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Abstract

The study of the asphaltene precipitation problem during CO2 Enhanced Oil Recovery (EOR)
under different reservoir conditions is addressed in this thesis. The general objective of this
investigation is to effectively predict asphaltene precipitation using a thermodynamic model. More
specific objectives are (a) measuring, comparing, and modelling the saturation points for crude oil
and gas injection systems, (b) measuring asphaltene content and asphaltene onset pressures (AOP),
(c) analyzing asphaltene-o0il-CO> phase behavior and reversibility mechanisms, (d) determining
asphaltene precipitation weight, and (e) tuning an equation of state (EOS) and a solid model to

predict the experimental data using WinProp (CMG, 2011).

The experimental determination of the total asphaltene content in the oil sample is performed
following the laboratory standard, ASTM D-3279. Afterward, an advanced fully visual Pressure-
Volume-Temperature (PVT) instrument and a Solid Detection System (SDS) are utilized to
perform all the saturation pressure and AOP measurements in this work. These two pieces of
equipment include a high-resolution camera through which the developed phase behaviors and

asphaltenes particle characterization are observed at different pressure and temperature conditions.

From the experimental results, the saturation pressures for all the CO2-oil mixtures increase
directly with CO> concentrations and temperature. The upper asphaltene onset pressures (UAOP)
increase with CO> concentrations in the system and decrease with temperature increments. In
contrast, the lower asphaltene onset pressure (LAOP) increases with CO2 concentrations and

temperature increments in all cases. For 25 mole% of CO> at 60, 90, and 120 °C, the reversibility



of the asphaltene precipitation process is corroborated. However, irreversible asphaltene
precipitation processes are found for 35, and 45 mole% of CO; injected at 25 °C. The maximum
quantity and most significant size of asphaltene precipitation particles are found at bubble point
for all cases. Asphaltenes particles do not have a specific shape, and their colors vary from brown
to black. The reversible asphaltene mechanisms developed four different phase behaviors during
the isothermal depressurization. In contrast, the irreversible asphaltene mechanisms developed

only three phase behaviors.

The crude oil sample characterization and modeling calculus are performed using commercial
software, WinProp, from Computer Modelling Group Ltd. (CMG). The model reproduced the
experimental saturation pressure measurements by tuning the Peng-Robinson EOS. A solid model
is used as a thermodynamic equation. The purpose is to predict asphaltene precipitation under
different CO2 mole% injections for isotherms at 25°C, 60°C, 90°C, and 120°C. This
thermodynamic model calculates fugacity of the liquid phase from the tuned Peng-Robing EOS to
predict the asphaltene precipitation wt%. Then it is adjusted manually for different solid molar
volume parameters. The experimental asphaltene precipitation wt% was successfully modeled for
various CO2 mole% injections for isothermal conditions. A new correlation of the molar volume
in function of temperature and CO, molar concentrations was developed. The developed
correlation successfully predicts the solid molar volume required to match the experimental

asphaltene precipitation wt% with an absolute average relative deviation (AARD) of 0.75%.
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Chapter 1: Introduction

1.1. Background

Asphaltenes are an old problem, but unfortunately, not many new effective solutions have been
proposed. In 1837 Boussingault defined asphaltenes from experimental observations of distilling
residues with asphalt-like properties (Boussingault, 1837). Today, the definition of asphaltenes is
still a paradox. Asphaltenes are polydisperse fractions, polar, brown to black, classified as a
solubility class insoluble in n-pentane or n-heptane, but soluble in toluene, benzene, or xylene
(Syed et al., 2012). Researchers know them as the most complex components of crude oil, having
the heaviest molecular weight, no melting point, and no unique chemical structure (Mohammadi
et al., 2016b; Ortiz et al., 2017). They can be found as a dispersed fraction in the fluid phase,
agglomerated-colloidal-viscous liquid phase, or stacked chunk solid particles. The asphaltenes
particles have no specific shape, and their complex-vary molecular structure is classified into the
island and the archipelago groups. It is experimentally found that the archipelago asphaltene

structures are more likely to form clusters, ultimately producing asphaltene deposition.

Asphaltene precipitation and deposition mechanisms are still controversial. However, the colloidal
and solubility theories set the foundations for the current asphaltene studies. The colloidal
approach postulate that the main forces driving the asphaltene phase behavior are the polar-polar
interactions between an asphaltene single-particle and surrounded resins. The perfect equilibrium
balance keeps asphaltenes-resins micelles disperse as colloids neighbored by aromatic molecules,
which serve as a bridge with saturates (Dickie & Yen, 1967; Leontaritis & Ali Mansoori, 1988;
Mitchell & Speight, 1973; Pfeiffer & Saal, 1940). On the other hand, the solubility theory claims

that asphaltenes phase behavior obeys the less strong van der Waals forces that keep the



equilibrium of saturates, aromatics, resins, and asphaltenes. In primary oil production, pressure,
temperature, or composition changes can disrupt the force balance. While in mature oil reservoirs,
gas injection, solvent concentration, or other EOR technigues can cause asphaltene destabilization.
The final product of the asphaltene disbalance is its precipitation and, ultimately, its deposition.
The deposition of asphaltenes is the culprit of a multimillion-dollar problem for the oil industry.
For example, the new forms of oil production, such as deepwater and EOR, where thermodynamic
conditions are usually unstable. Therefore, it is crucial to accurately measure, correlate, and predict

the asphaltene phase behavior (Soleymanzadeh et al., 2019; Syed et al., 2020).

In the latest years, the experimental measurements of asphaltene phase behavior have
accomplished high progress (Afra et al., 2020). Nowadays, many direct and indirect laboratory
methods exist for measuring asphaltene behavior. One of them is the high-pressure, high-
temperature equipment coupled with a high-resolution microscope that determines the asphaltene
onset pressures and the phase behavior analysis of crude oil mixtures at reservoir conditions.
However, this state-of-the-art laboratory test is expensive and time-consuming. With that in mind,
thermodynamic correlations and simulators that can predict asphaltene change outcomes are

urgently required (AlHammadi et al., 2017).

The modeling of asphaltene phase behavior requires a characterization of the asphaltene
molecules. In 1967, professors Dickie and Yen postulated that asphaltene could be considered
polycyclic aromatic hydrocarbons PAHs, PAH stacks, alkanes, and petroporphyrins. The
limitation of this theory is the little consensus on the colloidal and molecular nature of asphaltenes.
(Mullins, 2010) proposed a new Yen-Mullins theory where asphaltenes are represented as a single
moderated large PHA with peripherical alkanes. These asphaltenes nanoparticles aggregate,

forming stacks of a maximum of six PHA structures. The final stage of the aggregation is the

2



asphaltene cluster, where a minimum of eight single PHA structures can be found stacked. In 1998,
Buckley studied the phase behavior of asphaltenes. Later, Hildebrand & Wood, 1933 proposed a
thermodynamic model based on the non-polar components of solutions. Huggins, 1942 and Flory,
1944 introduced the polymer equations that successfully predict asphaltene onsets for different
solvents. However, the size of asphaltenes is not as much bigger than polymers but bigger than
solvent molecules. Hirschberg, 1984 developed the solubility theory, which matches the
experimental data of asphaltene precipitation for gas injection and pressure depletion. This model
was simplified for different crude oils for De Boer in 1995. It was only until 2010 when Flory,
Hugging, and Zuo modified the Hirschberg model and introduced the variations in fluid properties

with well-depth (Zuo et al., 2013).

Modeling asphaltene phase behavior using EOS is the second approach of the solubility models.
EOS returns to the general thermodynamic concepts, and fewer assumptions are made. PVT
properties are used to formulate calculations for predicting asphaltene instability. These models
are based on Redlich & Kwong, 1949; Soave, 1972; and Peng and Robinson, 1976. The Cubic
Peng Robinson Solid Model was developed for Ngheim in 1993, Nghiem and Coombe in 1997,
and Kohse et al. in 2000. The model separates the heaviest component of the oil into a precipitated
and non-precipitated fraction. The fraction that precipitates is named the asphaltene solid phase.
The other vapor and liquid phases are modeled with the PR-EOS with volume shift parameters.
Another recently introduced EOS is the Perturbed-Chain Statistical Associating Fluid Theory (PC-
SAFT) EOS developed by Ting et al., 2007; Gonzalez et al., 2008; and Vargas et al., 2009. PC-
SAFT successfully predicts asphaltene onsets; however, the method requires the SARA analysis
(saturates, aromatics, resins, and asphaltenes). The SARA analysis is costly, increasing the total

cost of the tests, and there is still a gap between different lab results (Vargas & Tavakkoli, 2018).



1.2. Objectives
The main objective of this work is to successfully predict the asphaltene precipitation for a CO»-
EOR process under different reservoir conditions throughout the experimental and computational

study of asphaltene phase behavior.

The specific objectives are defined by chapters 3 and 4 of this study and are summarized as

follows:

- Chapter 3: Successfully measure saturation pressures for oil and gas injection (ethane,
propane, and COy) systems at reservoir conditions, compare, and model the most affected
option by asphaltene precipitation.

- Chapter 4: Experimentally determine the asphaltene content by a well-known standard and
corroborate the results using the Solid Detection System (SDS). Measure the Asphaltene
Onset Pressures (AOP), analyze the phase behavior and reversibility, and quantify the
asphaltene precipitation of the gas-assisted EOR process at different reservoir conditions.

Successfully predict asphaltene precipitation using WinProp.



1.3. Thesis Outline

The investigation presented in this thesis comprises the asphaltene phase behavior experimental
and modeling analysis for an 0il-CO. system during an EOR process. The content of the work is
divided into five Chapters. The first chapter, Introduction, presents a background of the initial
asphaltenes studies, theories, experimental techniques developed to date, and attempts to model
their behavior. Chapter 2, Literature Review, summaries the asphaltene problem history and
importance, the experimental techniques used for the asphaltene precipitation quantification, and
theories developed to date for modeling asphaltene phase behavior. In chapter 3, PVT Analyses,
the methodology for measuring oil properties, saturation point, and swelling factors is described
in detail. Likewise, the saturation pressure modeling is presented where experimental data is
matched with the theoretical model using the WinProp simulator. This model is further used in
Chapter 4. Following the asphaltene phase behavior analysis, Chapter 4, Asphaltene Precipitation
Prediction, includes the experimental determination of asphaltene content using two methods. The
ASTM-3279 establishes the first and second using the Solid Detection System (SDS). The
experimental measure of Asphaltene Onset Pressures (AOP), the Phase Behavior and reversibility
analyses, and quantification of the asphaltene precipitation are also presented. Finally, the
experimental data is modeled in WinProp to predict asphaltene precipitation at different reservoir
conditions and CO: gas injections. Chapter 5, Conclusions, Limitations, and Future Directions,
gives a general approach to the whole work; the most important conclusions of the study are
summarized, the limitations encountered in the thesis development are acknowledged, and the

future directions are proposed for researchers in the asphaltene field.



Chapter 2: Literature Review

2.1. Asphaltenes Problem

Despite the fact that more than one century has passed since Boussingault introduced the
asphaltene concept in 1837. Still, not a unique chemical structure of asphaltene is found, which is
the key to solving the puzzle for predicting specific properties, precipitation and deposition
mechanisms, and surface activity in crude oil asphaltenes (Hassanzadeh & Abdouss, 2022). This
ambiguous definition of asphaltenes is responsible for many problems in the upstream and
midstream stages of the oil industry. In addition to the issues associated with asphaltene deposition,
such as porous media blockage, changes in rock matrix wettability, or wellbore, near-wellbore,
pipes, and equipment plugging, asphaltene precipitation is a culprit among others for creating rigid
interfacial films that create asphaltenes-water-oil stabilized super emulsions and inducing an

undesirable wax deposition environment (Becker, 1997).

It is well known today that the flow assurance problems caused by asphaltenes
flocculation/precipitation/deposition are directly related to changes in reservoir thermodynamic
conditions or solvents quality rather than the content of asphaltenes present in the oil composition
(Dufour et al., 2010). In fact, there are vast field cases registered where asphaltene problems were
reported more often in asphaltene-low-content-light crude oils than in asphaltene-high-content-
heavy crude oils. When light components leave the oil system, the intermolecular forces that keep
attached saturates, aromatics, resins, and asphaltenes are broken, leading to the agglomeration of
asphaltene molecules and finally, the asphaltene deposition problem. Light components are not
present in heavy oils, so asphaltene problems are unlikely (Guzman et al., 2021). In the Gulf of

Mexico, the average cost of a well shut-in for asphaltene deposition is US $70 million per well.



This cost can be increased to US $100 million per well when the asphaltene deposition affects the
surface-controlled subsurface safety valve (Gonzalez, 2015).

The CO2-induced asphaltene precipitation and deposition are significant matters for CO»-assisted
EOR processes in mature fields. The CO2-EOR process has successfully demonstrated its potential
to increase the oil recovery and displacement and nowadays is highly important by offering a
bridge for carbon emission reduction (Arnaut et al., 2021). The main limitations of studying
asphaltenes problems in the CO; flooding process are the inaccuracy in different experimental
measuring techniques and the lack of a standard thermodynamic model for simulating asphaltenes

precipitation (Daryasafar et al., 2020).

2.2. Experimental Determination of Asphaltene Precipitation
2.2.1 Experimental Techniques

The experimental techniques for determining asphaltene precipitation are divided into indirect
and direct methods. Direct methods consider measuring the asphaltene precipitation content
after pressure or temperature changes or adding a solvent. These techniques can be performed
at ambient conditions or high-pressure and high-temperature simulating reservoir
surroundings. Figure 1 lists the most popular laboratory techniques for determining
asphaltenes precipitation. Indirect methods measure the absence of asphaltene precipitation,

unlike the direct methods (Tavakkoli et al., 2015)

Direct high-pressure and high-temperature methods are the most reliable. However, these
methods are costly, have time-consuming procedures, and highly qualify-trained personnel is

needed.
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Figure 1. Experimental techniques for asphaltene precipitation

2.2.1.1. High-Pressure and High-Temperature Microscope

In this work, a high-pressure, high-temperature high-resolution microscope is used.
This microscope is part of a Solid Detection System (SDS) coupled with a PVT cell
where the bubble points are measured.

Many SDS apparatuses are usually used with the light scattering technique (LST) to
verify the onset pressure. In this study, the SDS does not have LST. The SDS provides
particle size analysis software used to determine the amount of asphaltene
precipitation. Additionally, the high-magnifying capacity of the microscope allows for
identifying the asphaltene phase behavior giving enough information for verifying the

reversibility of the process.



Many investigations have been published for analyzing asphaltene precipitation using
a HPHT microscope. Most of them are for primary production and for testing the use
of chemical inhibitors (Ghloum et al., 2019; Karan et al., 2003; Mohammadi et al.,
2016a), but only a few of them are related to asphaltene precipitation induced by CO>

during EOR processes (Espinoza Mejia et al., 2022; Zanganeh et al., 2012).

The limitation of this technique is the time and expertise required by the lab worker
before starting the experiment. It requires at least 12 hours per measured point,
including cleaning and setting up all SDS and PVT cell equipment. Another constraint
for this procedure is that the microscope cannot detect particles in dark oils or oils with
high asphaltene content. A solvent or an indirect method must be used in these cases.
The advantage of the HPHT microscope is that this procedure gives a direct and real-
time measurement. It provides good images to analyze phase behavior and reversibility

of the process, especially for the CO2-EOR process.

The SDS and PVT cell use in this experimental work is provided in sections 3.3.2 and
4.3.2. For this experimental work, the SDS and PVT do not have an LST associated
that helps verify the asphaltene onset pressures (AOP). For this reason, the AOP
pressures and their respective asphaltene precipitation were modeled using

commercial software.



2.3. Asphaltene Precipitation Modelling

2.3.1 Asphaltene Phase Behavior

The asphaltene phase behavior envelope in Figure 2 is represented by a pressure-temperature
diagram for an oil reservoir. Above the Upper Asphaltene Boundary, only the liquid phase is
found. Here, asphaltenes and light components are dissolved into the crude oil phase. Due to
the depletion of the reservoir, asphaltene molecules start agglomerating, forming stacks and
finally clusters that precipitate, creating two phases solid asphaltenes and liquid crude oil. This
point is the Upper Asphaltene Boundary. The amount of asphaltenes particles reaches a
maximum when the pressure is the bubble point. All light components leave the liquid phase
at the saturation point, creating a three-phase environment, solid asphaltenes, liquid oil, and
light vapor components. Since the light components left the oil phase, the heavy-rich
components of the oil become a suitable solvent for asphaltenes again. Asphaltene particles
will be redissolved into the oil phase until the last asphaltene particle comes into the solution
at the Lower Asphaltene Boundary. Points 1 to 5 in Figures 2 and 3 represent an isothermal

depressurization process.

For the case of the CO,-EOR, the phase behavior also encounters similar characteristics to a
primary depleted oil reservoir, a single-phase (liquid oil and CO.) at miscible conditions, two
phases (liquid oil and CO> and solid asphaltenes) at UAOP, three phases (liquid oil and gas
CO; and solid asphaltenes) at bubble point, and two phases (liquid oil and gas CO2) below
LAOP. Figure 3 describes all these phases of a depressurization process, showing the
percentage of asphaltene precipitation per area% for a fixed fraction of CO> gas injected into

an oil sample. Images are taken from an HPHT microscope under reservoir conditions.
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Figure 2. Asphaltene phase envelope, pressure-temperature diagram.
(Adapted from “Asphaltenes — problematic but rich in potential” by (Akbarzadeh et al., 2007), Oilfield
Review, 19, p. 28.)
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Figure 3. Asphaltene phase behavior, pressure-asphaltene precipitation diagram.
(Adapted from “Experimental Study of Asphaltene Precipitation and Deposition During Immiscible CO; -
EOR Process” by Espinoza et al., 2022, SPE, p. 10.)
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2.3.2 Reversibility Mechanisms

The asphaltene precipitation process is a reversible process under specific conditions.
Asphaltene precipitation and its further deposition depend on temperature, pressure, and
composition of the light components present in the oil. Initially, asphaltenes particles are
dissolved into the oil phase as asphaltene nano-particle; at this thermodynamic condition,
asphaltenes are stabilized by resins which are polar molecules like asphaltenes, resins
surround every asphaltene particle, and these at the same time are surrounded by aromatic
molecules creating the perfect equilibrium, Figure 4. Figure 5 shows that the asphaltene
equilibrium is broken due to operational and reservoir factors. Asphaltene particles attach
when the equilibrium is broken, forming stacks; these primary particles aggregate with others
forming microaggregates. The HPHT microscope will identify these particles as asphaltene
precipitation. According to many studies at this point, the asphaltene formation mechanism is
reversible, which means asphaltenes clusters can be redissolved again into the oil phase if the
initial conditions are reestablished. However, there is a point in temperature, pressure, or light
components composition where a portion of asphaltenes particles will not go back into the oil
phase and will remain as solids even though the initial conditions are reestablished. The aging
process is where asphaltene solid particles will start forming asphaltene deposition. At this
stage, no thermodynamic changes can help dissolve these solids again into the oil phase
causing blockage of the porous media and affecting the permeability and wettability of the

matrix rock, Figure 6.
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Figure 4. Force balance on asphaltenes.
(Adapted from “The relationship between SARA fractions and crude oil stability” by (Ashoori et al.,
2017), Egyptian Journal of Petroleum, 26, p.212.)
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Figure 5. Factors affecting asphaltene equilibrium.
(Adapted from “Critical review of asphaltene properties and factors impacting its stability in crude oil” by
(Fakher et al., 2020), Journal of Petroleum Exploration and Production Technology, 10, p.1190.)
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Figure 6. Asphaltene precipitation, aggregation, and aging mechanism.
(Adapted from “Asphaltene Deposition” by (Vargas & Tavakkoli, 2018), CRC Press Taylor and Francis
Group, p.7.
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2.3.3 Thermodynamic Models

Due to the ambiguous definition of asphaltenes and the complexity of their structures,
experimental achievements for determining accurately and cost-effectively asphaltene
precipitation is still limited. For that reason, there is necessary to develop thermodynamic
relationships that can predict the behavior of asphaltene precipitation in terms of independent
variables such as pressure, temperature, and composition of the components in the crude oil.
These PVT relationships have been studied for many years; however, no unique model has
been developed to predict uniformly asphaltene results for crude oils and all types of solvent
injections. The most popular theories postulate asphaltene precipitation models are the
Solubility and Colloidal models. The Colloidal model assumes that asphaltenes are micelles
stabilized by polar-polar interaction with resins. Under this approach, if the concentration of
resins/asphaltenes is too low, asphaltenes precipitate from the bulk phase. In the second group,
the solubility models, it is believed that asphaltenes are soluble in the oil phase either partially
or totally. A solubility parameter is defined and will depend on the weak van der Waals
interaction forces rather than the colloidal model's solid polar-polar interactions (Khaleel et

al., 2015; Tavakkoli et al., 2016).

Figure 7 shows a classification of the asphaltene precipitation thermodynamic models. The
Solubility models are divided into two main groups, the solution theories and the Equations
of State (EOS). For the solution theory, the crude oil is assumed to be a binary mixture.
Asphaltene is treated as the solute and the rest of the mixture as the asphaltene solvent. In the

EOS case, the model uses the multiphase equilibrium formulation introduced by Michelsen
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(1982). The PT-flash and the EOS outputs can be manipulated to match the experimental data

by tuning the asphaltene model parameters.

Asphaltene Precipitation

Thermodynamic Models

v ¢

Solubility Models Colloidal Models
Solution Equations of
Theories

State

l i

1.Regular Solution Theory

2.Hirschberg and Boer Models

3.Flory, Huggins, and Zuo

4 Asphaltene Inestability Trend Method

1.Cubic-Peng Robinson Solid Model
2.PC-SAFT Equation of State
3.Cubic-Plus-Association Equation of State

Figure 7. Asphaltene precipitation thermodynamic models

2.3.3.1. Cubic-Peng Robinson (PR) Solid Model

The thermodynamic model used in WinProp to predict asphaltene precipitation was
developed for Ngheim in 1993, Nghiem and Coombe in 1997, Ngheim et al., 1993,
and Khose et al. in 2000. In this model, the asphaltene phase can be considered a solid,
partially solid, or viscous fluid. The model separates the heaviest component of the oil
into a precipitated and non-precipitated fraction. The fraction that precipitates is named
the asphaltene solid phase. The other vapor and liquid phases are modeled with the
PR-EOS with volume shift parameters. The solid model used in WinProp has several
assumptions which reduce its computational time. The assumptions are listed as

follows (Subramanian et al., 2016):
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- Homogeneous asphaltene behavior

- Molecular interactions are not counted for

- Reversible asphaltene precipitation, although this can be modified
- Asphaltene molecular structure or geometry is not considered

At least one point for PVT and AOP experimental data are needed to adjust the solid

model parameters.

The parameters to be estimated for using the model are:

- The fugacity of the pure asphaltene at a reference pressure

- The molar volume of the solid

- The volume shift parameter

- The interaction coefficient between the asphaltene components and other

components

The procedure used in the solid model is described as follows:

- Fluid characterization of the oil and the solvent

- Regression to match fluid PVT data

- Specification of asphaltene component parameters

- Validation of asphaltene component parameters with isothermal experimental data
- Determination of the solid model parameters for non-isothermal conditions

- Prediction of Asphaltene Precipitation Envelope (APE)

The reliability has been demonstrated in many field cases (Al-Qasim, 2017; Ghasemi
& Al-Safran, 2020; Zadeh et al., 2011). However, not all cases can be reproduced with
total success. For that reason, some improvements have been proposed to improve the
model's accuracy (Shoukry et al., 2020).

A more extended explanation of the solid model used in this work is presented in

section 4.5.2, Mathematical Modeling.
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Chapter 3: PVT Analyses

3.1 Introduction

All crude oils contain asphaltenes in their composition. The content of asphaltenes does not
determine whether or not asphaltenes will precipitate. This complex thermodynamic equilibrium
depends on the pressure, temperature, and composition of the crude oil components. For gas-
assisted EOR processes, solvent injection ratios directly affect the asphaltene precipitation. There
is a close interrelationship between asphaltene precipitation and the PVT analysis. Through PVT
analysis, saturation points and swelling factors can be determined. At saturation point, the
maximum asphaltene precipitation is reported while the swelling factor measures the oil
expansion, impacting oil recovery and displacement. This chapter addresses the PVT analyses by
measuring saturation pressures and swelling factors for five oil samples at reservoir temperatures
and various gas injection fractions. The experimental work compares the saturation pressures and
swelling factors for ethane, propane, and CO: injection fractions. Initially, the oil properties are
required; section 3.2 Crude Oil Properties presents these measurements. Results from the
experiments are shown in section 3.3 Saturation Pressures and Swelling Factors Measurements.
It is desired to simulate the experimental saturation pressures of crude oil #5 and CO2 mixtures
using WinProp (CMG, 2011). Therefore, section 3.4, Saturation Pressure Simulation, explains the
mathematical modeling, simulation results, and regression of the experimental data to obtain the
best-simulated saturation pressures. This chapter concludes that the software accurately predicts
the saturation pressures of crude oil #5 and CO2 mixtures; these results are used for further

asphaltene precipitation prediction.
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3.2 Crude Oil Properties

3.2.1. Density

The density and API gravity are measured for all crude oils #1-5 using the densimeter DMA
4500 from Anton Paar. This digital density meter is based on the oscillating U-tube principle.
The U-shaped glass tube is excited and starts oscillating at a certain frequency. When the tube
is filled with the sample, this frequency changes; the sample density is calculated based on
this measured frequency. The measuring range of the densimeter is 0 to 3 g/cm?3. Density and
temperature accuracies are + 0.00005 g/cm® and + 0.03 °C, respectively. Likewise, the
density and temperature repeatability or standard deviations are 0.00001 g/cm?® and 0.01 °C,

respectively. A minimum sample of 1 ml can be used (Anton Paar, 2022).

First, the checking procedure, adjustment, and calibration for air and distilled water must be
performed. Then, cleaning the measuring cell with toluene and acetone must be performed.
Toluene removes the residues, acetone removes the remaining toluene, and it is easily
evaporated during the drying process. The drying process is performed by a stream of dry air

available in the densimeter. Now, the densimeter is ready for measuring.

In the instrument, activate the method "Crude Oil." Set the desired temperature and inject 1
ml of oil sample. A typical measuring time per sample is approximately 30 seconds. Change
the new temperature to continue with the subsequent measurement. When the samples need
to be changed, the adjusting, cleaning, and drying procedures must be repeated before starting

the new measurement (Du, 2018).
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Figure 8. Densimeter DMA 4500, Anton Paar

Table 1 shows the density measurements for crude oils #1-5.

Table 1. Density and API gravity for crude oils #1-5

Crude oil # | Density, g/cm®at 15.,5°C | ° APl at 15.5°C
1 0.8457 35.1
2 0.8812 28.595
3 0.8276 38.96
4 0.8043 43.9
5 0.836 37.829

The PVT experiments for crude oils #1-4 are performed at a single reservoir temperature. Whereas,
for the case of crude oil#5, five different reservoir temperatures were analyzed. For that reason,
the density measurements for crude oil #5 were performed at different temperatures. Results are

reported in Figure 9 and Figure 10.
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Figure 9. Density measurements for crude oil #5 at different temperatures
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Figure 10. API gravity measurements for crude oil #5 at different temperatures

Crude oil #5 has a measured density and °API of 0.836 g/cm® and 37.829 at 15.5 °C,

respectively.
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3.2.2. Molecular Weight
The molecular weight is indirectly measured for crude oils #1-5 using the wide range
cryoscope Cryette WR from Precision Systems. The freezing point depression of the
solution (oil as solute and benzene as solvent) measured in the cryoscope is in direct
proportion to the concentration of the solute. After accurately weighing portions of solvent
and solute, the freezing points are measured, and at least two readings are required to
calculate the solute average molecular weight using Equation 1 (ASTM-D02 Committee,

2008). Table 2 shows the molecular weight measurements for crude oils #1-5.

1000KU
W j—

= Equation 1
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.. CRYETTE WR' | K

PRECISION

Figure 11. Cryoscope Cryette WR, Precision Systems

Table 2. Molecular weight for crude oils #1-5

Crude oil # Molecular weight, g/mole
1 212.28
2 230
3 255
4 1091
5 209.91
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3.2.3. Viscosity

The viscosity is measured only for crude oil #5 since the PVT experiment will be performed
at different temperatures. A viscosimeter DV-I1 + Pro from Brookfield is used; this rotational
viscosity meter measures dynamic viscosity as the ratio of shear stress to share rate. The oil
sample is placed in a cup where a spindle is inserted. The spindle rotates at fixed rates, defined
as "shear rates." Simultaneously the viscometer measures the torque resistance at each spindle
rotation, described as "shear stress.” The temperature sensing range of the viscosimeter is -
100 °C to 300 °C. The reported viscosity and temperature accuracy are = 1.0 % of the full-
scale range and = 1 °C from -100 °C to +149 °C or + 2 °C from -150 °C to +300 °C,
respectively. The viscosity repeatability is = 0.2 % of the full-scale range. The operating
environment temperature range and relative humidity are 0°C to 40°C and 20% to 80% for a

non-condensing atmosphere (Brookfield, 2022).

Initially, the viscometer cup and spindle must be clean. Toluene removes the residues, acetone
removes the remaining toluene, and it is easily evaporated. A stream of dry air available in the
lab is used to dry the cup and spindle. Then, the cup and spindle are assembled, and the
instrument is turned on, leveled, and autozeroed. The next step is to set the gap and proceed
with the calibration. The calibration fluid should be carefully chosen for the sample viscosity
ranges. After the calibration, the viscosimeter is ready for measuring. The cup and spindle
must be clean and dry. The gap must be set. 0.5 ml of crude oil #5 is charged in the cup. The
desired temperature is set in the thermo-cooling bath. The shear rate is set in rpm. The
viscosimeter motor is turned on and allowed to show a constant value of viscosity and
temperature on the screen. The viscosity, shear rate, and torque are recorded. The procedure

is repeated for other temperatures and share rates. When the samples need to be changed, the
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cleaning, drying, leveling, autozeroing, and calibration must be performed before starting the

new measurements (Yang, 2020). Figure 12 shows the viscosity results for crude oil #5 at

different temperatures.
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B

=

Figure 12. Viscosimeter DV-I1I + Prd, Brookfield with Thermo-cooling Bath TC-602

Crude oil #5 has a measured viscosity of 7.192 cP at 15.5 °C.

3.2.4. Summary

The crude oils #1-5 density, °API, and molecular weight were measured in the lab. Viscosity
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was measured only for crude oil #5 since the PVT analyses will be performed at different

temperatures. The crude oil #5 viscosity at 15.5 °C is reported as 7.192 cP.
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3.3 Saturation Pressures and Swelling Factors Measurements
3.3.1. Materials

Five oil samples were investigated to determine their saturation points and swelling factors at
different reservoir temperatures. The density, °API, molecular weight, and viscosity are
presented in section 3.2, Crude Oil Properties. The gases propane, ethane, and CO- used as
solvents have purities of 99.9999 %, 99.9999 %, and 99.999% (Matheson, USA), respectively.
Table 3 shows the feeds prepared for crude oils #1-4 and propane injections, Table 4 shows
the feeds prepared for ethane injections, and Table 5 shows the feeds prepared for crude oil

#5 and COz injections.

Table 3. Feeds prepared for propane and crude oils #1-4

Propane- Qil-
Crudeoil# | Feed# mole% mole% Temperature, °C

1 68.76 31.24
2 55.69 44.31
3 46.81 53.19
4 40.38 59.62

42.2
1 5 35.50 64.50
6 31.67 68.33
7 28.59 71.41
8 26.05 73.95
1 20 80.00
2 30 70.00

2 3 40 60.00 104.4
4 50 50.00
5 60 40.00
1 20 80.00
2 30 70.00

3 3 40 60.00 73.3
4 50 50.00
5 60 40.00
1 20 80.00
2 30 70.00

4 3 40 60.00 104.4
4 50 50.00
5 60 40.00
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Table 4. Feeds prepared for ethane and crude oils #1-4

Ethane- Oil-
Crude oil # Feed # mole% mole% | Temperature, °C

1 64.57 35.43
2 52.23 47.77
3 43.85 56.15

1 4 37.79 62.21 42.2
5 33.20 66.80
6 29.60 70.40
7 26.71 73.29
1 20 80.00
2 30 70.00

2 3 40 60.00 104.4
4 50 50.00
5 60 40.00
1 20 80.00
2 30 70.00

3 3 40 60.00 73.3
4 50 50.00
5 60 40.00
1 20 80.00
2 30 70.00

4 3 40 60.00 104.4
4 50 50.00
5 60 40.00

Table 5. Feeds prepared for CO, and crude oil #5

Crude oil # Feed # CO2-mole% Qil-mole% | Temperature, °C
1 25 75
2 30 70
3 35 65 25, 60, 90, 120,
S 4 40 60 150
5 45 55
6 50 50
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3.3.2. Experimental Setup

Many investigations have confirmed that the maximum asphaltene precipitation content is
found at the saturation pressure (Pedersen et al., 2015; Yen & Chilingarian, 1994, 2000).
Therefore, it is essential to measure this property before conducting asphaltene precipitation
experiments. The method used for measuring saturation pressure (bubble point) for an oil
sample in a mixture with gas injection is called Constant Composition Expansion (CCE), and

it is performed in a PVT cell.

This work uses a piston-equipped PVT cell system (PVT 300/700 FV, Core Lab) for all the
bubble point and swelling factor measurements. A schematic representation of the PVT cell
system is shown in Figure 13. The PVT cell has a maximum volume of 300 ml. The
operational range of pressure and temperature is from 0 psi to 10,150 psi and from -10 °C to
200 °C, respectively. The temperature inside the PVT cell is controlled by an internal heating
source and an external heating-cooling bath. A magnetic stirrer is activated for volumes higher
than 25 ml to accelerate the equilibrium state inside de PVT cell. The piston is moved forward
and backward for volume control and pre-and-depressurized the system inside the cell. In-situ
pressure and temperature sensors provide reliable data with an accuracy of + 0.35% Full Scale
and £ 0.1 °C, respectively. A charged-couple device (CCD) digital 6M pixels video camera
allows the visualization of the phase behavior changes during the whole experiment. Falcon
and Euclide software will also record the experimental pressure, temperature, and volume

(Zheng, 2020).
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Figure 13. Schematic diagram of the experimental setup for the PVT system

3.3.3. Experimental Procedure

The experimental procedure starts with preparing the equipment. Before beginning the CCE
experiment, the PVT cell must be cleaned and vacuumed adequately. The cleaning process is
conducted by washing the cell with toluene, then with acetone, both three times. The vacuum
process is successful when at a volume of 25 ml, the pressure in the cell remains constant at
around 0 and -3 psia for 30 minutes. If this condition is not reached, a new assembly of tubing
and valves must be performed. Afterward, the oil sample is injected into the PVT cell. The
volume of the cell is fixed before starting the gas injection. This volume and the final pressure
of the system after the gas injection are previously calculated. The gas is now injected into the
cell from a pressurized cylinder. The injection process will finish when the pressure calculated
previously is reached in the system. The oil sample will always be fixed, and a new fraction

of gas is injected for the next feed. For every CCE experiment, the temperature is constant.
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Two phases (oil in liquid and gas in vapor) can be observed through the PVT camera. The
pressure is now increased until the mixture becomes one single phase. In this condition, a
slight volume change will produce a significant pressure difference; this is explained because
the mixture is incompressible in the liquid phase. The CCE experiment can start when the
single-phase is reached, and the system is in equilibrium, so there is no change in pressure and

temperature for some hours.

The CCE experiment is performed by depressurizing the system at equilibrium conditions.
The cell piston is moved backward at a very low rate (3ml/h) to ensure the equilibrium
condition. Changes in pressure versus volume are recorded in the Falcon software. The
pressure versus volume trend will be displayed as a straight line with a fixed slope until a
sharp inflection point is shown. After the inflection point, a new straight line is shown with a
constant slope which describes the oil liquid and gas vapor phases at liquid-vapor equilibrium.
The intersection of these two straight lines is the point of the bubble point pressure and the

swollen oil volume.

As an illustrative example, Figure 14 shows the pressure versus volume data obtained from
the CCE experiment for the Crude oil #5 and CO2 mixture at 90 °C. For this case, the bubble

point pressure is 574.89 psia, and the swollen oil volume is 29.44 ml.
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Figure 14. Pressure versus swollen oil volume for crude oil #5 and 25 mole% CO; injection

The next composition of gas injection is injected into the PVT cell, and the depressurization
process is repeated. The procedure should start again from the cleaning and vacuum process
to repeat the experiment with another gas. The results quality will depend on the equilibrium
state's assurance before starting the depressurization process. Fifty-one (51) experiments were

performed for five crude oil samples at various reservoir conditions.
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3.3.4. Experimental Results

Saturation pressure (Psat) measurements and swelling factor (SF) calculations are listed
forward for crude oils #1-4 with injections of propane and ethane at reservoir temperature and

for crude oil #5 with injections of CO> at different reservoir temperatures (T reservoir).

3.3.4.1. Crude oil #1

Table 6. Saturation pressure and swelling factor for propane - crude oil #1

Crude oil #1
T reservoir 42.2°C
°API 35.8
Feed # Propane-mole% | Oil-mole% | Psat, psi | SF, psi
1 68.76 31.24 140.23 1.55
2 55.69 44 .31 123.24 1.24
3 46.81 53.19 113.33 1.11
4 40.38 59.62 110 1.06
5 35.50 64.50 98.53 1.02
6 31.67 68.33 96.31 1.02
7 28.59 71.41 86.18 1.00
8 26.05 73.95 85.57 0.09
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Figure 15. Saturation pressure and swelling factor versus propane injection for crude oil #1
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Table 7. Saturation pressure and swelling factor for ethane - crude oil #1

Crude oil crude oil #1
T reservoir 42.2 °C
°API 35.8
Feed # Ethane-mole% | Oil-mole% | Psat, psi | SF, psi
1 64.57 35.43 506.76 1.58
2 52.23 47.77 394.66 1.35
3 43.85 56.15 323.49 1.24
4 37.79 62.21 273.01 1.24
5 33.20 66.80 237.18 1.15
6 29.60 70.40 208.7 1.12
7 26.71 73.29 187.03 1.11
550 2.00
500 n 1.90
@ 450 1.80
% 400 - 170
2 350 . . 1.60 g
£ 300 . 1.50 E"
§ 250 — 5 140 =
5 = ° ” 3
£ 200 = 130 &
= 150 ® ¢ 1.20
100 oo * 1.10
50 1.00
20 30 40 50 60 70
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Figure 16. Saturation pressure and swelling factor versus ethane injection for crude oil #1

3.3.4.2. Crude oil #2

Table 8. Saturation pressure and swelling factor for propane - crude oil #2

Crude oil crude oil #2
T reservoir 104.4 °C
°API 29.07
Feed # Propane-mole% | Qil-mole% | Psat, psi | SF, psi
1 20 80.00 168.51 1.02
2 30 70.00 213.1 1.26
3 40 60.00 268.31 1.38
4 50 50.00 336.94 1.53
5 60 40.00 404.62 1.77
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Figure 17. Saturation pressure and swelling factor versus propane injection for crude oil #2

Table 9. Saturation pressure and swelling factor for ethane - crude oil #2

Crude oil # 2
T reservoir 104.4 °C
°API 29.07
Feed # Ethane-mole% Oil-mol% | Psat, psi | SF, psi
1 20 80.00 357.11 1.12
2 30 70.00 659.75 1.21
3 40 60.00 795.85 1.26
4 50 50.00 1067.32 1.35
5 60 40.00 1171.52 1.43
1250 2.00
» 1.90
-13 1050 u 180
- 1.70
; =0 . - m 1.60 E
é 650 u 1.50 E,
= * 140 =
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Figure 18. Saturation pressure and swelling factor versus ethane injection for crude oil #2
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3.3.4.3. Crude oil #3

Table 10. Saturation pressure and swelling factor for propane - crude oil #3

Crude oil # 3
T reservoir 73.3°C
°API 39.47
Feed # Propane-mole% | Oil-mole% | Psat, psia | SF, psi
1 20 80.00 77.9 1.13
2 30 70.00 1115 1.20
3 40 60.00 147.68 1.27
4 50 50.00 190.26 1.39
5 60 40.00 231.24 1.56
250 2.00
- 1.90
= 200 1.80
@ [ |
= 1.70
9 5
S 150 +-——— = 160 o
g 7 <
£ i 1.50 w
& 100 « ——» 140 =
= =
E ] ° 1.20 o
T 50 . 1.20
* 1.10
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Propane injection, mole%

Figure 19. Saturation pressure and swelling factor versus propane injection for crude oil #3

Table 11. Saturation pressure and swelling factor for ethane - crude oil #3

Crude oil # 3
T reservoir 73.3°C
°API 39.47
Feed # Ethane-mole% | Oil-mole% | Psat, psia | SF, psi
1 20 80.00 221.73 1.07
2 30 70.00 344.64 1.12
3 40 60.00 468.59 1.20
4 50 50.00 608.71 1.29
5 60 40.00 754.4 1.42
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Figure 20. Saturation pressure and swelling factor versus ethane injection for crude oil #3

3.3.4.4. Crude oil #4

Table 12. Saturation pressure and swelling factor for propane - crude oil #4

Crude oil # 4
T reservoir 104.4 °C
°API 44.43
Feed # Propane-mole% | Oil-mole% | Psat, psi | SF, psi
1 20 80.00 80.69 1.137
2 30 70.00 106.94 1.206
3 40 60.00 135.32 | 1.295
4 50 50.00 163.69 1.446
5 60 40.00 194.65 | 1.624
250 2.00
1.0
& 200 n 1.80
3 x 1.70
3 150 L 160 £
o " 150 =
= i *-—» I
§ 100 140 =
® = . 130 3
=
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Figure 21. Saturation pressure and swelling factor versus propane injection for crude oil #4
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Table 13. Saturation pressure and swelling factor for ethane - crude oil #4

Crude oil # 4
T reservoir 104.4 °C
°API 44.43
Feed # Ethane-mole% | Oil-mole% | Psat, psi | SF, psi
1 20 80.00 224.05 1.108
2 30 70.00 359.28 1.196
3 40 60.00 454.40 1.278
4 50 50.00 531.7 1.376
5 60 40.00 596.68 1.454
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600 m
a 1.80
Il |
= 500 170
o “«— nm S
2 a00 1.50 3
au u 150
= 300 * =
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S 200 n . 130 3
= . 1.20
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Figure 22. Saturation pressure and swelling factor versus ethane injection for crude oil #4

3.3.4.5. Crude oil #5

Table 14. Saturation pressure for CO; - crude oil #5

Crude oil # 5
°API 39.47
Feed # COo- Oil- Psat, psia
mole% | mole% | 25°C | 60°C 90 °C 120°C | 150°C

1 25 75 | 313.75 | 45352 | 574.89 | 692.34 | 805.96
2 30 70 | 402.44 | 561.72 | 71459 | 873.74 | 999.92
3 35 65 | 465.38 | 690.24 | 896.48 | 1076.28 | 1234.63
4 40 60 | 531.66 | 879.81 | 1053.74 | 1278.86 @)
5 45 55 | 623.03 *) *) *) *)
6 50 50 | 644.01 *) *) *) *)

(*) The experiment found no values because the system reached a liquid-liquid equilibrium where no
saturation pressure could be measured.
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Table 15. Swelling factors for CO; - crude oil #5

Crude oil # 5
°API 39.47
Feed # CO2- Qil- SF
mole% | mole% | 25°C 60 °C 90 °C 120 °C 150 °C

1 25 75 1.12 1.15 1.17 1.20 1.23
2 30 70 1.14 1.17 1.19 1.22 1.24
3 35 65 1.17 1.20 1.22 1.23 1.25
4 40 60 1.19 1.23 1.25 1.25 *)
5 45 55 1.23 (*) (*) (*) *)
6 50 50 1.25 (*) (*) *) *)

(*) The experiment found no values because the system reached a liquid-liquid equilibrium
where no saturation pressure could be measured.
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Figure 23. Saturation pressure versus CO- injection for crude oil #5
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3.3.4.6. Asphaltene Visualization in PVT Cell

Figure 25 to 29 show the PVT cell's final condition after the CCE experiment for all
crude oil cases. Crude oil #1 presents tiny dark particles, while crude oils #2-3 do not
show any precipitation. Crude oil #4 shows a highly viscous liquid similar to wax.
From the solid, black particle visualizations, we can confirm the existence of
asphaltene precipitation for crude oil #5 due to the CO2 injection. For this reason, crude
oil #5 with injections of CO> gas is used for the further asphaltene precipitation

analyses.

| Figure 26. Crude oil #2 final condition
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Figure 28. Crude oil #4 final condition

Olid—like

Figure 29. Crude oil #5 final condition
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3.3.5. Summary

Saturation pressure increases with temperature and gas injections for all cases. The swelling
factor rises with temperature and gas injections in all cases. However, theoretically, it is well
known that the oil swelling factor increases under immiscible conditions. The oil swelling
factor will decrease for a miscible process because the swollen oil has reached a maximum,
and oil extraction into the gas phase has begun.

Comparing propane and ethane saturation pressures, higher values were found for mixtures of
oil-ethane than oil-propane for crude oils #1-4. This difference is explained by the knowledge
that lighter components have higher vapor pressures. For the case of CO: injections, the
saturation pressure values were higher than ethane and propane injections for the same
reservoir temperatures and at the same gas mole fraction injections. The explanation is that
the non-hydrocarbon component, CO-, has higher vapor pressure than ethane and propane at
the same temperature. From the images taken after the PVT experiment, it is clear that for
crude oil #5, the injection of CO2 will produce asphaltene precipitation. For this reason, this

crude oil is chosen to study further asphaltene precipitation predictions.
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3.4 Saturation Pressure Simulation
3.4.1. Mathematical Modelling

3.4.1.1. Chemical Potential and Fugacity

The chemical potential ( G;) of a component (i) in a mixture is calculated by:

dG; = RTd(In f;) Equation 2

limf; =y;,P =P
P—>°fl l l Equation 3

Where R is the universal gas constant, T is the temperature of the mixture, f; is

fugacity, P is pressure, and y; is vapor composition of component i.

The following condition must be met to calculate the vapor-liquid equilibrium

pressure.
foi = fu Equation 4
The fugacity of the vapor phase equals the fugacity of the liquid phase.

3.4.1.2. Fugacity coefficient and K factor

The fugacity coefficient is defined as:

_Je
yiP

The K; factor is defined as the ratio of fugacity coefficient of the liquid phase and

Q; Equation 5

fugacity coefficient of the vapor phase.

K; = ﬂ Equation 6
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3.4.1.3. Peng-Robinson (PR) EOS

The PR EOS proposed by Peng and Robinson in 1976 is the most widely used equation

of state applied in the chemical and petroleum industries (Peng & Robinson, 1976).

This equation was modified in 1978, introducing a new parameter for heavier

components with an acentric factor ( w ) higher than 0.49. The PR EOS is used to

determine the saturation pressure of CO2 and crude oil #5.

The PR EOS model is defined by:

RT a

P=v—b_v(v+b)+b(v—b)

Where v is molar volume, and a and b are the EOS parameters:

3.4.1.4. Mixing rule

For a mixture, the PR-EOS parameters are defined by:
N
a= Zyiyj\/ a;a; (1 - kij)

=1

i=1j=1

yib;

[wyl
Il
i

R?T?Z
a; = 0.457235 5 ~a;

ci

ci

b, = 0.077796

ci

Equation 7

Equation 8

Equation 9

Equation 10

Equation 11

where y; and y; are the vapor compositions of components i and j. a; and b; are the

EOS parameters for component i, and k;; is often referred to as the binary interaction
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parameter (BIP) or sometimes referred to as the binary interaction coefficient (BIC).
R is the ideal gas constant, T,; is the critical temperature, and P,; is the critical

pressure.
The coefficient a; can be calculated by:

a; = [1+m(w) (1 — JT]? Equation 12
where m is a function of the acentric factor w :

m(w;) = 0.3796 + 1.485w; — 0.1644w? + 0.01667w?, w; >0.49 Equation 13

m(w;) = 0.37464 + 1.54226w; — 0.26992w?, w; < 0.49 Equation 14

3.4.15. BIP
The binary interaction parameters (BIP) are a set of correction terms required for
calculating a, the EOS parameter. The BIP can be obtained by fitting the EOS for each

binary mixture. WinProp uses the following BIP correlation.

e Chueh-Prausnitz Correlation (1967)

B .
(v1/3v1/3) Equation 15

ci “cj

1/33 . 1/3
(v, + v, )/2

kij=1_

where v,; and wv.; are the molar critical volume of components i and j. g is an

empirical parameter that can be adjusted for the fluid system (Chueh & Prausnitz,

1967).
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3.4.1.6. Volume Translation

Another important parameter is the volume translation described by (Péneloux et al.,
1982). Volume translation solves the main problem with two-constant EOS, the poor
liquid volumetric predictions. A simple correlation term is applied to the EOS-

calculated molar volume. For a multicomponent mixture:

N
v, = vfoS — z X;C; Equation 16
i-1
N
_ ,EOS
W=V "" = Z YiCi Equation 17
i—1

Where v, and v, are the corrected liquid and vapor molar volumes, v£°5 is the EOS-
calculated volume, and c; is the component-specific constant which is define for every

component through the volume-translation coefficient ( s; ).

. A .
by M; ! Equation 18

A, and A, are constant values depending on the hydrocarbon family: paraffin,
naphthene, or aromatic. M; is the molecular weight of each component in the mixture

and b; are the component EOS parameters for component i.

3.4.2. Simulation Results

WinProp (CMG, 2011) calculates the saturation pressures of the mixture of CO2 and Crude

oil 5. The EOS chosen in the software is PR (1978). Before starting the saturation pressure

calculations, the program requires the following data: Composition specification, Initial K-

values, Output level, and Stability test level.
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The composition specification for crude oil #5 is shown in section 4.5.1 Oil Characterization,

Table 29.

The initial K-values are estimated internally from Wilson's equation (Wilson, 1969).

InK; = 5.37(1 + w;) (1 - TCi/T) +1In (P”'/P) Equation 19

The output level is usually 1, but if more information is needed regarding the flash calculation

iterations, set the output level to 2.

The stability test calculates whether the system needs to split into two or more phases to
achieve equilibrium at a specified pressure and temperature. (Baker et al., 1982; Michelsen,
1982) showed how the Gibbs energy tangent-plain criterium could be used to establish the
equilibrium. The mixture will split into two phases, y and x, if the mixture's Gibbs energy is
lower than the Gibbs energy of the mixture's n moles, which is considered a homogeneous
phase. In WinProp for two-phase oil/gas systems, level 1 is sufficient; for systems with more

than two phases, a value of 4 may be used.

The simulation program also needs component properties such as critical pressures, critical
temperatures, and acentric factors for all components, including the plus fraction. These values

are calculated internally for WinProp, Table 30.

The procedure describing the saturation pressure calculation in WinProp is described

following:

a) A temperature value at which the saturation pressure is calculated is required.

b) The estimated saturation pressure is also required as the initial value.
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c) At a given temperature, there are two saturation pressures, upper and lower values, the
upper can be the dew point, and bubble point of the fluid, and the lower is the dew point

of the fluid. One of them should be chosen.

3.4.3. Regression
Most EOS characterizations commonly hold errors in saturation pressures from around + 10%,

errors in density predictions of + 5%, and composition mole percent might be off for the key

components (Coats & Smart, 1986; Whitson, 1984).

Following the guidelines from Coats and Smart (1986), the EOS parameters chosen for the
regression were the BIP, BIP’s exponent from (Chueh & Prausnitz, 1967), and the omega
factors Q, and ,, for the lightest and the heaviest component. The omega factors Q, and Q,,
for the PR EOS are 0.45724 and 0.07780, which can be adjusted to match experimental data

to the model.

Q,, for the lightest component (OA).
Q,, for the heaviest component (OA).
Q, for the lightest component (OB).
Q, for the heaviest component (OB).

k;; between the lightest heaviest component (DD).

© o ~ w N P

B experimental exponent (PVC3).

A summary of the regression variables is shown below.

Table 16. Regression variables from WinProp

variable Lower Bound Upper Bound Initial Vvalue Final value % Change
OA CO2 2.9262E-01 4.3893E-01 3.6578E-01 3.7542E-01 2.64
OA C25+ 2.9262E-01 4.3893E-01 3.6578E-01 3.7105E-01 1.44
OB CO02 6.2236E-02 9.3355E-02 8.1695E-02 8.2218E-02 0.64
OB C25+ 6.2236E-02 9.3355E-02 6.3218E-02 6.3218E-02 0.00
PVC3 1 0. 0000E+00 1. 8000E+00 0. 0000E+00 1.7107E+00 100.00
DD C25+ :C02 0. 0000E+00 2.0000E-01 0. 0000E+00 6.0281E-02 100.00

45



Saturation pressures after the final regression are shown below.

Table 17. Saturation pressure for CO- - crude oil #5 Simulation

Feed Psat, psi (simulation)

%CO0O2-mole | %0il-mole 25°C 60 °C 90 °C 120 °C 150 °C
1 25 75 307.41 458.59 589.20 711.05 818.55
2 30 70 378.96 567.76 730.45 881.32 1013.2
3 35 65 454.90 684.84 882.42 1064.5 1222.4
4 40 60 535.91 811.13 1046.9 1262.7 *)
5 45 55 622.78 ™) ™) (* *
6 50 50 716.58 * * (@) ™

(*) Values were not found in the experiment, so the simulation was not performed.
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Figure 30. Experimental and simulated saturation pressures versus CO- injections

The average relative deviation (AARD) gives how accurate the regression is.

1 z" |peal — pexP |
— L l
i=1 i

Equation 20

After the regression, an AARD value of 3.3% confirms good experimental saturation pressure

data predictions.
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3.4.4. Summary

Determining saturation pressures using the PR-EOS (1978) available in WinProp gives a good
prediction of the experimental data. However, an adequate regression must be performed to
match the experimental and modeled data. After tuning the regression parameters, a calculated
value of AARD equal to 3.3 % confirms the reliability of the modeled saturation pressures.
The next chapter will use these saturation pressures to predict the asphaltene precipitation of

crude oil #5 and CO2 mixtures at different reservoir temperatures.

47



Chapter 4: Asphaltene Precipitation Prediction

4.1. Introduction

As mentioned earlier, crude oil #5 studies the asphaltene precipitation during the CO> injection
process. The procedure and results from quantifying the asphaltene content in crude oil #5 are
explained in section 4.2, Asphaltene Content by ASTM-3279. In section 4.3, Asphaltene Content
in SDS, crude oil #5 asphaltene precipitation is analyzed through a high-pressure-high-temperature
and high-resolution microscope of a Solid Detection System (SDS). Section 4.4 Asphaltene Onset
Pressures, Phase Behavior, Reversibility Mechanisms, and Precipitation Measurements, shows the
experimental results of the CO»-induced EOR process for crude oil #5 under different reservoir
conditions. Following section 4.5, Asphaltene Precipitation Simulation includes using a solid
thermodynamic model available in WinProp (CMG, 2011) to reproduce the experimental
asphaltene precipitation data. The modeling program uses the saturation pressures calculated in
Chapter 3: PVT Analyses. Asphaltene precipitation predictions show good approximations to the
experimental data for isothermal cases at different CO2 mole injection fractions. However, the
program faced limitations in predicting the asphaltene precipitation at different temperatures. For
that reason, a developed solid molar volume equation is proposed in this work. The proposed
correlation for the solid molar volume combines changes in temperature and CO2 mole injection
fractions in one function, which tunes the solid model used in WinProp. Finally, this chapter’s
findings are presented, and the accuracy of the simulated results using the developed solid molar

volume equation is confirmed with an absolute average relative deviation (AARD) of 0.7%.
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4.2. Asphaltene Content by ASTM-3279

4.2.1 Materials

Crude oil #5 is the sample chosen for the asphaltene precipitation analysis. This sample is the
dead oil collected from a reservoir in Texas. The API gravity is measured at 37.82, and the
molecular weight is 209.91 g/mole. N-pentane (HPLC Grade, 95% min, Alfa Aesar) is the
precipitating solvent. Toluene (99% purity, Fisher Chemical) is also used in this experiment
to separate impurities. The labware and equipment required are listed following: a 100 ml
Erlenmeyer flask, a 500 ml filtering flask, 500 ml beaker, filtering funnel, six glass microfiber
filter pads 32-34 mm diameter, a 100 ml graduated measuring cylinder, oven capable of

maintaining a temperature of 110 £ 5 °C, and a balance with an accuracy of at least 0.0001 g.

4.2.2 Experimental Setup and Procedure

The experiment followed the standard ASTM-3279 (ASTM-D04 Committee, 2007). Figure
31 and Figure 32 show the flowcharts of this procedure (Espinoza Mejia et al., 2022). Crude
oil #5 was in the liquid phase at ambient conditions, so the pre-heating process was
unnecessary. The Erlenmeyer flask mass is weighted as A. Around 1 gram of oil sample is
placed in the flask, and its mass is weighted as B. The oil sample mass, C, will be the difference
between B and A, Equation 21. 100 ml of n-pentane per 1g of oil sample is added to the flask,
labeled as Mixture 1. Mixture 1 is placed on a magnetic stirrer hot plate with a refluxing
condenser for 15 minutes and kept resting until it reaches ambient temperature, around two
hours. A filtration pad is dried at 110 °C, weighted as D, and placed in a filtration funnel.
Mixture 1 now contains the sample's asphaltene precipitation and some solid impurities. A

gentle vacuum filtration performs the separation of the insoluble solids.
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C=B-A Equation 21
C is the oil sample mass (g), B is the flask + oil sample mass (g), and A is the flask mass (g)

Depending on the insoluble solids content of the sample, more than one filter pad may be
needed. The insoluble material collected in the filter pad is placed in the oven at 110 °C for
30 minutes and then weighted as E. The difference between E and D is the mass of the
insoluble material, F (asphaltene + impurities), Equation 22. Asphaltenes are soluble in
toluene; therefore, to separate the impurities from asphaltene particles, the filter pad
containing the insoluble solids is placed in a 500 ml beaker and washed with toluene. The
liquid and solids are kept for further filtration, labeled as Mixture 2. A new filter pad is placed
in the oven at 110 °C for 30 minutes and then weighted as G. The dried filter pad is placed in
the filtration funnel, and Mixture 2 is filtrated. More than one filter pad may be needed
depending on the purity of the sample. The filter pad containing the impurities is placed in the
oven at 110 °C for 30 minutes and then is weighted as H. The difference between H and G is
the mass of the impurities, I, Equation 23. The mass percent of asphaltenes, Ac present in the

oil sample is a ratio of the difference between F and | with respect to C, Equation 24.
F=E-D Equation 22

F is the insoluble mass (g), E is insoluble + filter pad mass (g), and D is filter-pad mass (g)
I=H-G Equation 23

| is the impurities (g), H is the impurities + filter pad mass (g), and G is filter-pad mass (g)

AC:(F—I)

100% Equation 24

Ac is the asphaltenes content (wt%)
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Figure 31. Asphaltene content determination-experimental procedure part 1
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Figure 32. Asphaltene content determination-experimental procedure part 2
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4.2.3 Experimental Results

The asphaltene content experiment for crude oil #5 was performed twice, named experiments
#1-2. The results are shown in Table 18. Before starting the procedure, the oil sample was
already clean; no impurities were found in any experiments. Figure 33 shows the asphaltene
particle appearance for crude oil #5 when the solvent is n-pentane. If the alkane solvent is
changed, the appearance of asphaltene particles might also change (Buckley et al., 1998;
Wang & Buckley, 2003). The solubility of asphaltenes in a determinate solvent affects their

final molecular structure (Buckley et al., 2007; Fakher et al., 2020).

Table 18. Average asphaltene content for crude oil #5

Experiment # 1 2

A [Erlenmeyer flask mass, g 68.376 | 107.171

B |Erlenmeyer flask mass + oil sample, ¢ 69.491 | 108.287

C |oil sample mass, g 1.115 | 1.116

D [filter pad mass, g 0.111 | 0.112

E |filter pad mass + insoluble material, g 0.196 | 0.163

F [Insoluble material mass, g 0.085 | 0.051

G |filter pad mass, g 0.111 | 0.112

H [filter pad + impurities mass, g 0.111 | 0.112

I |impurities mass, g 0.000 | 0.000
Ac% |asphaltenes content, wt% 7.62% | 4.57%

Average 6.10%

N

R [\
Figure 33. Asphaltenes from experiment #1 (left) from experiment #2 (right)
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The appearance of asphaltene solids changes from one crude oil to another (Dickie & Yen,
1967; Sheu et al., 1995; Sheu, 2002; Buenrostro-Gonzalez et al., 2004). New experiments,
#3-4, were performed with crude oils #6-7 to corroborate the variation in the appearance of
asphaltene particles. The results for the asphaltene precipitation experiments are shown in
Table 19. Figure 34 shows the asphaltene appearance for crude oils #6 (left) and crude oil #7
(right). The asphaltene content of crude oils #6-7 is higher than crude oil #5. Likewise, The

solid particles are darker than crude oil #5.

Table 19. Average asphaltene content for crude oils #6-7, respectively

Experiment # 3 4
A Erlenmeyer flask mass, g 68.376 68.376
B Erlenmeyer flask mass + oil sample, g 69.426 69.407
C oil sample mass, g 1.050 1.031
D filter pad mass, g 0.111 0.111
El filter pad mass 1 + insoluble material, g 0.128 0.120
E2 filter pad mass 2 + insoluble material, g 0.192 0.160
F Insoluble material mass, g 0.098 0.058
G filter pad mass, g 0.111 0.111
H filter pad + impurities mass, g 0.111 0.111

I impurities mass, g 0 0
Ac% | asphaltenes content, wt% 9.33% 5.63%

Figure 34. Asphaltenes from experiment #3 (left) and experiment #4 (right)
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424 Summary

Crude oils #5-7 showed asphaltene contents higher than 3%. The total asphaltene contents are
6.10% (average), 9.33%, 5.63% for crude oils #5-7, respectively. According to the Boer criteria
(de Boer et al., 1995), crude oils with asphaltene content higher than 3% are more likely to
develop asphaltene precipitation problems. However, nowadays, many researchers have
confirmed that asphaltene precipitation not only depends on the asphaltene content but also on
the interactions of asphaltenes with other SARA components (Magbool et al., 2009; Punase et
al., 2016; Ashoori et al., 2017). The strong polar-polar interactions between asphaltenes-resins
and resins-aromatics molecules keep the force balance in equilibrium. The introduction of a
solvent, in this case, n-pentane, produces the separation of asphaltenes molecules from the
resin-aromatics structures. The asphaltene micro-aggregates agglomerate with other
asphaltene molecules forming bigger aggregates and eventually clusters. The asphaltene
precipitation starts when associated asphaltene structures are big and heavy enough that they

can no longer be colloids in the solution (Mullins et al., 2017; Vargas & Tavakkoli, 2018).

The experiment concluded that the precipitated asphaltene solids for crude oils #5, 6, and 7
have different colors and appearances even though the same solvent (n-pentane) is used. This
fact corroborates the theory that asphaltenes have no unique and extremely complex structure

(Dickie & Yen, 1967; Mitchell & Speight, 1973).
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4.3. Asphaltene Content in SDS
4.3.1 Materials

This section uses a piston-equipped Solid Detection System (SDS) to corroborate the results
obtained in section 4.2. The SDS (SDSPVTFV1000, Core Lab) is equipped with a high-
pressure-high-temperature cell. Additionally, a charge-couple-device (CCD) high-resolution
digital 1.4M pixels video camera allows real-time visualization of the process. An internal
heater and an external bath-cooler control the temperature increasing and decreasing. The
pressurization and depressurization process in the SDS are managed by moving forward and
backward the piston of the cell. The SDS-cell's maximum operating volume, pressure, and
temperature are 40 ml, 15,000 psia, and 200°C. Pressure and temperature data are recorded in
real-time with sensors of £0.35 full scale and 0.5 °C, respectively (Zheng, 2020). Acetone and

Toluene (99% purity, Fisher Chemical) are used for washing purposes.

The SDS’s software is described next. Euclide has friendly-user interphase with a video
camera which allows changing the images' resolution, tone, and scale. Likewise, this program
measures the fluid volumes from the screen view. Falcon shows in friendly-user interphase
where the reference and setpoints pressure, temperature, and volume, and graphs with respect
to time are displayed in real-time. Besides, the piston stroke rate is adjusted to simulate small
or significant pressure differences. Last, the Ellix software is a statistical distribution tool that
measures the number, length, width, perimeter, thickness, and area of particles detected by the
SDS's video camera. Ellix reports a statistical analysis where the maximum and minimum
particle sizes are listed, the data median is calculated, and the particle's distribution plot is

presented. Figure 35 shows a schematic representation of the SDS.
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Figure 35.Schematic diagram of the SDS for the asphaltene content experiment

4.3.2 Experimental Setup

Before starting the experiment, the SDS must be cleaned and dried. First, 5 ml of toluene is
used to wash the remaining hydrocarbon. Then, 5 ml of acetone is used to wash the remaining
water. This procedure is performed three times or until clear acetone is obtained after the final
washing. The next step is to dry the SDS. In the drying process, a line of compressed air is
used for 1 hour. Usually, a vacuum process is followed after the drying. However, for this
experiment, void conditions are not required. After the cleaning and drying, the SDS is ready

for the oil and n-pentane injection.
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4.3.3 Experimental Procedure

The procedure starts by connecting the oil and n-pentane transfer cylinders to the SDS cell.
Then, 0.4 ml of Crude oil #5 is charged into the SDS at room temperature. The mass of the oil
sample is calculated using the oil density from section 3.2.1, Density. Following the proportion
recommended by the ASTM-3279 (1g of oil sample per 100 ml of n-pentane), 33.4 ml of n-
pentane is charged into the SDS at room temperature. Next, keeping the recirculation valve
open and the rest valves close, the piston is moved forward and backward to enhance the
mixture recirculation. Lastly, the mixture is kept resting for about 24 hours to ensure the
maximum asphaltenes precipitation. The Ellix software allows the observation, quantification,
and statistical analysis of the precipitated asphaltene particles. In the SDS microscope, the
asphaltene particles' morphology is visualized. The solid particles’ size, color, and shape are
compared with referential data to verify their coincidence with asphaltene particle

characteristics.

4.3.4 Experimental Results

Figure 36 shows the asphaltenes particles’ color and shape. The dark shapes are asphaltenes,
the green line areas are software particle identification, and the white-like fond is the
microscope window. 769 asphaltene particles were found. The minimum and maximum
length, width, median, thickness, perimeter, and area are also reported in Table 20. Figure 37

shows the statistical distribution of the numbers of particles versus their length.
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Figure 36.Asphaltene particles microscopic visualization for crude oil #5

Table 20. Asphaltene statistical data from Ellix software for crude oil #5

Number Minimum Maximum Sum Average Standard dev. % Conf
Length [um] 769.00 409 74925 17779.72 23.12 6234 19.21
Width [um)] 409 $29.65 11581.00 15.06 4494 21.09
Median [pm]) 405 673.10 17531.75 22.80 73.22 22.70
Thickness [pm) 334 328.56 7122.07 9.26 2423 18.49
Object perimeter [um] 9.44 2199.87 48080.27 62.52 195.21 2208
Object area [pm?)] 11.13 197988.48 1128412.13 1467.38 10366.51 4892
Numbes
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Figure 37. Statistical distribution of asphaltene particles for crude oil #5
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Table 21 shows the calculation of the asphaltene content in mass percent. The oil contained
in the microscope view volume is calculated with the microscope window dimensions and the
oil density. A theoretical average value of asphaltenes density of 1.232 g/cm® (Elkahky et al.,
2019), the sum area, and the mean thickness from Table 20 are used in the calculation. The
asphaltene content found is 10.864 wt% for crude oil #5. This value is slightly higher than the
average 6.1 wt%, determined in section 4.2 Asphaltene Content by ASTM-3279. The
calculated asphaltene content demonstrates that the SDS returns good predictions of

asphaltene content.

Table 21. Asphaltene mass content in the SDS microscope view

camera window diameter, cm 1.270
camera window area, cm? 1.267
camera window wide, cm (diameter tube SDS) 0.836
oil + n-pentane volume, cm? (1g-0il=0.836cm?3-0il/100cm?®-n-pentane) 0.304
oil volume, cm® 0.003
oil density, g/cm® @25°C 0.836
oil mass, g 0.002
asphaltenes sum area, cm? (Table 20) 0.011
asphaltenes mean thickness ((max+min)/2), cm (Table 20) 0.017
asphaltenes average volume, cm?® 1.87E-04
asphaltenes average density, g/lcm? 1.232
asphaltenes mass, g 2.31E-04
asphaltenes mass, wt% 10.955%
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435 Summary

From the experiment, asphaltene precipitation particles typically vary from black to brown
and do not have a specific shape. Some are small chunks, and others are big-long particles.
These results are consistent with other authors’ publications (Hosseini-Dastgerdi et al., 2015;

Pillon, 2001; Taheri-Shakib et al., 2020).

The particle length of asphaltenes for crude oil #5 varies from 0 to 70 um for 723 particles,
from 70-140 um for 12 particles, and 140-210 pm for 15 particles. These results match most
of the asphaltene particle sizes reported by other researchers (Ferworn et al., 1993; Zeinali

Hasanvand et al., 2017).

The asphaltene content (10.864 wt%) determined using the SDS corroborates a successful

asphaltene precipitation prediction.
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4.4. Asphaltene Onset Pressures, Phase Behavior, Reversibility Mechanisms, and

Precipitation Measurements during CO2-induced EOR process

441 Materials

The crude oil #5 asphaltene content and its particle characteristics were determined and
analyzed in section 4.3. This section presents the effect of pressure and temperature on
asphaltene precipitation for mixtures of crude oil #5 and CO2 gas injections. A pressure-
depletion-CO2-induced EOR process is reproduced using the SDS. The asphaltene onset
pressures (AOP) are measured for each isothermal-depressurization process for three different
CO2 mole % injections. The measurements are repeated for five different reservoir
temperatures. At each of these conditions, the phase behavior and reversibility mechanisms of
the process are analyzed. Finally, the asphaltene precipitation is calculated for each condition

based on the SDS microscope visualizations.

An SDS full description is presented in section 4.3.1, Materials. Figure 38 shows a schematic
representation of the SDS for the AOP experiment. Crude oil #5 is the dead oil collected from
a reservoir in Texas. The API gravity is measured at 37.82, and the molecular weight is 209.91
g/mole. The solvent, CO2 gas, has a purity of 99.999% (Matheson, USA). Acetone and Toluene

(99% purity, Fisher Chemical) are used for washing purposes.
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Figure 38. Schematic diagram of the SDS for the AOP experiment

4.4.2  Experimental Setup

The SDS setup is explained in section 4.3.2 Experimental Setup. The vacuum process is

required before starting the experimental procedure for these experiments.

4.4.3  Experimental Procedure

A pressure-depletion-CO2-induced EOR process is reproduced in the SDS. First, the asphaltene
onset pressures (AOP) are measured. The AOP experiment determines the upper asphaltene
onset pressure (UAOP) and the lower asphaltene onset pressure (LAOP). At reservoir

conditions, asphaltenes are in equilibrium with the oil-gas fluid. When depletion starts, pressure
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decreases continuously, and asphaltene particles start precipitating. The UAOP is the pressure

at which the first asphaltene particles start separating from the fluid phase.

Along with the pressure reduction, more asphaltene particles continue leaving the oil phase to
start forming a significant number of asphaltene clusters. The maximum amount of asphaltene
precipitation is found at the saturation point. Below saturation point, the asphaltene
precipitation is induced to re-peptize into the oil phase until the last asphaltene particle is

dissolved; this pressure is the LAOP.

Before starting the experiment, the clean and dry SDS cell must be vacuumed. A correct vacuum
process is performed with the SDS piston at 15 ml cell volume. The vacuum pump and the SDS
must be connected through a seal tubing arrangement. The vacuum process is performed for 30
minutes. The oil injection starts once the SDS is at vacuum pressure and room temperature. A
syringe pump injects 10 ml of crude oil #5 from the transfer cylinder into the SDS cell. With
all the valves closed, the piston is placed at 300 ml. The CO2 gas is charged to the SDS from a
pressurized cylinder tank. The pressure controls the CO2 injection read in the SDS cell. This
pressure was designed previously for a volume combined of 25 mole% of oil and 75 mole% of
CO. (Feed #1) for an isochoric system. Table 22 shows the feeds designed for the AOP

experiment. A total of 15 isothermal depressurization experiments were performed.

Table 22. Designed tests for AOP experiments

Feed # CO2mole% Oil mole% Temperatures, °C
1 25 75
3 35 65 25, 60,90,120,150
5 45 55
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The oil volume is constant for feeds #1 to 5, and increments of 10 mole% of COz injection were

performed for crude oil #5 at 25, 60, 90, 120, and 150 °C.

After the CO: injection, with all the valves closed, the cell temperature is set at 25°C. Afterward,
in Falcon, pressure versus volume is plotted. The piston is moved forward at 100 ml/h to
increase the cell pressure until a single phase is reached in the mixture. A single phase is
identified in the plot pressure versus volume for a sudden pressure increment. Meanwhile, the
phase behavior changes in the mixture are observed through Ellix. If the camera shows two
phases (liquid oil and vapor CO>), the pressure must increase by moving forward the piston.
The rate of this second pressurization must be around 20 ml/h to be able to stop the process
when the plot pressure versus volume shows a sharp turning point. The sharp turning point and
fast increment of the pressure with respect to volume is an indication that the mixture is in a
full liquid phase. The single-phase pressure can be around 10,000-8,000 psia. Allow the system
to reach equilibrium condition, monitor for 1 hour the change in pressure and temperature until

it reaches constant values along the time. Now, the SDS is ready to start the AOP experiment.

The depressurization process is performed by moving backward the piston of the SDS cell at 3
ml/h. This rate is minimal, which simulates depressurization at equilibrium conditions. Through
the Ellix software, the phase behavior changes can be observed during the pressure-reduction
process. When the first asphaltenes particles appear in the microscope camera, the pressure is
annotated as UAOP. The depressurization process continues, and more asphaltene particles start
coming out. The maximum asphaltene precipitation should occur close to the saturation point
where the first bubble of CO2 is observed in the camera. After this point, the asphaltene particle
disappears from the microscope view because of their redissolution into the oil phase, and more

CO: bubbles appear. When the last asphaltene particle is redissolved into the oil phase, the
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pressure is annotated as LAOP. The AOP experiment has finished. It is necessary to record and
take pictures during the whole experiment to use the asphaltenes precipitation area images to

calculate the asphaltene precipitation mass percentage.

The asphaltene onset pressures (UAOP and LAOP) are now measured at 25 °C. The same
procedure is followed at 60, 90, 120, and 150 °C for the same feed (75 mole% crude oil #5 and
25 mole% CO»). For charging feed #2 into the SDS, the system should be stabilized at room
temperature again, place the piston at 300 ml and inject the required CO, by matching the
designed pressure. Then repeat the same procedure for the AOP experiment at all temperatures.

The same procedures are followed for feed #3.
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4.4.4 Experimental Results
2.2.1.2. Upper Asphaltene Onset Pressures (UAOP)
Table 23 and Figure 39 show the UAOP for feeds #1-3. The results show that upper
asphaltene onset pressures decrease with temperature increments but increase with CO»

mole fraction injections.

The values for UAOP are very close at temperatures of 60 and 90°C for 35 and 45
mole% of COz injections. The results' interpretation is that at either 35 or 45 mole% of
COgz injections in the mixture, the first asphaltene particles start precipitating at values

close to 9000 and 7200 psia, respectively.

Table 23. Experimental upper asphaltene onset pressures

CO2- Qil- UAORP, psi (experiment)
Feed #
mole% mole% 25°C 60 °C 90 °C 120 °C
1 25 75 8000 7100 6000 4700
2 35 65 9300 8900 7000 6500
3 45 55 10000 9000 7200 7000
11000
10000 &
C0Oz injection
9000 A
K. A 15 mole%
4 BOOO *
E 7000 * A i 35 mole%
- G000 - ® 25 mola%
5000
L J
4000
0 20 40 60 ] 100 120 140

Temperature, °C

Figure 39. UAOP versus temperature at various CO, mole fraction injections
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2.2.1.3. Lower Asphaltene Onset Pressures (LAOP)
Table 24 and Figure 40 show the LAOP for feeds #1-3. The results show that lower
asphaltene onset pressures increase with temperature increments and CO2 mole

fraction injections.

LAOP follows the tendency of saturation pressures (see Figure 23). Values of LAOP
are closer for the cases of 25 and 35 mole% of CO> injections. However, for 45 mol%
of COz injection, the LAOP has a notorious increment. The results' interpretation is
that at 45 mole% of CO: injection, the redissolution of asphaltenes is triggered at

higher pressures during the pressure-reduction process.

Table 24. Experimental lower asphaltene onset pressure

CO2- Oil- LAOP, psi (experiment)
Feed #
mole%o mole% 25 °C 60 °C 90 °C 120 °C
1 25 75 120 150 230 300
2 35 65 205 220 290 352
3 45 55 275 382 440 516
550
500 4
450 i COz injection
400 'y ® 25 mole%
2 350
[=H
o~ 300 * 35 molef:
2 i
- 250 . 445 mole
200
150 .
»
100
0 20 40 60 80 100 120 140

Temperature, °C

Figure 40. LAOP versus temperature at various CO, mole fraction injections
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2.2.1.4. Saturation Pressures (Psat)

Table 25 and Figure 41 show the saturation pressures for feeds #1-3. These results
are taken from Table 14 and corroborated in the AOP experiment. The values in
italic (*) are not measured in the CCE experiment. At 60, 90, and 120 °C and 45
mole% of CO; injection, the system reached a liquid-liquid equilibrium where no
saturation pressure can be measured. On the contrary, the italic values in Table 25
are taken from the AOP experiment only for comparison purposes between

UAOP, LAOP, and Psat (Figure 43 and Figure 44).

Table 25. Experimental Saturation Pressure

CO2- Qil- Psat, psi (experiment
Feed
mole% mole% 25 °C 60 °C 90 °C 120 °C
1 25 75 314 454 575 692
2 35 65 465 690 896 1076
3 45 55 623 1003 (*) | 1250 (%) 1300 (%)

(*) Values were taken for the AOP experiment only for comparison because the system
reached a liquid-liquid equilibrium where no saturation pressure could be measured.

1400

1200

o
i--!_ 1000 A COz2 injection
E 800 ® 25 mole¥
£ .
£ 600 & 35 molek
2 .
S 100 . & 45 male%
= .

200

4]
0 20 40 &0 B0 100 120 140

Temperature, °C

Figure 41. Psat versus temperature at various CO, mole fraction injections
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Figure 44. UAOP, Psat, and LAOP versus temperature at 45 mole% CO-

70



2.2.1.5. Asphaltene Phase Behavior Analysis

Figure 45 shows the phase behavior during the AOP experiment at 25 and 60°C. At

UAOP, the first asphaltene micelles start coming out from the liquid phase (25 mole%

CO2 and 75 mole% crude oil) until they reach the maximum at saturation pressure. At

this pressure (Psat), three different phases are identified, solid (asphaltenes), liquid

(oil), and gas (CO2 bubbles). Finally, at LAOP, it is clear to see the liquid (oil) and gas

(COy) phases, and the last particles of asphaltenes remain in the liquid phase. Visually,

the number of asphaltene particles at Psat is higher at 25 °C than at 60 °C.

60 °C
P
TAOP
a) 8000 psia d) 7100 psia
e ;
Psat
b) 314 psia e) 454 psia
x ¢
LAOP /
c) 120 psia f) 150 psia

A: Asphaltene particles

Figure 45. Asphaltene phase behavior, 75 mole% oil and 25 mole% CO; at 25 °C and 60 °C
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Figure 46 shows the phase behavior during the AOP experiment at 90 and 120°C. The
first asphaltene particles coming out at the UAOP can barely be seen at 90 and 120°C.
At saturation pressure and 120 °C, the size of the asphaltene particles is smaller than
at 60°C. Tiny small asphaltene particles remain as solids at LAOP. From the
observations, the asphaltene particle size and the amount decrease along with the

temperature increments.

90 °C 120 °C
TAOP
a) 6000 psia d) 4700 psia
Psat
b) 575 psia e) 692 psia
LAOP
c) 230 psia f) 300 psia

A: Asphaltene particles
Figure 46. Asphaltene phase behavior, 75 mole% oil and 25 mole% CO; at 90 °C and 120 °C
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Figure 47 shows the phase behavior during the AOP experiment at 25 and 60°C. At
UAOP, the first asphaltene micelles start coming out from the liquid phase (35 mole%
of COz and 65 mole% of crude oil) until they reach a maximum at saturation pressure.
At this pressure (Psat), three different phases are identified, solid (asphaltenes), liquid
(oil), and gas (CO2 bubbles). At LAOP, the last tiny particles of asphaltenes remaining
in the liquid phase are shown. Visually, the number of asphaltene particles at Psat is

higher at 25 °C than at 60 °C.

60 °C
TAOP
a) 9300 psia d) 8900 psia
Psat

b) 465 psia e) 690 psia

LAOP / A A
\
c) 205 psia f) 220 psia

A: Asphaltene particles
Figure 47.Asphaltene phase behavior, 65 mole% oil and 35 mole% CO- at 25 °C and 60 °C
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Figure 48 shows the phase behavior during the AOP experiment at 90 and 120°C.
More first asphaltene particles coming out at the UAOP are seen for 90 °C than for
120 °C. At saturation pressure and 120 °C, the size of the asphaltene particles is smaller
than at 90°C. Tiny small asphaltene particles remain as solids at LAOP for both cases,
90 and 120 °C. From the observations, the asphaltene particle size and the amount

decrease along with the temperature increments.

90 °C 120 °C

A

./

TAOP / A\\<L

a) 7000 psia d) 6500 psia

Psat

b) 896 psia e) 1076 psia

LAOP

c) 290 psia f) 352 psia
A: Asphaltene particles

Figure 48. Asphaltene phase behavior, 65 mole% oil and 35 mole% CO; at 90 °C and 120 °C
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Figure 49 shows the phase behavior during the AOP experiment at 25 and 60°C. At
10000 psia, many asphaltene particles were present in the liquid phase (45 mole% CO-
and 55 mole% crude oil). The chunks become bigger until they reach a maximum at
saturation pressure. At this pressure (Psat), three different phases are identified, solid
(asphaltenes), liquid (oil), and gas (CO2 bubbles). At LAOP, the last tiny particles of
asphaltenes remaining in the liquid phase are shown. Visually, the number of

asphaltene particles at Psat is higher at 25 °C than at 60 °C.

60 °C

A

|

UAOP

a) 10000 psia d) 2000 psia

.,
g

Psat

b) 623 psia e) 1003 psia

E—A

X

f) 382 psia

LAOP

c) 275 psia

A: Asphaltene particles
Figure 49. Asphaltene phase behavior, 55 mole% oil and 45 mole% CO; at 25 °C and 60 °C
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Figure 50 shows the phase behavior during the AOP experiment at 90 and 120°C. The
dark appearance of the liquid phase at UAOP is because the first asphaltene particles
are super fine solids. Similar characteristics are found at 90 °C and 120 °C. At 120 °C
and saturation pressure, the asphaltene particles' size is similar to at 90°C. Tiny small
asphaltene particles remain as solids at LAOP for both cases, 90 and 120 °C. From the
observations, the asphaltene particle size and amount barely change with the

temperature increments for 45 mole% of CO; injection.

90 °C 120°C
UAOP
a) 7200 psia d) 7000 psia
A
PSﬂt J \‘ & A
-
b) 1250 psia e) 1300 psia
LAOP
A
A//
c) 440 psia f) 516 psia

A: Asphaltene particles
Figure 50. Asphaltene phase behavior, 55 mole% oil and 45 mole% CO; at 90 °C and 120 °C
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2.2.1.6. Reversibility Mechanisms

In the present AOP experiment, the reversibility of the asphaltene precipitation process
is studied. Many authors have corroborated the reversibility of the asphaltene
precipitation process for oils without solvents for changes in pressure and temperature
(Hirschberg et al., 1984; Kokal & Sayegh, 1995). However, when a solvent is involved,
separated cases must be studied (Chaisoontornyotin et al., 2017). The concentration of
the solvent will impact the reversibility of the asphaltene precipitation process for
changes in pressure and temperature. The reversible process is achieved when all the
asphaltene particles are re-dissolved into the liquid phase after depressurization. On
the contrary, the process will be irreversible if some particles are still in the solid phase
after the depressurization. The remaining asphaltene solid particles are likely to form

asphaltene deposition problems (Vargas et al., 2014).

Table 26 presents the reversibility results observed under the SDS microscope for
feeds #1-3. Asphaltene particles remained in the SDS cell view after the
depressurization for all cases where Irreversible is reported. At 25 °C and 25, 35, and
45 mole% CO- injections, all cases experienced an irreversible process. Likewise, at
45 mole% CO: injections and 25, 60, 90, and 120 °C, all cases experienced an
irreversible process. It is concluded that low temperature and high CO> fractions are

unfavorable conditions triggering the worst asphaltene precipitation cases.

Table 26. Visual determination of asphaltene precipitation reversibility

Feed # mcofgg/o mg;!yo 25°C 60 °C 90 °C 120 °C
1 25 75 Irreversible Reversible Reversible Reversible
2 35 65 Irreversible Irreversible Reversible Reversible
3 45 55 Irreversible Irreversible Irreversible | Irreversible
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2.2.1.7. Asphaltene Precipitation

The asphaltene precipitation is calculated with the same method used in section 4.3
Asphaltene Content in SDS. The precipitated asphaltene particles from mixtures of oil
and CO; are very small compared to the particles obtained with n-pentane as solvent.
In this case, the SDS cannot use statistical analysis to calculate the area of the objects
in the microscope view. For that reason, a manual calculation of the area is performed
based on the pictures from the AOP experiment (Figure 45 to Figure 50), using the
fixed overall particles thickness of 0.017 and asphaltene density of 1.232 g/cm? from

Table 21. Results are shown in Table 27 at UAOP.

Table 27. Experimental asphaltene precipitation weight percentage at UAOP

UAOP
) L 0
Feed # COz0 Oil-mole% Asphaltene precipitation, wt%
Figure 51. mole% 25°C 60°C | 90°C | 120°C
Asphaltene 1 25 75 0.239 0.061 0.016 0.004
precipitation at 2 35 65 1.177 0.801 0.206 0.106
UAGP 45 55 2.355 1820 | 0.411 0.317
30
- .
C‘
=
o 20
= m25°C
E 60°C
3 u AS0°C
S 10
E— 120°C
g A
=z by A
2 00 :
< 20 25 30 35 40 45 50

Similarly, asphaltene precipitation in weight percentage is calculated at saturation

pressure. Results are presented in Table 28 and Figure 52.

€02 mole% injected
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At saturation pressure, the asphaltene precipitation reaches its maximum. By analyzing
the effect of temperature and gas injection, the asphaltene precipitation reaches a
maximum value at low temperature, 25 °C, and high CO> injection, 45 mole%. When
the injection of CO- is 25 mole%, the temperature does not significantly impact the
asphaltene precipitation. However, for 35 and 45 mole% of CO- injections, the values

of asphaltene precipitation are higher at 25 and 60 °C than for 90 and 120 °C.

Table 28. Experimental asphaltene precipitation weight percentage at Psat

Psat
i o o
Feed # COz0 Oil-mole% Asphaltene precipitation, wt%
mole% 25°C 60 °C 90 °C 120 °C
1 25 75 0.921 0.712 0.366 0.188
35 65 4.346 2.986 1.022 0.525
3 45 55 8.692 6.718 3.066 1.575
10.0
§; 2.0 =
- 8D
=
g 70
® 60 m25°C
5
< 50 60°C
’é 4.0 - a50°C
S 30 A
= 120°C
S 20
E 1.0 " A
E’L r
2 oo
20 25 20 25 40 45 50

€02 mole% injected

Figure 52. Asphaltene precipitation at saturation pressure
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445 Summary

UAOP and LAOP were successfully measured in the AOP experiment. Likewise, the
experiment confirmed the saturation pressures by observing the maximum asphaltene
precipitation at saturation conditions. The asphaltene phase behavior is analyzed during the
depressurization experiment, and the reversibility mechanisms are identified. After pressure
and temperate were established to initial conditions, the remaining asphaltene particles in the
microscope view indicated the irreversibility process. Not all CO> mole% injections in the
mixture experienced irreversibility. The experimental work concluded that low temperature, 25
°C, and high CO2 mole% injection, 45 mole% are unfavorable conditions where irreversible
asphaltene precipitation processes can occur. The quantification of asphaltene precipitation at
saturation pressure and UAOP was calculated indirectly using a proportion of the microscope
view area and a theoretical value of asphaltene density. This method was proven valid in section
4.3, Asphaltene Content in SDS. The experimental asphaltene precipitation weight percentages

in the next section are simulated in WinProp.
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4.5. Asphaltene Precipitation Simulation during CO2-induced EOR process
4.5.1. Oil Characterization

Normally thermodynamic calculations and the black-oil models consider crude oil as a single
component in a combination of gas and water. This simplification reduces the mathematical
and computational time (Trangenstein & Bell, 1989). However, crude oil has numerous
components, and its characterization has been one of the most challenging topics for
petroleum researchers, especially for simulating purposes. The closest approximation to
characterizing a crude oil sample is addressed by separating the crude oil into various boiling
point fractions in the laboratory (Whitson & Brulé, 2000). Splitting the heaviest fraction
improves the characterization of the oil. However, the significant number of oil components
increases the properties calculations time, making the flash thermodynamic model solutions
impractical. Lumping components with similar properties (pseudo-components or Cgz+
components) improves the oil characterization with an acceptable computational time

increment (Abedini & Abedini, 2012).

4.5.1.1. Compositional Analysis

The compositional analysis of crude oil #5 is shown in Table 32. The ASTM D5307-
97 is used to determine the oil components based on the boiling range distribution by
gas chromatography. This method is used for water-free crude oil samples through a
maximum temperature of 538 °C. Any material boiling point above 538 °C is reported
as residue. This standard applies to crude oil samples that can be solubilized in a

solvent to permit sampling.
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Table 29. Crude oil #5 compositional analysis

wt, MW, mole, fraction
SCN Component fraction g/mole (zv)

7 Toluene 0.038 100 0.089
Dimethylbenzene 0.039 114 0.081
Trimethylbenzenes 0.058 128 0.106
10 Tetramethylbenzenes 0.046 142 0.076
11 Cu 0.038 156 0.058
12 Cr 0.033 170 0.046
13 Cui3 0.048 184 0.061
14 Cu 0.046 198 0.055
15 Cis 0.040 212 0.044
16 Cis 0.036 226 0.037
17 Cuz 0.051 240 0.050
18 Cus 0.042 254 0.039
19 Cuo 0.034 268 0.030
20 Cao 0.025 282 0.021
21 Ca 0.030 296 0.024
22 Ca2 0.022 310 0.017
23 Cas 0.025 324 0.018
24 Ca4 0.024 338 0.017
25+ Cos+ 0.326 570 0.134
1.00 234.67 1.00

45.1.2. Characterization of the Plus Fraction

For this case, the plus fraction is Cos+. Its characterization is performed by splitting

this fraction into more pseudo-components.

Pedersen observed a pattern between the oil mole fractions and their component carbon

numbers (Pedersen et al., 1985). The oil components mole fraction logarithms directly

relate to their single carbon numbers (SCN) above Cs, Equation 25.

where SCN is the single carbon number, A and B are constants, and zy is the mole

fraction.
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It is desired to split the Cas+ to Cae+ (commonly used as the asphaltene component).
The splitting mole fractions until C4g can be determined using the oil composition from
Table 1 and the extrapolation with Equation 2. The lasted fraction, for Cag+ is

determined by material balance.

For the material balance, the molecular weight of the splitting fractions from Cas until

Cag must be approximated using Equation 26.
MW, = 14SCN — 4 Equation 26

where MW, is the molecular weight of the C; component and SCN is the single carbon

number.

The Ca9+ mole fraction is equal to the Cas+ mole fraction and Cas to Csg mole fraction

summation according to Equation 27.
48

zZ, =z, — Z .
Caot — “Cas4 Z Ci Equation 27
i=25

where z, is the molar fraction of the ; component.

The molecular weight of the heaviest splitting plus fraction is determined by Equation

28.

48
MWC25+ZC25+ — Zi=25 MWCiZCi

MW, = .
Cso4 Zaos Equation 28

All these steps are performed internally in WinProp.
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4.5.1.3. Properties for SCNs

The properties required for the vapor-liquid equilibrium calculations are critical
pressure and temperature, acentric factor, specific gravity, and boiling temperature.
These properties can be estimated from empirical correlations. One of the most
popular correlations is the Watson factor, based on the crude oil's molecular weight

and specific gravity (Riazi, 1980) Equation 29.

K,, = 4.5579MW 0-15178,,-0.84573 Equation 29

where Ky, is the Watson factor, MW is the oil molecular weight, and y is the oil specific

gravity.

Using the Watson factor, the specific gravity of each SCN from 1 to 48 can be

calculated according to Equation 30.

Yc, = 6.0108 MW 17247 K 118241 Equation 30

where y, is the specific gravity of the C; component, MW, is the molecular weight

of the C; component, and K, is the Watson factor.

The specific gravity of the maximum plus fraction, Cag+, is estimated from material

balance with Equation 31.

_ ZC49+MWC49+ .
Yews = 3y o Ze, MW, Equation 31
Y Ly
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The boiling temperatures are calculated using Equation 32 (Soreide, 1989)Equation

32.
Tpe = 1928.3 — (1.695 - 105)M; 035223266 . exp [~ (4.922 - 10~3)M¢,

—4.7685y¢, + (3.462 - 10_3)Mcchi]
Equation 32

where Ty, . is the boiling temperature of the C; component in °R.
l

The critical temperatures and pressures can be estimated from Equation 33 and

Equation 34 (Lee & Kesler, 1975).

Tee, = 3417 + 811y¢, + (0.4244 + 0.1174yci)TbCi + (0.4669

Equation 33
—3.2623y,)10°T, !
P, = exp{8.3634 —0.0566y '
—[(0.24244 + 2.898y;1 + 0.118857y;2)1073]|T,
[ Ye Ye ) | be; Equation 34

+[(1.4685 + 3.648y;" + 0.47227y;?)1077|TZ.

— [(0.42019 + 1.6977y%)107*°]T; }

where T, is the critical temperature and P is the critical pressure of the C;

component, in °R and psia, respectively.
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The acentric factor wc, is calculated using Lee and Kesler (1975) correlation,

T
If =% <08:

Ccl.

P.. _

W = Equation 35
Ci As + AT, + A;InT, . + AgInTf
T
If —%>08:
Teg,
— _ _ 2
wc, = —7.904 + 0.1352K,, — 0.007456Ky, + 8.359T,, Equation 36

+ (1.408 — 0.01063K,,)T}, '

were A, = -5.92714, A, = 6.09648, A, = 1.28862, A, = -0.169347, A; = 15.2518, A,

=15.6875, A, =-13.4721, Ag = 0.43577
All these steps are performed internally in WinProp.

4.5.1.4. Lumping and property averaging

The properties calculated for each SCN component must be lumped to optimize
computing and iteration time for the flash equilibrium calculations. For this case, the
heaviest plus fraction, Cae+, is not required to lump since this is assigned as the

asphaltene component. This process is performed internally in WinProp.
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Table 30 shows the compositional analysis and SCN properties of crude oil #5, its

lumped components, and its heaviest splitting fraction, Cag-.

Table 30. Split and lumped crude oil #5 compositional analysis and SCN properties

SCN Component g%vc\)ll'e mole, % (zn) | Pc (atm) | Tc (K) AFC:?S:C
7 Toluene 96.00 0.09 30.97 543.20 0.31
Dimethylbenzene 107.00 0.08 29.12 570.50 0.35
Trimethylbenzenes 121.00 0.11 26.94 598.50 0.39
10 Tetramethylbenzenes 134.00 0.08 25.01 622.10 0.44
11 Cu 147.00 0.06 23.17 643.60 0.48
12 Cuz 161.00 0.05 21.63 663.90 0.52
13 Cis 175.00 0.06 20.43 682.40 0.56
14 Cua 190.00 0.05 19.33 700.70 0.60
15 Cis 206.00 0.04 18.25 718.60 0.65
16 Cie 222.00 0.04 17.15 734.50 0.68
17 Cu7 237.00 0.05 16.35 749.20 0.73
18 Cis 251.00 0.04 15.65 760.50 0.76
19 Cio 263.00 0.03 15.06 771.00 0.79
20 C2o 275.00 0.02 14.36 782.90 0.82
21 Ca 291.00 0.02 13.83 793.30 0.86
22 Cz 300.00 0.02 13.26 804.40 0.88
23 Cas 312.00 0.02 12.83 814.00 0.92
24 Caa 324.00 0.02 12.38 823.20 0.94
25-34 C5-Cas 405.13 0.06 8.86 821.63 1.08
35-43 Cs5-Cus 539.73 0.03 6.70 892.33 1.29
44-48 Cu4-Cus 641.91 0.01 5.54 938.59 1.42
49+ Cag+ 906.62 0.03 3.53 1044.31 1.70

234.67 1
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4.5.2. Mathematical Modeling

4.5.2.1. Thermodynamic Model

WinProp (CMG, 2011) models the asphaltene precipitation for crude oil #5 and CO>
mole% injections. A multiphase flash calculation models the precipitation of
asphaltenes from oil-CO2 mixtures. Here, the fluid phase includes the oil and CO., and
the solid phase is the asphaltene particles. The PR-EOS describes the fluid phase, and
a solid thermodynamic model proposed by Nghiem et al. in 1993, 1997, and 2000; and
Khose et al. in 2000 describes the solid phase. The fugacity of the asphaltenes in the
solid model is calculated using Equation 37 (Kohse et al., 2000; Nghiem et al., 1993,

2000; Nghiem & Coombe, 1997).

Inf, = InfS" +

25 Jn(F)-ru- )

where f; is the asphaltenes fugacity at pressure p and temperature T, £;" is the reference

Vs[P=Pep P~ P _AHtp[l_i]
R| T T* R IT T~

Equation 37

fugacity at reference pressure p*and reference temperature T, v, is the asphaltenes
solid molar volume, AC, is the solid-liquid heat capacity difference, AH,, is the heat
of fusion at the triple point, p.,, and Ty, are the pressure and temperature at the triple

point, and R is the universal gas constant.

Equation 37 was used in the WinProp program to model the experimental asphaltene
precipitation results shown in Table 28. However, inconsistent results were found

when Equation 37 was used.
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An approximation of the solid model is proposed for isothermal conditions. The

fugacity of the asphaltenes in the solid model is calculated using Equation 38.

Inf, = Inf" + vs(p —p*)/RT Equation 38

4.5.2.2. Characterization of the Solid Forming Component

Asphaltenes are defined as the heaviest components of crude oil. Either Equation 37
or Equation 38 requires the asphaltenes components' specification to determine the
solid fugacity. The maximum mass content in the oil can be calculated by splitting the
oil plus fraction. Usually, the plus fraction is split to Cag+. The Cag9+ molar fraction and
molecular weight are determined from WinProp. The Cao+ asphaltene content is
determined for a specific volume of oil (SDS microscope view volume). The Cao+
asphaltene precipitation is compared to the experimental asphaltene precipitation from
section 4.2 Asphaltene Content by ASTM-3279. The asphaltene content in the plus
fraction must be higher than the asphaltene content obtained in section 4.2. The plus
fraction asphaltene content represents the total asphaltene content in the oil, including

asphaltene precipitation by solvent injection and changes in pressure and temperature.

This work shows the composition of crude oil #5 in section 4.5.1 Oil Characterization,
Table 29. The Coas+ component was split to Cso+, and the asphaltene content was
calculated. Table 31 shows the single calculation for the total mass oil at 25 °C in the

SDS microscope view.
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Table 31. Total mass oil calculation in SDS microscope view

camera window diameter, in

0.500

camera window diameter, cm

1.270

camera window area, cm?

1.267

oil density, g/cm® @25°C

0.836

camera window width, cm (diameter tube SDS)

0.240

oil volume, cm?®

0.304

oil mass, g

0.254

From the splitting in WinProp, the molar fraction of the C49+ component is 0.031, and

its molecular weight is 906.624 g/mole.

Table 32 summarizes all asphaltene content calculations for 25, 60, 90, and 120°C.

Results are almost the same corroborating that temperature does not impact the solid

content of oil without solvent.

Table 32. Asphaltene content wt% in the Cae+ cOmponent

Crude oil #5 Asphaltene Cao+
density, mole
T, °C g/cm?® mass, g mole mole mass, g | wt, % fraction
25 0.836 0.254 | 1.083E-03 | 3.312E-05 0.030 11.816 0.031
60 0.805 0.245 | 1.042E-03 | 3.187E-05 0.029 11.816 0.031
90 0.784 0.238 | 1.015E-03 | 3.105E-05 0.028 11.816 0.031
120 0.763 0.232 | 9.878E-04 | 3.021E-05 0.027 11.816 0.031

The asphaltene content found for the Ca9+ component is 11.816 wt%, a value very close

to the asphaltene content found from the precipitation with n-pentane in Table 21,

10.955 wt%. This value suggests reducing the plus fraction to increase the asphaltene

content in the heaviest fraction of crude oil #5. A new asphaltene content calculation

is made this time for the C2s+ component.
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From the splitting in WinProp, the molar fraction of the C2s+ component is 0.134, and

its molecular weight is 570 g/mole.

Table 33 summarizes all asphaltene content calculations for 25, 60, 90, and 120°C.
Results are almost the same corroborating that temperature does not impact the solid

content of oil without solvent.

Table 33. Asphaltene content wt% in the Czs. component

Qil Cas+
density, mole
T, °C g/cm?® mass, g mole mole mass, g wt, % | fraction
25 0.829 0.252 1.07E-03 1.44E-04 0.082 32.548 0.134
60 0.805 0.245 1.04E-03 1.40E-04 0.080 32.548 0.134
90 0.784 0.238 1.02E-03 1.36E-04 0.078 32.548 0.134
120 0.763 0.232 9.88E-04 1.32E-04 0.075 32.548 0.134

The value of asphaltene content, 32.548 wt%, is an excellent value to start the

asphaltene precipitation modeling in WinProp.

4.5.2.3. Irreversible Asphaltene Calculations

The irreversible or reversible mechanisms of asphaltene precipitation are described by:
S5 «— S5, Equation 39
K

where S; is the reversible solid and S, is the irreversible solid. The rate formation of

S, is given by:
r=k,C — ky Gy Equation 40

where C; and C, are the molar concentrations of S; and S, respectively.
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The equilibrium constant, K is defined as:

K = k21 — & Equation 41
kig  Cy quation

The mole fraction of reversible solid relative to the total amount of solid is:

X, = G __K Equation 42
C,+C; K+1
and the mole fraction of the irreversible solid is:
G 1 _
Xy = G, +C, ] Equation 43

where K=0 indicates all the solid is reversible, K=1 gives equal amounts of irreversible
and reversible solid, and K>>1 implies that all the solid is reversible. For this analysis,

K=0 is used.

4.5.2.4. Specification of the solid model parameters

= Asphaltene precipitating component

As mentioned before, the heaviest component is considered the asphaltene component.
However, this asphaltene component, C,, does not fully precipitate as a solid phase.
The C,5, component is splitting into a non-precipitating, C,s4, and a precipitating
component, C,z5,. In the oil characterization, these two components, C,z,4, and
C,sp+, have the same critical properties and acentric factors, but C,s5, have higher

binary interaction coefficients with respect to the lightest components up to Cs.
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= Asphaltene precipitating composition

The composition of the precipitating component, C,<5.. is calculated by:

-4 MWoil

X Equation 44
C25B+ c MWC25+ q

where x., . is the mole fraction of the C,55, component, A, is the experimental
asphaltene mass content from Table 21, MW,;; is the molecular weight of oil, and
MWy, , is the molecular weight of the C,sp, component. The mole fraction
composition of the C,5p., is discount from the C,s, mole fraction and the difference is
assigned to the C,z,... Table 34 shows the compositional analysis and SCN properties

for crude oil #5 with the Casg+ component.

= Reference solid fugacity for solid model

WinProp calculates the reference fugacity by setting a new oil composition identical
to the crude oil #5 composition but C,sz, mole composition calculated from the
asphaltene mass content at the isothermal UAOP. The solid thermodynamic model
uses this new oil #5 composition and the UAOP, temperature, and CO2 mole%
injection. The model is run, and the solid molar volume calculated from Equation 38

is used as the initial value for predicting the asphaltene precipitation in the solid model.
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Table 34. Compositional analysis and SCN properties for crude oil #5 with Czsg+ cOmponent

SCN Component g%vc\)ll'e mole, % (zy) | Pc (atm) | Tc (K) AFC:?S:C
Toluene 100 8.9 28.61 549.69 0.31
Dimethylbenzene 114 8.1 26.09 578.55 0.35
Trimethylbenzenes 128 10.6 23.94 605.54 0.40
10 Tetramethylbenzenes 142 7.6 22.14 630.45 0.44
11 Cu 156 5.8 20.61 653.59 0.48
12 Cr 170 4.6 19.28 675.19 0.52
13 Cis 184 6.1 18.12 695.44 0.56
14 Cu 198 5.5 17.10 714.52 0.59
15 Cis 212 4.4 16.21 732.55 0.63
16 Cie 226 3.7 15.41 749.66 0.67
17 Ci7 240 5 14.71 765.95 0.70
18 Cis 254 3.9 14.08 781.50 0.74
19 Cuo 268 3 13.52 796.37 0.77
20 Cao 282 2.1 13.02 810.63 0.81
21 Ca 296 2.4 12.57 824.34 0.84
22 C2 310 1.7 12.16 837.53 0.88
23 Cas 324 1.8 11.80 850.25 0.93
24 Ca 338 14 11.46 862.53 0.96
25A+ Casa+ 570 9.28 6.69 956.24 1.31
25B+ Cosp+ 570 4.12 6.69 956.24 131

234.67 100
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= Additional Onset Pressures

When more additional experimental onset pressures and its asphaltene content are

available at different temperatures, the solid thermodynamic model will calculate:

v With one additional point - AC,
v With two additional points - AC, and AH,,,

v With three additional points- AC,, AHyy, and v;.

Typically, only one additional point is required to use Equation 38, adjusting the solid
molar volume to the asphaltene precipitation experimental data. One additional point

is what is used in this work.

=  Number of components

For this case, the number of components considered asphaltenes is only one, and it is

the C2s+ component. More than one component can be specified.

4.5.3. Asphaltene Precipitation Simulation Results

A second solid model is run in WinProp using the previous solid molar volume calculated for

the reference fugacity in section 4.5.2.4 Specification of the solid model parameters.

The calculated solid molar volume is adjusted to match the experimental asphaltene
precipitation at saturation pressure. The final adjusted solid molar volume is annotated for the
isothermal conditions and the CO- injection fraction. A new solid model is run for the next

CO:z injection fraction at the same isothermal condition until all the calculated solid molar
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volumes can successfully predict the asphaltene precipitation at saturation point for all

conditions.

The simulated and experimental asphaltene content precipitation for isothermals at 25, 60, 90,
and 120 °C are shown in Table 35 and Figure 53 to 56 compare the experimental and
simulated asphaltene precipitation. For each CO, mole% injection at isotherm conditions, a

value of solid molar volume, v was adjusted.

Table 35. Simulated asphaltene precipitation weight percentage at Psat

Psat
L e .
CO»mole% | Oil-mole% Asphaltene Czss+ precipitation, wt% (simulation)
25°C 60 °C 90 °C 120 °C
25 75 0.941 0.658 0.417 0.192
35 65 3.751 1.592 1.014 0.526
45 55 8.360 6.833 3.014 1.502
10.00 25 °¢
£ 0 e vsoes CO2 injection
2 800 | T
= i N ®  45Smole¥-
.g 7.00 i A Experimental
%- 600 ! “.l ------- 45male¥%-Simulation
-E |' I.‘.
g 300 \ 35molet-
2 400 | i Experimental
% 3.00 \‘\‘ 35mole¥-Simulation
S 200 * A ZSmole¥%
< 1.00 | SUSEEEE R Vs=0.608 Experimental
] ., Y mmmee—— 25maolete-Simulation
000 o i

] 2000 4000 6000 8000 10000

Pressure (psia)

Figure 53. Experimental and simulated asphaltene precipitation at 25 °C
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Figure 54. Experimental and simulated asphaltene precipitation at 60 °C
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Figure 55. Experimental and simulated asphaltene precipitation at 90 °C
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Figure 56. Experimental and simulated asphaltene precipitation at 120 °C
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4.5.4. Developed Solid Molar Volume Equation

The solid molar volumes were adjusted to match the experimental values of asphaltene
precipitation. Table 36 shows solid molar volumes after tuning at isothermal conditions for
the Cosg+ component of the mixture (crude oil #5 and CO3). The solid molar volume slightly

increases with the CO- injection in the mixture and decreases with temperature increments.

Table 36. Solid molar volumes after tuning for asphaltene Czsg. component

COrmole% | Oil-mole% Solid molar volume for asphaltene Czsg+, I/mole
25°C 60 °C 90 °C 120 °C

25 75 0.6080 0.5248 0.4527 0.3803

35 65 0.6160 0.5315 0.4544 0.3808

45 55 0.6250 0.5510 0.4670 0.3860

The solid molar volume is mainly changing with temperature and CO> mole% injection.
However, the solid model available in WinProp does not match the whole experimental data
at different temperatures and CO2 mole% injections. For that reason, many values for solid
molar volumes were found. This computational work is time-consuming and implies many
additional calculations. For this reason, a developed solid molar volume equation function of

both temperature and CO2 mole% injection is presented in Equation 45.

vs(1/mole) = 0.6528 — 0.0025T(°C) + 0.0008X ¢, (mole%)
Equation 45

The WinProp modeled and developed equation calculated solid molar volumes are shown in
Figure 57. The AARD calculated for the solid molar volumes modeled and calculated with

the developed equation gives a value of 0.704%, confirming the proposed equation's accuracy.
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Figure 57. WinProp modeled and developed equation calculated solid molar volumes

Equation 45 can modify Equation 38 for calculating the asphaltene precipitation at any
temperature and CO> mole% injection in crude oil #5 mixture. The developed equation
modifying the solid model can accurately predict the asphaltene precipitation mass content for
crude oil #5 EOR assisted with CO2 injections at different isothermal conditions, saving a lot

of time-consuming simulation work and additional calculations.

99



455, Summary

The oil characterization is initially performed, determining the compositional analysis by gas
chromatography. The results obtained are typical for light dead oil. The largest mole fraction
is found for the Czs+ component, 0.326 mole fraction. The plus fraction is characterized by
splitting the Cos+ component to Cag+, typically used as the asphaltene component. The
molecular weight, specific gravity, boiling temperature, critical pressure, critical temperature,
and acentric factors for the C7+ fractions are calculated internally by WinProp. In this case,
the lumping is not required since the objective of the oil characterization is to define the
heaviest plus fraction to be used as the asphaltene component in the following thermodynamic

calculations of saturation pressure and asphaltene precipitation.

This work measured the experimental data with a new high-pressure-high-temperature fully
visual SDS. The solid thermodynamic model available in WinProp successfully predicts the
experimental asphaltene precipitation for isothermal conditions in a fixed fraction of crude oil
and COz2 injection. However, the model showed limitations in predicting data at different
temperatures and CO2. mole% injections. For that reason, a developed equation is proposed to
calculate the asphaltene's molar volume in the solid phase. This developed equation correlates
temperature and CO2 mole fraction in one single function. The values of asphaltene molar
volumes obtained from this equation show an AARD of 0.704% with respect to the solid molar
volumes from WinProp, corroborating the accuracy of the proposed equation. Using the
developed equation combined with the solid molar model to predict asphaltene precipitation
in crude oil #5 - EOR assisted with CO- at different isothermal conditions can save hours of

time-consuming modeling work.
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Chapter 5: Conclusions, Limitations, and Future Directions

Conclusions

The solid model used to predict asphaltene precipitation shows limitations for different CO>
mole% injections at different isothermal conditions. Therefore, a developed correlation is
proposed. The proposed asphaltene molar volume equation correlates CO2 mole% injections and
temperature to match the experimental asphaltene precipitation data. The results were satisfactory,

with an AARD of 0.704%.

This work concludes that asphaltene precipitation from a CO2-EOR process can successfully be
predicted from the experiments in the PVT-SDS and the adapted modeling from WinProp. In this
CO»-induced flooding process, the gas injection takes higher importance when the injection is
higher than 25 mole%. Regarding the temperature, asphaltene precipitation is worst at 25 °C and
35 and 45 mole%. These unfavorable conditions are more likely to develop irreversible processes,
leading to asphaltene deposition. Saturation pressures during CO2-EOR are commonly measured,
ignoring the asphaltenes phase behavior. However, for systems oil-CO2-asphaltenes, the phase
behavior must be studied to avoid asphaltene deposition at early production conditions. The
present experiments show that four different asphaltene phase behaviors are developed in the
system for a reversible asphaltene process. The key to avoiding asphaltene problems is
thermodynamic control and not reaching the irreversible process, where asphaltene particles do

not re-peptized again into the oil phase.
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Limitations

It is fair to acknowledge the limitations this work has faced. Those are listed as follows:

1)

2)

3)

4)

The SDS is equipped with an HPHT high-resolution video camera and can perform
statistical analyses for microparticles. However, the asphaltene particles obtained from the
CO2-EOR experiment were too tiny that the software could not recognize their sizes. The
asphaltene precipitation areas were calculated from the pictures taken in the experiment,
which was an additional time not expected in this work. For the case where n-pentane was
used as a solvent, the asphaltene particles were high enough to be detected for the system.
Although, it helped set a reference for further asphaltene particle analyses.

The solid thermodynamic model works very well for a defined plus component set as the
asphaltene component. Nonetheless, the plus component is unknown, and a trial and error
task can be tricky and time-consuming. Many investigations where the solid model is used
suggest initially setting Cag+ as the plus fraction for asphaltenes. Nevertheless, the
asphaltene content must match experimental data, which is not always possible with Cag-.
Due to that, the WinProp model does not predict the asphaltene precipitation at different
temperatures and CO- injections; the asphaltene enveloped could not be plotted in the
program.

The HPHT high-resolution camera of the SDS cannot directly identify dark, crude oil
asphaltenes. The sample needs to be mixed with a solvent such as n-pentane or COz like in

this work.
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Future Directions

The future study of the following points can complement this work:

1) The developed solid molar volume correlation proposed in this work must be evaluated
with a programming language to create the asphaltene phase behavior envelope.

2) New models for asphaltene precipitation modeling use PC-SAFT to predict the asphaltene
phase behavior. The verification of this work using PC-SAFT EOS can help reduce
computational time. However, it is required the SARA analysis for that purpose.

3) The study of minimum miscibility pressure (MMP) can complement this work to study its
relationship with AOP.

4) Asphaltene deposition experiments might be performed for the irreversible process cases

predicted in this work.
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