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Abstract

This thesis presents an experimental study of the phase equilibria of hexane/water and
hexane/water/bitumen mixtures applicable to solvent-assisted thermal recovery processes. The
solvent selection for solvent-aided thermal recovery processes is often chosen based on the
proximity of solvent saturation properties to steam. In this thesis, such a premise is examined
by evaluating the phase equilibria of hexane/water and hexane/water/bitumen mixtures to fill
the existing knowledge gap and draw a conclusion on the validity of such a hypothesis.
First, a PVT setup was used to measure the vapor-liquid equilibria (VLE) of hexane/water
binary mixtures at temperatures ranging from 183-215 °C and a constant pressure of 2.5 MPa.
The results indicate an azeotropic behavior with a co-condensation temperature of 183.7 °C at
a hexane mole-fraction of 0.6029. The Cubic Plus Association Equation of State (CPA-E0S)
and activity coefficient-based Non-Random Two Liquid (NRTL) models were used to model
the measured experimental data, and the predicted results are in good agreement with the
measured data.

Next, the condensation properties of a solvent/water mixture in the presence of Mackay
River Bitumen (ternary system) were performed. The phase behavior, viscosity, and density
measurements were taken at two typical mole fractions of solvent (1 and 5%) in the
steam/solvent mixture while keeping the hexane/bitumen ratio constant at temperatures ranging
from 183-215 °C and a constant pressure of 2.5 MPa. The results revealed a vapor-liquid-liquid
equilibrium (VLLE). The phases in equilibrium include a vapor phase consisting of hexane and
water, a liquid phase comprising hexane/water bitumen, and a second liquid phase containing
hexane/water. The condensation trends of the binary hexane/water and ternary
hexane/water/bitumen systems were compared. The results revealed that the hexane
concentration in the ternary systems is close to those of the binary mixture at any given

temperature, suggesting that the binary system of solvent/water may be used for condensation



studies. In addition, the results revealed that the solubility of hexane in bitumen dominates
viscosity reduction at the temperature range of interest. The cubic-plus-association equation of
state (CPA EO0S) was used to model the phase equilibria of hexane/water and
hexane/water/bitumen mixtures. The findings provide insight into steam/solvent condensation

behavior with applications to the solvent-aided thermal recovery of bitumen from oil sands.
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Chapter One: Introduction

1-1 Overview

The decline in conventional oil production, combined with an increase in global energy
demand, has increased interest in heavy oil and bitumen production. Although Canada has one
of the world's largest reserves (171 bbl), more than 97 % of these reserves (168 bbl) are in
Alberta's oil sands [1]. Approximately 20 % of the oil sand deposits are within 75 m of the
surface and viable for open-pit mining, while the remaining 80 % are deposited deeper than 75
m. Oil sand deposits greater than 75 m in depth necessitate special recovery techniques, and
in-situ recovery offers a solution. The most common economically and fully developed viable
in-situ method for bitumen recovery is steam-assisted gravity drainage (SAGD).

SAGD is a thermal in-situ bitumen recovery method where an injector well and a
producer well are drilled horizontally and parallel to each other at the base of the oil sands
formation, with the most injector well approxomiately 5 m above the producer. Steam is
injected through the injector well. The injected steam is condensed by transferring its latent
heat to the bitumen, reducing the bitumen's viscosity. The mobilized oil then drains toward the
production well by gravity [2]. The steam chamber expands and eventually reaches the top of
the oil sands formation as the oil drains toward the production well. The vertical and horizontal
expansion of the steam chamber results in heat losses to the overburden formation leading to
high steam-oil-ratio (SOR). The SOR is the primary measure of the energy intensity for the
SAGD process. A higher SOR indicates a less economical and environmentally friendly
recovery process. The high volume of steam required per unit volume of the oil produced in
the SAGD process is the main challenge, considering the energy requirements and the
environmental impact [3]

Solvent co-injection with steam is being researched to lessen the high water need and

energy intensity. Several in-situ recovery processes that involve the co-injection of solvents



with steam are currently being explored [4-10]. These processes include but are not limited to
Solvent Assisted-SAGD (SA-SAGD)[11], N-SOLV [8], Enhanced Solvent Extraction
Incorporating Electromagnetic Heating (ESEIEH) [10], and Liquid Addition to Steam for
Enhance (LASER) [12]. Dissolution of solvent into the bitumen results in reduced viscosity
and improved oil recovery. However, a poorly designed solvent process could lead to the loss
of millions of dollars since solvent-aided methods have substantial capital and operating costs
[13]. As a result, phase behavior, solubility, viscosity, and density measurements are crucial
for modeling, simulating, and designing an optimized solvent-aided process.

The experimental phase behavior of steam and solvent co-condensation in the presence
and absence of bitumen has not been reported in the literature. Previous studies have looked at
vapor-liquid equilibria (VLE) and liquid-liquid equilibria (LLE) of solvent-bitumen,
solvent/water, and water/bitumen systems and measured solvent-saturated bitumen's density,
viscosity, solubility, and phase behavior. Although some LLE data for the n-Ce/H20 binary
system are previously reported in the literature, the experimental VLE, and VLLE data are
scarce. Phase behavior study over a range of temperatures and mole fraction measurements at
SA-SAGD operating pressure is necessary to understand the phase behavior of a solvent-steam
co-injection. To the best of my knowledge, so far, no attempts have been made to perform a
complete phase behavior study on the n-Ce/H20/Bitumen system applicable to SA-SAGD. The
direct measurement and analysis of the VLE, LLE, and VLLE in the context of the steam-
solvent co-condensation is challenging. A challenge in experimental VLE measurements of
solvent/steam binary mixtures at pressure and temperatures of interest is the complex phase
behavior of two immiscible liquids that can form a LL, VL, or VLLE at different operating
conditions [14] and their low order of magnitude of mutual solubility [15]. These complexities
highlight the importance of collecting experimental phase behavior measurements for the

binary hydrocarbon solvent-steam mixtures to improve our understanding of such systems.



1-2 Research Objectives

The primary goal of this study is to better understand the co-condensation of normal
hexane (as a potential solvent for SA-SAGD) and water in the absence and presence of bitumen
and acquire phase behavior and thermophysical property experimental data such as solubility,
viscosity, and density at high temperatures and pressures for SA-SAGD application. To better
understand the co-condensation characteristics of the n-Ce/H20 mixture in a co-injection
process, the VLE of the n-Ce/H20 binary system was first explored. The experimental data
acquired are modeled using the Cubic Plus Association (CPA) equation of state (EoS) and the
Non-random two-liquid (NRTL) activity coefficient-based model to aid in the prediction of the
phase behavior under various operating conditions. Next, n-Ce/H20 co-condensation was
studied in the presence of bitumen, and the corresponding thermophysical properties were
measured. The effects of different n-Ce/H20 and n-Ces/bitumen ratios on the phase VLE were
investigated. The measured experimental results are modeled using CPA EoS and NRTL

models.

1-3 Thesis structure

This thesis follows a research paper-based format and is structured into six chapters.
Chapter 1 presents a brief introduction of the topic, a description of the research objective, and
the thesis structure.

Chapter 2 presents a detailed literature review of the available numerical, simulation, and
experimental data on solvent/bitumen, water/bitumen, and solvent/water systems.

Chapter 3 presents the vapor-liquid equilibria (VLE) of the binary mixture of normal hexane
and water at P = 2.5 MPa and T= (456.85-487.85 K). The results of this chapter have been

submitted for publication.



Chapter 4 presents the experimental measurement of the VLLE of the normal
hexane/water/bitumen system at P = 2.5 MPa and T= (456.85-487.85 K). The measured
viscosity and density of the saturated liquid phases are also reported in this chapter.

Chapter 5 concludes the general findings from this research study and presents the proposed

future studies on solvent-water-bitumen systems.
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Chapter 2: Literature Review on the Solvent-Aided Thermal Recovery Process (SA-

SAGD)

The main goal of this chapter is to present a detailed review of the work that has been

done so far to understand solvent co-injection in the thermal recovery processes. This section
provides a brief overview of the solvent-aided thermal recovery process (SA-SAGD) process,
followed by a review of all works, including simulations, numerical, and experimental studies

of solvents/bitumen, water/bitumen, and hexane/water systems presented.

2-1 Concept of SA-SAGD

SA-SAGD process involves the co-injection of solvent and steam to improve bitumen
production and reduce energy consumption. The selection of solvent is an essential step in the
implementation of SA-SAGD processes [1]. The solvent is reported to condense with steam in
the chamber during this process, and as a result, an optimal solvent used is thought to have
similar saturation properties to steam [2]. In addition to the solvent type, the solubility of a
solvent in bitumen is critical for the mass transfer that helps in viscosity reduction in SA-
SAGD. Solvent solubility in thermal processes can be inferred by the solvent molecular weight
(Orr 2009) [3], operating temperature, and pressure. A brief review of studies on the numerical
and experimental investigation into the SA-SAGD process is presented in the following section

according to the publication year.

2-2 Numerical and Experimental Investigation into SA-SAGD Process

Ferguson et al. (2001) [4] conducted an experiment to investigate the effect of adding
propane to steam as an additive to improve the recovery of 13.5 API oil from Venezuela's
Morichal field. The experiment was carried out with different propane-to-steam injection ratios
at 0.26 MPa and a steam injection temperature of 160 °C. According to the study's, injecting

propane with steam improved recovery compared to injecting steam alone.



Nasr et al. (2003) [2] carried out a laboratory experiment in which they tested SA-SAGD in a
cylindrical setup with eight hydrocarbon solvents ranging from Cs to Cs and diluent. The oil
drainage rate was discovered to increase with increasing solvent carbon number until Cs when
it began to decrease.

The timing of the injection is an important factor to consider for an effective SA-SAGD
process. For example, Gupta and Gittins (2006) [5] proposed an injection strategy for the
Solvent Assisted Process (SAP), in which the butane is injected when the chamber reaches the
reservoir's top. However, later, Jiang et al. (2012) [6] suggested that injecting solvent (Cs) early
in the process improved the oil rate but that injection should be stopped after a certain time.
These results highlight the optimized operating conditions highly depend on the solvent type.
In an in-situ bitumen recovery technique, Gates and Bunio (2006) [7] mixed hydrocarbon
solvent with non-condensable gas (NCG). In the initial phase of the project, steam, solvent,
and NCG were injected under high pressure, and then the injected fluids were changed to
contain a high concentration of solvent and NCG and a lower amount of steam while still
maintaining a warm steam chamber. The authors concluded that operating at a controlled
pressure using an injection approach promoted solvent transfer into the depleted reservoir for
viscosity reduction. Nasr and Ayodele (2006) [8], in a 2D experimental setup, studied the SA-
SAGD using Cs-C10 on Cold Lake bitumen at high temperature and pressure. The process
recovered up to 99% of the solvent, according to the results.

A simulation study was carried out by Boak and Palmgren (2007) [9] to investigate the effect
of injecting single-component solvents, solvent mixtures, and naphtha. The study's findings
indicated that naphtha reduced SOR and improved oil recovery when coinjected with steam.
Gates and Chakrabarty (2008) [10] developed a new injection strategy using a 3D heavy oil
reservoir to optimize the SOR by considering the operating pressure and solvent-to-steam

injection ratio.



Govind et al. (2008) [11] also investigated the effect of injecting different solvents (Cs -C7)
and solvent blends at a controlled solvent concentration using reservoir simulations. All
solvents were reported to perform better than SAGD; however, at 4 MPa, butane outperformed
other solvents.

Ayodele et al. (2009) [12] created a low-pressure SA-SAGD process to replace high-pressure
SAGD in low-pressure Athabasca reservoirs. Five sets of experimental measurements were
carried out with propane, and the results were based on recovery rate, recovery time, heat loss,
steam chamber growth, and SOR. The authors concluded that low-pressure SA-SAGD could
help recover untapped bitumen/heavy oils due to their low-pressure conditions.

Edmunds et al. (2009) [13] proposed using a general algorithm to optimize solvent injection
rate and composition. Later, Peterson et al. (2010) [14] and Al-Gosayir et al. (2012) [15] used
the proposed algorithms in their various studies.

Ayodele et al. (2010) [16] tested SA-SAGD with Cs as the solvent using a 2D high-temperature
and high-pressure experimental setup. They used CMG-STARS to history match the
experimental data. Their SA-SAGD tests recovered 10.93 % more oil than SAGD.

In a 2D simulation study, Li and Mamora (2010a) [17] investigated the drainage mechanics of
the solvent-assisted SAGD process using various hydrocarbon solvents up to Ci2. They
demonstrated that the relative condensation of solvent and steam in bitumen results in
vaporized solvent, liquid, and water films. They also concluded that injecting solvent at low
concentrations resulted in better oil due to solvent solubility and heat transfer from the steam.
Li and Mamora (2010b) [18] investigated the SA-SAGD process using C7 and xylene as
solvents in a 2D experimental model. The authors concluded that adding solvent reduced
bitumen viscosity but failed to keep the chamber temperature stable. They also mentioned that

choosing an optimal solvent could help to shorten the condensation time.



Ardali et al. (2010) [19] investigated the feasibility of SA-SAGD in a 2D physical experimental
model with Cs, C4, Cs, and C7 as solvents. The experiment was carried out at 0.55 MPa, and
solvent/steam co-injection was tested to optimize the critical variables involved in the SA-
SAGD process on the Peace River bitumen. The optimal injected concentration was determined
to be 10 %wt. of Cs. On the other hand, the authors attributed the solvent performance to
reservoir properties and operating conditions.

Al-Turki et al. (2010) [20] investigated the injection of NCG into low-pressure reservoirs with
top water using the SA-SAGD. The investigation led the author to conclude that the addition
of NCG aided in the reduction of heat loss from the top water zone. Deng et al. (2010) [21]
used a 2D high-temperature and a high-pressure experimental setup to investigate the
effectiveness of co-injecting solvent diluent alongside steam in SAGD. The lighter components
of the diluent condensed in the steam chamber to improve bitumen production, whereas the
heavier elements had no noticeable effect.

Akinboyewa et al. (2010) [22] investigated the optimal injection concentration of butane
solvent in the SA-SAGD process using a numerical and simulation approach. The optimal
solvent injection concentration was between 5 and 10%. Hosseininejad Mohebati et al. [23]
optimized the use of additives in conjunction with steam to produce three significant oil sand
deposits (Athabasca, Cold Lake, and Lloydminster). The operating pressure was identified as
a critical factor to consider during the optimization of the solvent process.

Ardali et al. (2012) [24] used a 2D cylindrical setup to compare the effect of co-injecting
hexane and heptane with pure SAGD. Hexane was discovered to improve recovery compared
to the standard SAGD method significantly. Lin et al. (2014) [25] investigated how
permeability and drainage height affect the SA-SAGD process. The Cs solvent was tested on a

sand pack saturated with Lloydminister heavy oil, and the experiment was carried out in a
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visual high-pressure physical model. A correlation was also developed to account for the effect
of permeability and drainage height.

Perez-Perez et al. (2014) [26] used a sensitivity analysis to determine the optimal grid size for
defining the near-edge steam chamber. Pure C4 and Cs solvents and blends were tested for the
SA-SAGD on a 2D synthetic reservoir created with the STAR simulator's dynamic gridding
features. The solvents tested performed well at various pressures, particularly Ce at 2.5 and 3.5
MPa. Ghasemi and Whitson (2014) [27] numerically investigated the SA-SAGD process in an
Athabasca 2D model. The effects of medium solvents (Cs-Cs) and heavy solvents (C1s) on the
oil-gas interface were studied. It was determined that the equilibrium k-values define the oil-
gas interface.

Khaledi et al. (2015) [28] also investigated the optimal solvent and the effect of operating
conditions on the performance of SA-SAGD experimentally and numerically. They concluded
that the azeotropic state (phase behavior) influences solvent/steam condensation.

Keshavarz et al. (2015) [29] developed an optimal guideline for applying solvent steam
conjecture by considering the oil production rate, solvent retention, and ultimate oil recovery.
The multiphase binary solvent-steam mixture was used to describe temperature reduction in
the chamber, and it was concluded that lighter solvents result in a more significant temperature
reduction.

Abdi et al. (2022) [30] used the CPA EoS model to simulate the VLLE of a bitumen-water-
solvent (C1, C2, C3, C4) systems. The tuned model presented a reasonable prediction of VLLE
of solvent/water/bitumen CPA EoS and allowed predicting VLLE data based merely on binary
VLE and LLE data.

Kumar et al. (2022) [31] conducted a simulation experiment to compare the effectiveness of
SAGD and SA-SAGD on oil drainage in oil sands with shale barriers. As a result, C4 SA-

SAGD demonstrated more significant steam-solvent chamber expansion.
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2-3 Experimental Phase Behavior and Thermophysical Data for Different Hydrocarbon

Solvent and Bitumen

Many mixture solubility studies on binary systems of solvent/bitumen and
water/bitumen have been reported in the literature. A review of some of the solubility
experimentally measured data in the open literature is presented in the following.

2-3-1 Methane-Bitumen

Svrcek and Mehrotra (1982) [32] presented experimental data on the solubility,
viscosity, and density of methane-saturated Athabasca bitumen at temperatures ranging from
25 to 100 °C and pressures up to 10 MPa.

Fu et al. (1998) [33] measured the vapor-liquid equilibrium (VLE) of methane and Cold Lake
bitumen systems at 70, 100, and 150 °C isotherms and pressures up to 10 MPa.

Zirrahi et al. (2017) [34] measured the phase behavior, viscosity, and density of light n-alkanes
(C1- C4) and Mackay River bitumen at three temperatures (100,150,190 °C) and 4.7 MPa
pressure. Methane has the most negligible solubility and viscosity reduction effect compared
to the other solvents investigated. The authors successfully modeled methane solubility using
Peng Robinson (PR) EoS, correlated viscosity using a mixing rule, and used a practical density
approach to predict the density of the hydrocarbon-rich phase.

Nourozieh et al. (2016a) [35] measured the solubility, viscosity, and density of Ci/Athabasca
bitumen at various temperatures and pressures (up to 190 °C and 10 MPa). They reported that
C1 solubility in Athabasca bitumen is negligible at high temperatures compared to lower
temperatures (i.e., 50 °C). As a result, the viscosity reduction magnitude is small at high
temperatures with isotherms greater than 100 °C.

Haddadnia et al. (2018a) [36] studied the solubility, viscosity, and density of methane-saturated
Athabasca bitumen at high temperatures of up to 260 °C and pressured up to 8 MPa. The

measured experimental data were correlated using the PR EoS thermodynamic model. The
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results showed that at a constant temperature, Ci solubility increased with pressure, while
temperature caused a decrease in bitumen viscosity at constant pressure. Figure 2-1 shows the
experimental data range for the Methane-Bitumen system reported in the literature and among

others. The P-T diagrams generated with NIST data are also plotted in Figure 2-1.
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Figure 2-1:Experimental data range for Methane-Bitumen system.

2-3-2 Ethane-Bitumen

Kariznovi et al. (2011) [37] reported the measured solubility, viscosity, and density of
the Ca/bitumen system at temperatures up to 190 °C and up to 10 MPa pressure. They
discovered that Cz solubility is negligible at temperatures above 150 °C, and a lower
temperature results in significantly less viscosity reduction. Ganapathi et al. (2021) [38] used
a microbalance to measure the solubility of C2 in Lloydminster heavy oil at 17, 25, and 40 °C

and pressures up to 2 MPa and modeled the measured data with PR-E0S.
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The LLE of Cz/Athabasca bitumen was studied by Nourozieh et al. (2011) [39] at room
temperature and various pressures. Comparative research was done to see how the solvent-to-
bitumen ratio affected the thermophysical properties. Viscosity was improved by raising the
pressure or increasing the concentration ratio. Figure 2-2 shows some experimental data range

for the ethane-bitumen system reported in the literature and among others. The P-T diagrams

generated with NIST data are also plotted in Figure 2-2.
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Figure 2-2: Experimental data range for Ethane-Bitumen system.

2-3-3 Propane-Bitumen

Nourozieh et al. (2015) [40] investigated the Cs/Athabasca bitumen mixture under
heated Vapex and SA-SAGD operating conditions at temperatures ranging from 50 to 200 °C
and pressures up to 10 MPa. They observed a VLE and LLE at the investigated temperatures

and pressures. At lower temperatures or/and higher pressures, the variation in Cs solubility in
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bitumen was significant. At higher experimental temperatures (200, 230, and 260 °C),
Haddadnia et al. (2018) [36] observed a similar result. Figure 2-3 shows some experimental
data range for the propane-bitumen system reported in the literature and among others. The P-

T diagrams generated with NIST data are also plotted in Figure 2-3.
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Figure 2-3: Experimental data range for the Propane-Bitumen system.

2-3-4 Butane-Bitumen

Nourozieh et al. (2016b) [41] measured the phase behavior, viscosity, and density of
Ca-saturated Athabasca bitumen at temperatures from 100 to 200 °C and pressures up to 6 MPa.
C4 has significantly affected bitumen viscosity at lower temperatures and higher pressures.
Perez etal. (2019) [42] also investigated the phase behavior of bitumen extracted from Western
Canadian reservoir and butane mixtures over a wide temperature and pressure range of up to
20 to 230 °C and 10 MPa, respectively. They reported single-phase liquid, VL, and LL
equilibrium conditions at various temperatures and pressures. Furthermore, Haddadnia et al.

(2018a) [36] measured the density and viscosity of butane- Athabasca bitumen mixtures at
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higher temperatures, up to 260 °C. Figure 2-4 shows some experimental data range for the

butane-bitumen system reported in the literature and among others. The P-T diagrams

generated with NIST data are also plotted in Figure 2-4.
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Figure 2-4: Experimental data range for the Butane-Bitumen system.

2-3-5 Pentane-Bitumen

Nourozieh et., (2014) [43] investigated the density of Cs-saturated Athabasca bitumen
at temperatures appropriate for in-situ processing and pipeline transportation. The experiment
was carried out at various weight fractions of pentane and pressures of up to 10 MPa.
Haddadnia et al. (2018b) [44] also studied the phase behavior viscosity and density of a Cs/
Athabasca bitumen system at temperatures ranging from 30-200 °C, pressures ranging from 2-
8 MPa, and different concentrations. Figure 2-5 shows some experimental data range for the

pentane-bitumen system reported in the literature and among others. The P-T diagrams

generated with NIST data are also plotted in Figure 2-5
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2-3-6 Hexane-Bitumen

Haddadnia et al. (2018b) [44] investigated the phase behavior, viscosity, and density of
a Ce/ Athabasca bitumen system at temperatures ranging from 30-200 °C, pressures ranging
from 2-8 MPa, and different concentrations. According to the research, the density of bitumen
decreases with increasing temperature and solvent concentration. The oil viscosity decreased
with solvent concentration at a given temperature, but the effect of viscosity reduction due to
solvent addition was generally reduced with increasing temperature. The viscosity of the
mixture increased slightly as pressure was increased.
Gao et al. (2018) [45] also measured the phase behavior, viscosity, density, and asphaltene
precipitation of Cs and Athabasca bitumen mixtures at temperatures up to 160 °C and pressures

up to 3 MPa. They reported that no liquid-liquid equilibrium was observed at the studied
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conditions, even at high hexane concentrations (up to 90 wt.%) for the equilibrium mixtures.
Figure 2-6 shows some experimental data range for the ethane-Bitumen system reported in the

literature and among others. The P-T diagrams generated with NIST data are also plotted in

Figure 2-6.
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Figure 2-6: Experimental data range for Hexane-Bitumen system.

2-3-7 Water-Bitumen

Glandt and Chapman (1995) [46] investigated the effect of H20 dissolution on bitumen
viscosity at high temperatures up to 290 °C with different gravity ranges ranging from 0.97 to
1.03 g/cm?®. The measured water-saturated bitumen solubilities were compared with those from
the mixing rule. They reported that the effect of temperature on water solubility in bitumen is

more significant above 150 °C and that at 286 °C, the viscosity reduction was half of that
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without water. The measured water solubility in bitumen samples differed from the predicted
values of the mixing rule.

Amani et al. (2013) [47] also determined the water solubility of Athabasca bitumen over a
temperature range relevant to the bitumen refining process (247-367 °C). According to the
reported findings, water dissolution in bitumen follows an exponential increase with
temperatures above 100 °C. Additionally, Zirrahi et al. (2017) [48] investigated water solubility
in Mackay River bitumen at temperatures ranging from 100 to 220 °C and a pressure of 3.44
MPa. The water-saturated bitumen density and viscosity were also measured and correlated.

2-3-7 Water-Solvent

Olds et al. (1942) [49] investigated the solubility of gas (C1) in water at high pressures
up to 68 MPa and temperatures between 37- 237 °C. They observed a high variation in water
concentration in the vapor phase at different operating conditions. Reamer et al. (1943) [50]
studied experimentally the effect of pressure and temperature on the phase equilibrium of the
C2/H20 system at similar temperatures and pressure investigated by Olds et al. [49]. The vapor
phase trend at 104 °C was compared to similar systems of C1/H20 and Nitrogen (N2)/Hz20 at
different pressures. Reamer et al. (1952) [51] also extended the previous work by measuring
the phase equilibria of the C4/H20 mixture in the two-phase region. Kobayashi and Katz (1953)
[52] reported the VLE data for C3/H20 mixtures at temperatures up to 149 °C. The reported
fluid phase conditions were in the supercritical and VLE regions at the temperatures and
pressures investigated.

2-3-8 Water-Solvent-Bitumen

The ternary phase behavior data of a solvent-assisted thermal process is limited in the
literature. Zirrahi et al. (2017) [34] measured the ternary phase behavior of such a system at
temperatures up to 190 °C and pressures up to 5 MPa. The experiments were carried out with

hydrocarbon solvents in the C1-Ca range, and the measured solubility data were compared to
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the same systems in the absence of water. The hydrocarbon-rich phase viscosity and density
were also measured. Their studies did not include concentrations of the vapor phase or the
water-rich phase. The studies also compared the ternary system to solvent/bitumen to compare

the effect of water addition on solvent/bitumen phase behavior.
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Chapter 3: Vapor-liquid Equilibria (VLE) of the binary mixture of normal hexane and

water at P = 2.5 MPa and T= (183.7-214.5 °C)

3-1 Abstract

The vapor-liquid equilibria (VLE) of the binary mixture of the n-Ce/H20 system at
P=2.5 MPa and T= (183.7-214.7 °C) were reported in this study. The result showed an
azeotropic behavior with a co-condensation temperature of 183.7 °C at an n-Cs mole fraction
of 0.6029. The measured experimental data were modeled with the Cubic Plus Association
Equation of State (CPA-E0S) and activity coefficient-based Non-Random Two Liquid (NRTL)
model. The infinite dilution activity coefficient of n-Cs and H20 were also estimated over the
temperature range of interest. The overall root means square deviation (RMSD) of the n-Cs
mole-fraction in vapor and liquid phases for the CPA EoS model was 0.0234, and those of the
NRTL model were 0.0765.
Keywords: Vapor-liquid equilibrium; azeotropic behavior; CPA-Eo0S; NRTL; co-
condensation; hexane/water system

3-2 Introduction

There is a great interest in studying the VLE of the binary mixtures of n-alkane-water
systems in various hydrocarbon processing operations [1-3]. Furthermore, hexane is recently
considered a diluent for SA-SAGD for in-situ bitumen extraction from oil sands. Co-injection
of hydrocarbon solvents with steam has increasingly gained popularity due to high solubility
in bitumen, reducing the viscosity of bitumen and SOR, thus reducing the energy intensity of
bitumen recovery processes. Accurately measured thermodynamic properties are essential to
understanding the co-condensation behavior of the solvent-steam mixtures (i.e., n-Ce and H20).
Solvent-steam co-injection processes are reported under various commercial names, including
expanding-solvent SAGD (ES-SAGD) [4], rich-solvent SAGD (RS-SAGD) [5], and solvent-

aided SAGD (SA-SAGD) [6]. The concept behind solvent-steam co-injection is the ability of
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the solvent to reduce bitumen viscosity simultaneously, leading to improved bitumen drainage
toward production wells at a lower energy cost. Mass transfer occurs through solvent dilution
into the bitumen, decreasing bitumen viscosity more than what would have been achieved by
heating with steam alone at a lower temperature [7]. For this phenomenon to occur, a solvent-
steam mixture must be maintained in a vapor phase until the mixture approaches the viscous
oil, where co-condensation takes place [8]. A challenge in experimental VLE measurements of
solvent-steam systems at pressure and temperatures of interest is the complex phase behavior
of two immiscible liquids that can form a LL and VL at different operating conditions [9] and
their low order of magnitude of mutual solubility [1]. These complexities highlight the
importance of collecting experimental phase behavior measurements for the binary
hydrocarbon solvent-steam mixtures to improve our understanding of such systems.

A common assumption in selecting the optimum solvent for in-situ bitumen recovery
has been the proximity of the solvent vaporization temperature to steam. Normal hexane (n-
Cs) has the closest vaporization temperature (221.33 °C) to steam (223.95 °C) at 2.5 MPa. As
such, our work focuses on the VLE measurement and modeling of the hexane-steam system
under SA-SAGD operating conditions. This study provides the first VLE experimental data on
n-Ce/H20 at P = 2.5 MPa and T=(183.7-214.7 °C). The noted pressure and temperature range
are of interest in solvent-aided bitumen recovery processes. Although liquid-liquid phase
equilibria data for the n-Ce/H20 binary system are previously reported in the literature [10—
16], experimental vapor-liquid phase equilibria data are very limited. Most of the previous
studies focused on the near and supercritical regions at high temperatures and pressures, and
they also reported PT data of the three-phase lines for different compositions of the n-Ce/H20
binary system [17-20]. Barrufet et al. [21] reported five TPxy data points over a range of
temperatures and pressure of 99.96-190.52 °C and 0.343-2.956 MPa, respectively. However,

to understand such a binary system for solvent-steam co-injection, the temperature and mole
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fraction measurements at constant pressure are necessary to capture the co-condensation of
steam and n-Cs. The model predicted VLE (T-xy) data were previously reported with the co-
condensation temperature of 173.1 °C at 0.575-mole fraction of n-Cs at 2.0 MPa [22] and 182
°C at 0.64-mole fraction of n-Cs at 2.5 MPa [6].

This chapter presents an experimentally measured phase diagram of n-Cs-H20 at an
operating pressure of 2.5 MPa and a temperature range of 183.7-214.7 °C. Equilibrium
conditions were attained in a high-pressure/high-temperature PVT cell. Equilibrium samples
were analyzed with gas chromatography (GC), and the VLE results were used to generate a
temperature-mole fraction (T-xy) diagram of the n-Ce-H20 system. Due to the lack of
experimental data on the desired system, the experimental setup was validated with a methane-
n-hexane (CHa4 /n-Ce) binary system. Experimental data were modeled using the cubic plus
association equation of state (CPA EoS) and the activity coefficient-based Non-Random Two

Liquid (NRTL) model.

3-3 Experimental

3-3-1 Material

IUPAC systematic names, CAS registry number, supplier, and purity of the chemicals
and gas used in this study are listed in Table 3-1. All the chemicals used in this study required
no further purification; however, DI water prepared in the lab was boiled and degassed using a
sonicator before using in this study.

Table 3-1: Specifications of materials.

IUPAC systematic name CAS Registry Number Supplier Purity 2° (%)
Helium CAS 7440-59-7 Linde Canada 99.999 mol%
Methane CAS 74-82-8 Linde Canada 99.99 mol%
Ethane CAS 74-84-0 Linde Canada 99.00 wt%
n-hexane CAS 110-54-3 VWR 97.00 wt%

DI Water CAS 7732-18-5 Prepared in Lab -

2 Purity data was provided by the supplier.
® The provided chemicals were used directly in the experiments without further purification.
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3-3-2 Experimental Setup and Procedure

The experimental setup used to study the VLE of the n-hexane and water binary mixture
is shown in Figure 3-1. The major component of this setup includes a Blue M oven, an
Equilibrium PVT cell, a Visual Cell, a Gas Chromatography (GC), and a Quizix pump. The
PVT cells used for the study contained a piston sealed by two O-rings used for isolating the
liquid present at the top of the piston from the hydraulic fluid underneath. These O-rings are
compatible with operating conditions and chemicals. The maximum internal volume of the
PVT cell used for the VLE study was 2,200 ml; the cell’s volume and pressure were controlled
using a Quizix pump by injecting or receiving the hydraulic fluid from underneath the piston
with a displacement accuracy of 0.002 ml. The injected or received hydraulic fluid enabled the
piston’s upward and downward movement, which controlled the internal cell volume until
equilibration was reached. For faster and proper mixing, the PVT cell was designed to have a
rocking system by placing a metal ball inside the cell that caused agitation of the mixtures. The
Blue M oven attained and maintained the required equilibrium temperatures (the actual system
temperature was recorded with an external RTD probe). The entire experimental setup was
adequately cleaned before every VLE experiment, and then the piston was carefully placed
inside the cell to eliminate trapped air underneath the piston.

For loading the water and n-hexane, the piston inside the PVT cell was placed at the
top all the way, and Valve V-4 and V-2 were closed. Hence, water (from cell 13) was charged
through the tube until the water came out through the waste line via valve V-3 to fill the line
completely with water. Pressurized air was used to compress the water in cell 13. When the
tube was filled with water, valve V-3 was closed, and valve V-2 was opened to charge water
into the PVT cell. Then required amount of hydraulic fluid was received from underneath the
piston using a Quizix pump, and the same amount of water was transferred at the top of the

piston since the water was compressed. When the transfer of water was completed, valve V-2
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was closed. Then valve V-3 was opened and vacuumed the tube via the waste line. Next, the
tube was filled with hexane, similar to water. Hence, valve V-2 was opened, and the required
amount of n-hexane was transferred to the PVT cell in a similar process of water transfer. Since
hexane is compressible and water is almost incompressible, water was transferred at first. The
actual mole of hexane and water was estimated using the exact density data of that actual
operating condition. Then the valve (V-2) at the top of the VLE cell was closed after sample
injection. The required mass and volume of the injected liquid were estimated with the density
at the injection pressure. Afterward, the Blue M oven was operated at the desired temperature.
Then the Quizix pump was set on “paired constant pressure bi-directional” operating mode to
maintain the desired pressure of the PVT cell by either receiving or delivering the hydraulic
liquid underneath the piston. The cell was rocked for more than 25 hours until the system
reached equilibrium. Stability in the pump’s cumulative volume being shown on the computer
indicated the system equilibrium. When the system was at equilibrium, the cell was kept in a
vertical position for approximately four hours to allow the phases separate by the difference in
their densities. Hence, the back-pressure regulator (BPR) was set at the VLE system pressure,
and all the lines were vacuumed and pressurized with helium at the same VLE system pressure.
Helium, an inert gas, was selected as it also served as the carrier gas for gas chromatography.
Then the V-2 valve was opened, and the Quizix pump was set on “paired constant flow
delivery” operating mode at a low flow rate (~ 4 ml/min) to move the piston upward and
displace the equilibrium samples to the top of the piston through the V-2 valve. Displaced
equilibrium samples were sequentially passed through the tube, visual cell, and BPR. The
visual cell was placed before the BPR to monitor the gas and liquid phase samples. BPR
positioned at the top of the visual cell maintained the system pressure at desired VLE system

pressure. The three-way valve placed after the BPR allowed the gas phase samples to ass
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through the packed bed (4) (packed with small stainless-steel balls for perfect mixing) and the
| i

V-1
1 2 L 1l
/R
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liquid phase sample to move toward the Liquid Waste.

Vent (gas) <

Liquid Waste <
j
Naxl
8

V-8

A Air

Figure 3-1: Experimental setup for n-hexane-water VLE studies. (1) Blue M oven, (2)
Equilibrium cell, (3) Visual Cell, (4) Packed bed, (5) Ten-port valves, (6) Helium cylinder
(Carrier Gas), (7) Pressure gauge, (8) Gas Chromatography (GC), (9) Gas Mixture cylinder
(Ethane/Helium), (10) Helium cylinder, (11) liquid sample collector cell, (12) Distilled water
feed cell, (13) n-Hexane feed cell, (14) Quizix pump, and (15) Computer.

Gas-phase and liquid-phase samples were analyzed with gas chromatography (GC). GC
8890 (Agilent Technologies) and GC-2010 (Shimadzu) were used to analyze the gas and liquid
phase samples. Both GC systems were equipped with two injectors, two separate columns, and
two detectors (thermal conductivity detector (TCD) and flame ionization detector (FID)). TCD

detector was used to detect the water and ethane, and FID was used to detect all the

hydrocarbons in the mixture. Gas-phase equilibrium samples were placed at the top of the
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liquid phase samples due to the lower density; therefore, the gas phase sample was first passed
through the BPR, followed by the liquid phase sample. The escaped gas phase sample from the
BPR was moved through the three-way valve, mixed with an ethane-helium gas mixture, and
passed through the pack-bed for perfect mixing. The final gas mixture was transferred towards
the Vent (gas) through a Ten-port valve (5). A particular volume of gas-phase samples was
sent to the TCD and FID GC systems at frequent intervals using the Ten-port valve for analyses.
When all the gas-phase samples were passed through the BPR, liquid phase samples were
moved toward the Liquid Waste through the three-way valve. Hence, two to three liquid phase
samples were taken using liquid sample collector cells (11) through valve V-6 for GC analyses.

A separate experimental setup was used to analyze the liquid phase sample (shown in
Figure 3-2). At first, liquid samples were charged through valve V-1 in equilibrium cell (2),
and the valve was closed. Then a small amount of high-pressure ethane was charged from the
ethane cell (5) to push the entire liquid sample inside the Equilibrium cell (2). The temperature
of the equilibrium cell was maintained at 180 °C in an Oven. Sufficient time was provided for
the complete evaporation of the liquid sample and the formation of a homogeneous mixture of
C2/Ce/H20. Then the homogeneous mixture was moved toward the gas sample outpoint
through a Ten-port valve. A specific volume of the homogeneous gas mixture was sent to the

GC using the Ten-port valve for analysis.
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Figure 3-2: Liquid phase GC setup. (1) Blue M oven, (2) Equilibrium cell, (3) Ten-port valve,

(4) Collector cell, (5) Ethane, (6) Helium, and (7) GC.

3-4 Verification of VLE measurements

Vapor-liquid equilibrium studies for methane (CHas) and n-Hexane (n-Ce) binary
systems were performed at 75 °C and 100 °C. The compositions of CH4 and n-Cs in gas and
liquid phases were measured multiple times with Gas-chromatography (GC) analysis, and the
average compositions measured with GC at each temperature were compared with literature
data [23-26]. The comparison among the results of this study and the literature is shown in
Figure 3-3. It infers that the VLE studies were found to be in good agreement with the

previously published literature.
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Figure 3-3: Measured composition of Methane (Ca1) in a binary mixture of Methane (C1) and
n-Hexane (n-Cs) at the temperatures of 75 °C and 100 °C was compared with the literature.

This study: %, Run 1 at 75 °C and 2.79 MPa; and *, Run 2 at 100 °C and 5.98 MPa. Literature:
O, Shim et al. at 99.74 °C; ¢ [23], Marteau et al. at 99.85 °C [26]; O, Shim et al. at 74.97 °C

[23]; &, Cebola et al. at 75 °C [24]; and +, Chylinski et al. at 75 °C [25].

3-5 Thermodynamic Modeling

Experimental VLE data for the n-Hexane (n-Cs) and water (H20) binary systems were
correlated with the Cubic Plus Association Equation of State (CPA-E0S) and activity
coefficient-based Non-Random Two-Liquid (NRTL) model.

3-5-1 Cubic Plus Association Equation of state (CPA-Eo0S) model

CPA is an equation of state model (EoS) that combines the cubic SRK EoS model with
an advanced association term based on Wertheim’s theory to properly explain the
polar/association effects of the pure component or mixture [27], and this model reduces to the
SRK EoS model when no association is present. CPA EoS can be expressed as the pressure

term using the simplified equation [28] depicted in Eq. (1).
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where, P, T, R, 1, and p,,, are the pressure, temperature, universal gas constant, molar volume,
and molar phase density, respectively. a(T) and b are the energy and co-volume parameters,
respectively, which are estimated using SRK EoS [29]. The parameter X, represents the mole-
fraction of site A on molecule i that is not associated with other association sites as shown in
Eqg. (2) in terms of association parameter, and this term is used for estimating the self-

association and cross-association of the component i.

(3-2)

N 1
A 1+pmzzjzXBjAAi’Bj
R

where the parameter Z; is the mole-fraction of molecule j, A*® is the association strength
between site A of molecule i and site B of molecule j, and this term can be estimated using

Eqg. (3), where the parameters "% & ﬂ“Bi in Eq. (3) are the association energy and
association volume between site A on molecule i and site B on molecule j, respectively, and
the parameter g is an important parameter for CPA EoS known as the radial distribution

function.

N ehBi AB (3-3)
A =g(p)| exp = -11b,p"", bij:bi+b;

2

Parameters a(T) and g can be expressed by Egs. (4) and (5), respectively.

a(T)=a,(L+m(1-T7)) (3-4)
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where T, (:T/Tc) and T, are the reduced temperature and critical temperature, respectively,

and m is correlated with the acentric factor.

(3-5)

1 1
»n=—bp,

9(em) =170, 4

3-5-2 Non-Random Two Liquid (NRTL) model

The Non-Random Two Liquid (NRTL) model proposed by Renon and Prausnitz in

1968 [30] is an activity coefficient-based model that correlates the activity coefficient () of

molecules present in the liquid phase. In this model, the excess Gibbs energy is used to describe

the nonideality of the liquid phase, where the gas phase is considered an ideal gas. NRTL model

uses Eqg. (6) to (8) to estimate the activity coefficient of component i ( ;) in the liquid mixture.

erjiGjin X;G; ZI 7;Gy% (3-6)
In(}/i): G +Zj G Tii_ G
Zk i % Zk i Xk Zk ki X

G, =exp(-a;7; ) (3-7)

by (3-8)

where T and a are the binary interaction energy parameter and non-random factor parameter,
respectively, and 7; # 7 and &; =@;.

3-5-3 Models’ parameters and data correlation

For correlating the experimental vapor-liquid equilibrium (VLE) data (T, P, X, y) of the
binary mixture of n-Cs and H20 with the CPA EoS model, one thermodynamic model based
on the flash algorithm is developed with MATLAB software. CPA parameters, including
physical and association parameters for the associating (water) and non-associating (n-hexane)
components, are reported in Table 3-2 [27,31,32]. The binary interaction parameter (k;;) is
calculated using the following equation [33], which is valid for water-alkane (from water-

propane to water-decane):
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ki =-0.026n+0.1915 (3-9)

Where n is the carbon number of the normal alkane.

Table 3-2: Parameters for CPA EoS for associating and non-associating components used in

this study

Parameters H.O n-Ce Reference
b (L/mol) 0.0145 0.1078 [27,31,32]
a, (bar.L?/mol?) 1.2277 23.9340 [27,31,32]
o) 0.6736 0.83130 [27,31,32]
€48 (bar.L.mol?) 166.55 - [27,31,32]

pAB 0.0692 - [27]

T, 647.29 522.32 [27]

Aspen Plus VV12.1 was also used to correlate the vapor-liquid equilibrium (VLE) data using
the NRTL model. Parameters 7 and & were determined by the regression of the experimental
data with the data regression system (DRS) incorporated in Aspen. The Britt-Luecke algorithm
was used for regression to minimize the errors in all measured variables by using the maximum

likelihood objective function (OF) shown in Eq. (10) [34].

N 2 2 Co _ vCo 2 Cs _ \Co 2
OF _Z[(TE _TM ] +( PE - PM J +(XE XM J _'_[yE yM J ] (3_10)
=) o Op o, o,

3-6 Results and Discussion

The vapor-liquid equilibria (VLE) of the binary mixture of n-Ce/H20 system at ~2.5
MPa and the temperature range of 183.7-214.7 °C were measured and reported in Table 3. In
some experiments, the system pressure slightly deviated from the desired pressure of 2.5 MPa.
The actual system pressure is reported in Table 3-3, along with the system temperature. VLE
results of the present study are graphically presented as a T-xy diagram in Figure 3-4. For each
experiment, more than ten vapor phase samples were analyzed with gas chromatography (GC),
and the average mole fraction and standard deviation were estimated. The range of standard

deviation of the analyses varies from 0.0036 to 0.0159 (with an average standard deviation of
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0.0090). For each experiment, at least two liquid phase samples were collected and analyzed
with GC. The observed water concentration in the hydrocarbon-rich phase was insignificant.
Experimental results show that the bubble point line for the phase diagram of the Cs/H20 binary
system is around 183.7 °C, including an azeotropic point close to 0.6029 mole-fraction of Ce.
When the concentration of Cs in the binary mixture was below the azeotropic point
concentration, the vapor phase was at equilibrium with mostly liquid water with a very low
concentration of Ces (< 0.0002 mole-fraction of Ce) for the studied temperature range and
pressure. On the other hand, the vapor phase was at equilibrium with mostly liquid Cs when
the overall concentration of Cs was above the azeotropic point. At 2.50 MPa, the mole-fraction
of Cs in the vapor phase varies from 0 to ~0.6029 below the azeotropic concentration in the
range of temperature from 223.95 °C (boiling point of H20) to the azeotropic point (~183.7
°C). Above the azeotropic concentration of Cs, the vapor phase concentration varies from
~0.6029 to 1 for the temperature range of ~183.7 °C to 221.33 °C (boiling point of Cs). The
area below the bubble point line in the T-xy diagram is the liquid-liquid equilibria (LLE) region,
where the hydrocarbon-rich liquid phase is in equilibrium with the water-rich phase at a
temperature below the azeotropic point. The areas enclosed by the bubble point line and dew
point line are also two-phase regions representing the vapor-liquid equilibria (VLE). The area
over the dew point line is a single-phase region with only the vapor phase.

The model predicted VLE (T-xy) data previously reported in literature showed a similar
trend with the co-condensation temperature of 173.1 °C at 00.575-molefraction of n-Cs at 2.0
MPa [22] and 182 °C at 0.64 mole fraction of n-Cs at 2.5 MPa [6].
Table 3-3: Experimental vapor-liquid equilibria (VLE) data (T, P, x, y) for the binary mixture

of n-Ce/H20 system.
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Temperature, Pressure, Mole fraction of Mole fraction of Mole fraction of Mole fraction of
T (°C) P (MPa) Ce in the vapor HO in the vapor Cg in the liquid H,O in the liquid
phase, Y, phase, Yh,0 phase, X, phase, Xy o
Water Rich sample (Left side of the azeotrope)
183.7 2.48 0.6029 0.3971 0.0002 0.9998
186.6 2.50 0.5381 0.4619 0.0002 0.9998
190.5 2.50 0.4764 0.5236 0.0002 0.9998
195.3 2.50 0.4323 0.5677 0.0002 0.9998
195.3 2.50 0.4362 0.5638 0.0002 0.9998
200.2 2.50 0.3604 0.6396 0.0002 0.9998
205 2.50 0.2954 0.7046 0.0002 0.9998
209.9 2.50 0.2272 0.7728 0.0001 0.9999
214.7 2.50 0.1516 0.8484 0.0001 0.9999
Hydrocarbon Rich sample (Right side of the azeotrope)
185.7 2.64 0.6254 0.3746 1.0000 0.0000
185.7 2.53 0.6342 0.3658 1.0000 0.0000
190.5 2.62 0.6804 0.3196 1.0000 0.0000
195.3 2.64 0.7498 0.2502 1.0000 0.0000
200.2 2.52 0.8054 0.1946 1.0000 0.0000
205.0 2.45 0.8694 0.1306 1.0000 0.0000
209.9 2.63 0.8738 0.1262 1.0000 0.0000

* Standard uncertainties u are u(T) = 0.5 °C, u(P) = 0.003 MPa, and the relative expanded uncertainties (Ur) are: Ur(x)
=0.0001, Ur(y)=0.0114.
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Figure 3-4: Vapor-liquid equilibria (T-xy) of n-Ce/ H20 binary system at ~2.5 MPa.
Experimental data:®, mole-fraction of n-Ce in the liquid phase (bubble point), and =, mole-
fraction of n-Cs in the vapor phase (dew point). The model predicted data: Solid line [blue and

green lines represent predicted VLE data by CPA EoS model and NRTL model, respectively].

Experimental vapor-liquid equilibria (VLE) data (T, P, X, y) were modeled with the
CPA Eo0S. The CPA model predicted mole-fraction of n-Ce in vapor-phase and liquid-phase at
the corresponding temperature and pressure. Results are compared with the experimental VLE
data in Figure 3-4 and the plot shows that the CPA model reproduced the experimental data on
the entire range of composition with acceptable accuracy. The overall root means square

deviation (RMSD) of the n-Cs mole-fraction in vapor and liquid phases for CPA EoS model is

0.0234.
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The experimental VLE data were also modeled with the NRTL model, and predicted
T-xy data at 2.5 MPa for the n-Ce/H20 system are compared with the experimental data in
Figure 3-4. Regressed NRTL parameters for n-Ce/H20 system is reported in Table 3-4. The
non-randomness factors a.ij were pre-fixed at 0.2 during the regression. The RMSD between
the predicted n-Cs mole-fraction and experimental results in vapor-phase and liquid phase were
0.0765 and 1.6029x10°®. The overall RMSD of the n-Cs mole-fraction in vapor and liquid
phases for NRTL model is 0.0765, respectively.
The developed NRTL thermodynamic model is also used to predict the liquid-liquid equilibria
(T-xx) of the n-Ce/H20 binary system at 0.1 MPa (+0.01) and compared with the literature [10—
15] in Figure 3-5. The predicted T-xx data were found to be in good agreement with the

previously published literature. Note the reported hexane and water experimental mole fraction

water

ranges of (b) Xjo <1x107 (water-rich phase), (c) 1x10° <X <0.1 (hexane- rich phase),
respectively.

Table 3-4: Regressed NRTL parameters for n-Ce/H20 system.

Components ar a1 b1 D21 o
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Figure 3-5: Comparison of the predicted liquid-liquid equilibria (T-xx) for n-Ce/H20 binary
system using NRTL model with the previously published data in literature at 0.1 MPa (£0.01)

[10-15].
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(solid line: model prediction, and symbol: experiment) (a) Temperature versus mole-fraction
of n-Cs (T-xx) in water-rich phase and n-Cs rich phase (b) Temperature versus mole-fraction
of n-Cs in water-rich phase (semi log scale), (c) Temperature versus mole-fraction of H20 in

n-Ce-rich phase (semi log scale). Note the reported hexane and water experimental mole

<1x107 (water-rich phase), (c) 1x10° < x3% <0.1 (hexane- rich

water

fraction ranges of (b) Xic,

phase), respectively.

The activity coefficient (7) demonstrates the non-ideality of a component in a mixture.

Deviation from the ideality of the component in a mixture can be estimated from the activity

coefficient [35,36]; where the infinite dilution activity coefficients ( }/w) demonstrates the

greatest degree of non-ideality of the mixture [35,36]. The infinite dilution activity coefficient
is of great interest due to its usefulness in the estimation of vapor-liquid equilibria [35,36]. The
activity coefficient of the n-Cs and H20 at the temperature range from 185 to 220 °C and 2.5

MPa were estimated using the NRTL model and reported in Table 3-5. The estimated activity

coefficient of H20 (74,0) in water-rich phase and the activity coefficient of n-Ce (76 ) in n-

Ce rich phase was one (1). 7 of n-Ce and H20 were also estimated using
Iny, =17, (1+ exp(—a12121)) [37], and reported in Table 3-5.

Table 3-5: The activity coefficient of the n-Cs and HO.

Temperature H.0O rich phase n-Cs rich phase Iny” Iny”
(°C) Inye. IN740 IN740 Inye, =
185 8.284 0 8.668 0 8.296 8.678
190 8.222 0 8.601 0 8.233 8.609
195 8.161 0 8.535 0 8.170 8.542
200 8.101 0 8.470 0 8.109 8.475
205 8.042 0 8.407 0 8.048 8.410
210 7.985 0 8.344 0 7.989 8.346
215 7.928 0 8.282 0 7.931 8.284
220 7.872 0 8.222 0 7.874 8.222
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3-7 Conclusion

Vapor-liquid equilibria (VLE) of hydrocarbon solvents and steam binary mixture are
important for the feasibility studies of the solvent-aided thermal recovery of bitumen. In this
work, VLE studies were carried out at ~2.5 MPa and a temperature range from 183.7-214.7 °C.
The temperature-composition data indicates that the system exhibits an azeotrope at ~0.6029
n-Ce mole fraction when the temperature is ~183.7 °C. This study revealed that the condensed
liquid phase primarily contains water below the solvent azeotropic concentration. On the other
hand, above the solvent azeotropic concentration, the condensed liquid is mainly water. The

experimental data were modeled using the CPA-EoS and NRTL model. Activity coefficient (

7) and infinite dilution activity coefficient ( ]/w) of n-Ce and H20 were estimated and reported

in this study. The root means square deviation (RMSD) of the n-Cs mole-fraction in vapor and

liquid phases for CPA EoS and NRTL model are 0.0234 and 5.86%, respectively.
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Chapter 4: Vapor-liquid-liquid equilibrium (VLLE) of the ternary mixtures of normal
hexane, water and bitumen at T=185-210 °C and at P= 2.5 MPa

4-1 Abstract

In this chapter, vapor-liquid-liquid equilibrium (VLLE) of the ternary system of
normal-hexane, water and Mackay River bitumen mixture is studied at temperatures ranging
from 185-210 °C and at a pressure of 2.5 MPa. The concentration of solvent/steam (n-Ce/H20)
was varied to understand the effect of solvent (n-Cs) on the phase behavior and the
thermophysical properties of the associated phases. Two solvent mole fractions of 0.01 and
0.05 (6.85 and 27.7 vol.%) of water/hexane were considered. The mole fraction of hexane in a
mixture of bitumen/solvent was maintained at 0.7 (37.45 vol.%), near the maximum solubility
of hexane in bitumen/solvent at the operational condition of solvent-aided thermal recovery
processes of bitumen from oil sands. In addition to the VLLE phase equilibria study, the
viscosity and density of the two distinct liquid phases, hydrocarbon-rich oleic and water-rich
aqueous phases, were measured and reported. The results infer that the concentration of n-Cs
coinjected with steam does not significantly affect the equilibrium phase concentrations of
phases and thermophysical properties. Furthermore, the results suggest that the presence of
bitumen in equilibrium does not significantly affect the solvent content of the vapor phase
compared with the vapor phase of the n-Ce/H20 binary mixture. The findings provide insight
into steam/solvent condensation behavior with applications to the solvent-aided thermal

recovery of bitumen from oil sands.

4-2 Introduction

Steam-assisted gravity drainage (SAGD) has been the primary thermal recovery
method for in-situ bitumen recovery from oil sands reservoirs. The SAGD process requires
high energy for steam generation, resulting in high greenhouse gas emissions. Due to the high

energy requirement of the SAGD process, solvent-assisted SAGD (SA-SAGD) processes and
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heated solvent processes have gained great emphasis. In the SA-SAGD process, the idea of
solvent co-injection has shown promise in terms of speeding bitumen recovery and reducing
the operation’s energy intensity. According to experimental work done by the Alberta Research
Council (ARC) and Imperial [1], adding solvent to steam caused bitumen recovery rates to
increase. At the same time, steam-oil ratios (SOR) fall compared to the standard SAGD
process. Imperial Oil Resources performed solvent-assisted SAGD (SA-SAGD) pilot testing
on Cold Lake bitumen at 3.6 MPa operating pressure [2]. The result of the field testing showed
a positive impact on bitumen production and SOR reduction. Gupta and Gittins [3] reported a
150 tonne/day increase in bitumen production from the use of butane in the solvent-assisted
pilot test on EnCana’s Christina Lake project. Also, the use of butane as a solvent for the pilot
test resulted in upgraded oil production. The positive outcomes of the pilot testing triggered
more research work on the topic. It has been recommended that for an effective viscosity
reduction, the coinjected solvent-steam is maintained in the vapor phase until it reaches the
bitumen interface, where co-condensation takes place [4]. Injected solvent dilutes in the
bitumen to reduce the viscosity. At the same time, steam transfers its latent heat into bitumen
and mobilizes the bitumen to the producer well with the help of gravity [5]. A significant
challenge is the complex thermodynamic phase behavior of solvent-water-bitumen systems,
which requires a better understanding. Depending on the SA-SAGD operating condition, a
liquid-liquid (L-L), vapor-liquid (V-L), or vapor-liquid-liquid equilibrium phase may develop
[6]. Depending on the equilibrium condition, the solubility of the solvent in the bitumen may
vary. Hence, the thermophysical properties of the oleic phase are affected. In addition, the co-
injection of multicomponent solvent (condensate) and steam for bitumen recovery investigated
using a large-scale physical model resulted in asphaltene production [7]. As a result, the phase
behavior, viscosity, and density measurements of solvent-steam-bitumen systems play a crucial

role in the feasibility and design of SA-SAGD processes.
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Various hydrocarbon solvents have been considered for SA-SAGD methods since
solvent-aided processes have gained popularity. One common assumption is that SA-SAGD
performs better with solvents with saturation temperatures comparable to steam [1]. Different
hydrocarbon solvents, including light to medium n-alkane (C1-Cs), carbon dioxide (COz2), and
ammonia, have been investigated and/or their thermophysical properties, mostly in the absence
of water, have been measured [8,9]. Fu et al. [10] studied the solubility of C1 and C2 on Cold
Lake bitumen at a temperature range from 65-150 °C and up to 12 MPa. The solubility,
viscosity, and density of the propane-saturated Athabasca bitumen were measured
experimentally by Nourzieh et al., [11] at 50-200 °C and up to 10 MPa. They study used PR-
EoS to correlate the solvent-saturated bitumen solubility and density, while Pedersen’s method
was implemented for viscosity correlation. Dini et al., [12] performed a detailed study of the
solubility of Cs in Peace River bitumen using X-ray view cell apparatus at operating conditions
below the critical temperature and pressure of propane. Solubilities of hydrocarbon solvent
from C1-Ca4 were investigated by Zirrahi et al., [13] at temperatures 100, 150, and 190 °C and
up to 4.5 MPa in the presence and absence of water. At any given temperature and pressure,
heavier solvents were more soluble in bitumen, and the solubility values decreased as
temperature increased. The ternary systems were compared to solvent/bitumen systems under
the same condition to study the effect of water on the mixture viscosity and density. It was
shown that the addition of water increased viscosity reduction, but this effect was dominant at
lower temperatures. Additionally, the authors correlated the solubility of the solvent-saturated
bitumen using PR-E0S and used a mixing rule to correlate the mixture viscosity. Haddadnia et
al., [14] extended Zirrahi et al.,[13] work by measuring the solubility and thermophysical
properties of C1-C4 saturated bitumen at elevated temperature and pressure up to 260 °C and 6
MPa, respectively. The solubilities of heavier solvents were found to decrease significantly at

high temperatures. The density and viscosity of mixtures of bitumen/Cs and bitumen/Ce
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mixtures were also measured by Haddadnia et al. [15]. Yamchi et al., [16] studied the LLE of
various mixtures and measured the viscosity and density of Ca/bitumen system and
Ca/additive/bitumen system at a pressure above the solvent vapor pressure and temperatures of
40 and 60 °C. Propane, toluene and Dimethyl Ether (DME) were used as additives in their
study. The effect of Cs was studied for 10 wt.% and 20 w.t% concentrations at 2.8 MPa to
ensure LLE conditions. A lower light liquid phase density was observed with an increase in the
Cs weight concentration due to asphaltene precipitation.

In addition to hydrocarbon solvents, bio-based solvents have also received significant
attention due to minimized environmental impacts compared to hydrocarbon solvents.
Haddadnia et al., [17] reported thermophysical properties of DME/Athabasca bitumen at
temperatures 100, 125, and 150 °C and up to 6 MPa. The thermophysical properties of
DME/Athabasca bitumen were compared with those of butane/bitumen and propane/bitumen
systems. They reported that all measured parameters for the DME/bitumen system fall between
propane and butane systems. Hence it was concluded that DME could effectively substitute
butane and propane solvents in SA-SAGD processes. Additionally, the experimental solubility
data were predicted with PR-E0S, and the viscosity of the solvent-saturated bitumen was
correlated using the Pederson corresponding state model. Yamchi et al., [18] also measured
and modeled the LLE of DME/bitumen at different concentrations ranging from 60-80 wt.%
and temperatures from 40-100 °C. Density and viscosity measurements from the studies
showed a decreasing trend with DME weight percent. The NRTL model was used to model the
LLE of DME/bitumen system. BinDahbag et al., [19] studied the VLE of ammonia/Athabasca
bitumen at temperatures up to 190 °C and pressure from 1-4 MPa. Ammonia solubility in
bitumen decreased with an increase in temperature at a constant pressure. A similar trend was

observed for the viscosity and density of the ammonia/Athabasca bitumen mixtures.
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Aside from time-consuming and expensive experimental measurements, predictive
models are developed to measure solvent solubilities in various bitumen. Abdi et al., [17]
modeled the VLLE of the bitumen-water-solvent (Ci1, C2, Cs, C4, CO2, and N2) mixture using
the Cubic Plus Association (CPA) EoS model. The model assumed that there is no bitumen in
the vapor and water-rich phase at any condition. Also, the bitumen was divided into pseudo-
components, a saturated-rich compound (PC1) and an asphaltene-rich compound (PC2).
Azinfar et al., [20] used a thermodynamic model to predict propane solubility in bitumen based
on experimental fractionation and characterization. Athabasca and Cold Lake bitumen were
fractionated into different cuts, with the cuts assumed to be the mixtures of n-alkanes. The
developed model predicted propane-saturated bitumen solubilities, viscosity, and density with
good agreement when compared to the experimental data. Water solubility in bitumen was
studied and modelled by Zirrahi et al. [21] at thermal recovery operating conditions. The water
solubility was modelled using PR-EoS with an average relative deviation (AARD) 8.4%.

Phase equilibria of the solvent-water-bitumen system and the associated
thermophysical properties are necessary for the design and optimization of the solvent-assisted
SAGD process. In addition, the solubility, viscosity, and density of such a system are essential
for the phase behavior modeling that is required for thermal reservoir simulators. Furthermore,
a detailed experimental observation of the steam/solvent co-condensation in the presence and
absence of bitumen is lacking.

In this chapter, vapor-liquid-liquid equilibria of hexane (n-Cs)/water (H20)/Mackay
River bitumen system is studied at a temperature range from 190-215 °C and pressure of 2.5
MPa. A test pressure of 2.5 MPa is used as the typical pressure of SA-SAGD operations. In
addition to the phase equilibria, the viscosity and density of the liquid phases (hydrocarbon-
rich and water-rich phases) are measured. The concentration of n-Ce/H20 is varied to

understand the effect of solvent on the phase behavior and the thermophysical properties.
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Moreover, the measured data are modelled using the cubic-plus-association equation of state
(CPA EO0S).

The remaining of this chapter is structured as follows. First, the experimental materials,
apparatus, and procedures are described. Then, the modeling approach using CPA EOoS is

presented, followed by results and conclusions.

4-3 Experimental

4-3-1 Material

The n-hexane was purchased from VWR with a minimum purity of 97 mol%. The sand-
free Mackay River bitumen (MW = 523 g/mol) was provided by an oil sands company in
Alberta. Details characterization of MacKay River bitumen was reported in the previous
publications [22,23]. Di-ionized water used for the studies was prepared in the lab by boiling
and degassing in a Sonicator. All chemicals used for the purpose of this study are listed in
Table 4-1.

Table 4-1: Specifications of materials.

IUPAC systematic CAS Registry MW

name Number (g/mol) Supplier Purity *° (%)
Helium CAS 7440-59-7 4.002 Linde Canada 99.999 mol%
Ethane CAS 74-84-0 30.070 Linde Canada 99.00 wt%
n-hexane CAS 110-54-3 86.180 VWR 97.00 wt%
n-Pentane CAS 109-66-0 72.150 VWR 99.00 wit%

DI Water CAS 7732-18-5 18.015 Prepared in Lab -

Bitumen® - 523.00 Provided by SHARP consortium -

2 Purity data was provided by the supplier.
® The provided chemicals were used directly in the experiments without further purification.
“Details characterization of MacKay River bitumen was reported in the previous publication [20,21].

4-3-2 Experimental Setup

The experiment setup that was used in this study was developed and validated in our
previous publication (Chukwuemeka et al.[24]).-The experimental setup shown in Figure 4-1
was used to study the vapor-liquid-liquid phase equilibria of n-Ce-H20-bitumen system. The
experimental setup mainly consisted of a Blue-M oven, one rocking equilibrium cell (2,200

ml), a visual cell, a Quizix pump, a viscometer, and Gas Chromatography (GC). The
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equilibrium cell, visual cell, and viscometer were placed inside the Blue-M oven, and the
system temperature was controlled by the oven. However, the actual system temperature was
measured using an external RTD probe to ensure accurate temperature measurements. The cell
has a metal ball inside and an adjustable piston. The upward/downward movement of the piston
regulates the cell volume and maintains the system at the equilibrium pressure. The metal ball
moves as the cell rocks, agitating the sample and allowing for faster equilibrations. The Quizix
pump maintains constant cell pressure by injecting or receiving the hydraulic fluid at 0.002 ml
accuracy. A back pressure regulator (BPR) is installed after the visual cell to maintain the
system pressure. A Hydramotion PVT viscometer (Hypervisc, model: HV1-702-C276-
T350P700, maximum allowable working pressure: 206.8 MPa, maximum allowable working
temperature: 350 °C) was placed after the equilibrium cell to measure dynamic fluid viscosity
with an accuracy of 0.1 cP. The density of the liquid phases was determined using a pycnometer
because of the high working temperatures; however, the density measurements using the
pycnometer were highly prone to errors. Two separate Gas chromatography (Agilent
Technologies GC 8890 and Shimadzu GC-2010) were used for the compositional analysis of

the gas and liquid phase samples, respectively.

57



Vent (gas) <«

— Liquid Waste < !
}
NaZl

8 V-8

10

L

13 12 ] I I
[

i 15
-]
[ES]itm
Air 17

Air—*

Figure 4-1: Experimental setup for n-hexane-water-bitumen VLLE studies. (1) Blue M oven,
(2) Equilibrium cell, (3) Visual Cell, (4) Packed bed, (5) Ten-port valves, (6) Helium cylinder
(Carrier Gas), (7) Pressure gauge, (8) Gas Chromatography (GC), (9) Gas Mixture cylinder
(Ethane/Helium), (10) Helium cylinder, (11) liquid sample collector cell, (12) Distilled water
feed cell, (13) n-Hexane feed cell, (14) Quizix pump, (15) Computer, (16) Viscometer, (17)
Viscosity processor.

4-3-3 Procedure

Before each experiment, the entire system, including the equilibrium cell, the
viscometer, and the flow lines were thoroughly cleaned with toluene, dried with acetone, and
then vacuumed to remove any trapped air. The required amount of bitumen was charged into
the equilibrium PVT cell followed by the H20 and n-Cs depending on the (n-Cs to H20) and
(n-Cs to bitumen) concentration, and then the valve (V-2) placed at the top the PVT cell was

closed. The Blue-M oven was set to the desired temperature, the pressure was set at 2.5 MPa,
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and the equilibrium cell was set to rock until (more than 48 hours) the system reached
equilibrium. Equilibrium was defined when the constant system volume was achieved. When
equilibrium was attained, the cell was placed in the vertical position for a minimum of six hours
to allow the phases to separate due to the differences in density. Hence the rest of the system
was pressurized with helium, and the system pressure was controlled with the BPR at 2.5 MPa.
Then, valve V-2 was opened, and the equilibrium phases were charged out of the cell using the
Quizix pump by transferring the hydraulic fluid underneath the piston at a very low flow rate
(~ 3 ml/min). Therefore, the piston moved upward and displaced the equilibrium samples
placed at the top of the piston through the V-2 valve at a constant pressure. Displaced
equilibrium samples were sequentially passed through the viscometer, visual cell, and BPR.
Viscosity readings of the phases were taken while the phases were transferring through the
viscometer. The phase boundaries of the equilibrium phases were indicated by a change in the
viscosity reading on the viscometer. The visual cell placed before the BPR was used to monitor
the gas and liquid phase samples. The gas phase accumulated on top of the liquid phases was
passed through the BPR first, followed by the liquid-phase samples. The escaped gas phase
sample from the BPR was transferred towards the Vent (gas) through a Ten-port valve (5). The
concentration of the gas phase sample was analyzed by Gas Chromatography (GC) by
transferring a particular volume of the sample to the TCD and FID GC systems using the Ten-
port valve at frequent intervals. While the gas phase samples were sent directly to the GC
system (Agilent Technologies GC 8890) for compositional analysis, at least two samples of
each liquid phase (hydrocarbon-rich and water-rich) were collected utilizing a pressure-tight
sample cell for compositional analysis using a GC system (Shimadzu GC-2010). The densities
of the liquid phase samples were obtained using a pycnometer by collecting a known volume
of liquid phase sample after the BPR through the liquid waste line and the weight of the bitumen

was measured using a digital analytical balance (Secura® Precision Balance 3,100 gm,
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sartorius lab instruments GmbH & Co. KG) with an accuracy of 10 mg. However, the density
measurements using the pycnometer were highly prone to errors.

Figure 4-2 shows a separate experimental setup used to analyze both liquid-phase
samples (hydrocarbon-rich and water-rich). The details of this experimental setup were
reported in our previous publication [20]. Since it is not practical to vaporize bitumen due to
very high boiling temperatures, a known amount of pentane (n-Cs) was charged into the
equilibrium cell (2) placed inside the oven with a known amount of hydrocarbon-rich sample.
Hence, a small amount of high-pressure ethane was also charged from the ethane cell (5) to
push the entire liquid sample inside the Equilibrium cell (2). The temperature of the equilibrium
cell was maintained at 180 °C in an Oven. Sufficient time was provided for the complete
evaporation of the n-Cs, water, and solvent (n-Cs) contained inside the hydrocarbon-rich
sample. The homogeneous mixture of C2/n-Cs/n-Ce/H20 was transferred to the gas sample
outlet through a Ten-port valve. The composition of the homogeneous gas mixture then was
analyzed by transferring a particular sample volume to the GC system (Shimadzu GC-2010).
The amount of water and n-Cs contained inside the known amount of hydrocarbon-rich sample
was estimated from the known amount of n-Cs.

Gas sample out
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Figure 4-2: Liquid phase GC setup. (1) Blue M oven, (2) Equilibrium cell, (3) Ten-port valve,

(4) Collector cell, (5) Ethane, (6) Helium, and (7) GC.
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4-4 Thermodynamic Modeling

The experimental vapor-liquid-liquid equilibrium data of n-Ce/H20/bitumen system
were modeled in this study. A Cubic Plus Association Equation of State (CPA-E0S) was used

to model the experimental data.

4-4-1 Cubic Plus Association Equation of state (CPA-E0S) model

Based on classic thermodynamics, the following relation is valid for every component present
in vapor-liquid-liquid equilibria:

fiv — fil,oleic — fil,aqeous (4_1)

where f', £ and f"*** are the fugacity of component i in vapor phase, and hydrocarbon-

rich and water-rich liquid phases, respectively. Fugacity is the corrected partial pressure of the

component present in the mixture, and the fugacity of component i can be written as:

f=z¢P (4-2)

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

respectively, and P represents the system pressure. The fugacity coefficient can be derived

as follows:
r (4-3)
Ingoi:i oA -InZ
RT | on, v

The CPA-Eo0S model combines the SRK EoS model with an advanced association term
based on Wertheim’s theory to measure the polar/association effect of the mixture [25]. The
mathematical expressions in equations (4) to (10) were used to develop the CPA-EoS model

[26].

RT a(T) —lﬂ[1+p alnngZiZ(l_XA) (4-4)

“V,-b V,(V,+b) 2V, " op, )4

m
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where P is the pressure, a(T) is the energy parameter, b represents the co-volume term, R is the

universal gas constant, 1, is the molar volume, and p,,, is the molar density. The most crucial

term in this equation is the association term XA, which determines the self and cross-

association of the componenti X a Can be represented using

1
Mot p D> xBjA“*BJ
j B;

Wherer is the mole-fraction of the molecule j A**®' | and is the association strength between

site A of the molecule i and site B of the molecule j .

AB
AB; & _ A B _
AV = (p){exp(—m_] 1}bij,8 (4-6)

b — b, +b, (4-7)

where g is the radial distribution parameter, £*% & ﬂA "are the association energy and

volume between site A on the molecule I, and site B on the molecule j, respectively.

a(T)=a,(1+m(1-T%)) (4-8)
9(Pn)= 1-1.97 (4-9)
n=b0, (4-10)

4-4-2 Models’ parameters and data correlation

To model the experimental vapor-liquid-liquid equilibria (VLLE) data, the CPA-E0S
model was developed in MATLAB using a flash algorithm. The physical properties of the pure
components were extracted from published literature. Although no asphaltene precipitation
was observed at the operating conditions, the bitumen was considered as one pseudo-

components that is a saturated-rich compound (PC1), and the second pseudo-component (PC2)
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is asphaltene-rich. Furthermore, the second pseudo-component (PC2) has self-association with
other PC2 and cross-association with PC1 [27-29]. Table 4-2 lists the pure components’ critical

properties and the CPA parameters for the associating and non-associating components.

Table 4-2: Model’s parameter used in the VLE, LLE, and VLLE CPA EoS calculations.

Parameters H.O n-Cs PC1 PC2
b (L/mol) 0.0145[27][25] 0.1078 [27] 0.4100 [25] 0.6300 [25]
a, (bar. L2mol?) 1.2277 [27] 23.6810 [27] 409.77 [25] 1066.10 [25]
I 0.6736 [27] 0.83130 [27] 2.00 [25] 2.56 [25]
€48 (bar.L.mol?) 166.55 [25] - - 249.42 [28]
pAB 0.0692 [28] - - 0.05 [28]
Tem 303.17 [25] 522.32 [25] 886.93 [23] 999.97 [25]
4-5 Results

4-5-1 VLLE Experiments of the ternary system of normal-hexane, water and Mackay River

bitumen

Vapor-liquid-liquid equilibria (VLLE) study of the ternary system of normal-hexane,
water and Mackay River bitumen mixture was performed at temperatures ranging from 185-
210 °C and 2.5 MPa pressure. The concentration of n-Cs/H20 was varied to understand the
effect of solvent on the phase behavior and the thermophysical properties. In a typical SA-
SAGD process, a solvent is normally co-injected with steam at low concentrations. In this
work, two solvent mole fractions of 0.01 and 0.05 (6.85 and 27.7 vol.%) of water/hexane were
considered. The mole fraction of hexane in a mixture of bitumen/solvent was maintained at 0.7
(37.45 vol.%), close to the maximum solubility of hexane in bitumen/solvent at the operational
condition of solvent-aided thermal recovery processes of bitumen from oil sands. In addition
to the VLLE phase equilibria study, the viscosity and density of the two observed liquid phases,
the hydrocarbon-rich oleic liquid phase and water-rich aqueous phase were measured. The
measured experimental data are reported in Table 4-3. Phase equilibria study of the ternary

mixture of normal-hexane, water and Mackay River bitumen demonstrated a vapor-liquid-
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liquid equilibrium (VLLE) at the temperature ranges from 191 to 211 °C and 2.5 MPa pressure;
however, liquid-liquid equilibria (LLE) were observed at 185.6 °C and 2.5 MPa.

The results show that the vapor phase consists of n-Cs and water. The concentration of
n-Ce in the vapor phase of the VLLE for the studied ternary mixture is compared with the vapor
phase of binary n-Cs/H20 system where the overall concentration of n-Cs in the system is less
than the azeotropic point concentration (yce=0.6029) [20] as shown in Figure 4-3. The results
showed that the concentration of n-Cs decreases with the increase in temperature, and the
concentration of n-Cs in the ternary system vapor phase is close to the binary n-Ce/H20 system
at the same pressure. These results suggest that the presence of bitumen does not significantly
affect the solvent content of the vapor phase. The maximum standard deviation of the estimated
n-Ce concentration in vapor phase is 0.0178 (with an average standard deviation of 0.0142).

The mole fraction of n-Ces and water present in the oleic phase are plotted in Figure 4-
4. The results infer that the concentration of n-Cs in the oleic phase decreases with the
temperature increase, while the concentration of H20 increases with temperature. The average
standard deviation of the estimated mole-fraction of n-Cs and water in the oleic phase were

0.0238 and 0.0432, respectively. The K value of n-Cs with respect to the mole-fraction of n-Cs

oleuc

in the hydrocarbon-rich oleic phase (K. =Yee / Yoe ) were estimated at the studied

temperature range and are plotted in Figure 4-5. The K value of n-Cs shows a slight increase
with temperature. The measured viscosity and density of the oleic phase over the studied
temperature ranges are plotted in Figures 4-6 (a) and 4-7 (a), respectively. Figure 4-6(a) shows
that the viscosity of the oleic phase increases with the increase in temperature, whereas bitumen
viscosity reduces with the increase in temperature. This observation is related to the lower
solubility of n-Ce in bitumen at high temperatures. Solvent (n-Ce) significantly impacts the
mixture viscosity since its viscosity is very low compared with the bitumen. Figure 4-7(a and

b) shows that the density measurements using the pycnometer. The density measurements are
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highly prone to errors and only provide an approximate range of the density of the liquid phases

over the temperature range of interest.
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Figure 4-3: Comparison of the mole fraction of n-Cs in the vapor phase of the ternary n-Ce/
H20 /Mackay River bitumen ternary system as compared with the n-Ce/ H20 binary system
[20] at the range of studied temperatures and 2.5 MPa pressure. Experimental data: rectangle
(m) represents the binary mixture of n-Ce/ H20, and circles (e, red and e, green) represent the
ternary system (solvent/steam composition: e, 1 mol. % n-Cs (6.85 vol.%) and e, 5 mol. % n-
Cs (27.7 vol.%). The mole fraction of hexane in a mixture of bitumen/solvent was maintained

at 0.7 (37.45 vol.%)
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Figure 4-4: Solubilities of n-Cs and H20 in the oleic phase. Experimental data: rectangles (m,red
& m, green) represent mole-fraction of H20, and circles (e, red & e, green) represent mole-
fraction of n-Cs (red, 6.85 LVE% of n-Ce and green, 27.7 LVE% of n-Cs). Model: solid line
represents the CPA-EoS model predicted mole fraction. Solvent/steam composition: e, 1 mol.
% n-Cs (6.85 vol.%) and e, 5 mol. % n-Cs (27.7 vol.%). The mole fraction of hexane in a

mixture of bitumen/solvent was maintained at 0.7 (37.45 vol.%).
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Figure 4-6: (a) Viscosity of the hydrocarbon-rich oleic phase. (b) Viscosity of the water-rich

aqueous phase. Experimental data: e, 6.85 LVE% of n-Ce,

o 27.7 LVE% of n-Ce.

Solvent/steam composition: e, 1 mol. % n-Cs (6.85 vol.%) and e, 5 mol. % n-Cs (27.7 vol.%)
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Figure 4-7: (a) The density of the hydrocarbon-rich oleic phase. (b) The density of the water-

rich aqueous phase. Experimental data: e, 6.85 LVE% of n-Cs, ®, 27.7 LVE% of n-Cs. Model:

solid line represents the CPA-EoS model predicted density. Solvent/steam composition: e, 1
mol. % n-Cs (6.85 vol.%) and e, 5 mol. % n-Cs (27.7 vol.%) . The mole fraction of hexane in
a mixture of bitumen/solvent was maintained at 0.7 (37.45 vol.%).

Water with a trace amount of n-Cs was observed in the water-rich aqueous phase. The
results show that the solubility of n-Cs in the aqueous phase of the ternary n-Cs/H20O/bitumen
system (VLLE) is very close to the one in the binary n-Ce/H20 binary system (VLE) [20]. The
presence of hydrocarbon and inorganic components in the water-rich aqueous phase was also
tested. The result showed that 18.2 mg /L of hydrocarbon components and 86 mg/L of total
dissolved solid were present in the aqueous phase. The mole fraction of n-Cs and water in the
aqueous phase are plotted against the temperature range in Figure 4-8. The results don’t show
a significant trend for the mole fraction of n-Cs and H20. The inset plot in Figure 4.8 shows
the collected water samples. The maximum standard deviation of the estimated mole-fraction

of n-Ce in the aqueous phase is 0.0002.
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The measured viscosity and density of the aqueous phase are plotted against the
temperature ranges in Figures 4-6b and 4-7b, respectively. Figure 4-6b shows that the viscosity
of the aqueous phase increases with temperature, whereas pure water demonstrates decreasing
trend. The presence of hydrocarbon components and total dissolved solid in the aqueous phase
may have impact on the viscosity of the aqueous phase. Figure 4-7b shows the approximate

range of the density of the aqueous phase over the studied temperature range.
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Figure 4-8: Solubilities of n-Cs and H20 in the aqueous phase. Experimental data: rectangles
(m,red & m, green) represent mole-fraction of n-Cs, and circles (e, red & e, green) represent
mole-fraction of H20. Solvent/steam composition: e, 1 mol. % n-Cs (6.85 vol.%) and e, 5 mol.
% n-Cs (27.7 vol.%). The mole fraction of hexane in a mixture of bitumen/solvent was

maintained at 0.7 (37.45 vol.%).
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4.5.2 VLLE modeling of the ternary system of normal-hexane, water and Mackay River bitumen

CPA EoS was used to model the multiphase equilibria, and the results are compared
with the experimental solubilities of n-Cs and water in the vapor, oleic and aqueous phases.
Table 4-2 shows the CPA EoS parameters obtained from VLE data and was directly used
without further tuning. The parameters for modeling the interaction between water and bitumen
are listed in Table 4-4 [30]. The cross-association, binary interaction parameters between
bitumen pseudo-components, and the molecular weight of PC2 are presented in Table 4-5 [30].
These parameters are also used directly without further tuning. The tuned binary interaction
parameter of n-Ces and bitumen are presented in Table 4-6.

The results shown in Figure 4-3 reveal that the CPA EoS predictions of vapor phase
composition of the binary mixture of n-Ce/water are acceptable, with an overall RSME of
0.0234 %. However, those of the ternary system of n-Ce/water/bitumen are far from the
experimental observations. The normal hexane and water solubilities in the oleic and aqueous
phases predicted with the CPA model are plotted in Figures 4-4 and 4-8, respectively. The root
mean error (RMSE) n-Cs and water solubilities in the oleic phase were found to be 0.07 and
0.17, respectively. For the aqueous phase, the solubility data was modeled assuming that there
IS no bitumen dissolved in the aqueous phase. The model predicted the n-Cs solubility in the
aqueous phase with an RMSD of 2.04 x 10™*. The density of the oleic phase was also

predicted with the CPA model and compared in Figure 4-7(a).

70



Table 4-3: Phase behavoir, viscosity, and density data for VLLE of the ternary n-Cs/H20 /bitumen system.

Vapor phase? Oleic phase® Aqueous phase©
Temperature Pressure System Mole-
G (MPa) Mole fraction | Mole-fraction ..~ & =~ . Viscosity —Density Mole-fraction  Viscosity —Density
of Cs (¥¢,) of Cs (x¢,) H:0 (X1 0) (cP) (kg/m?3) of Cs (x¢,) (cP) (kg/m?3)
2

Solvent/steam composition: 1 mol. % n-Cs (6.85 vol.%) in n-Ce/H20 mixture. The mole fraction of hexane in a mixture of bitumen/solvent was
maintained at 0.7 (37.45 vol.%).

185.6 2.50 LLE - 0.6070 0.1131 131 765.0 0.0002 0.41 864.0
191.9 2.52 VLLE | 0.5055 0.5645 0.1375 1.56 771.6 0.0002 0.60 827.6
195.6 2.51 VLLE |0.4638 0.4742 0.1976 1.71 759.0 0.0001 0.71 848.0
199.9 2.55 VLLE | 04171 0.3850 0.2314 2.40 749.0 0.0000 0.95 839.0
205.3 2.54 VLLE | 0.3394 0.3301 0.2014 3.02 794.5 0.0002 2.29 830.6
209.8 2.53 VLLE | 0.2640 0.2121 0.3453 3.19 910.5 0.0000 2.28 832.0

Solvent/steam composition: 5 mol. % n-Cs (27.7 vol.%) in n-Ce/H20 mixture. The mole fraction of hexane in a mixture of bitumen/solvent was
maintained at 0.7 (37.45 vol.%).

191.4 2.52 VLLE | 0.4897 0.5632 0.1691 1.17 767.0 0.0001 0.46 867.3
196.4 2.52 VLLE |0.4438 0.5012 0.1782 1.85 758.0 0.0001 0.81 860.7
200.8 2.57 VLLE |0.3438 0.3942 0.2422 2.24 803.0 0.0001 1.07 844.0
206.8 2.51 VLLE | 0.3137 0.2985 0.2414 2.78 864.5 0.0002 2.22 854.5
211.6 2.51 VLLE | 0.2416 0.2429 0.2338 3.38 739.3 0.0001 2.36 805.2

& Vapor phase: y¢, + Yu,0 = 1
®: Oleic phase: x¢, + Xp,0 + Xpitumen = 1
¢: Oleic phase: x¢, + xy,0 = 1
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Table 4-4 Cross-association and binary interaction parameters between water and bitumen

pseudo-components [30]

Parameter

EPC2,W/R (K)

KPCl,W

KPCZ,W

Value

2484.57 + 0.01T | 9.25x 10™* 4+ 4.51x 1073T

0.66 — 7.56 X 107°T

Table 4-5: Bitumen parameters [30]

Parameter

ePCZ,PCl/R (K)

KPCl,PCZ

MWp, (g/mol)

Value

2035.61 + 0.22T

0.04 + 8.53 x 107°T

790.26 — 0.41T

Table 4-6: Binary interaction parameters between n-Cs and bitumen pseudo-components

Solvent

KPCl,solvent

KPCZ,solvent

RMSD

n-Ce

0.29 —4.26 X 1073T

0.86 + 7.83 X 107*T

0.05
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4-6 Summary and Conclusions

Phase behavior study of the ternary mixture of n-Cs, H20 and bitumen were performed
at the temperature’s ranges from 190-210 °C and 2.5 MPa pressure. In a typical SA-SAGD
process, a solvent is normally co-injected with steam at low concentrations. In this work, we
considered two solvent mole fractions of 0.01 and 0.05 (6.85 and 27.7 vol.%) of water/hexane.
The mole fraction of hexane in a mixture of bitumen/solvent was maintained at 0.7 (37.45
vol.%), near the maximum solubility of hexane in bitumen/solvent at the operational condition
of solvent-aided thermal recovery processes of bitumen from oil sands. The VLLE phase
equilibrium of n-Ce/water/bitumen is studied, and the viscosity and density of the liquid phases,
hydrocarbon-rich oleic liquid phase and water-rich aqueous phase were measured. The CPA
EoS was used to model the measured multiphase equilibrium data, and the results are compared
with the experimental solubilities of n-Cs and water in the vapor, oleic and aqueous phases.
The results reveal that at VLLE conditions studied, the solvent concentration co-injected with
steam does not affect phase equilibrium and thermophysical properties of phases. Furthermore,
the results indicate that the mole-fraction of the n-Cs present in the vapor phase is close to the
binary mixture of n-Ce/H20, and the concentration of n-Ces decreases in the vapor phase with
the increase in temperature. Finally, our findings suggest that the presence of bitumen does not
have a significant effect on the steam solvent condensation behavior. Therefore, the binary

solvent/water systems may be used for condensation studies of SA-SAGD .
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Chapter 5: Conclusions and Recommendations

5-1 Summary

The present interest in solvent-aided techniques like ES-SAGD, N-SOLV, ESEIEH,
and LASER is a result of the rise in demand for more environmentally friendly, reliable, and
cost-effective methods of bitumen recovery. In these processes, a solvent and steam mixture
are injected into oil sands reservoirs to dissolve the solvent into bitumen, speeding up the
viscosity reduction, lowering the steam consumption and, consequently, lowering the SOR.
The full-scale implementation of these technologies has been partly hindered by the knowledge
gap in understanding the complex phase behavior of solvent/steam/bitumen mixtures.

Numerous numerical simulations and experimental studies have been carried out to
better understand the process and the associated phase behavior. The focus of simulation and
numerical studies has been on optimizing solvent concentration, selecting the best solvent type,
and understanding the behavior of the steam/solvent chamber in the presence and absence of
barriers. The experimental measurements have been conducted to understand phase equilibria
better and measure the thermophysical properties of solvent/bitumen/water systems.

In this thesis, the phase equilibria of binary normal hexane/water and ternary normal
hexane/water/bitumen mixtures at temperatures ranging from 180-215 °C and 2.5 MPa
pressure are studied to understand the condensation behavior and related thermophysical

properties.

5-2 Conclusions

The results indicated an azeotropic behavior for the normal hexane/water binary
system. The azeotropic behavior occurred at a hexane mole fraction of ~0.6029 of normal
hexane at ~183.7 °C. Below the azeotropic temperature, a liquid-liquid equilibrium (LLE) will
occur. At solvent concentrations below the azeotrope mole fraction, the condensed phase is

primarily water until the azeotropic point, when hexane begins to co-condense. On the other
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hand, at solvent concentrations above the azeotrope mole fraction, the condensed phase is
primarily hexane. The solubility of normal hexane in the water phase was found to be
negligible. The cubic-plus-association equation of state (CPA EoS) and the nonrandom two-
liquid (NRTL) model were used to correlate the measured data. The model predictions are in
good agreement with the experimentally measured values.

The second experimental task was conducted to study the phase equilibria of the
hexane/ water/Mackay River bitumen ternary system and measure the viscosity and density of
the associated liquid phases. VLLE was observed at temperatures ranging from 180-215 °C
and 2.5 MPa. The amount of normal hexane in the vapor phase increased with temperature. The
vapor phase for the ternary mixture was found to have a similar n-Cs concentration when
compared to n-Ce/ H20 binary mixture. The findings reveal that the binary solvent/water
equilibria may be used for condensation studies of SA-SAGS. The results also reveal that at
VLLE conditions studied, the solvent concentration co-injected with steam does not affect

phase equilibrium and thermophysical properties of phases.

5-3 Recommendations

The measurements of phase behavior, viscosity, and density were carried out
successfully using the experimental apparatus shown in the methodologies of Chapter 3 and
Chapter 4. However, density measurement using a device capable of withstanding high
temperature (T>190°C) and pressure conditions is recommended to improve the results of
density measurements.

Another suggestion is to perform experiments with different solvents (i.e., n-butane,
diluents, gas condensates) to compare the condensation behavior with the n-hexane/water
binary mixtures. Furthermore, VLLE studies using solvent additives may provide insight into
solvent selection and controlling steam/solvent condensation in SA-SAGD processes, leading

to more efficient in-situ bitumen recovery performance. Finally, investigating the effect of the
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solvent/bitumen injection ratio would aid in understanding phase behavior and the effect of

solvent on bitumen viscosity.
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