UNIVERSITY OF CALGARY

Measurement and Modeling of Pentane-Diluted Bitumen Phase Behaviour

Kimberly Adriane Johnston

A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE

DEGREE OF DOCTOR OF PHILOSOPHY

GRADUATE PROGRAM IN CHEMICAL AND PETROLEUM ENGINEERING

CALGARY, ALBERTA

MARCH, 2017

© Kimberly Adriane Johnston 2017



Abstract

The phase behavior of mixtures of bitumens and n-alkanes is a key factor in the design and
optimization of solvent-assisted heavy oil recovery processes and solvent deasphalting processes.
However, data and comprehensive models are lacking for these mixtures. Crude oil phase behavior
is typically modeled using cubic equations of state (CE0S). While CEoS have successfully fit
saturation pressures and asphaltene onset points for bitumen-solvent systems using simple
quadratic mixing rules; they do not accurately predict asphaltene precipitation yields. This thesis
focuses on data collection and CEoS modeling with asymmetric mixing rules for mixtures of

bitumen and n-pentane.

Phase behavior data were collected for n-pentane diluted bitumen up to 14 MPa and 280°C.
Saturation pressures were measured using both a PVT cell and a blind cell apparatus. The
composition at which asphaltenes precipitate was measured using a high pressure microscope
apparatus and was extrapolated from asphaltene yield data. A new experimental procedure was
developed to measure the phase compositions of both the light phase and the asphaltene rich heavy
phase at high temperature where two liquid phases are observed. A blind cell apparatus was
designed to measure asphaltene yields for multiple samples simultaneously. Binary and ternary

phase diagrams were generated from the data.

The Advanced Peng Robinson (APR) CEoS with several sets of asymmetric and compositionally
dependent mixing rules was evaluated using the aforementioned dataset. The use of asymmetric
mixing rules significantly improved the match to asphaltene yield data; however, the yields were
still under-predicted at high solvent contents and the tuning parameters that gave the best match
for asphaltene yield data were not predictive or easily correlated for other solvents. The use of
compositionally dependent solvent/asphaltene binary interaction parameters allowed the model to
fit asphaltene yield data over the entire composition range. A set of interaction parameters was
recommended that fits both asphaltene yield and saturation pressure data. While successful at
fitting the data, this approach is not practical for many simulation applications and the overall
conclusion is that CEoS are not well suited for the full range of bitumen-solvent phase behavior.



Acknowledgements

First and foremost | would like to express my sincere gratitude to my supervisor Dr. Harvey
Yarranton for what seemed an inexhaustible supply of support, patience, guidance and wisdom.

He will always have my most heartfelt respect and my most sincere apologies.

I would like to thank my lab manager, Florian Schoeggl for his guidance and training in the lab,
his willingness to share his vast wealth of experience, and also for all the hilarious stories.

| appreciate and thank Dr. Shawn Taylor for his good humour, insightful input and invaluable

assistance in the development new experimental methods.
I would like to thank Elaine Baydak for the support, guidance and chocolate.

I owe a most profound debt of gratitude to my friend and colleague, Dr. William Daniel Loty

Richardson, for all the feelings, all the science, all the late nights, all the comic books and all the

Scotch that we shared over the years. | probably could have done it without him, but it would not

have been anywhere near as much fun.

I’m thankful to the members of the HOPP research group, past and present, that helped along th
way; Pawan Agrawal, Catalina Sanchez, Orlando Castellanos-Diaz, Diana Powers, Francisco

Ramos Pallares, Adel Mancilla Polanco, Mahdieh Shafiee.

Thank you to the NSERC Industrial Research Chair in Heavy Oil Properties and Processing,
Schlumberger, Virtual Materials Group, Shell Canada, Suncor Energy, Petrobas, Nexen Energy

e



This thesis is dedicated to Dr. Mavrco Satyro; a good teacher, a
great mentor and an all-around fantastic dude. You left us too

soon, Marco. You are loved and you will be missed.



Table of Contents

N ] 1 (0 PP |
ACKNOWIBAGEMENTS. ... e e e e e e e e e e e e

D LYo [Tor=1 £ 0] o VAP iv
=1 o] (N0 M O00] 01 (= 1 | KT \
LISt OF T aBIES . ..o e e e e e e e e e Viii

I TS o) B 1o U] 3PP ¢

List of Symbols, Abbreviations and Nomenclature...............ccccocoii i XIV

Chapter One - INTRODUCTION.......ccccoiiiiiiii e 1
I R O o [T 1 Y= SRS 5
Chapter Two - LITERATURE REVIEW........ccoooii 8
2.1 Oil CharaCeriZatiON ..........ooiiiiiiiiieieie et bbb 8
2.2 Asphaltene Properties and Characterization .............ccoceveiieieeneninseene e 11
2.3 Bitumen/Solvent Phase BENAVIOr ... 13
2.3.1  Solvent Content of Asphaltene-Rich Phases..........c.cccocvviiiiniiinence e 17
2.3.2  GlaSS TTANSITION ...ttt bbb 18

2.4 Asphaltene Precipitation MOGEIS.........ccoeiiiiiiiiiieese e s 19
2.4.1  Modified Regular SOIUtioN THEOKY ....c.ccvoiiiieiece e 20
2.4.2  Cubic Plus Association Equation of State..........c.cccceevveieiieve s 20
2.4.3  Perturbed Chain Form of Statistical Associating Fluid Theory.............c......... 22

2.5 Cubic Equations of State for Bitumen Phase Behavior Modeling.............cccccoeuee.... 23
P28 T80 R OF = 3 = F- Tod 1o (o 1¥ 1 o 1 USSR 23
2.5.2  CEoS Application to Bitumen/Solvent SYStems ..........cccccevvveveiiiesiiese e 26
Chapter Three - EXPERIMENTAL METHODS ... 27
3L MABEETIAIS ... 27



3.2  Vapor-Liquid Boundary: Saturation Pressure Measurements ..............cccccevevernenne 29

321 PVT PrOCEAUIE. ...ttt 29
3.2.2  BliNd Cell ProCEAUIE......c.ociiiiiiceseee e 31
3.3 Asphaltene Yield Determination.........cccccooveiiiiiiiieeie e 32
3.4 Liquid-Liquid Boundary: Onset of Asphaltene-Rich Phase Measurement............ 34
3.4.1 Asphaltene Onset Extrapolated from Yields at Atmospheric Pressure........... 35
3.4.2  Asphaltene Onset from Yields at Elevated Temperatures and Pressures....... 35
3.4.3 Measured Asphaltene Onsets above Atmospheric Pressure.........ccccoccevveneenne. 36
3.5 PVT Cell Procedure for Asphaltene-Rich Phase Amount and Composition ......... 38
3.6 ComMPOSItIONAl ANGIYSIS .....coiviiiiiiieieeie et 39
3.6.1 Mass Evaporation Method..........c.ccooiieiiiii i 40
TG T € T O N g - Y] PSS 40
T A B T | 7 W o 011517 | o SR 41
3.7.1  PVT Cell Data ANAlYSIS.......ccciveieiieiieie et sve e e e enes 41
Chapter Four - PHASE BEHAVIOR MODELING .........ccoooiiiiiiiiee, 45
4.1  Advanced Peng RoODINSON CEOS ..ot e 45
4.2 MIXING RUIES ...t ettt ee s 46
4.2.1  Van Der Waals MixXing RUIES...........ccooiiiiiiiiieiie e 46
4.2.2  Sandoval, Wilczek-Vera and Vera Mixing Rules (SWV).......cccocvvvvinieiiennnnn, 47
4.2.3  Huron-Vidal Mixing RUIES (HV) .....ooiieiececeec e 47
4.3 MOodeling WOFKFIOW ........ccouiiiiiiee et 49
4.4 Oil CharaCteriZation ...........ccocooeiiiiiiiseseee e 51
441  Maltene CharaCteriZation ..........ccccooeoeiiirieininee s 51
4.4.2  Asphaltene CharaCterization ...........cccocveveeieeiiieiieie e 53
Chapter Five - EXPERIMENTAL RESULTS AND DISCUSSION.............. 55

Vi



5.1 Vapor-Liquid Boundary: Saturation PreSSUFES.........cccccvererieeieeriesienieesieeeesneseenns 55

5.2  Asphaltene Onsets and YiIeldsS .........ccooeiieiiiiiiiie e 59
5.3  Nature of the Asphaltene-Rich Phase..........cccooviiiiiiiii e 65
5.4  Asphaltene-Rich Phase COMPOSITIONS.........cccoviveiiierieiieieeie e se e 66
Chapter Six - MODELING RESULTS AND DISCUSSION...........ccccviinnnne. 70
6.1 Model Sensitivity to Oil Characterization ...........ccccoveiieieiie s 70
6.2 Temperature Dependence of Binary Interaction Parameters.............cccccvevevvernenne. 71
6.3 Van Der Waals MiXiNg RUIES.........ccooiiiiiiiee e 72
6.4 Compositionally Dependent MiXing RUIES...........ccccviieiieiiiie i 76
Chapter Seven - CONCLUSIONS AND RECOMMENDATIONS .............. 86
7.1 Experimental MethOdS. .......cccooiiiiiiieie e e 86
7.2 EXPerimental RESUITS .........coiiiiiec e s 86
A T |V, (0T [ 1o T PSPPI 87
REFERENCES........o e 90
APPENDIX A — Error ANAIYSIS ......cccieiieiie st 98
APPENDIX B — Additional Data.............ccccuvviiiiiiiiiniceseceee s 102
APPENDIX C — Additional Correlations...........c.ccoceoviniiciniiinccseee, 106

Vil



List of Tables

Table 2.1. UNITAR classification of oils by physical properties at 15.6°C [Gray, 1994]........... 8
Table 2.2 Selected properties of asphaltenes.............cccooe i el 11
Table 3.1 Selected properties of WC-B-B2 and WC-B-B3 bitumen.............ccoecviiievinennnn. 29
Table 3.2 Spinning band distillation assay of WC-B-B2 bitumen..................ocooeiiii i, 29
Table 3.3 The densities used for the data ProCesSING..........vuuveiie it e e 45
Table 4.1 Bitumen pseudo-components and their properties..........ccc.ovvvevie e vie i ieiieiienanns 53

Table 4.2 Asphaltene pseudo- components and their properties for the Gamma distribution based

and single component CharaCterizations. .. ..........veuitiie i e e e e 55

Table 5.1 Saturation pressures of n-pentane diluted WC-B-B2 bitumen measured in the PVT cell.
The uncertainty of the n-pentane content is 0.2 wt%. The uncertainties in the saturation pressures
are 0.1, 0.4. 0.6, and +0.8 MPa at temperatures of 90, 180, 230, and 280°C. Data from Agrawal

0= | 12201 P - 7 4

Table 5.2 Saturation pressures of n-pentane diluted bitumen measured in the blind cells. The
uncertainty of the n-pentane content is £0.1 wt%. The uncertainties in the saturation pressures
are 0.1, 0.4. 0.6, and £0.8 MPa at temperatures of 90, 180, 230, and 280°C..............c..cvne.. 58

Table 5.3 Fitted constants for WC-B-B3 vapor pressure (Eg. 5.3) and Henry term (Eq. 5.2) for n-
pentane in WC-B-B3 bitumen (based on T in K and pressures in KPa).............c.ccooevvennn.n. 58

Table 5.4 C5-asphaltene yield data from n-pentane diluted WC-B-B3 bitumen. The uncertainty
in the yields are +1.0 for the bench top method, +1 / -1.5 wt% for the pycnometer sample

collection method, and 0.4 wt% for the blind cell sample collection method........................ 62

Table 5.5 Asphaltene onset points for n-pentane diluted WC-B-B2 bitumen (measured using
HPM) and for n-pentane diluted WC-B-B3 bitumen (determined by extrapolating yield curves).
The uncertainty of the ONSEtS IS £1.5 WIY0......ccveiiiieieeie e 63

viii



Table 5.6 C5-asphaltene yield from n-pentane diluted WC-B-B2 bitumen at 180°C and 4.8

Table 5.7 Composition of feed, light phase and heavy phase samples from mixtures of 41 wt%
WC-B-B2 bitumen and 59 wt% n-pentane at 180°C and 4.8 MPa (Trial 1)..............cccoonten. 68

Table 5.8 Composition of feed, light phase and heavy phase samples from mixtures of 36 wt%
WC-B-B2 bitumen and 64 wt% n-pentane at 180°C and 4.8 MPa (Trial 2A)...........cccceenne. 68

Table 5.9 Composition of feed, light phase and heavy phase samples from mixtures of 36 wt%
WC-B-B2 bitumen and 64 wt% n-pentane at 180°C and 4.8 MPa (Trial 2B)....................... 68

Table 5.10 Composition of feed, light phase and heavy phase samples from mixtures of 27 wt%
WC-B-B2 bitumen and 73 wt% n-pentane at 180°C and 4.8 MPa (Trial 3).............ccccevvenes 69

Table 6.1 Binary interaction parameters used in AvdW model with simplified and full
CRArAC B I ZAIONS . .. .o e e e e 72

Table 6.2 Heavy phase compositions of n-pentane diluted bitumen, measured and modeled using
the CDvdW model at 180°C and 4.8 MPa..........cocvoiviiiiiii i e 81

Table 7.1 Summary of limitations for mixing rules examined in this study........................89



List of Figures

Figure 2.1 Relationship between molecular weight, structure, and boiling point [Altgelt and
BOAUSZYNSK, LO4].... ittt et et e s e te et e e st e s te et e e st e teenteenaenteennenres 9

Figure 2.2 Gamma Distribution for Molecular Weight and the determination of the molecular

weight and mole fraction of the i pseudo component [Castellanos-Diaz, 2012].............cc......... 12

Figure 2.3 Density of maltene distillation cuts and asphaltene solubility cuts from a Western
Canadian bitumen [Sanchez, 2013; Barrera et al., 2013]. .....cccooveieiieiecieseee e 13

Figure 2.4 Pressure-composition phase diagram for mixtures of a) methane and Peace River

bitumen and b) ethane and Peace River bitumen [Mehrotra and Svrcek, 1985]. ........c.ccceovvnrnen, 14

Figure 2.5 Pressure-composition phase diagram for mixtures of propane and Athabasca bitumen
at 10°C [Castellan0S-Diaz, 2011]. ...cceciieiieieiiese e e eeste et sra e e e e e e naeeneennees 14

Figure 2.6 Pressure-Composition diagrams for AVR + pentane at 160°C: a) expected phase
behaviors [Shaw and Zou, 2007]; b) experimentally measured (symbols) and simulated (dotted
line) phase boundaries [Saber et al. 2012]. Note that the x-axis on these figures is reversed from

all figures generated in this thesis (AVR Wt% VS SOIVENt WE%0). .......cccueeeeiveiecieceee e 16
Figure 3.1 Schematic of the experiments performed in this WOrk..........ccccceovvivevriiciieresiennen, 27
Figure 3.2 Schematic of PVT Cell QpParatus. ..........cccooiiiiiiniinieie e 30

Figure 3.3 Schematic of the blind cell apparatus used for saturation pressure measurement. ..... 32

Figure 4.1 Modeling methodology algorithm. ... 50
Figure 4.2 Extrapolated NBP data for the maltene fraction of the WC-B-B2 bitumen................ 52
Figure 4.3 Bitumen pseudo-ComMPOoNENt PrOPEITIES. ......veiveerieriereeieeeeseeriesee e see e ee e 53



Figure 5.1 Saturation pressures for mixtures of n-pentane and bitumen at temperatures of 90,
180, 230, and 280°C. Legend notation: BC is the blind cell method, and PVT is the PVT cell
method. The PVT data are from Agrawal et al. (2012). ......cccooveiiiiiniiiiieriee e 58

Figure 5.2 Pressure-volume isotherms for mixtures of n-pentane and WC-B-B2 bitumen: a) 64
wit% n-pentane at temperatures of 90, 180, 230, and 280°C; b) n-pentane contents of 11, 30, 40,
AN 64 WEY0 Gt 280°C. ...oveeieeie ettt ettt et a et e e e e re e e neenreennenres 59

Figure 5.3 C5-asphaltene phase separation from n-pentane diluted WC-B-B3 bitumen at 180°C
and 4.8 MPa: a) onset and yield; b) location on phase diagram at which the asphaltene-rich phase

compositions were determined for the four PVT cell eXperiments. ..........ccccevvvveviveiesiennenennn, 60
Figure 5.4 C5-asphaltene yield data from n-pentane diluted WC-B-B3 bitumen. ...................... 63

Figure 5.5 Effect of pressure on C5-asphaltene yields from n-pentane diluted WC-B-B3 bitumen.

Figure 5.6 Effect of temperature on C5-asphaltene onsets and yields from n-pentane diluted WC-
B-B3 bitumen: @) onset; D) YIEld. .......cov e 64

Figure 5.7 Effect of temperature on: a) the onset of asphaltene phase separation, and; b)
asphaltene yields from n-heptane diluted crudes in the literature [Akbarzadeh et al., 2005; Hu
and Guo, 2001; Andersen and Birdi, 1990; Andersen et al., 1994; Andersen et al. 1998; Ali and
Al-Ghannam, 1981]. The legends indicates the Source OilS...........ccovevviiiviieiiecic s 65

Figure 5.8 Images captured by the HPM of asphaltenes precipitated from n-pentane diluted
bitumen at a) 23°C (glass-like particles) and b) 165°C (liquid droplets). .......cccccevverveiienvninnnn, 66

Figure 5.9 Images captured by the HPM of aphaltenes precipitated from n-pentane diluted

bitumen at 90°C and 4.8 MPa at a) less than one hour after mixing and b) 20 hours after mixing.

Figure 5.10 Ternary phase diagram for bitumen and n-pentane at 180°C and 4.8 MPa. ............. 69

Xi



Figure 6.1 Measured and modeled asphaltene yield data for n-pentane diluted bitumen. Symbols
are data and lines are the AvdW model with a) bitumen characterized as only two components
(simplified characterization) and b) bitumen characterized as described in Table 4.1 (full

(o g F LT (=T 4= 1 (o]0 ) TSP RSTRPPRTRRTRO 71

Figure 6.2 Measured and modeled saturation pressure data for n-pentane diluted bitumen at a)
180°C and b) 280°C. Symbols are data, and lines are the SvdW model with and without
teMPErature dEPENAEBINCE. ........cuiiiieieeee ettt sttt e be et e eneenreebeenes 72

Figure 6.3 Measured and modeled (symmetric model and asymmetric Models A and B) phase
behavior data for n-pentane diluted bitumen: a) asphaltene yield at 21°C and 0.1 MPa; b)
saturation pressures of n-pentane diluted bitumen at 90°C; c) Pressure-Composition Phase
Diagram at 180°C. SvdW and AvdW indicate symmetric and asymmetric van der Waals mixing
TUIES, TESPECTIVRIY. ... ettt e bbbt e be e e 73

Figure 6.4 Binary interaction parameters at 21°C for solvent/pseudo-component binaries for n-
pentane diluted bitumen: a) AvdW Models A and B; b) AvdW Model C. ........c.ccoveviieivienn, 74

Figure 6.5 Measured and modeled (AvdW Model C) phase behavior data for n-pentane diluted
bitumen: a) asphaltene yield at 21°C and 0.1 MPa; b) saturation pressures of n-pentane diluted
DITUMEN AL Q0°C. ...t et e e s reeste e s e e re e beeneesre e teeneesseeteeneenrens 76

Figure 6.6 a) Measured and modeled asphaltene yield data from n-pentane diluted bitumen and

b) tuning parameters used i HV MOel A. ..o 77

Figure 6.7 a) Measured and modeled asphaltene yield data from n-pentane diluted bitumen and

b) tuning parameters used in HV MOdel B. ........c.ooveiiieieceee e 78

Figure 6.8 Saturations pressures for n-pentane diluted bitumen at 90°C. Symbols are

experimental data and lines are modeled using HV Model A and HV Model B...........ccccocee. 78

Figure 6.9 Asphaltene yield data for n-pentane diluted bitumen. Symbols are data, solid line is
the SWV model with kas = -0.05 and Ksa = 0.0015.........cccooiiiieiiiiese e 79

Xii



Figure 6.10 Values of Kasph-soiv Used to fit asphaltene yield. Symbols are fitted kasph-soiv and the

[INES Are EQUALION B.1......eceieiieeie ettt et e et a et e e ne e e e eneesteeneeaneenneens 80

Figure 6.11 Pressure-Composition diagrams for n-pentane diluted bitumen at a) 23°C and b)
90°C c) 120°C d) 180°C e) 230°C f) 280°C. Symbols are experimental data and lines are
(O Yo LYV 43T T L= OSSPSR 82

Figure 6.12 Asphaltene yields for n-pentane diluted bitumen at a) 23°C b) 90°C c) 140°C d)
180°C and e) 250°C. Symbols are experimental data and lines are the CDvdW model. ............. 83

Figure 6.13 Asphaltene yields from n-pentane diluted bitumen (this work) and n-heptane diluted
bitumen [Shafiee, 2014]. Symbols are experimental data and lines are CDvdW fitted model. ... 84

Figure 6.14 Values of Kasph-soiv Used to fit asphaltene yield for n-pentane diluted bitumen and n-
heptane diluted bitumen at ambient conditions. Symbols are fitted Kasph-soiv and the lines are lines
0] 0] | TSRS PPRURRTRON 85

Xiii



List of Symbols and Abbreviations

a Attractive parameter in Equation of State, subscript i denotes ith

component value, subscript m denotes mixture value

aij Adjustable constant to capture temperature dependence

A Helmholtz Energy

Achain Helmholtz energy contribution from covalent bonds in SAFT
A Residual Helmholtz energy

ACE0S Helmholtz energy contribution from CEo0S

ASC Helmholtz energy contribution from association

A9 Helmholtz energy contribution from hard spheres in SAFT

b Exclusive volume in Equation of State, subscript i denotes ith

component value, subscript m denotes mixture value

bjj Adjustable constant to capture temperature dependence
C Volume translation

Cij Adjustable constant to capture temperature dependence
C Adjustable constant for an empirical fitting equation

D Adjustable constant for an empirical fitting equation

Radial distribution function used in SAFT EoS

gt Gibbs excess energy

oot Limiting value of Gibbs excess energy as pressure approaches
infinity

gij Interaction energy between molecules of components i and j

H Henry’s constant

H/F Heavy phase split ratio

AHY#® Enthalpy of vaporization

Kij Adjustable interaction parameter

ki®, kijt,and kij? interaction parameters in temperature dependent estimation of
Kij

Kb Boltzman constant

K Equilibrium constant

Xiv



MWoayg
MW

Nc

Nij

Pc
Psat

TR
Te

AVpump
AVpvT

Xi

Xij

Superscripts
H
L

Adjustable interaction parameter
Adjustable interaction parameter

mass

Number of association sites in SAFT EoS
Molecular weight

Average molecular weight

Monomer molecular weight

Number of moles

Number of components

Adjustable parameter

Pressure

Critical Pressure

Saturation Pressure

Vapor Pressure

Universal Gas Constant, 8.314 J/mol.K.
Temperature

Reduced Temperature

Critical Temperature

Molar Volume

Volume

Volume of fluid displaced by pump
Change in volume measured in PVT cell using cathetometer
Mass fraction

Mole fraction of component i

Mole fraction of component i in the vicinity of component j
Asphaltene Yield

Heavy Phase
Light Phase

XV



Subscripts
asph

bit

C5

dil

[

i

m

malt

onset

solv

tol

Greek symbols

Asphaltene component
Bitumen component
n-pentane component
Diluent component
Component i
Component j

mixture

Maltene component
Denotes mass fraction of diluent at onset of asphaltene
precipitation

Solvent component

Toluene component

Non-randomness parameter

Alpha function in CEo0S

Shape distribution factor

Activity coefficient

Gamma function

Solubility parameter

Association strength

Association energy

Association bonding volume

Constant in the Huron-Vidal mixing rules
Density

Interaction parameter between components i and |
Acentric factor

Constant in the general form of a CE0S

Constant in the general form of a CE0S

XVi



Abbreviations

AER
APR
API
AvdW
BPR
CDvdW
CEoS
CPA
CSS
DSC
EoS
ES-SAGD
GC
HPM
HV
LLE
MRS
MW
NBP
NRTL
PC-SAFT
PNA
PR

PVT
SAFT
SAGD
SANS
SARA

Mole fraction of unbonded molecules in CPA EoS

Alberta Energy Regulator

Advanced Peng Robinson EoS
American Petroleum Institute
Asymmetric van der Waals mixing rules
Back Pressure Regulator
Compositionally Dependent van der Waals mixing rules
Cubic Equation of State

Cubic Plus Association EoS

Cyclic Steam Stimulation

Differential Scanning Calorimetry
Equation of State

Expanding Solvent SAGD

Gas Chromatograph

High Pressure Microscope

Huron Vidal mixing rules

Liquid-Liquid Equilibrium

Modified Regular Solution

Molecular Weight

Normal Boiling Point

Non-Random Two Liquid

Perturbed Chain Statistical Associating Fluid Theory
Paraffins-Napthenes-Aromatics
Peng-Robinson EoS

Pressure, Volume, Temperatue
Statistical Associating Fluid Theory EoS
Steam Assisted Gravity Drainage

Small Angle Neutron Scattering

Saturates-Aromatics-Resins-Asphaltenes

Xvii



SAXS
SG
SRK
Svdw
Swv
TBP
VAPEX
VLE

Small Angle X-Ray Scattering

Specific Gravity

Soave-Redlich-Kwong EoS

Symmetric van der Waals mixing rules
Sandoval, Wilczek-Vera, Vera mixing rules
True Boiling Point

Vapor Extraction

Vapor-Liquid Equilibrium

XViil



Chapter One - INTRODUCTION

Canada has an estimated 2 trillion barrels of heavy oil and bitumen reserves [AER 2015]. In
Alberta, the shallow deposits are mined but deeper deposits are produced mainly with thermal
recovery methods, such as SAGD (steam assisted gravity drainage) or CSS (cyclic steam
stimulation). In these recovery methods, steam is injected into the reservoir to reduce the oil
viscosity so that the bitumen can flow to a producing well. However, steam-based methods are
energy intensive, costly, and draw heavily on the available water supply. Therefore, alternative
recovery methods are being investigated including solvent-based processes, such as VAPEX, and
solvent-assisted processes, such as ES-SAGD. To succeed, these methods must achieve similar oil
recovery as thermal methods as well as high solvent recovery, while reducing water requirements

and operating costs.

Solvent based and solvent-assisted processes involve a complex combination of heat transfer, mass
transfer, and phase equilibrium as well as the usual fluid flow through a porous medium. Hence,
reservoir (and process) simulations that include accurate phase behavior and fluid property models
are required. This thesis focuses on the phase behavior (data and modeling) for bitumen/solvent

systems.

Bitumen/solvent systems are asymmetric and can exhibit multiphase behavior including vapor-
liquid (VL), liquid-liquid (LL), VLL, and possibly VLLL regions. The heavy phase that forms in
the LL region can strongly affect fluid flow and therefore the amount and composition of this phase
is of particular interest. The phase behavior of these mixtures depends on temperature, pressure,

composition, and the carbon number of the n-alkane.

In methane-bitumen systems, only VL regions have been observed [Mehrotra and Svrcek, 1985]
likely because the solubility of methane in bitumen is relatively low. For ethane diluted bitumen,
VL and VLL boundaries have been observed [Mehrotra and Svrcek, 1985]. In this case, the two
liquid phases are a solvent-rich (L1) and a bitumen-rich (L2) phase. Several phases have been
observed in mixtures of propane and bitumen including vapor and up to two liquid phases
[Badamchi-zadeh et al., 2009; Jossy et al., 2009].



It is well known that asphaltenes separate from heavy oils diluted with n-pentane or higher carbon
number n-alkanes [Speight, 1999]. Bitumens are rich in asphaltenes, the densest, highest molecular
weight fraction of crude oils. Asphaltenes are defined as the fraction of crude oil that is soluble in
toluene and insoluble in either n-pentane or n-heptane. They are a mixture of polynuclear aromatic
species with the highest density, molecular weight, polarity, and heteroatom content of the crude

oil.

Most research on bitumen phase behavior has focused on the onset of asphaltene precipitation and
the amount of separated asphaltenes (i.e. their solubility) because asphaltene precipitation has a
significant impact on deposition and flow assurance. “Asphaltene precipitation” is the commonly
used term to describe the formation of an asphaltene-rich heavy phase. The onset refers to the
conditions (temperature, pressure, and composition) at which the heavy phase appears. The mass
of the asphaltene partitioning to the heavy phase relative to the original mass of asphaltene in the

oil is referred to as the asphaltene yield.

For n-alkane diluted bitumen, asphaltene solubility increases as the carbon number of the n-alkane
increases from 3 to 7 and decreases slightly at carbon numbers above 10 [Hu and Guo, 2001;
Andersen and Birdi, 1990; Mannistu et al., 1997; Ali and Al-Ghannam, 1981; Wiehe et al., 2005].
The increase in solubility means that more solvent is required to initiate precipitation and there is

less asphaltene precipitation at a given composition above the onset of precipitation.

Most researchers [Akbarzadeh et al., 2005; Ali and Al-Ghannam, 1981; Hu and Guo, 2001] have
found that asphaltene solubility in crude oil and hydrocarbon solvents increases with temperature
up to 100°C. Andersen and Birdi [1990] reported an initial decrease in solubility as temperature
increased from 4 to 25 °C, then an increase in solubility from 25 to 100°C. Based on a small
amount of data [Andersen 1994, Andersen et al. 1998], C7-asphaltenes (asphaltenes precipitated
with n-heptane) may become less soluble at temperatures above 100°C.

Asphaltene solubility tends to increase with increased pressure. For example, asphaltenes
solubilized in an undersaturated live oil at reservoir pressure can precipitate when the oil is
depressurized [Joshi et al., 2001; Tharanivasan et al., 2011]. Akbarzadeh et al. [2005] found that
asphaltene solubility in heavy oils also increased with increased pressure. Overall, while trends in



asphaltene solubility with temperature and pressure have been reported, the data are too sparse to

accurately assess these trends.

Data on the composition of the asphaltene-rich heavy phase is even sparser because it is
challenging to measure. Yarranton et al. [2011] conducted drying experiments on asphaltene
sediments to determine the solvent content of the precipitated asphaltene phase at ambient
conditions. At these conditions, they reported the n-pentane content of the asphaltene phase from

n-pentane diluted bitumen to be <4 mass % at ambient conditions.

At temperatures below approximately 100°C, the asphaltenes appear to separate as a glass-like
phase of micron-scale primary particles that rapidly flocculate [Rastegari et al., 2004; Luo et al.,
2010]. At higher temperatures, the mixture separates into two liquid phases: a solvent-rich and an
asphaltene-rich phase [Agrawal et al., 2012]. Asphaltenes appear to undergo a glass transition at
higher temperatures which allows the formation of a liquid asphaltene-rich heavy phase. Several
researchers have studied the glass transition temperature for asphaltenes [Zhang et al., 2004; Gray
etal., 2004; Kriz et al.,2008]. Agrawal et al. [2012] measured the onset of asphaltene precipitation
from n-pentane diluted bitumen at 180°C and 4820 kPa, and noted that the asphaltene-rich phase
in solution forms a continuous liquid phase at these conditions. The formation of a continuous
liquid asphaltene-rich phase at temperatures above 140°C makes it possible to separate this phase

from the solvent-rich light phase and determine its composition.

A model that captures the full range of this phase behavior has proven elusive. To date, the most
successful models for bitumen-solvent phase behavior treat all of the oil, including the asphaltenes,
as a solution and treat all phase behavior, including asphaltene precipitation, as a chemical phase
separation. These models include the modified regular solution (MRS) model, the perturbed-chain
statistical associating fluid theory (PC-SAFT) EoS, and the cubic plus association (CPA) EoS. The
MRS model can fit and, to some extent, predict asphaltene yield and onset points for various
solvent-diluted bitumen systems [Tharanivasan et al., 2011; Alboudwarej et al., 2003; Wang and
Buckley, 2001]. However, this version of regular solution theory is unable to accurately model
component partitioning between an asphaltene-rich phase and a solvent-rich phase. In addition, it
has not been applied to other phase transitions including VLE.



The CPA EoS can capture vapor-liquid equilibrium as well as asphaltene precipitation onsets in
conventional oils and bitumen over a range of temperatures, pressures, and compositions [Li and
Firoozabadi, 2010; Shirani et al., 2012]. The PC-SAFT equation of state can also model both
vapor-liquid equilibrium and the onset of asphaltene precipitation from a depressurized
conventional crude oil [Panuganti et al., 2012; Ting et al. 2003]. More recently, the PC-SAFT has
been used to model asphaltene yield curves from solvent diluted bitumen and has been shown to
capture the effects of asphaltene polydispersity [Tavakkoli et al., 2014]. Both models were
evaluated independently [AlHammadi et al., 2015; Zhang et al., 2012] for asphaltene precipitation
from conventional oils and bitumens and were confirmed to give good predictions for phase
boundaries and asphaltene precipitation amounts. A disadvantage of both the PC-SAFT and the
CPA equation of state is that they can have more than three roots resulting in a more complex flash

and longer computation time.

Cubic equations of state (CE0S) are used in most commercial reservoir and process simulation
software due to their simplicity of application and relatively fast computation times. CEoS models
and associated correlations have been developed and tuned for light hydrocarbon systems. While
CEoS have been applied to bitumen systems, they have not yet been successfully tested on a broad
range of phase behavior for bitumens and solvents. Mehrotra et al. [1988] successfully modeled
solubility data for mixtures of Cold Lake bitumen and nitrogen, carbon dioxide, methane and
ethane using the Peng-Robinson (PR) EoS. Jamaluddin et al. [1991] used the Martin EoS to fit
solubility and saturated liquid density for systems of bitumen and carbon dioxide. Shaw and
coworkers [Saber and Shaw, 2009; Saber and Shaw 2011; Saber et al., 2012] have used a group
contribution method in conjunction with the PR EoS to capture LLV phase behavior of Athabasca
vacuum residue and solvent. Castellanos-Diaz et al. [2011] and Agrawal et al. [2012] modeled the
phase behavior of bitumen-propane, bitumen-carbon dioxide and bitumen-pentane systems using
the Advanced Peng-Robinson (APR) EoS. Their model correctly predicted saturation pressures
and asphaltene onset points, but did not accurately predict asphaltene yields. The model predicted
that the asphaltenes become soluble at high solvent dilutions while experimental data showed that
the asphaltenes remain insoluble.

A possible remedy, recommended by Agrawal et al. [2012], is to apply asymmetric mixing rules

rather than the symmetric van der Waals mixing rules used in the APR model. The first asymmetric
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mixing rules proposed were empirically developed compositional dependent expressions for the
binary interaction parametes (kij) used in the symmetric van der Waals mixing rules [Adachi and
Sugie, 1986; Panagiotopoulos and Reid, 1986; Sandoval et al., 1989; Stryjek and Vera, 1986].
Another class of asymmetric mixing rules are derived by equating the excess free energy (either
Gibbs or Helmholtz) from an equation of state to the excess free energy from an activity coefficient
model. The Huron-Vidal and Wong-Sandler mixing rules are well known examples of excess
energy mixing rules [Huron and Vidal, 1979; Wong and Sandler, 1992]. The Huron-Vidal
asymmetric mixing rules are theoretically applicable to mixtures of nonpolar and polar compounds
[Pedersen and Christensen, 2007] and have been used to model mixtures of water and
hydrocarbons [Kristensen and Christensen, 1993; Pedersen et al. 1996; Sgrensen et al. 2007].
Gregorowicz and de Loos [2001] used the Wong-Sandler mixing rules to model LLV behavior in
asymmetric hydrocarbon mixtures. To date, a CEoS with asymmetric mixing rules has not been

applied to mixtures of bitumen and solvents.

1.1  Objectives
The solvents of potential interest for in situ recovery processes include n-alkanes, condensates,
and naphtha. A program is underway under the NSERC IRC in Heavy Oil Properties and
Processing to investigate the phase behavior of mixtures of bitumen with these solvents, and this
thesis is part of that program. The main objectives of this thesis are to: 1) measure the phase
behavior of mixtures of n-pentane and bitumen over the range of conditions that may be
encountered in commercial in situ and surface processes; 2) evaluate the applicability of

asymmetric mixing rules with a CEoS to model bitumen-solvent behavior.

Specific objectives of this thesis are to:

1. Map the phase behavior of n-pentane diluted bitumen over the conditions encountered in
typical in situ and surface processes, including saturation pressures and asphaltene onset
points (the compositions at which a separate asphaltene-rich heavy phases are formed) at
temperatures up to 280°C and pressures up to 13.8 MPa

2. Develop and test an experimental procedure to measure the composition of the light and

heavy phases formed in the liquid-liquid region.



3. Develop and commission a blind cell apparatus to measure asphaltene yields or saturation

pressures at high temperature and pressure for up to 5 samples simultaneously.

4. Provide an assessment of the repeatability and uncertainty of heavy oil phase behavior

measurements.

5. Evaluate the applicability of a cubic equation of state (CEoS) with several forms of
asymmetric mixing rules to model the measured phase behavior. Identify the advantages

and shortcomings of each set mixing rules tested.

A bitumen from Western Canada was used in this thesis and the phase behavior of the n-pentane
diluted bitumen was investigated at temperatures from 20 to 280°C and pressures up to 14 MPa.

The Advanced Peng-Robinson (APR) CEoS was used to model the measured data.

1.2  Organization of Thesis

This thesis is organized into seven chapters and the remaining chapters are outlined below.

Chapter 2 gives a brief review of petroleum chemistry, oil characterization, bitumen/solvent phase
behavior, and successfully applied asphaltene precipitation models. Cubic equations of state,

mixing rules and their application to petroleum systems are reviewed.

Chapter 3 summarizes the materials used in the experimental work; the experimental procedures
for saturation pressures, asphaltene vyields, asphaltene onsets, and phase composition
measurements; and the techniques used to process the experimental data. A new PVT cell
procedure is described that was developed to collect and assay the light and heavy phases for their
phase volumes as well as solvent, maltene, and C5-asphaltene (pentane extracted asphaltene)
contents. A new blind cell apparatus procedure is also described that was developed to measure
only the light phase compositions and C5-asphaltene yields of up to 5 samples simultaneously.
This procedure allowed data to be obtained more rapidly.



Chapter 4 describes the methodology used to model the experimental data including the oil
characterization methodology, a description of the mixing rules tested, and a summary of the

modeling workflow.

Chapter 5 presents the experimental results. The results are interpreted, uncertainties in the data
are discussed, and the results are compared to related findings from the literature. Pressure-
composition phase diagrams and pseudo-ternary phase diagrams of asphaltenes, maltenes, and n-

pentane are presented.

Chapter 6 presents the modeling results for several sets of asymmetric mixing rules. First, the
asymmetric van der Waals mixing rules (kij # 4ij) were evaluated. Then, the Sandoval et al. mixing
rules [1989] were evaluated to test a composition-dependent type of mixing rule. Two forms of
Huron-Vidal mixing rules [1979] were evaluated to test an excess energy type of mixing rule.
Finally, the form of the compositional dependence required to fit asphaltene yield data was

examined. The advantages and shortcomings of each type of model are discussed.

Chapter 7 summarizes the major findings of this thesis and provides recommendations for the

developed experimental procedures and the tested modeling methodologies.



Chapter Two - LITERATURE REVIEW

This chapter explains the basics of crude oil characterization, including a discussion of asphaltene
properties and characterization techniques. Phase behavior of bitumen and solvent mixtures is

discussed as well as the thermodynamic models that have been used to model that phase behavior.

2.1  Oil Characterization

Crude oils are naturally occurring petroleum liquids. They consist primarily of hydrocarbons with
variable amounts of compounds containing nitrogen, oxygen and sulfur together with small
amounts of metals such as nickel and vanadium. Although oils contain few atomic species, they
consist of hundreds of thousands, perhaps even millions, of different molecular species [Altgelt
and Boduszynski, 1994; Rodgers and McKenna, 2011]. Crude oil is typically classified by its
physical properties, such as boiling point, specific gravity or viscosity. The UNITAR classification
of oils is given in Table 2.1 [Gray, 1994].

Table 2.1. UNITAR classification of oils by physical properties at 15.6°C [Gray, 1994].

Classification Viscosity  Density API

mPa.s kg/m? Gravity
Conventional oil <10 <934 >20°
Heavy oil 102-10° 934-1000 20°-10°
Bitumen >10° >1000 <10°

The molecular species in crude oils encompass a broad range of molecular weights (approximately
16 to 1200 g/mol) and actual/theoretical boiling points (approximately 20 to 800°C). The diversity
and complexity of the molecules in the crude oil increases with boiling point and molecular weight,
Figure 2.1. The molecules can be grouped into different chemical families including paraffins,
naphthenes, and aromatics. The paraffins and napthenes together are termed saturates. The
aromatics can be divided into aromatic, resin, and asphaltene fractions each with greater molecular

weight, density, polarity, and heteroatom content.
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Figure 2.1 Relationship between molecular weight, structure, and boiling point [Altgelt and
Boduszynsk, 1994].

To model the phase behavior and properties of crude oils and crude oil fractions for upstream and
downstream processes, the oil must be characterized; that is, divided into a set of components and
pseudo-components that represent the distribution of properties in the oil. It is currently
impossible, and will likely always be impractical, to characterize a crude oil by its constituent
molecular species. Instead, crude oils are typically represented by a set of pseudo-components
assigned based on boiling point [Katz and Firoozabadi 1978, Castellanos-Diaz et al. 2011] or
molecular weight distributions [Whitson, 1983]. These distributions are related to each other and
can be constrained by the distribution of chemical families such as paraffins, naphthenes, and
aromatics. Each pseudo-component is assigned the average properties of all the molecules in its

boiling or molecular weight interval.



To create a set of pseudo-components, distillation or gas chromatography data are usually required.
Typically, either the boiling point or molecular weight distributions are divided into mass fractions
representing boiling or molecular weight ranges. Then, whatever properties are required for the
phase behavior modeling are assigned to each pseudo-component using correlations such as the
Riazi-Daubert [Riazi and Daubert, 1987], Lee-Kesler [Lee and Kesler, 1975] or Twu correlations
[1984]. For equation of state models, the density, molecular weight, boiling point, critical
temperature and critical pressure, and acentric factor must be estimated for each pseudo-

component.

Additional data, such as paraffin-naphthene-aromatics (PNA) content or saturate-aromatics-resins-
asphaltene (SARA) composition, can be used as a constraint when estimating pseudo-component
properties. The PNA method uses refractive index data to determine the PNA content of the cuts
[Pedersen and Christensen 2007, Riazi and Daubert 1986, Leelavanichkul et al. 2004]. SARA
fractionation involves splitting the crude oil into solubility and absorption classes [Speight 1999].
Asphaltenes are separated by addition of excess n-pentane and saturates, aromatics and resins are
separated by liquid chromatography. Pseudo-components can also be used to represent SARA
fractions instead of, or as an extension to, a boiling point or molecular weight based

characterization [Panuganti et al. 2012, Ting et al. 2003].

Conventional oils consist of relatively lower molecular weight compounds; hence, most of a
conventional oil sample is distillable and can be eluted in a gas chromatograph. Bitumens,
however, contain more of the larger and more complex molecular species, which makes
characterization more challenging. Typically, boiling point distributions are determined from
distillation or chromatography data; however, distillation assays are limited to temperatures below
300°C to avoid thermal cracking. Consequently, as little as 20-30% of a sample of bitumen can be
distilled and the remainder of the boiling point or molecular weight distributions must be
extrapolated. Bitumens also contain a significant amount of asphaltenes. Asphaltenes are known
to self-associate and precipitate, and are more challenging to characterize than the other oil

fractions.
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2.2  Asphaltene Properties and Characterization
Asphaltenes are defined as the fraction of crude oil that is insoluble in n-pentane or n-heptane, but
is soluble in aromatics such as toluene or benzene. Asphaltenes are the densest, highest molecular
weight and most polar components of crude oil. Some properties of asphaltenes are summarized
in Table 2.2 [Mullins 2011, Akbarzadeh et al. 2005, Sanchez 2013, Wang and Buckley 2001,
Barrera et al., 2013].

Table 2.2 Selected properties of asphaltenes.

Property Values
Monomer Molecular Weight 400-1000 g/mol
Average Nano-aggregate Molecular Weight 1000-10000 g/mol
Density 1.1-1.2¢glcc
Solubility Parameter 20.1+

Asphaltenes are known to self-associate into larger structures, now often termed “nanoaggregates”.
Asphaltene self-association has been examined with a number of techniques including vapor
pressure osmometry [Yarranton et al., 2000], interfacial tension [Yarranton et al. 2000, Rogel et
al. 2000], isothermal titration calorimetry [Merino-Garcia and Anderson, 2003], and small angle
X-ray scattering measurements [Xu et al. 1995, Eyssautier et al., 2012]. Average asphaltene
molecular weight increases with asphaltene concentration in solvent, indicating the association of
asphaltene monomers. Asphaltenes appear to associate into nanoaggregates of 2-6 monomers on

average [Yarranton et al., 2000].

It has been shown that the Gamma function is suitable for representing the molecular weight
distribution of asphaltene monomers and nano-aggregates for the purposes of phase behavior
modeling [Huang et al. 1991, Alboudwarej et al. 2003, Castellanos-Diaz et al. 2011, Agrawal et
al. 2012]. The Gamma function is given by:

£(MW) =

B-1 P
(MW - MW,,,) B MW - MW,
exp| —
') MW,yg —MWp, MW,yg —MWp, 91
where MW, is the monomer molecular weight, MWayg is the average molecular weight of the

asphaltenes and gis a parameter which determines the shape of the distribution. The average

11



molecular weight of the asphaltene nanoaggregates is not known with certainty and is therefore
used as an adjustable parameter. A value of 2000 g/mol is suggested by Agrawal et al. (2012). A
value of 2.5 for g is recommended by both Castellanos et al. (2011) and Agrawal et al. Figure 2.2
shows how the molecular weight distribution of asphaltenes can be divided into pseudo-

components of equal mole fraction.
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Figure 2.2 Gamma Distribution for Molecular Weight and the determination of the molecular
weight and mole fraction of the i pseudo component [Castellanos-Diaz, 2012].

Density is also a required input for most correlations to determine pseudo-component properties.
The density distributions of asphaltenes were recently measured in detail [Barrera et al., 2013] and
are compared with the density of maltene distillation cuts [Sanchez, 2013] in Figure 2.3. The
asphaltene density deviates significantly from the observed for the maltene trend; therefore density
correlations developed for maltene components are not applicable to asphaltene pseudo-
components. Barrera et al. [2013] developed the following correlation for asphaltene density as a

function of molecular weight:
Mw
p =1100 + 100 (1 — exp (—ﬁ)) 2.2

12



where pis the density in kg/mé.
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Figure 2.3 Density of maltene distillation cuts and asphaltene solubility cuts from a Western
Canadian bitumen [Sanchez, 2013; Barrera et al., 2013].

2.3 Bitumen/Solvent Phase Behavior
Bitumen-solvent systems are highly asymmetric mixtures and complex multiphase behavior has
been observed for these systems including vapor-liquid (VL), liquid-liquid (LL), VLL, and
possibly VLLL regions. The phase behavior depends on temperature, pressure, composition, and

the carbon number of the n-alkane.

In methane-bitumen systems, only VL regions have been observed since the solubility of methane
in bitumen is relatively low, Figure 2.4a [Mehrotra and Svrcek, 1985]. For ethane diluted bitumen,
VL and VLL boundaries have been observed, Figure 2.4b [Mehrotra and Svrcek, 1985]. In this
case, the two liquid phases are a solvent-rich (L1) and a bitumen-rich (L) phase. Several phases
have been observed in mixtures of propane and bitumen including vapor and up to two liquid
phases [Badamchi-zadeh et al., 2009; Jossy et al., 2009]. Figure 2.5 shows a phase diagram for
propane-bitumen with both LL and VLL regions, as predicted by an equation of state model based
partly on Badamchizadeh et al.’s data [Castellanos-Diaz et al. 2011]. Recently, Dini et al. [2016]
investigated the phase behavior of propane-bitumen systems more extensively. They observed VL
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and LL boundaries but did not directly measure the compositions of the multiple liquid phases.

They interpreted the two liquid phases as a bitumen-rich and a solvent-rich phase.
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Figure 2.4 Pressure-composition phase diagram for mixtures of a) methane and Peace River

bitumen and b) ethane and Peace River bitumen [Mehrotra and Svrcek, 1985].
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at 10°C [Castellanos-Diaz, 2011].
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Zou et al. [2005] used x-ray transmission tomography to examine the phase behavior of mixtures
of n-pentane and Athabasca vacuum residue (AVR), a 525+°C boiling fraction comprising 32 wt%
C5-asphaltenes (asphaltenes insoluble in n-pentane). Depending on the overall composition, these
mixtures were found to exhibit three and four phase equilibria including LLV and LLLV phase
behavior. Figure 2.6a shows a diagram of the phase behavior for mixtures of AVR and pentane
that the authors expect based on this work [Shaw and Zou, 2007]. In this case, the L is a bitumen-
rich phase, L is a solvent-rich phase, and L3 is likely an asphaltene-rich phase. Figure 2.6b shows
the modeled and experimentally measured phase boundary data on a P-X plot for the same system
[Saber et al., 2012].

Asphaltenes can precipitate from crude oils due to changes in pressure, temperature, or
composition. Typical examples are precipitation from relatively light oils with a drop in pressure
[Panuganti et al. 2012] and precipitation from solvent-diluted bitumen [Akbarzadeh et al. 2004].
In general, crude oils become poorer solvents for asphaltenes as the pressure decreases and the
fluid density decreases. Hence, asphaltenes tend to precipitate when the pressure drops. The trend
will reverse if the fluid reaches its bubble point and light components evolve from the liquid
[Tharanivasan et al. 2011, Ting et al. 2003, Pedersen 2007]. Experimental data suggest that
asphaltenes become more soluble as temperature increases to a point [Akbarzadeh et al. 2005] and
that they may become less soluble at temperatures above 100°C [Andersen 1994, Andersen et al.
1998].

Diluents can have a significant effect on asphaltene solubility. Most research has focused on
paraffinic diluents. For n-alkane diluted heavy oils, asphaltene solubility increases as the carbon
number of the n-alkane increases from 3 to 7 and decreases slightly at carbon numbers above 10
[Hu and Guo, 2001; Andersen and Birdi, 1990; Mannistu et al., 1997; Ali and Al-Ghannam, 1981,
Wiehe et al., 2005, Mitchell and Speight, 1973]. The increase in solubility means that more solvent
IS required to initiate precipitation and there is less asphaltene precipitation at a given composition
above the onset of precipitation.
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Figure 2.6 Pressure-Composition diagrams for AVR + pentane at 160°C: a) expected phase
behaviors [Shaw and Zou, 2007]; b) experimentally measured (symbols) and simulated (dotted
line) phase boundaries [Saber et al. 2012]. Note that the x-axis on these figures is reversed from

all figures generated in this thesis (AVR wt% vs solvent wt%).

Most researchers [Akbarzadeh et al., 2005; Ali and Al-Ghannam, 1981; Hu and Guo, 2001] have

found that asphaltene solubility in crude oil and hydrocarbon solvents increases with temperature
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up to 100°C. Andersen and Birdi [1990] reported an initial decrease in solubility as temperature
increased from 4 to 25°C, then an increase in solubility from 25 to 100°C. Based on a small amount
of data [Andersen 1994, Andersen et al. 1998], C7-asphaltenes (asphaltenes precipitated with n-
heptane) may become less soluble at temperatures above 100°C.

Asphaltene solubility tends to increase with increased pressure. For example, asphaltenes
solubilized in an undersaturated live oil at reservoir pressure can precipitate when the oil is
depressurized [Joshi et al., 2001; Tharanivasan et al., 2011]. Akbarzadeh et al. [2005] found that
asphaltene solubility in heavy oils also increased with increased pressure. Overall, while trends in
asphaltene solubility with temperature and pressure have been reported, the data are too sparse to

accurately assess these trends.

The properties of the asphaltene-rich phase will depend on the amount of material “precipitated”
and the solvent content of the precipitated phase. The first material to precipitate is the least
soluble, densest, highest molecular weight, most polar, most heteratomic fraction of the
asphaltenes [Speight, 1999]. This material has a relatively high glass transition temperature and
will tend to form a solid-phase. As more asphaltenes precipitate, the precipitating material becomes
more resinous with a lower glass transition and more affinity for solvent and will eventually tend
to become a liquid phase. For example, Luo et al. [2010] observed that the heavy phase separated
from crude oil by propane was a highly viscous liquid, much different from the glass-like

asphaltene particles precipitated by dilution with pentane.

2.3.1 Solvent Content of Asphaltene-Rich Phases
In any process that involves asphaltene precipitation, it is useful to know the amounts of maltene
and solvent that partition to asphaltene phase. The phase composition dictates the phase properties
and therefore the performance of the process. Key factors such as solvent losses depend on the
solvent content of the heavy phase. In addition, the composition of the precipitated asphaltene
phase is useful for constraining a fluid model. However, there are very little data on composition
of the precipitated asphaltene-rich phase available in the literature. Yarranton et al. [2011]
conducted drying experiments on asphaltene sediments to determine the solvent content of the

precipitated asphaltene phase at ambient conditions. At these conditions, the asphaltenes
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precipitate as glassy particles and form a sediment which has a porosity of approximately 90%.
The drying experiments were designed to differentiate between solvent in the asphaltene phase
itself and solvent entrained in the pore space. However, this method could not distinguish between
solvent content of the asphaltene phase and solvent content of a discontinuous film coating the
asphaltene particles and therefore, the reported solvent contents are an upper limit to the solvent
content. They found the n-pentane content of the asphaltene phase from n-pentane diluted bitumen

to be less than 4 wt% at ambient conditions.

2.3.2 Glass Transition
Asphaltenes precipitate from pentane-diluted bitumen as glassy particles at room temperature
[Rastegari et al., 2004], but appear to be a continuous liquid phase in solution at 180°C [Agrawal
et al., 2012], indicating that asphaltenes in solution undergo a phase transition from a glass (or
solid) to liquid at some temperature between 20 and 180°C. Sirota and Lin [2005, 2007] examined
this phase transition using SAXS and SANS, concluding that the scattering of asphaltenes in
solution is consistent with solution behavior and that the observed morphology of the asphaltenes
in solution is consistent with a viscous glass close to its glass transition temperature. Zhang et al.
[2004] studied the glass transition of neat asphaltenes (precipitated asphaltenes not in solution)
using differential scanning calorimetry (DSC). They determined the glass transition temperature
for four different oils (Iranian, Khagji, Kuwait and Maya) to be between 120°C and 130°C. These
asphaltene samples were found to attain a completely liquid state at temperatures between 220°C
and 240°C. Gray et al. [2004] observed the melting point of neat asphaltenes by rapidly heating
thin films of asphaltene. They observed similar results for five different oils (Arab light, Arab
heavy, Athabasca, Gudao, and Maya), reporting melting points of 214-311°C. Tran [2009]
examined the reversibility of the phase transition in neat asphaltenes using DSC and found two
overlapping phase transitions, the endothermic glass transition and an irreversible exothermic
transition. He concludes that neat asphaltenes exhibit a minimum of two phases over the
temperature interval 27-227°C (300 K to over 500 K). Lower glass transitions temperatures are to
be expected with asphaltenes in an oil and solvent medium because a portion of lighter components

will partition to the asphaltene-rich heavy phase.
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2.4  Asphaltene Precipitation Models
The understanding of asphaltene stability is an important focus of current research because the
mechanism which controls asphaltene stabilization in solution will dictate the theoretical
applicability of any model. Two major types of theoretical models continue to be practiced and
debated; colloidal and solubility models. The colloidal theory is based on the idea that asphaltenes
are insoluble colloidal solids which are stabilized in oil by a surrounding layer of resins which
sterically stabilizes the asphaltenes. In this theory, asphaltene precipitation is a result of
partitioning of the resins to the bulk phase, allowing the colloidal asphaltenes to aggregate. This
process is considered to be irreversible. Solution theory models are based on the idea that
asphaltenes are macromolecules that are part of a non-ideal mixture. The precipitation of
asphaltenes is a phase transition and is modeled as liquid-liquid equilibrium. The precipitation of

asphaltenes is considered to be reversible.

There are indications that the colloidal theory does not accurately represent the behavior of
asphaltenes in crude oils. Sedghi and Goual [2010] investigated the behavior of asphaltenes in the
presence of resins using impedence analysis and concluded that resins are unlikely to provide a
steric shell for asphaltenes. Sirota [2005] examined asphaltenes using SANS and SAXS and found
their behavior to be consistent with solution theory, not colloidal theory. Several researchers have
demonstrated that asphaltene precipitation is reversible [Hirshberg, 1984; Permanu et al., 2001]

although hysteresis effects have also been observed [Beck et al., 2005].

Assuming that asphaltenes are part of a solution, asphaltene precipitation is modeled as a
thermodynamic phase change using either an equation of state (EoS) or a regular solution
approach. To date, the most successful models are the modified regular solution (MRS) model, the
perturbed-chain statistical associating fluid theory (PC-SAFT) EoS, and the cubic plus association
(CPA) EoS. In this thesis, a cubic equation of state (CE0S) is used to thermodynamically model
asphaltene precipitation as a liquid-liquid phase split. The MRS, CPA, and PC-SAFT models and
their applicability to modeling heavy oil and solvent systems are discussed below. CEoS are

discussed in more detail afterwards because they are the focus of this thesis.
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2.4.1 Modified Regular Solution Theory

Modified regular solution theory incorporates the enthalpy of mixing of regular solutions plus an
added entropy of mixing. Hirschberg et al. [1984] used the Flory-Huggins [Flory, 1941; Huggins,
1941] lattice theory as a basis for their regular solution approach to modeling asphaltene
precipitation. They included the entropy of mixing to develop an expression for activity coefficient
as a function of volume fraction and solubility parameter. This methodology was further developed
by Yarranton and coworkers [Alboudwarej et al., 2003; Akbarzadeh et al., 2005]. The form of the
model presented by Akbarzadeh et al. is given below:

H H
X Vi
Ki'' =" = exp{ ’
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Where K/ is the equilibrium constant for component i, x; is the mole fraction of component i, R
is the universal gas constant, T is temperature, vi and & are the molar volume and solubility
parameter of component i, and the superscripts H and L denote the heavy and light phases. This
form of the model is equivalent to that of an amorphous solid (or glass) with a negligible heat of
fusion. When this model is applied to asphaltene precipitation, it is assumed that only asphaltenes
and resins partition to the heavy phase. Usually, the heavy phase activity coefficients are assumed

to be unity.

Regular solution theory has been shown to accurately predict asphaltene yield and onset points
for various solvent-diluted bitumen systems [Tharanivasan et al. 2011, Alboudwarej et al. 2003,
Wang and Buckley 2001]. However, the version of regular solution theory presented above is
unable to accurately model component partitioning between an asphaltene-rich phase and a
solvent-rich phase. This model constrains the solvent content of the asphaltene-rich phase to be
zero; in effect, forcing an asymmetric solution. If this constraint were relaxed, it is likely that the
MRS would provide poor predictions because it does not account for the asymmetry of the

mixture. In addition, it has not been applied to other phase transitions including VLE.

2.4.2 Cubic Plus Association Equation of State
The cubic plus association (CPA) EoS is a thermodynamic model based on a CEoS with additional
terms introduced to represent association between molecules with strong hydrogen bonding

interactions [Kontogeorgis, 2009]. When used to model asphaltene precipitation, the association
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term is used to describe self-association between asphaltene molecules and the cross-association
between asphaltene and resin molecules [Li and Firoozabadi, 2010; Zhang et al., 2012]. In the

CPA approach, the reduced residual Helmholtz free energy is given by

Ares = ACEoS + Aassoc 2.4

where A" is the residual Helmholtz energy, A°E is the contribution from the CEoS which relates
to the short-range attraction and repulsion forces between molecules, and A% is the contribution
from hydrogen bonding forces between opposite partial charges in associating molecules. A%3° is
given by the following equations:

Aassoc

wrr = i {ZS [ln)(f - %X?] + %Mi} 2.5

where x; is the mole fraction of molecule i that forms association (or cross-association), y; is the

mole fraction of molecule i not bonded at site s with other species and M; is the number of

association sites of molecule i. y; is given (for bonding site o) by:

a Xj saas -1
Xi = (1+Zj2s;Xinj) 2.6

where A7 between site o and S in the self-associating species is given by:

A% = gi¥ [exp (% — 1)] 2.7
where g is a radial distribution function used as a probabilistic measure of the presence of
molecules in the vicinity of a reference molecule, kg is the Boltzmann constant, xis the association
bonding volume, and ¢is the association energy. When used to model asphaltene precipitation, the
number of associating sites for asphaltene and resins are assumed to be 2, 3, 4, or 6 [Li and
Firoozabadi, 2010; Zhang et al., 2012] and association strength is assumed to be identical for all
like association sites (i.e. A" = A%Y = AY® = A,,). In addition, ki is typically taken to be 0 to
reduce the number of tuning parameters further. These assumptions result in a model for asphaltene
precipitation with four parameters, gasph-asph, Kasph-asph, Easph-resin, Kasph-resin. Récommended values for
association energy and association volume for aphaltenes are available in the literature [Zhang et
al.,2012], which reduces the number of tuning parameters to two: the association energy and the

volume for asphaltene-resin association.
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The CPA EOoS has been able to capture vapor-liquid equilibrium as well as asphaltene precipitation
in conventional oils and bitumen from temperature, pressure and composition effects [Li and
Firoozabadi 2010, Shirani et al. 2012]. The major shortcoming of the CPA equations of state is in

computation time and a more complex flash.

2.4.3 Perturbed Chain Form of Statistical Associating Fluid Theory

The SAFT equation of state was developed by Chapman and coworkers [1988, 1990]. The
perturbed chain form of the equation (PC-SAFT), developed by Gross and Sadowski [2002], has
successfully been used to model phase behavior of high molecular weight associating polymers
and hence has been applied to model the complex phase behavior of asphaltenes in crude oils. The
physical basis for SAFT is that molecules are modeled as chains of hard spheres joined through
covalent bonds. The chains can form associating molecules through hydrogen bonding forces. The
effect of van der Waals attractions, chain formation, and polar interactions are added as
perturbations. The residual Helmholtz free energy is calculated by summing the contributions from
each of these interactions and is given by

ATeS = ASed +Achain + Aassoc 28
where A™ is the residual Helmholz free energy, A**9 is the contribution from the hard spheres and
dispersion forces, A" is the contribution as a result of the covalent bonds that form the chains,

and A% js the contribution from association.

When the PC-SAFT equation is applied to phase behavior of asphaltenes, the association term is
dropped because it is believed that the phase stability of asphaltenes is dominated primarily by
dispersion interactions (van der Waals forces) as opposed to polar interactions. For each non-
associating species, three parameters are required as input into the model. These are the number
of segments per molecule (m), the diameter of each molecular segment (o), and the segment-
segment interaction energy (&/k). Correlations have been proposed and tested for these three
parameters for resins and aromatics [Gonzalez et al., 2007], reducing the number of parameters to
just one, the aromaticity (7). The Gonzalez et al. correlations were recently tested and successfully
applied to asphaltene pseudo-components for the purposes of asphaltene precipitation modeling
[Panuganti et al., 2012].
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The PC-SAFT equation of state has been shown to model both vapor-liquid equilibrium and the
onset of asphaltene precipitation from a depressurized conventional crude oil [Panuganti et al.
2012, Ting et al. 2003]. More recently, the PC-SAFT has been used to model asphaltene yield
curves from solvent diluted bitumen and has been demonstrated to capture the effects of asphaltene

polydispersity [Tavakkoli et al. Zhang et al.].

Recently, several researchers have compared the PC-SAFT and CPA models for asphaltene
precipitation from conventional oils and bitumens [AlHammadi et al., 2015 and Zhang et al. 2011].
Both models have been found to give good predictions for phase boundaries and asphaltene
precipitation amounts, with the PC-SAFT prediction for asphaltene precipitation being slightly
closer to the experimental data. The major shortcoming of both the PC-SAFT and CPA equations

of state is in computation time and the complex flash (more than three roots to the equation).

2.5  Cubic Equations of State for Bitumen Phase Behavior Modeling
Typically, petroleum phase behavior is modeled with simple black oil models for the vapor-liquid
equilibrium of low volatility oils or K-values for more complex phase behavior over limited ranges
of conditions. Cubic equations of state (CE0S) are used for more complex phase behavior. CEoS
and their application to the phase behavior of bitumen/solvent systems are discussed below.

2.5.1 CEoS Background
The first form of a CEoS was proposed by van der Waals in 1873 and is given by:

p=2X_2 2.9

v—-b V2
where P, v, T and R have their usual meaning; and a and b are constants specific to each substance.
Many CEoS have since been proposed and are widely used. All are specific forms of the generic

cubic equation of state, shown below.

RT a(T)

~v-b (v+yb)(v+aob) 2.10

where  and o are constants specific to the CEoS and are the same for all substances. Fugacity

coefficients are determined from derivatives of the CEoS, and then fluid phase equilibria
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calculations can be performed using a two, three, or four phase flash calculation [Peng and
Robinson, 1976].

2.5.1.1 Mixing Rules
Mixture values for the parameters a and b are required to use a cubic equation of state to model
the phase behavior of a mixture. These are a function of the pure species values of a and b and the
composition of the mixture, but there is no established theory that defines the form of this
dependence. Rather, empirical mixing rules are developed and tested for their ability to model

phase behavior of mixtures. Several forms of mixing rules are discussed below.

Classic van der Waals

One of the simplest forms of mixing rules is that proposed by van der Waals. The classical van

der Waals mixing rules are given by:
a,, =Z:Z:xixj,/aiaj (1—kij) 2.11
i
b, =Y.Xb; 2.12

where am and b are the EoS constants for the mixture, xi is the mole fraction of the i component,

and kij is a binary interaction parameter.

Binary interaction parameters represent the deviation from the geometric mean of the a-values of
each binary pair used in Equation 2.10. They are generally determined by minimizing the
difference between experimental data and model predictions. In effect, they are used as fitting
parameters. Values for ki for binary combinations of well-known species are tabulated in the
literature [Reid et al. 1989]. Several authors have developed correlations to predict kij values from
properties of the pure species, such as critical properties or acentric factor [Chueh and Prausnitz
1968, Gao et al. 1992].

Symmetric and Asymmetric van der Waals

When kij = k;i, the van der Waals mixing rules are said to be symmetric and the model has only
one interaction parameter per binary pair. For non-ideal mixtures, such as mixtures of highly polar
and non-polar components, the symmetric mixing rules are unable to accurately capture phase
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behavior. If kij # 4;ji, the mixing rules are said to be asymmetric. The asymmetric van der Waals
mixing rules have two interaction parameters per binary pair which can be used to better match

phase behavior for highly non-ideal mixtures.

Compositionally Dependent Mixing Rules

It has been found that for systems with polar substances, the value of ki which matched
experimental data is not a constant at a constant temperature, but is in fact variable with
composition [Adachi and Sugie, 1986; Sandoval et al., 1989; Panagiotopoulos and Reid, 1986].
This observation has led to the development of several forms of compositionally dependent
asymmetric mixing rules, where kjj is defined as a function of composition and several other fitting

parameters. For example, Adachi and Sugie [1986] define kjj as follows:

k"zlij+mij(xi_xj) 2.13

U]

where lij and mj; are fitting parameters.

Many proposed compositionally dependent mixing rules have the drawback of displaying the so-
called Michelsen-Kistenmacher syndrome [Michelsen and Kistenmacher, 1990]. They are not
invariant when dividing a component into a number of identical subcomponents. That is, two
different values amix will be calculated for a binary and a ternary where the ternary is formed by
dividing component 2 of the binary into two “new” identical components. Schwartzentruber and

Renon [1991] proposed a modification to their mixing rules that rectifies this problem.

Gibbs Excess Based Mixing Rules

Several forms of mixing rules have been developed by setting the Gibbs free energy calculated
using an activity coefficient model equal to the Gibbs (or Helmholtz) energy calculated by the
CEoS at infinite or zero pressure. The Huron-Vidal mixing rules [Huron and Vidal, 1979] do this
with Gibbs excess energy at infinite pressure. The Wong-Sandler mixing rules [Wong and Sandler,
1992] use the Helmholtz excess energy at infinite pressure and the Gibbs excess energy at zero

pressure.
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2.5.2 CEoS Application to Bitumen/Solvent Systems
CEoS models and associated correlations have been developed and tuned for light hydrocarbon
systems. While some work has been done to adapt the methodology to bitumen systems, CE0S
have not yet been successfully tested on a broad range of phase behavior for bitumens and solvents.
Mehrotra and Svrcek [1988] successfully modeled gas-solubility data for mixtures of Cold Lake
bitumen and nitrogen, carbon dioxide, methane and ethane using the Peng-Robinson (PR) EoS.
Jamaluddin et al. [1991] used the Martin EoS to fit solubility and saturated liquid density for
systems of bitumen and carbon dioxide. Saber and coworkers [Saber and Shaw, 2009; Saber and
Shaw 2011; Saber et al., 2012] have used a group contribution method in conjunction with the PR
EoS to capture LLV phase behavior of Athabasca vacuum residue and solvent. Castellanos-Diaz
et al. [2011] and Agrawal et al. [2012] modeled the phase behavior of bitumen-propane, bitumen-
carbon dioxide and bitumen-pentane systems using the Advanced Peng-Robinson (APR) EoS. The
EoS model was found to correctly predict saturation pressures and asphaltene onset points, but it
failed to accurately predict asphaltene yields. The model predicted that the asphaltenes become
soluble at high solvent dilutions while experimental data showed that the asphaltenes remain
insoluble. A possible remedy recommended by Castellanos-Diaz et al. [2011] is to apply
asymmetric mixing rules rather than the symmetric van der Waals mixing rules used in the APR

model.

The asymmetric mixing rules discussed in the previous section have not been commonly applied
to mixtures of bitumen and solvents. The Huron-Vidal asymmetric mixing rules are theoretically
applicable to mixtures of nonpolar and polar compounds [Pedersen and Christensen, 2007] and
have been used to model mixtures of water and hydrocarbons. Huron-Vidal mixing rules have been
used with the SRK EoS to represent the distribution of methanol between a water phase, a
hydrocarbon liquid phase, and a hydrocarbon gas phase [Kristensen and Christensen, 1993].
Pedersen et al. [1996] applied the Huron-Vidal mixing rules to model LLV phase boundaries and
phase compositions for water-methanol and water-hydrocarbon pairs. Sgrensen et al. [2002] found
the SRK EoS with Huron-Vidal mixing rules gives a fair representation of gas solubility in salt
water. Gregorowicz and de Loos [2001] used the Wong-Sandler mixing rules to model LLV
behavior in asymmetric hydrocarbon mixtures. To date, a CEoS with asymmetric mixing rules has

not been applied to mixtures of bitumen and solvents.
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Chapter Three - EXPERIMENTAL METHODS

This chapter describes the experimental methods used to collect data in this thesis, including:
saturation pressures for bitumen/solvent mixtures; the solvent content at which the asphaltene-rich
phase appears (onset point), asphaltene yield and asphaltene-rich phase compositions in solvent
diluted bitumen; and apparent glass transition temperatures of the asphaltene-rich phase in
solution. The saturation pressure and onset point measurements are shown schematically by the
arrows in Figure 3.1. The phase compositions and asphaltene yields are measured at a series of n-

pentane concentrations within the L:L> region, also shown in Figure 3.1.
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Figure 3.1 Schematic of the experiments performed in this work.

3.1 Materials
The bitumen samples used in this study, WC-B-B2 and WC-B-B3, are well-head samples from a
SAGD process from the same reservoir and were provided by Shell Canada Ltd. The samples
contained emulsified water. Prior to any measurements, the water was removed by sonicating the
sample at ambient temperature for 24 h and then placed in a separatory funnel maintained at 60°C.

After 2 weeks, the emulsion had broken and the water was drained from the funnel. The final water
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content was less than 1 wt%. Selected properties of the water-free bitumens are provided in Table
3.1 and a spinning band distillation assay of the WC-B-B2 bitumen is provided in Table 3.2. The
WC-B-B2 sample was used for the PVT experiments and the WC-B-B3 sample was used for the
blind cell tests. Since the samples were from the same source and have similar properties, the

SARA and distillation assays for WC-B-B2 were used for the characterization of both samples.

Table 3.1 Selected properties of WC-B-B2 and WC-B-B3 bitumen.

Property WC-B-B2 WC-B-B3
Specific Gravity 1.015 1.020
Viscosity at 50°C, 1 atm, cP 2,900 3,100
Saturates, wt% 17 -
Aromatics, wt% 46.9 -
Resins, wt% 16.7 -
C5-asphaltenes, wt% 19.4 19.2

Table 3.2 Spinning band distillation assay of WC-B-B2 bitumen.

Volume % Distilled Normal Boiling Point

°C
1.7 218.0
3.4 237.4
5.0 252.4
6.7 267.9
8.4 278.6
10.1 289.4
11.8 301.7
13.4 313.5
151 324.0
18.5 339.8
20.2 349.6
21.8 358.0
23.5 367.3
25.2 375.2
26.9 380.0
28.57 382.5
30.25 384
31.93 385
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3.2 Vapor-Liquid Boundary: Saturation Pressure Measurements
Saturation pressures were collected with a PVT cell and a blind cell apparatus. The PVT cell data
were reported previously [Agrawal et al., 2012] and the blind cell apparatus was designed as part
of this thesis work. For the purpose of comparison, both the previous published PVT cell procedure

and the blind cell apparatus procedure developed in this work are provided here.

3.2.1 PVT Procedure
Saturation pressure measurements were carried out in a DB Robinson Jefri PVT cell placed in an
air-bath which controls the temperature to within 0.1 °C, Figure 3.2. The maximum pressure
rating for the PVT Cell is 69 MPa and it can operate at temperatures from -15 to 200°C. The
maximum capacity of the PVT cell is 100 cm?. The main component of the PVT cell is a sight
glass, a transparent Pyrex cylinder inside a steel shell. A magnetic mixer is installed at the bottom
of the sight glass and a floating piston separates the sample fluid in the Pyrex cylinder from the
hydraulic fluid. The volume of the sample fluid in the cell is determined using a calibrated
cathetometer which is precise to 10 cm®. The volume of cell, and hence the pressure of the
sample fluid under investigation, are controlled by a variable volume computer-controlled positive
displacement pump that allows for the injection or removal of hydraulic oil. The pressure in the

PVT cell can also be maintained using a back pressure regulator (BPR).
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Figure 3.2 Schematic of PVT cell apparatus.

To begin an experiment, the PVT cell was first cleaned and placed under vacuum. Bitumen was
transferred from a stainless steel injection cylinder equipped with a floating piston into the PVT
cell at a constant temperature between 50 and 75°C to reduce the viscosity of bitumen for ease of
injection. The injection volume was measured two ways: 1) directly from the PVT cell (AVpvrT),
and; 2) indirectly from the volume of fluid displaced using the pump (AVpump). In this case, the
pump displacement was only used as a check on the direct measurement. The required diluent (in
this case n-pentane) was injected in the same manner and the diluent volumes were determined in
the same way. The masses of the bitumen and diluent feeds were determined from the measured
volumes and fluid densities. While maintaining the pressure so that the fluid remained in the single
phase region, the apparatus was then heated to experimental temperature. Once the planned test
temperature and pressure were reached, the mixture was stirred using a magnetic mixer for about
two hours and then was left to equilibrate until the PVT cell pressure was constant for at least four

hours.
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The saturation pressure was determined by step-wise isothermal expansion using the methodology
described by Agrawal [2012]. At each pressure step, the system was given time to reach
equilibrium and the total volume was recorded. The mixture was considered to have reached
equilibrium when the pressure, temperature, and volume were all constant for a minimum of 2
hours. In general, the equilibration times required in the single liquid phase region and two-phase
region were approximately 8 and 24 hours, respectively, at room temperature and 2 and 6 hours,
respectively, at higher temperatures. The total volume after each step was measured using the
cathetometer and the specific volume in the single phase region was determined using the known
mass of the fluid in the cell. The saturation pressure was determined from the change in slope of
the pressure-volume isotherm. The repeatability of the saturation pressure measurements will be

discussed later.

3.2.2 Blind Cell Procedure
An apparatus was designed and commissioned to measure saturation pressures for several mixtures
simultaneously. The apparatus is similar to the PVT cell apparatus described above, but is fitted
with 5 blind cells (PVT cells without a sight glass) with floating pistons but no mixers, as shown
in Figure 3.3. The maximum pressure rating for each blind cell is 100 MPa and it can operate at
temperatures from 20 to 300°C. The maximum capacity of each blind cell is 100 cm3. The volume
of each blind cell, and hence the pressure of the sample fluid under investigation, is controlled by
a variable volume computer-controlled positive displacement pump which allows for the injection

or removal of hydraulic oil.

To perform an experiment, the blind cells were first vacuumed out to remove any air present. Then,
bitumen was injected into the blind cells through heated lines to reduce the viscosity for ease of
flow. The injected mass of bitumen was determined by the difference between final and initial
mass of the blind cell and displaced hydraulic oil. The diluent was injected and the diluent mass
determined in the same way. Saturation pressures were again determined by the change in slope
of a pressure-volume isotherm. However, since there is no sight glass in the blind cells, volumes
of the mixtures at experimental conditions were not measured. Instead, the pressure was plotted
against the volume of hydraulic oil displaced from the blind cell (measured by the pump). The

displaced volume cannot provide the specific volume of the mixture but is sufficient to detect the
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change in slope at the saturation condition. Additionally, there are no mixers installed in the blind
cells, so equilibration times are longer than those in the PVT cell; up to 24 hours at high
temperatures. The blind cell methodology was tested on pure pentane at 180°C. The measured
vapor pressure was 2.58 MPa compared with 2.60 MPa from Linstrom and Mallard [2015].
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Figure 3.3 Schematic of the blind cell apparatus used for saturation pressure measurement.
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3.3  Asphaltene Yield Determination

3.3.1 Bench Top Procedure at Ambient Conditions
To determine asphaltene yields at ambient conditions, a series of solutions of n-pentane and
bitumen with different n-pentane contents were prepared in centrifuge tubes with known masses
of bitumen and n-pentane. The solutions were sonicated for 1 hour and left to settle for 24 hours.
Each mixture was then centrifuged at 4000 rpm for 5 minutes and a sample of the supernatant was
collected. Supernatant samples were analyzed for n-pentane, maltene and asphaltene content; and
asphaltene yield (the mass of C5-asphaltene partitioned to the heavy phase divided by the mass of
feed bitumen) was determined from a mass balance as will be described later in Section 3.7. Yields
measured using this methodology were compared to yields determined from the mass of precipitate
at the same conditions and were found to be within the measurement error of +1.0 wt% as will be
discussed later.
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3.3.2 Blind Cell Procedure

The blind cell apparatus described previously was also designed to determine light phase
compositions and asphaltene yields at high temperature and pressure. The apparatus was
configured to collect samples as shown in Figure 3.4. Known masses of bitumen and diluent were
injected into the blind cells at ambient conditions. The samples were mixed on a roller at ambient
conditions for 1 to 2 days to ensure complete mixing. The blind cells were installed in the oven
and oriented so that the heavy phase settled on the floating piston. Once the samples reached the
target temperature, the pressure and temperature were maintained for a minimum of 5 days to
ensure equilibrium was reached. A sample of the light phase was displaced at experimental
pressure and temperature into either constant volume pycnometers or a variable volume sample
cylinder. The pycnometers were used to obtain a series of small samples so that their compositions
could be compared. The sample cylinders were used to collect single large samples in order to
minimize the experimental error in the sample collection. Both sample collection methodologies

are described below.
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Figure 3.4 Schematic of blind cell apparatus used for asphaltene yield measurement.
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Pycnometer Light Phase Sample Collection Methodology

Two or three calibrated pycnometers (5 to 10 cm®) were vacuumed out at ambient conditions to
remove any air present and were connected in series to the top valve of the blind cell. At
experimental conditions, the valve connecting the blind cell to the pycnometers was opened with
the pump set to maintain pressure. When the valve was initially opened, the sample expanded
which causes some light ends to flash and the pressure to drop. The pump was then used to return
the system to experimental pressure to ensure the flashed gas had re-dissolved into the light liquid
phase. The system was held at experimental pressure for at least 4 hours to ensure the light liquid

phase had reached equilibrium.

Sample Cylinder Light Phase Sample Collection Methodology

The sample cylinders used for collecting the light phase were identical to the blind cells used for
the feed mixtures. The sample cylinders were assembled with the piston at the bottom to minimize
dead volume and were vacuumed out at ambient conditions. Dead volumes from the blind cell to
the sample cylinder were approximately 0.5 to 1.0 cm3. The pump was used to displace
approximately 30 cm3 from the blind cell to the sample cylinder and a BPR was used to maintain

pressure in the sample cylinder at experimental conditions.

The mass evaporation technique described in the previous section was used to determine the
composition of the light phase samples for both the pycnometer and sample cylinder
methodologies. The heavy phase could not be sampled with the blind cell procedure; only

asphaltene yields were determined.

3.4  Liquid-Liquid Boundary: Onset of Asphaltene-Rich Phase Measurement
The asphaltene onset, the composition at which a separate asphaltene-rich heavy phase appears, is
measured using two distinct methods. The first is by extrapolation of asphaltene yield data and the
second is by direct observation using a high pressure microscope. Both methods are presented
below.
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3.4.1 Asphaltene Onset Extrapolated from Yields at Atmospheric Pressure
Figure 3.5 shows asphaltene yields measured with the previously described bench top method at
21°C and atmospheric pressure. To determine an extrapolated onset point (the n-pentane content
at which an asphaltene-rich phase forms), the data were fit with the following empirical expression:

Y = C[l - exp{_D(WCS - Wonset)}] 3.1

where Y is the asphaltene yield in wt%, wcs is the n-pentane content, wonset iS the n-pentane content
at the onset of the asphaltene-rich phase, and C and D are constants. The constants and the onset
composition were adjusted to minimize the least square error. Based on all of the data collected in
this study, extrapolated onsets are within £1.5 wt% of the measured onsets.
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Figure 3.5 Yield and extrapolated onset of C5-asphaltene phase separation from n-pentane diluted
WC-B-B3 bitumen at 23°C and 0.1 MPa. Data were fitted using Equation 3.1.

3.4.2 Asphaltene Onset from Yields at Elevated Temperatures and Pressures
Asphaltene vyield curves were measured using both the blind cell apparatus and the PVT cell
apparatus using the procedures described in Section 3.3. For both procedures, the mixture of
pentane and bitumen were equilibrated and samples of the light phase were collected at
experimental conditions. The mass evaporation technique, described later in Section 3.7, was used

to determine the yield from the composition of the light phase and a mass balance. The extrapolated
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onsets were determined as described previously and matched the measured onsets within the

experimental error of +1.5 wt%.

3.4.3 Measured Asphaltene Onsets above Atmospheric Pressure
The asphaltene onset point was measured directly using a high pressure microscope (HPM)
coupled with the PVT cell, Figure 3.6. The HPM system consists of a cell with two sapphire
windows, a light source, and a high focal length camera connected to a computer in order to capture
digital images and video. The HPM has an adjustable gap of 100 to 400 um between the two
windows. To measure the asphaltene onset point of n-pentane diluted bitumen, the gap was set at
200 um. The HPM system is placed in-line between two high pressure cylinders with floating
pistons and magnetic stirrers, both of which are connected to a computer-controlled pump and a
back pressure regulator. The pump and regulator are used to push fluid back and forth from one
mixing cylinder, through the gap between windows in the HPM, to the second cylinder. The HPM

is rated for temperatures up to 200°C and pressures up to 138 MPa.

The asphaltene onset point was measured by titrating the bitumen with diluent (in this case n-
pentane), using the methodology described by Agrawal [2012] and summarized here. An initial
amount of dewatered bitumen was injected into the HPM mixing cylinders and then diluent was
injected in a step-wise fashion at a flow rate of 10-20 cm3/h for each step. The magnetic stirrer in
the mixer cylinders was turned on for injections. After each injection, the volume of injected
diluent was determined from the cathetometer readings verified with pump displacements. The
fluid was moved back and forth between the two cylinders until a uniform mixture was observed
in the HPM cell and then an image was taken. This procedure was repeated for each incremental
injection of diluent until an asphaltene-rich phase was observed. The diluent content at the onset
of the asphaltene-rich phase (LL boundary) was taken to be the intermediate content between the
highest content at which only one phase was observed and the lowest content at which the second
phase was observed, Figure 3.7. Note that a small number of particulates are visible below the
onset, Figure 3.7a. These are the toluene insoluble particles inherent in the bitumen. The onset of
the asphaltene-rich phase is detected by a drastic increase in number of visible particles, Figure
3.7b. In most cases, the injection steps were set at intervals of 2 wt% diluent and the uncertainly
of the diluent content was +0.5 wt%); therefore, the uncertainty of the reported onset was 1.5 wt%.
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Figure 3.7. HPM images of n-pentane diluted bitumen at 180°C and 4800kPa at 50 wt% (a) and
52 wt% (b) n-pentane. The reported onset is 51 +1.5 wt%.

3.5  PVT Cell Procedure for Asphaltene-Rich Phase Amount and Composition
The phase volume measurements were carried out in a DB Robinson Jefri PVT cell described
previously, Figure 3.2. However, in this procedure, the magnetic mixer was removed from the
PVT cell end cap to create a less tortuous flow path for sample displacement which helps ensure a

clean separation of the light phase from the heavy phase.

A feed composition was selected to meet two constraints: 1) that the overall mixture split into two
phases, the diluent-rich light phase and asphaltene-rich heavy phase, and; 2) that a minimum of 3
cm? of heavy phase was formed as required to perform for compositional analysis. Bitumen was
transferred from a stainless steel injection cylinder equipped with a floating piston into the PVT
cell at a temperature between 50 to 75°C to reduce the viscosity of bitumen for ease of injection.
The injection volume was measured two ways: 1) directly from the PVT cell (AVpvr), and; 2)
indirectly from the volume of fluid displaced using the pump (AVpump). The apparatus was then
heated to experimental temperature. Pressure was maintained at the experimental pressure using
either the pump or the BPR. The required diluent was injected as described above. The bitumen
and diluent were then mixed in the PVT cell by inverting the PVT cell several times daily for 1 to
2 weeks. It was assumed the system had reached equilibrium when no changes in pressure or

volume were observed.
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After equilibration, the PVT cell was rotated to allow the heavy phase to settle on the piston. The
volume of the heavy phase was measured using the cathetometer while the interface between the
phases was illuminated with a bright light so that it could be detected. Then, light phase samples
were collected at pressure from the top of the cell by displacing the light phase into two or three
10 cm?3 pycnometers. The remaining light phase was displaced until only the heavy phase remained
in the PVT cell.

A known volume of toluene was injected into the PVT cell to dissolve the heavy phase and ensure
the samples of heavy phase remained in a liquid state upon cooling. The PVT cell was inverted
several times daily for 1 to 2 days to ensure proper mixing. The mixture of toluene and heavy
phase was displaced into two 10 cm? sample pycnometers. The sample collection methodology is

summarized in Figure 3.8.

5 cc each | solvent, maltene,
g Collect 2 samples, s> asph content (UofC)
||ght ~10 cc each e GC (DBR)
phase A 5 cc each
4d tol 5 cc each | solvent, maltene,
add toluene, asph content (UofC)
heavy collect 2 samples,
phase ~10 cc each GC (DBR)

5 cc each

Figure 3.8. Schematic of sample collection methodology for asphaltene yield and phase
composition determination.

3.6  Compositional Analysis
Four 10 cm?® samples (2 samples of light phase and 2 samples of heavy phase+toluene) were
available for compositional analysis. 5 cm® of each sample was placed in a glass centrifuge tube
and analyzed for solvent, maltene, and asphaltene content using the Mass Evaporation method
described below. The other half of each sample was placed in a vial and sent for a gas
chromatographic (GC) assay. The heavy phase samples contained over 90 wt% toluene and the oil
sample calibration used for these GC assays was not adequate to determine an accurate n-pentane
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content with such a large toluene peak. There was no toluene in the light phase samples and the n-
pentane peak was small enough to fall within the range of the standard calibration. Therefore, only

the light phase assays were used in the analysis described below.

3.6.1 Mass Evaporation Method
The sample was allowed to dry in a vacuum oven at 60-70°C for up to 1 week. The initial and final
(dried) masses were recorded. The solvent content was taken to be the fraction of overall mass
that evaporated over the drying period. For the light phase samples, solvent content is simply the
diluent (in this case, n-pentane) content of the phase. For the heavy phase samples, the solvent
content is the sum of the diluent in the heavy phase and the added toluene. The uncertainty of the

solvent content is 1.1 wt%; the determination of the uncertainty is discussed in Appendix A.

The remaining mass of sample was diluted with n-pentane at a 40:1 volume:mass ratio of diluent
to bitumen. The mixture was sonicated for 1 hour and left to settle for 24 hours. After the settling
period, the tube was centrifuged for 5 minutes at 4000 rpm. Then the supernatant was decanted
leaving a mass of asphaltenes and solids with some residual maltenes. This mass was washed with
the n-pentane, sonicated, and centrifuged twice as described above, leaving the asphaltenes, solids,
and some n-pentane. At this point the tube and contents were dried in a vacuum oven and weighed
to obtain the total mass of asphaltenes and solids in the sample. The asphaltene+solid content is
the mass of dry asphaltene+solids divided by the mass of sample. The mass of maltenes is the
difference between the initial and final mass of the sample. The repeatability of the

asphaltene+solids content is = 0.15 wt%.

3.6.2 GC Analysis
The GC assays were performed at the DBR Technology Center (Schlumberger Canada Ltd) in
Edmonton. The GC assays of the light phase samples provided the total diluent content of the
samples and was used to validate the mass evaporation results.
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3.7  Data Processing
3.7.1 PVT Cell Data Analysis
The required outputs from the PVT cell experiments are the mass and composition of the feed,
light phase, and heavy phase, and also the asphaltene yield. Note, in the following discussion, the
term solvent indicates mixtures of diluent and toluene. The mass and composition of the feed were
determined from the volumes and densities of the fluids injected into the PVT cell. The mass based
composition of the light phase (in terms of solvent, maltenes, and asphaltenes) was measured as
described in Section 3.5, Figure 3.8. In this case, the solvent is diluent only (e.g. n-pentane). The
mass based composition of the heavy phase was measured but, in this case, the solvent content
includes both diluent and added toluene. The composition prior to toluene addition must be
calculated. While the volume of each phase was measured, the mass of each phase must also be
calculated. The asphaltene yield was calculated once the masses and compositions of each phase

were determined. The methodology for the calculations is outlined below.

3.7.1.1 Feed Composition
The feed composition is determined from the measured injection volume and calculated (or
independently measured) densities. Recall that the injection volume is measured two ways: 1)
directly from the PVT cell (AVpvT), and; 2) indirectly from the volume of fluid displaced using the

pump (AVpump). The injected fluid volume is estimated from pump volume as follows:

_ Phyd(Tamp)
Vinj B AVpump PhydToven) 3.2

where pnyq is density of the hydraulic oil, and Tams and Toven refer to the ambient temperature and
the temperature in the oven. When a sample is injected at ambient temperature, Viyj is equal to
AVpump.

There are two injection periods to consider: 1) the initial low temperature injection of the bitumen,
and; 2) the subsequent high temperature injection of diluent. For the initial injection of bitumen,
AVpyr and AVpump are approximately equal.  AVpyr is considered to be a more accurate
measurement and is used in the calculations, while AVpump is used as a validation. The total mass

of bitumen injected is simply the product of injected volume and the bitumen density.
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When additional diluent is injected at high temperatures, a small but significant difference is
observed between AVpyr and AVpump due to the excess volume of mixing. The mass of diluent
injected at high temperature is calculated two ways: 1) using AVpyt and the effective density of
the diluent in the mixture, and; 2) using AVpump and the density of liquid diluent. The mass of
diluent injected is taken to be the average of these two values. The feed composition is calculated
from the masses of bitumen and diluent. The densities used in these calculations are discussed later

in Section 3.7.1.2 and summarized in Table 3.3.

3.7.1.2 Phase Compositions and Asphaltene Yield
Asphaltene yield can be calculated two ways: 1) directly from the mass of asphaltenes recovered
from the heavy phase, and; 2) indirectly from the residual asphaltene content in the light phase
data and a mass balance. Each method is described below.

Heavy Phase Method
The mass evaporation technique provides the total solvent content which is the sum of diluent in

the heavy phase and the added toluene. The diluent content is determined by:

wai" = WSIOEIT_::;O[ 3.3

where superscript H denotes the heavy phase and the subscripts dil, solv, and tol refer to diluent,
total solvent content from the evaporation technique, and toluene. The mass fractions of
asphaltenes, wa, and maltenes, ww, are similarly determined from the original assay normalized to
zero toluene content. The weight fraction of toluene is calculated from the fluid volumes measured

in the PVT cell as follows:

|74
tolPtol 3.4

w =
tol VAPH 4V 01p101

where V is the volume and p is the density. The phase density is unknown and is estimated

assuming regular solution behavior as follows:

pH = ! 35

H
Yasph_ | Wmate! : wair!
Pasph  Pmalt Pdil

where the subscripts A and M refer to asphaltenes and maltenes, respectively. The values used for
asphaltene, maltene, and diluent density are discussed later. Equations 3.3 to 3.5 are solved
simultaneously for waii, Wior, and o,
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The samples provide compositions but not total masses of each phase. The total mass of the heavy
phase is determined from the volume of the heavy phase measured directly in the PVT cell and the
phase density calculated from Equation 3.5. Once the mass of the heavy phase is known, the mass
of asphaltene in the heavy phase is determined from the product of the mass fraction of asphaltenes
and the mass of the heavy phase. Asphaltene yield is mass of asphaltenes in the heavy phase

divided by the mass of bitumen in the feed.

Light Phase Method

The light phase composition was measured as described in the experimental methods and no

further data processing was required. To determine the asphaltene yield from the light phase
composition, recall that asphaltene yield is the mass of asphaltenes in the heavy phase divided by
the mass of bitumen in the feed. The mass of asphaltene in the heavy phase is calculated from the

light phase data using a mass balance given by:
H _ F L _ F L L
Masph = Masph — Mgsph = Masph — WasphM 3.6

where the superscripts L, H and F denote the light phase, the heavy phase and the feed. The mass
fraction of asphaltenes in the light phase, w"aspn, is measured directly. The total mass of the light
phase is calculated as follows:

L
mg;
L — Mgy 3.7

m L
Wail

The mass of diluent in the light phase is calculated from an overall mass balance as follows:
L _ F H
My = Mgy — My 3.8

The mass of diluent in the feed and the mass of diluent in the heavy phase are calculated as

discussed previously in this section. The heavy phase split ratio, H/F, is given by:

H

Hjp=—— 3.9

Uncertainties
An error analysis is presented in Appendix A. The uncertainty of the light and heavy phase

compositions were £1.1 and +2.9 wt%, respectively. The asphaltene yield was taken as the average
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of the yields calculated with the light and heavy phase methods and its uncertainty was +1.1 wt%.
The material balance error, MB error, for each component (diluent, maltene and asphaltene) was

calculated as follows:

L H F
(mcomponent +mcomponent) ~—Mcomponent + 100

F
mcomponent

MB error =

3.10

Densities used in Calculations

The densities used in this analysis are summarized in Table 3.3. Note, the effective density (used
for n-pentane in bitumen) is the density of a component when dissolved in a liquid mixture. The
effective density has been used mainly for dissolved gases but it also applies to components that
are close to their critical point when not part of a liquid mixture [Saryazdi et al., 2013]. The method

is valid for liquid mixtures that are far from the mixture critical point, such as diluted bitumens.

Table 3.3 The densities used for the data processing.

Components Temperature Pressure Density  Source
°C MPa  g/cm3

n-Pentane, liquid 180 4.8 0.429 Linstrom and Mallard [2015]

n-Pentane, effective 180 4.8 0.508 Saryazdi et al. [2013] correlation

Toluene 180 4.8 0.798 Linstrom and Mallard [2015]

Bitumen 50 14 0.9948 Interpolated from Motahhari et al.
[2013] data

Asphaltenes 180 4.8 1.17 Barreraetal. [2013]

Maltenes 180 4.8 0.869 Calculated*

* maltene density calculated from extrapolated bitumen density and asphaltene density assuming
regular solution behavior
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Chapter Four - PHASE BEHAVIOR MODELING

One objective of this thesis is to evaluate the applicability of asymmetric mixing rules with a CEoS
to model bitumen-solvent phase behavior. This chapter describes the Advanced Peng-Robinson
(APR) CEoS model used in this thesis and summarizes the different set of mixing rules
investigated for this model including: symmetric van der Waals mixing rules (kij = kij); asymmetric
van der Waals mixing rules (kij # &ij), the Sandoval et al. mixing rules [1989], and two forms of
the Huron-Vidal mixing rules [1979]. The oil characterization methodology used for the CEo0S
model is also provided.

4.1  Advanced Peng Robinson CEoS
The model chosen for this study was the Advanced Peng Robinson cubic equation of state (APR
EoS) [VMG 2015]. This EoS is well suited for petroleum fluids and is implemented in the
VMGSIim™ software used for this study. The Peng-Robinson cubic EoS [Peng and Robinson,
1979] is given by:

RT aa(Ty, o)

P =y b W(vib):b(v_b)

4.1

where P is pressure, v is the molar volume, a and b are constants related to the attractive and
repulsive forces, a(Tr,w) is a function specific to the equation of state, Tr is the reduced
temperature and @ is the acentric factor. The constants a and b for a pure component are related to

its critical properties as follows:

a, = 0.457235 R*T2 /P, 4.2

b, =0.0777969 RT, /P, 43

where T¢ is the critical temperature, P is the critical pressure, and the subscript i denotes the

component.
CEoS such as the Peng-Robinson EoS do not accurately predict liquid phase densities and are
typically corrected using volume translation. The Peneloux volume translation [1982] was applied

to the PR EoS by Jhaveri and Youngren [1988] as follows:
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p— RT _ aa(T,,w)
" v—b  (v+c)(W+b+2c)+(b+c)(v—b)

4.4

where c is the volume translation. The APR EoS [VMG 2015] is the Peng Robinson EoS with
volume translation implemented.

4.2  Mixing Rules
The mixing rules considered in this study are the asymmetric van der Waals (AvdW),
compositionally dependent van der Waals (CDvdW), Sandoval et al. (SWV), and the Huron-Vidal
(HV) mixing rules. The symmetric van der Waals mixing rules have been tested in previous studies

[Agrawal et al. 2012] and are used as basis of comparison for this study. Each is described below.

4.2.1 Van Der Waals Mixing Rules
The classical van der Waals mixing rules are given by:

a0 = X5k 1Ky 45

b, =Y Xb, 4.6

where am and by are the EoS constants for the mixture, x; is the mole fraction of the i*" component,

and k;j is a binary interaction parameter.

Symmetric (SvdW): When ki; = kji, the van der Waals mixing rules are symmetric and the model

has only one interaction parameter per binary pair. For bitumen-solvent systems, Castellanos-Diaz
et al. [2011] recommended that the symmetric binary interaction parameters be estimated using a

modified Gao et al. correlation [Gao et al., 1992] given by:

Nis
2. [TciTci Yy
: ’) 4.7

kii=1-— <_
Y Tci+T¢j

where nj; is an adjustable exponent with a default value of 0.27. Agrawal et al. [2012]

recommended temperature dependent binary interaction parameters of the following form:
0 kj 42

where kij* and kij? are constants and k; is given by:
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In this case, n, kij*, and ki are adjusted to fit the data.

Asymmetric (AvdW): If kij# &ji in Equation 4.5, the mixing rules are asymmetric. The asymmetric

van der Waals mixing rules have two interaction parameters per binary pair which can be used to

better match phase behavior for highly non-ideal mixtures.

Compositionally Dependent (CDvdW): When k;; in Equation 4.5 is defined as a function of

composition, the mixing rules are asymmetric and compositionally dependent. The fitting of the
asymmetric binary interaction parameters specifically for asphaltene-solvent binaries is discussed

further in Section 4.3.

4.2.2 Sandoval, Wilczek-Vera and Vera Mixing Rules (SWV)
Sandoval et al. [1989] proposed several new forms of asymmetric, compositionally dependent
mixing rules to better match data for asymmetric ternary systems. The Sandoval, Wilczek-Vera,

and Vera form of mixing rule (SWV) tested in this study is expressed as follows:
A, =D D XiXj4/a;a, (1—Iij) 4.10
i

where ljj is given by:

lij = El](l —Xi — x]) + ki]-xl- + k]lx] 4.11
ky = - 4.12

The SWV model has two binary interaction parameters per binary pair, kij and kji. If kij = kji, the
mixing rules reduce to the symmetric van der Waals mixing rules. This mixing rule can also be
defined as a compositionally dependent van der Waals mixing rule but is labeled as SWV to

distinguish it from the CDvdW mixing rule developed later.
4.2.3 Huron-Vidal Mixing Rules (HV)

For a CEoS, the limit of the Gibbs energy as pressure approaches infinity (g%.) is defined as

follows:
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where A is a function of the equation of state and, for the Peng-Robinson EQS, is given by:

2 +42
2\/_ 242
Equation 4.13 can be rearranged to obtain the following expression for am as a function of gt
[Huron-Vidal 1979, VMG 2015]:

A=

4.14

E

a; 9.
am :bm(zb—xi —Tj 415

The NRTL activity coefficient model can be used to calculate g in Equation 4.15. The NRTL
model is used to represent strongly non-ideal mixtures where composition at a microscopic level
deviates from the overall composition. Hence, it is referred to as a local composition model. The

Gibbs excess energy at infinite pressure from the NRTL model is given by:

S e foa)

E =Y, 4.16

i=1 ZX exp( Otk. g RTgnj

where g;ji is the interaction energy between component j and i, and ¢;i is a constant characteristic

g

of the mixture called the non-randomness parameter. ¢;i is analogous to the inverse of the
coordination number of a lattice. In the NRTL model, there are three interaction parameters per
binary pair that can be tuned to match experimental data: (gji - gii), (gij - 9jj), and aj.

Huron and Vidal introduced the component volume parameter, bj, into the calculation of gt as

follows:

i 05 — i
Zl:ijj exp(—aji JRT )( ji —gii)
o

i=1 Zxkbk exp( ka| g 'FQTgll j

k=1

4.17

This addition allows the Huron-Vidal mixing rules to be reduced to the classical van der Waals
mixing rules by substituting the following values for aj, gii, and gj;:

ij
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=—(n2)* 2 4.19

gij = u:b” \/gug]](l kl]) 4.20

In this work, the mixing rules obtained by using Equation 4.16 with Equation 4.15 are referred to
as the mole-based Huron-Vidal mixing rules and those obtained by using Equation 4.17 with
Equation 4.15 as the volume-based Huron-Vidal mixing rules. Both the mole-based and volume-
based Huron-Vidal mixing rules were evaluated. The mole-based Huron-Vidal mixing rules were
tested using the VMGSim Gibbs Excess Peng Robinson (GEPR™) property package, which is
commercially available [VMG 2015]. The volume-based Huron-Vidal mixing rules were tested
using an unreleased beta version of VMGSim. In the VMGSim implementation of both versions
of the Huron-Vidal mixing rules (mole-based and volume-based), the temperature dependence of

the interaction energies is given by:

9ij—3jj
RT

where ajj, bij and cij are tuning parameters. In this work, aij, aji, Cij, and c;i were all set to zero, and

=a; + ”+c jInT 4.21

only bij, bji, and aij were tuned to fit experimental data.

4.3  Modeling Workflow
The overall modeling methodology is summarized in Figure 4.1. First the oil was characterized
into pseudo-components (see Section 4.4) and initial values were input for binary interaction
parameters. Flash calculations were performed using VMGSim™ Versions 8.0 to 9.5. VMGSim™
combines the Rachford-Rice algorithm to perform flash calculations with a stability test to
minimize the Gibbs free energy. The binary interaction parameters were iteratively modified to
obtain the best match to experimental data.

In particular, the interaction parameters between the pseudo-components were set to zero to
simplify the comparison between different sets of mixing rules. In other words, the only non-zero
interaction parameters were between the solvent and each oil component. This assumption had
little effect on the model predictions. The effect of the temperature dependence on the saturation

pressures considered in this study was negligible at temperatures up to 180°C (see Section 6.2)
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and therefore the temperature dependence was also set to zero (kii*=0 and k;j?=0) for preliminary

fitting exercises to simplify the comparison between different types of mixing rule. Temperature

dependent binary interaction parameters were only implemented in the most successful model

(CDvdW) in order to generate P-X diagrams ranging from 23 — 280°C. The asphaltene/solvent

binary interaction parameters were adjusted to match asphaltene onset and yield data. If a good

match for asphaltene onset and yield data was found, the maltene/solvent binary interaction

parameters were adjusted to match saturation pressure data.
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Figure 4.1 Modeling methodology algorithm.
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4.4  Oil Characterization
In order to model bitumen/solvent systems using an EoS, the fluid was divided into components
and pseudo-components, each with an assigned mole fraction, density, critical properties, and
acentric factor. Each solvent was treated as an individual component with known properties. The
maltene and C5-asphaltene (n-pentane extracted) fractions of the bitumen were characterized
separately following the methodology recommended by Castellanos-Diaz et al. [2011] and
Agrawal et al. [2012]. The maltene fraction was divided into pseudo-components based on a
distillation assay. The asphaltene characterization was based on a gamma distribution of molecular
weights. This characterization has been shown to match vapor-liquid and liquid-liquid equilibrium
data for bitumens diluted with a variety of solvents at temperatures from 20 to 180°C and pressures
up to 10 MPa [Agrawal et al. 2012]. The characterization of the maltenes and C5-asphaltenes are

discussed in detail below.

4.4.1 Maltene Characterization
The bitumen examined in this work is WC-B-B2, from the Peace River region in Alberta. The C5-
asphaltene content of this bitumen is 19.4 wt%. The remaining 80.6 wt% of the bitumen is defined
as maltenes. The maltene characterization was based on distillation data, in this case, a spinning
band distillation assay from Agrawal [2012]. The distillable fraction represents approximately
30% of the bitumen by volume. The remainder of the normal boiling point curve for the maltene
fraction of the bitumen was extrapolated from the distillation data using a Gaussian distribution

(linearly extrapolating on probability coordinates), Figure 4.2.

The next step was to divide the distillation curve into pseudo-components. Castellanos-Diaz et al.
[2011] found that number of pseudo-components did not have a significant impact on the
prediction of saturation pressures as long as there were are least two pseudo-components in the
light oil section and two in the heavy oil section. In this work, ten maltene pseudo-components
were used to ensure that the entire range of maltene properties is accurately represented when
modeling liquid-liquid phase behavior: three in the light oil section (200°C — 375°C), five in the
medium oil section (375°C- 515°C), and two in the heavy oil section (515°C - 585°C). The
molecular weight and liquid density of each pseudo-component were constrained so that the

mixture matched the average maltene molecular weight and liquid density of 450 g/mol and 1005
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kg/m3, respectively. The Lee-Kesler correlations (summarized in Appendix C) were used to

estimate the critical properties and acentric factor from the average boiling point of each pseudo-

component. The pseudo-component properties are listed in Table 4.1 and shown in Figure 4.3.

Figure 4.2 Extrapolated NBP data for the maltene fraction of the WC-B-B2 bitumen.
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Table 4.1 Bitumen pseudo-components and their properties.

80

Name Mass Mole MW NBP Density P Te
Fraction Fraction (°C) (kg/m®) (kPa) (°C)
Maltl  0.059 0.127 246 236 901 2655 445
Malt2  0.082 0.140 308 295 934 2269 503
Malt3  0.098 0.136 382 355 967 1948 561
Malt4  0.085 0.102 439 397 988 1750 600
Malt5 0.075 0.083 479 425 1001 1633 625
Malt6  0.081 0.082 520 452 1015 1523 650
Malt7  0.082 0.077 563 480 1028 1421 675
Malt8 0.084 0.074 607 508 1040 1326 700
Malt9  0.085 0.068 658 540 1054 1227 727
Maltl0 0.075 0.056 709 571 1067 1136 754
Asphl 0.025 0.011 1190 667 1070 758 817
Asph2  0.025 0.009 1491 706 1075 655 845
Asph3 0.031 0.010 1758 730 1080 603 863
Asph4  0.053 0.014 2084 751 1085 564 879
Asph5 0.060 0.011 2790 777 1090 515 897
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Figure 4.3 Bitumen pseudo-component properties.

4.4.2 Asphaltene Characterization
The C5-asphaltenes were characterized one of two ways; as a single lumped pseudo-component
or based on a gamma distribution of molecular weights as recommended by Agrawal et al. [2012].
The gamma distribution characterization described below was used in the AvdW and HV models
for consistency with previous studies. A single pseudo-component was used to represent the
asphaltene fraction in the SWV and CDvdW models to simplify the tuning process for these two
models. For all the asymmetric models investigated, similar model results can be generated with
either one or five asphaltene pseudo-components although the kj; values do need to be slightly

adjusted for the different characterizations (see Section 6.1).

4.4.2.1 Gamma Distribution Characterization
To generate the molecular weight distribution, the gamma distribution parameters, MWayg and £,
were set to 2000 g/mol and 2.5, respectively, as recommended by Agrawal et al. [2012]. Once the
MW distribution was generated, the asphaltenes were divided into five pseudo-components of

approximately equal weight fraction.
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The TBP of the asphaltene pseudo-components was calculated using the Sgreide correlation
[Sareide 1989], while critical properties and acentric factor were calculated using the Twu
correlations [1984]. Both correlations are summarized in Appendix C. The characterizations
reported by Agrawal et al. [2012] and Castellanos-Diaz et al.[2011] showed an increase in critical
pressure with an increase in molecular weight for some pseudo-components, contrary to the overall
trend in the maltene properties. To correct this problem, the critical properties and acentric factor
were recalculated using the aggregate molecular weight and monomer density as inputs. The use
of these values for molecular weight and density results in a continuously decreasing trend in
critical pressure for the whole bitumen, Figure 4.3. Since the monomers in an asphaltene nano-
aggregate are held together by van der Waals forces (which are very weak compared to the covalent
bonds in the monomers), it is assumed that the properties of a pseudo-component representing a
nano-aggregate will be closer to the monomer density than a density calculated based on the

aggregate molecular weight.

4.4.2.2 Single Component Characterization
The single lumped pseudo component was characterized by defining molecular weight and density
as 1800 g/mol and 1120 kg/m? respectively. TBP was calculated using the Sgreide correlation
[Sareide 1989], and critical properties and acentric factor calculated from Twu correlations. Table
4.2 compares the single component characterization with the range of properties in the Gamma

distribution based characterization.

Table 4.2 Asphaltene pseudo-components and their properties for the Gamma distribution based
and single component characterizations.

Property Gamma Distribution Characterization Single Component Characterization
MW 1190 - 2790 1800
NBP (°C) 667 - 777 721
Density (kg/m?) 1070 - 1090 1120
Tc (°C) 817 - 897 906
Pc (kPa) 758 - 515 1057
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Chapter Five - EXPERIMENTAL RESULTS AND DISCUSSION

This chapter summarizes the experimental data collected for this thesis. First, saturation pressure
(VLE) data are presented. Asphaltene onset data collected using two different methods
(extrapolation from yield data and observed through titration using the high pressure microscope
apparatus) are also presented and discussed. Finally, the phase compositions of the asphaltene-rich

heavy phase are reported. Uncertainties in all the experimental data are examined.

5.1 Vapor-Liquid Boundary: Saturation Pressures
The saturation pressures for n-pentane diluted bitumen measured in the PVT cell and the blind cell
apparatuses are provided in Tables 5.1 and 5.2, respectively. Since the data encompass a broad
temperature range, the uncertainty and repeatability in the measurement were first examined. The
uncertainty in the n-pentane content is 0.1 wt% for the blind cell data (based on the error of the
mass measurement) and 0.2 wt% for the PVT cell data (based on the propagated error of the

volume and density measurements).

The main source of error in the saturation pressures is the variation in the differential pressure
required to move the piston between the hydraulic oil and the sample. The piston can stick and
jump and the magnitude of this error is difficult to quantify because it depends on the movement
history of the piston and the temperature. Therefore, the repeatability of the measurements was
determined rather than attempting to calculate a propagation of error. To determine the
repeatability of the saturation pressures, the individual data points were compared with a Henry
law model fitted to all of the data. The saturation pressure of a mixture of n-pentane and bitumen

was modeled as follows:

Psot = XcsHes + XpitVbit Po pit 5.1
with
D
H:s = exp {Ccs + %} 5.2
Dp;
P, pic = exp {Cbit + %} 5.3

where Psat IS the saturation pressure, x is the mole fraction, H is Henry’s constant, Py is the vapor

pressure, y is an activity coefficient, and subscripts C5 and bit indicate n-pentane and bitumen,
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respectively. Note, this model is only intended to provide a best-fit line with which to assess the

repeatability of the data.

The mole fractions were calculated from the known mass fractions taking the bitumen molecular
weight to be 520 g/mol. The activity coefficient was assumed to be unity. The vapor pressure
constants for the bitumen were determined from a measured vapor pressure of 380 kPa at 180°C
and an assumed vapor pressure of 90 kPa at 60°C (the barometric pressure at the temperature of
the dewatering procedure). Note the contribution of the bitumen vapor pressure is not significant
at most conditions. The Henry law constants were then determined by fitting the saturation
pressure dataset to minimize the average relative deviation. The fitted constants are provided in
Table 5.3 and the fit to the data is shown in Figure 5.1.

The uncertainty in the saturation pressures was determined from the deviations from the model to
be 0.1, 0.4. 0.6, and £0.8 MPa at temperatures of 90, 180, 230, and 280°C. The deviations appeared
to be the same for both the PVT and blind cell methods. The saturation pressures measured for n-
pentane with WC-B-B2 and WC-B-B3 bitumen were the same within experimental error.

Table 5.1 Saturation pressures of n-pentane diluted WC-B-B2 bitumen measured in the PVT cell.
The uncertainty of the n-pentane content is 0.2 wt%. The uncertainties in the saturation pressures
are 0.1, 0.4. 0.6, and +0.8 MPa at temperatures of 90, 180, 230, and 280°C. Data from Agrawal et
al. [2012].

Temperature n-Pentane Content Saturation Pressure

(°C) Wt% MPa
90 11.3 0.4
120 11.3 0.6
150 11.3 0.7
180 11.3 1.0
90 33.9 0.5
120 33.9 0.9
120 30.2 0.8
150 30.2 13
180 30.2 1.8
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Table 5.2 Saturation pressures of n-pentane diluted bitumen measured in the blind cells. The
uncertainty of the n-pentane content is £0.1 wt%. The uncertainties in the saturation pressures
are 0.1, 0.4. 0.6, and 0.8 MPa at temperatures of 90, 180, 230, and 280°C.

Sample Temperature  n-Pentane Content  Saturation Pressure
(°C) wt% MPa
WC-B-B3 90 11.3 0.4
WC-B-B3 90 30.2 0.5
WC-B-B3 90 62.5 0.7
WC-B-B2 180 0.0 0.4
WC-B-B3 180 0.0 0.5
WC-B-B3 180 10.8 1.7
WC-B-B3 180 12.3 1.8
WC-B-B3 180 19.9 2.2
WC-B-B3 180 29.4 2.4
WC-B-B3 180 29.8 2.2
WC-B-B2 180 34.0 2.1
WC-B-B3 180 39.8 2.5
WC-B-B3 180 43.9 2.3
WC-B-B3 180 43.9 24
WC-B-B3 180 63.9 2.6
WC-B-B3 180 64.0 2.5
WC-B-B3 230 10.8 2.4
WC-B-B3 230 11.3 1.6
WC-B-B3 230 19.9 3.2
WC-B-B3 230 29.4 3.7
WC-B-B3 230 30.2 4.0
WC-B-B3 230 39.8 4.4
WC-B-B3 230 47.6 4.7
WC-B-B3 230 62.5 5.0
WC-B-B3 230 63.9 5.3
WC-B-B3 280 10.8 3.2
WC-B-B3 280 29.4 5.3
WC-B-B3 280 39.8 6.4
WC-B-B3 280 63.9 9.3

Table 5.3 Fitted constants for WC-B-B3 vapor pressure (Eg. 5.3) and Henry term (Eq. 5.2) for n-
pentane in WC-B-B3 bitumen (based on T in K and pressures in kPa).

Constant Value
Chit 10.69
Duit -2061
Ccs 13.62
Dcs -2599
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Figure 5.1 Saturation pressures for mixtures of n-pentane and bitumen at temperatures of 90,
180, 230, and 280°C. Legend notation: BC is the blind cell method, and PVT is the PVT cell
method. The PVT data are from Agrawal et al. (2012).

Figure 5.1 shows an apparent critical point for the mixture 64 wt% n-pentane and 36 wt% bitumen
in the vicinity of 280°C and 7 MPa. The evidence for near critical behavior is more apparent when
examining the P-V isotherms, Figure 5.2. The P-V isotherms at 64 wt% n-pentane but lower
temperatures have a distinct change in slope at the saturation pressure and nearly constant pressure
in the two-phase region. Similarly, the P-V isotherms at 280°C but lower n-pentane contents
exhibit a distinct change in slope. In contrast, the isotherm at 280°C has a significant slope at all
the expanded volumes and no distinct change in slope. This shape in the P-V isotherm is
characteristic of near critical behavior. A possible saturation pressure could be inferred at
approximately 9 MPa but this pressure deviates greatly from the Henry Law model. Hence, we
conclude there is a critical point near this condition. The proximity to the critical point may also
explain the relatively high deviations from Henry’s Law at 230°C and n-pentane contents above
40 wt%.
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Figure 5.2 Pressure-volume isotherms for mixtures of n-pentane and WC-B-B2 bitumen: a) 64
wt% n-pentane at temperatures of 90, 180, 230, and 280°C; b) n-pentane contents of 11, 30, 40,
and 64 wt% at 280°C.

5.2  Asphaltene Onsets and Yields
Figure 5.3 shows a typical dataset for asphaltene onset and yields measured with the HPM, PVT
cell, and blind cell methods. The measured and extrapolated onsets of asphaltene phase formation
are provided in Table 5.5. The extrapolated onsets are in exact agreement with the measured value
in all but one case and within the experimental error of 1.5 wt% in the other case. This good
agreement validates the extrapolation method for determining yields. Recall that the samples in
the blind cell methodology were mixed at ambient temperature and then brought to experimental
temperature, whereas the samples in the PVT cell were mixed at the experimental conditions. It is
known that at ambient conditions, there is a hysteresis in the asphaltene yields when solvent is
added versus removed [Beck et al., 2005] and there may be hysteresis with temperature changes
as well. However, the good agreement between the PVT and blind cell methods at both 90°C and
180°C, Table 5.4 and Figure 5.3a, indicates that the yields are independent of the temperature path.
To assess error and determine an extrapolated onset condition, the asphaltene yield data were curve

fit with the following empirical expression:

Y = C[l - exp{_D(WCS - Wonset)}] 5.4
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where Y is the asphaltene yield in wt%, wcs is the n-pentane content, wonset iS the n-pentane content
at the onset of the asphaltene-rich phase, and a and b are constants. The constants and the onset
composition were adjusted to minimize the least square error. The onset condition determined with
this method is termed the extrapolated onset condition. The repeatability of the yields was
determined from the deviations between the curve fit and the data using all of the data collected in
this study and was found to be £1.5 wt% for the PVT cell and blind cell methods and +0.75 wt%
for the bench top method. Obvious outliers, such as the example shown in Figure 5.3, were
screened out of the data. The screened asphaltene yield data for n-pentane diluted bitumen at
temperatures up to 250°C and pressures up to 13.8 MPa are given in Table 5.4.
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Figure 5.3 C5-asphaltene phase separation from n-pentane diluted WC-B-B3 bitumen at 180°C
and 4.8 MPa: a) onset and yield; b) location on phase diagram at which the asphaltene-rich phase
compositions were determined for the four PVT cell experiments.
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Table 5.4 C5-asphaltene yield data from n-pentane diluted WC-B-B3 bitumen. The uncertainty in
the yields are +1.0 for the bench top method, +1 / -1.5 wt% for the pycnometer sample collection
method, and 0.4 wt% for the blind cell sample collection method.

Sample n-Pentane  Asphaltene

Method  Collegtion  TEPeratre Pressure Tt A
Method °C MPa wit% wit%

Benchtop - 20 0.1 51.9 6.3
Benchtop - 20 0.1 54.0 8.6
Benchtop - 20 0.1 56.4 11.3
Benchtop - 20 0.1 58.0 12.3
Benchtop - 20 0.1 59.8 12.6
Benchtop - 20 0.1 66.0 15.2
Benchtop - 20 0.1 71.9 16.8
Benchtop - 20 0.1 75.8 17.3
Benchtop - 20 0.1 80.6 17.7
Benchtop - 20 0.1 85.4 18.3
Benchtop - 20 0.1 89.9 18.8
Benchtop - 20 0.1 94.9 19.0
Benchtop - 20 0.1 96.3 19.2
Blind Cell Pycnometer 90 4.8 59.6 13.0
Blind Cell Pycnometer 90 4.8 66.3 14.8
Blind Cell Pycnometer 90 4.8 72.6 16.6
Blind Cell Blind Cell 90 4.8 78.8 17.8
Blind Cell Blind Cell 90 4.8 84.9 18.4
PVT Pycnometer 90 4.8 64.8 11.5
PVT Pycnometer 90 4.8 69.5 17.2
PVT Blind Cell 90 4.8 74.6 17.1
PVT Blind Cell 90 4.8 80.2 19.0
Blind Cell Pycnometer 140 4.8 62.3 11.7
Blind Cell Pycnometer 140 4.8 69.6 14.6
Blind Cell Blind Cell 140 4.8 775 16.6
Blind Cell Blind Cell 140 4.8 85.0 18.2
Blind Cell Pycnometer 180 4.8 54.4 8.6
Blind Cell Pycnometer 180 4.8 59.3 12,5
Blind Cell Pycnometer 180 4.8 64.8 15.3
Blind Cell Pycnometer 180 4.8 69.6 16.6
Blind Cell Pycnometer 180 4.8 79.8 18.4
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Sample Temperature Pressure n-Pentane  Asphaltene

Method Collection Content Yield
Method °C MPa wit% wit%

Blind Cell Pycnometer 180 13.8 59.4 9.3
Blind Cell Pycnometer 180 13.8 71.1 155
Blind Cell Pycnometer 180 13.8 80.2 17.6
Blind Cell Blind Cell 250 10.3 54.7 11.2
Blind Cell Blind Cell 250 10.3 59.8 15.0
Blind Cell Pycnometer 250 10.3 66.1 18.0
Blind Cell Pycnometer 250 10.3 69.8 17.3

Table 5.5 Asphaltene onset points for n-pentane diluted WC-B-B2 bitumen (measured using
HPM) and for n-pentane diluted WC-B-B3 bitumen (determined by extrapolating yield curves).
The uncertainty of the onsets is +1.5 wt%.

WC-B-B2 Onset  WC-B-B3 Onset

Pressure  Temperature

(Measured) (Extrapolated)

MPa °C wt% pentane wt% pentane
0.1 23 47 47

4.8 90 51 51

4.8 140 49 49

4.8 180 51 49.5

13.8 180 - 52

10.3 250 - 47

Figure 5.4 shows the yield data collected in this study and demonstrates that temperature and
pressure have relatively little effect on C5-asphaltene yields compared with the effect of solvent
content. Note, how all of the data converge at high solvent contents. This convergence is
misleading because only the C5-asphaltenes are considered. The yield of all bitumen components
partitioning into the heavy phase may well vary with temperature and pressure at high dilutions.

62



20
15 t
2
©
o
>_
210
= ¢ 21°C, 0.1 MPa
= B 90°C, 4.8 MPa
< A 140°C, 4.8 MPa
S 5t ® 180°C, 4.8 MPa
O 180°C, 13.8 MPa
X 250°C, 10.3 MPa
——fit 20°C
0 Ll
40 50 60 70 80 90

Feed Pentane Content, wt%

Figure 5.4 C5-asphaltene yield data from n-pentane diluted WC-B-B3 bitumen.

Figure 5.5 shows that asphaltene solubility increases (higher onset and lower yield) with pressure.
This trend is consistent with the literature data for heavy oil diluted with n-alkanes (Akbarzadeh
et al., 2005) and with the observed precipitation of asphaltenes from depressurized live oils [Joshi
et al., 2001]. Figure 5.6 shows that the effect of temperature on asphaltene solubility. While there
IS some scatter in the data and not all of the data are at the same pressure, there appears to be a
maximum in the C5-asphaltene solubility at approximately 140°C. The amount of solvent to
initiate precipitation, Figure 5.6a, reaches a maximum between 100 and 200°C, and the yield at a
fixed n-heptane content, Figure 5.6b, reaches a minimum at 140°C. Interestingly, the maximum
occurs at approximately the same temperature as the asphaltenes in solution were observed to
obtain a liquid state. It seems likely the two phenomena are connected but the nature of the

connection is not yet known.
The literature data were examined for evidence of a maximum in asphaltene solubility. Most of

the data were for n-heptane diluted bitumen, Figure 5.7. Almost all of the literature data show

increasing solubility up to 100°C but, unfortunately, there are insufficient data at high temperatures
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to verify a maximum in the solubility. The asphaltene yields from the Boscan and Kuwait oils are

the only data above 100°C and appear to reach an asymptote at approximately 100°C.
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Figure 5.5 Effect of pressure on C5-asphaltene yields from n-pentane diluted WC-B-B3 bitumen.
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Figure 5.6 Effect of temperature on C5-asphaltene onsets and yields from n-pentane diluted WC-
B-B3 bitumen: a) onset; b) yield.
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Figure 5.7 Effect of temperature on: a) the onset of asphaltene phase separation, and; b) asphaltene
yields from n-heptane diluted crudes in the literature [Akbarzadeh et al., 2005; Hu and Guo, 2001;
Andersen and Birdi, 1990; Andersen et al., 1994; Andersen et al. 1998; Ali and Al-Ghannam,
1981]. The legends indicates the source oils.

5.3  Nature of the Asphaltene-Rich Phase
Asphaltene-rich phases form at n-pentane contents above approximately 50 wt%. At temperatures
below approximately 90°C, the asphaltene-rich phase appears as glassy particles, Figure 5.8a.
Above 140°C, the phase appears as liquid droplets that coalescence into a continuous liquid phase,
Figure 5.8b. This liquid phase is denser than the surrounding medium and flows like an extremely
viscous fluid (stratified wavy flow was observed with slowly deforming wave crests). In between
90 and 140°C, the glassy-particles tend to stick on the HPM window and slowly and partially
coalescence into irregular but smoother shapes, Figure 5.9. This behavior is interpreted as a gradual
glass transition between 90 and 140°C. Similar glass transitions have been observed in asphalts

and verified with differential scanning calorimetry (Kriz et al., 2008).
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Figure 5.8 Images captured by the HPM of asphaltenes precipitated from n-pentane diluted
bitumen at a) 23°C (glass-like particles) and b) 165°C (liquid droplets).

Figure 5.9 Images captured by the HPM of aphaltenes precipitated from n-pentane diluted bitumen
at 90°C and 4.8 MPa at a) less than one hour after mixing and b) 20 hours after mixing.

54  Asphaltene-Rich Phase Compositions
The heavy phase composition method is limited to conditions where the asphaltene-rich heavy
phase is a liquid (temperatures above 140°C and sufficient pressure) and by the PVT cell design
limit of 200°C. Therefore, a series of four compositions were measured at 180°C and 4.8 MPa, as
was shown in Figure 5.3b. The n-pentane content and C5-asphaltene yield at each condition are
provided in Table 5.6. The feed, light phase, and heavy phase compositions for these mixtures are
listed in Tables 5.7 to 5.10. One repeat was conducted at a composition of 64 wt% n-pentane. The
results of the two trials (2A and 2B) are shown in in Tables 5.6, 5.8 and 5.9. The repeatability of
the C5-asphaltene yield, light phase, and heavy phase compositions were £1.6, £2.4, and £3.5
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wit%, respectively. These values are slightly higher than the estimated experimental uncertainties

of £1.1, +1.1 and £2.9 wt%, respectively. Note, the component material balance errors are less

than 16% in all but one case.

Table 5.6 C5-asphaltene yield from n-pentane diluted WC-B-B2 bitumen at 180°C and 4.8 MPa.

Run n-Pentane Content ~ C5-Asphaltene Yield Heavy Phase Split
wit% wt% Ratio, H/F
1 59.2 12.8 0.118
2A 64.4 10.5 0.066
2B 63.7 13.6 0.091
3 72.5 17.3 0.085

Table 5.7 Composition of feed, light phase and heavy phase samples from mixtures of 41 wt%
WC-B-B2 bitumen and 59 wt% n-pentane at 180°C and 4.8 MPa (Trial 1).

Sample Feed Light Phase Heavy Phase MB Error
wit% wit% wt% %
n-Pentane 59.2 67.1 314 6.2
Maltenes 32.9 29.8 20.4 12.8
C5-Asphaltenes 8.0 3.1 48.2 5.3

Table 5.8 Composition of feed, light phase and heavy phase samples from mixtures of 36 wt%
WC-B-B2 bitumen and 64 wt% n-pentane at 180°C and 4.8 MPa (Trial 2A).

Sample Feed Light Phase Heavy Phase MB Error
wt% wt% wt% %
n-Pentane 64.4 68.0 26.0 13
Maltenes 28.7 29.0 22.0 0.6
C5-Asphaltenes 6.9 3.0 52 9.7

Table 5.9 Composition of feed, light phase and heavy phase samples from mixtures of 36 wt%
WC-B-B2 bitumen and 64 wt% n-pentane at 180°C and 4.8 MPa (Trial 2B).

Sample Feed Light Phase Heavy Phase MB Error
wt% wt% wt% %
n-Pentane 63.7 72.8 19.2 6.6
Maltenes 29.3 24.7 24.0 15.9
C5-Asphaltenes 7.0 2.6 56.8 7.6

67



Table 5.10 Composition of feed, light phase and heavy phase samples from mixtures of 27 wt%
WC-B-B2 bitumen and 73 wt% n-pentane at 180°C and 4.8 MPa (Trial 3).

Sample Feed Light Phase Heavy Phase MB Error
wt% wt% wt% %
n-Pentane 72.5 77.9 20.3 0.7
Maltenes 22.2 20.0 23.7 8.5
C5-Asphaltenes 54 2.1 56.0 23.7

There are no data with which to compare the solvent content of the heavy phase. However, as was
shown in Figure 5.3a, all of the PVVT cell method yields except for Trial 2B are within 1.1 wt% of
the blind cell yields; that is, within the experimental error of 1.5%. The deviation of the Trial 2B
yield is approximately 4.5 wt%, well beyond the expected error, and is taken to be an outlier. Due
to the complexity of this experimental procedure, it is challenging to collect consistent,
representative phase samples. Based on all of the data collected to date (not all shown here),
approximately one out of every 4 or 5 samples collected is a non-representative sample. Therefore,
it is recommended to collect multiple data points with this methodology so that outliers can be
identified and discarded.

Tables 5.7 to 5.10 show that the n-pentane content of the heavy phase formed at 180°C range from
19 to 31 wt%. These n-pentane contents are significantly higher than the 4% reported by Yarranton
etal. [2011] for glass-like asphaltene phases at 20°C. In other words, the solubility of the n-pentane
in the heavy phase increases with temperature.

Tables 5.7 to 5.10 also show that, as the solvent content in the feed increases, the n-pentane content
increases for the light liquid phase but decreases for the heavy phase. This type of component
partitioning (where the asphaltene and diluent contents do not sum to unity) cannot be accurately
represented on a pseudo-binary (diluent-bitumen) phase diagram but can be represented on a
pseudo-ternary phase diagram. Figure 5.10 is a ternary phase diagram for n-pentane diluted
bitumen at 180°C and 4.8 MPa (the bitumen is represented as a blend of asphaltenes and maltene).
Point B is undiluted bitumen and Point O is the onset of asphaltene precipitation. Three tie-lines
are shown for the three experimental feed compositions (59, 64, and 72 wt% n-pentane). While

there is some scatter in the data points, a clear phase boundary can be identified. This diagram can
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be used to find the compositions needed to predict the asphaltene-rich heavy and solvent-rich light

phase properties and to tune phase behavior models for n-pentane diluted bitumen.

C5 - Asphaltene Trial 1: 59 wt%

N Trial 2A: 64.4 wt%
A Trial 2B: 63.7 wt%
W Trial 3: 72 wt%
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Figure 5.10 Ternary phase diagram for bitumen and n-pentane at 180°C and 4.8 MPa.
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Chapter Six- MODELING RESULTS AND DISCUSSION

The modeling results and discussion begins with the symmetric (SvdW) and asymmetric van der
Waals (AvdW) mixing rules. Next, the mole-based and volume-based Huron-Vidal (HV) excess
energy mixing rules are examined. Then, the Sandoval et al. (SWV) compositional-dependent van
der Waals mixing rules are evaluated and, finally, the compositional-dependence required to fit
asphaltene yield with van der Waals mixing rules (CDvdW) data is investigated and an expression

for kij is recommended.

In order to minimize the time required for the model evaluations, the mixing rules for most cases
were first tested with a single component asphaltene and single component maltene
characterization. The model with this simplified characterization gives similar results to the full
characterization as will be shown in Section 6.1. If the model was able to fit asphaltene yield data,
it was then evaluated on the ambient condition data with the full characterization summarized in
Table 4.1. The interaction parameters were tuned to fit both the asphaltene yield curve and the
saturation pressures. In addition, the effect of the temperature dependence on the saturation
pressures considered in this study was negligible at temperatures up to 180°C (see Section 6.2)
and therefore the temperature dependence was also set to zero (kii*=0 and k;j?=0) for preliminary
fitting exercises to simplify the comparison between the different types of mixing rule.
Temperature dependent binary interaction parameters were only implemented in the most

successful model (CDvdW) in order to generate P-X diagrams ranging from 23 to 280°C.

6.1  Model Sensitivity to Oil Characterization
Before modeling the data, the sensitivity of the model to the oil characterization was examined.
The predicted asphaltene yield was found to be quite insensitive to the number of components in
the characterization. For example, with the AvdW model, representing the maltene and asphaltene
fraction each with one pseudo-component results in a very similar asphaltene yield curve to the
curve modeled with the full 16 pseudo-component characterization, Figure 6.1. The binary
interaction parameters must be tuned for each characterization to match the data, but similar fitted
values are required for both cases, Table 6.1. While the one pseudo-component model is not

recommended because the saturation pressure behavior cannot be modeled with only one maltene
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pseudo-component, it is a straightforward starting point for tuning the model because the predicted
yields and magnitudes of the ki; are similar to the full characterization. Similar results were found
with the other mixing rules. In all cases, when the characterization is changed, the model can be

re-tuned to give similar results with small adjustments to the ki; values.
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Figure 6.1 Measured and modeled asphaltene yield data for n-pentane diluted bitumen. Symbols
are data and lines are the AvdW model with a) bitumen characterized as only two components
(simplified characterization) and b) bitumen characterized as described in Table 4.1 (full
characterization).

Table 6.1 Binary interaction parameters used in AvdW model with simplified and full
characterizations.

Binary Interaction Parameter

Component Pair e o o
P Simplified Characterization ~ Full Characterization

Maltene-Solvent 0.02 0.030 - 0.046
Asphaltene-solvent 0.04 0.047 — 0.055
Solvent-Maltene 0.08 0.095-0.114
Solvent-Asphaltene 0.11 0.116 — 0.125

6.2 Temperature Dependence of Binary Interaction Parameters
Agrawal et al. [2012] recommended a temperature dependence for kjj to match saturation pressures

at high temperatures. The temperature dependence has relatively little effect on the predicted
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saturation pressures up to 180°C but becomes significant at higher temperatures, Figure 6.2. For
this reason and because the focus of this study was on modeling asphaltene yields, the temperature

dependence for binary interaction parameters was neglected in all cases except the recommended
CDvdW model.
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Figure 6.2 Measured and modeled saturation pressure data for n-pentane diluted bitumen at a)

180°C and b) 280°C. Symbols are data, and lines are the SvdW model with and without
temperature dependence.

6.3 Van Der Waals Mixing Rules
6.3.1 Symmetric Van Der Waals Mixing Rules
Agrawal et al. [2012] demonstrated that the APR with symmetric van der Waals mixing rules (ki;
= kji) can be used to match asphaltene onset point for solvent diluted bitumen but severely under-
predicts asphaltene yield at high dilution. Figure 6.3a confirms that the use of symmetric mixing
rules (SvdW) under-predicts the asphaltene yields. Figure 6.3b shows that these mixing rules
match the saturation pressures to within the accuracy of the measurement. Figure 6.3c

demonstrates that the SvdW model over-predicts the pressure dependence of the onset point.
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Figure 6.3 Measured and modeled (symmetric model and asymmetric Models A and B) phase
behavior data for n-pentane diluted bitumen: a) asphaltene yield at 21°C and 0.1 MPa; b) saturation
pressures of n-pentane diluted bitumen at 90°C; c) Pressure-Composition Phase Diagram at 180°C.
SvdW and AvdW indicate symmetric and asymmetric van der Waals mixing rules, respectively.

6.3.1 Asymmetric Van Der Waals Mixing Rules

The use of asymmetric van der Waals mixing rules can improve the asphaltene yield match. Figure
6.3 shows the modeled yields and saturation pressures from the preliminary evaluation where the
kij values for pseudo-component/pseudo-component binaries were set to zero and no temperature
dependence was introduced into the other interaction parameters (kij = ki°). Figure 6.3a shows the

modeled yields at 21°C for two different sets of tuning parameters that illustrate the benefits and
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limitations of the AvdW model (Models A and B). Both AvdW Model A and AvdW Model B have
asymmetric interaction parameters for maltene-solvent and asphaltene-solvent binary pairs, Figure
6.4a. AvdW Model A has a step-change in ki values at the transition from maltene to asphaltene
pseudo-components, whereas the kij values in AvdW Model B have a continuous trend from
maltene to asphaltene pseudo components. AvdW Model A matches the shape of the asphaltene
curve but does not predict the asphaltene components precipitating in the correct order; it predicts
lighter pseudo-components precipitating before heavier pseudo-components. AvdW Model B
predicts that the heaviest pseudo-components precipitate first and fits the ultimate yield, but over-

predicts yields at intermediate dilutions.

Figure 6.3b shows the predicted saturation pressures for n-pentane diluted bitumen at 90°C. While
the AvdW model predicts saturation pressures within the error bars of the reported data, the shape
of the curve is not representative of the observed pressure trends; the AvdW model over-predicts
the saturation pressures at low dilutions. Only the saturation pressure curve at 90°C is shown here,
but the model was found to over-predict saturation pressures at low dilutions at temperatures up to
180°C, Appendix B. This shortcoming was observed in every case where asymmetry was

introduced into the maltene-solvent interaction parameters.
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Figure 6.4 Binary interaction parameters at 21°C for solvent/pseudo-component binaries for n-
pentane diluted bitumen: a) AvdW Models A and B; b) AvdW Model C.
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The AvdW model with a third set of tuning parameters, AvdW Model C, is shown in Figure 6.5.
In this model the interaction parameters between maltene-solvent binary pairs were kept
symmetrical, and were generated using the modified Gao et al. correlation with n = 0.62.
Asymmetry was introduced into the interaction parameters between asphaltene-solvent binaries
only, Figure 6.4b. Asphaltene/solvent interaction parameters were also calculated from the
modified Gao et al. correlation, using a fitted value of n = 2 to calculate kij and n = 0.45 to calculate
kji. This model is an improvement over the AvdW model for asphaltene yield, and matches
saturation pressures quite well at temperatures up to 180°C (only the saturation pressures at 90°C
are shown here), but this model still under-predicts asphaltene yield at high dilutions because the
AvdW model does not capture the asymmetry of system. Properties of the asphaltene components
such as molecular mass and density change with the addition of n-pentane due to self-association.
Simply setting kij # 4;ji in the AvdW does not fully account for this asymmetry. A significant
disadvantage of this approach is the arbitrary division between the asphaltene-solvent and maltene-
solvent binary interaction parameters. This means that this model is not predictive for asphaltene
yields for other solvents or other temperatures; that is, the interaction parameters must be tuned
for each condition. Note, as with any cubic equation of state based on an oil characterization, the
exact values of the binary interaction parameters are sensitive to the number of pseudo-components

and must be slightly retuned for each characterization (see Section 6.1).
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Figure 6.5 Measured and modeled (AvdW Model C) phase behavior data for n-pentane diluted
bitumen: a) asphaltene yield at 21°C and 0.1 MPa; b) saturation pressures of n-pentane diluted
bitumen at 90°C.

6.4  Compositionally Dependent Mixing Rules

6.4.1 Huron-Vidal Mixing Rules

Since the asymmetric van der Waals mixing rules were inadequate to match asphaltene yields,
compositionally dependent mixing rules were considered. One way to introduce a composition
dependence is via an excess energy mixing rule such as the Huron-Vidal mixing rules. In this case,
the full bitumen characterization summarized in Table 4.1 was used. Several sets of tuning
parameters for the Huron-Vidal mixing rules were evaluated for matching the onset and yield curve
for asphaltene precipitation from n-pentane diluted bitumen. Figures 6.6 and 6.7 show the results
for two different sets of tuning parameters that illustrate the benefits and limitations of this
approach (HV Models A and B). HV Model A matches both the shape of the yield curve and the
ultimate yield, Figure 6.6a. However, this model was tuned by introducing a significant step-
change in bjj and bj for precipitating components, Figure 6.6b. A step change is arbitrary and not
easily correlated for other solvents, a major shortcoming. HV Model B preserves smooth trends in
the interaction parameters, Figure 6.7b, but under-predicts yields, Figure 6.7a. Both models predict
saturation pressures up to 180°C to within the measurement error, Figure 6.8. Only the saturation
pressures at 90°C are presented here. The HV model results for the full dataset of saturation
pressures is given in Appendix B.
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The volume-based mixing rules were also examined (results not shown here) and yielded similar
results. The model with volume-based HV mixing rules can better match asphaltene yields than
the symmetric model, but it still under predicts asphaltene yield at high dilutions of n-pentane and
requires tuning parameters that are not easily generalized. The HV models can better match
asphaltene yields than the symmetric model because the effect of asphaltene association can
somewhat be represented as a local variation in concentration. However, the local composition

model does not fully capture the effect of asphaltene association.
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Figure 6.6 a) Measured and modeled asphaltene yield data from n-pentane diluted bitumen and
b) tuning parameters used in HV Model A.

7



20

% % ﬁ 10000 0.2
§% % 9000
° % 8000
=15 1 0.15
2 7000
= 3
3 $ 6000 3
= S I
210 | S 5000 | 012
3 _ 574000 | S
< ¢ yield o =z
8 5 ¢ Onset 2000
1000
[ a) 0 0
ol SLLL PP
40 50 60 70 80 90 100 FET SR
Feed Pentane Content, wt% Pseudo Component

Figure 6.7 a) Measured and modeled asphaltene yield data from n-pentane diluted bitumen and
b) tuning parameters used in HV Model B.
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Figure 6.8 Saturations pressures for n-pentane diluted bitumen at 90°C. Symbols are

experimental data and lines are modeled using HV Model A and HV Model B.

6.4.2 Sandoval et al. (SWV) Mixing Rules
Another way to introduce a compositional dependence to relate the asymmetric van der Waals

binary interaction parameters to composition as was done with the Sandoval et al. mixing rules.
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These mixing rules are the simplest of the compositionally dependent mixing rules with a linear
relationship of the asymmetric binary interaction parameter to the mole fractions of the asymmetric
pair of components. The Sandoval et al. mixing rules (SWV) were tested only with the simplified
bitumen characterization with a single pseudo-component for each of the maltenes and the
asphaltenes. The binary interaction parameters were set to zero for maltene/solvent and
maltene/asphaltene binaries, and no temperature dependence was introduced. The
solvent/asphaltene binary interaction parameters were tuned to match the yield data. The SWV
mixing rules are an improvement over the symmetric mixing rules, but cannot match ultimate
yield, Figure 6.9. Therefore, no further tests were performed. It appears that a linear relationship
between kij and mixture composition is not sufficient to match asphaltene yields at high dilutions.

The mathematical form of the compositional dependence required is explored below.
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Figure 6.9 Asphaltene yield data for n-pentane diluted bitumen. Symbols are data, solid line is
the SWV model with kas = -0.05 and ksa = 0.0015.

6.4.3 Compositionally Dependent van der Waals (CDvdW) Mixing Rules

Since the Sandoval et al. mixing rules could not adequately match asphaltene yield data for solvent
diluted bitumen, the form of the compositional dependence necessary to capture asphaltene yield
data was investigated. For the sake of simplicity, the asphaltene fraction of the oil was represented

by only one asphaltene pseudo-component when determining the compositional dependence of the
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asphaltene/solvent binary interaction parameters, Kasph-sov. The maltene fraction was represented
by the ten pseudo-components summarized in Table 4.1. The values of ki for maltene/maltene and
maltene/asphaltene binaries were set to zero. In order to accurately model saturation pressures at
temperatures above 180°C, solvent/maltene kij were estimated using Equation 4.8 with kjj = 2550

and k2j = -1.50 as recommended by Agrawal et al. [2012].

The value of kasph-soiv Was adjusted at each temperature, pressure, and composition to fit asphaltene
yields at temperatures from 20 to 250°C and pressures up to 13.8 MPa. The fitted Kasph-soiv are
shown in Figure 6.10 as a function of the feed composition. Since the Kasphsov appear to be

insensitive to pressure, they were correlated to temperature and feed composition as follows:
Kasph—soty = (0.00001T + 0.0345)el(0-005T+0.9125)wsors] 6.1

where Wsolv is the mass fraction of solvent in the feed. The correlation is also shown in Figure 6.10.
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Figure 6.10 Values of Kasph-solv Used to fit asphaltene yield. Symbols are fitted Kasph-sov and the
lines are Equation 6.1.

The CDvdW model was used to generate PX phase diagrams and yield curves, Figures 6.11 and
6.12. The CDvdW model matches the saturation pressures and yield curves over the whole

composition range. It also matches the pressure dependence of the LL boundary at high
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temperatures, Figure 6.11, an improvement over the APR model with symmetric van der Waals
interaction parameters. However, like all of the mixing rules evaluated in this study, the CDvdW
model significantly under-predicted the solvent content in the asphaltene-rich phase at
temperatures above 100°C Table 6.2. The low predicted solvent contents are consistent with the

values below 6 wt% reported at ambient conditions [Yarranton et al. 2011].

Table 6.2 Heavy phase compositions of n-pentane diluted bitumen, measured and modeled using
the CDvdW model at 180°C and 4.8 MPa.

Solvent Content Measured CvdW Model
in Feed Solvent  Maltene C5-Asph. Solvent  Maltene  C5-Asph.
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
59.2 314 204 48.2 3.1 6.0 90.9
63.7 19.2 24.0 56.8 2.5 4.6 92.9
72.5 20.3 23.7 56.0 1.8 3.2 95.0
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Figure 6.11 Pressure-Composition diagrams for n-pentane diluted bitumen at a) 23°C and b)

90°C c) 120°C d) 180°C e) 230°C f) 280°C. Symbols are experimental data and lines are
CDvdW model.
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A similar fitting exercise was performed to match asphaltene yield data from n-heptane diluted
WC-B-B2 bitumen data from Shafiee [2014], Figure 6.13 (data is tabulated in Appendix B).
Similar trends are observed in the fitted n-pentane/asphaltene and n-heptane/asphaltene binary
interaction parameters at ambient conditions, Figure 6.14. The similarity of the trends is promising
for the development of a correlation to relate Kasph-solv to solvent properties; however, more data are

required before proceeding further.
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Figure 6.13 Asphaltene yields from n-pentane diluted bitumen (this work) and n-heptane diluted
bitumen [Shafiee, 2014]. Symbols are experimental data and lines are CDvdW fitted model.
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Figure 6.14 Values of Kasph-soiv USed to fit asphaltene yield for n-pentane diluted bitumen and n-
heptane diluted bitumen at ambient conditions. Symbols are fitted Kasph-solv and the lines are lines

of best fit.
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Chapter Seven - CONCLUSIONS AND RECOMMENDATIONS

This thesis presented contributions for the phase behavior of mixtures bitumen and solvent
(particularly n-pentane) including: the development of experimental methods, the collection of
original data; and an assessment of the applicability cubic equations of state to these systems. The

major conclusions and recommendations in each area are provided below.

7.1  Experimental Methods
A PVT cell based procedure to measure the composition of asphaltene-rich heavy phases was
developed and tested. When outliers are eliminated, asphaltene yields and phase compositions
were determined with an estimated uncertainty of +1.1 and +2.9 wt%, respectively. The
repeatability of the C5-asphaltene yield, light phase, and heavy phase compositions were +1.6,
+2.4, and £3.5 wt%, respectively. The yields were within experimental error of independent blind
cell measurements of asphaltene yields.

Asphaltene yields were measured at temperatures up to 250°C and pressures up to 13.8 MPa. When
outliers are eliminated, asphaltene yields were determined with an estimated uncertainty of +0.4
to 1.5 wt%, depending on the methodology. To minimize uncertainties in yields, it is
recommended to collect high temperature phase samples in variable volume blind cells rather than
pycnometers. The reproducibility of the C5-asphaltene yields was within the estimated uncertainty.
For both yield and composition measurements, it was challenging to collect representative samples
and approximately 20% of the experiments were outliers. Therefore, it is recommended to collect

multiple data points with this method so that outliers can be identified and discarded.

7.2  Experimental Results
Both vapor-liquid and liquid-liquid phase boundaries were observed for mixtures of n-pentane and
bitumen. The second liquid phase is an asphaltene-rich phase that appears as glassy particles below
90°C and as a liquid above 140°C. There appears to be a gradual glass transition between 90 and
140°C.
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Saturation pressures for these mixtures were measured at compositions up to 64 wt % n-pentane
and temperatures up to 280°C with an estimated uncertainty of £ 0.1 MPato = 0.8 MPa. Asphaltene
onset points were measured at temperatures up to 250°C using two methods; the high pressure
microscope method and extrapolation of yield curve method. The two methods are in agreement

within the uncertainty in the measured onset point of +1.5 wt%.

Pressure-composition phase diagrams were constructed for mixtures of n-pentane and bitumen at
temperatures from 90° to 280°C, pressures up to 10 MPa, and n-pentane contents up to 64 wt%.
A possible critical point was observed for the mixture of 64 wt% n-pentane and 36 wt% bitumen

at 280°C and approximately 6 MPa.

The Cb5-asphaltene solubility for WC-B-B2 and WC-B-B3 bitumen (Peace River) reaches a
maximum with respect to temperature at approximately 140°C. The solubility increased with
pressure. The n-pentane solvent content of asphaltene-rich heavy phases is significant (19 to 31
wt%) at 180°C and therefore must be accounted for when determining the phase properties. The
phase compositions in terms of n-pentane, maltene, and C5-asphaltene content are better

represented on a pseudo-ternary diagram rather than a pseudo-binary phase diagram.

This thesis presents an extensive set of phase behavior data for n-pentane diluted bitumen, which
is only one solvent of interest for in situ recovery schemes. It is recommended to collect asphaltene
yield and phase compositions at a range of conditions using other n-alkanes, such as propane,
butane or n-heptane, to determine data trends with changing carbon numbers. It is also
recommended to collect similar phase behavior data with mixtures of light hydrocarbons (eg.
condensates) or members of other chemical families (eg. napthenes) to better model

bitumen/diluent systems of interest.

7.3  Modeling
Several forms of mixing rules were evaluated with the APR CEoS to model asphaltene yields and
phase boundaries of n-alkane diluted bitumen. While the asymmetric mixing rules are an

improvement over the APR with symmetric mixing rules, each of these models still has several
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limitations as noted in Table 7.1. None of the models could accurately predict phase compositions

at temperatures above 90°C.

Table 7.1 Summary of limitations for mixing rules examined in this study.

Mixing Rule Tunable to match Tunable to  match Tuning parameters
asphaltene yield? asphaltene yield and easily correlated?
saturation pressures?

AvdW Yes No -
SWvV No - -
HV Yes Yes No
CDvdw Yes Yes No

The use of asymmetric van der Waals mixing rules (kij # k;ji) adds more flexibility to the model and
matches asphaltene yields. However, the tuning parameters that give the best match for asphaltene
yields do not match VLE data with the same accuracy as symmetric mixing rules. The parameters
that retain a good match to the saturation pressures require an arbitrary division between
maltene/solvent and asphaltene/solvent binary interaction parameters and therefore are not
predictive or easily correlated for other solvents. These models slightly over-predict asphaltene

yields at intermediate dilutions and under-predict asphaltene yields at high dilutions.

The APR with Huron-Vidal excess energy based mixing rules can be tuned to match asphaltene
yield. However, the tuning parameters that give the best match for asphaltene yield data require an
arbitrary division between maltene/solvent and asphaltene/solvent binary interaction parameters
and therefore are not predictive or easily correlated for other solvents. A model that can be

predictive for other solvents cannot match the shape of the yield curve.

Mixing rules with compositionally dependent binary interaction parameters can successfully
model asphaltene yield data but only with an appropriate mathematical form for the compositional
dependence fits. For example, the Sandoval et al. mixing rules cannot be tuned to match asphaltene
yields at high dilution, because the mixing rule includes a linear dependence of the binary
interaction parameter on mole fraction. An exponential relationship to mass fraction provided
better results and a correlation was found for the asphaltene/n-pentane binary interaction parameter

as a function of the solvent mass fraction in the feed and absolute temperature. While the model is
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not very sensitive to the characterization methodology, the binary interaction parameters must be
slightly retuned if the characterization is changed; for example, when the number of pseudo-

components is altered.

Overall, CE0S are not well suited to modeling asphaltene precipitation. CEoS with asymmetric
mixing rules cannot account for the changing properties of the asphaltene components as they
associate in the presence of an alkane like n-pentane. Data fitting is possible over a limited range
of conditions using asymmetric or compositionally dependent binary interaction parameters but
generalized correlations for a wide range of solvents and conditions is probably not possible.
However, it is recommended to use the experimental methods presented in this thesis to collect
asphaltene yield and phase composition data for propane diluted bitumen and to use the
compositionally dependent binary interaction parameter model to fit the data. This method will
determine if a correlation for binary interaction parameter can be developed for a small range of

solvents.

The PC-SAFT and CPA equations of state have both been shown in the literature to match
asphaltene yield trends and phase boundaries each in one internally consistent model. It is
recommended to test both these models on the data measured in this thesis to determine if they

can also accurately model the component partitioning between phases.
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APPENDIX A - ERROR ANALYSIS

A.1 PVT Cell Phase Composition and Yield Data
The major sources of error in the phase composition and asphaltene yield calculations are as
follows:

1. Mass of Diluent in Feed: The mass of diluent injected at the experimental temperature was

calculated in two ways (using either AVpyt Or AVpump) as described in the Feed Composition
section of Section 3.8. The reported mass of diluent was taken as the average of these two
values. The deviation for a given run was taken to be half the difference between these two
values. Considering the deviations of all data collected to date (not all shown here), the
uncertainty was determined to be £0.9 g based on a 90% confidence interval.

2. Phase Sample Composition: Two samples of each phase were collected and analyzed using

the mass evaporation technique to determine the phase compositions. The reported phase
compositions are the average of the two measured values and the deviation was taken to be
half the difference between the two measured values. Considering the deviations of all data
collected to date (not all shown here), the uncertainty was determined to be +1.1 wt% based
on a 90% confidence interval. The GC assays on each light phase sample were used as a
validation of the measured compositions. The difference between the GC assays and the
measured compositions from the mass evaporation technique was typically less than 2%.
3. Heavy Phase Density/Toluene Content: The heavy phase sample was diluted with toluene

in the PVT cell before sample collection. Volumes of both the heavy phase and toluene
were measured with a precision of 0.01 cm3. However, in order to determine the mass
fractions of each phase, densities are needed, and the uncertainty in the density is the main
source of error. The density of the heavy phase is unknown and was estimated using a
regular solution assumption. Saryazdi et al. [2013] reported errors of <1% when calculating
densities of bitumen/alkane mixtures using regular solution theory and; therefore, an error

of + 1% was used in calculations.

The uncertainty in the light phase composition is then +1.1 wt% as stated above in Point 2. The
uncertainty in the heavy phase composition includes contributions from Points 2 and 3 and was

determined from propagation of error to be +2.9 wt%. The uncertainty in the yield calculation

98



includes all three contributions and was determined from the propagation of error. The final
reported yield is the average of the yield calculated from the heavy phase data and the yield
calculated from the light phase data. The deviation between the two yields was used to compute
the uncertainty. Considering the deviations of all data collected to date (not all shown here), the

uncertainty in the yield was determined to be £1.1 wt% based on a 90% confidence interval.

A.2 Blind Cell Yield Data

The primary source of uncertainty is in the measured light phase sample compositions. In the blind
cell apparatus, light phase samples were collected one of two ways. Either the sample was
displaced into 3 constant volume (10 cm3) pycnometers or the sample was displaced into an empty
sample cylinder. The uncertainty analysis for each of these sample collection methodologies is
discussed below.

Pycnometer Light Phase Sample Collection

Three samples of the light phase were collected from each blind cell and analyzed using the mass
evaporation technique to determine the phase compositions. The uncertainty in the light phase
compositions (see Point 2 above) was propagated through the mass balance calculations to
determine the uncertainty of the asphaltene yields. The asphaltene yield is reported as the average
of the calculated asphaltene yield from the three samples. The positive deviation is the difference
between the highest calculated yield and the average yield. Similarly, the negative deviation is the
difference between the lowest calculated yield and the average yield. Considering the deviations
of the data collected to date, the positive and negative uncertainties were determined to be +1.0
wt% and -1.5 wt%, respectively, based on a 90% confidence interval, Table A.1. The negative
uncertainty is higher than the positive. This is likely due to challenges in ensuring consistent
washing of the asphaltenes in the light phase. Recall that asphaltene yield is determined from
asphaltene content remaining in the light phase and a material balance. If the asphaltenes are poorly
washed, asphaltene content remaining in the light phase will be over-estimated, resulting in
underestimation of asphaltene yield.
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Table A.1 Uncertainty in asphaltene yield propagated from uncertainties in measured light phase
compositions (pycnometer sampling technique).

Experimental Temp Pressure Solvent Asphaltene Positive Negative
Method Content Yield Uncertainty  Uncertainty
°C Mpa % %

blind cell 90 4.8 59.6 13.0 0.40 0.76
blind cell 90 4.8 66.3 14.8 0.83 0.89
blind cell 90 4.8 72.6 16.6 0.69 1.02
PVT 90 4.8 64.8 11.5 0.32 0.36
PVT 90 4.8 69.5 17.2 0.12 0.11
blind cell 140 4.8 62.3 11.7 1.42 191
blind cell 140 4.8 69.6 14.6 131 1.43
blind cell 180 4.8 59.3 12.5 0.94 0.95
blind cell 180 4.8 64.8 15.3 0.80 0.63
blind cell 180 4.8 69.6 16.6 0.56 0.95
blind cell 180 4.8 79.8 18.4 0.26 0.26
blind cell 180 13.8 59.4 9.3 1.64 1.64
blind cell 180 13.8 80.2 17.6 0.36 0.36
blind cell 250 10.3 66.1 18.0 0.97 4.07
blind cell 250 10.3 69.8 17.3 1.02 1.42
Average Uncertainty 0.8 1.1
Standard Deviation 0.5 1.0
90" Percentile 1.0 1.5

Sample Cylinder Light Phase Sample Collection

The volumes of the samples collected in the sample cylinder sampling methodology exceeded the
volume of the centrifuge tubes, so the samples were divided into two centrifuge tubes and were
analyzed as two samples. The reported asphaltene yields are the average of the yields calculated
for the two samples. The deviation between the two yields was used to compute the uncertainty.
Considering the deviations of all data collected to date, Table A.2, the uncertainty in the yield was

determined to be +0.4 wt% based on a 90% confidence interval.
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Table A.2 Uncertainty in asphaltene yield propagated from uncertainties in measured light phase

compositions (blind cell sampling technique).

Experimenta  Temp  Pressure  Solvent Asphaltene Positive Negative
| Method Content Yield Uncertainty Uncertainty
°C Mpa % %

blind cell 90 4.8 78.8 17.8 0.28 0.28
blind cell 90 4.8 84.9 18.4 0.27 0.27
PVT 90 4.8 74.6 17.1 0.72 0.72
PVT 90 4.8 80.2 19.0 0.09 0.09
blind cell 140 4.8 77.5 16.6 0.38 0.38
blind cell 140 4.8 85.0 18.2 0.04 0.06
blind cell 250 10.3 54.7 11.2 0.09 0.09
blind cell 250 10.3 59.8 15.0 0.05 0.05
Average Uncertainty 0.2 0.2
Standard Deviation 0.2 0.2
90'" Percentile 0.4 0.4
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APPENDIX B - ADDITIONAL DATA
B.1 Additional Measured Data

This thesis presented the experimental results and modeling for a complete set of data for n-pentane
diluted bitumen. Also of interest is creating similar data sets using other alkanes as solvents. The
next solvent of interest chosen for follow up studies was propane and further research in this group
will be targeted at mapping the phase behavior of propane diluted bitumen. In addition to the data
presented in the body of this thesis, asphaltene onset points for propane diluted bitumen were
measured up to 90°C and 10.3MPa, Table B.1, using the HPM methodology presented in Section
3.3.3 of this thesis

Table B1 Onset of second liquid phase for propane diluted bitumen.

Pressure Temperature Onset Point
(MPa) (°C) (wt% propane)
2.1 20 21+15
10.3 20 35+15
6.9 50 31+15
10.3 50 35+15
10.3 90 33+15

B.2 Supplemental Data

The focus of this work was primarily to test the modeling methodology on a dataset of n-pentane
diluted phase behavior. The CDvdW model was also fitted to match asphaltene yield data for n-
heptane data at ambient conditions, given in Table B1.

Table B1. Asphaltene yields for n-heptane diluted bitumen (WC-B-B2) at ambient conditions
[Shafiee, 2014].

n-Heptane Content Asphaltene Yield
wt % wt %
57.5 1.2
58.0 14
59.5 2.7
59.7 2.1
61.5 3.8
62.0 3.5
64.5 5.7
65.5 5.2
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n-Heptane Content

Asphaltene Yield

wt % wt %
64.3 5.1
64.8 5.0
66.7 6.5
71.4 9.3
75.0 11.5
80.0 13.1
88.3 15.5
91.1 16.0

B.3 Additional Model Results

The body of this text includes the model results for saturation pressures at only one temperature to

demonstrate the observed trends. The full model results for the AvdW model (saturation pressures

up to 180°C, Figure B1) and the HV model (saturation pressures up to 280°C, Figure B2) are

shown below. The AvdW model was run using a beta version of VMGSim™. When this software

was made available, only saturation pressures for n-pentane diluted bitumen up to 180°C had been

collected, so this model was not tested on data above 180°C. However,
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Figure B.1 Saturation pressures for n-pentane diluted bitumen at a) 90°C, b) 120°C and ¢)180°C.

Symbols are experimental data, lines are the AvdW model with tuning parameters as presented in
Section 6.3.
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Figure B.2 Saturation pressures for n-pentane diluted bitumen at a) 90°C, b) 120°C, ¢)180°C, d)
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parameters as presented in Section 6.4.

105



APPENDIX C — ADDITIONAL CORRELATIONS

Twu method

Reference Critical Temperature

T = T,(0.533272 + 0.191017x1073T}, + 0.779681x10~7T2 — 0.284376x10~1°T}
+0.959468x1028 /T13)"1

Reference Critical Pressure

P2 = (3.83354 + 1.196291°> + 34.8888n + 36.1952n% + 104.193n*)?

Ty

=1-——
n T?

Reference Critical Volume

V0 = [1 - (0.419869 — 0.505839n — 1.56436n3 — 9481.7n14)] 8

Reference Specific Gravity

SG° = 0.843593 — 0.128624n — 3.36159n% — 13749.5n12

Deviation Parameters

ASGy = exp[5(SG° — SG)] — 1
ASG, = exp[4((SG®)? — (56)?)] — 1
ASGp = exp[0.5(SG° — SG)] — 1

Perturbation Functions

1+ 2f,
1-2f,

2
g=g°l l 9 =T Ve
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1421 (TO\ (V.
P = P2 [—f P] =
1—=2fpl \T¢)\V2
fr = ASG;[—0.352456T; %% + (0.0398285 — 0.948125T;, **)ASGr]

fv = 45Gy[0.466590T; - + (—0.182421 + 3.01721T; *°)ASGy|

fp = ASGp[(2.53262 — 46.1955T; *° — 0.00127885T})
+ (—11.4277 + 252.140T; *° + 0.00230535T}, ) ASGp|

Lee Kesler method

Critical Pressure

0.0566 s 2.2898 0.11857
InP; = 8.3634 — — 1x1073T, (0.24244 +——+ <z )
+ 1x1077T2 (1.46850 + 30480 + 0'47277)
SG SG?
— 1x1071073 (0.42019 + M)
SG?

Critical Temperature

5

1x10
T = 341.7 + 8.115G + T, (0.4244 4+ 0.1174SG) +
b

(0.4669 — 3.2623S5G)

Acentric Factor

In (%‘325) — 592714 + % + 1.28862In(T,,) — 0.169347T§.
w= ¢ TEYE br T,, < 0.8
15.2518 — =>p>"> — 13.4721In(T) + 043577y,
, (1.408 — 0.01063K,,)
w = —7.904 + 0.1352K,, — 0.007465K2, + 8.359T,, + Ty > 0.8

Tbr
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_187,°
vsG

Sgreide Correlation

Tb =1928.3 — (1695 % 105)Mw—0.03522563.266e[—0.004922*MW—4.7685*SG+0.003462*MW*SG]
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