
THE UNIVERSITY OF CALGARY 

Bitumen - Oxygenate Blends, 

Viscosity Modelling and Transportation 

by 

Jodi L. Anhorn 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF MASTER OF SCIENCE 

DEPARTMENT OF CHEMICAL AND PETROLEUM ENGINEERING 

CALGARY, ALBERTA 

AUGUST, 1992 

© Jodi L. Anhorn 1992 



If' National Library 
of Canada 

Bibliotheque nationale 
du Canada 

Acquisitions and 
Bibliographic Services Branch 

395 Wellington Street 
Ottawa, Ontario 
K1  0N4 

Direction des acquisitions et 
des services bibliographiques 

395, rue Wellington 
Ottawa (Ontario) 
K1AON4 

The author has granted an 
irrevocable non-exclusive licence 
allowing the National Library of 
Canada to reproduce, loan, 
distribute or sell copies of 
his/her thesis by any means and 
in any form or format, making 
this thesis available to interested 
persons. 

The author retains ownership of 
the copyright in his/her thesis. 
Neither the thesis nor substantial 
extracts from it may be printed or 
otherwise reproduced without 
his/her permission. 

Canad1+8 a 

Your file Votre référence 

Our file Noire rélérence 

L'auteur a accordé une licence 
irrevocable et non exclusive 
permettant a Ia Bibliothèque 
nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de sa these 
de quelque manière et sous 
quelque forme que ce soit pour 
mettre des exemplaires de cette 
these a la disposition des 
personnes intéressées. 

L'auteur conserve la propriété du 
droit d'auteur qui protege sa 
these. Ni la these ni des extraits 
substantiels de celle-ci ne 

doivent être imprimés ou 
autrement reproduits sans son 
autorisation. 

ISBN —315-792Ø5—i 



Name  A I. L  
Dissertation Abstracts International is arranged by broad, general subject categories. Please select the one subject which most 
nearly describes the content of your dissertation. Enter the corresponding four-digit code in the spaces provided. 

SUBJECT TERM 

Subject Categories 

THE HUMANITIES AND SOCIAL SCIENCES 

COMMUNICATIONS AND THE ARTS 
Architecture 0729 
Art History 0377 
Cinema 0900 
Dance 0378 
Fine Arts  0357 
Information Science 0723 
Journalism 0391 
Library Science 0399 
Mass Communications 0708 
Music 0413 
Speech Communication 0459 
Theater  0465 

EDUCATION 
General  0515 
Administration  0514 
Adult and Continuing  0516 
Agricultural  0517 
Art 0273 
Bilingual and Multicultural  0282 
Business  0688 
Community College 0275 
Curriculum and Instruction  0727 
Early Childhood 0518 
Elementary 0524 
Finance 0277 
Guidance and Counseling  0519 
Health 0680 
Higher  0745 
History. of 0520 
Home Economics  0278 
Industrial  0521 
Language and Literature 0279 
Mathematics 0280 
Music 0522 
Philosophy of 0998 
Physical 0523 

THE SCIENCES AND 
BIOLOGICAL SCIENCES 
Agriculture 

General  
Agronomy  
Animal Culture and 

Nutrition  
Animal Pathology.  
Food Science and 
Technology  

Forestry and Wildlife   
Plant Culture   
Plant Pathology   
Plant Physiology  
Range Management   

Biol Wood Technology  
ogy 
General 0306 
Anatomy  0287 
Biostatistics  0308 
Botany 0309 
Cell  0379 
Ecology 0329 
Entomology  0353 
Genetics  0369 
Limnology 0793 
Microbiology  0410 
Molecular 0307 
Neuroscience 0317 
Oceanography 0416 
Physiology  0433 
Radiation 0821 
Veterinary Science 0778 
Zoology 0472 

Biophysics 
General 0786 
Medical  0760 

EARTH SCIENCES 
Biogeochemistry 0425 
Geochemistry  0996 

Psychology 0525 
Reading  0535 
Religious  0527 
Sciences 0714 
Secondary 0533 
Social Sciences 0534 
Sociology of 0340 
Special 0529 
Teacher Training 0530 
Technology  ..0710 
Tests and Measurements 0288 
Vocational 0747 

LANGUAGE, LITERATURE AND 
LINGUISTICS 
Language 

General 0679 
Ancient 0289 
Linguistics  0290 
Modern  0291 

Literature 
General 0401 
Classical  0294 
Comparative 0295 
Medieval  0297 
Modern 0298 
African  0316 
American 0591 
Asian  0305 
Canadian English)  0352 
Canadian French)  0355 
English  0593 
Germanic  0311 
Latin American 0312 
Middle Eastern  0315 
Romance  0313 
Slavic and East European 0314 

ENGINEERING 
Geodesy 0370 
Geology 0372 

0473 Geophysics  0373 
0285 Hydrology 0388 

Mineralogy 0411 
0475 Paleobotany 0345 
0476 Paleoecalogy 0426 

Paleontology 0418 
0359 Paleozoology 0985 
0478 Palynology 0427 
0479 Physical Geography 0368 
0480 Physical Oceanography  0415 
0817 
0777 
0746 

HEALTH AND ENVIRONMENTAL 
SCIENCES 
Environmental Sciences  0768 
Health Sciences 

General 0566 
Audiology 0300 
Chemotherapy   0992 
Dentistry  0567 
Education  0350 
Hospital Management 0769 
Human Development  0758 
Immunology 0982 
Medicine and Surgery  0564 
Mental Health  0347 
Nursing 0569 
Nutrition  0570 
Obstetrics and Gynecology  0380 
Occupational Health and 
Therapy 0354 

Ophthalmology 0381 
Pathology  0571 
Pharmacology 0419 
Pharmacy 0572 
Physical Therapy 0382 
Public Health 0573 
Radiology 0574 
Recreation  0575 

PHILOSOPHY, RELIGION AND 
THEOLOGY 
Philosophy 0422 
Religjon 

General  0318 
Biblical Studies 0321 
Clergy 0319 
History of 0320 
Philosophy of 0322 

Theology 0469 

SOCIAL SCIENCES 
American Studies 0323 
Anthropology 

Archaeology 0324 
Cultural  0326 
Physical  0327 

Business Administration 
General 0310 
Accounting  0272 
Banking 0770 
Management  0454 
Marketing 0338 

Canadian Studies  0385 
Economics 

General 0501 
Agricultural 0503 
Commerce-Business 0505 
Finance  0508 
History 0509 
Labor  0510 
Theory 0511 

Folklore 0358 
Geography 0366 
Gerontology 0351 
History 

General 0578 

Speech Pathology  
Toxicology  

Home Economics   

PHYSICAL SCIENCES 
Pure Sciences 
Chemistry 

General 0485 
Agricultural 0749 
Analytical  0486 
Biochemistry  0487 
Inorganic 0488 
Nuclear 0738 
Organic 0490 
Pharmaceutical 0491 
Physical  0494 
Polymer 0495 
Radiation 0754 

Mathematics 0405 
Physics 

General  
Acoustics   
Astronomy and 
Astrophysics  

Atmospheric Science  
Atomic   
Electronics and Electricity   
Elementary Particles an 
High Energy 0798 

Fluid and Plasma 0759 
Molecular  0609 
Nuclear 0610 
Optics  0752 
Radiation 0756 
Solid State  0611 

Statistics  0463 

Applied Sciences 
Applied Mechanics  0346 
Computer Science 0984 

0 5 11-1 
SUBJECT CODE 

UMI 

Ancient 0579 
Medieval  0581 
Modern 0582 
Black 0328 
African  0331 
Asia, Australia and Oceania 0332 
Canadian  0334 
European 0335 
Latin American 0336 
Middle Eastern 0333 
United States 0337 

History of Science 0585 
Law 0398 
Political Science 

General 0615 
International Law and 

Relations 0616 
Public Administration 0617 

Recreation 0814 
Social Work 0452 
Sociology 

General 0626 
Criminology and Penology  0627 
Demograph y 0938 
Ethnic and Racial Studies  0631 
Individual and Family 

Studies  0628 
Industrial and Labor 

Relations 0629 
Public and Social Welfare  0630 
Social Structure and 
Development  0700 

Theory and Methods 0344 
Transportation  0709 
Urban and Regional Planning  0999 
Women's Studies 0453 

0460 Engineerina 
0383 General 0537 
0386 Aerospace 0538 

Agricultural 0539 
Automotive  0540 
Biomedical 0541 
Chemical  0542 
Civil  0543 
Electronics and Electrical 0544 
Heat and Thermodynamics  0348 
Hydraulic 0545 
Industrial  0546 
Marine 0547 
Materials Science 0794 
Mechanical 0548 
Metallurgy 0743 
Mining  0551 
Nuclear 0552 
Packaging  0549 
Petroleum  0765 
Sanitary and Municipal  0554 

0605 System Science 0790 
0986 Geotechnology 0428 

Operations Research 0796 
0606 Plastics Technology  0795 
0608 Textile Technology 0994 0748 
0607 PSYCHOLOGY 

General  0621 
Behavioral 0384 
Clinical  0622 
Developmental 0620 
Exoerimental  0623 
Industrial  0624 
Personality 0625 
Physiolopucal  0989 
Psychobiology  0349 
Psychometrics  0632 
Social  0451 



Nom  
Dissertation Abstracts International est organisé en categories de sulets. Yeuillez s.v.p. choisir le sujet qui décrit 6 mieux votre 
these et inscrivez le code numérique approprié clans I'espace réservé ci-dessous. 

UMI 
SUJEr 

Categories par sulets 

HUMANITES ET SCIENCES SOCIALES 

COMMUNICATIONS ET LES ARTS 
Architecture 0729 
Beaux-arts 0357 
Bibliotheconomie 0399 
Cinema 0900 
Communication verbale 0459 
Communications 0708 
Danse 0378 
Histoire de 'art 0377 
Journalisme  0391 
Musique 0413 
Sciences de 'information 0723 
Théâtre  0465 

EDUCATION - 

Généralités 515 
Administration 0514 
Art 0273 
Colleges communautaires 0275 
Commerce 0688 
conomie domestique 0278 

Education permanente 0516 
Education préscolaire 0518 
Education sanitaire  0680 
Enseignement agricole 0517 
Enseignement bilingue et 

multiculturel  0282 
Enseignement industriel  0521 
Enseignement primaire. 0524 
Enseignement professionnel  0747 
Enseignement religieux 0527 
Enseignement secondaire  0533 
Enseignement special  0529 
Enseignement supérieur 0745 
Evaluation  0288 
Finances 0277 
Formation des enseignonts 0530 
Histoire de l'education 0520 
Longues et liltérature  0279 

Lecture  0535 
Mathematiques 0280 
Musique 0522 
Orientation et consultation 0519 
Philosophie de l'éducation  0998 
Physique  0523 
Programmes d'études of 
enseignemçnt  0727 

Psychologie  0525 
Sciences 0714 
Sciences saciales 0534 
Sociologie de I'éducation 0340 
Technologie  0710 

LANGUE, LITTERATURE ET 
LINGUISTIQUE 
Langies 

Généralités  0679 
Anciennes 0289 
Linguistique 0290 
Modernes  0291 

Littérature 
Generalités  0401 
Anciennes 0294 
Comparée  0295 
Mediévale 0297 
Moderne 0298 
Africoine  0316 
Américaine 0591 
Anglaise 0593 
Asiatique 0305 
Conodienne Angloise)  0352 
Conadienne Froncaise) 0355 
Germanique  0311 
Latino-américaine 0312 
Moyen-orientole 0315 
Romane 0313 
Slave et esteuropéenne 0314 

SCIENCES ET INGENIERIE 

SCIENCES BIOLOGIQUES 
Agriculture 

Generalutés  0473 
Agronomie.  0285 
Alimentation of lechnologie 

alimentaire   0359 
Culture  0479 
Eleva9e et alimentation 0475 
Exploitation des péturoges  0777 
Pathologie onimale 0476 
Pathologie véétale  0480 
Physiologie vegetale  0817 
Sylviculture et taune 0478 
Technologie du bois 0746 

Biologie 
Générolités  0306 
Anatomie 0287 
Biologie (Stotisliques) 0308 
Bioloqie moléculaire  0307 
Botanique  0309 
Cellule 0379 
Ecologie  0329 
Entomologie 0353 
Genetique 0369 
Limnologie 0793 
Microbiologie  0410 
Neurologie  0317 
Oceanographie 0416 
Physiologie  0433 
Radiation 0821 
Science vétérinaire  0778 
Zoologie 0472 

Biophysique 
Généralités  0786 
Medicale  0760 

SCIENCES DE LA TERRE 

Bic 
géochimie 0425 

Géochimie 0996 
Géodésie  0370 
Geogrophie physique 0368 

Géologie 0372 
Geophysique 0373 
Hydrologue 0388 
Minéralogie 0411 
Oceanographie physique  0415 
Paleobotanique 0345 
Paléoécologie 0426 
Paléontologie 0418 
Poleozoologie 0985 
Palynologie  0427 

SCIENCES DE LA SANTE ET DE 
L'ENVIRONNEMENT 
Economie domestique 0386 
Sciences de 'environnement 0768 
Sciences de la sante 

Généralités  0566 
Administration des hipitaux  0769 
Alimentation et nutrition  0570 
Audiologie 0300 
Chimiothérapie  0992 
Dentisterie 0567 
Développement humain  0758 
Enseignement 0350 
Immunologie 0982 
Loisirs 0575 
Médecine du travail et 

thérapie 0354 
Médecine et chirur9ie 0564 
Obstetrique et gynecalogie  0380 
Ophtalmologie 0381 
Orthophonie 0460 
Pathologie  0571 
Pharmocie  0572 
Pharmocologie 0419 
Physiothérapie  0382 
Radiologie 0574 
Santa mentale  0347 
Santa publique 0573 
Soins unfirmuers  0569 
Toxicologie  0383 

PHILOSOPHIE, RELIGION ET 
THEOLOGIE 
Philosophie  
Religjon 

Généralités   
Clerge   
Etudes bibliques   
Histoire des religions   
Philosophie de a religion   

Theologie   

SCIENCES SOCIALES 
Anthropologie 

Archeo!ogie   
Culturelle   
Physique  

roit   
Economue 

Généralités   
Commerce-A&iires  
conomie ogricole  
Economie du travail   
Finances   
Histoire  
Théorie  

etudes américaines   
etudes cancidiennes  
Etudes feministes   
Folklore  
Geographie  
Gerontologie   
Gestion des offaires 

GCnérolités   
Administration   
Bonques   
Comptobilité   
Marketing   

Histoire 
Histoire générole   

CODE DE SUJEI 

Ancienne 0579 
Médiévale 0581 

0422 Moderne 0582 
Histoire des noirs 0328 

0318 Africaine  0331 
0319 Canadienne 0334 
0321 Etats-Unis  0337 
0320 Européenne  0335 
0322 Moyen-orientale 0333 
0469 Latino-américaine 0336 

Asie, Austrolie et Océanie  0332 
Histoire des sciences 0585 
Loisirs  0814 

0324 Planilication urbcsine et 
0326 regionale  0999 
0327 Science politique 
0398 Géneralités  0615 

Administration publique 0617 
0501 Droit et relations 
0505 internationales  0616 
0503 Sociolqgie 
0510 Géneralités  0626 
0508 Aide et bien-àtre social 0630 
0509 Criminologie et 
0511 établissements 
0323 penitentlaires  0627 
0385 Pemogrophie 0938 
0453 Etudes del' individu et 
0358 de la famille 0628 
0366 Etudes des relations 
0351 interethniques et 

des relations rociales  0631 
0310 Structure et d6veloppement 
0454 social  0700 
0770 Théorie et méthodes. 0344 
0272 Travail et relations 
0338 industrielles 0629 

Transports   0709 
0578 Travail social  0452 

SCIENCES PHYSIQUES 
Sciences Pures 
Chimie 

Genéralités  0485 
Biochimie 487 
Chimie ogricole 0749 
Chimie anaytique  0486 
Chimie minerale 0488 
Chimie nucléaire  0738 
Chimie organique  0490 
Chimie pharmaceutique  0491 
Physique 0494 
PolymCres  0495 
Radiation 0754 

Mothematiques 0405 
Physique 

Genéralités  0605 
Acaustique 0986 
Astronomie of 
astrophysique 0606 

Electronique et electricité 0607 
Fluides et plasma 0759 
Meteorologie  0608 
Optique 0752 
Particules (Physique 

nucleaire)  0798 
Physique atomique  0748 
Physique de l'état solide 0611 
Physique moléculaire  0609 
Physique nucléaire 0610 
Radiation 0756 

Statistiques  0463 

Sciences Appliqués Et 
Technologie 
Informatique   
Ingenierie 

Générolités  0537 
Agricole  0539 
Automobile 0540 

Biomédicale  0541 
Chaleur et iher 
modynamique 0348 

Conditionnement 
(Emballage)  0549 

Genie aérospatial 0538 
Genie chimique 0542 
Genie civil  0543 
Genie electronique et 

électrique 0544 
Genie industriel  0546 
Genie mécanique 0548 
Genie nucléaire 0552 
lnénierie des systames 0790 
Mecanique navale 0547 
Metallurgie  0743 
Science des motériaux 0794 
Technique du pétrole  0765 
Technique minière  0551 
Techniques sanitaires et 

municipales 0554 
Technologie hydraulique 0545 

Mécanique appliquee 0346 
Géotechnologie  0428 
Maliéres plastiques 

(Technologie)  0795 
Recherche operationnelle 0796 
Textiles et tissus (Technologie) 0794 

PSYCHOLOGIE 
Générolités 0621 
Personnalité 0625 
Psychobiologie 0349 
Psychologie clinique 0622 
Psychologie du comportement  0384 

0984 Psychologie du developpement  0620 
Psychologie expérimentale 0623 
Psychologie industrielle 0624 
Psychologie physiologique 0989 
Psychologie sociale  0451 
Psychometrie  0632 

C, 



THE UNIVERSITY OF CALGARY 

FACULTY OF GRADUATE STUDIES 

The undersigned certify that they have read, and 

recommend to the Faculty of Graduate Studies for acceptance, 

a thesis entitled "Bitumen - Oxygenate Blends, Viscosity 

Modelling and Transportation" submitted by Jodi L. Anhorn in 

partial fulfilment of the requirements for the degree of 

Master of Science. 

Dr. A. Badakhshan, Supervisor 
Department of Chemical & Petroleum Engineering 

#v%•l Meivo1-v& 
Dr. A.K. Mehrotra 
Department of Chemical & Petroleum Engineering 

Dr. R.M. Butler 
Department of Chemical & Petroleum Engineering 

Dr. W.G. Laidlaw 
Department of Chemistry 

Z3 /  
September 15, 192 

ii 



ABSTRACT 

The current practice of transporting bitumens by pipeline 

through the addition of a C4+ liquid hydrocarbons diluent is 

examined. To overcome inherent drawbacks of this diluent, 

alternative solvents have been investigated. The oxygenates 

examined as alternatives were MTBE (methyl tert-butyl ether), 

TAME (tert-amyl methyl ether), methanol, and iso-propanol (2-

propanol). The heavy oils used in this investigation were Cold 

Lake bitumen and Athabasca bitumen. 

The MTBE and the TAME appeared completely soluble in the 

bitumens and were successful in reducing its viscosity to meet 

pipeline specifications. The methanol and iso-propanol 

remained insoluble in the bitumens. 

The effect of the alternative solvents on the rheology of 

bitumens was studied along with the aspect of solvent 

distillation. The possibility of encountering asphaltene 

separation is considered. Also, a number of liquid-mixture 

viscosity models were evaluated. 
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1 

CHAPTER 1 

INTRODUCTION 

1.1 General Introduction 

With the supplies of conventional Alberta crude oil 

gradually being depleted, a large amount of new research is 

focusing on alternative petroleum production. Bitumens 

represent the most promising alternative due to their 

abundance in Alberta, combined with recent, more efficient 

means of recovery. To fully utilize these resources however, 

many difficulties not associated with •the recovery of 

conventional crude oils must, now be considered. 

The most detrimental factor in the production of bitumen 

is its excessive viscosity. As an example, Cold Lake bitumen 

has a viscosity of greater than 500,000 mPa•s at 4°C1 while 

the viscosity of a typical conventional oil may be 3-4 orders 

of magnitude lower. To overcome this, bitumen is recovered 

using a variety of enhanced oil recovery (EOR) techniques 

which use heat, such as: steam stimulation, steam flooding, 

in-situ combustion, or steam-assisted gravity drainage 2. Even 

once the bitumen has been removed from the reservoir, problems 

remain in the aspects of transportation and processing. 

The viscosity of the bitumen must be reduced to 

facilitate transportation through pipelines. The established 

pipeline specifications require a fluid viscosity of 

approximately 270 mPa•s at 4°C. The current solution to this 
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problem is the addition of liquid diluents to the bitumen to 

reduce its viscosity. The most common diluent is C4+ 

paraffinic liquid hydrocarbons obtained from natural gas 

processing. Although successful in reducing the viscosity of 

the bitumen to meet specifications, the use of this solvent 

has a number of drawbacks. 

The availability of the required liquid hydrocarbons is 

sometimes in question, and there may not be sufficient buyers 

to purchase the solvent at the end of the transportation. In 

fact, many suppliers of the bitumen consider the diluent to be 

a lost expense, and do not expect to be reimbursed. Also, the 

solubility of the solvent .in the bitumen may pose some 

difficulties. The bitumen can be diluted with the solvent up 

to a critical dilution ratio, after which asphaltene 

deposition occurs'. Therefore, it can be seen that the ideal 

solvent choice is one which would achieve the required 

viscosity reduction, not cause the asphaltene fraction to 

precipitate, and also possess a substantial consumer market. 

1.2 Research Objectives 

The focus of this research is on investigating 

alternative solvents in diluting bitumens for the purpose of 

pipeline transportation. To completely research all of the 

issues which will determine the final success or failure of a 

test solvent is beyond the scope of this investigation. 

Therefore, identifying and examining the primary criteria by 
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which the alternative solvents will be tested is an important 

step. 

A second objective of this research was to examine 

existing liquid-mixture viscosity models and identify the most 

successful one. The applicability of the identified model was 

then examined by comparing the predicted viscosities to those 

determined experimentally. Modifications to the existing model 

were also considered to facilitate more accurate predictions. 
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CHAPTER 2 

POTENTIAL ALTERNATIVE SOLVENTS 

2.1 Basis for Selection 

The current solvent used (C4+) involves a variety of 

disadvantages in the process of blending and transportation, 

therefore, a superior solvent must overcome these defects. The 

technical aspects of blending the bitumen with the C4+ 

hydrocarbons are currently managed with little difficulty. In 

other words the viscosity reduction is achieved without 

reaching the critical dilution ratio, and no asphaltene 

precipitate is encountered. The problem which primarily needs 

to be addressed is the value placed on the solvent. An 

alternative solvent would be considered superior only if it 

could match the technical aspects of the C4+, while exhibiting 

a reasonable market value on its own. 

2.2 Introduction of Oxygenates 

The initial interest in MTBE (methyl tert-butyl ether) as 

the blending solvent was brought on by a number of favourable 

aspects. Presently, MTBE is used as the octane enhancing/ 

anti-knock blending agent in gasoline, as tetra-ethyl lead and 

tetra-methyl lead are phased out as additives. The demand for 

MTBE is growing rapidly as clean air legislation begins to 

take effect and all leaded gasolines are eliminated". The 

common feedstocks of MTBE production (methanol and iso-
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butylene) are produced in Alberta. As a result, a number of 

companies are investigating the development of MTBE plants as 

others are already being constructed. This is creating an 

environment in which Alberta stands to become a significant 

exporter of MTBE. Besides the reduction of the bitumen 

viscosity, the introduction of an ether into a heavy oil 

system has been noted to delay or eliminate the onset of 

asphaltene precipitation. These factors combined show promise 

for the potential use of MTBE as a liquid diluent in the 

pipeline transportation of bitumens. 

To further this investigation, other oxygenating 

compounds are studied. Another ether used in smaller 

quantities for gasoline blending, TAME (tert-amyl methyl 

ether), is also examined. Alcohols constitute one of the basic 

feedstocks for MTBE and TAME production and therefore possess 

an export value. Because of this, methanol and 2-propanol 

(iso-propyl alcohol) are also studied as alternative solvents. 
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Some physical properties of the selected solvents are 

displayed in Table 2.1. 

Table 2.1: Physical Properties of Solvent S6 

MTBE TAME 
- 

Methanol 
iso-

propanol 

Chemical Formula CH3O- 
C(CH3)3 

C2H5C- 
(CH3)20CH3 

CH3OH (CH3)2CH-
OH 

Molar Mass 
[g/moll 

88.15 102.18 32.04 60.10 

Boiling Point 
[°C] 

55 86 65 82 

Density at 15.6°C 
[g/cm3] 

0.746 0.770 0.796 0.789 

Reid Vapour 
Pressure 

[bars] 

0.61 0.22 0.35 0.13 

OCTANE NUMBERS: 

RON- determined 117 112 114 106 

RON- blend 115 111 130 - 

MON- determined 101 99 95 99 

MON- blend 104 100 103 - 

It is important to note that most of the solvents shown 

here have a Reid vapor pressure close to that of a typical 

gasoline. A further discussion of the aspects of gasoline 

volatility is presented in the following section. 
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2.3 Gasoline Blending 

Today's consumer gasolines are highly developed blends 

which enhance the properties of the gasoline through the use 

of high-octane blending components and various additives. The 

primary requirement of a gasoline is that it should burn 

smoothly, without exploding, so that the maximum amount of 

useful energy is liberated 6. This primary requirement is, 

however, offset by other properties which are essential for 

the suitable performance of the engine. Because, many such 

'properties exist, this discussion will limit itself to the 

aspects of gasoline volatility. 

Volatility is a measure of the ability of a fluid to 

pass from the liquid to the vapour state under varying 

conditions of temperature and pressure6. Blending gasolines is 

not a trivial task, such as simply requiring the highest 

volatility attainable. On the contrary, conflicting influences 

demand that the gasoline volatility be closely regulated. 

As an example of this, the volatility of a gasoline must 

be high enough that when mixed with air it readily forms a 

combustible mixture, even at low ambient temperatures. This 

consideration is not significant with temperatures above -10 

°C, and is therefore termed cold starting. On the other hand, 

if the volatility is exceedingly high, the gasoline will not 

be useful due to evaporation losses. These evaporation losses 

can seriously affect the quality of gasoline which reaches the 

consumer, and can also have a detrimental effect on 



8 

atmospheric pollution and economic losses. It can be seen 

therefore, that the volatility of the blended gasoline must be 

properly maintained to take into account a number of factors, 

including cold starting and evaporation losses. 

Due specifically to environmental concerns, legislation 

is calling for lower vapour pressure (ie. lower volatility) in 

consumer gasolines. Because C4+ has a much higher vapour 

pressure than other additives, its use as a blending agent in 

gasoline is more limited than before. 
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CHAPTER 3 

EXPERIMENTAL INVESTIGATION 

3.1 Scope of Investigation 

There are many characteristics a solvent must exhibit to 

establish that it may be an acceptable alternative to the use 

of C4+ hydrocarbons. These characteristics include: transport 

properties, blending aspects, refinery limitations, economic 

considerations, and the broad issue of phase behaviour. To 

provide a concise focus for this research, the investigation 

must be concerned with only a select group of topics. 

The principal areas of interest in this study are 

viscosity properties, viscosity blending, phase separation, 

asphaltene deposition, and rheological properties. Another 

important aspect of this research is the selection of a 

liquid-mixture viscosity model which could calculate the 

bitumen-solvent blend viscosities with accuracy. 

3.1.1 Solubility of Solvents 

The initial tests of the solvents were to determine 

whether they are soluble in the bitumen within a practical 

range of concentration. This stage involved mixing the 

solvents and bitumens, in all binary combinations, from a 

ratio of 5% - 40% mass basis, or approximately 20% - 80% mole 

basis solvent concentration. These samples were then mixed 

thoroughly and observed to suggest whether the solvent was 
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soluble in the bitumen. If the solvent remained insoluble, 

then it was not useful to consider it as a blending agent, and 

therefore were not examined further. 

3.1.2 Viscosity Measurements 

Determining the effect of. the sample solvents on the 

viscosity of the bitumens was the predominant stage of this 

research. To investigate this effect, the viscosities of a 

number of samples were determined. These samples consisted of 

the pure solvents, undiluted bitumens, and bitumen-solvent 

blends over a range of solvent concentrations. 

Because the viscosities of the pure solvents and 

undiluted bitumens differ by roughly six orders of 

magnitude1'2, two viscosity measuring procedures were 

required. One viscosity measuring device was used for the pure 

solvents and the other for the bitumen and bitumen-solvent 

blends. 

To test the samples of bitumen and bitumen-solvent 

blends, fluids with viscosities of 101_107 mPa's, a rotating 

spindle viscometer is used (Model RV-8 from Viscometers UK 

Limited). Figure 3.1 shows a similar illustration of the 

viscometer, and a photograph is presented as Figure 3.2. This 

apparatus is comprised of two concentric cylinders separated 

by a thin region filled with a sample of the test fluid. The 

viscometer then rotates the inner cylinder and measures the 

torque necessary to overcome the viscous resistance to the 
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1 ON/OFF SWITCH 
2 FUSE 
3 DISPLAY 
4 DISPLAY MULTIPL:IERS 
5 OFF RANGE INDICATORS 
6 STAND 
7 SAMPLE/HOLD SWITCH 
8 SPEED CONTROL 
9 SPINDLE SET CONTROL 

10 INPUT/OUTPUT SOCKET 
11 BUBBLE LEVEL 
12 GUARD 
13 SPINDLE 
14 SHAFT 
15 SPINDLE NUT 
16 IMMERSION POINT 
17 SUPPLY ON INDICATOR 

Fiqure 3.1: Diaqram of Rotatinq Spindle Viscometer7  
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Figure 3.2: Photograph of Rotating Spindle Viscometer  
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rotation. The rotating cylinder (or spindle) is coupled 

viaspring, to a drive shaft which is turning at a known speed. 

The angle through which the spindle is deflected is measured 

electronically, giving a measurement of torque7. 

The relation between dynamic viscosity with known shear 

rate and torque is given by8: 

- au 
ax (3.1) 

where: 

= dynathic viscosity [mPa.s] 

= shear stress, or torque [N m 2] 

au/ax = shear rate, or velocity gradient [s'] 

The equipment then automatically calculates the fluid 

viscosity in centipoise (mPa.$) using the known shear rate, 

measured torque, and spindle characteristics. This procedure 

was repeated at different temperatures for each of the samples 

to observe the effect of temperature on viscosity. 

To determine the temperature-viscosity relationship for 

each of the pure solvents, a Cannon-Fenske routine viscometer 

was used. This viscometer (shown in Figure 3.3 and photgraphed 

in Figure 3.4) conforms to ASTM D 4459 standard test method 

for kinematic viscosity and calculation of dynamic viscosity. 

Measuring the time required for a predetermined volume of 

liquid to flow under gravity through a section of a glass 

capillary is a measure of the kinematic viscosity of the 

fluid. Because the dimensions of such fine glass capillary 
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Fiqure 3.3: Diaqram of Cannon-Fenske Routine Viscometer9  
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Fiqure 3.4: Photoqraph of Cannon-Fenske Routine Viscometer  
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tubes cannot be perfectly duplicated, each viscometer is 

calibrated by measuring the time for a liquid of known 

viscosity at a given temperature to discharge the standard 

volume8. Once the viscometer has been calibrated, the 

kinematic viscosity is calculating using: 

V = C t (3.2) 

where: 

V = kinematic viscosity tcSt] 

C = calibration constant for viscometer at temperature of flow 

test [cSt/s] 

t = flow time [s] 

To compute the dynamic 'ciiscosity of the solvent from the 

determined kinematic viscosity, the following relation is 

used: 

V (3.3) 

where: 

p = density of fluid at temperature of flow test [g/cm3} 

To determine the density of the solvents over the 

temperature range required, an electronic density meter (Paar 

Model DMA 48) is employed. This equipment is accurate to 1O 

g/cm3, which is acceptable for the viscosity calculations. 

3.1.3 Rheology 

Determining whether any of the test solvents affect the 

rheological properties of the bitumens was also an issue of 
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this research. It has been demonstrated that many of the 

Alberta bitumens normally behave as Newtonian fluids10 . 

However, a different bitumen under comparable conditions 

exhibited slightly non-Newtonian behaviour". If the addition 

of a solvent to these bitumens alter any rheological 

characteristic it may prove to be a serious concern. 

To investigate the rheological properties described, the 

roatating spindle viscometer was employed. The viscometer, 

detailed in section 3.1.2, operates by measuring the apparent 

viscosity of a fluid at a constant spindle speed, or in other 

words, at a constant shear rate. Measuring the viscosityof a 

sample at different spindle speeds allows observation of 

viscosity versus changing shear rate. Performing this on t:he 

bitumens, before and after blending with the test solvents, 

determines if there has been any alteration in fluid 

behaviour. 

3.1.4 Separation of Blended Components 

Consideration must also be given to the aspect of 

separating the solvent from the bitumen upon completion of the 

pipeline transportation. This could be accomplished in a 

number of different ways however, so the intent of this 

research -was to observe .a simple distillation for potential 

difficulties. All of the soluble solvent-bitumen blends were 

distilled in the following manner. 
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The experimental apparatus was constructed to form a 

single-stage batch distillation, corresponding to ASTM D 

267 12 . At a set heating rate, the temperature of the distilled 

sample liquid and vapour is monitored while the total amount 

of distilled fluid is being recorded. These data can then be 

analyzed by producing a graph showing the temperature of the 

vapour versus the percent of distilled fluid. Blends which are 

easily separated will show a flat plateau at the boiling point 

temperature of the solvent. 

3.1.5 Asphaltene Deposition 

The possibility of encountering asphaltene deposition i 

taken into account during all of the phases of this research. 

All of the sample mixtures were examined, by means of visual 

inspection, to determine if any asphaltene phase is observed, 

either as a precipitate or remaining in suspension. 

3.2 Compounds Used in Experimental Study 

This section details the information regarding the 

compounds (ie. solvents and bitumens) used in this research. 

Some of the physical properties of the solvents used are 

detailed in Table 2.1; the purity of these solvents is now 

addressed. 

The MTBE and methanol were obtained from BDH chemicals 

with minimum purities of 99.5+% and 99.8+% respectively. The 

TAME and iso-propanol were obtained from Aldrich chemicals 
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with minimum purities of 94+% and 99+% respectively. The 

densities of the solvents were checked experimentally using 

the electronic density meter introduced in section 3.1.2. 

These densities corresponded to those presented in Table 2.1 

with less than 0.7% error for all of the solvents. 

The use of oxygenating solvents were suggested as 

alternatives to the current use of C4+ because of their 

inherent marketing advantages, along with their availability 

as an.Alberta export. Therefore, the bitumens used to test the. 

solvents must also be the more common Alberta bitumens used in 

pipeline transportations. The two chosen are the Cold Lake and 

Athabasca bitumens. 

It is not appropriate to simply classify bitumens by the 

region where they were produced. There are a number of factors 

which affect the properties of a bitumen10 . These factors 

include: origin, production methods, atmospheric aging, and 

molar mass. The available information on the bitumen samples 

used in this invesitgation are: 

1) Esso produced Cold Lake bitumen, produced and 

homogenized February 1990, shipped in a metallic air-enclosed 

drum. 

2) Athabasca bitumen prepared as a coker feed in 1989, 

shipped in metallic air-enclosed drum. 
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3.2.1 Determination of Bitumen Molar Mass 

The molar mass of the bitumen provides the means to 

convert between mass and mole basis (both of which will be 

required later), and also serves to further identify the 

specifics of this bitumen. 

To determine the molar,mass, a Corona Wescan Molar mass 

Apparatus (Model 232A) using the procedure of vapour pressure 

osmometry is employed. It is an established principle that at 

constant temperature and pressure, the vapour pressure of a 

pure solvent is lowered by' the addition of a second test 

solvent. At low concentrations, the magnitude of vapour 

pressure decrease is directly proportional to the molar 

concentration of the solvent being added, (ie. the test 

solute). Consequently, measurement of vapour pressue change 

with weight concentration of solute can be used to determine 

molar mass. 

For practicality, it is not convenient to measure vapour 

pressure decrease with enough sensitivity. Therefore, it is 

counteracted by a temperature increase, and this temperature 

increase can be measured to the desired accuracy. 

The equipment provides the means for determining this 

change in temperature, but it requires a thorough calibration 

procedure to produce meaningful results. The calibration 

involves operating the machine with the molar mass of the 

second solvent already known. 
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Once the machine is calibrated, the molar mass 

relationship is established as: 

Mk/AV 

where: 

(3.4) 

M = molar mass of sample [glmol] 

k = constant determined through calibration [.tV.g/mol] 

AV = depression of equilibrium temperature thermocouple 

voltage [J.LV] 
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CHAPTER 4 

FLUID VISCOSITY MODELLING 

4.1 Introduction to Previous Approaches 

This chapter provides a brief outline to the background 

of viscosity modelling. The models can be classified into two 

distinct categories: 

1. Fluid viscosity theories 

2. Empirical correlations 

4.2 Fluid Viscosity Theories 

There exist a large number of theories developed in an 

attempt to understand, and predict, the complex behaviour of 

fluid viscosity. A further classification can then be made as 

follows: 

1. Rigorous statistical mechanical theories 

2. Corresponding states theory 

3. Model theories 

The following descriptions are intended to merely 

introduce the various fluid theories and not to provide a 

detailed derivation. Therefore, each of the descriptions will 

introduce the theories involved along with one or more 

references to facilitate further study. 

4.3 Statistical Mechanical Theory of Viscosity13 

By employing this theory, an expression for viscosity is 
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derived by equating the microscopic momentum conservation 

equation to one derived using continuum mechanics which 

contains viscosity as a transport coefficient. This theory has 

been utilized with the following two approaches to derive 

fluid viscosity models: 

1. Distribution function 

2. Time correlation function 

4.3.1 Distribution Function Approach 

The development of this approach uses non-equilibrium 

distribution functions to average all quantities in the 

microscopic momentum conservation equation to yield a 

macroscopic momentum conservation equation. However, the 

derivation of the necessary non-equilibrium distribution 

functions is not a trivial task. It requires kinetic equations 

and a number of distribution function equations to be derived, 

and decoupled, through the use of limiting assumptions. Dilute 

gases, for example, assume completely random molecular 

distributions. The accuracy of their predicted results 

depended heavily upon the coefficient values chosen in the 

viscosity equations. The errors versus experimentally 

determined viscosities ranged from one to several hundred 

percent. 

Many variations with distinct approaches based on 

distribution functions have been developed13 . However, each of 

these models require coefficient values, and the results 
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obtained have not been in good agreement with experimental 

data. 

4.3.2 Time Correlation Function Approach13 

Instead of using non-equilibriuin distribution functions, 

it has been found that the viscosity of a fluid can be 

characterized by how spontaneous fluctuations behave in an 

equilibrium system. This can then be used to create an 

expression for fluid viscosity dependant upon a time 

correlation function. 

A computer solution of the time correlation function by 

molecular dynamics has been carried out 14 using the Lennar&-

Jones potential. The predicted viscosities deviated from the 

experimental values by an average of 10% without fitting of 

data. Due to its complexity, however, the molecular dynamics 

calculations are not a practical method to compute viscosity, 

and theoretical solutions of the time correlation function are 

required. 

4.4 Corresponding States Theory 

The principle of corresponding states, derived for the 

prediction of thermodynamic properties, has been extended to 

calculate fluid transport properties 13 . The principle simply 

states that at the same reduced conditions, two fluids will 

exhibit similar dimensionless properties. Therefore, the 

properties of a sample fluid may be calculated from the known 



25 

properties of a reference fluid. 

The expressions utilized, however, only hold true for 

conformal fluids. For non-conformal fluids, the extended 

principle of corresponding states can be used, where shape 

factors are introduced to account for the non-conformality of 

all of the molecules 15 . 

This method provides relatively accurate viscosity 

correlations, generally within 10% 

is only applicable to fluids whose 

known. Therefore, to apply this 

deviation. This procedure 

composition is completely 

method to prediction of 

bitumen viscosities requires that the overall composition be 

estimated. 

4.5 Model Theories13 

There exist a number of theoretical models which do not 

attempt to provide a rigorous physical description of the 

molecular interactions. Instead they simplify the procedure, 

and attempt to model while complying with one or more specific 

conditions. These semi-theoretical approaches can be very 

useful in correlating the viscosity data of complex mixtures. 
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Some of the more significant types of model theories are: 

1. Activated state theories 

2. Free-volume theories 

3. Combined model theories 

4.5.1 Activated State Theory of Liquid Viscosity 

Eyring16 applied his reaction rate theory for chemical 

reactions to formulate a model theory for liquid viscosity. 

This theory states that the molecules of a liquid in viscous 

flow move in parallel layers. By overcoming an energy barrier, 

a given liquid molecule in a layer can change its site. This 

energy barrier is called the a'ctivation energy. This model was 

utilized by Gold and Ogle who found deviations of 50 - l00 17 . 

4.5.2 Free Volume Theories 

It has been speculated18'19 that molecular flow is 

proportional to the excess volume in a liquid; excess volume 

being defined as the difference between the volume of the 

liquid and the volume of the solid-like structure at which 

flow stops. This model has been shown to be valid only for 

pure and non-associated liquids. 

4.5.3 Combined Model Theories 

This classification of theories generally refers to any 

model theory which has borrowed elements of separate model 

theories. Their intent is to preserve the successful features 
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of previous models while incorporating new aspects. An example 

of this type was derived by Macedo and Litovitz20 . They 

utilized the activation energy as well as that of the 

redistribution of the free volume. The resulting model 

requires three empirical parameters, and represents the data 

reasonably well. 

4.6 Empirical. Correlations of Liquid Viscosity 

Correlations are used primarily due to their convenience 

and accuracy in representing experimental results. 

Furthermore, due to the complex nature of bitumens, even the 

best physical models will require some type of oil 

characterization, therefore introducing empirical parameters. 

All of the following correlations are tested and evaluated in 

section 5.2.1 to determine the most reliable model. 

4.6.1 Andrade Equation 

The following equation was derived for liquid viscosity 

correlations, and has been used previously for heavy 

hydrocarbons21 : 

(4.1) 

where: 

A, B = empirical parameters 
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4.6.2 Gross and Zizxmierman21 

This model was proposed for the viscosity of liquids 

based upon their liquid cluster research: 

1 
1- (1_e/T)h/3 

where: 

+ in lio (4.2) 

.= viscosity at standard state (adjustable parameter 

fit to experimental data) [mPa.s] 

C = empirical parameter 

4.6.3 ASTM Model. 

A prominent model used to correlate the viscosities of 

lubricating oils in the ASTM charts 21 can be generalized as: 

ln(in(v+K)) =A - FinT 

where: 

K, A, B = empirical parameters 

(4.3) 

Actually, the ASTM model is derived from the Walther 22 

correlation, written here in a modified form as: 

log (iog(p. + 0.8) = b i + b2 log  (4.4) 

where: 

b1, b2 = empirical parameters 
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Equation 4.4 has been previously used23'24'25 with slight 

modifications, to model the fluid viscosities of bitumens and 

solvents. 

It has been identified26 that a cross-correlation exists 

between parameters b1 and b2. The cross-correlation can be 

represented by a linear relationship: 

b1 = log 0 + (log )b2 

where: 

e = generalized parameter 
= generalized parameter 

(4.5) 

Inserting equation 4.5 into equation 4.4 yields the 

following one-parameter viscosity-temperature correlation: 

log (11 + 0.8) = 0(T)' 

where: 

(4.6) 

b = empirical parameter (single parameter required) 

The values of 0 and cb have been regressed for a large set 

of experimental viscosity data 26. The "best" values of the 

constants were selected as log 0 = 2.0 and log c1 = -2.0. Using 

these numerical values, equation 4.6 becomes: 

log (IL +0.8) = 100(O.O1T)b (4.7) 
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4.6.4 Vogel-Fulcher Equation 27 

The following equation was also derived for liquid 

viscosity correlations, and not specifically heavier 

hydrocarbons: 

1n ji -   ln1A 
T.- TB  

where: 

A, B, TB = empirical parameters 

(4.8) 

4.6.5 Double Exponential Viscosity Equation 27 

The following equation ; was developed to account for 

deficiencies in the Andrade equation: 

(4.9) 

where: 

A, B, C = empirical parameters 

4.6.6 Mehrotra and Svrcek Model27 

The earliest empirical correlation of the viscosity of 

gas saturated bitumens is shown here: 

log (log (p.)) = a1 + a2 T + a3 P + a4- (4.10) 

where: 

a1, a2, a3, a4 = empirical parameters 
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Equation 4.10 is modified in this study to eliminate the 

effect of gas solution pressure on viscosity because all of 

the experimental samples contain no gas in solution of the 

bitumens (the effect of pressure on the viscosity of fluids is 

discussed in section 4.10). The modified equation then 

becomes: 

log (log (t.)) = + '2 T + (4.11) 
T 

4.6.7 Double Log Expression 

The following equation was used28 to represent the 

viscosity of gas-free bitumen at atmospheric pressure: 

1n(1n()) = eT [1+b1T+b2 (b1T)2] (4.12) 

where: 

b1, b2 = empirical parameters 

4.6.8 Comparative Equations 

The following equations are utilized here to display the 

relative accuracy of the previous correlations versus two non-

unique curve fitting approaches. 

The first equation is a simple polynomial: 

(4.13) 
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The second equation employs a double-log term: 

1n(1n()) = a + bIT (4.14) 

where: 

a, b, c = empirical parameters 

4.7 Discussion of Viscosity Modelling Approaches 

It can be seen that a variety of methods have been 

developed to help calculate the viscosity of fluids. The 

rigorous statistical mechanical models require no experimental 

viscosity data to correlate. However, without proper 

coefficient values for the non-equilibrium distribution 

functions, the predictions of the viscosity model can be 

highly inaccurate. The time correlation function method 

provides a means of side-stepping the need for coefficient 

values, but it comes at some cost. The actual solution to 

performing the molecular dynamics simulation is difficult, and 

not practical for viscosity calculations. The theoretical 

solutions to this molecular dynamics problem will again 

introduce assumptions and estimations. 

The corresponding states theory provides an accurate and 

reliable method of predicting viscosities of fluids whose 

composition is known. However, the use of this theory in 

predicting the viscosity of bitumens introduces additional 

errors in identifying the bitumen composition accurately. 

The model theories discussed in section 4.5 are generally 

empirical equations which arose from observations of fluid 
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behaviour. This behaviour was then modelled in an equation, 

along with adjustable parameters, to predict the viscosity of 

fluids. These equations, although loosely based on fluid 

behaviour, generally are not as accurate as the equations 

derived empirically. 

The empirical equations discussed here are used as a 

simple tool to correlate the experimental viscosity data of 

fluids. These equations are typically the most accurate means 

of calculating fluid viscosities of complex mixtures. To use 

these equations a set of temperature-viscosity data must be 

determined experimentally. 

4.8 Selection of Viscosity Model 

For the purposes of this research, the most acceptable 

means of calculating fluid viscosity is through empirical 

correlations. Accuracy and ease of implementation are foremost 

to this study, and correlations provide the best means of 

achieving these requirements. The correlations introduced in 

section 4.6 are further addressed in chapter 5, where each of 

the equations are employed to correlate the experimental 

viscosity data. The performance of each of these correlations 

are then compared, with the most accurate model being used to 

complete the viscosity modelling section. 
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4.9 Prediction of Liquid-Mixture Viscosity 

The viscosity models discussed in this chapter are 

generally used to calculate the viscosity of pure fluids or 

pseudo-components. To calculate blend viscosity, consisting of 

a mixture of liquids, mixing rules must be established. Two 

such mixing rules will be evaluated in this research. 

4.9.1 Simple (Additive) Mixing Rules 

Many of the liquid-mixture viscosity formulae which have 

been established can simply be described as a weighted average 

of component viscosities, shown here as: 

= Elcif(I.Li 
i=1 

(4.15) 

Equation 4.15 is shown in general terms, where the 

functional form of f(p) could be any of the viscosity models 

or correlations described in this chapter. The choice for the 

concentration term K could be the mole, volume, or mass 

fraction, or possibly a combination of these factors. A number 

of the possible combinations have been discussed in the 

literature23'29. 

Many other liquid-mixture viscosity formulae exist which 

employ a viscous interaction parameter30 . This parameter could 

be binary or higher , order, and is often made a function of 

temperature to better represent the experimental data. 
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If we introduce a binary interaction parameter term to 

equation 4.15, it can then be expressed as23 : 

n n-i n 

= 1cf(t.Lj) + 2E Bjj 
i=i j=i±i 

(4.16) 

The binary interaction term in equation 4.16 observes 

that the interaction between two identical components is zero 

(B = Bjj = 0), and also that the interaction between two 

components is identical regardless of orientation (Bij = .Bjj ). 

A choice for the concentration term K which has been 

detailed in the literature is shown here31 : 

where: 

M = molar mass [glmol] 

x = molar fraction 

The average molar mass is calculated using: 

= 

n 

i=i. 

(4.17) 

(4.18) 

The concentration term described by equation 4.17 is 

actually the geometric mean of mass and mole fractions, and 

has been successfully used in modelling bitumen-blend 

23 '24 '25 viscosities. 
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Equation 4.16 with the concentration term described in 

equation 4.17, will be employed along with the viscosity 

correlations described in section 4.6 to correlate the 

experimental viscosity data. The model which gives the most 

accurate results over a select portion of the experimental 

results, will then be utilized to correlate all of the 

remaining data. Any possible modifications or improvements to 

the existing models will then be considered. 

4.9.2 Shu Liquid-Mixture Viscosity Correlation 

A procedure for determining the viscosity of a liquid-

mixture has also been proposed by Shu32 . This procedure 

requires the component viscosities to be previously 

determined. Using the viscosity data, the Lederer33 equation 

is now used as the basic mixing rule: 

in j1 = _vB in PB + (1 -YB) in p.3 

where: 

(4.19) 

YB = compositional parameter; defined by equation 4.20 

YB 

where: 

cc VB 

aVB + VS 

VB, V = volume fractions of bitumen and solvent 

(4.20) 
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The volume fractions can be calculated from the 

experimentally measured mass fractions using the following: 

V - 

1   

E Wj/Pj 

where: 

P1 = density of component ± 

Wj = mass fraction of component I 

(4.21) 

Shu utilized these equations by generalizing a as a 

function of bitumen and solvent densities. The viscosity data 

was comprised of binary systems where the ratio of heavy oil 

viscosity to solvent viscosity was greater than 20. This data 

was then regressed using a power-law relationship to determine 

a "best-fit" correlation of a. An adequate representation of 

the data was found with: 

a -
17 .04 (PB-PS) 0.5237 P 3.2745 1.6316 

B PS 

• 1n1 11B) 
(4.22) 

In this investigation, the component viscosity data will 

be calculated using the most accurate correlation presented in 

section 4.6 (the accuracy will be determined in section 

5.2.1) 
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The Shu mixing rules will be investigated using two 

approaches, with the results compared to the blend viscosity 

data determined experimentally. The first approach, as 

detailed by Shu, assumes that the temperature affects a by 

changing the component viscosities only, and not by changing 

the component densities. In this case a single density value 

near 25 °C is required for the bitumens and the solvents. 

The second approach also takes into account the variation 

in a due to a change in the fluid densities. This change in 

fluid densities will also have a corresponding affect on the 

relative volume fractions. This approach requires that 

density-temperature data is available for the bitumens and the 

solvents. 

4.10 Fluid Flow in Pipelines: Effect of Pressure on Viscosity 

Until this point, the discussion of fluid viscosity has 

dealt only with viscosities measured at atmospheric pressure. 

When considering fluid flow in pipeline transportation 

however, the effect of pressure on viscosity must be 

considered. This is due to the fact that any real fluid 

flowing in a pipe will gradually undergo a pressure loss (ie. 

head loss) due to friction. This fact dictates that the fluid 

entering the pipeline will be maintained at a pressure greater 

than that at the exit of the pipeline to overcome the loss due 

friction. The pressure drop attributed to friction depends 

upon the charateristics of the fluid flow. 



39 

Fluid flows can be categorized into two distinct patterns 

of motion: when fluids flow in parallel straight lines, it is 

referred to as laminar flow; and fluid flow which is erratic 

with eddies superimposed an the bulk flow is called turbulent 

flow34 . The criterion including all of the factors which 

determine whether the flow is laminar or turbulent, can be 

represented by Reynolds number8: 

D p v 

11 

where: 

Re = Reynolds number [dimensionless] 

v = average velocity of fluid [m/s] 

(4.23) 

In pipeline flow, laminar conditions prevail as long as 

Reynolds number is less than approximately 2100. Turbulent 

conditions prevail when Reynolds number is greater than 4000. 

In between the two values, there is a transition region where 

flow is neither fully turbulent nor entirely laminar34 . 

Although a detailed pressure drop calculation requiring 

pipeline and flow characteristics is beyond the scope of this 

investigation, a simple estimation will allow for discussion 

of the effect of pressure on viscosity. 

Previous experimental work35'36 has shown that increased 

pressure has the effect of increasing the viscosity of 

bitumens. 
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The effect of pressure on viscosity can be represented by the 

following equation: 

1n (1n) = [b1 + b2 TI + PK (4.24) 

where: 

Pg = gauge pressure [MPa] 

b1, b2, K = empirical parameters 

It can be seen that equation 4.24 is very similar to 

equation 4.4, used previously to model the temperature-

viscosity data. The value of K for Cold Lake bitumen has been 

shown to, be 4.288; and K for Athabasca bitumen to be 

5. 11935,36. 

The effect of pressure on viscosity for a fluid in a 

pipeline is an important consideration. This research however, 

determined bitumen viscosities at atmospheric pressure only. 

Therefore, the modelling results discussed in chapter 5 will 

only examine viscosities at atmospheric pressure. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Solubility of Solvents 

The first test of the proposed solvents was to determine 

whether they are soluble in the bitumens. To help facilitate 

mixing of the two components, vigorous shaking and a magnetic 

stirrer were required. There exist eight binary combinations 

of the two bitumens and the four solvents. The bitumen-solvent 

blends tested were: 

1. 

2. 

3. 

4. 

Cold Lake 

Athabasca 

Cold Lake 

Athabasca 

5. Cold Lake 

6. Athabasca 

7. Cold Lake 

8. Athabasca 

MTBE 

MTBE 

TAME 

(methyl tert-butyl ether) 

(methyl tert-butyl ether) 

(tert-amyl methyl ether) 

- TAME (tert-amyl methyl ether) 

- methanol 

- methanol 

- 2-propanol 

- 2-propanol 

The MTBE was blended with the Cold Lake bitumen in mass 

fractions of 5% up to 40% and appeared completely soluble. The 

MTBE was also soluble in the Athabasca bitumen, with test 

samples consisting of 15% up to 40% mass fraction MTBE. 

The TAME - Cold Lake bitumen blends were mixed with 15% 

up to 35% mass fraction TAME with all of the mixtures showing 

complete solubility. The TAME was also soluble in the 
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Athabasca bitumen, with test samples of 15% up to 35% mass 

fraction TAME. 

All of the bitumen-alcohol blends remained insoluble. The 

blends tested (all in mass fraction of solvent) were: 20%, 30% 

Cold Lake - methanol; 10%, 25% Athabasca - methanol; 15%, 25% 

Cold Lake - 2-propanol; 20%, 35% Athabasca - 2-propanol. To 

further assist the mixing of the two phases, the insoluble 

samples were heated to 50°C for 24 hours and then shaken as 

before. However, this did not alter the observed result. 

The alcohol in the sample mixtures took on a slightly 

murky blue colour when shaken with the bitumens. This suggests 

that a small amount of the bitumen components had been' 

dissolved in the alcohol. 

As mentioned previously, only the soluble solvents (ie. 

ethers) were examined in the following experiments. The 

insoluble solvents (ie. alcohols) are no longer discussed as 

possible alternatives. 

5.2 Viscosity Modelling 

With the experimental viscosity results available, the 

comparison between the various empirical correlations and 

their relevant mixing rules are discussed here. 

5.2.1 Viscosity Correlations 

The first consideration was to determine which 

correlation best represents the experimental temperature-
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viscosity data. To determine this, all of the correlations 

were employed to correlate a select portion of the 

experimental data. The sample data were chosen to represent 

the major segments of the whole experimental results, and the 

viscosities range from 50 - 40,000 mPa.s. The sample data 

consisted of the following: 

Sample #1: Unblended Cold Lake bitumen 

Sample #2: Unblended Athabasca bitumen 

Sample #3: MTBE - Cold Lake blend (30% mass MTBE) 

Sample #4: TAME - Athabasca blend (15% mass TAME) 

The correlated viscosities versus the experimental 

viscosities for each of the correlative equations are 

presented in Table 5.1 and summarized in Table 5.2 with 

Figures 5.1 - 5.10 displaying the results. 

The results show that the majority of the equations can 

correlate the temperature-viscosity data within 5% AAD 

(absolute average deviation), where %AAD is defined by: 

%AAD= 

where: 

Pcai - exp 

Ij.exp 
X 10 

N = number of sample points in calculation 

(5.1) 

The most accurate correlations are provided by equations 

4.4, 4.11, and 4.14 with the AND of all four near 1.5%. 



Table 5.1: Viscosity Correlation Results  44 

Sample 
Temp. 

[°C] 

Exper. 
Visc. 

Calculated Viscosities 

[cP] 
Eq. 
4.1 
[cPJ 

Eq. 
4.2 
[cP] 

Eq. 
4.4 
{cP} 

Eq. 
4.7 
[cP] 

Eq. 
4.8 
[cP] 

1 30 24600 24579 24OO1 24402 17652 24803 

1 40 7740 7958 8133 8026 7444 7848 

1 50 3140 2763 3117 3072 3468 3054 

1 65 910 635 895 917 1291 982 

2 25 39990 40082 39434 39791 29122 40242 

2 30 22560 22448 22372 21662 18107 22139 

2 40 7100 7443 7962 7298 7623 7544 

2 50 2810 2642 3184 2849 3547 2938 

2 60 1290 998 1405 1258 1798 1277 

3 4 205 205 207 207 180 207 

3 10 124 125 125 123 120 125 

3 15 85.8 85 84 83 89 85 

3 20 57.6 58 58 58 67 60 

4 4 4439 4439 4413 4440 4219 4442 

4 10 2413 2472 2417 2411 2405 2400 

4 20 983 983 977 983 1047 996 
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Sample 
Temp. 

[°C] 

Exper. 
Visc. 

[cP] 

Calculated Viscosities 

Eq. 
49 
[cP] 

Eq. 
4.11 
{cP] 

Eq. 
4.12 
[cP] 

Eq. 
4.13 
[cP] 

Eq. 
4.14 
[cPJ 

1 30 24600 24663 24362 24224 24397 24409 

1 40 7740 7955 8013 8111 10097 7738 

1 50 3140 2930 3068 3068 2067 2967 

1 65 910 804 916 916 1778 927 

2 25 39990 39760 41112 39225 38005 40066 

2 30 22560 21940 21808 21681 25526 21219 

2 40 7100 7450 7201 7368 7980 7015 

2 50 2810 2869 2837 2854 316 2778 

2 60 1290 1229 1287 1244 2534 1271 

3 4 205 206 205 211 204 209 

3 10 124 125 126 123 126 124 

3 15 85.8 85 85 84 83 84 

3 20 57.6 59 58 59 58 60 

4 4 4439 4424 4436 4430 4425 4450 

4 10 2413 2412 2412 2415 2408 2391 

4 20 983 974 983 982 994 985 
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Fiqure 5.1: Correlation of Sample Data Using Eq. 4.1  
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Fiqure 5.2: Correlation of Sample Data Usinq Eq. 4.2  
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Figure 53: Correlation of Sample Data Using Eq. 4.4  
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Fiqure 5.5: Correlation of Sample Data Usinq Eq. 4.8  
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Fiqure 5.7: Correlation of Sample Data tlsinq Eq. 4.11  
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Figure 5.8: Correlation of Sample Data Using Eq. 4.12  
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Fiqure 5.9: Correlation of Sample Data Using Eq. 4.13 
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Table 5.2: Summary of Correlation Results  

Equation Maximum Deviation AAD 

4.1 30.2 5.3 

4.2 13.3 3.3 

4.4 - 4.0 1.6 

4.7 41.8 15.7 

4.8 7.9 2.5 

4.9 . 11.6 3.2 

4.11 3.5 1.5 

4.12 4.8 2.0 

4.13 96.4. 29.5 

4.14 5.5 1.5 

Any of the correlations evaluated here with errors less 

than 5% AAD could be used to model the viscosity-temperature 

data. This is due to the fact that the majority of liquid-

viscosity measurements have an accuracy near ± 10-15%. This 

does not, however, preclude the use of the correlation which 

seemingly best fits the data of this investigation. The error 

in the experimental viscosities results will be discussed in 

section 5.2.2. 
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Apparently, the most accurate overall correlation is 

obtained from equation 4.11 because it yields the lowest 

maximum deviation and the lowest APD. Equation 4.11 requires 

three correlated parameters however, and equation 4.4 (with 

two parameters) is almost equally as accurate. Also, as 

mentioned, equation 4.4 has been used previous ly23'24'25 to 

model the temperature-viscosity data of bitumens and solvents. 

Therefore, this study will employ equation 4.4 to correlate 

the effect of temperature on the viscosity of the mixture 

components (ie. the pure solvents and the undiluted bitumens). 

5.2.2 Correlation of Component Viscosities 

The experimental viscosity data of the pure solvents and 

the unblended bitumens can now be presented along side the 

correlation results provided using equation 4.4. 

The definition of "selected viscosity" is used here to 

provide the best representative experimental results. For the 

viscosity results where a large scattering of data exists, the 

average viscosity will be used as the selected viscosity. In 

the case where the results of different experimental runs are 

similar, the results of a single run which best represents the 

group of data is termed the selected viscosity. 
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The temperature-viscosity data obtained experimentally 

for the Cold Lake bitumen is presented in Table 5.3 and 

displayed in Figure 5.11. The data selectedto best represent 

the sample is shown in the final column of Table 5.3, and the 

correlation results of the selected data are presented in 

Table 5.7. 

The temperature-viscosity data obtained experimentally 

for the Athabasca bitumen is presented in Table 5.4 and 

displayed in Figure 5.12. The data selected to best represent 

the sample is shown in the final column of Table 5.4, and the 

results of correlating the selected data are presented in 

Table 5.7. 

The viscosity results for the two bitumens (Tables 5.3 

and 5.4) show a relatively small scattering of the 

experimental data. By comparing the "selected" viscosity to 

the results of the individual test runs yields the following: 

the Cold Lake bitumen data exhibits an average error of 5.5%, 

with a maximum error of 8.8%; the Athabasca bitumen data 

exhibits an average error of 1.8%, with a maximum error of 

6.8%. 

It is interesting to note that the experimental results 

indicate that the viscosity of the Athabasca bitumen is lower 

than that of the Cold Lake bitumen. This is opposite to what 

has generally been observed2. One factor which may have 

contributed to this reversal, is the amount of solvent 

remaining in the "pure" bitumen. A solvent has been used in 
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Table 5.3: Cold Lake Bitumen Viscosity Data  

Temperature Experimental Viscosity Selected* 

{°CJ Test 1 
[cP] 

Test 2 
{cP] 

Test 3 
[cP] 

Viscosity 
[cp] 

20 94400 - - - 

30 25590 22820 25400 24600 

40 8190 7320 8300 7740 

50 3140 2880 3400 3140 

60 1370 - - - 

65 990 890 860 910 

Table 5.4: Athabasca Bitumen Viscosity Data 

Temperature Experimental Viscosity Selected* 

[°C] Test 1 
[cP] 

Test 2 
[cP] 

Test 3 
[cP] 

I Viscosity 
[cp] 

25 39990 42100 38970 39990 

30 22560 22100 22600 22560 

40 7100 7500 7100 7100 

50 2810 3000 2900 2810 

60 1290 - 1300 1290 

* "Selected Viscosity" described in section 5.2.2 



60 
) 

Vi
sc
os
it
y 

[
M
p
e
r
 
s]

 

10 5 

102 

30 40 50 60 20 

• experimental 

- correlated Eq. 4.4 

Temperature [0 Cl 

70 

Fiqure 5.11: Viscosity Results for Cold Lake Bitumen  
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Fiqure 5.12: Viscosity Results for Athabasca Bitumen  
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the production and processing of both the Cold Lake and 

Athabasca bitumens, with the majority of the solvent 

subsequently removed. Even a small amount of residual solvent, 

however, would have a serious impact on the experimentally 

determined viscosities. 

The experimental viscosity data of the sample ethers are 

presented in a slightly different manner. This is due to the 

fact that for low viscosity samples, the Cannon-Fenske 

viscometer was required. Thus, the data are presented in terms 

of kinematic viscosity, as read out of the Cannon-Fenske 

viscometer. The density data of the solvents was determined, 

and are provided along with the kinematic viscosities. The 

dynamic viscosities are then calculated and presented. 

The temperature-viscosity data of the MTBE solvent are 

presented in Table 5.5 and displayed in Figure 5.13. The data 

selected to represent the samples are shown in the final 

column of Table 5.5, and the correlation results of the 

selected data are presented in Table 5.7. 

.The temperature-viscosity data of the TAME solvent are 

presented in Table 5.6 and displayed in Figure 5.14. The data 

selected to represent the samples are shown in the final 

column of Table 5.6, and the results of correlating the 

selected data are presented in Table 5.7. 
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Table 5.5: MTBE Viscosity Data  

Temperature 

[°C] 

Kinematic 

Viscosity 

fcSt] 

Density 

[g/cm3] 

Selected* 

Viscosity 

[cP] 

22.2 0.4620 0.7384 

0.3411 
22.2 0.4620 0.7384 

26.3 0.4384 0.7341 

0.3218 

26.3 0.4384. 0.7341 

26.3 0.4406 0.7341 

30.0 0.4213 0.7301 

0.3010 

30.0 0.4213 0.7301 

30.0 0.4042 0.730]. 

35.0 0.3913 0.7250 

35.0 0.3913 
I 0.2837 

0.7250 

40.0 0.3763 0.7198 

40.0 0.3763 
I 02709 

0.7198 

43.0 0.3719 0.7166 

43.0 0.3634 0.7166 

0.2623 

43.0 0.3655 0.7166 

"Selected Viscosity" descried in section 5.2.2 
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Table 5.6: TAME Viscosity Data  

Temperature 

[°CJ 

Kinematic 

Viscosity 

[cSt] 

Density 

[glcm3] 

Selected* 

Viscosity 

[cP] 

24 0.5684 0.7686 

0.4385 

24 0.5705 0.7686 

24 0.5705 0.7686 

30 0.5340 0.7629 

0.4058 

30 0.5319 0.7629 

30 0.5319 0.7629 

35 0.5083 0.7581 

0.3854 

35 0.5062 0.7581 

35 0.5083 0.7581 

40 0.4890 0.7534 

0.3668 

40 0.4869 0.7534 

40 0.4847 0.7534 

45 0.4675 0.7487 

0.3500 

45 0.4675 0.7487 

45, 

"Selected Viscosity" 

0.4675 0.7487 

described in section 5.2.2 
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Table 5.7: Results of Viscosity Correlations  

Component 

Equation 4.4 

Correlation 

Maximum 

Deviation 

[%] 

AAD 

[%] 
b1 b2 

Cold Lake 9.5580 -3.5928 3.0 1.9 

Athabasca 9.4567 -3.5538 3.5 2.2 

MTBE 27.1854 -11.5068 0.7 0.4 

TAME 14.2598 -6.1843 0.4 0.1 

The viscosity results for the two ethers (Tables 5.5 and 

5.6) show much less scattering of the experimental data than 

did the bitumens. By comparing the "selected" viscosity to the 

results of the individual test runs yields the following: the 

MTBE data exhibits an average error of 0.4%, with a maximum 

error of 4.1%; the TAME data exhibits an average error of 

0.5%, with a maximum error of 0.1%. 

The summary of results provided in Table 5.7 show that 

equation 4.4 accurately represents the experimental data. With 

all of the correlated results showing maximum errors and 

average errors of 3.5% and 2.2% respectively, the component 

viscosities are suitably correlated. 

It can be seen that there exists a wide range of values 

for the parameters b1 and b2. The cross-correlation of these 
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parameters suggested26 by equation 4.7 yields a single 

parameter whose range of values is smaller. Correlating the 

temperature-viscosity data with equation 4.7 yields the 

following: 

Cold Lake bitumen: b = -2.8483; AAD = 21.1% 

Athabasca bitumen: •b = -2.8460; AAD = 24.0% 

MTBE: b = -6.9989; AAD = 3.3% 

TAME: b = -6.4082; AAD = 0.3% 

Although more convenient to use, equation 4.7 cannot 

correlate the current temperature-viscosity data within the 

.accuracy of the experimental results. 

Table 5.7 does show that a distinct cross-correlation 

between b1 and b2 exists for the bitumens and ethers 

investigated, regardless that the generalized equation 4.7 

yielded poor results. 

By using the following "best-fit" equations, the cross-

correlation is less generalized, but more accurate: for the 

bitumens: b1 = -2.6606'b2, and for the ethers: b1 = -2.3342'b2. 

These cross-correlations used in conjunction with equation 

4.4, and then fit to the experimental data yield the 

following: 

Cold Lake bitumen: b2 = -3.5943; AAD =3.4% 

Athabasca bitumen: b2 .= -3.5622; AAD = 2.2% 

MTBE: b2 = -9.3617; AAD = 1.5% 

TAME: b2 = -7.31.78; AAD = 1.2% 
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5.2.3 Bitumen Molar Mass Results 

The experimental procedure detailed in section 3.2.1 to 

determined the molar mass of the sample bitumens was followed, 

with the results presented here. Figure 5.15 displays the 

results of the calibration of the vapour pressure osmometry 

equipment. The data is plotted as change in thermocouple 

voltage versus concentration of the Bnzil solution (the 

calibrating solvent). This is then extrapolated to the y-axis 

which yields the voltage shift corresponding to the zero 

concentration limit (calibrated to be 184.3 LV). This voltage 

shift multiplied by the known molar mass of the calibrating 

solvent (ie. molar mass of Benzil = 210.2 g/mol) yields the 

equipment calibration constant. The constant is calculated to 

be 38740 pV.g/mol. 

With the machine calibrated, the same procedure is 

followed for the two bitumen samples. Figure 5.16 displays the 

extrapolation of the data for the bitumens. The resulting 

molar masses are calculating using equation 3.4: Cold Lake 

bitumen = 559 g/mol, and Athabasca bitumen = 602 g/mol. 

The samples were prepared on a concentration, or 

mass/volume, basis. The error involved in measuring the mass 

of the samples, due to systematic errors in the weighing 

apparatus, was slightly under ±10%. The error involved in 

measuring the volume of the samples was approximately ±0.5%. 

Therefore, the molar weights determined in this investigation 

should be considered to have an experimental accuracy of ±10%. 
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5.2.4 Calculation of Liquid-Mixture Viscosities 

Section 4.9.1 details the general approach taken to 

calculate the viscosity of a liquid-mixture, using additive 

mixing rules and known component viscosities. Those principles 

are applied here to predict the blend viscosities when the 

component viscosities are correlated using equation 4.4 (with 

no cross-correlation of b1 and b2). 

Three different attempts were made to model the viscosity 

data for all of the bitumen-solvent blends. The first effort 

is labelled as Method A, and it is comprised of equation 4.13 

using the concentration term described by equation 4.15. 

The results of Method A, without consideration of an 

interaction parameter, are presented for the case of the MTBE-

Cold Lake blends in Table 5.8 and the accuracy of these 

calculations are displayed in Figure 5.17. 

The results show that Method A is capable of providing 

order-of-magnitude results only; consequently, accurate 

viscosity predictions by this method are not possible. All the 

viscosity results calculated are near twice the experimental 

viscosity. 

To predict the viscosities of the blends accurately, it 

was then apparent that an interaction parameter must be taken 

into account in subsequent models. Equation 4.14 with the 

concentration term described. by equation 4.15 can be re-

written for the case of the pseudo-binary system which is 

currently being considered (ie. bitumen-solvent). 
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Table 5.8: Results of Method A Modelling  

on MTBE - Cold Lake Blend Data  

Solvent 

Fraction 

(mass) 

Temp. 

[°C] 

Exper. 

Viscosity 

{cP] 

Method A 

Viscosity 

{cP] 

Error 

[%] 

5 20 11930 14916 25.0 

10 20 2521 3943 56.4 

15 20 785 1374 75.0 

20 4 1014 2472 143.8 

20 10 "603 1366 126.5 

20 20 288 576 100.0 

25 4 421 1010 139.9 

25 10 266 595 123.7 

25 20 124 276 122.6 

30 4 205 465 126.8 

30 10 124 289 133.1 

30 15 85.8 202 135.4 

30 20 57.6 145 151.7 

AAD = 112.3% 
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Figure 5.17: Method A Modelling Results  



75 

The resulting equation is written as: 

0.5 

log (ji+O.8)=x81_I 1og( 5 +O.8MS  

where: 

+ -XS) (MB) 0.5 

0.5 
+2xS xB ( M SMB) BSB 

(5.2) 

BSB = interaction between solvent and bitumen phase 

The next two modelling efforts are labelled as Model 1 

and Model 2. Both begin with equation 5.2; however, it 1s 

employed using two different methods of correlating the 

interaction parameter to the experimental viscosity data. 

Model 1 correlates BsB as a function of temperature, and Model 

2 correlates it as a function of temperature and composition. 

The following relationships demonstrate the interaction 

correlations of Model 1 and 2: 

Model 1: 2 SB = a1 + a2 T 

Model 2: BSB = Cl + C2 T + C3 S 

where: 

T = temperature [K] 

S = solvent concentration [% mass] 

a1, a2, c1, c2, c3 = empirical parameters 

(5.3) 
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Table 5.9 shows the results of correlation for all of the 

binary blends using both models. Figure 5.18 shows the two 

different model predictions versus the actual interaction 

parameters which were calculated. 

Figure 5.18 shows that the addition of the concentration 

term to the correlation of the interaction parameter greatly 

improves the representation of the experimental data. This in 

turn will provide much more accurate viscosity predictions. 

The accuracies in calculating interactions provided by models 

1 and 2, are ±6.9% and ±2.6% respectively. 

Table 5.9: Correlation Results For Model 1 and 2  

Model 1 

Parameters 

Model 2 

Parameters 

System a1 a2 c1 c2 

Cold Lake- 

MTBE 

- . 958 4.59e-3 -.643 6.09e-3 -1.25e-2 

Cold Lake- 

Tame 

-1.114 9.59e-3 -.654 1.12e-2 -1.94e-2 

Athabasca- 

MTBE 

-1.277 1.73e-2 -.339 1.24e-2 -2.81e-2 

Athabasca- 

TAME 

-1.134 1.41e-2 -.318 1.27e-2 -3.05e-2 
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The viscosity predictions calculated using equation 5.2 

and the two interaction models are presented alongside the 

experimental viscosity data in Tables 5.10 - 5.13; these data 

are also displayed in Figures 5.19 - 5.22. 

As expected, the viscosity calculations using Model 2 

were more accurate than those calculated using Model .1 

(compare overall accuracies of 10.4% and 2.4%). However, this 

accuracy comes at the cost of requiring one extra correlation 

parameter. When you consider that the liquid mixture is 

compromised of components whose viscosities are 5-6 orders of 

magnitude apart, being able to correlate the blend viscosities 

with less than 5% deviation is exceptional. 

Now that an accurate means of calculating blend 

viscosities is available, the actual amount of solvent needed 

to reduce the bitumen viscosity to meet the pipeline 

specifications can be calculated. The specifications call for 

the blend to have a viscosity of 250 cSt at 4°C with an API 

gravity of 21°; this works out to be a fluid viscosity of 269 

mPa.s at the same temperature. The calculations yield that 

(all in mass fractions): 27.6% MTBE - Cold Lake blend and 

25.9% MTBE - Athabasca blend meet the pipeline specifications. 

Also, 28.5% TAME - Cold Lake blend and 27.5% TAME - Athabasca 

blend meet the pipeline specifications. 
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Table 5.10: Viscosity Results Cold Lake - MTBE  

Solvent 

Conc. 

[mass] 

Temp. 

1°C] 

Exper. 

Visc. 

Model 1 Model 2 

[cP) 
Visc. 

[cP] 

Error 

1%] 

Visc. 

[cP] 

Error 

[%] 

5 20 11930 10222 14.3 11565 3.1 

10 20 2521 2186 13.3 2537 0.6 

15 20 785 675 14.0 766 2.4 

20 4 1014 1065 5.0 1135 11.9 

20 10 603 603 0.0 647 7.3 

20 20 288 265 8.0 287 0.2 

25 4 421 422 0.1 424 0.7 

25 10 266 255 4.3 258 3.0 

25 20 124 123 0.9 126 1.6 

30 4 205 193 5.8 183 10.8 

30 10 124 123 0.8 117 5.3 

30 15 86 88 2.2 84 1.9 

30 20 58 64 11.6 62 7.8 

AAD=5.8% AAD=4.0% 
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Figure 5.19: Viscosity Results Cold Lake - MTBE  
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Table 5.11: Viscosity Results Cold Lake - TAME  

Solvent 

Conc. 

[mass%] 

Temp. 

[°C] 

Exper. 

Visc. 

LcP] 

Model 1 Model 2 

Visc. 

(cP] 

Error Visc. 

[cP] 

Error 

(%] 

20 4 1412 1343 4.9 1437 1.8 

20 10 819 767 6.3 829 1.2 

20 20 375 341 8.9 375 0.1 

25 4 518 523 0.9 511 1.3 

25 10 320 319 0.2 315 1.4 

25 20 156 157 0.5 158 1.0 

30 4 207 235 13.3 209 0.9 

30 10 134 152 13.2 136 1.8 

30 20 72 81 12.0 74 2.4 

AAD = 6.7% AAD = 1.3% 
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Table 5.12: Viscosity Results Athabasca - MTBE  

Solvent 

Conc. 

(mass%] 

Temp. 

1°C] 

Exper. 

Visc. 

Model 1 Model 2 

[cP] 
Visc. 

{cP] 

Error 

[%] 

Visc. 

[cP] 

Error 

[%] 

20 4 916 660 28.0 906 1.1 

20 10 559 409 26.8 548 2.0 

20 20 265 208 21.5 267 0.7 

30 4 127 123 2.9 132 4.0 

30 10 87 86 1.2 90 3.0 

30 20 51 52 1.4 52 1.0 

35 0 79 82 3.1 78 1.2 

35 4 61 64 5.0 61 1.1 

35 10 44 47 7.9 43 1.1 

35 20 26 30 16.5 26 2.0 

AAD=11.4% AAD=1.7% 
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Table 5.13: Viscosity Results Athabasca - TAME  

Solvent 

Conc. 

[mass%] 

Temp. 

1°C] 

Exper. 

Visc. 

[cP] 

Model 1 Model 2 

Visc. 

(cP] 

Error 

[%] 

Visc. 

[cP] 

Error 

[%] 

15 4 4439 3212 27.6 4291 3.3 

15 10 2413 1777 26.4 2358 2.3 

15 20 983 756 23.0 993 1.0 

• 25 4 416 415 0.3 433 4.2 

25 10 270 266 1.5 276 2.2 

25 20 141 14]. 0.1 144 2.3 

35 4 76 • 97 28.3 76 0.5 

35 10 55 69 25.1 53 2.9 

35 20 33 42 27.0 32 2.9 

AAD = 17.7% AAD = 2.4% 
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Fiqure 5.22: Viscosity Results Athabasca - TAME  
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5.2.5 Calculation of Blend Viscosity Using Shu Correlation 

The general viscosity mixing model detailed in section 

4.9.2 as introduced by Shu32, will be evaluated versus the 

experimental results. The Shu model requires that the 

viscosities of the components in the mixture be known. To 

achieve this, equation 4.4 is used. The Shu model also 

requires the density at 25 °C for the components in the 

mixture. The following data is used: 

Cold Lake bitumen: p = 0.995 (from reference 23) 

Athabasca bitumen: p = 0.997 (experimental) 

MTBE: p = 0.7355 (experimental) 

TAME: p =0.7676 (experimental) 

By using equation 4.4 and the density data presented 

above, the Shu model is able to predict blend viscosities as 

a function of temperature and composition. The Shu model 

predicts the blend viscosities with the following accuracies: 

Cold Lake-MTBE = 16.3% AAD Cold Lake-TAME = 14.2% AAD 

Athabasca-MTBE = 9.6% AAD Athabasca-TAME = 10. 9% AAD 

The overall accuracy of the Shu model in predicting the 

blend viscosities of this investigation was determined to be 

12.8% AAD. It is evident that the Shu model is more accurate 

than Model A in the prediction of blend viscosities in the 

absence of experimentally determined interaction parameters. 
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5.3 Rheology 

As previously mentioned, the procedure to examine the 

rheology of the bitumens and bitumen-solvent blends involved 

measuring fluid viscosity while varying the rotational speed 

(ie. shear rate) of the spindle immersed in the test sample. 

From these results, a plot of viscosity versus changing shear 

rate could be depicted, and its rheological properties 

determined. 

The accuracy of this viscometer is, however, dependant 

upon the spindle speed. Therefore, changing the shear rate 

will affect the accuracy of the machine as well as the 

observed fluid properties. Consequently, any small changes in. 

viscosity may be caused by experimental error, and not by the 

actual rheological properties of the sample mixture. 

This decrease of accuracy reduces the usefulness of the 

results. For example, when the shear rate is halved, the new 

viscosity which is determined has twice the experimental 

error. 

The procedure described was followed for a number of 

bitumen-solvent mixtures at various temperatures. Similar 

results were found for all of the samples examined, with Table 

5.14 presented as an example. Table 5.14 shows the results of 

a 35% mass TAME - Athabasca blend at 20°C. 

It can be seen in Table 5.14 that the small shift in 

fluid viscosity as the shear rate changes, can more than be 

accounted for by the experimental error. If the change in 
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Table 5.14: Rheoloqy of TAME - Athabasca Bitumen Blend 

Spindle 

Speed 

[rpm] 

Shear 

Rate 

[s'] 

Experimental 

Viscosity 

(cP] 

100 122.4 33.3 ± 0.6 

50 61.18 34.6 ± 1.3 

20 24.47 34.6 ± 3.2 

10 12.24 35.8 ± 6.4 

viscosity was greater than what could be attributed to the 

inaccuracy of the equipment, then it could be determined to 

behave non-Newtonian. Therefore, the only conclusion that can 

be made from these results are that the mixture behaves as a 

Newtonian fluid within the experimental uncertainty; similar 

results have also been found for Athabasca bitumen37 . 

5.4 Separation of Blended Components 

The batch distillation detailed in section 3.1.4 was 

carried out for the four soluble bitumen-solvent blends and 

the two pure solvents in this investigation. The distillation 

of the solvents was performed to determine its boiling point 

at atmospheric pressure, and to observe if any possible 

impurities would alter the expected results. 
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The bitumen-solvent blends chosen to perform the 

distillation experiments were mixed in concentrations similar 

to those required to meet the pipeline specifications, namely 

near 30% (mass) solvent. The experimental distillation curves 

for all four blends are displayed in Figures 5.23-5.26. The 

figures show the temperature of the vapou± in the distillation 

head and the temperature of the liquid-mixture in the flask. 

These temperatures were plotted versus the amount of 

distillate recovered. 

Small boiling point ranges (ie. vapour temperature at 

plateau) were observed for the TAME blends, but not as much 

for the MTBE blends. However, this may be caused by the 

increased impurity in the TAME sample (compare purities of 94% 

TAME to 99.5% MTBE; section 3.2). 

It should be noted that the drop off of vapour 

temperature when nearing the ultimate recovery of distillate 

is atypical. The expected result would have the vapour 

temperature remain nearly constant (as the liquid temperature 

continues to rise) until the heating apparatus is turned off. 

In this experimental set-up, however, the thermometer resting 

in the distillation head is very near the condenser. This was 

obviously cooling the air near the thermometer used to measure 

the vapour temperature. Therefore, when no vapour was passing 

through the distillation head, the air would cool off to room 
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temperature. This is shown in Figures 5.23 - 5.26 as the 

broken line which extends down from the vapour temperature 

curve. 

The boiling point of the pure MTBE was found to be near 

50.7°C at the atmospheric pressure of•88.0 kPa (660 mmHg). The 

boiling point of the pure TAME was found to be near 81.5°C at 

the atmospheric pressure of 90.5 kPa (679 nunHg). No large 

deviations were observed during the distillation of the pure 

ethers. 

The amount of solvent ultimately recovered for each of 

the distillations were (all on mass basis): 89.0% MTBE & 87.5% 

MTBE for Cold Lake bitumen and Athabasca bitumen respectively; 

87.5% TAME & 93.2% TAME for Cold Lake bitumen and Athabasca 

bitumen respectively. Recoveries of approximately 90% can be 

expected for a distillation apparatus which is open to the 

atmosphere at the solvent discharge end. 

The density of the recovered solvents were determined for 

all four distillation experiments. All of the resulting ether 

samples had no change in density from before the distillation. 

This indicates that no impurities (eg. light ends of the 

bitumen) had boiled off with the solvents. 

Although the experimental set-up was a simple batch 

distillation, the results show that much of the solvent can be 

removed from the blend without any noticeable difficulties. 
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5.5 Asphaltene Deposition 

Throughout the course of this research, close attention 

was paid to all of the bitumens and bitumen-solvent blends to 

observe the possibility of encountering asphaltene 

precipitation. By means of visual inspection it can be stated 

that no such separation of a solid phase was observed, either 

as a precipitate or in suspension. This observation is 

relevant over the range of solvent /bitumen concentrations 

which were investigated. 



97 

CHAPTER 6 

CONCLUSIONS 

The following conclusions were reached during the 

investigation to identify alternate solvents used in bitumen-

solvent blending and liquid-mixture viscosity modelling: 

(1) Of the four alternative solvents suggested, the- ethers, 

MThE (methyl tert-butyl ether) and TAME (tert-amyl methyl 

ether), appeared completely soluble in the bitumens (ie. 

Cold Lake bitumen and Athabasca bitumen), up to the 

solvent concentrations investigated. 

(2) The alcohols, methanol and 2-propanol (iso-propyl 

alcohol), remained insoluble in the bitumens. 

(3) The pipeline specifications requiring a blend viscosity 

of 269 cP at 4°C were achieved by the average addition of 

27% (mass) solvents to the Cold Lake and Athabasca 

bitumens. 

(4) The application of Method A (liquid-mixture 

model without interaction) provides only 

magnitude viscosity results, and reliable 

predictions are not generated. 

viscosity 

order-of-

viscosity 
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(5) Two models for correlating 'interaction parameters were 

examined. Model 1 correlates the parameter as a function 

of temperature, and Model 2 was proposed to correlate the 

parameter as a function of temperature and composition. 

(6) Model 2 achieves more accurate viscosity calculations 

compared to the experimental data than' does Model 1, 

however it requires an additional correlation parameter. 

(7) Model 1 was shown to deviate from the experimental 

viscosities by an overall AAD of 10.4% and Model 2 was , 

shown to deviate from the experimental viscosities by an 

overall AAD of 2.4%, incorporating the data from all of 

the blends at the temperatures examined. 

(8) The Shu32 model was also used to predict the viscosity of 

the bitumen/solvent blends as a function of temperature 

and composition. The calculated viscosities deviated from 

the experimental results by 12.8% AAD. 

(9) In the absence of experimentally determined binary 

interaction parameters, the Shu model provides much more 

accurate results than does Model A. 
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(10) The rheological properties of the bitumens were not 

altered; the resulting bitumen-solvent blends remained 

Newtonian in behaviour within the experimental 

uncertainty of the apparatus. 

(11) The construction of a simple distillation apparatus 

displayed that the light solvent phase can be easily 

separated from the bitumen-solvent mixture with little, 

or no difficulties. 

(12) By visual means of inspection, the bitumen-solvent blends 

of this investigation showed no asphaltene precipitation 

over the practical range of solvent concentrations 

investigated. 
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CHAPTER 7 

RECOMMENDATIONS FOR FUTURE WORK 

(1) The investigation of alternative solvents could continue 

with a variety of other' diluents available. 

(2) A number of other bitumens could be utilized to expand 

the total number of bitumen-solvent systems investigated. 

(3) A more appropriate means of determining the rheological 

properties of the bitumens and bitumen-solvent systems 

could be employed. 

(4) An accurate procedure for monitoring the precipitation of 

asphaltenes, such as a laser particle analyzer, could be 

used to verify the visual observations. 

(5) Ensuring that subsequent batches in the pipeline 

transportation process will not be contaminated by the 

alternative solvents. 

(6) The possibility' of the solvents deteriorating the 

elastomer seals could be investigated. 
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(7) The investigation into any possible adverse impacts that 

the alternative solvents may have on refinery processes 

such as reforming and isomerization. 

(8) Investigate the possible handling of water contaminated 

with solvents in refineries and/or intermediate tank 

locations. 

(9) A more sophisticated distillation apparatus could be 

employed to allow for more analysis into the separation 

of the solvent phase. 
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