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ABSTRACT

As complex fluids such as heavy oil or bitumen pass from the field to process
units, structural and compositional changes occur that are intimately linked with
pressure (P), temperature (T), and shear histories. In this exploratory work, a
modified Structural Kinetics Model is used to calculate the apparent shear
viscosity of three complex fluids: Maya Crude Oil (MCO), Athabasca Bitumen
(AB) and Safaniya Heavy Oil (SP) and their related nano-filtered fractions
(permeates and retentates) at low temperatures. The proposed model involves a
structural parameter A that tracks the mechanical history of these fluids and a
temperature shift factor a, that integrates the thermal history, through the usage
of the concept of fictive temperature T inside a modified Williams Landel Ferry
(WLF) equation. Rheological data for the feedstocks were divided into a training
data set, used to fit model parameters, and an extrapolation data set, used to test
the asymptotic behaviour of the model with respect to temperature and shear
history. Rheological data for the nano-filtered permeates and retentates, with
varying mass fractions of structured phase, comprised a prediction data set.
Average absolute deviations (AAD) less than 15% and R? values approaching
unity were obtained for the prediction data set. AAD values were less than 4 %
for the training and less than 10 % for the extrapolation data sets. The modified
Structure-Kinetics Model offers insights, as well as flexibility and accuracy for
simulating heavy oil and bitumen rheological properties under conditions where

these fluids are structured.
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LisT OF SYMBOLS

PARAMETERS DESCRIPTION

Parameters for the Structural Kinetic equations
abcdm The regression parameters for the SKM

T T The lower (unstructured) and upper (structured) limiting
n viscosity measured at atmospheric pressure and glass
transition temperature Tg.

G, Gy The static and dynamic yield stresses respectively with their
Arrhenius exponential constants

G’ The upper (structured) limiting shear modulus as measured at
atmospheric pressure and glass transition temperature Tg.

K n The power law constants
TP Is the structural characteristic time of change function of T and
P s]

Parameters for the TNM equation for the computing of the Fictive
temperature

l &k Respectively the structural unit average dimension and the
b Boltzmann constant k, = 1.3806503x10"> [mzkg/szK}

T Is the relaxation time T of the structured phase when both T
and T; are formally infinity

AH? Is the activation energy of the relaxation process of the
fs
’ structure phase
=< The nonlinearity parameter that partitions the activation energy

AH' into the relative effects of temperature and structure, on
the relaxation time. 0 <x <1
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N, j, k

p

Quenching (Heating or cooling) rate [K/s]
is an iteration index, and j and k are dumb indices

Is the stretched exponential parameter

Parameters for the Modified WLF shift function used to calculate the a,;

Al AZ

C'lTrefO Cgrefo

T, pressure dependency parameter 5, —1,;, A, =b/a where
a and b are obtained from plotting dP/dT, = (a+b-P) [1]

WLEF constant, defined as the reciprocal of the fractional free
volume at Tref [2]. At T, C*"=1744 and C*' =516 (universal

values) indicating that the free volume at T, is 2.5% of the total
volume.

The glass transition constant as measured at atmospheric
pressure
fractional free-volume at the reference temperature;

free-volume expansivity, considered pressure dependent only

free-volume expansivity at atmospheric pressure and
temperature of reference



Chapter I:
INTRODUCTION

I. 1. APPLICATIONS AND RHEOLOGY OF PETROLEUM MATERIALS

Hydrocarbons are naturally occurring organic substances mainly composed of
hydrogen and carbon. Depending on conditions, they may comprise gases, liquids
or solids. In one form or another, petroleum has always been part of human
history. The modern applications of hydrocarbons have become sophisticated but
many do not differ fundamentally from those of ancient peoples. Olmecs, in
Mesoamerica, extracted and processed “bitumen’ not only as a trade item but as
a structural material to produce watercraft, masks and ceramics [3]. The
waterproofing and adhesive qualities of these materials were mentioned in ancient
texts related to the bible through stories like the Noah's ark (Genesis 6.14), the
Tower of Babel (Genesis 11.3) or Moses' cradle on the Nile (Exodus 2.3).
Hydrocarbon fluids were used as disinfectants and insecticides in medical
practice, and were used by ancient Egyptians to prepare mummification mixtures
[4]. Neolithic artefacts from Humm EI Tlel [5] reveal the use of “bitumen”; in the

manufacture of weapon, as hafting materials.

Hydrocarbon use has become ubiquitous in modern times. Our recent focus on
heavy hydrocarbons and bitumen in particular concerns imbalances between
global demand and inexpensive supply, but also the constraint to reduce energy
inputs during production, transport and processing of such fluids, to minimize

waste and environmental impacts.
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Fluid “rheology” or “flow behaviour” is a critical decision variable. Chemical
Process Engineers need accurate viscosity values to calculate head loss and
therefore to size equipment, and to optimize surface or refining processes.
Reservoir Engineers use mobility ratio (permeability/viscosity) to forecast
production performance from reservoirs. In fact, the spatial distribution of fluid
viscosity in a reservoir dominates the oil phase mobility ratio distribution which
in turn controls production behaviour. Therefore, understanding the pattern and
variation of the petroleum fluid viscosity before and during production is very
important since the selection of a production method, the placement of wells,
enhancing recovery, and estimating costs are some issues that depend heavily on
viscosity. The Road Paving Industry relies on viscosity to assess the quality of
paving asphalt. The material must be fluid enough at high temperature (around
433.15K (160°C)) to be pumpable and to coat aggregates consistently during
mixing but stiff enough at the highest pavement temperature to resist rutting
(around 333.15K (60°C)) and ductile enough at the lowest pavement temperature
to resist cracking (around 275.15K (-20°C)) [6]. In the Process Simulation
Industry, viscosity is one of the most unreliable transport properties to be
predicted. There is no satisfactory theories for the calculation of the viscosity for
heavy oil and bitumen [7], in general, and at low temperatures in particular where

structure varies with the intensive properties of these fluids.

I. 2. CONTEXT OF THIS WORK

The literature is full of theories, concepts and models to predict Newtonian
rheological properties of hydrocarbon liquids. S.E. Quinones-Cisneros et al. [§]
introduced the f-theory to describe the viscosity of dense fluids. The theory is
based on the friction principles of classical mechanics and on the Van der Waals
theory of fluids. Fluids must be single phase and Newtonian to apply the theory.
Another approach, based on the corresponding states principle, has shown to
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be reliable for viscosity prediction of mixtures with species similar to reference
fluids. However, substantial deviations occur for mixtures with components
having different sizes, shapes, and basic molecular structure [9]. Recently, H. W.
Yarranton and M. A. Satyro [7] introduced a revolutionary idea for estimating the
viscosities of heavy oils, mixtures of heavy oils, and mixtures of solvents and
heavy oils. They combined the corresponding state theory with the free space
theory to calculate viscosities. The free space theory was first illustrated by
Batschinski in 1913 then reintroduced in 1978 by Hildebrand [10] in essentially
the same form. According to the theory, the fluidity of a liquid is directly
proportional to its free volume[11]. As a fluid expands, there is greater distance
between molecules and its fluidity increases. H. W. Yarranton and M. A. Satyro
reformulated the correlation as a viscosity departure-like function. Their approach

appears to work well above ~330 K (60°C).

At lower temperatures, heavy oil and bitumen exhibit complex phase behaviour
and are not Newtonian fluids. The rheology of such fluids is mainly dictated by
the phase behaviour of their heavy constituents [12] [13], fluid thermal and shear
history [14] and fluid structure [15] [16].

I. 3. THESIS OBJECTIVES

This work provides a mathematical description of phenomena undetlying the
rheological response observed in Maya crude oil, Athabasca bitumen [16] and
Safaniya heavy oil. A set of equations which takes into account the effect of
shear, temperature and structural relaxation to predict the flow of these
hydrocarbon resources at low temperatures is derived, and tested against

experimental rheological data.
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I. 4. OUTLINE OF THIS THESIS

This thesis comprises 6 chapters. Chapter 1 provides a general introduction, a
brief historical survey, an explanation of the significance of rheological properties
of hydrocarbons, and an overview of previous work done on rheology modeling.
The objectives of the thesis are also outlined. Chapter 2 establishes the
framework of this work through a succinct literature review concerning the
rheological properties of real fluids [17]. An attempt to explain the causes of the
transition of flow responses (from Newtonian behaviour to non-Newtonian
behaviour), is provided through a brief description of the governing physics and
chemistry behind this evolution. The derivation of the Structural Kinetics Model
(SKM) for the non-Newtonian rheology of hydrocarbon fluids, including a full
description of parameters appearing in the equations, is presented. In Chapter 3,
relevant experimental data collected from the literature and laboratory tests
comprising the training set to fit the model to natural samples of hydrocarbon
materials are presented. A justification for the simplification procedure that leads
to the modified form of the Structural Kinetics Model with a reduced number of
parameters is provided. The ability of the model to predict flow responses of
native hydrocarbons (extrapolation) and their nano-filtered permeates (pure
prediction) at constant shear conditions is evaluated in Chapter 4. The quality of
the predictions for Maya crude oil, Athabasca bitumen, Safaniya heavy oil and
related samples is discussed. Following this discussion, Chapter 5 underlines the
physical meaning associated with the variations of model parameters as observed
among feedstocks. A simplistic model for the network structure of petroleum
materials at low temperature is proposed. The concluding chapter, Chapter 6,
summarizes the findings of the thesis, and suggests new research opportunities

emerging from the key results.
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Chapter II:
RHEOLOGY OF HEAVY
OIL AND BITUMEN AS
COMPLEX FLUIDS

II. 1. INTRODUCTION

Complex fluids, also called structured fluids [18], exhibit uncommon rheological
behaviours due to their mechanical properties that are intermediate between
ordinary liquids and ordinary solids. They comprise a liquid phase and a
structured phase [19-20]. When complex fluids are subjected to deformation
beyond a threshold, their microstructure becomes altered which may cause
remarkable drops in their apparent viscosity [18, 21-22]. A steady state is reached
when these fluids are subject to a constant stress for a long enough period of
time. At steady state the microstructure acquires a stable configuration, which
results from a balance between microstructure build-up and breakdown rates.
Microstructure alteration does not occur instantaneously and it is for this reason,

structured fluids are said to be time-dependent fluids.
II. 2. RHEOLOGICAL TERMINOLOGY

Due to a lack of standardization in the literature[19, 23], it is critical to provide a
clear explanation of the notion and terms used to for flow properties of

hydrocarbons in this work. The nomenclature used here is consistent with usages
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of the Society of Rheology and the International Union of Pure and Applied
Chemistry (IUPAC) [24-26].

For shear thinning/thickening fluids, viscosity decreases/increases with
increasing shear rate or shear stress during steady shear flow. After a sudden
reduction in shear rate, viscoelastic fluids exhibit a monotonic decrease in the
transient shear stress until a new plateau value is reached. During this stress
relaxation, the microstructure is altered to a new steady state. By contrast, purely
thixotropic fluids drop instantaneously to a new lower value, then increase
gradually until a new steady state value is reached, under similar conditions [27].
In response to an applied shear stress, thixotropic fluids show a bifurcation in
flow behaviour that depends on flow history, i.e., on its current structural state
[28]. In rheopexy, the fluid structure builds up by deformation and breaks down
when the fluid is at rest thus an increase of viscosity in time at constant
deformation rate is observed. Even though rheopexy is rarely reported, it has
been attributed to some crude oils [29]. Since structural changes take time to
occur (either from rest or from some other configuration), thixotropy/rheopexy
is to be expected from any shear thinning/thickening material. Rheomalaxis is a
time-dependent behaviour in which time of deformation causes irreversible
alteration in the fluid structure. The alteration can be negative, as when structural
linkages are broken. Therefore the viscosity is permanently reduced. A positive

alteration occurs when the fluid structure become entangled under deformation.

I1. 3. FLOW BEHAVIOURS OF COMPLEX FLUIDS

When classical substances are above their freezing point, their resistance to flow

is insensitive to deformation and time but varies with temperature and pressure.
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In addition to that, they don’t exhibit elastic effects or extensional anomalies.
Classical fluids are idealizations desctibe by a constant shear viscosity N and a

constant extensional viscosity y with a Trouton ratio Tr of 3 [30].
e

a) b)
{'__'“: Inelastic
liquid
i
—
—
Viscoelastic
liquid
N e“tonmn A lqcnela‘;uc '

Increasing flow rate

Figure II.1 : Common flow behaviour associated with the viscoelasticity of complex fluids: a)
weissenbergeffect, b) extrudate swell ¢) recirculating vortices in contraction. these pictures are
adapted from[31-32]

Real fluids are neither classical liquids nor solids. In many cases, the relationship
between stress and deformation for these materials is nonlinear[33],
unknown[34], or under dispute [35-36]. These "complex fluids" possess

mechanical behaviours that are intermediate between those of liquids and solids.
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They behave like "solids" at short time scales in that they maintain their shape
and they are '"liquids" at long time scales since they eventually flow. The
characteristic time requited for complex fluids to change from "solid-like" to
"liquid-like" vaties from fractions of a second to days, or even years, depending
on the fluid and temperature. Glass-forming liquids, polymer melts, polymer
solutions, and micellar solutions are examples of complex fluids with long
structural or molecular relaxation times. Particulate and polymeric gels change
from solid-like materials to liquid-like fluids, or vice versa, when subjected to a
modest deformation. Some complex fluids even change to solids when an electric
or magnetic field is applied; these are electrorheological and magnetorheological

suspensions.

I1. 4. FLOW BEHAVIOURS OF PETROLEUM MATERIALS

I1.4.1. Composition impact on the rheology of petroleum resources

The heavy fraction of petroleum materials dictates the temperature susceptibility

of their rheology.

At low temperatures (< 330 K), petroleum resources such as heavy oils and
bitumen exhibit non Newtonian rheological behaviour. Nano-filtration [37],
phase behaviour and rheological investigations [13, 16, 38| revealed that below a
threshold temperature solids segregate in heavy oil and bitumen. This fraction
increases as the temperature lowers, promoting viscosity raise, shear thinning and
time dependency. When separated, filtrates show an almost Newtonian behaviour

(Figure II.2) which characterizes rheology of heavy oils and bitumen at high
temperature (typically higher than 60 °C) [39].
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Figure IL.2 : Complex viscosity for nano-filtered-permeate samples at 298 K (25C)
Athabasca bitumen. Image ¢ from Hasan, M.A., et al.[37]

I1.4.2. Temperature effects

At high temperatures (typically above 60 °C), bitumen and heavy oil are viscous
Newtonian liquids characterized by a temperature dependent Newtonian viscosity
N Below the glass transition temperature (typically below -20 °C), the shear
modulus G and the viscosity 1, , reach some limiting values independent of
temperature corresponding to the glassy state (Figure IL.3). In-between these
two behaviours, their mechanical response is intermediate between that of an

elastic solid and a viscous liquid said to be viscoelastic [20, 37, 40-41] .

As a consequence of viscoelasticity, petroleum materials store appreciable elastic
energy and dissipate viscous energy when subjected to flow. Their rheological
phenomenology is determined by their elasticity and the time dependent

behaviour of their microstructure [19] .
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Figure II.3 : Complex viscosity for Athabasca Bitumen during a temperature sweep experiment.
As temperature decreases, collision between elemental particles become more efficient and results

in larger networked phase domains, that produce viscoelastic properties and others complex flow
behaviours.

Common flow behaviours associated with fluid elasticity include Normal
stress effects, Secondary Flows, Elastic recoil, Die swell, Entry flow vortex,
Pressure hole errors [31] and the Open-channel siphon. Books by Barnes,
H.A. [31], Macosko, C.W. [42], Larson, R.G. [43] and Riande, E., et al. [44]

provide a wealth of information and are excellent resources for understanding

these phenomena.
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I1.4.3. Thermorheological simplicity

Though out of context, experimental data related to the feedstocks employed in
this study are included here to clarify how the Time-Temperature Superposition
Principle (TTSP) holds for the feedstocks covered in this study. This principle, an
important underlying assumption in the context of this study, states that the
effect of increasing loading time (or decreasing the frequency) on the mechanical
properties of a material is equivalent to that of raising the temperature [45].
Materials behaving in this way are said to be thermorheologically simple. An
analogous requirement applies to piezorheological simple materials with all

response times depend equivalently on pressure.

Temperature [K]
233 243 253 263 273 283 293 303 313 323
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60 - \
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50 - \.
 }

*
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s
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30 1 o RAMP from 233.15K to 313.15K at 3 °C/min

Phase Angle

20 +

10 -

0 T T T
1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

Complex Modulus G* [Pa]

Figure II.4 : Black Diagram for Athabasca bitumen
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Figure II.5 : Black Diagram of a sample of Safaniya heavy oil

These statements can be expressed by the temperature-pressure shift function.

a =M i=1,2,3,...
P ’Cj(’l—;)’])t))’ 3 & s

Whether TTSP holds for hydrocarbon materials is still debated [41, 46].

According to Mavridis [45], the time-temperature superposition principle holds
for a given fluid if the Black diagram (plot of phase angle (d) versus the complex
modulus(G")) obtained at different temperatures, match on a single curve. Since
this diagram is obtained without any shifting procedure, it is chosen indicator for

applicability of TTSP to Athabasca Bitumen and Maya Crude Oil in this work.
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Figure I1.4 , Figure I1.5 and Figure II.6 represent, respectively, the Black
Diagrams for unaged samples of Athabasca Bitumen, Safaniya Heaby Oil and

Maya Crude Oil.
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Figure II.6 : Black Diagram of an unaged sample of Maya Crude Oil

The superposition is obvious for Athabasca Bitumen and Safaniya heavy oil.
Indeed d vs G lies on a single curve between 233.15K (-40°C) and 313.15K
(40°C) for Athabasca Bitumen and between 248.15K (-25°C) and 373.15K
(100°C) for Safaniya Heavy Oil.

Figure II.6 shows a scattered set of points below 243.15K (-30°C) but a
consistent single curve from 243.15K (-30°C) to 313.15K (40°C) for Maya crude
oil.

Page | 13



Athabasca Bitumen, Maya Crude Oil and Safaniya heavy oil, are
thermorheological simple materials under the conditions relevant to this study -

275.15K (-20°C) and 333.15K (60°C).

I1.4.4. Structural relaxations in petroleum fluids

The structures present in hydrocarbon liquids, at low temperatures have both

temperature and time-dependent responses [47-48].

At the glass transition temperature of their heaviest fractions viscoelastic
behaviour is not observable [37]. Indeed, the rheological behaviours of Athabasca
Bitumen and Maya crude oil are those of hard spheres suspensions in a
Newtonian liquid at temperatures well above 298K. For low temperatures (<330

K), the structures begin to interact and to form a microstructure network (Figure

11.3).

Two relaxation mechanisms have been reported in the literature [6]:

® The transition from viscoelastic flow to Newtonian flow (a-relaxation) is
attributed to the relaxation process of the structured phase.
* A transition from elastic glassy behaviour to viscoelastic flow (B-relaxation) is

attributed to the glass transition of the Newtonian liquid phase.

I1. 5. PREDICTING THE RHEOLOGY OF HEAVY OIL AND

BITUMEN

The non-Newtonian flow properties exhibited by heavy oils and bitumen, at low
temperatures, have not been modeled previously. The f-theory by S.E. Quinones-
Cisneros et al. [49] and the Expanded Fluid-Based theory by H. W. Yarranton

and M. A. Satyro are expected to break down at temperatures significantly below
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~ 300 K where these complex fluids exhibit significant structure. The current
work evaluates the idea of coupling three theories to compute the rheometry of
these complex fluids at low temperatures. The Structural Kinetics Model (SKM),
the Williams Landel Ferry (WLF) equation and the Tool-Narayanaswamy-
Moynihan (TNM) formalism are combined to track the rheology of the

structured and liquid phases.

The phase behaviour of Athabasca bitumen, comprising four phases between
260K and 360K [16, 50-51] and Maya crude oil comprising a minimum of three
phases over a comparable temperature range[13, 51], is lumped in the present
context into a structured and a liquid phase. The number of phases present in
Safaniya crude is currently under investigation, but it is expected to comprise a
minimum of two phases at room temperature. Two phase lumping is however
justified because unstructured Bitumen or Heavy oils have viscosities value up to

5 orders of magnitude lower that when they are structured [20, 39, 52].

11.5.1. The Maxwell mechanical representation

Structured Bitumen and Heavy oil generally do not respond instantaneously to an
imposed rate of deformation because the structures act as bridges in the fluid
[41]. Their characteristic response is predominantly viscoelastic [39]. The simplest
rheological model to describe this property is the spring and a dashpot
representation (Figure IL.7) known as the Maxwell model[44, 53-54] is chosen
here to represent the mechanics of the rheological behaviour of Maya Crude O1l,

Athabasca Bitumen and Safaniya heavy Oil.

This model, described elsewhere in detail [44] was introduced during the 1860's
when Maxwell abandoned the notion of “mean free path" to introduce the

concept of "time relaxation" of stresses in gases. According to this concept :
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o=[Ge (s ) [Eq. I1.1a]

the time derivation of [Eq. II.1a] gives:

I3

dc _ Go “(=Ys () 11 .
Z__j7€ V(" We'+ Gy (7) [Eq. IL1b]

-0

Integrating [Eq. I1.1b], and then multiplying the result by A yields:

G+A—=ny [Eq. I1.1]
dt

sincem = AG,.

To overcome poor descriptions of polymeric materials, the rheology community
has adopted [Eq. II.1] as the Maxwell model that is often represented as a series

combination of springs, elastic elements, and dashpots, illustrated in Figure II1.7.

Gy Mo
Figure II.7 : Spring and dashpot representation of the Maxwell element.

The Maxwell model, under its original form, predicts stress relaxation processes

fairly well but handles creep and recovery processes poorly.

[Eq. II. 1] is applicable to soft solids, thermoplastic polymers in the vicinity of
their melting temperature, fresh concrete (neglecting aging) and numerous metals.
In this study, hydrocarbons fluids are considered to be soft solids at very low

temperatures [55] instead of hard solids in the Hookean and Kelvin—Voigt sense
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of the term. This assumption does not preclude the possibility of alternative
approaches (Figure II.8) such as the Generalized Maxwell Model, Oldroyd

Model, Kelvin—Voigt and their variants.

a) b)
) My No
——>0 —> O
M——o—‘ —— AN/
G, N, G,

Figure I1.8 : Some other viscoelastic models: (a) Oldroyd, (b) Kelvin—Voigt

I1.5.2. The Structural Kinetics Model (SK-Model)

Denny and Brodkey [50] introduced a theory in 1962 based upon an assumption
that the non-Newtonian behaviour of fluids can be linked to the structural
changes occurring in them (Figure I1.9). The theory supposed that the build up
and break down of mechanical “bonds” in the material occurred according to a

reaction kinetics scheme, with the number of bonds being related to viscosity.

(Unbroken structured fluid) —— (Broken unstructured fluid)
k2

The rate of breakdown is calculated by assuming equal rupture probability for
each bond between structural units. This theory has been used to develop several
mathematical models for non-Newtonian fluids based on the numerical value of a
scalar structural parameter A, which ranges from A= 1 for completely built

structures to A= 0 for completely broken-down structures as illustrated in

Figure IL.8 [14, 17, 22, 28, 57-60].
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Figure I1.9 : Schematic representation of a structured fluid accordion to the SKM theory

Time dependence is introduced via the time derivative of A. The description of
the shear induced breakdown is given by the product of the current level of
structure and the shear rate, raised to some power b. The driving force for build
up is controlled by how far the curtent value of A is from its maximum value 1

rose to another power a:

ii =k, (Buildup)" +k, (Breakdown)” =k, (1-1)" +k,A(})"
t

where k1 and k2 are the rate constants for build-up and breakdown and the
powers a, and b are ecither directly specified in the model or obtained by fitting

rheological data.

On Figure II.10, a microstructure composes of a series of large flocks at rest.
When the applied shear rate is increased progressively and sufficient time is
allowed, the flock size decreases and then disintegrates at a high enough shear
rates. Because large flocks trap more continuous-phase fluids they are responsible
for the very high viscosity. As the shear rate is increased stepwise from point 1 to
2, the flock size corresponds initially to the shear stress condition at point 1. The
flocks erode to a size appropriate to the higher rate. If the shear rate is then
instantaneously decreased from 2 to 1, the smaller flocks collide and flocculate
until the size of the flocks formed is appropriate to the new, lower shear rate. The
kinetics of this erosion and flocculation process underlies the shear susceptibility

of the material and its time dependency.
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Figure II.10 : Schematic representation of microstructure kinetics and flow response for a
structured suspension. Image is adapted from [31]

I1.5.3. The Williams Landel Ferry (WLF) equation

The WLF model [61] is an expansion of kinetic theories based on the free volume
[11, 62] and the Eyring [63] rate theories. The model deals with the temperature

dependence of viscosity or viscoelastic relaxation.

In 1957, Doolittle and Doolittle [62] introduced the concept of free volume in
their work on the viscosity of liquids. They assumed that the change in viscosity
depends on the distribution of molecule-size holes in the fluid. The sum of these
holes represents the free-volume, which directly affects the mobility of the liquid
molecules. This was expressed by the semi-empirical expression for the viscosity,

M, of liquids,

Page | 19



=
n=Ae! " [Eq. I1.2a]
where V; is the free volume and V' the total volume.

Williams et al. [61] modeled the effect of thermodynamic parameters such as
temperature (T) and pressure (P) on the mechanical properties of amorphous
homopolymers or random copolymers by considering that the fractional free

volume f of such polymers increases linearly with temperature:

f=f +0,(T-T) [Eq. 11.2b]
to obtain the temperature shift function:

c (T_Tg)

LO%(%FW
g

[Eq. 11.2]

where the reference temperature is taken at the glass transition temperature and

C, =B/ngn(lO) and C, =fg /Otf with ch the coefficient of thermal
expansion as measured at the glass transition temperature; T, [C™']. fg is the

fractional free volume (Vf / V)at the glass transition temperature T, [—]. A

major drawback is that at temperatures below Tg, the WLF equation in its
original form does not account for steady state and relaxation/retardation
processes occurring in structured phases.

11.5.4. The Tool-Narayanaswamy-Moynihan (TNM) formalism

Structural relaxation refers to the time-dependent change of any macroscopic

property (volume, enthalpy, refraction index, electrical conductivity or viscosity)
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of a liquid following perturbation (i.e. a change in temperature or pressure) [64].
When a structured fluid is subject to a rapid change in temperature, the
macroscopic properties of the material exhibit an instantaneous change. This is
followed by a slower structural relaxation toward a new equilibrium property
value at the new temperature. Tool [65] proposed a model that sought to explain
this aspect of structural relaxation. He introduced the concept of fictive

temperature, T, as a measure of the structural state of a glass:

dLef _ | w1 i)

I3
. [Eq. IL.3]

Tool’s equation was modified by Narayanaswamy [66] and Moynihan [64] to
include both nonlinearity, memory effects and nonexponentiality in the relaxation
process. Thus a continuous heating or cooling process at rate q is seen as a seties
of differential temperature steps, dT, followed by isothermal holds, dt=dT/q
(Figure I1.11). The TNM equation is expressed by the integral:

B
T T
T (T)="T,+ j dT x| 1—exp —( j dr’ / qu [Eq. I1.4a]
TO T

where T, is a starting temperature well above Tg, and T” and T” are dummy
temperature variables. The value of 1, defined as the structural relaxation time,
varies continuously with T and T according to Tool-Narayanaswamy-Moynihan

formalism [64] and is expressed as:

T T

eff

* 1 _
T=1,exp AE [E—Q} [Eq. 11.4b]
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with AH’ as the activation energy; 1, is the pre-exponential parameter equal to 1

when both T and T, are formally infinity. The nonlinearity parameter 0 <x<1 is
an empirical parameter that partitions the activation energy, AH , into two parts

that characterize the relative effects of temperature and structure, respectively, on

the relaxation time. The normalized relaxation function is written as

®=exp|:—(t / T)B], with P the stretched exponential parameter. t is the

macroscopic time. Nonexponentiality parameter B is a direct measure of the
breadth of the distribution of relaxation times. Smaller values of B correspond to

increased nonexponentiality. Typically, B lies in the range 0.4-0.6 for glass
transitions [67] . A dimensionless heat capacity is defined as CI:( ) T /dT
corresponds to the usual DSC scans and therefore depends on both the heating

rate and the previous cooling rate through Tg.

r

ot
AT = /

r

Average cooling rate (= AT / At Equilibrinm line

[_i Enthalpy (heat content) or Property
5“ -‘./(V Cp) of the sample
NG
. T~At

E Structured liquid -—
~ "-., \
'E‘ T fg: 1 / \'ﬁ. \""-..
) l’."l]}ﬂr:l'.ll'l'ﬂ H Hfl'll'l]l {5} - - T -P
2. W
=] - -
& ., -——=

-%-.

T>A
N Glass

Time t ['\]
Figure II.11 : Schematic of the kinetic aspects of a glass transition, in which property change
with time is considered as a sequence of temperature jumps AT.
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II. 6. DERIVATION OF THE PROPOSED MODEL

11.6.1. Framework

. The fluid to be modeled is a viscous, incompressible and strain (shear or
extension) degradable.

o The material is considered to be complex fluid comprising a viscous
matrix and a micro-structured phase (network of aggregates).

o The internal strain in the fluid is composed of a strain component arising
from the viscous fluid and a strain component arising from the
structured phase (Network of aggregates).

" The structured phase contributes to the shear degradation and time-
dependent behaviour of the material through a breakdown and recovery
process when the fluid is subject to deformation (shear or extension).

. The structured phase can grow in size or be restored at rest after
degradation. Thus, the fluid shows some degree of reversibility.

. Rate of structural degradation is a function of the instantaneous values of
a structural parametet A.

. Mechanical history of the fluid is stored and defined by the structure level
(or value of the structure parameter) at a given time t.

" Thermal history is given by the value of a pseudo-temperature T, .

. Athabasca bitumen, Maya and Safaniya crude oil are treated as thermally

simple fluids (assumption verified in I1.4.3).
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11.6.2. Structural kinetics approach

11.6.2.1. Proposed mechanical representation

The total strain Y, ina complex fluid under a constant stress O, is assumed to

fot
have a viscous and an elastic component as proposed by the Maxwell Model in

Figure II.6. This assumption can be expressed as:
Ytot = yel + Yvis [Eq 1153]

where Y is the elastic strain and Y, is the viscous strain. The differentiation

with respect to time ¢ gives the total strain rate:

Ver =Ya + Vo [Eq. IL5b]
If the stress is expressed as:

Figure I1.12 : Proposed representation of the mechanical behaviour of petroleum materials at
low temperatures.

S0 =M, (A) AR ,) [Eq. 11.64]
or
S, = G(M) v, (M 1,) [Eq. IL.6b)
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The differentiation of equation [Eq. I1.6b] with respect to time gives:
0, = G(M) v, (hv,) + G(A) 7, (Av,) [Eq. IL.7a]

By postulating that G depends only on A so that its time derivative is zero yields:
6, =G(M) 7, (M) [Eq. I1.7b]

tot

This relation shows that as G(k)decreases due to structural breakdown, the

elastic strain Y increases at the same rate keeping total stress o, lunchanged.
Multiplying [Eq. I1.5b] by nvis(k) gives:

nvis(}\’)’}‘/tot - nvis(}\’)"Yel + nvis ()\'),{{vis [E‘q II7C]

and re-arranging yields:

o ul (A
N (M) Y =0 + O (nGT(%))j [Eq. 11.7]

Which has the same form as the linear viscoelastic Maxwell constitutive equation

[Eq. IL.1] except that n, (A) and G(A) both depend on the structural parameter
A.

11.6.2.2. Modulus of rigidity function G(\)

Rigidity modulus G(A)should be constant (GO)When the material is fully

structured A = 1 until a critical strain g is reached. Beyond g., G(A) should
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increase monotonically with A to infinity at A = 0 where elasticity is suppressed

(Figure I1.12). These considerations can be expressed as [17]:

G(\) = % [Eq. 11.8]

where larger values of m are associated with shorter relaxation times.

20000
€]
1ooaa
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Figure I1.13 : Evolution of elastic modulus as the structural parameter changes from 0 to 1

The elastic modulus G, is determined through oscillatory shear experiments in
the linear regime. An oscillatory shear stress of amplitude is applied at a frequency
of 1 Hz. The oscillatory shear stress is controlled, rather than an oscillatory shear
strain, in order to get small and accurate deformations. The shear stress amplitude
is chosen to ensure that the strain induced on materials is lower enough, so that

they are tested in their linear regime.
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11.6.2.3. Transient viscosity function T’l(ﬁ'{m,t)

In response to changing flow conditions, the microstructure of complex fluids

relaxes toward a new steady state. Elastic effects appear when y_ # 0, i.e.: when
the stress is varying [Eq. I1.7], and vanish when y_ =0, i.e. when the fluid is

tully unstructured. Viscous effects vanish when ¥ =y .
Thus [17]:

(7,5 1) = [1 - %].nm(x) [Eq. IL9]

1ot
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Figure I1.14 : Impact of A on steady state viscosity.
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11.6.2.4. Structural viscosity function Nuie (X)

As commonly agreed [16, 19, 27, 68], the viscosity of complex fluids varies from

the fully structured (A=1) viscosity m, to an unstructured (A=0) equilibrium
viscosity m,, with n, <n, (Figure II1.14). For this case, as A approaches 0 the

viscosity is almost asymptotic to 10-1[Pa.s]. As A approaches 1, fully structured
fluid, the maximum value of viscosity is reached. These two characteristic

properties (1, and N, ) are known to vary with temperature.

Since A only describes structural degradation, two identical fluids with a same A

must have similar values of n ¢ and n,, to have equal rheological properties

under similar conditions (pressure, temperature, composition).

In order for a viscosity function to relate the interval of 0 <A <1 to [T]Us; TlFs]
at a given temperature, the following conditions must be fulfilled. If T]()L) is the

viscosity at a known A, then dn(k) is a differential increase resulting from a
differential increase dA in A. The magnitude of the increase depends on the value
of T](?L) and how close it is to the maximum viscosity 1, The viscosity evolves
slowly with A close to y_and them more quickly as it approaches (A=1). A linear

progression is adopted by some authors [69], here the following equation is

used to describe T]Viso\z) :

A
(T
Ny (M) =(%—<)J Nus(T) [Eq. I1.10a]
nUS(T)
This leads to:
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. ln[nm,o]—1n[nUS<T>])
Ay, t) = . I1.10b
o [ln[nm(T)]—ln[mS(T)] P TL00)
which at steady state becomes :
[ In[ng@]-In[n.(D)] ]
s$ = Eq. I1.10
) (ln[nys(T)]_ln[nts(T)] Ha ]

11.6.2.5. Steady state viscosity Vg ('Y)

At lower temperatures, heavy oil and bitumen do not flow if the imposed stress
does not affect their microstructure. Indeed they are yield stress fluids with shear
degradation or thixotropic behaviour after yielding. To quantify the steady state
flow properties of these fluids, their flow curve (a plot of the shear stress vs. the
shear rate) should be measured. Several predictive equations are available to
model the steady state viscosity of yield-stress thixotropic fluids [22, 28, 39, 70-
71].

In the present approach, the energy flow per unit volume comprises a structural

and a viscous contribution: E=E_+E_. which can be expressed as

GX“'{ =0, X Y +0, X“'{ ot in terms of stress 0 =0 0 . The transition from

the unyielded fluid to the yielded material occurs progressively with an
exponential stress growth before flow occurs [72-73]. A constitutive equation for

stress can then be written as (for one-dimensional flows):
— —mgy
c=(1-¢™)o, +o, [Eq. I1.11a]

where m is a parameter controlling stress level .
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In [Eq. I1.11a], the viscous stress is due to the Newtonian liquid phase while the

structural stress has a component related to bonds between the structural

aggregates Oy, and another constituent related to the network of aggregates

O, The O, is responsible of the yield behaviour while O, dominates the

shear thinning behaviour.

Application of the Herschel-Bulkley, three parameters model, yields

Gstr = Gnt + Gbn = Gnt + I<'Y .

The network induced stress o can be related to the static and the dynamic yield

stresses througho :(GO —(SOd)e_m” +0,,. Including these stresses in flow

curve analysis arises from the fact that the static yield stress should be reached at
steady state. If not, the structuting/ unstructuring process would be irreversible

and thixotropy, for example, would not occur.

The above considerations can be summarized by a single expression for stress
6= (1 —e )((GU ~GOuq )e_mly +6,, +Ky" ) +0,, [Eq. 11.11b]

When divided by shear rate, [Eq. I1.11b] yields an expression for steady state

viscosity:

_ —myqy
n(?)z(l—em”)[(co Oud ).e + O +I<y(ﬂ—1)]+nvis [Eq. IL.11]
Y

where o, and &, are respectively the static and the dynamic yield stresses. This

od

nfs
cYO

expression is similar to that proposed by De Souza [70] where m, =
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1 . . . o
=——-.and 7,, are the shear rates marking the transition from dynamic yield
Yoa

m,

stress to dynamic yield stress.

Figure IL.15 illustrates the features of [Eq. II.11] with shows a high viscous
plateau at lower shear rate follow by a viscosity transition to a power law region,

then by a high shear transition to a Newtonian plateau.

In [Eq. II.11], K is the consistency index and n the power law, often called as
flow index. Both indexes are functions of temperature [74]. But K is a much
more sensitive function of temperature than is n. These two variables will be

represented by :

T
K=K, Xexp {—pK (1 - —ffD [Eq. 11.12]
Trch
0= gy TPy X (1 . J [Eq. I1.13]
Tref()

where p and p, are temperature sensitivity parameters while K, . and

n. ., are power law parameters at reference temperatures and pressure

11.6.2.6. Evolution equation for the structural parameter 1.

In modeling shear degradation and time dependency behaviours of complex
fluids, the rate of structural change is a key phenomenon. Several approaches are
available for modeling this phenomenon [14, 75]. These options are well

presented by Barnes [19].
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Figure II.15 : Steady State flow properties (flow curve and viscosity curve) as predicted by [Eq.
I1.11] at constant temperature.

Structure can change according to three basic mechanisms|70] :

* Brownian motion (perikinetic)
* Flow deformation (orthokinetic)

= and differential settling.

The evolution equation for structural change contains terms to cover flow-

induced aggregate breakdown and build-up resulting from Brownian motion.

.

- (ljﬁ [ Br(1-1) =£(0)2." | [Eq. I114a)

t
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By supposing that the elemental structures (particles/aggregates) are of similar
sizes [76], the Brownian collision rate is :
k, LT

Br=x= m [Eq 1114]3]

If the break down term is taken to be proportional to the shear stress [17]:

(l B }\‘ss )a o
b K .
}\'ss nvis (7\'55 )Y

f(o)=

[Eq. IL14c]

Combining equations [Eq. I1.14b] and [Eq. II.14c] into [Eq. II.14a] yields:

b C
a1 a 0 °
) R P o IL14
dt KT’P ( ) ( SS) (7\'55 ] [nvis (xss >’Yj [Eq ]

k, [T
6mn A’

T,P
where K 7 =

I1.6.3. Free-volume theory approach

Many theories for modeling the effect of intensive thermodynamic variables such
as temperature (T) or pressure (P) on the rheological behaviour of complex fluids
are available in the literature |7, 40, 77]. In this work, the effect of pressure and
temperature is based on the free-volume concept. The dependence of flow
behaviour on temperature and pressure is introduced through the piezo and

thermo dependency of the WLEF model.
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In the structured phase, the free volume can be considered to have of an

equilibrium part (Vf) and a non-equilibrium part((of). The total free volume

(\/}_TOt (T)) at temperature T controls the overall relaxation process:

Ve ot (T) =V (T) + O (T) [Eq. IL.15]

11.6.3.1. Temperature dependency

Several attempts have been made to describe the dependence of viscosity on
temperature mathematically. By 1951, Partington had listed nearly 50 [78] of
them. Remarkably successful predictions have been achieved by models
hybridizing rheological equations (Cross, Catreau, Power-Law) and temperature
dependent equations (Arrhenius, WLF) in order to model the temperature
dependence of viscosity [79]. The WLF model [61] has proven very reliable.
However, at temperatures in the range of Tg, the WLF equation in its original
form does not account for non-equilibrium effects occurring in the structured
phase. Therefore, following the concept introduced by Tool and then adopted by
Rusch et al. [80] the range of validity of the free-volume concept can be extended
to include the low-temperature region and account for the thermal history of the

structured phase responsible for the non-equilibrium state.

The “effective temperature” T is a time and temperature dependent parameter
used by Toll [65] to describe the state of a glass. It is the hypothetical
temperature at which the glass would have an equilibrium free volume equal to
the total free volume of the non-equilibrium glass at temperature T. The
concept of fictive temperature is illustrated Figure I1.16 and helps define the

non-equilibrium state of the resulting glass [65-60].
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Figure II.16 : As the liquid initially at equilibrium is cooled, different pathways are followed
that depend on the cooling rate q.

To account for the discrete nature of numerical calculations the following form

of the TNM equation is adopted in this work:

N N AT ’
chf(T)=T0+i§ATi 1—exp _[ﬁqu} [Eq. 11.16]
j

pj

where AT, and ATj are temperature increment. N is an iteration index, and 1 and

j are dumb indices. q;is the heating or cooling rate [K/s].

AH"| x (1—X)
T, =T, exp R T T dx [Eq. I1.17]

eff(j-1)
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[Eq. I1.17], is the glassy structural relaxation time according to Tool-
Narayanaswamy-Moynihan formalism [64] . Caution must be exercised in that
(T,) the starting temperature for the simulation, must be sufficiently high, so that
the fluid is initially in equilibrium at that temperature. This is a necessary
condition since the properties of glasses are route dependent and every step in

the thermal history affects subsequent responses.
11.6.3.2. Pressure dependency

Pressure dependency of the rheological properties is expressed in terms of
variation of the glass transition temperature T, (P) and the thermal expansivity
of free volume o (P) which have a direct effect on C; and C, . Indeed, as
assumed by many authors [1, 61] and demonstrated experimentally (Figure
IL17), C, =B, (P)/(fg (P)Dn(lO)) doesn’t depend on pressure [81] while
C, =1, (P) /o (P) does. One possible reason can be the similar dependency on

pressure of f, (P) (the fractional free volume) and B, (P) (a constant for the
dependency of liquid viscosity on temperature in Doolittle equation [62]).

However, f, (P) and O, (P) are differently affected by pressure.

The glass transition temperature, T,, increases with increasing pressure. At low
pressure, the increase in Tg approximates a linear function [21], whereas at higher
pressutes dTg/dP gradually decreases as seen in. Although some thermodynamic
analysis has been petformed to predict dTg/dP [22, 23], details remain unclear. In
a study of pressure effects on Tg [24], Oels and Rehage showed that dP/dTg for

Polystyrene is a linear function of pressure:
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dT
—~L=a+bP [Eq. [1.18]

Integration of equation [Eq. I1.18] yields:

T,(P)=T,, +A.In(1+A,.P) [Eq. I1.19]

where T, (P) and Tg() are respectively the glass transition temperature measured

at pressure P and atmospheric pressure. A, and A, are constants.

200
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Figure II1.17 : Evolution of Tg (P)with pressure using [Eq. I1.16]. Data and image source [1].

The free volume doesn’t change linearly with pressure as initially assume by

Williams et al. [61]. In this work, we account for this non-linearity in terms of the

pressure dependency of the thermal expansion coefficient o (P) given
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t =f  +o, (P).(T—Trcf). According to works by Breuer and Rehage [82] the
variation of the thermal expansion coefficient of liquids with pressure can be

described by @, (P)=0.,-F(P) with F(P)=1-B.In(1+B,.P), yielding :

C, = (P)/ (0, - F(P)) = CT" /F(P)

T

Fluid C, Ca
™ o O
&0 |- SP4E L-J H

GE:HGE:©

T

L L L 1
o 0.1 0.2 0.3 0.4 0.5

P {GPa)

Figure II.18 : Illustration of Pressure dependence of WLF constants, C1 and C2 from [1].
11.6.3.3. Pressure and Temperature shift function

Models describing the combined effect of temperature and pressure on the
rheological properties of complex fluids can be found in the literature. Many of
them are empirical functions of temperature and pressure [9, 83-84] while some

are based on the free-volume concept [15].
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A modified WLF model introduced by Tschoegl et al. [85] describes the variation
of the Newtonian viscosity of heavy petroleum fractions in the temperature range
60 C and 160 C from 1 to 400 bar [80]. In order to extend this model to lower
temperatures, where structural relaxation dictates flow behaviour, the concept of

fictive temperature[65] is incorporated into this equation.

The modified WFL model, employed in this work is:

Cr(T (T,0) =T (P) - F(P))

Logla, ;)= Eq. I1.20

(2::) C (P)+ Ty (T,0) T, (P)—F(P) [ 1120

where :

T.(P)=T.,+A.In(1+A,.P) [Eq. 11.20a]

F(P)=1-B.In(1+B,.P) [Eq. I1.20b]

N N AT "

T (T)=T,+XAT|1-exp| -| 2— [Eq. I1.16]
= = qiDrpi

T, =T, exp A x_ (o) [Eq. IL.17]
R T chff(j—l)

T

ref

(P) and F(P) are functions for describing the pressure dependence of the

reference temperature T ; and the thermal expansion coefficient o, (P) of the

free-volume, considered pressure dependent and temperature independent. Al,

A2, B1 and B2 are constants. C, and C, are WLF constants.
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I1.6.4. Colloidal structure of hydrocarbons and its effects on rheometry

The colloidal composition of hydrocarbon materials has been discussed

extensively in the literature [6, 87-88]. In Figure 11.18, it evident that lowering

temperature increase the solid content in hydrocarbon resources such as Maya

Crude Oil and Athabasca Bitumen.
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Figure II.19 : Total solids content (wt %) for Athabasca Bitumen and Maya crude oil. Image
from [37].

The rheology build-up role of this solid fraction in hydrocarbon fluids is well
described by the generalized suspension viscosity equation introduced by R.D.

Sudduth in 1993 [89]. This viscosity-concentration equation includes variables
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strongly related to the fluid composition and fluid-particle mixtures and was

formulated as:

(1-i)
1{3}—% [n] (1—iJ -1
N -1 o, [Eq. 11.21]

for i, #1

where i, is the particle interaction constant, §_ is the particle maximum packing
fraction, ¢ is the suspension particle volume fraction, M, is the suspension

viscosi is the suspending medium viscosi is the intrinsic viscosity o
, th pending medi ty, [n] is the int ty of

us

the solid fraction. In the perspective of this modeling effort the zero-shear

viscosity in T of the hydrocarbon will be related to that of its maltene phase
N, through [Eq. 11.21]. Similarly, the network induced stressG,,  the elastic
modulus G, , the consistency index K and the flow index n depend on the

suspension particle volume fraction§. In this regard, works by Coussot et al. [90]
on the yield stress and elastic modulus of non-colloidal particles suspensions has
shown that the G, —¢ relationship follows a Krieger-Dougherty law and can be
related to the o, —¢ relationship [91]. Their observation is extended in this

work using the Sudduth equation for the solid fraction dependency of the elastic

modulus.
(1-ik)

NERINL (S

G, i -1 o, [Eq. I1.214]

fori, #1

and
Ox = J1-¢)Ce [Eq. 11.21b]
GUS GUS
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II. 7. SUMMARY
I1.7.1. The system

Bitumen and Heavy oils are complex fluids at low temperatures. Their flow
behaviour depends mainly on the time and temperature response of their

structured phase to shear.

At high temperatures their flow response is Newtonian. At temperatures below
glass transition region, their rheology is characterized by limiting values of

viscosity and shear modulus.

Although this chapter concentrates on time dependent behaviours, from a
practical perspective, it is the steady state properties which govern the flow in
most fields, transport and process applications as these involve steady shear flow
environments. Exceptions include storage tanks and multi-use pipelines where
fluids are batch transported. But in most cases where flow is observable, steady
state is reached in a matter of minutes. As a result, an accurate predictive tool for
steady state flow properties is the prime concern. It is for this reason, that the
development of a model for the relaxation of the structured phase, a-relaxation,

is the focus of this work.

As the phenomena responsible of the complex flow responses observed in heavy
oils and bitumen with deformation and temperature are complex, a combination

of relevant models has been adopted from the literature:

1. A Maxwell Mechanical representation (Figure II.12) is used to define these
fluids as a structured phase within a Newtonian fluid matrix.

2. In the Maxwell like construction, each element in the model is a function of

A [Eq. 1L7].
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3. A structural kinetics model is adopted to describe the rheological behaviour of
these fluids with deformation [Eq. I1.14].

4. The effects of intensive thermodynamic variables (temperature and pressure)
are accounted through a free-volume based theory.

5. Using a colloidal theory by Sudduth [89], steady state material functions can be

expressed as function of solid volume fraction.

The equations, coefficients, and properties comprising the model are summarized
in Table II-1. A total of 17 parameters must be identified from experimental
theological data or taken from the literature. These topics and the model
simplification are addressed in Chapter 3 where the modified Structural Kinetics

model is presented in detail.
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[1.7.2. Summary of the Structural Kinetics Model

The Structural Kinetic equations (A-Model)

The T and P dependent shift function (2 p)

0 (ms(x)

0
. }\. . = aF tot E o II.7
Na(A)-y=0,+0 GO»)J [Eq. IL.7]

G
“ [Eq. IL8]

_ CI (T (T)—T; (P))F(P)
erefo +(chf (T)_Trcf (P))DF(P)
T, (P)=T.,+A,In(1+A,.P) [Eq.IL20a]

Log(ay ) [Eq. I1.20]

G(A) =
)= F(P)=1-B,.ln(1+B,P) [Eq.IL20b]
— n * CTMO =cte
9
° N.A)=|—=| n [Eq.IL.102] —_——
g (*) n C," =cte
821 N
; A (Y)= ln[n“ )] _ln[n“‘} [Eq. I1.10] S Y
E. s lﬁ[nﬁ } I [n ] q. II. T, (T)="T, —i—EATi Il exp[—(% rtjj ] [Eq. I1.16]
E e (G -c )eyzd +0o with . .
= @) =|1-e @ 0~ %0a)! W4 Ki* Y |4+m [Eq. IL11] u {AT] /(ql*,;) during temperature jump
7 . ;= . .
' |At/(7,) during annealingstep
b <] AH | x  (1-x)
v 1 ; A c T =T,ex [—— }[E . 11.17]
—= 1-A) | @=-A) | = | | —— Eq. IL.14 b = o SXP d
&~ | (1Y) [( o) ( xj (nm (7»55)?] ] [Eq. I1.14] R |T T,
with 7 = o T
6nin "
Functions Constants
g
£ AH; 15 % q; N3 B
g" nZ,P = n-f:rcf:“DaT)P nl’P = nch’oDaT‘p GZ;P — G(TSrCf’ODaT,p Al; Az; B1; BZ; C’ll"rcf(); CZrCfU
2-( Tref 0, gq Tref 50, GTref:O. o o I<
.g nfs ’nus 2 fs 2 GOd’ cSO’ bl n
3]
3 T T Driego’ Pas Korero3 P
= 0 =Dy + P, X[l— - ] K=K, xexp| —p, | 1-—2 e e
Tref() Tref()
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Chapter 111:
IDENTIFICATION OF
MODEL PARAMETERS

I11. 1. EQUIPMENT AND MATERIALS
1I1.1.1. The Rheometer

Figure IIL.1 : The Gemini HR NanoRheometer equipped with Double Gap geometry and a
Peltier assembly for temperature control

The Malvern Bohlin Gemini HR NanoRheometer is a compact Rheometer with a
capability of testing both fluids and solids. The equipment is optimized for strain
controlled and stress controlled operations and can work with various types of

temperature control devices in steady, dynamic as well as in transient modes. It

Page | 45



provides torque in the range of 10nNm to 200mNm for controlled stress/rate
viscometry and 3nNm to 200mNm for controlled stress/strain oscillations and
has a torque resolution better than 1nNm. In its controlled stress mode(used in
this study), the Rheometer applies, defined shear stresses to the test sample by
means of an extremely low inertia, drag cup motor. The drive shaft of the Bohlin
Gemini HR NanoRheometer is centered by an air bearing which ensures an
almost “frictionless” transmission of the applied stress to the tested fluid. The
resulting deformation on the sample placed into a sensor system is detected with
a digital encoder processing 1 million impulses per revolution. This resolution
makes it possible to measure even the smallest yield values as well as extremely

low strains or shear rates.

The Bohlin Gemini HR NanoRheometer is computer controlled to swap
between both the CS and CR-modes and can provide oscillating stress inputs. A
controlled lifting system, with variable speed, axially positions rotor versus a cup

or a cone versus a plate.

A built-in standard procedure provides10-point flow- and viscosity curves which
“finger-print” the rheological behaviour of a given material. During this test, the
time required to reach steady state depends on the “strength” of the viscous and
elastic elements as well as the value of the applied “stress”. Considerable length
of time may be required until the material is sufficiently deformed to remove all
elastic deformation and just measuring the pure viscous flow. When this state is
achieved, the measured shear rate is constant and the slope of the compliance
curve as a function of time is 45° ie. 1.00. This is the number shown by the
Bohlin software. Under these conditions the measured viscosity of the material

doesn’t contain any effects due to elasticity.
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Figure IIL.2 : Representation of the double gap assembly DG24/27 Ti used dutring the

measurements
I11.1.2. Double-gap measuring systems (DG MS)

The double-gap measuring system comprises concentric cylinders designed for
low-viscosity liquids. According to the standard geometry (DIN 54453), an inner
cylinder is mounted in the center of the cup and the gap is annular as shown on
Figure IIL.2, whereR4/R3=R2/R1<115. The bob is a hollow cylinder.
Both the inner and outer surfaces are exposed to the fluid. The goal is to reach a
uniform shear condition in the inner and outer gap concerning the shear rates.
The analysis was performed on 10 ml samples, injected from the fridge, using a
syringe (which provides a pre-shear condition). A toluene gas blanket surrounds
the assembly to prevent the release of light hydrocatbon upon heating. The

Peltier assembly is used to control temperature. Operating procedures,
Page | 47



measurement quality, calibration methods, and other experimental details related
to this equipment can be find in the DIN 54453, the “Bohlin Help System” and
are briefly explained in I11.3.2 and reported elsewhere [10] .

R = Plate Radius
h = Distance

R—>

test samp&/
! '

oy

Figure IIL3 : Representation of a sample as loaded on a parallel-plate/cone-plate geometry used
during the measurements.

I11.1.3. Samples

Rheological data on structured fluids are hard to reproduce and are sensitive to
sample preparation, physical history, and experimental protocol. In this work
Maya crude oil (commercial-blend heavy oil from Mexico), Athabasca bitumen
(Alberta, Canada) and Safaniya vacuum residue are the main hydrocarbon fluids
assessed. It has been reported that upon heating above 360K (86 °C), thermal
irreversibility of viscosity, due to slowly reversing or irreversible phase transitions
of the heavy fractions and/or evaporation of light components occurs for Maya
crude oil [16]. In this work, measurements were performed at temperatures far
below this temperature. In order to have a defined shear and temperature history,
all samples used in this work were pre-sheared and pre-heated before testing. The

flow curve (GXY) and steady-state shear viscosity (n_x7) curve were measured
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at 268.15K for Maya Crude Oil, 308.15K for Athabasca Bitumen and 313.15K
for Safaniya Heavy Olls.

ITI. 2. FLUID CHARACTERIZATION

In order to better model a given complex fluid, under the scope of this study, a
full charactetrization of the material is crucial. Indeed, three behaviours need to be
captured in order to simulate the complex rheological behaviour of bitumen and

heavy oil at low temperatures.

* The transient flow responses are described by [Eq. I1.14’] with parameters
(Gfs,m, a,b,ca da l) adopted from literature [17, 22, 92].

* The kinetics of structural behaviour with temperature is assessed through
temperature sweep tcst(AH;; T,5 x;B;Tmm;ClTrem; C?em), under low shear

rate conditions.
» After identifying the reference temperature (Tref) from the viscosity-
temperature plot, the second experiment that describes the kinetics of

structural behaviour with shear (steady-state shear sweep) is performed by

flow curve mczsurcments(n, K, 6,, 6,p, N> nus).

IT1. 3. LABORATORY MEASUREMENTS
111.3.1. Overview

The SKM model is under constrained. Some parameters are determined
experimentally only and some are defined through the literature. Experimental
data provide a training data set, used to fit model parameters, and two test data

sets. The first test data set comprises data for the same fluids as in the training
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data set but at conditions outside the training conditions (the extrapolation data
set). The other data set comprises rheological data for nanofiltered permeates and
retentates derived from the fluids comprising the training set but possessing
different ratios of structured to unstructured fluid phases (the prediction data set).
The fluids tested are Athabasca bitumen, Maya crude oil and Safaniya crude oil.
The shear theometry of the samples was measured in oscillatory and rotational
modes using a CS/S Bohlin Gemini HR nano-Rheometer (Figure III.1) available
in the Petroleum Thermodynamics laboratory at the University of Alberta.
Supplemental calorimetric measurements were also performed. The modelling
approach is based on fundamental principles and assumptions (I1.6.1). It requires
the input of two set of variables. The first set of parameters (shear rate, shear
stress, and cooling rate, annealing time) is independent of experiment and defines
the process conditions being simulated. The second set of parameters depends on
experiments and is determined from literature but also by regression of observed
data as applied through the model equations. The parameters pertaining to this

set of wvariables are obtained from a temperature sweep test

* Tref0 Tref0 .
(AHfS;T();X; B T3 C, "5 C ), and detailed fow curve measurements

(n, K, 6,, Oyp, Nes nus) at a reference temperature.

I11.3.2. Validity of rheological measurements

The measurements done in this study were carried out using a controlled
stress/strain Bohlin Gemini HR nano rheometer (Malvern Instruments Limited,

U.K)). The measuring configurations used are :
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1- a double gap 24/27 mm concentric cylinder equipped with a Peltier assembly
using the principle of the Peltier heat pump. That allowed measurements from

(253 K to 453 K) with stability of 0.2 K

2- parallel plates and cone-plate (25 mm and 40 mm diameter) with an extended
temperature cell (ETC) using a forced gas system to heat and cool the sample.
The ETC can also be fitted with a low temperature extension (LTE), cooled with
a stream of liquid nitrogen, in cases where measurements below ambient
temperatures are required. The ETC in these two complementary configurations
(with and without LTE) covers temperature range from 123 K to 823 K with a
stability better than 0.2 K.

In the ETC, temperatures are measured with a thermocouple (calibrated to I'TS
90 using a PT100 resistance thermometer) inserted into the middle of the lower
plate. Similar setting is used in the Peltier cylinder and calibrated in same way.
Temperature errors in both cases are estimated to be less than 0.2 K. Assuming a
Williams-Landel-Ferry type of temperature dependency of viscosity, these
deviations in temperature will contribute in 2% to 3% inaccuracy for viscosity
readings. All experiments were conducted under a nitrogen atmosphere to avoid

oxidation.

The space between the parallel plates and cone-plate were set between 500 pm to
1000 pm depending on the range of viscosity values studied. The double gap

cylinder was set at default value of 150 pum.

The experimental conditions and the operating parameter values for the
rheological experiments were validated by measuring the viscosity of the Cannon

certified viscosity standards N2700000SP, N74B, N1400B, and N115B (from
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Cannon Instrument Company, U.S.A.) and PRA standard oils#12 and U3600
(from Paint Research Association, U.K.). The agreement with the recommended
data in the certified temperature range of 244K to 349K are within 5 % error for
both the double gap cylinder in the Peltier assembly and the parallel plates in the
ETC without cooling. A 10 % error is obtained for the parallel plates in the ETC
with nitrogen cooling. The data pertaining to this validation procedure are

summarized in Table ITI-1 and published in [106].
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Standards T Nstand Nexp 100 (Nexp = Nstand)/Nstand
[K] [Pa.s] [Pa.s] [-1%
DGC-PA PP-ETC DGC-PA PP-ETC
PRA standard oil #12 293.2 1.449 1425 1.419° -1.7 -2.1
298.2 0.972 0.961 0.997° -1.1 2.6
PRA standard oil U3600 293.2 15.33 15.31 15.80° -0.1 31
296.2 11.63 11.55 11.94° -0.7 2.7
298.2 9.705 9.623 9.936° -0.8 24
303.2 6.287 6.203 6.343° -1.3 0.9
Cannon certified viscosity standard | 325.2 604.9 582.1° -3.8
N2700000SP 331.2 397.6 391.1° -1.6
337.2 267.3 259.0° -3.1
343.2 183.1 180.4° -1.5
349.2 128.1 124.0° -3.2
Cannon certified viscosity standard N74B 273.2 3.502 3.383 3.551° 3.4 14
Cannon  certified viscosity standard | 260.2 168.9 169.6 174.4° 04 33
N1400B 262.2 135.2 137.2 142.9° 15 5.7
Cannon certified viscosity standard N115B | 244.3 140.2 146.9° 4.8
2470 94.10 96.65" 2.7
249.8 64.45 69.73° 8.2
2554 31.93 32.41 33.647 15 54
260.9 17.00 16.84 17.44° -0.9 2.6
266.5 9.575 9.496 10.16" -0.8 6.1

Table III-1: Table showing the measured viscosities against standatds values. This procedure is used to assess the validity of the

rheological measurements. DGC-PA stands for the double gap cylinder in a Peltier assembly; PP-ETC is for the parallel plates in

an ETC; Neana refers to the reference viscosity value; nexp is the experimental viscosity. The gaps between, 25mm diameter, plates

in the PP-ETC configuration are: 750pm for PRA standard oil #12 and PRA standard oil U3600, 700pm for Cannon certified
viscosity standards N74B, N115B, and N1400B, and 1000pum for Cannon certified viscosity standard N2700000SP. Shear strain
range of tests: 1% to 50 % for PRA standard oil #12 and PRA standard oil U3600, 0.1% to 50% for Cannon cettified viscosity
standards. N74B, N115B, and N1400B, and 0.3% to 1% for Cannon certified viscosity standard N2700000SP. ¢ for values

measured in the ETC without nitrogen cooling. 9for data measured in the ETC with nitrogen cooling.
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I11.3.3. The Temperature sweep test

The temperature sweep test is used to follow changes in state, such as a melting
phenomenon, glass transition and curing in samples. When cooling under
constant shear conditions, it is important to follow the kinetics of structure build-
up in real time, without disrupting the process itself. For this reason, a very low
frequency (1Hz or 10rad/sec) or shear rates (10° 1/s) are used. The temperature
is ramped at a meaningful rate (-3K/min) to minimize temperature gradients
effects in samples. Parallel-plates and cone-plate geometries mounted with an
extended temperature cell (ETC) are used for Athabasca Bitumen and Safaniya
Heavy Oil. Indeed those two samples a very stiff at room temperatures compared
to Maya crude oils where a syringe is used to sample the material. For Maya crude
oil, a double-gap geometry equipped Peltier assembly (DGC-PA) is used for
measurement. Since the relaxation processes in petroleum materials decelerate as
temperature decreases, a longer equilibrium time is set for measurements in the
low temperatures region. From the viscosity-temperature curves on Figure ITL.7,
the reference temperature is chosen in the region where the material response is
equally dominated by both the a and the b relaxation processes[46]. The region is
characterized by the end of the linear increase of viscosity with temperature when

cooling. It points better the bimodal rheology [46]of heavy oil and bitumen.

From these curves on Figure IIL.7, temperature dependency parameters

Clefo and CZMO are obtained by regtressing the experimental data (II1.4.2) with

the linear form of [Eq. I1.20] while AH*, ln(ro), X, B are determined by fitting

with the TNM equations (111.4.3).
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Figure IIL.4 : Temperature sweep curve for Maya crude oil(MCO), Athabasca Bitumen (AB) and Safaniya vacuum residue(SP) obtained under iso-shear

condition.
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I11.3.4. Flow (0X7Y) and viscosity cutves (1_x7) measurements

A step shear process, using a table of preset shear values, was performed. Before
each test, samples are pre-sheared at 1600Pa for 300s, and annealed for 300s at
268.15 K to ensure a common shear and thermal history. Then shear, rates

1 . . . . .
, were applied, with a logarithmic increase over a

ranging from 0.001 to 100 s~
period of 10 minutes (this period was varied) at respective T, (268.15 K for
Maya Crude Oil, 308.15 for Athabasca Bitumen and 313.15K for Safaniya Heavy
Oils). The DGC-PA set-up is used for flowing materials such as Maya crude oil
while cone-plate-ETC and PP-ETC assemblies are used for stiff materials like

Athabasca Bitumen and Safaniya Heavy Oil. From flow curves, estimative values
of parameters(n, K, 65, Oy Ng» nus) are determined graphically using the

procedure illustrated on Figure IIL.5. From these tests, flow curves such as those
in Figure III.6, Figure II1.7 and Figure III.8 were obtained and the estimated
values are recorded in Table III-3. A summary of the procedures used to collect

those data is shown on Table ITI-2.

1.0E+05 L 2 L 2 2 > - : L 1.0E+04
LR IR L L N

1.06+04 4 ‘. . n [lng, ~Ing, |

¢ N N T

. y fat, - la7,

0‘ o e 1.0E+03
= LOE+03 4 * - &
“ : * —
] . . v
&, . *. =
- -
Z . 2
@ 1.0e402 4 - * 1.0E+02 -
o - i
o -
R » ﬁ
" B [
=~ 1oew01 e{A}—F -
- r
n,=A/B 1.0E+01

K
a
l
/!

1.0E+00 o .

. &I + Viscosity curve = Flow curve
LS

LOE-01 L.OE+00

1.0E-06 1.0E-05 1.0E-D4 1.0E-03 1.0E-02 1.0E-01 1.0E+00 L.OE+01 1.0E+02
Shear rate [s]
Figure IIL5 : Steady state viscosity and flow curve of Maya crude oil at reference temperature
of 258.15K (-15C). The physical meaning of the flow curve parameters is illustrated.
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Imprinting a defined shear and thermal history on samples

1- Sample Pre-conditioning

Cooling to 248K (-25°C)
Shear at 1600Pa for 5 min

wait ime 5 min

2- Temperature ramp up to 345K
(72°C)
The shearis 1600Pa

Thermal equilibtium time is 60s

Ramp rate 3°C/min

3- Temperature ramp down to 248K
(-25°C)
The shear is 1600Pa

Thermal equilibrium time is 60s

Ramp rate 3°C/min

Performing the shear sweep

1- Shear Stress Ramp to
1600Pa at 248K (-25C)

Min Shear= 6mPa
Max Shear= 1.6kPa
Sample= 2000
Delay Time= 60s

Timeout= 900s

tests

2- Shear Stress Ramp to 3- Shear Stress Ramp to

1600Pa at 258K (-15C) 1600Pa at 273K (0C)

Min Shear= 6mPa Min Shear=6mPa
Max Shear= 1.6kPa Max Shear=1.6kPa
Sample= 2000 Sample= 2000
Delay Time=60s Delay Time=60s
Timeout=900s Timeout=900s

4- Shear Stress Ramp to | 5- Shear Stress Ramp
1600Pa at 293K (20C) to 1600Pa at 323K (50C)

Min Shear=6mPa Min Shear=6mPa
Max Shear=1.6kPa Max Shear=1.6kPa
Sample= 2000 Sample= 2000
Delay Time=60s Delay Time=60s
Timeout=900s Timeout=900s

Table III-2 : Summary of the procedures used to collect data for the flow curve and viscosity curve. A preconditioning procedure is used to imprint a
defined thermal and deformation history to the sample before testing and data collection.
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Figure III.6 : Experimental flow curves of Maya crude oil measured at reference temperature
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Figure II1.8 : Measured flow cutve of Safanyia Vacuum Residue. Tref0=313.15K.
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Figure IIL.7 : Experimental flow for Athabasca Bitumen obtained under isothermal conditions

Tref0=308.15K.

Material Reference Power Law Yield stresses Limiting
temperature indexes viscosities
T[C] TIK] n K c o n, N..
0 0D
[Pa] [Pa.s] [Pa.s]
[Pa]
AB 35 308.15 0.2 25 3000 709 560 24
MCO -15 25815| 0.74 16.99 13 10 21 5
SP 40 313.15 0.7 20 4930 635 1600 1

Table III-3: Preliminary flow curve parameters estimated graphically according to the illustration

of Figure IIL5 .
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In order to reduce uncertainties associated with their graphical estimations, the
parameters in Table III-3 will be optimized using a Levenberg—Marquardt [93]
fitting procedure. The idea is to get the set of value that fit better the

experimental flow curve to [Eq. IL.11].

III1. 4. DSC DATA

The thermal history effects are assessed through DSC analysis of petroleum
heavy fractions at various heating/cooling rates. The DSC data used in this work

are of different experimental sources and physically consistent.

Figure II1.9 : The TG-DSC 111 thermoanalyzer used in the wotl by Bazyleva, A.B., et al. [10]
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In the work by Bazyleva et al [16] thermo gravimetric analysis (TGA) of bitumen
and heavy oil samples was performed using a TG-DSC 111 thermoanalyzer
pictured in Figure II1.9. Thermo grams of asphaltenes from Athabasca Bitumen
and Maya Crude Oil are shown in Figure ITI.10. A phase transition region for
unaged samples of asphaltenes from Athabasca Bitumen and Maya Crude Oil
occurs at approximately 423.15K (150°C). Glass transition and melting point
temperatures of asphaltenes have been investigated by a few numbers of
researchers using DSC [6, 48]. Kopsch [94] claimed that asphaltenes precipitated

with the same solvent react relatively uniformly regardless of the origin of the

crude oils.

Asphaltenes Glass Transition Limiting fictive Heating/
Temperature Temperature Tﬂ'ﬁ_ Cooling rate
Tg [K] (K) [K/min]

Maya Crude Oil C5 [16] 423+ 10 140 5

Athabasca Bitumen C5 [10] 423 £ 10 140 5

Kirkuk crude oil [94] 586+ 6 307 10

Kirkuk crude oil [94] 604£9 3329 20

Kirkuk crude oil [94] 626 + 11 342 50

Table III-4 : Limiting Fictive temperature and glass transition data for asphaltenes as obtained
from experimental results and the literature review.
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Figure II1.10 : Thermo gram for unaged C5 asphaltenes from Athabasca bitumen and Maya
crude oil cooled and reheated at g=5K/min

This observation was confirmed by Zhang et al.[95] and reinforces the remark of
this work shows on Figure IIL.10 where the glass transition region of the C5
asphaltenes from Maya Crude Oil and Athabasca Bitumen is located around
423.15K (150°C). The limiting fictive temperatures in Table ITI-4 are determined
using the method of Richardson and Savill [96] .
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IT1. 5. MODEL PARAMETERS

The versatility of the proposed model relies on a set of parameters determined by
DSC and steady stated theometry. A least square fitting of experimental data, by
the model using those parameters as initial values, helped in obtaining a set of

optimized values, then used in the predictive simulation.

I11.5.1. Flow curve parameters (n, K, 6,, 0p, Ng» ms)

From the experimental steady state flow curves, preliminary values of the SK-
Model parameters were identified and summarized in Table III-3. These values
serve as initial inputs to the Levenberg—Marquardt [93] algorithm implemented in
MATLAB. Less than 3000 iterations were needed to identify a set of optimized
parameters for the Maya Crude Oil, Athabasca Bitumen and Safaniya heavy oil.
Graphically determined values and regressed data for all experiments are
summarized in Table III-3. The fitted curves are illustrated in Figure IIL.11,
Figure II1.12 and Figure II1.13.
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Figure III.11: Modified SK-Model fit to experimental flow curves of Maya crude oil. (Symbols
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Figure IT1.13 : Model fit to experimental flow curve of Safanyia Vacuum Residue. (Symbols are

data; lines ate simulated).
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Figure 111.12 : Expetimental flow for Athabasca Bitumen. (Symbols are data and lines is model fitting).

Material Reference Power Law Yield stresses Limiting R2
temperature indexes viscosities
T[C] TIK] n Kl o G n, um
0 0D
[Pa] [Pa] [Pa.s] [Pa.s]
AB 35 308.15(0.485 55.78 (3720 847.7 565 13.77 10.969
MCO -15  258.150.701 17 13 1 18 1 0.997
SP 40 313.1500.373 29 4960 637 1650 4.009 {0.898

Table III-5: Optimized flow curve parameters for the hydrocarbon materials covered in this study.
They resulted from a fitting procedure using a Levenberg—Marquardt algorithm implemented in

MATLAB.
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The three figures above show that the fittings are generally of good quality.
Indeed the qualitative behaviour of [Eq. I1.11] throughout the whole range of
shear rate is essentially the same as that of the experimental data. However, the
abrupt yield behaviour of hydrocarbons with high content of heavy components
is roughly fitted. In fact, the transition from the static (local maximums) to the
dynamic (local minimum) yield stresses is modelled in [Eq. 11.11] to have an
exponential form as observable with Maya Crude Oil. When this transition
happens sharply, at low temperatures for feedstock with high content of heavy
components (Athabasca Bitumen and Safaniya Heavy Oil), deviations in the flow
curve calculations can occur. However, there is no need to discard data pertaining
to this transition because they represent a tiny fraction of the flow curve and
don’t affect too much the model parameters nor the quality of the fit (R* is well

above 0.9).

In Table III-5, the optimized parameters vary slightly from the values

determined graphically except for the dynamic yield stressG for Maya Crude

Oil. Indeed, as opposed to the static yield stressG _, the values of G obtained
0 0D

graphically diverge by several units from those fitted due to experimental
difficulties to capture dynamic yield behaviour on flow curves where a minimum
is not obvious as reported in [28] and observable as on Figure II1.12 and Figure

I11.13.
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I11.5.2. Williams Landel Ferry (WLF) parameters ( CIef T

T,

ref )

In this study, all measurements and simulations are carried at atmospheric

pressure. Therefore pressure effects are not assessed. The values for A, A, B}, B,

are adopted from literature [1] to zero the logarithmic part of the pressure

dependency functions [Eq. 11.20a] and [Eq. IL.20b]. This way, T  (P)="T

F(P)=1 and no pressure effect is accounted for in WLF equation.

ref 0

The WLF parameters C*"° and C}*'° are obtained by fitting the steady state

shear viscosity data, of a temperature sweep process, with the WLF-Model

equation.
SAMPLES CT“ Cgrefo ’1[‘;(elf R2 g:}f A, A, B, B,
[1/K] [1/K] [Pa]  [Pa]
Athabasca Bitumen1 10.62 78.20 308.15  0.97 101325 826.85  0.2958*10° 0.1696 45.92%10¢
Athabasca Bitumen 2 16.11 94.46 308.15 0.96 101325 826.85  0.2958*10° 0.1696 45.92*%10-¢
Maya Crude Oil 1 10.80 98.41 273.15 0.98 101325 826.85  0.2958*10° 0.1696 45.92*%10-¢
Maya Crude Oil 2 8.44 37.12 27315 095 101325 826.85  0.2958*10° 0.1696 45.92%10-¢
Safaniya heavy oil 1 14.78 78.23 313.15  0.99 101325 826.85  0.2958*10° 0.1696 45.92%10¢
Safaniya heavy oil 2 14.34  80.95 313.15  0.99 101325 826.85  0.2958*10° 0.1696 45.92%10¢

Table III-6 : The WLF-model parameters for Athabasca Bitumen, Maya Crude heavy oil samples studied and

Safanyia Heavy Oil.

A lineatized form of the WLF equation [Eq. I1.20] is used to plot, -1/log(ap)

versus 1/(T-T,)) .

1 l C'ZTrefO

1

- = + X
log (aTP ) C'lrrcf() C;Frcf() (

T-T,

ref 0
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The y-intercept equal to 1/C**and a slope proportional to CJ*° /C*"". The
plots of this analysis are given in Figure II1.15, Figure III.16, Figure II1.17. For
consistency purpose, two curves where fitted for every hydrocarbon material. The

values of all CT"" and C}** are summarized in Table ITI-6.

The quality of the fits is satisfactory with R? values greater than 0.9. Also, ¢
and C]*" are in the range reported by Lesueur, D. [6] for hydrocarbons. They are
used in [Eq. I1.20] with the fictive temperature Teff to calculate the shifting

factor app corresponding to a given temperature T.

II1.5.3. Tool-Narayanaswamy-Moynihan (TNM) parameters
(AH*,1n(x,), x, B)

The TNM parameters are determined for the C5 Asphaltenes. Indeed, as the
heavier fraction in Maya Crude, Athabasca Bitumen and Safaniya Heavy Oil, they

do play a determining role in the enthalpy relaxation process of those materials.
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The initial values for the TNM parameters are determined in the following steps:

1. AH' / R, the apparent activation energy, is obtained expetimentally from the
dependence of the limiting fictive temperature T on the cooling rate q. By
Plotting In|q| versus the reciprocal of the limiting fictive temperature 1/ 7'

(Figure 111.18) the slope provides:
~AH'/R =dIn(q)/d(1/T,) [Eq.111.2]

2. In(x,) is determined from [Eq. IL.4b] assuming that in the glass transition
region, 1 is of order of 1 min and =T, (= Tg). With AH*/R obtained in stepl,

In(%,) = AH' /R, +La(x,,)-

x and P are reported by many researchers in the literature [64, 67]: x = 0.45 [-] and
B =0.67[].

The four parametersAH* /R =15.8x10" K, In(t,)=—53.8[s], x=0.45 and

B=0.85 are assumed to be temperature independent in this work. They are very

sensitive to thermal history.

In order to get specific AH*/R, In(t,), xand p for Maya Crude Oil,

Athabasca Bitumen and Safaniya Heavy Oil, the C5 Asphaltenes data obtained
experimentally are used as initial guesses in a Levenberg-Marquardt algorithm
coded in MATLAB. The algorithm uses a Nonlinear Least Squares Minimization

approach to provide a set of optimized parameter that allows a best fit.
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Figure II1.17 : Plot of In|q| versus the reciprocal of the limiting fictive temperature T’ of C5
asphaltenes. The slope represents the values of AH*/R

To achieve that goal, training data set are collected from temperature sweep tests
under constant shear conditions. They are arranged into independent variable T

and dependent variablesny__ (‘T). The algorithm optimizes the parameters

for the model curve M, (X,\ll) so that the objective function, which is the sum

of squares of the deviations

S(y)= Z (Mo = Mo (Ti,\lf))z [Eq.21]

i=1
becomes minimal.

Optimum fitting data are summarized in Table ITI-7 below and illustrated on
Figure I11.19, Figure II1.20 and Figure II1.21.
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SAMPLES AH * In(7,) X B

[J/mol]
Athabasca
Bitumen 15.8%10%1.682%105" -53.8-68.302°  0.450.4525"  0.850.9"
Maya Crude I I ‘ I
oil 15.8¥1011.67%105" -53.8-80.900" 045032  0.850.53"
Safaniya I I 1 !
Heavy oil 15841071.641%105"  -53.8:-65.754"  0450.715+  0.850.86*

Table III-7 : Values of the different parameters for the TNM model from heavy oil samples

+ are optimized data obtained computationally. They are used as parameters for the simulation.

The three fluids have their activation enthalpy AH* close to that of the C5
Asphaltenes.

The pre-exponential factors In(t,) roughly similar for all three petroleum

materials, but are smaller compare to that of their heaviest constituents. That
means annealing temperature T, will affect equally the peak of heat capacity in

these hydrocarbons but a higher cy (T) peak is expected for C5 Asphaltenes. 3

measures the nonexponentiality or the breadth of the distribution of relaxation
times. Maya Crude Oil has smaller values of 3 and x. Therefore, the structure in
Maya Crude Oils has lower exponentiality (higer linearity) in their structural
relaxation process[67]. That means the average relaxation time of the system will
be faster for the structure in Maya Crude Oil but slower for the structure in
Athabasca Bitumen when compared to the C5 Asphaltenes. The physical
meaning of these four parameters and the structural consequences of their

variation is better covered in Chapter V.

These parameters will be used in [Eq. I1.16] and [Eq. I1.17] to compute the fictive
temperature Tz in simulating thermal histories. T is then used, instead of

thermodynamic temperature T, in the Williams-Landel-Ferry equation to

calculate the temperature shift factors app at a given T.
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Figure III.18 : Curve fitting for Maya Crude Oil to determine the 4 parameters of the TNM
model . Refer to Appendix 1 for the data set (Symbols are data; line is fitted).

As seen on Figure II1.19 above, the modified SK-Model is able to consistently
fit experimental data for Maya Crude Oil rheology over a broad range of
temperature within experimental errors. The large number of parameters required
to achieve this fitting underlies the complexities associated with structural

changes and phase transitions when cooling.

The regression of Athabasca Bitumen (Figure II1.20 ) shows an overall good fit
with a slight divergence, between 290K and 270K, where the calculated viscosity
are, to some extent, higher than experimental data. Issues associated with thermal

equilibrium during measurements causes the lower temperature viscosity to vary

erratically.
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Figure IIL.19 : Temperature Sweep curve fitting for Athabasca Bitumen to determine the 4
parameters of the TNM model. Refer to Appendix 2 for the data set (Symbols are data; line is fit).

Similar, random variation, issue is observable on Figure II1.21 with Safaniya
Heavy Oil and is probably due to phenomenon associated with the high amont of

heavy constituents in both AB and SP samples.
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Figure III.20 : Curve fitting for Safaniya Oil to determine the 4 parameters of the TNM model.
Refers to Appendix 3 for the data set (Symbols are data; line is fitted).

In the three cases above the model was able to fit the measured apparent
viscosity by precisions within experimental error. Table ITI-8 shows a very low

%AAD with a regression coefficient close to 1.

[Material Data points % AAD R2 RMSE [Pa.s]
Maya Crude Oil 33 2.3 1.000 222
Athabasca Bitumen 27 3.5 0.999 281
Safaniya heavy Qil 27 3.8 0.999 299

Table III-8 : Summary of errors for model fitting of the native sample data (training set) using
the Modified SK-Model

The training data set, used in these fittings, are available in Appendices 1, 2 and

3, marked with a start (¥) symbol.
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MODEL PARAMETERS OIL SAMPLES PROPOSED COMMENTS
AB MCO SP VALUES
PR Tref [K] 308.15¢ 273.15¢  313.15¢ - In the literature [6], temperature-dependency of thg
. B relaxation processes in bitumen and heavy oils ard
= p y
I g " modelled using constants values of C; and Cy, with Tref]
S S ClT“"m 10.62¢f 10.8<f 14.34<f 11! as fluid dependent parameter. Here, the values of C
; i =11 and Cz =80 are in the range proposed by Lesucuf
< £ CTref0 78.2¢f 98.41¢<f 80.95¢<f 80! et al [41]. Tref is the value that allow a better regression
= 2 of the temperature sweep data with [Eq. I11.1]
n 0.485<f  0.701<f  0.373<f - The flow cutve parameters pottray the fingerprint of
the fluid being modeled. They are fluid specific and
of of of ) need to be determined experimentally at Tref where thg
K 55.78 17 29 material is structure and manifests yield behaviours. Thg
19} 3720¢f 13ef 4960 <f - model accuracy depends on the quality of the methqd
S GO [Pa] used to collect these data. The method used in this
Q wortk is detailed in 111.2.4.
ef ef ef -
% G [Pa] 847.7 1 637
E 0D
n. [Pas] 565 <f 18 <f 1650 <f -
fs
n [Pas] 13.77<f 1ef 4.009¢<f -
L, AH * [K]/mol] ekl 168.2f 167 ¢ 164_1f - The pre-exponential parameter (T, ) and AH" are
g § ’g T 2 17%10-30f 7.34%10-3612.78%10-31  1.75%10301  linearly related [67] therefore T, will be keep constant
4 0
7 g g = while using AH ™ as adjustable parameter. The chosen
fess x 045  032°  0.72°f - .
-5 < values of T, and B are in close to those reported
% B 0.9¢ 0.53¢ 0.86¢ 09! by many tesearchers in the literature [64, 67, 97| fof
amorphous materials.
a 1! 1! 1! 1! The six parameters of the thixotropic equation [Eq,
” | 1 X I1.14], namely: Gg, m, a, b, ¢, and 1 are chosen form|
L b i 1 1 1 literature. The kinetics orders for the build up and
Q break-up processes follows usually a simple orde
g c 0.1 0.1 0.1! 0.1! P _p ! P
‘g kinetics[57] giving a=b=1. Since the shear modulus G
— Tyef .0 and the yield stress S are related to the structure of thd
s G re O ¢ O ¢ O ¢ O ¢ . .
= fs 0 0 0 0 un-yiclded material they are assumed be equal as
0 reported in [17].
g m 0.1 0.1 0.1 0.1'
n
t[nm] 5! 5! 51 5!

Table III-9 : List of parameter values determined from experimentation ¢ and fitting f or from literature L AB is for Athabasca bitumen, MCO

represents Maya crude oil and SP if for Safaniya vacuum residue.
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II1. 6. THE MODIFIED — STRUCTURAL KINETICS MODEL FOR

HYDROCARBON MATERIALS

I11.6.1. Reduction of model constants

From analysis done above on the three feedstocks (Maya Crude Oil, Athabasca
Bitumen and Safaniya Vacuum Residue) , it appears that some parameters are

Tref 50
fs

fluid specific (n )

Tief 50, Tref 50, Tief 50, Tyef 0
re ; G re o re o«

5 n us s b oD 0 ;nTref() > I<Tref(] ) aﬂd Change

with the type of fluid, while others can be considered material dependent
> “ref0>

(CTTrcfo,Cgrcfo T AH * /R, 1n(10), X, B), as they are similar for

petroleum materials. A summary of those parameters and simplification

comments are shown on Table III-9 .

The WLF coefficients ( C?CFO,C?CFO) are more or less the same for Athabasca

Bitumen and Safaniya Vacuum Residue but diverge, to some extent, from the
values for Maya Crude Oil. This suggests that hydrocarbon materials with high
content of heavy-components behave, somewhat, differently from those with
lower content of heavy-constituent. To account for these differences,
temperature dependency parameters will be compensated by adjusting the value

of the reference temperature (T.) while using CI® =11 and CI"** =80 for

the three fluids.

Among the TNM parameters (AH */R, In(1,), x, ﬁ) , supposing that
In(t,)is constant and the same for the feedstock analysed in this study, implies

“thermorheological simplicity” [64]. This was confirmed earlier with the black

diagram on Figure I1.4 | Figure I1.6 and Figure II.5 in accordance with the

Mavridis criteria [45]. Therefore,T, =1.75%10" [S]Will be used as material

constant. The dimensionless parameter [ is a direct measure of
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nonexponentiality or, equivalently, the breadth of the distribution of relaxation

times. Smaller values of B corresponds to increased nonexponentiality.
Typically, B lies in the range of 0 to 1 [67]. Therefore the value of B=0.9

common to Athabasca Bitumen and Safaniya Heavy Oil will be adopted.
However, because of their considerable differences and their respective effects on
the fitting procedure, the nonlinearity parameter x and the relaxation enthalpy

AH * will be used as adjustable parameters in the TNM model.

From the above assertions, it results that in addition to the flow curve

Teef 0, on Tref 50, Tief 50, Tye 50, Teef 50, .
parameters (n&“ M5 G O 6 s KTMO), there are three

parameters in the Modified SK Model, namely : ( T, x, AH*) .

II1.6.2. The modified Structural Kinetics equation

As explained in I1.4.2 and illustrated in Figure I1.3, three regions have to be
separated when modelling the temperature effects on the flow behaviour of
hydrocarbon materials. At high temperatures, the near Newtonian behaviour is
dominated by the flow response of the structure-free liquid matrix. At low
temperatures the flow response is an elastic one, dominated by a soft-solid
material response. The transition from one plateau to the other is where time-
dependent and shear-thinning rheology occurs. In modelling these transitions,

one can use the temperature dependency of all 7 parameters

Tt 0 o Toef 0. ~Toer 0. Trep a0 Tef 0. .
(n&m Ml Gl gl gl KTMO) from the steady state flow

curve, measured at reference temperature T, . This approach is laborious and
amplifies errors associated with inaccuracies in the temperature dependency of

these 7 fluid properties.
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A more straightforward approach consists of considering that the a and b
transitions occur according to a sigmoid like behaviour [98]. The following form

is proposed:

TP (-
. ng Y
n (1.T)=n;"+ ) [Eq. IIL4]
( I:( chf Jj
1—exp| =S} 1-—
TrefO

where the high limiting viscosity plateau (shear dependent) is

Nes (V) =2 N (¥), the low limiting viscosity value (shear independent) is

TP _ | Tref0 . L
Mus =agp M, and the rate of transition process is given by 8.

¢ Maya Crude Oil  m Athabasca Bitumen A Safaniya Crude Oil

1.2 -
[ y=-5.672x+14.664
17 R?= 0.9602
ly=-8.5221x+20.775
_ 08 - R?= 0.9802
T 06 ”
"Ea L
2 [
04 -+
G 1 y = -5.8053x + 14.887
[ R?= 0.9966
0 * .
23 2.35 2.4 2.45 2.5 2.55

log(T)

Figure III.21 : Representation of the viscosity-temperature susceptibility of the bitumen and
heavy oils

Page | 77



S is the viscosity-temperature susceptibility coefficient and is represented by the
slope the log(log(n;p )) vs log(T) plot. The literature report, S to vary from

—3.36 to —3.98 for 50 asphalt binders [99] and measures the rate of change of

viscosity with temperature.

The plots in Figure II1.16 suggest that Maya crude oil (S=-8.5) is less susceptible
to temperature than Athabasca Bitumen (8=-5.7) and Safaniya materials (§=-5.8)
but the impact of this parameter is slight and a common value of S=-7 was

adopted.

In this way, by measuring rheological flow curve data at a reference temperature,
T, ., and knowing the temperature dependency parameters as well as the kinetics
of the structural parameters, one can predict the rheological response at any other

temperature under any shear condition.

The modified Structural Kinetics Model has the following form:

Tref0 /¢
ngév (Y’T) =a- nss (Y) + n”{f:f() [Eq. HI.S]
{ [( chf )J
l—exp| =S 1——"
ref 0
with:
a,, the temperature shift function at obtained by [Eq. I1.207] .

n:efo () the shear dependent viscosity as calculated using [Eq. IL11’] .

Tref 0 . .
" 7, theunstructured viscosity from flow curve measurement at T,

T

ref

T, the pseudo temperature from the TNM equation Eq.IL16"].

. . C . Tref 0 Tref0 .
" S the rate of viscosity transition (from 1 " to N ) with temperature.

, the reference temperatures as reported on Table III-9.
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II1. 7. SUMMARY
I11.7.1. Overview

The training data set was used to fit preliminary parameter values, for the three
feedstocks. Some of these parameters were easily determined experimentally but
many of them were a challenge to identify and were estimated computationally
through an optimisation procedure based on a Levenberg-Marquardt fitting
algorithm coded in MATLAB. The similarity of some of these parameters,
among feedstocks, allowed a simplification and generalization of the rheological
model. This led to a reduction of the adjustable parameters, per feedstock, to

three ( Tur» x, AH*). A modified Structural Kinetics Model was elaborated

>

and summarized below in Table ITI-7. Consequently, by measuring rheological

Tief 0, 0q Tref 50, Tret .0, Tref,0 , Tref 0
m e Gy o e o

. . o S Do at a reference

flow curve data(n K

Tref O )
temperature, T, o, and knowing the temperature shift function app as well as the

kinetics of the structural parameters A, rheological responses can be predicted at

any other temperature under several shear conditions.
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I11.7.2. The proposed rheological model for hydrocarbon materials

MODEL
THE MODIFIED STRUCTURAL KINETICS MODEL
FEATURES
VISCO-ELASTICITY T,P
(et ] ; o G(A) = -k(f)l [Eq.IL.8]
T] .
nvis (7\4) : Y = Gtot + Ctot* (—ws j [Eq. II.7] 2
G(A) n.
M) =| =1 M, [Eq. IL10a]
",
THIXOTROPY g
(TIME DEPENDENCY) a1 A o o ) In |:T]§s (’Y):' —1In |:T'| ]
—=—(1=-%) =|(A=%) | — | | =——— [Eq.IL14] A (Y)= [Eq. IL10]
de 20 ) \Mu(hg)-7 In[n, |-In[n_ ]
STEADY STATE where
(SHEAR DEPENDENCY) -~ ¥
nf- Tref 0 1L
e o TrefO __ Tref0 _ _TrefO) 7 Tref 0
)= 1-e (— + I{T’C”.y<“‘”]+ n" Eqiir] %« T (Go % ) e M to,
y n;ref ,0 ; nief ,0; GZref 50 , G?;;;f ’O; Ggref ,0 ; nTref(J ’ I{Trefo
are obtained from flow curve at reference temperature
THERMAL HISTORY 0.9 . .
N N AT [k ) d t t
T, (T)=T,+2ZAT,- l—exp(—(z rti) j EQILI®] ¢ —J) /(qjlk,;) during temperature jump
= =i " |At/(t,) during annealingstep
(T, (T)-T,;) :
— e re: . _ AH 1 _
Log(a“’) 80+ T, (T)-T (Eq T, =1.75x10"" -exp| —— i—ﬂ [Eq. IL.17°]
eff ref P T Teff_l
11.20°]
MODIFIED -1 i
STRUCTURAL KINETICS fSE[PTTe—“] Tref0 _ ( IO _ k0 ) ce T 4 GTeef0,
EQUATION T];ljs’P (T’ ’}./’ 7\4) =ap- 1—e ref0 5 ng;ef() (YS }L) + nz’sp [Eq IIIS’] str 0 0D oo
. - TP _ (2 Teef,0
M = e = e, O SORT Ay
MODEL PARAMETERS
AH*; x; T

ref O

Table III-10 : modified Structural Kinetics Model for petroleum fluids. The apostrophe () beside the equations numbers help distinguish from those in

the primary form.
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Chapter IV:
ROBUSTNESS OF
MODEL PREDICTIONS

IV. 1. INTRODUCTION

The model proposed in Table III-10 is intended to evaluate the effects of shear
and temperature on flow properties of complex materials in which structural

mutations are taking place.

The set of parameters pertaining to Maya Crude Oil, Athabasca Bitumen and

Safaniya Heavy Oil were adopted form literature(Gfs,m,a,b,ca dll) and

through experimentation and fitting procedures(n, K, 6,, Oyp, MNs» nus),

( Cler e Trd.) and (AH * /R, ln(TO), X, B) . Using those parameters, a

2
series of flow simulations will be run to assess the aptitudes of the proposed

model.

Preliminarily, the basic features, of the proposed model, will be assessed through
transient and steady state calculation for Maya Crude Oil. The goal is to have an
idea about the model capability to eventually compute such flows. Therefore the
model will be run to calculated the start-up of flow (at 268.15K (-5°C)) and the
steady state viscosity cutrve (at 265.15K (-8°C)) of Maya Crude Oil.
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Subsequently, the ability of the modified SK-Model to simulate the resistance to
flow, for Maya Crude Oil (MCO), Athabasca Bitumen (AB) and Safaniya Heavy

Oil (SP) and their nano-filtered fractions are evaluated.

To assess the extrapolation capability for the feedstocks, the model was run
under flow conditions, not used to determine model parameters, and the results
are compared with the extrapolation data set. Two stars (**) are used to
distinguish these data from the training data set. The prediction capability of the
model was evaluated through the calculation of flow properties for nano-filtered
fractions obtained from the feedstocks which possess more or less structured
phase than the feedstocks but are otherwise similar. Three stars (***) designate
the predictions data sets. Absolute Average Deviation (AAD), Coefficient of
Determination (R%) and Root Mean Square Errors (RMSE) are the statistical tools

used to determine calculation quality.

%AAD ="

. , n

i

The extrapolation data sets, for samples of Maya Crude Oil, Athabasca Bitumen
and Safaniya Heavy Oil, as well as the prediction data sets, for nano filtered
samples, were culled from tests done in the context of this thesis but also from
results of previous tests available in the laboratory, many of which have been
reported in the literature [16] and [37]. These data were also obtained using the
Gemini HR NanoRheometer. Calculated and experimental values are represented
graphically in this chapter and organized in tables through Appendices 1, 2 and

3. The raw laboratory data (training, extrapolation and prediction data sets) as
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well as the computer code use for the calculation are provided as supplementary

materials to this thesis.

IV. 2. BASIC FEATURES OF THE MODEL

IV.2.1. Simulation Algorithm
The calculation approach for this isothermal process is as follow:
Step 1 The thermal history leading to the isothermal condition are input in the

TNM model (Heating or cooling rate; Initial and annealing temperatures;

Annealing Time after each temperature step and at annealing temperature).

Step 2 Base on these data the TNM model will generate a value of fictive

temperature Ty, corresponding to the isothermal state.

Step 3 The WLF parameters (C*"" and C]*") and the pressure dependency
parameters (Al; A2; B1; B2) are specified to the WLF model.

Step 5 Using the value of fictive temperatures (instead of the thermodynamic
temperature), the WLF Model computes a shift function dyp for the isothermal

condition T.

Step 6 The corresponding flow curve parameters (n, K, 6,, 6yp, Nes T]us)

are then calculated using Ayp .

Step 7 SK-Model is then integrated to calculate the flow properties for the
corresponding temperature and shear stresses (shear stress sweep) or shear rates

(shear rate sweep).
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1- Thermal treatment information
e Heating or cooling rate
e Initial and final temperatures

e Annealing Time after each temperature step

A
2- TNM-Model

Tool-Narayanaswamy-Moynihan

e TNM optimized parameters
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Figure IV.2 : Prediction of a Start-up of steady shear rate for a sample of Maya Crude oil
initially at rest. A shear stress overshoot can be observed (Symbols are data; lines are
simulated).

IV.2.2. Start-up of flow

After a shear flow condition has been imposed on a fluid for a long period of
time, the shear stress often (but not always) comes to a steady state. That fact
depends on the imposed shear rate and temperature. During Start-up, the
complex fluid is initially a rest and thus fully structured (A=1). For the example

shown in Figure IV.2, at t=0, a shear rate of y =107 [1/5] is applied and kept

constant for a period of time. The shear stress response is observed. The model

predicts a stress overshoot, partially observable on the experimental curve.
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At the early time of inception of flow, the stress increases linearly to reach a
maximum. It then falls down progressively to finally level off as steady state is
approached. The brief linear behaviour at eatly times is related to the elastic
deformation of the virgin structure present in the fluid, while the stress overshoot
indicates a dramatic breakup of the microstructure. The experimental data evolve
toward an asymptotic value of 27Pa, for shear stress as predicted by the model.
The shape and the behaviour of this curve is typical to real materials ( elastic-
thixotropic) as describe in Figure 1 of [27] . Thus, parameters identified at lower

temperature (263.15K) are capable of computing transient flow at higher
temperature (268.15K).
IV.2.3. Shear rate ramp-up experiment

This type of flow is characterized by a step increase in shear rate followed by a
holding time to allow steady state to de reached. At steady state the shear rate and

the shear stress are constant.

A sample of Maya Crude Oil was sheared isothermally at 265.15K (-8°C). The

experimental and predicted rheological curves are shown below on Figure IV.3.
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Figute IV.3 : Simulation of experimental flow curves for Maya crude oil at 265.15K(-8°C).
Symbols are data; line is calculated.

On application of shear rate, the sample, initially acts as an elastic solid. The
steady state viscosity appears to be constant as a higher shear rate is applied. The
sample is effectively absorbing energy and as result, resists flow. When the yield
stress is reached, the sample starts to flow and the measured viscosity starts to
decrease. A strong decline of the viscosity curve happens at Yo =1072[1/s]
which corresponds to the transition from static to dynamic yield stress
Gob =Tob XN =107 x1189 =11.89[Pa] - This value is lower than the dynamic
yield stress (20Pa) reported in Table III-3 for a lower temperature 273.15K (-

10°C), corroborating the decrease of yield stress as temperatute increases.
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Figure IV.4 : Evolution of fictive temperature T, when cooling at -3K/min.
IV.2.4. Tracking thermal history

Samples of Athabasca Bitumen Maya Crude Oil and Safaniya Oil, initially at
constant temperature, are cooled slowly (q=-3K/min) to low temperatures.

Rheological measurements were performed at constant shear rate y = cte[1/s]
and constant shear stress Gzcte[Pa] . While cooling, the fictive temperature

remains identical to the thermodynamic temperature as long as the fluid structure
is able to relax toward equilibrium (Figure IV.4). The transition to the limiting
value of T occurs almost at the same value of temperature (T=280K) for
Athabasca Bitumen and Safaniya Heavy Oil (Figure IV.5) while lower

temperature (T=220K) is needed for Maya Crude Oil.
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Figure IV.5 :Plot of simulated temperature shift functions for the hydrocarbon materials when

cooling at -3K/min.

When the time scale of the relaxation process becomes longer than the time scale
of the experiment, a transition to a constant value of T, occurs and a B-transition
[6], i.e.: a transition from viscoelastic flow to elastic glassy behaviour, takes place..
This transition is attributed to the glass transition of the Newtonian liquid phase
and leads to a constant value of the temperature shift factor (a;p) as shown in
Figure IV.5. In the original WLF equation, a, increases toward infinity, causing
a significant deviation from test data [86, 100]. Therefore the validity of the
classic WLF model is being extended, here, to low temperatures region using the

T, instead of T.
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When samples are kept at constant temperature for a sufficiently long time
(annealing or ageing) to allow the structured phase to relax, the fictive

temperature approaches the thermodynamic temperature promoting viscosity.

IV. 3. COMPUTING THE FLOW RESPONSES OF FEEDSTOCKS

IV.3.1. Simulation Algorithm

The simulation procedure for a temperature sweep processes (Figure IV.6) is

similar as the one on Figure IV.1:

Step 1 Specification of thermal conditions as input to the TNM model (Heating
or cooling rate; Initial and final temperatures; Annealing Time after each

temperature step).

Step 2 Base on these data the TNM model will generate a Table of fictive

temperature Ty

Step 3 The WLF parameters (C*"" and C]*) and the pressure dependency
parameters (Al; A2; B1; B2) are specified to the WLF equation.

Step 5 Using the table of fictive temperatures (instead of the thermodynamic
temperature), the WLF Model computes a set values for the shift function arp as

function of Temperature T.

Step 6 The shift function values are used to calculate the flow curve parameters

at each temperature duting the cooling/heating process.

Step 7 In the case of constant shear stress procedure, [Eq. I11.14] is integrated

until steady state is reached.
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IV.3.2. Flow behaviours of Maya Crude Oil, Athabasca Bitumen and
Safaniya Heavy Oil with temperature

The thermal susceptibility of the three feedstocks is evaluated through a

temperature sweep test, at cooling rate of q=-3°K/min under a controlled stress

mode for different values of shear stresses. The model calculations were done

using the flow curve parameters (n, K, 6,, Oyp, Ne» T]us) of:

* Maya Crude Oil MCO) at T, =273.15[K]
* Athabasca Bitumen (AB) at T, =308.15[K]

* And Safaniya Heavy Oil (SP) at T, =313.15[K]

The temperature shift function ap is computed using the effective temperatures
T into [Eq. I1.20]. For every temperature step, [Eq. I1.14] is integrated until
steady stated is reached. The corresponding value of shear rate and I are
respectively used in [Eq. I1.11] and [Eq. 11.10a] to calculate, in two different ways,
the steady state viscosity. Both value of steady state shear viscosity should agree,

when the calculation is performed accurately.

For Maya Crude Oil (Figure IV.7), the model is able to predict a shear stress
dependence of b-transition. Indeed the transition from viscoelastic to plastic
region occurs around 240K for 50Pa and 220K for 500Pa. In the region of 350K,
the a-transition from Newtonian to Viscoelastic behaviour occurs. In between
these two transitions, the rheology of MCO is calculated to be strongly shear
dependant. Indeed, it is appears on Figure IV.7 that increasing the shear stress

by one decade, results in about ten times reduction in resistance to flow.
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When the calculated values are compared to experimental data, even if some
differences are observable, the trends and transitions are similar and in acceptable
agreement as illustrated using scatter plots - Figure IV.10. The flow response of
Athabasca Bitumen (AB) was computed under various shear stress conditions (

6=50Pa, 6=500Pa and 6 =1200Pa). The model is able to predict that the b-

transition depends not only on the level of shear stress but also on the amount of
heavy component present in the material. Indeed the transition from viscoelastic
to plastic region occurs around 270K if AB is sheared below 500Pa and
approximately 280K when the stress level is 1200Pa.

Athabasca Bitumen (Figure IV.8) has a shear thinning behaviour more
pronounced at lower temperatures and merely noticeable at high temperatures
where less structure is present. At high temperature the consistency of the
material is so high that no major reduction of viscosity is observed when it is
sheared below 500Pa. Comparisons of calculated and measured values are
illustrated on the dispersion plots on Figure IV.11. The presence of a structured
network adds more complexity to the flow behaviour of Athabasca Bitumen
causing some random variations in flow measurement at low temperatures. But in
general, the overall rheological trend and transition are well observed by the
model.Safanyia Heavy Oil samples were simulated under similar shear conditions
and thermal history as for Athabasca Bitumen. The model values (Figure IV.9)
show similar behaviour to AB. Indeed, the transition from the viscoelastic to the
plastic region occurs around 270K if SP is sheared below 500Pa and
approximately 300K if the stress level is 1500Pa. Agreement between the model
and experimental measurements are illustrated on the scattered plots in Figure

IV.11. A good accuracy is observed through the whole range of temperature.
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IV.3.3. Model quality

On Table IV-1, the %AAD between predicted values of viscosity and the

experimental one are below 10% and the regression coefficients (R*) are close to

unity. That reveals a strong flexibility, a high fitting capability, and more

importantly, a decent prediction ability of the Modified SK-Model for the native

feedstock. The reason for elevated values of RMSE observed in Athabasca

Bitumen and Safaniya Heavy Oil can be better understood by looking at the
scatter plots -Figure IV.10 and Figure IV.11. For Maya Crude Oil little

divergence is observed over the range of temperatures covered and

Shear Stress of 100 [Pa]

Materials Process Data points % AAD R2 RMSE[Pa.s]
COOling from 450K to 150K at 26 1% 1.000 156

MCO Shear stress of 500 [Pa] )
COOﬁng from 450K to 150K at 30 20/, 1.000 40.8
Shear stress of 50 [Pa]
COOﬁng from 450K to 200K at 26 99, 0.987 3584
Shear Stress of 50 [Pa]

AB COOling from 450K to 200K at 26 6% 0.988 746
Shear Stress of 1200 [Pa]
COOling from 450K to 200K at 26 99, 0.994 5629
Shear Stress of 500 [Pa]
Shear Stress of 50 [Pa]
Cooling from 450K to 200K at 0

5P Shear Sgtress of 1500 [Pa] 2 1 0932 3090
Cooling from 450K to 200K at 27 3% 0,998 1508

Table IV-1: Statistical results of flow predictions for Maya Crude Oil (MCO),
Athabasca Bitumen (AB) and Safaniya Heavy Oil (SP) during cooling processes.
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2 Xp pred

. 2
this makes the sum of squared residuals Z<Yi -V, ) very small and the
RMSE low. For the two other feedstocks, deviations between calculaton and

measurements occur for low temperature viscosities. The high value of viscosities

in this range of temperature (values up to 1MPa.s are expected) amplifies

i(yfkp - yi‘md )2 leading to elevated RMSE but the average absolute percentage

1

error remains less than 10%.

IV. 4. CALCULATING THE FLOW BEHAVIOUR OF NANO-FILTERED

FEEDSTOCKS
IV.4.1. Simulation Algorithm

This second evaluation involves computing the flow response of hydrocarbon
fractions with different concentrations of structured and unstructured phases
using parameters fit to the native feedstocks. The computation procedure follows
the same method as in IV.3.1. The Sudduth equation|[89] (with the coefficients
from [37]) and the Chateau-Ovarlez-Trung model[101] are used to calculate the

Tref 50, Tg»0 Tg 0 .

Tref ,0, g,
flow cutrve pararneters(nfs ;M5 0, 50,05

K; n) of nano-filtered samples.

The algorithm is illustrated in Figure IV.13. The statistical assessments are

summarized on Table IV-2. The model parameters are shown in the plots.
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IV.4.2. Flow responses of nano-filtered permeates with temperature

Nano-filtered permeates from Safanyia Heavy Oil (SP P) and Athabasca Bitumen
(AB P), are subjected to temperature variation while keeping the shear rate
constant. The model shows, in accordance with experimental data, that the b-
transition occurs around 250K independent of the shear rate and the source of
the permeate. In Figure IV.15, samples of 10nm, 20nm and 50nm permeates
from Safaniya Heavy Oil show a marked shear thinning behaviour, noticeable at
low temperatures where the presence of a network of structure dictated flow
responses. In this area the model prediction are in good agreement with
experimental data. As temperature increases a transition from the elastic plateau
to viscoelastic behaviour occurs. This transition is well predicted for 10nm and

20nm permeate samples from Athabasca Bitumen on Figure IV.14 as well.

Increasing temperature causes the viscosity curves to converge toward a shear
independent region, characteristic of Newtonian behaviour, possibly due to the
disappearance the network of structures. The model predictions diverge slightly
form experimental values as ahown in the parity plots - Figure I'V.18 and Figure
IV.19. AB-P10 and SP-P10 seem to behave similarly to flow. In fact, for the same
shear rate and a similar thermal history, both materials share a low temperature
limiting viscosity of about 1MPa.s with b-transition occurring at 260K and

almost no hysteresis upon cooling annealing and reheating.
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Figure IV.14 : Shear viscosity of Athabasca Bitumen permeates (AB-P10 and AB-P20).at Figure IV.15 : Apparent shear viscosity calculation during a temperature sweep process on
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IV.4.3. Flow responses of nano-filtered retentates with temperature

Nano-filtered retentate from Safanyia Heavy Oil (SP-R20) and Maya Crude Oil
(MCO-R5) were subjected to temperature sweep under constant shear stress.
Both retentates are so viscous that flow measurements were performed at high
temperatures. Despite that, the main evolution of the flow resistance, previously
observed in native samples and their permeate samples at low temperatures are
still apparent for those thick materials. Their reference temperatures are set at
higher values and the simulated plots can be seen on Figure IV.16 and Figure

IV.17, respectively for Maya Crude 5nm retentate and Safaniya 20nm retentate.

On Figure IV.16 the apparent viscosity has a constant value of below 370K. As
temperature increases a dramatic decline in viscosity occurs around 400K leading
to a viscoelastic region. The model predictions follow fairly well those transitions
and have a good agreement with experimental data. However the scatter plot,
Figure IV.20, reveals over prediction of experimental viscosity data at low

temperatures.

The Safaniya Heavy Oil 20nm retentate sample was measured using two
consecutive cooling procedures to cover the temperature range from 270K to
470K. The measurements are well aligned on a single curve characterized by a
low temperature plateau and a decreasing viscosity above 340K. The model is
able to predict with reasonable accuracy these transitions (Figure IV.17).
Substantial deviations, during the shift to high viscosity plateau, are noticeable in
Figure IV.21.
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Figure IV.16 : Shear viscosity of Maya Crude Oil retentate (MCO-R5).at constant shear stress  Figure IV.17 : Apparent shear viscosity calculation during a temperature sweep process on
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IV.4.4. Prediction quality

Table IV-2 shows that the maximum %AAD is 15% for the prediction data set

compared to 10% for the extrapolation data, while regression coefficients remain

above 0.98. Retentate samples have % AAD of 12% for the 5nm MCO retentate

and 6% for the SP 20nm retentate. Results for the permeates are also variable. %

AAD values vary from 1 to 15 %. The variability of prediction outcomes may

reflect uncertainty related to structured phase volume fraction. However, the

results clearly show that it is possible to use the Modified SK-Model to predict

the rheological responses of samples with different volume fractions of

structured and unstructured phases where individual phase composition is

invariant within experimental error. This is a stringent test of the model, and one

under shear stress of 500 [Pa]

typically not performed.

Materials Process Data points % AAD R?  RMSE [Pa.s]
MCO Cooling R5 from 450K to 200K 67 12% 0.985 2270

under shear stress of 100 [Pa]

Cooling P10 from 450K to 200K 30 1% 1.000 332
AB under shear rate of 107 [1/5]

Cooling P20 from 450K to 200K 30 15% 0.987 6571

under shear rate of 107 [1/5]

Cooling P10 from 450K to 200K 30 2% 0.999 1284

under shear rate of 10 [1/5s]

Cooling P20 from 450K to 200K 30 14% 0.992 5394
SP under shear rate of 107 [1/5]

Cooling P50 from 450K to 200K 42 12% 0.989 3596

under shear rate of 2¥10° [1/s]

Cooling R20 from 450K to 200K 37 6% 0.993 192

Table IV-2 : Statistical results of rheological predictions for nano-filtered samples of Maya

Crude Oil (MCO), Athabasca Bitumen (AB) and Safaniya Heavy Oil (SP).
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Figure IV.18 : Scattered diagram of calculated viscosity curve for
Athabasca Bitumen 10nm and 20nm permeates using the Modified

SK-Model. (Consult Appendix 2 for data)
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Figure IV.20 : Scattered diagram of calculated viscosity curve for
Maya Crude permeates using the Modified SK-Model. (Refer to

Appendix 1 for data)
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Figure IV.19 : Scattered plot of calculated viscosity
Safanyia permeates using the Modified SK-Model.
Appendix 3 for data)
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IV. 5. SUMMARY

The goal of this chapter was to assess how well the proposed model simulates the
effects of shear, temperature and structured phase volume fraction on the flow
behaviour "bitumen", "heavy oils" and their nano-filtered fractions. The flexibility
and the prediction quality of the model were not adversely affected by the
simplification procedure described in Chapter III. The proposed model followed
the influences of composition and stress level on the low temperature limiting
viscosity as well as the a and b transitions. %0AAD less than 15% and regression
coefficients (R close to 1, for specific fluids within the data sets, were obtained
vis-a-vis experimental viscosity measurements. Thus the practicality of the
modeling approach and the model, containing only 3 feedstocks specific
parameters, has been demonstrated. The one remaining topic, the physical
meaning of the parameters appearing in the model and their variation with
feedstock is needed to generalize the results. This important topic is addressed in

the next chapter.
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Chapter V:
MODEL ANALYSIS AND
DISCUSSION

V. 1. PARAMETER VARIATIONS

The quality of a model relies on its ability to accurately capture the physics of the
system being simulated. The model should be based on a small number of
parameters that are easily accessible through experimentation or routine usage in
the literature (see Table III-9). The complex flow behaviour of petroleum
material, with temperature, is expressed by the mean of 5 equations depending on
13 parameters. This under constrained system (more variable that equations)

required further simplification which was made possible after a fitting procedure

and literature review. Indeed, out of these 13 parameters, 4 ( Ty B;ClT“fo; C:’Cfo)

were found to be almost similar among feedstocks and 6 (Gfs,m,a,b,c a d 1)

are adopted from literature [17, 22, 92]. The remaining 3 parameters

(AH; ;X Trem) are fluid dependent variables and summarised in Table V-1.

Materials T, [K] AH* [k]] x[-]

MCO 273.15 167 0.32
AB 308.15 168 0.45
SpP 313.15 164 0.72

Table V-1: List of fluids specific variables as they change among feedstock
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V. 2. PHYSICAL MEANING OF MODEL PARAMETERS

V.2.1. Individual meaning

The proposed model, Table III-10, is based on the idea that some material
properties can be considered akin for the three feedstocks covered in this study,
and by extension to other hydrocarbon resources. Table ITI-7 shows that, even if
acceptable numerically, this approach hides some fundamental details related to

the intrinsic nature of each material.

The model captures the four fundamental aspects of the relaxation

phenomena[64] apparent in the experimental curves. <t, determines the

temperature at which the structural relaxation is noticeable on a given
“experimental time scale”, DH* determines how that temperature changes with a

change in time scale, B accounts for the non-exponential character of the

relaxation (the memory effect), and x accounts for the nonlinear character.

The non-linearity parameter x increases with the fraction of structured

constituents. In [Eq. IL.177], x, partitions the activation energy AH* of the
structural relaxation process into two parts that characterize the relative
contribution of temperature and fluid structure to the relaxation time [67].
Thus, the structure present in Safaniya Heavy Oil (x=0.715) has the higher
temperature susceptibility (changes easily with temperature) than the one present
in Athabasca Bitumen (x=0.45) and Maya Crude Oil (x= 0.32) as shown in
Figure II1.22.

DH* is the activation enthalpy for the relaxation process and expresses the
temperature dependence of the relaxation time €. The fact that DH* are almost
similar among feedstocks (168.k] for Athabasca bitumen, 167k] for Maya crude

oil and 164k] for Safaniya vacuum residue) in the spectrum implied by
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[Eq.IL.17°] signifies “thermorheological simplicity” or a “temperature
independent spectrum of relaxation times.” This parameter will be a good

candidate for further simplification of the model.

The reference temperature Tref defines the area where the flow response of
hydrocarbon fluids is equally dominated by the viscous Newtonian matrix and the
non-Newtonian structured phase. This transition region is located at higher
temperature as the concentration of heavier constituent increases. Indeed Tref is
273.15K for Maya Crude Oil is 308.15K for Athabasca Bitumen and 313.15K for
Safaniya Heavy Oil.

V.2.2. Collective meaning

The dissimilarity of model parameters, among hydrocarbons, supports the idea of
a structure present in those fluids and that disorganized in a different way, upon
shear and thermal perturbations. This relaxation mechanism is “non-linear” (since
x # 1) and has “temperature independent spectrum of relaxation times” (DH* are
almost constant among feedstocks). The phenomenology of these observations is
apparent through the disparities in temperature susceptibility and extends of
hysteresis behaviours observed in the viscosity-temperature curve (Figure V.1).
Indeed, the resistance to flow increase by 3 orders of magnitude for Maya Crude
Oil and by 6 orders magnitude for Safaniya Heavy Oil from 260K to 340K and a

more pronounced hysteresis is obvious for Safaniya Heavy Oil.

These rheological and thermodynamics evidences concur to the networked
structural nature of hydrocarbon material. When break-up occurs, at high
temperatures where the Newtonian matrix is very fluid, the rebuild process is
quick and no hysteresis is observables. At low temperature the viscous matrix

hinders this process, making the relaxation behaviour perceptible.
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Figure V.1 : Illustration of hysteresis behaviour showing how thermal annealing affects
differently the structure present is Maya Crude Oil (MCO) and Safaniya Heavy Oil (SP)

V. 3. RHEOLOGICAL EFFECTS CAUSED BY STRUCTURE

The level of shear (stress or rate) and temperature alters the structure present in
feedstocks at low temperatures. This explains why the viscoelasticity decreases
upon heating or increasing the level of shear stress or shear rate. For nano-filtered
permeates, where part of the structured material has been removed at 473.15K,
there are similarities in flow behaviours. In fact, for the same shear rate and a
similar thermal history, AB-P10 and SP-P10 have similar low temperature limiting
viscosities (Figure V.2) and their apparent shear viscosities are of a similar
magnitude. From this perspective, it can be hypothesized that the Newtonian

matrices are rheologically similar for the feedstocks covered in this study.
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Since at high temperatures the flow behaviours of feedstocks and that of their
permeate converge (Figure V.2), it can be inferred that part of the liquid matrix
contributes to the arrangement of the network of structural found at low

temperatures.
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Figure V.2 : Rheology of nano-filtered samples compared to that of native heavy Oil. Lines are
model predictions and symbols are experimental data
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V. 4. SUMMARY

In order to simplify the proposed model, some parameters were kept constant
due to their similarities between feedstocks. Analysis based on the variations of
the non-linearity parameter x reveals that samples with more physical-asphaltenes
are less sensitive to physical alteration but more susceptible to temperature. The
collective meaning of the parameters observed in this study suggests a networked
structure of petroleum material at low temperatures. Structure present in these
materials is the main source of their shear and temperature susceptibility. It
breaks down then rebuilds-up at time scale dependent on temperature. Low
temperature relaxations are slower while at high temperature equilibrium is reach
in shorter time scale. The viscous liquid matrix contributes to the arrangement of

the network of structural found at low temperatures.
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Chapter VI:
CONCLUSIONS

VI. 1. WORK ACCOMPLISHED

Heavy oils and bitumen are complex fluids at low temperature. Their flow
behaviour is strongly related to the temperature, shear and time dependence of

their structured phases.

From a practical perspective, steady state properties govern the flow in most
fields, transport and process applications as they involve steady shear flow
environments. When flow occurs, steady state is reached in a matter of minutes.
As a result, an accurate predictive tool for steady state flow properties was the
main goal of this work. To accomplish this challenging task a Maxwell
Mechanical representation was used to define these fluids as a structured phase
within a Newtonian fluid matrix. A modified Structural Kinetics model was
adopted to describe the rheological behaviour upon deformation. The effects of
intensive thermodynamic variables (temperature and pressure) are accounted for

using a free-volume based theory.

The parameters for the modified Structural Kinetics model were identified on the
basis of laboratory measurements and literature data, and then optimized using a
Levenberg-Marquardt fitting algorithm coded in MATLAB. The similarities in
these parameters allowed a generalization of the model which reduced the

adjustable parameters from 10 to 3 for each feedstock.
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The simplification procedure lumped properties of feedstocks without affecting
the flexibility and the prediction quality of the model. The maximum value of
%AAD, between the predicted viscosity and the experimental ones, is 4% for the
training data set; 10% for the extrapolation data set (temperature and rheological
conditions for the feedstocks were varied); and <15% for the prediction data set
(volume fraction of the structured phases in the feedstocks was varied). The
structure present in Safaniya Heavy Oil (x=0.715) has the highest temperature
susceptibility. Its properties change more easily with temperature than the ones

present in Athabasca Bitumen (x=0.45) and Maya Crude Oil (x= 0.32).

VI. 2. PERSPECTIVES GAINED

Simulating the flow properties of complex materials such as heavy oils and
bitumen at low temperatures is a very complex task. This work contributed in
suggesting a new approach that consists in tracking the mechanical history of
the fluid through a structural parameter A and accounting for the thermal

history by using the fictive temperature introduced Tool [65] in 1946.

VI. 3. RECOMMENDATIONS

Transient flow phenomena can be well calculated by the Modified SK-Model.
Therefore, a qualitative behaviour of this model needs to be further assessed for
experiments such as, Creep and Recovery, Cessation of flow[27], Flow
bifurcations [28] and even Oscillatory Flows. That will shed a light in how well
the model discriminates between thixotropy and viscoelasticity.By the time this
work was completed, no clear consensus about the structure and shape, of the
heavy fractions in bitumen and heavy oils, existed. However, integrating structural
probing data from SAXS techniques can bring further physical meaning to the

proposed model.
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APPENDICES

VI. 4. APPENDIX 1: TRAINING*, VALIDATION** AND

PREDICTION*** DATA SETS FOR MAYA CRUDE OIL
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Temperature Shear Stress [Pa] Shear rate[1/s]| Apparent Shear Viscosity [Pa.s]
K] Experimental Simulated
293.15 2 0.6905 1.381 1.423258152
290.15 2 0.8105 1.621 1.764797213
287.15 2 0.9945 1.989 2.2164634
284.15 2 1.3215 2.643 2.820418237|
281.15 2 1.7555 3.511 3.640477848
278.15 2 2.43 4.86 4.776174773
275.15 2 3.367 6.734 6.383238091
272.15 2 4.5615 9.123 8.711780604
269.15 2 5.92 11.84 12.20430213
266.15 2 8.25 16.5 17.70620398
263.15 2 11.645 23.29 23.81008387
260.15 2 17.175 34.35 35.27440857|
257.15 2 26.72 53.44 56.38327161
254.15 2 43.975 87.95  88.820317




251.15
248.15
245.15
242.15
239.15
236.15
233.15
230.15
227.15
224.15
221.15
218.15
215.15
212.15
209.15
206.15
203.15
200.15
197.15

N N N N N N N N N N N N N M N N DN DNDN

78
149.95
306.35

646.5
1283
2375.5
4114.5
6600
9750
13500
16950
20200
23350
25350
26650
27700
29250
29800
30400

156
299.9
612.7
1293
2566
4751
8229
13200
19500
27000
33900
40400
46700
50700
53300
55400
58500
59600
61000

160.299016
381.663142
628.508059
1386.637705
3112.117106
5200.720997
8491.77583
13748.01784
20584.72499
28605.14817
34473.83672
39947.53275
46872.8076
49173.93087
52836.47569
55888.30074
58383.92739
60389.8465)
61978.28919
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Temperature [K]Shear Stress [Pa]Shear rate[1/s]| Apparent Shear Viscosity [Pa.s]
Experimental Simulated
293.15 500 406.186909 1.381 1.230960401
291.25 500 325.225873 1.523 1.53739306
287.45 500 256.264139 1.951 1951111857
284.55 500 198.190784 2.512 2.522821641
281.75 500 149.940882 3.333 3.334647574
278.95 500 110.507602 4.495 4.524575607
275.65 500 78.9434991 6.379 6.333643752
272.15 500 54.346352 9.123 9.200249547,
267.65 500 35.8294691 13.69 13.95499327
263.35 500 22.4862145 22.43 22.23584588
259.65 500 13.3700527 36.92 37.39701049
255.95 500 7.51390238 65.08 66.5433186
252.35 500 3.99474218 122.3 125.164523
248.85 500 2.01743766 253.3 247.8391321
245.95 500 0.97419705 517 513.2431892)
242.85 500 0.4532168 1080 1103.22477]
239.35 500 0.20876975 2442 2394.982995
235.65 500 0.09621109 5270 5196.906111
231.45 500 0.04691583 10800 10657.38465
227.45 500 0.02700079 18900 18517.97848
224.15 500 0.01856234 27000 26936.25853
220.95 500 0.01457178 34100 34312.89775
218.85 500 0.01248619 40000 40044.25486
215.65 500 0.01131581 44100 44185.98392
212.55 500 0.00980812 51000 50978.16276
210.85 500 0.00960314 52000 52066.2866
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Temperature [K] Shear Stress [Pa] Shear rate[1/s] [Apparent Shear Viscosity [Pa.s]
Experimental [Simulated
293.05 50 38.7022157 1.647 1.291915697
290.65 50 24.0581996 2.054 2.078293506
288.05 50 18.3639419 2.705 2722726975
285.35 50 13.6347521 3.703 3.667100037
283.05 50 9.79198059 5.135 5.106219272
280.35 50 6.76219431 7.466 7.394049577
277.35 50 4.46841664 11.31 11.1896459]
274.75 50 2.81878155 17.53 17.73816067
271.95 50 1.70013231 29.8 29.40947573
268.75 50 0.98517223 52.23 50.75254687
266.45 50 0.55156955 88.18 90.65039944
263.65 50 0.29956515 165.9 166.9086001
260.45 50 0.15805266 316.5 316.3502666
257.25 50 0.08093176 607.4 617.8043962
253.85 50 0.04414318 1251 1266.634764
249.95 50 0.02515944 2682 2744.627863
246.45 50 0.01298026 6001 6063.585715
242.15 50 0.00658732 12000 12515.08114
236.65 50 0.00375268 22500 21710.04557
225.75 50 0.00251113 32300 31442.10552
227.85 50 0.00192046 39600 39884.92636
207.55 50 0.0016126 46500 46396.38
211.15 50 0.00144059 51100 51077.91917
224.95 50 0.00133999 54300 54295.66698
195.75 50 0.00127957 56300 56438.1187]
218.05 50 0.0012428 58000 57829.85717,
199.25 50 0.00122035 58500 58715.38915
213.25 50 0.00120668 59500 59268.49047,




198.25 50 0.00119842 59700 59608.0095

194.15 50 0.00119348 59900 59812.938
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Temperature [K]Shear Stress [Pa] Shear rate[1/s]| Apparent Shear Viscosity [Pa.s]
Experimental [Simulated
287.05 0.01493418 0.006 2.373 2.489030104
285.65 0.02062125 0.006 3.478 3.436875266
284.35 0.02906834 0.006 4.947 4.844723949
282.05 0.04191752 0.006 7.139 6.986253095
279.35 0.06198231 0.006 10.12 10.3303849
275.85 0.09423461 0.006 15.96 15.70576786
272.65 0.14775202 0.006 24.85 24.62533626
268.95 0.2396493 0.006 39.9 39.94154934
265.75 0.40309711 0.006 67.5 67.18285116
262.85 0.70357208 0.006 118 117.2620127
259.85 1.27088359 0.006 215.1 211.8139324
256.85 2.35873105 0.006 391.7 393.1218409
253.55 4.44427258 0.006 7535 740.7120969
250.25 8.36460862 0.006 1387 1394.101438
247.05 15.4339543 0.006 2573 2572.32571
243.85 27.3928751 0.006 4608 4565.479188
240.95 45.995408 0.006 7625 7665.90133¢
237.95 72.2180366 0.006 12000 12036.33944
234.95 105.485694 0.006 17800 17580.94897
232.15 143.524292 0.006 24000 23920.71538
229.45 183.048137 0.006 30700 30508.02286
226.75 220.830396 0.006 36900 36805.06596
224.05 254.515681 0.006 42300 42419.28012]
221.05 282.889447 0.006 47200 47148.24113
218.25 305.720013 0.006 51000 50953.33557]
215.35 323.425085 0.006 54000 53904.18084
212.65 336.749053 0.006 56100 56124.84222)
210.25 346.529248 0.006 57700 57754.87463




208.15
205.85
205.25
203.35
202.85

202.05

353.557692
358.515812
361.955395

364.30466
365.885505

366.933863

0.006
0.006
0.006
0.006
0.006

0.006

58900
59800
60300
60700
61000
61200

58926.28203)
59752.63535
60325.89915
60717.44328
60980.91754

61155.64381]
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Temperature [K]Shear Stress [Pa] Shear rate[1/s] | Apparent Shear Viscosity [Pa.s]
Experimental [Simulated
518.95 100 6.2215496 15.08 16.07316598
516.35 100 5.1515496 17.61 19.41163505
512.85 100 4.2528075 20.25 23.51387874
509.95 100 3.4998582 27.25 28.57258578
507.15 100 2.8707468 32.81 34.83414185
504.05 100 2.3465816 38.4 42.61518123]
501.15 100 1.9111401 46.28 52.32478794
497.75 100 1.5505202 54.97 64.49448253
495.05 100 1.2528341 69.9 79.81902552
492.25 100 1.0079388 87.74 99.21237708
488.75 100 0.8071997 109.1 123.8850869
486.05 100 0.6432842 135.5 155.4522782
482.85 100 0.5099809 175.1 196.0857571
480.15 100 0.4020416 219.7 248.7304581
476.85 100 0.3150442 201 317.4157843
474.15 100 0.2452732 342.6 407.7086479
470.85 100 0.1896163 551 527.3809003]
468.15 100 0.1454745 570.5 687.405662
464.95 100 0.110685 712.4 903.4650474)
462.25 100 0.0834546 882.1 1198.256429
459.25 100 0.0623051 1209 1605.004784
456.05 100 0.046028 1614 2172.589498
453.25 100 0.0336441 2117 2972.289765
449.95 100 0.0243598 2892 4105.118127
447.05 100 0.0175216 6421 5707.234658
444.25 100 0.012579 6710 7949.745435
440.95 100 0.0090667 6640 11029.35997
438.05 100 0.0066012 15000 15148.67729




434.85
432.05
428.75
425.85
422.95
420.05
417.25
413.95
411.15
407.85
405.05
401.75
398.95
395.75
392.85
390.15
386.85
383.95
381.25
377.95
375.15
371.95
369.05
365.85
363.05
359.85
357.05
354.25
350.95
348.15
344.85
342.15
338.85
336.15
332.85
330.25

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

0.0048807
0.0036791
0.0028344
0.002234
0.0018014
0.0014848
0.0012494
0.0010717
0.0009354
0.0008296
0.0007463
0.00068
0.0006267
0.0005835
0.0005482
0.0005192
0.0004952
0.0004753
0.0004588
0.0004449
0.0004333
0.0004236
0.0004154
0.0004085
0.0004028
0.0003979
0.0003939
0.0003905
0.0003876
0.0003852
0.0003833
0.0003816
0.0003802
0.0003791
0.0003782
0.0003774
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13300

31400

35500

63400

60400

64100

66000

88000
103000
132000
130000
151000
158000
189000
205000
223000
221000
234000
241000
239000
227000
255000
250000
252000
224000
301000
235000
277000
270000
344000
314000
274000
272000
263000
247000
316000

20488.77645
27180.33951
35280.64492
44761.85794
55512.33373
67349.06024
80037.23637
93312.56425
106902.6205
120544.9462
134000.7285
147063.8797
159565.9148
171377.3372
182406.3518
192595.7087
201918.3909
210372.7377
217977.4606
224766.8793
230786.5938
236089.7133
240733.6896
244777.7514
248280.8997
251300.4036
253890.7262
256102.8094
257983.6465
259576.0832
260918.7893
262046.3573
262989.4893
263775.2419
264427.3056
264966.3006




327.15 100 0.0003768 283000 265410.075
324.05 100 0.0003763 243000 265773.998

323.65 100 0.0003758 245000 266071.237
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VI. 5. APPENDIX 2: TRAINING*, VALIDATION** AND

PREDICTION*** DATA SETS FOR ATHABASCA BITUMEN

*Athabasca Bitumen S=2 [Pa]

Temperature [K] Shear Stress[Pa] Shear rate[1/s]|Apparent Shear Viscosity [Pa.s]

Experimental [Simulated

313.15 2 145.8316408 261.3
310.15 2 211.841014 406.1
307.15 2 316.7898852 612.8
304.15 2 489.4002703 965.3
301.15 2 784.2870498 1532
298.15 2 1310.099956 2335
295.15 2 2294.243933 3752
292.15 2 4240.797814 6442
289.15 2 8341.322436 11100
286.15 2 17489.58528 18800
283.15 2 37280.41369 33700
280.15 2 73162.3793 61600
277.15 2 124229.4622 137000
274.15 2 182818.934 240000
271.15 2 240143.6407 566000
268.15 2 290387.5598 894000
265.15 2 331225.5003 666000
262.15 2 362709.1506 502000
259.15 2 386067.0608 812000
256.15 2 402900.3356 463000
253.15 2 414756.5003 886000
250.15 2 422950.8852 764000
247.15 2 428523.3368 765000
244.15 2 432258.3405 733000
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291.6632815
423.682028
633.5797705
978.8005405)
1568.5741
2620.199912
4188.487866
8481.595628
16682.64487
18979.17056
34560.82739
146324.7586
148458.9243)
245637.8681]
580287.2815
580775.1195
662451.0005
725418.3012
772134.1217
805800.6712
829513.0006
845901.7704
857046.6737

864516.681




241.15 2 434728.5028 1080000 869457.005
238.15 2 436341.4659 1120000 872682.931

235.15 2 437381.6698 523000 874763.339
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Temperature [K] Shear Stress[Pa] Shear rate[1/s]| Apparent Shear Viscosity [Pa.s]
Experimental [Simulated
308 1200 0.321321759 363.9 385.5861104
305 1200 0.463199126 556.2 555.8389512)
302 1200 0.687575802 821.1 825.0909621
299 1200 1054837969 1247 1265.805563
296 1200 1.679543953 1974 2015.452744
293 1200 2788935813 3096 3346.722976
290 1200 4.85014152 5099 5820.169824
287 1200 8.696935176 9314 10436.32221
284 1200 15.08281152 16900 18099.37383
281 1200 23.69613291 31300 28435.35949
278 1200 33.18946175 43900 39827.35411
275 1200 42.18657137 55900 50623.88564
272 1200 49.88670842 63400 59864.0501]
269 1200 56.04530839 75100 67254.37006
266 1200 60.74880148 76200 72898.56177,
263 1200 64.22449725 79900 77069.3967|
260 1200 66.72981402 80000 80075.77682
257 1200 68.50025508 82000 82200.3061]
254 1200 69.73080126 84100 83676.96151
251 1200 70.57376929 83100 84688.52314
248 1200 71.14366193 78000 85372.39432
245 1200 71.52419576 77200 85829.03491
242 1200 71.77527154 84700 86130.32585)
239 1200 71.93899393 78200 86326.79271
236 1200 72.04450562 82300 86453.40674
233 1200 72.1116977 83300 86534.03724
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Temperature [K]

Shear Stress[Pa] Shear rate[1/s]

Apparent Shear Viscosity [Pa.s]

Experimental [Simulated
308 500 0.020613333 515 495.8344406
305 500 0.012804878 757.8 738.7768603
302 500 0.007947561 1221 1138.739682
299 500 0.004057 1962 1823.570374
296 500 0.003427397 3181 3048.538075
293 500 0.001834146 5291 5349.018511
290 500 0.001070488 9066 9911.049542
287 500 0.000691067 15400 19524.95185
284 500 0.000321667 27500 40833.06781
281 500 0.000195778 45200 85850.6956
278 500 8.47312E-05 101000 164308.1817
275 500 3.95376E-05 216000 271290.2611
272 500 2.82597E-05 366000 389575.1202
269 500 0.00002088 508000 502027.5379
266 500 1.32444E-05 667000 598497.5462
263 500 1.20217E-05 720000 675668.7271
260 500 1.27125E-05 783000 734454.1168
257 500 0.000012725 782000 777665.3822
254 500 1.21513E-05 819000 808576.8958
251 500 1.04778E-05 844000 830215.5644
248 500 8.79455E-06 823000 845091.9664
245 500 1.16488E-05 854000 855160.1834
242 500 0.00001054 839000 861878.4603
239 500 1.16963E-05 851000 866302.5249
236 500 1.19475E-05 833000 869179.0545
233 500 0.00000835 866000 871026.1722
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Temperature [K] Shear Stress[Pa] Shear rate[1/s]| Apparent Shear Viscosity [Pa.s]
Experimental Simulated
308 50 11.65578578 566.5 582.7892888
305 50 17.2650439 843.6 863.2521952
302 50 26.41349693 1342 1320.674844
299 50 41.9087341 2009 2095.436705
296 50 69.29269753 3289 3464.634877
293 50 120.0639242 5566 6003.196211]
290 50 219.4563189 9470 10972.81594
287 50 426.3969882 16500 21319.84941
284 50 880.4258611 28300 44021.29305
281 50 1833.061849 52000 91653.09243
278 50 3488.158499 105000 174407.9249
275 50 5744.213044 197000 287210.6522
272 50 8241.006536 428000 412050.3268
269 50 10617.72024 746000 530886.012
266 50 12659.02767 679000 632951.3833
263 50 14293.5037 689000 714675.1848
260 50 15539.44968 926000 776972.484
257 50 16455.77375 748000 822788.6874
254 50 17111.51101 831000 855575.5505
251 50 17570.65588 1530000 878532.7939
248 50 17886.36875 682000 894318.4374
245 50 18100.06546 954000 905003.273
242 50 18242.67127 495000 912133.5635
239 50 18336.58374 1150000 916829.1871]
236 50 18397.64776 940000 919882.388
233 50 18436.85991 648000 921842.9953
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Temperature [K]

Shear Stress[Pa] Shear rate[1/s]

Apparent Shear Viscosity [Pa.s]

ExperimentaIISimuIated

325.85
322.65
320.25
317.65
315.05
312.55
310.05
307.35
304.45
301.95
299.35
296.35
293.45
290.85
287.95
284.65
281.65
278.65
275.25
271.75
267.95
264.65
261.55
259.05
256.55
253.95

251.75

0.007144471
0.009103971
0.011747441
0.015365335

0.02039433
0.027503119
0.037736186
0.052760306
0.075297704
0.109907759
0.164439082

0.25281294
0.400544736
0.656115679
1.115378394
1.976370552
3.668775563
7.177283849

14.9013673
33.10476138

78.5517231
180.1614519

335.982003
488.8587529
594.9166867
654.1447251

683.3765827

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.001

7.083
9.188
11.69
15.23
20.5
27.33
37.15
52.28
77.23
110.4
162.4
255.2
413.2
640.6
1084
2034
3696
6996
14700
32600
79800
179000
334000
480000
592000
653000
682000

7.144470733
9.103971239
11.74744106)
15.36533508
20.39432994
27.50311876
37.73618587
52.76030644
75.29770412
109.9077587
164.4390816
252.8129398
400.5447356|
656.1156791
1115.378394
1976.370552
3668.775563
7177.283849

14901.3673]
33104.76138|

78551.7231)
180161.4519

335982.003
488858.7529
594916.6867
654144.7251

683376.5827
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Temperature [K]

Shear Stress[Pa] Shear rate[1/s]

Apparent Shear Viscosity [Pa.s]

Experimental Simulated

330.05
327.05
324.05
321.15
318.25
315.15
311.85
308.95
306.05
303.15
300.15
297.15
294.05
291.15
288.05
285.15
282.15
279.15
276.05
272.95
269.95
267.05
263.95
260.95
257.85
254.85
251.85
248.95

5.337791483
6.754940481
8.665496063
11.27837136
14.90709352
20.03495775
27.43511675

38.4001598
55.18399481
81.85616594
126.0056902
202.3276051
340.6208345
604.6757697
1139.760818
2300.835619
5014.005115

11450.3053
24586.67805
45206.72681
70358.65351
95748.12091
118264.0916
136564.4687
150573.4584
160848.8052
168149.5423
173209.7778
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0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

26.63
36.33
50.93
71.53
103.1
152.4
239.6
361.8
550.5
861.5
1372
2234
3822
6418
11100
19400
34200
62700
114000
205000
336000
481000
601000
677000
721000
749000
766000
775000

26.68895742

33.7747024
43.32748031
56.39185679

74.5354676
100.1747888
137.1755838

192.000799)
275.9199741
409.2808297|
630.0284509
1011.638026
1703.104172
3023.378849

5698.80409

11504.1781]
25070.02557
57251.52652
122933.3902

226033.634
351793.2676
478740.6046)

591320.458
682822.3435
752867.2921
804244.0258]
840747.7115
866048.8892




245.95 176646.9351 0.2 785000 883234.6753]

243.25 178941.7708 0.2 794000 894708.8539,
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VI. 6. APPENDIX 3: TRAINING*, VALIDATION** AND

PREDICTION*** DATA SETS FOR SAFANIYA HEAVY OIL
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Temperature [K] Shear Stress[Pa] Shear rate[1/s]| Apparent Shear Viscosity [Pa.s]
Experimental [Simulated
333.05 2 34.88859445 105 109.7718889
330.05 2 50.58918097 136.7 131.1783619
327.05 2 75.15214408 195.7 150.3042882
324.05 114.6557576 291.4 229.3115153
321.05 2 180.1483106 444.9 360.2966213
318.05 2 292.4340565 692.8 584.8681123
315.05 2 492.243388 1120 994.4867759
312.05 2 862.8260534 1927 1925.652107
309.05 2 1582.63071 3452 3465.261421]
306.05 2 3054.449528 6360 6408.899055
303.05 2 6236.724524 11900 11473.44905
300.05 2 13520.03228 24300 24040.06456
297.05 2 31057.41579 41700 62114.83158
294.05 2 74748.7272 86700 89497.46544)
291.05 2 184208.0841 192000 268416.1683
288.05 2 449613.6439 440000 499227.2879
285.05 2 1046370.385 1040000 1092740.771
282.05 2 2242336.923 2320000 2484673.845
279.05 2 4317631.875 5770000 5635263.749
276.05 2 7392607.731 10500000 10785215.44
273.05 2 11288727.73 49900000 22577455.46
270.05 2 15567281.78 31300000 31134563.56
267.05 2 19723758.8 87100000 39447517.63
264.05 2 23377867.01 32400000 46755734.02




261.05 2 26348290.23 63800000 52696580.4
258.05 2 28622726.97 62100000 57245453.9

255.05 2 30287692.91 27700000 60575385.8
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Temperature [K] Shear Stress[Pa]Shear rate[1/s]

Apparent Shear Viscosity [Pa.s]

ExperimentalSimulated

317
314
311
308
305
302
299
296
293
290
287
284
281
278
275
272
269
266
263
260
257
254

1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500

1.248244255
0.769231213
0.456159768
0.259103544
0.141051539

0.07618272
0.043816117
0.028148156
0.020240088
0.015957295

0.01347466
0.011954771
0.010986153
0.010351445
0.009927939

0.00964231
0.009448664
0.009317235
0.009228203
0.009168143
0.009127865
0.009101046

1411
2293
3724
6259
10720
18900
32440
53110
78980
101700
101700
117700
128400
130500
137300
138200
135700
138100
141300
139800
136800
136800

1201.68789
1949.99888
3288.32156
5789.19136
10634.4107
19689.5044
34233.9785
53289.4582
74110.3484
94000.8941

111320.06

125472.92
136535.507
144907.311
151088.768

155564.39
158752.595
160991.974
162545.196
163610.017
164331.971)

164816.22
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Temperature [K] Shear Stress[Pa]Shear rate[1/s]|Apparent Shear Viscosity [Pa.s]
Experimental [Simulated
325.45 100 0.424147705 238 235.7669248
323.15 100 0.309504735 323 323.0968342
320.85 100 0.220717435 444.9 453.06797
318.65 100 0.153419113 618.6 651.8092678
315.45 100 0.103625904 985.8 965.0096753
313.25 100 0.067773323 1463 1475.506816
310.95 100 0.042741208 2224 2339.662469
307.95 100 0.025865275 3988 3866.187358
305.65 100 0.014934126 6360 6696.073126
302.65 100 0.008171297 11900 12237.95864
299.65 100 0.004202913 24300 23793.01992
296.65 100 0.002012631 50200 49686.21485
293.55 100 0.000886857 105000 112757.7222
289.75 100 0.000354788 288000 281858.535
285.95 100 0.000129672 806000 771177.058
282.95 100 4.73944E-05 2080000 2109951.699
279.95 100 1.98094E-05 4740000 5048110.505
277.65 100 1.00798E-05 9750000 9920796.866
276.85 100 6.16154E-06 16100000 16229705.88
255.95 100 4.34707E-06 23000000 23003992.07
255.25 100 3.40487E-06 27700000 29369739.26
263.35 100 2.87232E-06 32400000 34815012.52
253.95 100 2.55291E-06 40500000 39170994.68
259.55 100 2.35353E-06 43400000 42489349.9
254.25 100 2.22587E-06 45600000 44926237.93
254.25 100 2.1429E-06 45600000 466657434
273.05 100 2.08857E-06 49900000 47879551.34
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Temperature [K] Shear Stress[Pa]Shear rate[1/s]| Apparent Shear Viscosity [Pa.s]
ExperimentalSimulated
329 50 0.001779297 165.2 170.1234048
326 50 0.000862318 241.8 239.8186354
323 50 0.000440965 327.8 345.8323389
320 50 0.000194364 503.1 511.3608221]
317 50 8.15184E-05 789.1 777.3709496
314 50 3.1673E-05 1295 1218.705333
311 50 1.28256E-05 1972 1977.296779
308 50 4.24457E-06 3533 3333.670483
305 50 1.5023E-06 5671 5868.349252)
302 50 4.26704E-07 10800 10845.9179§
299 50 1.10459E-07 21400 21184.27529
296 50 2.6187E-08 43300 44067.60324
293 50 5.48026E-09 92600 98535.47949
290 50 8.41682E-10 248000 239401.4643
287 50 1.33713E-10 592000 631950.7764
284 50 1.88118E-11 1570000 1690427.057
281 50 2.7337E-12 4530000 4023849.732
278 50 8.08393E-13 7810000 7916936.817
275 50 2.70811E-13 14300000 12961070.34
272 50 1.51422E-13 18000000 18359231.68
269 50 9.05687E-14 23500000 23407646.78
266 50 6.38841E-14 28300000 27706445.1]
263 50 5.23563E-14 30800000 31132858.66
260 50 4.59444E-14 32300000 33736421.82
257 50 4.34839E-14 32300000 35645344.52)
254 50 3.32371E-14 40700000 37006847.09
251 50 3.24054E-14 40700000 37956646.88
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Temperature [K] Shear Stress[Pa] Shear Apparent Shear Viscosity [Pa.s]
rate[1/s] |Experimental Simulated
308 0.010936705 0.0001 190.5 109.367048
305 0.018595323 0.0001 297.7 185.953234
302 0.033286151 0.0001 459.6 332.86151]
299 0.063243614 0.0001 668.6 632.436138
296 0.128844301 0.0001 1146 1288.44301
293 0.285018996 0.0001 1977 2850.18996
290 0.689225643 0.0001 3675 6892.25643
287 1732083375 0.0001 7245 17320.8338
284 4.016481537 0.0001 14100 40164.8154
281 7.896856432 0.0001 27400 78968.5643
278 13.05834062 0.0001 59500 130583.406
275 18.72573845 0.0001 124000 187257.385
272 24.14406806 0.0001 237000 241440.681
269 28.84229868 0.0001 332000 288422.987,
266 32.64318058 0.0001 381000 326431.806
263 35.56724638 0.0001 404000 355672.464
260 37.73391048 0.0001 418000 377339.105
257 39.29362908 0.0001 426000 392936.291
254 40.39086649 0.0001 430000 403908.665
251 41.1482051 0.0001 429000 411482.051
248 41.66246884 0.0001 433000 416624.688
245 42.00662951 0.0001 432000 420066.295
242 42.23388023 0.0001 437000 422338.802)
239 42.38203067 0.0001 438000 423820.307,
236 42.47741817 0.0001 435000 424774.182
233 4253807796 0.0001 436000 425380.78
230 42.57617426 0.0001 437000 425761.743
227 42.59979703 0.0001 430000 425997.97,




224 42.61425459 0.0001 440000 426142.546

221 42.62298411 0.0001 443000 426229.841
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Temperature [K] Shear Shear Apparent Shear Viscosity [Pa.s]
Stress[Pa] rate[1/s] |[Experimental [Simulated
309.25 0.161926129 0.001 213.4 161.9261291
306.25 0.251746086 0.001 344.9 251.7460862
303.05 0.40842093 0.001 507.7 408.4209299
299.95 0.695718195 0.001 824 695.718195
296.85 1.253560078 0.001 1353 1253.560078
294.15 2.410476255 0.001 2328 2410.476259
291.05 5.000042643 0.001 4381 5000.042643
287.85 11.30556318 0.001 8406 11305.56318
284.95 27.23191466 0.001 16600 27231.91466
281.85 63.10322347 0.001 33800 63103.22347
278.95 126.6400873 0.001 61100 126640.0873
275.75 213.8346922 0.001 132000 213834.6922)
273.05 311.2200623 0.001 249000 311220.0623
270.15 404.9953559 0.001 411000 404995.3559
266.85 486.4513199 0.001 529000 486451.3199
264.15 552.2960795 0.001 604000 552296.0794
261.25 602.8556981 0.001 636000 602855.6981]
257.75 640.2341963 0.001 686000 640234.1963
254.95 667.0781983 0.001 699000 667078.1983
251.95 685.9176813 0.001 708000 685917.6813
249.05 698.8902586 0.001 707000 698890.2584
245.95 707.6780753 0.001 719000 707678.0753
242.85 713.5447717 0.001 704000 713544.7717)
240.05 717.4088052 0.001 721000 717408.8052
237.05 719.9212506 0.001 713000 719921.2506
234.15 721.5344517 0.001 712000 721534.4517
231.15 722.5573633 0.001 722000 722557.3633
228.15 723.1978195 0.001 701000 723197.8195




225.15 723.593668 0.001 711000 723593.66

223.45 723.8351029 0.001 718000 723835.102

Page | 150



Temperature [K] Shear Stress[Pa] Shear rate[1/s]

Apparent Shear Viscosity
[Pa.s]

Experimental Simulated

369.35
365.75
363.25
359.65
357.25
353.45
350.95
348.55
344.95
342.55
338.95
336.45
332.75
330.35
326.65
324.25
320.65
318.25
314.45
311.95
309.55
305.85
303.55
299.85
297.45
293.75

291.35

0.005734235
0.006450263
0.007301189
0.008320157
0.009550364
0.011048713
0.012891012
0.015179496
0.018053842
0.021707587
0.026412999
0.032559431
0.040713678
0.051716951
0.066844346
0.088073738
0.118551736
0.1634257
0.231379116
0.337569708
0.509482651
0.799124954
1.309734932
2.25767112
4.12524127
8.066467931

17.07758638
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0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

0.002

1.082
1.266
1.616
1.957
2.335
2.972
3.569
4.351
5.838
7.175
9.939
12.31
17.2
21.87
31.98
41.45
69.01
119.6
251.8
382.1
560.5
952.7
1402
2487
3729
7367
11600

2.86711735)
3.22513126
3.65059459
4.16007856)
4.77518201]
5.52435627,
6.44550613
7.58974807
9.02692087
10.8537936
13.2064993]
16.2797155
20.3568391
25.8584754

33.422173]

44.036869

59.275868]
81.7128499,
115.689558]
168.784854]
254.741326
399.562477,
654.867466)
1128.83556
2062.62063}
4033.23397

8538.79319




287.75
285.35
281.65
279.25
276.65
272.75
270.25
266.45
263.95
261.55
257.65
255.15
251.45
248.75

248.55

39.61716844
98.66531373
237.9523819
496.8975414
867.9511666
1297.092524
1721.476477
2097.425071
2405.673571
2644.779079
2822.820009
2951.326643
3041.829998
3104.300248

3146.689426

0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

0.002

24900
41600
93300
163000
283000
631000
915000
1260000
1390000
1470000
1540000
1560000
1570000
1580000

1580000

19808.5842)
49332.6569)
118976.191]
248448.771]
433975.583
648546.262,
860738.239,
1048712.54
1202836.79
1322389.54]

1411410,
1475663.32,

1520915
1552150.12)

1573344.71]
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Temperature [K] Shear Stress[Pa] Shear Apparent Shear Viscosity [Pa.s]
rate[1/s] [Experimental Simulated
370.15 500 0.03541971 16900 14116.43387
367.05 500 0.02383204 22000 20980.15969
364.05 500 0.01641091 28400 30467.53579
360.95 500 0.011642579 36800 42945.81304
358.15 500 0.008539276 46700 58552.97661
354.75 500 0.006480294 61200 77156.98738
351.95 500 0.005082751 77600 98371.91741]
349.15 500 0.00411123 95100 121618.1008
346.15 500 0.003419886 118000 146203.6857
342.85 500 0.002917044 146000 171406.4224
339.85 500 0.002543989 172000 196541.7147
337.05 500 0.002262334 199000 221010.7212
333.85 500 0.002046429 228000 244328.0521
330.85 500 0.001878768 252000 266131.9152
328.05 500 0.001747146 274000 286180.9583
324.85 500 0.001642887 301000 304342.2208
321.95 500 0.001559702 318000 320574.0985
319.25 500 0.00149295 332000 334907.4155
315.85 500 0.001439152 353000 347426.8237
313.25 500 0.001395658 358000 358253.9481]
309.95 500 0.001360422 369000 367533.0365
306.95 500 0.001331844 375000 375419.3796
304.05 500 0.001308659 381000 382070.4312
300.85 500 0.001289859 388000 387639.3595
297.85 500 0.00127463 393000 392270.6607]
295.05 500 0.001262316 398000 396097.4387
291.95 500 0.00125238 404000 399239.9749
289.15 500 0.001244384 398000 401805.2543




285.95
283.15
280.15
277.05
274.25
271.05
267.75
264.95

263.45

500
500
500
500
500
500
500
500

500

0.00123797
0.001232841
0.001228757
0.001225518

0.00122296

0.00122095
0.001219377
0.001218154

0.001217208

401000
404000
401000
409000
399000
402000
404000
408000

406000

403887.1679

405567.167
406915.1961
407990.7744
408844.1309
409517.3319
410045.3543]
410457.0818

410776.2094
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