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Abstract

The main objective of this researchwas to exploit the interrelations between the
rheological behavior and nano-microstructure of plex fluids in solving two state-
of-the-art problems, one in the field of biomediaaigineering: controlling the
amount and characteristics of bioaerosol dropletserated during coughing, and the
other in the bitumen-heavy oil industry: charaziag the nano-microstructure of
asphaltene particles in bitumen and heavy oil ftheair rheological behavior.

For the first problem, effect of viscoelastic anatface properties of artificial
mucus simulant gels on the size distribution andwarh of airborne bioaerosol
droplets generated during simulated coughing wesestigated. The results
revealed that suppressing the generation of bisakmroplets and/or reducing
the number of emitted droplets to a minimum duraayghing are practically
achievable through modulation of mucus viscoelgstaperties. While variation
of surface tension did not show any change in tlopldt size distribution, an
increase in particle size was observed as the ssnghlanged from elastic solid
type to viscoelastic type to viscous fluid type géan. This knowledge will help
in the development of a new class of drugs beingldged at the University of
Alberta, aimed at controlling the transmission obarne epidemic diseases by
modifying the viscoelastic properties of mucus.

For the second problem, studies of viscoelasticabieh of Athabasca bitumen
(Alberta) and Maya crude (Mexico) oil samples, glomith their Nano-filtered and
chemically separated-plus-reconstituted samplese weerformed. The results

revealed that the rheological behaviors of the rbén-heavy oil samples are



governed by their multiphase nature. The rheoldghavior of all feeds,
permeates and retentate samples followed a singigemcurve over the entire
temperature interval, consistent with that of arrgllcomprising a Newtonian
liquid plus a dispersed solid comprising non-intdrey hard spheres. The
behavior of asphaltenes in the reconstituted sanplewever, was found to be
significantly different from that in nanofilteredmples.

The information about the characteristics and bielngwf asphaltenes obtained in
this study will help better understand the asphaltstructures, and support the effort
to determine solutions for numerous asphaltende®landustrial problems. In the
long run, this knowledge will help to create moffceent extraction and upgrading

processes for bitumen and heavy oils.

Vi



Nomenclature

A Pre-exponential factor in Arrhenius Equation
E Activation energy of viscous flow for solid-freealtene
K Crowding factor

R Universal gas constant

T Absolute temperature

o Particle interaction coefficient

0o Amplitude of oscillatory stress signal

0 Volume fraction of solid particles

®Pmax Maximum volume fraction

) Frequency of oscillation

T Shear stress

Ty Yield stress

Yo Amplitude of strain signal

y Strain

y Shear rate

i Newtonian viscosity

F Shear force

du Velocity of upper plate in a parallel shear flow
dy Separation gap between parallel plates

G Rigidity modulus

G Complex modulus

VI



No
Hoo
Nr

[nl

Ks

Storage modulus

Loss (viscous) modulus
Viscosity of dispersion
Complex viscosity
Dynamic viscosity
Imaginary part of viscosity
Zero shear viscosity
Viscosity at infinite (very high) shear rate
Relative viscosity

Intrinsic viscosity

Phase angle

Solvation constant
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Part 1: Introduction, Background and Theory

Chapter 1: Introduction

1.1. Introduction

Rheological properties, such as complex viscoslgstic and viscous modulus
etc. play a vital role in numerous industrial proguand applications from
cosmetics to ceramics to pharmaceuticals and fanttentrates [1]. The list
continues with biological fluids such as blood,user and respiratory airway
mucus; industrial fluids such as paints, composiésss and polymer melts; and

petrochemical fluids such as bitumen, crude oil lagalvy oils.

For all complex fluids, the rheological behavioojperties are dependent on their
nano-microstructure and vice versa. Therefore tieological properties have
been widely used as tools for characterizing andhtrobing the nano-
microstructure of intermediate and final products polymers, paints,
pharmaceuticals and many other industries [2].ibmiedical and bitumen-heavy
oil fields the application of rheological propesgié.e. the viscoelastic behavior)
as a characterizing tool for the nano-microstruetaf fluids or as a tool for
controlling the nano-microstructure of fluids hash very limited. The potentials
for them to be used in these two fields as charaatg tools or controlling tools
for the intermediate or end products, however,teemendously high. Here are

two examples:



(i) Bioaerosol droplets exhaled by humans duringathing, sneezing and
coughing are known to carry airborne pathogens,clvhupon inhalation by
others, can spread certain contagious infectiosgadies, such as influenza,
measles, swine flue, chickenpox, smallpox, SARS sman. Recent theoretical
studies [3] indicate that the number and size ifistion of the bioaerosol droplets
generated during coughing can be controlled byiafighe rheological properties
of the airway surface liquid. On the other hand theological properties of
airway surface liquid depend on the structures iatetactions at the molecular
level. However, experimental data on the rheoldgicaperties of airway mucus
or on the dependence of number and size distributib bioaerosol droplets
generated during coughing sneezing etc. are ahlsethe literature.Proper
understanding of dependence of rheological praggedin molecular structure and of
the interrelations between the viscoelastic progeidf tracheo-bronchial mucus and
the number and size distribution of bioaerosol Bsp generated during
coughing/sneezing etc can provide us the abilitgnitigating the bioaerosol droplets
generation when desirable, and/or of controlling $ize distribution of the droplets

generated during coughing.

(i) It is well known that the characteristics ochnmo and micron-size dispersed
particles (from their structure, size, and shapehtr tendency to flocculate,
deaggregate, and sediment) play a significant moleletermining the thermo
physical behavior of complex non-Newtonian fluid&e structure of such solid
(i.e.. asphaltenes) patrticles, dispersed in cruldeand bitumen, are surprisingly

difficult to measure reliably and reproducibly. Yaars experiments using



methods, such as calorimetry [4], SAXS (small angtay scattering) [5], SANS
(small angle neutron scattering) [6, 7], NMR (naclenagnetic resonance) [8],
HPLC-UV (high performance liquid chromatography Iwit ultraviolet

spectroscopy), and numerical simulation methodsh s Statistical Mechanics
simulation [9], Monte Carlo simulation, and molesutlynamics simulation [10,
11], have been used to determine the structuresplfiadtene particles, but the

asphaltene structures are still not completely tstded.

Proper understanding of asphaltene structures cadp hitumen-heavy oll
industries in two ways. First, the tendency of adjgme particles to form
aggregates is believed to be responsible for numsepooblems during bitumen
recovery, transportation, and processing, suchoamdation damage and well
plugging, reactor and line coking, refinery towelugging, and catalyst
deactivation. A complete characterization of thendamental behavior and
properties of asphaltenes in bitumen will help soiany of these problems.
Second, with current technology a big portion & #sphaltene particles present
in the bitumen are either removed as a waste in kibginning through
deasphalting process or are dumped after a pauggrading. A better
understanding of the structure of asphaltene pestican lead to the development
of more efficient upgrading and refining processHsis can spur innovation in
production of hydrocarbon fluids and improve thécefncy of production to a

large extent.



1.2. Objectives

The primary aim of the current dissertation wagxploit the rheology as a tool
for understanding the nano-micro-macro correlatiohdwo complex fluids of

particular interest, namely, a polymeric systenogsrlinked locust bean gum:
artificial mucus simulant) and a dispersion typgdl(bitumen, heavy oils). The

principal objectives were:

1. To understand the variations of rheological prips of human airway mucus

with changes in their structure and interactionthatmolecular scale.

2. To examine the effect of the rheological andam& properties of mucus on the
volume concentration and size distribution of brogel droplets generated during
simulated coughs, with an aim of helping developim@na new class of drugs
being developed at the University of Alberta, téedeat controlling the transmission
of airborne epidemic diseases by modifying the lysical properties of human

airway mucus.

3. To examine the impact of factors affecting tppaaent viscosity of bitumen
and heavy oils to reconcile their rheological dattn the viscosity measurement
data from literature, and to explain the causeheftiighly viscoelastic nature of

bitumen as compared to conventional oils.



4. To characterize the nano-microstructure of dspies nanoaggregates in
bitumen and heavy oil using their rheological bebgwand to compare the nano-
microstructure of asphaltene nanoaggregates inpltiysically and chemically

separated native fluids.

1.3. Thesis Outline

This thesis is written in three parts. The firsttmansists of two chapters. Chapter
1, the current chapter, outlines the introductiod abjectives of the thesis, while
chapter 2 describes the background theory for tthesis. The fundamentals of
rheology and complex fluids, the concepts assatiatgh the rheology of

polymeric systems, the equations describing theldgy of dispersions, and the

theory of droplet generation and breakup are attuised in brief in chapter 2.

The second part and the third part of the thestsemt the applications of the
theory discussed in part 1. Part 2, which is iadi of chapter 3 and chapter 4,
presents the application of rheology in a biomddagplication, while part 3,
which comprises chapters 5 to 8, presents theagtian of rheology in the field
of bitumen and heavy oils. Chapter 3, being th& thapter of part 2, introduces
some applied knowledge and theory specifically teelato biomedical field.
Chapter 4 presents our findings on the effect eblbgical properties of mucus
on the amount and size distribution of bioaerosapbets generated during

coughing. This chapter is based on the manuscitect of Artificial Mucus



Properties on the Characteristics of Airborne Biogsel Droplets Generated
during Simulated Coughing”, published in Journal Mbn-Newtonian Fluid

Mechanics (2010).

Chapter 5, which is the first chapter of part uvles an introduction on the
concepts and knowledge specifically related torbén-heavy oil applications.
The next three chapters, from chapter 6 to chaptare based on the manuscripts
on rheology and nano-microstructure of asphaltesm@oaggregates in bitumen
and heavy oils resulted from this PhD work and shigld/submitted in various

journals.

Finally the thesis is concluded with the final suamgnand recommendations

presented in chapter 9.
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Chapter 2: Theory

2.1. Introduction

The work presented in this dissertation are of raidiciplinary nature spanning
from the basic rheological theories of complex dhito the mechanism of
bioaerosol generation to the chemistry of oil séitdmen and the physics of
asphaltenes nano-aggregate formation. Brief dismussbout the theories related

to this research are given below.

2.2. Rheology

Let us consider a thin layer of fluid between twargllel plates separated by a
distancedy as shown in Fig. 2.1. If the bottom plate is kigpéd and a shearing
force F is applied to the top plate, at steady state ¢mmdihe forceF will be
balanced by an internal force in the fluid. If théd is Newtonian and the flow is
laminar, the shear stress will be proportionahtelocity gradient, i.e.

FIA= roo% (2.1)
d

y

This relation can also be written as

du .
T=u— =y (2.2)
dy

or y=— (2.3)



F Moving _
— ) — Velocity du

g X
Stationary

Fig. 2.1. Simple shear of a fluid between two dalglates, the lower plate being

stationary and the upper plate moving at a velahitgt a distance afy.

where the proportionality constampt, is known as the Newtonian viscosity, is
the shear rate, andis the shear stress. It should be noted jthigtthe tangential
force per unit area exerted on layers of fluid & distance apart and having a
unit velocity difference between them. The Newtanéscosity is independent of
shear rate i.e. the foréeremains the same whether the top plate is movadrfa
or more slowly. The shear stress versus sheamgrage, also known as the flow
curve, for a Newtonian fluid is therefore a strailyhe of slopeu as shown in Fig.
2.2. There are numerous examples of materials fochwthe flow curve is not
linear, i.e. the viscosity is not constant andather a function of other parameters
such as the shear rate, previous history of shedhe fluid etc. In such cases, a
new branch of natural sciences, rheology, emergediy half a century ago, is

needed for proper characterization of the fluidperties and flow behavior.
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Bingham

Pseudoplastic

- 1 Newtonian

Dilatant

Shear stress, ©

Shear rate, 77

Fig. 2.2. Flow curves for various types of timeependent non-Newtonian fluids

along with that of a Newtonian fluid

In essence, rheology is the science that dealsthathvay materials deform when
forces are applied to them [1]. The term rheolagynost commonly applied to
the study of liquids and liquid-like materials suahpaint, catsup, oil well drilling
mud, bitumen, blood, and polymer solutions; althouiglso deals with the study
of solids such as in metal forming and stretchifigubber [1]. There are two
principal aspects of rheology. One aspect invotilesdevelopment of constitutive
behavior (i.e. force-deformation or stress-stralationship) of a material, while
the second aspect deals with the development afioakhips that show how
rheological behavior is influenced by the structared composition, and vice
versa. The current dissertation utilizes the seaspct of rheology in a slightly

new way, i.e. to find out how rheological propestiafluence the behavior of

11



droplet generation and breakup of complex polynigietogical fluids; and also
to see what information about the molecular stmgctf viscoelastic dispersions,
for example size shape etc of nano-micron sizeasgte aggregates in bitumen
and heavy oil, can be obtained from their rheolalgstudies. A key word that
often comes forward in almost all rheological sésdis “complex fluid”, a brief

introduction to which is given below:
2.3. Complex Fluids

Complex fluids are also known as non-Newtoniand8uiA complex or non-

Newtonian fluid is one which possesses both elastit viscous properties, i.e.
although the fluid might be viscous, it exhibitestic behavior at the same time.
There is, therefore, an additional term in the egpion of shear rate (Eqn. 2.3).

The total rate of shear is therefore given by dqua.4 instead of Eqn. 2.3.
y=—+— (2.4)

HereG is called the rigidity modulug;, is known as the constant low shear rate
Newtonian viscosity coefficient also called zeroeah viscosity, and: is

additional stress resulted due to the elastic ptigseof the material.

The rheological behavior (e.g. flow curve) of a @bex fluid can be either time-
independent or time-dependent. In case of timegeddent behavior, the flow
curve may take different shapes, as shown in ERy. &pending on whether the

fluids under consideration are:

12



(i)

(ii)

(iii)

Bingham Plastic: Fluid with a straight line flow rge having an
intercept,z,, on the shear stress axis.

Pseudoplastic (also known as shear-thinning fluidie flow curve is
nonlinear, and follows a power law relation. Thecasity decreases
with increasing shear rate.

Dilatant fluids: Similar to pseudoplastic fluid, the sense that it has
no yield stress, except that in this case the siggincreases with the

increasing shear rate.

In case of time dependent behavior, the fluids beglassified into two types:

(i)

(ii)

Thixotropic fluids: in this case viscosity decremseith increasing
duration of shear.
Rheopectic fluids: viscosity increases with inchegsduration of

shear.

2.4. Mechanical Analogies of Complex Fluids

In classical mechanics the mechanical analogy ldbakean solid (purely elastic

material) is a spring while that of a Newtoniarulid (purely viscous material) is

a dashpot. Since viscoelastic materials exhibith beiscous resistance to

deformation and elasticity, in rheology, the cawsive relation between stress

and deformation for viscoelastic materials are ioleth using models that are

made up of series and parallel combinations ohggrand dashpots. The simplest

mechanical models analogous to a viscoelastic mbtare: (i) a single Voigt

13



element consisting of a parallel combination oparg and dashpot (as shown in
Fig. 2.3a), and (ii) a single Maxwell element sigted of a spring and dash-pot
in series (as shown in Fig. 2.3b). A simple Voilgneent or Maxwell element is
not sufficiently general to adequately describe ble&avior of real viscoelastic
materials. In order to generalize these modelsdal fluids, a number of similar
Voigt elements connected in series (as in Fig.)24a set of Maxwell elements
connected in parallel (as in Fig. 2.4b) are takenganeralized models. Such
models are known as generalized Voigt bodies amergézed Maxwell bodies
respectively. The equation of motions and the ctutste behavior of these

model systems can be found elsewhere [2].

—|

f

(@) (b)

Fig. 2.3. Basic mechanical elements for modelimgoglastic materials, (a) Voigt

element, (b) Maxwell element
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(b)

(@)

Fig. 2.4. Generalized models for representing \@kasiic materials, (a)

generalized Voigt body, (b) generalized Maxwell ypod

2.5. Rheological Characterization of Complex Fluids

There are numerous experimental techniques awveilédl characterizing the
behavior of complex fluids. These techniques cahrbadly classified into
0] steady shear experiments

(i) stress relaxation experiments

15



(iif)  creep experiments, and

(iv)  oscillatory (dynamic) shear experiments
The theory and detail information regarding theagous experimental methods
can be found in literature [2]. In this dissertatiothe oscillatory shear
experimental method has been used for all rhedadbgltaracterization, with a few
exceptions where the steady shear experiments grapoyed. The theory of
steady shear is straightforward, hence only a liggfussion about the oscillatory
shear experiments is provided here. In oscillaghar measurement, a sinusoidal
stress or strain signal is applied on the sampid, the material’'s response in
terms of strain or stress is measured respectiVetile applied sinusoidal strain
signal is as given by equation 2.5, provided thatdeformation is within linear
viscoelastic limit, the stress will be as given éyuation 2.7. The viscoelastic

properties in that case are obtained using equafdto 2.14.

V= Yosin(a) (2.5)
dy _ . _ .
rri e ty,coqat) = ycoat) (2.6)
o =o,sin(at + 9) (2.7)
Storage modulusi’ = Stre_sscos(Phasangle): 9 cowd (2.8)
Strain y
Stress

Loss (viscous) modulus;™ = st sin(PhasangIe)=£sin5 (2.9)
14

rain

Complex modulusG™ = :U_e;sz 9 -Jc*+G" (2.10)
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Elastic modulus_ G

Imaginary viscosity7 = (2.11)
Frequency w
Dynamic viscosity;; = Viscous modulus_ G (2.12)
Frequency w
4,G
Phase angled = tan (E) (2.13)
Complex Viscosity;;" = Complexmodulus_G_ _ /7'2 +n?  (2.14)
Frequency w

2.6. Rheological Behavior of Gel-type Complex Flusl

Polymeric materials including solutions, melts, amdsslinked systems, exhibit
both viscous resistance to deformation and el&gt[di]. The reason for such
behavior can be explained by the interrelationsvbeh the physical properties
(including rheological properties) and moleculausture. A polymer molecule is
a long chain with many joints that allow relativatation of adjacent links as
shown in the schematic representation in Fig. ZIte presence of this large
number of joints makes the molecule quite flexiaie allows various different

configurations of the molecule. At a given conditithere is a unique average
value of the end-to-end distance for the molecafes polymeric liquid that is in

equilibrium state. Deforming the liquid alters tlagerage length, but when the
deformation is stopped, Brownian motion tends twirre the average value of
end-to-end distance to its equilibrium value. Tit@sults in elastic and relaxation

phenomena in polymeric liquids. Additionally whep@aymeric solution

17
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Fig.2.5. Representation of flexible randomly coitedcromolecule of a polymeric

system (bead-spring model) taken from Ferry [2].

Fig. 2.6. Symbolic representation of entanglementlang chain polymeric

molecules
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() (b) (c)
Fig. 2.7. Symbolic representation of crosslinkingpolymeric molecules, (a)
locus of coupling, (b) Locus of adherence or terappcrosslink, (c) long-range

contour loop [2]

undergoes deformation, a dissolved molecule is gidgalong with it, but the

polymer molecule is so large that different partdtcare exposed to different

solvent velocities. In other words, the solvent emvelative to the segments of
the polymer molecule and exerts forces on thesensety, which change the
shape (conformation) and orientation of the molesuThus the deformation of a
polymeric liquid can alter the configuration andeatation and, hence, the
physical nature of the fluid. This in turn altete trheological properties of the
fluid. At high shear rates the shape of the polymelecules is different from that
at low shear rates, and this alters the solutioe&stance to flow and thus its
viscosity. This results in a shear rate dependehsgscosity [2]. Besides, each
flexible threadlike molecule pervades an averagkime much greater than
atomic dimensions and it continually changes thapshof its contour as it
wriggles and writhes with its thermal energy [.doing so, the molecules get

entangled within themselves as well as with otha@rosinding molecules as

19



shown in Fig. 2.6. The higher the entanglementhigber will be the viscosity of
the system. Finally, it is conceivable that specifipots of intermolecular
attraction can occur which may lead to linkage fation between one part of a
molecule and a different part of another molec8lgch intermolecular crosslinks
enhance the elastic behavior of the material. Rg. shows a schematic

representation of such crosslinks in a hypothepofmeric system.

2.7. Rheological Behavior of Dispersion-type CompteFluids

Dispersions are another type of complex fluids tzat show various viscoelastic
behaviors. Einstein [3, 4] (1906) suggested thatafailute dispersion of non-
interacting rigid spherical particles in a Newtoniféuid, it is sufficient to analyze
only the motion of the fluid around a single sphekevery low shear rate, for
dilute suspensions (very low particle volume fracti e.g. p<2%) of non-

interacting hard spheres in a Newtonian fluid Emstconsidered the far-field

hydrodynamics and derived:

nr=n/n.=1+25 (2.15)

wheren, is the relative viscosityy. is the viscosity of the continuous phagds

viscosity of dispersion, ang is volume fraction of particles. Batchelor [5] {19

considered semi dilute suspensions. Initially, bglected the Brownian motion
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and included the near-field hydrodynamic interacttin Einstein’s model, thus

modifying the Einstein’s equation to:

=1+ 250+ 7.6¢° (2.16)

Later, Batchelor [6] (1972) included Brownian matim his analysis and for semi

dilute suspensions found;

=1+ 250+ 6.2¢° (2.17)

Egn. (2.15) (Einstein’s equation) is applicableatdispersion of only up to 2%
concentration [7], and Equations (2.16 and 2.17at¢Belor's equations) are
limited for concentrations up to about 12%. For enooncentrated dispersions,
researchers formulated various semi-empirical eguositin such a way that at
very low concentration they satisfy Einstein’s dtpa and/or at some finite
concentrations viscosity becomes infinite [8]. Gueh equation is that of Krieger

and Dougherty [9] (1959) given by

nr=1/(1-¢0/¢max )[n] ®max (2.18)
where f] is known as intrinsic viscosity, an@mnax is the maximum packing

fraction (atg = @max, 1 — ). The value ofpmax Might range from 0.52 for a

simple cubic packing to 0.74 for face centered cydaicking [10] provided that
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the particles are uniform spheres. Another siméguation used widely in
literature, for example Berli & Quemada [11], anc@y [12] is that of Quemada

[13] given by

M =1/(10¢/¢max)’ (2.19)

Eiler [14] derived another semi-empirical Egn. giJey

=1+ (0l 9/2)(1-0/ gmax)® (2.20)

Pal-Rhodes [15] introduced the effect of particleselvent interaction and

proposed

= (1- Kg)?® (2.21)

where K = Solvation coefficient. Mooney [16] accounted floe polydispersity of

the particles and introducing a crowding facto(bofe / max)* , he derived

nr = exp(2.5¢ /( 1-Kp ¢/ Pmax) ?) (2.22)
As the particle concentration increases, dispessgtart showing non-Newtonian

behavior, i.e. viscosity becomes shear rate depgnde Kruif [17] (1986) gave

two separate equations for low shear rate andgfighr rate viscosity as:
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No/Me=(1-¢/0.63)2 (2.23)

No/Me=(1-¢/0.71 )2 (2.24)

wheren, is the viscosity at zero shear rate apds the viscosity at infinite shear
rate (very high shear rate). For viscosity at artgrmediate value of shear rate de

Kruif's equations can be used together with Kriég§t8] (1972) equation given

by

N="o+ (Mo - M)/ (1+2.32 Pe) (2.25)

where Pe is Peclet number. Rutgers [8] presentedxéansive survey of the
equations developed until his time (1962) relatimgcosity with volume
concentration of dispersion. He identified 96 eppregt from the literature and
showed that the very large number of equationsdcbalreduced to only five or
even two or three valuable functions. Sudduth [1993) later showed that the
reduced number of functions identified by Rutgeas egain be represented by a

single generalized form given by

d/n=(1-Ke ) °do (2.26)

Sudduth interpreted K as the crowding factor, ands the particle interaction

coefficient, and showed that the generalized eqndtikes the form of Arrhenius
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equation, Krieger - Dougherty equation, and Mooeegyation wherm is taken to
be 0, 1 and 2 respectively. Similarly other equetiecan also be derived from

Eqgn. 2.26.

As mentioned earlier, Einstein’s and Batchelor'sapns are valid only at very
low concentrations, while the other equations desdrabove (Eqn. 2.18 to Eqgn.
2.26), that are valid at higher concentrations mrestly empirical or semi-
empirical type equations. The theoretical equatialid for non-interacting hard

sphere system for a concentration of up to 31%asdf Vand [20] given by

nr =1+ 2.5p + 7.349° (2.27)

Vand accounted for the hydrodynamics (streamingthef liquid around the
suspended particles), and the mutual interactionthef particles and their
collisions, to derive this theoretical equatiorthie form of an infinite series, and
then derived the values of the constants in theadita for the case of rigid, non-

solvated, non-interacting particles as given in.EQja7

Another set of theoretical equations, claimed to &pplicable at all
concentrations, derived using an alternative agpraae those of Roscoe [21],

given by:

nr=(1-1.35)%° uniform spheres (2.28)

n=0-9¢)%° polydisperse spheres (2.29)
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Thus for a dispersion of non-interacting uniforrgidi spherical particles in a
Newtonian fluid, relative viscosity can be predictesing various hard sphere
models. [5, 6, 7] As the size, shape, size didtidioy and surface texture, of
particles deviate from those of an ideal hard sphére relative viscosity of
dispersions changes accordingly. Numerous empiaicdlsemi-empirical models
have been proposed to account for specific caSe8, [/] However, Sudduth [19]

showed that many of these equations can be redacedingle generalized form:

(7] j( 1 j -
In(n/n,) == | — I(1—k -1 2.30
ain=("2] 2 oy -1 (2:30)
Wherey is the viscosity of dispersion,is the viscosity of the continuous phase,
[#] is intrinsic viscosity,p is the volume fraction of particlek,is the crowding

factor, ands is the particle interaction coefficient this thesisthe generalized

Sudduth equation (Eqn. (2.30)) is used to intempredlogical data.

2.7.1. Colloidal Forces Active in Dispersions

There are three main types of colloidal forces ttaat act between particles in
dispersions: (i) electrostatic forces, (i) van dafaals forces, and (iii) steric
forces. Electrostatic forces are generally opeeatirough pH and zeta potential,
in aqueous or polar media. The van der Waals foacesattractive forces. The
range of these forces is of the order of the parsze for sizes up to ~ 200 nm

and increasingly smaller than the patrticle sizddager sizes. Steric forces, which
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result from the presence of adsorbed or graftedonaaecules at the surface, are
usually repulsive in nature, and are dependenthensurface layer thickness,

surface density and the solubility of the stahilgzchains.

A competition between the attractive and repulsigloidal forces governs the
extent of aggregation and deaggregation of pasticialispersions. In addition to
the above interparticle forces, there can be fodes to surface interaction
between the particles and the surrounding fluivel$ as forces due to Brownian

motion.

2.7.2. Dilute, Semi-dilute and Concentrated Dispersions

Depending upon the volume concentration of dispkssdid, the dispersions can
be divided into three types, namely dilute, serhitdi and concentrated
dispersions. The flow properties of a colloidalpdission are influenced by the

type of dispersion.

2.7.2.1 Dilute dispersions

Dilute dispersions in Newtonian fluids act like Newan fluids. In this case
volume concentration is very low &5%), and viscosity is not a function of shear
rate [22]. For dilute dispersions particle sizenist an important variable.
However, viscosity depends upon the shape (i.e.thehespherical or non-

spherical) of the dispersed particles [23]. Thieatfof size distribution, i.e.
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polydispersity, is also negligible for dilute dispens [23], and this is true for
both nano and micro sized particles as long asiteeof the dispersed particles
are large (at least ten times larger) comparedheéosize of the molecules of the
continuous medium. The relative viscosity relatfon dilute dispersions follows

the well-known Einstein equation/(i, = 1+ 2.5¢)

2.7.2.2. Semi-dilute and concentrated dispersions

Semi-dilute dispersionsp(= 5% ~ 18%) are particularly important for thisichy,
since the asphaltene concentration of bitumen andecoil ¢ = 10 ~ 18%)
appear to fall in this range. On the other handuuatresidues can be considered
as concentrated dispersions ¥ 18%) as their asphaltene content is very high.
The effects of various parameters i.e. size, pspalisity, aggregation and shape
of particles on relative viscosity for semi-dillaad concentrated dispersions are

shown qualitatively in Figs. 2.8, and are discudssldw.

(a) Effect of particle size

The effect of particle size on the dispersion vs#tyois apparently a debated
issue. Parkinson et al. [24] studied monodispsrsspensions of poly methyl
methacrylate (PMMA) of 0.lum, 0.6 um, 1 pum, and 4um diameter in Nujol.
They used an emphiphatic co-polymer, in which theulde stabilizing

component was the hexamer of 12-hydroxy-steartt, &gcistabilize the
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Fig. 2.8.Qualitative effect of size, shape, size distributamd aggregation of

particles on the relative viscosity of colloidaspersions

suspension. For the range of volume fraction frobo 2%, they found a clear
correlation between particle size and suspensi@togity. Smaller particles
showed higher relative viscosity for all volumedtians within the range of their
study. In contrast to this, Van der Werrf et ab][&tudied suspension of sterically
stabilized silica particles in cyclohexane, thetiphe size being in the range of 56
nm to 220 nm, with the results suggesting thatogsgg was size independent for
the whole range of volume concentration from O 0866 Ferrini et al. [26]

studied a number of spherical particles includifapg beads and acrylic powder
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(kallodoc), and non-spherical particles includingalc in different types of
suspending fluids. They also found that relativecesity was independent of
particle size. Chong et al. [27] studied a susjpensf closely sized glass beads
in a low molecular weight polyisobutylene (PIB) npia tube flow viscometer.
The particle size ranged from 53.8 to 236 micrams the solids volume fraction
ranged from 0.45 to over 0.6. The relative visgositthis case also was found to

be independent of particle size.

The experimental data in the literature on partstie effect seems to be heavily
contradictory. But after carefully analyzing varsoliterature data, we reached the
conclusion that the viscosity of non-interactingchapheres, when the particle
size is larger by one order of magnitude companettié size of molecules of the
surrounding fluid, is independent of particle sizée results that show variation
in viscosity with particle size, at all volume ftems do so because of the surface
interaction between the particles and the fluidinkation of an associated fluid
layer around the particles, for example, in thetesys where particles interact
with the fluid, increases the effective volume frac, thereby increasing the
viscosity. The surface area to volume ratio is ragly proportional to particle
size, while the thickness of hydration layer arotimel particles is expected to be
the same order of magnitude for all size of paticiTherefore, in dispersions
containing small particles the hydration layerd wdve more pronounced effects.
Hence, for the same volume fraction, dispersiorth winaller size particles will

offer more resistance to the flow, whereby theease of viscosity will be much

29



higher compared to the systems containing largettictes at the same

concentration.

The presence of particle size effect at higher entrations, in the systems where
there is no size effect at lower volume fractioissattributed to the magnified
inter particle interactions. The inter-particledrdaction depends on the particle
size and the volume concentration. The larger @uige size, the greater the
distance between the particles at any given coretgot. The inter particle
distance equals the particle diameter at a voluaetidén of 9.3%. That is, for a
suspension of 500 nm particle size, the inter gartdistance at 9.3% volume
fraction of solid will be 500 nm. But for the sarparticle size, at a 50% volume
fraction the average inter-particle distance wdugd70 nm. If the particle size is
reduced to 100 nm, the average inter-particle wcgtafor the suspension with
50% volume fraction would be 14 nm. At such smallues of average inter
particle distance there would be a significant nemtf particles in direct contact
with their neighboring particles, and the frictiahthe surface between adjacent

particles would play significant role, thereby udhcing the viscosity.

While the absolute particle size does not affeet wtscosity of non-interacting
hard sphere dispersions at moderate concentratibes,relative size of the
dispersed patrticles (in comparison to molecula sizthe liquid) has a significant
role on the rheological behavior. Machay et al. 8][3tudied viscosity of

polystyrene nano-particles suspended in a polys¢yngolymer. Two types of
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polystyrene particles: smaller in size (6-10 nmnekger) compared to the liquid
polymer molecules (15-30 nm) and larger in sizés ({@m) compared to the

polymeric molecules were used. While the additidnl® pm microspheres

resulted in a conventional increase of relativecasity, a clear evidence of
decrease of viscosity for semi-dilute suspensiomass fraction (0-10%) was
found for the 5-10 nm particles. This infers tha&pending upon whether the
added particles are smaller, equal or larger ia sampared to the molecular size
of liquid phase, the viscosity can decrease, remaiohanged or increase,

respectively.

(b) Effect of the particle size distribution

The effect of the size distribution is almost umamisly accepted by researchers.
Experiments by different researchers have shownta 20 fold reduction in
viscosity due to effect of polydispersity. It islieged that for polydisperse
suspensions, small particles can fit between tihgetaones and act like ball-
bearings to minimize the particle interactions, ahhresult in lower viscosity.
However, since the particle-particle interactioaysl significant role only at high
particle concentrations, for dilute and lower rargfjesemi-dilute suspensions,

polydispersity effect should be negligible.

Chong et al. [27] investigated the viscosity of bdal suspensions of glass beads

in PIB (polyisobutelene) using an orifice viscomeféhe suspensions had 25%

small spheres in total solid phase. The particte svas varied between 25 and
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250 pum, the particle size ratios were D/d = 7.2, 3.2 &1t and the volume
concentration of smaller particle in all cases \28%6. Results showed that the
relative viscosity decreases markedly as the parsize ratio decreases. The fact
that the relative viscosities of bimodal suspensidacrease significantly as the
number of small spheres increases indicate thaffitiee spheres act like ball

bearings between large spheres [27].

(c) Effect of particle aggregation

Aggregation of the particles immobilizes the fluimktween the aggregated
particles. This can be seen as transferring voltnora the continuous phase to
the dispersed phase, which increases the effegbluiane concentration of the

solids, thereby increasing the viscosity.

(d) Effect of particle shape

Non-spherical particles in dispersions result lmgher viscosity compared to that
of spherical particles. The higher the aspect rafithe non-spherical particles,

the higher will be the viscosity. For the same eabfi aspect ratio, fiber shaped or
cylindrical particles will show higher viscosity mpared to that of disc-type

particles.

(e) Effect of shear rate

Depending upon the shear rate and concentratispeiions can show a shear

thinning or a shear thickening behavior. Rheolsgesgree that the change of
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viscosity with shear rate appears because of itieres of the dispersed particles
with the surrounding medium and the neighboringiglas [29]. It should be
noted that for semi dilute suspensions of non-auing colloidal spheres, the
forces affecting viscosity are Brownian forcescoiss hydrodynamic forces and
inter particle forces [29]. According to Probstei30] the non-Newtonian
behavior of suspension viscosity is observed whalioidal size particles are
present, and the shear rate dependence is th¢ oésutompetition between the

viscous forces, surface forces, and forces assacigith Brownian motion.

Mewis [31] explains that, when increasing the shate the Brownian motion
will at a certain stage become slower than the eotive motion. From then on,
the contribution of the Brownian motion to the wsity will gradually decrease
with increasing shear rate, whereas the hydrodymaooeintribution remains
relatively constant. This causes the viscosityrmpdand a shear thinning region
to develop. At still higher shear rates, tBeownian contribution becomes
negligible, but an increase in hydrodynamic effecas either compensate the
decrease, causing a pseudo-Newtonian high shetwaplaor overcompensate
producing a shear-thickening zone [31]. Batchelpf] explained the shear
thinning behavior in terms of the tendency for béllkw to align the largest
diameter of the particles preferentially with thaimstreamlines in opposition to

the (rotational) spreading effect of Brownian matio
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It is also generally accepted that the non-Newtonlzehavior of dense
suspensions results from changes in microstructuréer shear [32]. For
example, shearing can break down particle aggregate smaller particles,

which can cause shear thinning effect.

2.7. Droplet Formation and Breakup in Shear Flow

Even though not much work has been done on theattten of the mucus layer
with pulmonary airflow and the bioaerosol droplengration during coughing
sneezing etc., extensive research has been dot®plet generation and breakup
from liquid jet, spray, atomizers etc. over the g centuries. The first of such
work done on the breakup of flat sheets that spfeath two equal co-axial
colliding jets is traced back to Savart (1833) ][88d that on the instability and
break up of a liquid jet is traced back to Plat¢a873) [34]. Using surface
energy arguments, Plateau [34] proposed thatchiewe a state of minimum
surface energy, a round jet of diametemiist break into equal segments whose
length must be about 4.5 Rayleigh (1879) [35] demonstrated that this bugak
results from a hydrodynamic instability caused byface tension and occurs at a
relatively low jet Reynolds number. Weber (193136] extended Rayleigh’s
analysis and showed that the liquid viscosity hasaailizing effect that lowers
the breakup rate and increases the size of thenauselroplets. Taylor (1959,
1960) [37, 38] studied the basic linear wave mmiowithin flat sheets.
Bibliographies of the work afterwards tend to beyvéengthy. Readers may

consult the reviews of liquid atomization mecharsdoy Reitz and Bracco [39],
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Krzeckowski [40], Pilch and Erdman [41], HsiangdaFaeth [42], and Wu and

Faeth [43].

Based on the results and observations from theealisted literature the droplet
generation/breakup phenomena can be broadly dkbsifito three types: 1.
Gravity driven single droplet formation [44, 4%), Jet breakup or Jet-driven
droplet formation [46, 47, 48], and 3. Spray atzation [49]. The gravity-driven
droplet formation occurs in three stages namektating, elastic drainage, and

surface recoil events.

The breakup phenomena of liquid drops in case tobjeakup and atomization
could be classified roughly into two stages [3DJiring the first stage of the drop
breakup process, the drops experience a shape egshand subsequent droplet
breakup starts from a basic flattened liquid dis&pe. During the second stage of
the drop breakup process, the distorted drops godelisintegration, and
depending on the Weber number of the flow, at |tase breakup regimes can be
identified which are termed as bag breakup regim&2<\{\Ve<80),
stretching/thinning breakup regime (80<We<210) aathstrophic or explosive

breakup regime (We>210). A brief description of theee regimes is as follows:

2.7.1. Bag breakup regime

When a liquid jet islischarged into a stagnant gas, or a gas strepasged over

a liquid layer, a Rayleigh instability manifestoopided that the jet diameter is
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small and the jet Reynolds number is small too tfw order 16). As the
perturbations grow and a sheet begins to form,w@nperturbations at the rim
of the sheet also grow. In time, the sheet’s thesknand rim radius decrease until
surface tension forces become of the order of énedynamic forces. The rim is
finally disrupted by aerodynamic forces and Rayiaigstability. Behind the rim,
the liquid sheet is blown out into a bag, forminghambrane, which breaks into
small drops. This mechanism is characteristic & thlatively small Weber
numbers where membrane breakup occurs. This braakgpanism is termed as
bag breakup and it is similar to the scenario akegkin numerical simulations by

Keller et al (1984) [51], Li (1996) [52], and 2ski et al (1998) [53].

2.7.2. Stretching or thinning breakup regime

When the Weber number is increased, the breakupegsas distinctly different

from that in the bag breakup regime. The very #uge sheet of the flattened
disk, which has a low inertia, is deflected in theection of the air flow stream.

The edges of the saucer-shaped disks are blownntutthin sheets by drag

forces, and the sheets are split into fine filarmantligaments, which themselves

break up into very small drops.

2.7.3. Catastrophic breakup regime
In the case of catastrophic break up as noted byahd Reitz [50], the edge of
saucer-shaped flattened disks is drawn out intonasheet by the suction stress at

the equator of flattened disks due to the high-@mzes flow. The drop is flattened
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into the form of a sheet and the accelerating shiesztks into large fragments by
means of the Rayleigh-Taylor instability. Much dleowavelength Kelvin-
Helmholtz waves are thought to originate at theesdyf the fragments, and these

waves are stretched to produce ligaments whichkbpegto micro-size droplets.

2.7.4. Secondary Breakup

As described above, the primary instability of #imucus interface leads to the
formation of mucus sheets and ligaments that bieakdrops. Portions of these
sheets and ligaments also may detach from the muaug surface. These mucus
droplets and lumps of complex shapes are subsdygummivected downstream

and undergo further breakup as they are subjeotdket stresses of the turbulent
air flow. In case of large aerodynamic Weber nurep#ris secondary breakup
generates a large number of smaller droplets reguibh an overall bimodal

droplet size distribution.

Following the classical decomposition of the tudmilmotion into a mean plus a
fluctuating component, we can express the forcésgaon the mucus droplets as
the sum of a force resulting from the mean relatiglcity between the droplet
and the air, and a force due to the turbulencdiufatons of the surrounding air.
To differentiate between the breakup processedtirggiirom these two effects,

we refer to them as shear breakup and turbuleakhrp respectively.
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The shear breakup can again be one of the thresratit types depending on the
value of the shear Weber number namely, a bag dodoatype breakup
(Merrington & Richardson 1947 [54], Kennedy & Rdise1990 [55]), a
stretching/thinning breakup (Liu & Reitz, 1997, L&eReitz, 2001) [50, 56], and
an explosive or catastrophic breakup (hanson et98&3 [57], Reinecke &

Waldman 1970 [58]).

The droplets generated through the primary breakupthe shear breakup of the
secondary breakup stage undergo further breakupodine turbulent fluctuating
stress. It should, therefore, be expected thatrdézss of the initial break up, the
maximum droplet size of the equilibrium droplettdizution function achieved in
the far-field should be determined by the finabtlent breakup process, and the

overall distribution is most likely to be bimodal multimodal distribution.
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Part 2: Application 1: Airborne Bioaerosol Droplets Generation

and Control

Chapter 3: Introduction

3.1. Introduction

Infectious respiratory diseases are a prime cadiseasbidity, mortality and

health system utilization worldwide. Spontaneousugting is a common

symptom for numerous illness and diseases includig flu, chronic bronchitis,

pneumonia, asthma, tuberculosis and many more. aléening issue is that
during coughing a person may generate and exhaldréds of thousands of
bioaerosol droplets which may contain pathogensanious infectious diseases
and upon inhalation by others they may transmit diseases from person to
person. Thus, aerosolized secretions from an idectdividual, released during
coughing, and even during sneezing or talking,@sgmt an important mode of

transmission of infection from one person to others

Our goal in this part of the dissertation, constof chapter 3 and 4, is to explore
how the aerosolizability of respiratory secretia@ be controlled in order to

reduce the transmissibility of airborne diseases.

The overall hypothesis is that the transmissionawborne diseases can be

controlled by implementing a co-adjuvant pharmagal intervention aimed at
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modulating the physical and biochemical charadiessof the respiratory

secretions of transmissor who carries the infectionminimize expelled material
that carries the pathogens. This unconventionah ideas first conceived by
Gustavo Zayas and Malcolm King in 2004 [1] at theivdrsity of Alberta. The

implementation of the idea is yet to be fully read through manipulation of
mucus viscous and elastic properties using mucolyterapies. However, the
scientific and engineering basis of reducing theosdization of breathable
particles is still unknown, and needs to be undestefore achievement of the

targeted goal.

The new knowledge acquired in this part of the etisdion will be useful in
understanding the interrelations between the mtdeatructures and viscoelastic
characteristics of human airways surface mucus a as the effect of
viscoelastic properties on the number and sizeiloigion of bioaerosol droplets
generated during coughing. These in turn will helproving a new class of drugs
being developed at the University of Alberta, aimatl controlling the
transmission of airborne epidemic diseases by miomgjfthe viscoelastic response

of mucus.

3.2. Production and Composition of Airway Surface lquid (Periciliary
liquid and Mucus)
The airway surface liquid of human respiratory tregnsists of two concentric

annular layers of fluids with essentially differgatysical properties: the
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Fig. 3.1. Schematics of the mucus layer and peigilayer in airway surface

liquid in human respiratory tract

periciliary layer (PCL), a watery layer coveringethirway epithelium, and the
mucus layer, a viscoelastic gel that floats ondbthe PCL as shown in Fig. 3.1
[2]. The mucus layer, which is formed by secretifnasn goblet cells located in
the airway epithelium, and also from submucosahdgan the larger airways is a
layer of gel-like highly viscoelastic fluid that ieansported by the lung clearance
mechanism (cilia beating) from the terminal broothito the top of the trachea,
where it is swallowed. Mucus usually consists oftewaand high-molecular
weight glycoproteins, mixed with serum and cellulproteins (albumin,
immunoglobulins, enzymes) and lipids. It may alsmtain variable amounts of
cell debris and particulate matter. The normal ydaiblume of respiratory
secretion arriving at the larynx is estimated toaperoximately 10 ml/day. The

total production throughout the airway systems wqgoiobably be much higher

47



than that [3]. Usually for total daily productiarange of values (5 to 40 ml/day)

is adopted by researchers. The velocity of muaus fh the trachea in an average

nonsmoking adult has been measured by marker lgactearance as typically 10-

15 mm/min [4]. However, for velocity as well, adei range of values (5 to 15

mm/min) may occur.

3.3. Molecular Structure of Mucus

The respiratory mucus gel is constituted primaddy a three-dimensional

crosslinked network of mucous glycoproteins or macivhich are products of

several different genes, some of which are assmtiaith goblet cells while some
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Fig. 3.2. Schematics and brief descriptions ofauasitypes of bonds [5] occurring

in respiratory airways mucus gel.
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may be predominantly glandular. The structure ofimaiin the respiratory mucus
can be represented as in Figure 3.2 [5]. As shawirigure 3.2, the three-
dimensional structure of mucus consists of a nurobelifferent types of bonds,

some of which are:

0] Di-sulphide covalent bonds
(i) Mucin-mucin ionic bonds
(i)  Hydrogen bonds

(iv)  Van der Walls forces

(v) Entanglement, and

(vi)  Extra-cellular parallel network formation

Short descriptions of each of the bonds are giudfig. 3.2.

3. 4. Rheological Properties of Mucus

The rheology of mucus is its capacity to undergowfland deformation in
response to the forces applied to it. The rheoldgproperties of mucus are
determined by its content of mucous glycoproteind &vater. Due to cross-
linking of glycoproteins, the rheological behavioof mucus is described as
viscoelastic, meaning that it has both the charisties of a viscous liquid and

elastic solid [6].
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Factors that contribute to the viscoelasticity afcus include the type of mucus
glycoprotein (mucin), the hydration of the secnetip and the degree of
entanglement and crosslinking in the mucus gelruptson of the gel network
(the process known as mucolysis) causes breakagedaction of the bonds
within the mucus gel. If carried out to the righltent mucolysis can optimize the
ability of ciliary and airflow mechanisms to cleaucus. Mucolysis can occur in
both ways: (i) through physical intervention suchhagh frequency oscillation
[7], and (ii) by using biochemical or pharmacol@ajiagents also known as
mucotropic agents such as N-acetylcysteine or deradpha [8]. Mucolysis, by
breaking macromolecular bonds or disrupting secgndanding in the mucus gel

structure, reduces the viscoelasticity of the mugris

The elasticity of a mucus gel is a measure of #resy of crosslink points within
a given timeframe. At high measurement frequenorewithin short times, the
effective number of cross-links is greater than lfanger times, when the gel
network has more opportunity to rearrange in respdo the applied stress. The
viscosity of the mucus, on the other hand, is asmeaof entanglement of the
molecules. However, changes in mucus viscosity eladticity are generally
interrelated [9, 10]. Even though interventionst theeak or add crosslinks can
alter the close interrelation between viscosity a&hakticity, in most cases of
normal scenarios the viscosity will increase withircrease in elasticity and vice

versa.
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Mucus is a shear thinning fluid meaning that itscesity decreases with
increasing shear rate. The viscosity of mucus,the.resistance to flow, is the
major rheological variable that affects cough @eae. Elasticity is involved in
terms of the recoil effect. A high degree of elasfii.e low viscosity to elasticity
ratio affects the cough clearance negatively. Auditgsor the surface tension
inhibits cough clearance by suppressing the interabetween the mucus and the
airflow. Mucus that is elastic rather than viscasigransported well by ciliary

action, but not so well by coughing [11]

3.5. Surface Properties of Mucus

Surface properties of mucus are believed to be itapb for various mucus

functions. Surface tension is caused by the cobesivaction of molecules to like
molecules. Since the molecules on the surfaceligiuad are not surrounded by
like molecules on all sides, they are more attchdte their neighbors on the
surface. The net inward force per unit length csudace is defined as surface

tension.

A layer of surfactant is known to exist at thermucus layer interface. The role of
this surfactant layer in cough clearance is largatknown. Effect of surface
tension on droplet generation during coughing whaslied using instability

analysis. Some experimental studies also discubsedurface tension effect on

droplet generation during coughing.
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3.6. Mucus and Cough Clearance

There are two major mechanisms for clearing mucosnfthe airways: (i)

clearance by coughing and other forms of mucuseairinteractions (Fig. 3.3),

(i) Clearance by ciliary action. Usually respimgtanucus is cleared by airflow

and ciliary interactions. Sputum, which is mucusgexdi with inflammatory cells,
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3 Mucus droplets
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Drug Discovery Today

Fig. 3.3. Schematics of mucus clearance throughebasol droplets emission

from airways during coughing. The figure is reproed from [12].
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cellular debris, and bacteria, is generally cleabgdcough. The clearance of
airway mucus depends on the biophysical and rhexbgroperties of the mucus
gel. These include its internal cohesive propertiecosity and elasticity, as well

as its surface and adhesive characteristics.

Mucus clearance represents the first-line defeneehamism of the respiratory
tract, which prevents particles potentially harnfiad human lungs such as soot,
microbes, allergens and irritants from impingingu@nd penetrating the airway
epithelium [13]. When production rate of mucus ighler than the rate of

clearance, mucus accumulates and obstructs thayanm which case the excess

mucus is removed by coughing.

3.7. Mucolytic Therapy

True Mucolytic treatments involve the rupture oflymoer backbone elements
such as disulfide bridges linking mucin subunits toe breakdown of high-
molecular-weight DNA. Having only a few rupturedkages greatly reduces the
resistance of the network to rupture at high strauen though there is relatively
little change in the crosslinks (which determinew-amplitude viscoelasticity).
Indirect mucolysis, which involves rearrangements tke macromolecular
configuration (e.g. swelling of the network by ieasing water content of altering
mucin polymer size by changes in ion content), rgesatly alter the distance
between crosslinks (crosslink density) and yetitdle ko alter the cohesiveness or

rupturability of the gel.
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3.8. Study of Mucolytic Therapy through Artificial Cough

The main motive behind the study in the current pérthis dissertation is to
reduce the human-to-human airborne disease trasismis through
mucomodulation, i.e. to modulate the physical cti@rsstics of the respiratory
secretions to reduce aerosolization without affectiormal mucociliary clearance
function. A potential drug, currently called as tgrDex” is being developed at
the University of Alberta, which is aimed&ntrolling the transmission of airborne
epidemic diseases by modifying the viscoelastipaase of mucus. Howevein
order to achieve this goal, understanding the efitearious mucus properties on
the amount and size distribution of bioaerosol thbgeneration during coughing
is a prime requirement. As one will expect intwetiy the size distribution of
droplets generated during coughing would vary fimenson to person, cough to
cough, and even from one instance of time to amaflheing the same cough.
Thus a methodical investigation of mucomodulatimmagh study of real human
cough is very difficult. Moreover an arbitrary vaion of the mucus properties in
real human subjects for such investigation woultdardy be extremely difficult,
time consuming and costly, but also it could be tiireatening for the subjects
under investigation. Simulated cough using mucosikints in an artificial cough
machine, on the other hand, produces size disiitsibf droplets very similar to
those of real human cough in a highly repeatabdesafie manner.

The size distributions of droplets generated durangypical human cough
measured in our laboratory at different instantéiroe during a single cough are

shown in Fig. 3.4. The figure shows that in thegeof 0 to 35 micron diameter
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a real human cough produces a bimodal distributibaerosol droplets.
The droplet size distributions presented in Fi§. @btained for different
mucus simulant samples using simulated cough inoweglt machine
present similar trend in the size distribution lzet in Fig. 3.4. In the next
chapter the effects of viscoelastic and surfacegmges of mucus on the
characteristics of airborne bioaerosol dropletsegated during coughing
are, therefore, studied using artificial mucus dant samples and
simulated coughs instead of real human cough. Tuglt machine is
designed to simulate the droplet generation inttaeheal region of the
respiratory airways. Because the mucus layer e¢kdisi in this region, the
trachea is the primary location of droplet generatluring coughing. It is
worth mentioning here that an artificial cough @ @& perfect replica of
the real human cough, as there are certain diffeetetween the two.
For example, while the actual human trachea israrigid, ribbed pipe of
circular cross section, the model trachea usedhencbugh machine is a
rigid part with a smooth rectangular cross sectiblowever, such
simplifications should have little or no effect thre actual mechanisms of
droplet generation, which are mainly governed bg fluid and flow
properties. The simulated cough using the coughhmads, therefore, a

good representative of a real human cough.
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Chapter 4

Effect of Artificial Mucus Properties on the Charaderistics of Airborne

Bioaerosol Droplets Generated During Simulated Cougng

MD. Anwarul Hasan, Carlos F. Lange, Malcolm L. King

ABSTRACT

The effect of viscoelastic properties and surfagesion of artificial mucus
simulant samples on the size distribution and velwoncentration of bioaerosol
droplets generated during simulated coughing wassiiigated througln-vitro
experiments. The mucus simulant samples had visstelproperties in a similar
range as those of real human airway mucus. The sngsouulant gels were
prepared by mixing various proportions of 0.5% 7% .locust bean gum solution
and 0.1 M sodium tetraborate (XLB) solution. Suefaension of one set of
samples was varied by adding different amounts B SSodium Dodecyl
Sulfate) surfactant while the measurement of sertansion was performed using
ADSA (Axi-symmetric Drop Shape Analysis) method.eNiscoelastic properties
of the samples were measured using a Bohlin Gegtifi HR (Malvern, UK)
nano rheometer with peltier plate assembly. Arfieidi cough machine was used
to simulate human cough, generating aerosol djled model trachea attached
to the front of the cough machine. The size distidn and volume concentration

of the droplets generated through simulated cougtewneasured using a laser
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diffraction particle sizer (SprayTec, Malvern, USA)he surface tension was
found to have negligible effect on the charactirief generated droplets within
the range of this investigation. The experimen&sduits showed a decrease in
particle size as the samples changed from a visitaidstype to a viscoelastic to
an elastic solid type sample. The volume conceatratlso changed significantly

as the viscoelasticity of the samples was varied.

Keywords: Bioaerosol droplets, Mucus, Viscoelasticity, Sugfd@nsion, Cough

machine.

4.1. Introduction

Bioaerosol droplets exhaled by humans durimgathing, sneezing and
coughing may carry airborne pathogens, which upd@lation by others spread
various infectious diseases, such as influenzasiegaswine flu, chickenpox,
smallpox, SARS and so on. Such airborne transmmssiaespiratory infections
through bioaerosol droplets poses a major publathehreat and it is a subject
about which surprisingly very little is known. Retetheoretical studies [1]
support the hypothesis that the number and sizgkdison of the bioaerosol
droplets generated during coughing can be conttdilealtering the viscoelastic
and surface properties of the airway surface ligliide unconventional idea of

controlling the transmission of airborne diseasgsniodulating the physical and
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biochemical characteristics of the respiratory sgens of a transmissor who
carries the infection was first conceived by Matedking and Gustavo Zayas in
2004 [2] at the University of Alberta. However, anthe details about the
correlations between the viscoelastic and surfacpesties of mucus and the
characteristics of the generated bioaerosol drepéee largely unknown, the
implementation of the idea is yet to be fully reati. In order to mitigate the
airborne transmission and to control the generatiobioaerosol droplets during
coughing, sneezing etc., it is important to underdtthe correlations between the
relevant viscoelastic and surface properties of usuaith the volume

concentration and size distribution of the generam®plets. In this work we have
studied the effect of surface tension and viscoielasoperties of artificial mucus

simulants on the size distribution of bioaerosobpdets generated during

simulated coughing.

4.1.1. State of the art knowledge about coughing and bioaerosols

A cough can generate several thousand [3] to abdenth of a million droplets
[4], while a sneeze can generate as many as foolysand [5] to close to two
million droplets [4] at a velocity of up to 100 mMany of the generated droplets
may be large enough to contain thousands of migesesms [6]. During the
expulsion, the diameters of the droplets vary betwiactions of a micron and
2,000pm, the majority of which are in the order less ti@9um. Moreover, the

droplets dry very rapidly. The drying times for 180d 50um droplets in air at
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50% relative humidity are 1.3 and 0.3 seconds, easgely [7]. On complete
evaporation, the particles may be small enougretoain airborne in the indoor

air flow.

The sizes of pathogenic microorganisms, on therdtaed, span wide ranges e.g.
from 0.3 to 15um for bacterial cells and spores, 2.0 to @0 for fungal spores,
0.02 to 0.3Qum for viruses, and 1 to 5m for the majority of molds and yeasts

[6,8-12].

Depending on aerosolized droplet size, airbornkquens can quickly deposit on
nearby external surfaces or the expired bioaerasoistravel great distances and
remain airborne for an extended time, particularhen droplets are too large for
diffusive deposition (>200 nm) or too small for gtational deposition (<2um)
[13,14]. Bioaerosols consisting of solid or liquadrticles smaller than 4@m can
remain suspended in the air for a few hours andilerly to be inhaled [6,12,15].
Table 4.1 lists the time required for a droplet&posit by sedimentation from a
height of three meters [12].

Table 4.1 Behavior of bioaerosols in the air [12]

Diameter in ~ Time required for deposition

micron from a height of 3 meters
100 10 sec
40 1 min
20 4 min
10 17 min
6to 10 A few hours
0.06t0 6 Several hours
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4.1.2. Historical perspective on bioaerosol research

To date, few studies have carefully examined thereaof the bioaerosols that
humans exhale on a daily basis. Early researclsstareed the upper respiratory
tract (nose, mouth and throat) to be the primaocation of droplet formation
[16,17,18]. In these early studies, the mouths tmdats of volunteers were
coated with a dye and breathing, talking, sneeaimd) coughing maneuvers were
monitored and any resulting droplets were collea@dctly onto a slide. Only
droplets >1um were measured by microscopic observation. Du@l6d found
that droplets (>1um) produced by speaking, coughing and sneezing were
sufficiently small to remain airborne. Normal bigay, however, produced no
measurable droplets (>m). In a second series of experiments [17], Duguid
determined that coughing produced an average drgpe of geometric mean
(GM) = 14 um and geometric standard deviation (GSD) = 2.6 fandneezing
GM = 8.1 um and GSD = 2.3. On the other hand, Loudon and Rolj28]
showed that the estimated log-normal parameters @& = 12um and GSD =
8.4 for cough. More recently, Papineni and Rosénfb@) measured expired
bioaerosol droplets (in nose and mouth breathioggking and talking) to be <2
um in size, with no droplets >8m. An interesting common finding from these
studies was the high variability in the levels abderosol production from

different individuals.

More recent experiments have utilized optical p#ticounting (OPC) to

determine the size and concentration of dropletwalexi from all parts of the
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respiratory tract [19-21]. In a similar experimetdt that of Papineni and
Rosenthal, Edwards et al. [20] observed 11 hedithan subjects. Results from
this study confirmed Papineni and Rosenthal’s figdias they suggested that the
exhaled particles during normal mouth breathing predominantly <lum in
diameter. Edwards’ results also showed that exppadicle numbers vary
substantially from subject to subject, with twotilist populations: low producers
(those exhaling an average of <500 droplets par diver a six hour measurement
period) and super producers (those exhaling arageenf >500 droplets per liter
over a six hour measurement period) of expired érimsols. Remarkably, the
super producers (six people from the test grouple¥en) expired 99% of the

total amount of bioaerosols that were expired leyethtire group.

In their study, Edwardst al [20] further found that delivering ~1 g of isoton
saline (orally via nebulized aerosols, fré in diameter) reduces the total amount
of expired aerosols (among the super-producingviddals) by ~72% over a six
hour period and markedly diminishes total expireghbrosol production for the
entire group In vitro results, obtained using a simulated cough machiten
indicated that a mucus mimetic nebulized with salgmoduces a larger droplet
size after the forced convection of air over it§ate than when air is forced over
the mucus mimetic alone (i.e. without saline netation). These results led
Edwards and co-workers to speculate that salineretedl onto lung surfactant
increases its surface tension, and potentiallyrallggamic physical properties of

the lung surfactant, thereby changing the dropletakup dynamics. In a
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subsequent study, Clarlket al [22] report that delivering isotonic saline aerss
(in 5.6 um droplets) into the endotracheal tube of anestbetbull calves showed
a dose-responsive effect on exhaled bioaerosalsnsiutes of treatment resulted
in a decrease50% of exhaled bioaerosols for at least 120 minutesnpared

with pre-treatment.

The idea of inhaling saline for medical benefit legsted since the time of
Hippocrates. However, the mechanism of this phememeemains unclear, as
does the reason for the dramatic exhaled aerodtdreices among human
individuals. In explaining why certain individuals Edward’s study breathe out
many more bioaerosol particles than do others, Mé@ et al. [23] suggested
that possibly transient and/or durable inter-subjeariations in the ionic

composition of airways surface liquid produce theeii-subject variations in the
number of expired bioaerosol particles, and poadgtiin airborne disease
infectiousness. They speculated that the gelatiothe free surface of airways
surface liquid mimetic owing to deposition of sa#tsed solutions should
diminish the propensity of the airways surface iligio break up into droplets in

the cough machine.

4.1.3. Pulmonary bioaerosol droplet generation and breakup

The interaction of the mucus layer with the pulnrgrerflow plays a major role

in lung clearance. Several studies have focusetth@meffects of wave formation
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on shearing of the mucus blanket [24] but the adgon of the mucus layer with
pulmonary airflow is not yet fully understood. QRaret al. [25], King et al. [26],
Evrensel et al. [27] and others have reportedwhedn a critical flow velocity is
reached, either propagating or standing waves siyld@pear on the compliant
layer surface in simulated airways. Experiments,J8&1] also revealed that
these well organized surface waves suddenly appban a critical velocity is
reached, indicating that the instability mechanissn responsible for the
generations of these waves rather than the randdmalént fluctuations [32,33].
Linear wave instability theory applied to the caghir-mucus system predicted
that the onset flow speed at which the waves teitia sensitive to the ratio of
mucus viscosity to elasticity [24]. The model ofré&nwsel et al. [34, 35] predicts
that instability initiates in the form of fast pragating waves for mucus with
negligible viscosity, while very slow propagatincgaves form if the mucus is
highly viscous. Vasudevan and Lange performed Rgyl€aylor type instability
analysis on a suitably chosen model of viscoeldktid to investigate temporal
instabilities and their relation to the fluid propes [1,41]. Their studies indicated
that a decrease in modulus of elasticity and sarfeansion and increase in
viscosity are expected to result in droplet sizargement, while lowering the
viscosity and increasing elasticity and surfacesitam may help in suppression of
droplet generation during coughing. They furthemagented, if full suppression
is not achieved, in the latter case, the genedepolets may be smaller and more

dangerous.
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The current study investigates the effects of mymaperties on the bioaerosol
droplets formation over a large range of valuesvistoelastic properties and

surface tension.

4.2. Experimental

4.2.1 Materials and sample preparation

Mucus simulant gels having similar viscoelasticpgamies to real human
airway mucus [26] over a wide range were used. déls were prepared by
mixing various proportions of 0.5% to 1.7% locusth gum (LBG) solution and
0.1 M sodium tetraborate (XLB) solution. For preggam of locust bean gum
solution, 100 ml of saline (NBO3) solution was heated to 8€. The required
amount of LBG powder was added to the saline swiulittle by little while the
solution continuously being stirred using a magnstirrer. The weight of the
beaker with the saline solution was measured betbré and after heating and
mixing LBG powder. Mass balance was ensured by rada@idditional saline
solution to compensate the losses due to evaporatibenever necessary.
Compositions of locust bean gum solution used edkperiments ranged from
0.5% to 1.7%. Volumes of 0, 10, 15, 20, 30, 45a60 90 ul of 0.1 M tetraborate
solution were added to 1.5 ml of locust bean gurutem, the resulting

concentrations of tetraborate in the locust bean gaing 0, 6.67, 10, 13.33, 20,
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30, 40 and 60 pl/ml. The mixture was then vortef@d2 minutes on a vortex
mixer.

Surface Tension of the samples was varied by midifigrent amounts, 2mM,
4mM and 6mM, of SDS (Sodium Dodecyl Sulfate) sudatin the saline

solution before adding the LBG powder.

4.2.2. Measurement of viscoelastic properties

Viscoelastic properties of the samples were medsusing a Bohlin
Gemini HR 200 Nano-Rheometer (Malvern, UK) with @tier plate assembly
and parallel plate geometry. The frequency of thallation was varied between
0.01 Hz and 10 Hz. All measurements were perforatecdonstant strain within
the linear viscoelastic region, i.e. within theiliof shear stress where viscosity is
independent of applied shear stress. This regisabéained for each sample by
performing an amplitude sweep test before the aateasurement of viscoelastic
properties. The temperature was kept constant ¥ 2A solvent trap was used to

avoid drying out of the samples during measurement.

4.2.3. Measurement of surface tension

Surface tension was measured using a custom bpydaratus based on the
pendant drop analysis method. The machine is ceeatpof an inverted 250l
‘Gastight’ syringe (Hamilton Co.) with a stainlesteel blunted needle attached to
the end and mounted to a syringe pump. The syrisgélled with the

liquid/solution to be tested, and the pump drives ltquid out until it hangs from
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the end of the needle but is deformed by gravity datear-drop instead of a
spherical shape). The drop is held in this pasitad imaged by a CCD camera
(the drop is back-lit). The drop images are edijedf and each resulting edge is
used to solve the Laplace equation using the tgalenof Axisymmetric Drop
Shape Analysis (ADSA) with the assumption thatdhap is axisymmetric about
the vertical. Each drop was held for about 30 #) wBO0 images taken of the drop
at 1 second intervals. The process was repeategilyeé 3 separate drops with ~30
data points taken for each. Results from the threasurements were averaged to

obtain the final surface tension values.

4.2.4. Cough machine experiment

The artificial cough machine comprised of an 8rlifelexiglas tank
equipped with a Wilmot Castle pressure gauge. Hserglease was controlled by
an Asco solenoid valve located at the start ofotllow line. A model trachea 35
cm long with an interior width of 2.0 cm and aneinbr height of 1.0 cm was
attached to the outlet after the solenoid valvesnall rectangular slot 3 cm long
by 1.76 cm wide and 1 mm deep was engraved ongdperisurface of the bottom
plate of the model trachea to hold the mucus simiidample in place. The slot
size was sufficiently large to hold a 1.5 ml samplée model trachea had a
simplified (90 bent) model throat of 8.5 mm diameter attacheiisabther end
based on the prototype by Zhang el al. [37]. Thg@se of the model throat was
to filter out larger droplets. The Spraytec devigs a measurement range from

0.1 um to 900 um. It was observed that if any drbjalrger than 900 um were to
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pass through the laser beam during a measurerhengtrument could generate
unrealistic size distribution data. Use of the midbeoat was to ensure that very
large droplets would hit the wall of the throat doel prevented from passing
through the laser beam, while the smaller droptetsid follow the flow and

proceed through the laser beam where their sizlel tmumeasured.

Cough machine experiments were performed to mind@dryosol generation
during a human cough. Mucus simulant samples wiaeeg inside the trachea at
the sample slot and a normal adult cough was stedilay suddenly releasing the

air from the tank stored at a pre-selected pressure

Usually a pressure of 8.5 psi is considered agffieetive pressure relevant to a
typical standard human cough; however, in reatigydir pressure may vary
depending on whether a cough is a strong coughwaak cough. The simulated
cough data was, therefore, obtained over a rangessSures, namely 4 psi, 6 psi,

8.5 psi and 11.5 psi.

4.2.5. Measurement of droplet size distribution

The size distribution of the droplets was measuisdg a laser diffraction
based particle sizer: Spraytec (Malvern, UK). Im case, the droplets generated
from the cough machine were passed through the ksessem which was a 632.8
nm, 5 mW helium-neon laser of about 1 cm diamel&e droplets scatter the

light, smaller droplets scattering the light atgkar angles than bigger droplets.
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The scattered light is measured by a series ofooletéctors placed at different
angles (36 element log-spaced silicon diode detestay). This is known as the
diffraction pattern for the sample. The diffractipattern is used in the software
for calculating the size of the droplets usingMie theory of light scattering. The

Spraytec is capable of measuring a size rangelof @000 um using two lenses,
which is a uniquely wide range for this type oftjde sizer. In the current study,
all measurements were performed using a 300 mm, lessch covers a

measurement range of 0.1 - 900 um. The laser diifra signal is sensitive to the
volume of the droplets. For this reason, droplanhditers are calculated from the

measured volume of the droplets, assuming a sfi@guivalent volume.

All measurements were preformed using a rapid dedguisition rate of 2.5 KHz
over a time period of 500 ms (100 ms before thggéaiting and 400 ms after the
triggering). The time of 500 ms was chosen becauseal human cough is
typically biphasic with an initial high-flow ratehpse of=12 I/s and a duration of
~ 30-50 ms followed by a second phase of diministiiog rate lastingz 200-
500 ms. The simulated cough also has a similarasiphprofile over~ 500 ms
[20]. Measurement triggering was set based on kigaasmission drop to a level
of 99%. The scattering signals recorded by thectlete over 500 ms time span
were averaged. Even though the measurements coaesetye of 0.1 to 900 pum,
our focus was only on smaller droplets. The redsorthis focus on the smaller
droplets is they are considered more dangerousg sivey can remain airborne for

up to several hours depending on their size, asvisho Table 4.1, and pose
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greater risk in terms of disease transmission. &4dhbl shows that droplets larger
than 40 um diameter, in general, land on nearbfases due to gravitational
sedimentation in a less than a minute, posing nahitak to disease transmission.
To focus on the small size droplets only, the detscrange was set from 2%o
36", chopping off the larger droplets data recordeddbtectors 1 to 24. This

allowed us to narrow down the analysis to the 6.35 um size range.

4 3. Results and Discussion

4.3.1. Viscoelastic properties of mucus ssmulant samples

1000 g
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Fig. 4.1. Comparison of rheological propertiesahe artificial mucus simulant
samples (LBG concentration = 1%) with the literatdata [38] for real human

respiratory airways mucus.
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The complex viscosity versus shear stress datef&human mucus of two cystic
fibrosis patients obtained from the reference Séiahbl. [38] are plotted in Fig.
4.1. The complex viscosities of some representativeus simulant samples used
in this study (1% LBG) are also plotted in Fig. .4The stress values in Fig. 4.1
represent the amplitudes of the oscillatory stsdgrals. It is evident from Fig.
4.1 that the mucus simulant samples used in thidystvere reasonably good
representatives of real human mucus samples. T¢®mus modulus versus
frequency graphs for different amounts of crosgitig in 0.5% LBG mucus
simulant samples are shown in Fig. 4.2, while th&ste modulus versus

frequency graphs for different amount of crossitgkfor 0.5% LBG mucus

0.5% LBG Samples
Cross Linking
—O— 60 ul/ml
—0— 40 ul/ml
—A— 20 ul/ml
—v— 10 pl/ml
—O— 6.67 pl/ml
—%— 0 microl

Viscous modulus, Pa

Frequency, Hz

Fig. 4.2. Variation of viscous modulus of 0.5% (LB&ncentration mucus

simulant samples with frequency of oscillation.
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B4 F —+%— 0 microl
:....il\( " MR | " MR | n P |
0.01 0.1 1 10

Frequency, Hz

Fig. 4.3. Variation of elastic modulus of 0.5% (LB&ncentration mucus

simulant samples with frequency of oscillation.

simulant samples are shown in Fig. 4.3. The figuesgal that, while the change
in elastic modulus with the amount of cross linkintiows a consistent trend for
all samples at all frequencies, the change in usamodulus with increase in
cross linking shows different trend at differerg¢cfuencies (i.e. at different shear
rate). Even though at low frequencie®.l Hz) the change in viscous modulus
with increase in cross linking is considerably higlt moderate to high
frequenciesX 0.5 Hz), which are more likely relevant to cougjirchanges in
viscous modulus with increase in cross linking ao¢ significant. The elastic
modulus of the samples, on the other hand incream@smuously by up to several

orders of magnitude at low frequencies and up soader of magnitude at high
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100 | —0— 60 pliml
; —0— 40 pl/ml
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Complex Viscosity, Pa.s

Ll N | N | Ll
0.01 0.1 1 10

Frequency, Hz

Fig. 4.4. Variation of complex viscosity of 0.5%BG) concentration mucus

simulant samples with frequency of oscillation.

frequencies as shown in Fig. 4.3. Thus characteyizhe rheological
behavior of these samples in terms of viscous éastie modulus separately will

not be very helpful for the purpose of this anaysi

Fig. 4.4 presents the complex viscosity of the dampgainst frequency. The
shear thinning behavior is evident in Fig. 4.4,andition to the fact that the
complex viscosity increases with increase in citivdsng at all frequencies. Fig.
4.5 reports the phase angle of the samples adaggtency. As expected due to
the non-Newtonian behavior, the phase angle vadwesdifferent at different

shear rates for the same samples. Since the wasadi both complex viscosity
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0.5% LBG Samples | —0— 0 pl/ml
—0— 6.67 pl/ml
100 |- —A— 10 pl/ml

L —v— 20 pl/ml

. O\O\O\O\O\ —O— 40 l/ml

i —+#e— 60 pl/ml

60 - \
v\

40 -

Phase Angle, Degree

Frequency, Hz

Fig. 4.5. Variation of phase angle of 0.5% (LBGhcentration mucus simulant

samples with frequency of oscillation.

and phase angle are consistent with frequency Ifar@ss linking and are also
consistent with the increase of cross linking dtfedquencies, the complex
viscosity and phase angle will be used as charactgr parameters for the

viscoelastic behavior of the samples throughowstwork.

It is worth mentioning here that a zero degree plzamyle indicates a pure elastic
(solid) material, a ninety degree value of phasgleamdicates a purely viscous
(Newtonian fluid) material, while the values betwero and ninety indicate that
the sample has both viscous and elastic propefmsthe sake of convenience,

based on the phase angle at a particular sheammtean thus classify all
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Table 4.2 Surface Tension of 0.5% LBG samples @ith 6 mM SDS (Sodium

Dodecyle Sulfate)

SDS (Surfactant) Surface Tension
(mM) (dyne/cm)
0 54.85
2 34.29
4 31.00
6 30.22

samples into (i) elastic solid-like samples (0 t80<degree), (ii) strongly
viscoelastic samples (30 to 60 degree), and ([#¢aus liquid-like samples (60 to
90 degree). The thresholds of 30 and 60 are broad naeant only to help
organize and interpret the results of this studgirAulated cough is considered to
be a high shear rate phenomenon as is considereal human cough. However,
since the actual value of the shear rate that gevére droplet generation is
unknown, we will subsequently report the propertias three different

frequencies, namely 0.01 Hz, 1 Hz and 10 Hz.

4.3.2. Surface tension and its effects on the size distribution and volume
concentration

The surface tension of 0.5% LBG samples with 0 @M, 4 mM and 6 mM
sodium dodecyl sulfate (SDS) are shown in Table wtile the size distribution
of the generated droplets are plotted in Fig. A6.is evident from Fig. 4.6,
variation of surface tension in the range 30 todybe/cm did not show any
change in the droplet size distribution and/or wmuconcentration of droplets.

While some may find this result surprising, there @her works in the literature

1



10

0 mM SDS || 4mM SDS 0.5% LBG Samples

o Testl 0 Testl
O Test2 o Test2
A Test3 A Test3
v Test4 v Test4
6p 2mM SDS || 6 mM SDS

<& Testl & Testl
< Test2 <4 Test2
4 D> Test3 > Test3
% Test4 % Test4

Volume Frequency (%)

N

0.01 0.1 1 10 100
Droplet Diameter (um)

Fig. 4.6. Effect of surface tension during simuteé@ughing on the size

distribution of generated droplets.
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Fig. 4.7. Volume frequency versus droplets diametdr.0% (LBG)
concentration mucus simulant samples with crossng (a) 0 pl/ml, (b) 20

pl/ml, (c) 40 pl/ml.
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that also report zero surface tension effect opldtcsize distribution. Lasheras et
al. [39], e.g., suggested that surface tension duwdshave any effect on the
interfacial instability of a jet when the Weber roenis large. If we assume an air
velocity,v = 22 m/s (50 mph), air density,= 1.2 kg/nf, the characteristic length,
| = 2 cm, and a surface tension value ®fz 30 mN/m, the Weber Number
(We=pv?l/o) for coughing becomes 387. This value is too ldagethe Weber

number to have an effect on droplet breakup, astiored by Lasheras et al.
[39,40]. Our result, thus, shows that surface tansias negligible effect on the
size distribution of droplets generated during dong. It is worth mentioning

though that the surface tension values reporteddrcurrent study were all static
surface tension. Whether or not the effect of dyisasurface tension on the
droplet size distribution and number concentratimuld be similar has not been

addressed in the current work.

4.3.3. Effect of viscoelastic properties on the size distribution

The volumetric size distributions of the droplets the range 0.1 to 35 um
generated during simulated cough experiments fditiad of tetraborate solution
at ratios of 0, 20, and 40 pl/ml in 1.0% concemrat BG samples are presented
in Figs. 4.7 (a), (b), and (c), respectively. Ed&igure presents results for three
repeated test runs for one sample. Other samplesesheven less variation
between samples. As mentioned earlier, our focuhigistudy has been on the
small size droplets. Therefore, all size distribntdata presented subsequently are

in the range 0.1 to 35 um. Figs. 4.7 (a) to (c)ficonthat the viscoelastic
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properties of mucus have a substantial effect ensthe distribution of droplets

generated during coughing. Three distinct typedroplet size distribution are
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Fig. 4.8. Average volume frequency versus drogis distribution graphs for

concentrations (a) 0.5% (b) 0.75%, and (c) 1% (LBGus simulant samples.

apparent within this range in Figs. 4.7 (a) to Mjhile the viscous fluid-like
samples, Fig. 4.6 and Fig. 4.7(a), show a bimodapldt size distribution with a
smaller peak at around 0.4 micron and a larger pgakround 10 pum, the
viscoelastic-type samples, Fig. 4.7(b), show alsimgode of size distribution.
The smaller peak in the submicron size range appé&ve the viscous liquid-like
sample is no longer apparent for strongly viscdielasamples. For elastic solid-
type samples, Fig. 4.7(c), the size distributiores &gain a bimodal distribution,

with a much stronger peak at a relatively smaliteg.s
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Fig. 4.9. Effect of air pressure during simulatedghing on the size distribution

of generated droplets.

The variation of average size distribution withsgdinking for 0.5%, 0.75% and
1% concentration samples are summarized in Fig8. (4), (b) and (c),
respectively. It is evident from Figs. 4.8 (a) &) that the dominant peak in the
size distribution of the droplets apparently shiftward smaller size as the sample
changes from a viscous fluid-like sample to a w$astic sample to an elastic
solid-like sample (large amount of cross linkinGhis result is in agreement with
the prediction of Vasudevan and Lange [41] basemstability analysis. The size
distribution data presented in Figs. 4.7 and 8 vedirebtained at an air pressure
of 8.5 psi in the simulated coughing experimentsg. B.9 presents the size

distribution of 0.75% LBG sample with no additiomabss linking, at different
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Fig. 4.10. Variation of the volume concentratiordadplets generated during

simulated coughing with the variation of cross intkat 8.5 psi pressure.

pressures. The size distribution at all physiolallyc relevant pressures was
similar, i.e. the pressure seemed to have negigeffiect on the size distribution

of droplets generated during coughing.

4.3.4. Effect of viscoelastic properties on the volume concentration/number of
droplets

Fig. 4.10 reports the volume concentration of detgpl/ersus the cross linking for
0.5%, 0.75% and 1% LBG samples at 8.5 psi pres3ime figure clearly shows
that the volume concentration of emitted droplets $amples at all LBG

concentrations follow a consistent trend, i.e. f&s ¢ross linking increases the
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volume concentration decreases until it reachegamam of zero, where there is
no measurable amount of droplets. If the crossrmkontinues to increase the
volume concentration of droplets increases agath approaches an asymptotic
value much smaller compared to the high volume eotrations at zero cross
linking. As mentioned earlier, an increase in criadsng increases the elasticity.
However, the viscous properties are affected as#me time causing the results
to follow different apparent curves. The complescasity accounts for both
elastic and viscous properties, and it increasasistently with an increase in the
amount of cross linking. The increase in compléscasity of samples with
different concentrations for the same amount o$ilmking is not the same. For
example at 0.01 Hz, 0.5% LBG sample with a croskirig of 10 pl/ml has a

complex viscosity of 4.26 Pa.s as shown in Fig, while that for 0.75% LBG
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Fig. 4.11. Volume concentration versus complexos#y graphs of all samples

presented at (a) 0.01 Hz, (b) 1 Hz and (c) 10 Eguencies.
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sample with 10 pl/ml cross linking is 102.78 Padfs.the emitted volume

concentrations of the samples are plotted agaomptex viscosity as shown in
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Fig. 4.12. Volume concentration versus phase agrglphs of all samples

presented at (a) 0.01 Hz, (b) 1 Hz and (c) 10 Eguencies.

Figs. 4.11 (a), (b) and (c), the data obtainedifé¢rdnt pressures and different
amount of cross linking at all concentrations falbstly on a single curve. Figs.
4.11 (a), (b) and (c) present the volume conceaatraif emitted droplets versus
complex viscosity at 0.01 Hz, 1 Hz and 10 Hz freuies, respectively. Figs.

4.12 (a), (b) and (c) report the same volume camagon data against the phase
angle of the samples. It is interesting to note tha volume concentration versus
complex viscosity data fall on a single curve atédo frequencies, Figs. 4.11 (a)
and (b). As the frequency increases the data pdiet®me more and more

scattered, Fig. 4.11 (c). On the other hand, thétemnvolume concentration
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versus phase angle data are scattered at botlahdylow frequencies, Figs. 4.12
(&) and (c). The most appropriate frequency wowdhe one in which volume
concentration data would fall on a single lineespective of whether it is
expressed in terms of complex viscosity or phaggeaproviding a single valued
function for the amount of emitted aerosol. Sucfremuency seems to exist
somewhere between 1 Hz and 10 Hz. Therefore, Big4d and 12 indicate that
the effective shear rate associated with simulatedjh in the cough machine lies
somewhere between 6.3 rad/s (1 Hz) and 63 rad/sif)@r between 6.3 1/s and
63 1/s in the straight trachea. Since the cougrerg¢éed through the cough
machine is an approximation of an actual human leptings finding thus suggests
that the effective shear rate in the tracheobraichucus layer for the analysis of
a human cough probably also lies in the same rargeyetween 6.3 1/s and 63
1/s. As shown in Figs. 4.11(b) and 12(b), the va@uooncentration of emitted
droplets are highest for low viscosity (viscousidHike) samples, for which
viscosity at 1 Hz is less than 0.3 Pa.s and phag&eat 1 Hz is close to 90
degree. There is a range of viscosity around 1d&d Hz and phase angle around
45 degree (also at 1 Hz) where the volume conderaf emitted droplets is
minimum, i.e. zero or close to zero. This optimurh-sange seems to exist near a
phase angle value of 45 degree at 1 Hz, Fig. 4)12(fere both the viscous and
elastic behavior of mucus are equally dominant,the sample is neither viscous
fluid-like nor elastic solid-like, and is ratheratgly viscoelastic. The edge of this
range is sharp toward lower complex viscosity @raon from viscous fluid-like

to strongly viscoelastic type), but much smootheward higher complex
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viscosity values (transition between strongly vedestic type and elastic solid-
like samples). Because of this, a co-adjuvant phaabogical intervention that
modulates the properties of respiratory airways usuto minimize emission
should target a complex viscosity value somewhghdri than the minimum

range, to avoid falling into the high emission rarg low complex viscosity.

It is interesting to note that in Figs. 4.9 (a)), (@nd (c) the size distributions of
strongly viscous samples is mono-modal. The pedkensub-micron size range,
which is dominant for elastic solid-like samplesdaven if not dominant is still
present for viscous fluid-like samples, is absenthe size distribution of the
strongly viscoelastic samples. Thus the range ahplex viscosity, where
complete suppression of droplets can be expeceadso the range where emitted
droplets (if any) are less dangerous for diseasestnission.

To determine whether or not this range of minimumission is within
physiologically relevant values we looked into tleisting literature data on
complex viscosity of human mucus. Rubin et al. [4R)died the rheological
properties of respiratory mucus from 27 human stbjevithout lung disease.
They reported the rigidity modulus, Gat 1 rad/s (0.16 Hz) and 100 rad/s (15.92
Hz) to be 2.04 + 0.34 and 2.43 + 0.37, respectivEhese values when converted
to complex viscosityr{ = G /o, whereo is shear rate in rad/s) resultrin= 5 to
24 Pa.s at 1 rad/s and 0.11 to 0.63 Pa.s at 108 iidte complex viscosity (x-axis
scale) range in Fig. 4.12(b), 0.1 to 100 Pa.s iz 16.3 rad/s), covers the entire

range of Rubin et al.’s [42] data and beyond. lthiss evident from Fig. 4.12(b)
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that within the physiological range of viscoelaspooperties of disease-free
human mucus, there lies an optimum sub-range wheneration of bioaerosol

droplets during coughing would be minimum.

Figs. 4.11 and 12 also explain why certain indigidcould act as super emitters,
while others emit relatively less numbers of drégland why inhalation of saline
solution reduces the emission of droplets [20] myrcoughing. Since normal
human mucus covers a large range of viscosity &laggangle, those individuals
with very low or very high viscosity and phase anghucus are likely to emit
more droplets, as per Figs. 4.11 and 12, whileghagh strongly viscoelastic
mucus would emit a lesser number of droplets. Rixggrthe effect of inhalation
of saline solution on the droplet generation, ewleough some studies [20]
attributed the reduced emission of droplets toangk of surface tension, others
[23] argued based om vitro andin vivo studies that the change in exhaled
droplets after inhalation of saline solution is dte a change in surface
viscoelasticity and not due to surface tension. dimeent study supports the latter
argument. The current study thus suggests thatrgjtthe viscoelastic properties,
rather than the surface tension, can help achibeegbal of suppression of
bioaerosol droplets generation during coughing a#l as controlling the size
distribution of the droplets. Finally, it should beted that the current study has
investigated the effect of rheological propertiesasured under oscillatory shear
conditions. In the case of elongational propertigginnability is known to

increase with addition of Sodium Tetraborate (XU&3], i.e with an increase in
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the amount of cross linking, indicating that themay be a similar relationship

between elongational rheological properties ancethigted bioaerosol droplets.

4.4. Conclusion

This study confirms that the viscoelastic propsrié mucus have a substantial
effect on the size distribution and amount of detplgenerated during coughing.
Variation of surface tension in the range 30 todyhe/cm did not show any
change in the droplet size distribution. Viscoetaptoperties vary substantially
with shear rate. The complex viscosity increasef wicrease in the amount of
cross linking, and decreases with increasing shat. The exact shear rate
relevant to cough analysis is not known; howeuss,durrent study indicates that
the effective shear rate relevant to the analylsoaogh probably lies somewhere
in between 6.3 1/s and 63 1/s (1 Hz and 10 Hz).eXperimental results showed
a decrease in particle size as the samples chdrggedriscous fluid type samples
to viscoelastic type to an elastic solid type witthie range of this study (0.1 to 35
pm). The study confirms that suppressing the géineraf bioaerosol droplets
and/or reducing the number to a minimum during tdug is practically
achievable through careful modulation of viscoétastoperties of the respiratory
airways mucus. The results further suggest thab-adguvant pharmacological
intervention aimed at reducing the transmission aifborne diseases by
modulating the viscoelastic properties of the negpry secretions should target a
complex viscosity value somewhere higher than theimum range, to avoid

falling into the high emission range at low compléscosity.
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Part 3: Application 2: Structure of Asphaltene

Nanoaggregates in Bitumen and Heavy oil

Chapter 5: Introduction

5.1. Introduction

The continuous increase of demand for petroleurhifu¢he world market, the
gradual depletion of world’'s resources of light aseet crude oil, and the
advancement of technology lowering the cost foraetion of bitumen from oil
sands, have altogether turned the bitumen and hahiryto an important source
of world’s energy supply chain. Particularly in &lta, as of 2007, more than one
million barrels per day (bpd) of bitumen from thésands were being produced.
This number may reach as high as 3.5 million bpd@%0. It is estimated that
Alberta has a reserve of about 1.7 trillion bar@ditumen which could meet
Canada’s energy needs for the next two hundredsy&hae province’s upgrading
capacity is currently about 800,000 bpd, and éxpected to increase to over 2.5
million bpd by 2020. As the production and the amtoof upgrading of bitumen
are continuously increasing, the need for morecieffit upgrading processes has
become more important. The upgrading of the defraetions of bitumen and
heavy oils to distillable products is achieved iher thermal coking or catalytic
hydro conversion. To improve the operability anficefncy of both processes, as

well as for discovery of more innovative upgradipgocesses, a complete
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understanding of the structure and behavior of a$gie nanoaggregates is
required. Knowledge about the structure and belnavioasphaltenes will be
helpful not only for the operability and efficienof processes, but also for the
design of equipment and mitigation of fouling. Rogl of process vessels and
heat transfer equipment is a major concern in @siog the bitumen and heavy
oils. Asphaltenes play an important role in foulimg equipment through

mechanisms that include liquid-phase instabilitg aoke formation [1].

In this part of the dissertation i.e. from chapseto chapter 8, the rheological
behavior of bitumen and heavy oils will be expldit®r obtaining information
regarding the structure and behavior of asphaltem@oaggregates present in

bitumen and heavy oils.

5.2. Composition of Bitumen and Heavy Oils

Bitumen and heavy oils are complex mixtures of Hamas or millions of
different molecules without repeating moleculart§ia], which can be chemically
defined as a complex crude consisting of polycyahiapthenic and aromatic
hydrocarbon species, and heterocyclic chemical comgs [3]. Since it is
extremely difficult to do a component-by-componemalysis of hundreds of
thousands of chemical compounds present in bitumed heavy oils, the
components are analyzed or described in termslobisity classes. For example,
the components which are soluble in aromatic sddvesuch as benzene or

toluene, but are insoluble in n-heptane or n-pentare known as asphaltene,
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while those soluble in n-heptane or n-pentane afmed as maltene. Maltenes
can again be separated into three fractions: {Dratges (ii) aromatics and (iii)
resins. Saturates are distinguishable from the oésthe compounds by the
absence oft-bonds. The resins are higher in heteroatoms ané bahigher
concentration of aromatic carbon, while the asgina$ are the highest molar
mass fractions and contain most of the polar comge(4]. The compositions of
Athabasca bitumen (Alberta) and Maya crude oil (Me)x used throughout
chapters 6 to 8, in terms of saturates, aromatesins and asphaltenes, are
presented in Table 5.1. The characteristics ofnieétu and heavy oils are quite
different from those of conventional crude oils.eTgenerally a high specific
gravity (>0.95), a low hydrogen-to-carbon ratio .5)1 and contain large amounts
of asphaltenes (>5 wt %), heavy metals (e.g. vamadind nickel), heteroatoms

(e.g. sulfur, nitrogen and oxygen) and inorgame fsolids [4].

Table 5.1 SARA analysis for Athabasca bitumen and Maya esamples

Saturates aromatics resins C5 asphaltenes
Sample
wt. %
Athabasca 16.1 48.5 16.8 18.6
bitumen
Maya crude 31.6 42.5 10.2 15.7

5.3. Asphaltenes Chemistry and Structure

Asphaltenes are defined as the pentane or heptank#ble and toluene-soluble

fractions. They are mixtures of poly-dispersed @msdd polyaromatic units,
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containing heteroatoms and aliphatic side chalis whose exact composition is
not well defined [1]. They are characterized bge ring aromaticity, small
aliphatic side chains and polar heteroatoms-coimigifunctional groups (e.g.
carboxylic acids, carbonyl, phenol, pyrroles, agddgines) capable of donating or
accepting protons inter and intra-molecularly [$hey are known to form
aggregates through self-association, and are assumeébe a continuum of

aggregates of increasing effective molar mass [6].

The colloidal model of bitumen, which describesutyien as a colloidal system
containing particles formed by its heavier fractiprwas first proposed by
Nellensteyn in 1924 [7] and was extended to critlby Sachenen in 1927 [8].
At that point, little or no molecular structurafanmation was available for these
colloidal particles which today are known as asg@mas. In 1931 Marcusson [9]
proposed that the heavy fractions of crude oil lfaipnes) are formed by

polycyclic aromatic molecules.

The fact that asphaltenes have a chain structusatofated and aromatic rings
connected by short alkyl chains was proposed bymidih and Barnett in 1937
[10], which was based on simple chemical reasoofnglative solubility. Pfiffer
and Saal, in 1940 [11], provided simplified 2Dgt@ms of asphaltenes as chaotic
clusters of resin and aromatic molecules locatedirad an asphaltene core. In
1961, Yen [12] and coworkers found some degreeshafrt range ordering
through x-ray diffraction on solid asphaltene, whiwas explained in terms of

stacking of aromatic regions in the asphaltene outés. Frankman et al. (1990)
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[13], Strausz et al. (1999) [14, 15], and Penglet1997) [16] studied the number
of aromatic rings extension and type of the alkgeschains and of the bridging
groups using selective Ru catalyzed oxidation. murthe last two decades,
computer simulation techniques were widely emplof@dmolecular simulation
of asphaltene and resin aggregates. Murgich arai$r(1996, 2001), Murgich
2003, and Priyanto et al. (2001) are a few suchmpies. As a result of the
advancements in experimental and numerical tecesiqesearchers are now able
to predict asphaltene structures using experimgmétained average molecular
weight and energy minimization technique in molacuwimulation. One such
model asphaltene structure is shown in Fig. 5.7]. [Molecular structure remains

hotly debated.

5.4 Phase Behavior of Bitumen and Heavy Oil

The phase behaviors of bitumen and heavy oil amaptx. This subject is

addressed in detail elsewhere [18, 19]. The phakavior data are critical inputs
for process development, process design, and @mapeation activities related
to the production, transport and refining of bitumand heavy oils. These
materials, like many other fluids of industrialengst, are opaque to visible light,
and their phase behaviour is not amenable to ilga&in using conventional

view cell technologies or even X-ray transmissiomaography. A combination of
techniques is required to elucidate their phasealebr. Differential scanning

calorimetry (DSC) is a sensitive technique for thetection and evaluation of

phase transitions. Rheological analysis, and paagke measurements in
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Fig . 5.1 A model structure for asphaltene molecule
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particular, can be used to identify the naturglodse transitions as it sheds light
on phase states. The phase behavior knowledgesds igportant for proper
understanding of rheological data. Key attributdsewvant to the interpretation of
rheological data include:

1. the maltene fractions of these feeds solidifypart, at temperatures of
industrial interest.

2. the asphaltene fraction can be filtered seleltifrom the balance of the
feed at 473 K.

These attributes of the two feeds are importantabse they guide the
interpretation of rheological data. For example y®arude comprises 15.7 wt %
pentane asphaltenes. At 283 K, ~ 32 wt % of theéanalfraction is solid, while at
325 K, the maltene fraction is liquid. Without fokrowledge of this significant
change in phase behavior, the rheological behamok changes in rheological
behavior in this temperature interval are readilgatiributed. That asphaltenes or
asphaltenes + undifferentiated maltenes are fidterat 473 K, and that the mass
fraction of asphaltenes passing through filters iginction of filter size is also
important. It suggests that asphaltenes form dsspes, and that there are no
specific interactions with maltene constituents]eaist not at 473 K. With this
background, one can notionally envisage asphaltémethese feeds as rigid
particles or as particles with poorly defined boames with the surrounding fluid.
These two cases are illustrated in Figure 5.2, thegt can be discriminated at
high concentration if the rigid particles do noteiract strongly with one another

where the particles in Figure 5.2 a are expectdtt@ a measurable yield stress.
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(@) (b)

Figure 5.2: Notional particulate structures forlesdfenes (a) particles with poorly

defined boundaries with the surrounding fluid, #oyrigid particles.

entrapped

asphaltenes

asphaltene

aggregate
solid maltenes

Figure 5.3 Possible structures arising in bitummaoh lreavy oil: (a) dispersion with
a non selective solvation layer, (b) maltene em@qt in asphaltene aggregates,
and (c) asphaltenes and asphaltene aggregatedispasion of solid maltenes in

liquid maltenes.

106



By extension, one can envision the feed stockoagdsing unsolvated or non-
selectively solvated, Figure 5.3 a, asphaltene ngaticles that may entrap
maltenes as they aggregate, Figure 5.3 b. How#weisimplest model for these
feed stocks is primary asphaltene particles anchagme nano aggregates,

dispersed patrticles in a liquid or liquid + soliélitene dispersion Figure 5.3 c.
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Chapter 6

Bitumen and Heavy Oil Rheological Properties — Recwiliation with
Viscosity Measurements

Ala B. Bazylevag MD. Anwarul Hasan Michal Fulem Mildred Becerra

John M. Shaw

ABSTRACT

Complex viscosity and phase angle measurement#tfbasca bitumen and
Maya crude oil were performed with a rotation rheten using parallel plates and
a double gap cylinder in the oscillatory mode ower temperature range (200 to
360) K. A large range of shearing conditions weppliad (frequency of
oscillations, shear stain or stress) and up tcetbrders of magnitude variation in
measured viscosity values for individual samplesfietd temperature were
obtained. Athabasca bitumen and Maya crude weradfolo be solid-like
materials up to (260 to 280) K and (230 to 240)r&spectively. Athabasca
bitumen is a non-Newtonian shear-thinning fluidtap(310 to 315) K, whereas
Maya crude is a shear-thinning fluid up to (28@28&5) K. Both are Newtonian at
higher temperatures. Maya crude oil was also fotmdpossess thixotropic
behavior. Athabasca bitumen reveals thermal irslity of complex viscosity,

if it is heated above 360 K. These rheological bara are attributed to the multi
phase behavior of these materials over the temperatnge of interest and these
results can be used to reconcile the large diffexenn reported viscosity values

for bitumen and heavy oil obtained with diverseceimeters where shear rate and
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other variables are not controlled. Additional fadts introduced during
measurements are also addressed. Sample variatoto dyeographical location,
depth of formation, production and post-productprocessing can also result in
up to three orders of magnitude differences betweeasured “viscosity” of
bitumen when the measurement method and temperaterdixed. The flow
properties of bitumen and heavy oil are expectduketstrong functions of sample
source and the hydrodynamics prevailing in situnoprocesses at temperatures

where non-Newtonian behaviors prevail.

KEYWORDS: Athabasca bitumen; Maya crude; viscosjijtase angle; non-

Newtonian fluid; thixotropy.

6.1. Introduction

Bitumen and heavy oil have become main stream grmespurces.Accurate
thermochemical and transport properties for theatenals are key inputs for the
oil industry. For example, viscosity is of crucimhportance for production,
transport, and refining operations. Since bitumenwaell as heavy oils are
complex multi-component fluids and multiphase over broad range of
temperature$, three main issues must be taken into account wheorting,
interpreting, and using viscosity data: (1) samgéntity (origin or geographical
location, elevation or depth of formation, sample-peatment history); (2)
experimental conditions (measurement method, tesyey, shear conditions,

sample history during measurements); (3) applidgpiestrictions, and errors of
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certain experimental methods and techniques whetiedpto such complex
fluids.

Chemical and phase composition, degree of dispersistrength of
intermolecular and interparticle interactions dre main characteristics, from an
internal point of view, that are responsible foestogical behavior of heavy oils
and bitumen. Without insight into the structure these fluids, observed
rheological behavior can be misinterpreted or laited to experimental error or
other extraneous factors. The large deviation pored viscosity values for
Athabasca bitumen in the literature is well knotfnMore than 20 sets of
viscosity data for bitumen from the Athabasca drese been reportéd® The
unusual properties of bitumen are typically atttdol to asphaltene
associatior’>* However, the various sets of viscosity values vedrmined using
diverse measurement techniques, many of which presNewtonian sample
behavior as a basis for measurement. The variatidhe values reaches two to
three orders of magnitude at fixed temperature generally, the slope of the
temperature dependence of viscositys n (T) is the same in most cases. This
level of apparent measurement uncertainty is swant and is reflected in
prediction errors for heavy oil viscosity commoelyceeding one to two orders of
magnitude even for specialized correlations (ASTN4D-03, API procedure
11A4.2). Such uncertainties present challengesrtalyzers targeting pipeline
specifications for fluids. For example, Enbridg@dtines Inc., having one of the
largest crude oil and petroleum products pipeliystesns, limits kinematic

viscosities to 350 ¢St at 285 For an oil with a density of 1000 kg-inthis
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corresponds to a maximum dynamic viscosity of 0.8%0s. Hence, reliable
viscosity data and predictions are required.

In this contribution, factors affecting the appdresmscosity of Athabasca
bitumen and Maya heavy oil, are examined experialgnin the (200 to 410) K
temperature range. Resource and sample prepaxati@iility and the impact of

measurement methods themselves are key lines aifynqg

6.2. Experimental

6.2.1. Materials. Athabasca bitumen (Alberta, Canada) was obtaimeth f
Syncrude Canada Ltd. The sample was characterizesl @ker feed obtained
from mined bitumen subject to stream warm-wateraetion, naphtha dilution,
and naphtha recovery by distillation between (588 &23) K. Some volatile
constituents present initially are lost during senpeparation. Maya crude oil (a
commercial-blend heavy-oil from Mexico) was supglidy the Mexican
Petroleum Institute. Both samples were stored ased vessels in a refrigerator
prior to use. The SARA analysis results for botmgles (Table 5.1) were
obtained according to ASTM D2007 for saturates,matics, and resins and
ASTM D3279 for pentane (C5) asphaltenes. Theseyseslwere performed at
the National Centre for Upgrading Technology (NClUDgvon, Canada.

6.2.2. Thermogravimetric analysis.Thermogravimetric analysis of bitumen
and heavy oil samples was performed using a TG-O3C thermoanalyzer
(Setaram, France). The initial masses of the atgjwere from (20 to 30) mg.

Isothermal TGA curves of the samples at 293 K a8 R and scanning TGA

113



curves up to 500 K were obtained in a dry heliureanh. The mass loss of the
samples due to evaporation of light components &metion of the time was
recorded.

6.2.3. Rheological measurement®heological experiments were carried out in
the oscillatory mode using a controlled stressfstohlin Gemini HR Nano
rheometer (Malvern Instruments Limited, UK). Thelldwing measuring
configurations were used:

(1) a double gap 24/27 mm concentric cylinder vateltier assembly using
the principle of the Peltier heat pump, allowingasiwements from (258 to 453)
K with stability of £0.2 K;

(2) parallel plates (25 mm and 40 mm diameter) \aithextended temperature
cell (ETC) using a forced gas system to heat amdl tt® sample. The ETC can
also be fitted with a low temperature extensionE)LF cooling with cold vapors
from liquid nitrogen, if measurements below ambitarhperatures are required.
The ETC in these two complementary configurationgh( and without LTE)
cover the temperature range from (123 to 823) K witbility better than £0.2 K.

Sample temperature in the ETC is measured wittreantbcouple (calibrated to
ITS 90 using a PT100 resistance thermometer) imddrito the middle of the
lower plate. A thermocouple was also used in tHedPeylinder and calibrated in
the same way. The uncertainty in temperature measnts in both cases is
estimated to be less than 0.2 K.

All experiments were conducted under nitrogen aphese to avoid sample

oxidation. The gap between the parallel plates betsveen (500 and 1000) pm
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depending on the range of viscosity values studi@d. measurements obtained
with the double gap cylinder, the gap was fixedhat default value of 150 pum.
The experimental conditions and the operating patemvalues for the
rheological experiments were validated by measuttiregviscosity of the Canon
certified viscosity standard N2700000SP and PRAndsied oil #12. The
agreement with the recommended data in the certiBenperature range (293 to
349) K was within 5 %.

Two measuring techniques were applied: (1) tempersgweep measurements
with the cooling and heating rates of 3 K-miat constant frequency and constant
shear stress or constant shear strain; (2) isoHienmeasurements at constant
frequency and constant shear stress or constaat shain (see details in the
Section 3.2). The frequency of the oscillation wased between 0.1 Hz and 10
Hz (or between 0.635and 63 5" in terms of angular frequency). The largest
scatter for complex viscosity and phase angle walwas realized at high

frequency.

6.3. Results and discussion

6.3.1. Experimental artifacts in rheological measwrments.Significant effort
was expended to avoid introducing artifacts inte theological measurements.
These can arise from two sources. Samples can diegnavaporize over the
course of an experiment, impacting the evaluatibthermal history effects, or

the rheometer itself may introduce artifacts duktal cooling or heating.
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Local cooling effects.Operation of the extended thermal cell (ETC) wttk t
low temperature extension (LTE) required a spepiaicedure to avoid local
cooling effects introduced by the cold nitrogen atagn a Bohlin Gemini HR
nano rheometer, cold nitrogen enters the chambeaitong parallel plates and a
sample from only one side leading to a temperajuadient in a sample when the
rheometer is operated in the oscillation mode. tEmeperature of the sample is
recorded at the center of the lower plate, whekessosity is measured as an
average value throughout the plate. Thus, the bhetalae of viscosity at the

recorded temperature might be significantly lowent the measured one due to
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Figure 6.1. Variation of complex viscosity for PRA standard #12 atT =
278.15 K (a) and arf = 293.15 K (b) and for Maya crude oil Bt 278.15 K (c)
depending on experimental technique ¥ 6.3 §"). DGC-PA is the double gap
cylinder — Peltier assemblyll, from 0.1 % to 5% strair;J, 100 % strain. PP-
ETC is the parallel plates — extended temperatalie(£250 um): A, 0.20 bar of
N2, 0.3 % strain)A, 0.15 bar of M 0.3% strain;®, 0.20 bar of N, 30 % strain;
<, 0.15 bar of N, 30 % strain;®, 0.20 bar of M 100 % strain©O, 0.15 bar of

N2, 100 % straing, without cooling, 30 % strain.

the impact of local cooling as reported in Figurg ®r experiments with PRA

standard oil #12, a Newtonian fluid, and Maya crodeThe Peltier cylinder and
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the ETC without LTE (i.e. without nitrogen coolingjovide viscosity values for
PRA standard oil #12 at 293.15 K (Figure 6.1b)t thee in good agreement
within (2 — 3) % with the certified value — 1.44@-B at 293.15 K. Below this
temperature, the ETC requires the LTE with nitrogenling. According to the
manufacturer, cold nitrogen at a gauge pressufe26f bar from a Dewar should
be used for rheological measurements in the ETC/af iSothermal conditions.
From Figure 6.1, the resulting viscosity valuestagher than those obtained with
the Peltier cylinder, up to 50 % for PRA standaild#®@2 and up to 25 times for
Maya crude oil. Reduction of the nitrogen presgar@.15 bar gauge — the lowest
pressure at which the device can operate in a\st@ag, allows us to reduce the
temperature gradient and, hence, to obtain viscoslues closer to those
obtained using the Peltier cylinder. Applicationlafger plates for the ETC/LTE
also improves the results slightly, as shown foyerude oil (Figure 6.1c).

Thermal gradient effects also arose with the usa@ETC/LTE parallel plates,
when examining the thixotropic behavior of Mayadguoil. At 278.15 K the
viscosity dependence found using the ETC/LTE palrglates over a range of
shear strains was significant (9 times!) whereasvéiriation was only 15 % with
the Peltier cylinder in the same shear strain rampes artifact makes it appear as
if the experiments are performed outside of a linesco-elastic region.

Sample degradation.Thermogravimetric analysis results revealed nolilsea
mass loss for Maya crude oil: 5.8 % during thet ficur of exposure at 323 K and
1.0 % during the first hour of exposure at 293 HKieTevaporation of light

components at ambient and higher temperaturesuyslexluse of the ETC for
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rheological measurements under these conditions. éxample, at 323 K,
viscosity values increase continuously with timetle ETC, up to ten times
within four hours. Hence, the Peltier system wittiaaible gap cylinder was used
for Maya crude down to 258 K (the low temperatumaitl for the Peltier). At
lower temperatures the ETC/LTE was employed withoas pressure of cold
nitrogen vapors as possible to maintain temperatureder study. Athabasca
bitumen shows no mass loss during TGA measurenex@s at 500 K and the
ETC was used for the whole temperature intervahf(a233 to 363) K.

6.3.2. Variation of viscosity with experimental coditions. Athabasca
bitumen. Viscosity and phase angle measurements for Athald@itemen (Figure

6.2) were obtained on heating and cooling betw288 and 363) K at different
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Figure 6.2. Frequency and temperature dependence of compseosity (a)
and phase angle (b) for Athabasca bitumen (3 K’'mih3 % strain, 100Qm
gap): M, cooling,w = 0.63 §; [J, heatingw = 0.63 §; A, cooling,w = 6.3 §-

A, heatingw = 6.3 §; @, cooling,w = 63 §"; O, heatingw = 63 .

oscillation frequencies at constant shear strain 03 %. Rheological
measurements from (233 to 313) K were carried nuhé ETC/LTE using the
lowest possible pressure of cold nitrogen, an@l at298 K — in the ETC without
cooling. Viscosity and phase angle values for thenten obtained using these
two configurations agree with one another withiflosand 1 %, respectively, in

the overlap region — (298 to 313) K, i.e. the dffet local cooling in the
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ETC/LTE is insignificant for high viscous Athabasb#umen. Both sets of
viscosity data are reported in Figure 6.2a andratistinguishable.

In the studied temperature interval, the complecasity of Athabasca bitumen
was found to be reversible with temperature vamativhen other shearing

conditions are maintained constant. However, afeaqy dependence is evident

102 1 | 1 | 1 | 1 1
230 250 270 290 310

T/K
Figure 6.3. Shear stress dependence of viscosity for Athabbgoamen (3 K
min~!, 1000um gap,z is the shear stresdll, cooling,»w = 6.3 &, r = 50 Pa;],
heating,w = 6.3 §', = 50 Pa;A, cooling,w = 6.3 §, r = 500 PaA, heatingw
= 6.3 &, =500 Pa®, cooling,w = 63 §', 7 = 200 PaQ, heatingw = 63 §', 7 =

200 Pa;t, cooling,w = 63 &, = 2000 Pas, heatingw = 63 &', = 2000 Pa.
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which provides evidence for non-Newtonian sheanttimg behavior, discussed
in detail below, while the complex viscosity of Attasca bitumen is independent
of the shear stress (shear amplitude) applied (€igu3). Higher temperature
measurements, up to 413 K, revealed irreversibditycomplex viscosity upon
heating and cooling (Figure 6.4, two heating-caplirycles). This behavior could

be connected with irreversible (or slowly revergipbase transitions in
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Figure 6.4. Evidence of a slow or irreversible phase transitio Athabasca
asphalthenes from high-temperature viscosity measents (3 K mift, 500pm
gap,w = 6.3 &, 5 Pa stress), successive experimelitsheating 117, cooling 1;

A heating 2\, cooling 2.
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asphalthenes. For example, from DSC measurerfighitsthe melting behavior
of asphalthenes includes an irreversible transiidirst DSC scans are always
more complicated than subsequent ones, which tyypisaow only one broad
endothermic transition. Since the rate of this dfarmation is lower than the
temperature scanning rate in the viscosity measemésn the irreversible or
slowly reversing behavior is observed in more thae (heating + cooling) cycle.
Maya crude oil. Since a large amount of sample (10 ml) is useHt thie double
gap cylinder of the Peltier system, temperatureepagxperiments could not give
reliable viscosity values due to thermal inertia rofterials on heating and
cooling. That is why, complex viscosity and phasgla of Maya crude oil were
measured from (203 to 298) K isothermally with epsbf 5 K (or 2.5 K in the
temperature range where viscosity gradient is higi)contrast to Athabasca
bitumen, the results of the measurements are s$yramifuenced by the thermal
prehistory of the Maya crude sample as well as mx@atal conditions. The
isothermal equilibration time before an experimsrdrucial for reaching constant
viscosity values for Maya crude (Figure 6.5). Sitbe measuring system is
closed and there is no evaporation of light compts)ethis behavior could be
explained by low rates of formation of contactsn®sn molecules and molecular
aggregates in the oil media and enough time shbeldiven to the material to
form an equilibrium interparticle network. The cdepviscosity of Maya crude
oil also exhibits a noticeable dependence on skeain applied after reaching
equilibrium (Figure 6.6). Low shear strain (depewdion temperature) gives

constant time-independent viscosity values, whehegser strain results in
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Figure 6.5. Time dependence of viscosity for Maya crude obmugquilibration
after reaching a stable temperatilire 260.65 K (double gap cylinder — Peltier
assemblyw = 0.63 §', 0.1% strain)M, after 30 min,J, after 60 min;A, after

135 min; A, after 190 min®, after 205 min.

continuous decrease in complex viscosity with tinvbjch is characteristic of
thixotropy. At lower temperatures, smaller straiegseal thixotropy and it is of
larger magnitude than at higher temperatures, egmnpare Figure 6.6a with
Figure 6b. This behavior is consistent with thdieacomment on kinetics of the

inter particle network formation. Low strain doest mfluence the stability of the
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Figure 6.6. Time dependence of viscosity for Maya crude oi{aafl = 273.15
Kandw = 6.3 8 ; (b) T =258.15 K andw = 0.63 & (double gap cylinder —
Peltier assembly)l, 1% strain;[], 2% strain;A, 100%;@®, 0.2% strainO, 5%

strain.

well-formed network but higher strain breaks netgordown. At higher
temperatures, some weak bonds are broken thermraltiyicing the impact of
thixotropy compared with lower temperatures.

Taking into account these two observations, thdodohg experimental
conditions were chosen for measurements of viscaditMaya crude oil: (1)
samples were maintained at each temperature wmstant equilibrium viscosity
values were reached; (2) all measurements wereedaout at shear strain low
enough not to provoke thixotropy but high enouglpitovide good accuracy for
rheological measurements. The latter point is ingmirsince low shear strain,
especially at high temperatures, is generatedregstwhich could be close to or
below the detection limit of the rheometer, caussignificant scatter in the
viscosity data. The complex viscosity and phasdearesults for Maya crude oil
are presented in Figure 6.7. Results obtained upmmgllel plates with the
ETC/LTE and a double gap cylinder with the Pelassembly agree within 7 % at
T = 258.15 K, where the two methods overlap. Finadippng with Athabasca
bitumen, the viscosity of Maya crude oil exhibitsequency dependence.

Non-Newtonian behavior.Both Maya crude oil and Athabasca bitumen exhibit

non-Newtonian shear-thinning behavior, i.e. visggodecreases with increasing
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Figure 6.7. Frequency and temperature dependence of compersity (a) and
phase angle (b) for Maya crude oil (strain — seg& 2GC-PA is the double gap
cylinder — Peltier assembly, PP-ETC is the parglates — extended temperature
cell): O, DGC-PA,w = 0.63 §; A, DGC-PA,w = 6.3 §; O, DGC-PA,0 = 63 $

L' ®m PP-ETC»=0.638&; A, PP-ETCw=6.35: @, PP-ETCw =63 &

oscillation frequency. The greatest impact (up t@r8ers of magnitude) is
observed at low temperatures where the complexosigc has a plateau
(temperature independent viscosity): below (26280) K for Athabasca bitumen
and below (230 to 240) K for Maya crude. Based an mrevious study of the
phase behavior of Maya cruflethe low-temperature plateau for complex
viscosity can be attributed to a solid-continuohsge state. The solid to liquid
maltene transition for Maya crude begins at appnaxely 170 K (from
calorimetric measuremef}swhile the phase angle rises frofhad (220 to 230) K
(Figure 6.7b). A similar phase angle rise for Athsda bitumen occurs at (250 to
260) K (Figure 6.2b). For the phase angle to rdmmut 35 % liquid on volume
basis must be presen€omplex viscosity only begins to decrease, onéfécint
liquid is present for the fluid to flow, as is cteBiom a comparison between
Figures 6.2a and 6.2b for Athabasca bitumen andr&sg6.7a and 6.7b for Maya
crude. At a phase angle of’4%here is approximately 50 % liquid and af g
the upper plateau of phase angle), a minimum &f8Bjuid must be preseAtAt
higher temperatures, Athabasca bitumen and Mayaeccontinue to behave as

non-Newtonian shear-thinning fluids, but the impattfrequency on viscosity
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values diminishes with increasing temperature. Marysle becomes Newtonian
at (280 to 285) K, i.e. viscosity becomes independd frequency, whereas
Athabasca bitumen exhibits moderate non-Newtonhemacter up to (310 to 315)
K.

The rheological measurements in this work demotesstiiaat heavy oils and
bitumen are non-Newtonian fluids at low temperaguiiéheir complex viscosities
are sensitive to experimental conditions, and tiseosities of both hydrocarbon
resources possess a temperature dependence, eaentgquependence, a
dependence on thermal prehistory; and a time depeed (thixotropy). Two
orders of magnitude variations in complex viscosi&yues are observed at low
temperatures (less than ~270 K for Athabasca bruamsl less than ~240 K for
Maya crude oil). Clearly, details of rheological asarements and sample history
are important factors explaining the large repontedations for bitumen and
heavy oil “viscosity” data.

6.3.3. Comparison of rheological results for Athabsca bitumen with
literature data. The present results and literature values for tiseosgity of
Athabasca bitumen are presented in Figure 6.8.eiRiffces between reported
values range up to three orders of magnitude a&dftemperature. Variation is
greatest at low temperatures and diminishes asaeatye is increased.

Details of experiment. The viscosity data for Athabasca bitumen repoited
Figure 6.8 were obtained using diverse viscometeckiding capillary flow,
rotating cylinder, cone and plate, and rolling hadicometers. Each measurement

method is characterized by a range of shear congitithat can differ from
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Figure 6.8. Viscosity variation for Athabasca bitumen with mature: solid
lines, PPV, = 0.63, 6.3, 63 and 630" this work); dash lines, from different
locations, CapVy' n/s (Ref. 5);4, method n/sy' n/s (Ref. 6);A, from different
locations, method n/sy! n/s (Ref. 7):0, CCV,»' from 13 &' to 2300 & (Ref. 8);
¥, RBV, y' from 14 & to 225 & (Refs. 9, 10); [9,10]¥, CCV, ' from 12 §" to
1400 & (Refs. 9, 10)[1, CCV, ' n/s (Refs. 11, 12)f, CCV,y' n/s (Ref. 13)A,
MS, y' = 1 §' (Ref. 14):%, CapV,)' n/s (Ref. 15)@, CCV,y' is n/s (Ref. 16)x,
CCV, y = 460 § (Ref. 17). Abbreviations and symbols: PPV, patgiiate
viscometer; CapV, capillary viscometer; CCV, cortdencylinder viscometer;
RBV, rolling ball viscometer; MS, mechanical speateter; n/s, not stategl,

shear ratep, angular frequency (equivalent to shear rate).
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sample to sample and among methods. For examptbgicase of rotational
viscometers the steady shear mode was used forealburements reported in the
literature®**®17|n this study, oscillatory rheometry was performadcording to
the Cox-Merz rulé® the complex viscosity;f(w)| in an oscillatory experiment
(wherew is the angular frequencyy = 2af) is equivalent to the steady shear
viscosityz(y') (wherey' is the shear rate) provided that= y'. Therefore, we can
compare “oscillatory” viscosity values with “steaslyear” ones provided that we
have information on the shear rate/frequency agpke bitumen and heavy oil
are shear-thinning fluids, “viscosity” has meanmgy if the shear condition is
clearly defined. For example, from Figures 6.2a &8 only oscillatory
frequency (or shear rate) has an influence on ibmosity of Athabasca bitumen.
Most publications avoid direct reporting of thewed of shear rate applied in their
steady-shear measurements. Even if these paranaetegsven (Figure 6.8), they
are essentially different for low and high temperas (e.g., Refs. 8-10). Below
310 K, viscosity values obtained in this work agmio the average of the
previously reported range for viscosity data agjlas a higher angular frequency
is used. Thus, differences in shear rates can iexphe discrepancies among
viscosity values due to non-Newtonian behavior tifabasca bitumen at least up
to 310 K. Thermal irreversibility of viscosity fogkthabasca bitumen, if heated
above 360 K, due to slowly reversing or irreversilphase transitions in
asphalthenes also play a role. Consequently, antiehistory of Athabasca
bitumen before and during viscosity measurementsp®rtant since this can also

lead to additional viscosity variation. In this Wpriscosity was measured below
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360 K, so the influence of thermal history duringperiments was avoided. The
absence of thermal history information (e.g. omfemeasurements) in Ref. 5-13,
15, 16 creates ambiguity in data interpretationnewader conditions where
bitumen exhibits Newtonian behavior and in printigkh measurement methods

should yield equivalent results.
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Figure 6.9. Temperature dependence of viscosity for Athabdmsitamen from

different locations and elevations determined byrd\and Clark (measurement
method — capillary viscometry; recovery method -nZsme-based extraction
standardized for all samples; Bitumount #1 to #fedby 180 m elevation): solid
line, Bitumount # 1; dashed line, Bitumount # 2,aBd Ells River; dotted line,

Bitumount # 4; dash-dotted line, Abasand.
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Geographic location and depth within a reservoir.Ward and Clark found
that bitumen from Abasand has a viscosity up tedharders of magnitude higher
than bitumen from more northern locations in thealiasca region (Figure 6.9).

The variation with depth within a reservoir is lgg®nounced (less than one
order of magnitude) but still appreciable and vsstyohas a tendency to increase
with depth. Ward and Clatlextracted all of their samples according to theesa
procedure, and used the same viscosity measureteehnique (capillary
viscometry) for all samples. One is tempted to amte that the differences
identified are attributable to sample source obly, the prevailing shear rate in
the capillary is a function of the “viscosity”. Adw temperatures, the samples are
not Newtonian, so differences among samples, thoegh become exaggerated.
Erno et af®, who used a cone and plate viscometer for visg@siperiments at
298 K at (1 to 10)3 shear rates, also found an increase of viscosingavy oils
with depth within a well for different locations Alberta (Canada).

Most publications do not include detailed inforroation bitumen origin, which
restricts our ability to correlate viscosity witreagraphical origin and with
elevation within a reservoir. A supplier but nog tbxact deposit and/or elevation
is typically provided (e.g., Great Canadian Oil @amtd.*** Syncrude Canada
Ltd. 2’ Shell Canada Ltd. (one of the bitumen samples fR&h 7), Abasand Oil
Ltd.> Research Council of Alberf£* etc.). Samples could be obtained directly
from one location or could be blends from differatgposits leased by the

supplier. For example, the bitumen sample studidtis work could be a mixture
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or an individual sample from Mildred Lake, Auronadéor North Mine deposits —
the main operation areas of Syncrude Canada Ltdidd between Abasand and
Bitumount.

Production and post-production treatment procedure.From a chemical and
structural point of view, bitumen in a deposit andterials produced from it are
not identical, i.e. different production procedurngsld bitumen with differing
properties. This variation strongly depends ongiaaluction and post-production
treatments.

Two methods are applied for producing bitumen f@hsands at the industrial
scale — in-situ and mining processing schemesotih, ladditional components are
normally used for injection into wells or extractirom mined sands — water (or
steam) or solvent. Hence, samples studied in toik wr by other authors have
undergone one of these two production procedunegeheral, each additive has a
well-known influence on viscosity. For example, thecosity of bitumen usually
increases when small amounts of water are addedo(U® % to 40 %) while
further addition reduces viscosity’ Solvent addition decreases viscoSifyrom
a practical perspective, post-production procedeagations can change fluid
properties significantly. For example, if high tesngture distillation is used in a
naphtha-based production metHdiyht ends present in the bitumen are removed
along with the naphtha. This increases the visgosit the same time, residual
naphtha reduces viscosity.

Among the data from Figure 6.8, a mining + wated araphtha addition

production procedure was used in Refs. 6, 17 aisdatbrk. A solvent-based one
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was applied to samples in Refs. 5, 11-16. Basedhfmmmation given in the
references, solvent and water residues may beriressome cases-**>*"There

is no apparent trend in the viscosity values ftmrben exposed to these different
production procedures. No extraction process waseapin Refs. 8-10 since the
bitumen sample was obtained as it oozed from theedhitar sarft or by
centrifugation through filter pads’ According to Henry and Fuffr who
ultracentrifuged oilsand samples without addingreol, the Athabasca bitumen
adhering to the sand grains was asphaltene ddfioéative to the supernatant
bitumen but the latter contained more light commasiewhich are usually lost
during solvent extraction procedure. They found tthhe viscosity of
ultracentrifuged bitumen was the lowest and thdtitefmen recovered by solvent
extraction was the highest. Consequently it issupprising that the viscosity for
the samples obtained without adding sol%éhfall below most of the data sets
presented in Figure 6.8. Since the bitumen sampidiesl in this work was
exposed to distillation at high temperatures bebw@23 and 623) K (removal of
naphtha) following warm-water extraction, it is rsatrprising that its viscosity is
higher than that of other samples treated undetenitonditions — at 423'K*3°

or at 308 K4,

6.4. Conclusions
Maya heavy oil and Athabasca bitumen are shearnitign fluids over
temperature ranges of industrial interest for pobidm, storage, and transport.

Complex viscosity must be associated with a spstghear condition in order for
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reported viscosity values to have meaning. Up t@ethorders of magnitude
variation in reported viscosity values for Athalm&itumen can be attributed to
the impact of shear as an uncontrolled variableistosity measurements. At
elevated temperatures, bitumen and heavy oil apprd$ewtonian rheological
behavior. Sample origin, production method and 4postiuction treatments can
also account for up to three orders of magnitud@tian in measured viscosity
values. By contrast, thermal and shearing histolgysp a secondary role.
Variations, if present, fall within one order of gmtude, however, the effect of
thixotropy for such complex fluids should be takaeto consideration. A clear
understanding of the variables affecting the rhgickl properties of bitumen and
heavy oil is of crucial importance for selecting aptimizing flow regimes for
their production and transport. Results reportet la@e expected to reduce the
technical uncertainty related to the design andeligament of heavy oil and
bitumen production and transport processes and llitaw apractitioners to
discriminate real from phantom variables presertheir own measurements and

in the literature.
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Chapter 7

Rheological Properties of Nanofiltered AthabasdaBen

and Maya Crude Ol

MD. Anwarul HasanMichal Fulem, Ala Bazylevalohn M. Shaw

Abstract

Complex viscosities of permeate and retentate sssnpbtained by filtering
Athabasca bitumen and Maya crude oil through 520050 and 200 nm ceramic
filters at 473 K were investigated over the tempeminterval 298 K to 373 K.
The pentane-asphaltene content of the samplesiviaoi 1.5 wt % to 57.2 wt %
while the asphaltene free composition of the sasgld not vary from the feed
composition within experimental error. At temperatibelow 323 K, part of the
maltenes of both of these hydrocarbon resourcesolis. The solid maltene
fraction is a function of temperature. If this adshal solid is taken into account,
the experimental relative viscosities for both Atasca bitumen and Maya crude
related samples fall on a single master curve, tweentire temperature interval
irrespective of asphaltene content. The rheolodealavior of all feed, permeate
and retentate samples is consistent with that sifiaty comprising a Newtonian
liquid plus a dispersed solid comprising non-intéreg hard spheres, where the
solid fraction is the sum of the solid maltene pasphaltene mass fractions.
Failure to account for solid maltenes in the intetgtion of rheological data for

these hydrocarbon resources leads to misattritatielated to the nature and the
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importance of the role that asphaltenes play indgtermination of the complex

viscosity of these hydrocarbon resources.

Key words: bitumen; asphaltenes; viscosity; phase behavionofii&ration,

multiphase

7.1. Introduction

Bitumen and heavy oils are poorly-characterized haépne-rich complex
hydrocarbon mixtures which pose numerous challendesng production,
transport and refining. [1] The high viscosity bese hydrocarbon resources is a
key processing determinant which is frequentlyitaited to their asphaltene
content and to asphaltene — maltene interactioos.ekample, Mack et al. [2]
showed that the viscosity of a de-asphalted oil w@ato several hundred times
lower than the viscosity of mixtures comprising tgp20 vol.% asphaltenes +
parent oil. Moreover, asphaltenes flocculate, agapes and sediment [3-5] even
in aromatic solvents such as toluene, at concémtiatas low as 100 mg/L. [6]
Aggregation is linked to processing problems fraamfation damage and well
plugging [7] to reactor and line coking to distiltan tower plugging [8-14] to
catalyst deactivation. [15] Improved understandwfgasphaltenes, and their
influence on the properties of bitumen and healy would help solve many of

these problems [16] and would facilitate developnwmmore efficient processes
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for production, transport and refining for theseartant hydrocarbon resources.

[17]

The viscosity of bitumen and heavy oil is a keygaess variable for which data
are available. [18] However, most of the availatid¢a focus on the dependence
of viscosity on external factors such as presderaperature, and the presence of
various additives, e.g.: diluents (benzene, toluenrdecane, etc.) and dissolved
gases (CQ Np, CH;, CHe, etc). A few studies also consider the shear rate
dependence of viscosity. Reported viscosity dag&3[] were obtained using
various viscometers such as capillary flow, rogtoylinder, cone and plate, and
rolling ball viscometers. In the case of rotation&gcometers the steady shear
mode was used for almost all measurements. [25FR&] impact of viscosity
measurement techniques on the values of viscobiired is discussed in detalil

elsewhere. [31]

Investigations on the influence of asphaltenes ydrdtarbon resource viscosity
have focused on model mixtures where chemicallyarsgpd (solvent extracted)
asphaltenes are added to standard organic sohant® de-asphalted oil

(maltenes) to obtain samples with a range of aggialconcentrations. [32]

The aggregation of asphaltenes in various solvesdsalso been studied [334

7 15]. Bouhadda et al. [33] found that aggregatgahaléene particles in toluene
appear spherical for concentrations up to 15 vahfd have an aggregation
number of ~5. The results by Lorenz et al. [35]gasg) that asphaltenes appear to

be nearly spherical and non-solvated in mixtureh Werosene, gas oil, benzene
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and decalin as well as in various lighter fracti@icrude oil obtained through
ultracentrifugation for concentrations ranging frdmto 2 wt.%. Reerink [36]
modeled asphaltene aggregates as oblate ellipadidsa minor axis of about 1
nm and a major axis of about 5-9 nm and computathgic viscosities in the
range 5 to 8 where a value of 2.5 is consistent wgid hard spheres. Using
small-angle neutron scattering, Gawrys and Kilg&tri[37] showed that
asphaltenes in mixed (toluene + methanol) or (twue heptane) solutions
aggregate to form oblate cylinders. Takeshige R#jgested that asphaltenes in
benzene consist of double layers with semi axe8.99, 1.05 and 0.36 nm.
Priyanto et al. [7] observed two distinct pointssharp change of slope in relative
viscosity versus asphaltene concentration graphsichwthey attributed to
micellization phenomena. In a series of studiesedout at the Texaco Research
Center, [38-43] asphaltenes obtained from fiveeddht sources yielded very
similar rheological behavior indicating that the€eet of shape and extent of
solvation for those materials were quite similanefé is little agreement in the

literature other than that asphaltenes appear pakieulate!

The phase behavior of heavy oils, apart from asphes, is also complex. For
example, Athabasca bitumen and Maya crude oil loothprise a minimum of
three phases at 300 K — solid asphaltenes, ligaitemes and solid maltenes. The
phase behaviors of Maya crude oil [44] and Athahdstumen [45] are addressed
in detail elsewhere. A key attribute relevant te thterpretation of rheological

data presented here is that the maltenes of tkesks Solidify — Figure 7.1.
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The hypothesis tested in this work is whether tgkinto account the phase
behavior of the maltenes, neglected in prior redgaran reduce the ambiguity in
the interpretation of the rheological behavior aplaaltenes in hydrocarbon
resources. For example, Maya crude comprises 15.% wentane insoluble
asphaltenes. At 283 K, ~ 18 wt.% of the maltenetiwa is also solid while at 325
K, the maltene fraction is liquid. [44] Without Baknowledge of this significant
change in phase behavior, the rheological behamor changes in rheological

behavior in this temperature interval can be mesprieted and misattributed. In
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Figure 7.1.Total solid (wt.%) for Athabasca bitumen and Mayade oil.
this contribution, the rheological behavior of Alaaca bitumen and Maya crude
oil, along with their permeates and retentates inbth by solvent-free nano-

filtration [46] are investigated. The results ohtd are interpreted in light of the
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underlying phase behavior of these samples anthdwey related to the rheology

of dispersions.
7.2. Rheological Response of Dispersions

A detailed review of the rheology of dispersionsbisyond the scope of the
present work. Readers are referred eleswhere. I} F&r a dispersion of non-
interacting uniform rigid spherical particles in Mewtonian fluid, relative
viscosity can be predicted using various hard sphevdels. [49-51] As the size,
shape, size distribution, surface texture, of alépha particles and aggregates
deviate from those of an ideal hard sphere, thativel viscosity of dispersions
changes accordingly. Numerous empirical and senpi#ral models have been
proposed to account for specific cases. [49-51] élex, Sudduth [52] showed

that many of these equations can be reduced togeggeneralized form:

/g =1 L fa- ko) -4 ®

Wherep is the viscosity of dispersion,is the viscosity of the continuous phase,
[#] is intrinsic viscosity,p is the volume fraction of particlek,is the crowding
factor, ands is the particle interaction coefficierit this paperte generalized
Sudduth equation (eq. (1)) is used to interprebldgcal data. This equation
describes the behavior of Newtonian and non-Newtomsuspensions alike. The

values of parameters are linked directly to flurdl garticle physics theory. For
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example, the intrinsic viscosity][for a slurry of spherical particles disperseain
Newtonian fluid is 2.5¢ is 3.5 for non interacting hard spheres, ank ¥2. To
make the best use of the theory related to relatiseosity, the volume or mass
fraction of dispersed species in the crude andnigtu samples must be known
accurately, and the liquid composition should bairrant. These aspects are both
challenging because the solid mass fraction of thaltene varies with
temperature. Hence, the solid free liquid compositiaries with temperature, as
does the average density of particles. The visgadithe solid free continuous
medium must be obtained by extrapolating experialeviscosity data to zero

solids.

7.3.Experimental

7.3.1. Materials

The Athabasca bitumen and Maya crude oil samples alitly permeates and
retentates obtained from nanofiltration experimemése available from a prior
study, [46] where the apparatus, and sample preparand analysis procedures
are described in detail. SARA analyses are rehddrs@ables 7.1 and 7.2 for
convenience. For chemically separated maltenesentepe, was added to

bitumen / crude oil at a solvent to oil ratio of #0The solution was stirred
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Table 7.1.SARA analysis (wt. %) of Athabasca Bitumen Deri@amples)

ABP10 ABP20  ABPS50 AB ABR200  ABRI10

18.9 18.4 17.1 16.1 9.4 8.9
Saturates

(20)* (21)* (20 (20)* (20)* (21)*

56.7 53.0 53.4 48.5 26.0 25.4
Aromatics

(60)* (59)* (62)*  (60)* (52)* (59)*

19.1 18.2 15.9 16.8 14.6 8.7
Resins

(20)* (20)* (18)* (21)* (29)* (20)*
Asph.altenes

53 10.4 13.6 18.6 50.0 57.2

(C5)

JABP10: Athabasca bitumen 10 nm permeate; ABR10aBdsca bitumen 10 nm
retentate; ABP20: Athabasca bitumen 20 nm perm@&&&200: Athabasca
bitumen 200 nm retentate; ABP50: Athabasca bitusienm permeate.

* Data are on an asphaltene-free base, wt.%.
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Table 7.2.SARA analysis (wt. %) of Maya Crude Oil Derived Ses®

Maya
MP5 MP10 MP20 MP50 MR5
crude
39.6 34.4 34.1 31.7 31.6 16.9
Saturates
40 @ @7 (39" (38)* (32)*
46.7 43.7 43.1 47.1 425 26.4
Aromatics
@nx @n* @nc (52 (51)* (50)*
12.3 15.7 14.8 11.8 10.2 10.0
Resins
(2  @n* (@16  (13)* (12)* (19)*
Asphaltenes (C5) 15 6.2 8.1 9.4 15.7 46.7

AMP5: Maya 5 nm permeate; MP10: Maya 10 nm permdaR20: Maya 20 nm

permeate; MP50: Maya 50 nm permeate; MR5: Maya %atantate.

*Data are on an asphaltene-free base, wt.%.
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overnight at room temperature and then filterethio steps by vacuum filtration
using a Fisher brand filter paper Q2, with a paze between 1-5 um, and then a
0.22 um Millipore membrane (mix cellulose estefeTiltration membranes and
the flask were washed with small volumes of n-peaten order to eliminate
residual oil. This step was repeated until thedi# was colorless. The permeate

was distilled to separate solvent from the maltenes

7.3.2. Rheology Measurements:

Complex viscosityif*| measurements were carried out using a Bohlin iGie200
HR Nano-Rheometer (Malvern Instrument, UK) over temperature 298 K to
373 K. Two types of the measuring configurationsengesed:

1) parallel plate geometries with 25 mm and 40 mameters plates supplied
with the extended temperature cell providing a terajure range of 123 K to 823
K with stability of £ 0.2 K; it was used in most tife experiments;

2) a double gap 24/27 mm concentric cylinder whté Peltier cylinder assembly
allowing measurements from 253 K to 453 K with 8ifgbof + 0.2 K. This latter
geometry was used for very low viscosity sampleg, the chemically separated
Maya maltene.

The thermocouple probe which reads the temperaifithe bottom plate and
hence indicates the temperature of the sample b&hiegred was calibrated to
international temperature scale ITS 90 using a BQ resistance thermometer.
The thermocouple in the Peltier cylinder was caliéd in the same way. In both

cases, the uncertainty of temperature measuremastestimated to be + 0.2 K.
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In the double gap cylinder, the gap was fixed atdbfault value of 0.15 mm. For
the parallel plate configuration, gaps of 0.85 nmin@ mm and 1.6 mm were

applied for highly viscous samples, e.g. Athababdamen and retentates,
whereas 0.20 mm or 0.45 mm were used for samplbsintermediate viscosities

(1.0 Pa-s to 500 Pa:-s). These gaps were choseth tlagest measurements on
three different standard materials: Canon certiteghdard N2700000SP, PRA
standard oil # 12, and PRA standard oil U0600. 888y measurements with the
Canon certified viscosity standard N2700000SP (wiitosity of 1650 Pa-s at
310.5 K) were carried out to validate experimergahditions and parameter
values selections for Athabasca bitumen. The cmmditused for the Maya crude
oil and permeates were validated using PRA standihrd 12 and PRA standard
oil UO600 with viscosities of 0.972 Pa-s and 0.1sRd 298 K respectively. The
agreement with the recommended data was within 5%.

In order to ensure the consistency of the measuremebtained using different
geometries, experiments were performed using niame geometry in the overlap
range where geometries could be used interchangeRlsults agreed within

experimental error. In some cases, experiments vegeated with more than one
gap to ensure that the gap used was within ap@teplimits. Artifacts related to

“gap loading” were thus avoided.

The measurements were performed using the oscilladbear method. The

frequency of the oscillation was varied betweer®010Hz and 100 Hz depending

on the sample. We use the term “frequency” in gaper, but it should be noted
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that the frequency of oscillation is equivalenthie term shear rate used in steady
shear experiments, when both are expressed irathe gnits, i.e.: the Cox-Merz
rule (*(w)| =n(y=w)) can be applied. All measurements were perfororeter
nitrogen in order to avoid oxidation of the samplésr all experiments, an
oscillation amplitude sweep test was performed,fasthe lowest and the highest
frequencies, to identify the stress and straintéinfor the linear viscoelastic

region, within which subsequent experiments werelacted.

7.4. Results and Discussion

7.4.1. Overview ofRheological Data for Athabasca Bitumen and Maya Crde

Oil

The complex viscosity data obtained from oscillatsinear measurements at 298,
303, 323, 348 and 373 K are reported in Figures(@)2and (b) for Athabasca
bitumen and in Figure 7.2 (c) for Maya crude oir fow viscosity samples, the
inertia effect becomes significant at high frequescwhich causes fluctuation
and scatter in measured data. Therefore, compseosity data for the frequency
range of 0.1 Hz to 100 Hz are only shown for highicous samples. Athabasca
bitumen is about three orders of magnitude moreous than Maya crude oil at
298 K. The viscosity of both materials is highlyis#ive to temperature. A rise in
temperature from 298 K to 373 K drops the viscosityAthabasca bitumen and

Maya crude by three orders of magnitude and twoersrdof magnitude,
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respectively. Both Maya crude and Athabasca bituneghibit Newtonian
plateaus at low shear rate over the entire temyeratterval evaluated, although
it is only evident at frequencies less than 0.0XfétzAthabasca bitumen at 298 K

— Figure 7.2 (b).
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summary.

Figure 7.3 shows a comparison between zero sheapleg viscosity values of
Athabasca bitumen obtained in this study with appiaviscosity valuesy,
reported previously. [21-28] The complex viscosilues obtained in this study
are higher except for values obtained by Ward amarkC[24] (Abasand),
Charbonnier et al. [22] (for some locations) andn@g21] (Abasand). This is
because zero shear viscosities are by definitierhtghest values and because our
bitumen sample is a partially processed produchfeonaphtha recovery unit at
Syncrude. Some of the more volatile constituentshef bitumen have been

removed. Differences in extraction and post-exiact
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Viscosity (Pa.s)

% This work, zero shear rate
v Briggs (1978); RBV; y = (14 to 225) s™ (Ref. 18, 19)
v Briggs (1978); CCV; y = (12 to 1400) s” (Ref. 18, 19)
= Camp (1974); n/s ; y is n/s (Ref. 20)
<« Charbonnier et al. (1969); n/s ; y is n/s (Ref. 21)
A Dealy (1979); MS; y = 1s™ (Ref. 22)
= -Ward, Clark (1950), from different locations;
CapV; y is n/s (Ref. 23)
Flock, Boogmans (1976); CCV;
y = (13 to 2300) s™ (Ref. 24)
o Jackobs (1978); CCV; y is n/s (Ref. 25)
© Mehrotra, Svrcek (1985); CCV; y is n/s (Ref. 26)
+ Svrceketal. (1979); CCV; y is n/s (Ref. 27)
* Robinson et al. (1983); CapV; y is n/s
> Schramm, Kwak (1988); CCV;y =460 s
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Figure 7.3. A comparison between the zero shear complex vityoealues for

Athabasca bitumen obtained in this study with appaviscosities of other

studies in the literature.

processes, source location, measurement methodmeagurement operating

parameter differences [31] can all account for ifigant differences in reported

viscosity among samples.

7.4.2. Rheological Properties of Nanofiltered Pernates and Retentates

Rheological data for permeates at 298 K, the lowesiperature evaluated, are

shown in Figures 7.4 (a) and (b) for Athabascanbén permeates and Maya

crude oil permeates respectively. All permeateshbéixa Newtonian plateau at
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low frequency. Rheological data for retentate28 K, are shown in Figure 7.5
for both Athabasca bitumen retentates and Maya ecraill retentates. The
complex viscosity for the retentates increasedadrequency decreases. Such a
shear dependent behavior at low frequencies isdilpiobserved when a gel type
microstructure is present or when patrticles forooatinuous network. At 298 K,
Athabasca bitumen and Maya crude oil and theirtedlgpermeates are both
Newtonian, a particulate network is the more logegplanation for this non-
Newtonian behavior of retentate samples. Theseltsesend support for a
colloidal structure for hydrocarbon resources fssggested without proof by

Nellensteyn [53] decades ago.

Zero shear complex viscosity values for all permeatd retentate samples along
with the resource samples are presented in TaBleTe zero shear viscosity for
some retentate samples could not be measured asdestanated using the
superposition principle. [54] These are noted vatldagger in Table 7.3. The
complex viscosityy*(w) is defined asgf(w)f = I'(w)|?+ 7" (w)] % wheren'(w)

is dynamic viscosity defined ag = G"/w, andn"(w) is the imaginary part of
complex viscosity (resulting from the elastic coment) defined ag" = G'/w.
The G" is the viscous modulus;' is elastic modulus and is the angular
frequency. On the Newtonian plateau, the viscomspoment dominateg*(w) =
n'(w) = no. SO the zero-shear viscosity, can be determined from the slopeGf

Versus

157



700 - (@)
600 -—
500 -
400 |-
300

200 |-

Complex Viscosity (Pa.s)

lm " mmg g
'NYVVVVVVYVVYVN W,y

Asphaltene concentration
B 50nm=13.6 wt. %
A 20nm=10.4wt. %
v 10nm=53wt %

"""""""""" Extrapolated Solid

Free Maltene = 0 wt. %

v,

-

0.1

10 100

Frequency (Hz)

1.25 |-

1.00 |-

050 [

Complex Viscosity (Pa.s)
o
P
T

150 F (b)

Asphaltene Concentration
B 50 nm=9.4wt%
A 20nm=8.1wt%
v 10nm=6.2wt.%
*  5nm=15wt%
- Extrapolated Solid
Free Maltene = 0 wt.%

] [] [ ] L] ]
A A A
v v

* ok ok kK k ok kK k k Kk * * * * *

025 [

Figure 7.4.Complex viscosity for nanofiltered-permeate sample298 K: (a)

0.1

1 10

Frequency (Hz)

Athabasca bitumen, and (b) Maya crude oil.

158




Table 7.3 Summary of Solid Concentrations, and Complex d&welative

Viscosities of Samples.

Sample  Temperature Solid Total Zero shear Zero Zero Chemically
K asphaltenés maltene solids complex solid asphaltene separated
(wt.%) (wt.%) (wt.%) viscosity relative relative maltene
(P4ds) viscosity  viscosity based
relative
viscosity
ABP10 298 5.3 19.6 24.9 185 2.58 0.989 30.1
323 5.3 0 53 5.63 0.776 0.777 8.78
348 5.3 0 53 0.683 0.671 0.670 2.85
373 5.3 0 5.3 0.189 1.02 1.02 2.70
ABP20 298 10.4 18.5 28.9 426 5.93 2.28 69.4
323 10.4 0 10.4 11.7 1.61 1.61 18.3
348 10.4 0 10.4 1.20 1.18 1.18 5.00
373 10.4 0 10.4 0.244 1.31 1.31 3.48
ABP50 298 13.6 17.9 315 458 6.38 2.45 74.6
323 13.6 0 13.6 119 1.64 1.64 18.6
348 13.6 0 13.6 1.13 1.11 1.11 4.71
373 13.6 0 13.6 0.305 1.64 1.64 4.35
AB 298 18.6 16.8 354 1710 23.8 9.14 279
(Bitumen) 303 18.6 13.4 32.0 581 13.2 6.81 161
323 18.6 0 18.6 324 4.47 4.47 50.5
348 18.6 0 18.6 2.72 2.67 2.67 11.3
373 18.6 0 18.6 0.507 2.73 2.73 7.23
ABR200 298 50.0 103 603 8.8410°" 123100 4.7310° 1440
323 50.0 0 50  10010°" 1.381° 13810  1.5610°
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348 50.0 0 50 6.9810°" 6.8910° 6.8410° 2.9110
373 50.0 0 50 3200 171100 1.7210°  4.5610°
ABR10 323 57.2 0 57.2 750107 1.0310¢ 1.031¢ 1.1MmC
373 57.2 0 57.2  38M0 2.0410° 2.041C° 5.4700°
MP5 298 1.5 12.0 135 0.305 1.13 0.852 6.09
303 1.5 8.9 10.4 0.210 0.961 0.631 5.20
323 1.5 0.8 2.3 0.132 1.31 1.31 4.34
373 1.5 0 15  1.20107 0.574 0.574
MP10 298 6.2 11.4  17.6 0.506 1.88 1.41 10.1
303 6.2 8.4 14.6 0.318 1.45 0.955 7.87
323 6.2 0.8 6.9 0.142 1.41 1.41 4.67
373 6.2 0 6.2  1.4410° 0.689 0.689
MP20 298 8.1 1.2 193 0.631 2.34 1.76 12.6
303 8.1 8.3 16.4 0.420 1.92 1.26 10.4
323 8.1 0.7 8.8 0.150 1.49 1.49 4.93
373 8.1 0 8.1  1.66107 0.794 0.794
MP50 298 9.4 11.0 204 0.879 3.26 2.46 17.5
303 9.4 8.2 17.5 0.445 2.04 1.34 11.0
323 9.4 0.7 10.1 0.170 1.69 1.69 5.59
373 9.4 0 9.4  1.77107? 0.847 0.847
Maya 298 15.7 10.2 259 0.954 3.54 2.66 19.0
Crude 303 15.7 7.6 23.3 0.701 3.21 2.11 17.4
323 15.7 0.7 16.4 0.225 2.23 2.23 7.40
348 15.7 0 15.7  7.9010° 1.82 1.82 3.00
373 15.7 0 15.7  3.90102 1.87 1.87
MR5 323 46.7 0.4 47.1 6.8Mm0*" 6.8210° 6.8710°  2.261¢°
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* Phase angle and calorimetric measurements for asattaltenes suggest that while phase
transitions to liquid begin at lower temperatugsphaltenes are largely solid up to 373 K

" Zero shear viscosity for these samples was olitaising the superposition approach.
" For MR5 retentate, viscosity was available at @mperature. This value was obtained at 0.01

Hz and is not a zero shear value.

Table 7.4.Zero Shear Reference Viscosities (Pa:-s)

Athabasca bitumen

Maya crude oll

maltenes Maltenes
T, extrapolatio extrapolatio
extrapolatio measuremen extrapolatio measuremen
K no0 % n 0%
n solids free t (chemical n solids free t (chemical
asphaltenes asphaltenes
separation) separation)
298 71.8 187 6.14 0.270 0.358 0.0501
303 44.1 85.3 3.60 0.219 0.333 0.0404
323 7.25 7.25 0.641 0.101 0.101 0.0304
348 1.02 1.02 0.240 0.0434 0.0434 0.0266
373 0.186 0.186 0.0701 0.0209 0.0209
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Figure 7.5.Complex viscosity values for Athabasca bitumen iaga crude oil

retentates at 323 K.

war master curveg; is a shift factoriconstructed by shiftin@" curves at different
temperatures along axis.G" master curves were obtained for retentate sample
where possible. Figure 7.6 (a) shows the viscoudutng G") for the Athabasca
bitumen 200 nm retentate sample at different teatpegs. Thes" master curve
for this case, illustrating the method for obtaghihe zero shear viscosity for the
200 nm retentate sample at 298 K is shown in Figuée(b). A terminal zone
(constant slope regime) is clearly visible at vieny frequencies in th&" master
curve. A tangent line is drawn in the terminal zarighe master curve, and is

extended until it intersects the vertical lineva; = 1. TheG" value at this
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intersection point gives the zero shear viscositihe sample. A key assumption
in this calculation is that the composition of tiguid is invariant. As we are
extrapolating into the low temperature region wheaet of the maltene solidifies,

the values obtained are viewed as tentative andaresed in the modeling work.

7.4.3. The Impact of Solid Maltenes on the Viscogitof Athabasca Bitumen

and Maya Crude Oill

The solid-liquid transitions for both Athabascaubien and Maya crude oil
maltenes take place over broad temperature rafges,~160 K to 325 K for
Maya crude maltenes, and from ~ 210 K to 323 K Adhabasca bitumen
maltenes. [44, 45] 16.8 % and 10.2 %, respectivaiyAthabasca bitumen and
Maya crude maltenes are solid at 298 K. Asphaltaneslso solid at 298 K and
the total solid mass fractions for Athabasca bitaraed Maya crude at 298 K are
35.4% and 25.9% respectively as shown in FigureThis effect complicates the
interpretation of rheological data, as the solichteat, solid density and the
composition of the solid free maltene in permeggspurce and retentate samples,
are functions of temperature below 323 K. From adetric data [44, 45] Maya
and Athabasca asphaltenes begin to melt at abdutk34However, the phase
angle for pentane asphaltenes does not start teaise from zero degrees until
around 380 K, indicating that up to this tempemtasphaltenes comprise a
minimum of 65 % solids. Moreover, asphaltenes renfiterable from maltenes
at 473 K. [46] Clearly, liquid asphaltenes remamrtpof the dispersed solid

asphaltene particles at 473 K. The structure ofwlmephase particles is unknown.
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In this study we assume the particles are solidimoous. The solid maltene,
asphaltene and total solid wt. % along with zereashcomplex viscosities of
samples are summarized in Table 7.3. The zero stwaplex viscosities of
permeate samples are reported in Figures 7.7 ¢hf@nfor Athabasca bitumen

and Maya crude oil related samples respectivelynplezature is a parameter.

To estimate the viscosity of the solid free Athalsashaltene and Maya crude oil
maltene, the experimental viscosity values for mates and resource samples
were fitted with the generalized Sudduth model,a¢ign 1, and the Arrhenius

equation:

No = AéE/RT) (2)

whereA is the pre-exponential factdg, is the activation energy of viscous flow
for solid-free malteneR is the universal gas constant, afdis absolute
temperature.Taking intrinsic viscosity /4] = 2.5 and the particle interaction
coefficient,s = 3.5, the best fit was obtained for 1.38 withA = 9.6910*? Pa-s
andE = 73.5 kJ-mof for Athabasca bitumen samples, ahnd 8.0510" Pa-s and
E = 31.5 kJ-motf for Maya crude samples. The values of the activaginergy are
in good agreement with literature values [55-60hick lie mainly between 10
kJ-moTf™* and 80 kJ-mot depending on the viscosity, asphaltene conceatratid
mixture homogeneity of the oil. For example, Rogsen et al. [55] found the

activation energy of a number of North Sea crudlsanples, with viscosity lying

166



between 3.7 mPa-s and 155 mPa:s (at 293 K), itv tiee range 10 to 40 kJ-mbl
For crude oils with viscosity from 0.135 Pa-s t@42Pa-s (at 293 K), [56]
activation energy was about 20 kJ-mhoFor the Cold Lake and Lloydminster oil
samples with viscosities of about 100 Pa-s (at 8®@bl K) [57] and 0.3 to 50 Pa:s
(at 293 K), [58] activation energy are 80 kJ-thahnd 60 to 80 kJ-maf,
respectively. The extrapolated solid free malteiseosity values for Athabasca
bitumen and Maya crude oil are listed in Table THese viscosity values are
higher than the viscosities of chemically separatattenes also shown in Table
7.4, due to the presence of residual solventsencttemically separated maltene
samples.

Experimental zero solid relative viscosity valuegefined as the zero shear
complex viscosity divided by the solid free maltesngcosity) for the Athabasca
bitumen and Maya crude oil samples along with thafstheir permeates are also
shown in Table 7.3 and are plotted in Figures @)3apd (b) respectively. The
zero solid relative viscosities for all samples ah®wn in Figure 7.8 (c). The
relative viscosities of all permeates, feeds andntate samples fall on a single
master curve. Sudduth’s correlation [52] (equafipnvith [] = 2.5;0 = 3.5; and

k = 1.38, is also shown in Figure 7.8 (c). There tare types of solids present.
Their individual densities are unknown a prioriffBiences between solid wt.%

and vol.% are accommodated in the value of the diogvfactor k,
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which is the only parameter adjusted in the mo@eith types of solids are

expected to be denser than the liquid maltenesh@sxrowding factor appears
twice in equation 1, this represents a comprom@ee could add additional
parameters in the denominator for each feed batishnot justified by the data.
The rheological behaviors of Athabasca bitumen dwya crude oil-feeds,

retentates and permeates are consistent with tieevioe of slurries comprising a
Newtonian liquid plus rigid hard spheres in the penature range 298 K to 373 K.
Some of the relative viscosities fall below 1. Treflects the combined impact of

experimental error and extrapolation to zero salimistent.

If the impact of solid maltene is ignored, one @nftonted with significant

apparent temperature dependences for relativesitggoat fixed asphaltene wt.%
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at temperatures where the maltenes are partialig. sor example, a zero
asphaltene reference viscosity can be obtainedyusination 1, evaluated at the
wt. % solid maltene in a sample. Reference visigssfor this case are reported in
Table 7.4 and relative viscosity values obtained plotted against wt. %
asphaltenes in Figure 7.9. Apparent temperatureerdgnce is evident for
Athabasca bitumen related samples, Figure 7.9F@).Maya crude oil related
samples, Figure 7.9 (b), the impact is less proocedrbecause less of the maltene
is solid. An alternative relative viscosity canalbe defined using measured
chemically separated maltene viscosity as the eater viscosity. Reference
viscosities for this case are also shown in Figiwe Relative viscosities are
reported in Tables 3 and plotted in Figures 7.)@(a (b) for Athabasca bitumen
and Maya crude oil related samples respectivelyniy\ghe apparent temperature
dependence of rheological behavior is significalffitese apparent temperature

dependences have been attributed to
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change of shape of asphaltene aggregates, asmhaitdtene interaction, or
asphaltene self association [56, 58, 61]. Theseapjp be misattributions based
on artifacts, and measured variables that introchdditional fluid physics and
fluid chemistry not needed to explain the rheolabibehavior of such fluids.
Rheological investigations of hydrocarbon resouroest account for the impacts

of solid maltenes along with the asphaltenes inetiod and analysis.

7.5. Conclusions

Hydrocarbon resources such as Athabasca bitumerMayd crude oil possess

complex phase behaviors and present equally conmpéniogical properties. The
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impact of non-asphaltenic solids, on the complegcasity of hydrocarbon
resource samples at specific temperatures and esddrwith temperature, is
underscored in this contribution. Solid maltenessirown to play a crucial role in
determining the rheological properties of bitumerd éheavy oil. Permeates,
retentates and feeds associated with nanofilteragaMrude oil and Athabasca
bitumen exhibit rheological behaviors consistenthwslurries comprising a
Newtonian liquid + non-interacting hard sphereshi@ temperature range 298 K
to 373 K when the role of solid maltenes is inchlidéailure to account for solid
maltenes in the interpretation of rheological datathese hydrocarbon resources
leads to misattributions related to the nature gwedimportance of the role that

asphaltenes play in the determination of hydrogaresource viscosity.
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Chapter 8

Pentane-Asphaltene rheological behavior in reconstited crude oils

MD. Anwarul Hasarand John M. Shaw

Abstract

The properties of asphaltenes present in crudeanigin the subjects of debate in
the literature. In this work, the complex and zshear viscosities of reconstituted
samples prepared by mixing chemically separatedtapen asphaltenes and
maltenes were obtained. The samples were of foffereint types, namely:
Athabasca asphaltene + Athabasca maltene (reagadtithabasca bitumen),
Maya asphaltene + Maya maltene (reconstituted Mawyde), as well as cross
mixtures comprising Athabasca asphaltene + Maydemal and Maya asphaltene
+ Athabasca maltene. The zero shear viscositidhasde samples are compared
with one another, with the zero shear viscositiesagphaltene + pure diluent
binary mixtures, and with zero shear viscosities nainofiltered Athabasca
bitumen and Maya crude oil samples reported preWouThe Maya and
Athabasca asphaltene properties in re-constituéedpkes are shown to differ
from one another and from those in nanofiltered gam However, the large
temperature and composition variation of the reéatiiscosity of such mixtures is
attributed primarily to redistribution of residyagntane from the maltenes to the
asphaltenes on reconstitution and only second@riproperties of the chemically

separated asphaltenes themselves. The physics temdistry of asphaltene
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behavior and of the differences arising from sepamamethods and diluent
environments are not resolved in the present worét eemain subjects for

ongoing investigation.

Key words: Bitumen; Asphaltenes; Viscosity; Phase behaviorndfiiration,

Reconstitute, Artifact.

8.1. Introduction

Bitumen and heavy oils are characterized by highsithg and viscosity, low
hydrogen to carbon ratios, high carbon residues, lsigh asphaltene, heavy
metal, sulfur and nitrogén contents relative to conventional crude oils. Aana
processing limitation with heavy oils and bitumeiss their extremely high
viscosity that negatively affects production, tiaors and refining:* The high
viscosity of bitumen and heavy oil is frequentlyriauited to the asphaltene
fraction. The tendency for asphaltenes to flodeylaggregate, or sediment is
well known?® even in hydrocarbons where they are defined asko! ® These
behaviors are linked to processing problems froomé&dion damage and well
plugging? to reactor and line coking, to refinery tower mirg,*° to catalyst
deactivation’” Improved understanding of asphaltene nano-aggegatd their

properties is expected to lead to novel stratefpesmitigating many of these

problems.
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There is only limited agreement in the literatunaerning the properties of
asphaltenes. The mean size, structure and behakiasphaltenes in standard
organic solvents have been studied extensivelycantinue to be active areas of
research. Diverse shape, size, and other propehte® been reported for
asphaltenes in hydrocarbon liquids over tih&? Alternative non-particulate
interpretations of data on which such determinatibave been made are also
available” Some properties, like the existence of a critinalelle concentration
have come to be refuted. Others such as asphaksire association have been
challenged? Asphaltene behaviors in crude oils and deasphatiési were
reviewed by Baltus et &f. Key works reported there include those by Mack et
al?* Lorenz et af®, Reerink’® and workers at the Texaco Research Céfitér3!
Another pertinent summary of the literature wagestlby Mullins et af? Again

diverse perspectives are presented.

Recent work on crude oil reconstitutibh,the non-Newtonian rheological
behavior of heavy oit? and the rheology and phase behavior of nanofita®

opposed to chemically separated Bif§ highlight the complexity associated with
the reconstitution of oils, and attempts to attigospecific properties to individual
fluid fractions. For example, Marques et *Alnoted the impact of dispersing
asphaltenes in toluene prior to addition to thespkalted crude and then
evaporating the toluene vs. direct mixing of asgmd powder with deasphalted
crude on the resulting homogeneity of the recausiit crude. The impact of
maltene phase behavior on the rheological progedieheavy oil and bitumen,

which is frequently attributed to asphaltenes, &la® been address&tAt low
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temperatures maltenes solidify and make a sigmficeontribution to the
dispersed solids content of feedstocks. The feekistalso become non-
Newtonian in their rheological behavior at low tesrggure. Thus, many
“viscosity” measurement techniques, which are basedNewtonian behavior
become inapplicable, and data derived from themirasaid 3* Misattribution of
these impacts to asphaltenes and their propee#ss|to the apparent presence of
properties for which there is no supporting fluidypics. Inclusion of these low
temperature effects greatly simplifies our underdiag of the phase behavior of
asphaltene rich feedstocks. For example, zero dledative viscosity vs. solids
wt. % for nanofiltered Maya crude and Athabascarbén become a temperature
and base oil independent function. The rheolodehlavior of feed, permeate and
retentate samples was found to be consistent Wahdf a slurry comprising a
Newtonian liquid plus a dispersed solid comprisig-interacting hard spheres,
where the solid fraction was taken as the sumefstiid maltene plus asphaltene
mass fractions. From a purely rheological perspectnon-interacting and non-

circulating liquid drops would yield comparable betor.

In this contribution, the rheological behavior etonstituted Athabasca bitumen
and Maya crude oil samples prepared by mixing cbeltyi separated asphaltenes
and maltenes is evaluated. The results obtainedoan@ared with the rheological
behavior of nanofiltered samples derived from thens feed stocks that were
published previousl§® and asphaltene + tetrahydrofuran, toluene and thyhe
naphthalene binary mixtures. Central questionsis work include whether and

in what way the properties of reconstituted sampiesemble properties of
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feedstocks and nanofiltered feedstocks, and wheihgsle standard theories and
models related to the rheology of dispersions gpli@able to reconstituted

feedstocks, as is the case for nano filtered feelst

8.2. Theory

8.2.1. Rheological Response of Dispersions

A detailed review of the rheology of dispersionsbisyond the scope of the
present work. Readers are referred eleswier&. Here key phenomena are
outlined briefly. For dispersions of non-interagtimono-dispersed rigid spherical
particles in a Newtonian fluid, relative viscosisytemperature independent and
can be predicted and correlated using various Bphg¢re models up to volume
fractions 0.30%%*? For higher volume fractions additional empiricaldasemi-
empirical equations are availalife!” As the size, shape, size distribution and
surface properties, such as particle-particle aadigbe-fluid interactions, of
particles deviate from this base case, the relatiseosity of dispersions changes
as illustrated in Figure 8> The impacts of these deviations are diverse and it
is critical to have a clear understanding of p&gtiproperties, or changes in
particle properties with concentration in order dorrelate much less predict
resulting behaviors. For example, if particles iat¢ with the surrounding fluid,
as the particles become smaller the impact on sigcocreases at fixed volume
fraction, where as if the particles do not interadth the fluid, their impact

diminishes as the particles approach molecular smoas.
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Figure 8.1.Qualitative effect of particle characteristics be telative viscosity of

colloidal dispersion&®>?

Shifts in average aggregate size distribution @necwire with composition also

impact relative viscosity. The extent to which sytiysical phenomena influence

the rheological behavior of asphaltene + feedstaokures is unknown a priori

and it is not clear whether simple models of disper behavior based on a
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specific particle physics phenomenon can corretateapture the behavior of
such mixtures. These models typically possess tsyonptotes as illustrated in
Figure 8.1 and the functions tend to be concave.loit volume fractions,

particles have little impact on relative viscositfiere as at high volume fractions
the dispersions approach solid like rheologicalaveirs and the relative viscosity

trends to infinity.
8.2.2. Rheology of Asphaltene + hydrocarbon mixtuas

In our prior work® the rheological behavior of nanofiltered Athababitamen
and Maya crude oil related permeate and retentatgples were found to be
consistent with slurries comprising a Newtoniamig+ non-interacting spherical
particles in the temperature range 298 K to 37B8dCause the zero shear relative

viscosity of all of the samples was correlated g$Sudduth’s equatioff:

In(n/n,) =[%J(LJ[(1- kp)™ —1] (8.1)

0’_

where, n, is the viscosity of the continuous phasgjs the viscosity of the
dispersion, 1] is the intrinsic viscosity (2.5 for spherical paeles in Newtonian
liquids), k is the crowding factog is the interaction coefficient (3.5 for non-
interacting hard spheres), aqds the volume fraction of particles. The relative
viscosity for all samples was fit with a single séttemperature independent

values, namely:]] = 2.5,0 = 3.5, andk = 1.38, the only regressed coefficient,
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resulting in a temperature and fluid independentfion. As asphaltene aggregate
density in mixtures and hence volume fraction arekmown a priori, wt. fraction
was used as a surrogate. Asphaltene wt. fractomamofiltered samples ranged
from 0.015 for 5 nm Maya permeate to just overf0r750 nm Maya retentate.
This places the maximum value for the crowdingdaett less than ~ 1.4. The
minimum value is also constrained, because evedehsities of pure crystalline
polynuclear aromatic solids, such as coronene,les® than 1470 Kg/tn The
minimum value for the crowding factor must excee@.# For the model to be
internally consistent and make physical sense, ctiosvding factor must fall

within these narrow bounds and is not a freelyesged parameter.

Other workers have applied the Pal-Rhode’s equafion

nln, =1-kg)™" (8.2)

where K is the solvation constant, to describe the visgosi asphaltenes in
standard organic solverfts,and in natural and synthetic vacuum resides.
Reported values for the solvation constant rangenfil to 9.3 The “shape
factor” a generalization of the intrinsic viscosigppearing in equation 8.2, is also
allowed to vary in regressions. These coefficieats typically liquid and
temperature dependent, indicating a broad rangbebhviors for chemically
separated asphaltene + hydrocarbon liquid mixtirasare inconsistent with the

physics linked to simple dispersion models. Furthmarameters appearing in
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diverse rheological models applied to the sameogisg data, may indicate that
infinite viscosity asymptotes are approached atuwa fractions from ~ 0.3 to ~
0.72° suggesting that diverse and incompatible fluidgitsymay be at play in the
same mixtures. Care must be taken not to overprgesuch fits. The adage that
correlation does not imply causality is pertindPhysical interpretation requires
data from independent data sets. Sirota and’%for example, reinforce this
point with their work on the physical behaviour chemically separated

asphaltenes in mixtures with organic solvents.

8.3. Experimental

8.3.1.Materials:

Athabasca bitumen (Alberta, Canada) was obtainea f6yncrude Canada Ltd.,
and Maya crude oil (Mexico) was obtained from thexidan Petroleum Institute
(IMP). The SARA analyses of Athabasca bitumen (ABYl Maya crude oil are

reported in Table 8.1. Additional analyses arelabte elsewherg® Purities of

Table 8.1.SARA analysis (wt. %) of Athabasca bitumen and Meyale Oil

Athabasca bitumen Maya crude oil
Saturates 16.1 31.6
Aromatics 48.5 42.5
Resins 16.8 10.2
Asphaltenes (C5) 18.6 15.7
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pentane, toluene, and tetrahydrofuran were 99% ewtlilat of 1-methyl

naphthalene was 97%.

8.3.2. Sample Preparation:

Asphaltenes and Maltenes were separated from Aglabhitumen and Maya
crude oil using n-pentane. For this separationemtgne was added to bitumen /
crude oil at a ratio of 40:1. The mixture was stirovernight at room temperature
and then filtered in two steps by vacuum filtratidirst, the mixture was filtered
through a Fisher brand filter paper Q2, with a pre 1-5 um. The permeate was
then filtered using a 0.22 pm Millipore cellulosster membrane. The filters and
the flask were washed with small volumes of n-peate eliminate residual oil.
This step was repeated until the filtrate was dess. The membranes with the
precipitated material were dried at 100 °C for 3@utes and placed overnight in
a vacuum oven at 9 kPa and 303 K. The permeatedigtifed at 313 K and 9

kPa in a rota-evaporator to eliminate n-pentane.

Ensuring homogeneous re-dispersion of asphaltengsgdre-constitution of oil

samples is a difficult task. Marques et*al> found that mixing asphaltene
powder with maltenes and stirring the resulting tomigs at 353 K for eight hours
was inadequate. In this work, asphaltene + maltis@ersions were prepared by
mixing asphaltenes with maltenes at room tempezafline mixtures were then

kept in sealed stainless steel vials in an oved7& K for 72 hours so that
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comparisons with nanofiltered samples, treated isinailar manner, could be

made. The samples were then placed in an ultrag@ticfor 12 hours at 333 K.

Mass balances were performed on all samples. Santipd¢ showed any mass
loss following this procedure were discarded. Rbgichl measurements were
performed for three aliquots taken from differefgvations within each sample

vial. Aliquots for which the rheological data frotine three measurements were
similar [within +/- 5 %] were considered macrosaaly homogeneous. Average
zero shear viscosity values are reported in TaBl2sand 8.3. For asphaltene +
pure organic liquid mixtures, constituents were edat room temperature in air
tight vials that were then placed in an ultrasdoéth for several hours. Mass

balances were also performed for these samples.

8.3.3. Rheological Experiments:

Complex viscosityf*| measurements were carried out using a Bohlin iGie200
HR Nano-Rheometer (Malvern Instrument, UK) over temperature 298 K to
373 K. Three types of measuring configurations vuesed:

1) Parallel plate geometries with 40 mm diameteatqd supplied with the
extended temperature cell with stability of £ 0.2Fhis geometry was used for
samples prepared in Athabasca maltene for whictpleagvaporation is not a
problem over the time and temperature range of ureasents?

2) Parallel plate geometries with 40 mm diametatgd along with a solvent trap

supplied with a Peltier plate assembly with stapiif + 0.2 K. This configuration
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Table 8.2 Solid concentrations, zero shear and relativeoggies of Athabasca

maltene related nanofiltered and reconstituted &snp

chemically separated and

nanofiltered reconstituted samples
Athabasca Athabasca Maya asphaltenes in
solid total bitumer> asphaltenes in Athabasca maltene

T K asphaltenes maltend®  solids Athabasca maltene

(Wt. %) (wt. %) (wt. zero zero zero Zero zero Zero

in sample %) shear solid shear solid shear solid
viscosity relative viscosity relative viscosity relative
(Pds)  viscosity (Pds)  viscosity (PdS)  viscosity

298 0 20.7 20.7 187/72 2.6 6.1/2.7* 2.3
303 0 16.5 16.5 85/44 1.9 3.6/2.0* 1.8
323 0 0 0 7.3 1.0 0.64 1.0
348 0 0 0 1.0 1.0 0.24 1.0
373 0 0 0 0.19 1.0 0.070 1.0
298 5.3 19.6 24.9 185 2.6 55 20 108 40
303 5.3 15.6 20.9 27 14 54 27
323 5.3 0 5.3 5.6 0.8 3.0 4.7 5.9 9.2
348 5.3 0 5.3 0.68 0.7 0.47 2.0 0.89 3.7
373 5.3 0 5.3 0.19 1.0 0.13 1.8 0.25 3.6
298 104 18.5 28.9 430 5.9 170 63 303 112
303 104 14.8 25.2 87 43 141 70
323 10.4 0 10.4 12 1.6 7.9 12 13 20
348 104 0 104 1.2 1.2 0.80 3.3 1.7 6.9
373 104 0 104 0.24 1.3 0.12 1.8 0.43 6.2
298 13.6 17.9 315 460 6.4 225 83 412 152
303 13.6 14.3 27.9 105 52 201 100
323 13.6 0 13.6 12 1.6 9.0 14 19 30
348 13.6 0 13.6 11 1.1 1.0 4.2 2.4 10
373 13.6 0 13.6 0.31 1.6 0.22 3.1 0.63 8.9
298 18.6 16.8 35.4 1710 24 375 138 670 247
303 18.6 134 32.0 581 13 173 86 305 151
323 18.6 0 18.6 32 4.5 14 22 24 37
348 18.6 0 18.6 2.7 2.7 1.8 7.6 3.2 13
373 18.6 0 18.6 0.51 2.7 0.51 7.3 0.78 11

* Extrapolated values for solid free liquid.
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Table 8.3 Solid concentrations, zero shear and relativeoggies of Maya

maltene related nanofiltered and reconstituted &snp

asphaltenes maltend® solids

solid

total

nanofiltered

chemically separated and
reconstituted samples

(wt. %) (Wt. %) (wt. Maya crude oil Athabasca Maya asphaltenes in
% samplegs asphaltenes in Maya Maya maltene
maltene
T,K
zero shear  zero zero zero zero shear zero
viscosity solid shear solid viscosity solid
(Pés) relative  viscosity relative (Pés) relative
viscosity  (Pds)  viscosity viscosity
298 0 12.1 12.1 0.36/0.27 1.3 0.038/0.033* 1.2
303 0 9.0 9.0 0.33/0.22 15 0.028/0.028* 1.0
323 0 0.8 0.8 0.10 1.0 0.015 1.0
348 0 0 0 0.043 1.0 0.0074 1.0
373 0 0 0 0.021 1.0 0.0042 1.0
298 5.3 11.5 16.8 0.10 3.0 0.13 4.0
303 5.3 8.5 13.8 0.075 2.7 0.088 3.2
323 5.3 0.8 6.1 0.023 15 0.029 2.0
348 5.3 0 53 0.012 1.6 0.014 1.9
373 5.3 0 53 0.0061 15 0.0083 2.0
298 6.2 11.4 17.6 0.51 1.9 0.11 3.4 0.15 4.6
303 6.2 8.4 14.6 0.32 15 0.078 2.8 0.13 4.5
323 6.2 0.7 6.9 0.14 14 0.028 1.9 0.064 4.3
348 6.2 0 6.2 0.013 1.8 0.026 35
373 6.2 0 6.2 0.014 0.7 0.0075 1.8 0.012 2.8
298 9.4 11.0 20.4 0.88 3.3 0.17 5.0 0.23 6.9
303 9.4 8.2 17.5 0.45 2.0 0.12 4.1 0.14 5.1
323 9.4 0.7 10.1 0.17 1.7 0.038 2.6 0.067 4.5
348 9.4 0 9.4 0.016 2.2 0.040 55
373 9.4 0 9.4 0.018 0.9 0.0095 2.2 0.0094 2.2
298 104 10.9 213 0.22 6.6 0.32 9.8
303 104 8.1 18.5 0.16 5.7 0.21 7.6
323 104 0.7 11.1 0.054 3.6 0.085 5.7
348 104 0 10.4 0.022 3.0 0.051 7.0
373 10.4 0 104 0.010 2.4 0.015 3.6
298 13.6 10.5 24.1 0.26 7.8 0.55 17
303 13.6 7.8 21.4 0.18 6.5 0.48 17
323 13.6 0.7 14.3 0.070 4.6 0.20 14
348 13.6 0 13.6 0.041 5.6 0.082 11
373 13.6 0 13.6 .028 6.5 0.043 10
298 15.7 10.2 25.9 0.95 35 0.31 9.4 0.60 18
303 15.7 7.6 23.3 0.70 3.2 0.21 7.4 0.60 21
323 15.7 0.7 16.4 0.23 2.2 0.089 6.0 0.15 10
348 15.7 0 15.7 .079 1.8 0.043 5.9 0.051 7.0
373 15.7 0 15.7 .039 1.9 0.018 4.3 0.050 12
298 18.6 9.9 28.5 3.3 99 5.4 163
303 18.6 7.3 25.9 2.1 77 3.4 122
323 18.6 0.6 19.2 0.23 15 0.32 22
348 18.6 0 18.6 0.061 8.3 0.13 18
373 18.6 0 18.6 0.032 7.6 0.073 17

Extrapolated values for solid free liquid.
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was used for reconstituted samples prepared withaMaaltene to avoid sample
loss during the course of measureniént.

3) A double gap 24/27 mm concentric cylinder witke Peltier cylinder assembly
allowing measurements with stability of £+ 0.2 K.ig hatter geometry was used
for very low viscosity samples: chemically sepadataya maltene, asphaltnes +

pure organic liquids, and pentane + chemically sepd maltenes.

For the double gap cylinder, the gap was fixed.&5 @nm. For the parallel plate
configuration, gaps of 0.3 mm, 0.45 mm and 0.75 were applied depending on
how viscous the samples were. These gaps were rchbased on test
measurements on two standard materials: PRA stndi&r# 12, and PRA
standard oil U0600. The other conditions used énekperiments e.g. shear stress
or strain, measurement time, frequency etc. wes® ahklidated using PRA
standard oil # 12 and PRA standard oil U0600 wiitasities of 0.972 Pa-s and
0.1 Pa-s at 298 K respectively. The agreement theghrecommended data was
within 5%. In order to ensure the consistency efiteasurements obtained using
different geometries, experiments were performeadgusvo geometries in the
overlap range where different geometries could sedunterchangeably. Results
agreed within experimental error, as was observegiqusly®* In some cases,
experiments were repeated with more than one gamsare that the gap used
was within appropriate limits. Artifacts related tgap loading” were thus

avoided™
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Rheological measurements with Athabasca samples werformed using the
oscillatory shear method under nitrogen cover whilese with Maya samples
were performed using oscillatory shear method untes solvent trap.
Measurements with pure diluents were performedgutie steady shear method.
The frequency was varied between 0.1 Hz and 100imHi#he oscillatory shear
method, frequency of oscillation is equivalenthe term shear rate used in steady
shear experiments, when both are expressed irathe anits, the Cox-Merz rule
(I7*(w)| = n(y=w)) can be applied. Oscillation amplitude sweep stesere
performed first at the lowest and the highest fezgpies, to identify the stress and
strain limits for the linear viscoelastic region,itin which subsequent

measurements were obtained.

8.4. Results and Discussion

8.4.1. Viscosity:

Complex viscosities at 298 K for reconstituted sk®mpmnd heat-treated Maya
crude and Athabasca bitumen are reported in Figdizeand 8.3 respectively. As
it is at low temperatures where non-Newtonian ¢ffeare expectetf, this
presents the most challenging condition for thentifieation of zero shear
viscosity values. With the possible exception afneocases in Figure 8.2 d, all
samples plateau at frequencies greater than 1rdizewen these samples plateau
at ~ 0.1 Hz. The zero shear viscosity is readignidied for all compositions and

temperatures evaluated. Zero shear viscosity vaeseported in Table 8.2 and
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Figure 8.2.Complex viscosity of Athabasca bitumen based sasppait 298 K(a)
5.3%, (b) 10.4%, (c) 13.6%, and (d) 18.6% asphati@ Nanofiltered AB
samples, Heat treated AB;l, Maya asphaltene in AB malterill; AB
asphaltene in AB malten€;, Maya asphaltene in Maya maltene, #ndAB

asphaltene in Maya maltene.
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Figure 8.3.Complex viscosity of Maya maltene based sample29&tK: (a)
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Maya maltene.

Table 8.3 along with extrapolated zero solids \sstes. Zero shear viscosities of
chemically separated maltenes and nanofiltered lesmyere measured. The zero
solids viscosities are estimates. As Athabasca\enyh maltenes comprise a mix
of solids and liquids up to approximately 320 Kgithviscosities on a solids free
basis, were extrapolated, using Arrhenius extrapolaof higher-temperature
zero-shear viscosities (323 K, 348 K, and 373 K)scWsity values for
nanofiltered maltenes were also obtained by exitasipo. This is necessary
because asphaltene-free permeates were not obtayneanofiltration. Permeate

with 1.5 wt % pentane asphaltenes, obtained wihnan nominal pore size, was
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available for Maya crude, while permeate with 5.8 % pentane asphaltenes
obtained with a 10 nm nominal pore size, was abkiléor Athabasca bituméh
The extrapolation procedure for nanofiltered samptediscussed elsewhére.
The relative viscosity of all samples and the taalid concentrations are also
reported in Tables 8.2 and 8.3. The relative viggaeported here is the ratio of
the zero shear viscosity of the reconstituted sesnf@ that of solid free maltene
at the same temperature. The total solid wt. %hessum of asphaltene wt. % and

solid maltene wt. % of the samples.

8.4.2. Nanofiltered versus Reconstituted Samples:

The zero shear viscosities of both asphaltene drek solid free nanofiltered
maltenes, obtained without the use of solvents, rawgghly one order of
magnitude greater than the corresponding valuebarically separated maltenes
as shown in Tables 8.2 and 8.3. This differenceéedhon our prior work, is
attributed to the presence of residual solvenhendhemically separated maltene
samples. A small mass fraction of solvent has aifstgnt impact on viscosity
values as shown in Tables 8.4 and 8.5 and on tbkeosity relative to the
nanofiltered maltene, Figures 8.4a and 8.4b wherape is added to chemically
separated Maya and Athabasca maltenes respectiValy. composition and

temperature dependences are both significant.

If the asphaltene properties are unaffected byipitaton and redispersion, then

according to equations 8.1 and 8.2, and other simmpbdels of dispersion
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behavior, the zero shear viscosity of the nanoéitlesamples should be a simple
multiple of the zero shear viscosity of reconsétliMaya crude and Athabasca
bitumen samples. The zero shear viscosities of filtamed and reconstituted
Athabasca and Maya samples are compared in Figbra.8The viscosities of
reconstituted samples are consistently lower tremofiltered samples with the
same asphaltene wt %, as expected, but the vigoagib of nanofiltered vs
reconstituted samples, is a function of temperathbigure 8.5b, and the ratio is
significantly less than one would anticipate basedthe viscosity ratio of the
chemically separated and nanofiltered maltenesein own, Figure 8.6, if simple

models of dispersion behavior were directly apjliea

Table 8.4. Zero shear viscosity of chemically setst Maya maltene +

pentane mixtures

pentane zero shear viscosity
(wt. %)
298 K 303K 323K 348 K 373K
0 0.0384 0.0308 0.0150 0.00735 0.00422
1 0.0337 0.0275 0.0136 0.00681 0.00400
25 0.0272 0.0225 0.0115 0.00599 0.00363
5 0.0200 0.0171 0.00924 0.005 0.00321
10 0.0129 0.0112 0.00653 0.00382 0.00275

Table 8.5. Zero shear viscosity of chemically sefst Athabasca maltene +

pentane mixtures

Pentane Zero shear viscosity
(wt. %)
298 K 303K 323K 348 K 373K
0 6.14 3.59 0.641 0.2340 0.0701
25 2.89 1.84 0.427 0.202 0.0996
5 1.41 0.894 0.215 0.196 0.0486
10 0.475 0.413 0.144 0.101 0.0475
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8.4.3. Reconstituted versus cross-reconstituted safas

The zero shear viscosity of reconstituted Maya &thabasca samples are
compared with their cross mixtures, Athabasca dspies in Maya maltenes and
Maya asphaltenes in Athabasca maltenes, at the aaptaltene mass % and
temperature, in Figure 8.7. Athabasca asphaltbaes consistently less impact
on viscosity compared to Maya asphaltenes. The d¢mma viscosity is
approximately a factor of two irrespective of adfdree wt % and temperature. As
the base maltenes are the same, this difference oon be attributed to

differences in the properties of the two chemicabparated asphaltenes.

30

25 -

20 -

Viscosity Ratio

300 320 340 360 380
Temperature (K)

Figure 8.6.The viscosity ratio of nanofiltered maltene to mieally separated

maltene as a function of temperaturé: Maya maltene@®, Athabasca maltene.
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Figure 8.7. A comparison of zero shear viscosities of recom&t¢ Maya and
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Athabasca maltenes and Athabasca asphaltenes ima Muwftenes at same

asphaltene wt.%J], Maya maltenel, Athabasca maltene.

8.4.4. Relative viscosity

To connect measured zero shear viscosities to rdigpe models, relative
viscosities of dispersions are typically comparedthose of standard cases
sketched in Figure 8.1 where the volume fractiontloé dispersed phase
comprises the independent variable. The relativeo-geear viscosities of
mixtures comprising chemically separated asphadteneAthabasca and Maya
maltenes are shown in Figures 8.8 (a) and (b) otispéy. Temperature is a

parameter. The solid curve, equation 8.1, whgre R.5,0 = 3.5, anck = 1.38,
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Figure 8.8. The relative viscosity of reconstituted asphaltenmaltene samples
(a) in Athabasca maltenes, (b) in Maya maltenes/avésphaltene®, 298 K; L],
303 K; A, 323 K; 'V, 348 K, <, 373 K; Athabasca asphalten@®s 298 K; H,
303 K; A, 323 K;V¥, 348 K, ®, 373 K. Solid curve, equation 8.1 with parameters

describing the behavior of nanofiltered samples
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is a temperature independent regression for ttaivelviscosity of nanofiltered
Athabasca bitumen and Maya crude samples. Theiveelatiscosities of
reconstituted samples are plotted against thesofidss fraction of samples, as
volume fractions are not known. The relative vistgogalues are more than one
order of magnitude greater than those of the nieddd samples having the same
nominal composition, in some cases, but are corbf@aran magnitude to
published values for relative viscosities of otherconstituted oils where
composition ranges overldp.The values are also temperature dependent. Thus
the rheological behavior of chemically separatgoghakene + maltene mixtures
appears to differ from comparable nanofiltered dampoth quantitatively and

qualitatively.

8.4.5. Interpretation of the absolute and relative viscosity data for

reconstituted samples

Pentane redistribution within the reconstituted tom&s presents an uncontrolled
variable affecting the interpretation of the relativiscosity data for the
reconstituted samples. This arises because theshesr viscosity of the maltenes
is impacted significantly by small mass fractiorigoentane, Figures 8.4 and 8.6.
The impact is particularly large at low temperatuiéhe impact remains
significant but diminishes at higher temperatufést example, the zero shear
viscosities of nanofiltered Maya and Athabasca em&s are 8 and 26 times the
chemically separated analogues at 298 K but arg bnand 3 times greater

respectively at 373 K. A similar though less dramdiminution of the impact of
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pentane on the viscosity values is observed whertape is added to the
chemically separated maltenes. If a small fractbrthe pentane present in the
maltene is sorbed on or by the added asphaltdmeseported relative viscosities
of the dispersions becomes too high, because thtanqee content of the maltene is
reduced by such transfer. This potential artifaifecas the interpretation of
relative viscosity data for all reconstituted cruditures in the present work and
in the literature. It would not however affect timerpretation of mixtures with
pure hydrocarbon liquids where the compositionhs liquid is not altered by

sorption.

It is for this reason that sets of rheological nueesients for Athabasca
asphaltenes and Maya asphaltenes in toluene, lyimethphthalene, and
tetrahydrofuran were undertaken. Zero shear vigcdsita for these mixtures are
reported in Tables 8.6 and 8.7 while the relativgasity data for individual
liquids are reported in Figures 8.9 a-c and sunmedriin Figure 8.10. The
composition dependence of relative viscosity wh#ggnificant vis-a-vis
nanofiltered samples, is an order of magnitude lem#ian for the reconstituted
Maya crude, Athabasca bitumen, and related crossuras. The temperature
dependence of the relative viscosity at fixed cositpmn is significantly less than
for the reconstituted samples as well. Temperagtfexts are small and approach
measurement error, except at high asphaltene masshéte measurements may
be sensitive enough for variations in the exterdavption with temperature to be

observed.
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Table 8.6. Zero shear viscosity of Maya asphaltengsre hydrocarbon

liquids
zero shear viscosity (Pa.s)
Asphaltene
(wt. %) 298 K 303K 323K 348 K 373K
toluene
0 0.00054 0.000521 0.000409 0.000325 0.000235
1 0.000588 0.000546 0.000458 0.000332 0.000271
2 0.000599 0.000561 0.000453 0.000391 0.000276
5.3 0.000745 0.000703 0.000575 0.000456 0.000339
10.4 0.00115 0.00107 0.000818 0.000618 0.000484
18.6 0.00279 0.00247 0.00182 0.00122 0.000939
30 0.00762 0.0065 0.00386 0.00239 0.00174
1-methyl napthalene
0 0.00287 0.00255 0.00173 0.00119 0.000915
1 0.00319 0.00291 0.00194 0.00136 0.000976
2 0.00331 0.00294 0.002 0.00139 0.000981
5.3 0.00437 0.00387 0.00257 0.0017 0.00127
10.4 0.00733 0.00636 0.00393 0.00249 0.00172
18.6 0.0215 0.0179 0.00943 0.0052 0.00335
30 0.169 0.126 0.0494 0.0316 0.0106
tetrahydrofuran
0 0.000434 0.000431 0.000393
1 0.000423 0.000419 0.000403
2 0.000475 0.000422 0.000397
5.3 0.000564 0.000527 0.000428
10.4 0.000842 0.000777 0.000623
18.6 0.00143 0.00134 0.000996
30 0.00982 0.00888
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Table 8.7. Zero shear viscosity of Athabasca aspied + pure hydrocarbon

liquids
Zero Shear Viscosity (Pa.s)
Asphaltene
(wt. %) 298 K 303K 323K 348 K 373K
toluene
0 0.00054 0.000521 0.000409 0.000325 0.000235
1 0.000544 0.000531 0.000422 0.000339 0.00024
2 0.000595 0.000563 0.00047 0.000357 0.000285
5.3 0.000686 0.000664 0.000551 0.000436 0.000325
10.4 0.000988 0.000925 0.000728 0.000559 0.00035
18.6 0.00195 0.00179 0.00133 0.000972 0.000759
30 0.00471 0.00429 0.00281 0.00191 0.00147
1-methylnapthalene
0 0.00287 0.00255 0.00173 0.0012 0.000915
1 0.00297 0.00266 0.00181 0.00122 0.000902
2 0.00327 0.00291 0.00197 0.00132 0.000984
5.3 0.00436 0.00386 0.00261 0.00177 0.00132
10.4 0.00779 0.00675 0.00418 0.00261 0.00181
18.6 0.016 0.0134 0.00781 0.00453 0.00274
30 0.0476 0.0379 0.0181 0.00909 0.00541
tetrahydrofuran
0 0.000434 0.000431 0.000393
1 0.000458 0.000447 0.000405
2 0.000493 0.000459 0.000399
5.3 0.000621 0.00058 0.000482
10.4 0.000914 0.000847 0.000669
18.6 0.00192 0.00175 0.00135
0 0.000434 0.000431 0.000393
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Figure 8.9.Relative viscosity of Maya and Athabasca asphe#ien a) toluene,
b) tetrahydrofuran, c) 1 methyl naphthalene. Temjpee is a parameter. Maya
asphaltenesO, 298 K;[1, 303 K; A, 323 K;V, 348 K, <, 373 K. Athabasca
asphaltened®, 298 K;Hll, 303 K; A, 323 K; ¥, 348 K, ®, 373 K. Solid curve,

equation 8.1 with parameters describing the behafinanofiltered samplés

From the forgoing, it is clear that the exaggeratethposition and temperature
dependence for relative viscosity exhibited by teeonstituted samples and
reflected in Figure 8.8 can be attributed to meame@nt artifacts. Consequently,
relative viscosity data for reconstituted crude gla®: cannot be interpreted
meaningfully from the perspective of asphalteneucstire or variation of

asphaltene structure with temperature or asphatigmeteraction and must be
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Figure 8.10.A summary of the relative viscosity of Maya and &thsca
asphaltene in pure hydrocarbon liquids. Maya asphes:O, 298 K;[], 303 K;
A, 323 K;V, 348 K, <, 373 K; Athabasca asphalter®s298 K;H, 303 K; A,
323 K; V¥, 348 K, #, 373 K. Solid curve, equation 8.1 with parametkscribing

the behavior of nanofiltered samptes

discounted in these contexts. The result remamsaningful one though because
it provides indirect support for preferential sasptof species from a liquid by

chemically separated asphaltenes — a subject filvefiudetailed study.

8.4.6. What can be inferred from the rheology datavis-a-vis asphaltene

structure?
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The rheology data for the pure hydrocarbon liquicsphaltene mixtures, and
reconstituted and cross-reconstituted mixtures wotitat chemically separated
asphaltenes have a greater impact on dispersiocosiig than physically
separated asphaltenes and their structures irtespext nature must therefore
differ. Further, chemically separated Maya asphalte have a significantly
greater impact on relative viscosity than the gponding Athabasca asphaltenes
at the same mass % - Figure 8.10. With referencEigare 8.1, any of the
phenomena shifting the impact of dispersed phatavie to the left may be
occurring, or the precipitated asphaltenes may Igirap more porous than the
physically separated ones. To account for the raifféal impact of Maya vs.
Athabasca asphaltenes, the Maya asphaltenes nmeretlyto be more porous, or
be shifted further to the left by phenomena noteBigure 8.1 than the Athabasca
asphaltenes. While non-particulate interpretatiohthe behavior of asphaltenes
in hydrocarbon liquids from pure diluents to mad#ienremain tenable, the
elimination of temperature dependent artifactshe telative viscosity data for
chemically separated asphaltene + diluent mixtuessds support for the
particulate perspective, especially if diluent sanp varies with temperature, as
one would expect if simple sorption isotherms gpliaable. Known changes in
the phase state of asphaltenes with temperitufe may also affect their
hydrodynamic properties as temperature is variédisTinterpretation of relative

viscosity data remains ambiguous.

8.5. Conclusions
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Rheological investigations of crude oils and oforestituted crude oil samples in
particular must account for the impacts of soliditerees, impacts of residual
solvent redistribution when maltenes and asphadteare remixed, as well as
impacts of asphaltenes themselves in modeling aatiysis of results to avoid
misattribution of observed phenomena. The largepegature and composition
dependence exhibited by reconstituted crudes ceimgrichemically separated
maltenes and asphaltenes, normally attributed phadene properties, would
appear to be one such artifact. Indirect evideeperted here suggests that this
commonly observed rheological behavior arises milgntom a redistribution of
some of the residual pentane initially presentim ¢chemically separated maltene
to the asphaltenes, and only secondarily from cbaliyi separated asphaltene
properties themselves. However, asphaltene behavioe-constituted samples
does differ from that observed in nanofiltered sk®@nd the properties of Maya
and Athabasca asphaltenes in reconstituted sandifies from one another.
These differences diminish as temperature increddes physics and chemistry
of these differences are not resolved in the pteserk and remain subjects for

ongoing investigation.
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Chapter 9: Conclusions and Recommendations

This chapter presents a summary of conclusions dbase the results and
conclusions described in Chapters 4 to 8. Somergkenecommendations for
further study in the two fields, bioaerosol fornosatiand breakup, and asphaltene

nanoaggregates in bitumen and heavy oil, are rfotlaving each topic.

9.1. Conclusions: Bioaerosol droplets generation drcontrol during coughing

Effect of viscoelastic and surface properties difieial mucus simulant gels on
the size distribution and volume concentration mfabrosol droplets generated
during coughing were investigated. The purpose wasidentify, from an
engineering point of view, if there is a range iscoelastic and surface properties
of human airway mucus, where the number or voluoreentration of droplets
generated during coughing is minimal. An additiog@&l was to find whether the
size distribution of the droplets generated durgogighing can be altered by
modulating the viscoelastic and surface propedfesucus. The key conclusions

from this work are:

1. Variation of surface tension in the range 3®%odyne/cm did not show

any change in the droplet size distribution andf@ume concentration of

droplets generated during coughing.
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2. Complete suppression of droplet formation andtrotling the size of
droplets generated during coughing are both pbticachievable

through careful modulation of the mucus viscoetagtoperties.

3. Results showed an increase in particle sizdhv@samples changed from

an elastic solid type to a viscoelastic typgiszous fluid type sample.

4. Volume concentration of droplets i.e. the numbedroplets generated
during coughing diminishes to zero in a certairgeanf complex viscosity

and phase angle values.

The results have, thus, shown a clear target ®ptbperties of airway mucus to
be modulated for reducing the airborne bioaerosukgion and for controlling

their size distribution.

9.2. Recommendations for future studies on bioaerokdroplets

Future studies in the area of bioaerosol dropleseration during coughing

should include the following considerations.

1. Understanding the mechanisms and the fluid Mackaof droplet
formation and breakup in lungs and respiratory ayswvill be helpful for
achieving the goal of mitigation of contagious aesol droplet

formation and emission during coughing. Experimestadies of the
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instability of the perturbed mucus surface andditmgplets formation using
high speed imaging can, therefore, be a naturarpssion for the current
project and a potential future project for invesatign.

2. Given that the currerit vitro study has shown a clear target for the
properties of airway mucus to be modulated for cauty the airborne
bioaerosol emission and for controlling their sdistribution, the study
now should focus omivivoinvestigation and analysis, at first, in animal
models and then to human subjects.

3. In the current work the fluidity of the mucusngde (viscoelastic
properties) and the characteristic time scale efrtieological experiments
have been treated separately. As the fluidity efrtiucus is dependent on
the characteristic timescale of the rheological sneament, it would be
helpful in future studies to combine the two partereeand express the
viscoelastic properties in terms of a dimensionlessnber, Deborah
number (defined as De dth, where ¢ refers to the stress relaxation time
and p refers to the time scale of observation). Propeleustanding of the
effect of Deborah number on the size distributiomd samount of
bioaerosol droplet generated during coughing weliphin controlling the

mucus properties of healthy and diseased persore acourately.

9.3. Conclusions: Structure of Asphaltene nanoagggates in Bitumen and

heavy oils
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Study of viscoelastic behavior of Athabasca bitun@liberta) and Maya crude
(Mexico) oil samples, along with their Nano-filtdresamples obtained using
membranes of pore diameters 5, 10, 20, 50, 100280dnm, and mixtures of
chemically separated asphaltenes and maltene farettit concentrations was
conducted. The objective was to characterize soimtbeophysical properties of
asphaltene nanoaggregates in bitumen and heavysoig their rheological

behavior. The key conclusions from this work are:

1. Composition and/or phase behavior of malten@y jl crucial role in
determining bitumen and heavy oil viscosity. Theeth orders of
magnitude difference in the rheological data ofilmién and conventional
crude oil are explained, which suggests new appexstor how viscosity
can be reduced. It is shown that at high solidpAtised phase loadings
even small reductions in the dispersed phase voliraetion have

significant impacts on viscosity.

2. Nanofiltered Maya crude and Athabasca bitumehibéx rheological
behaviors consistent with slurries comprising a dewan liquid + non-
interacting hard spheres in the temperature ra®gk2to 373 K, if all

solids present are accounted for.

3. While the Sudduth equation fits very well wittetnanofiltered samples’

data, the same is not true for the reconstitutetptes.

225



Structure of asphaltenes in mixtures of cheryicsgparated asphaltenes
and maltenes is significantly different from thaeenatural hydrocarbon

resources.

Maya heavy oil and Athabasca bitumen are shdaninhg fluids over
temperature ranges of industrial interest for pobida, storage, and
transport. Complex viscosity must be associatedh \&itspecified shear
condition in order for reported viscosity valueshtave meaning. Up to
three orders of magnitude variation in reportedcassty values for
Athabasca bitumen can be attributed to the impdctsieear as an
uncontrolled variable in viscosity measurements. Afevated
temperatures, bitumen and heavy oil approach Neanornheological
behavior. Sample origin, production method and -postuction
treatments can also account for up to three orofersagnitude variation
in measured viscosity values. By contrast, theramal shearing history
plays a secondary role. Variations, if present, féathin one order of
magnitude, however, the effect of thixotropy forclsucomplex fluids
should be taken into consideration. A clear una@ading of the variables
affecting the rheological properties of bitumen dma@vy oil is of crucial
importance for selecting or optimizing flow regimis their production
and transport. Results reported here are expeoteeduce the technical

uncertainty related to the design and developmédnheavy oil and
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bitumen production and transport processes andldw @ractitioners to
discriminate real from phantom variables present their own

measurements and in the literature.

6. Hydrocarbon resources such as Athabasca bittandnMaya crude oll
possess complex phase behaviors and present eqoaifylex rheological
properties. The impact of non-asphaltenic solidsthe complex viscosity
of hydrocarbon resource samples at specific tenyres and on trends
with temperature, is underscored in this contrirutiSolid maltenes are
shown to play a crucial role in determining thealbgical properties of
bitumen and heavy oil. Permeates, retentates agds fassociated with
nanofiltered Maya crude oil and Athabasca bitumehilet rheological
behaviors consistent with slurries comprising a daman liquid + non-
interacting hard spheres in the temperature ra®gek2to 373 K, when
the role of solid maltenes is included. Failuratcount for solid maltenes
in the interpretation of rheological data for théselrocarbon resources
leads to misattributions related to the naturethedmportance of the role
that asphaltenes play in the determination of hgaioon resource

viscosity.

9.4. Recommendations for continuation of studies oAsphaltene aggregates
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Based on the results and conclusions presentedealtioe future studies in the

area may include the following considerations.

1. Thermal relaxation and creep behavior: studyefthermal relaxation and
creep behavior of bitumen and heavy oils at diffetemperatures may
provide further useful information about moleculeonformation of

asphaltene nanoaggregates in native and non-rsativents.

2. Asphaltenes precipitation and drop out from Bim-Heavy oils: The
tendency of the asphaltenes to form aggregateseleved to be
responsible for numerous problems during bitumencovery,
transportation, and processing, such as formatiamade and well
plugging, reactor and line coking, refinery towdugging, and catalyst
deactivation. Future study in this area should $oom (i) a complete
characterization of the precipitation behavior gplaaltene particles in
bitumen and crude oil and (ii) prevention of aspdrads’ precipitation and
drop out during production, transportation and niefj of petroleum

fluids.

3. Fine particle separation through physical sepanatehniques: To study

the fine particles removal through physical sepanafrom bitumen and

heavy oil.
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9.5. Concluding Remarks

The objective of this thesisvas to exploit the interrelations between the rbgickl
behavior and nano-microstructure of complex fluids understanding how the
amount and characteristics of bioaerosol dropletsetated during coughing can be
controlled, and in characterizing the nano-micragdtire of asphaltene particles in
bitumen and heavy oils. The methodical approaclertakere not only provided
answers to the questions under investigation, thaiso led to new discoveries, such
as why some people produce more bioaerosol drophlets others during coughing,
and how suppressing the emission of bioaerosol lelopduring coughing by
controlling viscoelastic properties of the mucus ¢ achieved. This dissertation
thus presents the rheology as a promising tool ¢dhatbe useful in determining the

nano-micro scale structure and behaviors of varooumsplex non-Newtonian fluids.
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Appendix A

‘Simulated Cough Machine with Constriction

From Agaraal e ai, 1588

Fig. A.1. Schematic diagram of the cough machimegrmental set up.

Fig. A.2. Cough machine experimental set up.
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Fig. A.3. Digital Photograph of the Spratec laséfrattion device used for

measurement of droplet size distribution.
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Fig. A.4. Complete experimental set up: cough maekith Spraytec device.
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Fig. A.5. Isometric view of the cough machine sgtnith Spraytec device.
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Fig. A.6. Experimental set up for measurement eblbgical properties.

Fig. A.7. Experimental set up with peltier platsesbly for rheological

measurements.

234



Parallel Plate Rheometer

Fig. A.8. Bohlin Gemini HR 200 nano rheometer WHRC (extended

temperature control) for rheological measuremeBtai{ce: www.malvern.com).
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Appendix B. Artificial Mucus Simulant

The artificial mucus simulant samples in this teesere prepared using Locust
Bean Gum (LBG) solution cross linked with sodiuntraborate solution. The
LBG powder is a yellowish powder obtained from #@melosperm of the seeds of
carob tree. Therefore sometimes it is also ternsedasob gum. The structure of
LBG is reported to consist of a galactomennan chawing a long backbone of
mannos with galactose side branchBsrax, also known assodium borate
sodium tetraborate, or disodium tetraborate, is usually a white powder
consisting of soft colorless crystals that dissaasily in water. When a borax-
water solution is mixed with LBG solution, a vistastic material is formed

which is the result of cross-linking in polymer.

HO
HO

Ho HO
OH
OH

Fig. B.1 Molecular structure of galactomannan simgwnannose backbone and a

galactose side chain (source: wikipedia)
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