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Abstract

Both the refining of heavy oil and solvent-based recovery processhsdvy oil require

the prediction of phase behaviour. Petroleum fluids are typically aeairzed using
distillation (or gas chromatography based assays correlatiediling points); however,

the heaviest fraction (residue) of the oil is left undetermineduse the components in
this fraction have boiling points higher than the cracking temperatQurrent
commercial methods are capable of distilling about 25 to 30 wt% ofyha& and
bitumen which leaves about 70% of the oil undetermined. To improve this
characterization, true boiling point and vapour pressure of residseaitrequired. At
present, few data are available in the open literature. Neatls¢andard procedure nor
appropriate equipment is available commercially for direct vaposspre measurement

and deep vacuum distillation of heavy hydrocarbons.

A high vacuum vapour pressure measurement system was designedjctedstand
tested. The system operates at medium to high vacuum conditionspfagmogo 10
kPa) and temperatures ranging from 25 to 300 °C. The apparatus wWads useasure the
vapour pressure of three pure components, seven biodiesel samples, armttinnen
fractions with repeatability and reproducibility of literatwiata, when available, within
4%. The apparatus was also used to systematically fractionatg%8f a bitumen
sample with repeatability within 5%. The amount fractionatedentban doubles that

obtained by commercial spinning band distillation (25 wt%).



In addition, a methodology was proposed to extrapolate the vapour preshegs/pfoil
fractions beyond the accurate-measurable range (bel8WwH#) using calorimetric data.
The vapour pressure was modeled with a correlation, such as thegGation, or an
equation of state, such as the Advanced Peng Robinson EoS (APRnpteE®ented by
Virtual Materials Group Inc. The heat capacity is relatethe vapour pressure through
the Clausius_Clapeyron relationship and was used to constrain tHatammrer equation
of state parameters. Both the correlation and equation of giateaghes were tested on
the biodiesel samples. Both approaches fit the vapour pressures arwhpeaties to

within 8% and 3%, respectively.

The equation of state approach was used for the heavy oil. The stiflatdle maltene
fractions were represented with a Gaussian distribution and theltagphi@action was
represented with a Gamma distribution to account for asphaltenasseffiation. The

vapour pressure and heat capacity were predicted to within 7% and 4%, respectively

A preliminary protocol was developed for deep vacuum fractionatidmeaty oil and
bitumen. An experimental procedure was defined and an inter-conversibodriet
obtain atmospheric equivalent boiling points was formulated. Spemfsatfor

additional experimental vapour pressure and heat capacity abfaabtained with the
protocol were laid out to standardize and validate the inter-converstrod. The high

vacuum vapour pressure measurement system and associated mouhogologies



expand the capability to characterize heavy oils for phase behaviodelling from

approximately 30 wt% of the oil to 60 wt% of the oil.
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CHAPTER ONE: INTRODUCTION

1.1 Overview

Petroleum is currently the most important source of energy andf®he most important
substances used by mankind worldwide. It displaced coal as the onaie 8f energy by
1965 [Enzer et al., 1975]. This transition is directly attributablég relative ease of
discovery, extraction, production, and utilization [Wiley, 2007]. It is alsed as a
feedstock for manufacturing industries in the areas of polymengends] lubricants,

cosmetics, petrochemicals, and a wide variety of other materials.

Oil demand continues to increase as energy demand increage< (Eil); however, oll
resources are finite (Figure 1.2). Oil production can be sustainesvii resources or
technologies are introduced. Currently, oil supply is based chieflyooweational oll
(medium to light oil produced from land based sandstone or carbonateonegeand to

a small extent on non-conventional oil (bitumen, heavy oil, and shale Hdyyever,
non-conventional oil reservoirs have been shown to be as vast as conveational
reservoirs (Figure 1.2) and are relatively undeveloped. Hence,kelg that there will

be a transition from conventional to non-conventional oil [Green €2@03; Hedrick et

al., 2006].
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Figure 1.2 World total resources of oil in-place (OIP); source: Instittdn€ais du
Petrole (modified from Alazard and Montadert, 1993)



One of the largest bitumen and heavy oil deposits in the world akébénta, Canada,
with an estimated oil in place (OOIP) of 2.7 trillion barrelpefroleum [Janisch, 1979;
Butler, 1991], which equates to the total inventory (cumulative producteerves, and
undiscovered estimated resources) of the world conventional crude. HoweiE992,

only about 10% of it was technically (not necessarily econom)aaboverable [Alazard
and Montadert, 1993; Wiley, 2007]. The other major deposit of heavy oil Briheco

belt reservoir in Venezuela with approximately 3 trillion bisn@OIP [UNITAR, 1979;
Shaw and Zou, 2007; Janisch, 1979; Butler, 1991]. Russia and the United Biates a
account for significant heavy oil and shale oil reservoirs, réispdc with
approximately 0.15 trillion barrels OOIP each [Green et al, 2088isch, 1979; Butler,

1991].

In Canada, since the 1970’s, there has been an increasing intgrestessing bitumen
and heavy oil, stemming from the discoveries of non-conventionaloasein northern-
eastern Alberta [AOSTRA, 1984]. Steam based methods have often rnptoyed to
improve heavy oil recovery [AEUB, 2006]; however, the industry isiagedkiternatives
to these methods because they are energy intensive and may baimethsoy the
available water supply. As well, some heavy oils are containedrivonate reservoirs
where adverse reactions can occur between the steam and the tearbokaSolvent
based recovery methods are a potential alternative capable oflipgohigh recovery
factors without high water requirements or potential for highperature reactions

[Jiang, 1997].



The design, implementation, and optimization of such technologies rely ggaoh
understanding of both reservoir and heavy oil characteristicagf8p&999], particularly
the interaction of the solvents with the heavy oil which is expectde complex [Shaw
and Zou, 2007], showing multiple liquid phases [Mehrotra et al. 1985; BadanubéinZa
et al., 2009a] and alsphaltene precipitation [Alboudwarej et al. 2005]e &ins not
practical to collect data for all possible combinations of heaWwyand solvent, a
modelling framework is required to predict phase behaviour and physicpérties

based on the available data.

Cubic equations of state (CE0S) are used in most commerciallagoms for predicting
hydrocarbon phase behaviour. To obtain an accurate CEoS model, the fluitrshbe
characterized; that is, divided into a set of real and/or hypadhetamponents with
assigned properties. Typically, in refinery applications, a patrolfluid is characterized
for a CEoS based on its distillation curve. A distillation curvensbably the most
important assay in petroleum industry because it is easy tourseasd a single assay
provides a large amount of information. For reservoir fluids, a siraparoach is used

based on gas chromatography [Castellanos Diaz et al., 2011].

However, the use of CEo0S for heavy oils and bitumen/solvent mixtgrasore
challenging than conventional oil modeling since the charaatenz of the petroleum
fluid from the distillation curve is incomplete (Figure 1.3). Distion techniques are

limited by thermal cracking which occurs around ¥0Most of a heavy oil or bitumen



5
will not distil below this temperature even with vacuum digtdla On average, the

distillable fraction makes up to 50 wt% of a heavy oil and only aBéuwt% of a

bitumen.
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Figure 1.3 Schematic true boiling point (TBP) curve of bitumen; shadowedmegileft
undetermined by standard distillation techniques

Flash calculations involving heavy oils pose another challenge ba®wey oil/solvent
interactions may lead to the appearance of multiple liquid phasesmad pressure or
composition changes [Shaw and Zou, 2007]. The liquid-liquid phase behaviour of
bitumen is dominated by the non-distillable fraction, particulary dbphaltenes which

are the highest boiling 10 to 20 wt% of the distillation assay, €igu8 [Castellanos
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Diaz et al.,, 2011]. Hence, it is essential to characterizendimedistillable fraction of

heavy oil and bitumen based on measured experimental data.

Commercial atmospheric distillation techniques such as ASTM D8, BBd ASTM
D2887 can distil about 10% of a bitumen whereas commercial vacuurhatiosti
techniques such as ASTM D1160 and the Spinning Band Distillation techreqeeate
fractions up to about 25 to 30 wt%. The latter techniques operatesatipge close to 1.3

10" kPa (1 mmHg) [Riazi, 2005].

Distillation behaviour is related to the relative volatility tbe components comprising
the fluid, which, in turn, is directly related to the vapour pressdirthe substances.
Therefore, vapour pressure data for the residue fraction of lodaayd bitumen is a key
property in characterizing and modeling heavy oil and bitumen inrgenand in
extrapolating the TBP curve in particular. While much research bleas directed
towards obtaining transport and thermodynamic properties of heavyaibitumen;

there is a lack of reliable vapour pressure data [Schwarz et al., 1986].

Currently, neither a standard procedure nor appropriate equipmentailbbe
commercially for direct vapour pressure measurement of healrpt¢arbons as well as
for distillation of heavy hydrocarbon at pressures below kBa. Medium to high
vacuum conditions (pressures below®1RPa) are required to obtain vapour-liquid-
equilibria at temperatures below the cracking point. At these wtomsli new

methodologies are required to validate and extrapolate the data.



1.2 Objectives

The main goal of this thesis is to develop an apparatus to tcadlpour pressure data at
high vacuum conditions and to generate heavy oil and bitumen fractionagondbe
commercial distillation techniques. This goal is complementedhéyévelopment of a
new methodology using to characterize the non-distillable fraction a¥yheil and

bitumen based in the data collected.

Specific objectives of this thesis are:

» Design, build, and commission a vapour pressure measurement sygtdie of
sub-atmospheric pressure measurements of substances at temperaigieg
from 20 to 200 °C

» Validate the apparatus with known pure component vapour pressure data

» Obtain and assess vapour pressure data of biodiesel samples tievHiiel
performance of the apparatus with complex known mixtures. Biodaesdietter
defined organic mixtures than heavy oils and bitumens and can provioeda g
test of the proposed apparatus and methodologies. The biodiesel compas#ions
determined using gas chromatography assays coupled with mas®repéstr
(GC-MS)

* Obtain and assess heat capacity data of biodiesels to compldmenapour

pressure data and proposed methodology. Heat capacities of biodiesels
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measured using a differential scanning calorimeter (DSC).eTth&ts are used to
constrain extrapolations of the vapour pressures beld\k®a

» Develop a model to characterize heavy oil and bitumen based onnegpti
normal boiling point data. Extrapolation of the NBP curve is expeuotiag
Gaussian and Gamma distributions

* Obtain and assess vapour pressure of bitumen and fractions using the new
apparatus. The methodology developed for the biodiesels and the proposed
characterization for heavy oil and bitumen is applied

* Obtain and assess heat capacities for bitumen. The heat gaigacised to
constrain the vapour pressure model for the bitumen

* Generate definite bitumen fractions beyond 30wt% using the new appdaragus
results from this objective, in the form of a boiling point curve, woulgass
what commercial distillation techniques are capable of producing

* Generate an inter-conversion method of the boiling point generated witievthe
apparatus to normal boiling point based on the proposed bitumen chaedicteri

methodology.

The intended outcome is an apparatus to fractionate a signifigetiyer portion of
heavy oils and bitumen than is possible with existing distillatiethods. The apparatus
is to be validated against literature data and biodiesels.nfraly experimental
protocols and an inter-conversion method are to be established |agirggaund work

for a standardized method to be developed in future work.



1.3 Thesis Structure

This thesis is divided into eight more chapters:

» Chapter Two provides a literature review of the basics of heavy oi
characterization and the principles involved in the apparatus design

» Chapter Three presents the main features that were takencoaana in the
design and construction of the new apparatus, including testing prosedure
validation, and an example of the data collection procedure

* Chapter Four develops the methodology used to correlate and extrapolate
measured vapour pressure of pure components and mixtures usingcahalyti
vapour pressure equations as well as an equation of state

» Chapter Fiveintroduces the modeling results of vapour pressure of fatty acid
methyl esters, as main constituents of biodiesel fuels usingntthodology
developed in Chapter 4. The data in this section is collected from ibgetulre
sources

» Chapter Six presents experimental and modeling results of vaposumgesd
heat capacity data for biodiesels

» Chapter Seven presents experimental and modeling results of vapgsurprand
heat capacity data for bitumen and also discusses the significance ofthe dat

» Chapter Eight presents experimental and modeling results of Iitudaep
vacuum fractionation including inter-conversion methods

* Chapter Nine presents the dissertation conclusions and provides guidance f

future studies
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CHAPTER TWO: LITERATURE REVIEW

This chapter provides a review of the principles underlying the design and ctiostadc
the new high vacuum vapour pressure measurement system (HV-VBM&)laas the
assessment of vapour pressure data. The chapter has four mas pogiroleum
characterization, biodiesel characterization, vapour pressure modelihmmeasurement
methodologies, and vacuum physics. While at first sight those topgte appear to be

unrelated, they all play an important role in the development of the HV-VPMS.

The review of petroleum characterization provides a contexthierHV-VPMS and
illustrates the importance of deep fractionation of heavy oil andnleibts and how the
vapour pressure is used for oil characterization. Biodiesels swere¥iewed because
they are well defined mixtures of complex components and provideaasme compare
the results from the HV-VPMS with literature data and modetiptens. Vapour
pressure is discussed including definitions, treatment of vapour prekgarat vacuum
conditions, the vapour pressure of heavy oil and biodiesel, and measurechamnjues.
Finally, the review of vacuum physics focuses on thermal gieaison which affects

pressure measurements at deep vacuum conditions.
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2.1 Petroleum Characterization

2.1.1Definition of Petroleum

Petroleum is a naturally-occurring complex mixture comprisiagnly hydrocarbons and
variable amounts of compounds containing nitrogen, oxygen, and sulphur together wit
small amounts of metals such as nickel and vanadium. The compositg@iroieum
varies depending on its origin and it may occur in the solid (asplaltid (crude oil), or

gas (natural gas) state.

Petroleum can be classified through bulk physical properties aschoiling point,
specific gravity, viscosity, odour, or color. Crude olil is typigatlassified as light or
heavy according to its specific gravity and viscosity (Fig2u®). In particular, heavy
petroleum (heavy oil and bitumen) is defined as a liquid or solid specific gravity
values lower than 22.3 °API and viscosity values greater than 100 sRratard
conditions (15.6C and 1 atm.), Figure 2.1. The average molecular weight is higder t

300 g/mol and the normal boiling point is often higher than 500 K (230 °C).

Light crude oil is known to be rich in low boiling and paraffinic conmpads, whereas
heavy crude has greater amounts of high boiling and asphalt-tkecuhes, is more
aromatic, and contains larger amounts of hetero-atoms. Hence,ighareorrelation
between physical properties and composition [Bestougeff et al., 198&laK, 1984,
Wiley, 2007]. Figure 2.2 illustrates how the composition of some of the chemidaéfam

in a crude oil is distributed [Kinghorn, 1983, AOSTRA, 1984].
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Figure 2.1Petroleum classification according to specific gravity and visc@ibdified

from Wiley, 2007).

Asphaltenes and Resins

Heavy Oiland
Bitumen

\

Conventional
Medium Oil
\
LightQil

Aromatic Hydrocarbon Saturated Hydrocarbon

Figure 2.2IFP schematic ternary diagram for crude oil classification (Medifrom
AOSTRA, 1984).
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The complexity of the molecules in crude oils increases witlhdilang point as well as
the density, viscosity, asphalt-like molecules content, refrastoex (aromaticity), and
polarity (content of hetero-atoms and metals), Figure 2.3 [AltggtBoduszynski, 1994;
Merdrignac and Espinat, 2007]. Conventional crude oils consist of rejativeler
carbon number species and are less complex mixtures than heaviMadis.of a
conventional oil sample is distillable and there are well-estaddi methods to
characterize these fluids for phase behaviour and property modeigi, [RDOO05].
Characterization of heavy oils is more challenging because aniglatively small

fraction of the oil is distillable.

25 =

20 |-

Polar polyfunctional
compounds

Carbon number

10

-18 93 204 315 427 538 649 760°C

Atmospheric equivalent bolling point

Figure 2.3Evolution chart of molecular structures as a function of boiling point
(Modified from Merdrignac and Espinat, 2007).
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2.1.2Heavy Oil and Bitumen Chemistry and Phase Behaviour

There are few methods to describe heavy oil chemistry. Ontheofmost common
methods consists in defining its composition based on fractionation wgnsdffinity

[AOSTRA, 1984]; for example, the heavy oil can be divided into: ssyra@aromatics,
resins, asphaltenes, carbenes, and carboids, as shown in Figure 24grébps consist
of molecules with common solubility or adsorption properties. Notetlibatlassification
is arbitrary since no real boundaries in physical properties ari®ng the fractions
[AOSTRA, 1984; McFarland, 2007]. A brief description of the main chatiatites of

these groups follows:

Crude Oil
n-C7 I n-Gs
Insolubles Deasphalted Oil
Benzene/Toluene Clay
Insolubles Asphaltenes Resines Oils
CS / Pyridine Silica Gel
Carboids Carbenes Saturates Aromatics
(Insoulbles) (Solubles)

Figure 2.4 Simplified representation of crude oil by solvent fractionation (Medifrom
Speight, 1999, Riazi, 2005).
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Saturates Saturates comprise, together with aromatics, the low andumetolecular
weight fraction of heavy oil and bitumen. This fraction is solublewtboiling paraffins
and ethers. The saturate fraction consists, mainly, on long nongaslaon chains of
linear, branched, and cyclic saturated hydrocarbons. The molecutsrt wé saturates

ranges from 200 to 500 g/gmol approximately [Read and Whiteoak, 2003].

Aromatics: The aromatic fraction consists on aromatic ring aggregattés aliphatic
substitutions. This fraction comprises the low and medium moleculaghive
hydrocarbons which are soluble in low-boiling paraffin and ethers. Thecoiar weight

of oils ranges from 200 to 2000 g/gmol [Read and Whiteoak, 2003].

Resins:Resins are usually a dark viscous liquid, with molecular carbondimbgn ratio
(C/H) of approximately 1.5. The majority of the carbon moleculesaesmatic-bounded.
The molecular weight values for resins are reported to ringe 500 to 1200 g/gmol.
These values do not seem to vary with the experimental conditionthemadore it is

concluded that resins do not self-associate [Read and Whiteoak, 2003].

AsphaltenesAsphaltenes are defined as material that is insoluble in non-gmisnts
with surface tension lesser than 25 mN/m (such as n-pentane and meheta soluble

in polar solvents with surface tension greater than 25 mN/m (sumnasne or toluene).
Asphaltenes are classed according to the solvent that is usepiatate the fraction; for
example, n-C5 asphaltenes or n-C7 asphaltenes. The amount and composditien of

asphaltene fraction vary depending on the type of solvent that is used.
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Asphaltenes are black or brown highly viscous liquid that constitutenttst polar
fraction of the heavy oil. Their C/H ratio is approximately 1.h8 aost of the carbon
molecules are aromatic-bounded. The reported molecular weight of asphaftenmelito
vary with the experimental conditions such as temperature and sqotnity and
concentration. This variation can be explained by self-associdieteaviour of
asphaltenes [Yarranton and Masliyah, 1996]. Molecular weight valngsgafrom 500
to 2000 g/mol have been reported for asphaltene monomers with an avalage

ranging from 800 to 1000 g/mol [AOSTRA, 1984].

Carbenes and CarboidBhese fractions form a minor part of the heavy oil, repreggentin

highly associated and condensed products that are insoluble in ntlostsaiivents used
for petroleum assays. Their molecular weight and oxygen conthigir. They may be

oxidation products from asphaltenes [Read and Whiteoak, 2003].

The olil fractions that are soluble in low molecular weight hyalfoans such as heptane
and propane are termed maltenes. Hence, maltenes includeesataramatics, and
resins. Conventional oil consists almost entirely of maltenes.yHabsvand bitumen, on
the other hand, consist of between 80 to 90% maltenes; the remaiactmpriris

primarily asphaltenes.
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Heavy Oil Phase Behaviour

The phase behaviour of heavy oil and bitumen is expected to be sonplee fliquid-
vapour region and somewhat complex for the liquid-solid region. This ntieainsingle
liquid phases are expected on the Liquid-Vapour (LV) envelope wheraplax
vitreous transitions may occur when the heavy oil solidifies [SdravZou, 2007; Fulem

et al, 2008].

The complexity of the phase behaviour increases when the heavy roikesl with
solvents. For instance, when bitumen is mixed with supercritinalsflor solvents at
conditions closed to or above its boiling point, phase behaviour such as-Liquid-
Vapour (LLV) and asphaltene precipitation is expected [Speight, 19@@ke~2.5 shows
saturation pressures of Athabasca bitumen with carbon dioxide and propaumsgshV,
LLV, and LL regions over narrow pressure range (relative torwveseconditions)
[Badamchi-zadeh et al., 2009; Castellanos-Diaz et al., 2011]. Thies ¢y phase
behaviour is sensitive to the characterization of the medium and, ieactions of the
fluid. Hence, characterization of the non-distillable fraction oévyeoils plays a

significant role when modeling processes involving heavy oil and solvents.
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Figure 2.5Phase envelope of the system Athabasca bitumen — propane — carbon dioxide
[Modified from Badamchi-zadeh et al., 2009]; lines are drawn to follow the trends and do
not represent any specific model.

2.1.30il Characterization Methods

The design, optimization, and operation of petroleum fluids processingraethe

characterization of the oil for modeling purposes. As mentioned befowsl, sample can
be defined to some extent by its bulk properties; however, a mtaedeknowledge of
its composition is essential in order to predict physicochemioglepties of the oil, such
as calorimetric and phase equilibrium behaviour, in a reliable madoerever, the task
of identifying every one of the millions of components that emise crude oil is

impractical and virtually impossible.
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Although considerable effort has been made to identify as many comp@sepossible
in an oil sample [Smith et al. 2008], the most common compositionsexgegion of
crude oils is to lump certain components into pseudo-components thaerdmenarrow
range of properties. Computational effort and laboratory techniquéstions restrict
the actual number of pseudo-components. Typically, between five taytyseudo-
components are considered sufficient to define a crude oil [Huang ahosB 1991;

Whitson and Brulé, 2000; Riazi, 2005; Castellanos Diaz et al. 2011].

The choice of pseudo-components depends on the crude oil type, the cizatamter
method, and the available equipment [Riazi, 2005]. Traditionally, pseudo-components are
defined based on specific gravity, normal boiling point (TBP or G&ya$sand average
molecular weight [Gray et al, 1989]. Additional data such as PNAposition
(Paraffins, Naphthenes, and Aromatics), SARA composition (Seasjrairomatics,
Resins, and Asphaltenes), density, viscosity, heat capacity, and/omr yapsesaure are

used to further define the fractions. For each pseudo-component, physpairty
correlations are used to predict the critical constants anchdldgnamic properties (the
former are especially important when modeling the oil with an exuat state). Mixing

rules are used to obtain the full characterization of the fluid.

Distillation (TBP-curve, ASTM D-86, D-1160, etc), chromatography (MI'5-2887,
HPLC, HTGC-SIMDIST, SEC), and chemical class assays (FMRA) are the most
commonly used assays. Other methods are sometimes employed temsrgpthe

characterization including: refractive index (RI), nuclear nedig resonance (H-NMR,
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C-NMR), infrared spectroscopy (IR, FTIR), etc. [Leelavanichktilale 2004; Riazi,
2005; Merdrignac and Espinat, 2007]. However, distillation is the prefetiette in
industry because of its practical and economical features and skedayrovides
extensive information from a single assay. Figure 2.6 shows howlthanobe divided

into pseudo-components of equal mass fraction of boiling point interval.

0 10 20 30 40 50 60 70 80 90 100
Mass Distilled Bitumen [%]
Figure 2.6 Normal boiling point of a crude oil and compartmentalization based on equal
mass fraction distilled.

Distillation methods are limited to temperatures below approeimna&00 °C to avoid
thermal cracking. Vacuum distillation (ASTM D-86, D-1160, D-2892, and D-5236)
extends the atmospheric equivalent boiling points to approximately 838%°C). For

conventional oils (light and medium oil — Figures 2.1 and 2.2), vacuum atistill
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provides characterization of 80 to 95 wt% of the oil. However, only 20 tot3® af
heavy oil or bitumen is distillable with these methods, Figure 1.@3. skhndard
methodology is yet available to extend a distillation assélyg@emainder of a heavy oil

[Batistella et al., 2005].

Due to this limitation, there is a need to extrapolate thdldigin curve through the non-
distillable fraction for characterization of heavy oils [@lanos-Diaz et al, 2011]. One
approach is to extrapolate based on molecular weight and/or boiling roenmolecular
weight distribution and boiling point curves of conventional oils can berides using a
Gaussian distribution [Huang and Radosz, 1991]. For heavy oils, the ulaolec
distribution of maltenes can also be described using a normal (&ausisstribution.
However, asphaltenes do not seem to follow the same property aigritie maltenes
(Figure 2.3). The high molecular weight of these fractions does iset fanom chemical
bonding; rather, it seems to be a consequence of asphaltene seHtmssd€arranton

and Masliyah, 1996]. This property of the asphaltenes can be described Gamnmma
probability distribution applied to its molecular weight as opposed toGhessian
probability distribution of the maltene boiling points [Huang and Radosz, 1991;
Castellanos-Diaz et al., 2011]. Figure 2.7 shows an example utaleweight
distribution including both maltenes and asphaltenes. Figure 2.8 illgstnate the
molecular weight distribution can be divided into pseudo-components of equal mol

fraction or equal molecular weight interval.
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Figure 2.7 Simulated molecular distribution of Athabasca bitumen using a Gaussian
distribution on maltenes and a Gamma distribution on asphaltenes using VMGSim.
Distortion on the distribution is due to the number of pseudo-components.
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Although molecular weight provides a convenient method to distinguish értiire
maltenes and the asphaltenes, a number of challenges remain. dualanolveight
distribution of the self-associated asphaltenes in the crude oil damnatasured directly
and must be estimated from indirect measurements such as fitting phas®bedata to

a model. Also, the correlations used for the physical propertiesdeseloped for lighter
components and must be extrapolated for the non-distillable fradianreliability of

the extrapolations is unknowen priori. Hence any technique applied to determine the
heavy fraction’s pseudo-components needs to be assessed using expkedatansuch
as vapour pressure, calorimetric data, or phase equilibria. Arhesg,tvapour pressure

is the most relevant property for distillation extrapolation.

2.2 Biodiesel Definition

A biodiesel is the refined mixture of esters produced by theestardication of fatty
acids from vegetable oil and animal fat (fatty acid methigresor FAMES). Table 2.1
shows typical composition of biodiesels from different sources [Good2002;

Conceicao et al., 2007].

Extracted oil from vegetable and animal sources is composed of triglycevitek are a
combination of glycerol and fatty acids, as shown in Figure 2.9. TihercaadicalsR)

on the triglycerides corresponding to the fatty acids can beasadu(single bonding
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between carbon molecules) or unsaturated (double bonding in some ofriio& ca
molecules). Typically, one, two or three unsaturated carbon mole@desund in fatty
acid radicals of vegetable and animal oils. The majority of tbasaturated molecules
are found in radicals with 18 carbon molecules. Overall, the carbon nainfa¢ty acids
found in vegetable oils and animal fat ranges from C6 to C24 (Takleand 2.2).
However, the majority of these oils are comprised of six fatigs: myristic, palmitic,
stearic, oleic, linoleic, and linolenic. [Allen et al., 1999; Goodrum, 20@2ad Bruno,

2008].

O

N

AN
o |

Q O CH
Ao
R’ O—CH,

Fatty acids — Glycerol
Figure 2.9 A triglyceride: a combination of three fatty acids and a glycerol mtdec

Table 2.1Composition* of selected biodiesel from a variety of sources (composition in

mass fraction).

Source 6:0 80 100 120 140 150 160 16:1 17.08:Q 181 182 183 20:.0 201

Canola - - - - - - 8.6 0.8 0.3 45 60.7 160 75 50.1.1
Soy - - - - - - 10.6 - - 33 231 553 74 0.3 -
Rapeseed - - - - - - 4.4 - - 1.3 639 194 9.0 1.0.6

Palm - - - - 13 - 429 - - 38 412 102 02 03
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Coconut 06 91 66 474 184 - 8.3 - - 21 6.0 15-
Tallow - - - - 29 05 241 27 12 154 459 59 11 0.2

*  Nomenclature: C6:0 stands for an ester coming from the esterificationacfcawith a
carbon number equal to 6 and with a number of saturations equating to zero, Table 2.2

Table 2.2 Selected physical properties of most common fatty acid methyl eSi&s,[
2010].

FAME Formula*  NBP[K] NFP[K] MW CN C=C
M-hexanoate C6:0 423 202.85 130 7 0
M-caprylate C8:0 466.05 236.29 158 9 0
M-caprate C10:0 502.1 257.66 186 11 0
M-laurate C12:0 418.56 278.14 214 13 0
M-myristate C14.0 423.46 291.72 242 15 0
M-pentadecanoate C15:.0 440.95 291.07 256 16 0
M-palmitate C16:0 433.70 302.52 270 17 0
M-heptadecanoate C17:.0 302.64 284 18 0
M-stearate C18:0 444.69 311.63 298 19 0
M-arachidate C20:0 642.10 319.22 326 21 0
M-behenate C22:0 666.10 326.21 354 23 0
M-lignocerate C24:0 642.10 319.22 382 25 0
M-palmitoleate Cle:l 239.74 268 17 1
M-heptadecenoate Cir1 246.55** 282 18 1
M-oleate C18:1(11) 619.1 253.36 296 19 1
M-vaccenate C18:1(9) 19 1
M-cis-11-eicosenoate C20:1(11) 266.986*** 21 1
M-erucate Cc22:1 666.10 280.542*** 23 1
M-linoleate c18:2 619.10 233.92 294 19 2
M-linolenate c18:3 620.10 229.29* 292 19 3

*The formula for FAMEs is related to the originaltly acid from which the ester is formed; for
instance, C6:0 methyl hexanoate comes from hexawiicwhich have six carbon molecules
** Obtained through linear extrapolated value udiogy MW vs. 1/T

***|nterpolated from vapour pressure model, Chagger

Transesterification of vegetable oil and animal fat is usyzgiyormed with methanol

using potassium hydroxide as catalyst; this process is also kaswmethanolysis.



26
Methanol and potassium hydroxide react producing water and the radittadxide; the
latter attacks the triglyceride, dislocating the radicalsmnducing the ester mixture and
the radical glycol oxide. Finally, water reacts with the oxmleducing glycerol and

regenerating the potassium hydroxide. The balanced reactioncggisashown in Figure

2.10
0 0
ZON ZON
R, O 0—cH, R, 9 0—cCH, HO—CH,
AN | KOH AN
R, 9°0—CH +3CH;O0H — R, O 0—cH, + HO—cH
o | PaN |

Figure 2.10Methanolysis reaction equation.

Biodiesels constitute one of the most promising alternatives fool@em-based diesel
fuel (petro-diesel). Furthermore, biodiesels can be used asdobadditives, solvent, a
substitute of chlorinated hydrocarbons for industrial cleaning, asgeetsr (biodiesel
sulphonates), etc. [Starkey and Bruno, 2008; Narvaez et al., 2008]. For fgel usa
biodiesels can be used directly on an engine or can be blended wdakdiesel since

they have similar calorific power [Conceicao et al., 2007].
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As a blend, biodiesel adds lubricity to the petro-diesel, espeaallpw-sulphur fuels
(characterized by low lubricity) without adding any sulphur souneece, reducing the
emission of particulate matter. Moreover, engine firing iprowed since biodiesels are
comprised by oxygenated molecules; it is a renewable, non-mutagenicarcinogenic,
biodegradable fuel that can be domestically produced (this is alfpéciportant when
fuel sources need to be used in remote places where transportapietrosfliesel can

increase fuel prices significantly) [Conceicao et al., 2007; Ott and Bruno, 2008].

Despite the multiple beneficial features of biodiesel asehdr as a fuel blend, there are
some disadvantages that need to be assessed before implemeftngnstance, NQ
emissions may be increase due to injection properties of the biofilesda et al.,
2008], they have oxidative instability, have a tendency to absorb neotiting storage
and have poor cold flow properties at winter conditions [Goodrum and Eifr886; Ott

and Bruno, 2008].

To account for these features and to use this valuable fuel inptmab manner,
biodiesels and biodiesels/petro-diesel blends physicochemical pespsutth as density,
viscosity, and volatility, as well as the phase behaviour ofetlsgystems need to be
assessed and modeled in a consistent manner with a strong erparirdata
background. However, the fact that biodiesels and petro-dieselsueneckemically

different substances makes this task difficult [Ott and Bruno, 2008].
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Currently, experimental physical property data for fatty a@dd fatty acids methyl

esters and biodiesels are scarce and need further development.

2.3Vapour Pressure Modeling

2.3.1Vapour Pressure Of Pure Substances

When a liquid substance is in equilibrium with its vapour at a gieempérature, the
pressure exerted by the vapour is known as the vapour pressheesobstance. Vapour
pressure data are used to generate thermodynamic propedsy, tdblvelop isochoric
eqguations of state, and design chemical processes. Reliableedataratatory in order to

fit and assess any proposed phase behaviour model.

The vapour pressure of a substance is a function of temperatustated by the

Clapeyron equation [Wallas, 1985]

RTz(iln ij _AHy [2.1]
dT AZ

where P is the pressurel is the absolute temperaturgHy is the enthalpy of
vaporization, and4Z is the difference between the compressibility factors of the
coexisting phases. If the vapour phase is considered an ideal gasoiEguiasimplifies

to the Clausius-Clapeyron equation:
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AH, 1
S-d), [2.2]

dIn(R,) =

Integration of Equation 2.1 over the vapour-liquid equilibrium region of the sudesta
(from the triple point to the critical point) provides the exatatronship of the vapour
pressure with temperature. Expressions of the enthalpy of vagpmmizand the
compressibility factor as a function of temperature must be available owentperature

range, which is usually not the case.

In general, a vapour pressure equation should be capable of reprodupargmental
data and be able to extrapolate data beyond the temperatuee afatige method. It
should be simple, smooth, provide reliable values of the enthalpy of zatamn, and
account for considerations that stem from the thermodynamic comsisié the method
[Waring, 1954; Wagner, 1973]. The first and the simplest attempt roaddtain a
vapour pressure equation was to consider the rathHofAZ as constant with respect to

temperature, resulting in the Clapeyron equation for vapour pressure, Equation 2.3

InR, :a1+%, [2.3]

where g are adjustable constants for the vapour pressure equation. Equation 2.3 is
reliable over a small temperature range in which the raHQ/AZ remains constant
[Wallas, 1985; Poling et al, 2001]. From this point on, many attemptstemremade to

obtain a more precise vapour pressure equation by adding adjustabieetpasato
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account for the non-constant behaviour of At¢,/AZ ratio. One of the most common

approaches is the Antoine equation, Equation 2.4

ma:q+%?T, [2.4]
Note, even though the vapour pressure of a purstaute is a function only of the
temperature, the distinct parameters of each emuati, are often correlated with other
physical properties. Hence, the equation may bécayte not only for a given substance
but for a family of components. The correlativegaeters utilized normally fall into two
categories: 1) bulk properties of the substance$h sas molecular weight, specific

gravity, carbon number; 2) critical properties.

Other correlations are available, usually derivesinf a statistical analysis of the data
following the exponential trend given by the Clamey equation, Equation 2.1. These
equations are likely to have additional parameteisetter adjust the data for the specific
substance at the specific temperature range [Jahatgl. 1986]; however, they usually

lack generality and the ability to be extrapolg\tgner, 1973].

Wagner [1973] introduced an equation which is adpob of a statistical algorithm
applied to vapour pressure experimental data. Atjhohis equation was originally
developed for argon and nitrogen, it has been ektely used to model a wide variety of

compounds and has become the most popular metlmocbifelating vapour pressure
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data. Wagner equations are shown in Equationsri2i®2&; they are usually referred as

Wagner 3-6 or Wagner 2.5-5, respectively:

in (i_v) = (at + bt + ct® +dt®)(1 — 1)1, [2.5]

C

In (i—v) = (at + bt + c1*° +dr>)(1 — 7)Y, [2.6]
Cc

wheret = (1-T)), T, = T/T;, and Tt and R are the critical temperature and pressure of the

substance, respectively. Another well known cotratfeis the Cox equation [Cox, 1923]:

Jexp{Zaﬁi}, [2.7]

The Cox equation is independent of the critical properties efstlibstance, unlike the

ref

Tref
INR, =InP, +|1-
T

Wagner equation, and has proven to provide satisfacenfprmance on extrapolating
vapour pressures towards the triple point [RK&iand Majer, 1996]. Usually, the
equation is used with four parameters, three adjustablenptees plus the reference
pressure,Prer. A defined reference temperaturBe. For extrapolation purposes, the
intention is that the reference state be close to the extrapolatiget; that is, if

extrapolating towards the triple point, it is recommended thaefieeence point be close

to the triple point.
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2.3.2Vapour Pressure of Mixtures
In mixtures, the vapour pressure changes as a functitimeocomposition. When the
mixture is undergoing liquid-vapour phase transition at cahs¢enperature and a fixed
global composition, the vapour pressure changes as the égabrates (Figure 2.11,
process A- Ay) or condenses (Figure 2.11, process By); therefore, not a single point

but a range of vapour pressure points exists.

P [kPa] 1m0

Liquid Phase

ZEY

Figure 2.111sothermal vapour-liquid equilibrium diagram of a binary nigtu

Two of the points within the vapour pressure range aspectial relevance: the bubble

point and the dew point. The bubble point (Point A and B'igufe 2.11) represents the
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condition at which the first bubble of gas is formed in the ligpidse as it is evaporated.
The dew point, on the other hand, represents the conditiarhiah the first drop is

formed when a given vapour is being condensed (PointdBAain Figure 2.11).

In many process calculations, it is necessary to relateriggsure, temperature, and
composition of a mixture at equilibrium. At thermodynamic equditor conditions in a
closed system, the chemical potential of any component omtarenis the same in all
phases as well as the temperature of each phase (negletiem forces, such as gravity,
electromagnetism, or surface tension). This equilibrium condisoexpressed by the

equality of the fugacities of each component in each phase:

£V =f" [2.8]

The equality in Equation 2.8 can be written as [Wallas, 1985]

Sat
MP:&Rw%;%PF, [2.9]

Sat

where P;°%" is the saturation pressurg, and y; are the mole fractions of the i-th

component in the liquid and gas phase, respectiyely the fugacity coefficient of th&'i
componenty™® is the fugacity coefficient of th& component at saturation conditions,
is the activity coefficient of thé"icomponent, an®F; is the Poynting factor. For ideal

mixtures, Equation 2.9 simplifies to Raoult’s law:
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y.P= XiPisat, [2.10]

Equation 2.9 is the basis of vapour-liquid phase equilibridoulzions. Combined with
a material balance the amount and composition of the vapaulicuid phases can be
determined using the well known flash equations, such afaebford-Rice equation
[Wallas, 1985; Smith et al., 1996]. Usually, flash calculatiares coupled with phase
stability tests based on the Gibbs free energy minimizatioroagp [Michelsen, 1982a,

b] to determine the number of stable phases under equilibrium

As Equation 2.9 shows, vapour pressures are requinethé flash calculation. The
vapour pressure of each individual component can be latdduusing an appropriate
equation of state or a specific vapour pressure equatmmniques, such as equations of
state (EoS), group contribution methods (UNIQAC, NRTL,)et@nd regular solution
theory. are used to calculate fugacity coefficients, actiagffients, and the Poynting
factor. Note that if an equation of state is used, there igerd to specify a method for
calculating non-ideal parameters since they are taken intargcoothe EoS and are

related through thermodynamic correlations.

In commercial simulation, vapour-liquid equilibrium is usually rled using equations
of state. In particular, cubic equations of state are comynos¢éd and, if properly
modified, they can be used to model polar as well as nlam-pompounds. In this work,

the Advanced Peng-Robinson equation of state (APR BgSjirtual Materials Group is
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used [VMG, 2010], which includes a volume translation exiron to better describe

liquid densities.

2.3.3Extrapolation of Vapour Pressure

For heavy components, it is a challenge to obtain reliablewgmressure data because
they have high molecular weight and their vapour pressanee lower than 10kPa at
low to moderate temperatures. At these pressure valuasi¢beainty of direct pressure
readings increases since the adsorption-desorption precasske metal perspiration
become significant with respect to the pressure readintip [RO90]. To overcome this
issue, indirect measurements are performed (Section Rd®)ever, these techniques
may generate new sources of error when the data arsfamamed from the indirect

measurement to vapour pressure.

An alternative is to extrapolate reliable vapour pressure détiésspmeasured above 410
kPa. In this case, it is recommended for the vapour ymegsgjuation or the equation of
state to be correlated using calorimetric data as a consaaistjown in Equation 2.11

[Ruzicka and Majer, 1996].

min |

=2

ACexp ACcaIc [211]
+K z CZ( ) ,

In Pv JAH UAC

(In Piexp |n Pcalc) (AH exp _ AH calc)
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where,i is the data point countetH is the enthalpy difference between the gas and the
liquid phase/Cp is the heat capacity difference between the gas and the figasegs
is the variance of each physical property measuremetitdas a weight factor which

adjust the magnitude of the different experimental data relatithee unit used.

For the method to be useful for extrapolation towards lowapéeatures, calorimetric
data must be available at temperatures at which vapour mressihe substance is
expected to have high uncertainty (lower than” 1kPa). Usually, enthalpy of
vaporization is not taken into account as a constraint in Equ2tid because these data
are scarce and are usually not as reliable as heat capgoéiymental data [Riia and

Majer, 1996]. The optimization function is then reduced to::

min |
(In Piexp -In Picalc )2 (ACiexp _ACicalc )2 [2.12]

j:Z 2 +KCZ 2 ’

i Oinpy i Onc

The vapour pressure is calculated using either an equdtstate or a vapour pressure
equation. The heat capacity is calculated using the Clapeygumation (Equation 2.1) and

the definition of heat capacity, Equation 2.13

dH=C,dT, [2.13]

AC = R{iTz(d InR, ﬂ [2.14]
dT |\ dT

which leads to
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Equations 2.12 through 2.14 have been applied extengiRely& et al., 1999, 2000;

Mokbel et al., 2000; Fulem et al., 2004].

2.3.4Vapour Pressure of Biodiesels

The vapour pressure of biodiesels can be predictel raslar average of the vapour
pressure of its components at high temperatures usingtRdaw, Equation 2.10. Yuan
et al. [2002] modeled the vapor pressure of three diftebiodiesels at temperatures
above 250 °C, matching experimental data to within 1% [Alleal.et1999; Goodrum,

2002].

However, at conditions near the triple point, deviation fromdéal behaviour expressed
in Raoult’s law may occur probably because the liquid phasomes less ideal when the
molecular interactions forces increase as the molecules baoone closely packed near
the triple point. One way to account for the non-ideal behaviothe liquid phase is
through the activity coefficient of the individual componentsegsressed in Equation
2.9. Contribution methods, such as UNIFAC, have beed tsemodel the activity
coefficient of vegetable oil systems [Ceriani and Meirelle®420However, an equation

of state approach is more convenient for commercial simalator

There is an increasing data base of vapour pressiniedésels and of esters from fatty
acids in the open literature; however, most of this data ig aewhilable at high

temperatures. There are fewer caloric data for biodiestltlae correspondent esters;
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hence, there is a need for more reliable data, in ordee#de precise models of biodiesel

fuels.

2.3.5Vapour Pressure of Heavy Ol

Heavy oils are expected #&xhibit liquid-vapour two-phase equilibrium over a wide range
of conditions [Shaw and Zou, 2007]. The vapour pressuexpected to be very low, due
to the molecular weight of heavy olil fractions; hence, aaligas phase can be assumed.

In an ideal vapour phase, Equation 2.10 can be writt&gaation 2.15

P=> xyP™, [2.15]

Normally, Equation 2.15 forms part of the flash vaporizaaégorithm used to calculate
vapour pressures of the crude oil [Pedersen et al.,, N8 et al., 1993; Daiwei et al.,
2006]. Equation 2.15 will be used to examine the main coradides that are taken into
account when modeling vapour pressure behaviour in heds/yThree major items of
importance are: the discretization of the mixture, the liquid mas-ideal behaviour,

and the saturation pressure.

Discretization is required for heavy oils because they laawéde boiling point range;
using a single pseudo-component to predict the vapousyseesf a heavy oil may lead
to incorrect predictions of phase behaviour. Therefolegawy oil must be treated as a

mixture of several components or pseudo-components. r@kmefive pseudo-
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components are considered for heavy oil fraction but tineber and the method used to

fractionate the oil are not fixed [Whitson-Brule, 2000].

Activity coefficients are also considered in the model dugring deviations from ideal
behaviour in the liquid phase as a consequence of the margéer and diversity of
components in the heavy oil. The self associative behawbasphaltenes as well as
asphaltene precipitation, molecule asymmetry and polarity shmildonsidered when
using any particular activity coefficient model [Akbarzadehak 2004; McFarland,
2007]. Note, the use of an EoS implies an inherent calcalatiahe activity coefficient

and no activity coefficient method apart from the EoS shbeldsed.

Vapour pressure equations or equations of state (EoSj)sarkto calculate the vapour
pressure of each pseudo-component. The Maxwell-Blocwreelation is one of the most
commonly used vapour pressure equations for convehtadisa especially in the low
pressure region [Maxwell and Bonnell, 1957; Gray et al5L38owever, it is based on
conventional oil data and uses the Watson K-factor as aathéstic of the oil, which, in
the case of heavy oils, may not be appropriate. Other nethat are more applicable to
heavy oils are the property correlations of Lee-Kesler$],9and Twu [1984, Twu et al.,

1994], and the vapour pressure equation of Ambrose-WHI&89].

The Peng-Robinson equation of state is the most successfdl it predicting

hydrocarbon-based PVT behaviour including vapour pres$toS methods use critical
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properties as their parameters; therefore, internally consisterelations for critical

constants of the pseudo-components must be available.

Experimental vapour pressure data of heavy oil and heetvgleum fractions are needed
to tune the models and improve the correlations; however,adatacarce in the open
literature. Furthermore, most of the available data are mexhst temperatures near the
cracking point of the oil [Schwartz et al., 1987; Rodgers|et1887]. In order to
characterize heavy oil fractions, reliable vapour pressat@ are needed at temperatures

below 200 °C.

2.4 Measurement Methods for Vapour Pressure

Weir and de Loos [2005] group the numerous existing wajpoessure measurement
methods into five categories: static, dynamic, effusion, traatsmi, and calorimetric. A

brief description of each method is provided below.

2.4.1Static Methods

In static methods, the sample is placed in a closed vessmhgtint temperature and the
pressure is then measured. The static apparatus meé#seirpeessure exerted by the
substance directly, providing an advantage over the tbkniques in repeatability, and

temperature stability. Indirect measurements of vapour ymeesgave more sources for
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error that propagate. This later technique is chosen amdieodology for the high

vacuum vapour pressure measurement system (HV-VPB&S)in this thesis.

One of the main disadvantages of direct vapour presseasurements is the adsorption-
desorption process of the vapour molecules with the wialthe apparatus. This
phenomenon occurs at any working condition; however, adsspres below
approximately 18 kPa, the adsorption-desorption rates can be significantresiect to
the pressure readout, limiting the certainty of the data [Fekeah, 2003; Monte et al.,
2006]. The difficulty of modeling this kind of phenomenomrans that it cannot be
accounted for to correct the pressure reading; henae ihan indeterminate error at

pressure readings below1@Pa.

Other disadvantages of static pressure measurement aentigvity of the technique to
impurities and dissolved gases in the sample, leak ratesthanchal transpiration
(Section 2.4.3). These disadvantages can be mitigate@ icotistruction and design of

the apparatus, as well as purification and degassing pn@sedver the sample.

2.4.2Dynamic Methods

Dynamic methods are characterized by the movement asaimple in the equipment.
The most common method is known as ebulliometry and is gmadato the distillation
process with a small reflux. The idea is to measure the ggbmt of the sample while
varying the pressure of the apparatus. The main advamati@at impurities can be

detected and accounted for. The disadvantages of this anatkothe relatively large
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amounts of the sample required and the need for substdratecan boil at the apparatus

working conditions.

2.4 .3Effusion Methods

Effusion methods determine the vapour pressure of alsamgpmeasuring weight loss
through a small orifice, open to a vacuum chamber, bynshed diffusion or free
evaporation (Knudsen effusion, or Langmuir effusion,speetively). Several
modifications of this basic principle are presented in the dperature. They differ
somewhat in the measurement principle and in different adapdato overcome the
weaknesses of the original method. The main disadvantages# techniques is the time

that is required for an experiment to be performed.

2.4.4Transpiration Methods

The transpiration method involves the measurement of a sgbstarried about by an
inert gas that passes above the sample at a given ratesilrasasoth vapour movement
and equilibrium. Chromatographic techniques fall into this cayeddre uncertainty of

the method is determined mainly by the uncertainty of thasmrement of the sample
qguantity. These types of techniques have the advantagesthare less time than other
techniques and can be applied over a wide variety ofitimmsl However, incorrect

zeroing of the apparatus can easily introduce errorsnaust be taken into account

carefully.
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2.4 5Calorimetric Methods

These methods measure the enthalpy of vaporization cfatimple and relate it to the
vapour pressure by means of the Clapeyron equatiama{ieg 2.1). The uncertainty of
the method depends on the uncertainty of the measureriiie amount of heat required

to evaporate the sample and of the amount of sample ravago

Two approaches to determine the enthalpy of vaporizatiobeamployed. The first one
is a direct measurement of the amount of heat addedh&ndmount of the sample
evaporated. The second is indirect and uses the plaesevibur of the sample in
coexistence with another well-known substance. The enthalpyaporization of the
mixture is calculated from the vapour pressure data ahtkeire. Given the well known
enthalpy of vaporization of the reference substance, tthalpg of vaporization of the
unknown substance is calculated. Note that the enthalpyugiosoof the mixture must

be also taken into account.

2.5Vacuum Physics

Systems under high vacuum go through a phenomenon ttadliedal transpiration that is
not seen at normal conditions or even at low to medium vaaanditions. Thermal
transpiration directly affects the uncertainty of the vapoesgure measurements. The
topic is reviewed briefly below and the reader is refete@ discussion of vacuum

physics by Redhead et al. [1968] for further information.
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2.5.1Rarefied Gas Theory

A gas at sub atmospheric conditions (pressures belowkRa&pis said to be rarefied and

can be fairly well described by the ideal gas law:

p=1 [2.16]

The molecular density and flow of a rarefied gas cambeéeled by the ideal gas law and
the kinetic theory of gases using the Maxwell-Boltzmann velgmibfiles, respectively.
The latter is used when calculating the molecular incidencedgtethat is, the number

of molecules striking an element of a surface perpendituigs direction, Equation 2.17

1/2
_ py [T
b, = , 2.17

. zﬁr{w} 217

wherepy is the molecular densitk is the Boltzmann constant, angl, is the mass per
molecule. Another important aspect is the average mearpéieof the moleculel,
defined as the average of the distances traveled by acutelbetween successive
collisions with another molecule over a certain period of timatfjR1990], Equation

2.18

= - [2.18]
V27 p,
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where ¢, is the average diameter of a molecule. This parameter wérrdme the

characteristic regime in which the gas is flowing.

2.5.2Gas Flow Rate at Low Pressures

There are three regimes for rarefied gas flow: viscdow, fmolecular flow, and
intermediate or Knudsen flow (Figure 2.12). These thngeest of flow may be
distinguished by the molecular density of the gas, the nreanpith of the molecules,
and the geometry of the system, which can be accountday the Knudsen numbé,

(Equation 2.19) [Green, 1968].

K, :i, [2.19]
deq

Knudsen number values smaller than 1 are representatitie gfscous flow regime. As
the mean free path increases in the same system thedfnodshber approaches unity,
which corresponds to the transition between the viscous andhtitrmediate regime
(Figure 2.13); Knudsen values greater than unity areeseptative of the molecular

regime [Hablanian. 1997; Setina, 1999].
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Figure 2.13Pressure reading as a function of flow regime (modifiechfGetina, 1999).
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2.5.2.1Viscous Regime

Viscous flow is the type of flow encountered in conventiofia. at atmospheric
pressure) and low vacuum systems and may exist evénglatvacuum conditions
depending on the configuration of the system. It is cl@raed by a bulk movement of
the gas and it is principally governed by viscous forcdge Reynolds numbeRe

(Equation 2.20) is used to describe the viscous flow mairackeristics.

d
Re= e [2.20]

U

wherev is the mean velocity of the fluid through the hydraulic edeivadiameterdeq is
the equivalent hydraulic diameter, apdis the viscosity of the fluid. High Reynolds
numbers occur in turbulent flow where stream lines areratiay like. As the Reynolds
number decreases the stream lines become straighter uritibfaflow is reached. A

transition flow is achieved at Reynolds numbers from 30@D@Y in isolated systems.

2.5.2.2Molecular Regime

At the conditions encountered in the viscous flow regime, #sengolecular density is
relatively high, resulting in bulk gas movement. When thespiresis lowered and the gas
becomes more and more rarefied, the gas molecular ylelegsiteases and so does the
probability of the molecules striking one another before istgikhe walls of the
container. The bulk gas movement diminishes and the gasutedebehave almost

independently of each other.
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As can be seen in Equation 2.18, as the molecular detstreases the free path
increases and can achieve values orders of magnitedéegthan the system itself. In
that case, gas flow is controlled by the interaction of thergdscules with the walls of
the system and by its thermal velocity. The gas is said tm ltiee molecular regime
[Holland et al., 1974; Roth, 1990]. The concept of pressurder these conditions is
difficult to define since the molecules strike the surfaceaartyin too few numbers for

the statistical averaging observed in bulk gas behaviour to,déigure 2.12.

2.5.2.3Knudsen or Intermediate Flow

Knudsen or intermediate flow is the transition flow occurringveen molecular and
viscous flow. It is analogous to the transition flow occurrirgween laminar and
turbulent flow in the sense that it represents a change insti@am line behaviour. The

analogous Reynolds number is the Knudsen number.

2.5.3Thermal Transpiration

Thermal transpiration is a phenomenon in which, at equilibrianditions, a pressure
gradient is observed between two points that are at difféeemperatures. This effect
occurs at Knudsen numbers greater than one; that is, mhéuiate and molecular flow

regimes.

In order to interpret the phenomenon, consider two chanBerand B, connected at

different temperaturesla and Tg (Figure 2.14) at viscous flow and non-equilibrium
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conditions. Due to the thermal gradienta{Tg), a movement of molecules will occur
from A to B, until equilibrium conditions are met. The steatfyescondition demands
that there be no molecular density gradient in the systemchvidads to the equality

PA=Ps [Holland et al., 1974, Roth, 1990].

— Ta>Ts
p o
Ta,Pa T8, P8
ol f T b
A
Figure 2.14Chamber representation for thermal transpiration phenomenon

However, when the conditions are such that the gas flowtlseimolecular regime, the
same steady state condition (equality of molecular densitg} lea[\WWu, 1968; Holland

et al, 1974; Roth, 1990]:

—

PA
P

A =R, 2.21
T =R [2.21]
whereRg is the Knudsen’s value sometimes referred as the “intdffarEquation 2.21

is derived from the definition of molecular flogy, = ®PA, and the ideal gas law. Wu

[1968] claimed thaRk is not invariant when thermal transpiration occurs in anisotropic

situations and proposed a modified “invariant K’ which acts for isotropy.
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Experimentally, it has been found that the limiting vaRig,is slightly different than the
square root of the temperature ratio [Setina, 1999]. Thieréifce is often explained by
other phenomena occurring in a typical vacuum systetn asi@as-surface adsorption-
desorption [Siu, 1973]. When the gas is in the Knudsemegghe pressure ratio of the

two chambers lies in between unity and the Knudsen'’s \&igare 2.13).

Several correlations have been proposed for predictinthémmal transpiration effect in
the transition regime. Note that the pressure ratio is indepeofihre type of gas in the
molecular and viscous regimes. In the transition regime, Venveéhe pressure ratio
depends on the mean free path of the gas molecules;oiiggriéfdepends on the type of

gas. This fact has been confirmed experimentally [SetB89]1

Thermal transpiration affects pressure measurement asabmigere is a difference in
temperature between the sample chamber and the pressweuter; the system must
also be on intermediate or molecular regime, which, in tuepends on the system
hydraulic equivalent diameter (configuration and dimensidnshe system) and the

average pressure (related to the mean free path).

This phenomenon can be mitigated by maintaining the wholsureraent system at a
constant temperature. However, this is difficult to achieve thedusual practice in
vapour pressure measurement is to keep the measuremeoésdwarmer than the

sample chamber to avoid condensation in the connecting lidsni et al., 2003].
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Hence, thermal transpiration is usually an issue and mugirsedered as an anomaly of

pressure measurement system under high vacuum conditions.

2.6 Summary

The main idea of this chapter was to introduce three mairsttgat are of primary
importance when constructing the new high vacuum appafétas the introduction to
heavy oil characterization demonstrated the need for vagessure data at high
vacuums and showed how the data would be used foe jpleksviour modeling. Second,
the vapour pressure modelling section provided the meamatgse vapour pressure
data obtained from the apparatus. Third, the vacuum phgasit®n examined the
experimental and data interpretation issues that can bergageaiat high vacuum
conditions. These topics are essential in order to develalpuatrand reliable apparatus

and a comprehensive method to model and predict the data.
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CHAPTER THREE: EXPERIMENTAL METHOD

A major component of the thesis work was to design andtagct a high vacuum vapour
pressure measurement system (HV-VPMS). The purpogbeoHV-VPMS is: 1) to

measure vapour pressure of mixtures and pure comggoaiehigh vacuum conditions; 2)
to fractionate homogeneous mixtures by using deep vasingte flash vaporization at
different temperatures. This chapter presents the main deatbhat were taken into
account when designing and building the HV-VPMS, includialijpation, equipment
testing, and vapour pressure measurement. A brief desoripf liquid heat capacity

measurement using a differential scanning calorimeter is edsalpd.

3.1 Experimental Materials

Naphthalene (¢Hs, CAS No: 91-20-3), n-hexadecane dds4, CAS No: 544-76-3), and
n-eicosane (&Hs,, CAS No: 112-95-8) were selected to test the repeatability an
reproducibility of the apparatus. Naphthalene has well estedlighpour pressure and
calorimetric data and is recommended as a reference cowhdor vapour pressure
measurements below 1 kPa [Sinke, 1974; &@¢et al. 2005]. Hexadecane and eicosane
are petroleum-related hydrocarbons with molecular weigl22dfand 282 g/mol which

are values that match the range of the lightest fraction ahbituand heavy oil; hence,
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they are expected to exhibit similar vapour pressures. €amgponent samples were
purchased from Aldrich Chem., with purity greater tharv®@9 no further purification
procedures priori were made. Selected physicochemical properties are listed 34

Vapour pressure literature data for these substancesayeed in Section 3.5.

Table 3.1Selected physical properties of naphthalene, n-hexademash@-eicosane.

Property Naphthalene Hexadecane Eicosane
Melting point 80.3°C (353 K)18°C (291 K) 37 °C (310 K)
Boiling point 218 °C (491 K) 287 °C (560 KB43 °C (616 K)
Specific gravity @ 25 °C1.14 0.773 0.789

Flash point 79-87 °C 135°C >113°C
Auto ignition point 525°C 201 °C -

In addition, biodiesel samples were tested to assess thenpenfe of the apparatus in
measuring the vapour pressure of heavy complex but wiiiedl mixtures (molecular
weight higher than 200 g/mol). Biodiesel samples from selifarent sources were
analyzed. The samples were provided by Shell Canada,Nttional Institute of

Standards and Technology (NIST), and the Alberta Reséaocncil (ARC). Selected

properties are shown in Table 3.2

Table 3.2Selected physical properties of biodiesel samples.

Average Molecular Appearance

Biodiesel Source ) Color
Weight (g/mol) @ 18°C
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Canola (South Alberta) 293.17
Canola (Saskatchewan) 291.53

Soy (Sunrise, US) 291.77

Soy (Mountain Gold, US) 291.27

Rapeseed (Europe) 294.56
283.69

Palm (Europe)

Coconut (Europe) 218.16

Amber Liquid
Dark Amber Liquid

Leach White Liquid

Dark Amber Liquid

Amber Liquid
Leach Below cloud point
transparent

Leach White Liquid

Finally, a bitumen sample from Western Canada provide&hmsll Canada (WC_B1)

was obtained for vapour pressure and deep vacuutiofraton experiments. Physical

characteristics of this bitumen sample are presented in Table 3

Table 3.3 Selected physical properties of bitumen sample from the Wie€@nadian

Bitumen (WC_B1).

Property

Value

Average Molecular Weight
Average Specific Gravity
Initial Boiling Point

Asphaltene Content

510 g/mol

1.007
213 C

17 wt%

3.2 Apparatus Design

The HV-VPMS is a static apparatus (Section 2.4). The abipgr principle of the

apparatus is very simple as illustrated in Figure 3.1. A Eampopened to a fixed
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volume initially at vacuum and allowed to equilibrate at constamipéeature. The
pressure is the vapour pressure of the sample at the tgingerature. The temperature
can be changed to obtain another vapour pressure. Aitelgathe vapour phase can be
withdrawn to fractionate the original sample and then the wap@ssure of the residue
can be measured. While the principle is straightforward, iclsaflenge to construct and
operate such an apparatus at the vacuum conditions refuirdis study. Similar kinds
of apparatus have been designed and tested with exceBeits ror pure components
[Fulem et al., 2003; Monte et al., 2006]. No record veasdl in the open literature for
this kind of apparatuses being used for the measurememamdur pressure or

fractionation of complex, heavy mixtures.

temperature controlled

pump

¢
2
D

X

sampler

Figure 3.15Schematic of a static vapour pressure apparatus.

Figure 3.2 shows a photograph of the HV-VPMS. The systmnsists of two

components: a degassing or sample preparation appara&)safd a vapour pressure
measurement apparatus (VPMA). The DA is used to rerdmsdlved gases and light
solvents from the sample; the VPMA is used to measureuvgm@ssure of sample

fractionation. The use of the DA prior to the VPMA ensuttest the sample is clean
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before it is evaluated, which in turn keeps the VPMA cledme $eparation of the
degassing and measurement into two apparatuses also a@eseléne procedure
(measuring one sample’s vapour pressure whilst degassngext sample). A detailed

description of the system is provided in Appendix B.

Figure 3.16 High Vacuum Vapour Pressure Measurement stm (HV-S)PMapour
Pressure Measurement Apparatus VPMA (above) and Biega&pparatus DA (below).

3.2.1Apparatus Design Criteria
The main working variables to be considered in the desgteamperature, pressure, and

sample size. Although a wide variety of substances cansbkbd in the HV-VPMS,
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particular emphasis was placed on heavy oil and bitumean. fdllowing sections

describe how the different criteria were taken into account.

Temperature

In general, the working temperature range of the systewefined by the thermal
stability of the substances to be analyzed and by mechémdations of the different

parts of the apparatus.

From the thermal stability point of view, hydrocarbons amp#cifically, heavy oil and
bitumen, provide an upper temperature limit, given by thekiorggpoint temperature
(approximately 30TC). Above this temperature the analyzed substance is digmic
transformed and the measured vapour pressure is nerleatid. From the mechanical
point of view, the heating/cooling elements, seals, and etectrdevices all have
temperature constraints. The relevant temperature rangetheofHV-VPMS are

summarized in Table 3.4.

Table 3.4Temperature operational range for the HV-VPMS.

System T-Range Comment
VPMA
Lower limit 20 -25C Ambient temperature, depending on local

conditions. No cooling devices in the system

Upper limit operational 200°C (60°C) Maximum value for diaphragm gauge. If the cold
cathode gauge is used, the maximum temperature is
60°C

Upper limit bake out 400 — 600C 650 °C is maximum temperature allowed for heat
tapes; 400°C recommended — there must be no
electronic devices in place
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DA

Lower limit 20 -25°C Ambient temperature, depending on local
conditions. No cooling devices in the system

Upper limit operational 150°C (60°C) Maximum value for diaphragm gauge. If the cold
cathode gauge is used, the maximum temperature is

60°C

Upper limit bake out 200°C 200°C limit recommended before Viton o-ring seals
start deforming — electronic devices must be shut
down

Pressure

The pressure range of the system is determined, at its liowe by the expected vapour
pressure of the heaviest substance to be evaluated abthimg temperature; in this
case, heavy oil and bitumen. The type of pumping equiparhpressure measurement
devices are specified by this range. The upper limit of apparatus is set to be

atmospheric pressure, since no over-pressure systemsislered.

The expected vapour pressure of heavy oil and bitumealdsilated from experimental
data. However, vapour pressure data for heavy petroleixtures are scarce and
unreliable. Furthermore, the majority of the data found in literature are at

temperatures near the cracking point. Therefore extrapolatiomodeling of the data was
required to estimate the design conditions; that is, the vapessye of heavy oil at low

temperatures (around 50 °C).

In this case, Athabasca residue vapour pressure dateg® et al., 1987] was fitted and

extrapolated using the Cox equation (Section 2.2), FigiBe EXperimental data for
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hexadecane are also provided as a reference, sino@liésular weight (and vapour

pressure) is similar to the lightest molecule in heavy oils anthbittsamples.

1.E+02
1.E+01 _ - e
1.E+00 _7 2l
1.E-01 s

1.E-02 s

1.E-03 ;

1.E-04
1.E-05
1.E-06

Pressure [kPa]

< Schwartzdata
Cox Eq. - whole oil
1.E-07 — — Hexadecane - Exp data Cox Eq.

1.E-08

0 50 100 150 200 250 300 350 400
Temperature [C]

Figure 3.17 Experimental and modeled vapour pressure data for Atbabiasidue and
hexadecane.

Figure 3.3 shows that the expected vapour pressure aaf bigumen and bitumen
fractions at temperatures below 100ranges from approximately 1kPa at 100°C
down to approximately 1D kPa at room temperature. The HV-VPMS pumps and

pressure transducers were selected for this pressge ran

Sample Size

The sample size should be small in order to mitigate massardmitations for viscous

samples and facilitate equilibrium conditions. On the other remaljgh material should
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be allocated in the sample vessel to ensure that it will not estapoompletely at
experimental conditions. Sample vessels of approximatetgl2@ere used in the design
of the HV-VPMS (Appendix B). It was found that this volumesufficient to obtain an
entire vapour pressure curve of a heavy substance dateieweight higher than 200

g/mol).

Pipe Diameter

Pipe diameter was determined based on two criteria: thernmapiration and pump
time. The former is mitigated with a larger pipe diameter wdsetiee latter is minimized

with a smaller pipe diameter.

As introduced in Section 2.4, pipe diameter partly detersnthe flow regime of the
vapour at operational conditions which, in turn, determinestiven thermal transpiration
occurs in the system. The other parameters that deterfomedgime are temperature
and molecule size. Thermal transpiration occurs when therégime is intermediate or
molecular; this is characterized by a Knudsen number lovaer th where the Knudsen

number is defined as:
A
K. =—, 3.1
" [3.1]

Figure 3.4 shows the effect of pressure on the Knudsenber for a hypothetical

molecule of 1 nm at 200 °C in a 1 inch inner diameter systamtransition to molecular
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flow for this particular system, Kequal to 1, occurs when the pressure decreases below

approximately 7- 1&kPa (transition pressure).

Figure 3.5 shows the transition pressure as a functitengderature, molecular size, and
inner pipe size. Below a pipe size of about 1 inch, theitrampressure starts to increase
significantly as the pipe size decreases. Note, the fignoempasses molecular sizes
from 0.4 nm (an air molecule) to 1 nm (approximatehasphaltene monomer [Groenzin
and Mullins, 2001]). Most of the curves for the 1 nm maleday below 1d kPa, the
value at which the uncertainty of direct vapour pressurasaorement starts to increase
significantly (Chapter 2). The pressure transition curva béavy oil or biodiesel fuel is
expected to lie between the solid and dotted lines in FigbrsiBce its molecular size

must lie between that of air and an asphaltene monomer.

A pipe diameter of 1 inch was selected to avoid part of therihl transpiration effect
and yet provide an acceptable pump down time (Section G&jtion is necessary at
pressures close to fkPa since thermal transpiration corrections to the vapossyme

may be required, Appendix A.
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Figure 3.18Knudsen number as a function of pressure at 200 °Caniihner diameter
of 1 in. and a 1nm molecule.
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Figure 3.19 Transition pressure for thermal transpiration as a functiopigé inner
diameter, molecule size, and temperature.
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3.2.2Vapour Pressure Measurement Apparatus

The VPMA schematic is shown in Figure 3.6. For the sélstnaplicity, the explanation
of the apparatus is divided into five different systems: Sandslamber, Pressure
Measurement, Temperature Control, Pumping, and Cold Fingach system is
summarized below and a detailed description is provided peAgix B. In addition,
seals for the fittings are a critical component of any vacapparatus and they are

discussed as well.

Sample Chamber

The sample chamber consists of a sample vessel andaa vakve, Figure 3.7. The
sample vessel is a stainless steel (SS) Swagelok full nipple,anConFlat (CF) 133
fittings and an approximate volume of 20 mL. The bottomipastaled with a Swagelok
CF133 blank and the upper part is connected to an all megld alve with a manual

actuator.

Pressure Measurement

The pressure in the chamber is measured with an Infiaphhgm gauge capable of
measuring pressures in the 1 t6*30Pa range. This gauge has an internal heater which
sets it at 200C for every measurement. This high temperature ensuaeshth readouts
are stable and mitigate possible instabilities and noise frormthement. The gauge

is connected directly to a computer to record the pressomea digital file using

LabView 8.6 © [National Intruments, 2008].
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Figure 3.20 Vapour Pressure Measurement Apparatus (VPMA). S01: sammelv®9l: all
metal angle valve; TCO1: J-Type Thermo couple; RTD0O1: REDsuucer; UT01l: Swagelok
UltraTorr fitting; CFO1: Pyrex Cold Finger; 1G01: Combined Pir&@oid Cathode lon Pressure
Gauge; DGO1: Diaphragm Pressure Gauge; PTCOLl: Pressure TefRdad Out; TTCO1:
Temperature Transducer/Controller; PO1: Turbomolecular Pump; B&&ing Diaphragm
Pump.

Due to the short range of applicability of the Inficon gaumeother set of pressure
measurements is obtained with a second gauge. This gacg@niscted through the free
CF port as seen in Figure 3.6. Three options can be asgunbined cold cathode-Pirani
gauge from Pfeiffer, a silicone diaphragm gauge from Atieno gauge (a blank is used

instead).
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» The combined Pirani-Cold cathode gauge is capable ofumeggressures in
the range of 100 to 5.TkPa. However, this gauge has not been proved to
work with substances other than noble gases and moistuaizeghd only
works at temperatures below 60 °C. Therefore, measmisnwith this gauge
must be treated with caution. This gauge can be connectedtlylito a
computer for pressure readout and record.

» The silicone diaphragm gauge is capable of measuringyressin the range of

100 to 0.001 kPa and can be used at temperatures 0p 16.3

Vapour pressure readings are limited on the high endeosetiolution of the gauges to be
used and on the lower end by gauge resolution, pumptiosucand/or
adsorption/desorption processes [Roth, 1990]. Figure BB Table 3.5 show the

applicability range of the available pressure gauges.

Table 3.5Pressure operational range for the different gauges iH\\RéPMS.

Gauge P min [kPa] P max [kPa]
Inficon diaphragm (200°C) 5.001®&Pa 1.48 10kPa
Baratron diaphragm (150 °C5.00 10°kPa 1.04 10° kPa
Pfeiffer Cold cathode/Pirani 9.5 10kPa 1.01 1bkPa
SEN -100 diaphragm 6.0 T&Pa 1.00 10kPa
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Figure 3.21Sample Chamber Schematic.

Table 3.5 shows that the minimum pressure readout is adhveitie the Cold cathode
gauge at approximately 9.5 1%kPa, which is similar to the limit pump suction when the
system has been outgassed. However, at pressures hpfmaximately 18 kPa,
absorption and desorption of the molecules to and fromipleeas well as permeation of
atmospheric gas molecules through the pipe lead to indetéenpressure measurement
uncertainties [Roth, 1990; Fulem and Ruzcika, 2009]. Noésetiprocesses occur at any
condition; however, their effect on the total pressure readorgases significantly as the
pressure is decreasechkin Table 3.5 will determine the high end pressure resolufion o
the system (depending on the selected gauge) and adsigsamtion phenomena will

determine the lower end as“1kPa (for known uncertainty measurements).
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150 C Diaphragm Gauge
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Pirani-Cold Cathode combined Gauge
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Figure 3.22 Pressure gauges applicability ranges and literature anctegpeapour
pressure values for hexadecane and WC_B1 bitumeratesyy.

Temperature Measurement and Control

The temperature of the system is read by J-type theuptEattached to the pipes and
vessels using adjustable metal clamps (Appendix B). Valuetheotemperature are
displayed on a Waltlow SD series readout with a resolutionlof@ The same device
contains an auto-tuned PID (Proportional-Integral-Derivatoajtroller that is used to

maintain the temperature of the system at a desired valuhio #0.1°C.

Electric heat tapes wrapped on the apparatus provide thetch@aaintain a desired

temperature. These heat tapes were selected for reliapilitg, and provide small
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equipment flexibility and solutions. The maximum working terapge of the tapes is
approximately 650C. Heating tapes are connected to a fuse box for proteatwio the
PID controller. Finally, the heat tapes and pipes are insulatieg insulation tape made

of carbon fibber.

There are two sections of the VPMA that are temperatureraited. The first one is the
sample chamber, set to the desired temperature value at thikiclapour pressure is
measured. The second section is the pressure meastusstem; this section is kept at
200°C to ensure stability of the measurements, facilitate vapowspoat, and mitigate
possible condensation. See Appendix B for the procedsed to keep the apparatus

clean.

Pumping

In order to generate ultra high vacuum, UHV, (below ?.k®a [Roth, 1990]), the
options are a turbomolecular propulsion pump or a cryogemip. The former was
selected since it does not require a cooling device. Inrgiempeices for the two types of

technologies are similar.

The pumping system is comprised of a Pffeifer pumping statiodel TSH 071 E
capable of reach a final pressure of'A&Pa at a rate of 60 L/s, nitrogen based. It
consists of a turbomolecular pump, a dry diaphragm bagkimgp, and a display. The

pressure at pump suction is measured by a Cold Cathaalg-pPressure gauge, Figure
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3.6. The pump cannot handle liquid and condensatesm/ed before the suction with

the cold finger system. For piping technical details andtogeigon see Appendix B.

Cold Finger

For sample collection and pump protection, a modified ceng&rifubge with a tee-relieve
system was designed and constructed, which is usedcalsl dinger, Figure 3.9. The
vapour exiting the sample vessel enters the cold finger finentop of the cross into the
inner tube. Subsequently, the vapour follows a winding patlthéo bottom of the

centrifuge tube. Ideally, the cold finger and the windinidy ppovide enough contact time
for the vapour to condense at the bottom of the Pyrexanlebe collected. The cold
finger is cooled down by means of an oil bath, which, in,taan be cooled down by
ambient air of dry ice. The non-condensable gas (mainlyisaliberated through the
outer section of the tee-relive system and goes into the gtonpiping technical details

and construction see Appendix B.
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Figure 3.23Cold Finger schematic.

Seals

The seals are the main source of leaks. To minimize thake, IEF flanges with copper
o-ring gaskets were used, capable of holding vacuum dowit0'' kPa. Note that a
metal o-ring is only useable once and must be replacey ¢ivee the flanges are

disconnected.

3.2.3Degassing Apparatus

The degassing apparatus is similar to the measurement tagparad is shown in Figure

3.10. This apparatus is used to prepare the sample pourgressure measurement;
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however, it can be used to measure vapour pressugesimilar manner as the VPMA.

Specific differences in regards of the VPMA are describeldw. For technical details

and construction see Appendix B.

CTO01

PTCO3

goog

[]

Figure 3.24Degassing Apparatus (DA): S02: sample vessel; V06: aklnaeigle valve; VVOL1:
Viton sealed valve; UT02: UltraTorr fitting; CF02: Pyrex cdidger; CTO1: cold trap; I1G03:
Pirani-Cold Cathode ion gauge; DGO02: diaphragm gauge; PTCO2umrdsansducer /display
for diaphragm gauge; TTCO04: temperature transducer/contrBll€203: pressure display for ion
gauge; P03: turbo-molecular pump; P04” diaphragm pump.

Pressure Measurement

A temperature-controlled MKS Baratron diaphragm gauge &d us measure the

pressure in the DA. The steady-measurement temperat@®09€. This gauge has a
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pressure range from 1 kPa to 0.001 kPa. Note that digegcan be used as the parallel

gauge on the VPMA.

Cold Trap

Using the DA for cleansing and preparing the sample foWt&IA means that the DA
handles more volatiles and impurities than the VPMA. These rittgsuneed to be
condensed before they reach the pump (otherwise they amitlense at the pump and
suction will be lost). An 8 L. LACO cold trap with NW25 contiens is used as a
condenser (CTO1, Figure 3.10). Dry ice or water icelmaused to keep the cold trap at
temperatures below zero, assuring complete condensatiovolafiles. Dry ice is

preferred since it does not leave traces to clean.

Seals

Unlike the VPMA, KF flanges with Viton rubber o-rings werged. Rubber o-rings can
hold vacuum down to I0kPa and are suitable for elastomeric deformation due to
temperature cycles in the equipment, which, in turn, créeddssources. Since the DA
does not operate at high temperatures, the o-rings wes@eoed to be acceptable. Note

that the DA and rubber o-rings are a previous prototygheoVPMA and the metal o-

rings.
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3.3 Apparatus Testing and Calibration
Once the apparatus has been assembled, it must be tedtsak$éoand impurities within
the inner pipes. Furthermore, temperature and pressoteespmust be tested and

calibrated.

Hydraulic Testing

The system is tested hydraulically to ensure that the leaksnwilie pressure and
temperature operable ranges have been minimized. Noteast net possible to
completely eliminate leaks at high vacuum. The apparatusisected to a Varian 797
leak detector with a helium mass spectrometer (Appendikdik tests show that the
average leak rates are 6.5°18tm-cm?/s and 1 1Datm-cm?3/s for the VPMA and DA,
respectively. This means, for instance, that a flow of 8 cm3/s of air enters the
VPMA at normal atmospheric conditions externally. Theselteshow good sealing in

the fittings as compared to other vacuum systems [Rotl®].199

Next, an out gassing test is performed to determine if thiersyis clean (Appendix B).
In this procedure, the system is baked out at 200 °Ctfleaat 4 days open to pump
suction. Subsequently, the system is isolated from pump suanio the pressure rise is
measured. A satisfactory outgassing procedure is achiven the pressure rise is equal
to the expected leak rate. This means that the system isafl@apurities and is ready
for pressure measurement. Figure 3.11 shows the peasse of the VPMA before and

after outgassing
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Figure 3.25:VPMA pressure rise profile before and after out gassing.

Pump Down Time (PDT)

The pump down time (PDT) is the pressure profile develdpethe system open to
pump suction from atmospheric pressure to the ultimateypee@9P) [Roth, 1990]. It is
an important feature of the mechanical performance ofyhem; however, it does not
impinge on vapour pressure measurement except to deteth@nultimate (minimum)
pressure of the system. Figure 3.12 shows an examplengd down time of the DA and

VPMA.
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Figure 3.26Experimental pump down time of DA and VPMA before outsgas

In general, the pump down time of a vacuum system andltithate pressure is
determined by a number of factors [Roth, 1990]; Tabldi8t§ these factors for the DA
and VPMA systems. The most significant factor determiningptimep down time in both
systems (DA and VPMA) is the leak rate. By the introductbrmetal seals in the
VPMA, the pump down time and the ultimate pressures wereowragd significantly,

Figure 3.12.

Table 3.6 Factors influencing the pump down time and ultimate pressur@ \cacuum

system.

Factor Description DA and VPMA
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Pump velocity Determine velocity and capacity ofSame for both systems
suction — Decrease PDT and UP

System volume Determine the amount of gas to bBA has approx 30% more volume than
liberated — Increase PDT no change the VPMA

UP
System Measure the resistance that the gas isilar for both systems since materials
conductance to flow to the pump — Increase PDT nare the same and they both have similar
change in UP internals (valves, elbows, etc.)

Out gassing rate Measure of how clean the system is Same for both
Increase PDT and UP

Permeation rate Measurement of gas flow through th&imilar conditions in both systems at the
pipes from atmosphere — Increase PDSBme inner pressure - permeation rate
and UP depends on inner pressure

Leak rate Measurement of gas flow througtHigher in DA than VPMA due to different
flange openings from atmosphere flange configuration
Increase PDT and UP

Thermocouple Calibration

All of the thermocouples were calibrated against a Resistirogperature Detector
(RTD) which had been calibrated against a certified highigioen thermometer (HPT -
Automatic Systems Laboratories F250 Precision ThermonfRés. 0.025 C). The
temperature for the calibrations was controlled with a thermdskatth (FLUKE 6330
Calibration Bath). The calibration chart for the RTD is showrkigure 3.13 and the
calibrated equation for temperature is given by EquationA3R21 calibration ratio was

found between the thermocouples and the RTD.

T = 0.9945Txsp — 0.1576, [3.2]

whereT is the calibrated temperature in °C argp is the reading of the RTD in °C
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Figure 3.27Calibration chart for RTD against F251 HTP.

Pressure Gauge Calibration

Vapour pressure measurements on the VPMA and DA vwaken with temperature
controlled diaphragm gauges as shown in Figures 3.8.40d respectively (also refer to
Appendix B) with pressure ranges as specified in Table Rb this type of gauge, a
linear calibration is possible at pressures abovekBa. However, below this threshold,
a linear calibration is not representative and a logarithmic teagnbe required [Fulem,

2011].

The first step was to calibrate the diaphragm gauges éoBHWMA and DA (DG1 and

DG2, respectively) at pressures abov& ka, where the behaviour is expected to be
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linear. In this case, the Cold Cathode Pirani gauge (CC®kaldbrated to a reliable low
vacuum diaphragm gauge available at the laboratory (GO#Y.calibration data are
shown in Figure 3.14 and were fitted with the following calibratgmuation with an

AARD of 5.1%.

PGOR [kPa] = 0'998PCCP [kPa] + 024‘3, [33]

Subsequently, the diaphragm gauges DG1 and DG2 widreated against the CCP and
back calculated to calibrated pressures using Equation Bi8.whs necessary because
the pressure ranges of the GOR and DG transducerstdoverlap. Figure 3.15 shows

the calibration plot for DG1; these charts were linearly regaeksvith an AARD of 8.9%.

PGOR [kPa] = 0'015PD61 + 0316, [34]

PGOR [kPa] = 00295PDGZ - 00027, [35]

Equations 3.4 and 3.5 are the linear calibration of the cigpihgauges DG1 and DG2 at
pressures above T0kPa wherePgor is replaced withPpeas the calibrated measured

pressure.
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Figure 3.28 Calibration chart for Cold Cathode- Pirani gauge against Gi@ghchgm

gauge.
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Figure 3.29Calibration chart for DG1 diaphragm gauges.
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The second step was to determine the calibration curvgsdssures below FokPa. In
this case, the calibration was performed by comparing tlasuned vapour pressure of n-
eicosane with literature data (Section 3.5). Figure 3.16 shbe experimental data
(already corrected by Equations 3.4 and 3.5) against literatata regressed with the

Cox equation (Table 3.7).

The measured data deviate from the literature data at messelow 18 kPa. It is
proposed to use a logarithmic expression to correct thlesyme reading, accounting for
the non-linear behavior of the diaphragm gauge at thispeesange. The calibrated

pressureP*, was correlated as

P*[kPa] = Ppg exp [—22.344 (% - 1)] , [3.6]

P*[kPa] = Pogaexp [-10.461 (22— 1))], [3.7]

whereTy. is the temperature, in K, at which the vapour pressuratesjto 13 kPa. The
calibrated vapour pressures of eicosane are comparetheidxtrapolated literature data

in Figure 3.17.
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Figure 3.30 Experimental and literature data for eicosane measured with-b@tted
lines show the non-linear tendency of the data and depoggent any particular model.
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Figure 3.31 Literature and measured vapour pressure data of eicosginelinear
calibration and with linear + non-linear calibration — dotted lipeagents is at 45°.
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3.4 Experimental Procedure

This section introduces the general procedure that is folldeedollecting vapour
pressure data using the HV-VPMS including degassing arasurament. A short
explanation on sample fractionation using the apparatus igaiswed. For a detailed

description refer to Chapter 8 and Appendix B.

3.4.1Degassing

Samples to be characterized often have light impurities, asievater and light solvents,
that affect the vapour pressure measurement since its gadssdure is significant in
comparison with the expected vapour pressure of the sai@ptae other impurities
might be found depending on the source of the sampleiffépy, heavy oil contains
traces of light oils, or solvents such as naphtha and tqlumming from the oil
extraction processing. In order to measure vapour peessurectly, the sample must be

degassed.

For the sake of simplicity, Figure 3.18 shows a simplifiedjrdisn of the degassing
apparatus (DA). The DA is run in cycles to monitor theadsmg performance. First, a
base line for the system is reached by pumping the systemthe Valve V1 onwards
with the sample chamber connected. The value of the basddpends on the speed of
the pump (Sp), the capacitance of the pipe (C), the léaK@4), and the out gassing rate

(Qo), Table 3.6. Then, Valve V2 is closed and V1 is edesimultaneously. A jump in
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the pressure is recorded, Figure 3.19. This jump depamdise pressure exerted by the
sample (Qv) and the leak rate (Ql). Finally, Valve V1 lissed and V2 is opened
simultaneously. A drastic change in pressure back toabe lne is recorded and a cycle
is completed. The degassing of a sample consists ofateyetes until at least four to
five subsequent cycles repeat. At this point, the sampléfiigiently degassed to be

transferred to the VPMA.
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Figure 3.32Simplified VPMA schematics

Figure 3.20 shows a complete run of cycles for the si#gg of n-hexadecane at 25°C.
The data can be divided into three major sections. Theofiestlabelled “Air”, refers to
the degassing of gases trapped on the sample and fronmténer of the sample
chamber. The second section, labelled “Water + Solvergfrs to the degassing of

water and light solvents or impurities present on the samplevihin the walls of the
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chamber. The third section, labelled “Steady State Measuténmmeached when the
degassing is finished and a constant vapour pressuexosded. Note that the three

different sections are not always clearly differentiated antesoverlap occurs.
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Figure 3.33A typical degassing cycle.
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Figure 3.34Complete cycle of hexadecane degassing at 25°C.
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3.4.2Vapour Pressure Measurement

Once the sample and the sample chamber have been atkghss sample chamber is
isolated from the DA by closing V6 in Figure 3.18. Therohar is disconnected and re-
connected to the vapour pressure apparatus, as shokiguire 3.21. The latter must
have been already baked out, cleaned, and vacuumeprassaure lower that whatever
base line was used on the degassing apparatus. Sultbgqtlee vapour pressure
apparatus is run in cycles in the same manner as tlasgieg apparatus. A lower leak
rate is expected with the metal gaskets in the VPMA (ratlerttie rubber gaskets in the
DA). A VPMA cycle example is shown in Figure 3.22. Tgressure for any given cycle
is obtained by extrapolating the pressure trend causedebgdh rate back to the start

time of the cycle.
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Figure 3.35 Smplified schematic of the vapour pressure measurementrappa
VPMA.



86

1.E-04
TE05 Pressure = f(Ql, Qv) :
i Vi
e closed
o
=<,
L 1.E-06
: B E
a i ]
@ : ]
o
1.E-07
: Base line = f(Sp, C, Ql, Qo)
1.E-08 . . . i

(0] 0.5 1 1.5 2 2.5 3
Time [min]
Figure 3.36Vapour pressure measurement cycle.

3.4.3Fractionation

It has been proven that both systems, the DA and the VP&A&A, be used to
systematically fractionate a crude oil; however, the proppsstice is to use the DA for
degassing and the VPMA for fractionation. A brief accodrihe procedure is described

as follows (refer to Appendix B for further details).

With V01 closed (Figure 3.21, valve V6 in Figure 3.18),ghmple chamber (S01) is set
at a given temperature {)Twhile the rest of the system is left at a temperature 30°C
above T to avoid condensation in the pipes and facilitate vapour mobilitg cold
finger (CF01) must be at a temperature well belgvbdt high enough to ensure that the

condensate does not solidify in the inner pipes. At this paahte VO1 is opened and the
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sample is left open to pump suction for a given period of.tikgure 3.23 shows the

pressure measurements at this early stage of the fractiopaticess.

As can be seen in Figure 3.23, the pressure in thensystels towards a pseudo-steady
state value that is related to the vapour pressure of theasaoedeing fractionated. At
this stage, as the sample is left open to pump suction, mseteeis collected in the cold
finger (CFO1, Figure 3.21). When the level of condengatthe cold finger does not
change over an interval of at least four hours, it is assuha the entire sample that can

be fractionated atglhas been collected.
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Figure 3.37Pump down time for early fractionation stage. Some géseisated from the
sample even after degassing; however, the amount of tqueed for the pump down to
start is less than three minutes.
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If the amount collected is enough for further characteriaatimen close Valve V01 and
leave the system open to pump suction for at least fous hassuring that no condensate
material is left on the inner pipes. In this case, the amoultgcted is a single
temperature fraction of the oil aty.TThis scenario is optimal for oil fractionation;

however, in most cases not enough material is collectediagla temperature.

To collect more material, the temperature is increased Tiota T; in small increments
over time. The amount collected is known as a boiling poirgeranit. Note that as the
temperature range grows broader €TTp), more components are being collected in the
cut. Hence, for oil characterization, it is better to keep thienggoint range as narrow

as possible.

Once a given cut is collected, close valve V01 and leaveytem open to pump suction
for at least four hours to ensure there is no condeimstie inner pipe. Then, turn off the
pump and replace the cold finger to continue fractionatioth@fresidue. More details

about heavy ol fractionation can be found in Chapter 8Appmendix B.

3.5Apparatus Testing on Pure Components

The HV-VPMS apparatus and the pressure gauge calibratierestested by measuring
the vapour pressure of two pure components and corgpavith literature data.

Naphthalene and n-hexadecane were selected becausafiweir pressures matched the
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range of interest for heavy oils and biodiesels. Literaata for these pure components

were collected from Lemmon’s recommended databaserflenmand Goodwin, 2000].

3.5.1Assessment of Literature Vapour Pressure Data

This section focuses on the data assessment for n-lvaxedeapour pressure. The same

treatment was performed on naphthalene and n-eicosarelbration) literature data.

Hexadecane vapour pressure data were used as rendetrgy Lemmon and Goodwin
[2000]. Data points came from static methods ([Myers asmske 1955], [Camin et al.
1954], [Lee et al. 1992], [Morgan and Kobayashi 1994ijktillation ([Francis and
Robbins, 1933]), diffusion ([Grenier et al. 1981], [Parasd Moore, 1949]), and
ebulliometry ([Mills and Fenton, 1987]). The database aatcéar approximately 190
experimental data points with temperature ranging from 2981tb K. The critical

properties of n-hexadecane are 722 K and 1410 kRiad¢Ra al., 2001].

In order to obtain a consistent dataset, the literature databmwsisessed. The Korsten

eqguation can be used for this purpose [Korsten, 2000]

InP’ =A4+— [3.8]

T1.3’

The Kornsten equation indicates that a plot of z(®s. T is expected to follow a

straight line. Figure 3.24 shows that the dataset consisteltiyws$ahe expected trend.
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However, as pointed by Oonk et al. [1998], this type ethmdology can be misleading
because systematic errors present on the experimentadprres within different data
sets are hidden. Oonk and van Linde [van der Linde et1@98; Oonk et al., 1998]
suggested a methodology to detect these errors. Their methugists of adding
sensitivity to the 1/T coordinate in Figure 3.24, which is agdeby introducing a linear

contribution as shown in Equation 3.9:
_ P Br
Infp=In(5) =B+, [3.9]

where fp is the modified pressure functioR® is a reference pressure, afigh are
adjustable parameters. Tfig; parameters are adjusted so tlmafr is zero when the
highest and the lowest values of the vapour pressure etadigesevaluated. IP(;, Ty) is
the highest vapour pressure point in the data setRnd( is the lowest, then thgy;

parameterare defined as:

Bo =1n [(i—;’) (E—Z)TL‘LTH], [3.10]
prf ) =
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Figure 3.38n-Hexadecane literature data plotted with Korsten equation axes.

A consistent set of data must follow a parabola wihefa is plotted versus. 1/T. Figure
3.25 shows the Oonk-van Linde plot for the whole datasat-hexadecane. Some of the
data points fall outside the parabola indicating that they are amstistent within the
dataset. These outlier points were excluded from furthelysigaliterature data for

naphthalene and n-eicosane was assessed in the sang.mann
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Figure 3.39 Complete set of n-Hexadecane literature data plotted with thé&-Gon
Linde coordinates.

3.5.2Regression of Literature Vapour Pressure Data

Regression of vapour pressure literature data was pedouming the Cox equation

(Section 2.3) by minimizing the objective function describedquodtion 3.12

min(j) = ¥,[In(Pcee,) — In(PE*? )|* + K. X [ACCac, , — ACE*, ], [3.12]

The heat capacity terms were included because, at thersome range of interest, the

vapour pressure data of n-hexadecane and n-eicosatuse to 18 kPa which is taken

as the threshold for known experimental uncertainty. Tweigeoa better regression in the

unknown uncertainty region (and close to it), the extrapolaticconstrained with heat
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capacity data. Results for both regressions are showralie T3.7. This regression

methodology is further explained in Chapter 4.

Table 3.7 Cox equation constants for naphthalene and n-hexadeegoervpressure —
Pv [kPa] = Po exp[(1-T/To) exp(a aT + &T?)].
Substance a a a To [K] Po[Pa] AARD* [%)]
Naphthalene 3.272 -2.659x10° -4.347x10° 353.7 0.9935 0.01

n-hexadecane3.024 -1.831x10° 1.794x1¢° 560.15 101.325 0.43
n-eicosane  3.950 -1.201x10° 6.861x10' 311.16 1.22x10° 5.78

InP

i,exp

-InP

i,calc

1 n
* = —
AARD—n;‘ 5

iexp ‘

3.5.3Vapour Pressure of Naphthalene and Hexadecane

Vapour pressure of naphthalene and n-hexadecanemesasured using the VPMA at
temperature values ranging from 30 to 1@Q(data can be found in Appendix A). Figure
3.26 shows experimental and literature data from the Caatiegs developed in Section

3.5.2. The AARD values are 3 % and 1%, respectively.
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Figure 3.40 Experimental vapour pressure data for n-hexadecanenapHthalene;
literature data shown is regressed with Cox equation, Tahle 3

3.6 Liquid Heat Capacity Experimental Procedure

Liquid heat capacity data are required in the correlatiorapbur pressure data, Chapter
2. In this thesis, the liquid heat capacity of biodiesel fuel lagavy oil samples was
measured using a differential scanning calorimeter (DSC)Q2000 V24.9. These
measurements were performed by the Steacie Institute fétecMar Sciences NRC-
CNRC in Ottawa, ON. Reported liquid heat capacity data havaverage uncertainty of

2 %. A brief description of the experimental outcome of &xSprovided below.

The outcome of a DSC run is a heat flow chart for a gimass of sample (from 1 to 10

mg). This heat flow chart is measured in response ohtxatled temperature ramp input
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to the system. In this case, a temperature ramp of 5 °Giasnapplied. Figure 3.27

shows the heat flow chart and temperature ramp of otieedfiodiesel fuels.
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Figure 3.41Heat flow and temperature ramp for differential scanniericaeter assay on
a biodiesel fuel sample -4 to 8 °C; sample size of 8.04 mg.

After calibration (Indium was used as a standard), thedagzcity of the substance can
be calculated as the ratio of the heat flow and the tempersamp, Equation 3.12

[Haines, 2002; Weir and de Loos, 2005]:

Cos = Clop [(dAQ/dt)3—(dAQ/dt)1],

(dBQ/dt),~(dBQ/dt); [3.12]
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where G¢< is the heat capacity of the substanceg Gs the heat capacity of the
calibration substanceAQ/dt is the slope of the heat flow, and (1), (2), anda(8)three
heat flow charts corresponding to the empty equipment, indamd the substance
studied. Figure 3.28 shows the liquid heat capacity ofobrike biodiesel samples after

Equation 3.12 has been applied.

The heat flow chart, Figure 3.27, can also be used tontiet phase transitions [Haines,
2002, Weir and de Loos, 2005]. For instance, Figur@ 8tidws the heat flow chart as a
function of temperature. The inflection point in Figure 3.2@risindication of a phase
transition; in this case, for a biodiesel, the inflection pointrdetess the cloud point of

the biodiesel (wax precipitation onset) [Knothe and van Geg@05].
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Figure 3.42Heat capacity as a function of temperature.
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Figure 3.43Heat flow as a function of temperature for a biodiesel fsemple size is
8.04 mg.

3.7 Summary

The development of the new high vacuum vapour pressa@surement system and
testing procedures were introduced in this chapter, inclutdiegdifferent preliminary
criteria for the design, a description of the constituentsestistem (complemented by
Appendix B), preliminary testing and calibration, procedusvipour pressure and
fractionation of heavy substances, pure component vapessure assessment, and

measurement of vapour pressure of heavy pure substanc

The final design is a two stage apparatus including a degassotion and a

measurement or fractionation section. Among the many vasiahlel challenges
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encountered in the design and construction of this systemfollowing are the most
noteworthy.

= The selection of seals that can maintain high vacuum condittasscritical for
the performance of the apparatus.
= A non-linear calibration was required for vapour pressata below 18 kPa.

= Thermal transpiration must be taken into account at pressiosesto 10 kPa.
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CHAPTER FOUR: CONSTRAINED EXTRAPOLATION OF VAPOR PRESSURE

Chapter 4 introduces a modelling method for vapour pressair vacuum conditions.
Experimental data at pressures below kPa do not have a well established uncertainty
and are not recommended for vapour pressure modeHirgce, additional calorimetric
data are required in order to constrain the model at theseptessure values. A
modelling framework for both analytical and equation-of-sggiproaches is developed
that will be used to assess literature data and experimentablatataed with the HV-

VPMS in subsequent chapters.

4.1 Introduction

For substances with high molecular weights, it is a challéoag®btain reliable vapour
pressure data. The vapour pressure of these comp@aerive lower than 1kPa at low
to moderate temperatures. At these pressure values, teetainty of direct pressure
readings increases dramatically due to adsorption-desoratidpermeation processes
inside the measurement apparatus [Roth, 1990; Fulem, ZD89jvercome this issue,
indirect measurements such as effusion or transpiration deet(Ghapter 2) are
performed [Weir and de Loos, 2005]. However, thes@eottechniques may generate

new sources of error when the vapour pressure islasdurom the experimental data.
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An alternative to indirect measurements is to extrapolate religgeuv pressure data
points measured above 4@Pa towards lower values. As suggested Higifka and
Majer [1996], heat capacity data can be used to congtrainapour pressure equation
since heat capacity is related to vapour pressure andchpatity data can be more
measured reliably at low temperatures. For example, congidevapour pressure and

liquid heat capacity of methyl oleate (MW = 296 g/g-mol), Fegd.1.
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Figure 4.1 Vapour pressure and heat capacity of methyl oleatetragmed extrapolation
of vapour pressure is backed up by liquid heat capaattyabove the freezing point.

The experimental vapour pressure data aboVekP@ (with known uncertainty) can only
be obtained at relatively high temperatures (above 67 @Wekkr, liquid heat capacity

data can be easily obtained at lower temperatures whevapoer pressure is expected
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to be below the uncertainty threshold. Since these two girepare directly related, the
liquid heat capacity can be used to constrain and corrigbara extrapolation of the

vapour pressure towards the freezing point of the sulestanc

The vapour pressure of a component is related to its featporization through the

Clausius-Clapeyron equation [Poling et al. 2001]:

@ = . [4.1]

wherePy is the vapour pressuré,is temperatureR is the universal gas constant, and
AHy is the enthalpy of vaporization. The enthalpy of vaporizai®nrelated to

temperature as follows:

9(AHy)
T

= Cpy — Cp = ACp, [4.2]

whereCp vy andCp, are the heat capacity of the vapour and liquid phaska@nis the
difference in the liquid-vapour heat capacities at the phassition. Equation 4.2 is then
substituted into the differential of Equation 4.1 to obtain the relship between vapour

pressure and heat capacity:

sty =R [72 (429 z
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To constrain a vapour pressure model with heat capaddy tthe first step is to identify a
vapour pressure model appropriate for the fluid undesideration. Then, the phase
transition heat capacity difference is calculated from theemading Equation. 4.3.

Finally, the following optimization function is used to tune thpowa pressure model to

both vapour pressure and heat capacity data:
2 2
minj = (InBy}? —InPG)” + K¢ 3j(ACH — ACE),  [4.4]

wherei stands for the experimental data points pds a weight factor which scales the
heat capacity data to the same magnitude as the natural logafithe vapour pressure
data. Note that the enthalpy of vaporization can be includexd Equation 4.4 if

experimental data are available; however, this is usually ratake and Equation 4.4 is

generally used [fi¢ka and Majer 1996].

In this thesis, two approaches are considered for the Iimgdgapour pressure: 1)
analytical, using vapour pressure equations and ideal ligixohg; 2) equation of state,

using the Peng-Robinson equation of state (PR EoS). dpgebach is described below.
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4.2 Analytical Approach

In this approach, the vapour pressure of a mixture isuleédrl assuming an ideal

solution of its constituents as given by Raoult’s law:
P\Slé\l/llicx = Zj Xj PV,j' [4-5]

wherex and P, are the mole fraction and total ideal vapour pressure mpcoentj,
respectively. To calculate the vapour pressure of th@umeixthe composition of the
mixture is required as well as a correlation to determine tpeuwapressure of the
constituents. RuZka and Majer [1996] recommend the Cox equation, amomrg th
common vapour pressure equations, to be used whemp@atian is required. This
equation has the advantage of not depending on critical iespdn this work, a three

degree Cox equation was used [Cox, 1923]:
TRef 2
In Py = In Pger + (1 - T) exp(apv,o +apy1T + apy, T ), [4.6]

wherePret is a reference pressureTat; andapy 1-23are the correlation constants. The
reference state in the Cox equation should be one closédrewhe extrapolation is
intended. For instance, the normal boiling point of the substamay be used when
extrapolation at high temperatures is required whereas theahteezing point may be

used if the extrapolation is intended at low pressure values.
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For the Cox equation, an equation for calculating the phassitibn heat capacity can

be obtained, introducing Equation 4.2 into Equation 4.5:

ACP = RT I:Zapv‘l + 4apv‘2T + (T - TRef) (ZaPU'Z + (apv'l + Zapv'z)z):l

[exp(apv,o + ap, . T + apv,sz)], [4.7]

For an ideal mixture, the phase transition heat capacity ohitktere is given by:
ACP,miX = Z] X]'ACp,j, [48]

Usually, liquid heat capacity experimental data are availabeeiopen literature rather
than phase transition heat capacity differences. Hencesahisenient to have an explicit

expression for liquid heat capacity from the model; that is:

CP,L,mix = CP,V,mix + ACP,mix, [4.9]

Since the pressure of the system to be evaluated is lowaploer phase can be regarded
as ideal; hence, the vapour phase heat capacity carptxiapated as that of an ideal

gas,Cs’, and Equation 4.9 becomes:

CP,L,mix ~ Zi Clg,i + ACP,mix» [4-10]
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Experimental ideal gas heat capacity data for heavy comfoiaee scarce; however,
reliable predictive methods are available. Most of these methoel based on group
contribution methods. Appendix C lists three methods used inthiesis: Joback’s
method [Poiling et al, 2001], a modified version of the Bansethod [BuresS et al.,

1981], and the LaStovka -Shaw equation [LaStovka and/ SXG08].

The complete set of model equations is then:

T £
P‘ff,}fx = X Xj exp [ln Prej + (1 - RTe ’) exp(apvlo,]- + apyq,;T + apvlz,sz)] ,[4.11]

CpLmix & X Clg,i + RT [Zan,l,i + 4apy ;T + (T - TRef,i) (Zan,z,i +

alPuv 1,i+2aPv 2 i2expalv,0,i+alPv,1,i7+alPv,2,i72, [4.12]

Finally, the Cox parameters in Equations 4.11 and 4.12@mmized to fit experimental
data using Equation 4.5. A value of K 1/100 was used to scale the heat capacity data in

kJ/kmol.K to vapour pressure data in kPa.

4.3 Equation of State Approach

In the previous section the vapour pressure was modeBety wapour pressure

equations. This approach gives correct values for the Ipyptb& vaporization and heat
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capacity through the Clapeyron equation, if they are diyrétted. However, a more
comprehensive approach is to model vapour pressure aisieguation of state which, if

correctly fitted, can be used to determine phase equilibrraulti-component mixtures.

4.3.1Peng-Robinson Equation of State

In this work, the Peng-Robinson equation of state [PengRwizinson, 1976] was
selected because it is one of the most successful Ea®iiepolar and slightly polar
systems. The PR EOS is given by:

RT aa(w,TR)

P= v—b  v(v+b)+b(v—b)’ [4.13]

wherev is the molar volume is the excluded volume of a moleculg,is the reduced
temperature T/T¢), Tc is the critical temperaturey is the acentric factora is the
attractive force parameter ands an adjustable parameter to fit the equation of state to
the vapour pressure of the substance; that is the satupatissure or bubble point at a

given temperature.

For a pure component, the attractive and repulsive termsletermined through the

critical properties of the substance, as:

0.457265R2TE;
= L [4.14]
C,i
0.0777969RT¢ ;i
b, = ———=, [4.15]

Pci
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wherePc is the critical pressure. In a mixture, #tnandb parameters are calculated from
mixing rules applied to the individual component parametershitnwork, the classic

Van der Waals mixing rules are used, given by:

bm = i xib;, [4.16]

am = Zixix]'1/aiaiajaj(1 — kij)l [417]

wherek; stands for the interaction parameters between substandg Note that a more
sophisticated mixing rule is not considered in this work stheephase behaviour of
biodiesels and heavy oil considered in this thesis is expectasl domple; that is, single
liquid/vapour phase transitions (Chapter 2). &kHanction for the Peng-Robinson EOS is

given by [Wallas, 1985]:

a(w,Tg) = [1+ fiy(1 — T}g.s)]z’ [4.18]

wheref,, is a function of the acentric factor given by:

fw = 0.37464 + 1.54226w — 0.26992w?, w <05 [4.19a]

fw = 0.3796 + 1.485w — 0.1644w? + 0.01667 w3, w > 0.5 [4.19D]
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It is useful for calculation purposes to express the equatiostate in terms of the
compressibility factor, Z = PV/RT. For the Peng-Robinso8,Hequation 4.13 is written

as [Poiling et al., 2001]:

73-72(1-B)+Z(A—2B—-3B?)—B(A—B—-B*) =0, [4.20]

whereA andB are defined by:

__aa(w,Tr)P

e, [4.21]
B:%, [4.22]

4.3.2Vapour pressure of a pure component

As explained in Chapter 2, the vapour-liquid equilibrium condstioha pure component
can be determined through the equality of the fugacitieseo€dmponent in each phase

[Wallas, 1985]:

fr=rt [4.23]

wheref’ and f- are the fugacities of the vapour and liquid phases, reeplgc The
fugacity coefficients for each phase are calculated throlgHPeng-Robinson equation

of state as follows:

Phase A Zphaset2.414B
In ("5 = Zenase = 1 = Innase = B) = 3oz In (C222000), [424)

P 2.828B Zphase—0.414B
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Usually, Equation 4.24 is solved as follows [Soave, 1986]:
* Assume a value for the vapour pressure
» Calculate thed andB parameters from Equations 4.21 and 4.22

» Determine values of, andZy by solving Equation 4.20 and choosing the lowest

and highest roots
» Calculate the fugacities from Equation 4.24

* Modify the vapour pressure if Equation 4.23 is not satisfied

This procedure is iterative since Equation 4.24 is implicit isqaree. As an alternative

for pure substances, Soave [1986] proposed the folipaiplicit equation in pressure:

)(k+1)/2

k-2
10 @
k=5 Ci (TR—l) ,  [4.25]

In (1;—;:) = Yie=1Cr ( =

Tr—1
whereCy is a vector of constants and is tabulated in Table 4.1

Table 4.8Constants for the saturation pressure calculation of pinstamnces using Peng-
Robinson Equation of state [Soave, 1986]

k Cr
1 -3.3466262
2 -9.9145207x16
3
4

1.015969390
-1.032780679
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0.2904927517
1.64073501 x16
-9.67894565 x1
1.74161549 x10
-1.56974110 x16
10 5.87311295 x16

© 00 N O O

4.3.3Vapour Pressure of mixtures

At equilibrium, the fugacities of each component in each phaasequal:

= ft [4.26]

However, for mixtures, it is common practice to use equilibrigiwmalues instead of

fugacity values. The K-values are defined, at equilibriomdd@ions (Equation 4.26), as:

where®'; stands for the fugacity coefficient of componkint phasg, andx andy; stand
for the mole fraction of componemtin the liquid and gas phase, respectively. The
summation of the gas phase mole fraction equates to urdtyfEguoation 4.27 can be

substituted into this summation to obtain:
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Xiyvi=1=%;Kx, [4.28]

Note that the vapour pressure is a bubble point and, autii@ebpoint, the composition
in the liquid phasey;, is identical to the composition of the feed (mixture). Hetlve,
values ofx; are known parameters at this condition. The K-valuesdcin eomponent are

calculated from the Peng-Robinson equation of state as fdRwiling et al., 2001]

i bi ;o ; A (2% b; ZJ+2.414B
In Cpi] = E(Z] —1)—-In(Z’ —B) — T ( ’::nkak - a) In (m), [4.29]

wherei stands for the componeitstands for the phase. Note that the K-values for each
component depend on the temperature (a known paranastérthe pressure of the
system (the target parameter); since Equation 4.29 is implicitreaesgre, solving
Equation 4.28 becomes an iterative process. Usually, euvg@ressure of a mixture is
calculated through the following procedure [Michelsen, 19ave, 1986]:

« Assume a value for the vapour pressure

» Calculate parametegg, andby, through Equations 4.15 and 4.16

» CalculateA andB parameters through Equations 4.21 and 4.22

» Determine values of, andZy by solving Equation 4.20 and choosing the lowest

and highest roots
» Calculate fugacity coefficients for each component aicti paase from Equation

4.29
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» Calculate K-values for each component from Equation 4.27

* Modify the vapour pressure if Equation 4.28 is not satisfied

Figure 4.2 shows Equation 4.28 plotted as a functionedspire. Note that, in this case,

the function is smooth and, hence, a simple numerical moseffisient.

0.4

0.2 &

0.8 B e

0 100 200 300 400 500 600
Pressure [kPa]

Figure 4.2 Optimization function for vapour pressure determination.

4.3.4Heat Capacities and Heat of Vaporization

The enthalpy of vaporizatiodlHy, is defined as [Poiling et al., 2001]

AHV - hV - hL’ [430]
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where the individual heat capacity contributiamsor each phase are calculated as

1 2Z;+B(2-V8) _ mﬂ .
By = —=In [ZZ]_+B(2+ v§)]( T )+RT(ZJ- 1),  [431]

where j stands for the phase. The phase transition hestityapan be calculated as:
ACP = CP,V + CP,L =~ Cg + CP,L = Cges, [432]

The heat capacity residue is given by [Poiling et al., 2001]

(%Plar),

— R, 4.33
@), 1433

2

CRes = fT(a P) dV — T 320

Using the Peng-Robinson equation of state, Equation 4@&@8riss

R da 2
Res _ 1 d?a v+b(1-v2) <v—b dT(p2+2;v_b2))
Cp =T VB ar? 08 v+b(1+vZ) “RT . 2a(v+b) — R, [4.34]

(w-b)2’ (v2+2bv—b2)2
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Note that in order to use Equation 4.32, a model for tlealigas heat capacity is
required. A direct calculation of the ideal heat capacity usiegequation of state does

not exist and a property correlation methodology is reqi&pgendix C).

4.3.5Adjustment of the Peng-Robinson EoS to Experimental Data

As with the analytical approach, the equation of state islttmét the experimental data
using Equation 4.5. For a pure component, the acenttmr facthe functiorfy, Equation
4.19, is adjusted during the optimization. For heavy compsnéme critical properties
and acentric factor must be predicted or adjusted to theuvgpressure data because
these components decompose at temperatures below theirl grdind and therefore

experimental values do not exist.

For mixtures, the interaction parameters or mixing rulesbeamodified. Note, however,
that the liquid heat capacity of mixtures is almost insensitive toteeaction parameters
since it depends on the second derivative of the attractiampéer in the equation of
state. In this case, the heat capacity is not used to cortsigamodel but rather to verify

that the mixture model is accurate for both vapour pressutdeat capacity.

4.4 Summary

A framework was introduced for modeling vapour pressumestrained by liquid heat

capacity. The method provides a way determine vap@sspre when experimental data
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are not available (above the cracking temperature) orrarertain (at pressures below
10* kPa). This modelling framework will be used for biodiesglowa pressure (Chapters
5 and 6), heavy oil vapour pressure (Chapter 7), asngbart of an inter-conversion
method to transform measured vapour pressures to dteraspquivalent boiling points

(Chapter 8).
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CHAPTER FIVE: MODELLING THEVAPOR PRESSURE OF FATTY ACID
METHYL ESTERS

Chapter five introduces the modelling of the vapour pressiufatty acid methyl esters
(FAMESs) which are the main constituents of biodiesel fuelsdéimg FAME vapour

pressure is the first step in modelling the vapour pres$uiediesel fuels. The FAMESs
model also provides a relatively straightforward applicationthef vapour pressure
method provided in Chapter 4. Both the analytical approawh equation-of-state
approaches are examined. In addition, new equationdeaoped for the liquid and

ideal gas heat capacity as well as the vapour pressbAMiES.

5.1 Introduction

Fatty acid methyl esters (FAMESs) are produced by theseésstarification of fatty acids
from vegetable oil and animal fat (Chapter 2) and comghieemain constituents of
biodiesel fuels. In common biodiesel fuels, the fatty acidresange in carbon number
from Gs to G4 (Table 5.1). FAMEs can be saturated or unsaturatedh @vie, two, or

three double bonding carbons) [Allen et al., 1999; Gooda@®2; Ott and Bruno, 2008].

Since FAMEs are the constituents of biodiesels, modelling tapowr pressure is a key

step in developing a model for the vapour pressure ot tiuets. The vapour pressure of
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FAMEs is expected to be very low (below“KPa at room temperature) for components
with carbon numbers higher than 14. Hence, it is also impoi@aconstrain the vapour

pressure model with heat capacity data, as introducedapt&y.

Since data were not available for all FAMESs, the modelingagch was developed in
four steps: 1) develop a correlation based on experimimugd heat capacity data, to
estimate the phase transition heat capacities; 2) fit the constre@pedir pressure
equation to the available vapour pressure data; 3) develapaur pressure correlation
for FAMEs for which data are not available; 4) predict tapour pressure of the FAMEs
with no available data. Section 5.2 presents the available mhteaah step in the model

development is discussed in Sections 5.3 to 5.5.

5.2 FAMEs Physical Properties

Experimental data of twenty fatty acid methyl esters, ranigimgrbon number from 6 to
22, were assessed, Table 5.1. The vapour presgarsetaanges in temperature from 25

to 320 °C whereas liquid heat capacity data ranges frofnettieing point to 76 °C.

Table 5.Experimental data for selected FAMEs and temperature iarige[NIST,

2010].
Pv CpL
Methyl hexanoate C6:0 65 7.55 146.52 - -

Methyl caprylate C8.0 53 33.69 145.70 12 - 76.85
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33.15
Methyl caprate C10:.0 70 - 188.20 10 -3.15 76.85
12.74
Methyl laurate C12:0 112 - 226.85 8 6.85 76.85
11.00
Methyl myristate C14.0 90 0.00 237.8 7 25 76.85
Methyl pentadecanoate C15:0 29 21.85 226.8% 26.85 76.85
Methyl palmitate C16:.0 110 18.00 321.95 5 36.85 76.85
Methyl heptadecanoate C17:.0 27 21.85 226.8% 36.85 76.85
Methyl stearate C18:.0 101 21.85 346.954 46.85 76.85
Methyl arachidate C20:0 29 38.00 226.853 56.85 76.85
Methyl behenate C22.0 12 21.85 258.95 - - -
Methyl lignocerate C24:0 - - - - - -
Methyl palmitoleate Cl6:1 4 26.85 176.85 - - -
Methyl heptadecenoate Cir7: - - - - - -
Methyl oleate C18:1(11) 33 26.85 21850 - - -
Methyl vaccenate C18:1(9) - - - - - -
Methyl cis-11- C20:1(11) - - - i - -
eicosenoate
Methyl erucate Cc22:1 8 26.85 176.85 - - -
Methyl linoleate C18:2 18 26.85 214.95 - - -
Methyl linolenate C18:3 12 26.85 185.7 - - -

5.3 Phase Transition Heat Capacity

The liquid/vapour phase transition heat capacity is deternagdte difference between

the heat capacity of the saturated liquid and the saturatedry&muation 5.1.

_ ~ _ 0
ACprame = Cprrame — Cpyrame = Cprrame — Cprame » [5.1]

whereCp,, Cpy, andCp? stand for the liquid, vapour, and ideal gas heat capablote

that since we are concerned with low vapour pressuresafiair phase can be regarded
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as ideal and £y = Cp° [RUZicka and Majer, 1996]. Hence, correlations for the ideal ga

and liquid heat capacity are required.

5.3.11ldeal Gas Heat Capacity

No experimental data for the ideal gas heat capacity of FAME available in the open
literature; hence, a predictive method for this propertyqsired. The model applied in
this section is based in part on residual heat capacities ¢attwdh the Peng-Robinson
equation of state and is developed in Section 5.6.3. Foven@nce, the model

eqguations, which are independent of the EOS, are predsried

Saturated FAMESs

For saturated FAMES, the ideal gas heat capacity is calcaatedows:

CR(0) = acpo + bepoT + ccpoT?, [5.2]

whereacpo, bepg, andcepg are calculated as:

—2.1079x10%

Acpo = T —aaatres T 230.72 4+ 0.62516(MW — 344.1759), [5.3]

125.93

—_— -3 _
bepo = [P TEREyp— 1.4529 + 5.5554x107° (MW — 344.1759), [5.4]

o - 019127
Cr0 ™ Mw-—344.1759

—8.8626x107* — 5.9999x10" (MW — 344.1759), [5.5]
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Unsaturated FAMEs

For unsaturated FAMEs, the ideal gas heat capacity cacaloalated, based in its

saturated FAME counterpart, using the following expression:

0
C”CE)L((’)’)C) = [1 + Nyc(—6.1327x1072 + 1.5493x10~*T — 1.842x1077T2)], [5.6]
P

where Njc stands for the number of double bonding in the molecule

5.3.2Liquid Heat Capacity

Saturated FAMESs

The liquid heat capacity data of saturated FAMES were ssgteto a three degree

polynomial, Figure 5.1:

Cpr, = Acpr—o0 + Acpr—1T + Acpr—2T? + acp—3T>, [5.7]

whereCp(is the liquid heat capacity in kJ/kmol.K, temperatiires in Kelvin andacp.-i

are the adjustable parameters. Values for the constgnere listed in Table 5.2.

Table 5.10Regressed constants for liquid heat capacity for FAMEsrding to
Equation 5.7; temperature in Kelvin.

Formula* acpo acpl-iX10” acp2X10 acp3x10” Tmin Tmax AARD
C8:0 7.29 -4.49 1.49 -1.50 240 350 0.12%
C10:0 -23.36 25.52 -8.09 8.67 270 350 0.34%
C12:.0 -23.05 25.76 -8.19 8.83 280 350 0.07%
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C14:.0 -22.37 26.24 -8.48 9.26 298 350 0.31%
C15:.0 -137.38 131.37 -40.43 41.64 300 340 0.04%
C16:.0 -22.87 26.07 -8.09 8.56 310 350 0.04%
C17:.0 -22.72 26.22 -8.12 8.54 310 350 0.07%
ci1s8:.0 -22.81 26.18 -8.04 8.46 320 350 0.03%
Cc20:0 -21.46 27.14 -8.78 9.64 330 350 -
700
o C8:0 o)
— 650 B e .o@"
> O C10:0 CEh e
o 600 } A C12:0 X
: cesle?
E E.og‘"'&
5 550 O Ci14:0
[o— -'@
0 C16:0 oL Of
2 500 | Qpeer @&
§ O (C18:0 penenrh
8 450 | ...... Po|ynom|a|F|t teeenpree s PP YRR Jow oo foeee®
)
© 400 } e
:?:" el 5r cofehose ek £
IE"..E. B
?g 350 } o
g celDee FSTITOLIILOAAA A
= 300 } @...@...@...@...@- & @
250 1 | 1 | 1 |
230 250 270 290 310 330 350

Temperature [K]
Figure 5.1Experimental and regressed liquid heat capacities for seleaAtdés.

The Dadgostar-Shaw predictive equation [2011] was applidéteymine the liquid heat

capacity of the FAMEs with no available experimental data:

Cpp = al(acp) + a, (acp)T + as (acp)Tz ,

[5.8]
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where ac,, is a similarity variable which is related to the elementarypmsition of a

substance as follows:

Yk Vk

an - ZkkaWk ’ [5.9]

where vk stands for the stoichiometric number of the moledtlend MWk is the

molecular weight. The constantsare given by:

a;(acy) = 24.5(-0.3416a + 2.2671a?) [5.10]
ay(acy) = —0.1064 + 0.3874a? , [5.11]
as(acy) = —9.8231x107° + 4.182x10~*a? , [5.12]

Equation 5.8 was first applied to calculate the available liquad degpacity experimental
data of the FAMEs listed in Table 5.1, with a total AARD of2.4igure 5.2 shows the
experimental data and predicted results for methyl palmitatd able 5.4 shows specific
AARD values for the FAMEs. This simple method gives gogpresentative values of
FAMEs heat capacities. However, to obtain even more preceghictions, a correction

factor was introduced as follows:

Cp = (ap1 + al(acp)) + (apz + az(acp)) T + (ap3 + as (acp)) T?, [5.13]
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whereag; are the FAMES correction factors (Table 5.3). The oteceequation, specific
to FAMEs, improved the error with a total AARD of 0.7%. Uig 5.2 shows the
experimental data and predicted results for methyl palmitateTabte 5.4 lists the
AARD for each FAME. The corrected equation was them usepredict the liquid heat
capacity of the FAMEs for which data were unavailablél@®.1) from their molecular

formula.

Table 5.11Modified parameters of the Dadgostar-Shaw equation for EAM

oF1 a2 aF3
2.279 -6.956x10° 9.509x1C

620
600 _ -0
- ~= - -~
J? - L. -
< 580 _ - _ -
= = = -
g -
< 560 _ -
= -
—
Q.
© 540
520 0 Experimental Data
= — Dadgostar-Shaw Equation
= = Equation5.13
500
300 310 320 330 340 350 360

Temperature [K]

Figure 5.2Experimental and predicted liquid heat capacity for methyiniate, C16:0.
Data from NIST [NIST, 2010].
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Table 5.12Performance of Dadgostar-Shaw method, Equation 5.8:qudtion 5.13 for
known FAMEs liquid heat capacity; results of the polynomigtession, Equation 5.7
are shown for comparison.

AARD [%]

FAME Formula - 58 Eq.5.13 Eq.57
M-Caprylate C8:0 5.0 0.9 0.1%
M-Caprate C10:0 3.1 1.2 0.3%
M-Laurate C12:0 2.7 0.8 0.1%
M-Myristate C14.0 2.2 0.7 0.3%

M-Pentadecanoate C15:0 15 1.3 0.0%
M-Palmitate C16:0 2.0 0.0 0.0%
M-Heptadecanoate C17:.0 1.4 0.8 0.1%
M-Stearate C18:0 1.8 0.1 0.0%
M-Arachidate C20:0 2.0 0.7 -

Unsaturated FAMEs

No data were available for the ideal gas heat capacity afrtsaturated FAMEs. Hence,
it is assumed that the departure function from the corregppsdturated FAME is equal
to the same departure function as calculated by Jobadakisodh [Poiling et al., 2001]

(Appendix C). The departure function from Joback’'s meitksaiven by:

0 3 i 3 i 3 i 3 i 3 i
Cp(Nyc) _ NcuzXij—o@iT'+NcH2 Xi—g biT' +Ncoo Xijg CiT ' +Nyc Yimg diT '+ X & T"
cp(0) Ncns oo @iTHNcH2 o biT H+Ncoo Yoy ¢iTH+X5 o e;T! '

[5.14]

whereNyc is the number of unsaturated bonds (1, 2, oN&)a, NcHz, andNcoo are the
number of function groups within the molecule, amdb, c, d, and e are standard

parameters for the method. Equation 5.14 simplifies to tlewing expression:
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0
C’;E)L(g)d = [1 + Nyc(—6.1327x1072 + 1.5493x10~*T — 1.842x10~7T?)] ,[5.15]
P

5.4 Analytical Vapour Pressure Correlation for FAMES

The vapour pressure of both saturated and unsaturatd&swvas modeled with a three
degree Cox equation constrained by heat capacity (Equaitbhsand 4.12). Note that
when there was no liquid heat capacity experimental datatiBqus.13 or 5.15 were
used to predict them. The reference state in the Cox enusttiould be one close to
where the extrapolation is intended and the normal melting féMP}] of the FAMEs
was selected. The normal melting points of the different FAMEre collected from the
NIST data base [NIST, 2010] and are listed in Table 2dwever, the vapour pressures
of the FAMEs at the NMP R, were unknown and, therefore, became a fourth

adjustable parameter in the Cox equation.

The parameters in the Cox equation were adjusted to theuwagressure and heat
capacities of the FAMEs using the constrained optimization (gquat.5). Two
scenarios were evaluated: Scenario 1: “All-data” is a remme®f all the vapour pressure
data available with no constrainté(= O in Equation 4.5); Scenario 2: “Constrained” is a
regression of vapour pressure data abovéKEa constrained with liquid heat capacity
(Kc = 1/100 in Equation 4.5). Table 5.5 shows the regressefficients for both

scenarios. The AARD of both regression scenarios awrsin Table 5.6. Note that high
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deviations in the vapour pressure for the “Constrainediaste are mainly influenced by

experimental values below 1@Pa.

Table 5.13Cox equation parameters for all data and constrained atafAMES.

F | Scenario 1: All-data Scenario 2: Constrained
vt 8vX10 8 X1 ProxlC | 8rys 8 Xd0  8pyX10  Proxi0
C6:0 3.673 -1.154 1.058 25.83 3.534 -0.642 0.504 3.63
C8:0 2.973 1.854 -2.574 190.05 3.553 -0.694 0.481 108.04
C10:.0 3.763 -1.329 1.074 75.91 3.603 -0.707 0.458 84.67
C12:.0 5.053 -6.646 6.907 36.56 3.665 -0.776 0.494 69.24
C14.0 4.892 -5.432 5.252 19.40 3.752 -0.914 0.605 35.73
C15:.0 3.970 -1.507 1.123 10.79 3.772 -0.758 0.389 12.35
C16:0 4.496 -3.269 2.685 8.85 3.791 -0.796 0.443 14.55
C17:.0 4,121 -1.841 1.388 5.10 3.840 -0.883 0.541 6.454
C18:0 4.612 -3.409 2.740 3.30 3.855 -0.792 0.412 5.64
C20:0 3.987 0.102 -1.532 1.11 3.902 -0.866 0.501 3.02
C22:.0 4.094 -0.659 -0.412 0.91 4.059 -1.245 0.716 1.70
Cil6:1 3.952 0.0834 -0.703 0.000283 4.073 -0.784 0.520 0.000488
Ci7a 3.921 0.070 -1.384 0.000129 4.110 -0.669 0.350 0.000216
C18:1(9)  4.242 -0.851 0.255 0.000145 4.288 -1.080 0.527 0.000149
C20:1(11) 4.397 -1.459 1.070 0.000104 4.153 -0.679 0.381 0.000219
Cc22:1 4.457 -1.541 0.995 0.000193 4.299 -1.087 0.647 0.000323
Cc18:2 3.982 0.656 -1.324 0.00f55 4.233 -0.855 0.600 0.00419
C18:3 2.552 6.982 -8.629 0.00352 4.280 -0.810 0.560 0.000447

& Reference pressure multiplied by’10

Table 5.14Performance of the vapour pressure and heat capgciagiens for various

FAMEs.

All-data

Constrained

Formula

AARD Py [%]

AARD ACp [%]

AARD Py

[%] AARD ACs [%]

C6:0
C8:.0
C10:0
C12.0
C14:0

5.3
8.6
3.3
3.9
4.3

162.7
47.8
283.2
246.2

51
8.6
3.5
4.1
5.1

1.9
1.7
1.2
1.4




127

C15:0 0.7 52.7 0.6 1.3
C16:0 5.1 201.6 6.9 0.9
C17:0 1.4 775 1.8 0.3
C18:0 5.1 216.9 4.9 1.1
C20:0 9.4 129. 10.1 0.2
C22:0 23.3 - 32.8 -
C16:1 6.7 - 26.7 -
c17:1 - - - -
C18:1(9) 3.9 - 4.3 -
C20:1(11) - - - -
C18:2 9.7 - 9.4 -
C18:3 9.6 - 10.6 -

Figures 5.3 and 5.4 show the results for methyl palmitatienagthyl caprylate. Both
regressions are similar at vapour pressures abo%&R# but they differ slightly at lower
pressures (higher deviations were found with heavier E&)MNote that the majority of
experimental values below this threshold were indirect, mositesh coming from gas
chromatography experiments. On the other hand, liquid lagecity values calculated
with unconstrained data always deviated from literature dataimisome cases, the heat
capacity predicted with the unconstrained equation incorrediégreased with
temperature, as shown in Figure 5.4 for methyl capryl@he constrained regression
produced consistent, precise predictions of the heat capdable 5.6. Since heat
capacity and vapour pressure are related, the “Congtfagoerelation is expected to

provide a better prediction of the low vapour pressurestti@tAll-data” correlation.
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Figure 5.3Experimental and regressed vapour pressure of metimyitate (Data from

NIST [2010]).
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Figure 5.4Experimental and regressed vapour pressure of methyllasp(Data from

NIST [2010]).
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The vapour pressure correlations of the FAMEs were goftrted at high temperatures to
calculate the normal boiling point. Table 5.7 shows the congradsthese values with
experimental data (when available). While the extrapolation o€Ctheequation to high
temperatures is not expected to be reliable since it wasmetst to the normal freezing
point, the extrapolated boiling points of most of the FAMEs witdin 6.3% of the
measured values. Note that some of the experimental aludse family of saturated

FAMEs do not follow a monotonic tendency with the moleculaghteof the substance.

Table 5.15Experimental and Calculated normal boiling point of differenMES (Data
from NIST [2010]).

FAME Form. Exp. NBP All-data NBP Constrained NBP
M-Hexanoate C6:0 423 422.45 421.75
M-Caprylate C8:0 466.05 471.42 463.44
M-Caprate C10:0 502.1 502.17 500.19
M-Laurate C12:0 418.56 519.09 532.01
M-Myristate C14.0 423.46 550.48 562.64
M-Pentadecanoate C15:0 440.95 579.28 580.98
M-Palmitate C16:0 433.70 593.00 590.48
M-Heptadecanoate C17:.0 - 605.25 603.26
M-Stearate Cc18:0 444.69 616.39 614.46
M-Arachidate C20:0 642.10 * 632.66
M-Behenate C22:0 666.10 * 675.26
M-Palmitoleate Cle:1 - * 566.95
M-Heptadecenoate Cir:1 - * 584.68
M-Oleate C18:1(11) 619.1 658.23 633.85
M-cis-11-Eicosenoate C20:1(11) - 599.49 576.44
M-Erucate C22:1 666.10 632.86 593.38
M-Linoleate C18:2 619.10 * 585.38
M-Linolenate C18:3 620.10 * 582.01

* Vapour pressure equation fails since it develops a maximum vatlthan stars decreasing
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The vapour pressure correlation constrained with liquid hapaaity provides more
theromdynamically consistent modelling of the vapour prestae an unconstrained
correlation. For example, the Cox equation parameters thheniConstrained” scenario,
apv123 change systematically with the carbon number of satuFAMES, while those
from the “All-data” scenario do not, Figure 5.5. Therefothe constrained method is

recommended for modeling the vapour pressure of FAMEs

6

5 * o
(<)) <& ‘
b 4 ‘
Q 2 R 2
S 3 TS
2
(¢°]
3 2
o

1 @ All-data Scenario

€ Constrained Scenario
0
0] 5 10 15 20 25

Carbon Number
Figure 5.5aCox parameterg; as a function of carbon number for saturated FAMESs
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Figure 5.5b Cox parametergg, and ayz as a function of carbon number for saturated
FAMEs

5.5 Predictive Vapour Pressure Equation for FAMES

The monotonic trends in FAMESs properties provided a klasiwhich to develop a new
methodology to predict vapour pressure for FAMEs. Tlup@sed predictive equation
cab be used to determine vapour pressures for FAMEditil#ghor no experimental data,
Table 5.1. The method is developed first for saturated E&\Mnd then extended to

unsaturated FAMEs.
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5.5.1Saturated FAMEs Vapour Pressure Equation

The data listed in Table 5.1 were used as the training rsétefgoroposed correlation and
experimental data of methyl nonadecanoate (C19:0) [N28T0] was used to test the

correlation.

At a given temperature, such as 70°C in Figure 5.6, thewagressure of the FAMEs

decreases exponentially with the carbon number:

P(N)|r = Acn,o eXP[QCN,1Nc] , [5.16]

whereNc is the carbon number from the fatty acid formg0, andacy; are correlation
parameters. Each parameter in Equation 5.16 is then sedre®rsus temperature as

follows:

acyo = 1.908exp[0.01715T], [5.17]

ey = —5.656 + 0.02649T — 4.5417x107°T2 + 2.6571x1078T3 |  [5.18]

Figure 5.7 shows the regressed parameters. Figuféefi)8hows the experimental data
and predictions for the training set. To test Equations 5.561&) the vapour pressure of
C19:0 was predicted, Figure 5.8 (right). The model ptedhe vapour pressure with an

AARD of 2.8%.
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Figure 5.8 Experimental and predicted values for the training set (left}laatester,
methyl nonadecanoate (right).

5.5.2Unsaturated FAMEs Vapour Pressure Equation

For unsaturated FAMEs the amount of experimental data yssreall which, in turn,
limits the scope to develop any method based on this datafd»#&48:0, C18:1, C18:2
and C18:3 were used to develop a preliminary correlation; fdat@16:1 was used to

corroborate the method. Figure 5.9 (right) shows therewpatal data and correlation

results (left) for the training set.
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Figure 5.9Experimental and correlated vapour pressure fdatansaturated C18 family
of FAMEs at 3C°C.

At high temperatures, any differences among the vapegspre of the different FAMEs
are virtually undistinguishable from the experimental error.weéier, at low
temperatures, the differences become apparent. Therdfwefollowing departure

function is proposed for the unsaturated FAMESs at tempesahelow 50C (323 K).

Py(Nyc)r

Py(0) = auc(NUC + 1) + bUC + CLC [519]
|4 T

Nyc+1 !

where Nyc is the number of unsaturated double bonds amg byc, and cyc are

correlation parameters. Figure 5.9 shows the departootida, Equation 5.19, at 30°C.
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Note that the C18:2 data point was off the trend at all tempesatlihere are very few
data points and the outlier may arise from experimentaf; errore data are required to

reach a conclusion.
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Figure 5.10Departure function for unsaturated C18 family of FAMES@&’C.

The parameters of Equation 5.19 were regressedusstoin of temperature as follows:

aye = 4.62x1075T2 — 3.06x10™2T +5.05, T <323K , ayc=0 T >333K [5.20]
byc = 3.39x1072T — 9.93, T<323K , bye=1 T>333K [5.21]

cuc = —2.97x1072T + 9.62, T<323.K, cye=0 T>333K [5.22]
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Note the outlying data point for C18:2 was neglected foréigeession. The fit to the

training data set is shown in Figure 5.9 (right). To tesiafigns 5.19 to 5.22, the vapour

pressure of C16:1 was predicted, Figure 5.11. Theelebion predicts the vapour

pressure with an AARD of 2.4%.
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Figure 5.11Experimental and predicted values for methyl palmitoleate.

5.6 Equation of State Approach for FAMEs Vapour Pressure

200

In the preceding sections, the vapour pressure of FAM#Ssmodelled using analytical

vapour pressure equations. This approach providegatovalues of the enthalpy of

vaporization and heat capacity through the Clapeyron equaifiotihe correlation

parameters are correctly fitted. However, a more corepigtie approach is to model the
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FAMEs vapour pressure using an equation of state sindeo&ncan also be used to
calculate phase equilibria in multi-component mixtures (sucltbiadiesel fuels) if

correctly tuned.

As discussed in Chapter 4, an Eo0S is tuned to fit vap@asaspre data by adjusting the
functionfy, Equation 4.19, which depends on the acentric factorh&wvy components,
whose critical properties are hypothetical (not measuredyritieal properties may also
be adjusted. Experimental critical properties for the majofitfaity acid methyl esters
do not exist because the hypothetical critical temperature IBAME is above the
cracking temperature; that is, it decomposes below the criticgdet@ture. Therefore,

both acentric factor and critical property tuning are consdér the FAMEs.

5.6.1FAMEs Critical Properties and Acentric Factor

As recommended by NIST [2010], the hypothetical criticabguee,Pc, of the FAMESs
was estimated using the Wilson-Jasperson and the AmbroserWeapour pressure
based methods. The hypothetical critical voluve, and critical temperaturd,c were
estimated using the Joback group contribution method [Polirag.,e2001]. A group
contribution method was considered appropriate becauseAMi&s consist of common
molecular groups including GH -CH,-, -CH=, and COO-, and was also recommended
and applied by the NIST TDE Engine [NIST, 2010]. All thie above methods are

described in Appendix C and the estimated critical propertéeprarvided in Table 5.8.
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Initial estimates for the acentric factor of the FAMEs wereutaled from the vapour

pressure curve (when available), using Pitzer’s definifRwiifg et al., 2010]:

Py
Wpitzer = —10g10 (_) -1, [5.23]

Pc/ gt T=0.77¢

wherewpizer IS Pitzer's acentric factor. The estimated acentric factorthe FAMES are

provided in Table 5.8.

Table 5.16Critical properties and acentric factor of selected FAMES; eoisqn
between contribution method predictions (Calc.) and adjustads/éAd;.) for the Peng-

Robinson equation of state.

Tc [K] Pc [kPa] w

Formula _ . -
Calc. Adj. AD[%] Calc. Adj. AD[%] Calc. Adj. AD [%]
C6:0 - 602.793 - - 2950 - 0.462 0.490 6.1
C8:0 635.6 648 1.9 2064 1984 3.8 0.447 0.509 13.9
C10:0 671.2 683 1.7 1752 1570 104 0.511 0.596 16.0
C12:0* 712.165 712.165 0 1755 1507 141 0575 0.696 20.9
C14:0 721 727 11 1147 1175 2.4 0.804 0.803 0.1
C15:0 736 736 0 1384 1384 O 0.902 0.873 34

C16:0 755 749.8 0.7 1313 1250 4.8 0.853 0.906 6.2
C17:0 760 759.5 0.1 1225 1224 0.1 0.946 0.937 0.9

C18:.0 772 772 0 1157 1158 0.1 0.970 0.969 0.1
C20:0 790 788 0.2 1031 1031 O 1.015 1.032 1.7
C22:.0 - 804 - - 985 - - 1.088 -
Cl6:1 - 750 - - 1830 - 1.180 0.977 17.2
Ci7:1 - 770 - - 1780 - - 0.979 -
C18:1(9) 768 777 1.2 1173 1710 45.7 1.125 0991 11.9
C20:1 - 788 - - 1650 - - 1.116 -
C22:1 - 798 - - 1600 - - 1.195 -
C18:2 773 783 1.3 1204 3150161.6 1.466 1.052 28.2
C18:3 774 790 2.1 1127 4850330.3 3.071 1.105 64.0

a: Joback; b: Ambrose-Walton; c: Wilson-Jasperson



140

* Critical temperature measured experimentally

Once the critical properties and acentric factors were estmidite vapour pressure and
enthalpy of vaporization of the FAMEs were calculated, asudged in Chapter 4. Table
5.9 shows deviation values for this approach (Init. Valaesl Figure 5.11 shows the
results for methyl caprylate, C10:0. The performance ®PR-EoS with initial values is
satisfactory (AARD of 36% for vapour pressure and 5f6¢enthalpy of vaporization),
except for the unsaturated FAMEs (AARD of 350% for waparessure). However, the
performance of the EoS model can be improved by adjustmgritical properties and

acentric factor, as explained in the following section.

Table 5.17Performance of the Peng-Robinson EoS for the predictivapmur pressure
and enthalpy of vaporization for various FAMES; comparisiotine predictions with

initial (Init.) and adjusted (Adj.) critical properties and acerfaator.

Formula Init. Values Adj. Values
AARD Py [%] AARD AHy [%] | AARD Py [%] AARD AHy [%]

Cc6:0 - - 5.3 -
C8:0 126.8 6.8 10.8 1.2
C10:0 76.8 8.9 11.6 0.5
C12:.0 74.7 9.0 12.5 0.9
C14.0 6.7 1.2 7.5 0.3
C15:.0 7.8 3.2 4.1 0.9
C16:0 11.7 2.1 6.4 15
C17:0 2.3 - 25 -
C18:.0 8.9 4.4 4.2 1.3
C20:0 10.7 4.7 11.1 0.7
C22:.0 - - 27.3 -
Ci6:1 - - 12.7 -
Ci7:1 - - 3.8 -
C18:1(9) 158.6 - 6.5 -
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C20:1(11) - - 1.5 -
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Figure 5.1ZExperimental and predictaépour pressure and heat of vaporization data for
methyl caprate, C10:0 using initial critical properties and aicefatctor (Data from two
distinct sources [NIST 2010]).

5.6.2Vapour Pressure Calculation and Optimization of Critical Properties and
Acentric Factor for FAMEs

The critical properties and acentric factor of the FAMESs vesljested to fit the vapour

pressure and enthalpy of vaporization (when available) tisen§eng-Robinson equation

of state, as described in Figure 5.13. Table 5.8 showadjsted parameters, Table 5.9

shows the performance of this approach, and Figure shaws the predicted values for
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methyl caprylate as an example. The adjusted values ofriti@lcproperties do not
differ significantly from the initial estimations, except for thesaturated FAMEs.
However, that these small changes significantly improve thdigied values for the
vapour pressure and the enthalpy of vaporization, TaBleThe AARD for the vapour

pressures of the FAME, including undersaturated FAMESall less than 30%.

Tc, Pc, w from
correlations

A v

/ Calculate AH,, and Py, /

Adjust Tc,
Pc, w

A

NO

Minimize
Difference?

A

Experimental
Py and AH,

* Retrieve Tc, Pc, w
* Calculate CpRes

Figure 5.13Algorithm to adjust critical properties and acentric factor oMES for the
Peng-Robinson equation of state.
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methyl caprate, C10:0 using adjusted critical properties anmutreccéactor (Data from

NIST [2010]).

5.6.3Liquid Heat Capacity Calculation of FAMEs

Following the procedure outlined in Figure 5.13, after the atippcoperties and acentric

factor of the FAME were adjusted, the heat capacity relsidaa calculated from the

equation of state. This concept was introduced in ChapfEnetresidual heat capacity

and the liquid heat capacity of the substance are correlatfdiows:

Ch=CY+ACp = C2+ ACp = CO + CEeS,

[5.24]
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Res

where Co""" is the heat capacity residual or departure function. lerom@ match the
experimental liquid heat capacity data for FAMEs using thegfRobinson equation of
state, the ideal gas heat capadity, must be determined. Note that no experimental data

for Cp° are available and a regression is required, as showgurefs.14.

[ CpRes from EoS ]

( Cp°from ]

) L correlations

A 4

4

/ Calculate Cp, /

NO Minimize

Difference?

A

Experimental
CP,

* Retrieve Cp°

Figure 5.15Algorithm to adjust ideal gas heat capacity of FAMESs for theg"Robinson
equation of state.

The following steps were taken to determine a correlationqﬁr First, for each
saturated FAME, the ideal gas heat capacity of the saturaldé&s with available liquid

heat capacity data (Table 5.1) was calculated as follows:

0 _ Res
Cprame = Cprrame — Cprame » [5.25]
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Then, the ideal gas heat capacity of this FAME was regdesvith a second degree

polynomial:

Cg (O) = acpo + bcpoT + CcpoTZ , [526]

As an example, Figure 5.16 shows the calculated anmdssgy ideal gas heat capacity

values for methyl caprylate, C10:0.
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y =1.22E-03x? - 2.20E-01x + 2.71E+02

290 R?=1.00E+00

Ideal Gas heat Capacity [kJ/kmol.K]
R

280
220 245 270 295 320 345 370

Temperature [K]

Figure 5.16Calculated and regressed ideal gas heat capacity for Innafirylate, C10:0.
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To generalize Equation 5.26 for all saturated FAMESs, itsnpaters were plotted as a
function of the molecular weight, Figure 5.17, and fitted véth the following

expressions:

—2.1079x10%

Acpo = et 230.72 + 0.62516(MW — 344.1759) , [5.27]

125.93
MW —-344.1759

bepo = + 1.4529 + 5.5554x1073(MW — 344.1759),  [5.28]

—0.19127

Cepo = ——— — 8.8626x10~* — 5.9999x10~6 (MW — 344.1759) , [5.29]
MW —344.1759

Note that in developing Equations 5.27 to 5.29, outliers ttréimel were not considered.
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------ Model ¢ ;
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1 —_— 0 ¢
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o- 02 . ',"_§ o
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0 o {3+ Regressed 1E03
400 . 3 4 FE
...... & B
T 5 o 2E03
BvnsenBresmneeres” !
0 &
6 0.E+00
5000 250 300 30 gep 90 0 300 350
MW MW

Figure 5.17Parameters of Equation 2 as a function of molecular weight.
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No data were available for the ideal gas heat capacity afrtbaturated FAMEs, Table
5.1. Hence, it is assumed that the departure function frentdlresponding saturated
FAME is equal to the same departure function as calculatdoliack’s method [Poiling
et al.,, 2001] Appendix C. This departure function from adts method can be

summarized by:

3 i 3 i 3 i 3 i 3 i
Cp(Nyc) _ Ncuz iq @iT +Nch2 3o o DiT +Ncoo Tizg CiT +Nyc Xi_o diT'+ X5 e;T! [5.30]

c3(0) NcHs Yoo @iT HNcH2 Xig biTH+Ncoo Yisg ciT X5 ;!

whereNyc is the number of unsaturated bonds (1, 2, dN&)z, Ncrz2 , andNcoo are the
number of function groups within the molecule, amdb, c, d, and e are standard

parameters for the method. Equation 5.30 can be simplii®dg the following

expression:
0
CPC(OL(Q’)C) = [1 + Nyc(—6.1327x10~2 + 1.5493x10*T — 1.842x10~7T?)] , 5.31]
P

The generalized ideal gas heat capacity model was cothpate two well known

predictive methods: the Joback method [Poling et a., 20@d Jaamodification of the
Benson method [Bures et al., 1981]. These methodsecéound in Appendix C. Figure
5.18 shows the performance of the PR EoS with methyatgp€10:0, summarized in

Table 5.10 for all of the FAMES considered.
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Figure 5.18 Experimental and predicted liquid heat capacity data for metgytate,
C10:0 (Data from NIST [2010]).

Table 5.18AARD values for the Peng-Robinson EoS for the predictidigoid heat
capacity for various FAMEs with three different methodslierideal gas heat capacity

prediction.
ACp. AARD [%)]
Formula Equation 4.32 Modified Benson Joback
c6:0 2.8 9.2 94
c8:0 0.6 11.4 11.8
C10:0 0.4 9.9 10.2
C12:.0 0.4 8.9 9.1
C14.0 0.2 7.7 7.8
C15:.0 0.3 7.1 7.3
C16:0 0.3 6.9 7.0
C17:.0 0.3 6.2 6.3
C18:.0 0.6 6.8 6.8
C20:0 0.1 7.1 7.1
C22:.0 8.1 6.3 6.3
Ci6:1 3.2 6.1 6.8
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c17:1 2.0 5.8 6.2
C18:1(9) 1.1 6.6 7.1
C20:1(11) 3.6 4.6 4.9
c22:1 13.8 12.2 12.4
C18:2 2.6 4.3 3.9
C18:3 1.7 5.3 4.2

5.7 Summary

The modelling methodology developed in Chapter 4 was appliis chapter to assess
the vapour pressure of fatty acid methyl esters, maistitoents of biodiesel fuels. The
proposed methodology was validated. Specific outcomesuanearized below.

1. The importance of constraining vapour pressure models veiglh capacity was
demonstrated. Although an unconstrained model predictedagpeur pressure
accurately, the same model had gross errors in the poedaf heat capacity. In
addition, the constrained model parameters followed monotamndgrwith the
molecular weight of the FAME while the unconstrained pararselid not.

2. New correlations were proposed to predict and/or interpokaterienental vapour
pressure, ideal gas heat capacity, and liquid heat capétity FAMES.

It was shown that analytical vapour pressure equatiahe@uations of state generate
similar results on vapour pressure and liquid heat capaitylations. The equation of
state approach, although more complex, provides a morprebensive representation of
the fluid than the analytical approach. For example, thetieguaf-state characterization
is expected to be suitable for a broader range of plemsa/iour modeling and will be

used for modeling heavy oils.



150

CHAPTER SIX: MODELLING BIODIESEL VAPOR PRESSURE AND
CALORIMETRIC DATA

In this chapter, biodiesels vapour pressures data aretedlland modeled to test the
VPMA presented in Chapter 3 and the modeling methodolaggepted in Chapter 4 on
a relatively well defined mixture before proceeding to heailyvapour pressures.
Biodiesel vapour pressure is of interest in its own right umxahe volatility of a
biodiesel, which is directly related to vapour pressure) isnportant factor in the quality
control of biodiesel fuels. For instance, vapour pressuuses to calculate the heat of
vaporization in order to compare rates of vaporization ajedtion characteristics with
other fuels. Vapour pressures are also used to assessldhweather properties of these

fuels [Goodrum, 2002].

Experimental vapour pressure data of biodiesel fuelscareesin the open literature with
the majority of the data points being measured at temperathoee 200 °C [Goodrum,
1986]; although some work has been developed for lovmelk wapour pressures
[Widergren and Bruno, 2011]. The vapour pressurbiadiesels is expected to be low

due to the biodiesel molecular weight (higher than 200 g/mol).

Biodiesel fuels have been modelled using the physical propertiéheir constituents,

fatty acid methyl esters (FAMES), and a mixing rule. Faneple, Yuan et al. [2005]
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modelled the vapour pressure of biodiesel fuels at tempesa#ibove 230 °C assuming
Raoult's law with an error better than 1%. However, for lihe vapour pressures
encountered at lower temperatures, the methodology prdsent€hapter 4, which

makes use of both calorimetric and vapour pressureidatquired.

In this chapter, the proposed methodology is evaluated tanfalaseven biodiesel fuel
samples from various vegetable sources. The first seatitms Chapter deals with the
composition, liquid heat capacity, and vapour pressureaddiected for these samples.
The second section uses the techniques introduced in Chéapterd the models
developed in Chapter 5 for FAMESs to predict and assessapeur pressure and heat
capacity of the biodiesel fuels at temperatures betweendbQ%0 °C. Both an analytical

method and an equation-of-state approach are evaluated.

6.1 Experimental Data of Biodiesels

Compositional, liquid heat capacity, and vapour pressurefdiathe biodiesel fuels are
required to validate the proposed modeling methodology. Tablshows a list of the
biodiesel fuels assessed in this research as well as theersgmp range of the

experimental data.



152

Table 6.19Temperature range of vapour pressure and heat capatityor selected
biodiesel fuels.

Biodiesel fuels Source  Code Vapour Pressure Liquid Heat Capacity
Canola (South Alberta) CB-01 60-196°C 13-55°C
Canola (Saskatchewan) [-25 40-100°C 12-55°C
Soy (Sunrise, US) SB100 40-100°C 14-55°C
Soy (Mountain Gold, US) MGB100 30-148°C 10-55°C
Rapeseed (Europe) S102550 40-110°C 13-55°C
Palm (Europe) S090824 35-80°C 23-55°C
Coconut (Europe) S070717 95-125°C 10-55°C

6.1.1Composition of Biodiesels

The components of each of the biodiesel fuels were identifiddgas chromatography
and mass spectrometry (GC-MS), Table 6.2. These exgetsnwere performed at the
National Institute of Standards and Technology (NIST) labdestin Boulder, CO, with
the collaboration of Dr. T. Bruno and Dr. T. LovesteBetails on the experimental

procedure are provided in Appendix A.

To assess the compositional analysis of the biodiesels, gacson with biodiesels from
the open literature was performed. For instance, Figdrst@®ws the comparison of the
two canola biodiesels from Table 6.1 with a canola biodieseh fthe literature
[Goodrum, 2002]. The profiles of the three fuels arey\wmilar. The small differences
in the composition between the biodiesels stem from small eliftess in the canola

source and the production process.
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Similar results were found with biodiesel fuels from soy paldh sources (Appendix A);
however, rapeseed biodiesel showed an important differascgeen in Figure 6.2. Wild
rapeseed has undergone various genetic modifications te makieal for human
consumption by stripping off euric acid (one of those madliifon led to the
development of canola seeds) [Klahorst, 1998, Gunstora.,eR007]. The rapeseed
biodiesel S102550 shown in Figure 6.2 has been strippedu¢ acid, and now

resembles more a canola biodiesel than a wild rapeseeddaibdie

Table 6.20Mole fraction percentage of fatty acid methyl esters in gffebiodiesel

fuels.

FAME CB-01 [-25 S-B100 MG-B100 S102550 S090824 SOI0

C6:0 0.00 0.00 0.00 0.00 0.00 0.00 1.01
C8:0 0.00 0.00 0.00 0.00 0.00 0.00 12.56
C10:0 0.00 0.00 0.00 0.00 0.00 0.00 7.74
C12:0 0.00 0.00 0.00 0.00 0.00 0.00 48.32
C14:0 0.00 0.00 0.00 0.60 0.00 1.52 16.59
C15:.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ci6:1 0.00 0.88 0.00 0.54 0.00 0.00 0.00
C16:0 12.74 9.34 11.45 12.51 4.80 45.07 6.71
C17:.0 0.00 0.31 0.00 0.00 0.00 0.00 0.00
C18:0 4.11 4.43 3.23 4.89 1.28 3.62 1.54
C18:1(9) 2354 5735 21.29 26.96 59.91 39.49 4.42
C18:1(11) 1.48 2.77 1.48 1.57 3.68 0.00 0.00
C18:2 49.78 1595 54.88 46.56 19.44 9.84 111
C18:3 8.09 7.53 7.39 6.08 9.08 0.19 0.00
C20:0 0.27 0.45 0.27 0.27 1.26 0.34 0.00
C20:1 0.00 1.00 0.00 0.00 0.55 0.00 0.00

MWavg 291.53 293.17 291.77 291.27 294.56 283.69 .148
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6.1.2Water Content of Biodiesels

The solubility of water in biodiesel fuels is very small [Oligegt al., 2008], typically in
the order of 1500 ppm (0.15% wt) [Knothe et al., 200%wever, it is significantly
larger that the solubility of water in petroleum diesel fuels. B&els have a tendency to
capture moisture from the surroundings usually during géorsloisture is a problem for
biodiesel application as a fuel since it contributes to corrosmhnaicrobial growth
which may plug the filters on an engine [Goodrum and Eitri&96, Knothe et al.,
2005]. The ASTM D6751 norm limits the water content on beeliduels to 500 ppm

(0.05 %wt) [Knothe et al., 2005].

The initial water content of the biodiesels studied in this thesssmeasured using a
Karl-Fischer titrator Metrohm 787 KF Titrino, with repeatabilitgtier than 0.001wt%.

The amounts of water in the biodiesels are given in TalBlea®d are lower than the
ASTM D6751 norm. Even this small amount of water woulchi§icantly affect the

vapour pressure measurements since the volatility of watemidreds of times higher
than that of the biodiesels. The degassing process dekoriapter 3 was found to be
sufficient to strip the biodiesel of water since the data wepeatable after different

temperature cycles.

To decrease the amount of water in biodiesels during stortaig recommended to store

the samples with an overhead nitrogen cap and moleculassiesr example, using this
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storage option reduced the amount of water in the SurmigdiSdiesel, Table 6.1, from

0.038 to 0.004 wt%.

Table 6.21Moisture content in studied biodiesels.

Biodiesel Source Code NameWater wt%
Canola (South Alberta) CB-01 0.036
Canola (Saskatchewan) [-25 0.032
Soy (Sunrise, US) S-B100 0.038
Soy (Mountain Gold, US) MG-B100 0.027
Rapeseed (Europe) S102550 0.029
Palm (Europe) S090824 0.027
Coconut (Europe) S170717 0.043

6.1.3Vapour Pressure of Biodiesels

Vapour pressure data for the biodiesels in Table 6.& werasured with the VPMA. The
degassing apparatus (DA) was used to remove exceandailissolved water from the
samples. The average repeatability is 7.7%. The vapessyme data are tabulated in

Appendix A. As an example, Figure 6.3 shows experinheiata for rapeseed biodiesel.

Note that the vapour pressure data set for most of the b#dglieontains points below
10* kPa, which, as discussed in Chapter 3, may have amownkuncertainty. These data
points were determined from the raw experimental data usingxgponential calibration
equation that applies for data below?lPa. These data points are listed in Appendix A

but were not used for the vapour pressure modeling catmga
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Figure 6.3 Experimental vapour pressure of rapeseed biodiesel; dateedslidrawn to

show the tendency and does not represent any particutkal mo

6.1.4Liquid Heat Capacity and Cloud Point of Biodiesels

Liquid heat capacity of the biodiesels listed in Table 6.1 wassored using a

differential scanning calorimeter, Chapter 3. The datasetjded in Appendix A, was

regressed as a function of temperature to a secondpmigeomial, as follows:

CP‘L[k]/kmOl. K] = acp + bCpT[QC] + CCpTZ )

The fitted coefficientsacy, bcp, andcey, are listed in Table 6.4. The average absolute

deviation with respect to the measured data is 0.1%.

[6.1]
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Table 6.5 lists the cloud points of the different biodiesel $esngetermined from the
calorimeter heat flow, Chapter 3 (Appendix A). Literature databiodiesels from the
same source material is also provided [Knothe et al., 280&diesels sharing a common
source have similar cloud points because they have a sioit@position. Differences
with respect to literature data are likely due to differencescamposition and

saturated/unsaturated FAMESs distribution.

Table 6.22Polynomial regression coefficients for liquid heat capacityabécted

biodiesels.
Biodiesel Source Code Name acp becp Ccp Tmin Tmax AARD
Canola (South Alberta) CB-01 583.1 1.10.010 12 55 0.1%
Canola (Saskatchewan) [-25 594.8 0.3¥030 13 55 0.1%
Soy (Sunrise, US) S-B100 594.4 0.6R.009 14 55 0.1%
Soy (Mountain Gold, US) MG-B100 625.3 0.16.004 10 55 0.1%
Rapeseed (Europe) S102550 645.0 0.8315 14 55 0.0%
Palm (Europe) S090824 564.2 0.6R.019 24 55 0.2%
Coconut (Europe) S170717 436.8 0.40.004 10 55 0.2%

Table 6.23Experimental and literature cloud points (CP) of selected lseldie
(Literature data from Knothe et al., [2005]).

Biodiesel Source Code NameCP exp. [°C] CP lit. [°C]
Canola (South Alberta) CB-01 0.96 1
Canola (Saskatchewan) [-25 1.0 1
Soy (Sunrise, US) S-B100 3.3 0
Soy (Mountain Gold, US) MG-B100 3.4 0

Rapeseed (Europe) S102550 0.5 -2*
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Palm (Europe) S090824 17.9 13
Coconut (Europe) S170717 -6.9 -

*Wild rapeseed which contain euric acid, opposite to the sab®iey assessed, Figure
6.2

6.2 Modelling Results of Biodiesel Vapour Pressure and Heat Capacity

6.2.1Analytical Approach

The vapour pressure of the biodiesel fuels assessed invdinks was modeled using
Raoult’'s law and the Cox vapour pressure equations cedelar the fatty acid methyl
esters (FAMEs) in Chapter 5. Liquid heat capacity is modeligidg the equations

developed in Chapter 5 and assuming an ideal liquid solution:

CP,L,Biodiesels = ZixiCP,L,i ) [62]

wherei stands for the FAMESs that comprise the biodiesel. The vgpeasure and liquid
heat capacity are predicted using the two scenarios geekio Chapter 5: “All-data”

and “Constrained”.

Figure 6.4 shows experimental and predicted vapouryreestata for coconut biodiesel
S170717using both scenarios. Figure 6.5 shows the predicted liggat capacity for this
biodiesel. The vapour pressure data are correctly prddisieg both scenarios (AARD
of 19 and 10% for the “All-data” and “Constrained” sa@os respectively). Note that

the difference between both scenarios increases as theertgare decreases. This
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deviation is an effect of the liquid heat capacity constraintvattémnperatures near the
freezing point of the FAMEs. The liquid heat capacity is wmidicted by the
“Constrained” scenario model (AARD of 0.4%) but is ovezdicted by the “All-data”
scenario model (AARD of 41%). The “All-data” model algedlicts an incorrect trend of
liquid heat capacity versus temperature, Figure 6.5. Tiomepus behaviour was more

severe when the biodiesel contained lighter FAMEs (carborbaulower than 14).

Figures 6.6 and 6.7 show the measured and “Constramedél vapour pressure and
heat capacity, respectively, for all of the biodiesel fuelslistl Table 6.6 gives the
AARD of both the “All-data” and “Constrained” scenariosapdur pressure and liquid
heat capacity of biodiesels modeled as an ideal solutioru{fRalaw and Equation 6.1)

generated reasonable predictions of experimental dataewowliquid heat capacity

predictions of some of the biodiesels are off trend. Threxg be some non-ideality in the
liquid phase that is not accounted for in Equation 6.1, pantigulavith

unsaturated/saturated FAMES interactions.

Table 6.24Performance of “All-data” and “Constrained” scenariothia prediction of
biodiesel fuel vapour pressure and liquid heat capacity.

All-data AARD Constrained AARD

Biodiesel Source Code

Py CrL Py CrL
Canola (South Alberta) CB-01 14.0 7.3 12.4 2.4
Canola (Saskatchewan) I-25 20.8 3.7 19.3 4.1

Soy (Sunrise, US) SB100 6.6 7.6 6.6 1.4
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Soy (Mountain Gold, US) MGB100 10.2 4.5 10.4 0.3
Rapeseed (Europe) S102550 13 11.2 13 1.3
Palm (Europe) S090824 1.4 19.7 0.6 2.5
Coconut (Europe) S070717 9.9 40.9 18.5 0.4
Total - 9.2 13.5 9.8 1.7
1.E+01
O Coconut
Constraned Analytical Model
= = All-data Analytical Model
?1.E+00
(=W
=
o
=2
[7,]
(7]
2
a 1.E-01
1.E-02
0 25 50 75 100 125 150

Temperature [C]
Figure 6.4 Experimental and predicted vapour pressure of coconuieSields170717
with analytical “All-data” and “Constrained” scenarios.
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Figure 6.5Experimental and predicted liquid heat capacity of coconuliéselS170717
with analytical “All-data” and “Constrained” scenarios.

1E+01 1E+01
1.E+00 1.E+00
LE01 1E01
- T
2 1e0 L)
350 2
o 0
g g
y o
1.E-03 O Rapeseed LE-03
O Soy MG
LE0 o 0 Canolal25 1E-04
Coconut
—Constrained Analytical Model
1E05 : LE05
0 25 50 75 100 125 150 175 200 225

Temperature [C]

0 Palm

o Soy S
O CanolaCB

— Constrained Analytical Model
]

0

25

50 75 100 125 150 175 200 225

Temperature [C]

Figure 6.6 Experimental and predicted vapour pressure of biodiasés fisted in Table

6.1 with the analytical “Constrained” scenario.
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Figure 6.7 Experimental and predicted liquid heat capacity of biodiasgkflisted in
Table 6.1 with the analytical “Constrained” scenario.

6.2.2Equation of State Approach

The Advanced Peng-Robinson Equation of State (APR-H®S)q and Robinson, 1976;
VMG, 2010] was used to simultaneously calculate the vapoessure and the heat
capacity of the biodiesels listed in Table 6.1. Calculations Wwased on the critical
properties and acentric factor for FAMEs introduced in @ap. The classic van der
Walls mixing rules were used; initially the interaction parametgrswere set to zero.
Figures 6.8 and 6.9 show the measured and modeledivppessure and heat capacity,
respectively, for all of the biodiesel fuels studied and th&BA for the model are given
in Table 6.7. The average AARD is 12% for vapour press@and 3% for liquid heat

capacity.
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Table 6.25Performance of APR-E0S prediction of biodiesel fuel vapoassure and
liquid heat capacity.

L AARD [%]
Biodiesel Source Code
I::’V CPL
Canola (South Alberta) CB-01 21.7 1.9
Canola (Saskatchewan) [-25 11.7 3.3
Soy (Sunrise, US) SB100 88 14
Soy (Mountain Gold, US) MGB100 15.7 2.7
Rapeseed (Europe) S102550 9.9 6.6
Palm (Europe) S090824 4.4 2.0
Coconut (Europe) S070717 145 1.3
Total - 123 2.7
0
LE+00 1.E+00 s
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S 1LE0 g
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Figure 6.8 Experimental and predicted vapour pressure of biodiesés fisted in Table
6.1 with the Advanced Peng-Robinson equation of state.
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Figure 6.9 Experimental and predicted liquid heat capacity of biodiasgkflisted in
Table 6.1 with the Advanced Peng-Robinson equation of state

Note that the differences between predicted and experimeapaliv pressure data are
positive, meaning that the model is over predicting vapoasgore. The consistent
positive deviation suggests that the solution is behaving somewhatieally. Over-
predictions in the saturation pressure of substances cancbented for by decreasing
the value of the interaction parameter. In this case, theaatii@n parameters for all

FAME pairs were modelled using the Gao et al. correlation:

{— g = [Z_W

Y Tci+Tcj

6.3]
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A decrease in the n-value in Equation 6.3 decreasesltheafk;. Figure 6.10 shows the
predicted and experimental values for coconut vapouspresvith n = 0 and n = -5. The
AARD was improved by this reduction from 14.5 to 9.5%té\dowever, that the same
change in n-value did not produce any significant diffeeein the prediction of vapour
pressure for the rest of the biodiesels (AARD valuesamead the same). The difference
in sensitivity can be explained in terms of relative volatility (eglao the ratio of vapour
pressure) of the different FAMESs that comprise the bietke$n the case of the coconut
biodiesel, as shown in Table 6.2, the composition distributioiles/&rom G up to Gsg,
which gives a wide range in relative volatility. On the otherdhdhe majority of the
biodiesels range from only;6£to Gg and there is little range in the volatility and

therefore little sensitivity to the interaction parameters.
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Figure 6.10Experimental and predicted vapour pressure of cocondidsiel with the n
values ranging from Zc to -5.
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Liquid heat capacity predictions, in general, were within 3%hefdata; however, the
predicted trends were slightly off, Figure 6.9. This démmamay be explained by non-
idealities in the liquid phase, as noted for the Analytical aggiroOne way to account
for non-ideal solutions in the EoS model is by tuning the intieragparameters.
However, it was found that the liquid heat capacity dataldassensitivity to thek;
values. As discussed in Chapter 4, the liquid heat capaasiculated using the residual
heat capacity by the equation of state; the residual heatityapgapends weakly in the
attractive parameter (which contains the interaction parametdrstrongly on the first
and second derivative of the attractive parameter (whichotl@ontain the interaction
parameter). Figure 6.11 shows the predicted and expadmeiues for coconut with

n =0 and n = -5. The AARD value remained the same wiHiignificant figures.
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Figure 6.11 Experimental and predicted liquid heat capacity of coconutidsetwith
the n values ranging from Zc to -5.

One option to account for the apparent non-idealities in thelljghase of the biodiesels
is to use a different approach for tkevalues; for instance, zero interaction parameters
between saturated FAMEs pairs as well as between un-sdtéaléEs pairs and tuned
kj values between saturated/unsaturated pairs. Another optomuse a different set of
mixing rules. However, both the analytical and APR EoS msqatedict both the vapour
pressures and heat capacities with sufficient precisiomést practical applications and
further refinement is beyond the scope of this thesis. gdw agreement (without
tuning) between the models and the data provide validatiopotbrthe VPMA and the

modeling approach.

6.3 Summary

Vapour pressure experimental data of complex mixturesligsel fuels) measured with
the HV-VPMS were introduced in this chapter. The repeatatufithe data was within
8%. The models developed in Chapters 4 and 5 were id ggeeement with the data
with AARD values better than 12%. The heat capacity constlamodels were also in
good agreement with liquid heat capacity data with an AARD rbéten 2%. The
importance of constraining vapour pressure models with ligaat capacity was again

demonstrated.
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This chapter provided a data validated modelling framewarkhi® vapour pressure and
heat capacity of biodiesel fuels, providing the means to lestsass and implement this
important alternative fuel. The validation of the proposed iragienethod is a necessary
step towards a reliable experimental and modelling framewmrkdmplex ill-defined

mixtures, such as heavy oil which is considered in Ch@pter
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CHAPTER SEVEN: MODELLING HEAVY OIL VAPOUR PRESSURE AND
CALORIMETRIC DATA

The phase behaviour of heavy oils and bitumens is typicadiyeled with an equation of
state. Castellanos Diaz et al., [2011] recently develdgaeacterization methodology for
the Advanced Peng Robinson equation-of-state to model réigoid and liquid-liquid
equilibria for an Athabasca bitumen mixed with light solventse $aturation pressures
in Castellanos Diaz et al. work were dominated by the lighests and therefore the
ability of the model to predict the vapour pressure of thematuwas not assessed.
Modeling the vapour pressure of the bitumen alone provistedher test of the oll

characterization, particularly for the lightest part of the fluid

The vapour pressure of heavy oil is expected to be imwyat low to moderate
temperatures (20 to 60 °C) due to their high molecular welgtg.uncertainty of direct
measurements of vapour pressure below approximatéfykPa tends to be high, as
discussed in Chapters 3 and 4. On the other hand, therawking of the heavy oil
fractions limits vapour pressure data to temperatures beld@wC3Note that the thermal
cracking temperature point is, for all practical purposes,pewigent of the pressure of
the system. Hence, the range for which reliable vaposspre data can be collected for
heavy oil fractions is limited and the calorimetric data constaiegtrapolation
discussed in Chapter 4 is required to determine vapowssynes at the desired

conditions.
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This chapter presents the proposed oil characterization quati@n-of-state based
modelling method. The method is applied to a Western Canbhidianen sample based
on its experimental and extrapolated normal boiling point andha#tepe content.
Experimental liquid heat capacity and vapour pressure dathi$ oil are provided and

modeled using the methodology presented in Chapter 4.

7.1 Experimental Data and Modelling Results for Western Canadian Bitumen

7.1.1Vapour Pressure Experimental Data of WC_B1 Bitumen

Figure 7.1 shows the vapour pressure of the WC_B1 bituanel maltenes measured
with the VPMA at a temperature range of 25 to 180 The average repeatability was
6.4%. The vapour pressure data are tabulated in Appéndbhe differences between
the vapour pressure of the heavy oil and the maltenesofmaare 5.0% on average,
which is close to the average error, 2.9%. This closeltregas expected since
asphaltenes have a high molecular weight and low vapassyme and therefore

contribute a negligible amount of partial pressure to the ta¢abpre of the system.
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Figure 7.1 Vapour pressure of WC_B1 bitumen and maltenes — linedraven to show
the tendency and do not represent any specific model.

7.1.2Liquid Heat Capacity of Alberta Region Heavy OiIl

Figure 7.2 shows the liquid heat capacity of WC_B1 malteasesa function of
temperature. The data were regressed to a second potigromial function of

temperature [K], Equation 7.1, with an AARD of 0.3%.

Cpy = 778.27 — 2.82T + 9.20x1073T?2, [7.1]
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Figure 7.2 Experimental and regressed liquid heat capacity of WC_Blienes and
fractions.

7.2 Modelling Approach for Heavy Oil Vapour Pressure using Equation of State

The modelling of the heavy oil vapour pressure requiredefanition of the fluid

composition; however, the large amount of components irésea heavy oil sample
makes the task of defining every single component virtirhossible. An alternative is
to generate narrow-boiling point pseudo-components base¢deonormal boiling point
(NBP) of the heavy oil, as described in Chapter 2. A gerbaracterization introduced

by Castellanos Diaz et al. [2011] is described as follows:
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7.2.1General Characterization of Heavy Oils

Figure 7.3 shows an algorithm that summarizes a geneaehatkrization of heavy oil
and bitumen based on the NBP curve [Castellanos Diaz é0al]. The pseudo-
components comprising the oil are obtained by dividing the d&teNBP curve of the
crude oil into boiling cuts. The maltenes and asphaltene fracte characterized

separately as described in Section 2.1.

The normal boiling point of the maltenes fraction as well astlerage molecular weight
and average specific gravity of the oil are required. di@acterization methodology for

maltene and asphaltene fractions is outlined below.

7.2.1.1Maltenes Normal Boiling Point Characterization

As discussed in Chapter 2, traditional vacuum distillation techsigae provide boiling
point data for only 20 to 30 wt% of a heavy oil or bitum&mce the proposed
characterization of the maltenes fraction is based on theddBR, an extrapolation of

the NBP over the entire boiling range of the maltenes is etjuir
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Figure 7.4 shows the boiling point data for the WC_B1 madtevigch are divided into
three regions: Light Fraction, Medium Fraction, and Heawagtion. The Heavy Fraction
is the non-distillable fraction (above approximately 30 wt% distibédhe maltenes).
The Light and Medium fractions are distinguished by the eshafptheir probability
distribution as will be discussed later. It is assumed that theahdroiling point profile
of the Medium Fraction follows a Standard Normal or Gaugsiabability distribution
[Huang and Radosz, 1991]. It is further assumed thaHtwy Fraction follows the

same distribution as the Medium Fraction.
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Figure 7.4 Experimental normal boiling point of WC_B1 maltenes (Experimeaasa
provided by Sanchez [2011]).
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A linear extrapolation of the Gaussian distribution was caoied in a probability plot.
The first step in the extrapolation is to transform the heavycwihulative mass

percentage distilledy, into a standard normal distribution given by:
z 1 z?2 1 Z
w = f_wzexp [— 7] dz =+ [1 + erf(ﬁ)], [7.2]

wherew is the cumulative mass percentage of bitumen Ansl the standard normal
distribution parameter. Note that the total heavy oil mass page is used instead of the
maltenes-based mass percentage; otherwise, high pedfe final boiling point of the

maltene fractions are obtained.

Figure 7.5 shows experimental NBP data for WC_B1 bituméragolated versus the
transformed variablZ. Note that Medium and Light Oil are defined by the point atkwh
the slope of the experimental data in Figure 7.5 chandeseXtrapolated Z values are
converted to mass fractions using Equation 7.2 and théingsextrapolated distillation

curve is shown in Figure 7.6.
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Figure 7.6 Experimental and extrapolated normal boiling point of WC_B1 mete
(Experimental data provided by Sanchez [2011]).
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7.2.1.2Asphaltenes Normal Boiling Point Characterization

The normal boiling point of the asphaltenes must be deternmidéectly because the
expected boiling point of the lightest component in the asphdiact®on is expected to
be higher than its thermal cracking point. One way to evathat®lBP of asphaltenes is

through its molecular weight distribution.

Asphaltenes Molecular Weight Distribution

The molecular weight distribution of asphaltenes can be idedciby the Gamma
probability function [Yarranton and Masliyah, 1996], hexemed the Gamma Molecular

Distribution Function (GMDF):

_ (Mw-me1 _ Mw-nq
P(MW) = P — exp ( ) [7.3]

whereMW is the molecular weighB(MW)is the probability function d¥AW, £ is related
to the average molecular weight of the distributipris lowest molecular weight in the

distribution, andx; is a parameter setting the shape of the distribution.

The GMDF has three adjustable parameters, andn, that are related as follows

[Whitson and Brulé, 2000]:
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_ MW apg—1
p=—0

: [7.4]
where MW,y is the average molecular weight of the sample. If theageemolecular
weight of the sample is known, only two independent parametmain ¢ andn).
Initially, these parameters are guessed and are then tondidl specific physical
properties of the oil such as molecular weight and depSiibpudjarewj et al., 2005]. To
start the characterizatioa,is initially equated to 1 (an exponential distribution) and then

n is calculated as follows [Whitson and Brulé, 2000]:

110
N=———m-0r [7.5]

T 1-(1+4a~07)’

The values that the parametersandn can take are restricted by the computational
method. The parametes can vary from values near but greater than 0 up to
approximately 100 where the gamma functibpbecomes a large number. For values of
20 and greater, the distribution resembles a Gaussian distnikand tends to be more
pulse-like (the bell becomes thinner). The lowest possible wHluyeshould be around
100 (molecular weight of n-ALwhereas the highest possible value should be close to the
average molecular weight of the sample. Although in théoeyvalue ofn should be
close to the molecular weight of an asphaltene monomeraatigal terms, it should be
taken as an adjustable parameter rather than a physiga@rggr¢Whitson and Brule,

2000]. Figure 7.7 shows a schematic of a GMDF:
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Figure 7.7 GMDF schematic; compartmentalization of one molecular weigbédt
pseudo-component is shown.

Once the GMDF has been defined, a first set of asphgtssigdo-components can be
determined by dividing the curve by molecular weight rapggpBV, as shown in Figure
7.6. Generally, the width of each division is constant. gamgudo-component is then

characterized by an average molecular weight and its fnackson, Ax.

Determination of the Normal Boiling Point of Asphaltenes

Once the pseudo-components have been defined througbMBd-, it is necessary to
determine the specific gravity of each fraction in orderus® common property
correlations to calculate the normal boiling point. The spegitiwity of the asphaltene
pseudo-component§G, can be calculated through Equation 7.6 [Alboudjarew;j et al.,

2005]
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SG; = 670MW 0629 [7.6]

Note that the specific gravities of the pseudo-components lmeusbnstrained to obtain
the correct average specific gravity of the asphaltesiidra Hence, the specific gravity
of each pseudo-component may need to be adjusted (tiegpeam the GMDF chosen).
For this purpose, the calculated specific gravi@, is multiplied by a proportional

parameterksg to satisfy the following constraint [Whitson and Brulé, 2000]

MW 44
SGavg = it [7.7]

ZikSGSGi

where x;: is the pseudo-component mole fraction &gg is the proportional adjustable

parameter [Satyro, 2007].

There are several methods that correlate the moleculahtyvéig specific gravity, and
the boiling point for petroleum fractions. Some of these mpdicit in boiling point and
others are implicit relations that require iterative procedures. NBP curve of the
asphaltenes is obtained by using one of these methoeadlopseudo-component. In this
case, the Sgreide relationship [Sgreide, 1989], is usgal fat. 70 < MW < 300 and 7.8b

for MW > 300):
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Tb =
3.76587[exp(3.7741x1073MW + 2.98404SG —

4.25288x10—-3MW.SCMW0.4016756G—1.58262, [7.8a]

Tb S
9.3369[exp(1.6514x10"*MW + 1.4103SG —

7.5152x10—4MW.SCMW0.53695¢—0.7276, [7.8b]

whereT, is the normal boiling point in K. Figure 7.8 shows the norbwling point
curve of an asphaltene fraction characterizedhb®.5 andn=735, SG, = 1.15, and

MW,y = 1800 g/mol calculated using Equations 7.6 to 7.8.
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Figure 7.8Modelled normal boiling point for asphaltene fraction witf2.5 and=735.
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7.2.1.3Determination of Heavy Oil Pseudo-Components

Once a normal boiling point curve is provided for the mafiearel asphaltenes fractions,
both curves can be combined and normalized to genenatéqae NBP curve for the
crude oil, Figure 7.9. Note, the constituents of the heslyorm a continuum and
therefore the normal boiling point curve must be continuobs. Jarametera andn
were adjusted so that the boiling point of the first asphaltexeidn matched to the

boiling point of the final maltene fraction from Gaussian extiatjmpn.
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Figure 7.9 Complete experimental and extrapolation normal boiling point lmfuanen
(Experimental data provided by Sanchez [2011]); normalilingo point
compartmentalization is also shown.
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Boiling point based pseudo-components can be obtainedoas)sh Figure 7.9. The

temperature delta used for the division of the NBIP, can be constant for the entire
NBP curve [Satyro, 2007] or can be constant for ddfsections of the NBP curve; for
instance, a specific temperature delta can be used foratienes and another for the
asphaltenes [Castellanos Diaz et al., 2011]. In either easbAT is associated with a

cumulative mass fraction.

Next, the specific gravity and molecular weight values aterchined for each pseudo-
component. To calculate the specific gravity of the fractiargymulative plot of SG for
the entire oil is constructed from the Katz-Firoozabadi correldo maltenes [VMG,
2010] and Equation 7.6 for asphaltenes. Then, the speggediity of each fraction is

calculated as follows:

TSde

SG = X'*AX : [7.9]

The molecular weight of each fraction can be then calcufabed property correlations

such as the Soreide correlation (Equation 7.8).

At this point, the heavy oil pseudo-components are charaatlewith a mole fraction,

normal boiling point, molecular weight, and specific gravitheTnext step in the
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characterization is to predict the critical properties of thegmseomponents, which are
required for modelling using an equation of state. Sevethbesi[Mehrotra and Svrcek,
1985, Castellanos et al., 2011] recommended the Lee-Keskeelations for the
prediction of critical properties of heavy oil and its fractioftsis method is described in

Appendix C.

7.2.2Vapour Pressure Calculation

The vapour pressure of the heavy oil is calculated usind\dvanced Peng-Robinson
equation of state [VMG, 2010] and classic van der Waakingnirules, as described in
Chapter 4. It is recommended to corroborate the modellzylating the liquid heat

capacity of the heavy oil, especially since the vapourspresof the heavy oils are
expected to be below f(kPa at moderate temperatures, Chapter 3. As shown pteEha
4, the ideal gas heat capacity of the substance is redquigrder to calculate the liquid

heat capacity using the equation of state. The LaStovkav-8biaelation for ideal gas

heat capacity was used [LaStovka et al. 2008] (Appengdix C

Finally, interaction parameters between pseudo-componestgraialso required to tune
the equation of state model. Castellanos et al. [2011] usedripi@al Gao et al.

correlation to calculate the interaction parameters between@s®mponents for heavy
oil/solvent phase equilibria modelling. Later in this chapter it valldemonstrated that

this assumption remains valid for the liquid-vapour phase equitibof bitumen alone.
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7.3 Modelling the WC_B1 Sample

The average physical properties of the WC_B1 bitumen insnls work are provided in
Table 7.1. Boiling point data was collected by Sanchez [2@%ijg spinning band
vacuum distillation, Figure 7.10. The maltenes NBP extrapolatas performed using
the Gaussian probability distribution, Section 7.2. The asplealP was predicted

using the Gamma distribution function with values.ef 2.0 andy = 750.

The pseudo-components comprising the bitumen were obtayeditting the normal

boiling point using VMGSim 6.0.38 [VMG, 2010]. The maltenesre represented with
10 pseudo-components and the asphaltenes by 5 psemgo+tents. Physical properties
of the pseudo-components were calculated using the ¢mmsldisted in Table 7.2 and

are summarized in Table 7.3

The ideal gas heat capacities of the pseudo-components cadgulated using the
LaStovka-Shaw equation (Appendix C) and then correlated \aiththree-degree
polynomial expression using VMGSim 6.0.38 [VMG, 2011aldés of the polynomial

parameters are shown in Table 7.4

Table 7.1Physical properties of WC_B1 maltenes and asphaltenes

Property Maltenes Asphaltenes Bitumen
Average Molecular Weight 450 g/mol 1800 g/mol 510 g/mol
Average Specific Gravity 1.005 1.105 1.010

Boiling Point Range 207-676 °C676-750 °C  207-750°C
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Figure 7.10 Complete experimental and extrapolated normal boiling point Gf Bl
bitumen (Data from Sanchez [2011]).

Table 7.2Physical property correlations used in WC_B1 bitumen madgelli

Property Correlation

Molecular Weight Lee - Kesler

Maltenes Specific Gravity Katz - Firoozabadi

Asphaltenes Specific Gravity Equation 7.6

Critical Temperature Lee - Kesler
Critical Pressure Lee - Kesler
Critical Volume Twu

Acentric Factor Lee — Kesler - Lee




Table 7.3Pseudo-component physical properties of WC_B1 bitumen.
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Pseudo X w SG Tc [°C] Pc[kPa]  Vc [kmol/n o NBP [°C]

Malt01 0.057 0.023 0.858 418.033  2458.660 0.589 0.502 221.686
Malt02 0.051 0.023 0.872 445.351 2251.800 0.651 0.559  250.093
Malt03 0.062 0.032 0.886 472.495 2059.790 0.718 0.619  279.065
Malt04 0.055 0.031 0.899 498.937 1887.860 0.787 0.681 307.849
Malt05 0.068 0.042 0.911 523.834 1736.870 0.856 0.743  335.506
Malt06 0.063 0.044 0.924 550.165 1596.910 0.929 0.808 364.812
Malt07 0.067 0.051 0.937 575.498 1471.490 1.003 0.874  393.461
Malt08 0.223 0.206 0.965 630.123 1241.660 1.160 1.018 455.687
Malt09 0.188 0.222 0.989 702.193 919.946 1.454 1.270 546.761
Malt10 0.108 0.157 1.007 767.260 673.174 1.777 1540 634.081
Asph01  0.003 0.005 1.026 766.230 849.228 1.524 1.369 610.916
Asph02  0.012 0.025 1.039 798.680 791.605 1.595 1437 646.471
Asph03  0.020 0.052 1.054 835.210 746.436 1.658 1.495 684.537
Asph04  0.017 0.061 1.075 876.100 726.730 1.703 1524  723.110
Asph05  0.006 0.026 1.088 907.000 716.733 1.737 1536 751.460

Table 7.4Parameters for the three-degree regressed polynomidefdrgas heat

capacity calculation of WC_B1 bitumen pseudo-components.

Cp° [kJ/kmol.K] = a + bT + cT?

Pseudo
a b c Tmin [°C] Trmax [°C]

Malt0Ol 66.14 0.9839 -3.32x10° 25.000 426.850
Malt02 7293 1.09 -3.69xI0 25.000 426.850
Malt0o3 79.98 1.22 -4.11xI0 25.000 426.850
Malto4 86.97 1.35 -457xI0 25.000 426.850
Malto5 93.30 1.48 -5.01xI0 25.000 426.850
Malto6  99.8 1.63 -5.53x10 25.000 426.850
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\Malt07 105.82 1.78 -6.05x10 25.000 426.850
Malt0o8 -26.92 254 -1.1x10 25.000 426.850
Malt09 -23.15 3.28 -1.4x10 25.000 426.850
Maltl0 -15.09 4.08 -1.7x10 25.000 426.850
Asph01 178.67 3.90 -1.3x10 25.000 426.850
Asph02 198.96 4.67 -1.6x10 25.000 426.850
Asph03 226.81 5.85 -2.0x10 25.000 426.850
Asph04 269.82 7.88 -2.7x10 25.000 426.850
Asph05 296.20 9.47 -3.3x10 25.000 426.850

7.4 Equation of State Model for Alberta Region Heavy Oil Vapour Pressure

The Advanced Peng-Robinson Equation of State (APR-H®S)d and Robinson, 1976;
VMG, 2010] was used to simultaneously calculate the vapoessure and the heat
capacity of the WC_B1 bitumen and fractions. The classicdea Waals mixing rules

were used with adjustable interaction parametkijsdetermined using the Gao et al.

correlation, Equation 7.10

- -n
1—-k:: = [Z—VTC‘TCJ , [7.10]

Y Tci+Tcj

Only one parameten, needs to be adjusted for the entire heavy oil. Castelliaaset
al. [2011] showed that an n-value equal to the critical cosspoiity factor of each

pseudo-component pair (the original Gao et al. correlatidfivesi to predict the phase
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behaviour of heavy oil/solvent mixtures. The validity of #ugproach will be assessed in

the following section.

The vapour pressure curve is calculated using a fldsblaton. Figure 7.11 shows the
experimental and predicted data for the WC_B1 bitumen diffanits maltene fraction.
The average AARD was 17%. The liquid heat capacity ohtwery oil was calculated

using Equation 7.12:

Ch ~ % x,C2, — CEes, [7.12]
where C"*%is the heat capacity residual calculated through the equdtistate. The
ideal gas heat capacity of each pseudo-componéht, ®as calculated using the
polynomial equation listed in Table 7.4. Figure 7.12 showes dkperimental and
predicted liquid heat capacity of the heavy oil maltenes witAARD of 3.5%. The
predicted trend does not exactly follow the experimental daaly due to the predicted

ideal gas heat capacity.
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Figure 7.11Experimental and predicted vapour pressure of WC_B1 bitiand maltene
fraction using the APR-E0S.
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Figure 7.12 Experimental and predicted liquid heat capacity of WC_B1 bituared
maltene fraction using the APR-E0S and the Lastovka-Shawlation.
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In addition, a sensitivity analysis of the vapour pressum laquid heat capacity
predictions with respect to the interaction parameters wasrpedo The n-value was
varied from 2 to -1 and the vapour pressure of the nelberction calculated, Figure
7.13. The best predictions were obtained with an n = Ol (gddation), with an AARD of

15%. The model results suggest that the lightest componettie dieavy oil maltenes
(which vapour pressure predominate) behave like an idelition. However, the
difference between the ideal case and the default of to gbé critical compressibility

was small.

With respect to the heat capacity, it was found that the eliféer between two scenarios
(i.e., n=0 and n=2) for a given data point is always Iawan 0.4%, less than the average
error of the measurement (2%). This sensitivity is lowabsee the calculation of the
residual heat capacity by the equation of state depend$ywedke attractive parameter
(which contains the interaction parameter) and strongly ofirthi@nd second derivative

of the attractive parameter (which do not contain the interaptcemeter).
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7.5 Summary

Experimental vapour pressure data for a Western Canhiianen and maltene fraction
were presented in this chapter as well as liquid heat catay It was shown that the
HV-VPMS produces experimental vapour pressure dataraptex heavy mixtures with

a repeatability within 2.9%, which corroborates the findingShapter 6.

A systematic characterization technique was introduced bas#decexperimental and
extrapolated normal boiling point of the bitumen. It was shtha this characterization
coupled with the APR EOS is capable of predicting vapousspre and liquid heat

capacity within 12%. It was concluded that, in order to iptegrecise values of the
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vapour pressure, the interaction parameters between bitpseelo-components in the
lightest end of the normal boiling point curve should be betwten critical

compressibility of the pair (around 0.27) and zero.

It was also shown that the equation of state model showduat for both vapour
pressure and liquid heat capacity in order to be robustcantprehensive. In this
chapter, the focus was on low to moderate temperatureSiet Ww vapour pressure is
expected. The simultaneous prediction of vapour pressutehaat capacity at high
temperatures (below the cracking point) is recommendea foetter extrapolation of

vapour pressures towards the normal boiling point of the bituon fractions.

Although it was proved that the characterization methodologgduated in this chapter
predicts bitumen vapour pressure and heat capacity wi#h, the experimental and
modelling results are partially biased towards the lightest coemp®rin the normal
boiling point in two ways: first, the vapour pressure datadaminated by this light
fraction and second, the model is based on distillation expetahdata that include only
this light fraction. The modelling technique developed in this telmapill be applied in

Chapter 8 to develop experimental means to extrapolate tmeahdoiling point of

bitumens; therefore, accounting for the characterization ofmikeboiling range of the

bitumen.
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CHAPTER EIGHT: HEAVY OIL DEEP VACUUM RACTIONATION

As discussed in Chapter 2, distillation is a common methodotoder data for crude oil
characterization. In the case of conventional crude oilgpu§0-95 wt% of the olil is
distillable and sufficient data and property correlations ara@lable to provide a
comprehensive characterization. However, in the caseaifyhoils and bitumens, only
about 20 to 30 wt% can be distilled through commercial vacdistillation assays

[Castellanos-Diaz et al., 2011].

To extend the range of the fractionation, high vacuum itiond are necessary. Figure
8.1 shows hypothetical distillation curves (boiling point cunasheavy oil at three
different pressure conditions: atmospheric, vacuum, and taguum. All of the
distillation curves stop at the cracking temperature (approxiyna@ °C) since beyond
this point the substance is chemically transformed and thidlaticn data no longer
relate to the original fluid composition. With this limitation, atmoesc distillation
methods, such as ASTM D86, TBP, and ASTM D2887 [Ria205], can fractionate
approximately 9-10% of a heavy oil or bitumen. If the pues of the system is reduced,
the boiling points of the oil constituents are reduced as wellaagteater amount of
sample can be fractionated before it reaches the crackingetature. For example,
commercial vacuum distillation assays such as ASTM D1160tadSpinning Band
Distillation technique (SBD), which operate at pressures dlmse13 kPa (1 mmHQ)

[Riazi, 2005], can fractionate 20 to 30 % in mass of ayed or bitumen. Following the
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same logic, a greater amount of heavy oil or bitumen eafrdctionated at an even

deeper vacuum, Figure 8.1.
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Figure 8.1 Schematics of distillation performance on a heavy oil or bituatetdifferent
operating pressures.

This chapter introduces a methodology to generate cutsawiyloil and bitumen samples
using deep vacuum fractionation at temperatures ranging ffotnto 300°C and
pressures below ¥0kPa. The high vacuum vapour pressure measuremstensyHV-
VPMS) presented Chapter 3 is used to perform the fratibonaA Western Canadian
bitumen sample (WC_B1) was fractionated to prove the conaeg to develop a
preliminary fractionation procedure. An inter-conversion mettwm obtain atmospheric

equivalent boiling points from the data is also introduced. Premyirproperty
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measurements of the bitumen fractions are presented iafigt discussed. The objective
is to prove the concept and establish preliminary procedBtasdardization and detailed

characterization are beyond the scope of this thesis.

8.1 Preliminary Fractionation Test

Figure 8.2 shows a simplified schematic of the vapour presgpparatus (VPMA) that is
used for the fractionation process; the degassing appd&)s also part of the HV-
VPMS, is used to clean and prepare the sample befatéfration, and is not shown in
this chapter (see Chapter 3). To fractionate a sample tseng/PMA, the sample
temperature is raised to the initial condition atHrom this point, the sample is left open
to pump suction by leaving all the connecting valves opea.ufiper VPMA section is
left at a temperature 20 to 30 °C higher thartol facilitate vapour transportation and
avoid condensation in the inner pipe. The fraction is colidayecondensation in the cold
finger which would be replaced when the fractionation atstdps. A more detailed

description of the fractionation process is introduced in latérisnchapter.
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Figure 8.2 Simplified schematics of the vapour pressure measuremgrdaradps
(VPMA).

Note that the proposed fractionation methodology is analogoashtich distillation at
high vacuum conditions with no reflux and one theoreticalest@gmmercial distillation
techniques differ in the fact that they are run at highespres, they may have partial or

total reflux and they may contain more than one theoretica fRigzi, 2005].

As a preliminary test, a maltene sample from the WC_B1 bitunas fractionated using
the HV-VPMS apparatus. In separate experiments, two neasi@mples were left open to
pump suction at temperatures of 150 and 180 °C, resdgctivd2 wt% fraction and a

25 wt% fraction of the maltenes were obtained from the finst second experiment,
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respectively. Note that some mass losses were measwa&iihggo + 3%, mainly due to
vapour from the sample bypassing the cold finger as wedbase condensation spots
within the inner walls of the apparatus (particularly in the vahalows). Figure 8.3 is a

photograph of the obtained fractions and residue.

Figure 8.3WC_B1 maltene fractions and residue obtained thArough\dammm
fractionation.

The preliminary fractionation demonstrated that approximatelw®b of the maltene
sample was distillable at temperatures below 200°C. This pefme matches what
most commercial vacuum distillation techniques provide (apprdgign@5 — 35 wt%
maltenes distillation). However, by increasing the temperafuteecsystem from 200 to

300 °C, a deeper fractionation can be achieved.
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8.2 High Vacuum Fractionation of Heavy Oil

After the preliminary fractionation test, a methodology was ldgeel to systematically
fractionate heavy oils at temperatures in the range of BD@0°C using high vacuum
conditions. The initial fractionation temperature (150°C) wasrdehed. Then fractions
were collected at five different temperatures between ©80280°C, Figure 8.4. Note
that 68 wt% of the maltenes were fractionated equivalent wt%g6of the bitumen. Two
key operational issues are the identification of the initial fraation temperature and

the collection of a complete cut at each temperature. Thelisaessed below.
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Figure 8.4 Boiling point cuts for WC_Blmaltenes.
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8.2.11dentifying Initial Temperature of Fractionation

The initial temperature of fractionation is the temperature at wdidbtectable amount
of condensate is observed in the cold finger. To determhiseinitial condition, the
sample was heated gradually and the cold finger waswausehe pressure of the system

was also recorded.

In this case, the maltene sample was heated from 60 ®Clth¥ough step changes of 15
°C every 10 minutes. During this period, no signs of cosakton were observed in the
cold finger. Figure 8.5 shows that each temperaturegagaprates an increment in the
pressure baseline (pseudo-steady state pressure) ndai@lyo the increment of the
vapour pressure of the substance. Note that the praasteenents were also subject to

some variations due to oscillations in the temperature control.

Since no signs of condensation were observed at temperdiatween 60 and 115 °C,
the heating process was continued with the same tempesétpréncrements. The first
sign of condensation was a pressure spike observad avbendensing droplet blocks the
capillary tip, Figure 8.6. The pressure peak ends whenpitldroplet breaks/detaches and
the pressure returns to its pseudo-steady state valudirSthgressure peak occurred at
130°C, Figure 8.7, but no measurable condensate wagatbt€ontinuous condensation
was not observed until 150°C and therefore the initial fradimmaemperature was
considered to be 150°C. Note that the initial fractionation teriyeranay change

depending on the kind of heavy oil or bitumen assesseatte;i@a stepwise temperature
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heating procedure from atmospheric temperature until coatiensis observed is

recommended.
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Figure 8.5 Pressure profile for the fractionation of WC_B1 malteneteriperatures
from 60°C to 115C.
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8.2.2Collection of Heavy Oil and Bitumen Fractions

In collecting the first cut at the initial fractionation temperatuO?C in this case), oil
droplets formed and detached systematically. Figuret®&®&s a pressure profile of the
fractionation process at 13Q. Note that the peak height for almost all of the peaks is the
same, close to 0.09 kPa. This recurrence is expecteel tia forces acting on the drop
formation, such as vapour pressure, surface tensiohpamp suction, remained almost
constant through the fractionation. Some differences in tleegcacting on the droplet
formation do occur and may lead to different (irregulagkp heights. Note that the
condensation blockage may delay the collection of samplehamdge, the fractionation
process, since it takes time to form the oil droplet. Thisga®es magnified with denser
cuts due to an increment in the oil viscosity. It may beiplesso mitigate the droplet

formation and avoid the pressure spikes by using a slaafakhry tip.

The disappearance of the pressure spikes may be aatordicat a given cut has been
completely collected. However, in general, the pressurdilegre not useful for
determining or predicting when a cut will be completely collectetbetter indicator is
the volume of the cut collected as a function of time. FiguéesBows the volume
profiles of five maltene cuts. The volume profiles approashasymptote towards the

depletion point of the fractioN.
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Since the final volumes of each fraction are different, itolsvenient to use relative

volumes, Equation 8.1

whereVge is the relative cumulative volum¥(t) is the cumulative volume as a function
of time, andVk is the total volume of the fraction. The relative volume ifgefwere

modeled using two approaches given in Equations 8.2 8nde8pectively:

Vret = 1 — exp[—at], [8.2]

Vger = €Xp [btlﬂ], [8.3]
In addition to the fitting parametees b, and c, the final volume of each fraction is
unknown and becomes a second (or third) fitting paranmfeigures 8.10 and 8.11 show
the experimental and fitted relative volume profiles as desthilyeEquations 8.2 and
8.3, respectively. Table 8.1 provides the fitted parameiisdeviation values for each
approach. Figures 8.10 and 8.11 show that, althoughvdrage, the deviation of the
model from the data is lower with Equation 8.2 (total AARDLB%6 versus 14%), the

shape of the volume profiles is better described by EquéiBn
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Parameters, b, and c can be regressed as a function of the distilled temperatsire,

follows.

a=—-2.79x10"2 + 1.53x107*T — 2.02x107'T?, [8.4]
b =-7.97x10"% + 4.60x107*T — 6.40x107'T? , [8.5]
c=—177x10"1 + 2.14x1073T — 8.18x107°T?, [8.6]

Note that the AARD is slightly increased for the model desdriipeEquation 8.3, from

14 to 17%.

Table 8.5Parameter values and absolute and relative deviation vala&gnd AARD)
of Equation 8.2 and 8.3 describing the volume profilediftérent WC_B1 maltene

fractions.
Equation 8.2 Equation 8.3
Ve AAD AAD
AARD Ve [mL] AARD
2 my (mL] a b Ve[m] (mL]
Frac 1| -0.0094 1.54 9% 0.04 -0.025 -0.040 1.62 18% 0.08

Frac 2| -0.0060 1.80 18% 0.13 -0.0155 -0.066 1.88 17% 0.13
Frac 3| -0.0039 0.99 16% 0.05 -0.0100 -0.100 1.06 17% 0.06
Frac 4| -0.0016 2.30 6% 0.03 -0.0026 -0.175 2.61 9% 0.05
Frac 5| -0.0004 1.43 2% 0.01 -0.0005 -0.243 1.78 8% 0.01




Cummulative Volume
o o o o o o o o o
-~ N w B~ O > N o ©

o

<N\
N
N
N
)
\
)

]
g
\\
o

?EFFW.-
“e

1 ,I
]
/
T
] /
] /
i
!
[
/
[
1
[
[
)
!
0 2000 4000 6000 8000
Time (min)
¢ Frac01 0 Frac02 ¢ Frac03
0 Frac04 ¢ Frac05 === Model

w N U1 o N D © e

Cummulative Volume
o
N

o
i~

-

400 600

Time (min)

800

1000

OFrac01 OFrac02 ¢Frac03 ©Frac04 #Frac05

Figure 8.10 Cumulative volume profiles for five WC_B1 maltene cuts — éfikpental
data and fitted model using Equation 8.2.

1 1
O = L ==
09 |V, O 0.9 0_,—:__—-""-___
08 f’ - oomT _---""
Q)I 0 ”——— @08 ,&),ﬂ ,/’
€07 - E &r ,
g P 307 1987
Q06 ’ PN RN
2. ol R e
205 7 = /
T 1 S5 1p
3504 /
£ / E 0.4 56
Eo03 / 5 4 s
3 / 003
0
02 & 4 é;Q _--
/ 0.2 ~ - -
0.1 ’ (959 _--
01 [y -
0 6] - -~
0 2000 4000 6000 8000 0 &l
Time (min) 0 200 400 600 800 1000
Time (min)
¢ Frac0l O Frac02 ¢ Frac03 Fracol OFrac0? Frac0d © Fracod ® Frac0s
OFrac01 OFrac02 ¢Frac03 ©Frac rac
0 Frac04 ® Frac05 = = Model

Figure 8.11 Cumulative volume profiles for five WC_B1 maltene cuts — éfikpental
data and fitted model using Equation 8.3.



210

0 y 0
¢ ¢ Equation8.3

0005 05 '
.01 Q0.1
0015 20,15
.02 .2
0005 Equation8.2 05

¢ Equation 8.3
0.03 03
300 100 400

Temperature [2]

Temperature [2]

Figure 8.12 Values of §s for five fractions from WC_B1 maltenes — predictions using
Equation 8.2 and 8.3.

Note that as the fractions become denser the condensatiesprbecomes significantly
slower. Both Equation 8.2 and 8.3 predict that the time athwdB€6 of the fraction has
been collected {§) increases as a double exponential function of temperdtigete
8.13. However, there is a factor of approximately fivéwieen the g5 predicted by
Equations 8.2 and 8.3 at any given temperature. In doddetermine which scenario
better describes the fraction collection dynamics, it is recometerio perform
experiments in which the volume profile of each fraction iasueed at times longer than
4 to 5 days. Then, the appropriate equation can be usedtioate the required

fractionation time at any temperature for similar samples.
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Figure 8.13Predicted values o§gfor five fractions from WC_B1 maltenes — predictions

using Equation 8.2 and 8.3.

8.3 Inter-conversion of Reduced-Pressure Boiling Point Curves

The characterization of crude oils based on distillation agsaysres the boiling points

of fractions at atmospheric pressure (normal boiling poiiéen a distillation assay is

run at sub-atmospheric conditions, it is necessary to tranfiter-convert the data into

normal boiling points. Several different techniques have kamreloped for inter-

conversion of vacuum distillation assays, most of them based particular vapour

pressure equation. An equation of state model can alsedoefor the inter-conversion.

However, the most direct way to transform reduced-presdistillation curves is to

measure the vapour pressure of each boiling fractiarelate the vapour pressure and

extrapolate it towards atmospheric pressure. All three apipesare discussed below.
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8.3.1Maxwell-Bonnell Inter Conversion Method
When vapour pressure data for each fraction are ndabla common inter-conversion
methods may be applied to the deep vacuum fractionsofdhe most common methods
is shown by Riazi [2005] and is based in the Maxwell-Batinpressure curves [Maxwell

and Bonnell, 1957]. This method is described by Equatioht8.11:

Ty = T'y + 1.3889F (Ky — 12) logyo 72, [8.7]
Ty = 1+T(O.38764121—QO7."(T)?)051606)’ [8.8]
o- sz, =

F = —3.2985 + 0.009T,, [8.10]

K, = &8 [8.11]

s¢ '

whereT, stands for the normal boiling point in K is the measured temperature in K,
Pn is the measured pressure in mmHg, Kqdstands for the UOP Watson factor. The
calculation of normal boiling point through the Maxwell-Bonnell timoelology is
iterative and depends on the fractionation temperature, tt@ofraspecific gravity, and

the pressure of the system.

For this work, the specific gravity and temperature arewkr whereas the operating
pressure is unknown. To determine the operating pressuthis method, an iterative
procedure was applied taking into account the first two higtuwym boiling points

(HVBPSs). Note that these two points should inter-convert to &Bperimental data,
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Figure 8.14. Figure 8.15 shows inter-converted valuethése first two points using the

Maxwell-Bonnell (MB) equations and Figure 8.16 shows tloeretated operating

pressures as a function of mass distilled.
From this point on, there is no experimental data with whictvefy the inter-
conversion of the HVBPs. Hence, it is assumed that thesyre profile shown in Figure

8.15 follows a power law, described by Equation 8.12<mivn in Figure 8.16.

P, = 16.567w; 1185, [8.12]
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Figure 8.14Boiling point profiles for WC_B1 maltenes _ Inter-convertetles of high
vacuum boiling points in the SBD experimental data region.
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Inter-converted HVBPs using the Maxwell-Bonnell method eredoperating pressures
given by Equation 8.12 are shown in Figure 8.17. Ththoaeprovides normal boiling
points that follow the Gaussian extrapolation of SBD experimelatal. Note, however,
that the operating pressures for this method range fromtc0.8.1 kPa which are
extremely high in comparison to the observed HV-VPMXitans (see Figure 8.6 and
8.7). Hence, while the method may correctly inter-contieet HVBPSs, it does not

correctly represent the physical conditions found in therappa
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Figure 8.17Boiling point profiles for WC_B1 maltenes — mass based.



216
8.3.2Equation-of-State Based Inter Conversion Method
An alternative to inter-convert boiling point curves is to preitietvapour pressure of the
fraction at atmospheric conditions using an equation of stais, Ehe heavy oil or
bitumen was characterized with critical properties and acemtrtors, as introduced in
Chapter 7. Then, the deep vacuum fractionation cuts weierngined through a flash
calculation, as shown in Figure 8.18. Specifications of theh filrum temperature and
pressure are required. These properties determine thenamivacuum cut obtained.
Finally, the vapour pressure of the deep vacuum cut cab=ilated at atmospheric

pressure.

Fraction

Deep
) Vacuum Cut
/ Cold Finger

\ 4

Feedto
VPMA

Flash Drum
—
Residue to generate next cut
Figure 8.18Flash schematics for simulated production of deep vacutsn cu
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Figure 8.30 shows regressed-operating pressures thatamezrt HVBPs into NBPs for
the experimental and extrapolated regions of the SBD. Pleeatng pressures were

correlated as follows:

P, = 1.745w; 197, [8.13]

The performance of the APR-E0S method is equivalent toofhidte Maxwell-Bonnell
method (within 1%). However, the operating pressure vauesnuch more consistent
with observations in the HV-VPMS (in the range o106 10* kPa). However, in order
to corroborate operating pressure values for the APRA&iB0d, the vapour pressure of
the different fractions must be measured and extrapolateards the normal boiling
point. As described in Chapter 4, correlation of the vapoessure constrained with heat

capacity would provide a robust methodology of extrapolation.

8.3.3Inter-Conversion Based on Measured Vapour Pressures

Since vapour pressures of the five fractions were natngeisured, the feasibility of this
inter-conversion approach was tested on the maltene refsatimns obtained in the
preliminary fractionation tests (Section 8.1). These residoesspond to the remaining
88% wt and 75% wt of the maltenes. The vapour pressasemeasured using the HV-

VPMS as described in Chapter 3 and Appendix B.

Figure 8.19 shows the vapour pressure of the residuasemperature range of 25 to

18C0°C. The average absolute deviation for all vapour pregsa@surements is 2.9%,
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with an average repeatability of 6.4%. The vapour pressiata are tabulated in
Appendix A. Figure 8.4 also shows the measured vapassure of the bitumen and the

whole maltenes.
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Figure 8.19Vapour pressure of WC_B1 bitumen and fractions.
The vapour pressure data of the WC_B1 bitumen fracttansbe predicted using an
equation-of-state model. The accuracy of the predictionentgdthe EoS model is an
indication of the consistency of the characterization of thewdih independent

experimental data. If sufficiently accurate, the model canuked to extrapolate the

vapour pressure data to atmospheric conditions.

In this case, the composition of the WC_B1lbiumen was detedrfiom the extended

normal boiling point curve in Chapter 7. However, the contiposof the 88%wt and
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75%wt maltene cuts remains unknown. To determine the catiopssof the maltene
cuts, a flash calculation was performed in VMGSim 6.0\8G, 2010]. In the flash
calculation, a given flow of maltenes (i.e. F=1 kg/h in Fig8r&8) was fed into a
separator at a temperature equal to the experimental fractiotetiperature (158 and
180 °C for the 88%wt residue and 75%wt residues, respBgtivhe pressure inside the
separator vessel was varied until the target amount of eesids obtained (i.e. L/F =
0.88 and 0.75 for the two residues, respectively). Tdleutated composition of the

simulated residues and the WC_B1 bitumen and maltenes isitisiafile 8.2:

Table 8.6Simulated composition of WC-B1 and fractions.

Mole Fraction

Pseudo 88%wt Malt.  75%wt Malt.
Heavy Oil Maltenes _ _
Residue Residue
Malt01 0.050 0.061 0.002 0.000
Malt02 0.044 0.054 0.005 0.000
Malt03 0.055 0.066 0.017 0.001
Malt04 0.048 0.058 0.035 0.004
Malt05 0.060 0.072 0.069 0.012
Malt06 0.056 0.067 0.079 0.029
Malt07 0.059 0.071 0.089 0.065
Malt08 0.197 0.237 0.302 0.373
Malt09 0.166 0.200 0.255 0.327
Malt10 0.095 0.115 0.147 0.188
Asph01 0.009 0.000 0.000 0.000
Asph02 0.035 0.000 0.000 0.000
Asph03 0.058 0.000 0.000 0.000
Asph04 0.050 0.000 0.000 0.000

Asph05 0.018 0.000 0.000 0.000
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Once the composition of the WC_B1 bitumen fractions wasrrdeted, the vapour
pressure curve was calculated. Figure 8.20 shows tieximental and predicted data for
the heavy oil and fractions. The model predicted the datah& maltenes accurately
(AARD of 2.3%) but did not predict the residues data asrately (AARD = 18%). One
possible explanation for this miscalculation relates to the undgrtairthe amount of
distillate/residue produced. The uncertainty of the fractionatioaunt is approximately
3%. If the residue amounts are modified from 88 and 5 t@ 85 and 78 wt% (3.4 and
3.8% difference, respectively), the AARD in the predictiomproved from 10% to

1.7%, Figure 8.21.
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Figure 8.20 Experimental and predicted vapour pressure of WC_B1 bituared
fractions using the APR-Eo0S — original compositions.
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Figure 8.21 Experimental and predicted vapour pressure of WC_B1 bituared
fractions using the APR-E0S — compositions have been telaxeithin experimental
error.

These preliminary tests indicate that a tuned equation ofcstatbe used to extrapolate
the vapour pressure of the cuts to estimate the atmospléing lpoints. For example,
Figure 8.22 shows the extrapolated average boiling pointhéomaltenes and the two
fractions studied (330.2, 427.6, and 454.4 °C, respégtias shaded regions. The
extrapolated boiling points of the cuts are in qualitative agreemih the trend of the
spinning band distillation data. However, the cuts are too btoamake a definite,
quantitative conclusion. Future work will focus on collecting mouts and vapour
pressures to reduce the uncertainty in the cut volumescerfidm or adjust the equation-

of-state tuning.
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Figure 8.22Experimental and extrapolated normal boiling point of WC_B1 me#ie- a
representation of the extrapolated NBP of three cuts is latsons

8.3.4Comparison to Other Distillation Techniques

Figure 8.23 compares the deep vacuum boiling point custened in this work with

normal boiling point experimental data of the WC_B1 maltenésrmdéned by spinning

band distillation (SBD) technique and extrapolated using Gausdistribution as

introduced in Chapter 7. In addition, Simulated Distillation expertaiedata of the

heavy oil is shown [Sanchez, 2011].
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Figure 8.23 Boiling point profiles for WC_B1 maltenes — mass based -efixgntal
data was provided by Sanchez [2011].

The deep vacuum fractionation generated maltenes fractotesapproximately 70 wt%
of the maltenes (60 wt% of the bitumen). The mass distillgghsses the spinning band
distillation (29 wt% of the maltenes) and the Extended SimDisiv{%oof the maltenes).
Figure 8.23 shows that the Extended SimDist data deviat@sexperimental NBP data
at above 25% mass distilled and may not reliable. Recall thaExtended SimDist
retention data are converted to boiling points using correlatioais are themselves
extrapolations. The data provided by the methodology dewtliopdis chapter could be

utilized to improve the SimDist calibration curves to up to 60 @is4lled.
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8.4 Fractionation Results

Figure 8.24 shows a photograph of the five fractions cigltefrom the WC_B1 maltenes
in this work. Note that the colour of the fractions changem ftight amber to dark
greenish brown, ending in a pitch black for the residutha fractions become denser. In
addition, the viscosity of the fractions was observed teasas from the first to the last
cut. These changes in physical properties are a confirmaifora meaningful
fractionation. The volume, boiling range, and density afeHeactions are listed in Table

8.3.
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Figure 8.24 Photograph of five the different fractions and residudV&_B1 maltenes
deep vacuum fractionation.
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Table 8.7WC_B1 maltene fractions obtained using the HV-VPMS.

Fraction Vgae [ML] Ve [ML]* Mass [g] Top [°C] p[g/mL] Time Collected

Frac 1 1.69 1.56 1.46 150 0.9357 22.11h
Frac 2 1.90 1.80 1.72 190 0.9506 23.39h
Frac 3 1.10 0.93 0.97 220 0.9707 23.67 h
Frac 4 1.80 2.34 2.32 260 0.9912 49.15 h
Frac 5 1.30 1.44 1.46 290 1.0164 48.52 h
Residue - - 3.62 >290 1.0401 -

* VFrac* stands for the volume of the fraction corrected from mass fractaensity
** Density measured with an AntonPaar densitometer

8.4.1Reproducibility of Fractionation Data

A similar procedure as described in this section was follolyed®&anchez [2011] to
fractionate the same maltenes with the HV-VPMS. Figure 8dzbpares the two data
sets as well as the data for the preliminary fractionationegwoe, Section 8.1. The
reproducibility of the fractionation obtained at independentqmoces is 4.8 wt% (16%).
Although the two fractionation procedures were slightly dgfifier the reproducibility of
the methodology is promising. More experimental data obtaingd a standard

procedure is required to draw definite conclusions.
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Figure 8.25Boiling point profiles for WC_B1 maltenes — mass based; sopgiary
data provided by Sanchez [2011]

8.4.2Density Profiles

The density of the fractions was measured using an APdéan DMA4500 density meter.
Since the amount of sample is limited and sometimes too vidgoougect into the
density meter, the samples were diluted with toluene to a sseiedifferent
concentrations. The density of the samples was calculated tiie mixture densities
assuming a density mixing rule. Two mixing rules were atelll 1) no excess volume

of mixing,

-1
— |WE  Wr
pMix - [pF + PT] ’ [814]
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2) a non-zero excess volume of mixing,

Pmix = [ﬂ + ? — WpWr (iF + i) ,812]_1» [8.15]

wherew; is the mass fraction of the fractioR) (or the solvent toluend’), andg,. is the

fitted interaction parameter between the fraction and toluene.

Figure 8.26 shows the density profile of the maltene resi@dier high vacuum
distillation) at different toluene concentrations. Table 8.4 pesvitie calculated fraction
density and the AARD for each mixing rule. The lightestticans appear to form nearly
ideal mixtures with toluene. However, the valueggfbecome larger (more non-ideal)
for the denser fractions. Note that data for FracO5 wdag awailable at very low
concentrations where the distinction between ideal and nonkdkeaViour was too small
to detect. The value ¢, for FracO5 in Table 8.4 was interpolated. Finally, theaye

density of the heavy oil maltenes assuming an ideal mixdsre,

SGapg = LL [8.16]

ZSGi

A value of 0.9933 g/mL was calculated, which is in reaBlyngood agreement with the
measured value, 0.9871 g/mL (0.63% error), TableNdbode that a non-ideal mixing rule

would give a lower density in better agreement with the rmedstalue.



Table 8.8Extrapolated values of density for the different WC_B1 maltieactions
using ideal and non-ideal density models — data providéthbghez [2011].

Fraction Cum. wi% Ideal Model Non-ldeal Model
' SG  AARD B12 SG AARD
Frac 1 6.26 0.93390.0013% 0.00013 0.9337 0.0015%
Frac 2 19.98 0.95200.0020% 0.00167 0.9506 0.0018%
Frac 3 31.61 0.98230.0003% 0.00500 0.9707 0.0016%
Frac 4 45.85 0.99860.0061% 0.00873 0.9912 0.0009%
Frac 5 62.22 1.01850.0007% 0.01005* 1.0164* 0.0162%*
Residue 84.27 1.05520.0127% 0.01071 1.0401 0.0046%
Maltenes 100 0.98710.0024% - 0.9871 0.0024%

* Interpolated
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Figure 8.26Density profile of WC_B1 maltene residue (after high wewwistillation) at
different concentrations with toluene — data provided bysan[2011].
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Figure 8.27 shows the extrapolated density values fomtakenes as a function of
cumulative mass distilled. The cumulative density profile shawirigure 8.27 was

regressed as follows with an AARD of 0.2%:

SGrrae = 0.919 + 0.143w2880, [8.17]

wherew, stands for the cumulative mass distilled. The measured ylelza was also

compared with predictions made with the Sgreide equationiffegi89]:

SGrrge = 0.2855C(MWiyge — 66)°13, [8.18]

whereCs is and adjustable parameter. Equation 8.18 was applied tottimeen model

described in Section 4.2.3 with an adjus@&gdparameter of 0.322 which is within the
range of 0.3 to 0.4 recommended by Whitson and B&06(]. Figure 8.27 shows that
the Sgreide equation fits the data accurately, with an AARD.50%. Th Sgreide
equation with the model developed in Chapter 7 provides arate representation of

the density of the fractions.

Finally, a comparison between the density profiles measnréds work and that of the
cuts obtained by Sanchez (Figure 8.25 [Sanchez, 2@/b%|performed, Figure 8.27. The
average relative difference between the two profiles is 1A#%ough the procedure to

obtain the cuts in this work and that of Sanchez differ slighklg proximity of the
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boiling point profile and the density profiles is an indication thatfractions collected

by the HV-VPMS are repeatable.
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Figure 8.27Measured and predicted density of WC_B1 maltenes fractisrasfunction
of cumulative mass distilled.

8.5Recommended Design Improvements

The preliminary testing identified some areas where the appadesign could be
improved. In particular, the current methodology is time comsg, mainly due to the
high viscosity of the heavy oil residues. However, the ssssent of mass transfer
limitations within the apparatus may lead to shorter experimentals tiam&l an

improvement in overall methodology. Some of the mass ®&ankmitations are

illustrated in Figure 8.28 and are described below.
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Figure 8.28 Schematics of sample vessel and cold finger and possitde transfer
limitations involved in deep vacuum fractionation: 1) Liquid phagscosity and
diffusivity; 2) Gas phase mobility; 3) Cold finger condendeaction mobility; 1)
Condensation point; Il) Condensed fraction volume measunteme

Liguid Phase Viscosity and Diffusivity:

Two main processes occur in the liquid phase when adnais being depleted from the
main sample: a) molecules must diffuse towards the liqguidwamterface, and b) the
molecules must evaporate from the interface. Diffusiotheffractions becomes more
difficult and slower as the residue becomes more viscowenvie lighter ends are
removed. Hence, depletion times increase as the fractemusrie denser (from 14 hours

for the first cut to about 3 days for the final cut).
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This phenomenon is already partially mitigated in two wayshé&)samples were de-
asphalted before the experiments which reduced the visobdshtg sample, and 2) as the
residue becomes heavier, the operational temperature éasect, therefore decreasing
the viscosity of the sample. Recommended improvementt goeovide more surface
area for evaporation (wider sample vessels) and straightes from the evaporation

surface to the cold finger to avoid condensation spots.

Gas Phase Mobility:

As the residue molecular weight increases, the gas movédreemines slower and more
random. This effect is related to the Knudsen parameteChapter 2. A large molecule

is characterized by a small mean free paths follows:

1
B Va2rdjpm’

[8.19]
With a constant pipe equivalent diametdg, the Knudsen parameteK,= A/dgg,
becomes smaller, which is characteristic of a molecular fegyime. As introduced in
Section 2.5.2, this regime is described by the rarefiedtlyasry of gases as being
virtually random and usually slower than a viscous flowimeg[Roth, 1990]. Further
assessment of average particle size and gas viscosityediractions is required to

determine the extent of this mass transfer limitation to the expetim

3. Condensed Fraction Mobility:
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The condensation of cuts in the cold finger involves: droplebdtion, droplet breakage,
and oil accumulation at the base of the cold finger fronothé&at is splashed in the drop
detachment. The velocity of the accumulation depends syramgthe oil viscosity and
the temperature of the cold finger inner wall. With heaviectias, this process
becomes very slow even when the bath temperature is secdresignificantly. This
phenomenon can be mitigated by tapering the tip of the taberin the cold finger, as

illustrated in Figure 8.29.

J kS

TaperedTip
(Proposed)

A

Sharp Tip
(Current)

\ 4

Figure 8.29Cold finger tip — Current (right) and Tapered (left).

8.6 Summary

The fractionation methodology introduced in this chapter provittee means to
characterize approximately 60 wt% of a heavy oil or bitunsample based on
distillation. The amount fractionated significantly surpasses [leeformance of

conventional vacuum distillation techniques; hence, this new metimogrovide a more



234
comprehensive assay of heavy oil and bitumen as well aathg¢o which corroborate or

modify physical property correlations.

Preliminary testing indicated that repeatable data can be colteetegre consistent with
Gaussian extrapolations of the boiling points and existing etioeb for properties such
as density. The feasibility of an inter-conversion methoédas an equation-of-state
model was demonstrated. It remains to standardize the noétlggcand test it on heavy

oils and bitumen with different physical properties.
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CHAPTER NINE: CONCLUSIONS AND RECOMMENDATIONS

9.1 Dissertation Contributions and Conclusions

The main outcomes of this research project were: 1) thgndasd construction of a new
high vacuum apparatus capable of measuring reliable vapmessure data and
generating consistent heavy oil and bitumen fractions, 2) ¢helabment of a new
methodology to characterize heavy oil and bitumen phasavioein based in the

collected data. The following conclusions were drawn in iegdhese outcomes:

9.1.1High Vacuum — Vapour Pressure Measurement System

A high vacuum apparatus was designed and construeseldbon temperature and
pressure criteria relevant for the measurement of vapoessure of bitumen and
fractions. Several challenges were encountered in thelogpevent of this apparatus
because the application of this technology to bitumen charattenizis new with no

record found in the open literature. The main challenges westaining high vacuum
conditions with minimum leak rate, cleaning, pressure transdoakbrations, and

versatility. These issues were successfully overcomdtémnatives such as metal seals,
long baking periods and degassing techniques, calibrationshedkly hydrocarbons

including logarithmic calibration charts, and the invention afeh@omponents, such as
the cold finger, to make the apparatus useful for vapoesspre measurement and

bitumen fractionation.
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The new apparatus was also successfully applied to: ljn#ssurement of vapour
pressure of well known pure substances, biodisels, armlyheil and 2) the
fractionatation of up to 55 wt% of a bitumen. Vapour presslata were repeatable to
within 5%. The fractionation proves the versatility and promisiag of this apparatus
since it distilled double what is achievable with commercial vaculistillation

techniques. The property trends observed from sevedidnations were consistent.

9.1.2Vapour Pressure Experimental Data

Vapour pressures of three pure substances, sevendabfliels from different vegetable
sources, bitumen from Western Canada, and three fracfrom the bitumen were
measured with the HV-VPMS at temperatures from 30 to €80 e first set of data was
used to calibrate and test the apparatus whereas thefrés¢ alata was used to

characterize and corroborate modelling techniques for beldiaad bitumens.

The vapour pressure data set presented in this work rnieval contribution since
experimental data for biodiesels and bitumens is extremaigesaad is only available at
temperatures above 230 °C and near the cracking pdimsiseTdata were used to
complement the open literature data set and to extend modedtingreperty correlation

techniques over a wider temperature range.

Vapour pressure experimental data was supplemented witharigtyv of other

experimental data, including liquid heat capacity data, watd¢eeband composition of



237
biodiesels, and distillation curves and density profiles fornigu and fractions.

Experimental data of these key physical properties are @soesin the open literature.

9.1.3Vapour Pressure Extrapolation Technique

Extrapolation of vapour pressure constrained to match apatcity data was applied in
this work. Although this technique has been used for modeftiagrapour pressure of
pure components, no record of the application of this teabniqr complex, heavy
mixtures was found. Hence, its use in the modelling of tipewapressure of biodiesels

and bitumens is a novel contribution.

The technique was used to predict the vapour pressureliguid heat capacity,

simultaneously, to within 12% and 3%, respectively, of th&a.dIlt was shown that
modelling of vapour pressure with no constraint can gengrates errors (as high as
200%) in the liquid heat capacity prediction. The method rgéee similar predictions

using analytical vapour pressure equations and cubicieqsi@f state.

Extrapolation of vapour pressure of fatty acid methyl esters also assessed on data
from the open literature. New property correlations feritteal gas heat capacity, liquid

heat capacity, and vapour pressure of these estezgwagosed.

Finally, the application of this technique to develop a consisedt reliable inter-
conversion method for low pressure boiling point fractions maonal boiling point for

bitumens was demonstrated.
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9.1.4Heavy Oil and Bitumen Characterization Method

A novel method to characterize heavy oil and bitumen wasepted. In this method,
pseudo-components are assigned for heavy oil or bitunaessedbon extrapolated
measured normal boiling point curves. The characterizatiothes input into the

Advanced Peng-Robinson equation of state to predict pledsviour. The method was
separately tested on previously collected data for Ateb@iumen (Castellanos Diaz et
al. [2011]) where it was shown to fit and predict the pHasgaviour of bitumen and
solvent mixtures. In this thesis, the method was applied to VIGiBmen where it

successfully predicted vapour pressure and liquid heatitgmata.

It can be concluded that the interaction between bitumen @seEudponents, especially
in the lightest region of the normal boiling point curve, banmodelled using the APR
EoS and interaction parameters from the original Gao ebaklation [1992]. Most of
the data considered were vapour-liquid equilibrium data whictorsinated by the
lighter components. However, there is some evidence thamitidle range of the
distillation curve is also accurately represented includingecbrpredictions of liquid-
liquid equilibrium [Castellanos Diaz et al., 2011], the simultaneptediction of

asphaltene precipitation onset and saturation pressures [Cesteldaz et al. 2011;
Agrawal et al. 2011], and the inter-conversion of low presextended boiling points

developed in this thesis.
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9.1.5Fractionation of Heavy Oil and Bitumen

A Western Canadian bitumen sample was fractionated usingHYh®PMS. Five

discrete fractions were obtained at temperature ranging Iffimto 290 °C, accounting
for 56 wt% of the bitumen. These results were repeatablghon 8%. The performance
of the deep vacuum fractionation surpasses that of anyneocial distillation technique,
almost doubling the amount fractionated. The fractionation pedwidproducible
physical fractions that can be further studied. Having sangslése fractions provides
the opportunity to corroborate and/or develop physical prppeorrelations for

significantly larger fraction of a bitumen.

The direct result of the deep vacuum fractionation is a l@gspire boiling point curve
which must be transformed into its more convenient normidihfgoint curve form.
The heavy oil and bitumen characterization methodology deselap this work was
used to develop a preliminary inter-conversion technique #gpabduced conventional
distillation data of the bitumen to within 1%. This inter-conversemmnique was used to
convert the remainder of the boiling curve, extending tlimabboiling point to 56 wt%
of the bitumen. The extended normal boiling point followed thesSian extrapolation
of the conventional distillation data. It remains to corrobaditatetechnique with vapour

pressure data for each bitumen cut.

9.2 Recommendations
The success of this research opens a wide varietyesdarch possibilities for the

improved characterization of heavy oil and bitumen. Givemtwelty of the techniques
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introduced in this work, especially that of the new high vat@pparatus, there is also
room for improvement. The following topics of researchd amprovement are
recommended:

1. Increase the size of the sample vessel on the Vapowsureesleasurement for
the fractionation process. Two objectives can be achievedigtliimprovement:
first, the amount of a particular fraction is larger, herroeiding enough material
for more characterization assays; second, narrower bqiamgt cuts can be
obtained.

2. Use pressure transducers DG1 and DG2 on the VPMA simeoltsly to decrease
the uncertainty of the vapour pressure data.

3. Modify the cold finger inner tube tip with a tapered tip to minenibndensation
blockage and enhance fractionation dynamics.

4. Measure vapour pressure curves of different heavy mal lBitumen cuts and
residues to provide definite corroboration of the proposedr-conversion
techniques. The vapour pressure curves can be moaetbdxtrapolated to the
normal boiling point.

5. Measure the liquid heat capacity of different heavy oil ahdgrien cuts at low
and high temperatures. The low end of the temperature iarsgt by the liquid-
solid transition of the sample whereas the high end of theeterture range is set
by either the cracking temperature or the limitations of theioadter. These data
points can serve to constrain extrapolation of vapour ressirves towards the

normal boiling point.
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6. Fractionate heavy oil and bitumen with narrower boiling point. datghis work,
about 20 to 30 °C cuts were generated. Fractions withwearm@uts can provide
better resolution of the normal boiling point curve.

7. Record heavy oil and bitumen fractions volume profiles with timervals of at
least 4 to 5 days per cut. This procedure would be a littieusdut would
provide enough data to determine a proper model forétotidnation dynamics.
The fractionation time for different cuts can be used toraete suitable times
for subsequent bitumen analyses

8. Develop a mass transfer analysis for the fractionatioocegsoin the high vacuum
apparatus to provide insight on: the dynamics of the appathgiviscosity of
liquid and gas bitumen fractions, diffusivity, and pipe capac#a The exact
model may be extremely complicated but with appropriate gstsoms it may be
possible to generate a simpler yet reliable model. Note thgathehase is ideal,
which simplifies the mathematics significantly. Thermal transpimasioould be
accounted for as well.

9. Construct a model for the prediction of bitumen viscosity friben pseudo-
components. The data required to test such a model isisttosity profiles with
temperature of the different cuts

10. Modify Simdist calibration curves to better account for theraby distribution
of the heavy oil and bitumen. Currently, extended SimDistames unreliable
beyond 20 to 30 wt% distilled. This commonly used techn@prebe improved
by providing new calibration curves based on the extendegtessure boiling

point curve generated in this work
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Measure the composition of each cut from several heavamilditumen using
techniques such as gas chromatography or mass specyrd@mmpare the cut
compositions with the same cuts from an independent expér{spnning band
distillation). Compare the cuts to the same cuts from a bitunitardifferent properties.
The data can be used to confirm that the cuts productelhygh vacuum apparatus are
repeatable and consistent. The same procedure canfivergel with different physical

properties as well.
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APPENDIX A: EXPERIMENTAL DATA

The following Appendix complements experimental data collefdgedhe development
and corroboration of vapour pressure modeling of pongponents, biodiesels and heavy

oils which is not shown in the body of the thesis work.

Experimental heat capacity of biodiesels and heavy oil whscted in the National
Research Council (NRC) molecular sciences laboratories inv@tt®N. Biodiesel
composition was collected at the National Institute of Standaig echnology (NIST)
laboratories in Boulder, CO. Distillation curves for Western agn bitumen were
collected at the Asphaltene and Emulsion Research (AERipgab the University of

Calgary. Finally, vapour pressure data was collected tisegiV-VPMS.
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Al. Pure Component Vapour Pressure Experimental Data

Experimental vapour pressure data of pure componentgtedllen this work using the
HV-VPMS is shown in this section. The data shown consisthef raw data, the
calibrated data, the thermal transpiration factor (Chapteradyl the uncertainty.

Experimental vapour pressure is then determined as shdaquation Al.

PExperimental = PrawCrCr [Al]

where CF is the calibration factor (Section 3.4), and Gfleghermal transpiration factor

(Section 2.5)

Note that in order to know whether the thermal transpiraticoiféae applied or not (if it
is in the molecular flow regime, Section 2.5), the molecule ®zrequired. A rough
approximation of the molecule size is given by the volumenpeter b in the Advanced
Peng-Robinson equation of state (Chapter 4). Then, theatwledii can be calculated,

assuming a spherical molecule, as

= ()" (A2

4TTN 4

This value and the transition pressure (Section 2.5) avdistisd in the tables below:



Al.1 Hexadecane
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Table A.1 Experimental Vapour Pressure of Hexadecane

T[°C] Tuncel°C] Praw[KPa] rmo [NM]  Pran Cr Pcor [kPa] Uncer. [%].
25.1 0.1 1.71x10 0.60 5x10 1  6.82x10 4.1
25.2 0.1 1.24x10° 0.60 5x10° 1 5.01x1¢ 35
30.1 0.1 5.61x18 0.60 5x10° 1  8.96 x10 2.5
30.6 0.1 1.61x10° 060 5x10° 1  7.91x10 2.5
32.1 0.1 4.24 x16 0.60 5x10° 1  7.94x10 1.8
34.2 0.1 2.01 x1C° 0.60 5x10° 1 1.13x1C 1.7
35.8 0.1 2.06x10° 060 5x10° 1 1.23x10° 3.5
38.7 0.1 2.31x10° 060 5x10° 1 1.52x10° 2.5
44.5 0.1 3.16x10° 0.60 5x10° 1 2.53x10° 1.2
45.1 0.1 4.93 x16 0.60 5x10° 1  2.46 x10 2.4
46.3 0.1 3.98x10° 060 5x10° 1  3.39x10 0.3
49.9 0.1 4.63x10° 0.60 5x10° 1 4.45x10° 1.3
50.1 0.1 6.14 x10 0.60 5x10° 1  4.38x10 0.5
56.9 0.1 6.78x10° 060 5x10° 1  6.78x10 6.2
59.5 0.1 8.66x10° 060 5x10° 1  8.66x10 2.2
60.1 0.1 7.01 x10 0.60 6x10° 1  9.87 x1C 1.4
70.1 0.1 3.01 x16 060 6x10° 1 3.01x10G 3.5
70.1 0.1 2.19 x16 060 6x10° 1 2.19x10G 11.5
79.3 0.1 2.73x10° 0.60 6 x10° 1 2.73x10 2.4
89.9 0.1 6.99x10° 0.60 6 x10° 1 6.99x10 4.3
89.9 0.1 8.22 x16 060 6x10° 1 8.22x10G 6.0
90.1 0.1 6.42 x10 0.60 6x10° 1  6.42x1C 3.3

Al.1 Eicosane

Table A.2 Experimental Vapour Pressure of Eicosane

T[°C] Tuncel°C] Praw[KPa] rmo [NM]  Pran Ct Pcor [kPa] Uncer. [%].
50.0 0.1 2.59x16 0.7 4x10 1 4.88x10 0.2
65.0 0.1 3.31x10° 0.7 4x10 1 2.12xad 1.6
69.9 0.1 4.24x16 0.7 4x10 1 3.99x1d 0.1
75.0 0.1 4.64x10° 0.7 4x10° 1 6.35x10 0.1
84.9 0.1 4.75x16 0.7 4x10 1 1.51x1C 0.4
100.1 0.1 6.13x10° 0.7 5x10° 1 5.21x10° 0.2
109.7 0.1 1.10x10 0.7 5x1C 1  1.10x1G 0.3

Al.2 Naphthalene

Table A.3 Experimental Vapour Pressure of Naphthalene
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T [OC] Tuncer[OC] PRaW [kPa] rMo| [nm] PTran CT PCorr [kPa] Uncer. [%]

29.9 0.1 2.01x10 0.4 1x100 1 2.54x10 9.0
30.1 0.1 1.35x10° 0.4 1x100 1 1.55x1C 3.2
31.2 0.1 1.72x168 0.4 1x10" 1 2.11x10 2.1
50.2 0.1 9.01x10° 0.4 1x100 1 1.30x10" 14.1
50.0 0.1 6.88x16 0.4 1x100 1 9.85x1C 10.2
50.1 0.1 9.80x10° 0.4 1x100 1 1.42x10" 2.1
50.1 0.1 1.04x10" 0.4 1x100 1 1.52x10 2.1
70.0 0.1 2.87x10 0.4 1x160 1 4.26x10 17.9

A2. Biodiesels

Experimental data on biodiesels comprises composition andicphyproperties,

including liquid heat capacity, cloud points, and vapoursunes

A2.2 Biodiesel Composition

The information presented below is an extract of a regudireed from the National
Institute of Standards and Technology laboratories in Boutt@orado, Thermophysical
Properties Division, with the permission and collaboration ofT@mas Bruno and Dr.

Tara M. Lovestead.

A2.2.1 Experimental Methodology

The components of each of the samples were identified \aghcgromatography and
mass spectrometry (GC-MS) with a 30 m capillary column widhl&um coating of the
stationary phase, 50 % cyanopropyl-50 % dimethyl polyailex This stationary phase

has proven to be optimal for the analysis of biodiesel aralptes.
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The samples were prepared mrhexane and injected with an autosampler into a
split/splitless injector set with a 100 to 1 split ratio. The injestas operated at a
temperature of 325.0 °C and a constant head presslifepsig. A temperature program
of 80 °C for 2 minutes followed by temperature ramping & &er minute to 220 °C
and a hold at 220 °C for 5 minutes was used. Masdrapeere collected for each peak
from 33 to 750 relative molecular mass (RMM) units. Spkgiaks were interpreted
with guidance from the NIST/EPA/NIH Mass Spectral Datab&884], The American
Oil Chemists’ Society’'s The Lipid Library [2001], and theRC Handbook of

Fundamental Spectroscopic Correlation Charts [2005]

Once the compounds in each sample were identified, théeb&@duel samples were
analyzed with GC and flame ionization detection (GC-FID) witemal standards to
determine the compounds. Aliquotsyd) from crimp-sealed vials of each sample were
injected with an automatic sampler. High-purity nitrogen wseduas the carrier and
makeup gas. The split/splitless injection inlet was maintained a 3€5 The column
and temperature program were identical to that of the GC\E/sis. The FID was

maintained at 275.0 °C.

A2.2.2 Experimental Results
Figures A-1 to A-4 shows the comparison of the experirhelata with open literature
data of biodiesels with a common generic source. For resulthe molecular weight

distributions of the biodiesels considered in this work ref€@ttapter 6
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Figure A.3 Comparison between open literature and experimental molewdht
distributions for palm biodiesels

A2.3 Biodiesel Vapour Pressure

300 320

Table A.4 Experimental Vapour Pressure of Palm Oil Biodiesel

T[°C] Tuncel®C] Praw[kPa] rmo [NnM]  Prran Cr Pcor [KPa] Uncer. [%].
35.0 0.1 0.46 0.6 5x10 1 1.53x10° 0.3
40.1 0.1 0.45 0.6 5x10 1  2.21x10 1.7
50.1 0.1 0.52 0.6 5xI0 1  8.21x10 0.3
65.0 0.1 0.63 0.6 6x10 1 4.09x1¢ 0.5
69.9 0.1 0.67 0.6 6x10 1  6.64x10 0.5
80.0 0.1 0.73 0.6 6x10 1 1.16x10° 0.3
Table A.5 Experimental Vapour Pressure of Rapeseed Oil Biodiesel
T[°C] Tuncel®C] Praw[kPa] rmo [NnM]  Prran Ct Pcor [KPa] Uncer. [%].
40.0 0.1 0.46 0.5 8xI0 0.8 7.95x10 2.1
65.0 0.1 0.55 0.5 8x1 1  1.27x1d 1.2
80.1 0.1 0.67 0.5 ox™0 1  5.85x1¢ 0.1
84.9 0.1 0.81 0.5 ox10 1  1.13x1C¢ 3.3
90.0 0.1 0.73 0.5 ox10 1 1.34x10° 0.6
109.8 0.1 0.89 0.5 oxf0 1  6.33x10° 1.8
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Table A.6 Experimental Vapour Pressure of Canola 125 Oil Biodiesel

T [OC] Tuncer[oc] PRaW [kpa] I’MO| [nm] PTran CT PCorr [kPa] Uncer [%]

40.0 0.1 0.66 0.5 8x10 0.8 2.26x10 4.1
55.0 0.1 0.81 0.5 8x10 1 1.43x1¢ 0.5
60.1 0.1 0.77 0.5 8x1 1  1.98x1d¢ 0.6
80.0 0.1 0.88 0.5 ox10 1 1.04x10° 0.1
100.2 0.1 0.94 0.5 oxP0 1  4.35x10° 0.1

Table A.7 Experimental Vapour Pressure of Canola CB Oil Biodiesel

T [OC] Tuncer[OC] PRaW [kPa] rMo| [nm] PTran CT PCorr [kPa] Uncer. [%]

96.7 0.1 0.83 0.5 oxI0 1  2.88x1C° 0.4
122.3 0.1 1.29 0.5 1x1’0 1 1.46x1C 4.0
142.7 0.1 3.68 0.5 1x¥0 1  5.05x10 5.9
148.8 0.1 5.67 0.5 1x’0 1 8.03x1¢ 2.4
169.6 0.1 22.12 0.5 ixfo 1 3.27x10 16.8
195.5 0.1 53.25 0.5 1xf0 1 7.94x10 50.1

Table A.8 Experimental Vapour Pressure of Soy S-B100 Oil Biodiesel

T [OC] Tuncer[oc] PRaW [kpa] I’MO| [nm] PTran CT PCorr [kPa] Uncer [%]

39.9 0.1 0.41 0.5 8xI0 0.8 1.07x10 5.0
59.8 0.1 0.46 0.5 8x10 0.8 8.44x10 1.0
70.1 0.1 0.52 0.5 8x1 1  2.18x1d 1.6
90.0 0.1 1.46 0.5 9x10 1  4.70x1C 12.8
100.0 0.1 1.08 0.5 oxP0 1  5.95x10° 0.7

Table A.9 Experimental Vapour Pressure of Soy MG-B100 Oil Biodiesel

T [OC] Tuncer[OC] PRaW [kPa] rMo| [nm] PTran CT PCorr [kPa] Uncer. [%]

29.9 0.1 0.6 0.5 8x10 0.8 1.35x10 5.2
47.0 0.1 0.9 0.5 8x10 1 1.00x10" 7.6
119.8 0.1 1.84 0.5 oxfo 1 2.29x10 0.1

140.1 0.1 6.00 0.5 1xT0 1 8.52x1F 0.1
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Table A.10Experimental Vapour Pressure of Coconut Oil Biodiesel
T [OC] Tuncer[oc] PRaW [kpa] I’MO| [nm] PTran CT PCorr [kPa] Uncer [%]

50.0 0.1 5.18 0.6 8xI0 1  7.29x10° 17.7
50.1 0.1 5.50 0.6 ox10 1 7.77x10 12.3
70.1 0.1 20.25 0.6 oxf0 1 2.99x10 26.0
95.0 0.1 45.78 0.6 8xfo 1  6.82x10 2.4
105.0 0.1 65.65 0.6 oxfo 1 9.80x10 5.2
119.1 0.1 102.98 0.6 oxfo 1 1.54xad 10.9
124.8 0.1 156.32 0.6 oxto 1 2.34x10 9.8

A2.3 Biodiesel Heat Capacity

Figure A.5 shows the heat flows from the differential scanarimeter as a function of
temperature of different biodiesels samples. The cloud pbihte different biodiesels is
also shown (Section 5.2). Tables A.12 to A.20 show éxgatal liquid heat capacity

data for the eight (8) biodiesels studied.

Table A.11Liquid heat capacity of Canola CB-01 biodiesel
T[°C] Cp [kJ/kmol.K] T[°C] Cp [kJ/kmol.K] T[°C] Cp [kI/kmol.K]

11.99 598.90 27.04 620.50 42.09 648.16
14.14 600.61 29.19 625.06 44.24 652.19
16.29 604.40 31.34 628.75 46.39 656.81
18.44 606.16 33.49 631.93 48.53 661.03
20.59 610.05 35.64 635.63 50.69 665.69
22.74 612.95 37.79 640.29 52.83 670.17
24.89 616.44 39.94 643.84 54.99 675.33

Table A.12Liquid heat capacity of Canola 125 biodiesel
T[°C] Cp [kJ/kmol.K] T[°C] Cp [kJ/kmol.K] T[°C] Cp [kJ/kmol.K]

12.98 605.95 27.70 628.05 42.40 666.02
15.08 608.08 29.80 632.87 44.50 672.37




17.18 609.66 31.90 637.85 46.60 678.72
19.28 613.05 34.00 642.36 48.70 685.47
21.40 615.94 36.10 648.39 50.80 691.96
23.48 619.47 38.20 654.15 52.90 699.19
25.58 623.41 40.30 659.82 54.99 707.05
Table A.13Liquid heat capacity of Soy MG-B100 biodiesel
T[°C] Cp [kd/kmol.K] T[°C] Cp [kd/kmol.K] T[°C] Cp [kd/kmol.K]
9.99 628.13 25.74 632.32 41.49 638.58
12.24 627.44 27.99 633.77 43.74 638.98
14.49 628.16 30.24 633.94 45.99 640.45
16.74 628.32 32.49 635.97 48.24 641.29
18.99 629.45 34.74 636.29 50.49 642.83
21.24 630.70 36.99 637.16 52.74 645.27
23.49 631.11 39.24 637.78 54.99 647.81
Table A.14 Liquid heat capacity of Soy S-B100 biodiesel
T[°C] Cp [kd/kmol.K] T[°C] Cp [kJ/kmol.K] T[°C] Cp [kI/kmol.K]
13.99 606.03 28.35 618.91 42.70 638.26
16.03 607.27 30.38 621.69 44,75 642.03
18.08 608.90 32.45 624.82 46.80 645.51
20.14 610.41 34.50 627.36 48.85 647.65
22.18 611.71 36.55 629.62 50.90 650.12
24.23 613.96 38.60 632.53 52.95 653.06
26.30 616.83 40.65 635.14 55.00 655.90

Table A.15Liquid heat capacity of Rapeseed biodiesel S090824

T[°C] Cp [kJ/kmol.K] T[°C] Cp [kJ/kmol.K] T[°C] Cp [kJ/kmol.K]
13.99 652.27 28.35 667.27 4270 686.10
16.03 653.56 30.38 669.29 44.75 689.47
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18.08 656.44 32.45 671.83 46.80 693.38
20.14 658.16 34.50 674.66 48.85 697.27
22.18 660.03 36.55 676.99 50.90 701.04
24.23 662.29 38.60 679.80 52.95 704.87
26.30 664.27 40.65 683.12 55.00 709.13

Table A.16Liquid heat capacity of Palm biodiesel S102550

T[°C] Cp [kJ/kmol.K] T[°C] Cp [kJ/kmol.K] T[°C] Cp [kI/kmol.K]

23.99 590.86 34.84 610.28 45.70 631.69
25.54 591.72 36.39 615.18 47.24 637.60
27.09 597.10 37.95 617.06 48.78 637.30
28.64 595.18 39.50 619.03 50.33 643.63
30.19 598.47 41.05 621.24 51.89 649.20
31.74 603.81 42.59 624.77 53.43 652.55
33.30 606.09 44.13 629.30 54.99 657.79

Table A.17 Liquid heat capacity of Coconut biodiesel S102550

T[°C] Cp [kJ/kmol.K] T[°C] Cp [kJ/kmol.K] T[°C] Cp [kJ/kmol.K]

9.99 440.27 25.75 450.98 41.50 460.33
12.23 441.27 28.00 451.31 43.75 461.64
14.48 442.99 30.24 452.17 46.00 463.75
16.75 445.09 32.49 454.09 48.25 466.21
18.98 448.36 34.75 454.86 50.50 468.56
21.23 448.11 37.00 456.58 52.75 469.89

23.49 448.83 39.23 457.84 55.00 471.36
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A3. Western Canadian Bitumen

Western Canadian bitumen experimental data comprises highnaadistillation, vapour
pressure of heavy oil and fractions, and liquid heat cgpatcReace River maltenes. The
distillation data section is complemented with two Spinning Band [Bisobif

experiments (data provided by Sanchez [2011] and Simulagtitiation data [Mehrotra

et al., 2005]

A3.1 Distillation and SimDist

Table A.18Experimental High Vacuum Distillation Data for WC-B1 Maltenes

T Distilled Distilled T Distilled Distilled
[°C] Bitumen wt% Maltenes wt%  [°C] Bitumen wt% Maltenes wt%
150 9.9 12.0 220 29.7 35.8
150 104 125 260 46.4 55.9
180 20.7 25.0 290 56.9 68.5
190 22.7 274

Table A.19Experimental SBD Data for WC-B1 Maltenes
[Data provided by Sanchez [2011]

T Distilled Distilled T Distilled Distilled
[°C] Bitumen wt% Maltenes wt%  [°C] Bitumen wt% Maltenes wt%
202.6 0.6 0.7 300.0 10.0 12.1
210.8 1.2 14 308.1 11.0 13.2
218.9 1.7 2.1 316.2 12.0 14.5
227.0 2.3 2.8 324.4 13.3 16.0
235.2 2.9 3.5 332.4 14.8 17.8
243.3 3.7 4.5 340.3 16.0 19.3
251.3 4.4 5.3 348.7 17.2 20.7
259.4 5.1 6.2 356.6 18.5 22.3
267.8 6.0 7.3 364.8 19.8 23.8

275.7 7.1 8.6 373.3 21.4 25.8
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283.7 8.2 9.8 380.5 23.3 28.1
291.7 9.1 11.0

Table A.20Experimental SimDist Data for WC-B1 Maltenes

T Distilled Distilled T Distilled Distilled
[°C] Bitumen wt% Maltenes wt%  [°C] Bitumen wt% Maltenes wt%
185.0 0.01 0.01 407.0 20.8 25.0
262.0 4.2 5.0 440.0 24.9 30.0
304.5 8.3 10.0 472.0 29.1 35.0
340.5 12.5 15.0 504.0 33.2 40.0
3725 16.6 20.0 531.5 36.5 44.0

A3.2 Vapour Pressure

Table A.21Experimental Vapour Pressure of WC-B1 Bitumen
T [OC] Tuncer[OC] PRaW [kPa] rMo| [nm] PTran CT PCorr [kPa] Uncer. [%]

40.9 0.1 1.00 0.6 5x10 1 5.34x10° 0.2
60.6 0.1 1.70 0.6 5x10 1 2.08x1F 0.5
79.5 0.1 4.50 0.6 6x10 1 6.27x10 0.4

Table A.22Experimental Vapour Pressure of WC-B1 Maltenes
T [OC] Tuncer[oc] PRaW [kpa] I’MO| [nm] PTran CT PCorr [kPa] Uncer [%]

30.3 0.1 0.83 0.6 5x1I0 1  1.79x1C0° 2.1
39.9 0.1 0.87 0.6 5xI0 1  4.06x10° 0.2
40.1 0.1 0.91 0.6 5x10 1  4.41x1C 1.0
46.0 0.1 0.92 0.6 5x10 1  6.83x1C 1.7
59.7 0.1 1.36 0.6 5x10 1 1.56x1C7 0.3
60.1 0.1 1.42 0.6 5x10 1  1.66x1C0 1.2
61.0 0.1 1.44 0.6 5x10 1 1.68x1C7 0.2
79.4 0.1 3.62 0.6 6x10 1  4.95x1C 0.1
80.0 0.1 3.66 0.6 6x10 1  5.01x1C 0.6
80.4 0.1 2.77 0.6 6x1I0 1 3.68x1C 10.4
100.0 0.1 9.52 0.6 7xf0 1 1.38x10 2.7
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Table A.23Experimental Vapour Pressure of WC-B1 85% wt MaltenegdBes
T [OC] Tuncer[oc] PRaW [kpa] I’MO| [nm] PTran CT PCorr [kPa] Uncer [%]

40.9 0.1 1.74 0.7 4x10 1 1.56x10" 0.9
60.5 0.1 1.31 0.7 4x10 1 5.43x10" 0.7
80.2 0.1 1.16 0.7 4x10 1 1.92x1C 0.4

Table A.24Experimental Vapour Pressure of WC-B1 78% wt MaltenegdRes
T [OC] Tuncer[oc] PRaW [kpa] rMo| [nm] PTran CT PCorr [kPa] Uncer [%]

60.0 0.1 2.08 0.7 4x1T0 1 2.42x10 0.5
80.0 0.1 1.81 0.7 410 1 9.48x10 1.0
95.0 0.1 1.48 0.7 5x10 1  2.08x1C 0.1
110.1 0.1 1.26 0.7 5xf0 1 4.44x10° 0.3
125.1 0.1 1.11 0.7 5xf0 1 9.10x10° 0.5
159.8 0.1 3.10 0.7 5xf0 1 4.18x1C 0.2

A3.3 Liquid Heat Capacity

Liquid heat capacity for Peace River maltenes was meassieg a differential scanner

calorimeter, analogue to the biodiesels, section A2.3

Table A.25Liquid heat capacity of WC-B1 maltenes
T[°C] Cp [kJ/kmol.K] T[°C] Cp [kd/kmol.K] T[°C] Cp [kd/kmol.K]

-0.01 767.19 32.00 849.03 63.99 959.43
3.99 772.90 36.00 861.56 67.99 973.84
7.99 779.58 39.99 874.63 71.99 988.19
11.99 787.42 43.99 889.28 75.99 1001.97
16.00 799.67 47.99 901.77 79.99 1016.33
20.00 811.85 51.99 914.75

24.00 825.02 55.99 929.69
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APPENDIX B: VAPOUR PRESSURE MEASUREMENT PROTOCOL

The High Vacuum Vapour Pressure Measurement Syst&éVPMS, consists of two
apparatuses: a degassing or sample preparation app@alusr(d a vapour pressure
measurement apparatus (VPMA). The DA is used to preparsample for a faster and
cleaner pressure measurement; it also can be used faryfiractionation of mixtures.
The VPMA is used to measure vapour pressure andefmonslary (deeper) vacuum
fractionation. This appendix provides the necessary infiomand procedure steps for

measurement of vapour pressure and fractionation of rastur
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B1. HV-VPMS Description
The High Vacuum Vapour Pressure Measurement SystehyPMS, is shown in
Figures B1. As can be seen, it comprises two differeparapuses, the VPMA (above)
and the DA (below). Schematics of the individual parts ofajyaratus can be found in

Figures B2 and B9, respectively.

Figure B.5 High Vacuum Vapour Pressure Measureent tm (HMS)P Vapour
Pressure Measurement Apparatus VPMA (above) and Biega&pparatus DA (below)
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B1.1 Vapour Pressure Measurement Apparatus (VPMA)
A schematic representation of the VPMA is shown in Fig®eFor a list of the different

parts composing the VPMA, refer to Section B10

The VPMA contains a stainless steel (SS) Swagelok full nijalieis used as the sample
vessel (S01) as shown in Figure B2 and B3. The nigggeConFlat (CF) 133 fittings and
has an approximate volume of 18 mL. The bottom part isdedth a Swagelok CF133
blank and the upper part is connected to a VAT all metdearajve Series 54 with a
manual actuator. The combination of the sample vessel amdettaé valve is known here
forth as the sample chamber. Copper gaskets are usediltthe CF flanges and SS 8-32

x 0.75 in. bolts and nuts are used to tighten them.
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oo

L |
P02 D

Figure B6 Vapour Pressure Measurement Apparatus (VPMA). S01: sanmagkely VO1 : all
metal angle valve; TCO1: J-Type Thermo couple; RTD0O1: REDsuucer; UT01l: Swagelok
UltraTorr fitting; CFO1 : Pirex Cold Finger; 1G01: CombinedapirCold Cathode lon Pressure
Gauge; DGO1: Diaphragm Pressure Gauge; PTCOLl: Pressure TefRdad Out; TTCO1:
Temperature Transducer/Controller; PO1: Turbomolecular Pump; PO2nBdgiaphragm Pump

The sample chamber is connected to the rest of the VPMAghranother VAT angle
valve. The different sections of the apparatus are cteshersing stainless steel CF133
flanges, T's, elbows, and crosses, and are sealedcopper gaskets, specified to hold
pressures down to 1x1®kPa. The VAT all-metal angle valves are used for isolation

throughout the VPMA.
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Square Key >

Manual Actuator —»

Valve Body —

CF133 Full Nipple ———

= «—— 3/8" Boltx6
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Figure B7 Sample Chamber Schematic

The pressure on the sample chamber can be measutew lfferent gauges. First, an
Inficon capacitance diaphragm gauge provided by CAPTO(DIG Figure B2, and Figure
B4), temperature controlled at 20@ with a pressure range of 1 — 1X1@Pa and

accuracy of 0.15%, given by the manufacturer. Pressutsplayed by a MKS PR4000

(PTC02) which has five significant figures, three decimalgdac
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Display connection

Status display

—7#1— Resetbuttons

<+ Body

+—— To CF133flange

Figure B8 Schematics of the Inficon diaphragm gauge (modified firdinon [2008])

The second gauge is a Pfeiffer Compact FullRdlgeirani-Cold Cathode gauge (1G02
in Figure B2, and Figure B5) with a pressure range06f-1 5x10 kPa and an accuracy
of 30% of the reading giving by the manufacturer. Thisggeonly works at temperatures
below 60 °C. Pressure is displayed through a Pfeifferl@asge ™ TPG262. The

apparatus may work only with the DGO1 by replacing the2l@ith a CF133 blank or by
removing the electronic body of the 1G02 (refer to Pfeifacuum, 2008, for detailed

instructions in how to dismantle 1G02).

Readouts of both DGO01 and 1G02 pressure gauges awerted on a digital file with

LabView 8.6 © and can be obtained on an Excel file.
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Figure B9 Schematics of the Pfeiffer Compact FullRaltgeyauge (modified from
Pfeiffer Vacuum [2008])

Vacuum is provided by a Pffeifer pumping station HiCub&86 (P02 in Figure B2, and
Figure B6), comprised by a HiPace 80 turbo-molecular puimigh is backed up by a
MVP 015-2 diaphragm pump. Start up, display and genenaira is provided by a
DCUO002 display and control unit which is included on the stafitve. pumping system
is capable of reach a final pressure of 1¥1kPa based on manufacturer specification at

a rate of 60 L/s, nitrogen.

The available vacuum provided by the system is monitorec Bfeiffer Compact
FullRange™ pressure gauge with KF flanges (rubber gaskets), IGB&.connection
from the pump suction point to the gauge is shown in FiguteN®te that if a CF

FullRange™ gauge is available, the rubber gasket and CF-KF adaptet required.
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Turbomolecular
pump
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Display and Control
Unit

Diaphragm backing
pump

Main Switch

Figure B10 Picture of the Pfeiffer HiCube 80 pumping station (modifiemfrPfeiffer
Vacuum [2009])

The temperature of the system is controlled using Watlow Sidagis auto-tuned on PID
mode, coupled with J-Type thermo-couples, with a 0.1 Glugsn. Heat is provided by
electrical heat tape from ColePalmer. The VPMA has an tpgreemperature range
from atmospheric temperature to 200 °C with the diaphragrgegan, and up to 500 °C

with no electronics.



282

i« Display

— connection

‘ | *17 KF Flange

Clamp

& VCR Connection

«— CF-KF Connection

+— CF Flange

[ - R -
+«—— CF Tee

=3

il
« To VPMA
j u =3

| @ b
% CF133-CF63
ll:l =l . 'F'l Adapter

| |
i R e i B i R i

[:]

Figure B11 Connection schematics from the pump station suction point tcCthe
cathode-Pirani gauge with KF flanges

For fraction sample recollection, a custom made cold fingersesd (Figure B8). It
comprises a modified Pirex centrifugal tube with a ¥2” endpdified CF133 cross with
a 3/8” concentric tube silver soldered. The Pirex tube e fite cross via a %" UltraTorr
fitting by Swageok. The cold finger is submerged on an ath 500 mL Kimax

Erlenmeyer with hydraulic oil — Figure B2, CB01) cool dowith small pieces of dry ice

(note that ice water can also be used to cool down theingket.
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Figure B12 Cold Finger schematic

D1.2 Degassing Apparatus (DA)
The DA is shown in Figure B9. The DA contains a samp#sele(S02) analogue to S01,
Figure B2. The vessel S02 is connected to a VAT all-meigleavalve. As with the

VPMA, this is called the sample chamber an it is interchangeatheS01.

The pressure on the sample chamber is measured bySaBdakatron 631B diaphragm
gauge (DG02) with a pressure range of 1 — PxkPa and accuracy of 0.5% of the

reading giving by the manufacturer. Pressure is displayeal IKS PR4000F display
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(PTCO02) (similar to Figure B4). Pressure readout is coedeon digital file with

LabView 8.6 ©

CT01

PTC03

miminl

P04

CF02 I D

Figure B13 Degassing Apparatus (DA): S02: sample vessel; V06: alllraatie valve; VVO1.:
Viton sealed valve; UT02: UltraTorr fitting; CF02: Pirex @dinger; CTO1: cold trap; 1G03:
Pirani-Cold Cathode ion gauge; DGO02: diaphragm gauge; PTCO2uprdsansducer /display
for diaphragm gauge; TTCO4: temperature transducer/contrBll€203: pressure display for ion
gauge; P03: turbo-molecular pump; P04” diaphragm pump

Vacuum is provided by Pffeifer pumping station model TSH & analogue to the
HiCube 80 Eco pumping station used for the VPMA. The pusnprotected against

condensation by a LACO 3.5 quart 304 SS cold trap (Copédated with dry ice.

The different sections of the DA are connected using NWE5flanges, tees, and
elbows, and are sealed with Viton o-rings, specified to halsspres down to 1xf&Pa.

VAT Viton sealed on-line valves are used for isolation througithe DA.
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The temperature of the system is controlled using Watlow Silagiss auto-tuned on PID
mode, coupled with a J-Type thermo-couple, with a 0.&90lution. Heat is provided by
electrical heat tape from ColePalmer. The DA has a tempenatnge from atmospheric
temperature to 150°C. The apparatus can be baked ounhpérsures around 200 °C

subject to the maximum allowable temperature for Viton rulkdlesé to 220 °C).

For fraction sample collection a custom made cold fingersmsduFigure B10). It
comprises a modified Pirex centrifugal tube with a %" enthaglified NW25 KF “T”
with a 3/8” welded concentric tube. The Pirex tube is fit toctiess via a %" UltraTorr
fitting by Swageok. The cold finger is submerged on an ath 250 mL Kimax

Erlenmeyer with hydraulic oil) cool down with dry ice.
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Figure B14 DA Cold Finger schematic

B2 Assembling the HV-VPMS

The HV-VPMS can be assemble and disassemble for inspecteaning, maintenance,
leak testing, or replacement of parts. Sections B2.1 aridl Ba@vide instructions in this
regard. Always use powderless rubber gloves when miatijpy the parts of the
apparatus and when the inner surface of these is expdsedvill prevent natural oils in
the hands to stick on the inner surface of the apparatiscing the ultimate pressure of

the system.
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B2.1 Cleaning Procedure for the Constituent Parts
Clean the inner surfaces of the different sections of tparafus before assembling. To
do so:

» Use a cotton g-tip soaked with a convenient solvent (in nasstsctoluene works
whenever organic compounds are being assessed) to acduclean the inner
surface of the constituents

» Clean out the heavy solvent and cotton fibre remnants Ishing out the part
with a lighter solvent such as iso-propanol or acetone

* Dry the parts by blowing pressurized air or fume hoodivac

* For the metal parts, bake out the parts at temperatures aBevée€C on a
temperature controlled oven with vacuum, for at least 24shour

* When the part is being exposed to ambient air, use a denvdid to isolate them
if the exposure time is short; otherwise use a zip lock besgkate the part

* To clean lon Gauge internals, follow Section 5.2 of the B& 35 BE/C Pfeiffer

manual [Pfeiffer Vacuum, 2008]

B2.2 Assembling Procedure
The following procedure applies to the assembly of botlarappses (VPMA and DA).
Different insights for each of the apparatuses are includi@shever necessary:

» Put on powderless latex gloves to avoid natural oil contamination

* For the first part of the assembly, start from the sampseletowards the

pumping station (S01 or S02, Figures B2 or B9)
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» Attach the different piping constituents (valves, tees, crpste$ using cupper o-
rings CUCF133 for the VPMA. It is easier to do this assgmobl a horizontal
plane (a table). Put any two parts together with the metalgoard adjust bolts
and nuts finger tight. Follow the same procedure with the i3#g Viton o-rings
and metal clamps instead

* Install the different pressure gauges on a similar manDer.not connect
electronics to the read out

* Follow the above procedure all the way up to the UltraTitting, UTO1 and
UTO2 in Figures B2 and B9 for the VPMA and DA, respaty

* While on the horizontal plane, tighten the fittings. Make surethi@appropriate
3D direction is achieved on the whole assembly. To tighterflatges, finger-

tighten the clamps; DO NOT use any mechanical leverage tetigjne clamps.

To tighten CF Flanges, it is recommended to tighten the bolteinrder shown

in Figure B11; thus, a uniform pressure is applied on thealroeing, mitigating

leaks

Figure B15ConFlat (CF) Flange Schematic- Recommended tighten up order
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Start the second part of the assembly from the pumping rstaiiwards the
UltraTorr fitting
Attach the different piping constituents (valves, tees, crpese3 using cupper o-
rings CUCF133 for the VPMA and Viton o-rings for the DA.this case, work
on the working platform shown in Figure B1 or in the platfamwich the
apparatus will be parked. Connect all parts up to V04 faiXRFigure B2) and
VV03 in DA (Figure B9). Tighten all connections up
Connect both assemblies. The parts put together on the iializdane are
heavy. It is recommended to install them with the help of anp#érson
Connect pressure gauges to their respective read outslevice
Install Pirex cold fingers to the UltraTorr connection. Makee ga tighten fittings
properly, having in mind that by applying the wrong torgoa can easily break
the Pirex tube
Install thermo couples to the apparatus. Use metal clampstteefdevices to the
pipes of the apparatus. Tighten the clamps taking caret dfreaking the devices
Wrap the pipes with the heat tape. Heat tape number 1 (I2Ti@gt long) should
warp S01; HT02 (4 feet long) should go around the up{RA system (from
V01 to V0O3) and HTO3 (4 ft long) goes around most ofiAeapparatus. Make
sure you do not overlap heat tapes and that most of it laystact with metal
Wrap the pipes with insulation tape. Make sure all heat tajeces are covered
with the insulation tape. Use the insulation to tighten heat tape todta parts

Submerge both Pirex tubes on an oil bath
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B3 Start Up
The following procedure can be used to start up the HV-8PIM essence, the procedure
is analogue and equally applicable to the VPMA and DA system
* Turn on pressure readout devices. It will take between D tminutes for the
ion gauges to stabilize and about 2 hours for the diaphgagiges to stabilize
e Turn pumps on (both Main Switch on and Display and Coninit DCU002,

Figure B6). Follow the signals displayed on the DCUO0O02 (eidi2)

- L
bcu PFEIFFER vacuum
O o
( |<——— Display
“Accelerating”
l s “Switch velocity”
@UEEO § ©«T—— “Steady velocity”

ol
o@ nu @ﬁDCUOnbunon
t

Resetbutton

2 O

Figure B16 DCU display and main constituents (modified from PfeiffelO)

The “Accelerating” symbol should be displayed for abouttd®0 minutes.
Subsequently, the “Switch velocity” symbol should appeaamng that the
molecular density inside the pump suction is low enough toth&nurbo pump

on (automatically). This should last for about 2 minuteser_an, the “Steady
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velocity” symbol should appear. At the end of the pump turrthe ‘Acceleratin”

symbol should disappear

» Finally put dry ice in the cold trap and submerge som&dor@ellets on the olil
baths. Be aware that initially foam may form inside the oil bathish makes the
oil spill out of the Erlenmeyer. Submerge the bits carefully wait till oil bath
cools down a bit so you can put more bits more freelypkzature on the oil
bath should oscillate around 0 °C

» Temperature set up will depend on the procedure chosemutgassing, pressure

measurement, or fractionation

In case the turbo pump does not accelerate, it probaddynsnthat there is a major leak.
You would need to disassemble the system and check f& (section B9). Less likely
it can also mean that the diaphragms are wet. Please,toettee PU 0012 BE/D
operational manual for the diaphragm pump for instructionsosnto replace the rubber

diaphragms.

Gauges are pretty stable, but in case the gauges danoup properly, please refer to

their respective manuals [MKS, 2006; Pfeiffer, 2008; Infic2008].

B4 Apparatus Bake Out
After the apparatus is assembled and before it is usedeedtls to be baked out

(outgassed). Note the time required cleaning and setting @ppaeatus depends on how
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clean the apparatus is; hence, by the incorporation ofparate degassing unit the

outgassing time is significantly reduced (by 1 to 2 daykwpproximately).

While outgassing the VPMA, there is no need to keep drgncie system and you need
to disconnect the electronics of IGO1. With the pump runiiregease the temperature of
the TCO2 (upper VPMA) to 200 °C and the TCO1 to 190MCof the valves should be

open. Leave the system running for at least 48 howwes.180 °C for the outgassing of the

DA.

Once the outgassing is finished, set TCO1 to the initial temperafuhe experiment,
leave TCO2 at 200°C, and set TC03 (DA apparatus) to. J0RCsystem takes between 2

to 3 hours to reach steady state, depending on how wdkiedglit is.

To check if the outgassing procedure was successfud, pakssure readings using
LabView (section B5) for the open system (all valves o by closing different
valves (V03, V04, and so on). If the recordings shawrsstant increase on the pressure,
then a significant leak is present on the system and youtoegteck for leaks. If the
system reached a higher pressure steady state in iifferes (i.e. if you do the check
out several times and every time the system reach a hgjbady state) then the
outgassing was incomplete and it needs to be done ovir. &jgure B13 shows the
pressure profile of the system from atmospheric pregsuitge ultimate pressure of the

VPMA when the system was outgassed.
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B5 Data Acquisition Set Up
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The following procedure can be followed to set up the aegaisition system:
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* Double click the LabView shortcut on the desktop. LabView nwémdow will

open, Figure B14

=]

Shortcut ko
WPTA
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Figure B18 LabView main window for HV-VPMS data acquisition

» Set the time frame as desired. Put the number of secendsgasurement in the
“Log Rate” box in the low left corner of the main windokigure B14, and hit
Enter. For general pressure readings use 5 secondsjof@ resolution, use 1

second (minimum value)

* Click on the “go” butto@ . An “Open” window will open, FiguB15.
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Figure B19 LabView main window for saving files and the HV-VPMS “Filee&”

» Set up file destination and file name. Follow the ‘File Tree'wshm Figure B15
and create an Excel file were the data is going to be logdedname template
generally used is:

Substance_Temperature®C_ddmmyy_assaynumber
for instance, Hexadecane 40°C 101010 01.xls

» Click on the “OK” button and you should be able to recathd

* Adjust axis as desired or set them on auto-scale by righirgicke axis and
choosing the autoscale option

* The data acquisition window contains three tabs, Figure Bid fifst one is the

real time data of 1G01, IG02 and DGO1 (Figures B2 afy e second tab is the
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actual data that has been recorded of 1G01, 02 and d&pEnding on the log
time selected); finally, the third tab shows the actual recod#td for DG02

(Figure B9)

B6 Vapour Pressure Measurement
Once the system has been baked out, it is ready todoke Tke degassing and vapour
pressure measurement procedures followed by a prodosetibnation procedure is

introduced as follows.

B6.1 Degassing

The degassing apparatus is shown in Figure B9; howerecohvenience sake, Figure
B16 shows simplified schematics representation of the DAags#gg can be performed
using the VPMA as well but it would cause the impurities of dhiginal sample to
adhere on the inner walls of the apparatus. With the udeedDA, the VPMA remains

clean. Based on Figure B16, the following procedurebeaapplied to degas a sample:
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Figure B20 DA simplified schematic

» Clean and bake out the sample chamber

* Pour the sample into the sample vessel by disconnectingltreeof the chamber,
Figure B3

* Reconnect the valve to the sample vessel

» Connect the sample chamber to the DA through the CF fleinge to VVO1 at
the “C” port

* Keep VVO01 closed and VV02 and VV03 open

» Set DA temperature at a value close to 50 C

* Open valve V06

e Turn pump on and leave at least 45 minutes to settle doviie lpump is not
accelerating you should check for leaks

* While the system is settling down, fill up the cold trap (CRGith dry ice

« Start cycling when pressure readings are below 1xE& (base line). Run cycles

until the peaks are somewhat constant
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Degassing cycles are performed by simultaneously open#d. \and closing VV02 for
2 minutes and then simultaneously closing VV01 and openwW@2\(same order) until
the pressure in the system reaches a value close to gheliba (around 2 minutes,

depending on the sample nature). An example of a cynlemhexadecane is shown in

Figure B17
1.E-04
1.E-05
V1
- closed
‘< i
a
=<,
L 1.E-06
=
(9] o
) H
) ]
a E
1.E-07
Base line
1.E-08 .
o) 0.5 1 1.5 2 2.5 3

Time [min]
Figure B21 DA degassing cycles for a hexadecane sample

After the degassing cycles have been completed:

* Close V06 and VV01 and disconnect the sample chambartfre “C” port
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* Whenever the cold trap has no ice and there is a riskapdr contamination
within the pipes and pump, close VVO03 until the dry ice isamgm or the pipes

are cleaned

B6.2 Vapour Pressure Measurement
The following procedure can be used to measure vapessyre with the VPMA (Figure

B2, simplified in Figure B18)

DGO1
52

1G0T
e

ceM

Figure B22 VPMA simplified schematic

e Connect the sample chamber S01 to the VPMA. Make surgalle VO1 and
V02 are closed

» Set the temperature of the sample chamber to the desired valu

» Set the temperature of the upper part of the VPMA 2ZD0to avoid major

condensation on the pipes and ease gas mass diffusion
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* Cool down the cold finger (CF01) by introducing dry ice i@B01. Follow the
temperature decrease with a thermometer until it is closéGo Keep adding dry
ice to keep this temperature steady. At the beginning oftdps i is important to
introduce the pellets slowly and one at a time since the su@@grelease in the
hydraulic oil and the high temperature difference will gendteeil to foam and
a major spill can occur. After the system has cool down,fahey tendency
disappears

e Turn the pump on leave 20 to 30 minutes to settle down

+ Let the system run to be stable to within @C2and a base line lower than 110
kPa (1x108 kPa if the IGO1 is connected through a KF flange, Se&ign

* Run cycles until the readings are constant

Cycles start by closing V02 and immediately afterwards ogevidil. Run for 2 minutes
and then close V01 and immediately afterwards open W03 fminutes. Make sure that
after a cycle and at the beginning of another cycle the las is close to the initial

value. Figure B19 shows an example of a measuremelet @y hexadecane at 25.
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Figure B23: Vapour pressure measurement cycle
It usually takes an hour work to produce a single daitast,poeaning 2 to 3 days work to
produce a duplicate P vs. T curve of 6 to 8 points plias®days of VPMA outgassing to
prepare it for the next experiments. Hence, in practicalsteamveek work is required to
produce a vapour pressure curve for a substance. tNateduring vapour pressure

experiments the outgassing of sample chambers and depats@mples can be carried

over; thus, reducing working time for about a day.

B6.3 Fractionation
The following procedure can be used to systematically fraatigo mixtures using the

VPMA (the DA can also be used for this purpose usingretiogue procedure):
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Degas the sample (Section B6.1)
Connect the sample chamber to the previously outgassegid\VP
Set the upper temperature of the VPMA to a temperaturéC2@bove the
proposed temperature of the cut (let the sample chambeeraim@ controller
off)
Achieve a baseline lower than 1%lRPa from the sample chamber to the pump
(open valves V02 through V04, Figure B16)
Cool down the cold finger (Section B6.2). Always keep timepirature of the
cold finger as close to @ as possible
Open valve V01
Slowly increase sample chamber temperature from atmosptioethe desired
temperature (make 20 to 30 step increments, wait 20 to 30 minutes to stabilize
and proceed to the next temperature step)
Leave the system at the desired temperature while the loeinig collected in the
cold finger
Record volume changes to track the fractionation perforendhavill also help
determine when to stop the fractionation. A plot of volumetinge should look

like the Figure B20
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Figure B24: Volume vs. Time profile of fractionate crude oil — showitirhate volume
at which to stop the fractionation procedure at a given teaahperat the ultimate time
* When no change of the volume is recorded or when timpletion time has been
reached (Figure B20), close valve VO1 and left theéesysun for at least one
hour to assure that no traces of the cut are left on tlee pipe contaminating the

next cut

» Change temperature of the chamber and repeat the preded an extra cut

B7 Data Processing
The data retrieved from the LabView interface is storechicxecel template that needs
to be processed, first, to format it, and second to obtanvépour pressure of the

pressure profiles of the cycles.
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Data Formatting

The original Excel template contains, from columns A to F,Dhte and Time of the
measurement and the values for IG1, 1G2, DG1, and, DG&bar. It is suggested to add
two sets of columns to this original template: first, include astaamation of the Date
and Time format to a zero-referenced second’s base wilhgive a more traceable time
and can be calculated in Excel through Equation B1 (WReeders to the Excel column

B).

0+ 1[s] = 6[s] + 46

A0 = 3600x24x [(Bi - Integer(Bi)) - (Bi‘1 — Integer(Bi‘l))] [B.1]

The second sets of columns refer to the difference bate@esecutive measurements in
all of the gauges with respect to time. This will give an idehamapproximation to the
derivative of the pressure profile with respect to time arcfeling measurement, and

idea of the leak rate. For this, use Equation B2.

ar _ AP _ pi-pt-1 [B.2]

Pressure Profiles Processing

Once the pressure and time data points have been mdcestypical plot of pressure

and pressure change vs. time looks like Figure B21
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Figure B25Raw pressure profile of a single cycle using DG01

As can be seen fin Figure B21, 13 cycles were rurthis sample with the VPMA and

DGO01,; the first cycle is out of range from the DGO1, pbiypaue to some trapped air.
Subsequently, peaks were decreasing until they reacmewswt constant behaviour.
Also, note that the pressure change after a valve is ctesed towards zero while it

tends towards a slightly higher value when the valve is apehthe measurement is
being performed. This indicates a very small leak on themsythat need to be corrected;
finally note that the same leak rates were measured twauthe experiment regardless

of the peak height.

To process the data, Figure B22 shows a single cyclef dugure B21. A constant slope

line (1) is drawn to extrapolate the pressure profile of g a@ycle towards the opening
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of the valve (2). The intersection of these two lines marksnitial pressure boost of the
cycle without any leaks (at time zero of the cycle), or, irothords, the vapour pressure

of the sample. A horizontal line (3) is drawn to help readvidue of the chart.

Once the vapour pressure values have been extractedefioh individual cycle and
corrected using the calibration equations and plots (SectipnaBprocessed pressure
profile is obtained, as shown in Figure B23. From this glagn be seen that the initial
8 cycles were used to purify the sample and the lateclesyere used to measure the

vapour pressure. The latter is defined as the averapesd points.
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Figure B26 Single pressure profile cycle processing
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Figure B27 Processed pressure profile

B8 Calibration Charts

8 10 12 14

Calibration of pressure gauges and temperature probes¢t@uples) is introduced as

follows:

Thermocouple Calibration

All of the thermocouples were calibrated against a previocaljprated RTD at the

laboratory. A 1:1 calibration ratio was found between thartbeouples and the RTD. In

turn, the RTD was calibrated against a certified high precigiermometer (HPT -

Automatic Systems Laboratories F250 Precision Thermonfees. 0.025 C). The

conditions were provided by a thermostated bath (FLUKE@38libration Bath). The

calibration chart is shown in Figure B24 and is summariz&djuration B.1
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Teaibrateal’C] = 0.09945Tzy[°C] — 0.1576 [B.1]

160

140
T=0.9945xRTD | 0.1576
Rz2=1
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F251 Temperature Readout [°C]

20

o
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RTD Temperature readout[°C]

Figure B28 Calibration chart for RTD against F251 HTP

Pressure Gauge Calibration

Vapour pressure measurements on the VPMA and DA vwaken with temperature
controlled diaphragm gauges. For this type of gauge, arlicaibration is possible at
pressures above TOkPa. However, below this threshold, a linear calibration is no

representative and a logarithmic term may be required.

The first step was to calibrate the diaphragm gauges éo/BHWMA and DA (DG1 and
DG2, respectively) at pressures abov& k@a, where the behaviour is expected to be
linear. In this case, the Cold Cathode Pirani gauge (CC®raldbrated to a reliable low

vacuum diaphragm gauge available at the laboratory (GOR).calibration data are
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shown in Figure B.25 and were fitted with the following calilora equation with an

AARD of 5.1%.

PGOR [kPa] = 0'998PCCP [kPa] + 024‘3, [BZ]

Subsequently, the diaphragm gauges DG1 and DG2 widreated against the CCP and
back calculated to calibrated pressures using EquationlBi2.was necessary because
the pressure ranges of the GOR and DG transducerstduverlap. Figure B.26 shows

the calibration plot for DG1; these charts were linearly regeksgvith an AARD of 8.9%.

PGOR [kPa] = 0'015PD61 + 0316, [BB]

PGOR [kPa] = 00295PDGZ - 00027, [B4]

Equations B.3 and B.4 are the linear calibration of the degwhrgauges DG1 and DG2
at pressures above 1&Pa wherePgor is replaced wittPreas the calibrated measured

pressure.
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Figure B.29 Calibration chart for Cold Cathode- Pirani gauge against G@phhgm
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Figure B.30Calibration chart for DG1 diaphragm gauges.
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The second step was to determine the calibration curvgsdssures below TkPa. In
this case, the calibration was performed by comparing desuned vapour pressure of n-
eicosane with literature data. Figure B.27 shows the expataingata (already corrected

by Equations B.3 and B.4) against literature data.

The measured data deviate from the literature data at messelow 18 kPa. It is
proposed to use a logarithmic expression to correct thlesyme reading, accounting for
the non-linear behavior of the diaphragm gauge at thispeesange. The calibrated

pressureP*, was correlated as

P*[kPa] = Ppg exp [—22.344 (% - 1)] , [B.5]

P*[kPa] = Ppg,exp [—10.461 (% - 1)] [B.6]

whereTy. is the temperature, in K, at which the vapour pressuratesjto 13 kPa. The
calibrated vapour pressures of eicosane are comparetheidxtrapolated literature data

in Figure B.28.
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Figure B.31 Experimental and literature data for eicosane measuredD@th— dotted
lines show the non-linear tendency of the data and do pi@sent any particular model.
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Figure B.32 Literature and measured vapour pressure data of eicos#éinelinear
calibration and with linear + non-linear calibration — dotted lipeagents is at 45°.
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B.9 Leak Testing
Leak testing is done through a Varian 979 leak detector witbrh mass spectrometer
(single dry mechanic pump) and a helium source. A sctiesnaf the leak detector is

shown in Figure B28

m ¢ Tester connection

Display and
Controllers

Mass spectrometer
and turbo pump
box

Turbo pump — dry
pump connector

Dry mechanic
pump

Wheeled car

Figure B33 Leak detector configuration with single dry mechanical pump (fatifrom Varian
[2003])

To perform a leak test you would need a helium bullet dt. teith that in mind, the
following procedure can be used to perform the test (basd-igure B18):
* Close valve V05 and open all remaining valves

* Connect the leak detector from the tester connection to Vaise
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e Turn on the leak detector (for further details please teféhe manual [Varian,

2003]

* Connect a hose to the helium bullet and open the regulatbtlgltg provide a

very low helium flow. To prove this, put the hose near yskin and make the

flow so that it is just noticeable

* With the hose from the helium bullet, sweep across all of gparatus with

special emphasis on the flanges and fittings, recording tkedéafrom the leak

detector display (or by sound if adjusted [Varian, 2003])

« If a big change in leak rate (or a stranding sound) rsgcdhat means that a

significant leak is present at the region at which the hosansing

B10 List of Parts

This section provides a list of the different parts comprisiegiii-VPMS, Table B1

Table B26List of parts commprising the HV-VPMS

Description Nominal Size Ordering Number Company
Full Nipple CF133 JCF2N133 Swagelok
Blank CF133 JCFR133 Swagelok
Copper Gaskets CF133 JCFG133 Swagelok
Tee CF133 JCF3T133 Swagelok
Elbow CF133 JCF2E133 Swagelok
Cross CF133 JCF4C133 Swagelok
Bolts and Nuts SS8-32x 0.75in  54024-GE02 Chem.
Store
All metal angle valve 16 (5/8") 54024-GEO02 VAT
CDG200D Capacitance DN16 CF-R 3CF1-653-2300 CAPT

Diaphragm Gauge
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Dry Ice Cold Trap 3.5 Quarts, 8"  LIT-10025 LACO
Tall, 8" Diameter

References
Inficon, Capacitance Diaphragm Gauge CDG160D, CDG200peration Manual

tina53e1200804

MKS Instruments, Inc., High Temerature Capacitance MatemType 631B Absolute

Manometer 631B-1/082006

Pfeiffer Vaccum, Pumping Operation with DCU PM 0547 BE/@anslated from

Betriebsanleitung200410

Pfeiffer Vacuum, Diaphragm Vacuum Pump with switchablegl@ifPhase Wide Range
Voltage Motor Operation Instructions PU 0012 BE/D (translatéom

Betriebsanleitung2006:01

Pfeiffer Vacuum, TurboDrag Pump with Electronic Drive Uni€ 1600 Operation

Instructions PM 0504 BE/M (translated from Betriebsanleitu2@f) ~02

Pfeiffer Vacuum, Compact FullRangeGauge PKR 251, Operating Instructions BG 805

155 BE/C,200804
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Pfeiffer Vacuum, HiCube 80 Eco Operational Instructions(R63 Be/B (translated

from Betriebsanleitung009-07

Varian Vacuum Technologies, Model 979 Series Helium Massct®ometer Leak

Detector, Operational Manual No. 699909979, Revision Ktegaper2003
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APPENDIX C: SELECTED PROPERTY CORRELATIONS

The following Appendix summarizes critical properties and lidges heat capacity
property correlations taken from the open literature. Fahéun information refer to the

original cited literature source.

C.1 Critical Properties

Relevant critical property correlations for pure componerntkidle the Joback method
for critical temperature and critical volume, and the Wilson€asm method for critical
pressure. The Joback method is shown in Equations @.1Cégh and Table C.1 and

Wilson-Jasperson is shown in Equations C.3 and C.4 [Pelial, 2001].

TC = Tb [0584 + 0.965 Zi nl-ATi - (Zl TliATi)z]_l [Cl]

whereAT;[K], and Avi[m®kmol] are group contributions, shown in Table C.1

Table C.27Constants for Joback methods for relevant molecular gi®ghsg et al.,
2001]

Group AT AV
CHs- 0.0141 65
-CH,- 0.0189 56
-CH= 0.0129 46
-COO- 0.0481 82
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p. _ 0.0186233T,
¢~ [-0.96601 + exp(Y)
Y = —0.00922295 — 0.0290403N, + 0.041(Xx Nkpek + X Mjpe;) [C.4]

Where Nr stands for the number of rings on the moledikas the number of atoms of
type k while Mj is the number of second order groupypé j. p& and pg stand for the
contributions of each group to the overall critical pressum. & list of group

contributions please refer to Poiling et al., [2010], Chapt&e2tion 2.2

Relevant critical property correlations for hydrocarbon geetomponents components

include those introduced by Lee and Kesler [Riazi, 200Bjch are shown in Equations

C.5to C.6:

lnPC =

83634 — = — 1x1073T; (0.24244 + 2222 + 25F) 4+ 1x1077 T2 (1.46850 +
SG SG

3.648056+0.47277562—1x10~ 107530.42019+1.69770562 [C.5]

5
Te = 341.7 + 8.11SG + T;,(0.4244 + 0.1174SG) + —— (0.4669 — 3.26235G) [C.6]
b
ln(@)—5.92714+6";9ﬂ+1.28862ln(Tbr)—0.169347T§r
w = c br Tyr < 0.8 [C.6]
15.2518—%—13.4721ln(Tbr)+0.43577Tb6r T

br

@ = —7.904 + 0.1352K,, — 0.007465K2, + 8.359T,,, + L208-001063Kw) & g

Tpr
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1.8T,)/°
Kw =%

C2 Ideal Gas Heat Capacity
Relevant ideal gas heat capacity methods for pure comisoaenthe modified Benson
method [Bures et al., 1996] and the Joback method [Palirad., 2001]. Equation C.7

shows the Benson method whereas Equation C.8 showslthekdmethod.

co_ <a*+b*T+c*T2+?_;+e(§)2 eXP[‘%]) [C.7]

& (1-elz])

€ = (a™ +b"T + c*T? + d*T?) [C.8]

where a*, b*, etc., are group contribution functions. Bpecific group contributions,

refer to the literature source.



