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Abstract

To address the demand for less energy-intensive and greener bitumen recovery techniques, the use of
multicomponent diluents through the expanding solvent steam-assisted gravity drainage (ES-SAGD)
technique has garnered significant interest in recent years. In these methods, a mixture of saturated steam
and a multicomponent solvent is co-injected into bitumen and heavy oil resevoirs. To better understand
the complex systems of multicomponent solvent/methane/bitumen and to improve the optimization of
solvent-aided thermal recovery methods, it is essential to measure and thermodynamically model the

thermophysical properties of vapor-liquid equilibrium (VLE).

This work presents experimental and modeling studies on the VLE of bitumen/methane/multicomponent
solvent. First, experimental measurements and thermodynamic modeling of thermophysical properties of
Cu/bitumen, CO2/bitumen, C1/COz/bitumen, Ci/diluent/bitumen, and C1/CO-/diluent/bitumen systems are
performed over a wide range of pressures (1-5 MPa) and temperatures (353.8-503.60 K) for Two solvent

concentration, 30 and 50 mol%.

Second, a stepwise parametrization approach is utilized to correlate the experimental data of
thermophysical properties of the mixture of live bitumen and a synthesized diluent comprised of n-C4, n-
Cs, n-Ceg, n-Cg, and n-C1o. The experiments are carried out at a pressure range of 1-6 MPa and a temperature
range of 343.15-503.15 K.

Third, the effect of solvent concentration on the saturation pressure of the mixture is investigated. A set
of experiments over the pressure range of 1-4 MPa and a temperature range of 313.41-459.10 K are
performed. The measured density and viscosity data are modeled using the Peng-Robinson Equation of

State (PR-E0S) and the modified Pederson model, respectively.

Finally, compositional analysis of the vapor-liquid equilibrium (VLE) of the mixture of methane and a
synthetic diluent comprised of n-Cs, n-Ce, n-C7, cyclo-hexane, and toluene is studied for temperatures up
to 459.36 K. The measurements include the saturation pressure of the mixture, density of the saturated

liquid and K-values of different components for pressures below the saturation pressure.
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1. Chapter One: Overview

1.1 Motivations, Objectives, Steps, and Organization

Since the Industrial Revolution, global energy consumption has increased significantly, and the
energy demand is expected to rise by around 50% by the year 2050. Oil currently accounts for more
than 30% of the energy demand,?3 with more than half of the total oil reserves consisting of heavy
oil and bitumen, totalling 2100 billion barrels.* In Canada, current recovery technologies indicate 168
billion barrels of recoverable oil, primarily found in oil sands located in Alberta (165.4 billion
barrels).>® However, 80% of these reserves require in-situ extraction methods due to their depth,
making surface mining unfeasible.” These extraction methods are divided into thermal and non-
thermal techniques,® with thermal methods, such as steam-assisted gravity drainage (SAGD) and

cyclic steam stimulation (CSS), aiming to enhance oil mobility by reducing viscosity.°

Thermal recovery methods involve generating high-temperature steam or hot water, necessitating a
significant amount of fresh water and burning fossil fuels, leading to environmental damage.® To
minimize these impacts, solvent-based recovery methods are being considered as alternatives.*>*? In
Solvent-based methods, including N-Solve, cyclic solvent injection (CSI),'® vapor extraction
(VAPEX),® and expanding-solvent SAGD (ES-SAGD),'* bitumen mobility is enhanced by
facilitating solvent dissolution.’>*° In the expanding-solvent SAGD (ES-SAGD) method, a solvent
is co-injected with steam to reduce energy requirements and lessen the environmental impact of
SAGD. The ES-SAGD process was initially introduced and extensively studied for pure
solvent/bitumen systems, and many studies have focused on normal alkanes, extensively examining
the phase behavior of n-alkane/bitumen mixtures.!> As a result, the densities, viscosities, and
solubilities of n-alkane/bitumen mixtures have been reported across a wide range of temperatures and

pressures.

However, pure solvents are costly to obtain and utilize for bitumen recovery. Therefore, researchers
and oil producers are now exploring multicomponent solvents as potential alternatives for the ES-
SAGD process. The thermophysical properties of the solvent/bitumen mixture are crucial for
designing and optimizing the ES-SAGD process. Field-scale implementation of ES-SAGD
necessitates extensive datasets on the thermophysical properties of multicomponent solvent/bitumen
systems. At different thermodynamic conditions, bitumen and solvents can mix in different ways:
they can form vapor-liquid equilibrium (VLE), liquid-liquid equilibrium (LLE), or vapor-liquid-
liquid equilibrium (VLLE).20:2



While the systems of pure solvent/bitumen have been extensively studied, and the thermophysical
data for these systems are widely available, the data for the systems of multicomponent
solvents/bitumen still needs more studies and experiments. There is a clear lack of experimental data
on vapor-liquid equilibrium (VLE) for multicomponent solvent/methane/bitumen systems.
Additional experimental data are needed to address the compositional aspects of multicomponent
solvents adequately. Therefore, it's crucial to measure phase behavior, and thermo-physical property
data (viscosity and density) of the systems of multicomponent solvent/bitumen, which are essential

for the design, simulation, and optimization of solvent-aided recovery processes.

In this study, | conducted experimental studies on the vapor-liquid equilibrium of live
bitumen/multicomponent solvent and measured phase equilibrium data for the mixtures over various
pressures and temperatures. The solvents used in this study are two different natural gas condensates,
a synthetic diluent comprised of n-Cs, n-Cs, n-Ce, n-Cs, and n-Cio, and another synthetic diluent
comprised of n-Cs, n-Cs, n-C7, cyclo-hexane, and toluene. New measurements are reported that
investigate the effect of solvent composition on the thermophysical properties (including the density
and viscosity of the saturated liquid phase, as well as the K-values of different components in the
mixture) of the multicomponent field condensate/live bitumen and synthetic diluent/bitumen systems.
In addition, the effect of methane on the saturation pressure of the injected solvent and compositional

analysis of the mixtures of methane and a multicomponent solvent is studied.

As part of my study, the empirical correlations based on well-established relationships, which can
serve as predictive tools for estimating the thermophysical properties of multicomponent diluent/live
bitumen systems, are obtained. To model the measured density and viscosity data, the Peng-Robinson
Equation of State (PR-E0S) and the modified Pederson model are employed.

The main goals of this study are:

1. Conducting experimental studies to investigate the effect of feed composition on VLE of
multicomponent solvents/bitumen systems. These studies include Ci:/CO2/multicomponent
solvent/bitumen, Ci/synthetic diluent/ bitumen, Ci/natural gas condensate/bitumen systems.
These studies involve measuring the viscosity and density of the saturated liquid phase and the
composition of both phases (K-values of different components).

2. Establishing a stepwise parametrization approach to correlate the measured properties of the
mixture of solvent/live bitumen (saturated with methane) to investigate if considering the
multicomponent solvent as one single pseudo-component improves the time efficiency of

numerical modeling.



3. Modelling the measured experimental data employing empirical relationships used in reservoir

simulation of solvent-based and solvent-aided thermal recovery processes.
To achieve the objectives of this study, we outlined the following steps:

1. Design and validation of the PVT (Pressure-Volume-Temperature) apparatus to collect phase
behavior data in solvent/bitumen systems (Figure 1.1),

2. Conducting vapor-liquid equilibrium (VLE) measurements and collecting data,

3. Analyzing the measured data,

4. Model data using established empirical relationships or commercial software to correlate the

density, viscosity, and K-values of different components for multicomponent/bitumen systems.

The results of this study have improved our understanding of the behavior of multicomponent
solvent/live bitumen systems. These measurements can be used to improve the bitumen extraction

process design.
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Figure 1.1: Experimental setup for VLE study of solvent/bitumen, (1) feeding cell, (2) solvent cell, (3) equilibrium cell,
(4) visual cell, (5) densitometer, (6) viscometer, (7) liquid sample collection cell, (8) density data acquisition unit, (9)
viscosity data acquisition unit, (10) Quizix pump, (11) pump controlling unit, and (12) Blue-M oven.



1.2 Dissertation Outline

This dissertation is organized as follows:

Chapter One introduces the necessity of the current work. Chapters 2 to 5 present the main findings
of this study. Chapters 2 to 4 have been published in peer-revied journals, and Chapter 5 has been

submitted for publication.

Chapter Two presents the new measurements of the thermophysical properties of the system of
C1/CO2/multicomponent solvent/bitumen. The aim is to investigate the effect of feed composition on
the thermophysical properties of VLE conditions. The measurements include the density and
viscosity of the saturated liquid phase, and the composition of both liquid and vapor phases at a
temperature and pressure range of 353.80- 503.60 K and pressure 16- 51 bar, respectively.?> The

bitumen and solvent (natural gas condensate) were provided by industry sponsors.

In Chapter Three, new measurements of the density, viscosity, solubility, and K-values of
multicomponent solvent/live bitumen systems with applications to the solvent-aided thermal recovery
of bitumen are reported at a pressure range of 1-6 MPa and temperature range of 343.15-503.15 K.
The solvent is a synthetic diluent comprised of n-Cs, n-Cs, n-Ce, n-Cg, and n-Cio. A systematic
approach to correlate the measured data is introduced.?

Chapter Four investigates the effect of solvent concentration on the saturation pressure of the mixture.
The measured data include the saturation pressure of the multicomponent natural gas condensate, the
saturation pressure of the mixture of multicomponent solvent/methane/bitumen system at a
temperature range of 313.41-459.10 K, the density and viscosity of the saturated liquid at a pressure
range of 1-4 MPa. The solvent concentration varies in the range of 15-80 mol% in the mixture of
solvent/bitumen to cover a wide range of concentrations.?* The bitumen and solvent (natural gas

condensate) were provided by industry sponsors.

Chapter Five studies the phase envelope of the mixture of methane and a synthetic diluent comprised
of n-Cs, n-Cs, N-C7, cyclo-hexane, and toluene. In this chapter, new measurements of the saturation
pressure of the synthetic diluent and the mixture of methane/diluent for methane concentrations in
the range of 5-23 mol% are presented. Other important measurements are the density of the saturated

liquid and K-values of different components at different temperatures and pressures.

Chapter Six presents the conclusions of this study and highlights some suggestions for future work.
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2. Chapter Two: VLE Study of Ci/ CO2/Diluent/Bitumen Systems
2.1Preface

This chapter has been published in the Journal of Industrial & Engineering Chemistry Research
entitled “Experimental measurement and thermodynamic modeling of vapor-liquid equilibrium data
of Cui/bitumen, COz/bitumen, Ci/ CO2/bitumen, Ci/diluent/bitumen, and Ci/ CO2/diluent/bitumen
systems”.! This manuscript was co-authored by Mahmood Abdi, Mabkhot BinDahbag, Mohsen
Zirrahi, Jason Dickson, and Hassan Hassanzadeh. Since this dissertation has been prepared in a paper-
based format, unavoidably, there are some repetitive parts in each chapter, mainly Chapters 2, 3, 4,
and 5, such as experimental setup and characterization descriptions. In this chapter vapor-liquid
equilibrium (VLE) of C1/ CO2/diluent/bitumen systems is studied, and the effect of the composition

of the mixture on the equilibrium properties is discussed.

2.2 Abstract

Solvent-assisted heavy oil recovery methods have gained significance in recent years. The injected
solvents can be of hydrocarbon and non-hydrocarbon chemicals or a mixture of both. The addition of
a diluent, as a mixture of light and intermediate hydrocarbons, to bitumen has a significant effect on
reducing the viscosity and density of bitumen. In this work, the experimental measurements and
thermodynamic modeling of thermophysical properties of Ci/bitumen, COgz/bitumen,
C1/CO2/bitumen, Ci/diluent/bitumen, and Ci/ COq/diluent/bitumen systems are performed. The
measured data includes liquid viscosity, liquid density, and mole fraction of components in vapor and
liquid phases. Experimental data show that the addition of CO; into the injected gas mixture results
in bitumen viscosity reduction, especially at lower temperatures. A diluent has a significant effect on
the viscosity and density of the liquid mixtures in all cases. The results showed that the components’
K-values are nearly independent of the solvent composition. The consistency of K-values of the
intermediate components was examined by the Hoffmann and Wilson plots. The obtained linear
trends revealed that the K-values of the intermediate components are only a function of temperature
and pressure. The thermodynamic modeling of phase equilibria is performed using the cubic plus
association equation of state. The unknown parameters of the model, including binary interaction
parameters and critical properties of Cs-+ in the diluent, are tuned versus experimental liquid density

and solvent solubility (i.e., the mole fraction of solvent in the bitumen-rich phase). The developed

! Bamzad, S., Abdi, M., BinDahbag, M., Zirrahi, M., Dickson, J., & Hassanzadeh, H. (2023). Experimental Measurement
and Thermodynamic Modeling of Vapor—Liquid Equilibrium Data of C1/Bitumen, CO2/Bitumen, C1/CO2/Bitumen,
C1/Diluent/Bitumen, and C1/CO2/Diluent/Bitumen Systems. Industrial & Engineering Chemistry Research, 62(3),
1571-1595.

7



model is able to correlate the liquid density, C1 solubility, and CO- solubility with an absolute average

relative deviation of 0.28, 11.41, and 12.22 %, respectively.

2.3 Introduction

Enhanced oil recovery methods are essential in supplying the world’s energy demands.! These
methods are categorized into thermal and non-thermal techniques.! The objective of thermal methods
Is to increase oil mobility by reducing oil viscosity. The common thermal methods are steam-assisted
gravity drainage and cyclic steam stimulation.? The focus of this work is on solvent-based and
solvent-aided thermal recovery methods. The thermal recovery methods involve generating high-
temperature steam/hot water, which requires a large amount of fresh water and burning a considerable
amount of fossil fuel, adversely affecting the environment.® To reduce the environmental impact, one
alternative method is co-injection of solvent and steam or pure solvent injection. The solvent-based
(pure solvent) methods include N-solve, cyclic solvent injection (CSI)* and vapor extraction
(VAPEX).2 The solvents used include either pure light hydrocarbon and non-hydrocarbon or a
mixture of them. The hydrocarbon solvents have a wide range of solubility in bitumen. The maximum
reported experimental solubilities for Cy, Cz, Cs, and C4 in MacKay River bitumen are 20, 45, 78, and
78 mol %, respectively. °> Also, the minimum reported viscosity of the saturated bitumen for C1, Co,
Cs, and C;4 are 8.5, 6.6, 3.9, and 1.1 cP, respectively. The solubility of these solvents increases with
equilibrium pressure and decreases with equilibrium temperature. At high temperatures, C1 and C»
solubilities in bitumen have a weak dependency on temperature.®’ Haddadnia et al.® measured the
thermophysical properties of N2/bitumen and CO2/bitumen systems. For bitumen saturated with N,
the maximum solubility and minimum viscosity were reported as 11 mol % and 11 cP, respectively,
at 8 MPa and 189.8 °C. The solubility of CO, was 44 mol.%. The minimum measured viscosity of
the CO2/bitumen system was 7.16 cP at 8 MPa and 189.8 °C. The viscosity reduction effect of CO>
is less than C3 and Ca, especially at low temperatures.® Since CO2 may provide a cost-effective and
environmentally benign option, using a combination of CO2 and hydrocarbon gases seems feasible.
The constant composition expansion (CCE) experimental results have shown that CO2/bitumen and
Ca/bitumen systems yield vapor-liquid equilibria (VLE) in a temperature range of 323.15 K<T <
338.25 K, but Ca/bitumen system results in liquid-liquid equilibria (LLE) when the C4 content is
higher than 84.6 wt %.° The LLE may lead to formation impairment due to heavy asphaltene
precipitation. Therefore, the solvent composition should be selected properly.l® Thermodynamic
modeling of different solvent/bitumen systems is an effective tool to determine the phase regions and

choose a proper solvent composition.



The addition of normal alkanes to bitumen reduces its viscosity and density. For example, adding 20
wt % of n-pentane to the Mackay River bitumen at 423 K and 7 MPa can reduce the viscosity and
density by 25.1 cP and 42.1 kg/m?, respectively.'! For 20 wt % n-hexane addition at the same pressure
and temperature, the reduction in the viscosity and density are 30.1 cP and 87.4 kg/m?®, respectively.!
However, using pure n-alkanes as diluents in solvent-aided recovery processes is costly. Therefore,
the oil sands industry is moving toward using multicomponent diluents such as field natural

condensates and naphtha for solvent-aided thermal recovery processes.

Thermodynamic modeling of phase equilibria in solvent/bitumen systems is based on the equality of
fugacity® or activity’® of components in both phases. In VLE calculations of bitumen/solvent
systems, a common assumption is that the vapor phase contains no bitumen,®>* which is valid
according to the gas chromatography (GC) analysis of the vapor phase. This assumption leads to a
significant decrease in the run time of VLE calculations. In most VLE calculations, the equality of
fugacity of components in both vapor and liquid phases (¢-¢ approach) is used to obtain phase
compositions using an appropriate equation of state (EoS). The selection of the EoS depends on the
existing molecular interactions. Cubic EoS are developed based on van der Waals type
interactions®™1® and were applied in VLE calculations of solvent/bitumen systems.>"%!" By
considering appropriate adjusting variables, these EoS have been used successfully in solvent
solubility calculations. However, cubic EoS cannot accurately calculate the saturated bitumen density
since bitumen contains highly polar molecules like asphaltenes with intermolecular interactions other
than van der Waals type forces. Therefore, the density has been calculated using correlations!’ or a
volume shift approach.” The cubic plus association (CPA) EoS proposed by Kontogeorgis et al.*® is
a combination of cubic EoS, and an advanced term has been proposed to address the deficiencies of
Cubic EoS. The cubic part is mostly the Soave- Redlich- Kwong (SRK) EoS, and the advanced term
accounts for the hydrogen bond between associating molecules. This advanced term was derived by
Chapman et al.!® from Wertheim’s first-order perturbation theory (TPT-1).2%2* Although asphaltene
molecules have no hydrogen bond, the self-assembly of these macromolecules is envisioned to be as
strong as a hydrogen bond. Therefore, CPA EoS has been implemented to capture the phase behavior

of systems containing a considerable amount of asphaltene.

Asphaltene is the associating compound and the association parameters of asphaltene, including self-
and cross-association energies and association volume, are usually determined by adjusting EoS-
generated data such as density,?? vapor pressure,? interfacial properties,?* phase composition,?
solvent solubility’*?> and asphaltene precipitation onset,'>?326-28 versus the experimental data. In

addition to association parameters, the binary interaction parameters (BIPs) between non-identical
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molecules are adjusted to improve the correlations. The BIPs can be either constant or temperature-
dependent. Also, in models where there are light hydrocarbons, considering a non-zero BIP between

normal alkane is a valid assumption.®

In this work, we report new experimental PVT data of Ci/bitumen, CO/bitumen, C1/CO/bitumen,
Cu/diluent/bitumen, and Ci/CO/diluent/bitumen systems. Thermodynamic properties of
CO2/Cy/diluent/bitumen system were studied at different temperatures (T = 353.80, 402.57, 452.57
and 503.60 K) and at different pressures (P = 16, 31, 41 and 51 bar). First, viscosity, density, and
molecular weight of raw bitumen were measured. Viscosity, density, and solubility (K-values) of
different mixtures (Ci/bitumen, CO2/bitumen, C1/CO./bitumen, and CO2/Ci/diluent/bitumen) were
also measured. Then, the CPA EoS is deployed to model the raw and saturated bitumen density and
solubility of C1 and COz in different diluent/bitumen mixtures at various temperatures and pressures.
These data are essential for numerical simulation, design, optimization, and field- and pilot-scale

implementation of solvent-aided thermal recovery processes.

2.4 Methodology

2.4.1 Experimental Procedure

Figure 2.1 represents the schematic diagram of the experimental setup used for conducting the phase
behavior experiments of bitumen/solvent systems. The main elements of the setup [equilibrium cell
(3) visual cell (4), densitometer (5) and viscometer (6)] are located inside a Blue-M oven (12).
Feeding cell (1) and solvent cell (2) are used to charge bitumen and solvent to the equilibrium cell,
respectively. Two data acquisition units (8 and 9) are used to continuously record the density and
viscosity of the fluid. Continuous monitoring allows detection of the phase change during the
experiment. The densitometer (Anton Paar DMA HPM) operating range is below 3 g/cm?® with an
error of 0.001- 0.0001 g/cm?® and in pressure and temperature ranges of 0-10 000 psi (0 - 700 bar) and
-10 to +200 °C, respectively. The factory calibrated viscometer (XL7-HT, Hydramotion) is operating
in the range of 0.2 — 10 000 cP with accuracy and repeatability of £1.0 and +0.3% of the reading,
respectively. As common, the densitometer and viscometer were calibrated with known samples prior
to the experiments. A Quizix pump (10) which is controlled by the pump controlling unit (11) is used
to inject/receive fluid into/from the cells. A sampling cell (7) is used to take sample from the liquid
phase at the operating conditions.
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Figure 2.1: Experimental setup for VLE study of solvent/bitumen, (1) feeding cell, (2) solvent cell, (3) equilibrium cell,
(4) visual cell, (5) densitometer, (6) viscometer, (7) liquid sample collection cell, (8) density data acquisition unit, (9)
viscosity data acquisition unit, (10) Quizix pump, (11) pump controlling unit, and (12) Blue-M oven.

Prior to each experiment, toluene is injected to the system to clean the remaining of bitumen from the
previous experiment and the lines are flushed by dry helium to remove any contaminants inside the
system. In the case of the dead bitumen experiment, bitumen and solvent are charged directly to the
equilibrium cell in proportion of the desired mixture mass fraction. The volume of the injected fluid
into the equilibrium cell is the same volume of water discharged from the bottom of the cell, which
is connected to the Quizix pump. For the live bitumen, on the other hand, the gas is mixed with
bitumen outside the system and is then charged into the feeding cell. The rest of the experiments are

the same for dead and live bitumen.

After charging bitumen and solvent into the equilibrium cell, the oven temperature and pump pressure
are set at the desired conditions and the cell is set to rocking mode to ease the equilibrium process. A
rocking ball inside the equilibrium cell facilitates mixing the solvent and bitumen. Depending on the
experimental conditions, such as temperature, pressure and bitumen properties, the required mixing
time varies (5 - 48 h).

In order to separate phases (liquid and vapor), the equilibrium cell is held upright for a few hours. All
lines are filled with helium at the same pressure as the experimental pressure to ensure the

compositions stay the same during the sampling. Helium is used as the carrier gas because it has no

11



effect on phase composition in GC. Phases are passed through an inline densitometer and a viscometer

to detect phase change.

A 15 cc sampling cell (component 7 in Figure 2.1) equipped with a piston is used to collect a
pressurized saturated liquid. First, the weight of the full sampling cell is measured. Then, the liquid
sample, along with a predetermined amount of ethane, as the reference weight, is injected into a
chamber (located inside an oven at a temperature of 180 °C) and flashed. The gas dissolved in the
liquid sample was given enough time (~30 min) to vaporize. The gas phase in the chamber is then
passed to the GC to find the weights of the gases dissolved in the sample. The mass fractions of
different components are then calculated and converted to mole fractions using the known weight of

the injected liquid sample.

2.4.2 Thermodynamic Modeling and CPA EoS
According to classic thermodynamics, for every equilibrium condition at constant pressure and

temperature, the following relation for every component is valid

fl—fv (2.1)

where fiI and f." are fugacity of component i in liquid and vapor phases, respectively. By introducing
the concept of the fugacity coefficient, the fugacity of component i can be written as
— 2.2
f.=2pP (2.2)

where Z;, @ ,and P represent mole fraction of component i, fugacity coefficient of component i,

and pressure, respectively. In classic thermodynamics, the fugacity coefficient is given as

: (2.3)
Ingoizi[aA ] -InZ
T,V,nj,‘i

RT | on

where R, T, N,V ,and Z are universal gas constant, temperature, mole of component i, volume,
and compressibility factor (= PV /nRT ), respectively. A" is the residual Helmholtz free energy of

the mixture. To evaluate (8Ar / on, )T v 1an EoS is necessary that expresses the phase behavior of

1
fluids in terms of pressure, temperature, and volume. In this work, the CPA EoS is used, which is

expressed as

o_ _RT a(T) —lﬂ(ﬂpmalng}ZZiZ(l—XA) (2.4)

“V,-b V,(V,+b) 2V, op, )54

m
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where Vm, b, a(T), P, and g refer to molar volume, co-volume (correction for the repulsive

force), energy dependent parameter (correction for attractive force), molar density (1/ V.,), and radial

distribution function, respectively. The radial distribution function is given as:

( )_ 1 (2.53)
g pm _1_1977

_1 (2.5b)
77_4bpm

The first and second terms in eq 2-4 are from SRK E0S."® b is a function of critical pressure ( P, ) and
temperature (T.), and not only a(T) depends on P, andT_, but it is also a function of temperature,
acentric factor (o), and BIP.

In eq 2.4, the most important parameter is X A - This parameter represents the fraction of sites A on
molecule i that do not form a bond with other associating sites. X A Is calculated as a function of

association strength A**® between sites A and Bj, the mole fraction of components, and molar

density:
X = 1 (2.6)
Nl g,z X AN
i g

The association strength between sites A and B; is calculated as:

AB; b +b. (2.7)
ANE = exp| =— |-1|b g% b =1

g(p)[ p( RTJ } W By =

where £%% is association energy, and ,BA’ ! refers to the association volume. If A and Bj are

identical sites, ¢*® is called self-association energy; otherwise, it is cross-association energy. For

associating compounds, the association energy and volume are usually the matching parameters.

In the computational work, the isomers are lumped into a pseudo-component (C4=nCs + iCs, and Cs
= nCs + iCs) for the sake of convenience. Also, because Cs includes a range of components whose
normal boiling points lies between normal boiling points of normal hexane and normal heptane, it is
lumped with C7+, and the new pseudo-component is called Ce+. The physical and critical properties
of C4 and Cs are calculated based on the random mixing rule. For Ce+, the molecular weight is
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calculated by the random mixing rule, and its other properties (including critical pressure,
temperature, and acentric factor) were tuned versus experimental data. The bitumen is considered a
mixture of two pseudo-components. The first pseudo-component (PC1) is the saturates-rich
component, and the second pseudo-component (PC2) is asphaltene-rich and has self-association with
other PC2 and cross-association with PC1.23° This bitumen characterization approach was
considered in the previously reported works,'*?22?° and the results were promising. The properties of

the studied systems are listed in Table 2.1.

Table 2.1: Physical and critical properties of components.

component Te (K) Pc (bar) o) MW (g/mole) £ (K) B
R
COz 304.19% 73.82% 0.2276% 44.10%
C1 190.56% 45,9930 0.0115% 16.04%
Cz 305.32% 48.72%° 0.0995% 30.07%°
Cs 378.63% 47.16% 0.1028% 44.10%
iCaq 415.78% 40.09% 0.1493% 58.12%
nCs 436.32% 43.60% 0.1561% 58.12%
iCs 460.43%° 33.81%° 0.2275%° 72.15%0
nCs 479.4431 37.95% 0.2163% 72.15%
Ce+ tuned versus tuned versus tuned versus calculated by
experimental data  experimental data experimental data random mixing rule
PC1 844.9322 14.86% 1.10% 407.80% - 0.0528:32
PC2 999.97% 11.42% 1.597% depends on the test ~ 3000%32  0.05%8:%
temperature

The absolute average relative deviation (AARD) is used as the objective function to tune the unknown

parameters. The AARD is calculated as

1 N
AARD =—>"
N =

W.EP _\W. model (28)

exp
Wi

x100

where W is the thermodynamic properties that can be either solubility or liquid density, and N
represent the total number of the corresponding property. All the phase equilibria algorithms are
programmed in MATLAB@2021, and the fminsearch is used to do the optimization of the objective

functions.

2.5 Results and Discussions

2.5.1 Experimental Data

We report detailed experimental data of Orion raw bitumen, and binary, ternary, and multicomponent
systems of raw bitumen/methane/CO/diluent. The diluent and cleaned/dewatered Orion bitumen
sample used in our experiments have been provided by Strathcona Resources Ltd. The sample was
de-watered, cleaned, and passed through a 0.5 pum filter to eliminate possible fine particles. The
bitumen water content was measured using Karl Fischer Titration (ASTM D4928—-12) to be less than

~0.1 wt % (1000 ppm). The molecular weight of raw Orion bitumen was measured using vapour
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pressure osmometry to be 508 g/gmole, and the specific gravity was measured to be 1.00936 (15/15

°C). The bitumen sample was characterized using simulated distillation (ASTM D7169). Figure 2.2

shows the simulated distillation weight percent off (wt % OFF) and carbon number distribution of

the Orion bitumen. The diluent is a multicomponent mixture with the compositional data and physical

properties, as shown in Table 2.2. The IUPAC systematic names, CAS registry number, supplier, and

purity of the other chemicals used in experiments are reported in Table 2.3.
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Figure 2.2. Simulated distillation test data. (a) Weight percent OFF. (b) Carbon number distribution.

Table 2.2: Composition and calculated properties of diluent sample.

component mole fraction  property value
N, trace density (kg/m?) 703.0
CO; trace relative density 0.7036
H.S 0.0000 API (°) 69.6
Ci 0.0006 relative molecular mass 97.0
C2 0.0003 density of Cz. residue (kg/m®) 765.6
Cs 0.0029 relative density of C-. residue 0.7663
iC4 0.0135 API of Cy. residue (°) 53.2
nCs 0.0475 relative molecular mass of Cy. residue 127.5
iCs 0.1656
nCs 0.1728
Cs 0.1687
Ci+ 0.4281
total 1.0000

Table 2.3: IUPAC systematic names, CAS registry number, supplier, and purity of the chemicals.

IUPAC systematic name CAS registry number supplier purity P (%)

helium CAS 7440-59-7

Linde Canada 99.999 mol%
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methane CAS 74-82-8 Linde Canada 99.0 mol%
CO; CAS 106-97-8 Linde Canada 99.9 wt%

2 purity data was provided by the supplier.

b The provided chemicals were used directly in the experiments without further purification.

The experimental procedure was described earlier. Figure 2.3 shows the VLE systems studied in this
work. All measured data are reported in an Appendix at the end of this paper for the sake of brevity.
These data are essential in numerical modeling, design, and optimization of solvent-aided thermal

recovery of bitumen from oil sands.
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Bitumen Bitumen
|

Bitumen (50mol.%)+Diluent (50mol.%) Bitumen (70mol.%o)+Diluent (30mol.%)
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G
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K;(i=C,.C;,C,.C,, G, ,.CO,)

Figure 2.3: VLE systems studied in this work. Table 2.6 provides a list of various mixtures studied in this work.

The visualization of measured viscosity data is presented in Figure 2.4 for four temperatures. At each
temperature, the viscosities of solvent/bitumen systems are compared with the viscosity of raw
bitumen. The viscosity has strong and weak dependencies on temperature and pressure, respectively.
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The addition of diluent can significantly decrease the viscosity by orders of magnitude at any
temperature. The effect of pure CO: in reducing viscosity is more pronounced at low temperatures
(353.80 and 402.57 K). At higher temperatures (452.29 and 503.60 K), this variation is not noticeable
in comparison with pure C1 and Cz (50 mol %) + CO> (50 mol %) injections.
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Figure 2.4: Viscosity of solvent/bitumen and solvent/bitumen diluent systems as a function of pressure and temperature.
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The visualization of the density data is presented in Figure 2.5. Like the viscosity data, the density
has a weak dependency on pressure. Addition of diluent results in a significant decrease in density.
The density of the saturated liquid increases by increasing the CO, content as compared with C1. The
same trend is observed for other mixtures of the bitumen/diluent with CO, and methane addition. The
raw bitumen density increases with pressure. However, in the presence of a solvent, the oil phase
density decreases with pressure due to the gas dissolution, and the dilution effect dominates the

pressure. This trend is less pronounced when the CO> content of the mixture is increased.
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Figure 2.5: Density of solvent/bitumen, and solvent/bitumen diluent systems as a function of pressure and temperature.

The experimental methane solubilities for different injected gas compositions and liquid mixtures are

visualized in Figure 2.6. The solubility is inversely proportional to the temperature and directly
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affected by pressure. Diluent addition to the bitumen decreases the Ci solubility, which is clear by

comparing the red (Cs/bitumen), pink (C1 in 50/50 mol % bitumen/diluent mixture), and orange (Cy

in 70/30 mol % bitumen/diluent mixture). CO> also contributes in reducing the C1 solubility. The

experimental measurement of CO: solubility is presented in Figure 2.7. Like C1, CO> solubility is

reduced after diluent addition to bitumen. CO2 addition into higher API oil samples results in

asphaltene precipitation,® but this phase separation for CO; + bitumen systems at the pressures and

temperatures of interest was not observed.
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Figure 2.6: Experimental solubility of C, for various systems as a function of pressure and temperature.
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Figure 2.7: Experimental solubility of CO, for various systems as a function of pressure and temperature.

The K-value of component i (= y;/x;) is an important parameter in VLE measurements, especially
in multicomponent systems. The measured K-values are presented in the Appendix. The standard
deviation of the K-value of each component at each pressure and temperature is calculated, and the
results are summarized in Table 2.4. A comparison of the mean and the standard deviation shows that
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the K-value of each component mostly depends on pressure and temperature and can be assumed to

be independent of the solvent composition.

Table 2.4: Mean and average deviation of K-value of all components at different pressures and temperatures.

temperature pressure mean K-value + average deviation*
(K) (bar) Ket Kcs Kea Kes Kes Ker+ Kcoz
16 20.744+0.273  2.162+0.027  0.988+0.019 0.475+0.023 0.224+0.009 0.224+0.009  9.120+0.160
31 11.988+0.131  1.259+0.060  0.597+0.018  0273+0.008  0.142+0.004  0.142+0.004  5.789+0.187
353.80 41 9.221+0.230 1.074+0.025 0.497+0.008 0.234+0.006 0.123+0.003  0.123+0.003  4.734+0.106
51 7.094+0.077  0.937+0.019  0.449+0.005 0.208+0.006  0.108+0.002  0.108+0.002  4.450+0.069
16 22.499+0.228  3.831+0.096  2.019+0.043  1.147+0.033 0.624+0.016 0.624+0.016 13.146+0.371
31 13.045+£0.222  2.172+0.062  1.215+0.078  0.656+0.027  0.381+0.011  0.381+0.011  7.241+0.155
402.57 41 10.202+0.313  1.631+0.048 0.974+0.029  0.536+0.008 0.314+0.005 0.314+0.005 5.677+0.101
51 7.834+0.301  1.482+0.021  0.819+0.010  0.463+0.007 0.276+0.007 0.276+0.007  4.872+0.105
16 23.335+0.166  5.536+0.149  3.405+0.078 2.088+0.056  1.294+0.042  1.294+0.042 16.179+0.150
31 13.777£0.431  3.212+0.142  1.863+0.055 1.180+0.032  0.749+0.030  0.749+0.030  8.248+0.062
452.29 41 10.905+0.402  2.480+0.061  1.547+0.024 0.982+0.015 0.635+0.013 0.635+0.013  6.513+0.042
51 8.528+0.429  1.959+0.085  1.262+0.043  0.815+0.023 0.537+0.020 0.537+0.020  5.710+0.044
16 24.575+0.125 7.763+0.099  5.373+0.149  3.729+0.151 2.947+0.125 2.947+0.125 19.582+0.741
31 14.433+0.224  4.020+0.112  2.695+0.067 1.736+0.099 1.487+0.114 1.487+0.114  9.886+0.169
20360 41 11.850+0.236  2.821+0.128  2.033+0.062  1.367+0.056 1.152+0.038 1.152+0.038  8.065+0.108
51 9.038+0.380  2.506+0.055  1.815+0.037  1.226+0.020 0.889+0.052  0.889+0.052  6.707+0.072

“Average deviation= %ZKXL' - Wl

The K-value correlations can be used to check the internal consistency of the measured equilibrium

ratio data. According to the Hoffmann* and Wilson® correlations, at low and intermediate pressures,

the equilibrium ratio is independent of composition for intermediate hydrocarbons. Based on

Hoffmann, log K; has a linear relation with (1 — Ty,,/T)/(1 — Tys,), Where Ty, is the normal boiling

point temperature of component i. In the Wilson correlation, log K; is linearly correlated with

(14 w;)(1 —1/T,). The Hoffmann and Wilson plots are presented in Figures 2.8 and 2.9 for a

specific case. The intermediate components are Cz, C4, Cs, and Ce. For the rest of the studied mixtures,

these plots are presented in the Supporting Information file. The linear relations show that the K-

values of those four components are only a function of pressure and temperature.
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Figure 2.8: Hoffmann plot of equilibrium ratio of intermediate compounds (Cs, C4, Cs, and Cs) for a mixture of [bitumen
(70 mol %)+diluent (30 mol %)]+[C1 (25 mol %)+CO- (75 mol %)].
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Figure 2.9: Modified Wilson plot of equilibrium ratio of intermediate compounds (Cs, Ca, Cs, and Cg) for a mixture of
[bitumen (70 mol %) + diluent (30 mol %)] + [C1 (25 mol %) + CO; (75 mol %)].

2.5.2 Modeling Results

The first step in the modeling of experimental data is to find the unknown parameters of the bitumen
pseudo-components. A non-zero self-association energy and volume should be considered for the
pseudo-component (PC2) since it is the asphaltene-rich component. It is common to assume a
constant value for this parameter,?3262732 and in this work £”¢?P¢2 /R and P are considered to be
3000 K and 0.05, respectively, the rest of the unknown parameters include the cross-association
energy between PC1 and PC2 £P¢1F¢2 the molecular weight of PC2, and BIP between PC1 and PC2,

kPCLPC2 These parameters are tuned versus experimental density data of raw bitumen and are
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obtained as eP¢LPC2 =2035.61 + 0.22T, MWPC? =790.26 — 0.41T, KkPCLPC2 =—-0.83 +

0.0023T where Tisin K.

In VLE calculations, the obtained parameters for the bitumen pseudo-component are used. The

unknown parameters of the VLE model are the BIP between existing components and the properties

of Ce+. These parameters are tuned versus experimental solubility and saturated bitumen density data.

All BIPs are assumed to be temperature-dependent. Since the diluent has a trace amount of C> and

Cs, no BIPs between these two components and other components are considered. The tuned BIP
data and properties of Ce-+ are listed in Table 2.5. The AARD of C1 and CO- solubilities and saturated
bitumen density for different cases are listed in Table 2.6. The liquid density, C: solubility, and CO-
solubility are correlated with the AARD of 0.28, 11.41, and 12.22%, respectively.

Table 2.5: Binary interaction parameters adjusted versus experimental solubility and saturated bitumen density data.

binary molecules BIP binary molecules BIP
PC2/C: 0.84 + 1.71 x 107*T C1/Cq 482x1073-832x107"T
PC2/Cs —0.85 —2.60 x 10°5T C1/Cs —10.81—5.08 x 10°5T
PC2/Cs —15.35+ 2.55 x 107°T C1/Ce+ —0.38 - 6.73 X 107°T
PC2/Ce-+ —1.81 —1.01 X 107*T C1/CO2 —4.74 + 0.01T
PC2/CO> 0.06 + 6.15 x 107*T C4/Cs —-0.13-2.72x107°T
PC1/C: —-1.81 - 1.19 X 107*T C4/Co+ —1.28 x107* +3.64 x 107'T
PC1/Cs4 —2.77 + 2.51 x 10710T C4/CO2 —0.15 — 4.23 x 1073T
PC1/Cs 3.73x 1073 — 8.59 x 10~8T Cs/Ce+ 0.1786 — 1.71 x 107’T
PC1/Ce+ —0.54 +3.17 x 107°T Cs/CO2 —8.11-6.75x 1073T
PC1/CO2 —0.46 +3.31 X 107*T Ce+/CO2 1.58 — 3.21 x 1073T
Ce+ properties tuned versus experimental solubility and saturated bitumen density data
Te (K) Pc (bar) ®
470.93 17.65 0.89

Table 2.6: AARD of liquid density, C; solubility, and CO; solubility for various mixtures.

system AARD (%)
liquid density C1 mole fraction ~ CO, mole fraction

raw bitumen 0.07 % - -
Ca/bitumen 0.39 % 8.92 % -
COz/bitumen 0.21% - 13.22 %
C1/CO2 (50/50 mol.%)+bitumen 0.24% 32.14% 31.94 %
Cat+bitumen/diluent (50/50 mol.%) 0.49 % 742 % -
C1/CO2 (75/25 mol.%)+bitumen/diluent (50/50 mol.%) 0.41% 7.28% 9.18 %
C1/CO2 (25/75 mol.%)+bitumen/diluent (50/50 mol.%) 0.24 % 12.26 % 8.03 %
Cut+bitumen/diluent (70/30 mol.%) 0.28 % 9.49 % -

0.20 % 6.82 % 4.36 %

C1/CO2 (75/25 mol.%)+bitumen/diluent (70/30 mol.%)
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C1/CO2 (25/75 mol.%)+bitumen/diluent (70/30 mol.%) 0.29 % 10.44 % 9.90 %
Total 0.28 % 11.41 12.22

The model’s correlation of Cy solubility is represented in Figure 2.10. In this figure, solubility (mole
fraction) is plotted versus pressure at different temperatures. The total AARD of C; solubility is 11.41
%. The best correlation is related to C1/CO> (75/25 mol %) + bitumen/diluent (70/30 mol %) system
(Figure 2.10g) with an AARD of 6.82%. The worst correlation of the model is reported for system of
C1/CO2 (50/50 mol %) + /bitumen (Figure 2.10b).
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Figure 2.10: Correlated and experimental data of C; solubility in bitumen and bitumen + diluent mixtures at different
pressures and temperatures using CPA EoS. Lines and marks are model correlations and experimental data, respectively.
(a) Ca/bitumen. (b) C1 (50 mol %) + CO, (50 mol %)/bitumen. (c) Ci/bitumen (50 mol %) + diluent (50 mol %). (d) C
(75 mol %) + CO- (25 mol %)/bitumen (50 mol %) + diluent (50 mol %). (e) C1 (25 mol %) + CO; (75 mol %)/bitumen
(50 mol %) + diluent (50 mol %). (f) Ci/bitumen (70 mol %) + diluent (30 mol %). (g) C:1 (75 mol %) + CO, (25 mol
%)/bitumen (70 mol %) + diluent (30 mol %). (h) C1 (25 mol %) + CO- (75 mol %)/bitumen (70 mol %) + diluent (30
mol %)
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The K-value (i.e., y;/x;) can be used to check the validity of the thermodynamic model in phase
equilibria of multicomponent system studies. In this study, the experimental K-values are not used in
tuning. The comparison of experimental and model K-values for Cy is presented in Figure 2.11. At a
single temperature, the lower K-values correspond to higher pressures since solubility (x;) increases
by increasing pressure. Like solubility modeling data, the worst correlation of the experimental K-
value is for the gaseous solvent of C1/CO2 (50/50 mol %). In other cases, the correlated K-values at
higher pressures are reasonable but are underestimated at lower pressures regardless of temperature.

The results also show that the model correlations at low temperatures (red markers) are more accurate.
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Figure 2.11: correlated and experimental data of the C; K-value in bitumen and bitumen + diluent mixtures at different
pressures and temperatures using CPA EoS. (a) Ci/bitumen. (b) C1 (50 mol %) + CO; (50 mol %)/bitumen. (c) C1/bitumen
(50 mol %) + diluent (50 mol %). (d) C1 (75 mol %) + CO; (25 mol %)/bitumen (50 mol %) + diluent (50 mol %). (e) C1
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Another important data set that is used in tuning the thermodynamic model is CO solubility in
bitumen and bitumen + diluent mixtures. These results are presented in Figure 2.12. The model
correlates this data set with an overall AARD of 12.22%. Similar to C: solubility data, the model
shows the highest deviation for the case C1/CO- (50/50 mol %) + raw bitumen, as shown in Figure
2.12b, and the lowest deviation is observed for the case of C1/CO2 (75/25 mol %) + bitumen/diluent
(70/30 mol %), as depicted in Figure 2.12e.
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Figure 2.12: correlated and experimental data of CO. solubility in bitumen and bitumen + diluent mixtures at different
pressures and temperatures using CPA EoS. Lines and marks are model correlations and experimental data, respectively.
(a) C1/bitumen. (b) C1 (50 mol %) + CO; (50 mol %)/bitumen. (c) C1 (75 mol %) + CO; (25 mol %)/bitumen (50 mol %)
+ diluent (50 mol %). (d) C; (25 mol %) + CO2 (75 mol %)/bitumen (50 mol %) + diluent (50 mol %). (e) C1 (75 mol %)
+ CO3 (25 mol %)/bitumen (70 mol %) + diluent (30 mol %). (f) C1 (25 mol %) + CO- (75 mol %)/bitumen (70 mol %)
+ diluent (30 mol %).

The comparison of the model and experimental K-values of CO- is shown in Figure 2.13. Similar to
the C: K-value, this equilibrium ratio decreases by increasing pressure. In most cases, at lower
pressures, the model K-value has a greater deviation than those at higher pressures (e.g., Figures
2.13c-f). In Figure 2.13a (CO- + raw bitumen) and 2.13b (C1/CO> (50/50) + raw bitumen), the model

correlates the CO2 K-value with reasonable accuracy, especially at low pressures.
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Figure 2.13: Correlated and experimental data of the CO, K-value in bitumen and bitumen + diluent mixtures at different
pressures and temperatures using CPA EoS. (a) CO2/bitumen. (b) C1 (50 mol %) + CO- (50 mol %)/bitumen. (c) C1 (75
mol %) + CO- (25 mol %)/bitumen (50 mol %) + diluent (50 mol %). (d) C1 (25 mol %) + CO- (75 mol %)/bitumen (50
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mol %) + CO; (75 mol %)/bitumen (70 mol %) + diluent (30 mol %).

Another important physical property used in the EoS tuning is the experimental liquid density data.
The results of comparing experimental and modeled densities are illustrated in Figure 2.14 for
different cases. The total AARD of density modeling is 0.28%, and the AARDs of all cases are less
than 1%. For raw bitumen, the density is shown versus pressure, and according to both model and
experimental data, the raw bitumen density has a weak dependency on pressure. For other cases, the
density is plotted versus gas solubility. In cases where C; and CO; are together, the solubility in the
x-axis is the sum of the mole fraction of C; and CO: in the liquid phase. In all cases, the liquid density
decreases with increasing solubility. Considering gaseous solvent and raw bitumen (Figure 2.14b,c,j),
CO; addition to the gaseous solvent leads to a weak dependency of liquid density to gas solubility.
The same trend is also observed when a gaseous solvent is added to bitumen/diluent mixtures; for
example, for a mixture of 50/50 mol % bitumen/diluent, the addition of CO: in the gaseous solvent

leads to a weak dependency of liquid density to gas solubility, as shown in Figure 2.14d-f.
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Figure 2.14: Correlated and experimental data of density of raw bitumen, solvent/bitumen, and solvent/bitumen/diluent
mixtures at different pressures and temperatures using CPA EoS. Lines and marks are model Correlations and
experimental data, respectively. (a) raw bitumen. (b) Ci/bitumen. (c) C1 (50 mol %) + CO2 (50 mol %)/bitumen. (d)
Cy/bitumen (50 mol %) + diluent (50 mol %). (e) C1 (75 mol %) + CO; (25 mol %)/bitumen (50 mol %) + diluent (50
mol). (f) C1 (25 mol %) + CO; (75 mol %)/bitumen (50 mol %) + diluent (50 mol %). (g) C1/bitumen (70 mol %) + diluent
(50 mol %). (h) C1 (75 mol %) + CO; (25 mol %)/bitumen (70 mol %) + diluent (30 mol %. (i) C1 (25 mol %) + CO, (75
mol %)/bitumen (70 mol %) + diluent (30 mol %). (j) COz/bitumen.

2.6 Summary and Conclusion

In this work, the experimental measurements of thermophysical properties of raw bitumen,
Cy/bitumen, CO2/bitumen, and various mixtures of C1/COz/bitumen/multicomponent diluent are
performed at wide ranges of temperature (T = 353.80, 402.57, 452.29, and 503.60 K) and pressure (P

=16, 31, 41, and 51 bar). The measured properties include solubility (C1, CO2, and multicomponent
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solvent), liquid viscosity, liquid density, and K-value of all components. It was observed that solvent
dissolution in bitumen decreased the viscosity and density significantly. It was also found that higher
solvent solubility was achieved by increasing the mixing pressure or decreasing the temperature
leading to more reduction in viscosity and density. An important observation was that the K-values
of individual components in the mixture are nearly independent of the feed overall composition.

The measured experimental data are then modeled to allow the correlation of solvent solubility, liquid
density, and K-values using the CPA EoS. The unknown parameters of the model are tuned versus
experimental data (solubility and saturated liquid density data), and the validity of the model is
checked by comparing the experimental and model K-values. The experimental measurements of
liquid phase viscosity have shown that gaseous solvents reduce bitumen viscosity, which is favorable
in bitumen recovery. At lower temperatures, CO> content of the solvent contributes to reducing the
viscosity, but at higher temperatures, this contribution is less pronounced. Also, the addition of diluent
results in significant viscosity reduction. This observation is more pronounced at lower temperatures.

The same trend is observed for density data.

The developed thermodynamic model can correlate the saturated liquid density, C1 solubility, and
CO2 solubility with a total AARD of 0.28, 11.41, and 12.22%. The variation of liquid density data
versus gas solubility is evaluated. The results have shown that CO- in the gaseous solvent contributes
to a weaker dependency of liquid density to gas solubility or pressure. The model’s capability in
correlating K-values C1 and CO> was investigated. At higher pressures, the model presents a better

correlation of K-values. Also, the model correlates a CO2 K-value with higher accuracy than C;.
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3. Chapter Three: VLE Study on Synthetic Diluent/Live Bitumen System
3.1Preface

This chapter has been published in the Journal of Chemical & Engineering Data entitled
“Measurements and Correlations of Thermophysical Properties for Multicomponent Solvent/Live
Bitumen Mixtures”.? This manuscript was co-authored by Devjyoti Nath, Ali Haddadnia, Mohsen
Zirrahi, Majid Saeedi, and Hassan Hassanzadeh. Since this dissertation has been prepared in a paper-
based format, unavoidably, there are some repetitive parts in each chapter, mainly Chapters 2, 3, 4,
and 5, such as experimental setup and characterization descriptions. In this chapter vapor-liquid
equilibrium (VLE) of the system of live bitumen and a synthetic diluent comprised of n-Cs, n-Cs, n-

Ce, N-Cs, and n-Cyo is studied with applications to the solvent-aided thermal recovery of bitumen.

3.2 Abstract

We report new measurements and correlations of the density, viscosity, solubility, and K-values of
multicomponent solvent/live bitumen systems with applications to the solvent-aided thermal recovery
of bitumen. The Density, viscosity, solubility, and K-values of live bitumen and a multicomponent
solvent composed of n-Cs, n-Cs, n-Cg, Nn-Cg, and n-C1o were measured at a pressure range of 1-6 MPa
and a temperature range of 343.15-503.15 K. A systematic approach is presented that can be adapted
for the construction of input PVT models for thermal reservoir simulations. The measured data are
correlated with the temperature- and pressure-dependent correlations used in commercial thermal
reservoir simulators. Accepted agreements were found between all the correlated properties and
experimental data of the multicomponent solvent/live bitumen system. The data and the
parametrization approach find applications in the design and optimization of solvent-aided thermal

recovery of bitumen.

3.3 Introduction

Global energy consumption has increased drastically since the industrial revolution, and this
consumption will be increased by around 50% by the year 2050.! Qil is one of the major resources of
our current energy demand (more than 30%).2° More than 50% of the total oil reserve incorporates
extra-heavy oil and bitumen (2100 billion barrels). Based on present recovery technologies, 168
billion barrels of recoverable oil exist in Canada;* and most of the oil reserves are in the form of oil
sands, mainly located in Alberta (165.4 billion barrels).>® However, 80% of these reserves can only
be recovered by the in situ extraction process as they are located too deep for surface mining.” The

2 Bamzad, S., Nath, D., Haddadnia, A., Zirrahi, M., Saeedi, M., & Hassanzadeh, H. (2022). Measurements and
correlations of thermophysical properties for multicomponent solvent/live bitumen mixtures. Journal of Chemical &
Engineering Data, 67(12), 3543-3556.
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major challenge of bitumen extraction is the high viscosity; therefore, it requires a high amount of
thermal energy or solvent dilution to reduce the viscosity of bitumen and mobilize it to the surface.
Steam-assisted gravity drainage (SAGD) technology is commonly used to extract bitumen. However,

this technology is highly energy-intensive and generates huge amounts of greenhouse gases.

Adding a solvent with steam for bitumen recovery from an oil sand reservoir can reduce viscosity by
dilution and reduce energy intensity. Hence, oil producers are considering using solvent-aided SAGD
(SA-SAGD) to reduce energy intensity, decrease greenhouse gas emissions, and extract more
bitumen from oil sands. Normal alkanes are primarily considered as the promising solvents for SA-
SAGD; therefore, the phase behavior of the mixtures of various n-alkane solvents/bitumen is widely
studied, and various thermodynamic models are used to correlate the data. Moreover, important
thermophysical properties, such as the density and viscosity of the diluted mixture of the solvent-
bitumen, are required for the design and optimization of the recovery method. Hence, densities and
viscosities of the mixture of the solvent-bitumen at a wide range of temperatures and different
pressures were studied and reported in addition to the phase behavior data. For instance, Fu et al.®
studied the vapor - liquid equilibrium (VLE) properties of the mixture of methane/Cold Lake bitumen
and ethane/Cold Lake bitumen and successfully developed a modified Soave -Redlich - Kwong and
the Peng -Robinson equation of state (PR EoS) models using experimental results that can adequately
represent VLE properties of these two binary systems. Badamchi-Zadeh et al.® reported the solubility
and saturation pressure (600 - 1600 kPa) of propane (Cs) in Athabasca bitumen, along with the density
and viscosity in the temperature range of 10 — 50 °C (283.15- 323.15 K) . They observed liquid and
vapor-liquid phase states for the composition of propane up to 20 wt %; however, a second denser
liquid phase was observed for the composition of propane higher than 20 wt %. The Lobe mixing
rule demonstrated a satisfactory prediction of the liquid phase viscosities. In another work, Badamchi-
Zadeh et al.’® investigated the carbon dioxide (CO.) solubility in Athabasca bitumen for the
temperature range of 10 — 25 °C (283.15 — 288.15 K) and observed two liquid phases for the
composition of CO; above 12 wt %. They also investigated the solubility of the CO; and Cs in
Athabasca bitumen, along with the density and viscosity of the mixture. Liquid and vapor — liquid
phase regimes were observed for the mixtures of (13.5 wt % Csz+ 11.0 wt % CO») and (24.0 wt % Cs
+ 6.2 wt % COy), respectively; while two liquid phases (CO»-rich and bitumen-rich) were observed
for the (19 wt % Cs + 13 wt % CO>) mixture. A correlation based on Henry’s law was used to fit the
saturation pressure data for the CO»-bitumen binary system at up to 12 wt % of the CO2 concentration.

The Lobe mixing rule was used to predict the liquid phase viscosities.
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Later, Kariznovi et al.!* measured the density and viscosity of the pure tetradecane, Athabasca
bitumen, and tetradecane/bitumen mixtures at various temperatures and very high pressures up to 10
MPa. A simplified model to estimate the gaseous solvent-bitumen mixture using pure component
density was used to predict mixture density. Measured viscosity data were also evaluated with five
commonly used models (Lederer, power law, Arrhenius, Cragoe, and Shu). Nourozieh et al.? also
studied phase equilibria of the propane/Athabasca bitumen at a wide range of temperatures and
measured the density and viscosity of the gas—saturated bitumen. The phase equilibrium data were
correlated with PR EoS. The density data of the solvent/bitumen mixture were also predicted with
PR EoS. In addition, mixture viscosity was correlated with the Pedersen’s correlation. In another
study, Dini et al.”® investigated the detailed phase behavior and density of the mixtures of
propane/Peace River Bitumen. Gao et al.'* also investigated the phase behavior, density, and viscosity
of n-alkane solvent/Athabasca bitumen mixtures (n-hexane/bitumen and n-octane/bitumen).
Measured density data were evaluated with a simplified model reported by Kariznovi et al.* by
including an excess volume term. They correlated the viscosity data with four commonly used models
(Arrhenius, Cragoe, power-law, and Lederer). Furthermore, Zirrahi et al.’® investigated the phase
behavior of n-alkane solvents (methane, ethane, propane, and butane) and MacKay River bitumen
mixtures. The experimental phase equilibrium data were modeled with PR EoS and density, and
viscosity data were correlated with a linear and a log mixing rule, respectively. Azinfar et al.® also
utilized vacuum distillation to fractionate bitumen into four cuts and investigated the phase equilibria,
density, and viscosity for the mixtures of butane/fractionated bitumen cuts. They correlated the
measured density and viscosity data of the mixtures using the effective density and viscosity of
butane. More recently, Haddadnia et al.}” investigated the phase behavior for the mixtures of n-alkane
solvents (methane, ethane, propane, and butane) and Athabasca bitumen at very high temperatures
up to 260 °C (533.15 K), and modeled the experimental phase equilibria data with PR EoS.

Lately, the utilization of bio-based solvents for bitumen recovery has received great attraction due to
their low impact on the environment. Zirahi et al.*® investigated the performance of ethyl acetate (EA)
as a bio-based solvent for bitumen extraction. They investigated the phase behavior and measured the
thermophysical properties such as density, viscosity, and K-value of the EA/live bitumen system at
temperatures and pressures up to 190 °C (463.15 K) and 4 MPa. Dimethyl ether (DME) also showed
great potential as a prospective solvent for bitumen recovery in recent research.!®? Along the same
line of research, Haddadnia et al.® studied the thermophysical properties, including the solubility,
density, and viscosity of the DME/bitumen system at a temperature and pressure up to 150 °C (423.15
K) and 6 MPa, respectively. In another study, Sadeghi Yamchi et al.?’ performed the liquid -liquid
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study of the DME/bitumen system and reported the density, viscosity, and DME composition of the
light phase of the mixture. Bin Dahbag et al.,?!also reported measurements of ammonia solubility in
Athabasca bitumen and ammonia-saturated oil density at different temperatures and pressures, with

application to solvent-aided bitumen recovery from oil sands.

The experimental data of the thermophysical properties are essential in designing and optimizing
solvent-aided thermal recovery of bitumen from oil sands. Other properties of interest relevant to the
solvent-aided thermal recovery of bitumen are interfacial tension and the molecular diffusion of the
proposed solvents. Hence, Khalifi et al.,?? reported experimental data of the molecular diffusion
coefficient and solubility of DME in bitumen at T = (323.15-383.15 K) and P = (0.69-2.76 MPa).
Mohammadi et al.,? also reported experimental measurements of interfacial tension of n-
pentane/bitumen and n-heptane/bitumen mixtures at T = (298.15-413.15 K) and P = 3.45 MPa, with

applications to bitumen recovery.

Various approaches have been reported in the literature for predicting the thermophysical properties
of bitumen/solvent mixtures. Wang and Wang?* applied the least square support vector machine
approach for the prediction of the viscosity of the n-alkane/bitumen mixtures. The applied model
showed satisfactory agreement with the experimental results (R? = 0.9992). Motahhari et al.?>?
measured and correlated the density and viscosity data for dead and live heavy oil and bitumen and
diluted mixtures with condensates in a range of temperatures from 20 -175°C (293.15-448.15 K) and
pressures up to 10 MPa. They estimated the density of the mixtures using the ideal and non-ideal
mixing rules, and the non-ideal mixing rule demonstrated better performance with a lower AARD
value. Again, the viscosity data were fitted with the expanded fluid (EF) viscosity correlation using
the density data. They reported that although the EF is a simple and practical model for the thermal
and solvent-aided recovery process, it requires accurate density data for the estimation of the viscosity
of a mixture. Yarranton et al.?” reported a broadly applicable viscosity model based on the Walther

correlation with various applications.

Chen and Yang??° developed a method for the estimation of effective density. They extended the
utilization of the ideal mixing (IM) rule with the effective density. They evaluated and compared the
performance of the IM rule with the volume-translated PR EoS. Chen et al.* also developed a
technique for the quantification of the viscosity of light solvents —heavy oil/bitumen —water systems
as a function of pressure in a temperature range of (287.9 -463.4 K) by using the PR EoS along with
the modified alpha function and binary interaction parameters. Six different mixing rules were
evaluated and compared in their study. The volume-based power law demonstrated the best

performance, followed by the weight-based power law and the weight-based Cragoe’s mixing rule.
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Previous studies have focused on measuring and modeling the thermophysical properties of pure
solvent/bitumen systems. However, the coinjection of pure solvents with steam is expensive. As a
result, multicomponent solvents or diluents such as liquified petroleum gas (LPG),*' field
condensates,®* and naphtha® have been proposed in solvent-aided thermal recovery processes of
bitumen from oil sands. The experimental data of the thermophysical properties of multicomponent
live solvent/bitumen systems, for which the components and composition are well characterized, are
scarce in the literature. Also, a systematic approach is lacking for building input PVT models for
thermal reservoir simulation of live bitumen and multicomponent systems. In this study, we report
new experimental data on solubility, K-values, density, and viscosity of a well-characterized bitumen
and solvent (a mixture of methane, n-butane, n-pentane, n-hexane, and n-decane). A systematic

approach has been developed to characterize and correlate the measured thermophysical properties.

3.4 Experiment

3.4.1 Materials

The bitumen sample with a molecular weight of 526 g/mol and a density of 1001.5 kg/m? [at 15 °C
(288.15 K)] obtained by the vapor pressure osmometry technique was provided by one of the industry
sponsors of the SHARP research consortium. The bitumen sample was dewatered to a water content
of less than ~0.1 wt % (1000 ppm) and confirmed using the Karl Fischer titration (ASTM D4928—12).
A 0.5 pum filtration was also conducted to ensure the removal of fine particulates in the bitumen.
Molecular weight distribution obtained using gel permeation chromatography (GPC) (single solvent
method), simulated distillation results (ASTM D7169) (Table 3.1), and carbon number distribution
(ASTM D7169) (Table 3.2) obtained for the same bitumen sample are shown in Figure 3.1. The
composition (in mole %) of the solvent used in this work is n-Ca(5.14), n-Cs(20.38), n-Ce¢(15.21), n-
Cg(30.51), and n-C10(28.76). Table 3.3 shows IUPAC systematic names, CAS registry number,

supplier, and purity of the chemicals used in our experiments.

Table 3.1: Simulated distillation results: boiling point distribution.
% wt off To (K) %wtoff Tp(K) %wtoff Tp(K) %wtoff T, (K)
initial boiling point  432.75 19 663.55 38 776.25 57 899.05
491.75 20 669.75 39 782.45 58 904.15
519.25 21 675.75 40 788.85 59 908.95
536.75 22 681.65 41 795.45 60 913.65
550.85 23 687.15 42 802.45 61 918.45
562.95 24 692.05 43 809.45 62 922.95
572.55 25 696.75 44 816.05 63 926.95
581.35 26 701.65 45 823.15 64 930.85
589.35 27 706.85 46 830.35 65 935.95
597.35 28 712.85 47 837.15 66 941.15

O©CoO~NO O WNPE
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10 604.85 29 719.05 48 843.75 67 946.15

11 612.25 30 725.15 49 850.25 68 951.65
12 619.25 31 731.25 50 856.95 69 957.25
13 625.65 32 737.55 51 863.45 70 962.75
14 631.85 33 743.85 52 869.75 71 967.45
15 637.95 34 750.35 53 875.85 72 972.95
16 644.15 35 756.85 54 881.95 73 979.65
17 650.65 36 763.55 55 887.75 74 985.85
18 657.15 37 770.15 56 893.65 75 992.05

Table 3.2: Characterized Athabasca bitumen cut components and their properties.

carbon number Th (K) cumula(l'%e mass carbon number Th (K) cumula(l'%e mass
6 342.15 0.06 54 865.15 51.30
7 371.15 0.20 55 869.15 51.90
8 399.15 0.33 56 873.15 52.55
9 424.15 0.45 57 877.15 53.20
10 447.15 0.62 58 881.15 53.82
11 469.15 0.80 59 885.15 54.54
12 489.15 0.97 60 888.15 55.06
13 508.15 1.60 61 892.15 55.74
14 527.15 2.41 62 895.15 56.31
15 544.15 3.48 63 898.15 56.82
16 560.15 4.74 64 902.15 57.57
17 575.15 6.27 65 905.15 58.19
18 589.15 8.00 66 908.15 58.81
19 603.15 9.77 67 911.15 59.44
20 617.15 11.57 68 914.15 60.10
21 629.15 13.63 69 917.15 60.70
22 642.15 15.60 70 920.15 61.40
23 653.15 17.39 71 923.15 62.03
24 664.15 19.12 72 926.15 62.71
25 675.15 20.85 73 928.15 63.27
26 685.15 22.63 74 931.15 63.98
27 695.15 24.63 75 934.15 64.62
28 704.15 26.53 76 937.15 65.19
29 713.15 28.11 77 940.15 65.78
30 722.15 29.54 78 943.15 66.37
31 731.15 30.92 79 946.15 66.77
32 739.15 32.20 80 948.15 67.33
33 747.15 33.51 81 951.15 67.87
34 754.15 34.59 82 954.15 68.43
35 762.15 35.80 83 956.15 68.95
36 769.15 36.85 84 959.15 69.33
37 776.15 37.98 85 961.15 69.86
38 782.15 38.95 86 964.15 70.29
39 789.15 40.04 87 966.15 70.69
40 795.15 40.96 88 968.15 71.09
41 801.15 41.81 89 970.15 71.55
42 807.15 42.67 90 973.15 72.00
43 813.15 43.55 91 975.15 72.30
44 818.15 44.28 92 977.15 72.58
45 823.15 44.99 93 979.15 72.89
46 829.15 45.83 94 981.15 73.17
47 834.15 46.55 95 983.15 73.53
48 839.15 47.31 96 985.15 73.89
49 843.15 47.90 97 087.15 74.18

50 848.15 48.67 98 989.15 74.52




51 852.15 49.28 99 991.15 74.83
52 857.15 50.01 100 993.15 75.12
53 861.15 50.64
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Figure 3.1: (a) Molecular weight distribution obtained by GPC, (b) simulated distillation results (ASTM D7169), and (c)
carbon number distribution of bitumen from simulated distillation results (ASTM D7169).

Table 3.3: IUPAC systematic names, CAS registry number, supplier, and purity of the chemicals.

IUPAC systematic
name
helium
methane
n-butane
n-pentane

CAS registry number

CAS 7440-59-7
CAS 74-82-8
CAS 106-97-8
CAS 109-66-0

. urity ab
supplier P (%3;
Linde Canada 99.999 mol%
Linde Canada 99.99 mol%
Linde Canada 99.50 wt%
VWR 99.90 wt%
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n-hexane CAS 110-54-3 VWR 97.00 wt%
n-octane CAS 111-65-9 ThermoFisher Scientific ~ 99.60 wt%
n-decane CAS 124-18-5 ThermoFisher Scientific ~ 99.50 wt%
2 Purity data were provided by the supplier.
® The provided chemicals were used directly in the experiments without further purification.

3.4.2 Experimental Setup and Procedure

The experimental setup (Figure 3.2) is designed for phase behavior studies of bitumen/solvent
systems. This setup consists of a constant temperature oven, an equilibrium cell (rocking cell), a
receiving cell, a visual cell, two charging cells (a feeding cell to charge bitumen and a solvent cell to
charge solvent), a density measuring cell, a viscometer, and one Quizix pump. The rocking system,
visual cell, viscometer, and density measuring cell are placed inside the oven, and the rest of the setup

elements are placed outside the oven.
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Figure 3.2: Experimental setup for the VLE study of solvent/bitumen: (1) feeding cell, (2) solvent cell, (3) equilibrium
cell, (4) visual cell, (5) densitometer, (6) viscometer, (7) liquid sample collection cell, (8) density data acquisition unit,
(9) viscosity data acquisition unit, (10) Quizix pump, (11) pump controlling unit, and (12) Blue-M oven.

The Quizix pump is a compact, fully enclosed, dual-cylinder pump system used for the continuous
flow of fluid. The pump can be connected to charging cells and the equilibrium cell. The viscometer
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and the density measuring cell measure the viscosity and density of fluids within the system,
respectively. The density measuring cell can measure the fluid density in the range of 0 - 3 g/cm?®
with an error of 0.001- 0.0001 g/cm® (depending on measuring conditions) in pressure and
temperature ranges of 0 - 700 bar (0 - 10000 psi) and 263.15 to 473.15 K, respectively. The viscometer
(XL7-HT, Hydramotion) is factory calibrated for a range of 0.2 - 10000 cP with an accuracy of +
1.0% of the reading.

The entire system was thoroughly cleaned using toluene prior to each experiment to remove any
contaminants. The cells were disassembled and removed to facilitate easy cleaning. Finally, to ensure
that no contaminants are left inside the system, the cells and lines were successively vacuumed and

flushed with dry helium.

To make the desired mixture, the bitumen and solvent are charged into a recombination cell (not
shown in Figure 3.2) with a solvent mole fraction of 0.354 (solvent mole fraction in a mixture with
raw bitumen). The volumes of bitumen and solvent that are injected into the cell can be measured by
the volume of water discharged from the equilibrium cell. Then, methane is added to the mixture with
a gas-oil-ratio (GOR) of 9.85 Sm® methane/Sm?® of raw bitumen, corresponding to a methane mole
fraction of 0.179 (in a mixture of methane with raw bitumen). The mixing process in the
recombination cell took place at T = 373.15 K and P = 8.72 MPa for a period of 3 days, and the
mixture was then cooled down to room temperature at constant pressure. To ensure that the same
mixture was used for all experiments, a large volume of the mixture was prepared. This mixture was

then injected into the equilibrium cell for each experiment.

Thermodynamic equilibrium is established by rocking the cell equipped with a rolling metallic
spherical ball inside. The desired experimental temperature and pressure can be kept constant during
the process. The solvent dissolves into the bitumen, resulting in a decrease in pressure in the rocking
cell; therefore, water is injected into the rocking cell to keep the pressure constant. The injected
volume from the pump into the equilibrium cell is continuously monitored over time; a stabilized
total volume indicates that the equilibrium is reached, and no more solvent can be dissolved in the
bitumen. The required mixing time depends on the experimental conditions, such as pressure,
temperature, and bitumen properties (it varied between 5 and 48 h during this set of experiments).
Compared to the similar apparatus,®* it takes more time to reach the equilibrium state due to the higher

sample volume. The higher volume allows multiple sampling for more accurate results.

When the equilibrium is achieved, the equilibrium cell is left in the upright position for a few hours
to separate the different phases from each other. During this process, the temperature and pressure
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are kept constant. The pump pressure is set at equilibrium pressure and connected to the equilibrium
cell. To ensure that the sample is taken at constant pressure, all lines are filled with helium gas at the
same pressure as the equilibrium pressure. The Helium gas was selected because it is also used as the
carrier gas for gas chromatography and has no effect on the phase composition. The discharged fluid
was passed through a viscometer and a densitometer to measure the viscosity and density of the fluid.
The density and viscosity are continuously monitored while discharging the fluid for sampling. A
sharp change in viscosity and density indicated a phase transition (the phase change can also be
detected via visual cell). Samples were taken from both phases for compositional analysis using a gas
chromatography unit. A minimum of two samples were used for the compositional analysis.

3.5Fluid Model Parametrization Steps

The measured viscosity, density, and K-value data are correlated with the non-linear temperature-
and pressure-dependent functions commonly used in PVT models used in reservoir simulation of
solvent-aided thermal recovery processes.®® A stepwise method is used for parameterization and
correlation for the pure and mixture systems, as shown in Figure 3.3. The sequence of data correlation
was performed in the following order: obtaining correlation parameters for pure bitumen, obtaining
correlation parameters for the binary system of methane/bitumen (live oil), and obtaining correlation
parameters for ternary and multicomponent methane/solvent/bitumen systems. In this approach,
model parameters related to pure bitumen were first obtained from non-linear regression of the
thermophysical properties of pure bitumen. Then, the model parameters related to methane were
obtained from non-linear regression of the thermophysical properties of the methane-saturated
bitumen system using the model parameters of the pure bitumen obtained in the previous step. In the
third step, model parameters of the solvent as a lumped component and as a multicomponent mixture
were obtained from non-linear regression of the thermophysical properties of the
methane/solvent/bitumen system using the regressed parameters of bitumen and methane obtained in
the previous steps. In the numerical simulation of solvent-aided thermal recovery bitumen, it is
common to lump all components of the solvent into one pseudo component, the so-called diluent. To
facilitate PVT model development for such an approach in the third step (shown in step 3.1 in Figure
3.3), first, the methane/lumped solvent/bitumen system was considered as a ternary system and model
parameters related to the diluent pseudo component were obtained from non-linear regression of the
thermophysical properties of the methane/lumped solvent/bitumen system using the regressed
parameters of bitumen and methane obtained in the previous steps. In addition, the
methane/solvent/bitumen system was also considered a multicomponent system and model

parameters related to the multicomponent system were obtained from non-linear regression of the
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thermophysical properties of the methane/solvent/bitumen system using the regressed parameters of

bitumen and methane obtained in the previous steps (shown in step 3.2 in Figure 3.3).

] [

(C1/Bitumen)

Bitumen J {Blnarysystem

Ternary system
(C1/Diluent/Bitumen)

Multi-component system
(C1/Cca/C5/C6/C8/C10/Bitumen)

L

® Diluent viscosity parameters (a;-ag)

¢ Diluent density parameters (c.y, Ca,Cp C)
e (C1/Diluent K-value

N

Methane density parameters (cu, Ca,Cp, Cx)
Methane viscosity parameters (a:-as)

Methane K-value

® Bitumen density parameters (c., Cx,Cp, Cx)
e Bitumen viscosity parameters (3;-3s)

S

e (C4/C5/C6/C8/C10 density parameters (cu, C2,Cp, Cart)
e (C4/C5/C6/C8/C10 viscosity parameters (a;-ag)
e (C4/C5/C6/C8/C10 K-value parameters (k;-ks)

Figure 3.3: Steps for multicomponent solvent/live bitumen parametrization.

3.6 Results and Discussion

3.6.1 Density and Viscosity of Bitumen - Step 1.

The density of bitumen was measured at a pressure range of 1.0 to 6.0 MPa and at temperatures of
343.15, 403.15, and 453.15 K. The measured bitumen densities are reported in Table 3.4, and the

effect of temperature and pressure is shown in Figure 3.4.

Table 3.4: Measured viscosity and density data of raw bitumen.

T (K) P (MPa) density (kg/m3) viscosity (mPa s)
6.000 978.50 1064.0
5.000 977.20 1032.0
4.000 976.50 1001.6

343.15 3.000 975.80 970.0
2.000 975.30 940.5
1.000 974.80 915.0

403.15 6.000 938.70 54.7
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5.000 938.10 53.6
4.000 937.20 52.1
3.000 936.40 50.9
2.000 935.70 49.6
1.000 934.90 48.5
6.000 909.20 13.8
5.000 908.30 13.6
4.000 907.20 13.3
453.15 3.000 906.20 13.1
2.000 905.30 12.9
1.000 904.70 12.6
6.000 - 6.0
5.000 - 5.9
4.000 - 5.8
50315 3.000 - 5.7
2.000 - 5.6
1.000 - 5.5

Standard uncertainties u are u(T) = 0.23 K and u(P) = 0.003 MPa, and the expanded uncertainties (U) are U

(p) = 0.30 kg/m?, U(u) = 17.6 mPa s at the range 343.15-403.15 K, U(W) = 0.8 mPa s at the range 403.15-
453.15 K, and U(u) = 0.2 mPa s at the range 453.15-503.15 K (level of confidence = 0.95).
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Figure 3.4: (a) Density of bitumen versus pressure at different temperatures. (b) Viscosity of bitumen versus pressure
and different temperatures. Experimental data: filled symbols (diamond 343.15 K, circle 403.15 K, triangle 453.15 K,

rectangle 503.15 K) and model correlation: line.

Density data of bitumen were correlated using the following equation:

v, =V exp{ctli (T =T )+%[T2 -T% ]-c, (

PP )=, (

P—Py )(T-T, )}

(3.1)
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where P and T are pressure (kPa) and temperature (K) of the system; V,’is the partial molar volume
at reference conditions, p, (=MW, /V, ) is density, MW, is the molecular weight, and reference
conditions are Pref = 101.325 kPaand T,; =288.75 K.

The partial molar volume of bitumen at the reference condition is given in Table 3.5. Model
parameters were tuned using the experimental data, and regressed parameters are reported in Table
3.6. The correlated density of the bitumen using the model correlation is compared in Figure 3.4a.

The estimated root mean square deviation (rmsd) of this correlation was found to be 0.3039 (R? =
0.9980).

Table 3.5: Partial molar volume, Vio (m3/mol), and molecular weight, MW (kg/mole), of all the components used in this

study.3®
MW partial molar volume o
component (kg/mole) (m¥mol), v.° parametrization step

bitumen 0.526 5.25212x10* 1
methane (C1) 0.016 4.45060%107° 2

diluent 0.106576 1.54351x10* 3.1
butane (n-Ca) 0.05812 1.01431x10* 3.2
pentane (n-Cs) 0.07215 1.15256x10™ 3.2
hexane (n-Cs) 0.08618 1.31573%x107%4 3.2
octane (n-Csg) 0.11423 1.62489x10* 3.2
decane (n-Caio) 0.14229 1.94918x10* 3.2

Table 3.6: Regressed model parameters of eq 1 for the correlation of density data of various components.
model parameters

component parametrization
Ct1 Ci2 Cp Cpt step
bitumen 0.0003255 7.96x107 1.77x10°  -6.83x10° 1
methane (C») 0.009311 -2.11x10°% 250x10*? -1.86x107 2
diluent (lumped)  0.003443 -9.70x10° 4.62x10° -5.99x10” 3.1
butane (n-Ca) 0.000911 -3.18x10° 1.42x10° -1.30x10° 3.2
pentane (n-Cs) 0.003537 -2.87x10% 259x101 -7.75x107 3.2
hexane (n-Ce) 0.000124 -2.39x10° 4.56x10* -4.03x107 3.2
octane (n-Cs) 0.002995 -6.75x10° 8.89x10°  8.69x10” 3.2
decane (n-Cio) -0.00525  3.60x10° 6.77x10° -2.97x107 3.2

The viscosity of bitumen was measured at a range of pressures from 1.0 — 6.0 MPa, and the range of
temperature was from 343.15 to 503.15 K. The measured viscosity data of this study are reported in
Table 3.4, and the effect of temperature and pressure is shown in Figure 3.4b. Viscosity data of

bitumen were correlated with a temperature and pressure-dependent function shown in eq 3.2:
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(1) = a; exp(ay -a,T° -2, T +agP+a5P?),  a,-a; >0 (3.2)
where P and T are pressure (kPa) and temperature (K), respectively.

The regressed model parameters are reported in Table 3.7. The correlated viscosities using eq 3.2 are
compared with the experimental data in Figure 3.4b, and this figure infers the satisfactory model
correlation with an rmsd of 0.0134 (R? = 0.9989).

Table 3.7: Model parameters of eq 3.2 for the correlation of the viscosity data.

model parameters

compone _
nts a, a as a, as a, paramsitegzatlon
bitumen 3.68x107%  40.50208 1.62x10"° 0.0089026 5.23x10° -2.30x10™ 1
?(‘:elt)ha”e 438x107%6 4036344 244x10M1 001082  247x10%0  1.73x10°%2 2
diluent ~ -3.11x107®  37.76783 8.86x10™4 185x10™ 00007  3.36x10° 3.1
he¥ 325x10% 4010800 525x10° -001165 318x10%  305x10° 32
E’rf”é‘;‘;‘e 345x107®  40.14805 6.07x10°  -00119  4.61x10" -1.89x107 32
?rfxé‘ge 6.75x1078 3854996 1.38x10° 2.84x10? 000038  7.71x10™ 32
‘(’rftggg’ -7.07x10%8 3857625 2.67x10™* 526x10!  -0.00013  4.93x1072 32
?ﬁ"g;‘o‘; 6.76x1078 38692  233x10° 0000713  -0.00073  -3.35x10° 32

3.6.2 Density, Viscosity and K-Value of Methane for Methane/Bitumen System - Step 2.

The density of the methane saturated bitumen system was measured at a pressure range of 1.5 — 4.5
MPa and at temperatures of 343.15, 403.15, and 453.15 K. The measured density and solubility of
methane in a saturated bitumen system are reported in Table 3.8. Figure 3.5a shows the effect of
temperature and pressure on the density of methane-saturated bitumen. Experimental results
exhibited that density decreases with the increase in pressure and temperature linearly, while the
solubility of methane in bitumen increases with the increase in pressure and decreases with the

increase in temperature.

Table 3.8: Measured viscosity, density, and K-value of methane for the saturated methane/bitumen system.

mole-fraction mole-fraction density  viscosity K-value
P (MPa) T (K) of methane of bitumen (kg/m?) (mPas) of
(xc1) (xpir) methane
4.500 343.15 0.169 0.831 957.40 505.0 5.914
3.500 343.15 0.148 0.852 961.80 555.0 6.739
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2.500
1.500
4.500
3.500
2.500
1.500
4.500
3.500
2.500
1.500
4.500
3.500
2.500
1.500

343.15
343.15
403.15
403.15
403.15
403.15
453.15
453.15
453.15
453.15
503.15
503.15
503.15
503.15

0.117
0.079
0.153
0.134
0.100
0.061
0.152
0.131
0.097
0.060
0.142
0.127
0.091
0.060

0.883
0.921
0.847
0.866
0.900
0.939
0.848
0.869
0.903
0.940
0.858
0.873
0.908
0.940

620.0
690.0
39.0
41.6
44.2
47.5
12.6
13.0
13.5
14.0
5.4
5.6
5.6
5.6

8.554
12.658
6.536
7.468
10.050
16.313
6.592
7.628
10.310
16.584
7.027
7.899
10.905
16.722

Standard uncertainties u are u(T) = 0.23 K and u(P) = 0.003 MPa, and the expanded uncertainties
(U) are U(xc1) = 0.021, U(Xpit) = 0.146, U(p) = 0.27 kg/m?, U(1) = 10.2 mPa s at the range
343.15-403.15 K, U(u) = 0.6 mPa s at the range 403.15-453.15 K, and U(u) = 0.2 mPa s at the
range 453.15-503.15 K (level of confidence = 0.95).
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Figure 3.5: (a) Density of the methane-saturated bitumen at different temperatures and pressures. (b) Viscosity of the
methane-saturated bitumen at different temperatures and pressures, and (¢) K-value of methane for the saturated methane-
bitumen system at different temperatures and pressures. Experimental data: filled symbols (diamond 343.15 K, circle
403.15 K, triangle 453.15 K, and rectangle 503.15 K) and model correlation: line.

The partial molar volume of the methane-saturated bitumen was correlated with the mixing rule

shown ineq 3.3

V= i XV,
i=1

(3.3)
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where subscript i = 1,2 (1 = bitumen, 2 = methane), V; is the partial molar volume given by eq 3.1,

and X; is the mole fraction. The mixture density is then calculated using eq 3.4

XMW,

b (3.4)

2

2
=1

The density parameters for the bitumen were obtained in step 1, and those for methane were obtained
by regression of the experimental data and reported in Table 3.6. The correlated density of the
methane saturated bitumen using the model correlation is compared in Figure 3.5a. The rmsd of this
model correlation was 0.5840 (R? = 0.9940).

The viscosity of the methane saturated bitumen was measured at a pressure range of 1.5 — 4.5 MPa
and a range of temperature from 343.15 to 503.15 K. Measured viscosity data of this study are
reported in Table 3.8, and the effect of temperature and pressure is shown in Figure 3.5b.

Viscosity data of the methane saturated bitumen were correlated using a mixing rule shown in eq 3.5
N

|n(,u)=ZXi In(14) (3.5)
i=1

where N = 2 for the binary system, X; and (; are the mole fraction and pseudo liquid viscosity of
component i, i = 1 for bitumen, and i = 2 for methane. Viscosity parameters for bitumen were obtained
in step 1, and those of methane were obtained through regression of the experimental data of methane-
saturated viscosity data reported in Table 3.8. The obtained parameters for methane viscosity are
reported in Table 3.7. Figure 3.5b infers the acceptable model correlation with an rmsd of 0.0321
(R? = 0.9947).

K-values of methane for the saturated methane/bitumen system were measured and are reported in

Table 3.8. The effect of temperature and pressure on the K-value of methane is shown in Figure 3.5c.

K-value of methane for the saturated methane/bitumen system was correlated with eq 3.6%°

k k
K:[El+k2P+k3)exp[T 4k j (3.6)

—Rs

where Tisin K, and P is in kPa.
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The estimated model parameters for the methane K-value are reported in Table 3.9. The rmsd and R?
of the correlation were 0.0697 and 0.9942 (Table 3.10), respectively. correlated K-values using eq
3.6 are compared with the experimental data in Figure 3.5c.

Table 3.9: Model parameters of eq 3.6 for the K-value correlation.

model parameters

components K K ks K, ke
Methane/Bitumen Binary System (Step 2)
methane (Cy) 2.55x10* 0.000365 -0.13686 -6.88612 318.19
Methane/Diluent (Lumped)/Bitumen Ternary System (Step 3.1)
methane (Cy) 2.94x10° -0.06311 842.6973 -1.66x10* -3109.56
diluent (lumped) 9869.397 0.000143 0.91847 -417.534 224.40
Methane/Diluent/Bitumen Multi-Component System (Step 3.2)
butane (Ca) 1.27x10* -0.00275 16.50615 -481.73 194.88
pentane (Cs) 2.64x10% -0.00129 12.72107 -712.501 185.22
hexane (Ce) 2.25x10% -0.00214 15.53897 -763.982 201.20
octane (Cs) 1.96x10% 1.16x10*  -7.08x10%  -1.54x10° -2527.03
decane (C1o) 4.15x10% 2.78x10% -1.28x10% -1.90x10° -2522.59

Table 3.10: The precision of the model correlation of K-values for various components.

components rmsd R? variance
Methane/Bitumen Binary System (Step 2)

methane (C1) 0.0697 0.9942 1.13x10?
Methane/Diluent (Lumped)/Bitumen Ternary System (Step 3.1)

methane (Cy) 0.0807 0.9950 1.46x101

diluent (lumped) 0.0066 0.9952 9.78x10*
Methane/Diluent/Bitumen Multi-Component System (Step 3.2)

butane (Ca) 0.0103 0.9981 2.39x10°°

pentane (Cs) 0.0098 0.9965 2.16x107

hexane (Ce) 0.0060 0.9974 8.23x10*

octane (Cs) 0.0027 0.9887 1.68x10™

decane (C1o) 0.0004 0.9884 4.19x10°°

3.6.3 Density, Viscosity, and K-Values for Methane/Diluent/Bitumen Ternary System - Step
3.1

Numerical simulation of multicomponent solvent-aided thermal recovery processes is

computationally demanding. Therefore, it is very common to lump a multicomponent solvent into a

lumped pseudo component or the so-called diluent. Density, viscosity, and K-values for the

methane/lumped-diluent/bitumen system were measured. At first, the methane/diluent/bitumen

system was considered a ternary system to obtain correlations of different thermophysical properties,

where the diluent was considered a pseudo component (lumped). As is common in the industrial
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application of the solvent-aided thermal recovery of bitumen, the diluent weight fraction was
considered to be 10 wt %, which corresponds to a mole fraction of 35.4%. The density of the saturated
methane/diluent/bitumen system was measured at a pressure range of 1.5 — 3.5 MPa and at
temperatures of 343.45, 402.75, and 452.65 K. The measured density and mole fraction of methane
and lumped diluents in saturated bitumen systems are reported in Table 3.11. The detailed

composition of oil and gas phases is reported in Tables 3.12 and 3.13, respectively.

Table 3.11: Measured viscosity, density, and K-value for the saturated methane/diluent(lumped)/bitumen ternary system.

T(K) P (MPa) mole fraction of  mole fraction of density viscosity K-value K-value
methane (x¢1) diluent (x4i1.,) (kg/m3) (mPas) methane diluent
343.45 1.500 0.042 0.312 927.64 96.4 22.161 0.242
343.45 2.500 0.063 0.307 925.13 85.7 15.160 0.163
343.45 3.000 0.072 0.305 922.81 75.9 13.337 0.150
402.75 1.500 0.033 0.287 892.82 14.2 24.331 0.716
402.75 2.500 0.053 0.297 889.01 12.9 16.237 0.495
402.75 3.000 0.062 0.302 887.22 12.1 14.248 0.411
402.75 3.500 0.073 0.297 884.11 111 12.095 0.393
452.65 1.500 0.026 0.272 870.29 5.5 25.410 1.272
452.65 2.500 0.042 0.305 865.06 5.1 17.409 0.879
452.65 3.000 0.050 0.289 862.48 4.9 15.595 0.778
452.65 3.500 0.060 0.242 858.59 4.7 13.879 0.719
475.55 1.500 0.024 0.270 - 3.7 25.971 1.445
475.55 2.500 0.038 0.318 - 3.4 18.143 0.962
475.55 3.000 0.045 0.311 - 3.3 16.204 0.863
475.55 3.500 0.052 0.307 3.1 14.688 0.781

Standard uncertainties u are u(T) = 0.23 K and u(P) = 0.003 MPa, and the expanded uncertainties (U) are U(Xc1) =
0.021, U(Xgi) = 0.090, U(p) = 0.27 kg/m3, U(u) = 1.3 mPa s in the range of 343.45-402.75 K, U(u) = 0.2 mPa s in the
range of 402.75-452.65 K, and U() = 0.1 mPa s in the range of 452.65-475.55 K (level of confidence = 0.95).

Table 3.12: Composition of the liquid phase at different conditions for the multicomponent system.

T (K) P bitumen methane butane pentane hexane  octane decane
(MPa) (xp) (xc1) (Xn-ca) (Xn-cs) (Xn-ce) (Xn-cs) (Xn-c10)
343.45 1.500 0.646 0.042 0.047 0.073 0.060 0.094 0.038
343.45 2.500 0.630 0.063 0.048 0.074 0.060 0.087 0.038
343.45 3.000 0.623 0.072 0.048 0.075 0.061 0.083 0.038
402.75 1.500 0.680 0.033 0.043 0.068 0.056 0.078 0.042
402.75 2.500 0.651 0.052 0.045 0.073 0.058 0.079 0.042
402.75 3.000 0.637 0.061 0.046 0.072 0.060 0.087 0.037
402.75 3.500 0.631 0.073 0.047 0.074 0.059 0.084 0.032
452.65 1.500 0.702 0.026 0.039 0.065 0.057 0.071 0.040
452.65 2.500 0.652 0.042 0.044 0.066 0.058 0.085 0.053
452.65 3.000 0.662 0.050 0.045 0.068 0.054 0.076 0.045
452.65 3.500 0.699 0.060 0.042 0.063 0.041 0.058 0.037
475.55 1.500 0.707 0.023 0.034 0.058 0.050 0.080 0.048
475.55 2.500 0.644 0.038 0.042 0.067 0.056 0.083 0.070
475.55 3.000 0.644 0.045 0.044 0.068 0.055 0.079 0.065
475.55 3.500 0.641 0.052 0.047 0.067 0.054 0.077 0.062

Standard uncertainties u are u(T) = 0.23 K, and u(P) = 0.003 MP4a, and the relative expanded uncertainties (Ur) are Ur(Xc1)
=0.021, Ur(Xnca-ncs) = 0.090, and Ur(xs) = 0.146 (level of confidence = 0.95).
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Table 3.13: Composition of the gas phase at different conditions for the multicomponent system.

T (K) P methane butane pentane hexane octane decane
(MPa) (x¢1) (Xn-ca) (Xn-cs) (Xn-ce) (Xn-cg) (*n-c10)
343.45 1.500 0.925 0.039 0.025 0.009 0.003 0.000
343.45 2.500 0.950 0.026 0.016 0.006 0.002 0.000
343.45 3.000 0.954 0.024 0.015 0.005 0.002 0.000
402.75 1.500 0.794 0.087 0.074 0.035 0.010 0.001
402.75 2.500 0.853 0.065 0.053 0.024 0.006 0.000
402.75 3.000 0.876 0.055 0.045 0.020 0.004 0.000
402.75 3.500 0.884 0.052 0.043 0.019 0.003 0.000
452.65 1.500 0.654 0.125 0.127 0.074 0.017 0.001
452.65 2.500 0.732 0.103 0.100 0.054 0.010 0.001
452.65 3.000 0.775 0.089 0.083 0.044 0.008 0.001
452.65 3.500 0.826 0.067 0.071 0.031 0.005 0.001
475.55 1.500 0.610 0.129 0.141 0.085 0.033 0.003
475.55 2.500 0.694 0.110 0.113 0.065 0.015 0.002
475.55 3.000 0.732 0.097 0.101 0.057 0.012 0.002
475.55 3.500 0.760 0.091 0.091 0.046 0.010 0.002

Standard uncertainties u are u(T) = 0.23 K, and u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are Ur(Xcz)
=0.021, and Ur(Xnca-ncs) = 0.090 (level of confidence = 0.95).

The partial molar volume of the saturated methane/lumped diluent/bitumen liquid was correlated
using the mixing rule shown in eq 3.3, considering the diluent as the lumped solvent. Model
parameters of eq 3.1 for bitumen and methane were previously regressed for bitumen and the
methane/bitumen system in steps 1 and 2, respectively, and are directly used here. The model
parameters related to lumped diluents were obtained through regression of the measured density data
of the saturated methane/diluent/bitumen system. The partial molar volume and density of pure
components (bitumen, methane, and lumped diluent) at the reference conditions used for this study
are reported in Table 3.5. The regressed model parameters related to the lumped diluent are reported
in Table 3.6, and the correlated density of the saturated liquid using the model correlation is compared
in Figure 3.6a. The rmsd of this model correlation was 0.7979 (R? = 0.9882).
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Figure 3.6: (a) Density of the saturated methane/diluent/bitumen system at different temperatures and pressures, (b)
Viscosity of the saturated methane/diluent/bitumen system at different temperatures and pressures, (¢) K-value of methane
for the saturated methane/diluent/bitumen system at different temperatures and pressures, and (d) K-value of the diluent
for the saturated methane/diluent/bitumen system at different temperatures and pressures. Experimental data: filled
symbols (diamond 343.45 K, circle 402.75 K, triangle 452.65 K, and rectangle 475.55 K) and model correlations: solid
line for the lumped diluent and dashed line for the multicomponent diluent.

The viscosity of the saturated methane/diluent/bitumen system was measured at a pressure range of
1.5 — 3.5 MPa, and the range of temperatures was 343.45 — 475.55 K. The measured viscosity and
mole fraction of methane and the diluent in the saturated bitumen system are reported in Table 3.11.
The detailed composition of oil and gas phases is reported in Tables 3.12 and 3.13, respectively.

Figure 3.6b shows the effect of temperature and pressure on viscosity.
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Viscosity data of the saturated methane/diluent/bitumen liquid were correlated using a mixing rule
shown in eq 3.5, considering the diluent as a lumped solvent (N = 3). Viscosity parameters for
bitumen and methane were obtained in step 1 and step 2, and those related to lumped diluents were
obtained through regression of the mixture viscosity data and are reported in Table 3.7. Figure 3.6b
infers the successful model correlation with an rmsd of 0.0156 (R? = 0.9974).

K-values of methane and lumped diluents were estimated for the saturated methane/diluent/bitumen
liquid and are reported in Table 3.11. Figure 3.6c¢,d shows that K-values of methane and diluent both
increase with the increase in temperature and decrease with the increase in pressure. K-values of
methane and lumped diluent for the saturated methane/diluent/bitumen system were correlated with
eq 3.6; the estimated model parameters are reported in Table 3.9, and the accuracy of model
correlation is shown in Table 3.10. Estimated rmsd and R? values of the correlation of methane K-
value data were 0.0807 and 0.9950, respectively, and those of diluent K-value data were 0.0066 and
0.9952, respectively. correlated K-values using eq 3.6 are compared with the experimental data in
Figure 3.6¢,d.

3.6.4 Density, Viscosity and K-Values for the Multicomponent System of
Methane/Diluent/Bitumen- Step 3.2.

A multicomponent system was also considered for correlating the density, viscosity, and K-values

for the methane/diluent/bitumen system, where the actual concentration of various diluent

components was used in the regression. The actual compositions of the liquid and gas phases of

methane/diluent/bitumen are reported in Tables 3.12 and 3.13, respectively.

The partial molar volume of the saturated liquid of methane/diluent/bitumen was correlated using the
mixing rule shown in eq 3.3 with N = 7. Model parameters of eq 3.1 for bitumen and methane were
obtained previously in steps 1 and 2, and those related to other hydrocarbons (n-Ca, n-Cs, n-Cs, n-Cs,
and n-Cyo) are obtained through regression of the measured density data and are reported in Table
3.6. The rmsd of this model correlation was 0.4678 (R? = 0.9919). The partial molar volumes of
various components in the reference condition study are reported in Table 3.5. The correlated density
of the liquid phase using the current model correlations (lumped and multicomponent diluent) is
compared with the measured density data, as shown in Figure 3.6a. A comparison of the results for
the lumped and multicomponent diluent reveals that the lumped model of diluent is able to reproduce

the experimental data of liquid density with acceptable accuracy.

Viscosity data of the saturated methane/diluent/bitumen liquid were correlated using a mixing rule
shown in eq 3.5, considering a multicomponent diluent system (N = 7). Model parameters of eq 3.2
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for bitumen and methane were obtained previously in steps 1 and 2, and those related to other
hydrocarbons (n-Cs4, n-Cs, n-Cg, n-Cg, and n-C1o) were obtained through regression of the measured
viscosity data and are reported in Table 3.7. The correlated viscosity of the saturated liquid using the
current model correlation is compared with the experimental viscosity data and previous model
correlation as a lumped solvent in Figure 3.6b. correlated viscosity data showed an rmsd of 0.0101
(R? = 0.9978) compared with the experimental viscosity data. A comparison of the results for the
lumped and multicomponent diluent reveals that the lumped model of diluent is able to reproduce the

experimental data of liquid viscosity with acceptable accuracy.

K-values for the saturated methane (Cy), butane (n-Cs), pentane (n-Cs), hexane (n-Cs), octane (n-Cg),
and decane (n-Cyo) for the multicomponent system were measured at various temperatures and
pressure and are reported in Table 3.14. The K-value of methane for methane/diluent/bitumen was
previously correlated and reported in the previous section. K-values of butane (n-Cs), pentane (n-Cs),
hexane (n-Cs), octane (n-Cs), and decane (n-Cyo) for the multicomponent system are also correlated
with eq 3.6; the estimated model parameters are reported in Table 3.9, and the accuracy of model
correlation is shown in Table 3.10. correlated K-values using eq 3.6 are compared with the
experimental data in Figure 3.7.

Table 3.14: K-value for the saturated methane (Ci), butane (n-Cs), pentane (n-Cs), hexane (n-Cs), octane (n-Cg), and
decane (n-Cyp) in the multicomponent solvent system.

T (K) P (kPa) Ci n-Cs n-Cs n-Ce n-Cs n-Cio

343.45 1500 22.1612 0.8422 0.3408 0.1410 0.0294 0.0045
343.45 2500 15.1598 0.5460 0.2217 0.0937 0.0223 0.0037
343.45 3000 13.3369 0.4945 0.1991 0.0847 0.0209 0.0035
402.75 1500 24.3306 2.0101 1.0778 0.6233 0.1252 0.0152
402.75 2500 16.2374 1.4418 0.7220 0.4153 0.0693 0.0079
402.75 3000 14.2483 1.2026 0.6163 0.3394 0.0438 0.0065
402.75 3500 12.0951 1.0989 0.5820 0.3117 0.0384 0.0052
452.65 1500 25.4100 3.2176 1.9748 1.2974 0.2390 0.0326
452.65 2500 17.4094 2.3604 1.5124 0.9414 0.1212 0.0197
452.65 3000 15.5949 1.9563 1.2240 0.8150 0.1041 0.0172
452.65 3500 13.8785 1.5783 1.1216 0.7473 0.0893 0.0160
47555 1500 25.9710 3.7613 2.4335 1.6915 0.4112 0.0616
475.55 2500 18.1432 2.6007 1.6878 1.1654 0.1863 0.0340
475.55 3000 16.2043 2.1992 1.4823 1.0354 0.1479 0.0299
47555 3500 14.6878 1.9099 1.3699 0.8522 0.1326 0.0282
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3.7Summary and Conclusions

Steam-based oil recovery processes such as SAGD are highly energy-intensive and produce a high

amount of greenhouse gas. The oil industry is moving toward solvent-aided thermal recovery

processes to decrease the energy intensity and carbon footprint. The density, viscosity, and K-values

of the solvent/bitumen systems are the key thermophysical properties for the design and optimization

of bitumen recovery processes. Previous studies have focused on measurements and modeling of the

thermophysical properties of pure solvent/bitumen systems. However, the coinjection of pure

solvents with steam is costly. Hence, multicomponent solvents such as LPG, field condensates, and

naphtha have been proposed and used in solvent-aided thermal recovery processes.

The main contributions and conclusions of this work can be summarized as follows:

This work presents a new set of thermophysical property data suitable for the simulation of
solvent-aided thermal recovery of bitumen. These data include density, viscosity, K-values,
and solubility.

A systematic approach is presented to use the measured data and develop correlations for
correlating the thermophysical data of multicomponent solvent/live bitumen systems.

All the experimental data (density, viscosity, and K-values) were successfully correlated with
acceptable accuracy.

The results revealed that a lumped solvent formulation is able to adequately correlate the
solvent/bitumen mixture density and viscosity of the oil phase.

The results of this study can be used directly in PVT models used in numerical simulation of
solvent-aided thermal recovery processes.
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4. Chapter Four: VLE Study of Multicomponent Solvent/Live Bitumen for
High Concentrations of Solvent

4.1 Preface

This chapter has been published in the Journal of ACS Omega entitled “Measurements and PR EoS
Modeling of Thermophysical Properties at Vapor-Liquid Equilibrium Conditions for Natural Gas
Condensate/Live Bitumen Mixtures”.® This manuscript was co-authored by Mahmood Abdi, Shadi
Kheirollahi, Mohammadjavad Mohammadi, Mabkhot Bin Dahbag, and Hassan Hassanzadeh. Since
this dissertation has been prepared in a paper-based format, unavoidably, there are some repetitive
parts in each chapter, mainly Chapters 2, 3, 4, and 5, such as experimental setup and characterization
descriptions. In this chapter vapor-liquid equilibrium (VLE) of the system of live bitumen and a

natural gas condensate is studied with applications to the solvent-aided thermal recovery of bitumen.

4.2 Abstract

In response to the need for less energy-intensive and greener bitumen recovery techniques, the use of
multicomponent diluents through the expanding solvent steam-assisted gravity drainage (ES-SAGD)
technique has garnered significant interest in recent years. In this work, we report new comprehensive
measurements and Peng-Robinson equation of state (PR EoS) modeling of thermophysical properties
(saturation pressure, density, viscosity and K-values) of multicomponent mixtures of methane-
bitumen-solvent. The multicomponent solvent is a natural gas condensate comprised of Cs, i-C4, n-
Cs, i-Cs, n-Cs, Cs, and C7*. Density, viscosity, solubility, and K-values of live bitumen (bitumen with
dissolved methane) and various multicomponent mixtures are measured in the pressure range of 1- 4
MPa and the temperature range of 313.41- 459.10 K. A systematic approach is utilized to model the
measured data. The experimental data show that the saturation pressure of the live bitumen can be
controlled by selecting an appropriate solvent (condensate) composition. Condensate also has a
significant effect on reducing the density and viscosity of the system. The results also show that the
K-values of the components are almost independent of the composition of the solvent. The new
comprehensive data set and the EoS model parameters reported in this work find applications in

reservoir simulation as well as the design and optimization of the ES-SAGD process.

4.3 Introduction
The viscosity of bitumen under oilsands reservoir conditions is too high, making the extraction of

bitumen challenging.! Thermal methods are commonly applied to reduce the viscosity of bitumen to

3 Bamzad, S., Abdi, M., Kheirollahi, S., Mohammadi, M., Dahbag, M. B., & Hassanzadeh, H. (2024). Measurements and
PR EoS Modeling of Thermophysical Properties at Vapor—Liquid Equilibrium Conditions for Natural Gas
Condensate/Live Bitumen Mixtures. ACS omega.
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mobilize it and pump it to the surface. The most common technology is steam-assisted gravity
drainage (SAGD), which has been widely implemented since the 1990s.2-# As shown in Figure 4.1,
in this method, steam is injected into the reservoir, and the massive latent heat is transferred from the
steam to the viscous bitumen, reducing its viscosity and mobilizing it toward the production well due
to the gravity effect, which is subsequently pumped to the surface. Although the SAGD technology
is still the main method to extract bitumen, it requires intensive energy, water, and surface facilities

for water treatment and steam generation, leading to the significant emission of greenhouse gases.> ®

Figure 4.1. Schematic of an SAGD process and steam chamber growth. The steam chamber grows upward, and
bitumen drains downward toward the production well.”

To address these challenges, the expanding-solvent SAGD (ES-SAGD) method, in which a solvent
is coinjected with steam to diminish energy needs and subsequently lessen the environmental impacts
of SAGD, was introduced in 2003.8 Since then, the ES-SAGD has been implemented in several pilot
and field-scale projects.®# There are different types of solvents that can be used in the ES-SAGD
process. Thermophysical properties of the solvent/bitumen mixture are essential for designing and
optimizing the ES-SAGD process. Many studies have considered normal alkanes, and thus the phase
behavior of the mixtures of n-alkanes/bitumen has been studied extensively. Therefore, densities,
viscosities and solubilities of n-alkanes/bitumen have been reported in a wide range of temperatures

and pressures.

The solubility of C1, C», C3 and C4 in MacKay River bitumen has been reported over a temperature
range of 373.15- 463.15 K and a pressure range of 1.6 - 4.7 MPa.® The maximum reported solubility
for Cy4, C2, Cz and C4 in bitumen are 20, 45, 78, and 78 mol%, respectively, and the minimum reported
viscosity of the saturated bitumen for C1, Co, Cs, and C4 are 8.5, 6.6, 3.9, and 1.1 cP, respectively.
The solubility of these solvents demonstrates an increase with equilibrium pressure and a decrease

with the equilibrium temperature.
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The vapor-liquid equilibria (VLE) properties of methane- and ethane-Cold Lake bitumen mixtures
have also been studied.'® Modified Soave-Redlich-Kwong (SRK) and the Peng-Robinson equations
of state (PR EoS) were applied to model the VLE properties of the mixtures successfully. In addition,
the solubility, saturation pressure, density, and viscosity of the propane-saturated Athabasca bitumen
in the temperature range of 10- 50 °C (283.15- 323.15 K) have been reported.!! Vapor-liquid-liquid
equilibrium (VLLE) was observed for propane compositions exceeding 20 wt%. Another study
reported the solubility and viscosity of the mixtures of n-alkane (methane, ethane, propane, and
butane)/Athabasca bitumen at high temperatures up to 260 °C (533.15 K) and the experimental results

were modeled using PR E0S.*

In the context of solvent-aided thermal recovery processes, phase equilibrium and thermophysical
properties of bitumen in equilibrium with nonhydrocarbon gases such as N2, CO, and CHys are also
important. The solubility and density of gas-saturated bitumen for N2, CO, and CH4 measured at
temperatures from 25 to 100 °C (298.15 to 373.15 K) and pressures up to 10 MPa have been reported
in the literature.!® The results showed the highest solubility for CO2 and the lowest solubility for No.
Haddadnia et al. also reported thermophysical property measurement of CO2- and N2- Athabasca
bitumen in the temperature range of 70 - 190 °C (343.15-463.15 K) and pressures up to 8 MPa. They
reported the maximum solubility of N2 and CO2 to be 11 and 44 mol%, respectively, and the minimum

viscosity of Np-saturated bitumen and CO,-saturated bitumen to be 11 and 7.6 cP, respectively.'*

Given that CO: significantly reduces the viscosity of bitumen and its utilization provides
environmental benefits, researchers have considered a mixture of CO2 and n-alkanes as solvents in
the ES-SAGD process. Li et al.'® studied the phase behavior of propane-CO,-heavy oil systems in the
presence of an aqueous phase at the temperature range of 298.15- 383.15 K. They found that
hydrocarbon solvent (propane) is more soluble in heavy oil compared to CO,, regardless of the

presence of water.

Another class of solvents, which has received attention for bitumen recovery applications due to their
environmentally friendly nature, are biobased solvents. Zirahi et al.*® studied the phase behavior and
thermophysical properties of ethyl acetate (EA)/live bitumen at temperatures and pressures up to 190
°C (463.15 K) and 4 MPa, respectively. Their results demonstrated that coinjection of 2-8 mol% of
EA with steam could improve the bitumen production rate while reducing the steam-oil-ratio (SOR)
by about 0.9 units. Dimethyl ether (DME) is another biobased solvent examined in many studies.
Baek et al.}"!’ studied the effect of DME on the viscosity reduction of Athabasca bitumen and

compared the results with the effect of n-hexane. Their results demonstrated a weaker effect on
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viscosity reduction for the DME/bitumen mixture compared to the n-hexane/bitumen system.
Haddadnia et al.*® compared the thermophysical properties of DME/bitumen mixture to those of
propane/bitumen and butane/bitumen systems at pressures up to 6 MPa. Their results showed that the
properties of the DME/bitumen mixture (including solubility, density, and viscosity of saturated
bitumen) fall between the propane/bitumen and butane/bitumen systems. Huang et al.'® studied phase
behavior and physical properties of DME/water/heavy oil systems under reservoir conditions.
BinDahbag et al.?% also conducted experiments on an ammonia/Athabasca bitumen mixture. They
reported ammonia solubility and ammonia-saturated bitumen density at the temperature range of 348
- 463 K and pressures from 1 to 4 MPa and modeled the data using PR EoS.

The ES-SAGD process was originally introduced and has been extensively studied for pure
solvents/bitumen systems. Considering the economic aspect of the process, pure solvents are
expensive to source and use in bitumen recovery. Hence, researchers and oil producers are
considering multicomponent solvents as potential solvents in the ES-SAGD process. Bamzad et al.
reported new measurements of density, viscosity, and K-values of VLE for a multicomponent
solvent/live bitumen mixture at the temperature range of 343.15- 503.15 K and the pressure range of
1- 6 MPa. The solvent in their study was a synthesized diluent composed of n-Cs, n-Cs, n-Cs, n-Csg,
and n-Cyo. A systemic approach was utilized to develop correlations for the thermophysical properties
of solvent/bitumen mixtures. In another study, Bamzad et al 22Error! Reference source not found. measyred
viscosity, density, and K-values for VLE of different mixtures including Ci/bitumen, COz/bitumen,
C1/CO2/bitumen, C1/diluent/bitumen, and C1/CO2/diluent/bitumen at the wide range of temperatures
(353.80- 503.60 K) and pressures (1.5- 5 MPa). The diluent used in that study was a condensate
composed of light to intermediate components. The results showed a strong effect of the addition of
diluent on the viscosity reduction, especially at lower temperatures. The experimental measurements

were modeled using the cubic plus association equation of state (CPA EoS).

Field-scale implementation of ES-SAGD requires extensive data sets on the thermophysical
properties of multicomponent solvents/bitumen systems. There are fewer than a handful of vapor-
liquid equilibrium?+?2 and liquid-liquid equilibrium studies?® on multicomponent solvents /bitumen
mixtures. More experimental data are required to cover the compositional aspects of multicomponent
solvents. This study focuses on measuring and modeling thermophysical properties of a bitumen and
multicomponent solvent system, which has not been explored in prior studies. The data reported,
including thermophysical properties and model parameters, are crucial for constructing PVT fluid
models for thermal/solvent bitumen and heavy oil recovery processes. In this study, we have

measured the thermophysical properties (density, viscosity, saturation pressure, and solubility) of
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multicomponent diluent/bitumen mixtures in a wide range of solvent composition (15-80 mol%)
while holding the gas-oil-ratio (GOR) constant to mimic the reservoir conditions. The experimental

data are modeled using PR EoS following a systematic parametrization approach.

4.4 Experimental Work
4.4.1 Materials

The bitumen sample was provided by one of the industry sponsors of the SHARP research
consortium, for which the molecular weight was measured using the vapor pressure osmometry
(VPO) technique to be 521.56 g/mol. The density and specific gravity of the bitumen sample were
1005.9 kg/m® and 1.00665 (at 15 °C), respectively. Karl Fischer Titration (ASTM D4928-12) was
used to measure the water content of the dewatered bitumen [less than ~0.1 wt % (1000 ppm)]. The
bitumen was passed through a 0.5 um inline filter to remove fine particles. The results for the
molecular weight distribution from the combined gel permeation chromatography (GPC) and gas
chromatography (GC) are shown in Figure 4.2 (the method is explained in more detail elsewhere).?*
The diluent used in this study was a condensate with the compositional data and physical properties
shown in Table 4.1. The information related to the chemicals used in the experiments is summarized
in Table 4.2.
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Figure 4.2. Combined GPC and GC results: (a) molecular weight distribution of bitumen, (b) % off versus boiling
point.

Table 4.1: Composition and calculated properties of the condensate sample.

| component | mole fraction | property | value |
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Cs 0.0005 density (kg/m°) 702.6
I-Ca 0.0069 specific gravity (15/15 °C) 0.7033
n-Cs4 0.0288 API (deg) 69.7
I-Cs 0.1906 molecular weight (g/mol) 96.9
n-Cs 0.2105 density of Cr+ residue (kg/m®) 775.4

Cs 0.1889 specific gravity (15/15 °C) of Cy+ residue | 0.7761
Cr+ 0.3738 API of C+ residue (deg) 50.8
total 1.0000 molecular weight of C+ residue (g/mol) | 133.2

Table 4.2: IUPAC systematic names, CAS registry number, supplier, and purity of the chemicals.

IUPAC systematic : : purity &P
name CAS registry number supplier (%)
helium CAS 7440-59-7 Linde Canada 99.999 mol%
methane CAS 74-82-8 Linde Canada 99.99 mol%

@ Purity data were provided by the supplier.
b The provided chemicals were used directly in the experiments without further purification.

4.4.2 Experimental Setup and Procedure

The schematic diagram of the experimental setup is shown in Figure 4.3. The setup is designed to
conduct phase behavior experiments for different mixtures. It consists of a Blue M oven. Inside the
oven, there are elements, including an equilibrium cell (rocking cell), a visual cell, a densitometer,
and a viscometer. Outside the oven, there are parts, including a feeding cell (to charge bitumen), a
solvent cell, a Vindum pump, a density data acquisition unit, a viscosity data acquisition unit, a liquid

sample collection cell, and a receiving cell.

66



ki« Feed in

BPR

Gas Sample [&.|
(ToGC) l

Liquid Sample
(To Receiving Cell)

Figure 4.3. Experimental setup for VLE study of solvent/bitumen, (1) feeding cell, (2) solvent cell, (3) equilibrium cell,
(4) visual cell, (5) densitometer, (6) viscometer, (7) liquid sample collection cell, (8) density data acquisition unit, (9)
viscosity data acquisition unit, (10) Vindum pump, (11) pump controlling unit, and (12) Blue-M oven.?? Reprinted

with permission from [Bamzad, S., Nath, D., Haddadnia, A., Zirrahi, M., Saeedi, M., & Hassanzadeh, H. Measurements
and correlations of thermophysical properties for multicomponent solvent/live bitumen mixtures. Journal of Chemical

& Engineering Data 2022, 67(12), 3543-3556.]. Copyright [2022] Journal of Chemical & Engineering Data.

The setup is designed to enable the connection of the pump to all cells (by switching valves). The
densitometer (Anton Paar DMA HPM) operates within pressure and temperature ranges of 0-700 bar
(0-10,000 psi) and -10 to +200 °C (263.15 to 473.15 K), respectively. It continuously records the
density of the fluid, aiding in the detection of phase changes when two phases pass through the
densitometer. It can measure the density in the range 0- 3 g/cm?® with an error of 0.0001- 0.001 g/cm?®
(depending on experimental conditions). The Cambridge viscometer (Viscolab 4000) measures the

viscosity in the range of 0.2- 10,000 cP with an accuracy of + 0.5% of the reading.

Before each experiment, the entire system is flooded with toluene to remove any residues from the
previous experiment, followed by flowing dry helium to evaporate the toluene. The equilibrium cell
is filled with bitumen and pressurized to the desired pressure to run the experiments related to raw
bitumen. After the set temperature was reached, bitumen is fed into the densitometer and viscometer
to measure its properties. In the case of the methane/bitumen system, methane is added to the bitumen
in excess amounts, and the pressure and temperature are set to the desired conditions. For
condensate/methane/bitumen mixtures, the mixture is prepared in a recombination cell by adding the
corresponding weights of each component to have the same feed composition in all of the
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experiments. The mixing process in the recombination cell took place at T= 373.15 K and P= 8.72
MPa for 5- 6 days, and the mixture was subsequently cooled to room temperature while the pressure
was maintained using a pump. A large stock volume of the mixture was prepared to ensure that the
same mixture was used for all of the experiments. The prepared mixture was then transferred to the
feeding cell at a constant high pressure to ensure that the mixture remained in the liquid phase while
being injected into the equilibrium cell for each experiment. Table 4.3 summarizes the feed

compositions for each set of experiments.

Table 4.3: Feed composition and the corresponding GOR for each set of experiments.

set# bitumen methane condensate GOR (Sm? methane /Sm? of raw
mole mole fraction | mole fraction | bitumen measured at T=15.56°C and
fraction P=101.325 kPa)

1 1 0 0 0

2 methane/bitumen system used excess methane

3 0.7170 0.1564 0.1266 9.96

4 0.6087 0.1315 0.2598 9.87

5 0.4941 0.1023 0.4036 9.45

6 0.3659 0.0820 0.5521 10.24

7 0.1913 0.0431 0.7656 10.29

For each experiment, around 150 cc of the mixture was transferred into the equilibrium cell and
expanded gradually to measure the saturation pressure. The pressure was then reduced to the desired
pressure to reach the VLE. Thermodynamic equilibrium is established by rocking the cell equipped
with a rolling metallic spherical ball inside. The desired experimental temperature and pressure can
be kept constant during the process. The Vindum pump, connected to the equilibrium cell, can inject
and receive water to and from the cell to keep the pressure constant. The total volume of the pump is
continuously recorded over time; a stabilized total volume indicates that equilibrium is reached. The
required equilibrium time depended on the experimental conditions, such as pressure, temperature,
composition, and bitumen properties and was varied between 5 and 48 h during the experiments.
After equilibrium was reached, the cell was left in an upright position for a few hours to ensure that
phases were separated. All lines are filled with helium gas to measure the mixture properties at the
same equilibrium pressure. Helium is chosen because it has no effect on the composition when it is
used as a carrier gas in GC at the equilibrium pressure. Discharged fluids are passed through the
visual cell, densitometer, and viscometer. Density was monitored continuously to detect phase
transition when a sharp change in density was observed (confirmed by the observation from the visual
cell). A minimum of two samples from each phase were used for compositional analysis (the
procedure has been explained in more detail in our previous work).?

68



4.5 Thermodynamic Model

The measured viscosity, density, and K-value data are modeled using the PVT package (WinProp)
available from the computer modeling group (CMG) software (version 2018).2° The phase behavior
of the mixtures is described using PR-E0S,% which is expressed by the following equation

o RT _ a (4.1)
“v=b v(v+b)+b(v-b)

where P is the absolute pressure, T is the temperature, v is the molar volume, and R is the universal
gas constant. Parameters a and b represent the intermolecular attractive and repulsive forces,
respectively. For pure components, these two parameters are expressed as functions of their critical

properties as given by

212 4.2

o _ 0A5724R"T,; o(T) (4.2)
R

- Q07780RT, @3
P

C
Tc and P are critical temperature and critical pressure, respectively. « (T) is a function of temperature

and acentric factor (w) as the following equations?:?’

a(T):[1+(0.37464+l.54226a)—0.26992a)2)(l—TrO'F’)T for @< 0.49 (4.42)

a(T):[1+(0.3796+1.4856a)—0.1644(02+O.01667a)3)(1—Tr°'5)T tor w049  (44D)

In the above equations, Tr= T/T. is the reduced temperature. For a mixture, the parameters a and b

are calculated using the following mixing rules

N, N, (4.5)

a:Zinxj (1-5;) aa;

i=1l j=1

NC
b=> xb
i=1

where N¢ is the number of the components in the mixture, x; is the mole fraction of component i, and

(4.6)

oij is the binary interaction parameter (BIP) between components i and j.

To improve the density prediction, a volume shift correction parameter, c, is introduced to the

equation of state,?®2° which modifies the liquid molar volume as
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Ne 4.7
Vctrr =VEIE)S _Z XiC;
i=1
Where Veos- and Veor- are EoS-predicted volume of the liquid phase and corrected volume of the

liquid phase respectively. The volume shift correction parameter, c;, is defined as

where the dimensionless parameter VSP; is known as the volume shift parameter.

The EoS parametrization is performed in four steps. In the first step, the experimental density data of
raw bitumen are used in tuning the EoS parameters of bitumen (T, Pc, and @) and VSPpitumen. In the
next step, VSPmethane and Obitumen-methane are tuned versus the experimental methane solubility and
saturated liquid density data of methane + bitumen systems. Then, the experimental saturation
pressure data of the condensate are used for tuning the EoS parameters of the C7+ fraction of the
condensate. Finally, the experimental K-values and density data of the methane + condensate
+bitumen system are used in adjusting binary interaction parameters between bitumen and
condensate, binary interaction parameters between methane and condensate, and volume shift
parameters of condensate components. This step is carried out in two scenarios. In the first scenario,
condensate is considered a multicomponent mixture, and in the second scenario, condensate is

lumped into a single component. The EoS tuning procedure is summarized in Figure 4.4.
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Figure 4.4. Equation of state parametrization procedure.

There are two methods to correlate viscosity in CMG WinProp, including the Pedersen corresponding
state viscosity correlation®® and the Jossi-Stiel-Thodos (JST) correlation,3! where the former one is

preferable as it does not require accurate density predictions. The modified Pedersen correlation to
predict the mixture viscosity is expressed as

U (P.T) LTc,mix J% ( P, i JZ/S ( MW, J” 2 ((pmix J (4.9)
Hy ( P To ) Too P.o MW, ?,

where £, T, P, T., P., MW , and ¢ are viscosity in cP, temperature in K, critical temperature

in K, pressure in kPa, critical pressure in kPa, molecular weight, and rotational coupling coefficient,
respectively. The subscripts “0” and “MiX” represent the reference substance and mixture,
respectively. It is worth noting that the parameter “ @ ”, which accounts for the shape and size of the

molecules in the mixture, is an important factor in determining viscosity.

The following equations are used to calculate the molecular weight of the mixture and rotational
coupling coefficient
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MW, =by, (MW, =MW )+ MW, (4.10)

@=1+b,p"MW?2 (4.12)

r mix
where MW, and MW, are weight fraction average and mole fraction average of the molecular

weight. The coefficients b,, b,, b,, b,, and b; are obtained by adjusting them to match the

experimental data. In this work, the liquid viscosity is measured for raw bitumen, methane + bitumen,
and methane + condensate + bitumen systems. The matching parameters of the viscosity model are
tuned for each system separately.

The following equation is used to calculate the absolute average relative deviation (AARD) between

experimental measurements and model correlatins:

N 4.12
AARD:%Z (4.12)

i=1

exp model
W™ W,

WG x100

where W is the thermodynamic properties and N represents the total number of the corresponding
property
4.6 Results and Discussion

4.6.1 Density and Viscosity of Raw Bitumen
The density and viscosity of raw bitumen were measured in the temperature and pressure ranges of
313.41- 459.10 K and 1.0 - 4.0 MPa, respectively. Table 4.4 summarizes the results for raw bitumen.

Table 4.4: Measured viscosity and density data for raw bitumen.

T (K) P (MPa) density (kg/m?) viscosity (cP)
1.004 995.91 13,343
2.011 996.67 14,206
31341 2.995 997.36 15,072
3.997 997.99 15,996
1.026 986.27 3205
2.014 986.57 3307
321.99 3.001 986.95 3418
3.994 987.31 3529
1.021 976.52 1075
2.015 976.98 1134
343.52 2.987 977.37 1191
3.998 977.84 1249
1.003 967.02 445.6
1.999 967.49 462.2
358.05 3.004 967.98 483.7
3.979 968.49 506.5
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0.979 958.65 202.4
1.998 959.15 213.1
31351 2.984 959.59 222.1
3.984 960.18 233.3
1.001 950.07 105.6
2.002 950.61 111.3
388.89 2.990 951.22 116.5
3.995 951.86 122.6
1.002 940.69 62.05
2.009 941.24 65.24
403.21 2.985 941.92 68.47
3.989 942.55 71.89
1.016 933.13 38.75
2.009 933.79 40.66
4752 2.987 934.52 42.55
3.989 935.11 44.48
1.023 926.33 24.46
2.009 926.99 25.57
432,67 2.989 927.75 26.54
3.998 928.47 27.61
1.017 917.03 16.13
1.997 917.73 16.91
447.19 2.993 918.58 17.65
3.991 919.38 18.38
1.051 912.89 12.63
2.019 913.76 13.19
459.1 3.036 914.55 13.78
4.022 915.34 14.35

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the expanded uncertainties
(Ur) are: Ur(p) = 0.265 kg/m®, Ur(l) = 485.102 cP at the range 313.41- 327.99 K, Ur(l) = 85.739
cP at the range 327.99-343.52 K, Ur() = 28.074 cP at the range 343.52- 358.05 K, U,() = 10.498
cP at the range 358.05- 373.51 K, Ur(p) = 4.402 cP at the range 373.51- 388.89 K, U/(u) = 2.120
cP at the range 388.89- 403.21 K, U:(u) = 1.188 cP at the range 403.21- 417.52 K, Ur(u) = 0.733
cP at the range 417.52- 432.67 K, Ur(u) = 0.427 cP at the range 432.67- 447.79 K and Ur(n) =
0.281 cP at the range 447.79- 459.10 K (level of confidence = 0.95).
The following equation is used to calculate the standard uncertainty (uc(y)):

s (oY
)= 3 2wty

i=1
where Y = f (X, X,,...X,) and U(X;) is the standard uncertainty of the single input estimate X .
Expanded uncertainty (usually shown by the symbol U) is calculated as:
U =2u,

A coverage factor of 2 means a 95% confidence interval.
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Figure 4.5. (a) Density of bitumen vs pressure at different temperatures. (b) Viscosity of bitumen vs pressure and
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different temperatures. Experimental data: filled symbols, and model correlation: line.

Model parameters for raw bitumen were tuned using the experimental data, and the regressed values

are reported in Tables 4.5 and 4.6. Figure 4.5a,b, respectively, shows the experimental data and

correlated values for the density and viscosity of raw bitumen compared to the experimental

measurements. The absolute average relative deviations (AARDS) of the correlation for the density

and viscosity of raw bitumen were found to be 0.10 and 5.60%, respectively.

Table 4.5: Summary of regression parameters for correlation of the density and saturation pressure data.

P, volume volume shift coefficient
parameter Mpay | Te() | @ shift (1/°C)
bitumen 1.40 1027.99 | 1.685 2.17x10* -3.01x10*
methane 4.60® | 190.60® | 0.008® | 5.67x10* -1.29x10°3

Cs 4.25@ | 369.80® | 0.152® | -6.21x10" -3.05x107*

o 3.80@ | 425.20® | 0.193® | -1.66x10" 2.55x10!

Cs 3.37@ | 469.60® | 0.251® | -5.75x10" -6.07x10

Cs 3.29® | 507.50® | 0.275® | -5.37x10" 1.41x107*

Cr+ 5.20 516.23 | 0.360 3.14x10t -5.33x102
condensate 342 | 47450 | 0.238 | -1.59x10? 1.92x10°3
(lumped)

2 Data are taken from the literature®
Table 4.6: Model parameters for correlation of the viscosity data of different systems.
parameter
system b4 b, b3 b, b5
bitumen 1.30x10* 2.30 1.67x1072 | 5.09x10" | 5.73x10*
methane-bitumen 1.65%x107 1.99 1.40%x10° 1.13 8.36x10!
methane-bitumen-condensate | 511,901 | 1 94x10° | 1.95x10% | 399 | 3.89x10°
(lumped)
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methane-bitumen-condensate

. 1.00x1073 2.29 2.63x1073 1.97 6.07x101
(multicomponent)

4.6.2 Density, Viscosity, and K-Value of Methane for the Methane/Bitumen System

In this set of experiments, methane was added to bitumen in an excess amount, and the solubility of
methane in bitumen, density, and viscosity of saturated bitumen were measured at the temperature
range of 327.99- 459.10 K and pressures from 1 to 4 MPa for which the results are summarized in
Table 4.7.

Table 4.7: Measured density, viscosity, solubility, and corresponding K-value of methane and GOR for the saturated
methane/bitumen system.

GOR (Sm?® methane
: . solubility of /Sm? of raw bitumen
T (K) (MTDa) ?Ifg?/sr:% V'S(i%s)'ty methane Kr;]\(/aatllhl;engf measured at
(mol.%) T=15.56°C and P=
101.325 kPa)
1.002 | 984.97 3072 6.14 16.29 2.99
397 99 1.999 | 982.29 3018 11.94 8.38 6.19
3.009 | 979.65 2954 16.01 6.25 8.71
4.009 | 977.02 2886 21.46 4.66 12.48
0.993 | 956.96 180.3 5.57 17.95 2.69
37351 2.003 | 954.78 155.4 10.61 9.43 5.42
2.999 | 952.58 141.3 14.75 6.78 7.90
3.997 | 950.52 130.1 18.84 5.31 10.60
1.005 | 931.11 35.11 4.96 20.16 2.38
417 52 2.009 | 928.88 33.67 9.66 10.35 4.88
2991 | 926.77 32.49 13.57 7.37 7.17
3.979 92451 31.32 17.34 5.77 9.58
1.007 | 910.98 12.06 4.35 22.99 2.08
459.10 2.023 | 908.98 11.53 8.75 11.43 4.38
3.019 | 906.95 11.09 12.72 7.86 6.66
4.011 | 904.94 10.48 15.84 6.31 8.60

Standard uncertainties u are u(T) = 0.228 K, u(P) = 0.003 MPa, and the expanded uncertainties
(Uy) are: Ur(p) = 0.264 kg/m?®, Ur(l) = 59.176 cP at the range 327.99- 373.51 K, U(1) = 2.526 cP
at the range 373.51- 417.52 K, and U() 0.489 cP at the range 417.52- 459.10 K (level of
confidence = 0.95).

The following equation is used to calculate the standard uncertainty (uc(y)):

v (o
2 2
u = — | U (X
) z[a] (x)
where Y = f(X,X,,...X,) and U(X;) is the standard uncertainty of the single input estimate X .
Expanded uncertainty (usually shown by the symbol U) is calculated as:

U =2u,

A coverage factor of 2 means a 95% confidence interval.
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The results for the effect of temperature and pressure on the density and viscosity of methane-
saturated bitumen are shown in Figures 4.6a,b, respectively. Unlike the raw bitumen, at a constant
temperature, the density and viscosity decrease with the increase of pressure due to the higher
solubility of methane in bitumen at elevated pressures. On the other hand, increasing temperature
leads to lower methane solubility and the density and viscosity of the saturated bitumen decrease with
the increase in temperature. The results show that temperature has a dominant effect on the density

and viscosity compared to pressure.

The regression parameters for methane in the binary system of methane-bitumen were obtained by
using the experimental data of the methane/bitumen system. In this step, bitumen parameters obtained
from the previous step were used in the regression analysis (Table 4.5). Figures 4.6a,b compares the
experimental data of the density and viscosity to the correlated results from modeling. The AARD of

this model correlation for density and viscosity was 0.14 and 7.96%, respectively.

1000 10000 50
a b)— x ¢

980 ( )‘\A\ ) B 40 © v T=327.99K
& 1000 g = T=37351K
E s E T=41752K
S 960 N o 30 T=459.10 K
N 7 100 °
=t [e]
o 940 ° . 320
) D s S o
0 . O

920 10 = 10

\
900 \ \ \ : 1 \ \ \ \ 0 \ \ \ \
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Pressure (MPa) Pressure (MPa) Pressure (MPa)

Figure 4.6. (a) Density of methane-saturated bitumen at different temperatures and pressures. (b) Viscosity of methane-
saturated bitumen at different temperatures and pressures. (¢) K-value of methane in the methane-bitumen system.

The effect of temperature and pressure on the K-value of methane in methane/bitumen systems is
shown in Figure 4.6¢. As seen from the figure, increasing temperature or decreasing pressure leads
to lower solubility of methane in bitumen, leading to a higher K-value (Table 4.7). The binary
interaction coefficient between methane and bitumen was tuned to correlate the K-value
measurements. The obtained binary interaction coefficients are summarized in Table 4.8. The
experimental data for the K-value of methane are compared to the correlated results from modeling
in Figure 4.6¢c. The AARD of this model correlation for the K-value of methane in the binary

methane/bitumen system was 7.98% (Table 4.9).
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Table 4.8: Binary interaction coefficients among different components.

component Ci Cs Cs Cs Cs Cr+ c J#&ﬁigte bitumen
Ci - 0 0 0 -2.06x10* | -1.33x10* | -1.57x10* | -3.63x10*!
Cs 0 - 0 0 6.99x107 | -7.92x10? - -1.56x10!
Cs4 0 0 0 -1.47x101 | 1.89x10% - -7.76x107?
Cs 0 0 0 - 7.17x102 | -7.95x10? - -4.58x107?
Cs -2.06x10! | 6.99x10% | -1.47x10? | 7.17x10? - -1.10x10? - -5.33x107?
Cr+ -1.33x10! | -7.92x10* | 1.89x10? | -7.95x10? | -1.10x10 - - -2.16x10*
lumped 1 4 e7xq01 | - . . . . . 5.85x10°
condensate
bitumen -3.63x10! | -1.56x10" | -7.76x102 | -4.58x10?2 | -5.33x102 | -2.16x10" | -5.85x102 -

4.6.3 Saturation Pressure of Pure Condensate

Before experiments were conducting on the mixture of methane-bitumen-condensate, the saturation

pressure of pure condensate was measured at different temperatures (Table 4.10). The experimental

results were used to tune the properties of the C7+ fraction of the condensate. This step is necessary

as the correlated saturation pressure of the mixture (methane-bitumen-condensate) depends on these

properties. The regressed parameters are listed in Table 4.5. The experimental data of pure condensate

saturation pressures are correlated with the Arrhenius-type relation (P, = P2 exp(-E /RT)), for

which the results are shown in Figure 4.7, and the related parameters are estimated (Table 4.10). The

saturation pressure measured at low temperature is unreliable due to the low saturation pressure of

pure condensate, and it was not considered in obtaining the Arrhenius parameters (or modeling

parameters).

Table 4.9: AARD of the model correlation of different properties for various mixtures.

AARD (%)
svstem K-value
y density | viscosity
Ci Cs Ca Cs Cs Cs+ | condensate
1 (raw bitumen) 0.10 5.60
2 (methane-bitumen) 0.14 7.96 7.98
3 (12.66 lumped 021 | 1179 |3.18 18.19
mol% co_ndensate
condensate) | Multicomponent |, 11.99 16.43 | 15.31 | 18.85 | 24.86 | 21.55
condensate
lumped
4;}2()5;(.28 condensate 0.29 10.47 4.74 12.03
condensate) | Multicomponent | 9.74 14.48 | 16.41 | 17.37 | 23.48 | 20.78
condensate
lumped 0.34 6.93 | 4.80 8.82
condensate
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5 (40.36 )
molop | Multicomponent | 55 | g 6o 19.07 | 858 |18.22 | 21.71 | 20.69
condensate
condensate)
lumped
6 n(]?)SIO/il condenate 0.32 8.43 | 373 9.82
condensate) m”c'gr‘]’ggr‘gg{‘eem 0.34 12.72 15.95 | 8.09 | 15.74 | 15.17 | 15.93
lumped
7 n(]70(?026 condensate 0.32 856 | 4.86 10.96
condensate) &%‘éﬁ;‘t‘;"“em 044 | 1513 18.14 | 9.11 | 10.85 | 15.85 | 16.82
T (K)
500 480 460 440 420 400 380 360 340 320 300
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Figure 4.7: In (P) versus 1/T for the saturation pressure of pure condensate. Experimental data: filled symbols, and
Arrhenius plot: line.

4.6.4 Density, and K-Values for the Multicomponent System of

Methane/Condensate/Bitumen

Viscosity,

To conduct the experiments on the multicomponent system, first, a mixture of methane-condensate-
bitumen was prepared in a recombination cell before it was transferred to the equilibrium cell. Table
4.3 summarizes the composition of the different mixtures used in the experiments. Considering a
mixture of raw bitumen and condensate, the mole fraction of the condensate in the mixtures 3, 4, 5,
6, and 7 was approximately 15, 30, 45, 60, and 80 mol %, to which methane was added to obtain a

GOR~10 (Sm® methane /Sm?® of raw bitumen). For each mixture, the saturation pressure was first
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found at different temperatures, and the relevant Arrhenius parameters were obtained (Table 4.10).
In this table, Mixture #2 is different from Mixture #2 in Table 4.3 as methane was added to the
bitumen in a fixed ratio. The results for the saturation pressure of the mixtures are listed in Figure
4.8.

Table 4.10: Saturation pressure of different mixtures at different temperatures.

Arrhenius
GOR (Sm° 3 saturation parameters
feed # (composition) methane /Sm™ | temperature pressure POsat
of raw (K)
bitumen (MPa) (MPa) | E(J/mol)
313.41 0.167
343.52 0.256
37351 0.460
pure Condensate NA 403.21 0.777 781.957 | 23016.48
432.67 1.315
459.10 1.935
5 327.99 3.521
(18.99 mol % methane 10.71 iﬁg; Zgig 9.810 2799.74
81.01 mol % bitumen) ' '
459.10 4,741
3 327.99 3.266
(15.64 mol % methane 373.51 3.645
71.70 mol % bitumen 9.96 417.52 4.086 9.012 2778.04
12.66 mol %
condensate) 459.10 4.342
4 327.99 2.901
(13.15 mol % methane 37351 3.300
60.87 mol % bitumen 9.87 417.52 3.645 9.922 3386.96
25.98 mol %
condensate) 459.10 4.183
5 327.99 2.342
(10.23 mol % methane 373.51 2.756
49.41 mol % bitumen 9.45 417.52 3.280 11.945 | 4481.00
40.36 mol %
condensate) 459.10 3.735
6 327.99 2.197
(8.20 mol % methane 37351 2.590
36.59 mol % bitumen 10.24 417.52 3.156 11.858 | 4634.22
55.21 mol %
condensate) 459.10 3.535
7 327.99 1.777
(4.31 mol % methane 373,51 2.335
19.13 mol % bitumen 10.29 417.52 2.728 13.715 | 5554.33
76.56 mol %
condensate) 459.10 3.211
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Figure 4.8: In (P) vs 1/T for saturation pressure of different mixtures. (considering a mixture of raw bitumen and
condensate, the mole fractions of the condensate in the mixtures 3, 4, 5, 6, and 7 were approximately 15, 30, 45, 60, and
80 mol %).

Based on the results, at a constant temperature, the saturation pressure of the mixture increases as the
condensate fraction decreases in the mixture. This observation highlights that methane exhibits a
higher solubility in lighter mixtures. The increased condensate fraction in the mixture leads to more
significant methane dissolution, consequently lowering the saturation pressure of the mixture. On the

other hand, the saturation pressure of the mixture increases with temperature, as shown in Figure 4.8.

The experiments for measuring the density and viscosity of the saturated bitumen and K-values of
different components were carried out at different temperatures and pressures below the saturation
pressure of the mixtures. The bitumen remains in the liquid phase under all conditions. The measured
density and viscosity of saturated bitumen are summarized in Table 4.11, and Table 4.12 summarizes
the K-value results for the multicomponent systems (the detailed composition of the liquid and vapor
phases are reported in Appendix B (Tables B.1 and B.2).

Table 4.11. Thermophysical properties of different methane/condensate/bitumen mixtures at different temperatures and
pressures.

. pressure saturated liquid saturated liquid
mixture # | temperature (K) | 7\ ;p,) density (kg/m3) viscosity (cP)
3 327.99 3.014 965.43 194.5
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2.015 967.41 283.6
1.008 969.83 573.1
3.075 939.11 30.93
373.51 2.007 941.82 39.53
1.009 944.15 49.31
4.006 914.79 7.793
3.015 917.85 9.051
411.52 2.005 920.73 10.647
1.008 924.07 13.103
4.019 893.28 3.459
3.014 896.36 4.031
459.10 2.024 900.08 4.789
1.020 904.15 5.628
2.008 953.57 79.21
321.99 1.026 956.15 127.8
3.030 924.27 12.67
373.51 2.022 927.84 15.26
1.024 930.38 19.93
3.061 898.92 4.983
417.52 2.017 902.67 5.863
1.027 906.45 6.758
4.055 874.89 2.157
3.035 880.79 2.525
459.10 2.007 885.47 3.061
0.999 890.36 3.443
2.042 932.12 28.93
321.99 1.023 936.73 45.87
2.043 905.1 8.93
37351 1.013 910.14 11.26
3.005 876.73 2.911
417.52 2.013 882.25 3.488
1.057 888.24 4.0157
3.043 853.12 1.734
459.10 2.054 861.42 1.912
1.015 870.66 2.146
2.008 899.26 2.912
321.99 1.022 904.82 3.567
2.007 871.96 2.403
37351 1.028 877.93 2.762
3.061 844.46 1.141
417.52 2.034 850.14 1.362
1.029 858.04 1.538
3.056 826.57 1.024
459.10 2.017 833.47 1.085
1.021 839.56 1.159
327.99 1.032 830.78 0.729
2.017 796.39 0.551
37351 1.006 803.42 0.597
417.52 2.016 769.75 0.419
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1.030 775.31 0.437
3.019 734.46 0.364
459.10 2.021 740.52 0.376
1.033 746.02 0.395

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the expanded uncertainties
(Ur) are: Ur(p) = [0.244, 0.239, 0.256, 0.229 and 0.304 kg/m3,] for mixtures [3, 4, 5, 6 and 7],
Ur(u) =[8.002, 1.857, 0.625, 0.042 and 0.010 cP] for mixtures [3, 4, 5, 6 and7] at the range 327.99-
373.51 K, Ur(pu) = [0.662, 0.256, 0.148, 0.034 and 0.007 cP] for mixtures [3, 4, 5, 6 and 7] at the
range 373.51- 417.52 K, and Ur(u) = [0.166, 0.085, 0.050, 0.018 and 0.005 cP] for mixtures [3, 4,
5, 6 and 7] at the range 417.52- 459.10 K (level of confidence = 0.95).

The following equation is used to calculate the standard uncertainty (uc(y)):

N af 2
2 2
u = — | U (X
(-3 2w
where Y = f(Xl,Xz,---,Xn) and U(Xi) is the standard uncertainty of the single input estimate X; .
Expanded uncertainty (usually shown by the symbol U) is calculated as:

U =2u,

A coverage factor of 2 means a 95% confidence interval.

Table 4.12: K-value for different components in multicomponent methane/condensate/bitumen systems.

. K-Value
mixture temperature pressure Iumped

# (K) (MPa) C1 Cs | Cs | C | Cs | Crt condensate

3.014 6.37 | 1.00 | 0.31|0.12 | 0.03 | 0.01 0.07

327.99 2.015 8.80 | 1.00 | 0.37 | 0.15| 0.04 | 0.02 0.08

1.008 16.46 | 1.50 | 0.81 | 0.31 | 0.06 | 0.03 0.14

3.075 6.99 | 1.00 | 0.62 | 0.29 | 0.13 | 0.03 0.16

373.51 2.007 9.74 | 1.00 /091|043 |0.21| 0.05 0.23

1.009 17.80 | 1.50 | 1.46 | 0.81 | 0.38 | 0.10 0.44

3 4.006 594 | 1.00|0.74 | 0.45|0.29 | 0.04 0.25

417 52 3.015 753 | 150|114 |0.62|0.34 | 0.06 0.34

2.005 10.59 | 1.50 | 1.62 | 0.83 | 0.38 | 0.072 0.43

1.008 20.63|12.001.79|153|0.64 | 0.14 0.74

4.019 6.42 | 1.50|1.40|0.86|0.52 | 0.12 0.46

459.10 3.014 842 | 150|144 111|069 | 0.15 0.58

2.024 11.47 | 2.00 | 1.76 | 1.52 | 0.93 | 0.20 0.78

1.020 23.62 | 3.00| 259 | 226|155 0.41 1.28

39799 2.008 8.48 | 1.00|0.39 | 0.15| 0.04 | 0.02 0.09

1.026 16.69 | 1.60 | 0.80 | 0.34 | 0.07 | 0.03 0.19

3.030 741 | 1.00|0.61|0.29|0.13 | 0.03 0.18

373.51 2.022 9.92 | 1.25|0.85|0.42|0.20 | 0.05 0.26

4 1.024 18.20 | 1.50 | 1.47 | 0.83 | 0.37 | 0.09 0.49

3.061 7.94 | 1.00|1.08 |0.63|0.34 | 0.06 0.40

417.52 2.017 11.36 | 1.50 | 1.50 | 0.82 | 0.43 | 0.07 0.52

1.027 2042 1225|1199 124|070 | 0.15 0.79

459.10 4.055 6.25 | 1.17 | 1.09 | 0.86 | 0.53 | 0.12 0.56
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3.035 821 /160,144 11.09]|0.66| 0.14 0.65

2.007 11.71 1220 | 2.05] 141 | 1.05] 0.20 0.87

0.999 2292 1350334297182 041 1.67

39799 2.042 8.35 | 1.00|0.36 | 0.14 | 0.05 | 0.02 0.10
1.023 16.46 | 1.29 | 0.82 | 0.29 | 0.08 | 0.03 0.20

37351 2.043 10.34 |1 1.130.90 | 0.42 | 0.19 | 0.04 0.29
1.013 18.48 | 1.71 | 1.59 | 0.79 | 0.37 | 0.09 0.54

5 3.005 764 11.13/1.04]|0.64]0.36| 0.06 0.44
417.52 2.013 11.46 1 1.38 | 1.44 | 0.86 | 0.47 | 0.08 0.58
1.057 20.0112.00|2.083|128|0.73] 0.15 0.86

3.043 793 1163|149 ]1.09|0.70 | 0.16 0.76

459.10 2.054 1219 12141191 158 | 0.90 | 0.18 1.01
1.015 2185360347 (274|117 043 1.62

32799 2.008 8.69 [ 0.93|0.35]0.15]0.05 | 0.02 0.10
1.022 16.88 | 1.19 1 0.82 | 0.31 | 0.09 | 0.03 0.20

37351 2.007 10.37 1 1.230.87[0.41 | 0.20 | 0.05 0.29
1.028 17731183172 |0.78 | 0.39 | 0.09 0.53

5 3.061 7.78 | 1.08 |1.03|0.60|0.39 | 0.06 0.43
417.52 2.034 1119 1158 | 1.48 | 0.85|0.49 | 0.08 0.57
1.029 20.2712.00[198|130]0.72 ] 0.15 0.84

3.056 8.38 |1.55|1.62|1.05]|0.72| 0.16 0.72

459.10 2.017 12.46 | 2.00 | 195|147 |0.90| 0.19 0.96
1.021 2259370 3.17 260 | 1.16 | 0.42 1.50

327.99 1.032 16.82 | 1.26 | 0.78 | 0.34 | 0.09 | 0.03 0.20
37351 2.017 10.66 | 1.40 | 0.87 [ 0.48 | 0.20 | 0.05 0.30
1.006 17.53 |1 2.131.68 | 0.88 | 0.38 | 0.08 0.55

7 417 52 2.016 11251163146 092|042 | 0.08 0.56
1.030 20431216 |214|154]0.70 | 0.16 0.92

3.019 8.10 11.60/1.80]1.04]0.72| 0.17 0.78

459.10 2.021 12.62 12251217147 10.94 | 0.19 1.01
1.033 22241381304 [171]118] 042 1.28

Figure 4.9 depicts the density and viscosity of the saturated liquid at different temperatures and
pressures for all of the mixtures. As evident from the figures, the density and viscosity decrease with
increasing pressure and temperature. However, the decrease in viscosity is more sensitive to changes
in temperature. The mixtures with higher condensate concentrations show lower density and
viscosity, and the effect of pressure on density and viscosity is more evident at higher concentrations.
To model the data, the parameters for bitumen, methane, and the C;* fraction from the preceding
steps are directly applied. The model parameters associated with the condensate components were
derived through regression analysis of experimental results from the multicomponent
methane/condensate/bitumen system and are given in Tables 4.5, 4.6, and 4.8. The experimental
results and correlated data (up to the correlated saturation pressures) for the density and viscosity of
the saturated methane/condensate/bitumen system are compared in Figure 4.9a- d) and 4.9e- h,
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respectively. The AARDs of this model correlation for density and viscosity are reported in Table
4.9.

K-values were correlated, and the correlation parameters (binary interaction parameters) are reported
in Table 4.8. The AARDs of the model correlation are reported in Table 4.9. The correlated K-values
are compared with the experimental data in Figure 4.10 for all components and different

concentrations.
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Figure 4.9: Density of the saturated methane/condensate/bitumen system at different pressures for (a) 327.99, (b)
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373.51, (c) 417.52, and (d) 459.10 K, and the viscosity of the saturated methane/condensate/bitumen system at different

pressures for (e) 327.99, (f) 373.51, (g) 417.52, and (h) 459.10 K. Experimental data: filled symbols, and model

correlations: solid line for lumped condensate and dashed line for multicomponent condensate. (considering a mixture

of raw bitumen and condensate, the mole fractions of the condensate in the mixtures 3, 4, 5, 6, and 7 were

approximately 15, 30, 45, 60, and 80 mol %).
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Figure 4.10: K-value of various components for the methane/condensate/bitumen system at different temperatures and
pressures: (a-e) for Cs, (f-j) for Ca, (k-0) for Cs, (p-t) for Cs, and (u-y) for C,+. Experimental data: filled symbols and
model correlation: solid line. (considering a mixture of raw bitumen and condensate, the mole fractions of the
condensate in the mixtures 3, 4, 5, 6, and 7 were approximately 15, 30, 45, 60, and 80 mol %).

4.6.5 Density, Viscosity, and K-Values for the Methane/Condensate/Bitumen Ternary System
In PVT analysis of multicomponent solvents, it is common to lump some components into a single
pseudocomponent to reduce the computational demand of the EoS calculations. In this study, to
examine the validity of this lumping approach for multicomponent solvent systems, the
multicomponent condensate was considered as a single pseudocomponent to study the

thermophysical properties of the ternary methane/lumped-condensate/bitumen system.

To model the data, the parameters for bitumen, methane, and C;* fraction from previous steps are
directly used, while the model parameters related to the lumped condensate were obtained using
experimental data for density, viscosity, and K-values of the ternary system. The measured data of
the density and viscosity of the liquid phase are compared to the correlated values from model

correlations (lumped and multicomponent condensates), as shown in Figure 4.9. The results reveal
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that considering the condensate as a pseudocomponent enables the correlation of the density and

viscosity of the saturated liquid with acceptable accuracy.

Based on the measured compositions of the liquid and vapor phases, K-values of methane (the same
as in the case of multicomponent condensate) and lumped condensate were calculated (Table 4.12),
as reported in Figure 4.11. The results show that K-values for methane and condensate both increase
with the temperature and decrease with the pressure. It is worth noting that K-values were almost
independent of the composition of the mixture. The binary interaction coefficients for condensate-
methane and condensate-bitumen, which were tuned to match the K-value data, are reported in Table
4.8, and the experimental results are compared to the correlated values for methane and condensate
in Figure 4.11. The estimated AARD values of the correlation of methane K-values and condensate
K-values are reported in Table 4.9.
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Figure 4.11: K-value of methane for the methane/condensate/bitumen system at (a) 15, (b) 30, (c) 45, (d) 60, and (e) 80
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condensate in the mixture. Experimental data: filled symbols and model correlations: solid line. (considering a mixture

of raw bitumen and condensate, the mole fractions of the condensate in the mixtures 3, 4, 5, 6, and 7 were

approximately 15, 30, 45, 60, and 80 mol %).
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4.7 Summary and Conclusions

In this work, the experimental measurements of thermophysical properties of different systems (raw
bitumen, methane-bitumen, methane-bitumen-multicomponent condensate, and methane-bitumen-
lumped condensate) are performed over the temperature range of 313.41- 459.10 K and the pressure
range of 1- 4 MPa. The measured properties include the density and viscosity of the liquid phase,
solubility and K-values of different components, and the saturation pressure of different mixtures. It
was observed that increasing the condensate content in the system reduces the saturation pressure, as
methane is highly soluble in light hydrocarbons. It was also found that adding condensate to the
system decreases the density and viscosity of the liquid phase significantly. The higher dissolution of
the solvent is achieved at elevated pressures (lower temperatures). The results also demonstrated that
K-values are nearly independent of the overall composition of the system; they are solely dependent
on the pressure and temperature. A systematic parametrization approach was utilized to successfully
model the experimental data (density, viscosity and K-value) using CMG-Winprop. The PR EoS
correlations showed that considering a multicomponent condensate as a single pseudocomponent
enabled the correlation of the density and viscosity of the liquid phase with acceptable accuracy. The
results and findings of this work find applications in the construction of PVT models of solvent-aided

thermal recovery processes.
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5. Chapter Five: VLE Study of Multicomponent System of Synthetic
Diluent/Methane
5.1Preface

This chapter has been submitted for publication in a peer-reviewed journal entitled “Measurements
and EoS Modeling of VLE of C4, n-Cs, n-C6, n-C7, cyclo-Hexane, and Toluene”. This manuscript
was co-authored by Mohammad Shah Faisal Khan, Mahmood Abdi, and Hassan Hassanzadeh. In this
chapter, the effect of methane concentration on the thermophysical properties of the system of
diluent/methane is studied. The results find applications in solvent-aided thermal recovery of

bitumen.

5.2 Abstract

Understanding the phase behavior of diluents and methane mixture is vital in the solvent-aided
thermal recovery of bitumen. This study investigates the vapor-liquid equilibrium (VLE) of the
mixture of methane and a synthetic diluent comprised of n-Cs, n-Cs, n-C7, cyclo-hexane, and toluene.
Six multicomponent mixtures of methane and the synthetic diluent were prepared to cover a wide
range of compositions. The concentration of methane in the mixtures varies from 0-23.73 mol%. The
saturation pressures of these mixtures are measured at a temperature range of room temperature up
to 459.36 K. The density of the liquid phase and K-values of different components in the mixture are
measured at pressures below the saturation pressure of the mixture. The results indicate that methane
significantly expands the two-phase region. Additionally, the K-values for n-Cs, n-Cs, n-C+, cyclo-
hexane, and toluene increase with rising temperature. In contrast, while the K-value of methane
increases with temperature at lower temperatures, it begins to decrease beyond a certain temperature.
The results also demonstrated that altering the composition of the mixture by methane addition does
not impact the K-values noticeably when temperature and pressure are held constant. The effect of
methane addition on liquid density was also found to be insignificant. Experimental data are modeled
using the Peng-Robinson equation of state (PR E0S). The Average Absolute Relative Deviation
(AARD) of the saturation pressure between the experimental results and the PR EoS correlation
ranges from 1.93% to 2.86%, while the AARD for the liquid phase density varies from 0.34% to
0.94%. The modeling results for the K-values of different components shows an acceptable match;
the AARD of n-Cs K-value shows the best match, which is in the range of 1.49-2.48 %, and the
AARD for n-C7 K-value shows the largest deviation, ranging from 5.01% to 5.99%.
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5.3 Introduction

Steam-assisted gravity drainage (SAGD) is still the most common method of extracting bitumen.*
The high CO2 emission associated with steam generation in SAGD adversely affects the environment.
To overcome this challenge, expanding-solvent SAGD (ES-SAGD) has been introduced.  Various
hydrocarbon solvents are considered for ES-SAGD methods as solvent-aided processes have gained
interest. It is commonly believed that ES-SAGD performs better with solvents having saturation
temperatures close to steam at the given operating pressure.? Various solvents have been suggested
for steam/solvent co-injection in the ES-SAGD operation. Different phase equilibria, including
vapor-liquid (VL), liquid-liquid (LL), and vapor-liquid-liquid (VLL) equilibria, are formed in the ES-
SAGD process. The experimental and thermodynamic modeling (EoS parametrization) of the solvent
is essential in studying the mentioned equilibria. The phase behavior data and EoS parameters of pure
solvents are available in the literature; however, multicomponent solvents require new experimental
measurements and thermodynamic modeling studies. In addition, bitumen, a highly viscous liquid at
reservoir conditions, must be diluted with condensates or synthetic crude oils for transportation.® To
meet pipeline specifications for density and viscosity, solvents such as natural gas condensate,
synthetic crude, or naphtha are added, although high alkane content can precipitate asphaltenes.3*

The solubility of light hydrocarbon gases in heavy hydrocarbons is crucial for petroleum and chemical
engineering applications. Phase behavior and thermophysical properties alleviate the design and
operation of enhanced oil recovery methods, processing facilities, and pipeline transportation.
Various industrial processes, such as coal liquefaction, oil refining, gas processing, and enhanced oil
recovery, deal with multicomponent n-alkane systems. Therefore, the phase equilibrium data are
important in the upstream and downstream oil and gas industries.> Understanding the phase behavior
of petroleum fluids also aids in developing PVT correlations for multicomponent systems.

The VLE of binary and ternary alkane mixtures have been examined in many studies. Table 5.1

summarizes some of these studies.

Table 5.1: Summary of the studies done on binary and ternary mixtures.

Measured
System P range T range ] Reference
properties

Vapour and

Methane/decane <100 atm -36-150 °C liquid Beaudion and Kohn®
compositions,

fugacity-mole
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fraction ratios,
liquid molar

volumes

K-values for

Methane/propane/n-decane  and ) Koonce and
20-1000 psia | -40-70 °F methane and )
methane/propane/n-heptane Kobayashi’
propane
Phase and
Methane/n-butane/n-decane 1.91-24MPa | 270-490 K interfacial Urlic et al.®
tension behavior
Compressibility
Methane/n-butane/decane and | Up to 10000 factor, molal
) 40-460 °F Reamer et al.%1?
methane/propane/decane psia volume, bubble
point pressure
Phase
) compositions,
Ambient o ] ]
Methane/n-decane/n-tetradecane | 1-10 MPa saturated liquid | Kariznovi et al.*®
temperature )
density and
viscosity
Phase
) compositions,
Ambient o ] ]
Methane/n-decane/n-hexadecane | 1-8 MPa saturated liquid | Kariznovi et al.**
temperature )
density and
viscosity
Phase envelope,
348.15-383.15 )
Methane/n-hexane/n-tetradecane | 2-25 MPa K density of both | Cebolaetal.'®
phases
Ethane/propane/eicosane 5-5.6 MPa 309-322 K Gregorowicz et al.*®
Phase
composition,
Methane/decane/octadecane 1-8 MPa 295 K density and | Nourozieh et al.'’

viscosity of the

saturated liquid
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Density, excess
volume,
Up to 140 | 278.15-463.15 ) )
Methane/n-decane saturation Regueira et al.’®
MPa K o
pressure, liquid
fraction
Phase envelope,
liquid  volume
Methane/n-butane/n-decane and | 5.2-30.78 fraction, the )
283-473 K ) Regueira et al.*®
methane/n-butane/n-dodecane MPa saturation
pressures  and
liquid fraction
298.15-348.15 )
n-pentane/n-hexane/n-heptane 0.1-40 MPa K Density Pecar and Dolecek?
Density, bubble
n-butane/n-heptane/n-hexadecane | 0.7-24 MPa | 405-469 K - Fenghour et al.*
poin
8.3-49.3 )
Methane/n-butane/n-hexadecane MP 295-350 K Density Fenghour et al.??
a
Phase
Propane/n-butane/isobutane 1-200 MPa | 280-440 K composition, Miyamoto et al.?
density
Propane/n-butane and |Up to 9.6 ] )
10-60 °C Density Parrish?*
ethane/propane/n-butane MPa
Ambient ] ] ]
n-decane/n-tetradecane 1-10 MPa Density Kariznovi et al.?®
temperature
Composition,
Ambient density and ] ]
Methane/n-decane/n-tetradecane | 1-8 MPa o Kariznovi et al.®
temperature viscosity of the
saturated liquid

Using well-defined synthetic mixtures as model reservoir fluids allows for studying the contributions
of different compounds to reservoir properties, facilitating well-characterized mixtures and accurate

EoS models. Although synthetic systems cannot replace PVT studies of real fluids, they offer insights
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and help test thermodynamic models under high-pressure high-temperature (HPHT) conditions.
Synthetic systems also have the advantage of precisely defined compositions, unlike the associated

uncertainties in reservoir fluid characterization.

Predicting phase equilibrium in highly asymmetric mixtures is challenging due to the diverse
molecular sizes and properties of hydrocarbons and non-hydrocarbon compounds such as nitrogen
and carbon dioxide. Accurate phase equilibrium and thermodynamic property data of hydrocarbon
systems are vital for oil industry applications, petrochemical processes, and in situ bitumen and heavy
oil recovery techniques. VLE properties of hydrocarbon mixtures are essential for oil production,
developing PVT models for numerical simulators, and evaluating enhanced oil recovery processes.
However, experimental data for diluents used in solvent-aided thermal recovery of bitumen are
limited, particularly for multicomponent synthetic systems. Therefore, experimental studies on phase
equilibrium and density of the multicomponent synthetic systems are essential. Table 5.2 summarizes
some studies conducted on multicomponent mixtures. The EoS parametrization for this system is also

essential to allow the development of PVT models for reservoir simulation of recovery processes.

Multicomponent solvents are increasingly recognized as a promising option for solvent-aided thermal
recovery processes. Methane, which can either be originally dissolved in bitumen in oil sands as
solution gas or generated as a product of aquathermolysis reactions during steam injection, plays a
significant role in these processes.?®?’” The release or production of methane, depending on its
concentration, can substantially influence the phase behavior of the injected solvent and the
condensation behavior of steam-solvent mixtures.?® A comprehensive phase behavior study of solvent
is the pre-requisite of solvent/bitumen phase equilibria measurements. To date, the phase behavior of
methane in conjunction with multicomponent solvents used in solvent-aided thermal recovery
processes has not been extensively studied. In this work, we present a novel dataset that explores the
vapor-liquid equilibrium (VLE) of a mixture comprising methane and a synthetic diluent. This diluent
includes n-Cs, n-Ce, n-C7, cyclo-hexane, and toluene. The dataset encompasses fundamental
properties such as saturation pressure, density, and equilibrium constants (K-values). We model the
phase behavior of this mixture using the Peng-Robinson equation of state (PR EoS). Additionally, we
provide detailed adjusted binary interaction parameters for the various components in the mixture.
This research offers valuable insights into the phase behavior of methane and multicomponent
solvents, contributing to a more comprehensive understanding of solvent-aided thermal recovery

processes.

Table 5.2: Summary of the studies done on multicomponent mixtures.
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Measured

System P range T range ] Reference
properties
Phase
envelope,
liquid volume )
Methane/n-butane/n-octane/n-dodecane/n- 7.6-44.72 ] Regueira et
) 298-473 K fraction,
hexadecane/n-eicosane MPa . al.’®
saturation
pressures and
liquid fraction
26.9-49.7 Density, Fenghour et
Methane/n-butane/n-heptane/n-hexadecane 317-460 K )
MPa bubble point | al.?
Methane/n-decane/heavy fractions (ranging from | Up to 45 Phase ]
) 293-423 K Daridon et al.?
n-octadecane to n-triacontane) MPa boundary
Phase
Methane/propane/n-pentane/n-decane/n- 10.45-41.47 | 278.15- | Gonzalpour et
volume,
hexadecane MPa 383.15K ] al.*®
density
Methane/ethane/propane/n-butane/i-butane/n- )
0.3-10 MPa | 235-280 K dew point Magrch et al.®
pentane
Fluid-fluid
Up to 100 and fluid-
Methane/n-C16/n-C17/n-C1s 293-373 K ) Pauly et al.®
MPa solid  phase
transition
Fluid-fluid
Methane and heavy fractions from n-tridecane to | Up to 90 | 243.15- and fluid-
) Pauly et al.*
n-docosane MPa 393.15K solid  phase
transition
Up to 21.6 bubble-point, o
Methane/butane/heptane/decane/tetradecane 240-410 K . Shariati et al.®*
MPa dew point
_ 6.05-10.47 _ o
Methane and heavy fractions (Ce) P 311-470 K bubble-point | Shariati et al.*
a
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5.4 Materials and Experimental Procedure

5.4.1 Materials

The chemicals used in this study were helium, methane, n-pentane, n-hexane, n-heptane,

cyclohexane, and toluene. Table 5.3 summarizes the information related to the supplier and the purity

of these chemicals.

Table 5.3: [IUPAC systematic names, supplier, and purity of the chemicals.

IUPAC systematic name

Helium
Methane
n-pentane
n-hexane
n-heptane
Cyclohexane

Toluene

Supplier

Linde Canada

Linde Canada

ThermoFisher Scientific

VWR

ThermoFisher Scientific

VWR

ThermoFisher Scientific

& Purity data was provided by the supplier.

b The provided chemicals were used directly in the experiments without further purification.

Purity &b

99.999 mol%
99.99 mol%

> 99 mol%

> 97 mol%
Approx. 99 mol%
> 99 mol%

99.8 mol%

In this study, n-pentane, n-hexane, n-heptane, cyclohexane, and toluene were mixed to prepare a

synthesized diluent, for which the composition is shown in Table 5.4. Five different mixtures were

prepared by adding methane to the diluent. These mixtures were prepared in a rocking cylinder

equipped with a piston, which was pressurized to ensure one single homogeneous phase (after

methane was completely dissolved in the diluent). Table 5.5 summarizes the composition of different

mixtures.

Table 5.4: Composition of the synthesized diluent.

Component | Mole fraction | Mass fraction | Volume fraction
n-Cs 0.5813 0.5301 0.5630
n-Ce 0.1960 0.2135 0.2152
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n-C; 0.0637 0.0807 0.0785

Cyclo-Cs 0.0931 0.0990 0.0845
Toluene 0.0659 0.0767 0.0588
Total 1.0000 1.0000 1.0000

Table 5.5: Feed composition for each mixture.

Mixture# | C, n-Cs n-Cg n-C; | cyclo-Cs | Toluene | Total

1 0.0528 | 0.5506 | 0.1857 | 0.0603 | 0.0882 | 0.0624 | 1.0000
2 0.1004 | 0.5229 | 0.1763 | 0.0573 | 0.0838 | 0.0593 | 1.0000
3 0.1538 | 0.4919 | 0.1659 | 0.0539 | 0.0788 | 0.0557 | 1.0000
4 0.2066 | 0.4612 | 0.1555 | 0.0505 | 0.0739 | 0.0523 | 1.0000
5 0.2373 | 0.4433 | 0.1495 | 0.0486 | 0.0710 | 0.0503 | 1.0000

5.4.2 Experimental Setup and Procedure

Figure 5.1 illustrates the schematic diagram of the experimental setup. When the mixture is prepared,
the containing cylinder (feeding cell) is pressurized during all experiments, so the mixture remains in
a single homogeneous phase. For each experiment, a 100 cc mixture is transferred into the equilibrium
cell at high pressure, which is located inside a Blue M oven. The oven temperature is set to the desired
value, and the equilibrium cell is connected to a Vindum pump, which controls the cell pressure. As
the temperature increases, the pressure inside the cell tends to increase; therefore, water is received
from the pump to keep the pressure constant (above the estimated saturation pressure of the mixture
at the desired temperature). At constant temperature, the volume of the mixture inside the equilibrium
cell is gradually expanded to allow measurements of the saturation pressure (bubble point) of the
mixture. During this step, the equilibrium cell, which has a rolling metal ball inside, rocks to facilitate
the process. The pressure of the pump is then set to the desired pressure below the saturation pressure,
and the rocking continues to reach an equilibrium (VLE formation at the desired pressure and
temperature). The equilibrium cell is subsequently kept upright for a few hours to separate the phases.
All lines are then filled with helium at the same pressure as that of the equilibrium cell. The mixture
is then passed through an inline densitometer at constant pressure to measure the density and detect

the phases.
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Figure 5.1: Experimental setup for VLE study of multicomponent system, (1) feeding cell, (2) equilibrium cell, (3)
densitometer, (4) liquid sample collection cell, (5) density data acquisition unit, (6) Vindum pump, (7) pump controlling
unit, and (8) Blue-M oven.

The densitometer (Anton Paar DMA HPM) used in our measurements operates within pressure and
temperature ranges of 0-700 bar (0-10000 psi) and -10 to +200 °C (263.15 t0 473.15 K), respectively.
It can measure the density in the range of 0-3 g/cm? with an error of 0.0001-0.001 g/cm?®. The density
of the fluid is continuously recorded, and it is used as an indication of the phase change. To determine
the composition, the gas phase is sent directly to the GC, and a sample of the liquid phase is injected
into a vaporization chamber at high temperature to ensure complete evaporation of the components.
A sample of this formed gas is then sent to the GC to find the composition of the liquid phase (the
procedure is explained in more detail in our previous work).*® After each experiment, the entire
system is purged with dry helium and vacuumed to remove residues from the previous experiment

and prepare the system for the next one.

5.5 Thermodynamic Modeling

The commercial PVT modeling software (computer modeling group, CMG WinProp (version
2018))%" was used to model the measured properties (saturation pressure, density, and K-value). The
most fundamental equation of phase equilibria is the equality of the chemical potential of components

in all phases:
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,UiL = luiv ®1)

Where pi* represents the chemical potential of component i in phase «. The fugacity of a component
represents the pressure of an ideal gas that has the same molar Gibbs free energy. Using the relation
between fugacity (f) and chemical potential, equation 5.1, and definition of fugacity coefficient (¢),

the following equations are obtained for the vapor-liquid equilibrium of a mixture:

=1’ +RTIn % (5.2)
=1 (5.3)
fi =%Pg (5.4)
X Po’ =X Py (5.5)

Here, PR-E0S® is used to describe the fugacity coefficient of components in the mixtures as the
following equation:

RT a (5.7)
P=———
v-b v(v+b)+b(v—b)
212 (5.8)
, _ 045724R°T; ()
P,
b 0.07780RT, (5.9)
P

C

In the above equations, P, T, T¢, P, v, and R are absolute pressure, temperature, critical temperature,
critical pressure, molar volume, and the universal gas constant, respectively. For pure components,
parameters a and b represent the intermolecular attractive and repulsive forces as equations 5.8 and

5.9, respectively. The following equations define a(T) 33°

o (T) =[1+(0.37464 +1.5422600-0.260920* ) (1-T7* ) |  weous (5.102)
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a(T):[1+(0.3796+1.4856a)—0.1644(02+O.01667a)3)(1—Tr°-5)T w0 (5.10b)
or .

In the above equations, w and Tr= T/T. are acentric factor and the reduced temperature. The random

mixing rules are used to calculate the parameters a and b for mixtures

No N (5.11)

a:Zinxj (1-5;) [aa;

i=1 j=1
(5.12)

NC
b=> xb
i=1

Where N, xi, and dj; are the number of the components in the mixture, mole fraction of component
I, and the binary interaction parameter (BIP) between components i and j, respectively.

The liquid molar volume is modified by introducing a volume shift correction parameter, c, to the
equation of state as**#!

N, (5.13)

C :VSPib| (5.14)

Where Veos, Veorrt, Ci, and VSP; are EoS-correlated volume of liquid phase, the corrected volume of
the liquid phase, the volume shift correction parameter of the component i, and the volume shift

parameter of the component i, respectively.

The following equation is used to calculate the absolute average relative deviation (AARD) between

experimental data and modeling results.

N 5.15
AARD:iZ G.13)

i=1

exp
Wi

where W is the thermodynamic property, and N represents the total number of the corresponding

measured property.

5.6 Results and Discussion

5.6.1 Saturation Pressure (Bubble Point)
For each mixture, the saturation pressure was measured for a temperature range of 293.27-459.36 K.

Table 5.6 summarizes the results of the saturation pressure measurements.
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Table 5.6: Saturation pressure of different mixtures at different temperatures.

Mixture Temperature (K) Saturation pressure (MPa)
343.63 0.25
373.61 0.46
397.61 0.78

Pure diluent
421.43 1.20
445.24 1.78
459.36 2.27
293.27 1.01
343.63 1.49
373.61 1.84

528 mol% Cy/94.72 mol%

) 397.61 2.15

diluent
421.43 249
445.24 2.93
459.36 3.21
293.55 2.17
343.63 2.76
373.61 3.09

10.04 mol% Ci1/89.96 mol%

) 397.61 3.36

diluent
421.43 3.75
445.24 4.17
459.36 4.38
293.67 3.31
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343.63 4.14
373.61 450
15.38 mol% C./84.62 molo | 397-61 4.91
diluent 421.43 5.17
44524 5.41
459.36 555
293.8 424
343.63 555
373.61 6.01
2066 mol% Ci/79.34 mol%
_ 397.61 6.33
diluent
421.43 6.59
44524 6.70
459.36 6.65
293.67 5.09
343.63 6.41
373.61 6.93
23.73 mol% Ci/76.27 mol%
_ 397.61 7.25
diluent
421.43 7.45
44524 7.50
459.36 7.35

Standard uncertainties u are u(T) = 0.228 K, u(P) = 0.003 MPa

In the studied temperature range, saturation pressure increases as the fraction of C; increases in the

mixture. For a higher fraction of C1 (20.66 and 23.73 mol%), the saturation pressure tends to decrease
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at higher temperatures. The binary interaction parameters (BIP) for n-Cs/n-C7 and n-Cs/toluene were

tuned using the experimental data of pure condensate saturation pressure. Then BIP for C1/n-Cs, C1/n-

Ce, C1/n-C7, Ci/cyclohexane and Ci/toluene were tuned using experimental data of saturation

pressure of two mixtures with lower C; fraction (5.28 and 10.04 mol%). Table 5.7 summarizes the

regressed values for BIPs. These tuned parameters were then applied to model the phase diagram of

different mixtures. Figure 5.2 shows the phase envelope for different mixtures produced from CMG

WinProp and the experimental data for bubble point measurements. The AARDs of the model

correlation for bubble point are reported in Table 5.8. As expected, the results reveal that methane

expands the two-phase region significantly.

Table 5.7: Binary interaction parameters between different components.

Component | C; n-Cs n-Ce n-C; Cyclohexane Toluene
Ci - 0.0196 0.0196 0.0352 | -0.0203 0.1110
n-Cs 0.0196 - 0 0.2000 |0 0.0017
n-Ce 0.0196 0 - 0 0 0

n-C; 0.0352 0.2000 0 - 0 0
Cyclohexane | -0.0203 0 0 0 - 0
Toluene 0.1110 0.0017 0 0 0 -
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Figure 5.2: P-T diagram for different mixtures. Experimental data: filled symbols, and model correlation: solid curves.

Table 5.8: The AARD of the model correlation of different properties for different systems.

AARD (%)
System Bubble _ K-value

. Density

point Ci |nCs |nCs |n-C; | Cyclohexane | Toluene
Pure diluent 1.93 - - - - - - -
5.28 mol%
Ci/94.72 mol% | 2.19 0.34 249 | 157 259 |599 |284 2.24
diluent
10.04 mol%
C1/89.96 mol% | 2.18 0.43 467 |161 |342 |501 |4.23 3.50
diluent
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15.38 mol%

C./84.62 mol% | 2.44 0.78 340 |149 |238 |557 |228 5.79
diluent

20.66 mol%

C4/79.34 mol% | 2.61 0.94 283 248 189 |564 |354 3.60
diluent

23.73 mol%

C./76.27 mol% | 2.86 - - - - - - -
diluent

5.6.2 Density

The density of the liquid phase for different mixtures was measured at a temperature range of 325.08-
459.36 K, for which the results are summarized in Table 5.9. Experimental density data were used to
tune the volume shift and volume shift coefficient parameters for different components to correlate
the density of the liquid phase. The tuned parameters are summarized in Table 5.10. Figure 5.3
compares the experimental measurements to the modeling results. As seen from this figure, although
the density has a low dependency on pressure, at higher temperatures, this dependency is stronger.
Increasing the temperature, on the other hand, significantly reduces the density of the liquid phase.
Another important conclusion from this figure is that changing the mole fraction of methane does not
affect the density of the liquid phase, as most of the methane goes to the gas phase. As reported in
Table 5.8, the AARD for density correlation is below 1% for all mixtures, implying that the PR EoS
parameterization accurately correlates the density of the liquid phase in the pressure and temperature

ranges of the experiments.

Table 5.9: Liquid phase density for different mixtures at various temperatures and pressures.

. Liquid phase density
Mixture Temperature (K) Pressure (MPa)
(kg/m?)
0.82 638.53
528 mol% Ci/94.72
) 325.08 1.02 636.97
mol% diluent
1.21 635.59
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0.87 586.76
1.01 585.24

373.61
141 581.13
152 580.12
1.01 535.61
1.35 521.93

421.43
2.01 513.19
2.21 510.14
2.03 456.37
459.36 2.52 432.65
3.02 42028
0.82 639.19
325.08 1,57 632.93
2.2 628.03
0.92 587.43
373.61 1.62 580.16
1004 mol% C./89.96 2.64 571.02
mol% diluent 130 529 72
421.43 2.02 514.83
3.01 501.76
2.19 452.91
459.36 3.03 423.37
3.57 411.66
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4.08 402.37

1.00 638.24

325.08 1.99 630.56

3.00 621.76

1.50 581.92

373.61 2.61 571.67

1538 mol% Cy/84.62 3.40 564.25
mol% diluent 198 517 04
421.43 2.92 504.96

3.86 493.07

3.01 428.01

459.36 3.83 409.14

4.66 392.29

1.97 631.43

325.08 2.95 623.02

3.54 618.27

2.43 574.25

2066 mol% Cy/79.34 | 37361 3.21 567.08
mol% diluent 421 558.03
2,91 507.92

421.43 3.77 497 54

5.00 482.29

459.36 3.12 429,51
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3.90

410.67

4.97

388.34

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the expanded uncertainties (U,) are:
Ur(p) = 0.195 kg/m?, (level of confidence = 0.95).

Table 5.10: Summary of regression parameters for the correlation of density.

Parameter Volume shift Volume shift coefficient (1/°C)
Ci 2.00x10" 3.43x10°3

n-Cs 7.71x10? -1.27x10°

n-Ce -1.54x10" 5.00x10°3

n-C; -1.54x101 -5.00x107

Cyclohexane -1.54x10* 5.00x107

Toluene -1.54x10% -1.68x10®
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Figure 5.3: The density of the liquid phase at different temperatures and pressures. The mole fraction of C; in different
mixtures are: a) 0.0528, b) 0.1004, c¢) 0.1538, and d) 0.2066. Experimental data: filled symbols, and model correlations:
solid curves.

5.6.3 K-Values

To calculate the K-values of different components, the compositions of both vapor and liquid phases
were measured using GC. Tables 5.11 and 5.12 represent the compositions of the vapor phase and
liquid phase, respectively. The K-values are summarized in Table 5.13. The BIPs, obtained from EoS
parametrization using experimental saturation pressure data, are used in the two-phase flash
calculation to correlate the K-values. Figures 5.4-5.9 compare the experimental data to the modeling
results for C1, n-Cs, n-Cs, N-C7, cyclo-hexane and toluene from different mixtures. In these figures,
the K-values are plotted versus pressure at different temperatures. For all mixtures, the K-values of
methane increased with temperature and then reduced at higher temperatures. For other components,
the K-value increases with temperature. Also, K-values for all components decrease as the pressure

increases. The AARDs for K-values of different components are reported in Table 5.8.
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Table 5.11: Composition of gas phase for different mixtures at various temperatures and pressures.

) Temperature | Pressure Composition
Mixture
(K) (MPa) C: n-Cs n-Cs n-Cs cyclo-hexane | Toluene
0.82 0.8353 | 0.137 | 0.0171 | 0.0025 | 0.0062 0.0019
325.08 1.02 0.8612 | 0.1164 | 0.0141 | 0.0017 | 0.0051 0.0015
1.21 0.8836 | 0.0981 | 0.0119 | 0.0011 | 0.0041 0.0012
0.87 0.4812 | 0.4053 | 0.0657 | 0.0111 | 0.0271 0.0096
1.01 0.5444 | 0.3589 | 0.0574 | 0.0094 | 0.0218 0.0081
373.61
5,98 141 0.6553 | 0.2675 | 0.0474 | 0.0073 | 0.0164 0.0061
mol% 1.52 0.6756 | 0.2539 | 0.0439 | 0.0065 | 0.0145 0.0056
C1/94.72
mol% 1.01 0.0674 | 0.5919 | 0.1715 | 0.0451 | 0.0782 0.0459
diluent 1.35 0.1707 | 0.5845 | 0.1397 | 0.0269 | 0.0531 0.0251
421.43
2.01 0.3725 | 0.4617 | 0.0925 | 0.0183 | 0.0382 0.0168
2.21 0.4124 | 0.4369 | 0.0834 | 0.0171 | 0.0345 0.0157
2.03 0.0647 | 0.5739 | 0.1788 | 0.0519 | 0.0786 0.0521
459.36 2.52 0.1391 | 0.5701 | 0.1528 | 0.0361 | 0.0672 0.0347
3.02 0.2167 | 0.5383 | 0.1295 | 0.0297 | 0.0563 0.0295
0.82 0.8297 | 0.1407 | 0.0189 | 0.0024 | 0.0064 0.0019
10.04 325.08 1.57 0.9078 | 0.0764 | 0.0098 | 0.0014 | 0.0035 0.0011
mol% 2.22 0.9284 | 0.0596 | 0.0078 | 0.0011 | 0.0023 0.0008
C1/89.96
mol% 0.92 0.5214 | 0.3676 | 0.0636 | 0.0114 | 0.0263 0.0097
diluent
373.61 1.62 0.6925 | 0.2427 | 0.0363 | 0.0066 | 0.0158 0.0061
2.64 0.7875 | 0.1663 | 0.0274 | 0.0045 | 0.0104 0.0039
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1.30 0.1821 | 0.5646 | 0.1346 | 0.0331 | 0.0564 0.0292
421.43 2.02 0.3818 | 0.4476 | 0.0941 | 0.0211 | 0.0381 0.0173
3.01 0.5304 | 0.3387 | 0.0753 | 0.0142 | 0.0283 0.0131
2.19 0.1168 | 0.5264 | 0.1742 | 0.0516 | 0.0782 0.0528
3.03 0.2321 | 0.5113 | 0.1323 | 0.0339 | 0.0572 0.0332
459.36
3.57 0.2947 | 0.4782 | 0.1192 | 0.0292 | 0.0506 0.0281
4.08 0.3403 | 0.4507 | 0.1107 | 0.0271 | 0.0453 0.0259
1.00 0.8698 | 0.1063 | 0.0148 | 0.002 0.0054 0.0017
325.08 1.99 0.9208 | 0.0651 | 0.0087 | 0.0012 | 0.0031 0.0011
3.00 0.9423 | 0.0472 | 0.0065 | 0.0009 | 0.0024 0.0007
1.50 0.6764 | 0.2485 | 0.0441 | 0.0074 | 0.0167 0.0069
15.38 373.61 2.61 0.7864 | 0.1647 | 0.0286 | 0.0051 | 0.0109 0.0043
mol% 3.40 0.8209 | 0.1398 | 0.0231 | 0.0039 | 0.0088 0.0035
C.1/84.62
mol% 1.98 0.3853 | 0.4372 | 0.0975 | 0.0215 | 0.0387 0.0198
diluent
421.43 2.92 0.5248 | 0.3402 | 0.0753 | 0.0151 | 0.0298 0.0148
3.86 0.6014 | 0.2884 | 0.0604 | 0.0134 | 0.0241 0.0123
3.01 0.2416 | 0.4939 | 0.1325 | 0.0363 | 0.0604 0.0353
459.36 3.83 0.3251 | 0.4504 | 0.1154 | 0.0298 | 0.0502 0.0291
4.66 0.3861 | 0.4107 | 0.1051 | 0.0267 | 0.0453 0.0261
20.66 1.97 0.9184 | 0.0668 | 0.0089 | 0.0013 | 0.0037 0.0009
mol% 325.08 2.95 0.9343 | 0.0547 | 0.0069 | 0.001 0.0024 0.0007
C1/79.34
mol% 3.54 0.9458 | 0.0449 | 0.0059 | 0.0008 | 0.002 0.0006
diluent
373.61 2.43 0.7708 | 0.1775 | 0.0298 | 0.0054 | 0.0117 0.0048
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3.21 0.8098 | 0.1484 | 0.0245 | 0.0045 | 0.0093 0.0035
4.21 0.8382 | 0.1259 | 0.0212 | 0.0034 | 0.0082 0.0031
291 0.5352 | 0.3308 | 0.0738 | 0.0156 | 0.0302 0.0144
421.43 3.77 0.5943 | 0.2933 | 0.0616 | 0.0134 | 0.0253 0.0121
5.00 0.6559 | 0.2455 | 0.0536 | 0.0114 | 0.0224 0.0112
3.12 0.2753 | 0.4579 | 0.1331 | 0.0376 | 0.0596 0.0365
459.36 3.90 0.3455 | 0.4262 | 0.1167 | 0.0308 | 0.0509 0.0299
4.97 0.4116 | 0.3855 | 0.1031 | 0.0268 | 0.0468 0.0262

u) = s(%) = (

Relative Uncertainty:

ur(x) = u(x;)/X,

1

n(n-1)

o oN1/2
Yo (Xip — Xz)z)

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative uncertainties (ur) are:
(ur(yca), ur(yn-cs), ur(yn-cs), ur(yn-c7), Ur(Yeyciohexane), Ur(Ywoene)) = (0.011, 0.014, 0.018, 0.028, 0.037, 0.049)
(level of confidence = 0.95).

The uncertainty we reported is the relative uncertainty. The standard uncertainty of x; is calculated as:*?

Table 5.12: Composition of liquid phase for different mixtures at various temperatures and pressures.

. Temperature | Pressure Composition

Mixture

(K) (MPa) C: n-Cs n-Cs n-Cs cyclo-hexane Toluene
5.8 0.82 0.0336 | 0.5596 | 0.1893 | 0.0621 | 0.0912 0.0642
mol% 325.08 1.02 0.0406 | 0.5553 | 0.1881 | 0.0616 | 0.0906 0.0638
C1/94.72
mol% 1.21 0.0484 | 0.5513 | 0.1864 | 0.0611 | 0.0899 0.0629
diluent

373.61 0.87 0.0179 | 0.5623 | 0.1946 | 0.0644 | 0.0939 0.0669
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1.01 0.0239 | 0.5616 | 0.1924 | 0.0634 | 0.0928 0.0659
1.41 0.0395 | 0.5556 | 0.1881 | 0.0625 | 0.0904 0.0639
1.52 0.0427 | 0.5556 | 0.1871 | 0.0612 | 0.0899 0.0635
1.01 0.0034 | 0.4322 | 0.2237 | 0.1054 | 0.1204 0.1149
1.35 0.0119 | 0.5278 | 0.2093 | 0.0721 | 0.1001 0.0788
421.43
2.01 0.0363 | 0.5561 | 0.1896 | 0.0617 | 0.0914 0.0649
2.21 0.0437 | 0.5545 | 0.1874 | 0.0604 | 0.0902 0.0638
2.03 0.0084 | 0.4755 | 0.2149 | 0.0885 | 0.1105 0.1022
459.36 2.52 0.0231 | 0.5376 | 0.1979 | 0.0686 | 0.1007 0.0721
3.02 0.0444 | 0.5508 | 0.1878 | 0.0619 | 0.0907 0.0644
0.82 0.0328 | 0.5599 | 0.1889 | 0.0624 | 0.0916 0.0644
325.08 1.57 0.0666 | 0.5417 | 0.1819 | 0.0598 | 0.0879 0.0621
2.22 0.0931 | 0.5262 | 0.1775 | 0.0579 | 0.0852 0.0601
0.92 0.0201 | 0.556 | 0.1924 | 0.0661 | 0.0961 0.0693
373.61 1.62 0.0471 | 0.5483 | 0.1879 | 0.0619 | 0.0905 0.0643
10.04
2.64 0.0801 | 0.5364 | 0.1787 | 0.0584 | 0.0858 0.0606
mol%
C1/89.96 1.30 0.0128 | 0.4817 | 0.2179 | 0.0848 | 0.1115 0.0913
mol%
diluent 421.43 2.02 0.0385 | 0.5324 | 0.1939 | 0.0696 | 0.0967 0.0689
3.01 0.0794 | 0.5296 | 0.1814 | 0.0598 | 0.0876 0.0622
2.19 0.0169 | 0.4597 | 0.2111 | 0.0928 | 0.1154 0.1041
3.03 0.0439 | 0.5265 | 0.1938 | 0.0673 | 0.0967 0.0718
459.36
3.57 0.0688 | 0.5267 | 0.1886 | 0.0618 | 0.0896 0.0645
4.08 0.0908 | 0.5286 | 0.1779 | 0.0584 | 0.0836 0.0607
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1.00 0.0399 | 0.5532 | 0.1886 | 0.0623 | 0.0913 0.0647

325.08 1.99 0.0801 | 0.5342 | 0.1792 | 0.0589 | 0.0865 0.0611

3.00 0.1231 | 0.5092 | 0.1714 | 0.0559 | 0.0823 0.0581

1.50 0.0392 | 0.5473 | 0.1908 | 0.0639 | 0.0927 0.0661

15.38 373.61 2.61 0.0797 | 0.5324 | 0.1802 | 0.0593 | 0.0868 0.0616

mol% 3.40 0.1089 | 0.5179 | 0.1737 | 0.0569 | 0.0834 0.0592
C1/84.62

mol% 1.98 0.0384 | 0.5186 | 0.1996 | 0.0707 | 0.0991 0.0736
diluent

421.43 2.92 0.0747 | 0.5169 | 0.1853 | 0.0624 | 0.0902 0.0705

3.86 0.1124 | 0.5093 | 0.1757 | 0.0581 | 0.0848 0.0597

3.01 0.0461 | 0.4987 | 0.1995 | 0.0745 | 0.1014 0.0798

459.36 3.83 0.0814 | 0.5114 | 0.1853 | 0.0634 | 0.0912 0.0673

4.66 0.1208 | 0.5028 | 0.1739 | 0.0578 | 0.0843 0.0604

1.97 0.0829 | 0.5294 | 0.1805 | 0.0591 | 0.0867 0.0614

325.08 2.95 0.1218 | 0.5089 | 0.1719 | 0.0563 | 0.0826 0.0585

3.54 0.1458 | 0.4954 | 0.1672 | 0.0546 | 0.0803 0.0567

2.43 0.0769 | 0.5274 | 0.1831 | 0.0608 | 0.0885 0.0633

20.66 373.61 3.21 0.1084 | 0.5117 | 0.1764 | 0.0583 | 0.0848 0.0604

mol% 421 0.1386 | 0.4972 | 0.1699 | 0.0553 | 0.0811 0.0579
C./79.34

-y 2.91 0.0759 | 0.5082 | 0.1867 | 0.0663 | 0.0948 0.0681
0

diluent | 421 43 3.77 0.1099 | 0.5014 | 0.1786 | 0.0604 | 0.0866 0.0631

5.00 0.1421 | 0.4924 | 0.1687 | 0.0563 | 0.0819 0.0586

3.12 0.0531 | 0.4738 | 0.2021 | 0.0799 | 0.1046 0.0865

459.36 3.90 0.0834 | 0.4921 | 0.1895 | 0.0689 | 0.0938 0.0723

4.97 0.1298 | 0.4856 | 0.1755 | 0.0601 | 0.0859 0.0631
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n(n-1)

Relative Uncertainty:

ur () = u(x)/X,

_ _ /
u(x) = s(8) = (= Ty (X ~ £)°)

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative uncertainties (ur) are:
(Ur(ycl), ur(yn-CS), Ur(yn-ce), Ul’(yn-c7), ur(ycyclohexane), ur(ytoluene)) = (0011, 0014, 0018, 0028, 0037, 0049)
(level of confidence = 0.95).

The uncertainty we reported is the relative uncertainty. The standard uncertainty of x; is calculated as:*?

Table 5.13: K-values of different components in different mixtures at various temperatures and pressures.

] Temperature Pressure K-value
Mixture
(K) (MPa) Ci n-Cs n-Ce n-C; Cyclohexane | Toluene
0.82 24.8601 | 0.2448 | 0.0903 | 0.0403 | 0.0680 0.0296
325.08 1.02 21.2118 | 0.2096 | 0.0750 | 0.0276 | 0.0563 0.0235
1.21 18.2562 | 0.1779 | 0.0638 | 0.0180 | 0.0456 0.0191
0.87 26.8827 | 0.7208 | 0.3376 | 0.1724 | 0.2886 0.1435
1.01 22.7782 | 0.6391 | 0.2983 | 0.1483 | 0.2349 0.1229
5.28 mol% | 373.61
CL/94.72 1.41 16.5899 | 0.4815 | 0.2520 | 0.1168 | 0.1814 0.0955
mol%
1.52 15.8220 | 0.4570 | 0.2346 | 0.1062 | 0.1613 0.0882
diluent
1.01 19.8235 | 1.3695 | 0.7667 | 0.4279 | 0.6495 0.3995
1.35 14.3445 | 1.1074 | 0.6675 | 0.3731 | 0.5305 0.3185
421.43
2.01 10.2617 | 0.8302 | 0.4879 | 0.2966 | 0.4179 0.2589
2.21 9.4371 | 0.7879 | 0.4450 | 0.2831 | 0.3825 0.2461
459.36 2.03 7.7024 | 1.2069 | 0.8320 | 0.5864 | 0.7113 0.5098
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252 6.0216 | 1.0605 | 0.7721 | 0.5262 | 0.6673 0.4813
3.02 48806 | 0.9773 | 0.6896 | 0.4798 | 0.6207 0.4581
0.82 25.2957 | 0.2513 | 0.1001 | 0.0385 | 0.0699 0.0295
325.08 1.57 13.6306 | 0.1410 | 0.0539 | 0.0234 | 0.0398 0.0177
2.22 9.9721 | 0.1133 | 0.0439 | 0.0190 | 0.0270 0.0133
0.92 25.9403 | 0.6612 | 0.3306 | 0.1725 | 0.2737 0.1400
373.61 1.62 147028 | 0.4426 | 0.1932 | 0.1066 | 0.1746 0.0949
10.04
264 9.8315 | 0.3100 | 0.1533 | 0.0771 | 0.1212 0.0644
mol%
C./89.96 1.30 14.2266 | 1.1721 | 0.6177 | 0.3903 | 0.5058 0.3198
mol%
itent 421.43 2.02 9.9169 | 0.8407 | 0.4853 | 0.3032 | 0.3940 0.2511
3.01 6.6801 | 0.6395 | 0.4151 | 0.2375 | 0.3231 0.2106
2.19 6.9112 | 1.1451 | 0.8252 | 0.5560 | 0.6776 05072
3.03 52870 | 0.9711 | 0.6827 | 0.5037 | 0.5915 0.4624
459.36
357 42834 | 0.9079 | 0.6320 | 0.4725 | 0.5647 0.4357
4.08 3.7478 | 0.8526 | 0.6223 | 0.4640 | 0.5419 0.4267
1.00 21.7995 | 0.1922 | 0.0785 | 0.0321 | 0.0591 0.0263
325.08 1.99 11.4956 | 0.1219 | 0.0485 | 0.0204 | 0.0358 0.0180
1538 3.00 7.6548 | 0.0927 | 0.0379 | 0.0161 | 0.0292 0.0120
mol% 1.50 17.2551 | 0.4540 | 0.2311 | 0.1158 | 0.1802 0.1044
C./84.62
0% 373.61 261 9.8670 | 0.3094 | 0.1587 | 0.0860 | 0.1256 0.0698
diluent 3.40 75381 | 0.2699 | 0.1330 | 0.0685 | 0.1055 0.0591
1.98 10.0339 | 0.8430 | 0.4885 | 0.3041 | 0.3905 0.2690
421.43
2.92 7.0254 | 0.6582 | 0.4064 | 0.2420 | 0.3304 0.2099
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3.86 5.3505 | 0.5663 | 0.3438 | 0.2306 | 0.2842 0.2060

3.01 5.2408 | 0.9904 | 0.6642 | 0.4872 | 0.5957 0.4424

459.36 3.83 3.9939 | 0.8807 | 0.6228 | 0.4700 | 0.5504 0.4324

4.66 3.1962 | 0.8168 | 0.6044 | 0.4619 | 0.5374 0.4321

1.97 11.0784 | 0.1262 | 0.0493 | 0.0220 | 0.0427 0.0147

325.08 2.95 7.6708 | 0.1075 | 0.0401 | 0.0178 | 0.0291 0.0120

3.54 6.4870 | 0.0906 | 0.0353 | 0.0147 | 0.0249 0.0106

2.43 10.0234 | 0.3366 | 0.1628 | 0.0888 | 0.1322 0.0758

20.66 373.61 3.21 7.4705 | 0.2900 | 0.1389 | 0.0772 | 0.1097 0.0579

mol% 4.21 6.0476 | 0.2532 | 0.1248 | 0.0615 | 0.1011 0.0535
C1/79.34

mol% 291 7.0514 | 0.6509 | 0.3953 | 0.2353 | 0.3186 0.2115

diluent 421.43 3.77 5.4076 | 0.5850 | 0.3449 | 0.2219 | 0.2921 0.1918

5.00 4.6158 | 0.4986 | 0.3177 | 0.2025 | 0.2735 0.1911

3.12 5.1846 | 0.9664 | 0.6586 | 0.4706 | 0.5698 0.4220

459.36 3.90 41427 | 0.8661 | 0.6158 | 0.4470 | 0.5426 0.4136

4.97 3.1710 | 0.7939 | 0.5875 | 0.4459 | 0.5448 0.4152
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Figure 5.4: K-values of C; at various temperatures and pressures. The concentration of C, in different mixtures is: a) 5.28

mol%, b) 10.04 mol%, c) 15.38 mol%, and d) 20.66 mol%. Experimental data: filled symbols, and modeling results: solid
curves.
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Figure 5.9: K-values of toluene at various temperatures and pressures. The concentration of C; in different mixtures is:
a) 5.28 mol%, b) 10.04 mol%, c) 15.38 mol%, and d) 20.66 mol%. Experimental data: filled symbols, and modeling
results: solid curves.

5.7 Summary and Conclusions

In this study, the vapor-liquid equilibrium (VLE) of a synthetic multicomponent diluent (comprised
of n-Cs, n-Cs, n-Cy7, cyclo-hexane, and toluene) and methane was studied. Methane was added to the
diluent in different concentrations (5.28, 10.04, 15.38, 20.66, and 23.73 mol%) to investigate the
effect of composition on VLE properties. The saturation pressure of the pure diluent was measured
at a temperature range of 343.63-459.36 K, and that of the other mixtures was measured at a
temperature range of 293.27-459.36 K. In addition to the saturation pressure, the density of the liquid
phase and compositional analysis of phases in equilibrium was performed to calculate the K-values.
The results showed that increasing methane concentration elevates the saturation pressure at all
temperatures. On the other hand, the mixture behaves as a typical gas condensate fluid for high
concentrations of methane, and its saturation pressure tends to decrease at elevated pressures. The
results reveal that methane expands the two-phase region significantly. Another finding was that

changing methane concentration has an insignificant effect on the density of the liquid phase, as most
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of the methane goes to the vapor phase. Although the K-value of methane increases with temperature

at lower temperatures, it begins to decrease beyond a certain temperature. The K-values of other

components, on the other hand, increases with temperature. The results also showed that changing

the composition of the mixture does not affect the K-values at constant temperature and pressure. The

experimental results were modeled using PR-E0S, and the AARD of the saturation pressure, the
density of the liquid phase, and the K-values were in the ranges of 1.93-2.86 %, 0.34-0.94%, and

1.49-5.99%, respectively. The results of this study improve our understanding of the phase behavior

of multicomponent solvent and methane mixtures used in solvent-aided recovery processes.
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6. Chapter Six: Conclusions and Recommendations

6.1 Conclusions

Vapor-liquid equilibrium measurements of different multicomponent solvent/bitumen systems were
studied in this thesis. For each mixture, the composition of both liquid and vapor phases, along with
the density and viscosity of the saturated liquid phase were measured. The measured data were
correlated using well-established empirical relations or E0S models. The findings of this study can
be used in the development and calibration of PVT models used for numerical simulation of solvent-

aided thermal recovery processes.

6.1.1 VLE Study of C1/ CO2/Diluent/Bitumen Systems

In this study, the thermophysical properties of C1/CO2/multicomponent diluent/bitumen were
measured over a wide range of temperatures (353.80-503.60 K) and pressures (16- 51 bar) and the
experimental data were modeled using the CPA EoS. The measured properties include solubility (of
C1, CO2, and the multicomponent solvent), liquid viscosity, liquid density, and the K-value of all

components.

It was found that dissolving solvents in bitumen significantly reduced its viscosity and density. Higher
solvent solubility was achieved by increasing the pressure or decreasing the temperature, which
further reduced viscosity and density. Notably, the K-values of individual components in the mixture
were almost independent of the overall composition of the feed. At lower temperatures, CO: in the
solvent mix reduced viscosity more effectively, but this effect was less pronounced at higher
temperatures. The CPA EoS thermodynamic model could correlate the saturated liquid density,
methane solubility, and CO- solubility with total AARD values of 0.28%, 11.41%, and 12.22%,

respectively.

6.1.2 VLE Study on Synthetic Diluent/Live Bitumen System

This study presented new thermophysical properties data suitable for simulating solvent-aided
thermal recovery of bitumen, including density, viscosity, K-values, and solubility in the temperature
and pressure range of 343.15-503.15 K and 1-6 MPa, respectively. A systematic approach was
introduced to use the measured data and develop correlations for correlating the thermophysical
properties of multicomponent solvent/live bitumen systems. The results showed that a lumped solvent
formulation can adequately correlate the density and viscosity of solvent/bitumen mixtures in the oil

phase.
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6.1.3 VLE Study of Multicomponent Solvent/Live Bitumen for High Concentrations of
Solvent
In this study, the effect of solvent concentration on the saturation pressure of the system of
multicomponent solvent/live bitumen was investigated. The thermophysical properties of various
systems, including raw bitumen, methane-bitumen, methane-bitumen-multicomponent condensate,
and methane-bitumen-lumped condensate, over a temperature range of 313.41-459.10 K and a
pressure range of 1-4 MPa were measured, and a systematic parametrization approach was used to
successfully model the experimental data (density, viscosity, and K-value) using CMG-Winprop. The
properties measured included the density and viscosity of the liquid phase, solubility and K-values of

different components, and the saturation pressure of various mixtures.

It was found that increasing the condensate content in the system lowers the saturation pressure, as
methane is highly soluble in light hydrocarbons. Additionally, adding condensate significantly
decreases the density and viscosity of the liquid phase. Higher solvent dissolution is achieved at
higher pressures and lower temperatures. The results also indicated that K-values are nearly

independent of the overall composition of the system and depend only on pressure and temperature.

The PR EoS correlations showed that treating a multicomponent condensate as a single

pseudocomponent allows for accurate correlation of the liquid phase's density and viscosity.

6.1.4 VLE Study of Multicomponent System of Synthetic Diluent/Methane

In this study, the vapor-liquid equilibrium (VLE) of a synthetic multicomponent diluent (consisting
of n-Cs, n-Cs, n-Cz, cyclohexane, and toluene) and methane was examined across a temperature range
of 293.27-459.36 K, and the experimental results were modeled using PR-Eo0S. Methane
concentrations varied from 5.28- 23.73 mol% to observe how composition affects VLE properties.
Additionally, the density of the liquid phase and compositional analysis of phases in equilibrium were

conducted to calculate the K-values.

The results showed that increasing methane concentration raises the saturation pressure at all
temperatures and expands the two-phase region. Another finding was that changing methane
concentration has little effect on the liquid phase density since most methane goes into the vapor
phase. The K-value of methane increases with temperature at lower temperatures but starts to decrease
beyond a certain point. The K-values of other components, however, increase with temperature. The
results also indicated that changing the mixture composition does not affect K-values at constant

temperature and pressure.
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6.2 Recommendations

In this thesis, experimental and modeling studies of vapor-liquid equilibrium (VLE) of

solvents/methane/bitumen mixtures were conducted. The multicomponent solvents were natural gas

condensate or synthetic diluent comprised of hydrocarbons. The following recommendations can be

made to further advance our understanding of the phase behavior relevant to solvent-aided thermal

recovery of bitumen from oil sands.

Higher concentrations of solvent may lead to the formation of vapor-liquid-liquid equilibrium
(VL1L2E), which includes vapor, light oleic, and heavy oleic phases. To thoroughly evaluate
the phase behavior of VLiLoE in multicomponent solvent/live bitumen systems, it is
recommended that experiments be conducted with elevated solvent concentrations. These
experiments should aim to study the phase equilibria and accurately characterize the distinct
light and heavy oleic phases that form under these conditions. Such detailed investigations
will provide critical insights into the interactions and stability of these phases, contributing to
the optimization of solvent-assisted bitumen recovery processes and enhancing our
understanding of the underlying thermodynamic principles.

The role of water on the phase behavior of solvent/live bitumen systems requires further
investigation. The co-condensation of solvent and steam can lead to complex phase behaviors,
including oleic-aqueous, vapor-liquid-liquid equilibrium (VL:L2E), and vapor-oleic-aqueous
systems. Detailed phase behavior experimental studies are necessary to gain a better
understanding of these intricate interactions. These studies will help elucidate the mechanisms
driving these complex phase behaviors, ultimately leading to more accurate modeling and
optimization of solvent and thermal recovery processes in the oil sands industry.

Advanced EoS modeling approaches are essential for capturing the complex nature of both
bitumen components and water. These sophisticated approaches employ multicomponent
characterization techniques, which accurately represent the diverse and intricate chemical
compositions of bitumen and water. By doing so, these models provide improved correlations
of thermodynamic and phase behavior under various conditions, leading to more accurate and
reliable outcomes in applications such as thermal recovery processes and solvent-assisted

extraction methods in the oil sands industry.
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Appendix A. Experimental and Supporting Document Related
to Chapter 2

A.1 Experimental Data Related to Chapter 2

In this section, the following data are presented, which are related to Chapter 2.

1.
2.

10.

Raw bitumen system: viscosity and density of bitumen (dead bitumen),

CHa/bitumen binary system: viscosity and density of methane saturated bitumen (live
bitumen) and methane K-values,

COq/bitumen system: viscosity and density of CO» saturated bitumen and CO> K-values,
C1/COz/bitumen ternary system: viscosity and density of gas saturated bitumen and K-values
of methane and CO,

Multicomponent system of [bitumen/diluent [(50 mol %/ 50 mol%) + 100% Ci]: viscosity
and density of liquid phase and multicomponent K-values,

Multicomponent system of [bitumen/diluent (50% mol/50% mol)] + [75% mol C1/25% mol
COg]: viscosity and density of liquid phase and multicomponent K-values,

Multicomponent system of [bitumen/diluent (50 mole %/50%)]+[25 mol % C1/75 mol%
COo]: viscosity and density of liquid phase and multicomponent K-values,

Multicomponent system of [bitumen/diluent (70 mol %/ 50 mol%)]+[100% Ci]: viscosity
and density of liquid phase and multicomponent K-values,

Multicomponent system of [diluent/bitumen (30 mole %/70 mole %)]+[75 mole% C1/25
mole %]: viscosity and density of liquid phase and multicomponent K-values,
Multicomponent system of [diluent/bitumen (30 mole %/70 mole %)]+[25 mole% C1/75
mole %]: viscosity and density of liquid phase and multicomponent K-values,

Table A.1: Density and viscosity of raw bitumen for different pressures and temperatures.

temperature (K) pressure (bar) density (kg.m) viscosity (cP)
16 969.56 559.4
31 970.89 584.6
353.8
41 971.53 602.3
51 972.34 621.2
16 938.86 62.8
31 940.27 64.0
402.57
41 941.12 64.3
51 942.16 64.9
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16 907.64 13.0
31 908.98 13.4
452.29
41 910.12 13.7
51 911.36 14.0
16 N/A 8.9
31 N/A 9.2
503.6
41 N/A 9.4
51 N/A 9.6

NA: The temperature was above the higher limit of temperature range of densitometer.

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties
(Ur) are: Ur(p) = 0.26 kg/m?, Ur(u) = 9.067 mPa s at the range 353.8- 402.57 K, Ur(l) = 0.929 mPa s at
the range 402.57- 452.29 K, and Ur(u) = 0.166 mPa s at the range 452.29- 503.6 K (level of confidence

= 0.95).

Table A.2: Properties of C1/bitumen system.

temperature  pressure solubility, X¢q
density (kg.m) viscosity (CP) . K-value
(K) (bar) (mole fraction)
16 966.48 436.4 0.0959 10.4284
31 963.34 365.4 0.1548 6.4602
353.80
41 960.89 324.8 0.1871 5.3450
51 958.86 301.9 0.2112 4.7340
16 935.57 49.3 0.0828 12.0808
31 932.85 44.3 0.1362 7.3395
402.57
41 931.37 41.2 0.1698 5.8880
51 929.48 38.8 0.1988 5.0307
16 903.72 12.0 0.0487 20.5149
31 901.27 11.3 0.0921 10.8512
452.29
41 899.12 10.7 0.1355 7.3819
51 897.43 10.2 0.1690 5.9174
16 N/A 8.2 0.0441 22.6598
31 N/A 7.7 0.0782 12.7810
503.60
41 N/A 7.4 0.0992 10.0803
51 N/A 7.2 0.1177 8.4979

Standard uncertainties u are u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are:
Ur(xc1) = 0.011, Ur(K-value) =0.016, Ur(p) = 0.264 kg/m*, Ur(l) = 4.746 mPa s at the range 353.8- 402.57 K,
Ur(u) = 0.563 mPa s at the range 402.57- 452.29 K, and Ur() = 0.122 mPa s at the range 452.29- 503.6 K (level

of confidence = 0.95).
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Table A.3: Properties of COy/bitumen system.

temperature

pressure

solubility, xco2

L L
(kg.m3) (cP) ) K-value
(K) (bar) © H (mole fraction)
16 965.72 318.3 0.1515 6.5999
31 965.54 210.8 0.2626 3.8085
353.80
41 964.83 168.9 0.3170 3.1542
51 965.71 132.3 0.3450 2.8989
16 937.96 42.9 0.0828 12.0735
31 937.34 34.1 0.1733 5.7685
402.57
41 937.09 30.9 0.2283 4.3802
51 936.68 27.7 0.2818 3.5488
16 907.44 12.2 0.0620 16.1236
31 907.22 11.3 0.1426 7.0148
452.29
1 907.34 10.6 0.2115 4.7270
51 906.87 10.0 0.2569 3.8931
16 N/A 1.7 0.0585 17.0809
31 N/A 7.1 0.1169 8.5548
503.60
1 N/A 6.7 0.1476 6.7740
51 N/A 6.3 0.1508 6.6308

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur)
are: Ur(Xcoz) = 0.011, Ur(K-value) =0.015, Ur(p) = 0.247 kg/m®, Ur(u) = 2.293 mPa.s at the range 353.8-
402.57 K, Ur(u) = 0.395 mPa.s at the range 402.57- 452.29 K, and Ur() = 0.122 mPa.s at the range 452.29-
503.6 K (level of confidence = 0.95).

Table A.4: Thermophysical properties of [C1 (50 mol.%)+CO; (50 mol.%)]+[bitumen] system.

L v
temperature Yo, - (k y7; . % %
g.m
) pressure (bar) (mole fraction) (mole fraction) Ker Keoz
3
) (<P) COs CHa CO:  CHa

16 966.03 405.2 0.0439 0.0309 0.3838 0.6162 19.9418 8.7426
353.80 31 964.28 320.3 0.0688 0.0541 0.3660 0.6340 11.7190 5.3198

. 41 SP SP SP SP SP SP SP SP

51 SP SP SP SP SP SP SP SP
16 934.87 45.1 0.0368 0.0241 0.4496 0.5504 22.8382 12.2174
102,57 31 934.15 40.5 0.0598 0.0472 0.4099 0.5901 125021 6.8545
. 41 933.84 38.7 0.0638 0.0535 0.3755 0.6245 11.0729 5.8856
51 933.18 375 0.0729 0.0650 0.3704 0.6296 8.6862  5.0809
452,29 16 905.87 12.7 0.0303 0.0221 0.4837 0.5163 23.3620 15.9637
. 31 904.59 11.7 0.0637 0.0501 0.4404 0.5596 13.0412 8.1484

135



41 902.16 10.6 0.0651 0.0562 0.4267 0.5733 119011 6.5545
51 901.46 10.2 0.0719 0.0667 0.4105 0.5895 9.8381  5.7093
16 N/A 7.9 0.0281 0.0202 0.4982 0.5018 24.8416 17.7296
31 N/A 7.4 0.0506 0.0365 0.4867 0.5133 14.0630 9.6186
20360 41 N/A 7.1 0.0601 0.0424 0.4805 0.5195 122524  7.9950
51 N/A 6.8 0.0693 0.0507 0.4743 0.5257 10.3688 6.8442

SP:Single phase liquid

NA: The temperature was above the higher limit of temperature range of densitometer.

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are: Ur(Xc1) = Ur(yc1)
=Ur(xco2) =Ur(ycoz) = 0.011, Ur(Kc1)=0.016, Ur(Kcoz) =0.015 Ur(p) = 0.253 kg/m®, Ur(u) = 3.434 mPa.s at the range 353.8-
402.57 K, Ur(u) = 0.528 mPa.s at the range 402.57- 452.29 K, and Ur(u) = 0.124 mPa.s at the range 452.29- 503.6 K (level of

confidence = 0.95).

Table A.5: Equilibrium gas phase composition for a mixture of [bitumen (50 mol.%)+diluent (50 mol.%)] + [100% C4].

temperature  pressure gas phase composition (mole fraction)
(K) (bar) C: Cs Cs Cs Ce C+
16 0.7997 0.0015 0.0305 0.0986 0.0418  0.0279
31 0.9132 0.0009 0.0168 0.0478 0.0137  0.0076
35380 41 0.9342 0.0008 0.013 0.0365 0.0101 0.0054
51 0.9423 0.0007 0.0115 0.0323 0.0086 0.0046
16 0.6704 0.0027 0.0554 0.1596 0.0765 0.0354
31 0.8182 0.0021 0.0441 0.0886 0.0276 0.0194
402.57 41 0.8615 0.0016 0.0323 0.0721 0.0224 0.0101
51 0.8812 0.0008 0.0192 0.0695 0.0202 0.0091
16 0.5439 0.0034 0.0794 0.2008 0.1181 0.0544
31 0.6878 0.0023 0.0545 0.1456 0.0796 0.0302
#5229 41 0.7437 0.0020 0.0426 0.1274  0.0592 0.0251
51 0.7891 0.0012 0.0288 0.1176 0.0417 0.0216
16 0.3921 .0041 0.0874 0.2706 0.1586  0.0872
31 0.5685 0.0029 0.0694 0.1858 0.0999  0.0735
20360 41 0.6466 0.0026 0.0537 0.1591 0.0792  0.0588
51 0.6925 0.0013 0.0361 0.1443 0.0687  0.0571

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded
uncertainties (Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xcs), Ur(xcr+)) = (0.011,
0.0001, 0.001, 0.003, 0.002, 0.002) (level of confidence = 0.95).
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Table A.6: Equilibrium liquid phase composition for a mixture of [bitumen (50 mol.%)+diluent (50 mol.%)] + [100%

Cil.
temperature pressure liquid phase composition (mole fraction)
(K) (bar) Ci Cs Cs Cs Cs Cr+
16 0.0388 0.0007 0.0292 0.2099 0.1879 0.3070
31 0.0773 0.0007 0.0286 0.1754 0.0981 0.1232
35380 41 0.0977 0.0007 0.0257 0.1588 0.0830 0.1018
51 0.1346 0.0008 0.0258 0.1544 0.0808 0.0919
16 0.0303 0.0007 0.0274 0.1445 0.1274 0.1301
31 0.0630 0.0010 0.0363 0.1285 0.0747 0.1098
0257 41 0.0828 0.0010 0.0323 0.1367 0.0743 0.0694
51 0.1159 0.0005 0.0231 0.1504 0.0774 0.0675
16 0.0234  0.0006 0.0247 0.1003 0.0997 0.0780
31 0.0509  0.0007 0.0316 0.1305 0.1124 0.0792
452.29 41 0.0675  0.0008 0.0267 0.1319 0.0940 0.0697
51 0.0970  0.0006 0.0243 0.1519 0.0810 0.0643
16 0.0161  0.0005 0.0164 0.0718 0.0558 0.0480
31 0.0392  0.0008 0.0265 0.0996 0.0700 0.0902
20360 41 0.0542  0.0009 0.0269 0.1134 0.0689 0.0801
51 0.0783  0.0005 0.0206 0.1175 0.0801 0.1088

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded
uncertainties (Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xces), Ur(xcr+)) = (0.011,
0.0001, 0.001, 0.003, 0.002, 0.002) (level of confidence = 0.95).

Table A.7: Thermo-physical properties of a mixture of [bitumen (50 mol.%)+diluent (50 mol.%)]+ [100% C4].

L L
temperature (K) Pressire P H Ke1 Kcs Kcs Kcs Kcs Ker+

C0 hgmy @)

16 899.27 321 20.5901 2.1665 1.0440 0.4697 0.2225 0.0907

31 898.34 28.2 11.8212 1.3189 0.5868 0.2725 0.1397 0.0617

353.80 41 897.59 254 9.5613 1.1071 0.5058 0.2298 0.1217 0.0530

51 896.72 23.6 7.0011 0.9275 0.4452 0.2092 0.1064 0.0501

16 874.96 94 22.1249 3.7891 2.0246 1.1047 0.6002 0.2721

31 870.52 8.9 12.9852 2.1206 1.2150 0.6896 0.3697 0.1767

402.57 41 868.38 8.6 10.4038 1.5387 1.0011 0.5272 0.3017 0.1455

51 866.73 8.3 7.6033 1.5056 0.8314 0.4620 0.2608 0.1349

16 856.97 4.6 23.2125 5.4822 3.2104 2.0021 1.1846 0.6971

31 853.69 4.2 13.5127 3.4129 1.7249 1.1155 0.7082 0.3813

452.29 41 852.14 3.9 11.0138 2.6415 1.5976 0.9659 0.6301 0.3599

51 850.91 3.6 8.1365 1.8855 1.1876 0.7742 0.5150 0.3362
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503.60

16
31
41
51

N/A
N/A
N/A
N/A

24
2.2
2.1
2.0

24.3877
14.5127
11.9234

8.8424

7.7770
3.8315
2.8995
2.3977

5.3209
2.6215
1.9999
1.7555

3.7668
1.8653
1.4033
1.2286

2.8401
1.4270
1.1497
0.8577

1.8171
0.8147
0.7338
0.5246

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are:
(Ur(Kci), Ur(Kces), Ur(Kca), Ur(Kes), Ur(Kes), Ur(Ke7+))=(0.016, 0.0001, 0.001, 0.004, 0.003, 0.003), Ui(p) = 0.197
kg/m3, Ur(y) = 0.314 mPa.s at the range 353.8- 402.57 K, Ur(u) = 0.106 mPa.s at the range 402.57- 452.29 K, and
Ur(u) = 0.045 mPa.s at the range 452.29- 503.6 K (level of confidence = 0.95).

Table A.8: Equilibrium gas phase composition for a mixture of [bitumen (50 mol.%)+diluent (50 mol.%)] +[C1 (75
mol.%)+CO; (25 mol.%)].

temperature  pressure gas phase composition (mole fraction)
(K) (bar) Ci Cs Cs Cs Cs Cr+ CO;
16 0.6538 0.0013 0.0291 0.0738 0.0194 0.0118 0.2108
31 0.6823 0.0010 0.0174 0.0469 0.0143  0.0087 0.2294
3380 41 0.7029 0.0008 0.0104 0.0271 0.0098  0.0063 0.2427
51 0.7219 0.0006 0.0053 0.0095 0.0041 0.0032 0.2554
16 0.5416 0.0021 0.0480 0.1601 0.0402 0.0237 0.1843
31 0.6117 0.0015 0.0279 0.0943 0.0299 0.0209 0.2138
402.57 41 0.6376 0.0011 0.0216 0.0747 0.0243 0.0173 0.2234
51 0.6481 0.0009 0.0172 0.0610 0.0207 0.0150 0.2371
16 0.3791 0.0027 0.0606  0.2404  0.0953 0.0815 0.1404
31 0.4973 0.0019 0.0462 0.1761 0.0635 0.0511 0.1639
#5229 41 0.5349 0.0016 0.0360 0.1383 0.0504 0.0424 0.1964
51 0.5604 0.0012 0.0294 0.1184 0.0447 0.0376 0.2083
16 0.2467 0.0034 0.0676 0.3004 0.1342 0.1318 0.1159
31 0.3926 0.0023 0.0502 0.2275 0.0976 0.0901 0.1397
20360 41 0.4563 0.0019 0.0423 0.1883 0.0783  0.0705 0.1624
51 0.4873 0.0013 0.0341 0.1545 0.0656  0.0605 0.1967

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties
(Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xcs), Ur(Xcr+), Ur(Xco2)) = (0.011, 0.0001, 0.001,
0.003, 0.002, 0.002, 0.011) (level of confidence = 0.95).

Table A.9: Equilibrium liquid phase composition for a mixture of [bitumen (50 mol.%)+diluent (50 mol.%)]+ [C1 (75
mol.%)+CO; (25 mol.%)].

temperature pressure liquid phase composition (mole fraction)
(K) (bar) C: Cs Cy Cs Cs CH+ CO;
353.80 16 0.0313  0.0006 0.0302 0.1504 0.0919 0.1284 0.0229
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31 0.0570 0.0008 0.0292 0.1691 0.1049 0.1407 0.0392
41 0.0789 0.0007 0.0209 0.1153 0.0825 0.1226 0.0522
51 0.1008 0.0006 0.0116 0.0443 0.0380 0.0630 0.0587
16 0.0241 0.0006 0.0246 0.1364 0.0666 0.0845 0.0137
31 0.0475 0.0007 0.0245 0.1495 0.0820 0.1176 0.0291
10251 41 0.0664  0.0007 0.0230 0.1421 0.0776 0.1107 0.0406
51 0.0859 0.0006 0.0209 0.1276 0.0710 0.1049 0.0506
16 0.0160 0.0005 0.0180 0.1198 0.0723 0.1165 0.0086
31 0.0359 0.0006 0.0248 0.1498 0.0827 0.1242 0.0197
22 41 0.0510 0.0007 0.0242 0.1434 0.0824 0.1214 0.0299
51 0.0688 0.0006 0.0243 0.1497 0.0832 0.1151 0.0365
16 0.0101 0.0004 0.0127 0.0880 0.0471 0.0702 0.0057
31 0.0267 0.0006 0.0184 0.1412 0.0751 0.1133 0.0136
20360 41 0.0404  0.0006 0.0211 0.1352 0.0713 0.0949 0.0195
51 0.0564  0.0005 0.0187 0.1275 0.0785 0.1157 0.0298

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded
uncertainties (Ur) are: (Ur(Xci1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(xcs), Ur(Xcz+), Ur(Xco2)) = (0.011,

0.0001, 0.001, 0.003, 0.002, 0.002, 0.011) (level of confidence = 0.95).

Table A.10: Thermo-physical properties of a mixture of [bitumen (50 mol.%)+diluent (50 mol.%)]+[C1 (75 mol.%)+CO,

(25 mol.%)].

temperature pressure £ - y2 -
K) (bar) Kei Kes Kca Kes Kes Ker+ Kcoz
(kg.m?)  (cP)
16 899.54 31.4 20.8992 21486  0.9649 04906 02111 0.0919 9.2133
31 898.81 27.6 11.9634 11929 05956  0.2774  0.1363 0.0618 5.8530
3380 41 897.97 24.9 8.9139 10667 04985 02350  0.1188 0.0514 4.6506
51 897.12 22.7 7.1607 09828 04551  0.2142  0.1080 0.0508 4.3500
16 875.04 9.2 22.4603 3.5984 1.9474 1.1738 0.6039 0.2805 13.4732
31 872.64 8.7 12.8701 2.1152 1.1405 0.6307 0.3645 0.1777 7.3476
40257 41 871.16 8.4 9.5974 16163 09395 05258  0.3131 0.1563 5.5072
51 868.09 8.2 7.5452 1.4719 0.8225 0.4781 0.2915 0.1430 4.6855
16 857.03 45 23.6281 52454  3.3667  2.0067 13184  0.6993 16.29785
31 854.08 4.1 13.8502 2.9487 1.8635 1.1759 0.7678 0.4115 8.31485
452.29 41 852.82 3.8 10.4780 2.3773 14889  0.9643  0.6118 0.3492 6.57555
51 851.18 35 8.1507 1.9437 12081 07911  0.5372 0.3265 5.70365
16 N/A 2.4 24.5013 7.7049 53328 34134  2.8465 1.8770 20.4533
31 N/A 2.2 147093  4.1015 2.7282 16110 12992 0.7952 10.2650
20360 41 N/A 2.1 11.2832 2.9889 2.0024 1.3924 1.0976 0.7427 8.3122
51 N/A 20 8.6460 2.5980 1.8254 12114  0.8359 0.5230 6.5904
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Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are:
(Ur(Kcz), Ur(Kes), Ur(Kcea), Ur(Kes), Ur(Kes), Ur(Ker+), Ur(Keo2))=(0.016, 0.0001, 0.001, 0.004, 0.003, 0.003, 0.015),
Ur(p) = 0.197 kg/m?, Ur(u) = 0.303 mPa.s at the range 353.8- 402.57 K, Ur(u) = 0.105 mPa.s at the range 402.57-
452.29 K, and Ur(u) = 0.044 mPa.s at the range 452.29- 503.6 K (level of confidence = 0.95).

Table A.11: Equilibrium gas phase composition for a mixture of [bitumen (50 mol.%)+diluent (50 mol.%)]+[C1 (25
mol.%)+CO; (75 mol.%)].

temperature  pressure gas phase composition (mole fraction)
(K) (bar) C1 Cs Cs Cs Cs Cr+ CO;
16 0.2408 0.0010 0.0164 0.0458 0.0124  0.0088 0.6748
31 0.2594  0.0007 0.0094 0.0299 0.0093  0.0057 0.6856
353.80 41 0.2657 0.0006 0.0079 0.0121 0.0068 0.0043 0.7026
51 0.2714 0.0005 0.0024 0.0074 0.0027 0.0021 0.7135
16 0.2151 0.0015 0.0311 0.0893 0.0296 0.0186 0.6148
31 0.2342 0.0010 0.0224 0.0477 0.0236 0.0129 0.6582
402.57 41 0.2457 0.0008 0.0192 0.0296 0.0136 0.0096 0.6815
51 0.2549 0.0007 0.0141 0.0163 0.0092 0.0074 0.6974
16 0.1724 0.0023 0.0592 0.1571 0.0623 0.0415 0.5052
31 0.1983 0.0016 0.0423 0.1071 0.0468 0.0342 0.5697
#5229 41 0.2297 0.0011 0.0321 0.0681 0.0327 0.0217 0.6146
51 0.2366 0.0009 0.0247 0.0492 0.0284 0.0127 0.6475
16 0.1248 0.0033 0.0722 0.2812 0.1021  0.0711 0.3453
31 0.1691 0.0021 0.0531 0.2027 0.0823  0.0586 0.4321
20360 41 0.1983 0.0018 0.0384 0.1673 0.0692  0.0413 0.4837
51 0.2192 0.0012 0.0283 0.1439 0.0437  0.0321 0.5316

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties
(Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xcs), Ur(Xcr+), Ur(Xco2)) = (0.011, 0.0001, 0.001,

0.003, 0.002, 0.002, 0.011) (level of confidence = 0.95).

Table A.12: Equilibrium liquid phase composition for a mixture of [ bitumen (50 mol.%)+diluent (50 mol.%)] + [C1 (25
mol.%)+CO; (75 mol.%)].

temperature pressure liquid phase composition (mole fraction)
(K) (bar) C1 Cs Cs Cs Cs Cr+ CO;
16 0.0116 0.0005 0.0167 0.0893 0.0567 0.0936 0.0742
31 0.0214  0.0006 0.0170 0.1205 0.0662 0.0902 0.1146
30380 41 0.0295 0.0006 0.0161 0.0551 0.0538 0.0816 0.1437
51 0.0380  0.0005 0.0055 0.0364 0.0247 0.0406 0.1600
402.57 16 0.0096  0.0004 0.0158 0.0732 0.0478 0.0665 0.0463
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31 0.0179 0.0005 0.0198 0.0759 0.0619 0.0763 0.0877

41 0.0248 0.0005 0.0201 0.0555 0.0431 0.0630 0.1191
51 0.0332 0.0005 0.0171 0.0358 0.0336 0.0526 0.1445
16 0.0075 0.0004 0.0172 0.0743 0.0472 0.0585 0.0315
31 0.0141 0.0005 0.0222 0.0894 0.0614 0.0846 0.0695
2.2 41 0.0212 0.0005 0.0208 0.0694 0.0521 0.0623 0.0947
51 0.0287 0.0005 0.0195 0.0606 0.0517 0.0395 0.1114
16 0.0051 0.0004 0.0137 0.0783 0.0367 0.0399 0.0175
31 0.0116 0.0005 0.0205 0.1126 0.0592 0.0710 0.0438
20569 41 0.0169 0.0006 0.0200 0.1140 0.0592 0.0555 0.0598
51 0.0250 0.0005 0.0160 0.1172 0.0531 0.0601 0.0790

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded
uncertainties (Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xcs), Ur(Xcz+), Ur(Xco2)) = (0.011,
0.0001, 0.001, 0.003, 0.002, 0.002, 0.011) (level of confidence = 0.95).

Table A.13: Thermo-physical properties of a mixture of [bitumen (50 mol %)+diluent (50 mol %)]+[C1 (25 mol %)+CO;
(75 mol.%)].

temperature pressure pL yri .
Ke1 Kcs Kca Kcs Kcs Kcz+ Kcoz

0 (bar) (kgm3)  (cP)
16 900.10 31.3 20.7983 2.0941 0.9796 0.5127 0.2185 0.0940 9.0973
31 899.42 27.5 12.1140 1.1452 0.5546 0.2482 0.1405 0.0632 5.9803
35380 41 898.26 247 9.0175 1.0817 0.4895 0.2194 0.1264 0.0527 4.8908
51 897.19 22.4 7.1415 0.9305 0.4397 0.2033 0.1095 0.0517 4.4594
16 875.96 9.1 22.4578 3.9200 1.9622 1.2201 0.6198 0.2797 13.2916
31 873.26 8.7 13.0513 2.2147 1.1319 0.6284 0.3810 0.1692 7.5021
40257 41 871.58 8.4 9.9171 1.6287 0.9547 0.5338 0.3154 0.1523 5.7213
51 868.68 8.2 7.6841 1.5158 0.8244 0.4547 0.2738 0.1407 4.8247
16 858.52 4.5 23.0044 55125 3.4371 2.1142 1.3210 0.7098 16.0179
31 855.49 41 14.1021 3.3704 1.9041 1.1981 0.7624 0.4043 8.1944
45229 41 853.57 3.8 10.8155 2.4284 1.5443 0.9815 0.6271 0.3482 6.4911
51 851.67 35 8.2357 1.7912 1.2649 0.8117 0.5498 0.3218 5.8128
16 N/A 2.3 24,5128 7.5937 5.2649 3.5904 2.7817 1.7822 19.7216
31 N/A 2.1 14.6195 3.9103 2.5910 1.8007 1.3906 0.8250 9.8673
20360 41 N/A 2 11.7372 2.9590 1.9165 1.4681 1.1680 0.7440 8.0863
51 N/A 1.9 8.7744 25321 1.7646 1.2275 0.8236 0.5345 6.7254

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are:
(Ur(Kci), Ur(Kes), Ur(Kea), Ur(Kes), Ur(Kcs), Ur(Kcz+), Ur(Keoz))=(0.016, 0.0001, 0.001, 0.004, 0.003, 0.003, 0.015),
Ur(p) = 0.195 kg/m®, Ur(u) = 0.300 mPa.s at the range 353.8- 402.57 K, Ur(l) = 0.105 mPa.s at the range 402.57-
452.29 K, and Ur(u) = 0.044 mPa.s at the range 452.29- 503.6 K (level of confidence = 0.95).
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Table A.14: Equilibrium gas phase composition for a mixture of [bitumen (70 mol.%)+diluent (30 mol.%)]+[100% C1].

temperature  pressure gas phase composition (mole fraction)
(K) (bar) C: Cs Cs Cs Cs Crt
16 0.9247 0.0009 0.0152 0.0419 0.0108 0.0065
31 0.9520 0.0006 0.0093 0.0263 0.0070 0.0048
35380 41 0.9612 0.0005 0.0077 0.0217 0.0057 0.0032
51 0.9645 0.0005 0.0071 0.0197 0.0051 0.0031
16 0.8190 0.0014 0.0282 0.0949 0.0297 0.0268
31 0.8966 0.0009 0.0167 0.0557 0.0177 0.0124
402.57 41 0.9195 0.0006 0.0124 0.0438 0.0144  0.0093
51 0.9258 0.0006 0.0118 0.0400 0.0129  0.0089
16 0.6658 0.0022 0.0461 0.1732 0.0619  0.0508
31 0.8336  0.0013 0.0211 0.0842 0.0317  0.0281
4229 41 0.8598 0.0008 0.0179 0.0709 0.0265  0.0241
51 0.8849  0.0007 0.0143 0.0570 0.0218  0.0213
16 0.5817 0.0031 0.0543 0.2178 0.0812  0.0619
31 0.7129 0.0016 0.0325 0.1548 0.0554  0.0428
20360 41 0.7831 0.0012 0.0296 0.0987 0.0481  0.0393
51 0.8238 0.0009 0.0177 0.0861 0.0363  0.0352

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded
uncertainties (Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xcs), Ur(xc7+)) = (0.011,
0.0001, 0.001, 0.003, 0.002, 0.002) (level of confidence = 0.95).

Table A.15: Equilibrium liquid phase composition for a mixture of [bitumen (70 mol.%)+diluent (30 mol.%)] + [100%

Cil.

temperature pressure liquid phase composition (mole fraction)
(K) (bar) Cy Cs Cs Cs Cs Cr+

16 0.0440 0.0004 00155  0.0937 00493  0.0723
31 0.0781 0.0005 00154  0.0917 00490  0.0795

353.80
41 0.1006 0.0005 0.0155  0.0910 0.0475  0.0613
51 0.1386 0.0005 00156  0.0979 0.0495  0.0640
16 0.0362 0.0004 00138  0.0851 00475  0.0947
31 0.0675 0.0004 00122  0.0802 00448  0.0672

402.57
41 0.0908 0.0004 00122  0.0797 0.0445  0.0629
51 0.1234 0.0004 00148  0.0881 00473  0.0673
16 0.0284 0.0004 00131  0.0792 00484  0.0703

452.29 31 0.0628 0.0004 00115  0.0731 00441 00711
41 0.0767 0.0003 00114  0.0702 00414  0.0668
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Table A.16: Thermo-physical properties of a mixture of [bitumen (70 mol.%)+diluent (30 mol.%)]+ [100% C4].

51

0.1085 0.0003 0.0111 0.0674 0.0416 0.0622
16 0.0235 0.0004 0.0097 0.0571 0.0272 0.0359
31 0.0486 0.0004 0.0122 0.0951 0.0362 0.0594
503.60
41 0.0669 0.0005 0.0144 0.0752 0.0401 0.0612
51 0.0917 0.0004 0.0098 0.0723 0.0412 0.0689

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded
uncertainties (Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xcs), Ur(Xcr+)) = (0.011,
0.0001, 0.001, 0.003, 0.002, 0.002) (level of confidence = 0.95).

pressure yo - y24 -
temperature (K) Ke1 Kcs Kcs Kcs Kcs Ker+

C0 gmy @)

16 935.77 106.2 21.0153 2.2083 0.9811 0.4471 0.2189 0.0900

31 931.02 93.1 12.1916 1.3184 0.6047 0.2867 0.1427 0.0604

35380 41 929.33 83.8 9.5522 1.0980 0.4974 0.2385 0.1200 0.0522

51 927.47 733 6.9564 0.9447 0.4560 0.2011 0.1030 0.0484

16 904.56 19.9 22.6483 3.8154 2.0458 1.1151 0.6257 0.2830

31 901.56 17.7 13.2900 2.2976 1.3727 0.6949 0.3955 0.1845

402.57 41 899.82 17.1 10.1246 1.5962 1.0153 0.5492 0.3238 0.1477

51 896.97 16.3 7.5025 1.4324 0.7971 0.4542 0.2725 0.1322

16 880.68 7.4 23.4511 5.7383 3.5180 2.1879 1.2795 0.7227

31 878.17 6.9 13.2673 3.2781 1.8378 1.1525 0.7196 0.3952

45229 41 876.31 6.6 11.2089 2.5021 1.5675 1.0100 0.6400 0.3610

51 874.78 6.3 8.1527 2.0230 1.2874 0.8456 0.5240 0.3423

16 N/A 3.7 24.7103 7.8940 5.5820 3.8161 2.9834 1.7231

31 N/A 34 14.6729 3.9818 2.6714 1.6284 15318 0.7210

20360 41 N/A 3.2 11.7014 2.6519 2.0592 1.3128 1.1982 0.6419

51 N/A 3.0 8.9822 2.4590 1.8144 1.1907 0.8819 0.5107

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are:
(Ur(Kci), Ur(Kea), Ur(Kea), Ur(Kes), Ur(Kes), Ur(Ker+))=(0.016, 0.0001, 0.001, 0.004, 0.003, 0.003),Ur(p) = 0.224
kg/m®, Ur(u) = 1.073 mPa.s at the range 353.8- 402.57 K, Ur(u) = 0.217 mPa.s at the range 402.57- 452.29 K, and
Ur(u) = 0.080 mPa.s at the range 452.29- 503.6 K (level of confidence = 0.95).

Table A.17: Equilibrium gas phase composition for a mixture of [bitumen (70 mol.%)+diluent (30 mol.%)]+[C: (75
mol.%)+CO; (25 mol.%)].

temperature  pressure gas phase composition (mole fraction)
(K) (bar) Ci Cs Cs Cs Cs Cr+ CO,
16 0.7086 0.0010  0.0157 0.0417 0.0104 0.0060 0.2166
353.80
31 0.7146 0.0005  0.0098 0.0287 0.0076 0.0041 0.2347
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41

07215 00005  0.0072 0.0204 0.0055 0.0034 0.2415
51 0.7287 00004  0.0054 0.0107 0.0039 0.0027 0.2482
16 0.6592 00014  0.0217 0.0824 0.0234 0.0195 0.1924
31 06949 00009  0.0166 0.0557 0.0176 0.0132 0.2011
402.57 41 0.7095 00007  0.0129 0.0441 0.0143 0.0116 0.2069
51 07208 00005  0.0106 0.0369 0.0123 0.0083 0.2106
16 05478 00020  0.0431 0.1479 0.0511 0.0306 0.1775
31 0.6127 00014  0.0254 0.1027 0.0382 0.0268 0.1928
452.29
41 06514 00009  0.0187 0.0727 0.0268 0.0237 0.2058
51 06656  0.0008  0.0170 0.0657 0.0216 0.0142 0.2151
16 0.4827 00031  0.0593 0.1817 0.0678 0.0511 0.1543
31 05786 00019  0.0401 0.1348 0.0473 0.0347 0.1626
503.60
41 0.6291 00012  0.0302 0.0992 0.0401 0.0214 0.1788
51 0.6481 00010  0.0218 0.0926 0.0317 0.0189 0.1859

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties
(Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xcs), Ur(Xcr+), Ur(Xco2)) = (0.011, 0.0001, 0.001,

0.003, 0.002, 0.002, 0.011) (level of confidence = 0.95).

Table A.18: Equilibrium liquid phase composition for a mixture of [bitumen (70 mol.%)+diluent (30 mol.%)]+[C1 (75

mol.%)+CO; (25 mol.%)].

temperature pressure liquid phase composition (mole fraction)
(K) (bar) Ci Cs Cs Cs Cs C+  CO;
16 0.0335 0.0005 0.0161 0.0853 0.0429 0.0636 0.0235
31 0.0595 0.0004 0.0161 0.1031 0.0549 0.0685 0.0399
30380 41 0.0798  0.0005 0.0141 0.0831 0.0447 0.0625 0.0524
51 0.1025 0.0004 0.0120 0.0490 0.0354 0.0518 0.0563
16 0.0289  0.0004 0.0103 0.0732 0.0368 0.0663 0.0144
31 0.0528  0.0004 0.0146 0.0888 0.0469 0.0800 0.0277
40257 41 0.0694  0.0004 0.0137 0.0825 0.0451 0.0801 0.0368
51 0.0897  0.0003 0.0128 0.0786 0.0444 0.0678 0.0435
16 0.0233  0.0004 0.0126 0.0697 0.0379 0.0454 0.0109
31 0.0426  0.0004 0.0131 0.0835 0.0474 0.0698 0.0232
452.29 41 0.0635  0.0004 0.0121 0.0728 0.0401 0.0703 0.0316
51 0.0763  0.0004 0.0127 0.0783 0.0369 0.0458 0.0376
16 0.0197 0.0004 0.0116 0.0469 0.0211 0.0304 0.0076
31 0.0403 0.0005 0.0141 0.0733 0.0276 0.0470 0.0164
°03.60 41 0.0518 0.0004 0.0138 0.0723 0.0333 0.0330 0.0223
51 0.0727 0.0004 0.0115 0.0722 0.0320 0.0335 0.0276
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Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded
uncertainties (Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xcs), Ur(Xcs), Ur(Xcs), Ur(Xcr+), Ur(Xcoz)) = (0.011,

0.0001, 0.001, 0.003, 0.002, 0.002, 0.011) (level of confidence = 0.95).

Table A.19: Thermo-physical properties of a mixture of [bitumen (70 mol.%)+diluent (30 mol.%)]+[C1 (75 mol.%)+CO,
(25 mol.%)].

L

L

temif(r;ture pr:;::)re P A Kc1 Kcs Kca Kcs Kce Ker+ Kcoz
(kg.m®)  (cP)

16 936.46 100.7 21.1458 2.1828 0.9750 0.4888 0.2426 0.0944 9.2295

31 932.28 85.9 12.0111 1.2802 0.6081 0.2785 0.1383 0.0598 5.8774

35380 41 930.65 71.9 9.0428 1.0845 0.5089 0.2455 0.1232 0.0544 4.6064
51 928.75 57.4 7.1108 0.9380 0.4493 0.2183 0.1101 0.0521 4.4123

16 906.92 19.2 22.8080 3.9725 2.1045 1.1259 0.6360 0.2939 13.3438

31 904.34 17.2 13.1611 2.0938 1.1393 0.6272 0.3753 0.1650 7.2556

40257 41 902.89 16.7 10.2244 1.6994 0.9398 0.5347 0.3168 0.1448 5.6191
51 900.76 16.1 8.0352 1.4884 0.8283 0.4695 0.2771 0.1223 4.8422

16 881.75 7.3 23.4776 5.4568 3.4218 2.1228 1.3472 0.6744 16.3499

31 878.88 6.8 14.3782 3.1893 1.9330 1.2299 0.8066 0.3840 8.3263

45229 41 876.91 6.5 10.2570 2.4537 1.5452 0.9985 0.6683 0.3373 6.5084
51 875.89 6.2 8.7200 2.1069 1.3379 0.8392 0.5857 0.3102 5.7168

16 N/A 3.7 24.4622 7.6928 5.1294 3.8739 3.2107 1.6793 20.1910

31 N/A 34 14.3502 4.2138 2.8440 1.8392 1.7109 0.7390 9.9292

203.60 41 N/A 31 12.1437 2.6840 2.1929 1.3730 1.2039 0.6494 8.0127
51 N/A 3.0 8.9206 2.4979 1.90140 1.2820 0.9894 0.5637 6.7293

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are:
(Ur(Kca), Ur(Kea), Ur(Kea), Ur(Kes), Ur(Kes), Ur(Ker+), Ur(Kcoz))=(0.016, 0.0001, 0.001, 0.004, 0.003, 0.003, 0.015),
Ur(p) = 0.224 kg/m?, Ur(u) = 0.871 mPa.s at the range 353.8- 402.57 K, Ur(u) = 0.213 mPa.s at the range 402.57-
452.29 K, and Ur() = 0.079 mPa.s at the range 452.29- 503.6 K (level of confidence = 0.95).

Table A.20: Equilibrium gas phase composition for a mixture of [bitumen (70 mol.%)+diluent (30 mol.%)]+[C1 (25
mol.%)+CO; (75 mol.%)].

temperature  pressure Gas phase composition (mole fraction)
(K) (bar) Ci Cs Cs Cs Cs Cr+ CO,
16 0.2367 0.0009 0.0159 0.0415 0.0112 0.0073 0.6865
31 0.2491 0.0005 0.0088 0.0284 0.0089 0.0054 0.6989
353.80 41 0.2563 0.0004 0.0057 0.0194 0.0052 0.0038 0.7092
51 0.2617 0.0004 0.0031 0.0124 0.0036 0.0021 0.7247
16 0.2072 0.0014 0.0256 0.0873 0.0243 0.0125 0.6417
402.57 31 0.2184 0.0007 0.0149 0.0534 0.0178 0.0111 0.6737
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41 0.2305 0.0007 0.0111 0.0426 0.0121  0.0076 0.6954
51 0.2424 0.0004 0.0086 0.0257 0.0085  0.0049 0.7095
16 0.1760 0.0016 0.0388 0.1478 0.0484  0.0348 0.5526
31 0.1873 0.0010 0.0235 0.0933 0.0354 0.0268 0.6327
2.2 41 0.1997 0.0008 0.0187 0.0738 0.0273  0.0208 0.6589
51 0.2079 0.0005 0.0126 0.0521 0.0198  0.0155 0.6916
16 0.1519 0.0019 0.0602 0.1832 0.0652  0.0561 0.4815
31 0.1617 0.0014 0.0433 0.1272 0.0523 0.0414 0.5727
20560 41 0.1713 0.0010 0.0256 0.1067 0.0455  0.0406 0.6093
51 0.1794 0.0008 0.0199 0.0909 0.0384  0.0359 0.6347

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties
(Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xcs), Ur(Xcr+), Ur(xXco2)) = (0.011, 0.0001, 0.001,
0.003, 0.002, 0.002, 0.011) (level of confidence = 0.95).

Table A.21: Equilibrium liquid phase composition for a mixture of [bitumen (70 mol.%)+diluent (30 mol.%)]+[C1 (25

mol.%)+CO; (75 mol.%)].

temperature pressure liquid phase composition (mole fraction)
(K) (bar) Ci Cs Cs Cs Cs Cr+ CO;
16 0.0114 0.0004 00161  0.0947 00481 00781  0.0737
31 0.0206 0.0004 00140  0.1037 0.0585  0.0860  0.1182
353.80
41 0.0277 0.0004 00119  0.0823 0.0399  0.0693  0.1481
51 0.0364 0.0004 0.0069  0.0612 00322 00428  0.1583
16 0.0094 0.0004 00126  0.0765 0.0369  0.0449  0.0479
31 0.0162 0.0003 00115  0.0804 0.0445  0.0619  0.0930
402.57
41 0.0229 0.0004 00112  0.0781 0.0383  0.0505  0.1231
sl 0.0312 0.0003 0.0106  0.0556 0.0300  0.0364  0.1441
16 0.0076 0.0003 00112  0.0705 0.0368  0.0475  0.0340
31 0.0131 0.0003 00123  0.0773 0.0486  0.0659  0.0766
452.29
41 0.0187 0.0003 00121  0.0760 0.0433  0.0581  0.1024
sl 0.0246 0.0002 0.0098  0.0628 0.0387  0.0457  0.1233
16 0.0062 0.0002 00107  0.0468 00216  0.0324  0.0243
31 0.0115 0.0003 0.0160  0.0760 00335  0.0580  0.0588
503.60
41 0.0144 0.0004 0.0126 0.0851 0.0416 00635  0.0770
51 0.0205 0.0003 0.0109 0.0748 0.0407  0.0696  0.0955

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded

uncertainties (Ur) are: (Ur(Xc1), Ur(Xcs), Ur(Xca), Ur(Xcs), Ur(Xcs), Ur(Xcr+), Ur(Xco2)) = (0.011,

0.0001, 0.001, 0.003, 0.002, 0.002, 0.011) (level of confidence = 0.95).
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Table A.22: Thermo-physical properties of a mixture of [bitumen (70 mol.%)+diluent (30 mol.%)]+[C1 (25 mol.%)+CO,
(75 mol.%)].

temperature pressure pL ,uL
Kei Kcs Kca Kcs Kcs Ker+ Kcoz

0 G0 emy )
16 937.32 89.7 20.8174 2.1743 0.9863 0.4382 0.2329 0.0935 9.3166
31 934.07 72.9 12.0950 1.3000 0.6296 0.2738 0.1521 0.0627 5.9122
35380 41 932.43 62.9 9.2383 1.0048 0.4788 0.2357 0.1302 0.0548 4.7890
51 930.56 50.3 7.1911 0.8956 0.4464 0.2025 0.1117 0.0490 4.5788
16 908.41 18.3 22.1536 3.8890 2.0316 1.1413 0.6579 0.2781 13.4025
31 905.12 16.8 13.4565 2.1883 1.2902 0.6641 0.4000 0.1794 7.2449
40257 41 903.38 16.1 10.0760 1.7063 0.9924 0.5454 0.3156 0.1505 5.6513
51 902.67 15.2 7.7800 1.4775 0.8103 0.4619 0.2829 0.1346 4.9244
16 882.79 7.2 23.2062 5.7784 3.4758 2.0969 1.3153 0.7323 16.2636
31 879.24 6.7 14.2877 3.0740 1.9155 1.2068 0.7287 0.4068 8.2577
45229 41 878.09 6.4 10.6630 2.4768 1.5396 0.9707 0.6309 0.3579 6.4351
51 876.97 6.1 8.4653 2.0014 1.2878 0.8296 0.5116 0.3392 5.6096
16 N/A 3.6 24.6124 7.9164 5.6103 3.9104 3.0214 1.7320 19.8134
31 N/A 33 14.1024 4.0817 2.7130 1.6739 1.5608 0.7135 9.7480
203.60 41 N/A 31 11.9072 2.7414 2.0250 1.2538 1.0935 0.6394 7.9166
51 N/A 29 8.7325 2.5537 1.8273 1.2158 0.9439 0.5161 6.6433

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are:
(Ur(Kci), Ur(Kes), Ur(Kea), Ur(Kes), Ur(Kcs), Ur(Kcz+), Ur(Keoz))=(0.016, 0.0001, 0.001, 0.004, 0.003, 0.003, 0.015),
Ur(p) = 0.231 kg/m®, Ur(u) = 0.748 mPa.s at the range 353.8- 402.57 K, Ur(u) = 0.201 mPa.s at the range 402.57-
452.29 K, and Ur() = 0.077 mPa.s at the range 452.29- 503.6 K (level of confidence = 0.95).

A.2 Supporting Information Related to Chapter 2

The supporting information file contains Simulation Distillation Results (Tables A.23 and A.24),
Hoffmann plots (Figures A.1-A.5) and modified Wilson plots (Figures A.6-A.10), and related
captions.

A.2.1 Simulation Distillation Results

The bitumen sample was characterized using simulated distillation (ASTM D7169). Tables A.23 and

A.24 represent the results.
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Table A.23: Simulated Distillation results: boiling point distribution.

% wt off Tp (°C) % wtoff T,(°C) %wtoff T,(°C) % wtoff T, (°C)
initial boiling point  241.8 19 390.7 38 505.2 57 624.4
1 253.4 20 397.1 39 511.4 58 629.4
2 268.2 21 403.4 40 517.8 59 634.1
3 280.3 22 409.5 41 524.4 60 638.6
4 290.2 23 415.0 42 531.4 61 643.2
5 298.3 24 420.0 43 538.1 62 647.8
6 306.0 25 424.9 44 544.8 63 651.9
7 313.1 26 429.9 45 551.8 64 655.8
8 320.0 27 433.5 46 558.8 65 660.2
9 327.0 28 441.5 47 565.5 66 665.5
10 333.8 29 448.0 48 571.8 67 670.9
11 340.4 30 454.0 49 578.2 68 676.1
12 346.8 31 460.2 50 584.6 69 682.5
13 352.8 32 466.7 51 590.8 70 688.5
14 358.8 33 473.1 52 596.6 71 694.1
15 364.9 34 479.6 53 602.4 72 700.6
16 371.1 35 486.1 54 608.1 73 708.6
17 377.6 36 492.8 55 613.6 74 716.5
18 384.2 37 499.2 56 619.1
Table A.24: Characterized bitumen cut components and their properties.
carbon number To  cumulative mass  carbon To  cumulative mass
(°C) (%) number (°C) (%)
7 98 0.04 54 592 51.25
8 126 0.13 55 596 51.89
9 151 0.21 56 600 52.58
10 174 0.28 57 604 53.28
11 196 0.35 58 608 53.94
12 216 0.41 59 612 54.70
13 235 0.47 60 615 55.24
14 254 1.00 61 619 55.97
15 271 2.19 62 622 56.58
16 287 3.65 63 625 57.11
17 302 5.46 64 629 57.89
18 316 7.45 65 632 58.55
19 330 9.45 66 635 59.20
20 344 11.43 67 638 59.86
21 356 13.61 68 641 60.54
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33.12
34.20
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37.61
38.59
39.70
40.62
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42.37
43.27
44.02
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46.32
47.09
47.71
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653
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708
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714
716
718
720

61.17
61.88
62.54
63.23
63.80
64.45
65.15
65.70
66.28
66.83
67.21
67.78
68.29
68.78
69.25
69.61
70.10
70.48
70.82
71.15
71.53
71.91
72.18
72.42
72.68
72.90
73.18
73.46
73.68
73.95
74.16
74.36

A.2.2 Hoffmann Plots

The Hoffmann plots are presented for various mixture at different pressures and temperatures.
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Figure A.1: Hoffmann plot of equilibrium ratio of intermediate compounds (Cs, Ca4, Cs, and Cg) for a mixture of [Bitumen
[(50 mol.%)+diluent (50 mol.%)]+[C1].
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Figure A.2: Hoffmann plot of equilibrium ratio of intermediate compounds (Cs, Cs, Cs, and Cs) for a mixture of [Bitumen
(50 mol.%)+diluent (50 mol.%)]+[C1 (75 mol.%)+CO; (25 mol.%)].

151



a) T=353.80 K b) T=402.57 K

10 10
®  P=16 bar = P=16 bar
P=31 bar
P=41 bar
o o P=51 bar
8 E
5 £
S S
E 3
g i
0.01 : , . . . , : 0.1 : ; ‘ ‘ ‘ :
060 065 070 075 080 085 090 095 1.00 055 060 065 070 075 080 085 0.90
-TyNA-Ty) A-TyT(A-T,)
c) T=452.29 K d) T=503.60 K
10

2 2
8 g
§ g
2 2 1
S S
E 3
i g = P=16bar
P=31 bar
= P=41 bar
= P=51bar
0.1 : , , . . . 0.1 , , . . .
045 050 055 060 065 070 075 0.80 0.40 0.45 0.50 0.55 0.60 0.65 0.70
(1-TyMQA-T,) A-TyT)(A-T,)

Figure A.3: Hoffmann plot of equilibrium ratio of intermediate compounds (Cs, C4, Cs, and Cs) for a mixture of [Bitumen
(50 mol.%)+diluent (50 mol.%)]+[C1 (25 mol.%)+CO; (75 mol.%)].
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Figure A.4: Hoffmann plot of equilibrium ratio of intermediate compounds (Cs, Ca4, Cs, and Cg) for a mixture of [Bitumen
(70 mol.%)+diluent (30 mol.%)]+ Ca.
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Figure A.5: Hoffmann plot of equilibrium ratio of intermediate compounds (Cs, Ca, Cs, and Ce) for a mixture of [bitumen
(70 mol.%)+diluent (30 mol.%)]+[C1 (75 mol.%)+CO- (25 mol.%)].
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A.2.3 Modified Wilson Plots

The modified Wilson plots are presented for various mixture at different pressures and temperatures.
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Figure A.6: Modified Wilson plot of equilibrium ratio of intermediate compounds (Cs, Ca, Cs, and Cs) for a mixture of
[Bitumen (50 mol.%)+diluent (50 mol.%)]+[C4].
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Figure A.7: Modified Wilson plot of equilibrium ratio of intermediate compounds (Cs, C4, Cs, and Cs) for a mixture of
[Bitumen (50 mol.%)+diluent (50 mol.%)]+[C1 (75 mol.%)+CO; (25 mol.%)].
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Figure A.8: Modified Wilson plot of equilibrium ratio of intermediate compounds (Cs, Ca, Cs, and Cs) for a mixture of
[Bitumen (50 mol.%)+diluent (50 mol.%)]+[C1 (25 mol.%)+CO; (75 mol.%)].

157



a) T=353.80 K b) T=402.57 K

10 10
2 o
g g
1S £
2 3
S S
E =
] a
m  P=41bar
= P=51bar
0.01 " - - - . . 0.1 . : . . .
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
(1+w))(1-1/Ty) (1+wj)(1-1/Ty)
c) T=452.29 K d) T=503.60 K
10 10
2 o
® S
S -
£ §
2 2 1
S 8
= E
i g = P=16bar
P=31 bar P=31 bar
= P=41 bar = P=41bar
= P=5]bar = P=51bar
0.1 T T T T 0.1 T T T T
-0.1 0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 0.5
(L+w;)(1-1/Ty) (L+wj)(1-1/Ty)

Figure A.9: Modified Wilson plot of equilibrium ratio of intermediate compounds (Cs, Ca, Cs, and Cs) for a mixture of
[Bitumen (70 mol.%)+diluent (30 mol.%)]+ [Ca].
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Figure A.10: Modified Wilson plot of equilibrium ratio of intermediate compounds (Cs, Ca, Cs, and Cs) for a mixture of
[bitumen (70 mol.%)+diluent (30 mol.%)]+[C1 (75 mol.%)+CO; (25 mol.%)].
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Appendix B. Experimental Data Related to Chapter 4

Table B.1: Composition of liquid phase for different mixtures at different temperatures and pressures.

mixture | temperature | pressure composition
# (k) (MPa) Ci Cs C4 Cs Cs Cr+
3.014 0.1554 | 0.0002 | 0.0062 | 0.0491 | 0.0290 | 0.0655
327.99 2.015 0.1121 | 0.0002 | 0.0067 | 0.0541 | 0.0313 | 0.0698
1.008 0.0594 | 0.0002 | 0.0052 | 0.0425 | 0.0365 | 0.0744
3.075 0.1398 | 0.0002 | 0.0061 | 0.0500 | 0.0199 | 0.0658
373.51 2.007 0.0993 | 0.0002 | 0.0057 | 0.0475 | 0.0188 | 0.0698
1.009 0.0524 | 0.0002 | 0.0069 | 0.0517 | 0.0212 | 0.0731
3 4.006 0.1624 | 0.0002 | 0.0066 | 0.0519 | 0.0167 | 0.0663
417 52 3.015 0.1265 | 0.0002 | 0.0059 | 0.0492 | 0.0196 | 0.0672
2.005 0.0886 | 0.0002 | 0.0052 | 0.0473 | 0.0229 | 0.0685
1.008 0.0432 | 0.0002 | 0.0076 | 0.0451 | 0.0252 | 0.0698
4.019 0.1454 | 0.0002 | 0.0057 | 0.0464 | 0.0185 | 0.0750
459.10 3.014 0.1098 | 0.0002 | 0.0062 | 0.0412 | 0.0165 | 0.0672
2.024 0.0783 | 0.0002 | 0.0066 | 0.0400 | 0.0166 | 0.0674
1.020 0.0347 | 0.0002 | 0.0069 | 0.0463 | 0.0186 | 0.0691
397 99 2.008 0.1149 | 0.0005 | 0.0138 | 0.1069 | 0.0495 | 0.1109
1.026 0.0567 | 0.0005 | 0.0109 | 0.1097 | 0.0507 | 0.1154
3.030 0.1283 | 0.0003 | 0.0151 | 0.1053 | 0.0459 | 0.1093
373.51 2.022 0.0935 | 0.0004 | 0.0144 | 0.1076 | 0.0466 | 0.1113
1.024 0.0472 | 0.0004 | 0.0138 | 0.1098 | 0.0479 | 0.1132
4 3.061 0.1128 | 0.0004 | 0.0143 | 0.1082 | 0.0432 | 0.0908
417.52 2.017 0.0759 | 0.0004 | 0.0133 | 0.1096 | 0.0468 | 0.0923
1.027 0.0386 | 0.0004 | 0.0129 | 0.1102 | 0.0496 | 0.0947
4.055 0.1381 | 0.0006 | 0.0133 | 0.1037 | 0.0407 | 0.0835
459.10 3.035 0.1022 | 0.0005 | 0.0117 | 0.0947 | 0.0385 | 0.1001
2.007 0.0684 | 0.0005 | 0.0103 | 0.0833 | 0.0378 | 0.0966
0.999 0.0282 | 0.0004 | 0.0089 | 0.0751 | 0.0337 | 0.0935
397 99 2.042 0.1147 | 0.0008 | 0.0242 | 0.1883 | 0.0714 | 0.1195
1.023 0.0559 | 0.0007 | 0.0199 | 0.1801 | 0.0732 | 0.1234
373.51 2.043 0.0859 | 0.0008 | 0.0218 | 0.1743 | 0.0684 | 0.1159
1.013 0.0432 | 0.0007 | 0.0199 | 0.1681 | 0.0696 | 0.1171
5 3.005 0.1098 | 0.0008 | 0.0222 | 0.1678 | 0.0643 | 0.1115
417.52 2.013 0.0688 | 0.0008 | 0.0199 | 0.1649 | 0.0655 | 0.1149
1.057 0.0344 | 0.0007 | 0.0183 | 0.1611 | 0.0671 | 0.1152
3.043 0.0927 | 0.0008 | 0.0197 | 0.1584 | 0.0628 | 0.1095
459.10 2.054 0.0545 | 0.0007 | 0.0164 | 0.1413 | 0.0664 | 0.1109
1.015 0.0221 | 0.0005 | 0.0113 | 0.1271 | 0.0685 | 0.1121
397 99 2.008 0.1078 | 0.0015 | 0.0369 | 0.2612 | 0.1446 | 0.1962
1.022 0.0513 | 0.0016 | 0.0335 | 0.2778 | 0.1487 | 0.2057
5 37351 2.007 0.0807 | 0.0013 | 0.0331 | 0.2524 | 0.0986 | 0.1852
1.028 0.0388 | 0.0012 | 0.0309 | 0.2572 | 0.1021 | 0.1949
4175 3.061 0.0998 | 0.0013 | 0.0346 | 0.2393 | 0.0864 | 0.1632
2.034 0.0624 | 0.0012 | 0.0323 | 0.2287 | 0.0909 | 0.1724

160



1.029 0.0271 | 0.0012 | 0.0306 | 0.2251 | 0.0948 | 0.1821
3.056 0.0819 | 0.0011 | 0.0246 | 0.1814 | 0.0781 | 0.1523

459.10 2.017 0.0439 | 0.0011 | 0.0239 | 0.2025 | 0.0852 | 0.1614

1.021 0.0138 | 0.001 | 0.0225 | 0.1638 | 0.0998 | 0.1704

327.99 1.032 0.0492 | 0.0019 | 0.0477 | 0.3134 | 0.1896 | 0.2969

37351 2.017 0.0719 | 0.0015 | 0.0463 | 0.3059 | 0.1511 | 0.2669

1.006 0.0321 | 0.0015 | 0.0434 | 0.3154 | 0.1546 | 0.2817

7 41752 2.016 0.0522 | 0.0019 | 0.0416 | 0.2905 | 0.1409 | 0.2651

1.030 0.0143 | 0.0019 | 0.0405 | 0.3058 | 0.1456 | 0.2759
3.019 0.0641 | 0.0015 | 0.0339 | 0.2873 | 0.1228 | 0.1749
459.10 2.021 0.0274 | 0.0016 | 0.0344 | 0.2882 | 0.1229 | 0.1979
1.033 0.0072 | 0.0016 | 0.0363 | 0.2895 | 0.1209 | 0.2061
Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative uncertainties (ur)
are: (ur(Xcy), ur(Xcs), ur(Xca), ur(Xcs), ur(xcs), ur(xcz+)) = (0.012, 0.015, 0.021, 0.032, 0.045, 0.057)
(level of confidence = 0.95).
Thgsuncertainty we reported is the relative uncertainty. The standard uncertainty of x; is calculated
as:

1/2
u(x;) = s(X,) = ( - =1 (X — Z)Z) /

nn-1)

Relative Uncertainty
u, (x) = u(x)/X;

Table B.2: Composition of vapor phase for different mixtures at different temperatures and pressures.

mixture | temperature pressure composition
# (k) (MPa) C1 Cs C4 Cs Cs Cr+
3.014 0.9902 | 0.0002 | 0.0019 | 0.0060 | 0.0009 | 0.0008
327.99 2.015 0.9870 | 0.0002 | 0.0025 | 0.0079 | 0.0012 | 0.0012

1.008 0.9775 | 0.0003 | 0.0042 | 0.0133 | 0.0021 | 0.0026
3.075 0.9769 | 0.0002 | 0.0038 | 0.0144 | 0.0026 | 0.0021
373.51 2.007 0.9670 | 0.0002 | 0.0052 | 0.0203 | 0.0039 | 0.0034
1.009 0.9327 | 0.0003 | 0.0101 | 0.0417 | 0.0081 | 0.0071
4.006 0.9639 | 0.0002 | 0.0049 | 0.0233 | 0.0048 | 0.0029

3 417 52 3.015 0.9521 | 0.0003 | 0.0067 | 0.0305 | 0.0067 | 0.0037
2.005 0.9384 | 0.0003 | 0.0084 | 0.0392 | 0.0088 | 0.0049

1.008 0.8912 | 0.0004 | 0.0136 | 0.0688 | 0.0162 | 0.0098

4.019 0.9335 | 0.0003 | 0.0080 | 0.0397 | 0.0097 | 0.0088

459.10 3.014 0.9240 | 0.0003 | 0.0089 | 0.0456 | 0.0114 | 0.0098

2.024 0.8982 | 0.0004 | 0.0116 | 0.0608 | 0.0154 | 0.0136

1.020 0.8195 | 0.0006 | 0.0179 | 0.1048 | 0.0288 | 0.0284

327.99 2.008 0.9742 | 0.0005 | 0.0054 | 0.0158 | 0.0022 | 0.0019

1.026 0.9461 | 0.0008 | 0.0087 | 0.0368 | 0.0038 | 0.0038

3.030 0.9511 | 0.0003 | 0.0092 | 0.0301 | 0.0059 | 0.0034

4 373.51 2.022 0.9271 | 0.0005 | 0.0122 | 0.0454 | 0.0093 | 0.0055

1.024 0.8591 | 0.0006 | 0.0203 | 0.0915 | 0.0179 | 0.0106
3.061 0.8961 | 0.0004 | 0.0154 | 0.0682 | 0.0148 | 0.0051
417.52 2.017 0.8623 | 0.0006 | 0.0199 | 0.0902 | 0.0202 | 0.0068
1.027 0.7881 | 0.0009 | 0.0257 | 0.1364 | 0.0346 | 0.0143
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4.055 0.8636 | 0.0007 | 0.0145 | 0.0895 | 0.0217 | 0.01
459.10 3.035 0.8393 | 0.0008 | 0.0169 | 0.1032 | 0.0255 | 0.0143
2.007 0.8012 | 0.0011 | 0.0211 | 0.1176 | 0.0396 | 0.0194

0.999 0.6463 | 0.0014 | 0.0297 | 0.2233 | 0.0613 | 0.038
327.99 2.042 0.9581 | 0.0008 | 0.0086 | 0.0269 | 0.0035 | 0.0021
1.023 0.9203 | 0.0009 | 0.0164 | 0.0531 | 0.0056 | 0.0037
37351 2.043 0.8882 | 0.0009 | 0.0196 | 0.0728 | 0.0133 | 0.0052
1.013 0.7985 | 0.0012 | 0.0316 | 0.1321 | 0.0259 | 0.0107
5 3.005 0.8391 | 0.0009 | 0.0231 | 0.1073 | 0.0231 | 0.0065
417.52 2.013 0.7886 | 0.0011 | 0.0286 | 0.1417 | 0.0309 | 0.0091
1.057 0.6884 | 0.0014 | 0.0372 | 0.2069 | 0.0492 | 0.0169
3.043 0.7347 | 0.0013 | 0.0294 | 0.1728 | 0.0439 | 0.0179
459.10 2.054 0.6641 | 0.0015 | 0.0314 | 0.2233 | 0.0598 | 0.0199
1.015 0.4829 | 0.0018 | 0.0392 | 0.3479 | 0.0801 | 0.0481
327.99 2.008 0.9365 | 0.0014 | 0.0128 | 0.0385 | 0.0074 | 0.0034
1.022 0.8658 | 0.0019 | 0.0276 | 0.0851 | 0.0131 | 0.0065
37351 2.007 0.8371 | 0.0016 | 0.0289 | 0.1044 | 0.0194 | 0.0086
1.028 0.6881 | 0.0022 | 0.0531 | 0.1999 | 0.0396 | 0.0171
6 3.061 0.7765 | 0.0014 | 0.0356 | 0.1432 | 0.0335 | 0.0098
417.52 2.034 0.6983 | 0.0019 | 0.0478 | 0.1933 | 0.0448 | 0.0139
1.029 0.5492 | 0.0024 | 0.0605 | 0.2916 | 0.0685 | 0.0278
3.056 0.6865 | 0.0017 | 0.0398 | 0.1908 | 0.0564 | 0.0248
459.10 2.017 0.5472 | 0.0022 | 0.0465 | 0.2967 | 0.0771 | 0.0303
1.021 0.3118 | 0.0037 | 0.0713 | 0.4261 | 0.1157 | 0.0714
327.99 1.032 0.8277 | 0.0024 | 0.0373 | 0.1058 | 0.0174 | 0.0094
37351 2.017 0.7668 | 0.0021 | 0.0402 | 0.1479 | 0.0307 | 0.0123
1.006 0.5626 | 0.0032 | 0.0729 | 0.2788 | 0.0589 | 0.0236
7 41752 2.016 0.5874 | 0.0031 | 0.0608 | 0.2675 | 0.0598 | 0.0214
1.030 0.2922 | 0.0041 | 0.0866 | 0.4715 | 0.1022 | 0.0434
3.019 0.5189 | 0.0024 | 0.0611 | 0.2997 | 0.0884 | 0.0295
459.10 2.021 0.3459 | 0.0036 | 0.0748 | 0.4231 | 0.1155 | 0.0371
1.033 0.1601 | 0.0061 | 0.1104 | 0.4942 | 0.1431 | 0.0861

Standard uncertainties u are: u(T) = 0.228 K, u(P) = 0.003 MPa, and the relative uncertainties (ur)
are: (ur(yca), ur(ycs), ur(yca), ur(ycs), ur(ycs), ur(ycr+)) = (0.012, 0.015, 0.021, 0.032, 0.045, 0.057)
(level of confidence = 0.95).
The uncertainty we reported is the relative uncertainty. The standard uncertainty of x; is calculated

as;se

u(x) = s(%) = (
Relative Uncertainty
u, (%) = ux)/X;

1

n(n-1)

_ 1/2
Z=1(Xi,k - Xl)z)
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Appendix C. Validation of the Experimental Apparatus
C.1 Validation of the PVT Setup

The reliability of the measurements for VLE was confirmed with reproducing the available data in
the literature. We chose the system of methane/McKay River bitumen to validate our data. The
density and viscosity of the saturated liquid phase, as well as solubility of methane in McKay River
bitumen were measured at T=373.15 K and P=1.69, 2.48, 3.17, and 4.41 MPa. The results were
compared with the data in the study done by Zirrahi.t

The summary of the validation results is presented in Table C.1.

Table C.1: Vapor-liquid equilibrium data for methane/McKay River bitumen at T=373.15 K.

experimental ) _ _
pressure (MPa) this work Zirrahit
data
441 19.12 20.00
. 3.17 14.13 14.90
solubility (mol%)
2.48 10.73 11.04
1.69 7.81 8.00
4.41 946.09 945
_ 3.17 948.56 948.2
density (kg/m3)
2.48 950.41 949.5
1.69 952.12 950.5
441 134.7 135.8
o 3.17 152.6 155.7
viscosity (cP)
2.48 160.9 162.8
1.69 173.4 167.7

C.2 References
1. Zirrahi, M. (2016). Experimental and Modeling Phase Behaviour Studies of Water-Solvent-

Bitumen System (Doctoral dissertation, University of Calgary).
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