therefore, linear adsorption isotherm is assumed.
Moreover, as stated in 3.2, fluid properties such as density and viscosity are not
provided at conditions the laboratory experiment conducted. Nevertheless, properties
of a closely related fluid measured at the same temperature and pressure is used.
Probably, this can introduce some uncertainty in the results observed. Nevertheless,
some parameters can be estimated without affecting the overall results.

The model could be improved with precise fluid and core input parameters that
are obtained at the conditions intended to model. In the sensitivity studies, it
is observed that the model is sensitive to grid block dimension, weight factor and
capillary pressure. Furthermore, parameters such as adsorption, saturations functions
have obviously considerable effect on the results obtained. Generally, accuracy of
such model rests upon the accuracy of the input parameters. Therefore, for further
investigation and upscaling of a similar model, it is recommended to be aware of the
impact of the accuracy of the aforementioned input parameters.

ECLIPSE 100 is industry standard and most widely used simulator. Certainly,
the current version does not specifically describe the complex interactions among
different phases and species involved in chemically tuned injection water. Sulfate
is considered to be the main wettability alteration agent in smart water. On the
other hand, other potential determining ions such as Ca®+ and M ga®+ have a role
to play in the adsorption of sulfate and desorption of polar components. ECLIPSE
100 do not has the facility to account for the effect of other ions. However, it offers
dynamic modeling capability that is representative of the overall effect of smart water

injection.
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Appendix A

ECLIPSE FILE

A.1 BASE.DATA

- -THE BASE.DATA STARTS HERE.
(TH]S IS A TWO COLUMN PAGE)

- - SPONTANEOUS IMBIBITION OF 210020 1 20 /
SMART WATER INTO POROUS ME- TABDIMS

DIA 6210021312/
- =======—==—=——-—--—- WELLDIMS
RUNSPEC 25022/

TITLE NUPCOL

SI OF SMART WATER ONTO CHALK 4 /

CORES NSTACK
DIMENS 50 /

60 20 80 / UNIFOUT
RADIAL UNIFIN

START ENDSCALE

01 *OCT’ 2015 / /

OIL GRIDOPTS
WATER YES /
SURFACTW GRID =================
LAB NOECHO

EQLDIMS INCLUDE

74
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grid. DATA /
DTHETA
96000*18

/ DZ
96000*0.1

/

COORDSYS
180 COMP /
BOX
160120180/
PERMR
96000*100000 /
PERMTHT
96000*100000 /
PERMZ
96000*100000 /
BOX
1401201958 /
PERMR
32000%2 /
PERMTHT
32000%2 /
PERMZ
32000%2 /
ENDBOX
PORO
96000*0.99 /
BOX
1401201958 /

PORO

32000%0.49 /

ENDBOX

BOX 16012011/
TOPS

1200%0

/

ENDBOX

INIT

EQUALS
MULTR 0 40 40 1 20 19 58 /
MULTZ 0140 120 18 18 /
MULTZ 0140 1 20 58 58 /
/

BOX

416012019 58 /
MULTPV

16000%1000 /

BOX

160120118/

MULTPV

21600%1000 /

BOX

160 12059 80 /
MULTPV

26400%1000 /
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Appendiz A. ECLIPSE FILE

SWOF

- -Oil-Wet table (Corresponds to SATNUM number)

LS Universitetet i Stavanger

Sw

0.090
0.096
0.105
0.115
0.125
0.135
0.144
0.154
0.164
0.173
0.183
0.193
0.202
0.212
0.222
0.231
0.241
0.251
0.260
0.270
0.280
0.289
0.299
0.309
0.319
0.328
0.338
0.348
0.357
0.367
0.377
0.386
0.396

Krw

0.000000000
0.000000001
0.000000074
0.000000516
0.000001896
0.000005053
0.000011099
0.000021415
0.000037652
0.000061734
0.000095856
0.000142481
0.000204345
0.000284456
0.000386090
0.000512795
0.000668392
0.000856969
0.001082888
0.001350780
0.001665548
0.002032365
0.002456675
0.002944195
0.003500909
0.004133074
0.004847219
0.005650141
0.006548911
0.007550869
0.008663624
0.009895061
0.011253331

Kro

0.50000
0.48545
0.46192
0.43925
0.41742
0.39642
0.37622
0.35680
0.33815
0.32023
0.30304
0.28655
0.27074
0.25559
0.24109
0.22722
0.21395
0.20127
0.18916
0.17761
0.16660
0.15611
0.14612
0.13661
0.12758
0.11901
0.11087
0.10316
0.09586
0.08895
0.08242
0.07626
0.07045

Pc(atm)
-0.000759
-0.0007641
-0.00081
-0.0008395
-0.0009168
-0.0009964
-0.0010782
-0.0011624
-0.0012491
-0.0013384
-0.0014303
-0.0015251
-0.0016229
-0.0017237
-0.0018278
-0.0019352
-0.0020462
-0.0021609
-0.0022795
-0.0024021
-0.0025291
-0.0026605
-0.0027968
-0.002938
-0.0030845
-0.0032365
-0.0033944
-0.0035586
-0.0037293
-0.0039069
-0.0040919
-0.0042848
-0.0044859



Section A.1. BASE.DATA

7

0.406
0.415
0.425
0.435
0.444
0.454
0.464
0.473
0.483
0.493
0.503
0.512
0.522
0.532
0.541
0.551
0.561
0.570
0.580
0.590
0.599
0.609
0.619
0.628
0.638
0.648
0.657
0.667
0.677
0.686
0.696
0.706
0.716
0.725
0.735
0.745
0.754

0.012746859
0.014384338
0.016174735
0.018127285
0.020251496
0.022557146
0.025054284
0.027753229
0.030664572
0.033799175
0.037168169
0.040782959
0.044655218
0.048796890
0.053220193
0.057937611
0.062961904
0.068306099
0.073983495
0.080007663
0.086392442
0.093151947
0.100300557
0.107852929
0.115823984
0.124228920
0.133083202
0.142402566
0.152203021
0.162500845
0.173312588
0.184655071
0.196545384
0.209000889
0.222039220
0.235678280
0.249936244

0.06498
0.05983
0.05500
0.05047
0.04622
0.04224
0.03853
0.03507
0.03184
0.02885
0.02607
0.02349
0.02112
0.01892
0.01691
0.01505
0.01336
0.01181
0.01040
0.00912
0.00797
0.00692
0.00598
0.00515
0.00440
0.00373
0.00315
0.00264
0.00219
0.00180
0.00147
0.00118
0.00094
0.00074
0.00057
0.00043
0.00032

-0.004696
-0.0049154
-0.0051449
-0.0053851
-0.0056368
-0.0059009
-0.0061781
-0.0064694
-0.0067761
-0.0070992
-0.0074401
-0.0078002
-0.0081811
-0.0085847
-0.009013
-0.0094683
-0.0099531
-0.0104703
-0.0110231
-0.01162
-0.01225
-0.01294
-0.01367
-0.01447
-0.01534
-0.01628
-0.01731
-0.01845
-0.01969
-0.02107
-0.02260
-0.02432
-0.02624
-0.02843
-0.03092
-0.03379
-0.03713
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0.764 0.264831557 0.00023 -0.04106
0.774 0.280382937 0.00016 -0.04575
0.783 0.296609369 0.00011 -0.05144
0.793 0.313530113 0.00007 -0.05846
0.803 0.331164697 0.00005 -0.06735
0.812 0.349532920 0.00003 -0.07894
0.822 0.368654855 0.00001 -0.09462
0.832 0.388550842 0.00001 -0.11698
0.841 0.409241493 0.00000 -0.15125
0.851 0.430747693 0.00000 -0.20991
0.880 0.500000000 0.00000 -0.26857 /

The table above is repeated here (no misicibility)
- -Oil-Wet table (Corresponds to SURFNUM number)

Sw  Krw Kro Pc(atm)
0.090 0.000000000 0.50000 -0.000759
0.096 0.000000001 0.48545 -0.0007641
0.105 0.000000074 0.46192 -0.00081
0.115 0.000000516 0.43925 -0.0008395
0.125 0.000001896 0.41742 -0.0009168
0.135 0.000005053 0.39642 -0.0009964
0.144 0.000011099 0.37622 -0.0010782
0.154 0.000021415 0.35680 -0.0011624
0.164 0.000037652 0.33815 -0.0012491
0.173 0.000061734 0.32023 -0.0013384
0.183 0.000095856 0.30304 -0.0014303
0.193 0.000142481 0.28655 -0.0015251
0.202 0.000204345 0.27074 -0.0016229
0.212 0.000284456 0.25559 -0.0017237
0.222 0.000386090 0.24109 -0.0018278
0.231 0.000512795 0.22722 -0.0019352
0.241 0.000668392 0.21395 -0.0020462
0.251 0.000856969 0.20127 -0.0021609
0.260 0.001082888 0.18916 -0.0022795
0.270 0.001350780 0.17761 -0.0024021
0.280 0.001665548 0.16660 -0.0025291
0.289 0.002032365 0.15611 -0.0026605
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0.299
0.309
0.319
0.328
0.338
0.348
0.357
0.367
0.377
0.386
0.396
0.406
0.415
0.425
0.435
0.444
0.454
0.464
0.473
0.483
0.493
0.503
0.512
0.522
0.532
0.541
0.551
0.561
0.570
0.580
0.590
0.599
0.609
0.619
0.628
0.638
0.648

0.002456675
0.002944195
0.003500909
0.004133074
0.004847219
0.005650141
0.006548911
0.007550869
0.008663624
0.009895061
0.011253331
0.012746859
0.014384338
0.016174735
0.018127285
0.020251496
0.022557146
0.025054284
0.027753229
0.030664572
0.033799175
0.037168169
0.040782959
0.044655218
0.048796890
0.053220193
0.057937611
0.062961904
0.068306099
0.073983495
0.080007663
0.086392442
0.093151947
0.100300557
0.107852929
0.115823984
0.124228920

0.14612
0.13661
0.12758
0.11901
0.11087
0.10316
0.09586
0.08895
0.08242
0.07626
0.07045
0.06498
0.05983
0.05500
0.05047
0.04622
0.04224
0.03853
0.03507
0.03184
0.02885
0.02607
0.02349
0.02112
0.01892
0.01691
0.01505
0.01336
0.01181
0.01040
0.00912
0.00797
0.00692
0.00598
0.00515
0.00440
0.00373

-0.0027968
-0.002938
-0.0030845
-0.0032365
-0.0033944
-0.0035586
-0.0037293
-0.0039069
-0.0040919
-0.0042848
-0.0044859
-0.004696
-0.0049154
-0.0051449
-0.0053851
-0.0056368
-0.0059009
-0.0061781
-0.0064694
-0.0067761
-0.0070992
-0.0074401
-0.0078002
-0.0081811
-0.0085847
-0.009013
-0.0094683
-0.0099531
-0.0104703
-0.0110231
-0.01162
-0.01225
-0.01294
-0.01367
-0.01447
-0.01534
-0.01628
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0.657
0.667
0.677
0.686
0.696
0.706
0.716
0.725
0.735
0.745
0.754
0.764
0.774
0.783
0.793
0.803
0.812
0.822
0.832
0.841
0.851
0.8380

0.133083202
0.142402566
0.152203021
0.162500845
0.173312588
0.184655071
0.196545384
0.209000889
0.222039220
0.235678280
0.249936244
0.264831557
0.280382937
0.296609369
0.313530113
0.331164697
0.349532920
0.368654855
0.388550842
0.409241493
0.430747693
0.500000000

0.00315
0.00264
0.00219
0.00180
0.00147
0.00118
0.00094
0.00074
0.00057
0.00043
0.00032
0.00023
0.00016
0.00011
0.00007
0.00005
0.00003
0.00001
0.00001
0.00000
0.00000
0.00000

-0.01731
-0.01845
-0.01969
-0.02107
-0.02260
1002432
-0.02624
-0.02843
-0.03092
-0.03379
-0.03713
-0.04106
-0.04575
-0.05144
-0.05846
-0.06735
-0.07894
-0.09462
-0.11698
-0.15125
-0.20991
-0.26857 /
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- -Water-Wet table (Corresponds to SURFWNUM number)

Sw

0.090
0.096
0.105
0.115
0.125
0.135
0.144
0.154
0.164
0.173
0.183
0.193
0.202
0.212
0.222
0.231
0.241
0.251
0.260
0.270
0.280
0.289
0.299
0.309
0.319
0.328
0.338
0.348
0.357
0.367
0.377
0.386
0.396
0.406
0.415

Krw

0.0000000000
0.0000000004
0.0000000222
0.0000001547
0.0000005687
0.0000015160
0.0000033297
0.0000064244
0.0000112956
0.0000185203
0.0000287567
0.0000427442
0.0000613036
0.0000853368
0.0001158270
0.0001538386
0.0002005176
0.0002570907
0.0003248663
0.0004052339
0.0004996643
0.0006097094
0.0007370026
0.0008832584
0.0010502726
0.0012399223
0.0014541657
0.0016950424
0.0019646734
0.0022652606
0.0025990873
0.0029685183
0.0033759994
0.0038240576
0.0043153015

Kro

0.70000
0.67963
0.64668
0.61494
0.58439
0.55498
0.52671
0.49952
0.47340
0.44832
0.42425
0.40116
0.37903
0.35783
0.33753
0.31810
0.29953
0.28178
0.26483
0.24866
0.23324
0.21855
0.20456
0.19126
0.17861
0.16661
0.15522
0.14442
0.13420
0.12453
0.11539
0.10676
0.09863
0.09097
0.08377

Pc(atm)
24.37791
1.599039
0.461709
0.241595
0.155423
0.111188
0.084873
0.067685
0.055707
0.046954
0.04032

0.035145
0.031012
0.027648
0.024865
0.02253

0.020546
0.018845
0.017371
0.016085
0.014954
0.013952
0.01306

0.012262
0.011544
0.010895
0.010306
0.00977

0.00928

0.00883

0.008417
0.008035
0.007683
0.007356
0.007052
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0.425
0.435
0.444
0.454
0.464
0.473
0.483
0.493
0.503
0.512
0.522
0.532
0.541
0.551
0.561
0.570
0.580
0.590
0.599
0.609
0.619
0.628
0.638
0.648
0.657
0.667
0.677
0.686
0.696
0.706
0.716
0.725
0.735
0.745
0.754
0.764
0.774

LS Universitetet i Stavanger

0.0048524205
0.0054381856
0.0060754489
0.0067671439
0.0075162852
0.0083259687
0.0091993717
0.0101397525
0.0111504508
0.0122348877
0.0133965653
0.0146390671
0.0159660578
0.0173812834
0.0188885712
0.0204918296
0.0221950485
0.0240022988
0.0259177327
0.0279455840
0.0300901672
0.0323558786
0.0347471953
0.0372686760
0.0399249605
0.0427207698
0.0456609063
0.0487502536
0.0519937765
0.0553965213
0.0589636151
0.0627002667
0.0666117659
0.0707034839
0.0749808731
0.0794494672
0.0841148810

0.07700
0.07065
0.06470
0.05914
0.05394
0.04909
0.04458
0.04039
0.03650
0.03289
0.02956
0.02649
0.02367
0.02108
0.01870
0.01654
0.01456
0.01277
0.01115
0.00969
0.00838
0.00720
0.00616
0.00523
0.00441
0.00369
0.00306
0.00252
0.00205
0.00165
0.00131
0.00103
0.00080
0.00060
0.00045
0.00033
0.00023

0.006769
0.006505
0.006258
0.006027
0.00581

0.005606
0.005415
0.005234
0.005063
0.004901
0.004749
0.004604
0.004466
0.004336
0.004212
0.004094
0.003981
0.003874
0.003771
0.003673
0.003579
0.00349

0.003404
0.003322
0.003243
0.003167
0.003094
0.003024
0.002957
0.002892
0.00283

0.00277

0.002712
0.002656
0.002602
0.00255

0.002499
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0.783
0.793
0.803
0.812
0.822
0.832
0.841
0.851
0.880

0.0889828107
0.0940590338
0.0993494090
0.1048598761
0.1105964565
0.1165652526
0.1227724480
0.1292243079
0.1500000000

0.00016
0.00010
0.00006
0.00004
0.00002
0.00001
0.00000
0.00000
0.00000

- - Qutermost blocks

0.00000
1.00000
0.00000
1.00000
0.00000
1.00000

/

0.00000
1.00000
0.00000
1.00000
0.00000
1.00000

1.0000
0.0000
1.0000
0.0000
1.0000
0.0000

0.002451
0.002404
0.002358
0.002314
0.002271
0.00223

0.00219

0.002151

0/

0.00000
0.00000 /
0.00000
0.00000/
0.00000
0.00000 /
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This is a two column page

RSCONST
00.1/

PVTW

10 1 4.4D-50.35 0 /
/

ROCK

10 4.2D-5 /

/

DENSITY
0.7834 0.9847 0.0097 /
/ PVDO

1.0 1.0 0.65

10 0.9 0.65 /

/

SURFST
0.00000000 20
0.00230544 20
0.00268968 20
0.00691632 20
0.00922176 20 /
/

SURFVISC
0.00000000 0.35
0.00230544 0.35
0.00268968 0.35
0.00691632 0.35
0.00922176 0.35/

/

SURFADS

0.00000000 0.000000000
0.00230544 0.000034799
0.00461088 0.000069598
0.00691632 0.000104397
0.00922176 0.000139196/
0.00000000 0.000000000

ls Universitetet i Stavanger

0.00230544
0.00461088
0.00691632
0.00922176

0.00000000
0.00230544
0.00461088
0.00691632
0.00922176

0.00000000
0.00230544
0.00461088
0.00691632
0.00922176

0.00000000
0.00230544
0.00461088
0.00691632
0.00922176

0.00000000
0.00230544
0.00461088
0.00691632
0.00922176

SURFADDW

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196

0.000034799
0.000069598
0.000104397
0.000139196/

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196/

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196/

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196/

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196/

—_ = =



Section A.1. BASE.DATA

85

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196

SURFCAPD

-8 0
-7 0
-6 0
-5.09 0
-4.74 0
-4.16 0

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196

416 0
39 0/
8 0
70

6 0
509 0
4740
416 0
39 0/
8 0
70

6 0
509 0
4740
416 0
39 0/
8 0
70

6 0
509 0
4740
416 0
39 0/
8 0
70

6 0
509 0
474 0
416 0
39 0/
EQUALS

0.91
0.23
0.25
0.19
0.09/
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FIPNUM 1140 1 20 19 58 /
SATNUM 1140120 19 58 /
SURFNUM 2 140120 19 58 /
SURFWNUM 3140 1 20 19 58 /
FIPNUM 2160120 1 18 /
FIPNUM 2 1 60 1 20 59 80 /
FIPNUM 2 41 60 1 20 19 58 /
SATNUM 4160120118 /
SATNUM 4 1 60 1 20 59 80 /
SATNUM 4 41 60 1 20 19 58 /
SURFNUM 51 60120 1 18 /
SURFNUM 5 1 60 1 20 59 80 /

ENDBOX

PRESSURE

96000*10.00 /

RPTSOL

RESTART=2 SOIL SWAT PRESSURE
/

RPTRST

BASIC=3 FREQ=5 PCOW /
SUMMARY =============
ROEIW

1/

ROE

1/

ROFT

12 /

/

RWFT

12/

/

FPR

FWIR

FWIT

FWPR

FWPT

FOPR

ls Universitetet i Stavanger

SURFNUM 5 41 60 1 20 19 58 /
SURFWNUM 6160120118/
SURFWNUM 6 1 60 1 20 59 80 /
SURFWNUM 6 41 60 1 20 19 58 /

SWAT
96000%1.00 /
BOX
1401201958 /
SWAT
32000%0.09 /

FOPT
FTPRSUR
FTPTSUR
FTIRSUR
FTITSUR
FTADSUR
FTIPTSUR
WTPRSUR

/
WTPTSUR

/
WTIRSUR

/
WTITSUR

/

RUNSUM
EXCEL
SCHEDULE
RPTRST
BASIC=2 /
MESSAGES
9% 10000 2% /
DRSDT

0/

TUNING
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0.001 0.25 0.005 0.005 /

/

50 1* 400 /

MESSAGES

9% 100000 100000 100000 /

TSTEP

1%0.01 /

WELSPECS

WINJ1 111 1*¥ WATER 3* NO /
PRODI P 11 1* OIL 3* NO /

/

COMPDAT

WINJ1 11117 OPEN 2% 0.001 3* Z /
PRODI1 1 1 60 80 OPEN 2* 0.001 3% Z /
/

WCONINJE

WINJ1 WATER OPEN RATE 50000 /
/

WCONPROD

PROD1 OPEN LRAT 3* 50000 /

/

WSURFACT

WINJ1 0.00922176 /

/

TSTEP

50%0.01 /

TSTEP
50%0.01 /
TSTEP
50%0.01 /
TSTEP
50%0.01 /
TSTEP
50%0.1 /
TSTEP
50%0.1 /
TSTEP
50%0.1 /
TSTEP

50%1 /
TSTEP

50%1 /
WCONINJE
WINJ1 WATER SHUT RATE 0 /
/
WCONPROD
PRODI1 SHUT LRAT 3* 0 /
/

TSTEP

50%1 /

END

END OF THE BASE FILE
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A.2 BASE RST.DATA

THE BASE_RST.DATA STARTS HERE.
(TH]S IS A TWO COLUMN PAGE)

- - SPONTANEOUS IMBIBITION OF YES /
SMART WATER INTO POROUS ME- GRID =================

DIA NOECHO

- - ==================== [INCLUDE
RUNSPEC grid. DATA /
TITLE DTHETA

SI OF SMART WATER ONTO CHALK 96000%18
CORES / DZ

DIMENS 96000%0.1

60 20 80 / /

RADIAL COORDSYS
START 180 COMP /
01 'OCT’ 2015 / BOX

OIL 160120180/
WATER PERMR
SURFACTW 96000%100000 /
LAB PERMTHT
EQLDIMS 96000%100000 /
2100 20 1 20 / PERMZ
TABDIMS 96000%100000 /
6210021 312/ BOX
WELLDIMS 1401201958 /
25022/ PERMR
NUPCOL 32000%2 /

4/ PERMTHT
NSTACK 32000%2 /

50 / PERMZ
UNIFOUT 32000%2 /
UNIFIN ENDBOX
ENDSCALE PORO

/ 96000%0.99 /
GRIDOPTS BOX
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1401201958 /

PORO

32000%0.49 /

ENDBOX

BOX 16012011/
TOPS

1200%0

/

ENDBOX

INIT

EQUALS
MULTR 140 40 1 20 19 58 /
MULTZ 1140120 18 18 /
MULTZ 1140 1 20 58 58 /

/

SWOF

BOX

4160 12019 58 /
MULTPV
16000%1000 /
BOX
160120118/
MULTPV
21600%1000 /
BOX

160 12059 80 /
MULTPV
26400%1000 /
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- -Oil-Wet table (Corresponds to SATNUM number)

LS Universitetet i Stavanger

Sw

0.090
0.096
0.105
0.115
0.125
0.135
0.144
0.154
0.164
0.173
0.183
0.193
0.202
0.212
0.222
0.231
0.241
0.251
0.260
0.270
0.280
0.289
0.299
0.309
0.319
0.328
0.338
0.348
0.357
0.367
0.377
0.386
0.396
0.406
0.415

Krw

0.000000000
0.000000001
0.000000074
0.000000516
0.000001896
0.000005053
0.000011099
0.000021415
0.000037652
0.000061734
0.000095856
0.000142481
0.000204345
0.000284456
0.000386090
0.000512795
0.000668392
0.000856969
0.001082888
0.001350780
0.001665548
0.002032365
0.002456675
0.002944195
0.003500909
0.004133074
0.004847219
0.005650141
0.006548911
0.007550869
0.008663624
0.009895061
0.011253331
0.012746859
0.014384338

Kro

0.50000
0.48545
0.46192
0.43925
0.41742
0.39642
0.37622
0.35680
0.33815
0.32023
0.30304
0.28655
0.27074
0.25559
0.24109
0.22722
0.21395
0.20127
0.18916
0.17761
0.16660
0.15611
0.14612
0.13661
0.12758
0.11901
0.11087
0.10316
0.09586
0.08895
0.08242
0.07626
0.07045
0.06498
0.05983

Pc(atm)
-0.000759
-0.0007641
-0.00081
-0.0008395
-0.0009168
-0.0009964
-0.0010782
-0.0011624
-0.0012491
-0.0013384
-0.0014303
-0.0015251
-0.0016229
-0.0017237
-0.0018278
-0.0019352
-0.0020462
-0.0021609
-0.0022795
-0.0024021
-0.0025291
-0.0026605
-0.0027968
-0.002938
-0.0030845
-0.0032365
-0.0033944
-0.0035586
-0.0037293
-0.0039069
-0.0040919
-0.0042848
-0.0044859
-0.004696
-0.0049154
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0.425
0.435
0.444
0.454
0.464
0.473
0.483
0.493
0.503
0.512
0.522
0.532
0.541
0.551
0.561
0.570
0.580
0.590
0.599
0.609
0.619
0.628
0.638
0.648
0.657
0.667
0.677
0.686
0.696
0.706
0.716
0.725
0.735
0.745
0.754
0.764
0.774

0.016174735
0.018127285
0.020251496
0.022557146
0.025054284
0.027753229
0.030664572
0.033799175
0.037168169
0.040782959
0.044655218
0.048796890
0.053220193
0.057937611
0.062961904
0.068306099
0.073983495
0.080007663
0.086392442
0.093151947
0.100300557
0.107852929
0.115823984
0.124228920
0.133083202
0.142402566
0.152203021
0.162500845
0.173312588
0.184655071
0.196545384
0.209000889
0.222039220
0.235678280
0.249936244
0.264831557
0.280382937

0.05500
0.05047
0.04622
0.04224
0.03853
0.03507
0.03184
0.02885
0.02607
0.02349
0.02112
0.01892
0.01691
0.01505
0.01336
0.01181
0.01040
0.00912
0.00797
0.00692
0.00598
0.00515
0.00440
0.00373
0.00315
0.00264
0.00219
0.00180
0.00147
0.00118
0.00094
0.00074
0.00057
0.00043
0.00032
0.00023
0.00016

-0.0051449
-0.0053851
-0.0056368
-0.0059009
-0.0061781
-0.0064694
-0.0067761
-0.0070992
-0.0074401
-0.0078002
-0.0081811
-0.0085847
-0.009013
-0.0094683
-0.0099531
-0.0104703
-0.0110231
-0.01162
-0.01225
-0.01294
-0.01367
-0.01447
-0.01534
-0.01628
-0.01731
-0.01845
-0.01969
-0.02107
-0.02260
-0.02432
-0.02624
-0.02843
-0.03092
-0.03379
-0.03713
-0.04106
-0.04575
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0.783 0.296609369 0.00011 -0.05144
0.793 0.313530113 0.00007 -0.05846
0.803 0.331164697 0.00005 -0.06735
0.812 0.349532920 0.00003 -0.07894
0.822 0.368654855 0.00001 -0.09462
0.832 0.388550842 0.00001 -0.11698
0.841 0.409241493 0.00000 -0.15125
0.851 0.430747693 0.00000 -0.20991
0.880 0.500000000 0.00000 -0.26857 /

table above is repeated here (no misicibility)
- -Oil-Wet table (Corresponds to SURFNUM number)

Sw  Krw Kro Pc(atm)
0.090 0.000000000 0.50000 -0.000759
0.096 0.000000001 0.48545 -0.0007641
0.105 0.000000074 0.46192 -0.00081
0.115 0.000000516 0.43925 -0.0008395
0.125 0.000001896 0.41742 -0.0009168
0.135 0.000005053 0.39642 -0.0009964
0.144 0.000011099 0.37622 -0.0010782
0.154 0.000021415 0.35680 -0.0011624
0.164 0.000037652 0.33815 -0.0012491
0.173 0.000061734 0.32023 -0.0013384
0.183 0.000095856 0.30304 -0.0014303
0.193 0.000142481 0.28655 -0.0015251
0.202 0.000204345 0.27074 -0.0016229
0.212 0.000284456 0.25559 -0.0017237
0.222 0.000386090 0.24109 -0.0018278
0.231 0.000512795 0.22722 -0.0019352
0.241 0.000668392 0.21395 -0.0020462
0.251 0.000856969 0.20127 -0.0021609
0.260 0.001082888 0.18916 -0.0022795
0.270 0.001350780 0.17761 -0.0024021
0.280 0.001665548 0.16660 -0.0025291
0.289 0.002032365 0.15611 -0.0026605
0.299 0.002456675 0.14612 -0.0027968
0.309 0.002944195 0.13661 -0.002938
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0.319
0.328
0.338
0.348
0.357
0.367
0.377
0.386
0.396
0.406
0.415
0.425
0.435
0.444
0.454
0.464
0.473
0.483
0.493
0.503
0.512
0.522
0.532
0.541
0.551
0.561
0.570
0.580
0.590
0.599
0.609
0.619
0.628
0.638
0.648
0.657
0.667

0.003500909
0.004133074
0.004847219
0.005650141
0.006548911
0.007550869
0.008663624
0.009895061
0.011253331
0.012746859
0.014384338
0.016174735
0.018127285
0.020251496
0.022557146
0.025054284
0.027753229
0.030664572
0.033799175
0.037168169
0.040782959
0.044655218
0.048796890
0.053220193
0.057937611
0.062961904
0.068306099
0.073983495
0.080007663
0.086392442
0.093151947
0.100300557
0.107852929
0.115823984
0.124228920
0.133083202
0.142402566

0.12758
0.11901
0.11087
0.10316
0.09586
0.08895
0.08242
0.07626
0.07045
0.06498
0.05983
0.05500
0.05047
0.04622
0.04224
0.03853
0.03507
0.03184
0.02885
0.02607
0.02349
0.02112
0.01892
0.01691
0.01505
0.01336
0.01181
0.01040
0.00912
0.00797
0.00692
0.00598
0.00515
0.00440
0.00373
0.00315
0.00264

-0.0030845
-0.0032365
-0.0033944
-0.0035586
-0.0037293
-0.0039069
-0.0040919
-0.0042848
-0.0044859
-0.004696
-0.0049154
-0.0051449
-0.0053851
-0.0056368
-0.0059009
-0.0061781
-0.0064694
-0.0067761
-0.0070992
-0.0074401
-0.0078002
-0.0081811
-0.0085847
-0.009013
-0.0094683
-0.0099531
-0.0104703
-0.0110231
-0.01162
-0.01225
-0.01294
-0.01367
-0.01447
-0.01534
-0.01628
-0.01731
-0.01845
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0.677
0.686
0.696
0.706
0.716
0.725
0.735
0.745
0.754
0.764
0.774
0.783
0.793
0.803
0.812
0.822
0.832
0.841
0.851
0.880

0.152203021
0.162500845
0.173312588
0.184655071
0.196545384
0.209000889
0.222039220
0.235678280
0.249936244
0.264831557
0.280382937
0.296609369
0.313530113
0.331164697
0.349532920
0.368654855
0.388550842
0.409241493
0.430747693
0.500000000

0.00219 -0.01969
0.00180 -0.02107
0.00147 -0.02260
0.00118 -0.02432
0.00094 -0.02624
0.00074 -0.02843
0.00057 -0.03092
0.00043 -0.03379
0.00032 -0.03713
0.00023 -0.04106
0.00016 -0.04575
0.00011 -0.05144
0.00007 -0.05846
0.00005 -0.06735
0.00003 -0.07894
0.00001 -0.09462
0.00001 -0.11698
0.00000 -0.15125
0.00000 -0.20991
0.00000 -0.26857 /

- -Oil-Wet table (Corresponds to SURFWNUM number)

Sw

0.090
0.096
0.105
0.115
0.125
0.135
0.144
0.154
0.164
0.173
0.183
0.193
0.202
0.212
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Krw

0.0000000000
0.0000000004
0.0000000222
0.0000001547
0.0000005687
0.0000015160
0.0000033297
0.0000064244
0.0000112956
0.0000185203
0.0000287567
0.0000427442
0.0000613036
0.0000853368

Kro

0.70000
0.67963
0.64668
0.61494
0.58439
0.55498
0.52671
0.49952
0.47340
0.44832
0.42425
0.40116
0.37903
0.35783

Pc(atm)
24.37791
1.599039
0.461709
0.241595
0.155423
0.111188
0.084873
0.067685
0.055707
0.046954
0.04032

0.035145
0.031012
0.027648
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0.222
0.231
0.241
0.251
0.260
0.270
0.280
0.289
0.299
0.309
0.319
0.328
0.338
0.348
0.357
0.367
0.377
0.386
0.396
0.406
0.415
0.425
0.435
0.444
0.454
0.464
0.473
0.483
0.493
0.503
0.512
0.522
0.532
0.541
0.551
0.561
0.570

0.0001158270
0.0001538386
0.0002005176
0.0002570907
0.0003248663
0.0004052339
0.0004996643
0.0006097094
0.0007370026
0.0008832584
0.0010502726
0.0012399223
0.0014541657
0.0016950424
0.0019646734
0.0022652606
0.0025990873
0.0029685183
0.0033759994
0.0038240576
0.0043153015
0.0048524205
0.0054381856
0.0060754489
0.0067671439
0.0075162852
0.0083259687
0.0091993717
0.0101397525
0.0111504508
0.0122348877
0.0133965653
0.0146390671
0.0159660578
0.0173812834
0.0188885712
0.0204918296

0.33753
0.31810
0.29953
0.28178
0.26483
0.24866
0.23324
0.21855
0.20456
0.19126
0.17861
0.16661
0.15522
0.14442
0.13420
0.12453
0.11539
0.10676
0.09863
0.09097
0.08377
0.07700
0.07065
0.06470
0.05914
0.05394
0.04909
0.04458
0.04039
0.03650
0.03289
0.02956
0.02649
0.02367
0.02108
0.01870
0.01654

0.024865
0.02253

0.020546
0.018845
0.017371
0.016085
0.014954
0.013952
0.01306

0.012262
0.011544
0.010895
0.010306
0.00977

0.00928

0.00883

0.008417
0.008035
0.007683
0.007356
0.007052
0.006769
0.006505
0.006258
0.006027
0.00581

0.005606
0.005415
0.005234
0.005063
0.004901
0.004749
0.004604
0.004466
0.004336
0.004212
0.004094
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0.580
0.590
0.599
0.609
0.619
0.628
0.638
0.648
0.657
0.667
0.677
0.686
0.696
0.706
0.716
0.725
0.735
0.745
0.754
0.764
0.774
0.783
0.793
0.803
0.812
0.822
0.832
0.841
0.851
0.880

0.0221950485
0.0240022988
0.0259177327
0.0279455840
0.0300901672
0.0323558786
0.0347471953
0.0372686760
0.0399249605
0.0427207698
0.0456609063
0.0487502536
0.0519937765
0.0553965213
0.0589636151
0.0627002667
0.0666117659
0.0707034839
0.0749808731
0.0794494672
0.0841148810
0.0889828107
0.0940590338
0.0993494090
0.1048598761
0.1105964565
0.1165652526
0.1227724480
0.1292243079
0.1500000000

0.01456
0.01277
0.01115
0.00969
0.00838
0.00720
0.00616
0.00523
0.00441
0.00369
0.00306
0.00252
0.00205
0.00165
0.00131
0.00103
0.00080
0.00060
0.00045
0.00033
0.00023
0.00016
0.00010
0.00006
0.00004
0.00002
0.00001
0.00000
0.00000
0.00000

- - Outermost blocks

0.00000
1.00000
0.00000
1.00000
0.00000
1.00000
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0.00000
1.00000
0.00000
1.00000
0.00000
1.00000

1.0000
0.0000
1.0000
0.0000
1.0000
0.0000

0.003981
0.003874
0.003771
0.003673
0.003579
0.00349

0.003404
0.003322
0.003243
0.003167
0.003094
0.003024
0.002957
0.002892
0.00283

0.00277

0.002712
0.002656
0.002602
0.00255

0.002499
0.002451
0.002404
0.002358
0.002314
0.002271
0.00223

0.00219

0.002151

0/

0.00000
0.00000 /
0.00000
0.00000/
0.00000
0.00000 /
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(TH]S IS A TWO COLUMN PAGE)

RSCONST
00.1/

PVTW

10 1 4.4D-50.35 0 /
/

ROCK

10 4.2D-5 /

/

DENSITY
0.7834 0.9847 0.0097 /
/ PVDO

1.0 1.0 0.65

10 0.9 0.65 /

/

SURFST
0.00000000 20
0.00230544 20
0.00268968 20
0.00691632 20
0.00922176 20 /
/

SURFVISC
0.00000000 0.35
0.00230544 0.35
0.00268968 0.35
0.00691632 0.35
0.00922176 0.35/

/

SURFADS

0.00000000 0.000000000
0.00230544 0.000034799
0.00461088 0.000069598

0.00691632
0.00922176

0.00000000
0.00230544
0.00461088
0.00691632
0.00922176

0.00000000
0.00230544
0.00461088
0.00691632
0.00922176

0.00000000
0.00230544
0.00461088
0.00691632
0.00922176

0.00000000
0.00230544
0.00461088
0.00691632
0.00922176

0.00000000
0.00230544
0.00461088
0.00691632
0.00922176

0.000104397
0.000139196/

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196/

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196/

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196/

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196/

0.000000000
0.000034799
0.000069598
0.000104397
0.000139196/
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0.000069598 1
SURFADDW 0.000104397 1

0.000000000 1 0.000139196 1/
0.000034799 1
0.000069598 1 0.000000000  0.875
0.000104397 1 0.000034799  0.27
0.000139196 1/ 0.000069598  0.265
0.000104397 0.2
0.000000000 1 0.000139196  0.19/
0.000034799 1
0.000000000 1 70
0.000034799 1 6 0
0.000069598 1 509 0
0.000104397 1 4740
0.000139196 1/ 416 0
39 0/
0.000000000 1 8 0
0.000034799 1 70
0.000069598 1 6 0
0.000104397 1 509 0
0.000139196 1/ 4740
416 0
0.000000000 1 39 0/
0.000034799 1 8 0
0.000069598 1 70
0.000104397 1 6 0
0.000139196 1/ 509 0
4740
SURFCAPD 416 0
80 39 0/
70 8 0
6 0 70
509 0 6 0
4740 509 0
416 0 4740
39 0/ 416 0
8 0 39 0/
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-8 0 FIPNUM 2 1 60 1 20 59 80 /

-7 0 FIPNUM 2 41 60 1 20 19 58 /
-6 0 SATNUM 4160120118/
-5.09 0 SATNUM 4 160 120 59 80 /
-4.74 0 SATNUM 4 41 60 1 20 19 58 /
-4.16 0 SURFNUM 5160120118/
-3.9 0/ SURFNUM 51 60 120 59 80 /
EQUALS SURFNUM 5 41 60 1 20 19 58 /

FIPNUM 11401201958 /

SURFWNUM 61601201 18/

SATNUM 1140120 19 58 / SURFWNUM 6 1 60 1 20 59 80 /
SURFNUM 2 140 1 20 19 58 / SURFWNUM 6 41 60 1 20 19 58 /
SURFWNUM 3 140 120 19 58 / /

FIPNUM 21601201 18 /

SOLUTION ==——————e e RWFT
RESTART 12/
BASE 501 / /

RPTSOL FPR
RESTART=2 SOIL SWAT PRESSURE FWIR

/ FWIT
RPTRST FWPR
BASIC=3 FREQ=5 PCOW / FWPT
ENDBOX FOPR
PRESSURE FOPT
96000%10.00 / FTPRSUR
RPTSOL FTPTSUR
RESTART=2 SOIL SWAT PRESSURE FTIRSUR
/ FTITSUR
RPTRST FTADSUR
BASIC=3 FREQ=5 PCOW / FTIPTSUR
SUMMARY ============= WTPRSUR
ROEIW /

1/ WTPTSUR
ROE /

1/ WTIRSUR
ROFT /

12/ WTITSUR
/ /
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RUNSUM
EXCEL

RPTRST

BASIC=2 /
MESSAGES

9% 10000 2* /
TUNING

0.001 0.25 0.005 0.005 /
/

50 1% 400 /
MESSAGES

9% 100000 100000 100000 /
TSTEP

50%0.01 /

TSTEP

50%0.01 /

TSTEP
50%0.01 /
TSTEP
50%0.01 /
TSTEP
50%0.1 /
TSTEP
50%0.1 /
TSTEP
50%0.1 /
TSTEP
50%1 /
TSTEP
50%1 /

- - long TSTEP not included here END

END OF THE BASE_RST FILE
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Appendix B

Saturation and Pc tables

generated using WF

Table B.1: Relative permeability and Pc generated using WF in history matching section-

0S, 15

Sw

0.09
0.09580991
0.10549308
0.11517626
0.12485943
0.13454261
0.14422578
0.15390896
0.16359213
0.17327531
0.18295848
0.19264166
0.20232483
0.21200801
0.22169118
0.23137436
0.24105753
0.25074071

Krw

0
1.3398E-09
6.775E-08
4.7241E-07
1.7364E-06
4.6287E-06
1.0167E-05
1.9616E-05
3.4489E-05
5.6549E-05
8.7804E-05
0.00013051
0.00018718
0.00026056
0.00035366
0.00046972
0.00061225
0.00078498

0S

Kro

0.524
0.50875458
0.48408779
0.46032904
0.43745576
0.41544566
0.39427677
0.37392736
0.35437601
0.33560157
0.31758319
0.30030029
0.28373258
0.26786005
0.25266298
0.23812192
0.22421773
0.21093152

Pc(atm)
2.92468107
0.19121233
0.05469223
0.02825258
0.01784388
0.0124658
0.009236
0.00709928
0.00558565
0.00445669
0.00357966
0.00287524
0.00229336
0.00180095
0.00137535
0.00100056
0.00066493
0.00035981

101

Krw

0
7.1523E-10
3.6168E-08
2.5219E-07
9.2694E-07
2.471E-06
5.4274E-06
1.0472E-05
1.8412E-05
3.0188E-05
4.6873E-05
6.9673E-05
9.9925E-05
0.0001391
0.0001888
0.00025076
0.00032684
0.00041906

1S

Kro

0.646
0.62720507
0.59679526
0.56750488
0.53930614
0.51217156
0.48607403
0.46098678
0.4368834
0.41373782
0.39152432
0.37021754
0.34979246
0.33022442
0.31148909
0.29356252
0.27642109
0.26004153

Pc(atm)
17.7956681
1.1670925
0.33682857
0.17613737
0.11321091
0.0808985
0.06166648
0.04909612
0.04032883
0.03391482
0.02904711
0.02524381
0.02220092
0.01971799
0.01765792
0.01592405
0.01444644
0.01317333
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0.26042388 0.00099193 0.19824471 7.8641E-05  0.00052953 0.24440092 0.01206564
0.27010706 0.00123731 0.18613899 -0.0001837 0.00066053 0.2294767  0.0110934
0.27979023 0.00152564 0.17459635 -0.0004312 0.00081445 0.21524664 0.01023323
0.28947341 0.00186165 0.16359904 -0.000667 0.00099383 0.2016889  0.00946665
0.29915658 0.00225031 0.15312962 -0.0008939 0.00120131 0.18878194 0.00877889
0.30883976 0.00269688 0.14317092 -0.001114 0.00143971 0.1765046  0.00815798
0.31852293 0.00320683 0.13370604 -0.0013291 0.00171194 0.16483607 0.00759417
0.32820611 0.0037859  0.12471839 -0.0015407 0.00202107 0.15375587 0.00707937
0.33788928 0.00444005 0.11619164 -0.0017504 0.00237029 0.1432439  0.00660688
0.34757246 0.00517553 0.10810978 -0.0019592 0.00276292 0.13328038 0.00617106
0.35725563 0.0059988  0.10045704 -0.0021682 0.00320242 0.12384589 0.00576714
0.36693881 0.0069166  0.09321796 -0.0023785 0.00369237 0.11492138 0.00539105
0.37662198 0.00793588 0.08637736 -0.0025909 0.00423651 0.10648811 0.00503931
0.38630516 0.00906388 0.07992033 -0.0028064 0.00483868 0.09852774 0.00470889
0.39598833 0.01030805 0.07383227 -0.0030257 0.00550288 0.09102223 0.00439716
0.40567151 0.01167612 0.06809885 -0.0032497 0.00623321 0.08395393 0.00410182
0.41535468 0.01317605 0.06270601 -0.0034793 0.00703394 0.0773055  0.00382083
0.42503786 0.01481606 0.05764 -0.0037152 0.00790945 0.07106 0.00355237
0.43472103 0.01660459 0.05288733 -0.0039583 0.00886424 0.06520079 0.00329482
0.44440421 0.01855037 0.04843481 -0.0042094 0.00990298 0.05971162 0.00304669
0.45408738 0.02066235 0.04426953 -0.0044695 0.01103044 0.05457656 0.00280666
0.46377056 0.02294972 0.04037887 -0.0047395 0.01225154 0.04978005 0.00257347
0.47345373 0.02542196 0.03675046 -0.0050203 0.01357133 0.04530687 0.00234597
0.48313691 0.02808875 0.03337227 -0.0053132 0.01499498 0.04114215 0.00212309
0.49282008 0.03096004 0.03023251 -0.0056192 0.0165278  0.03727138 0.0019038
0.50250326 0.03404604 0.02731969 -0.0059397 0.01817523 0.03368038 0.00168709
0.51218643 0.03735719 0.0246226  -0.006276 0.01994287 0.03035534 0.001472
0.52186961 0.04090418 0.02213032 -0.0066295 0.0218364  0.0272828  0.00125758
0.53155278 0.04469795 0.0198322  -0.0070021 0.02386168 0.02444962 0.00104288
0.54123596 0.0487497  0.0177179  -0.0073955 0.02602467 0.02184305 0.00082691
0.55091913 0.05307085 0.01577733 -0.0078118 0.02833149 0.01945068 0.0006087
0.56060231 0.0576731  0.01400071 -0.0082533 0.03078837 0.01726042 0.0003872
0.57028548 0.06256839 0.01237853 -0.0087226 0.03340168 0.01526056 0.0001613
0.57996866 0.06776888 0.01090158 -0.0092226 0.03617793 0.01343973 -7.015E-05
0.58965183 0.07328702 0.00956091 -0.0097566 0.03912375 0.01178692 -0.0003084
0.59933501 0.07913548 0.00834787 -0.0103284 0.0422459  0.01029146 -0.0005549
0.60901818 0.08532718 0.0072541  -0.0109423 0.0455513  0.00894303 -0.0008112
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0.61870136
0.62838453
0.63806771
0.64775088
0.65743406
0.66711723
0.67680041
0.68648358
0.69616676
0.70584993
0.71553311
0.72521628
0.73489946
0.74458264
0.75426581
0.76394899
0.77363216
0.78331534
0.79299851
0.80268169
0.81236486
0.82204804
0.83173121
0.84141439
0.85109756

0.09187531
0.09879328
0.10609477
0.11379369
0.12190421
0.13044075
0.13941797
0.14885077
0.15875433
0.16914404
0.18003557
0.19144481
0.20338793
0.2158813

0.2289416

0.24258571
0.25683077
0.27169418
0.28719358
0.30334686
0.32017216
0.33768785
0.35591257
0.37486521
0.39456489

0.0062715

0.00539228
0.00460891
0.00391417
0.00330109
0.00276303
0.00229358
0.00188666
0.00153645
0.00123742
0.00098432
0.00077219
0.00059635
0.0004524

0.00033623
0.00024402
0.00017221
0.00011756
7.7078E-05
4.8079E-05
2.8152E-05
1.5174E-05
7.3028E-06
2.9821E-06
9.3877E-07

-0.0116033
-0.0123171
-0.0130903
-0.0139309

0.04904697
0.05274008
0.05663793
0.06074794
0.06507769
0.06963485
0.07442728
0.07946291
0.08474986
0.09029633
0.09611069
0.10220143
0.10857718
0.11524668
0.12221882
0.12950263
0.13710726
0.14504198
0.15331623
0.16193954
0.1709216

0.18027222
0.19000136
0.20011909
0.21063562

0.00773166
0.00664773
0.00568198
0.00482548
0.00406967
0.00340633
0.00282758
0.00232592
0.00189418
0.00152552
0.0012135

0.00095197
0.00073519
0.00055773
0.00041451
0.00030083
0.00021231
0.00014493
9.5023E-05
5.9273E-05
3.4707E-05
1.8707E-05
9.0031E-06
3.6764E-06
1.1573E-06

-0.0158525
-0.0169576

-0.0195358
-0.0210516
-0.0227556
-0.0246847
-0.0268856

-0.0323649
-0.0358304
-0.0399632
-0.0449715
-0.0511592

-0.0691872
-0.082997
-0.1026776

-0.1844605
-0.2363395

-0.0010789
-0.00136
-0.0016568
-0.0019718
-0.0023079
-0.0026686
-0.0030581
-0.0034814
-0.0039443
-0.0044543
-0.0050204
-0.0056539
-0.0063694
-0.0071854
-0.0081267
-0.0092261
-0.010529
-0.0120994
-0.0140305
-0.0164638
-0.0196239
-0.0238906
-0.0299577
-0.0392382
-0.0551048
-0.0725132
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Appendiz B. Saturation and Pc tables generated using WF

Table B.2: Relative permeability and Pc generated using WF' in history matching section

- 25, 38

Sw

0.09
0.09581
0.105493
0.115176
0.124859
0.134543
0.144226
0.153909
0.163592
0.173275
0.182958
0.192642
0.202325
0.212008
0.221691
0.231374
0.241058
0.250741
0.260424
0.270107
0.27979
0.289473
0.299157
0.30884
0.318523
0.328206
0.337889
0.347572
0.357256
0.366939
0.376622
0.386305
0.395988

Krw

0
7.1011E-10
3.5909E-08
2.5039E-07
9.2031E-07
2.4533E-06
5.3886E-06
1.0397E-05
1.828E-05
2.9972E-05
4.6538E-05
6.9174E-05
9.921E-05
0.0001381
0.00018745
0.00024896
0.0003245
0.00041606
0.00052574
0.0006558
0.00080862
0.00098671
0.00119272
0.00142941
0.00169969
0.00200661
0.00235332
0.00274314
0.0031795
0.00366595
0.00420619
0.00480405
0.00546349
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25

Kro

0.647
0.62817598
0.59771909
0.56838337
0.54014098
0.5129644
0.48682647
0.46170038
0.43755969
0.41437828
0.39213039
0.37079063
0.35033393
0.3307356
0.31197128
0.29401695
0.27684899
0.26044407
0.24477925
0.22983192
0.21557984
0.20200111
0.18907417
0.17677783
0.16509123
0.15399388
0.14346564
0.13348669
0.1240376
0.11509927
0.10665296
0.09868026
0.09116313

Pc(atm)
17.9175615
1.17509152
0.33914116
0.17734954
0.11399261
0.08145943
0.06209623
0.04944036
0.04061361
0.03415628
0.02925586
0.02542715
0.0223641
0.01986485
0.01779138
0.01604637
0.0145594
0.01327835
0.01216389
0.01118583
0.01032064
0.00954971
0.00885817
0.00823398
0.00766731
0.00715003
0.00667538
0.0062377
0.00583218
0.00545474
0.00510185
0.00477049
0.004458

Krw

0
6.2016E-10
3.136E-08
2.1867E-07
8.0373E-07
2.1425E-06
4.706E-06
9.0798E-06
1.5964E-05
2.6175E-05
4.0643E-05
6.0412E-05
8.6642E-05
0.00012061
0.0001637
0.00021743
0.0002834
0.00036335
0.00045914
0.00057273
0.00070619
0.00086172
0.00104163
0.00124834
0.00148439
0.00175242
0.00205522
0.00239566
0.00277674
0.00320157
0.00367338
0.00419551
0.00477141

35

Kro

0.586
0.56895073
0.54136536
0.51479545
0.48921579
0.46460145
0.44092784
0.41817067
0.39630599
0.37531016
0.35515983
0.33583201
0.317304
0.29955342
0.28255822
0.26629665
0.2507473
0.23588906
0.22170114
0.20816307
0.1952547
0.18295618
0.17124801
0.16011099
0.14952622
0.13947514
0.12993951
0.12090139
0.11234318
0.10424756
0.09659758
0.08937656
0.08256815

Pc(atm)
16.5768107
1.08717874
0.31378364
0.16409962
0.10548563
0.0753889
0.05747672
0.04577
0.03760593
0.03163405
0.02710264
0.02356283
0.02073144
0.01842175
0.01650606
0.01489433
0.01352143
0.01233913
0.01131105
0.01040926
0.009612
0.00890207
0.00826571
0.00769178
0.0071712
0.00669646
0.0062613
0.0058605
0.00548963
0.0051449
0.00482307
0.00452136
0.00423732
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0.405672
0.415355
0.425038
0.434721
0.444404
0.454087
0.463771
0.473454
0.483137
0.49282
0.502503
0.512186
0.52187
0.531553
0.541236
0.550919
0.560602
0.570285
0.579969
0.589652
0.599335
0.609018
0.618701
0.628385
0.638068
0.647751
0.657434
0.667117
0.6768
0.686484
0.696167
0.70585
0.715533
0.725216
0.734899
0.744583
0.754266

0.0061886
0.0069836
0.00785283
0.0088008
0.0098321
0.01095149
0.01216385
0.01347419
0.01488765
0.0164095
0.01804515
0.01980013
0.02168011
0.02369089
0.0258384
0.02812871
0.030568
0.03316261
0.03591899
0.03884372
0.04194353
0.04522527
0.04869592
0.0523626
0.05623254
0.06031314
0.06461189
0.06913645
0.07389457
0.07889416
0.08414326
0.08965004
0.09542278
0.10146993
0.10780004
0.1144218
0.12134405

0.08408388
0.07742517
0.07117
0.06530172
0.05980405
0.05466105
0.04985711
0.045377
0.04120584
0.03732907
0.03373252
0.03040233
0.02732503
0.02448747
0.02187687
0.01948078
0.01728713
0.01528418
0.01346054
0.01180517
0.01030739
0.00895687
0.00774363
0.00665802
0.00569077
0.00483295
0.00407597
0.0034116
0.00283196
0.00232952
0.00189711
0.00152788
0.00121537
0.00095345
0.00073633
0.00055859
0.00041515

0.00416208
0.00388067
0.00361194
0.00335427
0.00310617
0.0028663

0.00263341
0.00240635
0.00218405
0.00196546
0.0017496

0.00153551
0.00132223
0.00110882
0.00089431
0.00067772
0.00045802
0.00023412
4.8701E-06
-0.000231

-0.0004748
-0.0007281
-0.0009926
-0.0012702
-0.0015631
-0.0018737
-0.0022051
-0.0025606
-0.0029442
-0.0033609
-0.0038165
-0.0043183
-0.004875

-0.0054979
-0.0062012
-0.0070032
-0.007928

0.00540467
0.00609896
0.00685809
0.00768597
0.00858663
0.00956423
0.01062302
0.01176737
0.01300178
0.01433085
0.0157593
0.01729197
0.01893381
0.02068988
0.02256536
0.02456555
0.02669585
0.02896179
0.031369
0.03392325
0.0366304
0.03949643
0.04252744
0.04572964
0.04910937
0.05267306
0.05642728
0.06037869
0.06453408
0.06890036
0.07348454
0.07829375
0.08333524
0.08861638
0.09414463
0.09992759
0.10597297

0.07615635
0.07012543
0.06446
0.05914499
0.05416565
0.04950753
0.04515652
0.0410988
0.0373209
0.03380964
0.03055217
0.02753596
0.02474879
0.02217876
0.01981429
0.01764411
0.01565728
0.01384317
0.01219146
0.01069216
0.0093356
0.00811241
0.00701355
0.0060303
0.00515424
0.00437729
0.00369168
0.00308995
0.00256496
0.00210989
0.00171825
0.00138383
0.00110079
0.00086356
0.00066691
0.00050593
0.00037601

0.00396883
0.003714
0.00347116
0.00323881
0.00301561
0.00280034
0.00259185
0.00238912
0.00219117
0.00199707
0.00180594
0.00161694
0.00142921
0.00124192
0.00105425
0.00086533
0.00067427
0.00048014
0.00028196
7.8656E-05
-0.0001309
-0.0003481
-0.0005742
-0.0008109
-0.00106
-0.0013237
-0.0016043
-0.0019047
-0.0022282
-0.0025791
-0.002962
-0.0033831
-0.0038496
-0.004371
-0.0049589
-0.0056286
-0.0064001
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106 Appendiz B. Saturation and Pc tables generated using WF
0.763949 0.12857572 0.00030129 -0.009008 0.11228858 0.00027289 -0.0073004
0.773632 0.13612592 0.00021264 -0.0102877 0.11888237 0.00019259 -0.0083663
0.783315 0.14400385 0.00014515 -0.0118299 0.12576237 0.00013147 -0.00965
0.792999 0.15221887 9.5171E-05 -0.0137262 0.13293677 8.6198E-05 -0.0112275
0.802682 0.16078046 5.9364E-05 -0.0161152 0.14041383 5.3767E-05 -0.013214
0.812365 0.16969823 3.476E-05 -0.0192177 0.14820196 3.1483E-05 -0.0157927
0.822048 0.17898193 1.8736E-05 -0.0234061 0.15630966 1.6969E-05 -0.0192729
0.831731 0.18864143 9.017E-06 -0.0293616 0.16474556 8.1669E-06 -0.02422
0.841414 0.19868675 3.6821E-06 -0.0384711 0.17351839 3.335E-06  -0.0317854
0.851098 0.209128 1.1591E-06 -0.0540445 0.18263702 1.0498E-06 -0.044717
0.88 0.24275 0 -0.0711704 0.212 0 -0.0590849
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Table B.3: Relative permeability and Pc generated using WF in history matching section-

48

Sw

0.09
0.09580991
0.10549308
0.11517626
0.12485943
0.13454261
0.14422578
0.15390896
0.16359213
0.17327531
0.18295848
0.19264166
0.20232483
0.21200801
0.22169118
0.23137436
0.24105753
0.25074071
0.26042388
0.27010706
0.27979023
0.28947341
0.29915658
0.30883976
0.31852293
0.32820611
0.33788928
0.34757246
0.35725563
0.36693881
0.37662198
0.38630516
0.39598833

Krw

0
6.2016E-10
3.136E-08
2.1867E-07
8.0373E-07
2.1425E-06
4.706E-06
9.0798E-06
1.5964E-05
2.6175E-05
4.0643E-05
6.0412E-05
8.6642E-05
0.00012061
0.0001637
0.00021743
0.0002834
0.00036335
0.00045914
0.00057273
0.00070619
0.00086172
0.00104163
0.00124834
0.00148439
0.00175242
0.00205522
0.00239566
0.00277674
0.00320157
0.00367338
0.00419551
0.00477141

45

Kro

0.586
0.56895073
0.54136536
0.51479545
0.48921579
0.46460145
0.44092784
0.41817067
0.39630599
0.37531016
0.35515983
0.33583201
0.317304
0.29955342
0.28255822
0.26629665
0.2507473
0.23588906
0.22170114
0.20816307
0.1952547
0.18295618
0.17124801
0.16011099
0.14952622
0.13947514
0.12993951
0.12090139
0.11234318
0.10424756
0.09659758
0.08937656
0.08256815

Pc(atm)
16.5768107
1.08717874
0.31378364
0.16409962
0.10548563
0.0753889
0.05747672
0.04577
0.03760593
0.03163405
0.02710264
0.02356283
0.02073144
0.01842175
0.01650606
0.01489433
0.01352143
0.01233913
0.01131105
0.01040926
0.009612
0.00890207
0.00826571
0.00769178
0.0071712
0.00669646
0.0062613
0.0058605
0.00548963
0.0051449
0.00482307
0.00452136
0.00423732
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Appendiz B. Saturation and Pc tables generated using WF

0.40567151
0.41535468
0.42503786
0.43472103
0.44440421
0.45408738
0.46377056
0.47345373
0.48313691
0.49282008
0.50250326
0.51218643
0.52186961
0.53155278
0.54123596
0.55091913
0.56060231
0.57028548
0.57996866
0.58965183
0.59933501
0.60901818
0.61870136
0.62838453
0.63806771
0.64775088
0.65743406
0.66711723
0.67680041
0.68648358
0.69616676
0.70584993
0.71553311
0.72521628
0.73489946
0.74458264
0.75426581
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0.00540467
0.00609896
0.00685809
0.00768597
0.00858663
0.00956423
0.01062302
0.01176737
0.01300178
0.01433085
0.0157593
0.01729197
0.01893381
0.02068988
0.02256536
0.02456555
0.02669585
0.02896179
0.031369
0.03392325
0.0366304
0.03949643
0.04252744
0.04572964
0.04910937
0.05267306
0.05642728
0.06037869
0.06453408
0.06890036
0.07348454
0.07829375
0.08333524
0.08861638
0.09414463
0.09992759
0.10597297

0.07615635
0.07012543
0.06446
0.05914499
0.05416565
0.04950753
0.04515652
0.0410988
0.0373209
0.03380964
0.03055217
0.02753596
0.02474879
0.02217876
0.01981429
0.01764411
0.01565728
0.01384317
0.01219146
0.01069216
0.0093356
0.00811241
0.00701355
0.0060303
0.00515424
0.00437729
0.00369168
0.00308995
0.00256496
0.00210989
0.00171825
0.00138383
0.00110079
0.00086356
0.00066691
0.00050593
0.00037601

0.00396883
0.003714
0.00347116
0.00323881
0.00301561
0.00280034
0.00259185
0.00238912
0.00219117
0.00199707
0.00180594
0.00161694
0.00142921
0.00124192
0.00105425
0.00086533
0.00067427
0.00048014
0.00028196
7.8656E-05
-0.0001309
-0.0003481
-0.0005742
-0.0008109
-0.00106
-0.0013237
-0.0016043
-0.0019047
-0.0022282
-0.0025791
-0.002962
-0.0033831
-0.0038496
-0.004371
-0.0049589
-0.0056286
-0.0064001
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0.76394899
0.77363216
0.78331534
0.79299851
0.80268169
0.81236486
0.82204804
0.83173121
0.84141439
0.85109756
0.88

0.11228858
0.11888237
0.12576237
0.13293677
0.14041383
0.14820196
0.15630966
0.16474556
0.17351839
0.18263702
0.212

0.00027289
0.00019259
0.00013147
8.6198E-05
5.3767E-05
3.1483E-05
1.6969E-05
8.1669E-06
3.335E-06
1.0498E-06
0

-0.0073004
-0.0083663
-0.00965
-0.0112275
-0.013214
-0.0157927
-0.0192729
-0.02422
-0.0317854
-0.044717
-0.0590849
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Appendix C

ECLIPSE 100 KEYWORDS

Table C.1: Relavant ECLIPSE 100 Kewords

Keyword Description

RUNSPEC

SURFACT Activates the Surfactant Model

SURFACTW Activates the Surfactant Model and enables
modeling of changes of wettability

GRID

RPTGRID Controls output from the GRID section.
Argument KOVERD outputs the K/D values
used in the calculation of the capillary number

PROPS

HWSWL, HWSWLPC, HWSWCR,
HWSWU, HWSOWCR, HWSOGCR,
HWKRW, HWKRWR, HWKRO,
HWKRORW, HWKRORG

Immiscible water-wet saturation end-points.

and HWPCW

RPTPROPS Controls output from the PROPS section.
Arguments SURFVISC and so on output
surfactant properties.

SURFADDW Defines weighting between oil-wet and
water-wet relative permeabilities as
a function of the adsorbed surfactant mass.

SURFADS Surfactant adsorption isotherm.

110
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ADSORP Analytical adsorption isotherm with
salinity dependence.

SURFCAPD Surfactant capillary de-saturation data.

SURFROCK Surfactant-rock properties and
adsorption model indicator.

SURFST Water-oil surface tension in the
presence of surfactant.

SURFSTES Water-oil surface tension as a

function of surfactant

and salt concentrations.

SURFVISC Modified water viscosity.

SWL, SWLPC, SWCR, SWU, Immiscible oil-wet saturation end-points.
SGL,SGLPC, SGCR,

SGU, SOWCR,SOGCR, KRW,
KRWR,KRG, KRGR, KRO,
KRORW, KRORG,PCW and PCG

REGIONS

SATNUM Defines the region number for oil-wet

immiscible saturation function table.

SURFNUM Surfactant miscible region numbers.

SURFWNUM Defines the region number for water-wet
immiscible saturation function tables and
additionally the table describing

the wettability as a function of surfactant
adsorption (SURFADDW).

SOLUTION

RPTSOL Controls output from the SOLUTION sectio.

e SOCR outputs the critical oil saturations
following a surfactant flood.

e SUFRBLK outputs the surfactant concentration
as well as water-oil surface tension

(both for salinity dependent and salinity
independent surface tension).

SURF Initial surfactant concentrations.
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Appendiz C. ECLIPSE 100 KEYWORDS

SUMMARY

ROEIW (OIP(initial) - OIP(now)) / Initial Mobile Oil
with respect to Water

ROE (OIP(initial) - OIP(now)) / OIP(initial)

ROFT Inter-region oil flow total
(in liquid and wet gas phases)

RWEFT Inter-region water flow total

FPR Pressure average value

FWIR Field water injection rate

FWIT Field water injection rate total

FWPR Field water production rate

FWPT Field water production cumulative total

FOPR Field oil production rate

FOPT Field oil production total

FTPTSUR Production Total

FTIRSUR Injection Rate

FTITSUR Injection Total

SCHEDULE

RPTSCHED | Controls output from the SCHEDULE section.
Arguments:
e FIPSURF: surfactant in place.
e SURFADS: adsorbed surfactant concentration.
e SURFBLK: surfactant concentrations and
the capillary number as well as water-oil
surface tension.

RPTRST Controls output to the restart file.
e SURFACT: surfactant concentration.
e SURFADS: adsorbed surfactant concentration.
e SURFMAX: maximum adsorbed surfactant
concentration.
e SURFST or (SURFSTES): water-oil
surface tension

TUNING Sets simulator control parameters.
Item 11 of Record 2 (TRGSFT) sets
the target surfactant change.

WSURFACT | Specifies the surfactant concentration of

a water injector.
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Appendix D

Grid Images

Figure D.1: Grid
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114 Appendiz D. Grid Images

FloViz 2014.2

REODN

Oilgat

0.0000 02275 0.4550 ogazs 03100

Figure D.2: Outermost blocks and Core sample

FloViz 2014.2

RRODT

Oilgat

00000 02275 0.4550 os82s 03100

Figure D.3: SI
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FloViz 20142

RAASON

SURFACT

000000 000231  0OO4S1 OOOBS2 000922

Figure D.J4: Surfactant adsroption
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