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Abstract

Carbon dioxide (CO>) injection in oil reservoirs is a potential means of Enhanced Oil Recovery (EOR)
and reducing greenhouse gas. Change in the thermodynamic condition and composition due to the CO>
injection process may trigger the asphaltene precipitation and deposition which directly affects the
efficiency of the EOR process. Predicting the possibility of the asphaltene issue under different operating
conditions can help the oil industry for better process design, handle the potential operational problems
and estimate the production cost. In spite of, the existence of different modeling approaches based on
conventional numerical methods, the lack of a flexible and more comprehensive modeling approach is
inevitable. The new and advanced numerical method, called the Lattice Boltzmann Method (LBM)
covers the limitations of the conventional numerical methods in dealing with complex boundary
conditions and incorporating the microscopic interactions. This study is aiming at the modeling of the
Asphaltene deposition, and it’s effect on the fluid flow in porous media during an immiscible injection
of CO2 with applying the LBM as the main simulator engine that gets fed by the given phase behavior to
take the asphaltene deposition into account as well. Porosity and CO- injection velocity are the changing
factors in this study. Applying the same condition on two mediums, it has been seen that the recovery
factor is 22.5% higher and deposited asphaltene is 2.56% lower in a more porous medium that is
attributed to uniform pore size distribution and higher absolute permeability of the more porous case.
Furthermore, the fingering phenomena seem to be high in a less porous medium which causes an early
breakthrough. Studies on the CO: injection velocity effect showed that by increasing CO. injection
velocity by 2 times and 3 times, the recovery factor increases 4% and decreases 6%, respectively. A

decrease in recovery factor is attributed to the asphaltene deposition at which the deposited asphaltene is

two times higher at injection velocity of 3 % in compare to injection velocity of 2 % Furthermore, it is

seen that the asphaltene deposition is highly potential in the near-surface area of the grain domain due to
the higher number of the flash calculations in that area, particularly when the injection velocity increases.
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Chapter 1: Introduction

1.1. Research Motivation

Asphaltene is the heaviest, most aromatic and polar fraction of the oil with a complex structure known
as the most troublesome component of crude oil, Asphaltene precipitation and deposition on the surfaces
of reservoir rock pores, near-wellbore area, and whole pipelines and surface facilities are inevitable issues
that fall in to place during natural pressure depletion and CO: injection. Asphaltene causes huge and
severe problems both for upstream and downstream areas that can considerably reduce process
efficiency. In the upstream zone, the asphaltene phenomena cause porosity and permeability reduction,
wettability alteration and oil viscosity reduction. Subsequently, the crude oil rheology changes. On the
other hand, the downstream equipment including pipelines, heat exchangers, separators and storage tanks
are affected by the presence of asphaltene, which reduces the well deliverability and makes the flow
thicken and more intricate. Therefore, a mathematical predictive tool that can evaluate “When” and

“How” does the asphaltene phenomena becomes a serious problem is required.

In this research, instead of conventional numerical methods, a Lattice Boltzmann Method (LBM) which
can handle heterogeneous porous medium with complex boundaries is used. Due to the parallelable skills
of LBM, different modules for the main simulator engine are defined which increased the possibility of

the model convergence.
1.2. Objectives

In this study, it is aimed to develop a mathematical model to simulate asphaltene deposition in porous
media during immiscible COz injection using LBM.

The followings are the main objectives of this study:

e Provide a comprehensive understanding of CO2/Oil/Asphaltene (COA) systems in porous media
e Model a fluid flow through porous media using LBM

e Assess the effect of asphaltene deposition on the permeability reduction
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e Assess the effect of CO- injection velocity on the asphaltene deposition, relative permeability
reduction, and the recovery factor

e Assess the effect of porous medium properties (porosity and pore size distribution) on the
asphaltene deposition, relative permeability and recovery factor

e Assess the parallelable property of the LBM and it’s the capability in handling the complex
physics

1.3. Thesis Structure
This study includes five chapters:

e Chapter 1 provides an overview of the topic along with research motivations and objectives

e Chapter 2 provides a comprehensive review of COA systems including COA flow properties,
asphaltene phenomena during COz injection, multiphase flow characterization of COA systems,
experimental studies on COA system and modeling studies on COA systems

e Chapter 3 presents a methodology of this study which includes pattern generator and properties,
fluid properties, LBM module, thermodynamic module and the deposition module

e Chapter 4 provides the results of this study by considering the CO: injection velocity and
porous medium properties as changing factors and their effect on asphaltene deposition,
permeability variation and the recovery factor

e Chapter 5 provides a brief review on the important conclusions of the thesis

After the mentioned chapters, the references are provided.



Chapter 2: Comprehensive

Review of COA Systems

2.1. Introduction

There are three main steps in the oil industry; production, processing, and transportation. At each step,
asphaltene deposition is a major concern. Thus, understanding the asphaltene and its behavior under
different thermodynamic and physical conditions help the oil industry to avoid the considerable cost

associated with this issue due to production loss and remediation methods.

Asphaltene is the heaviest and the most polarizable fraction of the oil which can cause severe problems
when it becomes unstable. The instability of the asphaltene is referred to the different processes such as
natural pressure depletion, solvent injection and gas injection but the asphaltene issue becomes more

destructive and considerable during CO: injection process [1,17].

Depending on the Minimum Miscibility Pressure (MMP) and CO: injection pressure values, the CO>
flooding process can be categorized into two miscible and immiscible CO; injections. When the CO-
injection pressure is less than the MMP, the injection is called immiscible which is mostly applicable to
the heavy crude oils. On the other hand, When the CO: injection pressure is more than the MMP value,
the injection is called miscible which is more efficient and applicable for light and medium crude oils.
In miscible CO: injection, when CO; contacts the oil, a complete dissolution of CO: in oil takes place
that leads to oil composition change, oil swelling, oil viscosity reduction, and oil density increase.
Consequently, the mutual dissolution process causes light hydrocarbon vaporization from oil and forms
COgz-rich and COg2-lean phases. As a result, the solubility parameter of the oil’s heavy components
changes which leads to asphaltene instability and finally asphaltene-phase formation. On the other hand,
in the immiscible scenario when the CO, contacts the oil, viscosity reduction, oil swelling, and the
interfacial tension reduction happen which lower the drag forces in the medium and push the residual oil

towards the producing well. In contrary to the miscible process, the mass transfer is negligible in this
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process, instead, the viscous forces and capillary pressure are dominant. In the immiscible process, the
high capillary pressure and variations in the thermodynamic condition of the system cause a reduction in
the solubility parameter of the asphaltene in oil which ends with asphaltene precipitation and deposition
[4-6].

Upstream and downstream zones can be affected by the asphaltene problem. Plugging pipelines for
downstream and permeability impairment, wettability alteration, oil viscosity reduction and water-in-oil
emulsion formation for upstream are technical problems caused by asphaltene deposition [55].
Asphaltene deposition and its remediation strategies in flowlines are widely studied both experimentally
and using modeling approaches [55]. Unlike the pipelines, for a reservoir, although there is a number of
investigations about asphaltene deposition, the problem is much less sensible due to a lack of reliable
experimental approaches and modeling techniques with too many adjustable parameters that lower the
credibility[93].

Experimental studies on CO./Qil/Asphaltene (COA) systems can be categorized into two sub-groups of
precipitation experiment and deposition experiment. Precipitation experiment deals with assessing the
effect of temperature, pressure, and precipitant (CO2) concentration on precipitation step [51,94-96].
Deposition experiments for pipelines are usually conducted using capillary tubes or Taylor-Couette cells.
On the other hand, for porous media, microfluidics devices, and core-flooding experiments are utilized.
Deposition experiments evaluate the damage formation caused by the asphaltene deposition
[40,43,48,59,82,99,101-105]. In addition to these two major types of experiments, there are some studies
based on devices such as FTIR, NMR, SDS,.. which analyze and compare the chemical structure and
morphology of the asphaltene induced by miscible CO: injection, immiscible COz injection and n-alkane
addition [83,85,108].

The modeling investigations on the COA system in porous media are classified into two groups of studies
based on advanced software (Eclipse, CMG, ..) [70,100,106,142] or developed computer programs
[44,69,99,101,107]. The literature review of modeling approaches for the COA system in porous media
indicates that the model’s structure is build up from three main steps. The first step is selecting a
mathematical solver to solve the fluid transport equation to find the velocity and density profiles of the
system. Mathematical solvers include continuum approaches such as Finite Element Method (FEM),
Finite Volume Method (FVM) and Finite Difference Method (FDM) and probabilistic methods such as
Lattice Boltzmann Method (LBM). COA system is a complicated system due to three reasons: Firstly,
the occurrence of phenomena such as asphaltene precipitation and deposition, interphase
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diffusion/solution, swelling, coalescence and gas phase dissolution; Secondly, the intricacy of pore
structures, which leads to complex boundary conditions; Finally, the evolution of porous media during
operation [7-9] so accurate and stable solver due to a long time of simulation is required. The bold
advantage of LBM over conventional numerical methods is its capability in dealing with complicated
boundary conditions. The second step is introducing the asphaltene precipitation model to find the phase
behavior and evaluate the thermodynamic aspect of the COA system. Asphaltene precipitation models
are divided into two capital groups of Colloidal and Solubility models. The colloidal approach is
originated in collide theory and considers the asphaltene as a suspended solid particle which is stabilized
with the aid of resins. Colloidal models consider the asphaltene precipitation as an irreversible process.
On the other hand, the solubility model is based on considering the system in a real solution mode. When
the solubility comes under a threshold value, the asphaltene precipitation happens either in Solid-Liquid
Equilibrium (SLE) state or in Liquid-Liquid Equilibrium (LLE) condition. The solubility model is
divided into two subdivisions of solution theory and equation of state (EOS) models. Solution theory
models are based on Regular solution theory, Flory-Huggins theory, and Scott Magat theory. On the
other hand, the EOS models involve the Solid model, Cubic Equation Of State (CEOS), Perturbed Chain
Association Fluid Theory Equation Of State (PCSAFT-EOS) and Cubic Pluss Association Equation Of
State (CPA-EOS). Studies show that CPA-EOS, PCSAFT-EQS, and Peng-Robinson Equation Of State
(PR-EOS) are the best candidates for presenting the precipitation step in COA systems
[44,69,99,101,107]. The third step is dealing with the deposition stage. Technically there are five
mechanisms for asphaltene deposition in porous media which are adsorption, surface deposition,
entrainment, pore-throat plugging, and pore-throat opening. Depending on the number of considered
deposition mechanisms in a model, the number of adjustable parameters varies. Models developed by
Nghiem [129], Leontaritis [55], Kord et al [37], Behbahani [83] and Ali and Islam [71] have 3,4,6,10 and
16 adjustable parameters respectively. But the well-known model with a reasonable number of adjustable

parameters is Deep Bed Filtration (DBF) model which is introduced by Wang and Civan [90].

Assessing the risk of asphaltene precipitation in a way whether it is a real problem or not can be made
by advanced models that can treat the complex fluid dynamics like the one that occurs in a real porous
medium. In this research, the Lattice Boltzmann Method (LBM) is utilized to find the effect of pore
properties and CO: injection velocity on the fluid flow and formation damage due to asphaltene
deposition during the immiscible CO- injection process.



2.2. Multiphase flow properties of COA systems

2.2.1. Chemical Structure

Crude oil components are divided into two groups: Ce- and Ces+. Cs- group consists of light hydrocarbons
with an atom number less than six, which are straight-chain normal alkanes (n-alkanes) and their
branched isomers (i-alkanes). The Ce+ group can be subdivided into four main constituents, which are
saturates, aromatics, resins and asphaltene (known as SARA components). The chemical structure of
saturates is mainly formed of nonpolar hydrocarbons along with aliphatic cyclic paraffins. Aromatic rings
connected to aliphatic chains make the Aromatics chemical formation [16]. Between these four heavy
components of crude oil, resins have the second heaviest molecular weight. The shape of the resins range
from heavy liquids to sticky solids and are formed by polar polycyclic aromatic rings which make the
resin relatively volatile and soluble in oil [16,17]. Finally, the heaviest component of the crude oil,
Asphaltene, is a dark black substance which is non-volatile and soluble in aromatic solvents but insoluble
in light n-alkanes solvents [18]. Many researchers have noticed the structural complexity of asphaltene.
Generally, its basic structure is formed by carbon, hydrogen, oxygen, nitrogen, sulfur and small amounts
of metals. Table 2-1 represents the typical elemental composition for heavy crude oils [17]. Different
ways of linking these atoms in asphaltene lead to the presence of various heteroatom functional groups
such as amine, amide, pyridine, pyrrole, phenol, carboxyl, ketone, benzothiophene, thiophene and
porphyrin groups. Several chemical structure models such as Island, Archipelago, Continental, Mullins-
Yen, etc. have been proposed for asphaltene [2]. The two well-known asphaltene structures are Island

and Archipelago which are presented in Figure 2-1.

Figure 2- 1: Asphaltene chemical structure: “Island” (A),” Archipelago” (B) [19].



Table 2- 1: Typical elemental composition for heavy crude oils [17]

Fraction i Carbon Hydrogen Nitrogen Sulfur
Asphaltene 14.1 83.8 7.5 1.3 1.7 4.8
Resin 37.3 82.8 8.9 1.5 2.0 4.3
Aromatic 37.2 84.3 10.0 <0.3 1.1 4.0
Saturates 11.4 86.6 13.0 <0.3 <0.2 <0.1
2.2.2 Density

It is proven that, the heavier the crude oil, the more asphaltene content in the sample. Heavier oil is less
prone to asphaltene precipitation due to the higher solubility parameter of the asphaltene in heavy oils.
On the other hand, despite the low content of asphaltene in light and medium oils, they are the best
candidates for asphaltene issues [15]. Using Oil density and API gravity, crude oil can be categorized

into four different groups as presented in Table 2-2 [20].

Table 2- 2: Oil Classification based on density and API gravity [20]

o]] Density Kg API Gravity (°)
m3
Light po <870 API > 31.1
Medium 870 < p, <920 22.3 < API < 31.1
Heavy 920 < p, < 1000 10 < APl < 22.3
Extra Heavy p, > 1000 API <10

In addition to the oil density, the asphaltene density is a key parameter for evaluating the asphaltene
nature. It is proven that the direct measurement of asphaltene density is infeasible, so the only technique
is calculating the asphaltene density in solution. Yarranton and Masliyah [21] used an Anton Paar device
to measure the asphaltene density experimentally. Barrera et al [22], measured asphaltene density in
toluene by varying the solution ratio and dividing the asphaltene into light (soluble) and heavy (insoluble)
cuts. Regular and excess volume mixing rules are utilized. In regular mixing rule, the density of the
mixture of asphaltene and toluene can be calculated using the following equation:

1 —E_FWT

Pmix Pa Pr
Where ppix: Pa, Pr, W4 and wy are mixture density, asphaltene density, toluene density, the mass fraction

(1

1

of the asphaltene and mass fraction of the toluene respectively. Now plotting versus w,, the asphaltene

Pmix

density can be evaluated using the slope and intercept of the plot as follows:



1
~ Slope + Intercept

(2)

The results for the density of the lightest and heaviest cuts of asphaltene using regular mixing rule were

Pa

1078.4 and 1189.6 (%) respectively. On the other hand, Barrera et al used a different approach, the so-

called excess volume mixing rule by considering the binary interaction term for density calculation:

1 _WA+WT <1+1>ﬁ 3)
Pmix  Pa  Pr 12

Where f,, is the asphaltene and solvent binary interaction parameter which is assumed 0.015 for the

calculation. The results of lightest and heaviest cuts of asphaltene using excess volume mixing rule were
1044.1 and 1150.4 (%), respectively. A difference of approximately 3% is detected between the results

of regular and excess volume mixing rule. They concluded that the lower the asphaltene mass fraction in
the solution, the lesser the difference between two mixing rule approaches [22]. There were some studies
based on molecular dynamics simulation conducted by Diallo et al [13] and Rogel and Carbognani [14]
which found that the asphaltene density correlates well with the H/C ratio of asphaltene. Rogeland and

Carbognani developed the equation for this relationship as follows:

H
pa = 1.3447 = —0.539% (4)
2.2.3. Molecular Weight

Crude oil is a mixture of various hydrocarbons and chemical compounds with different molecular
weights. Each compound or hydrocarbon plays a role in the mixture’s molecular weight based on their
fraction. There are three well-known methods of determining the oil molecular weight of a mixture which
is a mole, mass, and In averaging [23].

The largest molecular weight between the crude oil components belongs to the asphaltene. The fraction
of asphaltene varies from one crude oil to another. Several experiments have been performed to find the
molecular weight, but no limited range is reported. This instability in results comes from two causes,
asphaltene polydispersity in composition and the different aggregation degree of asphaltene. Unlike the
other oil components, asphaltenes have an affinity to aggregate because of pressure, temperature and oil
composition variation. Furthermore, the degree of aggregation depends on the type of utilized solvent for
characterization [18]. Early research by Waller et al. showed a range of 500-1200 g/mole for asphaltene

molecular weight. Speight and Plancher et al. utilized polar solvents for asphaltene dissolution to find



the asphaltene molecular weight using vapor pressure osmometry with results showing a value around

2000 ﬁ [16]. The same procedure with odichlorobenzene solvent is used by Wiehe et al. Results were

considerably different and showed 500 and 4000 %. Mullins et al. used mass spectral techniques and
determined the molecular weight of 750 gr/mole [24]. Yarranton used VPO and SAXS techniques and
reported 850 g/mole and 8000 gr/mole, respectively [1].

2.2.4. Viscosity

Oil viscosity directly impacts the recovery and productivity of the reservoir, since it is a controller
parameter of the oil’s rheology and mobility [25]. Oil viscosity is a function of oil composition,
temperature, dissolved gas, and pressure. The lesser the API gravity, the higher the oil viscosity due to
the higher density. As pressure declines, the oil viscosity decreases and reaches a minimum at the bubble
point pressure. A further decline in pressure leads to an increase in the oil viscosity due to gas liberation
and oil shrinkage. Increase in temperature decreases the oil viscosity and eases fluid flow. Heavy oils
have viscosities ranging from a couple of hundred to tens of millions of centipoises under store conditions
[16]. Thus, as the viscosity of crude oil increases, the need for employing external forces, heat or diluents
for moving the fluid from pores toward wellbore and pipelines increases.

There is a bold difference between the dead oil and live oil which is the presence of dissolved gas in live
oils. This distinction is a starting point to divide the oil viscosity correlations into three groups of below
bubble point, at bubble point and above bubble point oil viscosity models.

Ikiensikimama and Ogboja [26] assessed the most well-known viscosity correlations published before
2009. The evaluation encompassed the models of dead oil viscosity, viscosity at the bubble point and
unsaturated oil viscosities. This comparison has been made on the data obtained from Niger Delta crude.
They used different statistical parameters such as percent mean absolute relative error which indicates

the percent of absolute relative deviation from experimental data as follows:

1 n
E, == E; 5
=y (5)
X, —X
E; = <—e’“” ”Ted) % 100 (6)
Xexp

Where E,, Ej, Xexp, Xprea @and n is the percent of absolute relative deviation from experimental data,
relative deviation of predicted value from experimental data, experimental value, predicted value and
number of data, respectively. Results of this comparison study revealed that:

e Beal’s [27] correlation (Ea=6.7291) is the best for unsaturated oil viscosity
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e Beggs and Robinson’s [28] (Ea=24.4174) correlation is the best for bubble point oil viscosity

e Labedi’s correlation [29] (Ea=31.2628) is the best for dead oil viscosity
When asphaltene precipitation takes place, the viscosity of the oil increases, on the other hand when
asphaltene deposition happens, the asphaltene particles completely separate from the oil which makes
the oil lighter and a viscosity reduction happens. Generally, in the asphaltene-contained system the
viscosity change can be modeled using two following equations [30]:

v" Generalized Einestien Model:

£ —1+ac, %
Ho
v Krieger and Dougherty Model:
—&Cpo
U Cp )
—=|1-C,— 8
Uo ( P Cpo ®)

Where p=oil viscosity after precipitation, u,=initial oil viscosity, a=2.5 (default value), C,,= Volume
concentration of precipitate, C,,=volume concentration for maximum packing (0.65 for spheres

packing), &=intrinsic viscosity (2.5 for spherical colloids).

2.2.5. Solubility Parameter

Solubility parameter can be easily defined as a degree of solubility which at first applied for liquid state
substances and originated in the findings of Hildebrand et al [31]. This parameter acts as an indicator of
the molecular interaction to evaluate the cohesive and adhesive properties of materials. Liquid solubility
parameter can be calculated easily using vaporization energy and liquid molar volume and expresses the
amount of required energy to evaporate one unit of liquid volume as follow:

- ()

Where AVE defined as a cohesive energy density. Further works of Hildebrand et al. led to important result

for nonpolar liquids, where the equality of internal pressure and cohesive energy density is suggested,
which made the calculations of the solubility parameter of liquids and gases easy with the aid of Equation
Of State (EOS) models [32,33]:

=), 72,7 o

Where Z—i is internal pressure, and pressure profile can be studied by different EOS’s [34].
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It has been reported that the solubility parameter of crude oils encompasses the range of 16 to 21 MPa®>,
Nowadays, the applicability range of the solubility parameter is extended to supercritical fluids like CO>
and solids such as asphaltene. For supercritical fluids, the concept of “internal energy isothermally
expanded to zero pressure” is used instead of vaporization energy. The Allada equations at different
thermodynamic conditions are the best reference for CO. solubility parameter estimation [35]. As
mentioned above, the base and reference concept of the solubility parameter belongs to liquids; therefore,
calculating the solubility parameter of solids is not straightforward and needs to consider the substance
as a hypothetical liquid at which it is cooled below its melting point. Due to the complexity of the
asphaltene solubility parameter calculations, different techniques such as Heithaus titration, dilution
experiments, molecular modeling, and IR-NIR analysis are developed. Different studies showed the
range of 19 to 21 MPa’? for the asphaltene solubility parameter and it has been proven that the origin of
asphaltene either coal, petroleum or shale does not have a considerable effect on solubility parameter
value [34]. The temperature effect on the solubility parameter of the asphaltene has been detected by
Hirschberg et al [36]. It has been reported that by increasing the temperature, the solubility of oil
decreases that in turn, the oil can not keep the particles in the suspension. Leontaritis and Mansoori [10]
studied the pressure effect on asphaltene solubility parameter and reached to the statement that the
pressure keeps the dissolved gas and light hydrocarbons in the solution, moreover keep the temperature
constant, so by pressure depletion, the gas expansion happens, and the temperature decreases and

asphaltene precipitate.

2.3. Asphaltene phenomena during CO; injection in porous media

CO:z is a greenhouse gas with a molecular weight of 44 g/mole which is solid at low temperatures and
pressures and in a gas phase at pressures and temperatures above the critical point (reservoir condition).
The last decade in EOR history is mostly devoted to CO> injection due to its high efficiency and reduction
in emissions of greenhouse gas [37]. The first step in experimental and modeling projects of CO>
injection is determining the Minimum Miscibility Pressure (MMP). This value indicates the miscibility
condition of the CO/Qil system, also helps to appoint the CO; injection pressure. Based on the MMP
value, the CO- injection can be categorized into two types of immiscible and miscible injections. When
the CO: injection pressure is less than the MMP, the injection is called immiscible which is mostly
applied for the heavy crude oils. On the other hand, When the CO: injection pressure is more than the
MMP value, the injection is called miscible which is more efficient and applicable for light and medium
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crude oils [5,6,38]. It is proven that to perform the miscible CO. injection, the depth of the reservoir and
the oil API gravity should be greater than 800 m and°27, respectively [38,39].

In the miscible scenario when CO> contacts the oil, complete dissolution of CO: in oil takes place that
leads to oil composition change, oil swelling, oil viscosity reduction and increases in oil density. This
miscible injection which is an example of a high mass transfer process causes light hydrocarbons
vaporization from the oil and dissolution in CO2 and forms the CO»-rich phase, on the other hand, the
remained heavier hydrocarbons make the CO»-lean phase. This mutual dissolution process causes a
change in the solubility parameter of the oil heavy components that end with equilibrium disturbance at
which a large number of CO2 molecules occupy the surfaces of asphaltene molecules and decreases the
asphaltene stabilizer concentration and prevent from micelle formation. As a result, asphaltene instability
occurs and the third solid phase which is asphaltene-phase is formed. With time evolution, the asphaltene
particles precipitate, aggregate and finally deposit [4-6].

In the immiscible scenario when the CO contacts the oil, viscosity reduction, oil swelling, and the
interfacial tension reduction happen which lower the drag forces in the medium and push the residual oil
towards the producing well. In contrary to the miscible process, the mass transfer is negligible in this
process, instead, the viscous forces and capillary pressure are dominant. In the immiscible process, the
high capillary pressure and variations in the thermodynamic condition of the system cause a reduction in
the solubility parameter of the asphaltene in oil which ends with asphaltene precipitation and deposition
[4,5]. The schematic of the asphaltene precipitation/aggregation process during CO: injection is

presented in figure 2-2.

Il  Asphaltene
Resin
O ®
[0 Aromatics
B Co:

Figure 2- 2: Schematic of asphaltene precipitation/aggregation process during CO2 injection

Asphaltene phenomena involve three steps which are asphaltene precipitation, flocculation, and
deposition. These three steps of asphaltene problems are different but connected concepts. The asphaltene
precipitation takes place prior to other phenomena and is defined as a process which little amount of
micron size asphaltene particles suspend but not dissolve in a liquid phase and can be shown as a
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separated solid phase. Several factors such as temperature, pressure and crude oil composition affect the
asphaltene precipitation initiation. In the next step, the asphaltene particles start to aggregate and become
bigger particles called flocs with the size of hundred microns which are still in a suspended form. Finally,
by increasing the molecular weight of aggregates and flocs, they fall, stick and attach to the different
surfaces which are considered as a deposition step. The system starts to get damaged by asphaltene
deposition. Asphaltene size, surface type, surface-asphaltene interactions, and flow rate are determinative
elements in asphaltene deposition [2,40,41]. Several studies have been published about asphaltene
deposition during CO> injection. Gholoum et al, [42] compared the severity of the asphaltene deposition
during COz injection and n-alkane addition. Results revealed that CO2 has the lowest asphaltene onset
pressure which makes it the most effective precipitant. Another comparison is made by Monger and Fu
[42] which states that asphaltene deposition during CO: injection is more extensive and less abrupt in
comparison with n-alkane addition. Srivastava and Huang [43] named CO; concentration and pore
topography as the most important factors in asphaltene deposition during CO: injection. Gonzalez et al,
[44] expressed a different vision on COA system and defined two reverse roles of asphaltene precipitant

or inhibitor for CO depending on temperature and pressure.

2.3.1 Important factors in asphaltene precipitation

Asphaltene precipitation is the first step of asphaltene phenomena and it is generally affected by four
parameters as follows:

e Pressure: At pressures above bubble point, with increasing pressure, the solubility parameter of
the asphaltene in oil increases which lead to less asphaltene precipitation, on the other hand, at
pressures below the bubble point, with decreasing pressure, the light hydrocarbons are extracted
which lead to increase in asphaltene solubility parameter and decrease in asphaltene precipitation.
It is proven that, the maximum amount of asphaltene precipitation occurs at and around bubble
point pressure [45].

e Temperature: There is a number of contradicting statements about temperature effect on
asphaltene precipitation. When the experiment temperature is less than reservoir temperature,
increasing temperature leads to an increase in asphaltene solubility which in turn, asphaltene
precipitation decreases. On the other hand, at temperatures above reservoir temperature,
asphaltene solubility parameter decreases with an increase in temperature [46-49]. It is also stated
that, at higher temperatures, the oil viscosity decreases which leads to higher diffusivity of

asphaltene particles and faster aggregation, also the light hydrocarbons come out of the solution
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and make the oil poor solvent for the asphaltene. It is noted that the temperature effect on
asphaltene precipitation of light oils is more severe than heavy crudes and at the earlier stages of
the precipitation, the viscosity variation is more important than solubility changes [50]. So, when
considering the temperature effect, a number of side elements should be considered to make a
final statement.

Oil Composition: This factor involves several subfactors such as the amount of dissolved gas,
asphaltene content, resin content, saturates content and aromatic content. With increasing the
amount of dissolved gas in oil, the asphaltene solubility parameter decreases which leads to more
asphaltene precipitation. In fact, the higher the GOR, the higher the asphaltene precipitation.

Asphaltene content

Additionally, with an increase in the ratio of

Py —— the number of peptizing agents

decreases that ends with asphaltene instability and precipitation [45]. Furthermore, the asphaltene
is stable in oil if it contains high hydrogen content and low aromaticity. Oil composition may
experience changes due to CO- injection at which the light hydrocarbons extract from the oil and
cause a decrease in asphaltene solubility.

CO2 Concentration: In CO> flooding systems, the mass fraction of CO: is one of the substantial
elements at which when the CO> concentration increases and reaches the critical value, a large
number of small molecular size CO; reside at the asphaltene surface (presented at figure 2-2). In
this case the concentration of resins decreases which leads to asphaltene instability and
precipitation [6,51].

Besides these factors, Zekri et al [52] conducted an experiment on heavy oils and considered flow rate

as another key factor in asphaltene phenomena. They showed that by reducing the flow rate, the formation

damage caused by asphaltene may decrease. Table 2-3 presents a summary of studies on COA systems

categorized by different factors.

Table 2- 3: Overview of the modeling studies on CAO systems categorized by different factors effect

Factor Modeling Studies Highlights of studies
Temperature Gonzalez et al*, o Lightoils: increase in T leads to an increase in AP

e  Heavy oils: increase in T leads to a decrease in AP

e Increase in T leads to a decrease in AOP

e  When T increases, Psep, and Ponset increases slightly

e  When T increases, Pesp, Pmmp, Prom increase
drastically

e When Pinjection™> Pmmp, the higher T, leads to higher
RF

e To avoid asphaltene precipitation, Secure
temperature range: 50°C<T< 100°C

effect Zendehboudi et al*,
Zanganeh et al®®

Pressure effect Sanchez & Repsol7°, e  Highest asphaltene deposition occurs at pressures
Gonzalez et al*, Lei et al'”’, near and above Py
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Al-Qasim'®, Zendehboudi e At P>Py, increasing pressure leads to a decrease in

et al*°, Khamehchi et al®, asphaltene deposition

Zanganeh et al% e At P<Py, the effect of pressure is not significant

e the oil recovery and permeability reduction increases

with an increase in injection pressure which is
attributed to the CO2 viscosity and solubility
enhancement, reduction in the equilibrium IFT of
the light oil-COz2 system and asphaltene deposition

° PBBP< Ponset< Pextraction< PMMP< Prcm

e AtP <MMP, the immiscible CO: flooding happens
and the main reason for permeability reduction is
gas trapping in the pores

e AtP>MMP, the miscible CO: flooding happens and
the main reason for permeability reduction is
asphaltene precipitation and deposition

e asphaltene precipitation at lower pressures are
reversible

e asphaltene precipitation at higher pressures are
immediate, more severe and irreversible

CO2 Vafaei & Dehghani®®, e Increasing CO; concentration leads to an increase in
concentration ~ Gonzalez et al*, Lei et al'”, asphaltene deposition
effect Zendehboudi et al“° e Lightoils (P>Pp): increase in CO2 mole% leads to a

decrease in AP

Zanganeh et al®®, Nasrabadi e  Lightoils (P<Pp): increase in CO2 mole% leads to an
et al® increase in AP
e Heavy oils (P>Py): increase in CO2 mole% leads to
an increase in AP
e  Heavy oils (P<Py): increase in CO2 mole% leads to
a decrease in AP
e To avoid asphaltene precipitation, Secure CO2 mass
fraction: <35%
CO; injection Behbahani et al® e AP has a straight relationship with CO2 flow rate,
rate effect the lower the rate the higher COz2 solubility and
lower AP
e Increase in COz2 injection flow rate leads to an
increase in recovery factor, pressure drop and
permeability reduction
e  Mechanical plugging has more contribution in
comparison with adsorption to permeability
reduction.
Pore - e Pore topography plays a key role in asphaltene
topography precipitation/deposition
and rock e The _bi_gggr the grain size, the higher the asphaltene
. precipitation
properties
effect

2.3.2 Asphaltene Precipitation Mechanisms

In this section, technical aspects and reasons for asphaltene phenomena are elaborated which can be
categorized in a sequence as follows [53]:

e Polydispersity (Solubility) Effect: A polydisperse oil is stable when the ratio of polar/nonpolar

molecules is in balance, so any variation in temperature, pressure and oil composition affects this
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equilibrium and destabilizes the oil. The result of the polydispersity effect is Asphaltene-phase
formation.

Steric Colloidal Effect: This term is connected to the self-association tendency of asphaltene at
which the separated asphaltene particles fluctuate and form collides. These formed steric collides
are stable with the aid of peptizing agents on their surface such as resins. Enough resins on the
surface of asphaltenes make it stable, but the migration of peptizing agents into the oil phase leads
to an increase in surface energy and makes the asphaltene to precipitate.

Aggregation Effect: Concentration of peptizing agents play an important role in this step.
Aggregation is a result of a continuous decrease in the peptizing agent concentration that makes
the asphaltene to be full of free active sites which leads to irreversible aggregation of asphaltene
particles.

Electrokinetic Effect: This term causes a collide deposition which is due to the movement of
charged colloidal particles that make an electrical potential difference through the porous media.
This difference cause instability in asphaltene micelles and highly depend on the fluid velocity.
The electro-kinetic effect is the highest in the near-wellbore regions due to higher fluid velocity
in this area [54].

2.3.3. Formation Damage Caused by Asphaltene phenomena

The displacement process in CO> injection is determined by the medium properties such as porosity,

permeability, and heterogeneity, the fluid properties such as oil composition and viscosity, also the

thermodynamic condition of the system such as pressure and temperature. When asphaltene precipitates

and deposits as a result of CO> injection, both rock, and fluid properties are affected in a way that leads

to a decrease in process efficiency and increases in production cost. Leontaritis et al [55] categorized the

formation damage caused by asphaltene deposition into four forms:

Permeability impairment
Wettability alteration
Oil viscosity reduction

Water in oil emulsion formation

Permeability reduction is the dominant form of the formation damage which directly affects the recovery

factor. When asphaltene deposits on the rock as a result of CO; injection, it plugs the pores and reduce

permeability which is visualized in figure 2-3.
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Figure 2- 3: Permeability reduction due to
asphaltene deposition during CO> injection

In the water-wet pores, the water covers the rock surface and forms a film on it, when asphaltene
deposition happens, heavy and positive charge asphaltene particles penetrate through the water film and
interact with negative charge mineral particles which in turn, the asphaltene resides at the rock surface
and changes the rock wettability. Wettability alteration from water-wet to oil-wet or mixed-wet due to
asphaltene adsorption mechanism can affect the capillary pressure, relative permeabilities, irreducible
water saturation, residual oil saturation and dispersion [56,57]. After the CO. flooding process, the
surfaces with asphaltene will be yellow and the surfaces without asphaltene will be colorless. The yellow
surface is a representative of oil-wet regions which shows the oil film that did not remove by CO;
injection [58]. Simply speaking, When the wettability alteration takes place, the oil-grain interaction
increases and the oil covers the rock surface which makes it harder to push out of the pore and reduces
the sweep efficiency. On the other hand, the wettability alteration can be beneficial for the waterflood or
WAG processes as it increases the chance of Solvent-Oil contact and decreases the residual oil saturation
[25,59]. Besides, despite the relative permeability reduction, Kamath et al accredited the sweep efficiency
enhancement in some cases due to the adsorption process because of the relative permeability curve
alteration and flow diverting effects. The positive effects of wettability alteration on CO; injection
processes are still subject to many kinds of research. It is proven that the residual oil saturation increases
with the wettability alteration [54]. The formation of the emulsion is another potential damage caused by
asphaltene which directly increases the fluid viscosity and reduces mobility. The severity of the formation
damage caused by CO: injection is expressed schematically in figure 2-4, which permeability reduction
(%) is a ratio of permeability at a desired injection pressure to initial permeability. As can be seen, with
increasing CO; injection pressure, the permeability reduction and the number of deposited asphaltene
increases. The slope of the enhancement for permeability reduction and the amount of deposited
asphaltene at pressures above minimum miscibility pressure is much lower than the immiscible case.
Near wellbore, regions are more prone and experience sever asphaltene deposition problems than other
regions, this formation damage area can be extended over considerable distances from the wellbore in

miscible CO> injection than immiscible injection [32,60,61].
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Figure 2- 4: Comparison of the permeability reduction and asphaltene deposition amount of miscible and immiscible CO,
injection.

2.3.4. Asphaltene Deposition Mechanisms

Considering the COA system, when the asphaltene starts to precipitate and fluctuate, there will be two
options for a separated asphaltene solid phase which are:

e Remaining as a suspended solid in oil and being in a flowing stream

e Depositing on the medium

It has been proven that the probability of the first option is low, so most of the precipitated asphaltenes,
deposit on the rock surfaces. Permeability impairment and wettability alteration which are two definite
consequences of asphaltene deposition, vary for different areas of porous media and depend on “How”,
“Where” and “What Amount” of asphaltene are deposited. So studying the different asphaltene
deposition mechanisms are inevitable. There are three different deposition mechanisms that are as
follows:

e Surface adsorption: It is the first stage of the asphaltene deposition which is the dominant factor
in wettability alteration and mostly modeled using Langmuir, Freundlich, Temkin, and Dubinin-
Redushkevich isotherm models. The interaction between functional groups of asphaltene and
surface causes the adsorption occurrence. Dominant forces in surface adsorption of asphaltenes
are electrostatic, Van der Waals, charge transfer interactions, repulsion, and hydrogen bonding.
The amount of the adsorption varies for different rock types and depend on the contribution values
of the mentioned forces, also ions present in the brine is one of the determinant factors at which
the more ion valency indicates the more adsorption degree. Besides, the PH and composition of
brine in the rock are important parameters in surface adsorption determination. It is proven that

shale rocks are more prone to a higher degree of adsorption. Depending on the attractive and
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repulsive forces between particles, this deposition mechanism can be monolayer or multilayer. In
this mechanism, the total amount of deposited asphaltene is not important, instead, the place
where asphaltene surface deposition takes place is a matter of interest. The closer to the pore
throat areas, the more severe the permeability reduction is [62-64].

Mechanical plugging: After a surface deposition or sometimes simultaneously, a fraction of
fluctuated asphaltene may fall down further and start to plug and block the pore throat and body.
This deposition mechanism highly depends on the pore size distribution and asphaltene particle
sizes and play the most important role in the permeability reduction. Depending on the mentioned
factors, the mechanical plugging process is formed by three sub-processes which are: pore-throat
bridging, internal cake formation, and external cake formation. When the asphaltene particle size
is larger than pore throat size, the single-particle bridging takes place which can plug whole
throat, on the other hand when the asphaltene particle size is smaller than the pore throat size, the
particles can pass through the throat and enter to the pore body. Then number of particles may
attach and make a bridge and block the throat-body pathway. When the number of formed bridges
reaches the critical value, the internal cake formation takes place at which, the new incoming
particles start to reside at the immediate pore throat and available pore body. After an internal
cake formation step, the asphaltene particles reside at the porous medium inlet and make the
external cake formation [64-66]. Each of these mentioned steps is showed schematically in figure
2-5.

Mechanical entrainment: when the high-velocity fluid flows through a medium, the fluid
passage may become narrow and the shear rate value may prevail the critical value, in this case

the deposits sweep away and entrained by a liquid phase.
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Figure 2- 5: Surface adsorption and mechanical plugging mechanisms: a) adsorption, b) pore-throat bridging, c) internal
cake-formation, d) external- cake formation.

2.4. Modeling studies on the multiphase flow of COA systems in porous media

In the case of COA flow through porous media, to build up a model, there are few steps that need to be

taken carefully to develop a reliable approach. This procedure is summarized in figure 2-6.

Specifying the | Initialization . Applying Species

model’s assumptions Balance Equation

v

Applying asphaltene precipitation model I Applying numerical solver (FEM, LBM,
(finding phase behaviour of the system) MD,...) finding velocity and density profile
v
Applying asphaltene deposition Applying porosity and
model (finding asphaltene deposition permeability reduction
rate)

Figure 2- 6: The modeling procedure of COA system

2.4.1. Model’s Assumptions

The first step in the mathematical model development is specifying the assumptions and conditions of
the system. Specifically, In COA flow through porous media, there are several questions that come in to
the mind which should be answered to build the foundation of the model which are:

e What is the dimension of the model? 1D, 2D, 3D?

20



e What fluids are in porous media? Oil, water, hydrocarbon gas, CO,?

e What is the type of oil? Black oil, Volatile, Condensate,etc?

e Is CO; soluble in oil and water? Is it a miscible flow or an Immiscible flow?

e Is there a water component in the oil or oil component in the water?

e Is the compressibility of medium and fluids considered?

e What is the type of flow? Laminar or turbulent? Is Darcy’s law applicable for flow in porous
media?

e What forces are considered? Capillary, Gravity, Viscous?

e Are the Fickian diffusion and mechanical dispersion considered?

e Is the flow iso-thermal? or non-isothermal?

2.4.2. Mathematical Solvers

There are three different scales for representing the fluid flow through porous media using modeling and
simulation which are: microscopic, mesoscopic and macroscopic scales [109]. A comparison of these

different scales is shown in table 2-4.

Table 2- 4: Comparison of different scales of simulation

Scale Microscale Mesoscale Macroscale

Time scale 10°-10°° 10°%-10°3 103-10°

(seconds)

Length scale 1012-10° 10°-10 103-10°

(meters)

Model type Particle model Collection of particles Continuum Model

Model Basis Newtonian Mechanics Kinetic Theory Conservation laws

Governing Hamilton’s Equation Boltzmann transport Navier-Stokes Equation

Equation Equation

Equation type Ordinary differential Partial Differential equation | Partial Differential equation
equation

Simulation Monto-Carlo Lattice Boltzmann Method Finite Difference Method

method Molecular Dynamics Finite Element Method

Finite Volume Method

In COA systems, solvers apply on the flow transport equation to assess the flow velocity field and density
profile. On a microscopic scale, the system is studied by evaluating the particle position and momentum
using Molecular Dynamic or Monti-Carlo methods [63,110]. Hamilton’s equation is the governing
equation in this scale. The macroscopic scale is based on the Navier-Stokes equation and deals with

average field properties such as density, pressure, velocity and stress tensor. In the last five decades, a
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notable number of modeling studies based on numerical techniques based on Finite Difference (FD),
Finite Volume (FV) and Finite Element (FE) methods have been developed to solve the governing
equations of fluid flows in macro scale [111-112]. The FEM is the most well-known numerical technique
which divides the medium into a certain number of non-overlapping sub-domains called finite elements.
Then set of algebraic element equations will be gathered and solved to obtain the variables. Every aspect
of the FE method has been investigated by a large number of researchers which revealed that FE is based
on a strict mathematical foundation and has intrinsic mesh flexibility, but it is not mass conservative and
needs high numerical effort [113-114]. The FVM is one of the powerful numerical methods which
discretizes the domain to the number of arbitrary polyhedral sub-domains so-called control volume.
Studies on FV methods verified that this method is mass conservative and flexible which means that it
can be applied for both structured and unstructured grids [115,116]. The FDM is the first numerical
simulator that has been used for multiphase flow in porous media and mostly applicable for simple
geometries and structured grids [117]. In this method, the approximation and simplification of the main
equation accomplished by replacing the derivatives of the differential form of the governing equations
with backward, forward and central difference equations. Several researchers found this method simple
which can easily get to the high order approximation, on the other hand, the complicated boundary
conditions and geometry is hard to handle with this method.

Mesoscopic Scale fills the gap between micro and macro scales and studies the behavior of the collection
of particles as a unit. Dissipative Particle Dynamics (DPD), Smoothed Particle Hydrodynamics (SPH),
Stochastic Rotation Dynamics (SRD) and the most well-known method which is Lattice Boltzmann
Method (LBM) are methods of interest for mesoscale. LBM is a new and advanced numerical technique.
In contrast to conventional numerical methods that directly use the Navier-Stokes equation, LBM is
based on kinetic theory and molecular distribution function which discretize the positions and moment
of particles by setting them predefined values. The fluid flow in porous media can be modeled with LBM
in two scales. REV scale (Representative elementary volume) and Pore-scale. REV-scale does not need
details about the microstructure of the porous media and a number of assumptions and simplifications to
make it easier to examine the media. It just depends on porosity and permeability. On the other hand,
pore-scale is the smallest available level, so it highly depends on the detailed pore characteristics and
also different boundary conditions. Moreover, complex geometries can be analyzed with LBM at this
scale [25]. Despite being versatile method with a wide range of applicability and capabilities such as
parallel implementing and applying on complex boundary conditions, there are some drawbacks and

challenges in the simulation of multiphase flow through porous media using several models of LBM. In
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LB models, the lack of precise knowledge of the location of the pore/solid interface is a potential source
of error. In addition, the handling of interfaces between solid and fluid in the LBM can be tedious and
computing-intensive due to its rigid lattice structure [104,118]. Although several algorithms have been
developed to optimize the streaming step but LBMs are yet typically limited by memory bandwidth
[119]. In the lattice Boltzmann method, the macroscopic boundary conditions and variables such as
velocity and pressure can not be used directly, so the microscopic distribution functions should be built
from available macroscopic quantities on the boundary. One of the major challenges in the LBM is

converting and connecting the macroscopic variables to kinetic variables [120].

2.4.3. Asphaltene Precipitation Models

Asphaltene Precipitation models are applied to assess the phase behavior of the COA system. Asphaltene
precipitation models are divided into two capital groups of Colloidal and Solubility models. The colloidal
approach is originated in collide theory and considers the asphaltene as a suspended solid particle which
is stabilized with the aid of resins. Colloidal models consider the asphaltene precipitation as an
irreversible process. On the other hand, the Solubility model is based on a simple concept which in the
first place considers asphaltene as a completely dissolved component in the oil, then describes the
asphaltene precipitation by changes in the solubility. The asphaltene precipitation in the solubility model

is considered a reversible process. Figure 2-7 presents the different asphaltene precipitation models.
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Figure 2- 7: Asphaltene precipitation models

I.  Solubility Models

The solubility model is based on considering the system in a real solution mode as presented in figure 2-
8. When the solubility comes under a threshold value, the asphaltene precipitation happens either in
Solid-Liquid Equilibrium (SLE) state or in Liquid-Liquid Equilibrium (LLE) condition. The solubility
model is divided into two subdivisions of Solution theory and Equation of State (EOS) models. Solution

theory models are based on Regular solution theory, Flory-Huggins theory, and Scott Magat theory. On

Colloidal Models

the other hand, the EOS models involve Cubic EOS, CPA EQOS, and SAFT-EOS models.
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Figure 2- 8: Solubility model [10]

I-1: Solution Theory Models
The solution theory model involves Regular Solution Theory, Flory-Huggins Theory, and Scott-Magat
Theory. One of the first studies on describing the wax and asphaltene based on regular solution theory is
done by Won [121]. He developed a theoretical approach to examine the solid-liquid thermodynamic
equilibrium of wax-contained mixtures with the key assumption of the equality of Gibbs free energy and
internal energy of the solution. Based on this assumption, the solid-liquid equilibrium ratio (K;) is

defined as follows:

S
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Where superscripts s and | refer to solid and liquid respectively. xi, §; and Vmol-1 is mole fraction, molar
volume and solubility parameter of i fraction respectively. 8, AHg, AC, and Ty are average solubility
parameters, the heat of fusion, heat capacity and fusion temperature, respectively. Thomas and his
coworkers [48] extended the Won’s model for predicting the start point of asphaltene precipitation and
found it appropriate.

Flory-Huggins theory is originally defined for polymer and solvent mixtures. In this theory, the polymer

structure is made of many segments, in a way that each polymer segment and solvent molecules are equal
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in size. Extending this theory to the asphaltene contained system leads to an assumption that asphaltenes
and solvent have a homogenous and uniform structure in Flory-Huggins based models.

The Hirschberg solubility model [36] is based on the Flory-Huggins model. For developing this model,
at first, the crude oil is split into the liquid and vapor phases using SRK EOS. Then the liquid phase is
divided into two phases of pure liquid solvent phase and asphaltene phase (as a pure liquid state
component) which are in liquid-liquid equilibrium. In this model, the amount of precipitated asphaltene
is calculated using the Flory-Huggins Theory. This model is based on the following equation:

0
Hi — Wi i Vi
=In®; +1— == (8 = Smix)? 12

Where p;, 1, @;, Vi, Vinix, 6; and 8,5 are the chemical potential of component i in solution, the chemical
potential of component i in solution at standard condition, the volume fraction of component i, the molar
volume of component i, the molar volume of the mixture, the solubility parameter of component i and
solubility parameter of the mixture, respectively.

Rewriting equation (12) for asphaltene, Hirschberg defined three regions for asphaltene as follows:

VaS Vas 2
e Unstable: In®,5, + 1 — V—_p + =2 (5asp Smix) >0

mix
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mix

From the Onset condition, the maximum volume fraction of asphaltene soluble in crude oil can be
obtained. Ignoring the asphaltene aggregation and interaction with resins, along with considering the
asphaltene as a homogenous substance make the Hirschberg’s model, a simple model with limited
applications [36].

Yang et al [95] referred to the shortcomings of the Hirschberg model such as unreliable results of the
solubility parameter for the oil phase and incapability in handling the gas-injected oil reservoirs and
proposed their modified version of Hirschberg model. In contrary to Hirschberg’s model, they considered
the oil phase as a multicomponent mixture and introduced binary interaction coefficient and new
correlation for the solubility parameter as follows:
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Where Ty, Y and MW are average boiling temperature (K), specific gravity at 20 °C and molecular weight
(ﬁ) Yang et al compared the new correlation with the data obtained from experimental work, Peng -

Robinson EOS and Chung correlation. Results revealed a very good agreement.

Another modification on Hirschberg's model is made by Cimino et al [122]. In this model, the pure phase
(asphaltene-free solvent) and the impure phase (asphaltene+solvent) is introduced. A cloud point data
which can be obtained by spectrophotometer are used for deriving the governing equation of the
asphaltene precipitation as follows:

1001 = i) + (1= 7 iy + 0 sy = Sie) iy =0 (16)
Where g, is the asphaltene volume fraction of the nucleating phase at the cloud point of the oil. A
comparison study between the original Hirschberg’s model and Cimino’s model exhibited better
accuracy for Cimino’s model.

Treating asphaltene as a single component is the main deficiency of Hirschberg’s and Cimino’s model,
which leads to the incapability of both models in calculating the asphaltene precipitation amount. To
overcome this problem and predict the asphaltene precipitation onset along with the amount of
precipitated asphaltene, Yarranton and Masliyah [21] considered asphaltene as a mixture of a number of

sub-fractions and proposed the following solid-liquid equilibrium ratio (K;) equation:
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Where superscripts s and | refer to solid and liquid respectively. xi, &; and Vmol-i IS @ mole fraction,
solubility parameter and molar volume of it" fraction respectively. 8s;, Vinoi—sols AHy_; and Ty_; are
solvent solubility parameter, the molar volume of solvent, the heat of fusion of i fraction and fusion
temperature of i fraction, respectively.

De Boer [123] used Hirschberg’s model as a basis and introduced his own model by defining the degree

of supersaturation of the crude oil to predict the instability of asphaltene as follows:

Pres
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It is stated that the asphaltene precipitation takes place when the supersaturation degree comes below the

threshold value. The supersaturation term can be simply calculated using De Boer’s plot as a function of
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the asphaltene solubility parameter, oil density, and the difference in reservoir and bubble point pressure.
According to De Boer’s plot, higher bubble point pressure, higher compressibility and lighter crude oil
lead to more asphaltene precipitation. Although, the supersaturation degree worked as a good indicator
of asphaltene stability in some cases but considering the oil completely saturated with asphaltene along
with incapability in measuring the precipitated asphaltene amount are drawbacks of this model.

Further improvement on Hesrchberg’s model is also made by Novosad and Costain [124] for
precipitation prediction in the COA system. The heavy components interaction with each other was
heeded. Results showed the ability of the Novosad and Costain model in asphaltene phase behavior
calculation for a high range of thermodynamic conditions.

There are some other models based on Flory-Huggins theory which is used for gas-injection systems
such as Burke et al [45] and n-alkane addition systems like Nor-Azlan and Adewumi [125], Rassamdana
et al [126]. The latter models showed poor performance and high deviation from experimental data which
is attributed to considering the complete asphaltene reversibility and dealing with C7+ as a single pseudo-
component.

Scoot-Magat theory is an improved version of the Flory-Huggins theory. In contrary to Flory-Huggins
theory, which assumes a homogenous structure for asphaltene, Scott and Magat overcame the
shortcomings and considered a heterogeneous structure for asphaltene, at which the asphaltene is formed
by different chain length molecules. Due to the diversity of molecules, the asphaltene molecular weight
distribution comes under consideration. A new parameter which is the solvent partial molal free energy
of mixing (4F,) is defined as follows:

AF,

1
ﬁ = ln(psol + (1 - (psol) (1 - m_N) + £(1 - 90501)2 (19)

Where ¢,,;, my and £ are volume fraction of the solvent, a function of number average molecular weight
and characteristic constant of the solvent respectively. In 1985, Mansouri and Jiang [127] became the
first researchers who studied the asphaltene phase behavior using Scott and Magat model. Based on
Mansouri and Jiang’s investigation, Kawanka et al [128] sub-fractioned the asphaltene into number of
the components and utilized gamma distribution function to obtain the asphaltene properties. Considering
a Liquid-Solid equilibrium condition, the volume fraction of asphaltene ((pflsp) is derived as follows:
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Where superscripts s, | and cr refer to solid, liquid and crude oil respectively. M,g,_;, Ngsp—; and (pﬁlsp_i
are Asphaltene molecular weight, segment number and volume fraction of i fraction, respectively.
Mgsp—avg 1S the average molecular weight of asphaltene, Mg, is the molecular weight distribution
function which can be expressed by gamma distribution function and 0 is a complicated variable which
is a function of co-ordination number between two segments, interaction parameter, solubility parameter,
the molar volume of solvent and volume fraction of asphaltene in a solvent. The efficiency of the model
in CO2 injection systems is not evaluated, on the other hand, n-alkane addition systems are modeled

which showed a reasonable result except for n-heptane addition in comparison with experimental data.

I-2: Equation Of State (EOS) Models

e Cubic-EOS
Cubic Equation Of State (CEQS) is an easy, simple and almost accurate tool for determining the phase
behavior of the light hydrocarbon mixtures. CEOS parameters are based on the critical properties of the
mixture. Peng-Robinson (PR) and Soave-Redlich-Kwong (SRK) are two popular cubic EOS in the oil

industry:

PR:

p— RT B a 21)
v—b v(w+b)+b(v—>b)

SRK:

p R __ ¢ 22)
v—>b v(v+b)

Where a,b are EOS parameters and v is molar volume.1

The first CEOS-based modeling of asphaltene fluctuation is done by Gupta [128]. He treated the
asphaltene as a pure solid phase and used PR-EQOS along with solid fugacity equations to study the phase
equilibrium. Thomas et al assessed Gupta’s model and stated the poor predictive capability of this model
when dealing with asphaltene [48].

Nghiem et al [129] introduced a solid model which is actually an SLE solubility model and it is
categorized as a CEOS model. In this model, heavy components of oil (Csi+) split into the non-
precipitating and precipitating components with the same critical properties but different interaction
parameters. Fugacity of oil, gas, solid and also interaction parameters should be calculated. The fugacity
of the solid phase can be obtained using the following equation:

Vin—asp(P — P7)
In fasp = In fisp + =2 (23)
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Where f;, fJ, V;,, P, P", R and T are solid fugacities, reference solid fugacity, solid molar volume,
pressure, reference pressure, gas constant, and temperature, respectively.

Different CEOS can be used to calculate the non-precipitating phases (gaseous and oleic) fugacity such
as Peng-Robinson as follows:

; ; Sib'P
Inf’" =Inf/ + R} (24)
Where i denotes to the component and j denotes to the phase and f; jo sl and b; are fugacity of

component i in phase j with volume shift, fugacity of component i in phasej without volume shift,
volume shift and EOS’s parameter b for component i, respectively.

After fugacity calculation, the thermodynamic equilibrium definition for a system containing n
components at which the n one is asphaltene can be applied when liquid, gas and solid phases coexist:
Infig=Inf;, (=123,..,n) (25)

Inf,, =Inf, (26)

As mentioned above, in solid models, precipitating and non-precipitating components have different

interaction coefficients with light hydrocarbons which can be calculated using the following equation:
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Where d;, v., Vo and e are interaction coefficient of component i and k, the critical volume of
component i, the critical volume of component k and adjustable parameter. Comparison of Nghiem’s
model with experimental data showed a good agreement, however, suitable heavy components splitting
and characterization of each subfraction are two important marks of this model. In spite of acceptable
achievements of solid models but this model suffers from the complex structure along with intense
dependency on the adjustable parameters which cause a limitation in covering a high operational range
in means of temperature and pressure.

Nghiem’s study attracted attention toward solid models so that researchers tried to extend and generalize
this model [130,131]. Kohse et al [131] considered the effect of pressure and temperature and proposed
their model for a flexible range of thermodynamic condition as follows:

t t t
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Where f, is asphaltene fugacity at pressure P, f,5, is asphaltene fugacity at a reference pressure P7,
Vin—asp is asphaltene molar volume, AC, is heat capacity difference and P*?, T*? and AHPare pressure,
temperature and fusion enthalpy at the triple point, respectively.

In COA systems, in addition to physical interaction between different components, there exist chemical
bondings which are known as asphaltene self-association and asphaltene-resin cross association.
Unmodified CEOSs ignore the chemical interaction and study the state of the system by taking into
account the physical interactions only. It is proven that CEOS is not appropriate to approach for modeling
the asphaltene precipitation of heavy crudes. Oil composition changes during CO2 injection, a poor
database of the asphaltene critical properties and ignoring the association effects such as hydrogen
bonding make the CEQOS an inaccurate approach for asphaltene precipitation modeling [132]. But, the
modifications on CEOS can make it reliable for asphaltene-contained systems. Du et al [133] and
Sabbagh et al [134] added chemical contribution term and asphaltene self-association term to CEQS,
respectively. The former found reasonable results, on the other hand, the latter model’s performance was
poor for n-pentane and n-heptane dilution.

e Statistical Association Fluid Theory (SAFT)-EOS

The thermodynamic perturbation theory of Wertheim [135] is the foundation of the Statistical
Association Fluid Theory (SAFT) developed by Chapman et al [136]. SAFT is a statistical mechanics-
based EOS which is a widely used EOS for asphaltene phase behavior description. The first step in SAFT
EOS is defining a reference fluid that acts as a representative for the original fluid. The reference fluid
in SAFT is in the form of spherical segments that bond with each other and form chains. Furthermore,

the interaction and association of chains can occur which clearly visualized in Figure 2-9.
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Figure 2- 9: Contribution terms in SAFT-EOS [137]

All contribution terms to calculate the Residual Helmholtz free energy (A™) in SAFT-EOS is presented
in Figure 2-10.
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Figure 2- 10: Description of contribution terms in SAFT-EOS

Different derivatives of SAFT-EOS have been published such as LJ-EOS [138], CK-EOS [139], EOS-
VR [140] and the most well-known version, especially in the case of COA systems, is PC-SAFT [141].
These derivatives of SAFT-EOS vary in the shape of segments.

Gross and Sadowski [141] changed the shape of the reference fluid in SAFT and considered that as a
Perturbed Chain (PC) and developed a PC-SAFT EQOS. Utilizing hard chain segments instead of spherical
shape segments make the model more accurate and realistic. In this model, the chain length effect on the
dispersion of the segments is considered. All detailed information about the equations of residual
Helmholtz energy can be found in Mohebbinia et al [142].

Gonzalez et al [44] used PC-SAFT to assess the asphaltene problem during gas injection. It has been
reported that the Onset of asphaltene can be precisely predicted. Furthermore, the Upper Critical Solution
Temperature and Lower Critical Solution Temperature regions for asphaltene precipitation is
successfully predicted using PC-SAFT. Further studies on SAFT-EOS are done by Panuganti et al [132],
Punnapala [143] and Vargas, Zunigahinojosa et al [144] at which different lumping ways and distribution

functions are used for better estimations of SAFT inputs.
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Beside all satisfactory results of SAFT-EQOS in predicting the asphaltene behavior especially in COA
systems, the notably higher computational time of this model is not negligible. This problem is attributed
to complex thermodynamic equations of SAFT-EOS.

e Cubic Plus Association (CPA)-EOS
The concept of the Cubic Plus Association (CPA) EOS can be easily derived from its name. The cubic
part of the name refers to the CEOS, which describes the physical interactions (dispersion and short-
range repulsion) of the system. On the other hand, Association term which is described by
thermodynamic perturbation theory is added to express the chemical and polar interactions (self-
association) between the heavy components. Governing equation of CPA model consists of physical and
chemical terms as follows:
Aexcess = Apnhysicar T Aassociation (29)
Where detailed equations of each term can be found in [145].
Studies of Li and Firoozabadi [58,146] on CPA-EQOS for predicting the asphaltene behavior under
different thermodynamic conditions showed the reliability of this model in evaluating the progression of
asphaltene precipitation under temperature and pressure variation. However, they could not recognize
the exact point of asphaltene onset. Shirani and his coworkers [108] tried to reduce the error of the CPA-
EOS model by changing the adjustable parameters and number of association sites. Results were still
unsatisfactory and showed a 55% deviation from the experimental data. But it is worth to mention that,
the CPA-EOS model results are in a way better agreement with experimental data in comparison with
the colloidal model and CEOS models. Cruz et al applied the CPA-EOS model for CO; contained systems
and found this model reliable and in good agreement in comparison with experimental data [78].

Il.  Colloidal Models

Nellenstyn was the founder of collide theory. Leontaritis and Mansoori [10] are the first researchers who
used that theory to develop a colloidal model for asphaltene precipitation prediction. They stated that
crude oil is a system consisting of dispersion medium and dispersed phase. The dispersed phase includes
resins and asphaltene, the resin plays a protector role for asphaltene, in a way that resins adsorbed at the
surfaces of asphaltene colloid molecules and form a border layer which protects the asphaltene from
interaction with other asphaltene molecules and other components as presented in figure 2-11. On the
other hand, the dispersion medium encompasses the remained resin molecules along with other lighter
components. Leontaritis and Mansoori [10] started to build up their model by implementing Vapour-
Liquid Equilibrium (VLE) calculation to find the liquid phase composition. After distributing the resin
in to the dispersion medium and dispersed phase by equating the chemical potential of resin in two
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phases, the term “critical resin concentration” is defined. It is a threshold value at which, when the resin
concentration in dispersion medium comes below the critical resin concentration, the asphaltene
fluctuation occurs. This model is not recommended for gas injection systems, but the obtained results for

n-alkane addition systems were acceptable except for n-heptane addition.

O Resin (polar, aromatic/heteroatom) molecules
®  Aromatics molecules

=== Parafinic, olefinic, and naphthenic molecules

. Asphaltenic particles or kernels

Figure 2- 11: Colloids model [10]

The thermodynamic micellization model is based on findings of Victorov and Firoozabadi [80] which
considered the asphaltene precipitation as a micellization process. In the colloidal system, a combination
of n2 resins as a crust and n; asphaltene as a nucleus forms a micelle. These micelles are stable until the
time that a change in solution and equilibrium disturbance takes place by processes such as CO: injection.
As a result, CO2 molecules reside at the asphaltene surface and cause a decrease in resin concentration
and thickness of the layer on the surface which leads to the instability of micelles. To compensate these
variations and getting back to the equilibrium condition, the asphaltene molecules get together, become
bigger and start to precipitate, fluctuate and deposit [82]. The chemical potential of the micelle is related

to the asphaltene and resin chemical potential as follows:

Hmicetle = N1Masphaitene T N2lresin (30)
Where:

Hasphaitene = Hasp T kTInx,g, (31)
Hresin = Hres T kTINXy¢s (32)
Umicelie = Um + kTInxy, (33)

Where gy, tres and uy, are a standard chemical potential of asphaltene, resin, and micelle respectively.
Xqspr Xres and x,, are mole fractions of asphaltene, resin, and micelle respectively. Besides the ability of

the thermodynamic micellization model in specifying the asphaltene precipitation during n-alkane
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addition, it is proven that this model suffers from inaccurate predictions of asphaltene precipitation during
the gas titration.

There is a number of studies that compared different asphaltene precipitation models. Tavakkoli et al
[81] compared thermodynamic micellization and solid models. Results revealed that the micellization
model is highly dependent and sensitive on resin content, interaction parameter, desorption energy,
interfacial tension and asphaltene concentration in the liquid phase. The accuracy of both models can be
affected by a chosen technique for critical properties and acentric factor calculations. Both models can
predict the asphaltene precipitation trend well but their weakness in the prediction of maximum
precipitation is not negligible. Overall, the micellization model is complex and time-consuming but on
the other hand, leads to a more accurate and robust description of asphaltene precipitation. Behbahani et
al [83] evaluated the performance of the Solid model, Flory-Huggins model and PC-SAFT EOS model

during n-alkane addition which confirmed the more accuracy of PC-SAFT model.

2.4.4. Asphaltene Deposition Models

Three different asphaltene deposition mechanisms are introduced in previous sections which are, surface
adsorption, mechanical plugging, and entrainment. The purpose of introducing the deposition model is
finding the asphaltene deposition rate which plays a vital role in formation damage calculation. The first
deposition model is proposed by Gruesbeck and Collins [84] at which the porous medium is divided into
pluggable and non-pluggable pathways. non-pluggable type pores consist of small pores which only
surface adsorption and entrainment take place. The deposition rate is formulated as follows:

O0E,p_
Tnp = aky — ,BEAD—np (v — vie) (34)

Where E,p_np,= volume fraction of deposited asphaltene in non-pluggable pathways, a=surface
adsorption coefficient, E,; = volume fraction of suspended asphaltene in a liquid phase, f= entrainment
coefficient, v;= %:interstitial velocity, v;.= critical interstitial velocity and w; is the liquid phase
velocity. On the other hand, in pluggable type pore, the pores are large enough that can be a host of the

mechanical plugging mechanism which is equated as follows:

0E,p_
% = (-Q + XEAD—p)uLEAL (35)

Where E,,_,= volume fraction of deposited asphaltene in pluggable pathways, 2 and y are constants.

Different models are developed after the Gruesbeck and Collins [84] model such as Wojtanowicz et al
[85,87], Pang and Sharma model [88], Ring Model [89] and Wang model [88,90]. One of the most
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popular deposition models for net deposition rate calculation especially in COA systems are developed
by Wang which is known as Deep Bed Filtration (DBF) model as follows:

ot
Where E,,= volume fraction of deposited asphaltene, a=surface adsorption coefficient, E,;= volume

= aEs,¢ — BEap(v; — vy) + Yw By, (36)

fraction of suspended asphaltene in a liquid phase, = porosity, f= entrainment coefficient, v;=

%:interstitial velocity, v,.= critical interstitial velocity, Y= mechanical plugging coefficient and w; is

the liquid phase velocity.

In equation 36, aE,. ¢ is the surface adsorption rate which is proportional to the concentration of
suspended asphaltene particles in a liquid phase. The second term, BE4p (v; — v;.) indicates the particle
entrainment rate by liquid phase which depends on interstitial velocity. Once the interstitial velocity
passes the critical value, the entrainment mechanism becomes dominant and proportional to the amount
of deposited asphaltene. When v; < v,., B is considered zero. Finally, the third term, Yu;E,; expresses
the mechanical plugging rate which depends on the fluid velocity and the amount of suspended
asphaltene in the liquid phase. For plugging coefficient (Y) determination, Wang defined a critical pore
throat diameter (Dptc) at which when average pore throat diameter is greater than a critical value, the
plugging coefficient is zero, otherwise:

Y =Y;(1+ 0Eup) (37)
Where o is deposition constant.

Kord et al extended the works of Wang and Civan and introduced a new mechanism called pore throat
opening which occurs when high-velocity fluid opens the previously plugged pore throats. According to
this model, the adsorption and entrainment mechanisms govern the deposition process until the steady-

state condition is reached. After that, the mechanical plugging will be dominant.

2.4.5. Porosity and Absolute Permeability Reduction Models

The most important formation damage caused by asphaltene deposition in porous media is porosity and
permeability reduction. Gruesbeck and Collins [84] were the first researchers that developed an equation
for permeability impairment as a result of asphaltene deposition. As same as the deposition model, they

divided the medium to pluggable and non-pluggable portions and developed equations as follows:

K, = Koo~ “Fan-p (38)
Knpo

K =—" 39

" 14 bEsp_ny (39)
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Where K,= Absolute permeability of pluggable portion, K= absolute permeability of non-pluggable
portion, Ky,o= initial Absolute permeability of pluggable portion, K= initial absolute permeability of
non-pluggable portion, a and b are phenomenological constants.
Several other theories were developed for permeability impairment calculation. Minssieux [94]
developed a qualitative method using curve matching based on experimental data. The simplest equation
for porosity determination is proposed by Wang and Civan [90] as follows:
@ =@o—Esp (40)
Where ¢, ¢ and E, are initial porosity, local porosity and volume fraction of deposited asphaltene.
Using the fact that the permeability is a function of porosity, Civan [65,66] and Wang [97] developed a
power-law relationship for local permeability as follows:

%

K =K, (5)3 (41)

Where K, and K are initial absolute permeability and local absolute permeability, respectively. The
exponent value of the power-law relationship was a matter of interest between researchers. Reis and
Acok proposed value 5 for sandstone rocks. Lawal et al proposed a range of 2-10 for most rocks,
moreover, the dependency of the exponent to the intrinsic flow parameter is stated.

2.4.6. Review on the Modelling Studies of COA systems

There are two ways to implement the simulation, using commercial reservoir simulators or developing a

computer program. COA studies based on both approaches are reviewed in the following parts.

e Studies based on commercial software

Iwere et al utilized the laboratory data to simulate the asphaltene precipitation in fractured reservoirs
using the Eclipse100 simulator. Results obtained from both experiments and representative models
showed that asphaltene precipitation rigorously depends on the type of lithology and pore throat size
which both form the porosity-permeability combination. So, as the pore throat gets smaller the tendency
of the precipitated asphaltene for blockage gets more. Permeability decreases with pressure reduction
because of the asphaltene precipitation but the important result was that the same amount of asphaltene
for two crude oils did not have the same permeability reduction due to the different pore architecture.
Also, it is proven that acidizing which is used for the means of fracturing, chemically reacts with
carbonates rock and produces carbon dioxide which ends to the asphaltene precipitation enhancement
[98].
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Bagherzadeh et al used Eclipse simulator to assess the permeability reduction of sandstone and carbonate
rocks using the following power-law expression:

K% =(1- %)6 (42)

Where K, K,, @,, £ and & are permeability at time t, initial permeability, initial porosity, the volume
fraction of asphaltene deposits and exponent which is different for each experimental data. Both
simulated results of sandstone and carbonate rocks matched the experimental data only in the final stages
of the injected pore volume. This difference is related to considering the adsorption and plugging
coefficient in simulation which may not exist at first. Moreover, in carbonate analysis, the entrainment
mechanism just resists the more permeability reduction and cannot improve permeability in contrast with
experimental data. Sensitivity analysis showed that adsorption and plugging are governing asphaltene
deposition mechanisms at a low injection rate, on the other hand, the entrainment mechanism in
determinant at higher injection rates [102].

Khamehchi et al used Intelligent Proxy Simulator (IPS) which is based on Artificial Neural Network
(ANN) and Adaptive Neural Fuzzy Inference System (ANFIS) to find asphaltene precipitation onset and
bubble point pressure during miscible CO: injection. After defining the inputs, adjusting the weight of
the neuron using PSO-ANN and BP-ANN algorithms, a sigmoid transfer function is used for output
calculation. To verify the accuracy of results obtained by IPS, Khamehchi and his coworkers used the
Solid model of CMG simulator to calculate asphaltene onset pressure, moreover, the Standing correlation
for bubble point pressure determination is used. The comparison showed a high accuracy of IPS due to
its extrapolation capability, a large number of hidden layers and optimized algorithms [99].

Mohebbinia et al used the UTCOMP simulator to study the asphaltene precipitation and deposition in
COA system. After generating Asphaltene Precipitation Envelope (APE) by PC-SAFT EOS, the
asphaltene precipitation is modeled in LLE (P>Pp)and VLLE (P<Py) states. Asphaltene adsorption and
mechanical entrapment are modeled using Langmuir-isotherm and Gruesbeck and Collins equations,
respectively. Results showed that CO> injection expands the APE which leads to an increase in asphaltene
precipitation. Formation damage results revealed that around production well, the effect of pressure
depletion is more than CO- injection in permeability reduction. Furthermore, change in wettability
reduces the deliverability at early production times, this trend continues to a point at which the wettability
alteration increases productivity due to the mobility reduction of the oil phase. Mohebbinia and her
coworkers came up with an idea to decrease the computational time of PC-SAFT by changing the root-

finding algorithm and using the analytical methods for some derivative calculations [142].
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A three-dimensional simulation of the Oil/Asphaltene system during primary, water flooding and CO-
injection was made by Al-Qasim [100] using CMG/GEM simulator along with a solid model. The effect
of pressure on asphaltene precipitation was as same as previous studies which shows a bell-shape figure
with the maximum point around the bubble point pressure. A comparison between asphaltene deposition
content during three stages of oil production showed a much higher value for CO; injection due to its
solubility which causes a change in oil composition. Using WAG process as a supportive force led to a
higher asphaltene deposition and lower productivity. Al-Qasim clarified the difference between CMG,
UTCOMP and ECLIPSE simulators by implementing 1-D modeling of asphaltene issue as exhibited in
Table 2-5.

Table 2- 5: Comparison of the simulators

Simulator Total Asphaltene Precipitation Porosity Permeability
Reduction Model

CMG The adsorbed portion that deposits+ Remains constant Resistance Factor Input
flowing portion remain in the oil phase Relationship

ECLIPSE The adsorbed portion that deposits+ Changes due to Parametrized Power- Calculated
flowing portion remain in the oil phase | deposition law Relationship automatically

UTCOMP Precipitated asphaltene deposits and Changes due to Parametrized Power- Calculated
does not flow with the oil phase deposition law Relationship automatically

e Studies based on developed computer programs
Vafaie and Mousavi [101] proposed a deposition model with fewer parameters and simulated the
miscible COA system by adding an association term to PR-EOS. After dividing the asphaltene into a
number of sub-fractions using Analytical Chain Association Theory (ACAT), phase stability analysis for
each subfraction is assessed:
fi(T,P,Z)) = fipure(T, P) 2 0 (43)
The turning point of this study, is a statement that says” asphaltene decomposes at high temperatures so
calculating the critical temperature and critical pressure which are needed for CEOS parameters, will be
impossible”, instead Vafaei and Mousavi defined EOS parameters a and b as a function of asphaltene
molecular weight:
a =rfa (i=12,..,n) (44)
b =rb; (i=12..,n) (45)
Where a; and b; are EOS parameters of all components before considering the association and r; is

association number:

MWiaggregate—i
= (46)

monomer
Mw;
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Where Mw997¢9%%~ and Mw™°"™e" are the molecular weight of i-th subfraction and asphaltene
monomer molecular weight, respectively. The results of this simulation showed that the increase in CO>
mole fraction leads to an increase in asphaltene deposition, moreover, the more the resin amount, the
lower the asphaltene deposition. All results were in good agreement with experimental data and studies
based on AEOS theory, Pan and Firoozabadi, and Victorov and Firoozabadi [80].

Gonzalez et al used PC-SAFT EOS to study the asphaltene phase behavior in live oils and dead oils
during CO2, N2 and methane injection. The PC-SAFT parameters of each component and binary
interactions are calculated through correlations with average molecular weight and fitting binary VLE
experimental data, respectively. PC-SAFT precisely gave the same behavior as the experimental results
and correlated the bubble point pressure and temperature effect curves. Results of gas injection to dead
oil revealed that, for N> and methane, the more the pressure, the more stable the asphaltene is. On the
other hand, for CO; injection to dead oil, the lower the temperature, the more stable the asphaltene. For
live oil, the PC-SAFT predicted a slope change (at 200 °F) in the P-T diagram of the sample which is the
so-called crossover point. At temperatures below the crossover point, increasing CO2 concentration led
to increasing in asphaltene stability, on the other hand, at temperatures above the crossover point, CO>
concentration enhancement decreases asphaltene stability. The injection of the other two gases increases
the asphaltene instability and the dual effect is not reported. This different behavior of injected gases is
attributed to the solubility parameters of gases and oil at different temperatures [44].

Mirzabozorg et al, developed a modeling approach to investigate the effect of asphaltene deposition
during primary pressure reduction on the permeability of fractured reservoirs. Several models are used
to define the solid phase behavior. At the first step, they used a solid model to study the asphaltene
precipitation. Asphaltene fluctuations are modeled by defining a chemical reaction and analyzing the
corresponding reaction rate to find the reversibility of particles. Wang and Civan’s model is utilized to
calculate the deposition rate. Results revealed that permeability reduction in fractures is more than matrix
due to the high contribution of fractures in fluid transports. Also it is concluded that static and dynamic
asphaltene parameters are key factors for increasing the accuracy of the model [106].

Lei et al, simulate the COA system using Association Equation Of State (AEOS). The compression factor
of the association compound is introduced to the calculations to define the non-ideal behavior of
precipitated asphaltene, then the three-phase flash calculation procedure is presented. Results showed
that at constant injection pressure, the asphaltene precipitation first increases by CO2 mole fraction, then
a decrease in the amount of precipitated asphaltene is reported. Moreover, pressure drop and
incrementing injection pressure lead to an increase in precipitated asphaltene content [107].
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Zendehboudi et al, employed an optimized Artificial Neural Network (ANN) with two algorithms which
are the Imperialist Competitive Algorithm (ICA) and Particle Swarm Optimization (PSO) to evaluate the
asphaltene phenomena precisely in a proper time period. ANN is a smart information process system
which provides a relationship between the inputs and outputs of highly nonlinear systems such as
asphaltene precipitation and deposition in oil processes. Results of this smart predictive tool showed a
good agreement with the experimental data and it is observed that for the asphaltene precipitation, the
pressure and temperature are determinant factors and for asphaltene deposition, the temperature and
pressure drop are key variables. Moreover, it is shown that ICA-ANN is a more effective method than
other ANN techniques in terms of convergence rate, accuracy, and reproducibility. The recommendation
of linking the ICA-ANN technique with another asphaltene phenomena simulator is mentioned to lower
the errors and increase the accuracy and efficiency [40].

Ju et al developed a numerical simulator to study the effect of considering the asphaltene precipitation in
the convergence rate, CPU time and cost of simulators. At first, multiphase flow equations, the
Convection-Diffusion equation and proposed continuum equation by Ju et al are used to express the
asphaltene precipitation and deposition rate, respectively. Finite difference method preconditioned
conjugate gradient algorithm and explicit methods are utilized to linearize the governing equations, solve
the pressure-saturation equations and solve the asphaltene precipitation and deposition equations
respectively. Formation damage results revealed that the permeability reduction intense before 1 PV
injection of CO; is much more than after 1 PV CO; injection which is owing to low residual oil in the
pores after 1 PV CO: injection. The computational effects of asphaltene precipitation consideration
showed that the convergence rate, CPU time and simulator cost in the case of asphaltene consideration
are 2, 5.5 and 4.5 times higher than the case without asphaltene precipitation [67].

Zanganeh et al developed a model to simulate the COA system using a solid model along with PR EOS.
Twu, Lee-Kesler and Riazi correlations are utilized for calculating the critical properties of each
component. Results were in an acceptable agreement with experimental data. Furthermore, the Twu
correlation is chosen as an appropriate approach for heavy components such as asphaltene [96].
Nasrabadi et al used CPA-EOS to describe the phase behavior of the asphaltene during CO- injection.
After developing a mathematical model, the mixed finite element method and the discontinuous Galerkin
method are used to solve the pressure and mass balance equation, respectively. Moreover, a new
algorithm based on the combination of Newton-Bisection methods is utilized to improve the root-finding
approach for the compressibility factor and reduce the computational time and cost. Results revealed that

increasing CO2 mole fraction increases the asphaltene precipitation until the time in which the gas phase
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appears. At that time, further increment in CO2 mole fraction leads to a decrease in asphaltene
precipitation. Results of the asphaltene extent around injection well and production well showed that the
asphaltene saturation increases with CO2 mole fraction and reaches a maximum, then stays constant. On
the other hand around production well, the asphaltene accumulation is the highest which leads to a need
for higher injection pressure. The CPA-EOS model with an improved numerical algorithm showed an
excellent agreement with experimental data and is verified as an accurate model in terms of
computational time and cost with the conventional cubic EOS [68].

Alay et al developed a modeling approach to foresee the CO: injection effect on asphaltene precipitation
onset condition using SRK, SRK+HV and CPA equation of states. The comparison between different
results of different EOS’s showed that the SRK is no reliable model for Upper Onset Pressure (UOP)
prediction, especially for heavy crudes due to the high dependency of SRK parameters to fluid molecular
weight. Moreover, there is no advantage for SRK+HV over regular SRK. On the other hand, the UOP
relative deviation for the CPA model from experimental data is the lowest which is attributed to the no
sensitivity of the CPA model to asphaltene molecular weight because of association term [69].

One of the recent studies on COA system based on the colloidal model is made by Zhang et al. They
presented the P-x phase diagram for the system (MMP= 15 MPa) which expresses the ADE, UOP, LOP
curves that can be used to detect the safe range of the CO> injection pressure and CO- concentration to
avoid the asphaltene issue [85]. As can be seen in figure 2-12, when the condition of the system moves
from the borderlines to the center, the asphaltene deposition gets more.
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Figure 2- 12: P-X diagram of the asphaltene deposition during CO2 injection [85]

Tavakkoli et al used LBM to simulate the asphaltene deposition during n-alkane addition. Surface
deposition and particle entrainment mechanisms are considered. The deposition profile using LBM is

compared with the microfluid experiment which is presented in Figure 2-13.
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Figure 2- 13: Deposition profile from a micromodel experiment (left), LBM (right): white points are obstacles, dark points
are deposited asphaltene [92]

Tavakoli and his coworkers calculated the permeability reduction using Gruesbeck and Collins

correlation as follows:

X exp(—Y¢*) (47)
K, pl—1g

Where K, K,, ¢ and Y are permeability after deposition, permeability before deposition, the volume
fraction of deposited asphaltene to the pore volume and characteristic constant of porous media,
respectively. Results of simulation based on LBM were in excellent agreement with experimental data
[93].

Mahmoudi et al studied the effect of pore structure and capillary number on the relative permeability
curves of immiscible CO2-Oil systems using a multi-component multiphase Shan-Chen model in two
different pore structures and different capillary numbers. Two used pore structures are illustrated in figure
2-14.
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Figure 2- 14: Pore structure (38% porosity): a) ideal sphere pack, b) simplified structure [39]

Results of relative permeability for the wetting phase (oil) and non-wetting phase (COz) under different

capillary numbers and pore structures are presented in figure 2-15. As can be seen, the increase in the
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surface area leads to a decrease in CO: relative permeability, on the other hand, there was not a
considerable change in the oil relative permeability. The capillary number affects both oil and CO>
relative permeability.
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Figure 2- 15: Relative permeability curves of oil (krw) and CO, (krnw) under different: capillary number (Top), pore
structure (Bottom) (1: simple, 2: ideal sphere pack) [39]

Mahmoudi and his coworkers compared the results of their model to the experimental data and found the

acceptable agreement for relative permeability predictions which is illustrated in figure 2-16 [39].
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Figure 2- 16: The comparison between the relative permeability obtained from LBM and experimental study [39]

There are a few studies on modeling COA systems using LBM. Okabe et al [105] used a D3Q19 velocity
model by imposing bounce-back and periodic boundary conditions to assess the asphaltene deposition
effect on permeability reduction during CO: injection. At the same time, EOS-based asphaltene
precipitation modeling was conducted to compare the results of these two approaches. Both LBM and
EOS-based simulations showed an acceptable trend of permeability reduction by asphaltene saturation
increase, however, the EOS-based results were inaccurate in high asphaltene saturation amount. The high
accuracy of LBM in predicting the permeability reduction in the high range of asphaltene saturation is
attributed to using image processed pore structure which gives detailed information of medium as

presented in Figure 2-17.

Figure 2- 17: The 3D pore structure of medium used in LBM modeling [105]

LBM results showed a different asphaltene deposition profile for near miscible and miscible CO,/Qil systems.
More permeability reduction is seen during miscible condition which mostly occurred near producer rather than
injectors. This behavior is owing to more dissolution of CO; in the oil phase during miscible condition which can

be extracted from the CO; distribution figure in the oil phase in figure 2-18[105].
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Table 2-6 provides a summary of modeling studies on COA systems.

Table 2- 6: Summary of modeling studies on COA systems

Year System Technique Objective Highlights
2006 Miscible Association Determining the e Increasing CO; mole% leads to an increase in asphaltene [101
CO, Theory reliability of an deposition ]
injection association model in e The higher amount of resin in crude oil leads to a
predicting asphaltene decrease in asphaltene deposition
deposition e  The proposed model has fewer parameters
e  EOS parameters (a,b) are functions of asphaltene
molecular weight
®  This model is accurate and reliable in modeling heavy
organics deposition
2007 CO, PC-SAFT EOS Determining the effect e  Dead Oil/ N3: Increase in P leads to increase in [44]
Injection model of temperature, asphaltene stability
Live Oil pressure and CO; e Dead Oil/ CO,: Decrease in T leads to increase in
and concentration on asphaltene stability
Dead Oil asphaltene stability and e Live Oil/ Ny: Increase in injected N, concentration leads
evaluating the PC-SAFT to a decrease in asphaltene stability
validity e  Live Oil/ CO,: There is a turning point T in P-T diagram at
which, above this point, increasing CO, leads to decrease
in asphaltene stability and below this point, increasing
CO; leads to increase in asphaltene stability
®  PC-SAFT EOS is an accurate and reliable model in
determining the asphaltene phase behavior
2010 CO; Association Determining the effect e  Asphaltene precipitation content increases by increasing | [107
Injection Equation of State | of CO, mole fraction, in CO, mole fraction reaches the maximum and then ]
(AEOS) injection pressure and decreases by a further increase in CO, mole fraction
pressure drop on e Asphaltene precipitation content increases with an
asphaltene increase in injection pressure
precipitation ®  Asphaltene precipitation increases with a pressure drop
2011 CO; CMG.UTCOMP, Comparison between e  The P-Asphaltene deposition curve shows a bell-shape [100
Injection ECLIPSE/ Solid asphaltene figure ]
Model precipitation during e  Maximum asphaltene precipitation is around bubble
three stages of oil point pressure
production and e  The asphaltene precipitation during CO; injection is
comparing different much higher than primary and water flooding stages
simulators ®  Using the WAG process increases the asphaltene
precipitation
2013 Natural ANN joined with Determining the effect e  For asphaltene precipitation, temperature and pressure [40]
Depletion ICA and PSO of are determinant factors
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CO,

temperature, pressure,

For asphaltene deposition, temperature and pressure

Injection pressure drop, dilution drop are key factors
ratio and mixture ICA-ANN is a more effective method in terms of
composition on convergence rate, accuracy, and reproducibility
asphaltene
precipitation and
deposition
2013 Miscible IPS Evaluating the accuracy PSO-ANN and BP-ANN algorithms along with sigmoid [99]
CO; of IPS simulator in UOP transfer function are used
Injection and Py determination Accuracy of IPS is more than Solid model of CMG in UOP
determination
Accuracy of IPS us more than Standing correlation in Py
determination
IPS simulator has extrapolation ability, a large number of
hidden layers and optimized algorithm which make it a
powerful tool
2013 CO, Finite Difference | Determining the effect the permeability reduction intense before 1 PV injection [67]
Injection Method, of CO; injection on of COz2 is much more than after 1 PV COz injection
Preconditioned permeability reduction the convergence rate, CPU time and simulator cost in the
conjugate and effect of case of asphaltene consideration are 2, 5.5 and 4.5 times
gradient asphaltene higher than the case without asphaltene precipitation.
algorithm consideration on
computational aspects
of simulators
2014 CO,; UTCOMP Evaluating CO> CO; injection expands the APE and increases the [142
Injection Simulator/PCSAF | injection effect on APE asphaltene precipitation |
TEOS and wettability Wettability alteration first decreases productivity, then
alteration on the due to lower mobility of the oil phase and lower
productivity index mechanical entrapment, the productivity slightly
increases
The computational time of PC-SAFT was reduced using
the new root-finding algorithm and using analytical
methods for some parts
2015 CcO, Solid Model, PR Determining the effect Increasing P leads to increase in asphaltene molecule size | [96]
Injection EOS of pressure, and more plugging
temperature and CO, Increasing T leads to more asphaltene aggregation and
mole fraction on bigger particles
asphaltene particle size Increasing CO, mole fraction from 5 to 20% leads to a
and deposition content 56% increase in asphaltene deposition content
Twu Correlation is the best choice for calculation of
critical properties of heavy components in comparison
with Lee-Kesler and Riazi correlations
2016 CcO; CPA-EOS, Finite Determining the At injection well, the asphaltene saturation increases with [68]
Injection Element+Galerki | asphaltene behavior CO2 mole fraction and reaches the maximum, then stays
n method, around injection and constant
Newtone+Bisecti | production wells and At production well, the asphaltene accumulation is the
on method reducing the highest which leads to needing higher injection pressure
computational time The CPA-EOS model with the improved numerical
and cost of CPA-EOS by algorithm is an accurate model in terms of computational
implementing a new time and cost with conventional cubic EOS
algorithm
2017 CO; SRK, SRK+HV, Comparing the SRK, SRK is not reliable especially for heavy crudes due to high | [69]
Injection CPA SRK+HV and CPA dependency of SR parameters to asphaltene molecular

performance in UOP
prediction during CO,
injection

weight

SRK+HV does not have any merit over regular SRK and it
is not reliable

CPA has the lowest UOP relative deviation from
experimental data, which is attributed to association
term and low dependency to molecular weight
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Chapter 3: Methodology

3.1. General Assumptions
Assumptions that are made in the modeling of the fluid flow:

e The two-dimensional model is in X, y (length, width) coordinates and assumes no gravity force
e The porous media is heterogeneously generated model
e The porous media is initially saturated with oil (with known composition)

e There is no water in pores
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e The COz is injected to recover the oil from the pores

e Initially, two phases of oil and CO and ultimately three phases of oil, CO., and Asphaltene are
considered

e The oil is multi-component with thermodynamically known properties

e Oil and rock (grain) are considered incompressible

e CO> is considered compressible

e Fluid flow follows Darcy’s law (Reynold number is very low 0.09)

e The fluid phase behavior is modeled using the Peng-Robinson equation of state (PR EQS)
assuming instantaneous thermodynamic equilibrium within each time step

e The solid asphaltene with a cubic equation of the state is assumed as a liquid-dense phase

e The detailed asphaltene composition is unknown, but depending on the pressure and
temperature condition can be categorized in a stable or unstable condition

e Asphaltene deposition affects relative permeabilities

e The flow is isothermal and the temperature of the CO: is close to the porous medium’s fluid
temperature

e Itisassumed that there is no chemical reaction between COzand the grain phase in the porous
media

e One mechanism is considered for the asphaltene deposition which is a surface deposition

e In this study, a few unique parameters in a two-dimensional medium are defined that are listed
below:

Pore Area: is the total area of occupied or unoccupied pore areas in porous media [L]?

2
Injected Area: fluid injection velocity % multiplied by the width [L] of the entered area %

Injected Pore Area (IPA): the dimensionless ratio of injected area to pore area at each time step
The newly defined parameters are to avoid the error caused by the assumed minor height for the two-
dimensional studies to meet the requirements to estimate pore volume. This assumption is expected to
not only positively impact systematic error but introduce a new methodology in two-dimensional

simulations.

3.2. Simulation Modules

In this study, there is one main engine which is LBM based fluid flow simulator and the other modules
that play a side code program role. Figure 3-1 shows the implemented simulator.
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Visualization Porous Media Generator

Qft is used to visualize Two medium with porosities of
53 % and 28 % is randomly
generated

Estimator LBM Engine

D2Q9 structure is used f¢
calculate velocity and
density profile

Deposited asphaltene is
calculated by counting
number of cells which is
occupied by asphaltene

Deposition Model Thermodynamic Module

Stability analysis .
PR-EQS to calculate VLE and solid
maodel for LLE is utilized

Figure 3- 1: Simulator engine

3.2.1. Porous Medium Generator

To model fluid flow and transport phenomena at the pore-scale using Lattice Boltzmann Method (LBM),
a two-dimensional porous medium is needed to be generated. The first step is to set out the geometric
properties, including porosity, particle or pore shape, distribution, and pore connectivity to address all
the designated factors to study. In this study 2 case studies are considered which are the medium with
the porosity of 53% and 28%. Geostatistical methods are used to assure that porous media samples can
fairly be described at the pore-scale using mathematical models. The majority of the stochastic
reconstruction algorithms are based on the threshold Gaussian field technique.

Gaussian field technique relies on the two-point correlation functions (namely the measure of porosity
of a porous medium). The binary image can be represented by an indicator function, f (r) as below to

feed the main engine:

1, if r belongs to pore space,
f(r)=
(48)
0, otherwise
where r denotes the spatial location within the binary image. In order to assure that the medium is
randomly generated the developed program in MATLAB is used. Two clusters are enough to differentiate
the pore and grain space and determining the porosity. However, in order to assure the quality and

certainty of results, twenty clusters are utilized in this program.
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In the next step, to have a clear quantified picture from the porous media, the data set of pore spaces are
acquired to estimate the Pore Size Distribution (PSD), and Standard Deviation (SD) of the PSD.
Overall absolute permeability (K) is calculated using adjusted Carman-Kozeny equation as follows
[178]:

8 (sD)?
TR TR (49)

Where ¢ is porosity and SD is the standard deviation for each porous medium.

e Case Study 1 (9=53%)
The generated pattern, pore size distribution and geometric properties are presented in Figures 3-2, 3-3
and Table 3-1. respectively. As Figure 3-2 shows, the top and bottom sides of the porous medium are
impermeable solid that bounce back rule applies. The CO: is injected from the border on the left side and

produced from the border on the right end.

Figure 3- 2: Generated pattern and for case 1 (53% porosity)

51



0.14

=]
o o
- N

Relative Frequency
5
o8]

0.06

0.04

0.02

B

Il
500 1000 1500 2000 2500 3000
Pore radius (micron)

Figure 3- 3: Pore Size Distribution (PSD) for case 1 (53% porosity)

Table 3- 1: Case 1 Properties

Medium Properies Value

Porosity 53%
Absolute Permeability 408.4 um?
Average Pore Radius 915.5 um
Standard deviation of Pore Radius 523.8 um
Width 3cm
Length 9cm
Pore Area 14.31 cm?

e Case Study 2 (9=28%)
The generated pattern, pore size distribution and geometric properties are presented in Figures 3-4, 3-5

and Table 3-2, respectively. As figure 3-4 shows, the top and bottom sides of the porous medium are
impermeable solid that bounce back rule applies. The CO: is injected from the border on the left side and

produced from the border on the right end.
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Figure 3- 5: Pore Size Distribution (PSD) for case 2 (28% porosity)

Table 3- 2: Case 2 properties

Medium Properies Value

Porosity 28%
Absolute Permeability 14.7 ym?
Average Pore Radius 229.2 um
Standard deviation of Pore Radius 129.1 um
Width 3cm
Length 9cm
Pore Area 7.56 cm?
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When it comes to the modeling of multiphase-multi component flow through porous media using LBM,
the porosity values are typically more than 50% due to several reasons such as reducing the effect of
interface thickness and pore structure on simulation, reducing the computational cost and time and
increasing the resolution of the medium by reducing the ratio of length scale in physical porous structure
to unit length to simulated lattice structure. Consequently, the lower the porosity the harder to have a
percolating system [39]. Therefore in case study 2, for a visual result, a Region Of Interest (ROI) is
selected as shown in figure 3-6. The gridding of the desired ROI is provided in figure 3-7. As can be seen
in figure 3-7, the cell sizes are different and depend on the neighbors' data which indicates one of the
main differences between LBM and conventional numerical methods.

Flgure 3— 6: Selected ROI for case 2

Hy - .i._ .__i.._. :

R

Figure 3- 7: Selected ROI’s griding

3.2.2. Fluid Characterization

The fluid characterization section refers to the chemical analysis of assumed oil that the pattern is initially
fully saturated with it. In this study, the oil composition of the sample from Pembina Cardium oilfield in
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Alberta, Canada [77] is utilized. The oil composition and determined properties are presented in tables

3-3 and 3-4, respectively.

Table 3- 3: Assumed oil phase composition

Components Mole

Cs 0.2
Cs 1.17
Cs 3.67
Cs 5.01
Cr+ 89.95

Table 3- 4: Assumed oil properties

Oil Properties Value

Temperature 27 °C
Pressure 940 psi
Density 849 _9_
cm3
Molecular Weight 212.1 %
Viscosity 5.5 cP

3.2.3. Lattice Boltzmann Method Module

All simulation tools can be divided into two groups of deterministic and probabilistic solvers. In
deterministic methods the inputs are known and fixed on the other hand, in probabilistic methods,
variables change randomly during the simulation. Conventional numerical methods such as Finite
Element Method (FEM), Finite Volume Method (FVM) and Finite Difference Method (FDM) are
deterministic tools which make them incapable of dealing with complex fluid dynamics. The most
promising probabilistic method which has been gained great attention in the last two decades is the
Lattice Boltzmann Method (LBM). The main differences of the LBM with conventional methods are
programming uniformity and powerful parallelizability in the modeling of complex multi-component
fluid and complex boundaries. LBM provides a good approximation to solutions of fluid dynamics
problems by redefining the equation and using a parallel and efficient workflow based on the Boltzmann
transport equation as follows:

filr +dr,t +dt) — fi(r,t) =0 (50)

Here, the LBM model describes the fluid dynamics in terms of a particle distribution function f;(r,t)
which denotes the fraction (probability) of fluid particles at a particular position (r) and velocity (u) and
£ is collision operator. Different LBM types for modeling multiphase flow in porous media are published
in the last two decades. Gunstensen et al. [72] came up with a color model, Potential model is developed
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by Shan-Chen [73], the free energy model is created by Swift etal. [74] and He et al. [75] is the developer
of the incompressible-indexed model. In the current study, a multi-component multi-phase Shan-Chen
type LBM model is utilized.

There are various equations available to represent the collision operator but the well-known equation is
Bhatnagar-Groos-Krook (BGK). Using the BGK equation for collision operator leads to define the

streaming (LHS) and collision steps (RHS) of LBM in an equation as follows:

£, t) = fi(r,t)
T

filr +dr,t +dt) — fi(r,t) = (51)

Based on the above equation, one can assume that the streaming and collision steps compute
simultaneously but in the actual simulation, these two steps are computed separately. In equation 4, t is
relaxation time and can either be a constant value or a single relaxation time (SRT) function or a multiple
relaxation time (MRT) function. In this study, a single relaxation time function is utilized. This
assumption has some defects such as numerical instability and viscosity dependence of boundary
locations, especially in under-relaxed situations, that are neglected. In equation 51, f;°/(r,t) is

equilibrium distribution function which can be calculated as follows:

3ucd?
2

F29r) = wip() |1 + 3¢ u®? + 9(c;. u®?)? — (52)

Where w; are the weight factor of each surrounding points and its value depends on the selected lattice
structure for the model. Lattice structures are typically shown as DmQn, where m denotes to the
dimension and n expresses the number of velocity directions. D2Q9 and D3Q19 are two highly used
structures in LBM. In this study, the D2Q9 model is utilized which is presented in figure 3-8. In accord
with lattice structure definition, it can be concluded that after collision each particle on the site can move
toward any of different available directions surrounding itself and approach to one of that configurations
to get to the equilibrium state, so the weight factor of available velocity directions is as follow:
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Figure 3- 8: The D2Q9 lattice structure

1
i=1234, Wi =5z ,i=5678 (53)

O =

4
Wl':§,l:0, w; =

For a multi-component multiphase system (a=phase), the equilibrium velocity (ug?) in equation (52),

is formulated as follows:

To F

u=U'+ 5
a

(54)

Where F is a total force (in this study only the adsorption forces are considered) and U’ is composite

velocity which can be calculated using the following equations:

a
o fi-e
Rt

i=1
U = (55)

Pa
Tale
The model properties are presented in table 3-5.

Finally, after each time step, the fluid macroscopic density (p) and velocity (U) can be obtained as

follows:

8

p=>f (56)
i=0

U =128:f-.e- (57)
P £ i-€i
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Table 3- 5: Model properties

Model Properties Value

Relaxation time 1.25
Kinematic viscosity 0.25
Gads 11

One of the main factors for a model to be reliable, stable and accurate is the way to apply and deal with
the initial and boundary conditions. In this model, the initial condition for the distribution of fluids is a
homogeneous saturation of the rock with predefined oil composition, where the saturation at each cell is
fixed and determined. In this study, the full-way bounce back boundary is applied to the solid boundary
and at the inlet and outlet boundaries the Zou-He velocity and pressure boundary condition is applied.
The Zou-He approach is remarkably beneficial for the multi-component scenarios by replacing only
unknown particle populations and increases accuracy, especially in two-dimensional models. However,
the approach lacks stability for the higher injection velocities in the order of magnitude of 5x 10~> m/s.
In this simulation, the bounce-back condition is applied to non-equilibrium regions of the particle
distributions. This approach is straightforward to implement in the two-dimensional medium.

Figure 3-9 illustrates the procedure of the main simulation engine. In this section, it is assumed that the
velocity is known at the inlet, the pressure is known at the outlet, and No-slip effect on the surface of the
circular posts. The main engine in the process recognizes the moment that no particles move out from

the porous media, the thermodynamic status is stable, and the flow field becomes constant.
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Y

Read the porous media (defined colour code for the
grain and pore space)

h 4

Read user input for injection rate, run time,
CO3 mole fraction ,and pressure

Y

Initialize distribution function, density, and velocity
field

h 4

Calculate new distribution function by streaming
step, bounce-back, and Zou-He pressure B.C.

Calculate the new density and velocity field

Calculate new distribution function by collision step

Repeat until the defined condition is satisfied

Write the velocity field to the output file

Write the domain to the output file

Write printing commands to the output file

End

Figure 3- 9: Lattice Boltzmann Method procedure
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In this simulation, different types of cells are defined which are:

Source Cell: The inlet of the simulation connected with the boundary abstraction
Open Cell: The outlet of the simulation connected with the boundary abstraction
Null Cell: Represents a cell that doesn't require any computations

Porous Cell: Represents a cell that requires all computations

Wall Cell: The cell that implements the bounce back algorithm
Single-Component Cell (SCC): Represents a cell that contains single-component

Multi-Component Cell (MCC): Represents a cell that contains multi-component

Each cell contains a particle distribution function (PDF). A PDF contains data about the statistical
quantity of particles traveling at a determined point ( it is a vector) and moment, at a specific direction
(vector again, considering AX = e;j At). The D2Q9 structure (nine possible directions: one null, four
cardinal and four ordinal) is used and given a PDF, and it is possible to determine the macroscopic

velocity (U) and density (p) at each point.

3.2.4. Thermodynamic Module

When a system reaches the thermodynamic equilibrium condition at a given temperature and pressure,
the chemical potential of each component in all phases is equal. Due to difficulty in chemical potential
measurements, the equality of fugacity of each component throughout all co-existing phases indicates
the equilibrium condition. The term fugacity can be calculated using a different Equation Of States
(EOS). The simplest approach for modeling asphaltene is the single component solid model.

In this study, the heaviest component represents (C7+) the asphaltene. Based on Nghiem’s model, the
heaviest component is split into non-precipitating (C7+np) and precipitating (C7+p) components with the
same critical properties and acentric factors and different interaction coefficients with other components.
In this study, the Peng-Robinson Equation Of State (PR-EQS) is used to construct a gas-liquid-dense
liquid (asphaltene) phase equilibrium calculation model during CO: injection assuming instantaneous
thermodynamic equilibrium within each time step. The fluid properties are calculated using the three-
phase (vapor, vapor-liquid, liquid-dense) flash model. For modeling asphaltene precipitation, the
conventional liquid/liquid split is used which is described with PR EQOS, also the solid asphaltene is
modeled with a cubic equation of the state as a liquid-dense phase. In the current model, the solid phase
is assumed as a pure asphaltene (one pseudo-component). This assumption is acceptable if the asphaltene

is considered as a petroleum fraction insoluble in paraffin solvents. Therefore, all precipitated under these
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conditions should be considered as a single asphaltene phase. This assumption simplifies the computation
requirements due to neglection of the solubility of other components in the solid phase. In this study, the
in-place fluid in the porous media is multi-component oil with known compositions and properties. The
thermodynamic module is built to understand the fluid-fluid interaction of the oil in place and COz, phase
behavior, and the asphaltene precipitation model.

In this module, the fugacity of the pure solid is calculated using Nghiem’s model equation as follows:
Vs(P—P7)
RT
Where f; is solid fugacity, f;* is the reference solid fugacity (the threshold), P is pressure, P* is reference

Inf, =Inf + (58)

pressure, R is a gas constant coefficient, Vs is solid molar volume, and T is temperature. The fugacity
equilibrium equations are solved to obtain the liquid, gas, and dense equilibrium properties. In this

module, the interaction coefficients are calculated using equation (59):

11\ Y
6176
2V V3

T 1 (59)
3 3
ViV

di—j:]-_

where d;_; is the interaction coefficient between component i and j, Vc is the critical volume of
component, and Y"is an adjustable parameter assumed 0.44 that is reported to provide a good match of
the saturation and onset pressure in Y. In this study, the known factors that cause, control and change the
asphaltene deposition are assumed to be pressure and composition on the oil.
To add up and show the flash calculation process clearly, the procedure is summarized as below:

e Stepl:ReadPandT

e Step 2: Perform stability analysis

e Step 3: Initialize the Gas-Liquid and Liquid-Dense Liquid equilibrium constant values

e Step 4: Calculate the mole fraction and composition for each component at each phase

e Step 5: Use PR-EOS to calculate the fugacities at each phase

e Step 6: Calculate asphaltene fugacity

e Step 7: Perform stability analysis

e Step 8: Show the phase(s) equilibrium
Figure 3-10 shows the stability analysis procedure in detail to determine the number and type of stable

phases in equilibrium at each time step.
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Is Asphaltene Stable? N Liquid-Gas Equilibrium

Yes

ls Gas Phase Stable?

Two Phase Equilibrium N Vos
—»| Liguid-Gas-Asphaltene Flash Calculations Three Phase Equilibrium

Figure 3- 10: The stability analysis procedure for each timestep

3.2.5. Deposition Module
e Recovery Factor Calculation
In order to calculate the oil recovery at each time step the following procedure has been followed:
v Considering the watershed Segmentation from the processed medium, count the number of
pore block cells Ny, ;¢
v' Count the number of MC? type block cells that are occupied with oil phase and call it N,

(considering the clustered shades of grey).

v’ Calculate the ratio of RF = (1-M) x 100

pore

¢ Oil Relative Permeability Reduction Calculation
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Using the calculated velocity profiles (that is structured in D2Q9 model), the relative permeabilities of
oil is calculated using Yiotis’s model [76] as a function of the wetting phase saturation as follows:
- Sw
Yiotis et al's model: ki = > 3-S5, (60)
The procedure is as follows:
v’ Calculate the viscosity ratio in each time step
v The local velocity within the wetting phase reads
v’ Calculate the local velocity for the non-wetting phase
v" Assuming single-phase flow of the wetting phase, the flow area ( [L]? [T]) of the wetting
phase is calculated
v' Assuming the single-phase flow of the non-wetting phase, the flow area ( [L]? [T] ) of the
wetting phase is calculated
v' The relative permeability at known saturation is calculated as a function of the wetting phase
saturation from the designated equations developed by Yiotis and et al.
e Deposited Asphaltene Calculation
Deposited asphaltene is the area fraction (percentage) of the remained fluid in the medium that is

labeled as asphaltene by thermodynamic module and it is calculated as below:

Asphaltene labeled cells

v' Deposited asphaltene =

Single component cells+multi component cells+Asphaltene cells

100 (61)
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Chapter 4: Results and

Discussions

4.1. Changing Factors

As mentioned in previous sections, two case studies are considered. In case study 1, the oil recovery,
relative permeability reduction, and deposited asphaltene are studied for a medium with the porosity of

53% at an injection velocity of 3 % On the other hand, in case study 2, the same factors are studied for

a medium with the porosity of 28% at three different injection velocities. In this way, the effect of
injection velocity at fixed porosity and the effect of porosity at fixed injection velocity on the system can

be reported. Table 4-1 presents the changing factors and studied responses.

Table 4- 1: Changing factors and studied responses

Factor Studied Responses
Porosity Oil recovery

Asphaltene deposition
For case study 2, three levels of CO: injection velocity is wisely picked to investigate the thermodynamic

and fluid-rock behavior during CO> injection. There are three reasons to choose CO; injection velocity
as a changing factor which are the limited number of studies about this parameter, being very
determinative factor for COA systems and when changing CO- injection velocity in models based on
conventional numerical methods or analytical method the convergence chance is close to zero, but using
LBM can overcome this issue. So studying the effect of CO2 injection velocity on the asphaltene

deposition profile is valuable. Table 4-2 exhibits the different levels of applied injection velocity.

Table 4- 2: Designated level for the injection velocity

Injection velocity (%)

High 3
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Mid 2

Low 1

4.2. Asphaltene deposition

4.2.1. Porous medium properties effect

To study the effect of porosity on the deposited asphaltene ratio, the results of case study 1 and 2 (both

at injection velocity of 3%) are presented in figure 4-1. As can be seen, for case 1 the interval of 0.4<

IPA <0.6 and for case 2 the IPA region of 0.2 to 0.4 is critical, at which, 54% and 74% of asphaltene
deposition happen in mentioned regions for case 1 and 2, respectively. Also, it is clear that deposited
asphaltene for case 2 is almost two times higher than case 1. In case 1, due to higher porosity, uniform
pore size distribution and higher absolute permeability, the probability of asphaltene deposition
decreases. On the other hand, in case 2, lower porosity and permeability and the higher number of
narrower throats provides a condition for more asphaltene deposition according to the results of
simulation modules. All in all, higher porosity leads to more pathways and lower particle retention time
that causes less deposition, on the other hand, lower porosity and narrower pathways lead to more oil-
grain contact and more friction, which consequently cause higher deposition.

Visualization results for deposited asphaltene for the whole medium of case 1 and an ROI of case 2 at
the same IPA are presented in figure 4-2. As can be seen, the narrower the throat, the higher the
asphaltene deposition is. The CO- velocity profile for both cases is shown in figure 4-3. In both cases,
the CO2 phase velocity is higher at pore centers and the closer to the pore surface, the lesser the velocity
is. This statement leads to the conclusion that the asphaltene deposition is mostly produced in the near-

surface area of the grain domain which is in agreement with the figure 4-2.
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Figure 4- 1: Deposited Asphaltene in case 1(porosity=53%) and case 2 (porosity=28%), both at the same injection velocity

Figure 4- 2: Asphaltene deposition at 3 cm/h injection velocity and 1 IPA, case 1 (Top), ROl in case 2 (bottom), (blue is
deposited asphaltene)
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Figure 4- 3: CO; velocity profile at 3 cm/h iection velocity an 1 IPA. Case 1 (top), ROI of case 2 (bottom)

4.2.2. CO2 Injection Velocity Effect

To study the effect of CO- injection velocity, three different injection velocities are considered for case
2. During the simulation, the measured equilibrium coefficients for fugacity calculations and interaction
between the light components of the oil and COz is reduced. The higher average asphaltene deposition
ratio is anticipated at the higher injection velocity because the velocity vectors field impacts the phase
behavior calculations and leads more particles to a dense phase in the flash calculations. When the
injection velocity increases due to the higher contact time between CO; and oil phase, which results to
phase change, higher solubility of the CO: into the oil phase and oil swelling. Consequently, the lighter
components of the oil evaporate and asphaltene starts to precipitate, aggregate and finally deposit. Figure
4-4 illustrates the deposited asphaltene which is the fraction (percentage) of the remained fluid in the

medium that is labeled as asphaltene at each IPA at different injection velocities for case 2. Results show
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that the asphaltene deposition is sluggish in the beginning and increases over time. By increasing the
injection velocity from 1 ==to 2 == and 3 ==, 3.5%, 4.9% and 9.8 % of the remained fluid in the medium

are labeled as asphaltene, respectively. It is worth mentioning that, the critical region for the lowest

injection velocity is 0.4< IPA <0.6, at which 53% of deposition occurs in this region. On the other hand

for injection velocities of 2% and 3 % the region 0.2< IPA <0.4 is the most substantial region at which

55% and 74% of deposition happen, respectively. In figure 4-4, the curves experience a minor decrease
in some points which is attributed to the redissolution of asphaltene in to the oil phase that causes a
reduction in the amount of deposited asphaltene. Furthermore, after a certain IPA (breakthrough) for each
injection velocity, the curves enter a steady-state region. Figure 4-5 exhibits the pressure difference
between inlet and outlet at each IPA. As can be seen, the AP is more for high-velocity scenario which is

in agreement with the results of asphaltene deposition.

— Cn*;."’f'\ — ) Cn*;."’f'\ ooooooo 3 Cn*;."’f'\

Deposited Asphaltene (%)

Figure 4- 4: Deposited asphaltene of different injection velocities at different IPA
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Figure 4- 5: Differential pressure from inlet and outlet at each IPA for different injection velocities

4.3. Recovery Factor

4.3.1. Porous medium properties effect

In this section, the effect of porosity on the recovery factor of case 1 and 2 are studied. As can be seen in
figure 4-6, the ultimate recovery factor for case 1 is 22.5% higher than case 2. The reason for this result
is in uniform pore size distribution, more porosity and pathways and finally higher permeability of case
1. Moreover, the results of asphaltene deposition show that the amount of deposited asphaltene for case
1 is less than case 2. According to figure 4-6, in the interval of 0< IPA <0.2, 36% and 30% of oil are
recovered for cases 1 and 2, respectively. In the next interval 0.2< IPA <0.4 the oil recovery increases
slightly for case 2, due to asphaltene deposition, Only 19% and 10% of oil recovery happens in this
interval for cases 1 and 2, respectively. As can be seen, the recovery factor enhancement after

breakthrough is very low (negligible) for both cases.
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Figure 4- 6: Oil recovery of case 1 and 2 at injection velocity of 3 cm/h.

4.3.2. CO2 Injection Velocity Effect

The immiscible COz injection is aimed initially at increasing oil recovery from a porous medium. In this
section along with applying the same procedure and conditions, the injection velocity is altered to
investigate the effect of increasing injection velocity on the ultimate recovery factor. There are two

factors that control the recovery factor which is viscosity reduction as a positive factor and permeability

reduction as a negative factor. As Figure 4-7 illustrates, increasing the injection velocity from 1 % to

2 % and then 3 % leads to recovery factor of 50.5%, 54.3 % and 43%, respectively. This outcome aligns

with the findings for the relative permeability reduction and asphaltene deposition trends. In the first
interval, 0< IPA <0.2, the high injection velocity has the highest recovery factor. In this interval, viscosity
reduction governs the region and it is more for higher injection velocity. In the second interval, 0.2< IPA
<0.4, the asphaltene deposition increases for the high injection velocity which lowers the recovery
enhancement. Early breakthrough happens for the high injection velocity which stopped the oil recovery
at the end of the second interval. On the other hand, although, the asphaltene deposition is higher and
breakthrough happens earlier for mid velocity in comparison with the low velocity, but the viscosity
reduction governs the recovery factor in all intervals and leads to higher mobility ratio leading to stronger
fluid flow. It can be concluded that there is an optimum scenario at which leads to more recovery and

less asphaltene deposition which is injection velocity of 2 % in this study. The recovery factor

enhancement for all injection velocities slows down after breakthrough which is due to stability of the

system
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Figures 4-8 is provided to show the number of particles (particle vector distribution) before and after the
breakthrough at the injection velocity of 3 % As can be seen, the number of particles after breakthrough
reduces rigorously which visually indicates the sweep efficiency of the system. Furthermore, before a
breakthrough, particles are small vectors that indicate a high vector density of each particle, on the other
hand, after breakthrough vectors are bigger which shows a lower density of remained particles.

Furthermore, the existence of particles verifies that the simulation is done using LBM.

lcm/h =) cm/h eeseses 3cm/h

60

RF (%)

0.6 0.8 1 1.2 14 16
IPA

Figure 4- 7: Effect of injection velocity on oil recovery
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Figure 4- 8: Particles vectors distribution before breakthrough (top) and after breakthrough (bottom) for ROI

4.4. Relative Permeability Reduction

4.4.1. Porous medium properties effect

Any displacement process for sweeping oil from the pores results in an alteration of oil relative
permeability. This alteration depends on the applied method and effective parameters. When immiscible
CO: displacement takes place, oil swelling, and the interfacial tension reduction happens which lower
the drag forces in the medium and push the residual oil towards the production port. Meanwhile, the
variations in the thermodynamic condition (pressure in this study) and fluid properties (such as variation
in composition and viscosity in this study) consequently cause a change in velocity profiles leading to a
reduction in effective and relative permeability of the oil phase. Over time the porous media will be a
host of different phases, which are: Oil light hydrocarbons, Oil light hydrocarbons mixed with CO., pure
CO., in place original oil composition, and deposited asphaltene (heavier components). Each phase has
a fraction of the relative permeability in the medium. When asphaltene deposits on the surfaces of the
pores, or where the defined condition is met (following the conditions laid out in the thermodynamic
module section) it lowers the pathway probability for the in-place oil that leads to a reduction in relative
permeability of oil phase. So by increasing the CO: particles and deposited asphaltene, the share of oil
in permeability decreases.

In this section, the effect of porosity on oil relative permeability is discussed. As figure 4-9 presents, the
oil relative permeability is depicted using Yiotis’s model. The oil relative permeability reduction in all
IPA regions is more for case 1 which is attributed to the higher recovery factor in case 1. Although the
asphaltene deposition is more in case 2, the higher sweep efficiency of case 1 causes a more relative
permeability reduction. The calculation shows that 12.6% of the relative permeability reduction for case
2 is due to asphaltene deposition, on the other hand, this value for case 1 is 8.8%.
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Figure 4- 9: Oil relative permeability using Yiotis’s model for case 1 and case 2

4.4.2. CO2 Injection Velocity Effect

In this section, the effect of injection velocity on the oil relative permeability is studied using Yiotis’s
model and all stated assumptions before. Figures 4-10 and 4-11, show the oil relative permeability and

oil saturation at different IPA’s, respectively. As Figure 4-10 shows, the relative permeability reduction
for injection velocity of 2 % and 3 % are very close and higher than 1 % The reason for this trend is

the higher recovery factor for mid injection velocity and higher asphaltene deposition for high injection
velocity. As mentioned before, the relative permeability is the function of oil saturation, at which by oil
recovery, the oil saturation in the medium decreases (figure 4-11). Technically speaking, the reasons for
the higher permeability reduction at the higher injection velocity is due to the effect of the increasing
flow velocity on the updated distribution function in the LBM engine that is affected by the PR EOS
module which is resulting in a higher amount of retained particles. On the other side, the lower flow
velocity leads to more and closer particle retention that gives ample time to particles to flow along. CO-
solubility in oil is a critical value that affects the deposition amount and oil viscosity. Another reason for
oil relative permeability reduction is flow bypassing which means a higher volume of fluids goes through
the same pathways which lead to dead-end zones appearance which happened to occur more in higher
injection velocity. Results align with the pressure drop, asphaltene deposition and recovery factor curves.
It has been noticed that more than 98% of permeability reduction occurs before breakthrough as the

system is stable after breakthrough.
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Figure 4- 10: Oil relative permeability using Yiotis’s model for different injection velocities
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Figure 4- 11: Oil Saturation for different injection velocities
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Chapter 5: Conclusion

In this study, the applicability of LBM for asphaltene deposition problems during CO2 injection is
evaluated by considering the injection velocity and porosity as a changing factors which ended with the

following results:

e Asphaltene deposition is more potential in near-surface areas due to higher contact time of CO>

with oil in that area

e Breakthrough for lower injection velocity (1 %) occurs at higher IPA (0.53) and for higher

injection velocity (3 %) occurs at lower IPA (0.38) which is attributed to gas channeling and

fingering through high permeability streaks and gas override

e Several factors cause the asphaltene deposition in this study which are pressure drop, CO:
solubility, viscous forces (friction)

e The recovery factor is 22.5% higher at a more porous medium than the less porous medium.

e Asphaltene deposition is lower in a high porous medium which is attributed to the more uniform
pore size distribution and wider throats and more pathways.

e Breakthrough happens earlier for the less porous medium due to gas channeling and fingering
phenomena.

e Increasing injection velocity (from 1 == to 2 == ) increases the oil recovery from 50% to 55%,
further increase in injection velocity (3 %) decreases the oil recovery to 43%. It can be concluded
that there is an optimum scenario which leads to higher recovery factor and lower asphaltene
deposition which is injection velocity of 2 % in this study.

e Two elements are dominant in recovery factor analysis, viscosity reduction (positive factor) and

oil relative permeability reduction (negative factor), for mid injection velocity, the viscosity

reduction dominates

e Asphaltene deposition is 100% and 270% more in 3 % , in comparison with 2 % and 1 %

respectively.
e Although pressure drop was higher at high injection velocity, but early breakthrough and high
asphaltene deposition led to less recovery factor.
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The novelty in this study is added visualization output integrated with the cell level calculation

of the parameters and improved parallelizability of the applied methodology

Defining different modules for the main simulator engine increased the possibility of the model
convergence due to parallelable skills of LBM and the capability of LBM in handling the

heterogeneous porous medium with complex boundaries is seen
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