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Full Name : Saad Menahi Al-Mutairi 

Dissertation Title : Modeling Wettability Alteration during Immiscible Carbon Dioxide 

Flooding  

Major Field : Petroleum Engineering 

Date of Degree : December 2013  

 

A large number of laboratory experiments, including cores and micro-models, to 

investigate wettability alteration during CO2 flooding had been reported in the literature. 

However, limited work on numerical and analytical modeling has been presented where 

continuous wettability alteration phenomena is addressed or incorporated. To the best of 

our knowledge, all published numerical and analytical models are time-independent 

solutions.  

 

In this study, a comprehensive mathematical model is developed to describe CO2-oil 

immiscible displacement process in porous media within a secondary recovery scheme. 

To allow continuous wettability alteration with the progress of the flood front, first an 

empirical relationship between contact angle and displacement time is developed. This 

relationship is derived from experiments in which the change in the contact angle 

between oil, carbonated brine and a slice of rock cut from a carbonate core plug are 

measured with time. The experimental results indicate that the rock wettability is altered 

from oil-wet to intermediate-wet and that the extent of the alteration depends on CO2 

concentration in the brine. Furthermore, it was observed that the contact angle decreases 



xx 

 

exponentially with the time of exposure to the brine down to a stable value. Second, a 

novel modified Corey relative permeability model is developed and incorporated into the 

proposed comprehensive displacement model to calculate the phase relative permeability 

as a function of wettability.   

 

The mathematical model equations are solved by a numerical, 1-dimensional, two-phase 

immiscible simulation scheme in which the equations are discretized using Implicit 

Pressure Explicit Saturation (IMPES) concept and solved numerically utilizing 

MATLAB programming. The numerical results show that the model is stable and can 

produce oil displacement. Numerical solution of the mathematical model proved to be 

stable and is close to the established models when tested on a hypothetical case – without 

wettability alteration. The displacement model with the inclusion of the continuous 

wettability alteration feature, predicts a much higher ultimate oil recovery which is 

confirmed by an actual core flooding experiment. The outcome of this study will enhance 

the understanding of the rheological behavior of the rock-fluid interaction during CO2 

flooding. In addition, the study proves that wettability alteration is one of the formation 

parameters which contribute to the ultimate oil recovery.    
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 ملخص الرسالة

 

 

 سعد مناحي المطيري :االسم الكامل
 

 ر بثاني اكسيد الكربونمة الغيلمعتغير خاصية التبلل خالل  نمذجة   عنوان الرسالة:

 

 هندسة بترول التخصص:
 

 3102 ديسمبر تاريخ الدرجة العلمية:
 

 

 

لةات لجمع احدث نتائج البحوث على تحول خاصةة التبلل خالل عمالتي اجرمت  مكثفةال اكايممةةبناًء على المراجعة األ

تبةن انه تم تقرمر عدي اكبةر من التجارب المختبرمة للغْمر، بما في ذلك  العةنات الصخرمة  الغْمر بثاني ااكسةد الكربون

تحول خاصةة التبلل خالل الغمر بثاني ااكسةد الكربون. عدة بحوث سابقة في هذا المجال   الستكشافوالنماذج الدقةقة، 

ث أيرجت ظاهرة تحول خاصةة التبلل ة والعديمة حةةالتحلةل النماذجتشةر إلى ان هناك يراسات محدوية على 

هي حلول غةر معتمدة بشكل  وجويةة المةالمستمرة. وعالوة على ذلك، وحسب معرفتنا، فإن النماذج العديمة والتحلةل

 .زمناو بآخر على ال

 

لةة ضمن آ مجال مساميثاني ااكسةد الكربون في  -ولذلك، تم تطومر نموذج تحلةل مرئي لتمثةل سرمان امتزاج  الزمت 

استرياي ثانوي للمواي الهةدرواكربونةة الكامنة تحت االرض . أثناء عملةة تطومر النموذج ، تم تطومر وايراج نموذج 

أمضا، هذه الدراسة بحثت تجرمبةاً وبصفة مستمرة  معدل فرمد من نوعه لحساب النفاذمة النسبةة مقترنة بخاصةة التبلل.

، ومحلول ملحي الزمتون.  اجرمت قةاسات زاومة التالمس بةن بااكسةد الكر عن تغةر خاصةة التبلل خالل الغْمر بثاني

 -. وتشةر النتائج إلى ان خاصةة التبلل للصخور تتغةر من زمتهةدرواكربونةةوشرمحة من الصخر مقطوعة من عةنة 

تبلل خاضعة مبلل عندما متعرض نظام زمت/صخر لثاني ااكسةد الكربون المذاب. مدى تغةر خاصةة ال -مبلل إلى وسط

لزمن التعرض لثاني ااكسةد الكربون، اكلما زاي الزمن،  تغةر خاصةة التبلل تتقدم نحو حد واضح. أمضا، وجد أن اكلما 

استنايا إلى الحقائق  .ملحوظزاي تراكةز ثاني ااكسةد الكربون في المحلول الملحي ، تتغةر خاصةة التبلل بشكل 
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ةر خاصةة التبلل المستمر. وممكن تطبةق نتائج هذه الدراسة إلى التجرمبةة، تم تطومر نموذج تجرمبي لوصف تغ

 حاالت حةث متم حقن ثاني ااكسةد الكربون في مكمن نفطي رطب عند ضغط  اقل من ضغط االمتزاج.

 

الب لحل معايالت نموذج  احايي االبعاي بواسطة برنامج مات الطور عدييتم بناء نظام محااكاة غةر ممتزج ثنائي 

مبنَةة على مفهوم " اإلمبةس"  وحلها عديماً. تبةن ان النموذج التحلةلي  في النموذج  المستخدمةمعايالت االزاحة. ال

 من الواقعةة بواسطة نموذج تغةر خاصةة التبلل المستمر. قدر اكبةرالمزاحة على  تنبؤ اكمةة واكفاءة النفط قاير على
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CHAPTER 1 

INTRODUCTION 

Wettability has been recognized as one of the parameters that control the remaining oil-

in-place. Knowledge of reservoir wettability is essential to understand the displacement 

mechanisms, and to develop strategies for achieving higher recovery factors. Since rock 

wettability has been known to be altered as a result of various substances introduced into 

the reservoir the causes and mechanism of such alteration need to be addressed properly 

for an effective approach to enhanced oil recovery.  

This chapter starts with an overview of rock wettability discussing its definition, types, 

measurement techniques, modeling and importance. It then provides a brief background 

on enhanced oil recovery (EOR) processes with emphasis on the CO2-EOR process. This 

includes the displacement mechanism operating within the process and the effects of CO2 

on oil properties.   

 

1.1 Rock Wettability 

Wettability is the relative preference for adhesion of two fluids to a solid surface [1]. The 

tendency of a liquid to spread over a solid surface can be expressed conveniently and in a 

more precise nature by measuring the angle of contact at the liquid-solid interface [2]. 

The contact angle is measured through the denser liquid phase and ranges from 0 to 180º 
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[3]. As the contact angle decreases the wettability of the liquid strengthens. Since 

wettability has been recognized as one of the parameters controlling the remaining oil-in-

place [4], knowledge of the reservoir wettability is essential to develop good 

understanding of the displacement mechanisms and to recover oil efficiently.  

There are four types of wettability: water-wet, oil-wet, fractional-wettability and mixed-

wettability. The state of water-wetness occurs when the rock surface is wetted by water 

while the state of oil-wetness occurs when the rock surface is wetted by oil. The concept 

of fractional wettability visualizes that a fraction of the matrix surface is oil-wet and the 

remainder is water-wet [5]. Mixed wettability is a special type of fractional wettability in 

which the oil-wet surfaces form continuous paths through the large pores while the 

smaller pores remain water-wet and contain no oil [6]. When the rock has no strong 

preference for either oil or water, the system is said to be of neutral (or intermediate) 

wettability [6]. 

Wettability also plays a vital role in the electrical properties of fluid-saturated rocks [7].  

These electrical properties control the location and distribution of fluids [6]. Wettability 

and saturation history are important factors in the determination of the electrical 

resistivity of a porous medium; and for the same reason the effect of wettability becomes 

larger when the pores are poorly connected [8]. In water-wet systems, water fills the 

small pores and spreads on the grain surfaces to form a film while the oil occupies the 

large pores and overlays the water film. Such a distribution preference also renders the 

relative permeability curves strongly influenced by wettability. The relative permeability 

to oil increases and the permeability to water decreases as wettability is varied from 

water-wet to oil-wet [1]. In an oil-bearing formation, the wettability can vary with depth 
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where a greater water-wetting preference is seen near the bottom of the transition zone 

and a greater oil-wetting preference is observed near the top [9].  

Several methods have been devised to measure rock wettability. Anderson [6] classified 

such methods into quantitative and qualitative. The quantitative methods include contact 

angle, Amott and USBM. The qualitative methods include nuclear magnetic resonance 

relaxation techniques, inferring wettability through imbibition-rate measurements, 

relative permeability curves, permeability/saturation relationships, capillary pressure 

curves and reservoir logs [10]. 

 

1.2 Wettability Modeling 

Rock wettability has been investigated by simulation models which, sometimes, utilized 

experimental data. Sharma et al. [4] conducted experiments on glass-bead packs and 

Berea cores. Their theoretical model was represented by a network of pore throats 

(bonds) and pore bodies (sites). The overall results showed that wettability had a large 

impact on the saturation exponent especially when the pores are poorly connected.  

Blunt [11] devised a network model to study the effects of wettability on the pore level 

following Kovscek et al.’s [12] scenario. The model simulates three stages of depletion: 

primary, water flooding and oil re-injection. It was found that portions of rock surface 

were wetted by oil after primary drainage. In contrast, corners of the pore space filled by 

water were wetted by water. During water flooding, oil layers were bounded by water in 

the corners and in the center of the pore space. Different wettability conditions were 
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investigated and the residual oil saturation was found to display non-monotonic 

dependence on wettability.  

Bona et al. [13] developed an integrated approach for estimating the rock wettability. The 

dielectric constant of the sample in a wide frequency interval was measured for different 

shapes of water phase. The principle is that the dielectric behavior of the rock is 

controlled by the shape of the water phase, which may vary from very elongated films to 

spherical drops depending on the wettability of the system. The technique had the ability 

to detect the heterogeneous wetting states. 

  

1.3 Enhanced Oil Recovery (EOR) 

When water flooding no longer provides economic oil recovery, tertiary processes are 

needed to boost oil recovery through improved displacement mechanisms. EOR is 

defined as oil recovery by the injection of materials not normally present in the reservoir 

[14], and comes usually after the secondary recovery. Almost all EOR methods have 

been implemented in the field either on pilot or commercial scales. EOR methods are 

classified by the main mechanism of oil displacement [15-20] and are currently grouped 

into three classes which are well known to the oil industry. These are thermal, chemical 

and miscible – mainly CO2 and hydrocarbon gas - flooding processes.  

In recent years, 92% of all EOR projects are being executed mainly in the USA (153 

projects), Canada (45 projects), Venezuela (41 projects), and China (39 projects) [21]. 

The total world oil production from EOR has remained relatively level over the years, 
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contributing about 3 MMBD which represents about 3.5% of the global daily oil 

production [22].  The bulk of EOR contribution comes from thermal flooding (~2 

MMBD) followed by chemical, hydrocarbon gas and CO2 flooding processes with 

contribution of 0.3 MMBD each (Figure 1.1) [21]. 

 

 

Figure 1.1 2010 global EOR oil production rates 
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1.4 CO2 Properties  

Carbon dioxide is a colorless, odorless, inert and non-combustible gas. It has a molecular 

weight of 44 and is 2 to 10 times more soluble in oil than in water. The viscosity of 

carbon dioxide is 0.0335 cP at its critical point (1070 psia and 87.8 °F). Its critical 

pressures fall within a relatively narrow range of 3.4-6.8 MPa (500-1000 psia) while its 

critical temperature is 87.8 °F/31.0 °C [14]. The density of carbon dioxide above its 

critical temperature at pressures between 6.9 and 27.6 MPa (1000-4000 psi) varies 

between 0.1 and 0.8 g/cm
3
 [23], which makes it close to that of a typical light oil (Figure 

1.2) [24]. For example, under miscible displacement conditions in west Texas oil fields, 

the specific gravity of this dense carbon dioxide phase is typically 0.7 to 0.8 g/cm
3
 [25].  

 

Figure 1.2 CO2 phase diagram  
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1.5 Background of CO2 Flooding  

CO2 flooding is a well-known EOR method established in the early 1960s. Along with 

thermal flooding, it is considered one of the most applied EOR processes around the 

world. Besides hydrocarbon gas floods, CO2 floods in North America are the only EOR 

projects that have consistently and significantly increased annual EOR production since 

the 1986 crash in oil prices [26]. The American Petroleum Institute (API) states that the 

oil and gas industry has over 35 years of continuously developing experience in 

transporting and injecting CO2 for EOR purposes [27]. 

There are two types of oil displacement mechanisms by CO2: miscible and immiscible 

displacements.  

 

1.6 CO2 Miscible Displacement 

Two fluids are said to be miscible when they can be mixed together in all proportions and 

all resulting mixtures remain in a single phase [28]. Miscibility between an injected fluid 

and the reservoir oil can be achieved through two mechanisms: first-contact and multiple-

contact miscibility [25]. The first-contact miscible process is the simplest and most direct 

method for achieving miscible displacement. It requires injecting a solvent that mixes 

with the oil completely such that all mixtures become a single phase. Multiple-contact 

miscibility is achieved in stages involving contact between a progressively-modified fluid 

and the reservoir oil. CO2 flooding involves a vaporizing-condensing process where CO2 

gas vaporizes the light to intermediate-molecular-weight hydrocarbons from the reservoir 
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oil into the CO2 gas and later condenses into the oil phase (Figure 1.3) [25]. The 

extraction process occurs at temperatures where the fluid at the displacement front is a 

CO2-rich liquid [28]. Oil recovery is also improved by reducing the oil viscosity caused 

by oil swelling as a result of CO2 dissolution. Temperature and pressure are key 

parameters for miscibility development between oil and CO2 where the local 

displacement efficiency is highly dependent on the minimum miscibility pressure (MMP) 

[29]. 

When the MMP is below the reservoir pressure, the flood will be miscible with higher oil 

recoveries. For the success of a miscible project a number of factors should be 

considered. These are: the injected solvent should be miscible with the oil, it should 

contact as much of the oil as possible, it should mobilize the contacted oil, and then it 

displaces it to the surface. Miscibility conditions can be obtained from laboratory 

experiments involving phase behavior studies and slim-tube tests. The sweep efficiency 

of a liquid CO2 flood is generally better than a gas CO2 flood because at the supercritical 

state CO2 density is close to that of the liquid phase but with a lower viscosity. 
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Figure 1.3 CO2 flooding process 

 

1.7 CO2 Immiscible Displacement 

Immiscible displacement, on the other hand, occurs when mixing produces two distinct 

fluid phases separated by a sharp interface [28]. When the MMP is above the reservoir 

pressure, CO2 flooding will be immiscible resulting in generally lower ultimate oil 

recoveries. However, immiscible CO2 flooding has a considerable potential for the 

recovery of moderately viscous oils, deep reservoirs and thin formations that are not 

suitable for thermal recovery techniques [30]. 
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Three mass transfer mechanisms occur during this process: solubility, diffusion and 

dispersion. Solubility of CO2 in oil is a function of temperature and pressure [14]. For 

low pressure applications (< 7 MPa) the major effect would be the dissolution of carbon 

dioxide in crude oil. Carbon dioxide is more soluble in hydrocarbons as a gas than as a 

liquid [31-32]. Carbon dioxide solubility increases as pressure increases and temperature 

decreases [33]. Carbon dioxide increases the viscosity of water slightly [34] but decreases 

its density [35]. Its effect on oil is discussed in the next section. 

Diffusion is the macroscopic transport of mass due to random molecular motions and is 

independent of any convection within the system [35-36]. Diffusion helps carbon dioxide 

penetrate into heavy oil which may help reduce gravitational and viscous instabilities 

[30]. 

Dispersion is additional mixing of fluids that occurs in porous media due to velocity [30]. 

This additional mixing is due to the dispersive force of attraction which occurs in highly 

polarizable molecules such as hydrocarbons [37]. The dispersion is the results of the 

physical and chemical phenomena that take place within the pores during the travel of 

any particle through the pores.  

Numerous laboratory experiments have been conducted to study various aspects of oil-

CO2 immiscible flow in porous media [24, 38-44]. However, little attention has been paid 

to model the process appropriately taking into account physical phenomena that are 

particular to this process. Grogen et al. [45] developed mathematical models to describe 

the diffusion processes occurring in secondary and tertiary CO2 floods. Diffusivity of 

CO2 in hydrocarbons and water was measured based on a direct observation of the 
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motion of an interface caused by the diffusion of CO2 through oil or oil shielded by 

water. Diffusion coefficients were determined by fitting the mathematical model to the 

observed motion of the interfaces. Stokes-Einstein equation and McManamey and 

Woollen correlation were used to estimate diffusivity of CO2 in water and in oil [46]. It 

was found that molecular diffusion plays an important role in the recovery of oil in 

secondary CO2 floods. The diffusion coefficients of carbon dioxide in hydrocarbon at 

atmospheric conditions are in the range of           to                
[21,47]. 

Numerical investigations of the two-phase flow in porous media for CO2 sequestration 

applications have been studied by several authors in the recent years. Nordbotten and 

Dahle [48] derived closed-form constitutive functions for a vertically integrated model 

including gravitational and capillary forces which are appropriate to model CO2 storage. 

The derived functions were used to show the impact of capillary forces on tip migration 

speed. The numerical results showed that the capillary forces which are dispersive on the 

fine scale led to self-sharpening behavior and slower tip speeds on the coarse scale.  

Savioli and Santos [49] modeled brine-CO2 flow in porous media to investigate the 

effectiveness of CO2 sequestration over very long periods of time for the Sleipner field in 

the Utsira Sand aquifer (North Sea). The simultaneous flow of brine and CO2 is described 

by the well-known Black-Oil formulation applied to two-phase, two components fluid 

flow. The solution of the Black-Oil fluid-flow model was obtained employing the public 

domain software BOAST, which solves the differential equations using IMPES, a semi 

implicit finite difference technique. Seismic monitoring is modeled using Biot’s 

equations of motion describing wave propagation in fluid-saturated poro-viscoelastic 

solids. Numerical examples of CO2 injection and time-lapse seismic using data of the 
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Utsira formation showed the capability of this methodology to monitor the migration and 

dispersal of CO2 after injection.  

Negara et al. [50] used pressure explicit saturation (IMPES) scheme with treating 

buoyancy and capillary forces to solve the two-phase water-CO2 flow problem. They 

studied CO2 plume in homogenous, layered and fractured porous media. The cell-

centered finite difference (CCFD) technique was used to discretize the differential 

equation. The gravity force leads the injected CO2 to rise buoyantly due to the density 

difference between CO2 and water. Meanwhile, the capillary pressure compensates the 

upward migration of the CO2 saturation distribution to the horizontal direction. The 

numerical results demonstrated the effects of the gravity and the capillary pressure on the 

flow for four different cases: gravity and capillarity are ignored, gravity only is ignored, 

capillarity only is ignored and both gravity and capillarity are considered. 

The presented models were limited to the miscible CO2 displacement process only and 

devoted to describe the flow of CO2 into brine or water phase. These models were 

developed for CO2 sequestration applications in aquifer formations. The authors 

addressed certain issues including the effectiveness of forces acting inside the aquifer and 

the monitoring CO2 migration. 

 

1.8 Effects of CO2 on Oil Properties 

Oil properties change when it dissolves CO2. The literature highlights four main changes 

to oil properties: oil viscosity reduction, oil swelling, interfacial tension reduction and 
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asphaltene precipitation. First, the viscosity of oil is a function of temperature, pressure 

and concentration of dissolved CO2 [30] with a large reduction in oil viscosity at lower 

operating temperatures [36].  Second, crude oil swells when contacted by CO2. The 

amount of swelling increases with increased CO2 dissolution [30]. Swelling factors 

increase dramatically at pressures below bubble point pressure [31]. The rapid increase in 

the swelling factor with continued carbon dioxide injection at pressures above 6 MPa is 

due to the formation of a liquid layer of carbon dioxide floating on top of the oil [30]. 

Third, the interfacial tension of oil is reduced in the presence of CO2 [51] while it 

decreases moderately with increasing carbonation pressure of brine [36]. Fourth, 

asphaltene precipitation occurs when the hydrocarbons and polar fractions within the oil 

lose their ability to disperse the oil’s asphaltene content colloidally [52].  

It has been shown that as the CO2 pressure is increased, the tendency for asphaltene to 

flocculate from toluene solution in heavy oil increases [53]. For example, asphaltenes 

began to precipitate from a Lloydminster heavy oil sample at carbonation pressures 

greater than about 3.5 MPa without the addition of heptane [30]. Conversely, asphaltene 

precipitation decreases as the temperature is raised [30]. Asphaltene precipitation can 

cause serious problems in the reservoir. 
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CHAPTER 2 

LITERATURE REVIEW 

Wettability alteration is an effective approach to enhance oil recovery significantly. The 

main factors affecting wettability alteration are oil composition, brine chemistry, rock 

surface mineralogy and the system temperature, pressure and saturation history. The 

adsorption of polar compounds and/or the deposition of organic matter that was originally 

present in the crude oil can alter most of the rock’s surface chemistry. Polar compounds 

contain a polar end and a hydrocarbon end; the polar end adsorbs on the rock surface, 

exposing the hydrocarbon end and making the surface oil wet [6]. 

Brine chemistry plays a major role in altering the wettability of the rock where the brine’s 

salinity and pH strongly affect the charge of the rock surface. The rock surface becomes 

positively charged when the pH is decreased and negatively charged when the pH is 

increased. Also, raising the temperature and pressure tends to promote the solubility of 

wettability-altering compounds. Such effect may explain why in an oil-bearing formation 

the wettability can vary with depth where a greater water-wetting preference is seen near 

the bottom of the transition zone and a greater oil-wetting preference is observed near the 

top [9]. Zones higher in the structure have a greater capillary pressure, which can 

counteract the disjoining pressure and destabilize the water film, allowing surface-active 

components in the oil to contact the solid. Lower in the structure, the solid surfaces 

mostly retain the water film [21]. 
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Researchers have investigated rock wettability alteration during the CO2 flooding process 

through conducting laboratory experiments and constructing numerical/analytical 

simulation models. The two sections below compile the up-to-date findings of those 

investigations. 

 

2.1       Laboratory Experiments 

Wettability alteration during the CO2 flooding process has been investigated extensively 

in the laboratory. Several researchers measured wettability before and after CO2 flooding 

in order to track any changes [54-57].  

Shelton and Schneider [55] investigated the performance of miscible displacement of 

both the wetting and non-wetting phases with CO2 flooding. The results suggested that 

the presence of water had adverse impact on the miscible displacement performance of 

both the wetting and non-wetting phases. A miscible CO2 can displace tertiary oil. Also, 

oil trapping was developed in water-wet conditions while no oil trapping was observed in 

oil-wet conditions.   

Tiffin and Yellig [57] conducted laboratory experiments to study the WAG option during 

CO2 flooding of cores. They found that the oil recovery decreased as WAG ratio 

increased in the water-wet condition. In contrast, oil recovery increased as WAG ratio 

increased in oil-wet condition. It was reported that the decrease in oil recovery in a water-

wet system was due to the presence of mobile water in the core isolating some oil from 

the injected CO2.  
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Mathis [58] conducted a study investigating the effect of carbon dioxide injection on the 

total porosity in a dolomite reservoir in the Denver Unit of the Wasson San Andres field 

in Texas. The collected cores were analyzed and the results indicated no porosity changes 

observed due to CO2 injection.    

Jackson et al. [59] conducted dimensionless scaled experiments to evaluate the effects of 

rock wettability on CO2 flooding. Wettability was found to be a major factor affecting the 

flood performance. Gravity forces dominated the flooding in water-wet conditions while 

viscous (fingering) forces controlled the flooding in oil-wet conditions. Maximum 

recovery was achieved by gravity forces with continuous CO2 injection.  

Irani and Solomon [60] proposed a new, dual slug methodology of CO2 injection based 

on the results obtained from slim tube tests. The methodology called for injecting a single 

surfactant slug first followed by continuous CO2 injection. The results demonstrated that 

the foam front within the slim tube was totally displaced. The methodology helped 

optimize surfactant implementation and increase the gas mobility ratio in the areas 

located behind the foam front. 

Lescure and Claridge [61] conducted laboratory experiments on the CO2 foam process in 

a quarter 5-spot reservoir model investigating the effects of rock wettability and CO2 slug 

size on the process performance. The results suggested that the oil recovery is higher in 

medium oil-wet than in medium water-wet systems due to larger surfactant adsorption in 

the latter case. Besides, injecting CO2 as a slug is an optimal option over the WAG 

process resulting in higher oil recovery in the oil-wet case. 
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Potter [62] conducted experiments studying the effects of CO2 flooding on the wettability 

of West Texas dolomitic cores. The selected cores represented three types of wettability 

states: intermediate oil-wet, intermediate and intermediate water-wet. Changes in relative 

permeability were examined before and after CO2 flooding. Rock wettability was then 

inferred from changes in relative permeability trends. The results showed that the cores 

became slightly water-wet suggesting extraction of the rock surface caused by CO2.   

Yeh et al. [63] conducted a visual cell study evaluating the efficiency of fluid 

displacements with wettability alteration under CO2 miscible flooding. The study showed 

that wettability was altered from initially water-wet to strongly oil-wet. When wettability 

alteration occurred, the extension of water blocking was over-predicted by water blocking 

measurement with refined oil. It was observed that water blocking was harsher in 

sandstone than carbonate rocks regardless of the wettability state. The results suggested 

that water blocking would not be a problem facing CO2 miscible flooding.  

Zekri and Natuh [64] tested the WAG technique for miscible CO2 gas flooding to assess 

the overall oil recovery on laboratory scale. The cores were obtained from major 

sandstone and limestone Libyan reservoirs. Oil-wet condition was considered in the 

obtained cores for both reservoirs. The final laboratory results suggested that WAG ratio 

has no major effects on total oil recovery for the sandstone and limestone reservoirs.  

Attanucci et al. [65] adapted new methods for managing the WAG process for the 

miscible CO2 project that was initiated at the Rangely Weber Sand Unit in Colorado in 

1986. The new methods were based on injection pattern performance and economics. 

Several scenarios of pilot tests associated with simulation modeling were conducted. The 
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results suggested that WAG tapering is a cost effective way to improve the recovery 

process.   

Vives et al. [66] studied the effect of wettability on adverse mobility in immiscible 

flooding systems. A quarter 5-spot pattern experiment was used in both drainage and 

imbibition conditions and the macroscopic bypassing in adverse mobility immiscible 

floods was measured. The experimental results suggested that the macroscopic viscous 

fingering was present in adverse mobility immiscible floods. Viscous fingering and 

gravity override were larger for the drainage process than for imbibition process. In 

water-wet media, WAG injection is not better than continuous injection of CO2 if the 

viscosity ratio of the oil-CO2 mixture is about 20. However, at higher viscosity ratios and 

density differences a WAG ratio of 3 to 5 is more effective than continuous injection. 

Wylie and Mohanty [67] studied the impact of wettability on oil bypassed during gas 

injection as a result of gravitational, viscous and heterogeneity effects. Mass transfer 

from the bypassed region to the flowing gas is dependent upon pressure-driven, gravity-

driven and capillary-driven crossflows as well as diffusion and dispersion. Mass-transfer 

experiments eliminate viscous displacement and allow isolation of mass-transfer 

mechanisms. Gas floods are carried out to investigate viscous displacement and 

bypassing. The study showed that less bypassing occurred under strongly oil-wet than in 

water-wet condition for gravity-dominated, secondary gas floods. Also, mass transfer was 

improved under oil-wet conditions over water-wet conditions for diffusion and gravity 

dominated orientations.  
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Chalbaud et al. [68] addressed the role of wettability during CO2 flooding. Core 

experiments were conducted on a carbonate reservoir for two wettability conditions: 

water-wet and intermediate-wet. CO2 flooding was performed in glass micro-models to 

trace the distribution of fluids under the same conditions. The results showed that CO2 

did not contact the solids in water-wet media while for intermediate-wet media the CO2 

partially wetted the solids.       

Zekri et al. [69] conducted a laboratory study evaluating the possible alteration of 

wettability for tight limestone cores. Changes in relative permeability due to CO2 

injection were used to recognize wettability alteration. The results suggested that CO2 

flooding changed water-wet limestone cores to more favorable condition of wettability, 

i.e., more water-wet condition. Also, CO2 flooding caused another favorable effect by 

reducing the IFT between the employed crude oil and the brine.   

Egermann et al. [70] proposed a novel experimental procedure to investigate rock-fluid 

interactions that occur in the far-field region during CO2 injection. The experimental 

work showed that permeability evolution depended heavily on the pore structure. The 

pore network approach was then considered to interpret and analyze the evolution of rock 

properties. The pore network approach gave a first analysis of the evolution of the rock in 

terms of porosity and permeability at different dissolution regime. The reaction-limited 

regime is simulated by uniform dissolution while the reverse case is simulated by pore-

body dissolution in diffusion predominant regime and by the pore-throat dissolution in 

the convection predominant regime. The quantitative comparison with the experimental 

results indicated the scenario that enables to reproduce satisfactorily the permeability 

evolution. 
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Fjelde and Asen [71] conducted spontaneous imbibition experiments to evaluate the 

wettability conditions for five core plugs obtained from a fractured chalk reservoir in the 

North Sea. The work was carried out at reservoir conditions during water and CO2 

flooding. The results showed that in the first cycle of a CO2 WAG process, the wettability 

was changed from mixed-wet or preferential oil-wet to more water-wet. Wettability 

alteration was able to alter the saturation function and therefore affect the transport of 

CO2 and water in the reservoir. 

Yang et al. [72] investigated the efficiency of gas injection at the pore-scale for weak 

water-wet and weak oil-wet pores. A pore-scale network model was built using van Dijke 

and Sorbie model [73-74]. A Simulation approach was applied to test different water 

saturations with various wettability conditions. The results suggested that with gas 

injection, oil wetting films in gas-filled pores were present leading to higher oil recovery. 

The results also showed that continuous gas injection was a better mode than WAG.  

 

2.2 Numerical/Analytical Simulation Models 

While much of the research work on the influence of wettability during CO2 flooding was 

carried out in laboratory experiments involving core flooding and micro-models, a 

limited number of numerical/analytical models has been reported. 

Tehrani et al. [75] developed a mathematical network simulator representing all the 

significant physical flow processes involved in recovery by gas injection. The results 

obtained from the network model were compared with those of laboratory experiments 
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performed in micro-models of different wettabilities. The comparison showed that the 

simulator is very reliable in making prediction of real reservoir performance under gas 

injection operation. Table 2.1 presents four widely accepted models handling wettability 

alteration.  

First, van Dijke and Sorbie [73] studied wettability effects though pore-scale network 

simulator models for porous media containing three phases. Wettability was specified by 

the cosine of the oil-water contact angle (cos θow) where the sign of this parameter 

indicated the wetting order of the fluids (oil and water) in the pore. The capillary pressure 

in the porous medium was measured through the Young Laplace equations. Contact-

angle relationships for all possible fluid-fluid interfaces with the solid were combined to 

develop a constraint on the three-phase contact angles and IFT [26,76-77]. The pore 

wettability was represented by measuring θ. Depending on the interfacial tensions, the 

ranges of the pore sizes and the degree of wettability of the pores, up to three regions in 

saturation space can be identified and related to the phase dependencies of three-phase 

capillary pressures and relative permeabilities. 

Second, Delshad et al. [78] developed a new mathematical model to evaluate wettability 

alteration for a naturally fractured reservoir. Surfactants were used to change the 

wettability by increased imbibition of the water into the matrix rocks. Wettability 

alteration was modeled through measuring the changes in relative permeability and 

capillary pressure.  
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Third, Farhadinia and Delshad [79] modeled wettability alteration by chemical injection 

in naturally fractured reservoirs using dual porosity MINC (Multiple Interacting 

Continua) method. A fracture was modeled by a connected network of pores while the 

matrix was represented by discrete volumetric elements like sugar cubes. Two flow 

equations were applied, one for the matrix and one for the fracture. The two flow 

equations were tied through a transfer function. Two sets of relative permeabilities were 

required to model input corresponding to the initial and final wettability states for the 

rock. The relative permeability in each grid block was calculated while the relative 

permeabilities for each phase were assumed. The capillary pressure was modeled linearly 

as a function of wettability and was then scaled with IFT. The transfer function was 

calculated by solving the water pressure equation of the matrix. The transfer terms were 

then added to the fracture pressure equation to solve it implicitly. At the end of each time 

step, the fracture and matrix variables were obtained. The wettability alteration model 

updated the relative permeabilities and capillary pressures as input parameters.  

Forth, Ju et al. [80] developed a new mathematical model handling wettability alteration 

assuming that relative permeabilities would be affected by asphaltene deposition. Thus, 

relative permeabilities would be modified. When the surfaces per unit bulk volume of the 

porous media are completely occupied by asphaltene, the modified relative permeabilities 

are taken. In addition, the numerical simulation results showed that wettability was 

changed from water-wet to oil-wet with asphaltene deposition resulting in less oil 

recovery by about 3% than without asphaltene deposition. 
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Table 2.1 Comparison of some widely accepted models addressing wettability alterations 

Authors Model Remarks 

Van Dijke and  

Sorbie (2002) 

In water wet pores:                

In oil-wet pores:               
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3 CHAPTER 3 

STATEMENT OF THE PROBLEM 

3.1 Knowledge Gap 

As evident from the literature survey reported in Chapter 2, a few numerical/analytical 

models have been developed that incorporate the influence of wettability during CO2 

flooding. Moreover, it is noticed that the solutions presented to these models consider 

rock and fluid properties to vary with space only [81-82] and are, thus, time-independent. 

This shortcoming creates a significant knowledge gap between the analytical/numerical 

solutions and reality since time is a crucial factor in the evolution of any rock and fluid 

property especially when mass transport between the phases is involved. Therefore, 

bridging this gab through development of a time-dependent model to trace the wettability 

alteration on continuous basis during CO2 flooding process becomes necessary. If 

wettability alteration is handled properly, better prediction of CO2 flooding performance 

will be achieved. 
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3.2 Objectives 

The objectives of this work were as follows: 

 To develop a new mathematical model to represent CO2-oil displacement under 

immiscible conditions. The mathematical model is to include a representation of the 

relative permeabilities of the oil and CO2 phases as functions of wettability. 

 To solve the mathematical displacement model numerically using MATLAB 

program. 

 To conduct a laboratory experiment to measure the change in wettability with time 

for a rock/oil/brine system exposed to CO2. 

 To conduct a laboratory core-flooding experiment with CO2 under immiscible 

conditions. 

 To verify the numerical model with data generated from all laboratory experiments.   

 

3.3 Research Approach 

Two approaches were employed in this work: analytical and experimental. In the first 

approach, a new mathematical model was developed to handle wettability alteration 

continuously during CO2 flooding process. The mathematical model represents the CO2-

oil displacement system under immiscible conditions and includes a novel way of 

determining the relative permeabilities of the oil and CO2 phases as functions of 

wettability. The mathematical model was solved numerically employing MATLAB 
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programming language. The assumptions made to the mathematical model were as 

follows: 

 The reservoir has a known geometry and contains oil only. 

 The pressure and oil saturation are uniform throughout the reservoir. 

 The flow is assumed to be linear and parallel to the reservoir length (x-axis). 

 CO2 is injected at one end of the reservoir. 

 CO2 remains in the gas phase throughout the process. 

 CO2 injection rate is constant.   

 The production rates of CO2 and oil are measurable. 

 The initial oil saturation and pressure are known. 

 Flooding is immiscible with no gas slippage. 

 Capillary pressure is neglected. 

 The system is compressible and isothermal. 

 The rock is initially strongly oil-wet. 

 Connate water saturation is known. 

In the second approach, a core flooding experiment was conducted with CO2 under 

immiscible conditions at a pressure below the MMP. The experiment was conducted at a 

constant rate and temperature. The generated laboratory data was used to verify the 

displacement model developed in the first approach. Also, contact angle measurement 

experiments were conducted on a rock crystal in the presence of CO2 to generate a 

contact angle versus CO2 exposure time curve. All laboratory experiments were 

performed on samples obtained from a carbonate reservoir.  
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4 CHAPTER 4 

MATHEMATICAL MODEL DEVELOPMENT 

4.1 Background 

In this chapter, a mathematical model is presented that describes rigorously immiscible 

CO2-oil flow in porous media within a secondary recovery scheme. The model equation 

is based on one-dimensional, two-phase, immiscible fluid flow and accounts for 

alteration of rock wettability with time. Once discretized, the model equation can be 

solved numerically using MATLAB or any other programming language.  

 

4.2 Model Assumptions 

The porous medium is assumed to be an oil reservoir with linear geometry. The reservoir 

is initially saturated with oil at known immobile water saturation. The initial pressure and 

saturations are known and uniform throughout the reservoir. CO2 is injected at one end 

and remains in the gas phase throughout the process which requires the flooding to be at 

low pressure (less than 1000 psi). The flow is assumed to be linear and parallel to the 

reservoir’s main axis (x-axis) with constant CO2 injection rate. Flooding is immiscible 

with no gas slippage, and the system is compressible and isothermal. Due to the large 

difference in densities between oil and CO2, capillary pressure is neglected (    ). 
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Since gas compressibility will be dominant in the model, compressibility of oil and rock 

are neglected. 

 

4.3 Development of CO2-Oil Displacement Model 

First, let us consider Darcy’s law for a linear horizontal system.  

    
   

  

   

  
                                                                       (4.1) 

Under reservoir conditions, the oil and CO2 velocities can be presented by: 
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Due to the presence of immobile water saturation (   ) in the model, oil and CO2 will 

flow in the porous medium with an effective porosity of     (      ). 

The continuity equation for the oil phase can be written as: 

 

  
(    )     

  
(    )                     (4.4) 

Since oil can be regarded as an incompressible fluid, oil density remains constant. Thus, 

Eq. (4.4) becomes:   
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The continuity equation for the CO2 phase can be written as: 
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However, the gas density is a function of pressure. The real gas density can be expressed 

as:  
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Substituting Eq. (4.7) into Eq. (4.6) yields: 
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         are constants and can be eliminated: 
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At low pressures (< 1000 psi) [25] and normal reservoir temperatures, the compressibility 

factor ( ) of CO2 varies slightly from about 0.96 to about 0.7 as depicted in Figure 4.1. 

Also, viscosity of CO2 (    
) is noticed to vary slightly from 0.016 cP at 500 psi to 0.02 

cP at 900 psi as depicted in Figure 4.2. However, plotting  (
 

     

) shows rapid increase 

reaching about 80000 as depicted in Figure 4.3. Such physical behavior of CO2 at low 

pressures suggests keeping the (
 

 
) term in Eq. (4.9) coupled during the model 

development.      
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Figure 4.1 Variation of CO2 compressibility factor 

 

 
Figure 4.2 Variation of CO2 viscosity 

 

 
Figure 4.3 Variation of  

 

  
 for CO2 
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Expanding the differentials of Eq. (4.9) yields: 

 

 

     

  
     

 

  
(
 

 
)

     

  
 

   

 

     

  
       

 

  
(
 

 
)

  

  
         (4.10) 

We know that: 

 

  
(
 

 
)  

   
  

  

  
                (4.11) 

 

  
(
 

 
)  

     

 
                (4.12) 

Substituting Eq. (4.12) into Eq. (4.10) yields: 

 

 

     

  
     

     

 

  

  
 

   

 

     

  
       

     

 

  

  
                   (4.13) 

Dividing Eq. (4.13) by 
 

 
 yields: 

     

  
     

    

  

  
        

  
       

    

  

  
                                           (4.14) 

Since we assumed no slip velocity exists between the two immiscible fluids, then:  

          
             (4.15) 

    
 

    

  
              (4.16) 

Substituting Eqs. (4.16) into Eq. (4.3) yields: 

    
    

    

    

  

  
             (4.17) 

Substituting Eq. (4.16) into Eq. (4.14) yields: 
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 (      )

  
     

      

  

  
        

  
       

    

  

  
                                          (4.18) 

Since capillary pressure is neglected, then: 

    (
    

    

 
  

  
)

  

  
                       (4.19) 

Total mobility(  ) can be written as [83]: 

   (
    

    

 
  

  
)                        (4.20) 

Substituting Eq. (4.20) into Eq. (4.19) yields: 

      
  

  
                           (4.21) 

Substituting Eq. (4.21) into Eq. (4.18) yields: 

 
 (    (  

  

  
))

  
     

(  
  

  
)     

  

  
        

  
       

    

  

  
        (4.22) 

Expanding the differentials of Eq. (4.22) yields: 

     
  

   

   
   

  

  

     

  
     

  

  

   

  
     

      
(
  

  
)
 

  

                                                                                       

  
       

    

  

  
                 (4.23) 

Equation (4.23) presents a CO2-oil immiscible flow model in a one-dimensional porous 

medium. 
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4.3.1 Inspection of Displacement Model Dimensions  

Dimensions of the displacement model – Eq. (4.22) – needs to be verified to make sure 

that all terms are consistent.  Replacing the terms of Eq. (4.22) with respective 

dimensions yields: 

(
 

 
 

  

 
  

 

 
   

  
)  (

  

 
  

 

 
   

 
 

 

 
)  

 

 
 

 

 
   

This simplifies to: 

 
 

 
 

 

 
 

 

 
 

 

 
   

Where  

    
 →  

 

   
 

  →    

   →  
  

 
  

 

Since                             

This confirms that all terms have a consistent dimension which is the inverse of time. 

The field units considered in the displacement model are as follows: 

             →     
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        →      

      →    

          →    

    →     

This requires introducing a conversion factor to be multiplied by the displacement model 

terms in order to ensure all terms have dimension of 
 

   
 . This will be demonstrated for 

the first four terms of the displacement model. 

For gas phase, the conversion factor will be computed as follows: 

                

         

   

    
   

  
   

   
 

   
         

 

   
 

For oil phase, the conversion factor will be as follows: 

        

     
         

 

   
 

The conversion factors for oil and gas phases are incorporated in the displacement model 

as follows:   

     
(         

    

    

          
  

  
)

   

    (         
    

    

          

  

  
)

  

  

     

  
     

  

  

 (         
    
    

          
  
  

)

  
     

    
(         

    

    

 

         
  

  
) (

  

  
)
 

  
     

  
      

    

  

  
                  (4.24) 
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4.3.2 Investigations of the Nonlinear Term in the Displacement Model  

The displacement model - Eq. (4.24) - includes the following nonlinear term: 

     
    

(         
    

    

          
  

  
) (

  

  
)
 

 

This term should be investigated to determine its significance on the computation 

process. First, a relative comparison is made between the nonlinear term and one of the 

first three terms in Eq. (4.24) (i.e. the second term) as described below:  

        →  (         
    

    

          
  

  
)

  

  

     

  
  

              →      
    

(         
    

    

          
  

  
) (

  

  
)
 

 

Both terms can be expressed in terms of dimensions as follows: 

        → (  
  

  )  

              →     
(  

   

  
) 

Where 

     Characteristic mobility 

       
        

              
 

(  
  
  

)

    
(  

   

  
)
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Typical values of     
at low reservoir pressures (<1000 psi) and T = 75 °F range from 

about 0.002 psi
-1

 at 500 psi to about 0.001 psi
-1

 at 900 psi. With the assumption of a 

porous medium with the following rock and fluid properties: 

              
      (       ) 

    
                  

   (     ) 

    
               (       ) 

                    (     ) 

                  
   

   
  

                

the value of    with a low injection rate can be around 2.3 psi. Therefore 

              
 

         
 

 

    
     

              
 

         
 

 

    
     

This shows that the second term will be greater than the nonlinear term by between 217 

and 434 times at 500 and 900 psi, respectively. 

Next, the absolute magnitude of the coefficient of the nonlinear term is also investigated. 

Three conditions are considered:  
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Condition # 1: At      
   (Maximum Value) 

       (
                

    
  )        

Condition # 2: At     
     

         (
                 

    
 

                 

    
)       

Condition # 3: At     
   (Minimum Value) 

       (
                

    
  )    

Odeh and Babu [84] have shown that the practice of neglecting the nonlinear term in the 

PDE that describes the flow of slightly compressible fluids through porous media does 

not result in significant errors. This assumption is also valid during the flow of gases 

through porous media at low flow rates that results in small pressure gradients [85]. In 

summary, the investigation shows that the nonlinear term in Eq. (4.24) is negligible 

relative to the other terms. The coefficient of the nonlinear term varies between 0 and 

0.266 which makes the significance of the nonlinear term even smaller. Besides, since the 

model deals with low pressure gradients, the magnitude of (
  

  
)
 

 will be lowered. As a 

result, neglecting the nonlinear term in Eq. (4.24) will not introduce significant errors to 

the overall solution. Hence, Eq. (4.24) can be simplified to the following:  
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(         

    

    

          
  

  
)

   

    (         
    

    

          

  

  
)

  

  

     

  
     

  

  

 (         
    
    

          
  
  

)

  
        

  
       

    

  

  
   (4.25) 

This model is developed specifically to handle CO2-oil displacement through a porous 

medium under the following conditions: 

 An immiscible and compressible displacement process 

 A low pressure system (< 1000 psi) 

 Low gas flow rates 

 Low pressure gradients 

 

4.4 Development of a Modified Corey Relative Permeability Model 

The phase relative permeability relationship is a necessary parameter in assessing the 

recovery efficiency for a particular reservoir. The normalized phase saturation is a well-

established representation of phase relative permeability and can be expressed as [54]: 

    
(      )

(         )
                                                               (4.26) 

Corey [86] proposed the power law model for relative permeability of oil and gas as: 

       
    

                                                                       (4.27) 

     
      

 (     )
                                                   (4.28) 
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Core flooding experiments showed that the maximum oil recovery apparently occurs in 

neutral or slightly oil-wet cores [27]; [87]. Strong oil wettability results in low oil 

recovery because the wetting phase (oil) occupies the small pores, which leads to a high 

residual oil saturation. In contrast, the residual oil saturation in intermediate-wet rocks 

decreases since water shares those small pores with the oil. Therefore, it is theoretically 

plausible to speculate that the residual oil saturation will follow an exponential 

relationship with the rock wettability for rocks of the same type but with different states 

of wettability. The residual oil saturation will decrease exponentially as the rock 

wettability – represented by the contact angle - is changed from oil-wet to intermediate-

wet as depicted in Figure 4.4 and expressed by Eq. (4.29).  

 

 

Figure 4.4 Variation of residual oil saturation with rock wettability 

 



40 

 

                                                                                (4.29) 

In CO2-oil immiscible displacement process, the relationship between residual oil 

saturation and rock wettability presented in Figure 4.4 still applies. As the wettability is 

altered from oil-wet to intermediate-wet, the dispersed water drops that were restricted to 

large pores can now invade medium pores and, thus, vacate the large pores to the gas 

phase. Overall, the gas phase plays a major role in fluid re-distribution in pores as it 

becomes the continuous phase affecting rock wettability eventually.  

Coefficients a and b in Eq. (4.29) can be determined through the following proposed 

boundary conditions: 

For strongly oil-wet: (      ) 

   (    )                                                                     (4.30) 

For intermediate-wet: (     ) 

   (   )                                                                         (4.31) 

Substituting Eqs. (4.30) and (4.31) into Eq. (4.29) yields: 

(   )                                                                        (4.32) 

   (   )                                                                         (4.33) 

Substituting Eq. (4.33) into Eq. (4.32) yields: 

(   )   (   )                                                            (4.34) 

Coefficient b can be obtained by taking the natural logarithm of Eq. (4.34): 
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    (
(   )  

(   )  
)                                                                  (4.35) 

Substituting Eqs. (4.35) and (4.33) into Eq. (4.29) yields: 

    (   )   
  (

(   )  
(   )  

)    
                                  (4.36) 

Re-arranging Eq. (4.36) yields: 

    (   )  (
(   )  

(   )  
)
    

                                                (4.37) 

Substituting Eq. (4.37) into Eq. (4.26) yields: 

    
   (   )  (

(   )  
(   )  

)
    

   (   )  (
(   )  
(   )  

)
    

    

                                          (4.38) 

Substituting Eq. (4.38) into Eqs. (4.27) and (4.28) yields: 

       
 [

   (   )  (
(   )  
(   )  

)
    

   (   )  (
(   )  
(   )  

)
    

    

]

  

                             (4.39) 

     
      

 [  (
   (   )  (

(   )  
(   )  

)
    

   (   )  (
(   )  
(   )  

)
    

    

)]

  

           (4.40) 

Corey [86] measured gas (non-wetting phase) relative permeability to estimate the oil 

(wetting phase) relative permeability. He found that no and ng can be 4 and 2, 

respectively. Equations (4.39) and (4.40) allow estimation of     and      
 for any 

system with   ranging between 90º and 180º. 
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4.5 Development of a Wettability Alteration Model 

The argument presented to explain Fig. 4.4 can be extended to a given porous medium 

whose state of wettability is altered progressively from initially oil wet towards an 

intermediate-wet state. Suppose an oil-wet porous medium is initially fully saturated with 

oil at immobile water saturation. If CO2 – whether dissolved in brine or as a free gas – is 

introduced into the medium, the medium’s wettability will be altered gradually from oil-

wet to intermediate-wet as CO2 diffuses through the oil to the solid surface (Figure 4.5). 

Since for a given system diffusion is controlled by the difference in concentrations, the 

rate of diffusion would decline exponentially with time as such difference diminishes 

[88]. As the change in contact angle is directly related to the concentration of CO2 

molecules at the oil/rock interface, and as the rate of build-up of such concentration is 

also diminishing exponentially with time, the contact angle would then be expected to 

decrease exponentially with CO2 exposure time as conceptually depicted in Figure 4.6. 

However, such decrease would approach a certain limit asymptotically as the contact 

angle cannot drop below zero.  

 

Figure 4.5 Proposed wettability alteration conditions in the porous medium 
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Figure 4.6 Contact angle variations with CO2 exposure time 

 

Based on the above concept, the relationships between wettability and CO2 exposure time 

can be modeled as follows: 

                                                                              (4.41) 

Where 

 : Contact angle 

 : time of exposure to CO2 

         : Constants related to rock and fluid compositions as well as aging history and 

process parameters. 
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Inspection of Eq. (4.41) reveals that “c” is the ultimate contact angle (     ) reached – 

theoretically - at infinite exposure time (      →  ). The constant “a” then becomes the 

difference between the initial contact angle (  ) and (    ). The constant “b” is related to 

the time when the contact angle is practically equal to (    ). Such time shall be called 

stabilization time (   ) and, thus, “b” can be defined as        ⁄  where   is a constant 

whose significance shall become evident in Section 7.1. Employing all the above 

definitions, Eq. (4.41) can then be rewritten in dimensionless form as: 

      

    
 

       

    
       ⁄                                                     (4.42) 

Defining the dimensionless contact angle as     
       

    
 and dimensionless time as 

    
 

   
, Eq. (4.42) becomes: 

       
                                                                  (4.43) 

Where 

     
        

    
 

All constants in Eq. (4.43) can be estimated experimentally as shall be demonstrated in 

Chapter 7. 
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4.6 Modeling Wettability Alteration on Continuous Basis during 

Immiscible CO2 Flooding Process 

The three models represented by Eq. (4.25) and Eqs. (4.39-41) allow tracking the 

performance of the immiscible CO2 flooding process where wettability is altered 

continuously. The wettability alteration model – Eq. (4.41) – estimates the shifted contact 

angle corresponding to the time of exposure to CO2 for any given location in the system. 

The shifted contact angle is then fed to the modified Corey relative permeability model - 

Eqs. (4.39) and (4.40) - to calculate the new oil and CO2 relative permeabilities at that 

location. Finally, the new relative permeability values are then employed by the 

displacement model represented by Eq. (4.25), which is solved numerically. The 

comprehensive model will be as follows: 

    (4.44) 

 

The numerical solution technique will be presented and discussed in detail in the next 

chapter. 
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5 CHAPTER 5 

DEVELOPMENT OF THE NUMERICAL 

SIMULATION MODEL 

5.1 Model Description 

The objective of the simulation model is to employ the three mathematical models 

developed in Chapter 4 in a numerical model that can predict the performance of 

immiscible displacement of oil by CO2 in a linear system. A homogeneous, strongly-oil 

wet porous medium containing oil is considered where compressible and isothermal flow 

conditions prevail for all phases. The initial pressure and saturations are uniform 

throughout the medium and the volumetric flow is linear and parallel to the x-axis. The 

small pores are assumed to be completely filled with oil. CO2 is injected at one end at a 

constant rate and remains in the gaseous state throughout the displacement process. An 

initially immobile water phase is also included. Figure 5.1 shows a schematic of the 

linear grid system adopted in the simulation model for the medium. The grid cell size is 

uniform. The Implicit Pressure Explicit Saturation (IMPES) approach is considered in the 

computation scheme, which means that the pressure was calculated implicitly while 

saturation was calculated explicitly. The gas saturation (    
) is then calculated after the 

pressure in each grid cell is obtained. 
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Figure 5.1 Schematic of the one-dimensional flow system 

 

5.2 Boundary Conditions  

The boundary conditions in the model are assumed to be fixed injection rate at the inlet 

and fixed pressure across the edge of the last cell as shown in Figure 5.2. 

 

Figure 5.2 Boundary conditions assumed in the model 

 

The inlet boundary condition at the edge of the first cell is represented as follows: 

(
  

  
) 

 

  
    

              
                (5.1) 

At    
 

 
 ,      and       

Eq. (5.1) can be simplified to: 
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(
  

  
) 

 

  
    

           
                     (5.2) 

The outlet boundary condition at the last cell is represented as follows: 

 
  

 

 

                  (5.3) 

These boundary conditions will be incorporated during the discretization process for gas 

saturation and pressure equations as will be presented in the next sections.   

 

5.3 Discretization of the CO2 Saturation Equation 

For convenience, the total mobility can be expressed as follows [84]: 

            
    

    

          
  

  
              (5.4) 

Substituting Eq. (5.4) into Eq. (4.25) yields: 

     
  

   

      
  

  

     

  
     

  

  

   

  
 

  

     

     

  
 

          

     

  

  
          (5.5) 

For      (Figure 5.3): 

 

Figure 5.3 Gas saturation for the first cell 
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Equation (5.5) will be re-arranged to solve for     
 numerically at a new time step. First, 

Eq. (5.5) is written as: 

 
 

  
(    

  
  

  
)  

  

     

     

  
 

          

     

  

  
                      (5.6) 

Expanding Eq. (5.6) for the first cell yields:  

 

  
[ (    

  
  

  
) 

 

   

 (    
  

  

  
) 

 

   

]  
  

     
(
     

         
 

  
)  

      
     

     
(
  
      

 

  
)                              (5.7) 

Substituting Eq. (5.2) into Eq. (5.7) yields: 

 

  
[ (    

  
  

  
) 

 

   

 (    
  ) 

 

    

           
]  

  

     
(
     

         
 

  
)  

      
     

     
(
  
      

 

  
)                               (5.8) 

At   
 

 
 , only the gas phase is flowing, which implies that: 

   
 

      

 

          
 

  
           (5.9) 

     

 

                  (5.10) 

Substituting Eqs. (5.9) and (5.10) into Eq. (5.8) yields: 

       

    
[ (    

   
   

      
   

  
) 

 

 
  

 
]       

         

       

     
(  

      
 )           

             (5.11) 
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(  

      
   )  (

  

    

  

 
)       

         

       

     
(  

    

  
 )                           (5.12) 

Solving Eq. (5.12) for      

   
 yields: 

     

         

  
          

   
 

 
  

     
(  

      
   )  (

  

    

  

 
)         

     
(  

      
 )    

                     (5.13) 

Eq. (5.13) solves for     
 numerically at a new time step for    . 

For          (Figure 5.4): 

 

Figure 5.4 Gas saturation for the cells from 2 to N-1 

 

Expanding Eq. (5.5) yields: 

           

    
 (

    
       

        
   

   )          
 (

  
        

   

  
) (

     

         

 

  
)  

          

 (
  
        

   

  
) (

   
       

 

  
)    (

     
         

 

  
)         

     
(
  
      

 

  
)    

               (5.14) 

Solving Eq. (5.14) for      

   
 yields: 



51 

 

     

         

  
          

    
   

     
(    
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(  

    

    
   ) (     

         

 )  
            

   

     
(  

        
   )(   

       
 )  

     

     
(  

      
 )                     (5.15) 

Eq. (5.15) solves for     
 numerically at a new time step for cells (       ). 

For       (Figure 5.5): 

 

Figure 5.5 Gas saturation for the last cell 

 

Expanding Eq. (5.6) for the last cell yields:  

 

  
[ (    

  
  

  
)
  

 

 

   

 (    
  

  

  
)
  

 

 

   

]  
  

     
(
     

         
 

  
)  

      
     

     
(
  
      

 

  
)                          (5.16) 

Employing Eq. (5.3) yields: 

(
  

  
)
  

 

 

 
      

   ⁄
 

        

  
           (5.17) 

Substituting Eq. (5.17) into Eq. (5.16) yields: 
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     [(     

    
 ) (   

        )  (       

      
 ) (  

        
   )]       

    

     

       

     
(  

      
 )                       (5.18) 

Re-arranging Eq. (5.18) yields: 

          

    
   

     
(   

        )  
            

      
   

     
(  

        
   )       

    

     

       

     
(  

      
 )                     (5.19) 

Solving Eq. (5.19) for      

   
 yields: 

     

         

  
          

    
   

     
(   

        )  
            

      
   

     
(  

    

    
   )       

     
(  

      
 )                   (5.20) 

Eq. (5.20) solves for     
 numerically at a new time step for    . 

 

5.4 Discretization of the Pressure Equations 

To solve the pressure equation, the total flux should be considered. First, the 

displacement of the oil phase - neglecting    - in the model can be obtained from Eq. 

(4.5) as follows: 

 
 

  
(    

  

  
)  

  

     

   

  
                          (5.21) 

Adding Eqs. (5.6) and (5.21) yields: 
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)  

  

     

   

  
      (5.22) 

Re-arranging Eq. (5.22) yields: 

 
 

  
((    

   )  
  

  
)  

  

     

 (       )

  
 

          

     

  

  
              (5.23) 

Both oil and CO2 phases are flowing in the system satisfying the equations below: 

    
                 (5.24) 

    
                              (5.25) 

Employing Eqs. (5.24) and (5.25) into Eq. (5.23) yields: 

 
 

  
(  

  

  
)  

          

     

  

  
                  (5.26) 

Eq. (5.26) represents the general pressure equation for the model. 

For     (Figure 5.6): 

 

Figure 5.6 Pressure equation for the first cell 

Expanding Eq. (5.26) for the first cell yields: 
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 (  
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]  
          

     

  

  
                     (5.27) 

Applying the inlet boundary condition – Eq. (5.2) – into Eq. (5.27) yields: 

 

  
[ (  

  

  
) 

 

   

 
  

 
]  

          

     
(
  
      

 

  
)                   (5.28) 

Re-arranging Eq. (5.28) yields: 

   
     

   
(  

      
   )  

    

   
 

          

     
(  

      
 )                  (5.29) 

Multiplying Eq. (5.29) by the cross sectional area ( ) yields: 

    
     

   
(  

      
   )  

    

  
 

           

     
(  

      
 )                 (5.30) 

Expanding Eq. (5.30) yields: 

    
     

     
    

    
     

     
    

    

  
 

           

     
(  

      
 )            (5.31) 

The oil and     phase transmissibilities under reservoir conditions can be expressed, 

respectively, as: 

   
           

    
                                              (5.32) 

    
 

            

      
                                              (5.33) 
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Since the pore volume is: 

   
     

     
                                    (5.34) 

Employing Eqs. (5.32), (5.33) and (5.34) into Eq. (5.31) yields: 

[  (     

         

   )    (   
       

   )]   
    [  (     

         

   )  

  (   
       

   )]   
            

     
   (  

      
 )                         (5.35) 

Re-arranging Eq. (5.35) yields:  

 [  (     

         

   )    (   
       

   )]   
    [  (     

         

   )  

  (   
       

   )       
     

 
]   

            
     

     
              (5. 36) 

Eq. (5.36) calculates the pressure for cell#1 at any given time. 

For         (Figure 5.7): 

 

Figure 5.7 Pressure equation for the cells from 2 to N-1 
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The pressure equation for the cells from 2 to N-1 will be derived as follows. 

Expanding Eq. (5.26) for the cells from 2 to N-1 yields: 

 
 

  
[(  

  

  
)
  

 

 

 (  
  

  
)
  

 

 

]  
          

     

  

  
                    (5.37) 

Since the flow is moving from cell i to cell i+1, upstream weighting can be applied as 

follows: 

(  )   

 

 (  )            (5.38) 

(  )   

 

 (  )              (5.39) 

Employing Eqs. (5.38) and (5.39) into Eq. (5.37) and expanding it yields: 

 
 

   [(  ) 
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   )  (  )   
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(
  
      

 

  
)           

                   (5.40) 

Multiplying Eq. (5.40) by the cross sectional area ( ) yields: 

 

   
[(  ) 

   (  
        

   )  (  )   
   (  

        
   )]  

        
   

     
(
  
      

 

  
)           

                 (5.41) 

Re-arranging Eq. (5.41) yields: 
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   )  (  )   
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   )]  

          
   

     
(  

      
 )  

                            (5.42) 

Employing Eqs. (5.32), (5.33) and (5.34) for the cells from 2 to N-1 into Eq. (5.42) 

yields: 

[  (     

         

   )    (   
       

   )] (  
        

   )  [  (       

           

   )  

  (     
         

   )] (  
        

   )     
     

   (  
      

 )                 (5.43) 

Re-arranging Eq. (5.43) yields: 

 [  (     
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   )]  [  (       

           

   )    (     
         

   )]     
     

   ]   
    

[  (       

           

   )    (     
         

   )]     
       

     
     

             (5.44) 

Eq. (5.44) calculates the pressure for cells from 2 to N-1 at any given time. 

For     (Figure 5.8): 

 

Figure 5.8 Pressure equation for the last cell 
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Expanding Eq. (5.27) for the last cell yields: 

 

  
[ (  

  

  
)
  

 

 

 (  
  

  
)
  

 

 

]  
          

     

  

  
                    (5.45) 

Applying upstream weighting yields: 

(  )  
 

 

 (  )            (5.46) 

(  )  
 

 

 (  )              (5.47) 

Applying the outlet boundary condition – Eq. (5.17), employing Eqs. (5.46) and (5.47) 

into Eq. (5.45) and expanding it yields: 

 

   [(  ) 
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        )  (  )   

   (  
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Multiplying Eq. (5.48) by the cross sectional area ( ) and re-arranging it yields: 
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Employing Eqs. (5.32), (5.33) and (5.34) for the last cell into Eq. (5.49) yields: 
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Re-arranging Eq. (5.50) yields: 
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Eq. (5.51) calculates the pressure for the last cell at any given time. 

Equations 5.36, 5.44 and 5.51 can be solved numerically to produce the pressure profile 

as it varies with time in the linear system for any set of appropriate conditions. This will 

be presented in Chapter 7. 
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6 CHAPTER 6 

EXPERIMENTAL WORK 

This chapter presents two laboratory experiments that were conducted to test the 

wettability alteration and the displacement models derived in Chapter 4. The first 

experiment was carried out to prove the exponential relationship between contact angle 

and CO2 exposure time (Eq. 4.41). It involved measurements of the change with time in 

the contact angle between oil, carbonated brine and a slice of rock cut from a carbonate 

core plug. The second one was carried out to verify the displacement model (Eq. 4.25). It 

involved core flooding with CO2 under immiscible conditions and was conducted at a 

constant rate and temperature. 

  

6.1 Wettability Alteration Experiment 

This experiment was conducted to investigate wettability alteration during continuous 

contact with CO2. A drop of oil placed on a slice of rock cut from an initially oil-wet core 

plug was exposed to carbonated brine, and the contact angle between oil, brine and the 

rock was monitored as it changed with exposure time.  
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6.1.1 Experimental Setup 

The experimental set-up consists of eight components as shown in Figure 6.1. A CO2 

cylinder is connected to a 60-cc visual cell through a regulator to control CO2 injection 

(Figure 6.2). The pressure and temperature of the visual cell are controlled and monitored 

throughout the experiment. The visual cell is made of stainless steel and can withstand 

high pressures and temperatures. A steel hanger is screwed to the roof of the cell on the 

inside to which a rock slice is attached (Figure 6.3). The visual cell is fitted with a glass 

window to allow monitoring the lower surface of the rock slice. A camera is placed 

horizontally to the level of the visual cell to allow taking photographs of the contents of 

the cell. The camera downloads the photographs to a personal computer where they are 

analyzed by special software to estimate the contact angle. The Drop Image software is 

provided by the manufacturer of the pendent drop IFT system. 

 

Figure 6.1 Schematic of the experimental set-up 
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Figure 6.2 The windowed visual cell 

 

Figure 6.3 Rock slice-hanger assembly 
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6.1.2 Experimental Procedure 

The carbonate core plug was cleaned and dried in an oven at 90 °C. The plug was then 

fully saturated with brine using the vacuum method followed by flooding the plug with 

dead oil in a core-flooding setup until no brine is produced. The plug’s porosity, pore 

volume and final oil and water saturations were then computed by mass balance on oil 

and water. Properties of the rock and fluids employed in the experiment are presented in 

Tables 6.1 and 6.2. 

A thin slice - 0.5 cm thick, 2.3 cm in diameter - was then cut from the core plug, 

submerged in the same oil and aged in a titanium cylinder at 85 °C and 2000 psig for two 

weeks to ensure oil wettability. After aging, the surface of the core slice was grinded to a 

uniform plane to allow accurate measurement of the contact angle. The polished core 

slice was then aged in the same oil under the same conditions to ensure oil wettability. 

The core slice was then attached to the hanger using special epoxy cement which has 

high resistance to temperature (Figure 6.3). The hanger was then mounted inside the 

visual cell. The cell was then filled completely with brine and heated to 70 ºC and 

pressurized to 500 psig. A drop of the dead oil was then introduced to the cell through a 

vertical needle fitted to the bottom of the cell. The needle is positioned directly below the 

core slice so that when the drop enters the cell it rises through the brine and rests on the 

lower surface of the core slice (Figure 6.4). The contact angle between the rock surface, 

the oil drop and the surrounding brine was then measured.  
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CO2 gas (99.5% pure with moisture content less than 120 ppm) was then rapidly charged 

to the cell until the cell’s pressure rose to a pre-determined level (about 1000 psig); CO2 

injection was then stopped. When the cell’s pressure dropped back to 500 psig, which 

usually took about 15 seconds, indicating complete dissolution of CO2 in the brine, high-

resolution photographs of the oil drop were then taken periodically until no noticeable 

change in the shape of the drop was observed. The photographs were then analyzed and 

values of the contact angle versus the drop’s exposure time to the carbonated brine were 

recorded. Figure 6.5 depicts how the shape of the oil drop changed with time.  

Calculation of the contact angle using the pendent drop method is a pure numerical 

technique. The camera’s view finder shows a horizontal line on the screen along which 

the solid surface is aligned. The filter routine then gives a properly aligned drop profile 

and the contact angle is easily calculated by numerical derivation of the profile at the 

contact point. Because of reflection in the substrate and some diffraction, 2 to 3 data 

points closest to the contact point are neglected. In the Drop Image software the drop 

profile is established by a travelling secant method with linear extrapolation to the 

contact point. This method seems more robust than the ones that have been tried out. It 

gives values between a pure linear derivation, which underestimates the contact angle, 

and higher order (polynomial) methods that usually tend to overestimate the angle. 

All experimental data and analysis will be presented in Chapter 7. Verification of the 

model proposed by Eq. (4.41) will also be established in Chapter 7.  
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7 Table 6.1 Properties of the rock and fluids employed in the experiment 

Property Value 

Oil density (g/cc) 0.85 

Brine density (g/cc) 0.99 

Brine viscosity (cP) 0.56 

Core permeability (mD) 5 

Core porosity (%) 15 

 

8 Table 6.2 Brine composition 

Salt Concentration g/L 

Sodium Chloride (NaCl) 16.7 

Calcium Chloride (CaCl2.2H2O) 3.62 

Magnesium Chloride (MgCl2.6H2O) 1.28 

 



66 

 

9  

10 Figure 6.4 Visual cell components  

11  

12  

13 Figure 6.5 Shape of the oil drop (a) before brine carbonation (b) after 44 minutes of brine carbonation 
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6.2  Core Flooding Experiment 

In this experiment a composite core sample was assembled of 3 core plugs (Figure 6.6) 

and flooded with CO2 under immiscible conditions. All 3 core samples were initially oil 

wet and the experiment was carried out at conditions where CO2 was in the gas state. The 

average value of ko @ Swi – as measured and reported by the core samples supplier – was 

90 mD. 

 

Figure 6.6 The three core plugs used in the core flooding experiment  

 

6.2.1 Experimental Setup 

A schematic of the core-flooding experimental setup is shown in Figure 6.7. The core 

holder is Hassler-type with a Viton rubber sleeve that can hold 1.5 in. diameter, 12-in 
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long core samples. The core holder is rated for high pressure and high temperature 

operation and its wetted surfaces are made of corrosion-resistant Hastelloy C-4 alloy to 

withstand low pH fluids. The core holder was mounted vertically inside an air bath that 

maintained the core sample’s temperature at the desired level. A hand pump was used to 

apply a suitable confining pressure on the core sample. 

 

Figure 6.7 Schematic of the core flooding experiment 

Three transfer cells that contained oil, brine, and CO2 separately were connected through 

a manifold to a high-pressure, positive displacement, injection pump. The cells were 

connected to the core holder through another manifold. Both manifolds were configured 

in such a way that any of the three fluids could be delivered to the core holder 

individually as needed. The cell holding the CO2 is also made of Hastelloy C-4 alloy, and 
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so is all the tubing that could come in contact with CO2. The three transfer cells were also 

mounted inside the air bath to maintain thermal equilibrium between the injected fluids 

and the core sample. The brine and oil were loaded into their respective cells at 

atmospheric pressure while the CO2 was loaded into its cell under the test pressure to 

ensure its gaseous state.  

A back-pressure regulator was fitted to the outlet of the core holder to maintain the 

pressure at the desired level, and the total pressure drop across the core holder was 

measured by a pressure transducer. Fluids produced from the core holder passed through 

the regulator and were collected in a gas/liquid separator. The wetted parts of the 

regulator, transducer and the separator were made of a corrosion-resistant material. The 

following materials were used in the core-flooding experiment and their properties are 

presented in Table 6.3. 

1. Reservoir core samples: These were obtained from an essentially limestone oil 

reservoir in the Middle East. 

2. Brine: A 5% aqueous solution of KCl. 

3. Oil: Dead Arabian Light crude oil. 

4. Carbon Dioxide: Industrial grade CO2 with less than 0.05% impurities. 

Table 6.3 Fluid properties (core flooding experiment) 

Fluid Property Value 

Oil density @ 55 °C 0.84 g/cc 

Oil Viscosity @ 55 °C 6.7 cP 

API Gravity 29° API 
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6.2.2 Experimental Procedure 

6.2.2.1 Core Sample Saturation and Aging 

1. The core plugs were cleaned of all fluids in a Soxhlet-type extractor. The extractor  

circulated hot toluene vapor through the pores of the rock specimen and cleaned them 

of any oil present. This was continued for about 10 days till clean toluene was seen in 

the extractor. The plugs were then cleaned with alcohol and dried in a vacuum oven 

at 90 °C for one day then weighed. 

2. The plugs were then saturated under vacuum with the crude oil. 

3. Each plug was then loaded into a permeameter and flooded with approximately 2 

pore volumes of oil in each direction to ensure complete saturation.  

4. The effective porosity of each plug was then calculated from the masses of the plug 

before and after saturation, bulk volume and oil density. These porosities are listed in 

Table 6.4. 

5. The plugs were then aged in a bath of crude oil to ensure their oil wetness. Aging was 

carried out at 50 °C and atmospheric pressure for five days. 

 

Table 6.4 Core plug effective porosities 

Sample 
Length 

(ft.) 

Diameter 

(ft.) 

Bulk 

Volume 

(cu ft.) 

Dry 

Weight 

(pound) 

Sat. 

Weight 

(pound) 

Pore 

Volume 

(cu ft.) 

Porosity 

(%) 

1 0.121 0.125 0.00148 0.178 0.199 0.000415 0.28 

2 0.137 0.125 0.00168 0.210 0.231 0.000453 0.26 

3 0.125 0.125 0.00152 0.174 0.198 0.000448 0.29 
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6.2.2.2 Run Initialization 

Initialization of the core flooding experiment followed the steps below: 

1. The oil-saturated composite core sample was inserted into the Viton rubber sleeve, 

which was then loaded into the core holder. The core holder was then assembled and 

placed vertically inside the air bath. 

2. The core holder was then connected to the transfer cell manifold (upper end), the 

effluent line (lower end) and the confining pressure line. 

3. A confining pressure of 1180 psig was then applied. 

4. The transfer cell containing brine was then connected to both the injection pump and 

core holder. Other transfer cells were isolated. 

5. While the core holder outlet was opened to the atmosphere, the injection pump was 

started at a slow rate to purge all fluids (air, oil, brine) that were present within the 

core holder’s lead and effluent lines. 

6. The back-pressure regulator was set at the desired operating pressure. The air bath 

was set at the desired temperature (55 °C) and left on overnight. The core sample 

was ready for flooding. 

 

6.2.2.3 Core Flooding 

The first step was to flood the composite core with brine to residual oil saturation. The 

back-pressure regulator was set at 500 psig and 0.81 pore volumes of brine were injected 

through the core over a period of about 2.4 days at a rate of 0.00045 ft
3
/day. The residual 
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oil saturation was found to be about 43%. The composite core sample was then flooded 

with crude oil at the same conditions of pressure and temperature. About 1.40 pore 

volume of oil were injected through the core over nearly 4 days at a rate of 0.00045 

ft
3
/day. The immobile water saturation was found to be 12%. The brine and oil flooding 

data are presented in Tables 6.5 and 6.6. 

Table 6.5 Brine Flooding Data 

Average Injection Flow 0.00045 ft
3
/day 

Temperature 55 °C 

Total Volume of Brine Injected 0.00108 ft
3
 

Cumulative Oil Produced 0.00076 ft
3
 

 

Table 6.6 Oil Flooding Data 

Average Flow 0.00045 ft
3
/day 

Temperature 55 °C 

Total Volume of Oil Injected 0.0018 ft
3
 

Cumulative Brine Produced 0.0006 ft
3
 

 

The composite core sample was then flooded with about 5 PV of CO2 at constant 

injection rate of 0.005 ft
3
/day for almost 1.3 day. The core outlet pressure was maintained 

at 500 psig to ensure immiscible displacement by gaseous CO2. The temperature was 

maintained at 55 °C and the confining pressure was regulated at 1180 psig during the 

flooding process. The CO2 flooding data is presented in Table 6.7. 
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Table 6.7 CO2 Flooding Data 

Cumulative  

Gas Injected  

(cu. ft.) 

Cumulative Gas  

Injected  

(PV's) 

Oil Produced  

(cu. ft.) 

Oil Recovery  

(% IOIP) 

Oil Recovery  

(PV's) 

0.0000 0 0.00000 0.0 0.000 

0.00014 0.11 0.00010 8.8 0.078 

0.00032 0.24 0.00032 27.2 0.240 

0.00037 0.29 0.00032 27.8 0.245 

0.00041 0.31 0.00033 28.0 0.246 

0.00064 0.49 0.00037 32.1 0.282 

0.00533 4.10 0.00059 50.9 0.448 

0.00535 4.11 0.00060 51.2 0.451 

0.00537 4.13 0.00060 51.5 0.454 

0.00540 4.15 0.00061 52.1 0.459 

0.00620 4.77 0.00063 54.3 0.478 

0.00630 4.85 0.00065 55.8 0.491 

0.00634 4.87 0.00065 55.8 0.491 

0.00637 4.90 0.00065 55.8 0.491 

0.00641 4.93 0.00065 55.8 0.491 

0.00644 4.96 0.00065 55.8 0.491 

 

It should be noted that the CO2 breakthrough occurred when 0.24 pore volumes of oil 

were produced against an injected CO2 volume of 0.24 pore volumes, which agrees with 

the assumed steady state of the flood. Once gas breakthrough occurred, the data showed a 

normal trend toward the end of the run (oil recovery > 50%). These points reveal an 

ultimate oil recovery of about 56% which was achieved after about 5 pore volumes of 

CO2 were injected. 
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6.2.2.4 Contact Angle Measurement 

To test for any change in rock wettability, the contact angle between oil and brine was 

measured at 55 °C for each core plug before and after flooding with CO2. Once the 

composite core was flooded with oil to immobile water saturation, each core plug was 

submerged into a glass beaker filled with brine (Fig. 6.8). A drop of oil was then placed 

with a needle on the lower face of the plug. High resolution pictures were then taken and 

the contact angle – as measured through the brine – was estimated as shown in Figs. 6.9, 

6.10 and 6.11. The procedure was repeated with the core plugs after flooding with CO2. 

The results of these measurements are presented in Table 6.8.  

 

Table 6.8 Contact angle values before and after CO2 flooding 

Core 

Plug 

Contact Angle 

Before CO2 Flood 

Contact Angle 

After CO2 Flood 

1 135° 110° 

2 130° 120° 

3 140° 120° 
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Figure 6.8 Contact angle measurement setup 

 

Figure 6.9 Contact angle measurement for core plug # 1 (view is inverted) 
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Figure 6.10 Contact angle measurement for core plug # 2 (view is inverted) 

 

Figure 6.11 Contact angle measurement for core plug # 3 (view is inverted) 
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CHAPTER 7 

RESULTS AND DISCUSSION 

This chapter discusses the results obtained from the numerical simulation models 

developed for the CO2-oil immiscible displacement model, modified Corey relative 

permeability model and contact angle model. It also discusses the observations made with 

core flooding and wettability alteration experiments. Comparisons with two well-known 

displacement models are also made.    

 

7.1 Wettability Alteration Model Calibration 

The experiment described in Section 6.1 was run twice, each with a fresh slice of the 

same rock. Each run was conducted at a different brine CO2 concentration: 0.0004 mole 

percent for Run # 1 and 0.0008 mole percent for Run # 2. The CO2 concentration was 

calculated by volumetric balance on the cell’s contents. Table 7.1 lists the data of both 

runs, which is also plotted in Figure 7.1. 

The results demonstrate that the rock wettability in both runs was altered when the rock 

was exposed to CO2. In Run # 1, the contact angle decreased from 101º initially to reach 

a stable value of about 83.9º after 44 minutes of exposure to the carbonated brine. The 

change in contact angle shows that the wettability of the core slice was altered from 

slightly oil-wet to intermediate-wet. In Run # 2, the stable value appeared to be 69.3 º and 
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was attained in 52 minutes. When the exposure time was extended to 89 minutes in this 

run, no change was observed in the angle confirming the existence of a stable and new 

“equilibrium” value in the contact angle. The trend in both data sets reveals an 

asymptotic-exponential relationship between the contact angle and exposure time where 

the initial decrease in the angle was rapid followed by a gentle trend towards a stable 

value.  

 

Table 7.1 Variation of the contact angle with time  

Run#1 Run#2 

CO2 Exposure 

Time (min.) 

Contact Angle 

(degree) 

CO2 Exposure 

Time (min.) 

Contact Angle 

(degree) 

0 101.0 0 97.5 

6 90.8 9 96.7 

8 89.4 11 95.2 

16 90.8 17 74.8 

21 88.3 23 72.8 

23 86.4 25 72.8 

28 86.5 28 73.0 

34 86.3 32 73.0 

40 86.8 34 69.2 

43 85.9 36 69.1 

44 83.9 39 69.4 

  
44 69.4 

  
52 69.3 

  
76 69.3 

  
83 69.3 

  
89 69.3 
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Figure 7.1 Raw experimental data for Run # 1 and Run # 2 
 

The data of Figure 7.1 also reveals that the stable value depends on the CO2 concentration 

of the brine in contact with the oil with a higher concentration causing a larger drop in the 

contact angle. However, the exposure time needed to reach a stable angle appears to be 

slightly dependent upon CO2 concentration. One can then speculate that under the 

conditions of this experiment diffusion of CO2 through the oil is fast enough even at 

relatively low concentrations. It remains to be seen whether at still higher concentrations 

the rock could be altered to a water-wet state. Table 7.2 summarizes Eq. (4.41) 

parameters as extracted from the data.  
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Table 7.2 Initial and final contact angles with stabilization time  

Run 

No. 

Brine CO2 

Concentration 

(mole %) 

   

 

(Degrees) 

     

 

(Degrees) 

    

 

(Minutes) 

1 0.0004 101.0 83.9 44 

2 0.0008 97.0 69.3 52 

 

Based on the parameter values listed in Table 7.2,    was computed and plotted vs.    

for both runs in Fig. 7.2. All data points fall within one band indicating a common value 

of   for both runs. 

 

Figure 7.2 Dimensionless experimental data for Run # 1 and Run # 2 
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Taking      of both sides of Eq. (4.43) yields 

                                    (7.1) 

Re-plotting Figure 7.2 with semi-log axes (Figure 7.3) shows a reasonably linear trend. 

The four outlying data points are attributed to experimental error; however, the bulk of 

the data does fall on the same trend. Excluding those four data points, the slope of this 

line is 1.39 which is the value of ξ for the conditions of this experiment. 

 

 

Figure 7.3 Dimensionless experimental data for both Run # 1 and Run # 2  
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Differentiating Eq. (4.43) with respect to    yields: 

   

   
       

                                  (7.2)                                                                         

or 

   

   
                                        (7.3)                                                                     

Eq. (7.3) shows that   controls the rate of decline of the dimensionless contact angle with 

dimensionless time. We can speculate that this parameter is similar for all other 

concentrations of CO2, which makes predicting other minimum contact angles possible 

for the rock/oil system of this study. 

The significance of this study can be related to cases where CO2 is injected in a watered 

out, oil-wet reservoir at a pressure below the miscibility pressure. CO2 diffusion through 

the oil can alter the rock wettability and render the residual oil mobile. In miscible CO2 

displacement processes, such phenomenon can still occur when CO2 fingers advance 

ahead of the CO2 slug and contact residual oil at low concentrations.  

One might point that the relatively short time (less than one hour) it took to complete the 

wettability alteration as observed in the two runs is negligible in terms of the time scale 

of field applications. In flooding projects where the CO2 flood front advances at a speed 

of feet per day wettability alteration is expected to appear almost instantaneously. 

However, in watered-out reservoir rock where oil exists as droplets trapped in small pores 
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with limited access by the reservoir brine, CO2 gas needs to diffuse through the water 

phase then the oil droplets before reaching the rock surface. At low CO2 concentrations, 

this diffusion process might take considerably longer time to complete, causing much 

slower wettability alteration. 

 

7.2 Displacement Models Comparison 

Performance of the displacement model (Eq. 4.25) presented in Section 4.3 was 

benchmarked against two displacement models. The first – the IMPES model – is based 

on the original form of the material balance equation (Eqs. 7.34 and 7.35) [89]. The 

second is the Buckley-Leverett displacement model – the BL model – (Eq. 7.36) [90].  
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The wettability alteration phenomenon was eliminated during the comparison. The 

objective is to evaluate the reliability of the displacement model and benchmark it against 

the two other well-established displacement models. MATLAB programming was 

employed to run the models as detailed in Appendices C-1, C-2 and C-3. The rock and 

fluid properties assumed in all models are given in Table 7.3. 

First, the optimum number of cells was examined with the proposed model prior to 

proceeding with the comparison study. Four different numbers were chosen: 20, 40, 60 

and 80 cells. It was found that if the number of cells exceeded 60, the gas breakthrough 

time would not change significantly (Figure 7.4). In addition, a higher gas saturation 

profile was observed in the first few leading cells as the number of cells increased. This is 

due to their proximity to the gas inlet. For this reason, 60 cells were selected for the rest 

of the comparison study. 
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Table 7.3 Simulation model input data in the displacement model comparison study 

Parameter Value 

Qgi 0.2 ft
3
/day 

k 300 mD 

oil viscosity 2.0 cP 

gas viscosity 0.03 cP 

porosity 0.20 

∆x 0.167 ft 

∆y 0.1 ft 

∆z 0.1 ft 

Medium’s Length 10 ft 

Swi 0.1 

Sgi 0 

Soi 0.9 

Sor 0.25 

kro @ Swi 1.00 

krg @ 1-Sor 0.5 

cg 0.002 psi
-1

 

cr 0.000004 psi
-1

 

co 0.000015  psi
-1

 

∆t 0.0001 day 

 

For the IMPES model, the saturation and pressure equations derived from the material 

balance equation were utilized in the model to calculate the pressure and saturation in 

each grid cell. The IMPES approach was considered in the computation scheme, which 

means that the pressure was calculated implicitly while saturation was calculated 

explicitly. The pressure equation in the IMPES scheme is obtained after summation of 

Darcy’s laws and substituting them into the summation of the two mass conservation 

equations for each phase. The gas saturation (    
) is then calculated after obtaining the 
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pressure of each grid cell. On the other, the BL model depends on the relative 

permeability concept where gravitational and capillary forces are neglected [21]. 

The CO2 saturation profile was investigated at 0.1, 0.5, 1, 2 and 3 pore volumes of CO2 

injected (Figures 7.5 to 7.9). Although the proposed model shows stable outputs and good 

predictive capability, it is noticed commonly that the CO2 saturation is less compared to 

the other two models before and after gas breakthrough.  

Initially, the differences in the gas saturation profiles are largest; then they decrease as 

larger pore volumes of gas are injected. At 3 pore volumes injected, the gas saturations 

predicted by the proposed model range from 0.44 in the first cell to 0.24 in the last cell. 

However, the gas saturations predicted by the other two models range from 0.48 in the 

first cell to 0.27 in the last cell. The gas breakthrough time occurred earlier in the 

proposed model, at about 0.0148 days of CO2 injection, compared with about 0.0157 

days of CO2 injection in the other two models (Figure 7.10). The recovery factor in the 

proposed model is generally higher than the recovery factors in the other two models 

(Figure 7.11). The IMPES and BL models predict an oil recovery factor of about 36.3% 

after injecting 3 pore volumes of CO2 compared with about 44% with the proposed 

model. Before breakthrough, the proposed model predicts a higher peak oil production 

rate compared with the other models (Figure 7.12). The oil production rate in the 

proposed model reaches up to 0.29 ft
3
/day compared to maxima of 0.24 ft

3
/day and 0.2 

ft
3
/day for the IMPES and BL model, respectively. Beyond breakthrough, the oil 

production rate predicted by the proposed model remains higher than the oil production 
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rate of the other two models until the end of the run. The higher oil production rate of the 

proposed model explains the larger oil recovery observed in Figure 7.11.    

The pressure at the first cell - as predicted by the proposed model - reaches a maximum 

of about 640 psi followed by a gradual drop after breakthrough until it reaches about 540 

psi after 0.3 days of CO2 injection (Figure 7.13). On the other hand, the IMPES model 

shows the pressure reaching above 670 psi followed by a gradual drop after breakthrough 

to about 520 psi towards the end of the flood. 
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Figure 7.4 Impact of grid size on CO2 breakthrough time for the proposed model 

 

 

Figure 7.5 Location of the CO2 flood front after injecting 0.1 PV of CO2  
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Figure 7.6 Location of the CO2 flood front after injecting 0.5 PV of CO2 

 

Figure 7.7 Location of the CO2 flood front after injecting 1 PV of CO2 
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Figure 7.8 Location of the CO2 flood front after one injecting 2 PV of CO2 

 

Figure 7.9 Location of the CO2 flood front after injecting 3 PV of CO2 
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Figure 7.10 CO2 breakthrough time 

 

Figure 7.11 Variation of oil recovery factor with injected CO2 volume  
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Figure 7.12 Oil production rate  

 

Figure 7.13 Variation of 1st cell pressure with CO2 injection time  
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7.3 Limitations of the Proposed Model  

Although the proposed model – Eq. (5.15) – produces stable results, its numerical scheme 

entails some material balance conservation errors as observed by the common 

discrepancy in plots presented in section (7.2) during the benchmark study. CO2 

saturations (Figures 7.5-7.9) predicted by the proposed model show a maximum absolute 

error of 7% which is equivalent to a relative error of about 17% in first cell after 0.5 PV 

of CO2 injected. The material balance error leads the proposed model to predict a higher 

oil recovery with an absolute error of about 8% (21% relative error) when compared with 

the other models as observed in Figure 7.11. In addition, the proposed model could 

produce larger errors under some extreme conditions (e.g. a highly compressible system). 

For this reason, it was decided to carry out the wettability alteration analysis with the 

IMPES model as will be discussed in the following sections. 

 

7.4 Incorporation of Wettability Alteration Phenomenon  

Wettability alteration was incorporated in the IMPES model. The MATLAB 

programming code for the IMPES model incorporating wettability alteration is presented 

in Appendix C-4. The input parameters are the same as those listed in Table 7.3. 

Wettability alteration was assumed to follow Eq. (4.41). The parameters required for the 

wettability alteration model are listed in Table 7.4. Two cases were considered in the 

numerical simulation model: with wettability alteration and without. Based on the 
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assumed wettability conditions given in Table 7.4, the coefficients of the residual oil 

saturation model – Eq. (4.29) – and modified Corey relative permeability model for CO2 

and oil – Eqs. (4.39) and (4.40) – were adjusted as presented in Appendix B-1.  

Table 7.4 Wettability alteration model input data in the IMPES model  

Parameter Value 

Initial Contact Angle,    120° 

Final Contact Angle,    100° 

Stabilization Time 45 minutes 

Final Residual Oil Saturation, Sorf  0.15 

 

 In each case, three CO2 flooding times were investigated: 0.05, 0.10 and 0.30 days. Fig. 

7.14 shows the CO2 saturation profiles at the three CO2 flooding times for both with 

wettability alteration and without wettability alteration conditions. It can be clearly 

noticed that the saturation profile is shifted higher for with-wettability alteration 

condition at all three times. For example, after 0.05 days of CO2 flooding, the difference 

in gas saturation between the two conditions ranges between 0.05 at the first cell to 0.02 

at the last cell.  

The CO2 breakthrough time was 0.014 days for the without-wettability alteration 

condition and 0.0151 days for the with-wettability alteration condition (Figure 7.15). The 

delay in breakthrough time for the with-wettability alteration condition is attributed to the 

lower CO2 mobility caused by the shift in relative permeability curves. 



95 

 

The delay in breakthrough time and the shift in gas saturation profile results in a 

noticeable increase in oil recovery. Figure 7.16 shows an oil recovery of about 40% after 

injecting 3.3 pore volumes of CO2 for the with-alteration condition compared with about 

36% for the without-alteration condition. Oil production rate shows higher with the 

condition of with wettability alteration compared to the without wettability alteration 

condition (Figure 7.17). Figure 7.18 shows the changes in contact angle with respect to 

CO2 exposure time. The drop in contact angle is higher for cells that are closer to the gas 

inlet indicating longer exposure time to CO2. The contact angle of cell#1 drops the 

highest, from 120° to 100° after 45 minutes of CO2 injection time. On the other hand, the 

contact angle of cell#60 drops the lowest, from 120° to 103° after 45 minutes of CO2 

injection time.  

Inspecting the relative permeability curves for with and without-alteration conditions also 

shows a shift in the crossover point from Sg = 0.27 to 0.32 (Figure 7.19). This shift in the 

relative permeability curves can be explained physically by oil displacement from 

medium size pores caused by re-distribution of the water phase. As the wettability is 

altered from oil wet to intermediate wet, the residual water droplets that were restricted to 

large pores can now invade medium pores and, thus, vacate the large pores to the gas 

phase. 
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Figure 7.14 CO2 saturation profiles at three different flooding times  

 

 

 

Figure 7.15 CO2 breakthrough time for with and without wettability alteration conditions 

 



97 

 

 

Figure 7.16 Oil recovery versus volume of CO2 injected 

 

Figure 7.17 Oil production rate versus volume of CO2 injected 
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Figure 7.18 Contact angle variations at different injection times 

 

 

Figure 7.19 Relative permeability curves                                                        
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7.5 Effect of Residual Oil Saturation on Oil Recovery 

The wettability model was examined to evaluate the impact of residual oil saturation on 

oil recovery. Three cases were considered. The first two cases employ the IMPES model 

alone with residual oil saturations of 0.25 and 0.15. The third case includes wettability 

alteration in the IMPES model allowing the residual oil saturation to drop from 0.25 to 

0.15.  

Figure 7.20 shows variation in oil recovery with volume of CO2 injected for the three 

cases up to 1 PV of CO2. Naturally, the model predicts lower oil recovery with higher 

residual oil saturation. The oil recovery reaches 29% and 32% with Sor of 0.25 and 0.15, 

respectively. When wettability alteration is incorporated, the oil recovery shows a trend 

which is intermediate between the two no-wettability-alteration cases, starting slightly 

higher than the case with Sor = 0.25 and overlaps quickly with the case of Sor = 0.15 after 

about 0.34 PV CO2 injected. This indicates that the wettability alteration model is capable 

of predicting the additional recovery as a result of drop in Sor; however, the extra oil 

recovery is not realized in a step fashion but rather in a gradual mode.      

It is worth mentioning that it may not be economically feasible to inject large volumes of 

CO2 in actual field applications. Nevertheless, account for wettability alteration is 

necessary because it could mean the difference between a viable and unviable recovery 

project. The results and analyses presented in this chapter demonstrate the potential of 

CO2 as a wettability-alteration agent. A flooding process involving carbonated water or a 

water-driven slug of CO2 could improve oil recovery significantly in an oil-wet reservoir 

even when the process is carried out under immiscible conditions. 
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Figure 7.20 Variation of oil recovery with volume of CO2 injected 

 

7.6 CO2-Oil Displacement Model Verification 

This section presents verification of the displacement model that incorporates wettability 

alteration phenomenon. The gravity effect is also incorporated in the displacement model 

since the CO2 core flooding experiment – described in Chapter 6 - was conducted in the 

vertical direction. The gravity effect is reflected in the pressure equation as presented in 

Appendix A. 

The coefficients in the dynamic wettability alteration model – Eq. (4.41) – were 

estimated from the experimental data. Following the same procedure of section 7.1, those 

coefficients were estimated from the initial (135°) and final (115°) contact angles that 
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were measured before and after the CO2 core flood. The stabilization time was assumed 

to be about 45 minutes. This assumption is based on experience with the carbonate rock 

used in the wettability alteration experiments of Chapter 6. The wettability alteration 

model for the CO2 flood experiment was then found to be: 

                                                                                   (7.37) 

The final residual oil saturation was estimated from the oil recovery profile as it 

stabilized over the last hour of CO2 flooding. The final residual oil saturation was found 

to be 0.389. Accordingly, the modified Corey relative permeability model was adjusted 

as presented in Appendix B-2. Table 7.5 presents the experimental conditions that were 

input into the numerical simulation model. This data represents the actual initial and 

operating conditions of the CO2 core flooding experiment. In that table, the value of ko @ 

Swi is the average value for the composite core as measured in the laboratory. 

Experiments on flooding oil-wet carbonate cores that are similar to the ones used in the 

flooding experiment of this study revealed values of krg @ 1-Sor that ranged between 0.25 

and 0.56 [98]. In those experiments, the relative permeability is based on ko @ Swi. 

Therefore, the value of krg @ 1-Sor in Table 7.5 was selected to be within that range. The 

Corey oil saturation exponent is an altering parameter varying normally between 4 and 2. 

Since the core flooding experiments showed that wettability is shifted from oil-wet to less 

oil-wet, selecting a number falling between the two extreme wettability conditions (4 for 

strongly oil-wet and 2 for intermediate-wet) is acceptable and more representative for the 

actual core flooding experiments. This suggests a value of 3 for the Corey oil saturation 

exponent. MATLAB programming incorporating gravity effect and wettability alteration 

feature is shown in Appendix C-5. 
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Figure 7.21 shows variation of the contact angle with CO2 injection time for each cell as 

predicted by the wettability alteration model. The choice of stabilization time does not 

change the simulation model’s predictions noticeably. This is provided that both 

breakthrough time and total flood time are larger than the assumed stabilization time, 

which was the case with the experimental flooding run and should be the case in field 

operations. In the model, contact angle stabilization was noticed after injecting about 0.09 

pore volumes of CO2 while breakthrough was noticed later after injecting about 0.13 PV 

of CO2. 

Figure 7.22 shows a plot of the cumulative oil recovery vs. the pore volumes of CO2 

injected as observed in the core flood experiment. The experimental data shows that the 

breakthrough occurred when 0.24 PV of CO2 was injected against 24% of oil recovery. 

The ultimate oil recovery reaches about 56% after injecting about 5 PV of CO2.   

Figure 7.23 shows the model’s predictions of the flood performance for two cases: with 

wettability alteration (the upper curve) and without wettability alteration (the lower 

curve). For this particular core flooding experiment, the model predicts breakthrough to 

occur at about 0.13 PV of CO2 injected. It also predicts an ultimate oil recovery of about 

36% with wettability alteration against 34% if wettability alteration is ignored. Such a 

small difference in recovery is not insignificant considering that vertical gas/liquid 

displacement is normally highly efficient. The significant discrepancies between the 

laboratory data and the model’s predictions are believed to be due to the effect of 

solubility, which is ignored in the model.  
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Under the conditions of the flooding experiment, solubility of CO2 in oil is significant. As 

Figs. 7.24 and 7.25 [33] show, such solubility could reach 150 SCF/BBL causing the oil 

volume to swell by about 4%. Such swelling effect may be considered insignificant, but 

the consequent drop in oil viscosity is remarkable, typically around 70% as shown in 

figure 7.26 [14]. Therefore, the displacement model was adjusted to account for the effect 

of solubility – as presented in Appendix C-6 – as follows. When the CO2 flood front 

reaches a cell, the oil viscosity will drop instantaneously to 2.1 cP and the oil saturation 

will increase by 4%. Simultaneously, wettability alteration takes place as modeled before.  

At each time step – in the adjusted model – the gas saturation for any cell is examined if 

it is above 0.05 or not. If so, 0.04 of gas saturation is added to oil saturation and 

subtracted from gas saturation respectively. Within the same time step, relative 

permeability of each phase, fractional flow, total compressibility and pressures are 

calculated based on the new oil saturation. Then, oil saturation of the next time step is 

calculated based on new oil saturation followed immediately by calculation of the gas 

saturation at the next time step.  

Figure 7.27 shows the oil recovery predicted by the adjusted model. If both solubility and 

wettability alteration effects are included, the model’s prediction of the laboratory data 

improves considerably with an ultimate oil recovery of 45%. On the other hand, if only 

the solubility effect is included, the model’s prediction of oil recovery drops to about 

41%. For lack of data on the oil used in the study, the estimates for CO2 solubility, oil 

swelling and drop in oil viscosity are based on data provided by the two references. 

Should they become available, employing measured values of those parameters in the 

model could lead to better – or worse – matches of the recovery data. 
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It is interesting to note that the incremental recovery caused by wettability alteration 

jumps remarkably from 2% to 4% when solubility is included. As shown in figure-7.28, 

the solubility effect shifts largely gas fractional flow curve to the right resulting in 

remarkable incremental oil recovery. It can be noticed also that the difference between 

fractional flow curves for with wettability alteration and without wettability alteration 

conditions – when solubility is included – is higher than the fractional flow curves when 

solubility is ignored which explains the jump observed in wettability alteration when 

solubility is included. This also could be explained physically by the huge reduction in oil 

viscosity which increases consequently oil mobility and improves oil displacement 

process efficiency. 
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Table 7.5 Input data used for the displacement model verification 

Parameter Value 

Qgi 0.005 ft
3
/day 

ko @ Swi 90 mD 

Oil Viscosity 6.70 cP 

Gas Viscosity 0.02 cP 

Porosity 0.28 

∆x 0.0076 ft 

∆y 0.112 ft 

∆z 0.112 ft 

Medium’s Length 0.38 ft 

Swi 0.12 

Sgi 0 

Soi 0.88 

Sori 0.43 

kro @ Swi 1.00 

krg @ 1-Sor 0.3 

cg 0.002 psi
-1

 

cr 0.000004 psi
-1

 

co 0.000015  psi
-1

 

∆t 0.0001 day 

Initial Contact Angle,    135° 

Initial Contact Angle,    115° 

Stabilization Time 45 minutes 

Sorf 0.389 

 

 

 

 

 

 

 



106 

 

 

Figure 7.21 Variation of the contact angle with CO2 injection time 

 

Figure 7.22 Oil recovery for the CO2 core flooding experiment 



107 

 

 

Figure 7.23 Model predictions of oil recovery 

 

Figure 7.24 Solubility of CO2 in various crudes 
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Figure 7.25 Volume change of crude saturated with CO2 

 

Figure 7.26 Oil viscosity correction chart for CO2–oil mixtures 
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Figure 7.27 Effect of solubility on oil recovery 

 

Figure 7.28 Solubility effect on gas fractional flow  

 



110 

 

CHAPTER 8 

 CONCLUSIONS & RECOMMENDATIONS FOR FUTURE 

WORK 

Conclusions from this study can be summarized as follows: 

1. Exposing carbonate rock to brine containing CO2 causes alteration of the rock 

wettability from an oil-wet to an intermediate-wet state. 

2. Increasing CO2 concentration in the brine results in larger alteration of wettability. 

3. The oil-brine-rock contact angle decreases to a new stable value after a relatively 

short period of exposure to carbonated brine. 

4. The change in contact angle can be modeled by an exponential function of time 

where a simple dimensionless relationship is controlled by a parameter,  , common 

to all CO2 concentrations. 

5. The Corey relative permeabilities of the oil and CO2 phases can be modified to 

handle wettability alteration continuously during immiscible CO2 flooding process.  

6. A mathematical model has been developed to describe CO2-oil immiscible 

displacement in porous media that allows continuous wettability alteration.  

7. The modified Corey relative permeabilities have been incorporated in the 

displacement model. 
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8. Numerical solution of the developed model proved to be stable and the model’s 

predictions are close to those of established models when tested on a hypothetical 

case.  

9. The displacement model with wettability alteration compares with the core flood 

experiment data.  

10. The wettability alteration and the displacement models will enhance understanding 

of the CO2 flooding process and other EOR processes that involve wettability 

alteration. 

11. The significance of this study can be related to cases where CO2 is injected in a 

watered out, oil-wet reservoir at a pressure below the miscibility pressure.  

Recommendations for future work can be summarized as follows: 

1. Wettability alteration experiments need to be conducted to establish a general 

wettability alteration model (Eq. 4.41) fitted for different rock/fluid systems under 

different conditions. 

2. CO2 Core flooding experiments need to be conducted on wide range of rock/fluid 

systems to verify the new comprehensive displacement model. 

3. Other physical phenomena - such as gas solubility, precipitations, dispersion, etc. - 

need to be investigated and incorporated in the displacement model.  
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APPENDIX A: DISCRETIZATION OF PRESSURE 

EQUATIONS WITH GRAVITY EFFECT 
 

 

The total flux - neglecting    - should be considered to solve the pressure equation as 

follows:  

       
                                    (1) 

Where 

    
  

    

    

     

  
                                (2) 

    
  

  

   

  
                                 (3) 

Gas potential can be written as: 

    
       

                  (4) 

Differentiating Eq. (4) yields: 

     

  
 

  

  
     

                 (5) 

Oil potential can be written as: 
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                         (6) 

Differentiating Eq. (6) yields: 

   

  
 

  

  
                    (7) 

Substituting Eqs. (5) & (7) into Eq. (1) yields: 
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Incorporating Eq. (9) into Eq. (5.26) yields: 
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Eq. (10) represents the general pressure equation with gravity effect. 

For      

Expanding Eq. (10) for the first cell yields: 
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Applying the inlet boundary condition into Eq. (11) yields: 
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Re-arranging Eq. (12) yields: 
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Multiplying Eq. (13) by the cross sectional area ( ) yields: 
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Expanding Eq. (14) yields: 
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Re-writing Eq. (15) yields: 
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Re-arranging Eq. (16) yields:  
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Eq. (17) calculates the pressure for cell#1 at any given time. 

For          

Expanding Eq. (10) for the cells from 2 to N-1 yields: 
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Expanding Eq. (18) yields: 
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Multiplying Eq. (19) by the cross sectional area ( ) yields: 
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Re-arranging Eq. (20) yields: 
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Re-writing Eq. (21) yields: 
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Re-arranging Eq. (22) yields: 
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Eq. (23) calculates the pressure for cells from 2 to N-1 at any given time. 

For      

Expanding Eq. (10) for the last cell yields: 
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Re-writing Eq. (24) yields: 
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Multiplying Eq. (25) by the cross sectional area ( ) and re-arranging it yields: 
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Re-writing Eq. (26) yields: 
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Re-arranging Eq. (27) yields: 
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Eq. (28) calculates the pressure for the last cell at any given time. 

Equations 17, 23 and 28 can be solved numerically to produce the pressure profiles with 

gravity effect as they vary with time in the linear system for any set of appropriate 

conditions.  
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APPENDIX B-1: MODIFIED COREY RELATIVE 

PERMEABILITY MODEL ADJUSTMENT FOR 

SECTION 7.4 
 

                           (1) 

Applying initial wettability condition on Eq. (1) yields 

            (   )                (2) 

                              (3) 

Thanking natural logarithm of Eq. (3) yields: 

  (     )    ( )                      (4) 

         ( )                      (5) 

Re-arranging Eq. (5) yields: 

        ( )                      (6) 
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                      (7) 
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Applying final wettability condition on Eq. (1) yields 

            (   )                (8) 

Substituting Eq. (7) into Eq. (8) yields: 
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Substituting Eq. (15) into Eq. (16) yields: 

  
      

    
                    (17) 

                       (18) 

Substituting Eqs. (15) & (18) into Eq. (1) yields: 

                                 (19) 

Substituting Eq. (19) into Eq. (4.26) yields: 
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             (20) 

Substituting Eq. (20) into Eqs. (4.27) & (4.28) yields: 
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Eqs. (21) & (22) are adjusted modified Corey relative permeability of oil and CO2 based 

on the assumptions considered in section (7.4). 
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APPENDIX B-2: MODIFIED COREY RELATIVE 

PERMEABILITY MODEL ADJUSTMENT FOR 

SECTION 7.6 
 

                           (1) 

Applying initial wettability condition on Eq. (1) yields 

            (   )                (2) 

                              (3) 

Thanking natural logarithm of Eq. (3) yields: 

  (     )    ( )                      (4) 

         ( )                      (5) 

Re-arranging Eq. (5) yields: 

        ( )                      (6) 
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                      (7) 
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Applying final wettability condition on Eq. (1) yields 

            (   )                (8) 

Substituting Eq. (7) into Eq. (8) yields: 
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Thanking natural logarithm of Eq. (9) yields: 
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Substituting Eq. (15) into Eq. (16) yields: 
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                      (18) 

Substituting Eqs. (15) & (18) into Eq. (1) yields: 

                                 (19) 

Substituting Eq. (19) into Eq. (4.26) yields: 
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Substituting Eq. (20) into Eqs. (4.27) & (4.28) yields: 
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Eqs. (21) & (22) are adjusted modified Corey relative permeability of oil and CO2 based 

on the actual initial and operating conditions of the CO2 core flooding experiment 

mentioned in section (7.6). 
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APPENDIX C: MATLAB PROGRAMMING CODES 

Appendix C-1: Proposed Displacement Model 

Appendix C-2: IMPES Displacement Model 

Appendix C-3: BL Displacement Model 

Appendix C-4: IMPES Displacement Model with Wettability Alteration Feature 

Appendix C-5: IMPES Displacement Model with Wettability Alteration Feature 

and Gravity Effect 

Appendix C-6: IMPES Displacement Model with Wettability Alteration Feature, 

Solubility and Gravity Effects 
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Appendix C-1: Proposed Displacement Model 

%--------------------------------------------------------- 
%   ONE DIMENSION TWO INCOMPRESSIBLE PHASE SIMULATOR 
%--------------------------------------------------------- 

  
clear all 
close all 

  
clc 

  
%------------------------------------------------- 
%   INPUT DATA AND VARIABLES DEFINITIONS 
%------------------------------------------------- 

  
poro=0.20;                  % Porosity 
Time=0.1;                   % CO2 Injection Time (day) 
N=60;                       % Grid Cells Number 
L=10;                       % Core Length (ft) 
dt=0.0001;                  % Time Increment (day) 
dx = L./N;                  % Space Increment (ft) 
viso=2.00;                  % Oil Viscosity (cp) 
visg=0.03;                  % Gas Viscosity (cp) 
dy=0.1;                     % Width (ft) 
dz=0.1;                     % Height (ft) 
A=dy*dz;                    % Cross Sectional Area (ft^2)  
k=300;                      % Base Permeability (md) 
Vp=(poro*dy*dz*dx);         % Pore Volume (ft^3) 
co=15.0e-6;                 % Oil Compressibility (psi^-1) 
cr=4.0e-6;                  % Rock Compressibility (psi^-1) 
cg=0.002;                   % Gas Compressibility (psi^-1) 
swi=0.1;                    % Initial Water Saturation 
so=0.9;                     % Oil Saturation 
kros=1.0;                   % Oil Relative Permeability @ swi 
sg=0;                       % Gas Saturation 
sori=0.25;                  % Initial Residual oil saturation 
sgi=0.0;                    % initial gas saturation 
no=4;                       % Corey Exponent for Oil Phase 
ng=2;                       % Corey Exponent for Gas Phase 
krgs=0.50;                  % Gas Relative Permeability @ 1-sor 
Bco=1.127e-3;               % Conversion Factor for Oil (to res. bbl) 
Qi = 0.2;                   % Gas Injection Rate (ft^3/day) 
DU=Time/dt;                 % Duration of CO2 injection  
T=(k*dy*dz)/dx;             % Transmissibility (md.ft) 
Cum=0;                      % Cum oil production (ft^3) 
p = repmat((500),1,N);      % Initialization of pressure (psi) 
Pwf=500;                    % Flowing Bottom Hole Pressure (psi) 
format long 

  
%-------------------------------------------------------------------- 
%   RELATIVE PERMEABILITY CALCULATION  
%-------------------------------------------------------------------- 

  
for j=1:N 
    so(1,j)=0.90; 
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    sg(1,j)=0; 
    son(1,j)=(so(1,j)-sori)/(1-sori-swi); 
end 

  
for s=1:DU 

  
for j=1:N 

     
    kro(s,j)=kros*(son(s,j))^no; 
    krg(s,j)= krgs*(1-son(s,j))^ng; 
    fg(s,j)= (krg(s,j)/visg)/((kro(s,j)/viso)+(krg(s,j)/visg)); 
    ct(s,j)=so(s,j)*co+sg(s,j)*cg+cr; 

      
end 

  
%---------------------------------------------------------------------- 
%   GAS PRESSURE CALCULATION (IMPLICIT SCHEME) 
%---------------------------------------------------------------------- 

  
    j=1; 

  
    TR(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 

  
    TRM1(j)=-(TR(j)*dt*T+Vp*ct(s,j)); 
    TRM2(j)=TR(j)*dt*T; 
    TRM4(j)=-(dt*Qi/5.615)-Vp*ct(s,j)*p(s,j); 

  
    for j=2:N-1 

  
        TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
        TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

         
        TRM3(j)=TR2(j)*dt*T; 
        TRM1(j)=-(TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
        TRM2(j)=TR1(j)*dt*T; 
        TRM4(j)=-Vp*ct(s,j)*p(s,j); 
    end 

  
    j=N; 

  
    TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
    TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

     
    TRM3(j)=TR2(j)*dt*T; 
    TRM1(j)=-(2*TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
    TRM4(j)=-2*TR1(j)*dt*T*Pwf-Vp*ct(s,j)*p(s,j); 

  
    for i=1:N 
        dd(i,i)=TRM1(i); 
    end 

  
    for i=2:N 
        dd(i,i-1)=TRM3(i); 
    end 
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    for i=1:N-1 
        dd(i,i+1)=TRM2(i); 
    end 

  
dd1=TRM4'; 
    pp=inv(dd)*dd1; 

     
    p(s+1,:)=pp'; 

  
%--------------------------------------------------------------- 
%   GAS SATURATION CALCULATION (EXPLICIT SCHEME) 
%--------------------------------------------------------------- 

     
    j=1; 

     
    TM(s,j)=-

5.615*(0.001127*(kro(s,j)*k/viso)+0.001127*(krg(s,j)*k/visg)); 
    sg(s+1,j)=sg(s,j)-(dt*TM(s,j)*fg(s,j)*(p(s+1,j+1)-

p(s+1,j))/(dx^2*poro))+... 
        ((Qi*dt)/(poro*A*dx))-(sg(s,j)*cg*(p(s+1,j)-p(s,j))); 
    so(s+1,j)=1-sg(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 

     
    for j=2:N-1 

     
        TM(s,j)=-

5.615*(0.001127*(kro(s,j)*k/viso)+0.001127*(krg(s,j)*k/visg)); 
        TM1(s,j-1)=-5.615*(0.001127*(kro(s,j-

1)*k/viso)+0.001127*(krg(s,j-1)*k/visg)); 
        sg(s+1,j)=sg(s,j)-(fg(s,j)*TM(s,j)*dt*(p(s+1,j-1)-

2*p(s+1,j)+p(s+1,j+1))/... 
            (poro*dx^2))-(TM1(s,j-1)*dt*(p(s+1,j)-p(s+1,j-1))*(fg(s,j)-

fg(s,j-1))/... 
            (poro*dx^2))-(fg(s,j-1)*dt*(p(s+1,j)-p(s+1,j-1))*(TM(s,j)-

TM1(s,j-1))/... 
            (poro*dx^2))-(sg(s,j)*cg*(p(s+1,j)-p(s,j))); 
        so(s+1,j)=1-sg(s+1,j)-swi; 
        son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
    end 

  
    j=N; 

  
        TM(s,j)=-

5.615*(0.001127*(kro(s,j)*k/viso)+0.001127*(krg(s,j)*k/visg)); 
        TM1(s,j-1)=-5.615*(0.001127*(kro(s,j-

1)*k/viso)+0.001127*(krg(s,j-1)*k/visg)); 
    sg(s+1,j)=sg(s,j)-(fg(s,j)*TM(s,j)*dt*(2*Pwf-2*p(s+1,j))/... 
        (poro*dx^2))+(fg(s,j-1)*TM1(s,j-1)*dt*(p(s+1,j)-p(s+1,j-1))/... 
        (poro*dx^2))-(sg(s,j)*cg*(p(s+1,j)-p(s,j))); 
    so(s+1,j)=1-sg(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 

         
    Qo(s+1,N)   =   5.615*Bco*k*kro(s,N)*A*(p(s+1,N)-

Pwf)/(viso*(dx/2)); 
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    Qg(s+1,N)   =   5.615*Bco*k*krg(s,N)*A*(p(s+1,N)-

Pwf)/(visg*(dx/2)); 
    Cum_inc     =   Qo(s+1,N)*dt; 
    Cum(s+1)    =   Cum_inc+Cum(s); 
    RF(s+1)     =   (Cum(s+1)*100)/(Vp*N*(1-swi)); 
    Vp_inj(s+1) =   (Qi*dt*s)/(Vp*N); 

     
end 

  
x=[Vp_inj' RF'] 

  
%--------------------------------------------------------------- 
%   Plotting Section 
%--------------------------------------------------------------- 

     
j=1:N;  
s=1:DU; 
subplot (2,3,1), plot (sg(s,1), kro(s,1), '-g',sg(s,1),krg(s,1), '-

r',... 
    sg(s,1),fg(s,1),'-b'),title('kr & fg'), xlabel ('Sg'), ylabel ('kr 

& fg'), grid on; 
subplot (2,3,2), plot (Vp_inj(s),(Qg(s,N)),'-r',Vp_inj(s),(Qo(s,N)),'-

g'),... 
    title('Qo & Qg'), xlabel ('CO2 PV Injected'), ylabel ('Production 

Rate (cu.ft/d)'), grid on; 
subplot (2,3,3), plot (j,sg(end,:),'-r'),title('Displacment Front'), 

xlabel ('Number of Grid Cells'),... 
    ylabel ('sg'), grid on; 
subplot (2,3,5), plot (s*dt,p(s,1),'-r'), title('Pressure Distribution 

for Cell #1'), xlabel ('Time (Days)'),... 
    ylabel ('Pressure'), grid on; 
subplot (2,3,6), plot (j,p(end,:),'-k'), title('Pressure Distribution 

for the Whole System'), xlabel ('Grid Cells'),... 
    ylabel ('Pressure'), grid on; 

  
xlswrite('recovery.xls',x,1,'A2') 

 

 

 

 

 

 

 

 

 



130 

 

Appendix C-2: IMPES Displacement Model 

%--------------------------------------------------------- 
%   ONE DIMENSION TWO INCOMPRESSIBLE PHASE SIMULATOR 
%--------------------------------------------------------- 

  
clear all 
close all 

  
clc 

  
%------------------------------------------------- 
%   INPUT DATA AND VARIABLES DEFINITIONS 
%------------------------------------------------- 

  
poro=0.20;                  % Porosity 
Time=0.1;                   % CO2 Injection Time (day) 
N=60;                       % Grid Cells Number 
L=10;                       % Core Length (ft) 
dt=0.0001;                  % Time Increment (day) 
dx = L./N;                  % Space Increment (ft) 
viso=2.00;                  % Oil Viscosity (cp) 
visg=0.03;                  % Gas Viscosity (cp) 
dy=0.1;                     % Width (ft) 
dz=0.1;                     % Height (ft) 
A=dy*dz;                    % Cross Sectional Area (ft^2)  
k=300;                      % Base Permeability (md) 
Vp=(poro*dy*dz*dx);         % Pore Volume (ft^3) 
co=15.0e-6;                 % Oil Compressibility (psi^-1) 
cr=4.0e-6;                  % Rock Compressibility (psi^-1) 
cg=0.002;                   % Gas Compressibility (psi^-1) 
swi=0.1;                    % Initial Water Saturation 
so=0.9;                     % Oil Saturation 
kros=1.00;                  % Oil Relative Permeability @ swi 
sg=0;                       % Gas Saturation 
sori=0.25;                  % Initial Residual oil saturation 
sgi=0.0;                    % initial gas saturation 
no=4;                       % Corey Exponent for Oil Phase 
ng=2;                       % Corey Exponent for Gas Phase 
krgs=0.50;                  % Gas Relative Permeability @ 1-sor 
Bco=1.127e-3;               % conversion Factor for Oil (to res. bbl) 
Qi = 0.2;                   % Gas Injection Rate (ft^3/day) 
DU=Time/dt;                 % Duration of CO2 injection  
T=(5.615*k*dy*dz)/dx;       % Transmissibility (md.ft) 
Cum=0;                      % Cum oil production (ft^3) 
p = repmat((500),1,N);      % Initialization of pressure (psi) 
Pwf=500;                    % Flowing Bottom Hole Pressure (psi) 
format long 

  
%-------------------------------------------------------------------- 
%   RELATIVE PERMEABILITY CALCULATION  
%-------------------------------------------------------------------- 

  
for j=1:N 
    so(1,j)=0.9; 
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    sg(1,j)=0; 
    son(1,j)=(so(1,j)-sori)/(1-sori-swi); 
end 

  
for s=1:DU 

  

  
for j=1:N 

     
    kro(s,j)=kros*(son(s,j))^no; 
    krg(s,j)= krgs*(1-son(s,j))^ng; 
    fg(s,j)= (krg(s,j)/visg)/((kro(s,j)/viso)+(krg(s,j)/visg)); 
    ct(s,j)=so(s,j)*co+sg(s,j)*cg+cr; 

      
end 

  
%---------------------------------------------------------------------- 
%   GAS PRESSURE CALCULATION (IMPLICIT SCHEME) 
%---------------------------------------------------------------------- 
   j=1; 

  
    TR(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 

  
    TRM1(j)=-(TR(j)*dt*T+Vp*ct(s,j)); 
    TRM2(j)=TR(j)*dt*T; 
    TRM4(j)=-(dt*Qi/5.615)-Vp*ct(s,j)*p(s,j); 

  
    for j=2:N-1 

  
        TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
        TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

         
        TRM3(j)=TR2(j)*dt*T; 
        TRM1(j)=-(TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
        TRM2(j)=TR1(j)*dt*T; 
        TRM4(j)=-Vp*ct(s,j)*p(s,j); 
    end 

  
    j=N; 

  
    TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
    TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

     
    TRM3(j)=TR2(j)*dt*T; 
    TRM1(j)=-(2*TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
    TRM4(j)=-2*TR1(j)*dt*T*Pwf-Vp*ct(s,j)*p(s,j); 

  

  

  
    for i=1:N 
        dd(i,i)=TRM1(i); 
    end 
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    for i=2:N 
        dd(i,i-1)=TRM3(i); 
    end 

  
    for i=1:N-1 
        dd(i,i+1)=TRM2(i); 
    end 

  
dd1=TRM4'; 
    pp=inv(dd)*dd1; 

     

  
    p(s+1,:)=pp'; 

  
%--------------------------------------------------------------- 
%   GAS SATURATION CALCULATION (EXPLICIT SCHEME) 
%--------------------------------------------------------------- 

  
    j=1; 

     
    so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-

p(s,j))+((dt*T*Bco*(kro(s,j)/viso))*(p(s+1,j+1)-p(s+1,j)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
    for j=2:N-1 

         
         so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-

p(s,j))+((dt*T*Bco*(kro(s,j)/viso))*(p(s+1,j+1)-p(s+1,j))... 
             -(dt*T*Bco*(kro(s,j-1)/viso))*(p(s+1,j)-p(s+1,j-

1)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
    end 

  
    j=N; 

  

  
  so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-p(s,j))+(... 
             -(dt*T*Bco*(kro(s,j-1)/viso))*(p(s+1,j)-p(s+1,j-

1))+(dt*T*Bco*(kro(s,j)/viso)*(-2*p(s+1,j)+2*Pwf)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 

     
    Qo(s+1,N)   =   5.615*Bco*k*kro(s,N)*A*(p(s+1,N)-

Pwf)/(viso*(dx/2)); 
    Qg(s+1,N)   =   5.615*Bco*k*krg(s,N)*A*(p(s+1,N)-

Pwf)/(visg*(dx/2)); 
    Cum_inc     =   5.615*Qo(s+1,N)*dt; 
    Cum(s+1)    =   Cum_inc+Cum(s); 
    RF(s+1)     =  (Cum(s+1)*100)/(Vp*N*(1-swi)); 
    Vp_inj(s+1) =   (Qi*dt*s)/(Vp*N); 
end 

  
x=[Vp_inj' RF'] 
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%--------------------------------------------------------------- 
%   Plotting Section 
%--------------------------------------------------------------- 

  
j=1:N;  
s=1:DU; 
subplot (2,3,1), plot (sg(s,1), kro(s,1), '-g',sg(s,1),krg(s,1), '-

r',... 
    sg(s,1),fg(s,1),'-b'),title('kr & fg'), xlabel ('Sg'), ylabel ('kr 

& fg'), grid on; 
subplot (2,3,2), plot (Vp_inj(s),(5.615*Qg(s,N)),'-

r',Vp_inj(s),(5.615*Qo(s,N)),'-g'),... 
    title('Qo & Qg'), xlabel ('CO2 PV Injected'), ylabel ('Production 

Rate (cu.ft/d)'), grid on; 
subplot (2,3,3), plot (j,sg(end,:),'-r'),title('Displacment Front'), 

xlabel ('Number of Grid Cells'),... 
    ylabel ('sg'), grid on; 
subplot (2,3,5), plot (s*dt,p(s,1),'-r'), title('Pressure Distribution 

for Cell #1'), xlabel ('Time (Days)'),... 
    ylabel ('Pressure'), grid on; 
subplot (2,3,6), plot (j,p(end,:),'-k'), title('Pressure Distribution 

for the Whole System'), xlabel ('Grid Cells'),... 
    ylabel ('Pressure'), grid on; 

  
xlswrite('recovery.xls',x,1,'A2') 
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Appendix C-3: BL Displacement Model 

%--------------------------------------------------------- 
%   ONE DIMENSION TWO INCOMPRESSIBLE PHASE SIMULATOR 
%--------------------------------------------------------- 

  
clear all 
close all 

  
clc 

  
%------------------------------------------------- 
%   INPUT DATA AND VARIABLES DEFINITIONS 
%------------------------------------------------- 

  
poro=0.20;                  % Porosity 
Time=0.3;                   % CO2 Injection Time (day) 
N=60;                       % Grid Cells Number 
L=10;                       % Core Length (ft) 
dt=0.0001;                  % Time Increment (day) 
dx = L./N;                  % Space Increment (ft) 
viso=2.00;                  % Oil Viscosity (cp) 
visg=0.03;                  % Gas Viscosity (cp) 
dy=0.1;                     % Width (ft) 
dz=0.1;                     % Height (ft) 
A=dy*dz;                    % Cross Sectional Area  
k=300;                      % Base Permeability (md) 
swi=0.1;                    % Initial Water Saturation 
so=0.9;                     % Oil Saturation 
kros=1.0;                   % Oil Relative Permeability @ swi 
sg=0;                       % Gas Saturation 
sori=0.25;                  % Initial Residual oil saturation 
sgi=0.0;                    % initial gas saturation 
no=4;                       % Corey Exponent for Oil Phase 
ng=2;                       % Corey Exponent for Gas Phase 
krgs=0.50;                  % Gas Relative Permeability @ 1-sor 
Bco=1.127e-3;               % conversion Factor for Oil (to res. bbl) 
Qi = 0.2;                   % Gas Injection Rate (ft^3/day) 
dta= poro.*A.*dx./(Qi*1);   % dt < dta (for stability) 
alfa=Qi.*dt./(poro.*A.*dx); % alfa 
DU=Time/dt;                 % Duration of CO2 injection 
Cum=0;                      % Cum oil production (ft^3) 
Vp=(poro*dy*dz*dx);         % Pore Volume (ft^3) 
format long 

  
%-------------------------------------------------------------------- 
%   RELATIVE PERMEABILITY CALCULATION  
%-------------------------------------------------------------------- 

  
for j=1:N 
   so(1,j)=0.9; 
   sg(1,j)=0; 
   son(1,j)=(so(1,j)-sori)/(1-sori-swi); 
end 
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for s=1:DU 

    
for j=1:N          

  
    kro(s,j)=kros*(son(s,j))^no; 
    krg(s,j)= krgs*(1-son(s,j))^ng; 
    fg(s,j)= (krg(s,j)/visg)/((kro(s,j)/viso)+(krg(s,j)/visg));        

             
end 

  
%--------------------------------------------------------------- 
%   GAS SATURATION CALCULATION (EXPLICIT SCHEME) 
%--------------------------------------------------------------- 

  
j=1; 
sg(s+1,j)=sg(s,j)-alfa.*(fg(s,j)-1); 
so(s+1,j)=1-sg(s+1,j)-swi; 
son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 

  
for j=2:N 
    sg(s+1,j)=sg(s,j)-alfa.*(fg(s,j)-fg(s,j-1)); 
    so(s+1,j)=1-sg(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
end 

  
    Qo(s+1,N)   =   (1-fg(s,N))*Qi; 
    Qg(s+1,N)   =   (fg(s,N))*Qi; 
    Cum_inc     =   Qo(s+1,N)*dt; 
    Cum(s+1)    =   Cum_inc+Cum(s); 
    RF(s+1)     =   (Cum(s+1)*100)/(Vp*N*(1-swi)); 
    Vp_inj(s+1) =   (Qi*dt*s)/(Vp*N*(1-swi)); 
end 

  
x=[Vp_inj' RF'] 

  
%-------------------------------------------------------------- 
%   PLOTTING SECTION 
%-------------------------------------------------------------- 

  
j=1:N;  
s=1:DU; 
subplot (2,3,1), plot (sg(s,1), kro(s,1), '-g',sg(s,1),krg(s,1), '-

r',... 
    sg(s,1),fg(s,1),'-b'),title('kr & fg'), xlabel ('Sg'), ylabel ('kr 

& fg'), grid on; 
subplot (2,3,2), plot (Vp_inj(s),(Qg(s,N)),'-r',Vp_inj(s),(Qo(s,N)),'-

g'),... 
    title('Qo & Qg'), xlabel ('CO2 PV Injected'), ylabel ('Production 

Rate (cu.ft/d)'), grid on; 
subplot (2,3,3), plot (j,sg(end,:),'-r'),title('Displacment Front'), 

xlabel ('Number of Grid Cells'),... 
    ylabel ('sg'), grid on; 

  
xlswrite('recovery.xls',x,1,'A2') 
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Appendix C-4: IMPES Displacement Model with Wettability Alteration Feature 

%--------------------------------------------------------- 
%   ONE DIMENSION TWO INCOMPRESSIBLE PHASE SIMULATOR 
%--------------------------------------------------------- 

  
clear all 
close all 

  
clc 

  
%------------------------------------------------- 
%   INPUT DATA AND VARIABLES DEFINITIONS 
%------------------------------------------------- 

  
poro=0.20;                  % Porosity 
Time=0.3;                   % CO2 Injection Time (day) 
N=60;                       % Grid Cells Number 
L=10;                       % Core Length (ft) 
dt=0.0001;                  % Time Increment (day) 
dx = L./N;                  % Space Increment (ft) 
viso=2.00;                  % Oil Viscosity (cp) 
visg=0.03;                  % Gas Viscosity (cp) 
dy=0.1;                     % Width (ft) 
dz=0.1;                     % Height (ft) 
A=dy*dz;                    % Cross Sectional Area (ft^2)  
k=300;                      % Base Permeability (md) 
Vp=(poro*dy*dz*dx);         % Pore Volume (ft^3) 
co=15.0e-6;                 % Oil Compressibility (psi^-1) 
cr=4.0e-6;                  % Rock Compressibility (psi^-1) 
cg=0.002;                   % Gas Compressibility (psi^-1) 
swi=0.1;                    % Initial Water Saturation 
so=0.9;                     % Oil saturation 
kros=1.00;                  % Oil Relative Permeability @ swi 
sg=0;                       % Gas Saturation 
sori=0.25;                  % Initial Residual oil saturation 
sgi=0.0;                    % initial gas saturation 
no=4;                       % Corey Exponent for Oil Phase 
ng=2;                       % Corey Exponent for Gas Phase 
krgs=0.50;                  % Gas Relative Permeability @ 1-sor 
Bco=1.127e-3;               % conversion Factor for Oil (to res. bbl) 
Qi = 0.2;                   % Gas Injection Rate (ft^3/day) 
DU=Time/dt;                 % Duration of CO2 injection  
T=(5.615*k*dy*dz)/dx;       % Transmissibility (md.ft) 
Cum=0;                      % Cum oil production (ft^3) 
p = repmat((500),1,N);      % Initialization of pressure (psi) 
Pwf=500;                    % Flowing Bottom Hole Pressure (psi) 
sorf=0.15;                  % Final Residual Oil Saturation 
a=0.35;                     % Coefficient of Contact Angle 
d=-300;                     % Coefficient of Contact Angle 
cc=1.75;                    % Coefficient of Contact Angle 
%mm                         Initial Contact Angle (Radian) 
%ff                         Changeable Contact Angle (Radian) 
%hh                         CO2 Exposure Time (Day) 
%nt                         Timer 
format long 
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%-------------------------------------------------------------------- 
%   RELATIVE PERMEABILITY CALCULATION  
%-------------------------------------------------------------------- 

  
for j=1:N 
    so(1,j)=0.9; 
    sg(1,j)=0; 
    son(1,j)=(so(1,j)-sori)/(1-sori-swi); 
    kro(1,j)=kros*(son(1,j))^no; 
    krg(1,j)= krgs*(1-son(1,j))^ng; 
    fg(1,j)= (krg(1,j)/visg)/((kro(1,j)/viso)+(krg(1,j)/visg)); 
    ct(1,j)=sg(1,j)*cg; 
end 

  
for s=1:DU 
    for j=1:N 
        mm(s,j)=2.10; 
        nt(s,j)=0; 
    end 
end 

  
for s=1:DU   

     
    for j=1:N 

     
        if sg(s,j)>0.001 
            nt(s,j)=nt(s-1,j)+1; 
            hh(s,j)=dt*nt(s,j); 
            ff(s,j)=a*exp(d*hh(s,j))+cc; 
            kro(s,j)=kros*((so(s,j)-(0.114*exp(-

1.556*cos(ff(s,j)))))/(1-(0.114*exp(-1.556*cos(ff(s,j))))-swi)).^no; 
            krg(s,j)= krgs*(1-((so(s,j)-(0.114*exp(-

1.556*cos(ff(s,j)))))/(1-(0.114*exp(-1.556*cos(ff(s,j))))-swi))).^ng; 
            fg(s,j)= (krg(s,j)/visg)/((kro(s,j)/viso)+(krg(s,j)/visg)); 
            ct(s,j)=sg(s,j)*cg; 

             
        else  

                 
    kro(s,j)=kros*(son(s,j))^no; 
    krg(s,j)= krgs*(1-son(s,j))^ng; 
    fg(s,j)= (krg(s,j)/visg)/((kro(s,j)/viso)+(krg(s,j)/visg)); 
    ct(s,j)=sg(s,j)*cg; 

     
        end 
    end 

  
%---------------------------------------------------------------------- 
%   GAS PRESSURE CALCULATION (IMPLICIT SCHEME) 
%---------------------------------------------------------------------- 
   j=1; 

  
    TR(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
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    TRM1(j)=-(TR(j)*dt*T+Vp*ct(s,j)); 
    TRM2(j)=TR(j)*dt*T; 
    TRM4(j)=-(dt*Qi/5.615)-Vp*ct(s,j)*p(s,j); 

  
    for j=2:N-1 

  
        TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
        TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

         
        TRM3(j)=TR2(j)*dt*T; 
        TRM1(j)=-(TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
        TRM2(j)=TR1(j)*dt*T; 
        TRM4(j)=-Vp*ct(s,j)*p(s,j); 
    end 

  
    j=N; 

  
    TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
    TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

     
    TRM3(j)=TR2(j)*dt*T; 
    TRM1(j)=-(2*TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
    TRM4(j)=-2*TR1(j)*dt*T*Pwf-Vp*ct(s,j)*p(s,j); 

  

  

  
    for i=1:N 
        dd(i,i)=TRM1(i); 
    end 

  
    for i=2:N 
        dd(i,i-1)=TRM3(i); 
    end 

  
    for i=1:N-1 
        dd(i,i+1)=TRM2(i); 
    end 

  
dd1=TRM4'; 
    pp=inv(dd)*dd1; 

     

  
    p(s+1,:)=pp'; 

  
%--------------------------------------------------------------- 
%   GAS SATURATION CALCULATION (EXPLICIT SCHEME) 
%--------------------------------------------------------------- 

  
    j=1; 

     
    so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-

p(s,j))+((dt*T*Bco*(kro(s,j)/viso))*(p(s+1,j+1)-p(s+1,j)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
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    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
    for j=2:N-1 

         
         so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-

p(s,j))+((dt*T*Bco*(kro(s,j)/viso))*(p(s+1,j+1)-p(s+1,j))... 
             -(dt*T*Bco*(kro(s,j-1)/viso))*(p(s+1,j)-p(s+1,j-

1)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
    end 

  
    j=N; 

  

  
  so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-p(s,j))+(... 
             -(dt*T*Bco*(kro(s,j-1)/viso))*(p(s+1,j)-p(s+1,j-

1))+(dt*T*Bco*(kro(s,j)/viso)*(-2*p(s+1,j)+2*Pwf)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 

     
    Qo(s+1,N)   =   5.615*Bco*k*kro(s,N)*A*(p(s+1,N)-

Pwf)/(viso*(dx/2)); 
    Qg(s+1,N)   =   5.615*Bco*k*krg(s,N)*A*(p(s+1,N)-

Pwf)/(visg*(dx/2)); 
    Cum_inc     =   5.615*Qo(s+1,N)*dt; 
    Cum(s+1)    =   Cum_inc+Cum(s); 
    RF(s+1)     =  (Cum(s+1)*100)/(Vp*N*(1-swi)); 
    Vp_inj(s+1) =   (Qi*dt*s)/(Vp*N); 
end 

  
x=[Vp_inj' RF'] 

  
%--------------------------------------------------------------- 
%   Plotting Section 
%--------------------------------------------------------------- 

  
j=1:N;  
s=1:DU; 
subplot (2,3,1), plot (sg(1:end-1,1), kro(:,1), '-g',sg(1:end-

1,1),krg(:,1), '-r',... 
    sg(1:end-1,1),fg(:,1),'-b'),title('kr & fg for Cell#1'), xlabel 

('Sg'), ylabel ('kr & fg'), grid on; 
subplot (2,3,2), plot (Vp_inj(s),(5.615*Qg(s,N)),'-

r',Vp_inj(s),(5.615*Qo(s,N)),'-g'),... 
    title('Qo & Qg'), xlabel ('CO2 PV Injected'), ylabel ('Production 

Rate (cu.ft/d)'), grid on; 
subplot (2,3,3), plot (j,sg(end,:),'-r'),title('Displacment Front'), 

xlabel ('Number of Grid Cells'),... 
    ylabel ('sg'), grid on; 
subplot (2,3,4), plot (hh(:,1),ff(:,1),'-k'),title('Wettability 

Alteration for Cell#1'), xlabel ('Exposure Time to CO2 (Days)')... 
    , ylabel ('Contact Angle(Radian)'), grid on; 
subplot (2,3,5), plot (s*dt,p(1:end-1,1),'-r'), title('Pressure 

Distribution for Cell #1'), xlabel ('Time (Days)'),... 
    ylabel ('Pressure'), grid on; 
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subplot (2,3,6), plot (j,p(end,:),'-k'), title('Pressure Distribution 

for the Whole System'), xlabel ('Grid Cells'),... 
    ylabel ('Pressure'), grid on; 

  
xlswrite('recovery.xls',x,1,'A2') 
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Appendix C-5: IMPES Displacement Model with Wettability Alteration Feature 

and Gravity Effect 

%--------------------------------------------------------- 
%   ONE DIMENSION TWO INCOMPRESSIBLE PHASE SIMULATOR 
%--------------------------------------------------------- 

  
clear all 
close all 

  
clc 

  
%------------------------------------------------- 
%   INPUT DATA AND VARIABLES DEFINITIONS 
%------------------------------------------------- 

  
poro=0.28;                  % Porosity 
Time=1.300;                 % CO2 Injection Time (day) 
N=50;                       % Grid Cells Number 
L=0.38;                     % Core Length (ft) 
dt=0.0001;                  % Time Increment (day) 
dx = L./N;                  % Space Increment (ft) 
viso=6.70;                  % Oil Viscosity (cp) 
visg=0.02;                  % Gas Viscosity (cp) 
dy=0.112;                   % Width (ft) 
dz=0.112;                   % Height (ft) 
A=dy*dz;                    % Cross Sectional Area (ft^2)  
k=90;                       % Base Permeability (md) 
Vp=(poro*dy*dz*dx);         % Pore Volume (ft^3) 
co=15.0e-6;                 % Oil Compressibility (psi^-1) 
cr=4.0e-6;                  % Rock Compressibility (psi^-1) 
cg=0.002;                   % Gas Compressibility (psi^-1) 
swi=0.12;                   % Initial Water Saturation 
so=0.88;                    % Oil Saturation 
kros=1.00;                  % Oil Relative Permeability @ swi 
sg=0;                       % Gas Saturation 
sori=0.43;                  % Initial Residual oil saturation 
sgi=0.0;                    % initial gas saturation 
no=3;                       % Corey Exponent for Oil Phase 
ng=2;                       % Corey Exponent for Gas Phase 
krgs=0.30;                  % Gas Relative Permeability @ 1-sor 
Bco=1.127e-3;               % Conversion Factor for Oil (to res. bbl) 
Qi = 0.005;                 % Gas Injection Rate (ft^3/day) 
DU=Time/dt;                 % Duration of CO2 injection  
T=(5.615*k*dy*dz)/dx;       % Transmissibility (md.ft) 
Cum=0;                      % Cum oil production (ft^3) 
p = repmat((500),1,N);      % Initialization of pressure (psi) 
Pwf=500;                    % Flowing Bottom Hole Pressure (psi) 
sorf=0.389;                 % Final Residual Oil Saturation 
a=0.35;                     % Coefficient of Contact Angle 
d=-350;                     % Coefficient of Contact Angle 
cc=2.01;                    % Coefficient of Contact Angle 
%mm                         Initial Contact Angle (Radian) 
%ff                         Changeable Contact Angle (Radian) 
%hh                         CO2 Exposure Time (Day) 
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%nt                         Timer 
denso=52.44;                % Oil Density (pound/ft^3) 
densg=5.37;                 % Gas Density (pound/ft^3) 
yy=4.4e-5;                  % Conversion Factor for Gravity Term 

including g 
format long 

  
%-------------------------------------------------------------------- 
%   RELATIVE PERMEABILITY CALCULATION  
%-------------------------------------------------------------------- 

  
for j=1:N 
    so(1,j)=0.88; 
    sg(1,j)=0; 
    son(1,j)=(so(1,j)-sori)/(1-sori-swi); 
    kro(1,j)=kros*(son(1,j))^no; 
    krg(1,j)= krgs*(1-son(1,j))^ng; 
    fg(1,j)= (krg(1,j)/visg)/((kro(1,j)/viso)+(krg(1,j)/visg)); 
    ct(1,j)=sg(1,j)*cg; 
end 

  
for s=1:DU 
    for j=1:N 
        mm(s,j)=2.36; 
        nt(s,j)=0; 
    end 
end 

  
for s=1:DU   

     
    for j=1:N 

     
        if sg(s,j)>0.001 
            nt(s,j)=nt(s-1,j)+1; 
            hh(s,j)=dt*nt(s,j); 
            ff(s,j)=a*exp(d*hh(s,j))+cc; 
            kro(s,j)=kros*((so(s,j)-(0.335*exp(-

0.351*cos(ff(s,j)))))/(1-(0.335*exp(-0.351*cos(ff(s,j))))-swi)).^no; 
            krg(s,j)= krgs*(1-((so(s,j)-(0.335*exp(-

0.351*cos(ff(s,j)))))/(1-(0.335*exp(-0.351*cos(ff(s,j))))-swi))).^ng; 
            fg(s,j)= (krg(s,j)/visg)/((kro(s,j)/viso)+(krg(s,j)/visg)); 
            ct(s,j)=sg(s,j)*cg; 

             
        else  

                 
    kro(s,j)=kros*(son(s,j))^no; 
    krg(s,j)= krgs*(1-son(s,j))^ng; 
    fg(s,j)= (krg(s,j)/visg)/((kro(s,j)/viso)+(krg(s,j)/visg)); 
    ct(s,j)=sg(s,j)*cg; 

     
        end 
    end 
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%---------------------------------------------------------------------- 
%   GAS PRESSURE CALCULATION (IMPLICIT SCHEME) 
%---------------------------------------------------------------------- 
    j=1; 

  
    TR(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 

  
    TRM1(j)=-(TR(j)*dt*T+Vp*ct(s,j)); 
    TRM2(j)=TR(j)*dt*T; 
    TRM4(j)=-(dt*Qi/5.615)-

Vp*ct(s,j)*p(s,j)+(dt*A*yy*(((krg(s,j)*k/visg)*densg)+((kro(s,j)*k/viso

)*denso)))/5.615... 
        -(dt*A*yy*((k/visg)*densg))/5.615; 

  
    for j=2:N-1 

  
        TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
        TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

         
        TRM3(j)=TR2(j)*dt*T; 
        TRM1(j)=-(TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
        TRM2(j)=TR1(j)*dt*T; 
        TRM4(j)=-

Vp*ct(s,j)*p(s,j)+(dt*A*yy*(((krg(s,j)*k/visg)*densg)+((kro(s,j)*k/viso

)*denso)))/5.615... 
        -(dt*A*yy*(((krg(s,j-1)*k/visg)*densg)+((kro(s,j-

1)*k/viso)*denso)))/5.615; 
    end 

  
    j=N; 

  
    TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
    TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

     
    TRM3(j)=TR2(j)*dt*T; 
    TRM1(j)=-(2*TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
    TRM4(j)=-2*TR1(j)*dt*T*Pwf-

Vp*ct(s,j)*p(s,j)+(dt*A*yy*(((krg(s,j)*k/visg)*densg)+((kro(s,j)*k/viso

)*denso)))/5.615... 
        -(dt*A*yy*(((krg(s,j-1)*k/visg)*densg)+((kro(s,j-

1)*k/viso)*denso)))/5.615; 

  
    for i=1:N 
        dd(i,i)=TRM1(i); 
    end 

  
    for i=2:N 
        dd(i,i-1)=TRM3(i); 
    end 

  
    for i=1:N-1 
        dd(i,i+1)=TRM2(i); 
    end 
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dd1=TRM4'; 
    pp=inv(dd)*dd1; 

     

  
    p(s+1,:)=pp'; 

  
%--------------------------------------------------------------- 
%   GAS SATURATION CALCULATION (EXPLICIT SCHEME) 
%--------------------------------------------------------------- 

  
    j=1; 

     
    so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-

p(s,j))+((dt*T*Bco*(kro(s,j)/viso))*(p(s+1,j+1)-p(s+1,j)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
    for j=2:N-1 

         
         so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-

p(s,j))+((dt*T*Bco*(kro(s,j)/viso))*(p(s+1,j+1)-p(s+1,j))... 
             -(dt*T*Bco*(kro(s,j-1)/viso))*(p(s+1,j)-p(s+1,j-

1)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
    end 

  
    j=N; 

  

  
  so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-p(s,j))+(... 
             -(dt*T*Bco*(kro(s,j-1)/viso))*(p(s+1,j)-p(s+1,j-

1))+(dt*T*Bco*(kro(s,j)/viso)*(-2*p(s+1,j)+2*Pwf)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 

     
    Qo(s+1,N)   =   5.615*Bco*k*kro(s,N)*A*(p(s+1,N)-

Pwf)/(viso*(dx/2)); 
    Qg(s+1,N)   =   5.615*Bco*k*krg(s,N)*A*(p(s+1,N)-

Pwf)/(visg*(dx/2)); 
    Cum_inc     =   5.615*Qo(s+1,N)*dt; 
    Cum(s+1)    =   Cum_inc+Cum(s); 
    RF(s+1)     =  (Cum(s+1)*100)/(Vp*N*(1-swi)); 
    Vp_inj(s+1) =   (Qi*dt*s)/(Vp*N); 
end 

  
x=[Vp_inj' RF'] 

  
%--------------------------------------------------------------- 
%   Plotting Section 
%--------------------------------------------------------------- 

  
j=1:N;  
s=1:DU; 
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subplot (2,3,1), plot (sg(1:end-1,1), kro(:,1), '-g',sg(1:end-

1,1),krg(:,1), '-r',... 
    sg(1:end-1,1),fg(:,1),'-b'),title('kr & fg for Cell#1'), xlabel 

('Sg'), ylabel ('kr & fg'), grid on; 
subplot (2,3,2), plot (Vp_inj(s),(5.615*Qg(s,N)),'-

r',Vp_inj(s),(5.615*Qo(s,N)),'-g'),... 
    title('Qo & Qg'), xlabel ('CO2 PV Injected'), ylabel ('Production 

Rate (cu.ft/d)'), grid on; 
subplot (2,3,3), plot (j,sg(end,:),'-r'),title('Displacment Front'), 

xlabel ('Number of Grid Cells'),... 
    ylabel ('sg'), grid on; 
subplot (2,3,4), plot (hh(:,1),ff(:,1),'-k'),title('Wettability 

Alteration for Cell#1'), xlabel ('Exposure Time to CO2 (Days)')... 
    , ylabel ('Contact Angle(Radian)'), grid on; 
subplot (2,3,5), plot (s*dt,p(1:end-1,1),'-r'), title('Pressure 

Distribution for Cell #1'), xlabel ('Time (Days)'),... 
    ylabel ('Pressure'), grid on; 
subplot (2,3,6), plot (j,p(end,:),'-k'), title('Pressure Distribution 

for the Whole System'), xlabel ('Grid Cells'),... 
    ylabel ('Pressure'), grid on; 

  
xlswrite('recovery.xls',x,1,'A2') 
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Appendix C-6: IMPES Displacement Model with Wettability Alteration Feature, 

Solubility and Gravity Effects 

%--------------------------------------------------------- 
%   ONE DIMENSION TWO INCOMPRESSIBLE PHASE SIMULATOR 
%--------------------------------------------------------- 

  
clear all 
close all 

  
clc 

  
%------------------------------------------------- 
%   INPUT DATA AND VARIABLES DEFINITIONS 
%------------------------------------------------- 

  
poro=0.28;                  % Porosity 
Time=1.300;                 % CO2 Injection Time (day) 
N=50;                       % Grid Cells Number 
L=0.38;                     % Core Length (ft) 
dt=0.0001;                  % Time Increment (day) 
dx = L./N;                  % Space Increment (ft) 
viso=6.70;                  % Oil Viscosity (cp) 
visg=0.02;                  % Gas Viscosity (cp) 
dy=0.112;                   % Width (ft) 
dz=0.112;                   % Height (ft) 
A=dy*dz;                    % Cross Sectional Area (ft^2)  
k=90;                       % Base Permeability (md) 
Vp=(poro*dy*dz*dx);         % Pore Volume (ft^3) 
co=15.0e-6;                 % Oil Compressibility (psi^-1) 
cr=4.0e-6;                  % Rock Compressibility (psi^-1) 
cg=0.002;                   % Gas Compressibility (psi^-1) 
swi=0.12;                   % Initial Water Saturation 
so=0.88;                    % Oil Saturation 
kros=1.00;                  % Oil Relative Permeability @ swi 
sg=0;                       % Gas Saturation 
sori=0.43;                  % Initial Residual oil saturation 
sgi=0.0;                    % initial gas saturation 
no=3;                       % Corey Exponent for Oil Phase 
ng=2;                       % Corey Exponent for Gas Phase 
krgs=0.30;                  % Gas Relative Permeability @ 1-sor 
Bco=1.127e-3;               % Conversion Factor for Oil (to res. bbl) 
Qi = 0.005;                 % Gas Injection Rate (ft^3/day) 
DU=Time/dt;                 % Duration of CO2 injection  
T=(5.615*k*dy*dz)/dx;       % Transmissibility (md.ft) 
Cum=0;                      % Cum oil production (ft^3) 
p = repmat((500),1,N);      % Initialization of pressure (psi) 
Pwf=500;                    % Flowing Bottom Hole Pressure (psi) 
sorf=0.389;                 % Final Residual Oil Saturation 
a=0.35;                     % Coefficient of Contact Angle 
d=-350;                     % Coefficient of Contact Angle 
cc=2.01;                    % Coefficient of Contact Angle 
%mm                         Initial Contact Angle (Radian) 
%ff                         Changeable Contact Angle (Radian) 
%hh                         CO2 Exposure Time (Day) 
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%nt                         Timer 
%check                      Checking solubility parameter 
denso=52.44;                % Oil Density (pound/ft^3) 
densg=5.37;                 % Gas Density (pound/ft^3) 
yy=4.4e-5;                  % Conversion Factor for Gravity Term 

including g 
format long 

  

  
%-------------------------------------------------------------------- 
%   RELATIVE PERMEABILITY CALCULATION  
%-------------------------------------------------------------------- 

  
for j=1:N 
    so(1,j)=0.88; 
    sg(1,j)=0; 
    son(1,j)=(so(1,j)-sori)/(1-sori-swi); 
    kro(1,j)=kros*(son(1,j))^no; 
    krg(1,j)= krgs*(1-son(1,j))^ng; 
    fg(1,j)= (krg(1,j)/visg)/((kro(1,j)/viso)+(krg(1,j)/visg)); 
    ct(1,j)=sg(1,j)*cg; 

     
end 

  
for s=1:DU 

     
    for j=1:N 
        mm(s,j) = 2.36; 
        nt(s,j) = 0; 
        check(s,j)= 0; 
    end 

  
end 

  
for s=1:DU   

     
    for j=1:N 

     
        if sg(s,j)>0.05 
            viso=2.1; 

                     
                   if check(s,j) == 0; 
                      so(s,j)=so(s,j)+0.04;  
                      sg(s,j)=sg(s,j)-0.04; 
                      check(s:end,j)=1; 
                   end 

               

             
            nt(s,j)=nt(s-1,j)+1; 
            hh(s,j)=dt*nt(s,j); 
            ff(s,j)=a*exp(d*hh(s,j))+cc; 
            kro(s,j)=kros*((so(s,j)-(0.335*exp(-

0.351*cos(ff(s,j)))))/(1-(0.335*exp(-0.351*cos(ff(s,j))))-swi)).^no; 
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            krg(s,j)= krgs*(1-((so(s,j)-(0.335*exp(-

0.351*cos(ff(s,j)))))/(1-(0.335*exp(-0.351*cos(ff(s,j))))-swi))).^ng; 
            fg(s,j)= (krg(s,j)/visg)/((kro(s,j)/viso)+(krg(s,j)/visg)); 
            ct(s,j)=(1-so(s,j)-swi)*cg; 

             
        else  

                 
    kro(s,j)=kros*(son(s,j))^no; 
    krg(s,j)= krgs*(1-son(s,j))^ng; 
    fg(s,j)= (krg(s,j)/visg)/((kro(s,j)/viso)+(krg(s,j)/visg)); 
    ct(s,j)=(1-so(s,j)-swi)*cg; 

     
        end 
    end 

  
%---------------------------------------------------------------------- 
%   GAS PRESSURE CALCULATION (IMPLICIT SCHEME) 
%---------------------------------------------------------------------- 
    j=1; 

  
    TR(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 

  
    TRM1(j)=-(TR(j)*dt*T+Vp*ct(s,j)); 
    TRM2(j)=TR(j)*dt*T; 
    TRM4(j)=-(dt*Qi/5.615)-

Vp*ct(s,j)*p(s,j)+(dt*A*yy*(((krg(s,j)*k/visg)*densg)+((kro(s,j)*k/viso

)*denso)))/5.615... 
        -(dt*A*yy*((k/visg)*densg))/5.615; 

  
    for j=2:N-1 

  
        TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
        TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

         
        TRM3(j)=TR2(j)*dt*T; 
        TRM1(j)=-(TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
        TRM2(j)=TR1(j)*dt*T; 
        TRM4(j)=-

Vp*ct(s,j)*p(s,j)+(dt*A*yy*(((krg(s,j)*k/visg)*densg)+((kro(s,j)*k/viso

)*denso)))/5.615... 
        -(dt*A*yy*(((krg(s,j-1)*k/visg)*densg)+((kro(s,j-

1)*k/viso)*denso)))/5.615; 
    end 

  
    j=N; 

  
    TR1(j)=Bco*(kro(s,j)/viso)+Bco*(krg(s,j)/visg); 
    TR2(j)=Bco*(kro(s,j-1)/viso)+Bco*(krg(s,j-1)/visg); 

     
    TRM3(j)=TR2(j)*dt*T; 
    TRM1(j)=-(2*TR1(j)*dt*T+TR2(j)*dt*T+Vp*ct(s,j)); 
    TRM4(j)=-2*TR1(j)*dt*T*Pwf-

Vp*ct(s,j)*p(s,j)+(dt*A*yy*(((krg(s,j)*k/visg)*densg)+((kro(s,j)*k/viso

)*denso)))/5.615... 
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        -(dt*A*yy*(((krg(s,j-1)*k/visg)*densg)+((kro(s,j-

1)*k/viso)*denso)))/5.615; 

  
    for i=1:N 
        dd(i,i)=TRM1(i); 
    end 

  
    for i=2:N 
        dd(i,i-1)=TRM3(i); 
    end 

  
    for i=1:N-1 
        dd(i,i+1)=TRM2(i); 
    end 

  
dd1=TRM4'; 
    pp=inv(dd)*dd1; 

     

  
    p(s+1,:)=pp'; 

  
%--------------------------------------------------------------- 
%   GAS SATURATION CALCULATION (EXPLICIT SCHEME) 
%--------------------------------------------------------------- 

  
    j=1; 

     
    so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-

p(s,j))+((dt*T*Bco*(kro(s,j)/viso))*(p(s+1,j+1)-p(s+1,j)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
%     stot(s+1,j)= 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
    for j=2:N-1 

         
         so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-

p(s,j))+((dt*T*Bco*(kro(s,j)/viso))*(p(s+1,j+1)-p(s+1,j))... 
             -(dt*T*Bco*(kro(s,j-1)/viso))*(p(s+1,j)-p(s+1,j-

1)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 
    end 

  
    j=N; 

  

  
  so(s+1,j)=so(s,j)-so(s,j)*(co+cr)*(p(s+1,j)-p(s,j))+(... 
             -(dt*T*Bco*(kro(s,j-1)/viso))*(p(s+1,j)-p(s+1,j-

1))+(dt*T*Bco*(kro(s,j)/viso)*(-2*p(s+1,j)+2*Pwf)))/(Vp/5.615); 
    sg(s+1,j)=1-so(s+1,j)-swi; 
    son(s+1,j)=(so(s+1,j)-sori)/(1-sori-swi); 

     
    Qo(s+1,N)   =   5.615*Bco*k*kro(s,N)*A*(p(s+1,N)-

Pwf)/(viso*(dx/2)); 
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    Qg(s+1,N)   =   5.615*Bco*k*krg(s,N)*A*(p(s+1,N)-

Pwf)/(visg*(dx/2)); 
    Cum_inc     =   5.615*Qo(s+1,N)*dt/1.04; 
    Cum(s+1)    =   Cum_inc+Cum(s); 
    RF(s+1)     =  (Cum(s+1)*100)/(Vp*N*(1-swi)); 
    Vp_inj(s+1) =   (Qi*dt*s)/(Vp*N); 
end 

  
x=[Vp_inj' RF'] 

  
%--------------------------------------------------------------- 
%   Plotting Section 
%--------------------------------------------------------------- 

  
j=1:N;  
s=1:DU; 
subplot (2,3,1), plot (sg(1:end-1,1), kro(:,1), '-g',sg(1:end-

1,1),krg(:,1), '-r',... 
    sg(1:end-1,1),fg(:,1),'-b'),title('kr & fg for Cell#1'), xlabel 

('Sg'), ylabel ('kr & fg'), grid on; 
subplot (2,3,2), plot (Vp_inj(s),(5.615*Qg(s,N)),'-

r',Vp_inj(s),(5.615*Qo(s,N)),'-g'),... 
    title('Qo & Qg'), xlabel ('CO2 PV Injected'), ylabel ('Production 

Rate (cu.ft/d)'), grid on; 
subplot (2,3,3), plot (j,sg(end,:),'-r'),title('Displacment Front'), 

xlabel ('Number of Grid Cells'),... 
    ylabel ('sg'), grid on; 
subplot (2,3,4), plot (hh(:,1),ff(:,1),'-k'),title('Wettability 

Alteration for Cell#1'), xlabel ('Exposure Time to CO2 (Days)')... 
    , ylabel ('Contact Angle(Radian)'), grid on; 
subplot (2,3,5), plot (s*dt,p(1:end-1,1),'-r'), title('Pressure 

Distribution for Cell #1'), xlabel ('Time (Days)'),... 
    ylabel ('Pressure'), grid on; 
subplot (2,3,6), plot (j,p(end,:),'-k'), title('Pressure Distribution 

for the Whole System'), xlabel ('Grid Cells'),... 
    ylabel ('Pressure'), grid on; 

  
xlswrite('recovery.xls',x,1,'A2') 
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