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Summary

Offshore reservoirs represent one of the major growth areas of the oil and gas industry, and
environmental safety is one of the biggest challenges for the offshore exploration and production.
The oil accidents in the Gulf of Mexico in 1979 and 2010 were two of the biggest disasters in
history. Contrary to earlier theories, the oil is not only present on the surface, but also in great
volumes both in the water column and on the seafloor, which indicates that we do not know enough
about how oil behaves in water and interacts with it. Sonar detection is one of the most important
and necessary technologies to reduce the environmental effects of offshore oil exploration. It could
be used (1) to detect oil and gas leaks around the subsea well head enabling faster responses,
especially in deep water and/or ice covered areas; (2) to detect and map the oil in the seawater
column during cleanup process after an oil spill. Engineering thermodynamics could be applied in
the state-of-the-art sonar products through advanced artificial technology, if the speed of sound,

solubility and density of oil-seawater systems could be satisfactorily modelled.

The addition of methanol or glycols into unprocessed well streams during subsea pipelines is
necessary to inhibit gas hydrate formation, and the offshore reservoirs often mean complicated
temperature and pressure conditions. Accurate description of the phase behavior and thermal-
physical properties of complex systems containing petroleum fluids and polar compounds are

extremely important from viewpoints of the economical operation and environmental safety.

The classical thermodynamic models used by the oil industry are semi-empirical and not suitable
for mixtures containing water and other polar chemicals. The complex nature of water, its
anomalous properties due to hydrogen bonding and the hydrophobic interactions with hydrocarbons
(oils), are not described well by such simple models. The perturbation theory based models have an
explicit term to account for the hydrogen bonding, and these models are also believed to have better

performance for derivative properties, e.g. speed of sound, and for density under extreme conditions.

This PhD thesis studies the capabilities and limitations of the Perturbed-Chain Statistical
Association Fluid Theory (PC-SAFT) equation of state. It consists of three parts. In the first part,
the PC-SAFT EOS is successfully applied to model the phase behaviour of water, chemical and
hydrocarbon (oil) containing systems with newly developed pure component parameters for water
and chemicals and characterization procedures for petroleum fluids. The performance of the PC-

SAFT EOS on liquid-liquid equilibria of water with hydrocarbons has been under debate for some
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years. An interactive step-wise procedure is proposed to fit the model parameters for small
associating fluids by taking the liquid-liquid equilibrium data into account. It is still far away from a
simple task to apply PC-SAFT in routine PVT simulations and phase behaviour of petroleum fluids.
It has been extensively studied on how to develop general petroleum fluid characterization
approaches for PC-SAFT. The performance of the newly developed parameters and characterization
procedures for the description of the phase equilibria of well- and ill-defined binary and ternary
systems containing water, chemicals and/or hydrocarbons (oils) is quite satisfactory, if compared to
the models available in literature. The modeling of petroleum fluid-water-MEG systems provides

further information to develop simpler and more robust characterization approaches.

In the second part, the speed of sound data and their correlations of various systems are reviewed.
Two approaches are proposed to improve the speed of sound description within the PC-SAFT
framework by putting speed of sound data into the parameter estimation and/or the universal
constant regression. The first approach works only for short associating fluids, while the second
approach significantly improves the speed of sound description for various systems both
qualitatively and quantitatively. The possibility of simultaneous modeling of phase behavior and
speed of sound, including the effects of parameter estimation approaches for 1-alcohol containing

systems, are also investigated.

In the third part, the fundamentals of PC-SAFT are investigated based on the universal constant
regression. The PC-SAFT EOS has been criticized for some numerical pitfalls during the recent
years. A new variant of universal constants has been developed, which has avoided the numerical
pitfalls of having more than three volume roots in the real application range. It has been shown that
it is possible to directly use the original PC-SAFT parameters with the new universal constants for
the systems considered in this thesis. Finally, the salt effects on the solubility of hydrocarbons, the
speed of sound, and the static permittivity of aqueous solutions are briefly discussed. It is still an
open question how to estimate the model parameters for associating fluids with pure component
properties only. The possibility of using the static permittivity data in the parameter estimation is
discussed by adopting a newly developed theory of static permittivity and association theory based
EOS.
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Resumé

Offshore reservoirer repraesenterer et af de store vakstomrader i olie- og gasindustrien, og
miljosikkerhed er en af de sterste udfordringer for offshore efterforskning og produktion. Olie
ulykkerne i Den Mexicanske Golf i 1979 og 2010 var to af de sterste katastrofer i historien. I
modsatning til tidligere teorier findes olien ikke kun pa overfladen, men ogsa i store mangder bade
i vandsgjlen og pa havbunden, hvilket indikerer, at vi ikke ved nok om, hvordan olien opforer sig i
vand og interagerer med det. Sonarlyde er en af de vigtigste og mest nedvendige teknologier til at
mindske miljevirkningerne af offshore olieefterforskning . Det vil kunne bruges (1) til at detektere
olie og gas lakager omkring den undersegiske brand overbygning, hvilketmuliggere hurtigere svar,
iser 1 dybt vand og / eller isdeekkede omréder; (2) til at registrere og kortlaegge olie 1 havvandsejlen
under rensningen efter et olieudslip. Engineering termodynamik vil kunne anvendes i state-of-the-
art sonar produkter gennem avanceret kunstig teknologi, hvis lydens hastighed, opleselighed og

massefyldeaf olie-havvand-systemer kan blive modelleret tilfredsstillende.

Tilseetning af methanol eller glycoler i uforarbejdede brendstremme i underseiske rorledninger er
nedvendig for at heemme gashydratdannelse, og offshore reservoirer betyder ofte ekstreme og
komplicerede temperatur og trykforhold. For den ekonomisk drift og den miljemassige sikkerheds
synsvinkel er det ekstremt vigtigt med en pracis beskrivelse af fase opforsel og termisk-fysiske

egenskaber af komplekse systemer, der indeholder petroleumsvasker og polare forbindelser. .

De klassiske termodynamiske modeller, som olieindustrien anvender, er semi-empiriske og ikke
egnet til blandinger, der indeholder vand og andre polare kemiske stoffer. Den komplekse karakter
af vand, dets unormale egenskaber pa grund af hydrogenbinding og hydrofobe interaktioner med
kulbrinter (olie), er ikke velbeskrevet af sddanne simple modeller. De perturbationsteori baserede
modeller har et eksplicit ledtilat tage hejde for hydrogenbinding, og disse modeller menes ogsa at
have bedre ydeevne for afledte egenskaber, fx lydens hastighed og for massefyldenunder ekstreme

forhold.

Denne ph.d.-athandling underseger de begrensninger og muligheder i den perturberede-kade
Statistical Association Fluid Teori (PC-SAFT) tilstandsligning. Den bestér af tre dele. I den forste
del er PC-SAFT EOS anvendt med succes til at modellere vands opfersel, kemikalier og kulbrinter
(olier) der indeholder systemer mednyudviklede rene komponent parametre for vand og kemikalier,

og karakteriserings procedurer for petroleumsvasker. PC-SAFT EOS ydeevne pd vaske-veske
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ligevaegte af vand med kulbrinter har vaeret under debat i nogle faar. En interaktiv trinvis procedure
er foresldet til at tilpasse modelparametrene for sma associerende vasker ved at tage
ligevaegtsdataene for vaeske-veeske i betragtning. Det er stadig langt fra en simpel opgave at
anvende PC-SAFT i rutinemassige PVT simuleringer og til petroleumsvaskers fase opforsel. Det
er blevet undersegt grundigt, hvordan man skal udvikle generelle petroleumsvaeske karakteriserings
tilgange til PC-SAFT. Ydeevnen af de nyudviklede parametre og karakteriserings procedurer til
beskrivelsen af faseligevaegte veldefineret og darligt definerede binzre og ternzre systemer, der
indeholder vand, kemikalier og / eller kulbrinter (olier), er ganske lovende, hvis der sammenlignes
med tilgeengelige litteratur parametre og / eller CPA EOS. Modelleringen af petrolium veske-vand-
MEG-systemer giver yderligere information til at udvikle enklere og mere robuste karakteriserings

tilgange.

I den anden del er lydhastighedsdata og deres korrelationer af forskellige systemer revideret. Der
foreslas to tilgange til at forbedre beskrivelsen af lydens hastighedinden for PC-SAFT rammen ved
at sette lydhastighedsdata ind i parameterestimering og / eller den universelle konstant regression.
Den forste fremgangsmade fungerer kun i korte associerende vasker, mens den anden strategi
forbedrer beskrivelsen af lydens hastighed for forskellige systemer fra bade kvalitative og
kvantitative synspunkter. Muligheden for samtidig modellering af fase opferslenog lydens
hastighed, herunder virkningerne af parameterestimerings tilgangene for systemer indeholdene 1-

alkohol, er ogsa undersogt.

I tredje del er de grundleggende elementer i PC-SAFT undersegt baseret pa universel konstant
regression. PC-SAFT EOS er blevet kritiseret for nogle numeriske faldgruber i lobet af de seneste ar.
En ny variant af universelle konstanter er blevet udviklet, som har undgéet de numeriske faldgruber
ved at have mere end tre volumen redder i den virkelige anvendelsesomrade. Det er blevet pavist, at
det er muligt direkte at anvende de oprindelige PC-SAFT parametre med de nye universelle
konstanter for de systemer, der behandles i denne afhandling. Til sidst er salt indvirkningen pa
opleseligheden af carbonhydrider, lydens hastighed og den statiske permittivitet for vandige
oplesninger kort diskuteret. Det er stadig et &bent spergsmél, hvordan man kan estimere
modelparametrene til inddragelse af vaesker med kun rene egenskaber. Muligheden for at anvende
de statiske permittivitet data i parameterestimering diskuteres ved at anvende en nyudviklet teori for

statisk permittivitet og associations teori baseret pa EOS.
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Chapter 1. Introduction

1.1 Background

As the offshore reservoirs represent one of the major growth areas of the oil and gas industry for
decades, the complex phase behavior between petroleum fluids and polar compounds such as water,
methanol or glycols has gained increasing attention. For instance, the addition of methanol or
glycols into unprocessed well streams in subsea pipelines is necessary to inhibit gas hydrate
formation. Since the mutual solubility of petroleum fluids and water will considerably increase
when chemicals are involved, the phase behavior modeling of oil-water-chemicals is very important
from the viewpoints of economical operation and environmental safety. The offshore reservoirs
often mean extreme temperature and pressure conditions, accurate description of fluid properties at

such conditions are far from a simple task.

Environmental safety is one of the biggest challenges for the offshore exploration and production.
In 1979, an oil accident occurred in Mexico with a total of approximate three million barrels oil
poured into the ocean. In more than 30 years, the marine life after the incident is still affected [Ixtoc
I oil spill]. In 2010, the oil accident in the Gulf of Mexico was one of the biggest oil disasters in
history [Deepwater Horizon oil spill]. More than 4.9 million barrels crude oil were leaked into the
ocean and this could be an environmental disaster for many years. Contrary to earlier theories, the
oil is not only present on the surface, but also in great volumes both in the water column and on the
seafloor. This may in part be attributed to the use of dispersing agents, but a lot indicates that we do
not know enough about how oil behaves in water and interacts with it, when the oil leak occurs at
great depths as the case with Deepwater Horizon. In order to reduce the environmental impact of
the offshore oil exploration and production, sonar detection is one of the most important and
necessary technologies, which could be used to: (1) detect oil and gas leaks around the subsea well
head enabling faster responses, especially in deep water and/or ice covered areas, (2) detect and
map the oil in the seawater column during cleanup process after an oil spill. It would be possible to
detect or even classify the presence of oil in the seawater column, by combining the knowledge
from engineering thermodynamics, geophysical inversion and underwater acoustics into the design

of an optimal detection/classification algorithm. It is sketched in Figure 1.1 how to apply
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thermodynamic models in such an artificial intelligence technology system. The required properties

are mainly acoustic properties, solubility and density of oil-seawater systems.
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Figure 1.1 Applying thermodynamic models in sonar subsea detection

1.2 Thermodynamic models

The main purpose of this PhD project is to develop thermodynamic models capable of describing
the phase behavior, density and speed of sound for complex systems, involved in the oil and gas

industry, over a wide range of conditions (temperature, pressure, oil types and origins).
1.2.1 Phase behavior

The classical thermodynamic models used by the oil industry are semi-empirical and not suitable
for mixtures containing water and other polar chemicals. The complex nature of water, its
anomalous properties due to hydrogen bonding and the polar and hydrophobic interactions with

hydrocarbons (oil) are not described well by such simple models.

In the early 1990's the theory of Wertheim emerged from statistical thermodynamics. It turned out
to be a useful tool for describing chemical substances and their mixtures when hydrogen bonding is
significant. This theory has been implemented into a new generation of engineering equations of
state (EOS) such as SAFT and CPA [Kontogeorgis et al. (2010a)]. CPA stands for Cubic-Plus-

Association and SAFT is the Statistical Association Fluid Theory. Both equations contain
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essentially the same association term but different ways of accounting for the short range physical
interactions. The CPA model uses a conventional cubic EOS for the physical interactions whereas
SAFT uses theoretically-based terms for the repulsive and attractive contributions as well as a
separate "chain" term to account for the macromolecular effects in large molecules. These models
can be simply illustrated by the following equations, based on the reduced residual Helmholtz free

energy:
a’ = gshort 4 ginter 4 ,long (1.1)

where short, inter and long indicate the energy contributions from short, intermediate or long range

interactions.
Specifically, SAFT can be formulated as:
a’ = a9 + achain + adisp + q@ssoc 4 apolar + aelec + o (1'2)

A thorough review of these models can be found in a recent monograph [Kontogeorgis et al.
(2010a)]. CPA has been used with great success for the prediction of thermodynamic properties in
mixtures of hydrocarbons (including oil), water and polar chemicals like the gas hydrate inhibitors
methanol and glycols, over the last 15 years. CPA has already been widely accepted for applications
in the petroleum and chemical industries, while the general and large scale applications of SAFT

models in the oil and gas industry are on the way.
1.2.2 Physical properties
1.2.2.1 Density

In general, density is, due to its easy and reliable measurements, one of the most common properties
that is used to estimate the model parameters. Density is a function of temperature and pressure, and
an input/output property for EOS models, and it is predicted for given conditions (temperature,
pressure and composition) in real applications when the model is ready, by solving the following

equation:

pspec — pcalc — pid _ pT (aar> (13)
ov/r

Where the subscript spec, calc and id represent the specified, calculated and ideal contributions of

pressure, respectively.
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SAFT models are believed to have potentially better description for density at extreme conditions,
e.g. high pressure, than traditional cubic EOS models, even with volume-translation, due to their

more theoretical sound reference term.
1.2.2.2 Speed of sound

Speed of sound, by definition, equals to the distance that a sound wave propagates through an
elastic medium in a unit of time. It is a thermo-physical property, which can be accurately
determined in wide ranges of temperature and pressure. In classic mechanics, speed of sound can be

calculated by the following equation:

22 = (Z—Z)S (1.4)

where u is the speed of sound, P is the pressure, p is the mass density, and subscript S denotes the

derivative taken adiabatically. Since

=)/, 0.9

where Cp and Cy are isobaric and isochoric heat capacities, respectively.

By inserting equation (1.5) into equation (1.4), we get:

=2 (%) 6
& \an). (1.6)

If replacing p with the total volume ¥, speed of sound is given by [Michelsen and Mollerup (2007)]:

V2 Cp (0P
u? = ___P(_) (1.7)
Mw Cy, \oV /¢

The Cp and Cy, are calculated by the following equations:

9 . e g Zq" oP v
el ra=cf-r=1(Gm) +1(5), G, (9
Vn ' ’
; ; d0%a”
CV=ClL,g+C§=C;g—R—T<W> (1.9)
Vn
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The ideal gas heat capacity could be found from various databases, and the DIPPR database (2012)
is used in this PhD thesis. SAFT models are also believed to have a better description for speed of
sound than cubic EOS models, due to their more theoretical sound reference term. Speed of sound

modeling may gain wide applications for petroleum fluids in geophysics for seismic interpretations.
1.3 Scope and outline

The Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) equation of state is selected
as the working model in this project, mainly for two reasons: (1) we have extensively used this
model for various research projects in the past decade; (2) this model, as mentioned in the previous
sections, is believed to have better performance for physical properties over wide ranges of
temperature and pressure. Besides, our selection is also motivated by some challenges for PC-SAFT,
including how to apply this model into the routine modeling and simulation in the oil and gas
industry in a general manner, how to estimate the five PC-SAFT parameters for certain associating
compouds like water, and whether it is possible to simultaneously model phase behaviour and speed
of sound with only three parameters for non-associating fluids. In addition, PC-SAFT has been

criticized for its numerical pitfalls in recent years, and we would like to see if they can be resolved.

This PhD project is going to address the above challenges, and the thesis is outlined as follows:

Chapter 2 discusses the parameter estimation of water, which in general has five parameters within
the association theory based models, and proposes a general optimization procedure, by taking
account of the liquid-liquid equilibrium data of water and non-aromatic hydrocarbons into the
estimation process. The same procedure is also adopted for other chemicals like mono-ethylene
glycol. This chapter presents the performance of these parameters on the properties of pure
substances and the phase equilibria of binary and ternary systems containing water, hydrocarbons
and chemicals, by comparing to the literature available parameters and/or the CPA EOS. This
chapter also presents how to setup the binary interaction schemes and parameters, which provides

solid foundation for applying PC-SAFT into oil-water-chemical systems.

Chapter 3 studies the influence of different options for developing general oil characterization
methods with PC-SAFT. These options include the molar composition distribution function, the
density correlation, the number of pseudo-components, the estimation method of PNA contents, the
binary interaction parameters, the significance of fitting parameters and of the fitting strategy.

Based on the performance of the characterization approaches for predicting saturation pressure and
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density of various petroleum fluids, and the activity coefficients of pseudo-components, two of

them are selected for further study.

Chapter 4 applies the newly developed parameters and interaction schemes from Chapter 2 and the
two characterization approaches from Chapter 3 to model oil-water-chemical systems. The overall
results are quite promising, when compared to the published results in the literature. It also provides

more information to develop simpler and more robust characterization approaches.

Chapter 5 reviews and analyzes the speed of sound data of hydrocarbons, alcohols and their binary
and multi-component mixtures, including petroleum fluids, and it reviews the correlations of the
speed of sound in various systems, and develops the correlation coefficients for the speed of sound

in pure hydrocarbons and 1-alcohols within one general framework.

Chapter 6 proposes two approaches to improve the speed of sound description with the PC-SAFT
framework, after a brief comparison of SRK, CPA and PC-SAFT for normal hydrocarbons. The
performance of these two approaches has been evaluated on predicting the speed of sound in wide
range of mixtures — binary hydrocarbons, binary hydrocarbon + alcohol, binary alcohols, ternary
hydrocarbons and petroleum fluids. The possibility of simultaneous phase behavior and speed of
sound modeling has been investigated, including the effects of parameter estimation approaches for

1-alcohol containing systems.

Chapter 7 analyzes the temperature and volume dependence of the PC-SAFT EOS in a somewhat
deterministic way, and develops a new variant of universal constants with focus on vapor pressure
and density. It then evaluates the performance of the new variant on the properties of pure normal
hydrocarbons, and on the behavior of isothermal curves and critical points, by comparing with the
original universal constants. It finally investigates the possibility of using the original PC-SAFT

parameters with the new universal constants.

Chapter 8 briefly discusses the salt effects on the solubility of hydrocarbons, the speed of sound,
and the static permittivity of aqueous solutions. It also discusses the possibility to use the newly
developed theory of calculating the static permittivity from the association theory based EOS to

simplify the parameter estimation for associating fluids.

Chapter 9 presents the conclusions and future work.
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The Statistical Associating Fluid Theory (SAFT) and Cubic Plus Association (CPA) equations of
state (EOS), with an association term based on the first-order thermodynamic perturbation theory,
are two of the most successful and widely used model families. In the past three decades, numerous
SAFT variants have been proposed, among which the perturbed-chain SAFT (PC-SAFT) has gained
widespread acceptance with great successes in the fields of polymers, chemical, biochemical,

pharmaceutical, and so on.

It is well-known that crude oils from petroleum reservoirs are made up of a large number of highly
diversified chemical compounds, which in general are only partially miscible at normal temperature
and pressure conditions. In order to develop thermodynamic models, which can describe the phase
behavior and physical properties of these complex mixtures, model parameters and binary
interaction parameters have to be setup for the relevant pure substances and binary mixtures. The
relevant ternary or multicomponent mixtures are very helpful on validating the model and its

predictive capabilities.

The purpose of this study is to develop new parameters for relevant associating fluids with the PC-
SAFT EOS, and then to investigate the performance of these parameters, by comparing to PC-
SAFT with the available parameters in the literature and/or the CPA EOS, on the properties of pure
substances and the phase equilibria of binary and ternary systems containing water, hydrocarbons

and chemicals, along which the binary interaction schemes and parameters will be setup.
2.1 Models

Over the past two decades, the popularity of SAFT EOS, based on a perturbation theory for
associating fluids proposed by Wertheim (1984a, 1984b, 1986a, 1986b), has grown very fast. The
model appeared in the form known today due to the work of Chapman et al. [Chapman et al. (1988,
1990); Jackson et al. (1988)] and of Huang and Radosz (1990, 1991) and for this reason both of
these models are often referred to as ‘original’ SAFT. After this, many different versions of SAFT
have followed, some of the successful ones being the SAFT-VR from 1997 by Gil-Villegas et al.
[Gil-Villegas et al. (1997); Galindo et al. (1998)], the soft-SAFT from 1997 by Blas and Vega
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(1997, 1998), and the PC-SAFT in both its original version from 2001 by Gross and Sadowski
(2001, 2002) and the simplified version from 2003 by von Solms et al. (2003), the SAFT-VR Mie
by Lafitte et al. (2006, 2007, 2013), and the SWCF-VR by Li et al. (2009, 2011)

In SAFT EOS, molecules are modeled as chains of covalently bonded spheres. The models are
typically written as a sum of the contributions to the reduced residual Helmholtz free energy as in

the form:

r
T

C = NkT

= q5¢9 4 gChain 4 gassoc 2.1)

where a*®9is the part of the Helmholtz energy due to segment-segment interactions, a“**™is the

term due to chain formation, and a#55°¢

represents the contribution due to association, i.e. hydrogen
bonding, between different molecules. The biggest differences in the different SAFT variants are
the dispersion term and the choice of reference fluid. Almost all of the different SAFT variants
more or less use the same expressions for the chain formation and association terms, and include in
most cases five pure component parameters with well-defined physical meanings (the number of

segments, the segment size and energy, and the association volume and energy).

Nowadays this theoretical SAFT-type approach is very popular due to its versatility and the good
results obtained for different applications [Kontogeorgis et al. (2010a)]. However, while SAFT’s
ability to describe the phase equilibria of chain and associating pure fluids and mixtures is well-
established, its performance for the simultaneous description of phase equilibria and second-order

derivative properties is still limited and not sufficiently explored [Lafitte et al. (2006)].
2.1.1 PC-SAFT EoS

The PC-SAFT EoS was developed by Gross and Sadowski (2001) by extending the perturbation
theory of Barker and Henderson (1967) to a hard-chain reference. The reduced residual Helmholtz

free energy for mixtures containing associating fluids in PC-SAFT can be formulated as:

a’ = (ahs + achain) + qdisp 4 gassoc (2.2)

chain

where a” and a are the contributions from hard sphere segment-segment interaction and chain

formation, of which the summation is the reference to build the dispersion force a%*P. The term

assoc

a represents the contributions of association forces of sites.
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Instead of accounting the dispersion force among hard spheres first and then forming chains in other
SAFT variants, hard-sphere chain is formed first and then the dispersion force is accounted among
chains in PC-SAFT. So it has the same hard sphere, hard chain terms and quite similar association

term as those of other SAFT variants, and a fundamental difference on the dispersion term.

In this work, the simplified PC-SAFT version proposed by von Solms et al. (2003) will be used. It
is not a new EOS, rather a simplified version in terms of mixing rules of the original PC-SAFT
EOS, which aims to simplify and reduce the computational time of the PC-SAFT EOS. All details
can be found in the original literature [Gross and Sadowski (2001, 2002), von Solms et al. (2003)]
or the book of Kontogeorgis and Folas [Kontogeorgis et al. (2010a)]. The dispersion and association

terms, however, will be extensively studied, so brief introductions are presented below.
2.1.1.1 Dispersion term

The reduced residual Helmholtz free energy for the dispersion term is given as the sum of a first-
order and a second-order term:
qdisp — atliisp + atziisp (2.3)

o
aflilsp = —2mpm?c3 % U i(x)g"c(m;n) xzdx] (2.4)
1

» gzhe\ 71 £.2 9 o
azlsp = —mpm (1 +2ZM 4 p 5 > m2g3 (ﬁ) %[pf ﬁz(x)ghc(m; 7) dex] (2.5)
1

Where,

(2.6)

9zhe 8n — 2n? 20n — 27n?% + 12n% — 2n*
<1+th+p >:<1mn U n—27n U n)

o T ) A L [ R TG s

Where x is the reduced radial distance around a segment (x = r/0), ti(x) = u(x)/e denotes the
reduced potential function, and g"°(m;n) is the average segment-segment radial distribution

function of the hard-chain fluid with temperature-dependent segment diameter d (T ) .

The reduced density or packing fraction and temperature-dependent segment diameter are given as:

I md>3 2.7
n=gP )
d=0[1-0.12 exp(—3¢/kT)] (2.8)
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A novel idea in PC-SAFT is to use polynomials to represent the two integrals, inspired by the work

of Liu and Hu (1996), which are given by:
6

L (m, ) = f 2" ) ¥dx = Y a 2.9)
1 i=0
al [ &
L(m,n) = g[pj @?(x)g" (m; m) xzdx] = Z bin' (2.10)
1 i=0

With the power series in reduced density being given by the equations:

m-—1 m—1m—2

a; = ap,; + m Ay + m m az; (21 1)
m-—1 m—1m-2
b; = by; + — by; + — - by ; (2.12)
By applying the van der Waals one-fluid mixing rules to the perturbation terms, it gives:
di 3 £
a;”? = _anll(n,m)szixjmimjai?}# (2.13)
ij
. gzhe\ 1 £ 2
angP = —mpm (1 + zZhe + p ap ) I, (T),T?l) Z Z xinmiij'iSj (#) (2.14)
ij

The mixing rules for the parameters are needed:

1
Ei]' zﬂlgigj(l_kij) (216)

2.1.1.2 Association term

assoc

The association term a , which represents the contributions of association forces of sites, is

formulated as:

8550¢ — Z x; Z(lnXAi —X4/2) + M;/2 (2.17)
i A;

where M; is the association site number of molecule i, and X is the fraction of molecules i not

bonded at site A, given by:

10
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-1

x40 = 1+ZZ P, XBIAAE) (2.18)
J Bj

The original and the simplified PC-SAFT have the same pure component parameters, while a
simple conversion is needed for the association volume parameter due to a slightly different

expression for the association strength employed in the simplified PC-SAFT:

T gAiBj
AAisz Navo-i?}'ghs g KAiBj exp kT —_ 1 (2. 19)

In other words, the association volume x4i®ifrom the original PC-SAFT should be divided 7/6

when used into the simplified PC-SAFT.

In this project, the following combing rules are used for cross-associating mixtures:
4By _ L AB A
£ ‘125(8 iBi 4 g4j ]) (220)

KAiBj = \[KAiBiKA]'Bj (221)
More details can be found in the literature [von Solms et al. (2003), Grenner et al. (2006),
Kontogeorgis et al. (2010a)].

2.1.2 CPAEOS

The CPA EOS, proposed by Kontogeorgis et al. (1996), is a combination of the SRK (or other
cubic) EOS, widely used in the petroleum industry (e.g. for mixtures with gases and hydrocarbons),
and of the association term of the SAFT type models. The CPA model reduces to SRK in the
absence of hydrogen bonding compounds (water, alcohols, acids, etc.), thus achieving a balance

between accuracy and simplicity and gaining acceptance in the oil, gas and chemical industries.

The CPA EOS can be expressed for mixtures in terms of pressure P as:

b RT a(T) 1RT(1+ 6lng)z Z(l X4
“V—b V,(h,+b) 2V, \" P4, i Xi A (2.22)

Where p is the molar density (p = 1/V,,), and g = 1/(1 — 0.475 bp). More details of CPA can be
found in the literature [Kontogeorgis et al. (1996, 2010a)].

11
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For non-associating components, the main difference of CPA and SRK comes from the
parameterization. The critical properties and acentric factor are used in the SRK, while the pure
component parameters of CPA are regressed from vapor pressure and liquid density. Besides
simplicity and accuracy, the numerical implementation of the association term ensures that the
computation time is not much higher than that of SRK and other simple models [Michelsen et al.
(2001, 20006)].

CPA is a useful EOS in modeling aqueous systems [Kontogeorgis et al. (2010a)]. It can predict
satisfactorily multicomponent, multiphase equilibria for mixtures containing water, hydrocarbons
and chemicals, e.g. alcohols or glycols [Kontogeorgis et al. (1996, 2006a, 2006b, 2010a, 2011)].
More specifically, the CPA EOS has been previously shown to perform very well in correlating
with one adjustable parameter (per binary) LLE for water-alkanes [ Yakoumis et al. (1998)] and with
two adjustable parameters (as cross association is accounted for) LLE and VLE for water-aromatics
[Folas et al. (2005)]. A characteristic application of the model that reveals its predictive capabilities
is the LLE aqueous multicomponent systems with glycols and hydrocarbons [Kontogeorgis et al.
(2011)]. The CPA EOS is a well established model for associating fluids containing mixtures, and it

is used in many cases for comparing the results obtained with the PC-SAFT model in this project.
2.1.3 Deviations

The percentage (average) absolute deviation will be used to evaluate the quantitative performance

in this work, defined as:

1 N Qgalc
%AAD(Q) = Nz e — 1] x 100% (2.23)
i=1 "0
calc
%AD(Q) = ﬁ— 1| x 100% (2.24)
i

where Q is vapor pressure, liquid molar volume, speed of sound, residual isochoric and isobaric heat

capacities, or composition in LLE.

The following equation is used for temperature:

N

1

WAT = ) [Teele — 1 (2.25)
i=1

12
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And for vapor composition, it is:
&
%Ay =~ |y — v x 100% (2.26)
i=1
The percentage (average) relative deviation is also used in certain cases, and it gives the information

to show if the deviations are positive or negative, and if the modeling results qualitatively match the

experimental data well. It is defined as:

N
1 Qgalc
%ARD(Q) = NZ (ﬁ - 1> x 100% (2.27)
i=1 i
calc
%RD(Q) = (ﬁ - 1) x 100% (2.28)
i

2.2 Water parameters

Modeling water is a vital part of this project, and it is also very important in research and industrial
applications. Water is, in many respects, a unique molecule and it is a challenge for any EOS to
simultaneously model the physical properties and phase equilibria of water containing systems with

satisfactory accuracy [Kontogeorgis et al. (2010a)].

Hydrogen-bonding and the associated tetrahedral structure are considered to be the dominant factors
for the unusual and complex behavior of water containing systems [Nezbeda et al. (1999)]. The
association models, which explicitly account for hydrogen bonding interactions, show advantages

over the classical ones, especially from a predictive point of view [Kontogeorgis et al. (2010a)].
2.2.1 Literature review

Water has been modeled as a two-site (2B), three-site (3B) or four-site (4C) molecule within the
SAFT framework [Huang et al. (1990)]. Numerous water containing systems have been studied
with PC-SAFT in the past decade, and more than 20 sets of pure component parameters have been
published with emphasis on different applications. This is because, as clearly demonstrated by
Clark et al. (2006), the five pure component parameters have a degeneracy when fitted solely to

vapor pressure and saturated liquid density.

13
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In the work of extending PC-SAFT to associating systems, Gross and Sadowski (2002) published a
2B parameter set for water along with other associating fluids, i.e. alcohols, amines and one acid. In
order to have a better description of experimental data in a narrow temperature range, Cameretti et
al. (2005) refitted the pure component parameters with the 2B scheme. Later, Cameretti et al. (2008)
proposed to use a temperature dependent segment diameter to obtain an excellent description of the
density of water. This new water parameter set has been recently applied for biological systems
[Held et al. (2011, 2013, 2014)]. In order to find an appropriate association scheme for water,
Kleiner (2008) fitted the pure component parameters using the 3B and 4C schemes as well, which
were tested for the binary systems of water with different hydrocarbons along with the 2B
parameters from Gross and Sadowski (2002). It was found that the mutual solubility of water and

hydrocarbons could be described only with the 4C scheme.

In order to investigate the performance of PC-SAFT for describing spectroscopy data, seven 4C
parameter sets with gradually fixed segment number (m=2.00-3.50) were proposed by von Solms et
al. (2006b), where they are compared with the 2B parameters of Gross and Sadowski (2002). The
4C scheme was found to be more appropriate by using the spectroscopy data as a guide in finding
suitable model parameters. Using physically justified values for the association energy and the
dispersion energy, Grenner et al. (2006) proposed a 4C parameter set with a fixed segment number
(m=1.5). They showed that in this way good results are obtained for the phase equilibria of water
containing systems [Grenner et al. (2008), Tsivintzelis et al. (2008)]. To comment on parameter
estimation of water, Grenner et al. (2007b) published a new 4C parameter set by fitting to vapor
pressure, liquid density and enthalpy of vaporization data. They pointed out that the use of mixture
data, especially LLE data for mixtures of associating and inert compounds, is possibly the ultimate
test for obtaining optimum parameters. Kontogeorgis et al. (2010b) published three parameter sets
for 2B, 3B and 4C directly using monomer fraction in the parameter estimation, and it was found
that 4C scheme is the best choice for water. Meanwhile it is still an open question whether the phase
behavior calculations could be improved by including monomer fraction data in the parameter

estimation [Kontogeorgis et al. (2010b), Tsivintzelis et al. (2014)].

Aparicio-Martinez and Hall (2007) fitted the PC-SAFT parameters of water to vapor pressure and
saturated liquid data with the consideration of hydrogen-bonding energy for the association schemes
2B, 3B and 4C. They found that the 3B scheme seems to be the most appropriate choice from the

structural point of view. They also commented that the experimental spectroscopic data may be
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helpful for selecting the most adequate association scheme. Then the 3B parameters were further
rescaled to match the critical points with the association parameters retained, and with this new
parameter set, promising results were shown for modeling aqueous mixtures with CO,, N, and n-

alkanes.

Diamantonis and Economou (2010) published a PC-SAFT 4C parameter set which shows overall
satisfactory results for the physical properties of pure water, and has found applications in carbon

capture and sequestration (CCS) related systems.
2.2.2 Comparison of literature parameters

Eight of the PC-SAFT parameter sets for pure water reviewed above will be compared in this work.
The parameters are listed in Table 2.1, and the association volume parameter has been converted to
those used in the simplified PC-SAFT EOS [von Solms et al. (2003), Grenner et al. (2006)]. It can
be readily seen that the five pure component parameters cover wide ranges, e.g. the segment
number from 1 to 3, the dispersion energy from 140K to 372K, and the association energy from
1259K to 2501K. These parameter sets are selected because, besides the wide ranges, they are
reported from different groups, and are optimized from different criteria, e.g. best pure properties,
including monomer fractions, and LLE of water containing binaries. Also, we can reproduce the

published deviations for the vapor pressure and the liquid density.

Table 2.1 The water pure component parameters with the simplified PC-SAFT EOS

Set name” m o (A) ek (K) €™k (K) ke scheme T range(K)

GS 1.0656 3.0007 366.51 2501.00 0.06659 2B 273-647
W2B 1.3112 2.7613 372.37 2123.10 0.09356 2B 273-634
W3B 1.7960  2.4697 327.62 1558.40 0.1304 3B 273-634
W3B C 2.3753 2.5609  275.81 1558.40 0.1304 3B 273-634
AG 1.5 2.6273 180.30 1804.22 0.1800 4C 324-583
DE 2.1945 2.2290 141.66 1804.17 0.3894 4C 275-640
NVS 3.0 2.0135 182.92 1259.00 0.8188 4C 275-640
w4cC 1.5725 2.6270  291.13 1334.20 0.1420 4C 273-634
XL 2.0 2.3449 171.67 1704.06 0.3048 4C 280-620

* The names are based on the authors, GS, AG, DE, NVS and XL are parameters from Gross and
Sadowski (2002), Grenner et al. (2006), Diamantonis and Economou (2010), von Solms et al.
(2006b) and this work, respectively. While the names starting with the letter “W’ followed by the
association schemes are from Aparicio-Marinez et al. (2007), since there are four parameter sets
from the same work. The parameter set W3B_C represents the set with non-associating parameters
matched to critical points with scheme 3B.
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Table 2.2 %AADs for pure water properties using the parameters of Table 2.1

%AAD of different properties against NIST data in 280-620K [REFPROP (2010)]

Sets . Speed of sum
Vap. Pres.  Density Res. Cy Res. Cp dP/dV

sound (%AAD)

GS 2.30 6.22 22.8 25.9 41.0 94.4 193
W2B 0.82 4.28 19.8 14.5 553 137 232
W3B 0.71 4.02 29.1 14.2 66.9 156 271
W3B C 3.92 61.1 18.4 26.4 55.7 29.0 195
AG 1.85 3.50 20.1 29.7 19.1 61.1 135
DE 2.03 0.86 23.8 20.1 7.20 16.9 70.9
NVS 0.30 1.41 34.5 9.33 45.6 89.5 181
W4C 0.70 4.85 18.9 13.8 63.3 176 278
XL 1.46 2.14 21.8 20.6 21.1 49.7 117
CPA 0.75 1.16 15.1 11.0 9.05 184 55.5

Note: (1) The Bold and Italic values are the smallest %AAD; (2) The Italic values are slightly
worse than the best ones, but they are quite satisfactory; (3) The Highlight (gray) values are the
largest %AAD; (4) If the result of CPA is best, it is also marked; (5) The same marks are used in the
following tables.

As found in Table 2.1, a name is given to each parameter set. In general, these names are based on
the authors, for instance, GS, AG, DE and NVS are parameters from Gross and Sadowski (2002),
Grenner et al. (2006), Diamantonis and Economou (2010) and von Solms et al. (2006b). The
parameters from Aparicio-Marinez et al. (2007), however, are based on the association scheme,
since there are four parameter sets from the same work. Their names start with the letter ‘W’
followed by the association schemes. The parameter set W3B_C represents the set with non-
associating parameters matched to critical points with scheme 3B. In the following discussion, the

association scheme will be attached in many cases as well for clearer explanation.

Firstly, the physical properties of pure water are calculated using these eight parameter sets with the
simplified PC-SAFT EOS. The %AADs of the predictions against from the NIST data [REFPROP
(2010)], in the temperature range of 280-620K, are listed in Table 2.2. Almost all parameter sets
give quite reasonable and similar deviations for the vapor pressure, while they show different
deviations for the saturated liquid density. The set W3B_C, as expected, presents worst deviations
for these two properties, since the parameters are forced to match the critical properties. Most of the
sets fail to represent the second-order derivative properties within 10%. It is shown in Figure 2.1 (a)

that none of the parameter sets satisfactorily describes the residual isochoric heat capacity from
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Chapter 2. Phase behavior of well-defined systems

either the quantitative or the qualitative points of view. This property is directly related to the
derivatives of Helmholtz free energy with respect to temperature as shown in equation (1.9). Table
2.2 also shows that the parameter set DE presents the smallest deviation for the speed of sound. As
seen in Figure 2.1 (b), however, all sets fail to capture the curvature of speed of sound against
temperature, especially the maximum around 350K. The results of residual isochoric heat capacity
and speed of sound indicate that the temperature dependences of the model must be improved for
water. The parameter sets with the 4C association scheme tend to provide an overall better

description of pure water properties from a quantitative point of view, as seen in Table 2.2.
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Figure 2.1 Experimental and calculated properties with PC-SAFT using different model parameters
(a) residual isochoric heat capacity of saturated water and (b) speed of sound in saturated water. The
experimental data are from NIST [REFPROP (2010)].

The calculated percentage monomer fractions using the eight parameter sets are plotted in Figures
2.2 (a). It can be seen that the predictions from the sets NVS (4C) and W4C are closest to the
experimental data at the low and high temperature regions, respectively. The parameters with both
2B and 3B association schemes over-predict the monomer fractions. In the original article [Luck
(1980)] and a later publication [Luck (1991)], as discussed and verified by von Solms et al. (2006b),
Luck assumed four sites on water to calculate the monomer fractions. So it might be unfair to
compare the monomer fractions predicted from 2B or 3B schemes to the ‘experimental 4C data’. It
is, however, possible to obtain the ‘experimental’ free site fraction from monomer fraction by

applying the following equation, which was given by von Solms et al. (2006b):

A=S
X1 = HXA
A=1

where X, is the monomer fraction, X is the free site fraction, S is the total site number.

(2.29)
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The free site fraction can be directly calculated from the association models using equation (2.18).
This indicates that it is more straightforward to compare the free site fractions instead of monomer
fractions if different association schemes are to be compared at the same conditions, so the free site
fractions will be used hereafter in the following discussions. As shown in Figure 2.2 (b), the two 2B

parameter sets under-predict the free site fractions.
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Figure 2.2 Calculated percentage (a) monomer fractions and (b) free site fractions of saturated water
with PC-SAFT. In Figure 2.2 (a), the experimental monomer fractions were obtained assuming four
sites on water (4C scheme), and the corresponding free site fractions in Figure 2.2 (b) are converted
by applying equation (2.25). Data are taken from Luck (1980, 1991).

The investigations on properties of pure water discussed above show that the parameter sets with
the 4C scheme present better performance, but none of them seems to be clearly superior to the
others. The binary systems of water with non-aromatic hydrocarbons are perfect candidate systems
to study the associating interactions of water, as the non-aromatic hydrocarbons are considered to
be inert compounds. The solubility of water in the hydrocarbon rich phase is a few orders of
magnitude higher than the solubility of hydrocarbon in the water rich phase, mainly due to the self-

associating interactions of water.

The prediction and correlation of LLE of binary systems of water with n-hexane, n-octane or cyclo-
hexane [Tsonopoulos et al. (1983, 1985)] are shown in Table 2.3, in which both %ARD and %AAD
are reported for the mutual solubility of water and hydrocarbons. The pure component parameters
of these hydrocarbons are taken from Gross and Sadowski (2001). The %ARD is helpful to
distinguish a positive or negative deviation, and give an intuitive idea about how good or bad the

results are. Typical prediction and correlation results of the binary system of water with n-hexane
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are presented in Figures 2.3 (a) and (b), respectively. A temperature independent binary interaction
parameter (k;) is fitted to the solubilities in both phases. The fitted kj values are sorted from

smallest to largest, and plotted against the parameter sets in Figure 2.4. It can be concluded that:

(1) The behavior for the three binary systems is quite similar for all the parameter sets as shown by
the %AAD in Table 2.3, and also indicated by the k;; values in Figure 2.4;

(2) The correlations of the solubilities of hydrocarbons in the water rich phase show a weak
dependence on the parameters within the same association scheme, i.e. different parameters
with the same association scheme have quite similar results; the minimum in the solubilities of
hydrocarbons in water are not captured by any set;

(3) The parameter sets with the 2B or 3B association schemes over-predict the solubility of water in
the hydrocarbon rich phase;

(4) The two parameter sets AG (4C) and DE (4C) are the only ones able to simultaneously describe
the solubilities in both phases, and AG (4C) gives the best results (at the slight cost of the
density prediction shown in Table 2.2);

(5) The parameter set NVS (4C), which has the best representation of vapor pressure and quite
accurate description of liquid density for pure water, shows difficulties in simultaneously
capturing the solubility in both phases of the binary mixtures. This is mainly because it
significantly under-predicts the solubility of hydrocarbon in the water rich phase.

(6) The parameter set W3B_C over-predicts the solubility of water in the hydrocarbon rich phase

most.

As seen from Table 2.3 and Figure 2.3, the two solubility lines move in the same direction, and the
sign of kj value is determined by the solubility of hydrocarbon in the water rich phase for the
parameters discussed above. Figure 2.3 also shows that the solubility lines of hydrocarbons in the
water rich phase have quite similar slopes for association schemes 2B and 3B, while they are
significantly different from those of the scheme 4C. This leads to large differences on the deviations
of the solubility of hydrocarbons in the water rich phase for the schemes 2B and 3B, as listed in
Table 2.3. Based on this fact, it can also be anticipated that quite different results might be obtained

when the data in different temperature ranges are used to fit the k;; values.
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Table 2.3 %AADs (%ARD)s for the mutual solubility of water and hydrocarbons with PC-SAFT
and CPA”

Model Prediction Correlation
x(HC) in H,O x(H,0) in HC kij x(HC) in H,O x(H20) in HC
n-Hexane (Experimental data from Tsonopoulos et al. (1983) in 270-490K)
GS 517 (4) 568 (+) 0.0349 86.6 (49.2) 385 (+)
W2B 43.6 () 671 (+) -0.0239 104 (60.3) 864 (+)
W3B 94.6 (-) 678 (+) -0.0732 89.0 (44.5) 1482 (+)
W3B C 1513 (+) 1339 (+) 0.0590 110 (64.0) 609 (+)
AG 636 (+) 14.2 (13.3) 0.0488 49.4 (16.5) 13.2 (-11.0)
DE 80.6 (65.4) 31.5(-) 0.0088 46.4 (16.5) 34.6 (<)
NVS 994 (-) 433 (+) -0.1087 42.3 (6.39) 248 (+)
W4C 85.8 (-) 312 (+) -0.0503 58.8(20.1) 505 (+)
XL 52.3(24.5) 9.83 (+) 0.0021 46.2 (14.1) 8.67 (+)
CPA 75.8 (54.9) 15.8 (11.5) 0.0355 35.6 (-14.9) 11.7(1.67)
n-Octane (Experimental data from Tsonopoulos et al. (1985) in 270-530K)
GS 680 (+) 470 (+) 0.0319 101 (64.6) 325 (+)
W2B 46.9 (-) 568 (+) -0.0255 130 (88.6) 753 (+)
W3B 96.3 (-) 572 (+) -0.0739 110 (67.3) 1308 (+)
W3B C 2592 (+) 1116 (+) 0.0560 152 (108) 509 (+)
AG 955 (+) 5.74 (-2.88) 0.0461 49.5(11.8) 23.2(-)
DE 77.8 (54.2) 43.1(-) 0.0067 45.1(9.72) 45.1 (-)
NVS 99.7 (-) 22.8(15.4) -0.1095 38.6 (2.53) 189 (+)
Ww4C 90.6 (-) 252 (+) -0.0517 63.6 (25.7) 427 (+)
XL 44.0 (8.93) 8.37(-) 0.0001 43.7 (8.34) 8.42 (=)
CPA 30.8 (-13.0) 10.4 (-) -0.0165 47.3 (18.3) 6.40 (-)
Cyclohexane (Experimental data from Tsonopoulos et al. (1983) in 270-520K)
GS 1236 (+) 984 (+) 0.0656 59.3 (22.4) 422 (+)
W2B 122 (92.7) 1091 (+) 0.0112 70.8 (26.7) 952 (+)
W3B 71.6 (=) 1041 (+) -0.0349 58.0 (11.4) 1585 (+)
W3B C 2789 (+) 2358 (+) 0.0869 84.8 (36.7) 583 (+)
AG 886 (1) 31.6 (+) 0.0647 25.3(3.80) 10.5 (-8.9)
DE 198 (+) 26.4(-) 0.0279 24.0 (5.85) 37.6 (<)
NVS 95.5(-) 65.5 (1) -0.0714 17.9 (-10.8) 221 (+)
W4C 48.4 (-) 450 (+) -0.0170 34.4 (-2.17) 537 (+)
XL 152 (+) 25.7 (+) 0.0243 21.2(0.84) 8.73(7.19)
CPA 230 (+) 38.8 (1) 0.0510 59.6 (46.1) 22.7(18.1)

" The values in parentheses are %ARD. For simplicity and clarity, if |%ARD| > 0.95%AAD, using
plus and minus to denote its sign only, i.e. positive or negative corresponding to %AAD.
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Figure 2.3 Experimental and calculated mutual solubilities of water and n-hexane with PC-SAFT, (a)
model predictions, and (b) correlations with kj; shown in the parentheses. The data are taken from
Tsonopoulos et al (1983).
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Figure 2.4 Water-HC binary interaction parameter k;; for the considered parameter sets.

2.2.3 2B versus 4C

As shown in Table 2.1 and discussed above, the model parameters from different sources cover
wide ranges, thus it is of interest to compare the association schemes in some systematic ways from
both qualitative and quantitative viewpoints. We have decided to investigate the water parameters
with fixed values of association energy. The assumed ranges 1000-2500K and 1000-2000K are,
respectively, chosen for 2B and 4C for the association energy. The other four parameters are fitted
to vapor pressure and saturated liquid density of water in the temperature range 280-620K based on

the data from NIST [REFPROP (2010)] using the following objective function:

2
QF*P _ qCale(yy ¢ ¢HB HB
Obj(m,0,e,x"P) = z ( A ) (2.30)

1
Ex
. Q.*P
i 1

where, () is vapor pressure or saturated liquid density.
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The %AADs for vapor pressure and liquid density are plotted against association energy in Figure
2.5 (a). It can be seen that 2B and 4C have quite similar performance for vapor pressure from the
qualitative point of view, but 2B gives smaller deviations in the range close to the experimental
association energy value (~1800K). The parameters with 4C association scheme present smaller
deviations for saturated liquid densities in the whole range. The %AADs for residual isochoric and
isobaric heat capacities are presented against association energy in Figure 2.5 (b). It is revealed that
the 4C scheme sets show smaller deviations for residual isochoric heat capacity, while the 2B
scheme sets seem to give better description of the residual isobaric heat capacity, again in the region
close to the experimental value of the association energy (~1800K). The %AADs for speed of
sound and dP/dV are presented in Figure 2.5 (c), which clearly shows that the 4C scheme sets
present smaller deviations for both properties. As discussed in some previous works [de Villiers et
al. (2011, 2013), Liang et al. (2012)], the speed of sound is dominated by the derivative property
dP/dV when density is described well.
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Figure 2.5 %AADs for vapor pressure (Pres), liquid density (LigD), residual isochoric (Res. Cy)
and isobaric (Res. Cp) heat capacities, speed of sound (SoS) and the derivative dP/dV (dP/dV)
calculated with PC-SAFT using the 2B and 4C schemes.
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In order to further study the relationship of water properties on association energy, five parameter
sets are chosen for each association scheme. The selected parameter sets cover wide association
energy ranges and have enough differences, e.g. larger than 200K, to distinguish each other. The
ratios of the calculated and experimental vapor pressure of water are presented in Figures 2.6 (a)
and (b) for these two association schemes. Though the best representation of vapor pressure locates
at different association energy regions, it can be readily seen that the relationships of this property
against association energy are quite similar for these two schemes. The calculated and experimental
speed of sound in saturated water are plotted in Figures 2.7 (a) and (b). Figure 2.7 shows that the
slope of the calculated speed of sound curve can be slightly changed for both association schemes
by changing the parameters, but none of the sets can capture the curvature of speed of sound against
temperature. This fact suggests that it is not feasible to put speed of sound directly in parameter

estimation as the curvature change occurs in a wide temperature range.

The free site fractions that are predicted using these five parameter sets are presented in Figures 2.8
(a) and (b) for both association schemes. It can be seen that these two association schemes perform
quite similarly for this property as well. The same trends, as seen here for vapor pressure, speed of
sound and free site fractions against association energy, are also observed for other properties, e.g.
liquid density, residual heat capacities. This observation reveals that it is hard to determine which

association scheme is superior to the others, in terms of describing the properties of pure water.
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Figure 2.6 Ratio of correlated and experimental vapor pressure values against temperature, (a) 2B
and (b) 4C. The label e_ass = 2000 denotes the parameters with fixed association energy equal to
2000K. The experimental data is from NIST [REFPROP (2010)].
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Figure 2.7 Speed of sound prediction with PC-SAFT, (a) 2B and (b) 4C. The label ¢_ass = 2000
denotes the parameters with fixed association energy equal to 2000K. The experimental data is from
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Figure 2.8 Free site fractions predicted with PC-SAFT, (a) 2B and (b) 4C. The label e_ass = 2000
denotes the parameters with fixed association energy equal to 2000K. The experimental data are
taken from Luck (1980, 1991).
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Figure 2.9 Mutual solubilities of water and n-hexane. Calculations with PC-SAFT using the (a) 2B
and (b) 4C schemes. The label e_ass = 2000 denotes the parameters with fixed association energy
equal to 2000K. The data are taken from Tsonopoulos et al. (1983).
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The correlated LLE for water with n-hexane is shown in Figure 2.9 for these five parameter sets, for
both 2B and 4C. It confirms that it is relatively easy to tune the solubility of hydrocarbons in the
water rich phase for both association schemes, while with the 2B scheme some difficulties in
describing the solubility of water in the hydrocarbon rich phase are observed without strongly

deteriorating the description of the other phase.

If we consider the liquid-liquid equilibria of associating and inert compound mixtures to be the

ultimate test for obtaining optimum parameters,

There is no doubt that the 4C scheme is a better choice.

2.2.4 New water pure component parameters

The two parameter sets AG (4C) and DE (4C) have almost the same association energy, but the
other four parameters are quite different. They show comparable performance for the phase
behaviors of binary systems investigated in this work. Inspired by this fact, following the analysis
of association scheme above, we propose a procedure to take the LLE of water and hydrocarbons
into account for the estimation of water pure component parameters with the PC-SAFT EOS. This

procedure may also be suitable for other SAFT variants.

According to the works of Gupta et al. (1994) and Pfohl et al. (2001), the association energy can be

approximately connected to the hydrogen bonding energy:

EHB = N,eHB = ReHB [k (2.31)

EHB

where is the hydrogen bonding energy, while e/Bis the association energy in perturbation

theory based models.

The experimental hydrogen bonding energy is reported as 3.7 kcal/mol from IR measurements
[Luck (1980, 1991)], while Luck reported 3.4+0.1 kcal/mol from the two-state theory [Luck (1980)].
If taking the hydrogen bonding energy range 3.3-3.7 kcal/mol, the corresponding association energy
range will be 1660-1860K by applying equation (2.31). Therefore the parameters with association
energy in the range 1660-1860K will be investigated in this work.

The five pure component parameters are obtained with the following objective function:
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0bj(0,x1,%2) = Z (2.32)
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where ) is vapor pressure or saturated liquid density.

The estimation procedure is as follows: with a given fixed association energy and another fixed
parameter, the other three parameters are fitted to vapor pressure and liquid density. The segment
diameter (o) is adjustable in all cases, while the three parameters segment number (m), dispersion
energy (€) and association volume (x''B) are fixed sequentially, which means that the fitting
parameters x; and x, could be the combinations {€, kB} if m is fixed, {m, kB} if € is fixed, or
{m, e} if k¥Bis fixed. The association energy is taken gradually from 1660K to 1860K with an
interval 20K, while the ranges for the other three parameters are, respectively, m=[1.5, 3.5], e=[120,
190], and «"™=[0.1, 0.6]. A quite similar procedure was adopted in the work of Clark et al. (2006),
in which the association energy and the dispersion energy were fixed in wide ranges. This approach

makes the optimization procedure be more or less of global character in a rather manual way.

Om (fixede) Ao (fixede) <« (fixedg)
b O Om (fixedm) Ao (fixedm) < «k(fixedm)
3 L g m Om (fixedk) Ao (fixedk) <« (fixed k)
o 0
Uno AA
m An DA
< A mas &
P P =
® A AD Opg
£ O oo
Oo
1 <><>
%o
Cow o o 06 o
°o o o oo
0 . . .
120 140 160 180 200 220

Dispersion energy (/k) (K)

Figure 2.10 The comparison of obtained PC-SAFT parameters using three combinations of fixing
two of them. The parameters being fixed are shown in the parentheses.

The parameters from these three different combinations are presented in Figure 2.10. It can be seen
that the parameters are consistent with each other. This indicates that a unique solution can be
obtained for the three parameters to match the two properties, i.e. vapor pressure and saturated
liquid density, when the other two model parameters are fixed. The scenario that both the

association energy and association volume are fixed is preferable according to our experience. So
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the parameters are refitted with this scenario in the range of association energy from 1660K to

1860K with an interval 10K, and association volume from 0.1 to 0.6 with an interval 0.01.

The final parameters are manually chosen for each given association energy based on the deviations

of the solubilities of water in the hydrocarbon rich phase. The main criteria are:

(1) If it is possible to keep the deviations of the solubility of water in all three systems less than
10%, the parameter set is chosen with the smallest sum of the deviations of water with n-octane
and with cyclohexane;

(2) Otherwise, the parameter set with smaller sum of the deviations in either the systems of water
with n-hexane and with cyclohexane, or the systems of water with n-octane and cyclohexane is
chosen, but the later one is given a higher priority. This is because n-hexane and cyclohexane
both have six carbon numbers, and quite similar results are obtained for the systems of water
with n-hexane and with n-octane, while the correlated ‘experimental” data of the system with n-

octane is more reliable according to Maczynski et al. (2004).

The %AADs for vapor pressure and saturated liquid density of pure water, and the %AAD for the
solubilities of water in the n-hexane, n-octane and cyclohexane rich phases are presented in Figure
2.11. With this parameter estimation strategy, the %AADs for vapor pressure and saturated liquid
density increase linearly with the association energy, while the changes of the %AAD for vapor
pressure are smoother. It is also readily seen that the solubility of water in all three systems can be
correlated with quite good accuracy, i.e. less than 15%, using either small or large k;; values, in the

investigated association energy range.
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Figure 2.11 %AADs for the solubility of water in hydrocarbon rich phases, vapor pressure and
liquid density against the association energy for parameters obtained using the procedure developed
in this work for PC-SAFT.
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It is noticed that the parameters with association energy below 1740K can present the %AAD for
water solubility in the hydrocarbon rich phases less than 10% and the %AADs for vapor pressure
and saturated liquid density less than 2% and 3%, respectively. The k;; values are relatively small
for the parameters with association energy in the range of 1660-1740K, as presented in Figure 2.12
(a). These kij values increase linearly with the association energy. Moreover, very good linear
correlations can be obtained between the other four parameters and association energy in this range,

as shown in Figure 2.12 (b).

All these results indicate that it is hard to determine a unique parameter set if only based on the
information available here. Even if the prediction of the mutual solubility of water and
hydrocarbons is used as an extra constraint, it is still a difficult decision to make, since mixtures
with different hydrocarbons (n-hexane, n-octane or cyclohexane) are described better with different
parameter sets. As shown in Figure 2.12 (a), the sets giving better predictions for mixtures of water
with n-octane or n-hexane have much higher association energy (around 1700K) than the sets which

present better predictions for water with cyclohexane (less than 1660K).
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Figure 2.12 (a) The binary interaction parameters of water-hydrocarbons using the water parameters
obtained by the procedure developed for PC-SAFT. (b) Linear correlations for the PC-SAFT
parameter trends against the association energy in the range of 1660-1740K.

As shown in Figure 2.12 (a), the parameter sets with association energy around 1700K give best
predictions for the LLE of water with n-hexane and n-octane, while the corresponding segment
number is around 2. So without loss of generality, we have decided to assume the segment number
m to be equal to 2, instead of assuming association energy to be equal to 1700K. The association
energy can be reversely calculated by the correlation of m, and then the other parameters can be

calculated sequentially using the correlations shown in Figure 2.12 (b). The pure component
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parameters (m=2, 0=2.3449A, €=171.67K, €"®=1704.06K, "*=0.3048) will be used hereafter in
this work. Again, here the association volume k" is based on the simplified PC-SAFT EOS, and it
should be multiplied by m/6 (thus k=0.1596) if it is used with the original PC-SAFT EOS. It needs
to be pointed out that it would not be surprising that equally good LLE correlation results could be
obtained using the parameter sets with association energy 1690K, 1700K or 1710K. The calculated

deviations of the properties of water from this new water parameter set are also given in Table 2.2.

As seen from Table 2.2, with the new water parameters, the PC-SAFT EOS gives 1.45% and 2.12%
deviations for vapor pressure and saturated liquid density, respectively, against from the NIST data
[REFPROP (2010)], in the temperature range of 280-620K, which are satisfactory compared to
those from the literature available parameters. The deviations of CPA EOS predictions for the
properties of water are also reported in Table 2, which are calculated with the water parameters
from Kontogeorgis et al. (1999). It is worth noticing that the CPA EOS gives smallest deviations for

description of pure water properties.

The calculated and experimental residual isochoric and isobaric heat capacities are compared in
Figures 2.13 (a) and (b). Even though CPA gives much smaller %AAD values, we cannot conclude
that CPA performs better than PC-SAFT for these two properties, apparently from the qualitative

point of view.

The calculated and experimental speed of sound in liquid water at saturated, isobaric and isothermal
conditions are presented in Figures 2.14 (a), (b) and (c), respectively. It is shown, on one hand, that
both models have apparent difficulties in describing the temperature dependence of speed of sound,
even though CPA gives much smaller quantitative deviations. On the other hand, PC-SAFT
describes the pressure dependence of speed of sound at constant temperature quite well from a
qualitative point of view, which can be demonstrated using a simple translation strategy, as shown
in Figure 2.14 (c). The whole calculated line could successfully match the experimental data if a
multiplying factor was used. The factor, in this case, equals to the ratio of the experimental and the

calculated speed of sound at atmospheric pressure, i.e. the starting point of the line.
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Figure 2.13 Modeling results of PC-SAFT with the new proposed water parameters and CPA for
the (a) residual isochoric heat capacity and (b) the residual isobaric heat capacity. The experimental
data are taken from NIST [REFPROP (2010)].
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Figure 2.14 Experimental and calculated speed of sound in pure water with PC-SAFT using the new
proposed water parameters and CPA at (a) saturated, (b) isobaric and (c) isothermal conditions. The
solids lines are correlations obtained if the PC-SAFT results (red-dot lines) are multipled by the
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The experimental data are taken from NIST [REFPROP (2010)].

30



Chapter 2. Phase behavior of well-defined systems

The prediction and correlation LLE results for water-hydrocarbon systems from the simplified PC-
SAFT with the new parameters and CPA are also reported in Table 2.3. The results obtained with
the new parameters proposed in this work are denoted as XL. Typical correlation results are shown
in Figures 2.15 (a) and (b) for the binary systems of water with n-octane and with cyclohexane,
respectively. The two models apparently show quite satisfactory deviations for both phases for these
systems. They give similar results for the systems of water with n-hexane and with n-octane, while
PC-SAFT seems to have a better description of mutual solubility of water and cyclohexane. The
two models also show slightly different slopes of the solubility of hydrocarbons in the water rich
phase. Compared to the results in Figure 2.3 (b), this indicates that the association term plays a
more important role than the physical (non-association) terms in describing the solubility of

hydrocarbons in the water rich phase.
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Figure 2.15 Mutual solubilities of water with (a) n-octane and (b) cyclohexane. Experimental data
[Tsonopoulos et al. (1983, 1985)], PC-SAFT (with the new proposed water parameters) and CPA.

2.2.5 Comments on free site (monomer) fraction

The calculated and experimental monomer fractions are presented in Figure 2.16 for CPA and PC-
SAFT with the new parameters. Similar results are obtained, while predictions from both models
show large deviations from the experimental data. However, the predicted results, multiplied by a
factor (Ky) 1.3 and 1.4 respectively for CPA and PC-SAFT, match the experimental data quite well,

as shown in Figure 2.16.

Comparing Figures 2.8 and 2.9, it can be seen that all five 2B parameter sets under- and over-
predict the free site fractions and the solubility of water in the n-hexane rich phase, respectively.

However, the watershed happens around association energy 1700K for the 4C parameter sets, from
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where the parameter sets under-predict both the free site fraction and the solubility of water. The

same behavior is also observed in the binary system of water with n-octane.

The results presented above suggest, on one hand, that either the experimental free site fraction
could be much smaller than what are currently being used, or the current association framework
prevents them from a simultaneous satisfactory description of the free site fractions and LLE of
water-hydrocarbon systems. On the other hand, reinterpretation of the connection between the
association models and the experimental free site or monomer fractions may be needed, as we show

above, i.e. with multiplying factors.
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Figure 2.16 Free site fractions of saturated water with PC-SAFT (using the new proposed water
parameters) and CPA. Correlations obtained if the PC-SAFT predictions (red dot line) are
multiplied by a factor equal to 1.4 (X), and if the CPA predictions (blue dash line) are multiplied by
a factor equal to 1.3 (+) are also shown. The experimental data (o) is taken from Luck (1980, 1991).
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Figure 2.17 Different trends of free site fraction of pure saturated water below and above 450K. The
experimental data is taken from Luck (1980, 1991).
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Figure 2.18 Water free site fractions with PC-SAFT using different parameters. The experimental
data were converted by applying equation (13) from the monomer fraction data of Luck (1980,
1991). The parameter sets 1660K, 1760K and 1860K were obtained in this work with when
considering LLE of water with hydrocarbons, and the parameter set W4C 1 is taken from Grenner
et al. (2006).

It is also interesting to note that the trends of the experimental free site fractions are slightly
different from below and above 450K, as shown in Figure 2.17, based on the experimental data of
Luck (1980, 1991). This indicates that, to some extent, the water may not be stabilized in one

structure over a wide range of temperature.

The free site fractions calculated from the three parameter sets with association energies of 1660K,
1760K, 1860K and the set AG (4C) are presented in Figure 2.18. It can be seen that these four
parameter sets perform quite similarly from both the quantitative and qualitative points of view.
This reveals that the predicted values for the free site fractions or monomer fractions are insensitive
to the pure component parameters, when they are estimated under the same constraints, e.g. equally
good description of the mutual solubility of water and non-aromatic hydrocarbons in this work.
Therefore it may not be surprising that free site fractions or monomer fractions could not provide
much help to find a unique parameter set for associating fluids, especially when the experimental

uncertainties are not reported.

More systematically experimental investigations are needed based on these discussions, especially
due to the fact the LLE of water and hydrocarbons have been measured and critically evaluated by
several groups [Tsonopoulos et al. (1983, 1985), Maczynski et al. (2004)]. Tsivintzelis et al. (2014)
also suggested that the data for the monomer fractions of methanol and ethanol from the same study

of Luck (1980) have to be validated from other groups.
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2.2.6 Summary

In this section, the performance of eight parameter sets from the literature is investigated on
properties of pure water and LLE of water with non-aromatic hydrocarbons. Then in order to
investigate which association scheme is a better choice for water, the pure component parameters
are obtained for the 2B and 4C association schemes by fitting to vapor pressure and saturated liquid
density with fixed association energies in a wide range. These parameters are subsequently studied
for the properties of pure water and the LLE of water with n-hexane from both qualitative and
quantitative aspects. The results show that it is hard to determine which scheme (2B or 4C)
performs better if we compare them based only on the properties of pure water. This is because 2B
tends to have smaller deviations for vapor pressure and residual isobaric heat capacity in the
‘experimentally’ reasonable association energy ranges, while 4C shows smaller deviations of liquid
density, residual isochoric heat capacity and speed of sound. The most important finding is that the
two association schemes perform quite similarly from the qualitative point of view for all the
properties investigated in this work. For neither scheme do we get parameters able to yield
acceptable deviations for the residual isochoric heat capacity, nor could they capture the maximum

of speed of sound in water against temperature.

It is shown, however, that the association scheme 4C presents definitely better performance than 2B
on phase equilibria of water with non-aromatic hydrocarbons. These binary systems represent a
good way to investigate the effect of the self-association interactions of water. An interactive
optimization procedure is proposed to take LLE of water with non-aromatic hydrocarbons into
account when estimating the water pure component parameters with the simplified PC-SAFT EOS.
It is found that numerous parameter sets could give comparably good results in wide parameter
ranges. A new parameter set is obtained with the segment number being fixed to 2, which
coincidentally presents k;; values close to 0.0 for the systems of water with n-hexane and with n-
octane. The new parameter set gives 1.45% and 2.12% deviations for vapor pressure and saturated
liquid density, respectively, from NIST data [REFPROP (2010)] in the temperature range of 280-
620K, and it represents the description for the mutual solubility of water and hydrocarbons with
very high accuracy, which is superior to the other parameter sets available in literature. Finally, the
investigations of the free site fractions of water reveal that more systematically experimental and
theoretical studies are needed for measuring and explaining the free site fractions or monomer

fractions of water, and their relationships with the hydrogen-bonding structure of liquid water.
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2.3 Parameters for 1-alcohols and MEG

Chemicals are extensively used in the oil and gas industry [Kontogeorgis et al. (2010a)]. In order to
model these compounds, and to compare the water and chemical parameters in a more complete
sense, it is crucial to investigate the phase equilibria of binary or ternary mixtures of water,
chemicals and hydrocarbons. In this work, methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol and
mono-ethylene glycol (MEG) are chosen, because of, besides their industrial importance, the wide
variations of molecular interaction strength and the variety of phase equilibrium types. In these
systems, VLE, LLE and VLLE types of phase equilibria are observed, and azeotropic behavior also

appears in some cases.

Table 2.4 PC-SAFT model parameters of 1-alcohols and MEG and %AADs for vapor pressure and
liquid density

* %AAD
Pres. Dens.
1.5255 3.2300 188.90 2899.50 0.06718 GS 1.89  0.52
Methanol 1.8824  3.0020 181.77 2738.03 0.1044 XL 1.42  0.23
2.0 2.9392  180.28 2721.93 0.1071 XL2 223 032
23827 3.1771 198.24 2653.40 0.06185 GS 1.02  0.55

Comp. m oA ekK) Bk (K) KB Name

Ethanol ) (351 30577 19190 257401 007885 XL 037 0.13
Loropanol 20097 32522 23340 227680 00916 GS 106 1.2
32802 3.1234 21445 223020  0.06260 AG 037 0.14

butangl 27515 36139 25950 258460 001278 GS 099 079
28317 3.5574 25215 250400 001845  IK 122 081

Lpentanol 0200 34508 24728 225210 001971 GS 074 036
26048 3.9001 28231  2811.02  0.006303 AG 320 034

MEG 19088 3.5914 32523  2080.03  0.04491 AG 106 227

24064 3.2913 277.13 2000.00 0.09100 XL 1.74 1.73

" The explanations of the names are seen from the content just above the table.

The pure component parameters of these associating fluids are listed in Table 2.4. The parameter
sets of all primary alcohols (methanol to 1-pentanol), named as GS, are taken from Gross and
Sadowski (2002). The parameter sets of methanol and ethanol, named as XL, are from Liang et al.
(2012, 2013), for which the speed of sound were used in the parameter estimation, The parameter
sets of I-propanol and I-pentanol, named as AG, are from Grenner et al. (2007a), but the
‘optimized’ set is used for 1-propanol, while the ‘generalized’ set is used for 1-pentanol. The
parameter set of l-butanol, named as IK, is from Kouskoumvekaki et al. (2004), where they

successfully applied the simplified PC-SAFT for complex polymer systems. The parameter set of
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MEG, also named as AG, is from Tsivintzelis et al. (2008). Finally the parameter sets XL2 of
methanol and XL of MEG are obtained by using the same procedure developed for water in this
work. Association schemes 2B and 4C are assumed for I-alcohols and MEG, respectively.
The %AADs for the vapor pressure and liquid density against from DIPPR database (2012) in the

reduced temperature range Tr=[0.5, 0.9] are also given, which show they have noticeable deviations.
2.4 Phase behavior

2.4.1 Associating + Inert binary mixtures

2.4.1.1 Vapor-liquid equilibria (solubility)

The VLE correlations of water with methane and with ethane are presented in Figures 2.19-2.22. It
can be seen that the correlations from the parameters with the 4C scheme (AG and XL) are better
than those of the parameters with the 2B scheme (GS), especially for the water composition in the
vapor phase. The two 4C scheme parameter sets AG and XL have similar performance in describing
the both phases. It is also clearly shown that a temperature dependent k;; is necessary for describing
the solubility of methane or ethane in water, while kj; has very limited impacts on the correlation of
water fraction in the vapor phase, i.e. the composition of water is mainly determined by its
parameters. As shown in Figures 2.20 (c) and 2.22 (c), the kj; is not a simple function of temperature,

e.g. linear with temperature or reciprocal temperature.
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Figure 2.19 Correlations of water + methane with a temperature independent (constant) kj. The
experimental data are from Olds et al. (1942), Culberson et al. (1951), Lekvam (1997), Wang et al.
(2003), Chapoy et al. (2004, 2005a, 2005b), Mohammadi et al. (2004), and Frost et al. (2014). GS,
AG and XL denote the PC-SAFT parameters of water are from Gross and Sadowski (2002),
Grenner et al. (2006) and this work, respectively.
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Figure 2.20 Correlations of water + methane with a temperature dependent kjj. The experimental
data are from Olds et al. (1942), Culberson et al. (1951), Lekvam (1997), Wang et al. (2003),
Chapoy et al. (2004, 2005a, 2005b), Mohammadi et al. (2004), and Frost et al. (2014).
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Figure 2.21 Correlations of water + ethane with a temperature independent (constant) kjj. The
experimental data are from Culberson et al. (1950), Coan et al. (1971), and Dhima et al. (1998). GS,
AG and XL denote the PC-SAFT parameters of water are from Gross and Sadowski (2002),
Grenner et al. (2006) and this work, respectively.
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Figure 2.22 Correlations of water + ethane with a temperature dependent k;;. The experimental data
are from Culberson et al. (1950), Coan et al. (1971), and Dhima et al. (1998).

The correlations of VLE of methanol with methane are presented in Figures 2.23 and 2.24. The
results show that the three parameter sets give similar correlations for the solubility of methane in
the polar phase, and the methanol composition in the vapor phase under 20MPa, from which all
parameter sets start to present significant deviations, which indicate that the interactions of this
system at high pressure are not described satisfactorily with the model, for instance, the 2B scheme
may not be appropriate anymore. As for the binary mixture of water with methane, a temperature
dependent k;; has significant and limited impacts on the solubility of methane in the polar phase and
the methanol composition in the vapor phase, respectively. In this case, a simple correlation of kij;
against reciprocal temperature could be found as shown in Figure 2.24 (c). From a quantitative
point of view, however, the temperature dependent kj; gives comparable results to those from a
constant k.. As shown in Figures 2.23 (a) and 2.24 (a), the experimental data seems to show some

uncertainties, so the constant k;; values will be used in this work.

38



Chapter 2. Phase behavior of well-defined systems

0.25

X 2562
(a) /_,’D ﬂ O Exp.(273.15K) (b) &
V- ! O Exp.(298.87K)
02 o B 2082 | )
.A;:"l"‘. \ A Exp. (310K) A
- \ - - +GS(0.04190)
015 | F1SE2 [ N
- O  Exp.(273.15K) 3 \ — = XL(0.01494) N e
< E A - - fD
< O Exp.(298.87K) =3 Y XL2 (0.00436) N PR
01 >1082 |\ s
A Exp. (310K) NG A ’_'.: . [m]
/ XS PR P
o 4 — - +GS(0.04190) %)A'\-—A A.-=~g'.f‘&o o
0.05 5.0E-3 S O
%@ — = XL(0.01494) o om0 T '__
. u] e =TT
f£® e XL2 (0.00436) Y = G e s
0 . . . . 0.0E+0 . . . .
0 10 20 30 40 0 10 20 30 40
Pressure (MPa)

Pressure (MPa)

Figure 2.23 Correlations of methanol + methane with a temperature independent (constant) kj;. The

experimental data are from Hong et al. (1987), Wang et al. (2003) and Frost et al. (2014). GS, XL

and XL2 denote the PC-SAFT parameters of water are from Gross and Sadowski (2002), Liang et al.
(2012) and this work, respectively.
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Figure 2.24 Correlations of water + methane with a temperature dependent k;;. The k;j; values are

plotted in (c). The experimental data are from Hong et al. (1987), Wang et al. (2003) and Frost et al.
(2014).

39



Thermodynamic modeling of complex systems

The correlations of the VLE of methanol and propane with a constant k;; are presented in Figure

2.25, which reveals that almost the same results are obtained for the three parameter sets. The

correlations of the VLE of MEG and methane with the AG and XL parameter sets using constant k;;

values are presented in Figure 2.26. They are reasonably good, and the two sets give similar results.
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Figure 2.25 Correlations of methanol + propane with the parameters from Gross and Sadowski
(2002), and Liang et al. (2012). The parameter set XL2 is from this work. The experimental data are
from Galivel-Solastiouk et al. (1986) and Lev et al. (1992).
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2.4.1.2 Liquid-liquid equilibria

The predictions and correlations of the mutual solubilities of water with normal hydrocarbons are
presented in Figures 2.27-2.28. The predictions of the solubility of water from the two parameter
sets present quite high accuracy, and the predictions of the solubility of normal hydrocarbons with
the new proposed parameters are quite satisfactory. A simply linear k;; correlation against carbon
number (or molecular weight) could make the AG parameters give almost the same accuracy of the
solubility of normal alkanes in water with a noticeable deterioration of the solubility of water in

hydrocarbons, especially at the low to medium temperature range.

1E-3 1E-1
v
&
(a) o (b) o
[ P
Loomm ™0 : ‘&@o.
- 1
8 g T T e g S1E2 |
s165 - O g.gd0-0 =
----- =" <
] e T e ]
o o o BTG 0 o = Fr
) Q.e070 O P u} g e O nCS
ELE'G ’A LT R O ncé £ Fa O nce
H LSR8 B D A onc7 Quies J N
o e 0 o 0.0 ¢ ncs & ~ ncs
70 03
LE7 € 0080 0 8 L x X X nc9 y-1 X nC10
X XXX X X X :f _E = AG
1E-8 - . . L Lea & ‘ ‘ e XL
270 320 370 420 470 270 320 370 420 470
Temperature (K) Temperature (K)

Figure 2.27 The prediction of the mutual solubility of water and n-alkanes. The water parameters
AG and XL are respectively from the parameters of Grenner et al. (2006) and Liang et al. (2014).
The experimental data are from Maczynski et al. (2004).
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Figure 2.28 The mutual solubility of water and n-alkanes, correlations and predictions from the
water parameters AG of Grenner et al. (2006) and XL of Liang et al. (2014), respectively. The
experimental data are from Maczynski et al. (2004).
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The correlations of LLE of methanol + nC6, nC8 and nC10 are presented in Figure 2.29. It is shown
that the XL and XL2 parameters perform better than GS on correlating the hydrocarbon rich branch.
As shown in Figure 2.30, a constant kjj could be used for the binary mixtures of methanol and
normal hydrocarbons heavier than n-butane, which will be very useful for modeling oil and

methanol containing systems.
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Figure 2.29 Correlations of the methanol + nC6, nC8 and nC10 with the parameters from Gross and
Sadowski (2002), and Liang et al. (2012). The parameter set XL2 is from this work. The
experimental data are from Matsuda et al. (2002, 2004), Kurihara et al. (2002).
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Figure 2.30 The k;; values for the correlations of the methanol + n-alkanes with the parameters from
Gross and Sadowski (2002), and Liang et al. (2012). The parameter set XL2 is from this work.
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The correlations of the LLE of water with nCy and with nC; are presented in Figures 2.31, which

show that the parameter set XL performs better than the parameter set AG on describing the mutual

solubility. Similar results have been seen for the binary mixture of water and nCy. As shown in

Figure 2.32, a simple linear correlation of the k;; values against molecular weight could be found for

both parameter sets, which is very useful in modeling 0il/MEG containing systems.
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are from Derawi et al. (2002).
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2.4.1.3 Summary

A temperature dependent kj; is crucial for correlating the solubility of light hydrocarbons (methane
and ethane) in water, while a constant k; could be used for the binary mixtures of methane with

methanol or with MEG.

The predictions of water and normal hydrocarbon series from the new water parameters are quite
satisfactory, so kj is not needed for these binaries. A simply linear k;; correlation against carbon
number (or molecular weight) has been introduced for the water parameter set AG to improve the

description of the solubility of normal alkanes in the water rich phase.

The model parameters of methanol having speed of sound data and LLE data of methanol with
normal hydrocarbons considered in the parameter estimations, i.e. XL and XL2, give almost the
same performance for the systems investigated in this study. So the parameter set XL, which has
been published [Liang et al. (2012)], will be used hereafter. It has been found that constant ki;
values could be used to model the LLE of methanol with hydrocarbons heavier than butane, and
simple linear correlations of the kij values against molecular weight have been developed for both
MEG parameter sets (AG and XL). These findings are very useful in modeling oil/chemical

containing systems.
2.4.2 Associating + Associating binary mixtures
2.4.2.1 Impacts of water parameters

In order to investigate the water parameters in a more complete way, the phase equilibria of binary
mixtures of water and primary alcohols are extensively studied with the alcohol parameters from the

same group, i.e. Gross and Sadowski (2002).

The prediction and correlation of VLE or VLLE of water and 1-alcohols are reported in Tables 2.5
and 2.6. Quite large deviations from the predictions are seen for some cases, for which incorrect
phase behavior is predicted. These large deviations are still reported simply because the same
calculation procedures are used for both prediction and correlation, which are good examples to
show the deficiencies of the corresponding parameter sets and the significances of correlation, i.e.

using the binary interaction parameter ki;.
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As reported in Table 2.5, the parameter sets AG (4C) and W3B_C give the best predictions for VLE
of binary systems of water with methanol and with ethanol, respectively. The parameter sets GS
(2B) and AG (4C) give the best predictions for VLE of water with 1-propanol. It can be seen from
Table 2.6 that the parameter sets GS (2B) and W3B_C show comparable and better predictions than
the other sets for the VLLE of water with 1-butanol, while GS (2B) has best predictions for the
system of water with 1-pentanol. It is surprising to see that the parameter sets with the best
description of vapor pressure of water, i.e. NVS (4C), show worst predictions for all of these
systems. It is worth noticing that the predictions of parameter sets W3B and W4C, both from
Aparicio-Marinez et al. (2007), are not satisfactory, while the set W3B_C, with rescaling to the
critical point and poor description of vapor pressure and liquid density, show comparably good

prediction results.

Comparing the results in Tables 2.3, 2.5 and 2.6, the phase equilibria of water and 1-alcohols are
easier to tune than the LLE of water and hydrocarbons, using either large or small k;; values. The
most obvious example is the parameter set NVS (4C), as indicated by the large k;; values and simply
demonstrated in Figure 2.33 (a), in which relatively large k;; values are used to correlate the VLE of
water and methanol for the parameter sets that show poor predictions for this system. The results
from these two tables reveal that the parameters with 4C association schemes do perform better than
those with 2B and 3B on correlating VLE of water with 1-alcohols if taking the deviations of the

pressure or temperature and vapor composition into account.

As seen from Table 2.6, even though the parameters with the 2B and 3B schemes show acceptable
deviations for the 1-alcohols rich phases, they have difficulties in describing this phase from the
qualitative point of view, as shown in Figure 2.33 (b). Meanwhile the 4C sets, which have
satisfactory description for the LLE of water with hydrocarbons, e.g. AG, DE and XL, could
describe the 1-alcohols rich phases very well, but have difficulties in matching the water rich phase
in the LLE of water with 1-alcohols, especially with 1-butanol. It is again surprising to see that the
set NVS (4C) gives best results in balancing three phases with relatively large k;; values. Lastly, it is
interesting to note that the parameter set GS (2B) presents close to zero positive kjj values, for water

with 1-propanol and with 1-pentanol, while all of other sets give negative values.

In general, the new water parameter set (XL) shows quite satisfactory correlations for both VLE and
VLLE of the binary systems of water with 1-alcohols, if compared to the results from the literature

available parameters.
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Table 2.5 %AAD for the VLE of water with methanol, ethanol or 1-propanol”

dP (%) / dT (K) dY (H20, %) kij dP (%) /dT (K) dY (H20, %)
Models Methanol (Experimental data in 298.15-373.15K)
Butler et al. (1933), Griswold et al. (1952)

GS 29.2 9.63 -0.0716 4.87 1.75
W2B 74.6 17.8 -0.1118 5.06 2.10
W3B 169 24.5 -0.1429 6.72 2.44

W3B C 334 11.0 -0.0680 5.00 2.44

AG 17.3 6.30 -0.0585 3.81 0.99

DE 29.2 10.4 -0.0863 3.52 0.79
NVS 217 26.7 -0.1660 3.71 1.42
w4cC 83.3 19.0 -0.1216 423 1.94

XL 32.0 11.1 -0.0852 3.62 1.01

XL (XL)" 24.2 8.90 -0.0657 3.48 0.97
CPA 10.6 4.27 -0.0748 3.10 1.03

Ethanol (Experimental data in 298.14-363.15K)
Phutela et al. (1979), Kurihara et al. (1995), Pemberton et al. (1978)

GS 10.3 4.88 -0.0304 3.19 2.10
W2B 30.3 10.3 -0.0628 2.86 1.50
W3B 61.6 15.5 -0.0845 4.04 2.36

W3B_C 6.25 2.93 -0.0146 2.64 1.42

AG 9.87 3.70 -0.0359 1.83 0.86

DE 15.4 592 -0.0541 1.46 0.53
NVS 108 19.7 -0.1212 1.65 0.72
w4cC 46.3 13.4 -0.0877 2.00 0.75

XL 16.5 6.34 -0.0532 1.46 0.47

XL (XL) 14.0 5.50 -0.0456 1.31 0.52
CPA 4.48 2.52 -0.0409 1.68 1.40
1-Propanol (at atmospheric pressure, Udovenko et al. (1972)

GS 1.10 3.69 0.0022 1.12 3.43
W2B 3.68 8.19 -0.0240 1.05 3.18
W3B 9.45 17.0 -0.0452 1.43 4.03

W3B C 2.67 7.37 0.0239 0.71 2.74

AG 1.87 1.77 -0.0148 1.06 2.24

DE 3.96 5.89 -0.0334 1.08 2.23
NVS 21.4 27.1 -0.0874 0.44 1.31
w4cC 9.13 14.8 -0.0512 0.46 2.12

XL 3.66 5.29 -0.0287 0.85 1.86

XL (AG) 2.65 3.74 -0.0215 0.69 1.55
CPA 0.99 3.10 -0.0300 1.37 4.08

" The mark for smallest (Bold and Italic) and largest (Highlight) deviations based on the sum.

“TW_1 denotes the simplified PC-SAFT with the new proposed water parameters from this work
and the 1-alcohol parameters from another source.
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Table 2.6 %AAD for the VLE and LLE of water with 1-butanol or 1-pentanol”

%AAD of x (H,0) in each phase %AAD of x (H,0) in each phase
Models  dT (K) vapor water alcohol kij dT (K) vapor water alcohol
1-Butanol (at atmospheric pressure) [Boublik (1960), Serensen et al. (1995)]

GS 1.41 3.69 1.39 21.7 -0.0170 256 547 091 6.03
W2B 5.87 11.5 1.92 51.6 -0.0559 3.16 6.15 097 7.69
W3B 18.4 22.1 1.98 64.0 -0.0830 342 674 1.18 6.20

W3B C 1.39 4.23 0.93 24.7 -0.0141 273 624 194 9388

AG 2.81 3.62 0.53 46.1 -0.0360 0.83 254 838 3.81

DE 6.45 9.97 1.58 64.0 -0.0629 1.12 332 884 9.1
NVS 30.4 29.3 1.99 84.8 -0.1250 0.87 242 252 229
W4C 13.1 19.1 1.95 71.1 -0.0887 244 488 291 887

XL 5.96 9.22 1.64 61.3 -0.0585 085 240 631 4.15

XL (IK) 5.11 8.11 1.59 59.1 -0.0556 1.05 225 6.07 298
CPA 2.21 3.76 1.44 28.4 -0.0650 295 561 0.70 3.64
1-Pentanol (at atmospheric pressure) [Beregovykh et al. (1971), Serensen et al. (1995)]

GS 1.97 4.34 0.20 15.6 0.0094 1.69 482 029 109
W2B 5.04 9.38 0.39 23.5 -0.0251 2.23 543 029 128
W3B 16.4 16.4 0.43 40.4 -0.0477 3.07 7.02 034 114

W3B C 2.84 5.61 0.71 26.1 0.0137 092 3.17 028 132

AG 6.46 4.48 0.19 39.0 -0.0373 290 248 389 347

DE 10.4 9.81 0.24 56.0 -0.0603 340 285 437 1.64
NVS 33.2 24.7 0.43 76.8 -0.1060 1.64 1.01 050 5.63
W4C 15.5 16.9 0.41 57.5 -0.0692 0.77 3.02 048 13.1

XL 9.39 9.03 0.27 51.2 -0.0518 265 205 252 282

XL (AG) 114 12.2 0.36 54.0 -0.0640 225 153 144 3.12
CPA 0.81 2.34 0.30 8.42 -0.0370 144 3.62 0.15 6.16

* The mark for smallest (Bold and Italic) and largest (Highlight) deviations based on the sum.
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Figure 2.33 Experimental data and PC-SAFT correlations (kjj shown in the parentheses) for the
phase behavior of water with (a) methanol and (b) 1-butanol. The experimental data are taken from
Butler et al. (1933), Griswold et al. (1952), Boublik et al. (1960), and DECHEMA data series
[Serensen et al. (1995)]. The names are explained in section 1.2.2 and Table 2.1.
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2.4.2.2 Impacts of 1-alcohol parameters

The modeling of water and primary alcohols with PC-SAFT presented above has been conducted
using the alcohol parameters from Gross and Sadowski (2002). There are some other parameters
available for the I-alcohols in the literature, which have shown good performance for some
applications. In order to investigate if it is possible to have better description of water-alcohol
systems, the same calculations are conducted for the alcohol parameters from other sources with the

new proposed water parameters.

One result is reported for each system in Tables 2.5 and 2.6, using the name XL with the name of
the alcohol parameters in the parentheses. The parameter values of each set can be found in Table
2.4. Tt can be seen that it is possible to have better the results with the new combinations than the
original ones in terms of correlations, while it is worth pointing out that these alcohol parameters

are obtained in different ways.

A typical example of correlating water and methanol mixtures with different parameter
combinations is given in Table 2.7. These results deliver an important message that systematic
investigations are needed to be conducted on alcohols as well. In the meantime, it is possible to
conduct similar investigation as done for water above, since alcohols, as associating fluids, are

modeled using five pure component parameters with the SAFT models.

Table 2.7 Correlation kij and %AAD of water + methanol”

Models (parameter sets) i %AAD
Water Methanol J Sat. Press. yH,O in vapor

GS GS -0.0716 3.81 2.37
GS XL -0.0628 3.42 2.30
GS XL2 -0.0585 3.36 2.33
AG GS -0.0585 2.69 1.81
AG XL -0.0539 2.56 1.80
AG XL2 -0.0504 2.57 1.87
XL GS -0.0852 2.61 1.48
XL XL -0.0661 2.44 1.47
XL XL2 -0.0594 2.40 1.51

: Experimental data are from Butler et al. (1933), Griswold(1952), Kurihara et al. (1995).
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2.4.2.3 PC-SAFT versus CPA

The prediction and correlation of VLE and VLLE results for the binary mixtures of water and
alcohols from CPA are also presented in Tables 2.5 and 2.6. Typical correlation results, from PC-
SAFT with the new water parameters and from CPA, are compared in Figures 2.34 (a) and (b) for

the systems of water with ethanol and with 1-pentanol, respectively.

In terms of predictions, on one hand, CPA shows much better accuracy than the simplified PC-
SAFT with the new parameters for all systems, and with literature parameters for most of the
systems as well. On the other hand, in terms of temperature or pressure in VLE correlations, PC-
SAFT presents better results for the systems of water with ethanol, 1-propanol or 1-butanol, while
CPA shows better performance for the systems of water with methanol and 1-pentanol. PC-SAFT
with the new parameters, however, gives smaller deviations for vapor composition for all systems.
CPA results in better LLE correlations of water with 1-butanol on both phases, while the two

models describe best one of the two sides of the binodal for the LLE of water with 1-pentanol.
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Figure 2.34 Phase behavior of water with (a) ethanol at 343.15K and (b) 1-pentanol at 1 atm.
Experimental data from Pemberton et al. (1978), Beregovykh et al. (1971), and DECHEMA data
series [Serensen et al. (1995)]. The new proposed water parameters are used for PC-SAFT.

2.4.2.4 Water + MEG

The VLE correlation results of water and MEG are presented in Table 2.8 and Figure 2.35 from
different parameter combinations. The correlations are all quite satisfactory. Though the AG-AG
combination could give slightly better results than the XL-XL, the differences in the results are even

smaller than experimental uncertainties.
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Figure 2.35 VLE of water and MEG. The experimental data are from Chiavone-Filho et al. (1993).

Table 2.8 Correlation kij and %AAD of water + MEG"

Models (parameter sets) i %AAD

Water MEG ) Sat. Press. yH,O
AG AG -0.0497 2.55 0.304
AG XL -0.0461 2.30 0.299
XL AG -0.0674 4.61 0.304
XL XL -0.0559 3.40 0.296

: Experimental data are from Chiavone-Filho et al. (1993).
2.4.2.5 Summary

With PC-SAFT, the phase behavior of binary aqueous systems with 1-alcohols is easier to be
described (using one adjustable parameter) than the phase behavior of water-hydrocarbon mixtures.
The PC-SAFT water parameters with the 4C association scheme seem to be more effective in
obtaining better correlations of the phase equilibrium for aqueous 1-alcohols mixtures. It is
necessary, however, to point out that for the 4C parameter sets presenting good description of the
LLE for water with hydrocarbons, there is some space left for improving the descriptions of the
water rich phase for the LLE of water with 1-butanol and with 1-pentanol. The fact that different
results could be obtained by using different alcohol parameters suggest that systematic investigation
needs to be conducted on alcohols as well, since they, as associating fluids, are also described using
five pure component parameters with the SAFT theory. In general, CPA gives better predictions on
the water and 1-alcohol binary systems studied in this section, but PC-SAFT with the new water

parameters present comparably satisfactory VLE and VLLE correlations.
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2.4.3 Water + Chemical + Inert ternary mixtures

2.4.3.1 Vapor-liquid equilibria

The prediction of the ternary systems of water, methanol and methane using the combinations of the
water parameter sets AG and XL, and the methanol parameter sets GS and XL are presented in
Figure 2.36. The results show that the three combinations from different parameter sets give equally
reasonable results. As in the binaries, the composition of water and methanol in the vapor phase is
mainly determined by the their parameters, e.g. the methanol parameter set GS predicts slightly
lower composition of methanol in the vapor phase, while the water parameter set XL predicts

slightly higher composition of water in the vapor phase, which is more close to the experimental

data.
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Figure 2.36 The predictions of the ternary systems of water + methanol + methane using the
combinations of the water parameters from Grenner et al. (2006) and this work, and the methanol
parameters from Gross and Sadowski (2002) and Liang et al. (2012). The data are taken from Wang
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The predictions of the ternary mixture of water-MEG-methane using the combinations of the water
and MEG parameter sets AG and XL are presented in Figure 2.37. The performance of these
combinations is quite similar to what has been seen in the ternary mixture of water-methanol-
methane, e.g. the MEG parameter set AG predicts slightly lower composition of MEG in the vapor
phase, while the water parameter set XL predicts slightly higher composition of water in the vapor

phase. There is no obvious evidence clarifying which combination is best.
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Figure 2.37 The predictions of the ternary systems of water + MEG + methane using the
combinations of the water parameters from Grenner et al. (2006) and this work, and the MEG
parameters from Tsivintzelis and Grenner (2008) and this work. The data are taken from Wang et al.
(2003) and Folas et al. (2007).

2.4.3.2 Liquid-liquid equilibria

The prediction of the LLE of the ternary mixture water-methanol-heptane is presented in Figure
2.38. The combinations of water parameter sets AG and XL, and the methanol parameter sets GS
and XL give similar prediction for the solubility of heptane in the polar phase, while the methanol
parameter set XL presents higher prediction for the solubility of methanol in the organic phase than

the parameter set GS. As shown in Figure 2.38 (b), if the experimental data is fully reliable, the
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parameter set XL shows better performance in the high solubility region and the parameter set GS

performs better in the low solubility region.
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Figure 2.38 The predictions of the ternary systems of water + methanol + heptane using the
combinations of the water parameters from Grenner et al. (2006) and this work, and the methanol
parameters from Gross and Sadowski (2012) and Liang et al. (2012). The experimental data are
taken from Letcher et al. (1986).
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The prediction of the LLE of the ternary mixture water-MEG-hexane is presented in Figure 2.39.
As expected, the combinations of water and MEG parameter sets AG and XL give quite similar
prediction for the solubility of hexane in the polar phase. Both water and MEG parameters from this
work show better predictions of the solubility of water and MEG in the organic phase than the AG

parameter set. This might be due to the usage of the relevant LLE data in the parameter estimation.
2.5 Conclusions

The binary systems of water and hydrocarbons, without accounting for cross association (solvation),
present a good way to investigate the effect of the self-association interactions of water. An
interactive step-wise optimization procedure has been developed to take LLE of water with non-
aromatic hydrocarbons into account when estimating the pure component parameters for water with

the simplified PC-SAFT EOS. This approach is similar to the one used for CPA.

The PC-SAFT EOS with the newly developed parameters and the CPA EOS, on one hand, give
equally good description of the vapor pressure and saturated liquid density of water, and present
quite satisfactory VLE/LLE/VLLE correlations for binary and ternary systems containing water,
hydrocarbons, and chemicals. On the other hand, both models have difficulties in describing the
second-order derivative properties, e.g. residual isochoric heat capacity and speed of sound. The
significant deficiency of these perturbation theory based models on residual isochoric heat capacity
indicates that the temperature dependency is not described well within the current frameworks. The
temperature dependency of the speed of sound in saturated water on temperature is abnormal —
there is a maximum around 350K, and different approaches give quite similar results. These
observations suggest that it is not recommended to directly put these two properties in the parameter

estimation for water.
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Chapter 3. Petroleum fluid characterization

The PC-SAFT EOS has shown promising results for describing complex phase behaviors and high
pressure properties of various systems. It has been proposed as an alternative to the classical cubic
equations of state in the petroleum industry. However, it is far from a simple task to develop

successful oil characterization methods for the PC-SAFT EOS.

The purpose of this study is: (1) to discuss the influence of different options in the characterization
procedure, including the molar composition distribution, the density correlation, the number of
pseudo-components, the estimation method of PNA contents and the binary interaction parameters,
on PVT calculations; (2) to investigate the significance of fitting model parameters during
characterization, and how to choose the fitting parameters for accurate descriptions of saturation
pressure and density; (3) to propose general petroleum characterization methods with the PC-SAFT

EOS; (4) to show the advantages and limitations of the PC-SAFT EOS.
3.1 Introduction

Characterization is always needed for applying thermodynamic models for phase behavior and
property calculations of petroleum fluids. This is due to the facts that (1) a complete identification
and quantification of all the species in the petroleum fluids is not feasible; (2) the properties to be
used as model parameters, e.g. critical properties for cubic EOS models, are largely missing for
most species; (3) it is impractical to perform phase equilibrium calculations for thousands of
substances in process and/or reservoir simulations or online control [Pedersen et al. (2007a),
Whitson et al. (2000), Riazi (2005)]. The characterization procedure is to represent the petroleum
fluids with a reasonable number of pseudo-components and to find the EOS model parameters for
each of them. In this way, we have an engineering solution that enables the application of
theoretical thermodynamic models to ill-defined petroleum fluid mixtures. Fluid characterization is
now an indispensable part in simulations involved in both upstream and downstream scenarios of

the oil industry.
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The most widely used characterization procedures in the petroleum industry are those proposed by
Pedersen et al. (1983, 1984) and Whitson et al. (1983, 1989), which were originally developed in
connection with the Soave-Redlich-Kwong (SRK) EOS [Soave (1972)] and the Peng-Robinson (PR)
EOS [Peng and Robinson (1976)]. These two cubic EOS are the standard models for pressure-
volume-temperature (PVT) modeling of reservoir fluids and compositional reservoir simulations,
and they have been so for decades. Recently, the PC-SAFT EOS has been proposed as a potential
next generation model, because of its performance for phase equilibrium calculations of highly
asymmetric systems, high pressure density and second-order derivative properties, for instance
compressibility and speed of sound, are superior to what are calculated from cubic EOS [Gross and
Sadowski (2001), von Solms et al. (2006a), Pedersen et al. (2007b), Kontogeorgis et al. (2010a), de
Villiers (2011), de Hemptinne et al. (2012)].

Pedersen and Serensen (2007b) proposed to use linear functions of molecular weight to represent m
and me/k for the paraffinic-naphthenic and the aromatic parts of single carbon number (SCN)
fractions heavier than n-hexane, and then these two parts are combined by using the paraffinic-
naphthenic-aromatic (PNA) estimation with the procedure of van Nes and van Western (1951). The
adjustable coefficients are regressed to match the saturation points of 10 different reservoir fluids
and the experimental asphaltenes precipitation onset pressures for 3 different oils. The segment
diameter parameter (o) is fitted to match the specific gravity (SG, liquid density) of the SCN
fraction at atmospheric pressure and 288.15K. The Cso+ SCN fractions are split into two asphaltene
and non-asphaltene pseudo-components when modeling behaviors of asphaltene, such as
precipitation. Recently, Pedersen et al. (2012) updated the characterization method by introducing
molecular weight and liquid density of each SCN fraction directly in expressions of m and me/k.
The PNA content estimations only went into the C; fraction, which is assumed to be composed of
n-heptane, cyclo-hexane and benzene. This characterization procedure has been used to model
enhanced-oil-recovery (EOR) PVT data [Pedersen et al. (2012)], and high pressure phase behavior
and asphaltene precipitation onsets of Gulf of Mexico (GoM) oil mixed with nitrogen [Hustad et al.
(2013)]. Leekumjorn et al. (2013) commented that reliable and generally applicable petroleum fluid
characterization methods are still needed to be developed for the PC-SAFT EOS.

Yan et al. (2010) developed a characterization method for the PC-SAFT EOS by combining the
procedure proposed by Pedersen et al. (1983, 1984) with a set of new correlations for the model

parameters. The new correlations are developed in a two-step perturbation approach: first, the
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reference parameters are calculated from the linear correlation functions of molecular weight for the
corresponding normal alkane; then, the parameters of the SCN fraction are estimated using a
perturbation relation of SG. The correlations for these parameters were developed using 29 normal

alkanes and 210 other hydrocarbons from the DIPPR database (2012).

Chapman and coworkers have shown promising results for asphaltene modeling with the PC-SAFT
EOS [Ting (2003), Gonzaléz (2008), Vargas (2010), Panuganti et al. (2012, 2013), Punnapala et al.
(2013)]. Their characterization method was based on saturates-aromatics-resins-asphaltene (SARA)
analysis. Only three pseudo-components, i.e. saturates, aromatics + resins and asphaltene, were
proposed to represent the stock tank oil (STO), and well-behaved correlation sets between pure
component parameters and molecular weight were developed for saturates, aromatics and resins.
The aromatics and resins were then combined by introducing an extra aromaticity parameter vy,
which is fitted to the saturation pressure and STO density of the reservoir fluids. The parameters of
asphaltene are considered to be adjustable, and are in general fitted to the measured precipitation

onset data with or without gas injection.

The characterization methods for the PC-SAFT EOS discussed above can be summarized: (1) well-
behaved correlations between model parameters and molecular weights could be established for
different homologous series; (2) PNA or SARA analysis could be used to combine the parameters
for each SCN fraction or pseudo-component; (3) SG could be used to correct or tune the parameters;

(4) one extra pseudo-component could be introduced if necessary when modeling asphaltene.

In this study, it is assumed that only molecular weight and SG and/or true boiling point (Tb) are
directly used in the characterization. We will review firstly the two widely used petroleum fluid
characterization procedures, and in the meantime propose a third one by combining these two. Then,
the well-behaved linear correlations for model parameters, the binary interaction parameters and the
estimation method of PNA contents will be discussed, and six candidate methods will be proposed
to estimate the model parameters by combining simple correlations with the PNA content
estimations, and/or by fitting model parameters. Thirdly, the performance of these six candidate
methods is investigated for predicting the saturation pressure and density of various petroleum
fluids, and a new compromise general method is proposed. Finally, the behavior of the best four

methods is further studied on PVT simulation, phase envelope and activity coefficients.

57



Thermodynamic modeling of complex systems

3.2 Entire C7. characterization procedure

The petroleum fluid characterization procedures aim to provide the necessary information for EOS
calculations from limited experimental data. In a full petroleum characterization, the components
are normally classified into three categories [Pedersen et al. (2007a)]: (1) defined components
whose properties are well known, such as N, CO,, HsS, Cy, C,, Cs, iC4, nCy, iCs, nCs and Cg; (2)
Tb fractions, whose molecular weight and SG are either measured or estimated within a given
temperature interval; (3) the plus (Cn+) fraction whose average molecular weight and SG are
normally available. The characterization is in general used for the fractions in categories (2) and (3),
which involve mainly C;; fractions, so the petroleum fluid characterization procedure is sometimes

called C7, characterization procedure.

The characterization procedure proposed by Pedersen et al. (1983, 1984) is based on an exponential
decay distribution of molar composition against molecular weight of SCN fractions, and in general
Cso is the heaviest SCN fraction considered. The SCN fraction lumping is needed. This procedure
consists of four steps: (1) calculating the mole fraction of SCN fraction by assuming a linear
relationship between the logarithm of molar composition and the carbon number for SCN heavier
than Cn: depending on users’ specification; (2) calculating the liquid density of SCN fractions by
assuming a linear relationship between the liquid density and the logarithm of carbon number; (3)
estimating the required properties or parameters of the chosen EOS model for each SCN fraction,
e.g. critical properties for cubic EOS; (4) lumping the SCN fractions and their properties into a user-
specified number of pseudo-components with some given rules, for instance, approximate equal

mass fraction.

Another well-known characterization procedure, which was developed by Whitson is based on a
gamma type distribution of molar composition against molecular weight [Whitson et al. (1983,
1989)]. It consists of the following four steps: (1) calculating the characteristic parameters of the
gamma distribution function, which is used to describe the relationship between molar composition
and molecular weight in a continuous space; (2) creating a user-specified number of pseudo-
components with either the equal mass fraction or the Gaussian quadrature approach; (3) calculating
the SG by using a sophisticated correlation whose characteristic coefficient is fitted to the property
of Cy; fraction [Sereide (1989), Whitson et al. (2000)]; (4) estimating the required properties or

parameters of the chosen EOS model for each pseudo-component.
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These two characterization procedures are compared in Table 3.1, and they are named as the
exponential and gamma characterization procedures in the following discussions. It can be seen that
there are two adjustable parameters in describing molar composition distribution in both
characterization procedures if the experimental Mc7: is used in gamma characterization procedure,
while there are one or two adjustable coefficients for the liquid density function or the SG
correlation. Ghasemi et al. (2011) showed that the exponent constant in the Sereide correlation
[Sereide (1989)] can also be used as an additional adjustable parameter. The known molecular
weight and SG information of the C;; fractions is used to estimate these parameters. The fitting
makes little meaning when the C fraction dominates the Cs. fraction, i.e. z¢,, /Z¢,, > 0.95, in
the gamma characterization procedure, so the recommended values of characteristic parameters

(a = 1; n = 90) will be used to create pseudo-components for these cases.

Table 3.1 Comparison of the exponential and gamma characterization procedures

Property or rule Exponential Gamma

gy ) = 0 Mp )|

molecular weight M; =14%xC; — 4 M; = 7
bi _ (Mpi—
[ o) = [ ()]
Mp; Mpi-1
mole composition Inz;=A+BXC(; z; = 27c,, U p(M) — f P(M)]
n n
specific gravity SG; =C+D X InC; SG; = 0.2855 + C¢(M; — 66)°13
combining rule (Exp) in in p(M) = M =n)*texp((n — M)/B)
characteristic function J=im J= B = (MC7+ — r;) /a, T is gamma
(Gamma) w; = z; or z;M; function

Pedersen et al. (1992, 2007) showed that the performance of these two procedures was very similar
based on an analysis of the mathematical expressions and the extended compositional analysis. Zuo
and Zhang (2000), however, stated that the characterization procedure proposed by Pedersen et al.
(1983, 1984) usually gives better predictions than those of Whitson et al. (1983, 1989) if no EOS

tuning is undertaken.

In this study, both characterization procedures have been implemented and used with the PC-SAFT

EOS. In order to investigate the individual influence from different options in the first two steps of
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characterization, i.e. the molar composition distribution and the SG correlation strategy, a third
characterization procedure has also been implemented — the Sereide correlation is used to calculate
the SG for the lumped pseudo-components in the exponential characterization procedure. The entire
flowchart is shown in Figure 3.1. All of these three characterization procedures are so general that
only the step of estimating model parameters should be changed for different EOS models or
different approaches for the same EOS model. In many cases, it is common or necessary to tune the

model parameters to match experimental data, such as saturation pressure, oil density and

precipitation onset pressure of asphaltene [Pedersen et al. (2007a)].

Read in user specifications: option for
Exp. or Gamma; option for params/
props estimation; experimental data;

A

Estimate the coefficients of
composition vs. Cy

A

A

Estimate the coefficients of
composition vs. Mw

|

Create pseudo-components

Estimate the coefficients of
density vs. Cy

Lump SCN fractions into
pseudo-component

l

Estimate model parameters

I

Lump SCN fractions into
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A 4

Estimate SG & TB for given
Mw (Sereide correlation)

l

Estimate model parameters

|

RETURN model parameters

Figure 3.1 Entire C7+ characterization procedure
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3.3 Model parameter estimation for pseudo-components
3.3.1 Model parameters

As discussed in the Chapter 2, the PC-SAFT EOS has three model parameters, i.e. the number of
segments (m), the diameter of the segment (o), and the segment self-interaction energy (e/k), for
each non-associating compound. Two other parameters are needed for the associating fluids. The

pseudo-components are normally assumed to be non-associating in petroleum fluid characterization.

When using the PC-SAFT EOS with the general characterization procedures discussed above,
correlations or fitting approaches are needed to estimate the model parameters m, ¢ and € for SCN
fractions or pseudo-components. Simple correlations between the model parameters and molecular
weight for n-alkanes or other homologous hydrocarbon series are available in the literature [Tihi¢ et
al. (2006, 2008), Yan et al. (2010)], which provide a feasible basis to apply the PC-SAFT EOS for
the petroleum fluids. It is most common to express the model parameters or their combinations m,
mo’ and me/k as linear functions of molecular weight [Tihi¢ et al. (2006), Liang et al. (2012)].
Based on the model parameters given by Gross and Sadowski (2001), Tihic et al. (2006) and Yan et
al. (2010), linear correlations for n-alkanes, cyclo-alkanes and benzene derivatives are refitted and
listed in Table 3.2 and shown in Figure 3.2. The model parameters of methane are not used in the

regression.

Table 3.2 Correlations of PC-SAFT model parameters against molecular weight for different
homologous hydrocarbons families

) n-alkanes cyclo-alkanes benzene series
Properties
(Paraffins) (Naphthenes) (Aromatics)
m 0.02569Mw + 0.8709 0.02254Mw + 0.6827 0.02576Mw + 0.2588
mo” (A%) 1.7284Mw + 18.787 1.7115Mw + 1.9393 1.7539Mw - 21.324
me/k (K) 6.8248Mw + 141.14 6.4962Mw + 154.53 6.6756Mw + 172.40

" The parameter values are taken from Gross and Sadowski (2001), Tihi¢ et al. (2006, 2008).

There are alternatives for estimating the model parameters of ill-defined SCN fractions or pseudo-
components. Based on the analysis of the relationships between different combinations of
parameters and properties, Yan et al. (2010) proposed the following equation to correlate mo® using

a kind of perturbation expansion procedure.
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(ma3)0

SG
-1=0. X|=—=—- 3.1
p——" 1 =0.86381 ((SG)O 1) (3.1)

where subscript 0 denotes the parameter (ma’) or property (SG) of the corresponding n-alkanes
which have the same molecular weight or Tb of the SCN fraction or pseudo-component being
estimated for the parameters. The details of the calculation procedure can be found in the work of

Twu (1984) or Yan et al. (2010).

In this study, a further analysis has been conducted for 310 hydrocarbons heavier than benzene, and

it is found that a very good linear relationship exists for me/k and Mw, as shown in Figure 3.3.
me/k = 6.8311 x Mw + 124.42 (3.2)

The properties of these hydrocarbons are taken from DIPPR database (2012), and the three model
parameters are regressed to the correlated vapor pressure and saturated liquid density data available

in DIPPR database (2012).
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Figure 3.2 Linear correlations of m, mo® and me/k against molecular weight for (a) n-alkanes, (b)
cyclo-alkanes, and (c) benzene derivatives.

62



Chapter 3. Petroleum fluid characterization

3 r me/k = 6.8311 x Mw + 124.42
R2=0.9795

me/k (K)/1000
N

0 200 400 600
Molecular weight (g/mol)

Figure 3.3 Simple correlations of me/k against molecular weight for 310 hydrocarbons from DIPPR
database (2012).

3.3.2 PNA estimations

For the prediction of thermodynamic properties of ill-defined petroleum fractions, knowledge of the
PNA distribution of each SCN fraction or pseudo-component is usually helpful if it is available. In
this study, two estimation methods of the PNA contents have been implemented. One method was
developed by van Nes and van Western (1951), which is normally called as n-d-M method. The
other one is from the work of Riazi and Daubert (1986), which will be denoted as Riazi method
hereafter. The detailed calculation procedures of these two methods can be found in the book of

Riazi (2005).
The PC-SAFT EOS model parameters can be combined using the following equation.

— 0P x P N g N Ay A
Q=Q; Xxj +Q Xx;' +Q; Xx{ (3.3)
where Q represents m, mo® or me/k, and x[, x, x/* are the percentages of P, N and A contents in

each SCN fraction or pseudo-component, which fulfill the following summation constraint.
xF+xN+xf=1 (3.4)

The model parameters of the P, N and A contents are represented, respectively, by n-alkanes, cyclo-

alkanes and benzene derivatives in this study, for which the correlations are given in Table 3.2.
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3.3.3 Binary interaction parameters (BIP) kj

In general, a binary interaction parameter (k;;) is needed for polar or highly asymmetric binaries to
correct the segment-segment interactions when using the PC-SAFT EOS. The kj; values for the
same binary mixtures are different for the original and simplified versions [von Solms et al. (2003)].
Fortunately, a lot of work has been done for the simplified PC-SAFT EOS in the past decade. Yan
et al. (2010) reported an optimal k;; table for the possibly most important binary pairs in reservoir
fluids. These pairs include N,-X, CO,-X and C;-X, where X is another compound in the reservoir
fluid. Tihi¢ et al. (2006, 2008)also studied the vapor-liquid equilibria of binary systems of heavy
hydrocarbons and light alkanes or gases. In this work, the k;; values are mainly taken from the work
of Yan et al. (2010), while the following three changes are made: (1) negative kjj values of
hydrocarbon pairs, which are not common, have been removed or replaced by the values from
Tihi¢’s work (2006, 2008); (2) the available kj; between H»S and other components are added; and
(3) the kjj of N»-C74, CO»-C74, and C;-Cy+ are taken the reasonable values in the middle of those
from Yan et al. (2010) and Tihi¢ et al. (2006, 2008), since Yan et al. (2010) considered the n-
alkanes only up to n-decane. The modified kj; values are compared with the old ones in Table 3.3,
and the k;; for other pairs could be found in the work of Yan et al. (2010). More discussions will be

given for the modification (3) in the following section.

Table 3.3 The modified k;; values from the k;; table reported in work of Yan et al. (2010)

Comp. 1 Comp. 2 ki (old) kij (new)
N, Cr+ 0.055 0.08
CO; Cr+ 0.07 0.06
H,S iCy 0.00 0.026
H,S nCy 0.00 0.045
H,S nCs 0.00 0.048
H,S Cr+ 0.00 0.03
Ci C, -0.0058 0.0
Ci nCy -0.0159 0.0041
Ci Cr+ 0.016 0.02

3.3.4 Candidate methods (CM)

It is shown earlier that simple correlations for the model parameters can be readily established for
homologous series, and the PNA contents can be easily estimated as well. Therefore, it is possible

to develop approaches for estimating model parameters based on combining the simple correlations
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with the estimated PNA contents. In order to investigate the feasibility of using linear correlations
for model parameters, and/or the significances of fitting approaches, six methods are proposed to

estimate the model parameters during the characterization procedure.

The brief descriptions of the main ideas of these six candidate methods are presented in Table 3.4.
The basic procedure is to choose homologous series with well-behaved correlations to represent the
PNA contents, and to combine the models parameters with the estimated PNA contents, and then to
fit zero, one or two parameters to the known physical properties, i.e. SG and/or Tb, of each SCN
fraction or pseudo-component. The details of how they are implemented are shown in the flowchart

Figure 3.4, and more discussions are given for each method in the following sections.

Table 3.4 Description of the candidate methods for estimating model parameters

Candidate Method Description
CM1 combination of correlations from Table 3.2 using equations (3.3 and 3.4)
CM2 P and N percentages are tuned to match Tb and SG with equation (3.4)
CM3 m and ¢ are from CM1 and ¢ from equation (3.1)
CM4 m and ¢ are tuned to match Tb and SG with o from equation (3.1)
CM5 ¢ is tuned to match SG with m from CM1 and & from equation (3.2)
CM6 m and ¢ are tuned to match Tb and SG and ¢ from equation (3.2)

3.4 Results and discussion
3.4.1 Petroleum fluids database

In order to investigate and compare the overall performance of different candidate methods, a
petroleum fluid database covering wide ranges of composition, temperature and pressure is needed.
In this work, 80 petroleum fluids have been collected from different sources [Wu et al. (1999),
Jaubert et al. (2002), Al-Ajmi et al. (2011), Yan et al. (2013), CERE Internal Databank (2013)]. As
listed in Appendix Table A, it can be seen that different types of petroleum fluids, from gas
condensate to quite heavy oil, are included. It is readily seen that the plus fractions are starting from
C, Cy; or Cy for most of the fluids. Various experimental data from different measurements, such
as Constant Mass Expansion (CME), Differential Liberation (DL), and/or separator test, are

available for many of the fluids in this database.
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Figure 3.4 Implementation flowchart of the six candidate characterization methods
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3.4.2 Saturation pressure and density

PVT modeling is used to study the volumetric behavior of the petroleum fluids as a function of
temperature and pressure. Density is an essential property for petroleum fluids PVT measurements.
Saturation pressure is another essential PVT property, especially the one at the reservoir
temperature. A second phase starts to form after the reservoir pressure reaches the saturation
pressure, which makes the produced fluid composition change significantly. These two properties
play a crucial role in petroleum engineering calculations and production decision makings. They are
used as the first criterion to choose proper characterization methods for further analysis. Density in
this work includes liquid density of oils in both single-phase and two-phase regions, and density of

gas condensates above dew pressure.

Table 3.5 The %AADs for saturation pressure of 80 petroleum fluids from different characterization
procedures and number of pseudo-components

Char. Numb. %AAD of saturation pressure
Proc. Pseudo. CMlI CM2 CM3 CM4 CMS5 CM6 Yan SRK PR
5 16.0 10.7 6.91 12.5 5.70 5.97 9.51 7.01 8.10
Pedersen 7 16.0 10.8 6.89 12.4 5.69 5.94 9.89 7.10 8.26
10 15.9 10.8 6.87 12.3 5.69 5.91 10.3 7.16 8.34
5 154 9.04 6.73 11.8 5.62 5.97 8.14 8.06 9.38
Whitson 7 15.3 9.12 6.71 11.8 5.60 5.97 8.41 8.14 9.45
10 15.3 9.28 6.70 11.8 5.60 5.94 8.62 8.13 9.37
5 15.4 9.19 6.81 12.0 5.57 6.07 8.24 7.01 8.10
f;;r:sdes 7 154 920 677 120 553 598 851 710 826
10 15.3 9.31 6.76 12.1 5.55 5.93 8.71 7.16 8.34

Table 3.6 The %AADs for density of 80 petroleum fluids from different characterization procedures
and number of pseudo-components with the PC-SAFT EOS

Char. Numb. %AAD of density
Proc. Pseudo. CM1 CM2 CM3 CM4 CM5 CM6 Yan
5 8.05 6.00 2.09 1.60 1.27 1.27 2.81
Pedersen 7 8.04 6.00 2.09 1.60 1.26 1.27 2.31
10 8.04 6.00 2.08 1.60 1.26 1.26 2.03
5 7.90 5.46 2.17 1.60 1.29 1.30 1.67
Whitson 7 7.89 5.48 2.16 1.59 1.28 1.29 1.65
10 7.88 5.52 2.15 1.59 1.28 1.29 1.63
5 7.91 5.50 2.17 1.60 1.28 1.28 1.61
Pedersen 7 7.90 5.48 2.15 1.60 1.27 1.28 1.61
(Sereide)
10 7.89 5.49 2.15 1.60 1.27 1.28 1.60
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Table 3.7 The percent deviations of saturation pressure for individual fluids

. CM5 CM5S CM5
Flud CM1 CM2 CM3 CM4 CMS5 (Whit.) (nc=10) (Riazi) CM6 Yan SRK

FO1 6.08 015 243 9.69 237 505 053 200 238 106 9.23
F02 201 310 245 3.02 208 312 430 306 218 652 0.57
F0O3 258 9.72 6.69 332 771 806 101 10.1 625 156 4.90
F04 102 115 669 114 551 7.17 016 2.68 697 104 430
FO5 045 945 516 454 667 496 121 979 453 232 0.08
F06 183 9.04 6.64 238 344 287 287 283 391 373 193
F07 120 6.83 415 104 278 2.01 244 176 297 498 252
FO8 658 0.14 147 487 299 140 349 707 255 224 1.59
F09 1.52 478 211 011 138 429 107 3.03 151 300 535
F10 1.88 3.05 029 171 062 148 095 157 070 13.1 528
F11 024 336 067 057 018 1.81 047 2,00 026 159 395
F12 930 406 109 391 019 157 027 497 0.07 519 1.64
F13 16.5 115 8.5l 11.0 722 597 713 275 742 202 163
F14 164 11.7 831 11.0 7.00 575 691 249 719 178 222
F15 179 135 945 151 805 692 795 370 822 195 445
F16 176 132 107 129 958 842 943 576 985 483 412
F17 204 158 129 157 11.7 105 115 7.65 120 724 6.70
F18 154 106 7.07 126 565 441 550 148 594 0.03 270
F19 195 149 123 148 11.1 993 11.0 724 115 681 643
F20 132 827 486 109 340 219 325 0.69 378 212 194
F21 149 102 650 124 500 375 485 087 539 071 271
F22 3.01 329 499 059 650 762 664 104 575 107 9.19
F23 511 0.64 498 1.72 694 827 7.09 11.8 624 135 8.10
F24 189 13.8 10.1 126 840 7.07 829 3.62 9.02 243 0.11
F25 199 142 122 144 10.6 9.6 105 6.73 11.6 651 4.63
F26 14.1 .11 574 721 399 458 399 121 450 043 4.88
F27 794 207 171 298 078 062 054 353 134 145 9.15
F28 341 269 204 254 178 175 178 107 183 228 1.28
F29 174 455 411 855 133 144 133 426 2.04 100 348
F30 131  6.76 451 13.8  3.05 275 278 1.17 352 696 8.88
F31 195 134 108 208 954 941 935 6.5 101 142 119
F32 132 205 226 301 556 526 557 11.6 425 195 9.10
F33 124 615 280 11.8 147 1.11 133 214 216 6.14 0.39
F34 198 102 379 991 041 011 040 743 1.08 16.1 7.53
F35 206 127 103 21.7 837 827 813 498 931 1.02  13.0
F36 226 140 790 21.1 492 476 468 076 573 858 6.09
F37 219 130 105 238 814 822 792 502 919 068 16.6
F38 305 23.1 153 242 120 127 119 444 126 478 528
F39 183 132 933 129 769 696 745 157 824 936 7.18
F40 232 146 822 21.1 504 487 482 072 6.05 88 648
F41 18.1 849 474 182 206 2.07 18 220 326 856 583
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F42
F43
F44
F45
F46
F47
F48
F49
F50
F51

F52
F53
F54
F55
F56
F57
F58
F59
F60
F61

F62
F63
F64
F65
F66
F67
F68
F69
F70
F71

F72
F73

F74
F75
F76
F77
F78
F79
F80
avg
>10"

24.8
31.9
23.7
19.4
27.8
372
29.7
26.2
30.0
17.4
8.34
29.7
5.95
13.1
28.1
39.0
35.9
11.5
26.2
22.1
10.0
10.3
8.10
7.24
4.09
0.03
7.66
19.8
5.87
11.6
7.66
11.1
8.21
222
9.81
8.10
233
19.0
21.0
16.0
57

16.8
26.8
14.0
133
214
29.5
232
20.7
23.0
10.8
2.35
247
4.62
6.37
23.0
35.8
32.0
3.85
22.4
16.7
5.38
2.64
1.76
1.31
1.61
9.01
0.21
14.4
248
4.74
1.31
2.3
0.55
16.4
4.26
2.21
15.6
14.3
16.6
10.7
41

9.34
16.9
9.68
3.66
7.56
234
10.3
9.82
10.8
6.36
1.67
13.2
5.19
2.54
10.3
19.2
14.7
0
2.66
7.02
7.14
2.85
0.16
1.17
4.27
8.17
0.60
10.8
4.22
6.54
2.14
0.73
0.42
14.5
1.32
0.87
10.4
8.17
9.28
6.91
21

233
273
22.8
14.0
213
333
23.1
19.6
243
10.2
591
227
2.6
5.04
20.0
27.4
21.8
5.86
4.71
8.21
10.8
9.72
9.44
8.29
4.83
1.08
5.07
15.2
7.26
9.06
6.19
11.8
6.47
18.8
5.65
3.34
19.7
14.4
203
12.5
47

6.09
13.9
6.62
0.56
3.06
20.2
5.77
6.41
6.28
4.08
0.26
9.38
8.21
6.24
6.08
14.4
9.11
3.14
3.71
2.74
7.68
1.00
1.32
0.90
5.17
10.5
2.62
8.92
6.63
5.29
0.84
1.87
3.19
12.4
1.25
1.82
7.73
5.21
6.09
5.70
10

5.78
13.2
6.56
0.44
3.13
20.6
6.14
6.34
6.79
3.56
0.19
9.06
7.63
6.18
5.67
11.9
9.58
4.01
7.51
1.11
7.79
1.18
1.26
0.89
4.21
10.3
3.06
8.17
6.37
541
0.92
1.65
2.81
12.1
1.72
3.46
6.89
4.76
6.14
5.62
8

5.84
13.8
6.44
0.42
2.95
20.1
5.66
6.28
6.15
4.01
0.13
9.24
8.28
6.28
5.90
14.4
9.07
3.18
3.72
2.70
7.79
0.69
1.66
1.10
533
11.0
3.03
8.54
6.95
5
0.57
2.27
3.58
12.2
1.52
2.26
7.59
5.03
5.75
5.69
12

0
6.37
2.03
6.63
8.16
14.5
4.45
1.87
3.14
0.91
1.73
1.42
10.8
13.0
2.88
2.23
5.45
6.44
21.1
4.03
6.79
1.14
4.03
2.73
4.22
13.5
5.96
4.94
9.74
341
1.28
4.64
5.75
10.3
3.24
2.49
1.86
1.04
1.55
4.87

11

7.02
14.8
7.90
1.54
4.14
21.4
6.96
7.35
7.66
5.20
1.75
10.7
5.51
4.86
7.58
15.6
10.6
0.67
2.01
5.23
7.85
2.14
0.59
0.83
4.94
9.07
1.74
9.39
433
6.12
2.01
1.05
1.66
14.1
0.53
0.58
8.35
6.81
7.45
5.97
12

8.73
2.83
4.40
14.7
24.1
6.67
18.0
13.2
16.0
4.36
2.98
8.64
12.2
20.7
13.7
15.8
25.0
11.5
45.1
12.3
6.61
4.42
8.51
4.87
17.1
18.0
9.86
0.13
15.4
1.23
3.74
13.2
10.5
6.99
6.57
0.38
2.82
3.34
4.75
9.51
32

7.47
0.70
9.54
10.4
5.69
20.9
0.10
6.86
2.47
6.62
2.04
4.10
8.81
14.7
9.14
11.3
19.4
0.02
44.7
17.8
12.3
9.56
5.77
15.6
5.86
0.39
0.28
3.82
2.88
10.1
6.35
9.81
8.25
13.0
1.49
FAIL
3.19
0.94
11.0
7.01
17

" Number of cases whose calculated saturation pressure deviation is larger than 10%.
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The %AADs for saturation pressure and density are respectively listed in Tables 3.5 and 3.6 for
these 80 petroleum fluids. The comparisons are made in four aspects, i.e. molar composition
distributions, SG correlations, numbers of pseudo-components and EOS models or estimation
methods of model parameters for the same EOS. The PNA distributions are estimated by the n-d-M
method. The second column indicates how many pseudo-components are used to represent the C7¢
fraction. The results from SRK and PR are also presented as references, for which the critical
properties are calculated by the method developed by Twu (1984) and the acentric factor is
calculated from the Lee-Kesler correlations [Lee et al. (1975), Kesler et al. (1976)].

The %AAD of saturation pressure for individual fluids are presented in Table 3.7. The results with
different characterization procedures, number of pseudo-components and PNA content estimation
methods are given for the candidate method CMS5, while the standard exponential characterization
procedure [Pedersen et al. (1983, 1984, 2007a)] is used for other methods. Both of the average
values of %AAD and the number of cases with deviation larger than 10% are given for comparison.
As seen from Table 3.5 and the work of Yan et al. (2010), SRK and PR perform quite similarly, and
SRK gives slightly smaller overall deviations of saturation pressure. Thus the results of individual

fluids from SRK are presented here for comparison.

It can be seen from Tables 3.5 and 3.6 that there are small variations of the overall %AAD of both
saturation pressure and density among different characterization procedures, and these differences
mainly come from different SG approaches, rather than from the molar composition distributions.
The further comparison of these two characterization procedures, however, as presented in Table
3.7, shows that they have noticeable differences for individual oil fluids with plus fractions starting
from seven or with extremely heavy plus fraction, for example F57, F60, F61 and F77. This is
because default characteristic parameters are used for these fluids in the gamma characterization
procedure. However, the overall %AADs for vapor pressure of fluids F57, F60, F61, F77 and those
with plus fraction starting from seven are, respectively, 5.73% and 5.52% for the exponential and
the gamma characterization procedures. All of these results confirm the conclusion made by
Pedersen et al. (2007a) that the exponential and gamma characterization procedures perform quite
similarly. Tables 3.5 and 3.6 also show that the variations of overall %AADs for saturation pressure
and density among different number of pseudo-components are even smaller compared to those
from different characterization procedures. However, the number of pseudo-components has

significant impact on the dew points of gas condensate fluids as shown in Table 3.7. This could
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probably be explained that the more pseudo-components used to represent the plus fraction, the
heavier the last component would be, and the easier it would get condensed. The results indicate
that five pseudo-components for the plus fraction seem to be enough to get satisfactory predictions
of saturation pressure and density for oils, which is consistent to the statements about how many
components to group from Whitson et al. (2000) and Riazi (2005). It is also meaningful for
modeling and simulation of petroleum fluids, since the overall computational load increases

significantly with the total component numbers.

The results from CM1 have much larger %AAD than those from other candidate methods in terms
of both saturation pressure and density, which means that it is not the correct way to produce the
model parameters. In order to eliminate the effects of PNA content estimations, the percentages of P
and N are tuned to match the SG and Tb of the SCN fractions or pseudo-components in CM2. It can
be seen that the predictions of both saturation pressure and density are much improved, while they
are still unsatisfactory. This reveals that combination of the correlations of n-alkanes, cyclo-alkane
and benzene derivatives are not good enough for producing all of the model parameters. Meanwhile
it also indicates that it would not be generally applicable to have simple linear correlations for the

three model parameters suitable for all different types of petroleum fluids.

The correlation equation (3.1) is used in CM3, CM4 and Yan’s method [Yan et al. (2010)]. As
shown in Tables 3.5 and 3.6, CM3 and Yan’s method yield comparable descriptions of saturation
pressure to those given by SRK and PR. The results of %AAD of density are also acceptable. In
order to investigate if it is possible to further improve the descriptions of density within this
framework, the parameters m and € in CM4 are tuned to match the SG and Tb of SCN fractions and
pseudo-components while keeping using equation (3.1) to calculate the parameter 6. This method
shows significant deterioration of the predictions of saturation pressure with small improvements on

density descriptions.

The simple equation (3.2) is used to calculate &/k in both CM5 and CM6. The parameter m is from
PNA combination, and the parameter ¢ is tuned to match SG in CMS5, while both parameters m and
o are tuned to match SG and Tb in CM6. Even compared to the results calculated with the SRK and
PR EOS, the results from these two methods are quite promising, with the %AADs for saturation
pressure and density less than 6.0% and 1.3%, respectively, and more than 85% possibility to
predict the saturation pressure within 10%. The method CM5 inspires us to fit the parameter ¢ to

match SG in CM3. The %AADs for saturation pressure and density are respectively 5.67% and
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1.28%, which are very close to those from CMS5. This confirms to some extent that it is possible to
use a simple correlation for the model parameter combination me/k. These results indicate that it is
feasible to use linear correlations for one or two of these parameters, while the remaining one(s)

is/are tuned to SG and/or Tb.

The results and discussions presented above suggest on one hand that it is crucial to tune the model
parameters to SG and/or Tb to have precise description of density, which could simultaneously
improve the descriptions of saturation pressure further. On the other hand, it is very important to

choose the right parameters for fitting purposes.

Since the percentages of PNA contents are used directly or indirectly in the process of estimating
model parameters, it is useful to compare the two PNA content estimation methods themselves.
The %AADs for saturation pressure and density are compared in Figures 3.5 (a) and (b) for all the
candidate methods. The results of individual fluids are also given for CM5 in Table 3.7. The
exponential characterization procedure [Pedersen et al. (1983, 1984, 2007a)] with five pseudo-
components is used here, which will be the default procedure for the following discussions. It is
clearly shown that the results from these two estimation methods are quite different. The
comparisons in Figures 3.5 (a) and (b) show that the Riazi method [Riazi et al. (1986)] gives
slightly smaller overall %AADs for both saturation pressure and density, while it can be seen from
Table 3.7 that it really depends on the fluids under investigation. It is not surprising to see that these
two PNA estimation methods give quite close results for CM4 and CM6. This is because the same
parameters (m and o) are tuned to the same data (SG and Tb), only with different initial guesses

from these two PNA estimation methods.
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Figure 3.5 Comparison of the impacts of the estimations methods of PNA contents on the %AADs
for (a) saturation pressure and (b) density of 80 petroleum fluids
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It is quite demanding to investigate the effects of binary interaction parameters for these candidate
methods. The %AADs for saturation pressure and density are compared in Figures 3.6 (a) and (b)
for all candidate methods with the two available kj; sets. It can be seen that kj values have,
respectively, large and negligible impacts on the description of the saturation pressure and density.
This is because k;; values are mainly for the pairs containing light gases and/or methane, and these
light components have large impacts on the saturation pressures of petroleum fluids, which makes
kij values a powerful tool to tune the EOS model to match the saturation pressure. Most of the fluids
considered in this work are oil samples, and the light components are too light to affect the oil

density.

18 .
Onewkij Moldkij (@) Onewkij moldkij (b)
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%AAD of density
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~

cM1 cMm2 cM3 cm4 CM5 CM6 cM1 cMm2 cM3 Ccm4 CM5 CM6
Candidate method Candidate method

Figure 3.6 Comparison of the effects of binary interaction parameters on the %AADs for (a)
saturation pressure and (b) density of 80 petroleum fluids.

As seen from Table 3.7, the saturation pressures of the N, and/or CO; rich fluids are predicted with
satisfactory accuracy, which indicates, to some extent, that the k;; values for pairs containing N or
CO; are reasonable. These k;; values will not be further investigated in this work also because of
lack of enough cases. It is, however, a good opportunity to study the influence of the kj; of pairs
containing C; on PVT calculations. We proposed to conduct the investigations with the scenarios by
sequentially setting k;j(C;,C26)=0.0, k;(Ci,C7+)=0.01, k;(C;,C74+)=0.03, or using the following

correlation:
1000><ki]-(C1, C;+) = 0.070199 x Mwg,, +5.4229 (3.5)

This correlation is regressed from the values published by Yan et al. (2010) and Tihi¢ et al. (2006,
2008). The difference between the %AAD of these k;j values and the one with k;;(C;,C7+)=0.02 are

plotted against the fluid number in Figure 3.7, where the %AAD from each scenario are also given.
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It is readily seen that the k;j(C;,Cr6) and k;(Cy,Cr+) have, respectively, quite small and fairly
significant impacts on prediction of saturation pressure, even though quite close %AAD are
obtained by using 0.02, 0.03 and equation (3.5) for k;(C;,C7+). The results suggest that more
extensive investigations should be further conducted if the k;; values are indirectly used to develop

‘general’ correlations for new characterization methods, as in the work of Pedersen et al. (2007b).
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Figure 3.7 The difference between the %AAD of these k;; values and the one with k;;(C;,C7+) = 0.02.
The average %AAD values of each k;; are also listed in the legend for comparison.

3.4.3 A compromise method (CM7)

The candidate methods CM5 and CM6 have better overall performance on the prediction of
saturation pressure and density. The two PNA content estimation methods (n-d-M and Riazi) have
overall comparable performance for CM5, and the one with the Riazi method will be denoted as
CMS5 (R) hereafter.

As listed in Table 3.7, the candidate methods give comparable average deviations of the saturation
pressure prediction, while the predictions for the individual case are quite different. It inspires us to
investigate if it is possible to have simple (linear) correlations for m and mo® as well. The strategy
is to put the parameters which give the best prediction for each case together, and to analyze their
relationships with molecular weight. The results are presented in Figure 3.8. It can be seen that the
correlation of m is quite satisfactory, while the correlation of mo® shows a bit more scatter for

heavy pseudo-components.
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The prediction of the saturation pressure of the aforementioned 80 fluids from this new method is
compared with the ones from CM5 and CM6 in Table 3.8. Since the correlation of mo® is not
satisfactory at the heavy component ends, fitting ¢ to the specific density, as done before, has also
been tried. The equation (3.2) is used for €. The results show that it is necessary to fit the parameter
o for accurate description of density, and then the new method performs as satisfactory as the other

ones.

In order to test the predictive capability of these methods, the predictions of the saturation pressure
of the 55 fluids from Elsharkawy (2003) are conducted for these methods. The results are also
reported in Table 3.8. The results for the additional 55 fluids, reported in this work, are assuming to
use nCy4 and nCs for C4 and Cs, but as we have found that there are no observable differences to use
normal-hydrocarbons or iso-hydrocarbons. It can be seen that these methods show equally good
predictions. The new method is named CM7, and it will be investigated, along with the other
methods, further for three fluids for which extensive PVT experimental data is available.
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Figure 3.8 Correlations of m and mo® from the best candidate methods for each fluid

Table 3.8 Comparison of the new method with CMS5 and MC6 on saturation pressure and density

fluid CM7
CMS CMS (R) CM6
number fitting ¢ no fitting
80 5.70 4.87 597 5.12(1.27) 6.69 (2.49)
80+55 6.33 6.79 6.44 6.60 7.31

" The values in the parentheses are the deviations of density.

75



Thermodynamic modeling of complex systems

3.4.4 Applications
3.4.4.1 PVT simulations

The methods CM5, CM5 (R), CM6 and CM7 are further tested using the three fluids from the book
of Pedersen and Christensen (2007a) without tuning against the experimental PVT data. The first
fluid is a gas condensate, and three experimental CME data sets are available. The second fluid is
an oil sample, for which there are three CME data sets and five DL data sets available. The third
fluid is also an oil sample, and four-stage separator test experimental data are available. The
definitions of these experiments and associated properties, composition and experimental data can

be found in the chapter 3 of the book [Pedersen et al. (2007a)].

The characterized fluid composition and model parameters of C7: pseudo-components can be found
in Tables 3.9 and 3.10. The model parameters of the defined components are taken from the work of
Gross and Sadowski (2001). The model parameters of the first four pseudo-components of fluid F04
are the same in CM5 and CM6 as listed in Table 3.10, which means that no further fitting is needed
to match SG and Tb for them.

Table 3.9 Mole composition of the three fluids (F04, F63, F64) after characterization

Fluid FO4 Fluid F63 Fluid F64

Comp. Mw (g/mol) z% Mw (g/mol) 7% Mw (g/mol) z%
N2 0.60 0.39 0.59
cOo2 3.34 0.30 0.36
Cl 74.167 40.2 40.81
C2 7.901 7.61 7.38
C3 4.15 7.95 7.88
iC4 0.71 1.19 1.20
Cc4 1.44 4.08 3.96
iC5 0.53 1.39 1.33
Cs 0.66 2.15 2.09
Cco6 0.81 2.79 2.84
P1 97.36 2.35 111.00 14.14 117.58 14.44
P2 125.19 1.13 173.58 7.66 175.40 6.21
P3 161.09 1.06 253.29 4.815 239.32 5.483
P4 218.25 0.681 392.91 3.439 379.43 3.433
P5 362.00 0.471 674.59 1.896 665.62 1.994
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The simulated CME results of fluid FO04 from these four methods are compared with the

experimental data in Figures 3.9 (a), (b) and (c). It can be seen that these characterization methods

give quite similar overall results for these three CME measurements, except for the starting point of

the drop liquid volume percentage. The simulated and experimental relative volumes agree very

well in the whole pressure range, and the simulated Z factor matches the experimental data nicely

with some small deviations in the high pressure range. The simulated percent liquid dropout

volumes seem to be much lower than the experimental data in the low pressure range. These results,

however, are comparable to those from SRK and PR with volume translations, for which simulation

results are available in the chapter 7 of the book [Pedersen et al. (2007a)].

Table 3.10 Model parameters of C7+ pseudo-components for the three fluids (F04, F63, F64)

Fluid FO4 Fluid F63 Fluid F64
m c e/k m c e/k m c e/k
A) X) A) X) A) X)
CMS5
3.0956 3.7943 255.04 3.5110 3.8159 251.41 3.7341 3.8293 248.42
3.8148 3.8244 256.80 5.0837 3.8671 257.73 5.1551 3.8721 256.56
47700 3.8590 256.79 7.0736  3.9035 262.20 6.7153  3.8973 261.97
6.1859 3.8958 261.13 10.6916 3.8904 262.68 10.3516 3.8836 262.41
9.8645 39181 263.30 17.3748 39121 272.38 17.1599 3.8982 272.23
CM5 (R)
3.1334  3.7755 251.96 3.4770 3.8310 253.87 3.6572 3.8619 253.64
3.7573  3.8480 260.73 49420 39115 265.11 49598 3.9331 266.67
46126 39117 265.55 7.0323 39128 263.74 6.6856 3.9043 263.14
6.1425 3.9069 262.97 10.3733 3.9386 270.74 10.0264 3.9345 270.92
9.7006  3.9450 267.74 17.1037 3.9373 276.70 16.8016 3.9319 278.03
CM6
3.0956 3.7943 255.04 35110 3.8159 25141 3.8172  3.7950 243.01
3.8148 3.8244 256.80 5.0973 3.8629 257.03 5.2882  3.8323 250.10
47700 3.8590 256.79 7.1122  3.8949 260.78 6.7133  3.8978 262.06
6.1859 3.8958 261.13 10.7823 3.8770 260.47 10.4212 3.8730 260.66
9.9855 3.8986 260.11 17.9459 3.8604 263.71 17.7040 3.8484 263.86
CM7
32191 3.7339 245.26 3.5383  3.8038 249.47 3.6921 3.8470 251.24
3.8703  3.8020 253.12 5.0025 3.8924 261.90 5.0451 3.9061 262.16
47103  3.8787 260.04 6.8676  3.9505 270.06 6.5407 3.9391 268.97
6.0477 3.9316 267.10 10.1344 39762 277.12 9.8190 3.9680 276.64
94112 3.9939 27598 16.7251 3.9736 282.96 16.5154 3.9598 282.85
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Figure 3.9 Simulation CME results of fluid FO04 with characterization methods CM5, CM5 (R),
CM6 and CM7. (a) Relative volume; (b) Z factor above dew point; (¢) Liquid dropout volume (%).
The experimental data are from the book of Pedersen et al. (2007a).

The simulated DL and CME results of fluid F63 are presented in Figure 3.10. It can be seen from
Figure 3.10 (a) that these methods represent the oil density perfectly at all pressure steps. As seen
from Figure 3.10 (b), however, they have difficulties in describing the liberated gas phase

compressibility factor (Z factor) at high pressures.

The simulated Y-factor is compared with the experimental data in Figure 3.10 (c), which shows that
the different methods do not predict as similar results as those they do for oil density and Z factor.
The method CM6 gives best match to the experimental data. The simulated compressibility results
are presented in Figure 3.10 (d). The similar scatter results as for Y-factor are seen, but the method

CMB6 presents the largest deviation from the experimental data for this property.

The simulated compressibility from PR are also plotted in Figure 3.10 (d), which is taken from the
book of Pedersen and Christensen (2007a), where they showed that PR gave much better results
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than SRK for this case. There is no doubt that PC-SAFT significantly improves the descriptions of
compressibility. Similar results were reported by Pedersen et al. (2007b) and Leekumjorn et al.
(2013), and this seems to be natural since cubic EOS have inherent deficiency in the compressibility
description. However, the simulated compressibility values from PC-SAFT still show some
deviations from the experimental data at high pressure range, from both quantitative and qualitative
points of view. This phenomenon is consistent to what was seen in previous works [Pedersen
(2007b), de Villiers (2011), Liang et al. (2012), Leekumjorn et al. (2013)], and it is because PC-
SAFT EOS has difficulties in describing the derivatives of pressure with respect to volume in wide
range of temperature, which can be somehow improved by refitting the universal constants [Liang

et al. (2012)].

0.8 1
\ (a) A Exp. \ (b) A Exp.
\ — . .CM5 \ - . -CM5
075 095 |
— \ - = CM5(R) \}\ - = CM5(R)
£ .
nin ‘\.K == CM6 N N - == CM6
= " S
zo07 ®, e cm7 509 | \\ ------ cm7
: e, g -
1 .
= \'*- et > N
3 L e ~ A
065 :’A&:F.-A—'ﬂ‘ 0.85 \ s A
0.6 L L L 0.8
0 100 200 300 0 50 100 150 200
Pressure (bar) Pressure (bar)
35 0.27

(c)

3 %
o
S0.24
=3
=]
. =
o
g2s i;
> 3
Ze 5 0.21
i e au.
e Ac g - —CM5(R) £
2 gt 8
7 -==CM6
------ cM7
A
15 L L L 0.18 L
50 100 150 200 200 250 0 350
Pressure (bar) Pressure (bar)

Figure 3.10 Simulation DL and CME results of fluid F63 with characterization methods CMS5, CM5
(R), CM6 and CM7. (a) Oil density; (b) Z factor of liberated gas; (c) Y-Factor; (d) Compressibility
above saturation pressure. The experimental data is from Pedersen et al. (2007a).
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The %AAD of simulation results from the properties measured in CME and DL for fluids FO4 and
F63 are presented in Table 3.11. It can be seen that the simulation deviations are reasonably

satisfactory except for the percent liquid dropout volume.

Table 3.11 %AADs for properties measured in CME and DL for fluid FO4 and fluid F63
%AAD of properties

Methods Fluid FO4 CME Fluid F63 CME Fluid F63 DL
Rel. V Liq. V Z fact. |Rel. V. Y Fact. Com.cy] Bo Rs Oilp Bg Zfact. G.G.
CM5 347 257 1.62 | 048 2.78 231 | 3.51 4.77 020 247 234 093
CM5([R) 1.85 198 1.67 | 028 491 221 | 2.84 5.82 0.25 246 236 0.86
CMo6 431 284 1.61 | 0.67 128 3.16 | 3.63 4.42 028 241 228 0.90
CM7 045 327 1.62 | 037 6.59 233 | 346 5.61 0.26 2.57 223 0.86

It has been shown that these methods have quite similar quantitative and qualitative behaviors for
CME and DL results, and the same conclusion is true for the separator test experiments here. So the
separator test results calculated only by the candidate method CM5 (R) and CM7 will be presented.
The simulated separator test results of fluid F64 from both the simplified PC-SAFT and SRK EOS
are presented in Table 3.12 along with the experimental data. Simulation results with both five and
ten pseudo-components are available for the simplified PC-SAFT EOS. Since SRK and PR EOS
give quite close results, which can be also seen from the Pedersen et al. (2007a), only the ones from
SRK are presented. It can be seen that the simulated results from these two EOS models are quite
close except for the composition of Cy., if the same number of pseudo-components is used. It shows
that the composition of C7; could be largely affected by the number of pseudo-components for the
plus fraction. This might be explained that the more pseudo-components are used to represent the
plus fraction, the lighter the first C;+ component would be, and the tendency to enter the vapor
phase would be easier. However, there is really small impact on the composition of the defined
components when changing the number of pseudo-components for the plus fraction. This is
consistent with the aforementioned statement that the number of pseudo-component has little effect
on bubble points of oil samples. It is also seen that the simulated compositions of Cs and Cg are
larger than the experimental results at the final stage for both EOS models, which might be tuned by

binary interaction parameters.

80



Chapter 3. Petroleum fluid characterization

Table 3.12 Comparison of simulated and experimental composition at each stage in separator test

Comp. stage |  stage2 stage3 stage4 stage 1 stage2 stage3 stage4
Experimental data” SRK (nc=5)
N, 1.07 0.42 0.01 0.00 1.32 0.61 0.16 0.02
CO, 0.49 0.62 0.60 0.28 0.57 0.69 0.65 0.29
C 77.43 64.63 36.04 8.89 78.44 65.40 37.45 8.89
C, 9.56 14.42 20.23 16.19 9.13 14.14 20.02 15.68
C; 6.70 12.01 24.89 35.52 6.21 11.49 23.32 33.69
iCy 0.71 1.30 3.13 5.74 0.64 1.23 2.84 5.52
nCy 2.01 3.65 9.02 17.22 1.80 3.42 8.20 17.32
iCs 0.44 0.74 1.86 3.77 0.39 0.70 1.73 4.23
nCs 0.59 0.98 2.31 4.61 0.52 0.93 2.34 5.86
Ce 0.47 0.66 1.28 2.92 0.38 0.62 1.52 4.01
Cot 0.53 0.57 0.63 4.86 0.59 0.78 1.76 4.50
CMS5 (R) (nc=5) CMS (R) (nc=10)
N, 1.31 0.53 0.12 0.01 1.31 0.53 0.12 0.01
CO, 0.59 0.68 0.62 0.27 0.59 0.68 0.61 0.26
C 78.31 65.79 38.09 9.36 78.18 65.60 37.74 9.06
C, 9.13 14.13 20.31 16.59 9.13 14.12 20.21 16.20
C; 6.32 11.41 23.07 33.77 6.33 11.41 23.02 33.26
iCy 0.68 1.24 2.84 5.48 0.68 1.24 2.84 543
nCy 1.84 3.38 8.06 17.13 1.84 3.39 8.07 17.02
iCs 0.40 0.71 1.76 4.29 0.40 0.71 1.76 4.28
nCs 0.54 0.93 2.32 5.83 0.54 0.93 233 5.83
Cs 0.40 0.62 1.53 4.03 0.40 0.62 1.53 4.04
(O 0.48 0.58 1.28 3.25 0.59 0.77 1.78 4.61
CMT7 (nc=5) CMT7 (nc=10)
N, 1.30 0.52 0.12 0.01 1.30 0.52 0.12 0.01
CO, 0.59 0.68 0.62 0.26 0.59 0.68 0.61 0.26
(O] 78.24 65.68 37.90 9.24 78.11 65.49 37.56 8.95
C 9.15 14.16 20.32 16.50 9.16 14.15 20.22 16.13
C; 6.34 11.44 23.12 33.71 6.35 11.44 23.07 33.21
iCy 0.68 1.25 2.85 5.49 0.68 1.25 2.85 5.44
nCy 1.84 3.39 8.09 17.15 1.85 3.40 8.09 17.04
iCs 0.40 0.71 1.76 4.30 0.40 0.71 1.77 4.29
nCs 0.54 0.94 2.33 5.84 0.54 0.94 2.34 5.84
Cs 0.40 0.62 1.53 4.04 0.40 0.62 1.54 4.06
Cr+ 0.50 0.61 1.36 3.45 0.62 0.80 1.84 4.77

" The experimental data is taken from Pedersen et al. (2007a).
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3.4.4.2 Phase envelope

The phase envelopes of fluids FO4 and F63 from the PC-SAFT EOS with the characterization
methods CMS5, CM5(R), CM6 and CM7, and the PR EOS are presented in Figure 3.11. It can be
seen that PC-SAFT predicts a bit larger phase envelopes for these two fluids than PR, among which
the method CM7 gives the largest ones. These characterization methods present similar predictions
around the experimental points, so it is hard to say which characterization method is superior to

others if based on one saturation pressure data point only.

Both PC-SAFT and PR predict liquid-liquid like phase split at the low temperature regions for fluid
F04, though temperature regions are much different, i.e. the liquid-liquid like phase split from PC-
SAFT appears 80K higher than those from PR. PC-SAFT predicts liquid-liquid like phase split for
fluid F63 as well, however, PR does not give the same prediction. The experimental data are
extremely scarce at these temperature ranges, e.g. below 250K, so it is hard to determine whether

this is a physical or non-physical prediction.
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Figure 3.11 Phase envelopes of F04 (a) and F63 (b) from the PC-SAFT and PR EOS
3.4.4.3 Activity coefficients

The activity coefficients are good measures to roughly indicate the solution behavior of the heavy
components. The activity coefficients of the pseudo-components have been calculated for 55 fluids,
for which the DL/CME experimental data is available. The calculations have been conducted under
the same temperature, pressure and composition conditions as those in the DL/CME experiments,

and the results are shown in Table 3.13.
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On one hand, the average activity coefficients for all the pseudo-components from different
characterization methods are not far from unity, indicating that our models predict a near-ideal
solution behavior for the pseudo-components in the tested systems. On the other hand, as the
pseudo-component becomes heavier, the activity coefficient generally decreases, showing a shift
towards the athermal solution behavior, which to some extent largely depends on the oil types, as

indicated by the increasing standard deviations.

Table 3.13 Average activity coefficients of pseudo-components from four characterization methods

Comp. CM5 CM5 (R) CM6 CcM7
Pl 1.03 (0.038)° 1.03 (0.036) 1.02 (0.038) 1.02 (0.031)
P2 1.03 (0.050) 1.04 (0.059) 1.04 (0.051) 1.03 (0.049)
P3 0.98 (0.095) 1.00 (0.083) 0.99 (0.098) 1.01 (0.087)
P4 0.88 (0.125) 0.96 (0.127) 0.87 (0.132) 0.98 (0.133)
P5 0.82 (0.151) 0.91 (0.215) 0.74 (0.144) 0.92 (0.205)

* The numbers in the parentheses are standard deviations along with the averages
3.5 Conclusions

In this work, six candidate methods are proposed for estimating model parameters during petroleum
fluid characterization procedures for the PC-SAFT EOS, in which the model parameters are
produced by combining well-behaved simple correlations of homologous series with the estimated
PNA contents, and/or by using different approaches fitted to match SG and/or Tb. The performance
of these candidate methods is investigated for predicting the saturation pressure and density of 80
petroleum fluids over wide temperature, pressure and composition conditions, along with different
options in characterization procedures, including the molar composition distribution function, the
SG correlation, the number of pseudo-components, the PNA content estimation method and the

binary interaction parameters.

The results show that the characterization procedures have small impact on saturation pressure and
density for all of the proposed candidate methods, so does the number of pseudo-components for oil
fluids. However, the number of pseudo-components has significant impact on saturation pressure of
the gas condensates. The investigations of PNA content estimation methods reveal that they could
lead to quite different results, which suggests that precautions should be taken when the PNA

content estimations are directly used in producing model parameters. The binary interaction
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parameters have significant effects on saturation pressure and quite small impact on density, and
more extensive investigations are recommended if the kj values are indirectly used to develop
‘general’ correlations for new characterization methods. The candidate methods CM5 and CM6
show better overall performance than other methods, with %AAD less than 6.0% and 1.3% of
saturation pressure and density, respectively, and with 85% possibility to predict saturation pressure
within 10%.

A further analysis has been conducted for the generated parameters from the best candidate methods
for each fluid, and a new compromise method is proposed with a simple linear correlation for the
model parameter m, named as CM7, which gives quite similar predictions for saturation pressure

and density as those from CM5 and CM6.

The methods CM5, CM6 and CM7 are further studied on simulating experimental CME, DL and
separator test data for three petroleum fluids. These methods show overall similar performance. The
simulated relative volumes and density of both gas condensate and oil fluids match the experimental
data quite well. These methods, however, have difficulties in describing the percent volumes of
dropped liquid from gas condensate, Z factor of liberated gas from oil, and the compressibility of
oils at high pressure range from the qualitative point of view. The simulated separator test results
from the simplified PC-SAFT EOS and the SRK EOS are quite close except for the composition of
C7+, which seem to be largely influenced by using different number of pseudo-components for the
plus fraction. Compared to the simulation results available in the literature with volume corrected
cubic EOS models [Pedersen et al. (2007a)] or the PC-SAFT EOS [Pedersen et al. (2007b)], the

results presented in this work are quite promising.

This work provides valuable information for developing general characterization methods for the
PC-SAFT EOS, i.e. (1) simple linear correlations could be used for model parameter m and the
combination me/k; and (2) fitting the parameter ¢ to match SG could give an accurate description of

density, and improve the prediction of saturation pressure further.

As seen in previous works [de Villiers (2011), Liang et al. (2012)], the PC-SAFT EOS has
difficulties in describing the speed of sound in fluids, especially for those containing long-chain
components. In this work, the similar deficiency of the PC-SAFT EOS has been seen in the
description of isothermal compressibility. Both properties are directly linked to the derivative of

pressure with respect to the total volume, when the density could be accurately modeled. Liquid-
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liquid phase split has been predicted by PC-SAFT, but not by cubic EOS for some cases, at low

temperature region, which needs to be further investigated.

Based on the feedback from one of the reviewers of the published article [Liang et al. (2014)] who
stated that the pseudo-components in oils show near-ideal solution behavior, the methods CM5 (R)

and CM7 are proposed for further use in modeling oil-water-chemical systems in the next chapter.
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Compared to other applications, the PC-SAFT EOS has not been extensively applied to model
petroleum fluids, which might be due to the complex and ill-defined nature of oils. It is a critical
test for PC-SAFT to model the systems of oil plus water and/or chemicals, since sophisticated

characterization methods and robust parameters are needed for oils and polar compounds.

The purpose of this work is to apply the PC-SAFT EOS into modeling oil-water-chemical systems,
with the newly developed model parameters of polar compounds, interaction schemes from well-

defined mixtures, and the characterization methods in the previous chapters.
4.1 Introduction

The complex phase behavior between petroleum fluids and polar compounds such as water,
methanol and glycols has become more and more important as the offshore reservoirs represent one
of the major growth areas of the oil and gas industry, which often mean extreme and complicated
conditions, the use of hydrate inhibitors, etc. It is a reasonable approximation to deal with water and
petroleum fluids as totally immiscible systems at low to moderate temperature and pressure
conditions. However, the mutual solubility of petroleum fluid and water will considerably increases
when chemicals are involved, the petroleum fluid is highly aromatic, or at high temperature and
pressure regions. For instance, the addition of methanol or glycols into unprocessed well streams
during subsea pipelines is necessary to inhibit gas hydrate formation, for which modeling the phase
behavior of oil-water-chemicals is very important for the viewpoints of economical operation and

environmental safety.

It is hard and often unreliable to use conventional cubic EOS, which have been standard models for
the oil and gas industry for decades, for such complex systems containing petroleum fluids, water
and/or chemicals, even with quite large binary interaction coefficients for water and hydrocarbons.
The association models, explicitly accounting for hydrogen bonding interactions, show advantages
over cubic EOS, especially for predictive calculations [Kontogeorgis et al. (2010a)]. In this chapter,
the developments from the previous chapters will be applied to model the phase behavior of oil plus

water and/or chemical systems.
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4.2 Data

Seven petroleum fluids, two live oils and five dead oils, are studied in this work. The compositions
of these fluids are listed in Table 4.1, and it can be seen that the fluid Light-1 is a quite heavy oil.
The composition of N, CO, and hydrocarbons up to six carbon numbers in general are kept no
change during the characterization procedure, and the model parameters of these components are
taken from the original literature [Gross et al. (2001)], so the related information will not be

duplicated in the characterization results hereafter.

Table 4.1 Composition of petroleum fluids

Comp. LiveOilI° LiveOil2° Cond-1" Cond-2" Cond-3"* Light-1" Light-2"

N2 0.369 0.64 0.0 0.0 0.0 0.0 0.0
CO2 4.113 3.10 0.0 0.0 0.0 0.0 0.0
Cl 69.242 72.733 0.0 0.0 0.0 0.04 0.0
C2 8.732 8.009 0.004 0.0 0.0 0.30 0.17
C3 4.27 4.26 0.0896 0.0 1.04 0.81 2.35
iC4 0.877 0.73 2.382 0.015 5.23 0.41 1.83
nC4 1.641 1.49 7.813 0.527 6.33 1.02 6.47
iC5 0.625 0.53 5.502 10.2 5.86 0.74 4.13
nC5 0.720 0.64 7.275 12.174 5.55 0.90 5.73
C6 0.972 0.81 10.292 14.289 13.98 1.92 8.41
C7 2.499 1.08 16.046 20.837 26.65 4.92 13.69
C8 0.732 1.20 16.632 18.433 21.81 6.21 14.27
C9 0.637 1.08 8.903 8.558 6.69 6.09 8.38
C10+ 4.571 3.70 24.254 14.966 6.86 76.64 34.57

Data are from ~ Pedersen et al. (1996); © Pedersen et al. (2001); * Riaz M. (2011).

4.3 Results and Discussions

4.3.1 Live Oil 1 + Water

The characterization results of Live Oil 1 with the PC-SAFT EOS, using the two characterization
methods CM5 (R) and CM7 are plotted in Figure 4.1. The detailed information, i.e. molar fraction,
molecular weight and model parameters, of each pseudo-component are reported in Table B.1

(Appendix B).

It can be seen that these two methods produce considerably different parameters, i.e. CM5 (R) gives
smaller segment number, larger segment size and larger dispersion energy, respectively, but similar
trends are observed for all three parameters. The quantities (mo®) and (me/k) are reported in Figures

4.1 (¢) and (e). These two characterization methods show quite similar values for the quantity (mo?),
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and almost identical results for the quantity (me/k). The later one is expected, since the same linear
correlation me/k = 6.8311 X Mw + 124.42 is used in both methods (see in Chapter 3), so it will
not be reported for other cases hereafter. These similar trends lead to similar phase envelopes, as
shown in Figure 4.2, from the qualitative point of view. CM7 presents a bit larger phase envelope

than CMS5 (R), as discussed in Chapter 3.
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Figure 4.1 Characterized PC-SAFT parameters of pseudo-components for Live Oil 1. (a) Segment
number (m), (b) segment size (o), (c) quantity (mo’), (d) segment energy (¢/k), () quantity (me/k).
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Figure 4.2 Phase envelopes of Live Oil 1 with PC-SAFT using characterization methods CM5 (R)
and CM7

The modeling results with PC-SAFT are reported in Table 4.2. Two water parameter sets are used
in the calculations. One is from Grenner et al. (2006), which is named as AG, and the other one is
developed in Chapter 2, which is given the name XL. These two sets will be used throughout this
chapter. The temperature dependent k;; of methane-water are applied in both cases. The simple
linear correlation of k;; against molecular weight (carbon number) between pseudo-components and
water is used for the AG parameters, and zero k;; is used for the XL parameters. The details of these

binary mixtures are available in Chapter 2.

As shown in Table 4.2, in general, this system could be satisfactorily modeled with both water
parameter sets AG and XL, while the set XL performs better on predicting the mutual solubility of
the Live Oil 1 and water, especially the solubility of hydrocarbons in the polar phase. The parameter
set AG over-predicts the solubility of hydrocarbons in the polar phase at all conditions, while the
XL set presents predictions cross the experimental points. Both parameter sets noticeably under-

predict the solubility of water in organic phase at all conditions.

The method CM5 (R) predicts three liquid phases at 308.15K and 100MPa, as presented in Table
4.3. This is a non-physical prediction, though the phase fraction is quite small. It can be seen that
the new small amount phase is rich in heavy ends. It could be anticipated that the three phase split
might be due to the high dispersion energy produced by method CM5 (R) for these heavy pseudo-

components, as seen from Figure 4.1 (d) and Table B.1.
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Table 4.2 The experimental and calculated composition (X1000) of Live Oil 1 + Water

T P Char. xCl xHC yH20

(K) (MPa) Method g, AG"™ XL™  Exp. AG XL Exp. AG XL
CM5 (R) 409 3.73 620 5.50 0.298 0.366

308.15 100 3.42 5.67 0.55
CM7 409 3.73 6.18 5.49 0.300 0.370
CM5 (R) 449 422 673 6.26 505 5.5l

393.15 100 431 6.28 7.53
CM7 4.48 421 671 624 507 5.6l
CMS5 (R) 935 8.48 125 11.4 352 35.6

47315 100 7.46 10.02 46.83
CcM7 932 8.46 124 113 354 362
CM5 (R) 7.85 7.25 105 9.72 45.1 46.6

47315 70 6.01 8.19 57.25
CM7 7.83 7.23 10.5 9.69 452 472
VAAD CM5 (R) 200 113 173 891 312 257
o CM7 19.7 112 16.8 8.86 30.9 245

" AG denotes the results are calculated using the water parameters from Grenner et al. (2006), and
XL is using the water parameters developed in Chapter 2.

Table 4.3 Phase equilibrium results of the Live Oil 1 + Water at 308.15K and 100MPa ~

CM7 CMS5 (R)
Comp. feed - - -
organic polar organic I  organic 2 polar
phase fraction 4.03E-01 5.97E-01 2.00E-03  4.01E-01 5.97E-01
Composition

H20 5.93E-01 3.70E-04  9.95E-01 4.06E-04  3.66E-04  9.94E-01
N2 1.50E-03 3.70E-03  1.35E-05 1.80E-03  3.71E-03  1.36E-05
Cco2 1.67E-02 391E-02  1.61E-03 3.60E-02  3.91E-02  1.63E-03
Cl 2.82E-01 6.92E-01  3.73E-03 438E-01  6.94E-01  3.73E-03
C2 3.55E-02 8.78E-02  1.18E-04 7.82E-02  8.79E-02  1.18E-04
C3 1.74E-02 4.30E-02  1.38E-05 4.00E-02  4.30E-02  1.39E-05
iC4 3.57E-03 8.84E-03  3.96E-07 7.72E-03  8.85E-03  3.97E-07
nC4 6.67E-03 1.65E-02  1.23E-06 1.63E-02  1.65E-02  1.23E-06
iC5 2.54E-03 6.30E-03  7.81E-08 6.46E-03  6.30E-03  7.84E-08
nCS 2.93E-03 7.26E-03  1.06E-07 7.49E-03  7.25E-03  1.06E-07
nC6 3.95E-03 9.80E-03  3.62E-08 1.08E-02  9.79E-03  3.63E-08
P1 1.02E-02 2.52E-02  1.99E-07 3.52E-02  2.51E-02  2.00E-07
P2 2.98E-03 7.38E-03  5.13E-09 1.0SE-02  7.36E-03  5.19E-09
P3 2.59E-03 6.42E-03  1.27E-09 9.76E-03  6.40E-03  1.30E-09
P4 6.35E-03 1.57E-02  1.50E-09 298E-02  1.57E-02  1.59E-09
P5 2.98E-03 7.38E-03  1.02E-10 1.88E-02  7.30E-03  1.11E-10
P6 3.16E-03 7.84E-03  2.02E-11 2.77E-02  7.71E-03  2.40E-11
P7 2.60E-03 6.45E-03  1.91E-12 3.55E-02  6.25E-03  2.43E-12
P8 2.17E-03 5.39E-03  8.46E-14 5.76E-02  5.02E-03  1.14E-13
P9 1.31E-03 3.25E-03  2.22E-16 1.32E-01  2.36E-03  2.59E-16

* The results presented here are calculated with the XL water parameters, and the same three liquid
phase split is obtained with the AG water parameters.
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In general the two characterization methods present very close modeling results, especially for the
solubility of hydrocarbons in the aqueous phase. As compared in Figure 4.3, there are, however,
systematic differences between these two methods — CM7 predicts the solubility of petroleum fluid
in polar phase smaller and the solubility of water in organic phase larger, respectively, than CM5
(R). They have larger impacts on the solubility of water in the organic phase than on the solubility
of petroleum fluid in the polar phase, and on the XL parameter set than on the AG one, with 1.0%

larger on average.

The following quantity is used for comparison of these two characterization methods through this

chapter:
(CM5 (R) - CM7)/CMT7 = (xq — x3)/x, X 100% 4.1)
where, x; and x; are the solubilities from characterization method CMS5 (R) or CM7, respectively.
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Figure 4.3 Comparisons of the two characterization methods on the solubilities with both AG and
XL water parameter sets (see explanation in content or Table 4.2). The quantity (CM5 (R) —
CM7)/CM?7 is defined in equation (4.1).

4.3.2 Live 0il 2 + Water + Methanol

The characterization results of Live Oil 2 are plotted in Figure 4.4, and the detailed results can be
found in Table B.2. In this case, the parameters from the two characterization methods are closer to
each other, if compared to those of Live Oil 1, but the trends of individual segment energy and
segment size parameters are not as similar as what seen in Live Oil 1. The segment number and
quantity (mo”) are following quite similar trends, and the quantity (me/k) of course has the same

function of molecular weight.
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Figure 4.4 Characterized PC-SAFT parameters of pseudo-components for Live Oil 2. (a) Segment
number (m), (b) segment energy (¢/k), (c) segment size (o), (d) quantity (mo>).

The modeling results are presented in Table 4.4. The CPA modeling results are taken from Yan et al.
(2009). The calculations with PC-SAFT are performed by applying two parameter combinations.
One combination is the water parameter set AG and the methanol parameters from Gross and
Sadowski (2002), so the combination is named as AG-GS. The other combination is the parameters
of both components from this work, named as XL-XL. The temperature independent k;; of methane-
methanol and water-methanol are used for both parameter combinations as discussed in Chapter 2,
and the same interaction strategy of normal hydrocarbon-water k;; is adopted here. Almost the same
results are obtained for the two characterization methods.

It can be seen that the experimental solubility data are only available for methanol in the vapor and
organic liquid phases. CPA predicts closer results, especially for the solubility of methanol in the
organic phase. As shown in Table 4.4, some amounts of water are predicted from both CPA and
PC-SAFT in the two phases, and as discussed in Chapter 2, water will be presented in the vapor
phase in the methane-water binary, and in the organic phase in the normal hydrocarbon-water

binaries. Therefore the deviations of the results with PC-SAFT from those with CPA are calculated,
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along with the %AADs of methanol composition from experimental data at two temperatures. The
parameter combination XL-XL gives closer prediction to those from CPA and the parameter
combination AG-GS for all the composition except the water content in the vapor phase. It can be
seen that the CPA and PC-SAFT with the approach XL-XL give almost the same prediction of the
solubility of petroleum fluid in the polar phase.

Table 4.4 The experimental and calculated composition (x1000) of Live Oil 2 + Water + Methanol”

Type Solubility at (276.75K and 60.3Bar) %RD to CPA
Exp. CPA AG-GS”* XL-XL AG-GS  XL-XL
yH20 0 0.152 0.164 (0.164) 0.166 (0.166) 7.89 9.21
yMEOH 0.429  0.452 0.382 (0.382) 0.414 (0.414) -15.5 -8.63
xH20 0 0.163 0.132 (0.132) 0.184 (0.185) -19.0 13.5
xMEOH 2.01 1.83 0.708 (0.710) 1.041 (1.042) -61.2 -43.2
xOil 0 6.02 6.511 (6.510) 6.025 (6.025) 8.14 0.00
Solubility at (280.85K and 149.9Bar)
yH20 0 0.140 0.142 (0.142) 0.166 (0.166) 1.43 18.6
yMEOH 0.687  0.638 0.430 (0.430) 0.515 (0.515) -32.6 -193
xH20 0 0.204 0.163 (0.163) 0.226 (0.226) -20.1 10. 8
xMEOH 1.88 1.99 0.814 (0.815) 1.174 (1.176) -58.8 -40.7
xOil 0 8.76 9.065 (9.064) 8.596 (8.596) 3.42 1.83
%AAD * 6.82 42.4 28.5 22.8 16.6

" The values in parentheses are calculated using characterization method CM7, and the deviations
are made only for the characterization methods CM7.

" AG-GS denotes the parameter combination of water parameters from Grenner et al. (2006) and
methanol parameters from Gross and Sadowski (2002). XL-XL means both are from this project.

* The %AAD is calculated for two temperatures.

4.3.3 Dead Oils + MEG

The detailed characterization results of the five dead oils are given in Table B.3. The typical results
for petroleum fluids Cond-1, Light-1 and Light-2 are plotted in Figures 4.5-4.7. The results of
Cond-2 and Cond-3 are very similar to those of Cond-1, from the qualitative point of view. There is
an obvious turning-point for segment energy parameter from the characterization method CM5 (R)
for all the fluids, while is not true for those from the method CM?7. This is because the method CM5
(R) uses the PNA analysis, estimated by molecular weight and specific gravity of the pseudo-
components, to combine the model parameters m and me/k from three hydrocarbon series, and the

method CM7 uses linear correlations for m and me/k. A very similar turning-point is also observed
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for the segment size parameter from the method CMS5 (R). The turning-point in these two
parameters indicates that they are to some extent coupling with each other, especially the quantity
(mo) shows quite similar values from the two characterization methods, as seen from the two live

oils above.

The modeling results of the mutual solubility of petroleum fluids and MEG with PC-SAFT, using
the characterization method CM7, are plotted in Figure 4.8, and the detailed results with the two
characterization methods can be found in Appendix B.4. The %AAD results with PC-SAFT and
CPA are presented in Table 4.5. The CPA modeling results are taken from Riaz et al. (2011a, 2011b
2014), and Frost et al. (2013). Two MEG parameter sets are applied for PC-SAFT. One is from

>

Tsivintzelis and Grenner (2008), which is named as AG as well. The other one from this thesis is
named as XL. Linear correlations of k;; between pseudo-components and MEG against molecular

weight, developed in Chapter 2, with 0.0 as the truncation are used for the both MEG parameter sets.
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Figure 4.5 Characterized PC-SAFT parameters of pseudo-components for petroleum fluid Cond-1.
(a) Segment number (m), (b) segment energy (e/k), (c) segment size (o), (d) quantity (mo?).
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Figure 4.6 Characterized PC-SAFT parameters of pseudo-components for petroleum fluid Light-1.
(a) Segment number (m), (b) segment energy (¢/k), (c) segment size (o), (d) quantity (mc®).

In general, both CPA and PC-SAFT could reasonably model the petroleum fluid + MEG systems,
except for the petroleum fluid Light-1, for which the models significantly under-predict the
solubility of MEG in the organic phase. It can be seen from Table 4.5 that in general the CPA
predicts the solubility of the petroleum fluids in the polar phase better, but PC-SAFT wins the other
side, i.e. the solubility of MEG in the organic phase.

Though the parameter set XL correlates the LLE of MEG and normal hydrocarbons better as
discussed in Chapter 2, the two parameter sets give similar prediction of the solubility of the
petroleum fluids in the MEG rich phase, as seen from Figure 4.8 (a) and Table 4.5. The parameter
set XL presents smaller overall deviation for the prediction of the solubility of MEG in the organic
phase, as presented in Table 4.5. As shown in Figure 4.8 (b), however, the performance largely
depends on the type of petroleum fluids. In general, the results from Table 4.5 reveal that the
parameter set XL performs better for the condensate gas, while the MEG parameter set AG gives

better predictions for oils on the solubility of MEG in organic phases. This might be because the
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parameter set AG always predicts higher solubility of MEG in the organic phase than those from the

parameter set XL, as seen in Figure 4.8.
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Figure 4.7 Characterized PC-SAFT parameters of pseudo-components for petroleum fluid Light-2.
(a) Segment number (m), (b) segment energy (¢/k), (c) segment size (o), (d) quantity (mo").
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Figure 4.8 Modeling results of the mutual solubility of petroleum fluids and MEG with PC-SAFT
using the two characterization methods. The experimental data are taken from Riaz et al. (2011a,
2011Db, 2014), and Frost et al. (2013). The detailed modeling results can be found in Appendix B.4.
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Table 4.5 %AADs for the mutual solubility of petroleum fluids and MEG from different models”

Fluid Oil fluids in pf)lar phase § MEG in organic phase
CPA AG XL CPA AG XL
Cond-1 11.0 7.12 (8.18)  5.77 (6.66) 12.0 33.9(33.6) 8.57(8.47)
Cond-2 17.0 35.5(36.2) 34.6 (34.6) None 18.6 (18.5)  8.99 (8.99)
Cond-3 None 249 (23.4) 27.4(26.2) None 27.2(26.7) 11.0(10.9)
LightOil-1 1.00 577 (4.13)  7.42(5.95) 82.0 60.3 (60.0)  70.5(70.3)
LightOil-2 13.0 14.6 (13.9) 15.8(15.3) 21.0 5.02(5.13) 17.8(17.7)
avg. %AAD 10.3 17.6 (17.2) 182 (17.7) 36.7 29.0 (28.8) 23.4(23.3)

* Values in parentheses are from CM7.

" AG denotes that the PC-SAFT parameters of MEG from are Tsivintzelis and Grenner (2008), and
XL means that the parameters are from this thesis.

As seen from Table 4.5 and Appendix B.4, the two characterization methods present similar overall
modeling results, especially for the solubility of MEG in the organic phase. The similar systematic
differences, as seen from the case Live Oil 1 + Water, are observed in this case for the solubility of
petroleum fluid in polar phase — CM7 predicts smaller solubility than CM5 (R). They have slightly
larger impacts on the AG parameter set than on the XL one for this solubility. There seem no
systematic differences for the solubility of MEG in the organic phase, but the impacts on it are
smaller than on the solubility of petroleum fluid in the polar phase from the two characterization

methods. Largest impacts are seen for Light-1. These results are demonstrated in Figure 4.9.
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Figure 4.9 Comparisons of the two characterization methods on the solubilities from both AG and
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axis ‘Case no.” can be found in Table Appendix B.4, which is corresponding to the conditions of

each petroleum fluid.
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4.3.4 Dead Oils + Water + MEG

The modeling results of petroleum fluid + water + MEG systems with the PC-SAFT EOS, using the
characterization method CM7, are presented in Figure 4.10, and the detailed results with the two
characterization methods are given in Table Appendix B.5. The calculations with the PC-SAFT
EOS are performed with two options of the parameters: (1) the parameters of water and MEG are
from Grenner et al. (2006) and Tsivintzelis and Grenner (2008), which option is denoted as AG; and

(2) the parameters of both compounds are from this project, which option is denoted as XL.

The %AADs for the modeling results from CPA and PC-SAFT are compared in Table 4.6. The
CPA modeling results are taken from Riaz et al. (2011a, 2011b, 2014), and Frost et al. (2013). The
percentage relative deviations (%RD) are reported for each case, and the calculations of PC-SAFT
are using the characterization method CM7. The %AAD:s for all the conditions are presented at the

end of the table, for which the results from both characterization methods are reported.
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Figure 4.10 Modeling results of the solubility of petroleum fluids, MEG and water from CPA and
PC-SAFT with the characterization method CM7. Figure (b) is rescaled from Figure (a), and the
legend is the same in all four figures. The experimental data are taken from Riaz et al. (2011a,
2011b, 2014), and Frost et al. (2013). The detailed modeling results can be found in Appendix B.5.
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Table 4.6 Deviations of the solubility of petroleum fluids, MEG and water from different models

Oil in polar phase MEG in organic phase H,O in organic phase

Caseno. T (K)

CPA" AGF XU7 CPA AG XL CPA AG XL
Cond-1
1 323.15 43 123 5 70 108 76 10 29 -10
2 323.15 26 476 61 107 68 -19 37220
3 323.15 -1 21 12 27 66 32 10 30 -10
Cond-2
4 303.15 78 <10 -59 27 21 4 45 55 41
5 303.15 61 -14 -47 27 27 6 43 54 40
6 303.15 2 18 -5 61 64 34 39 520 -36
7 323.15 72 -10 =54 55 44 23 17 34 17
8 323.15 63 30 -54 61 55 28 21 37 21
9 323.15 41 35  -45 37 35 9 25 41 25
Cond-3
10 313.15 29 349 3 30 7 23 35 -14
11 313.15 35 84 17 10 44 21 19 330 -12
12 313.15 50 135 15 -6 22 6 -16 =30 9
LightOil-1
13 313.15 18 17 3 -58 11 -16 37 48 -39
14 313.15 58 -19  -49 -61 0 23 23 36 -26
15 323.15 220 7 -1 43 43 7 28 40 31
16 323.15 49  -10 -39 -46 32 1 29 41 232
LightOil-2
17 323.15 4 59 30 -36 0 21 32 48 35
18 323.15 47 40 -11 -62 43 -54 30 47 -34
19 323.15 66 38 -33 54 37 48 34 49 37
%AAD (CM?7) 395 26.5 415 255 409 257
%AAD (CM5 (R)) 403 400 263 24 416 255 263 415 265

* The CPA results are from Riaz et al. (2011a, 2011b, 2014) and Frost et al. (2013). The k;j of MEG
and HC are 0.0 and 0.4 for Cond-2 and Cond-3, respectively, and it is 0.02 for other cases.

* AG uses the PC-SAFT parameters of water and MEG from Grenner et al. (2006) and Tsivintzelis
and Grenner (2008). XL uses the parameters of both components from this project.

The prediction of the mutual solubility of petroleum fluids and polar compounds, i.e. water and
MEG, highly depend on the types of petroleum fluids and the conditions, as seen from Figure 4.10,
Tables 4.6 and Appendix B.5. As shown in Table 4.6, PC-SAFT with the parameter option XL
presents generally the best overall predictions. It predicts the solubility of petroleum fluids in the
polar phase and the solubility of MEG in the organic phase better than both CPA and PC-SAFT
with the parameter option AG. The parameter option XL gives quite similar prediction of the water
solubility to CPA, and much better prediction than the parameter option AG for all the cases. It is
interesting to see that the prediction of the solubility of MEG in the organic phase for Light-1 is
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quite reasonable, where the models have difficulties in predicting this solubility in the systems of

Light-1 + MEG, as discussed above.

It is worth noticing that both CPA and PC-SAFT under-predict the solubility of water in the organic
phase. This is because the water parameters are obtained by taking account the LLE data of water
with non-aromatic hydrocarbons into the estimation procedure. Very recently, it has been shown
internally the prediction from CPA could be improved by using different binary interaction
parameter approach, but it is not true for PC-SAFT if good prediction of the solubility of petroleum
fluid in the polar phase needs to be kept. This is because, as discussed in Chapter 3, the solubility
lines of hydrocarbons and water always go the same direction by tuning the interaction parameter.
As a feasible solution, the prediction is anticipated to be improved for heavy oils by taking the
aromatic compounds into accounts explicitly, for which the solvation interactions will bring more
water into the organic phase. The solubility of water in normal hexane, cyclo-hexane and benzene
are presented in Figure 4.11, which shows that the solubility of water in benzene is much higher

than those in non-aromatic hydrocarbons, especially at low temperature ranges.
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Figure 4.11 Comparison the solubility of water in different hydrocarbons. The dash-dot line is the
prediction from PC-SAFT for water-nC6 binary system.
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The two characterization methods present very similar modeling results, especially for the solubility
of the petroleum fluids in the polar phase and the MEG solubility in the organic phase, as seen from
Table Appendix B.5. The method CM7 presents slightly better results than CM5 on the water
solubility in the organic phase. The similar systematic differences, as seen from previous cases,
appear in this case as well — CM7 predicts the solubility of petroleum fluid in polar phase smaller
and the solubility of water in organic phase larger, respectively, than CMS5 (R). These results are

demonstrated in Figure 4.12. It shows that the impacts, respectively, are largest for the water
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solubility and smallest for the MEG solubility. In this case, the differences of the impacts on the
water solubility between these two water parameters are not as large as what have been seen in the
case Live Oil 1 + Water. The two characterization methods show larger impacts on the solubility of

petroleum fluids in the polar phase for this case than for the case Live Oil 1 + Water.
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Figure 4.12 Comparisons of the two characterization methods on the solubilities from both AG and
XL parameter combinations. The quantity (CM5 (R) — CM7)/CM7 is defined in equation (4.1). The
x-axis ‘Case no.” can be found in Table Appendix B.5, which is corresponding to the conditions of
each petroleum fluid.

4.4 Conclusions

In this work, the PC-SAFT EOS with the newly developed parameters of water, methanol and MEG,
and the general petroleum fluid characterization methods is applied to model the phase behavior of
oil plus water and/or chemical systems. The modeling results for most systems are satisfactory. The
PC-SAFT EOS with the newly developed water and MEG parameters give quite promising
prediction on the mutual solubility of the oil-water-MEG systems, compared to those from CPA and

PC-SAFT with other literature available parameters. The results also show that the current PC-
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SAFT parameters under-predict the water solubility in the organic phase, which suggest that the
explicit inclusion of the aromatic compounds might improve the modeling results by introducing

the solvation interactions.

The two characterization methods CMS5 (R) and CM 7, developed in the Chapter 3, on one hand,
produce quite different PC-SAFT model parameters (segment number, segment size and segment
energy) of pseudo-components for individual cases. On the other hand, they show quite similar
trends for the segment number and the quantity (mo”) against molecular weight. In the meantime,
the same linear equation is used for the quantity (me/k) in both characterization methods. These
similar or same trends lead to quite similar overall modeling results for almost all of the considered
systems in this work, but systematic differences are observed between these two characterization
methods. CM7 predicts the solubility of petroleum fluid in the polar phase smaller and the solubility
of water in the organic phase larger, respectively, than CM5 (R). It is also found that both these two
characterization methods have, respectively, largest and smallest impacts for the water solubility
and for the MEG solubility. These systematic differences lead the method CM7 to give slightly
better overall predictions, but these differences are much smaller than experimental uncertainties.
So the modeling of the mutual solubility of oil plus water and/or chemicals would still not be the
excellent criterion to select the characterization methods from the quantitative point of view. It is
worth pointing out that, however, these two characterization methods predict different phase splits
at some specific conditions. For instance, non-physical liquid-liquid-liquid phase equilibrium is
predicted by CM5 (R) for the case Live Oil 1 + Water at low temperature. The characterization
method CM7 might be recommended as the default method, but other alternative approaches for
model parameters are possible, especially for segment size, which will be the future work due to the

time limitation.
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Chapter 5. Data and correlations of speed of sound

Volumetric properties and phase equilibria data are commonly used to tune the thermodynamic
models. It is preferable, however, to include the derivative properties into the parameter fitting
procedures, if the model is going to be extended to calculate derivative properties, e.g. speed of

sound, as in this project.

The purpose of this work is (1) to review and analyze the speed of sound data of hydrocarbons,
alcohols and their mixtures including petroleum fluids; (2) to review correlations for the speed of

sound data, and develop general correlations for speed of sound in pure hydrocarbons and 1-alcohol.
5.1 Introduction

Speed of sound is a thermo-physical property that can be accurately determined in wide temperature
and pressure ranges. The usage of ultrasound has been moving from the exploratory stage to
systematic applications in various fields, such as fundamental researches on intermolecular
interactions, and online monitor of industrial processes. In oil industry, acoustic measurements are
helpful on obtaining phase behavior and physical properties of reservoir fluids, e.g. estimating the
density of downhole reservoir fluids, and on in-situ measurement or characterization of the
heterogeneous or homogenous mixtures in reservoirs [Meng et al. (2005, 2006), Goodwin (2003),
Machefer et al. (2007), Durackova (1995)]. Specifically SONAR (Sound Navigation and Ranging)
uses sound propagation to navigate, communicate with or detect objects on or under the surface of
the water, and it can even provide some measurements of the echo characteristics of the “targets”

[Automatic Leak Detection Sonar (2012)].

As discussed in Chapter 1, within the framework of general thermodynamic rules, on one hand,
speed of sound is related with other thermodynamic properties such as density, isobaric and
isochoric heat capacities, and isothermal compressibility. Moreover, speed of sound measurements
have found wide acceptance as a satisfactory and relatively simple method to obtain thermodynamic
data of liquids, since it is possible to derive equations of state for liquids from these experimental
results. As the direct determination of properties such as density and heat capacity can be quite

difficult at elevated pressures, some people claim that it is more reliable to calculate these properties
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from the speed of sound data by combining direct measurements of density and heat capacity at
atmospheric pressure. Moreover, speed of sound is a valuable property for developing
thermodynamic model as a supplement property or a discriminating reference quantity, since it can

be measured to a high degree of accuracy, even in high pressure regions.
5.2 Data

The following sections will be organized based on pure fluids, binary mixtures, ternary mixtures,

and oil or gas mixtures.
5.2.1 Pure fluids
5.2.1.1 Normal hydrocarbons

Hydrocarbons are the primary constituents of reservoir fluids, and are commonly categorized as
paraffins, naphthenes and aromatics. They range from the lightest components, which at normal
conditions are gases, such as methane and ethane, to extremely heavy components, for instance

asphaltenes or bituminous residues [Pedersen et al. (2007a)].

Normal hydrocarbons are very important constituents in crude oils, and extensive speed of sound
measurements have been done, especially for the short chain ones. Comprehensive data reviews can
be found in the works of Khasanshin et al. (2001), Oakley et al. (2003) and Padilla-Victoria et al.
(2013). The speed of sound database for pure hydrocarbons from this work is given in Appendix C
(Table C.1). Detailed reviews will not be duplicated anymore, but more efforts will be put to show
that the high degree of accuracy of speed of sound measurements, the impacts of temperature,
pressure and chain length on speed of sound, and the performance of NIST [REFPROP (2010)]

reference equations of state for speed of sound in short chain n-alkanes.

Methane (C1) is probably the most important single compound in the oil and gas mixtures. The
speed of sound in gaseous and liquid methane had been extensively measured in wide temperature
and pressure ranges since 1960s because of the petroleum industry development [van Itterbeek et al.
(1967), Straty (1974), Gammon et al. (1976), Baidakov et al. (1982), Kortbeek et al. (1990)]. The
speed of sound in saturated liquid methane and compressed liquid methane are shown in Figure 5.1.
On one hand, it is shown that the speed of sound measurements are highly reproduced among
different groups, indicating the high degree of experimental accuracy. On the other hand, the NIST
reference equation of state [REFPROP (2010)] represents the speed of sound in C1 very well.
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Normal hexane (nC6) is another extensively studied hydrocarbon, an important constituent of fuel,
and a widely in-use solvent. Many groups conducted speed of sound measurements for n-hexane
[Boelhouwer (1967), Daridon et al. (1998), Ball et al. (2001), Khasanshin et al. (2001), Plantier et al.
(2003/2004)]. It can be seen from Figure 5.2 (a) that high reproducibility is again shown for the
speed of sound in liquid n-hexane, but the NIST [REFPROP (2010)] reference equation of state
does not seems to perform as well as for methane. The speed of sound in n-nonane is supplemented
in Figure 5.2 (b) to show that the accuracy of NIST [REFPROP (2010)] reference equations of state
are compound dependent rather than a systematic error along with chain length. The speed of sound

in both n-hexane and n-nonane show similarly smooth functionalities of temperature and pressure.
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Figure 5.1 (a) The speed of sound in saturated methane. Data are taken from van Itterbeek et al.
(1967), Straty (1974), and Baidakov et al. (1982), respectively. (b) The speed of sound in condensed
liquid methane. Data are taken from Straty (1974). Lines are data from NIST [REFPROP (2010)].
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Figure 5.2 (a) The speed of sound in liquid nC6. Data are taken from Daridon et al. (1998a),
Khasanshin et al. (2001), and Ball et al. (2001). (b) The speed of sound in liquid nC9. Data are
taken from Boelhouwer (1967) and Lago et al. (2006). Lines are data from NIST [REFPROP
(2010)].
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Khasanshin et al. (2001, 2002, 2003, 2009) made many speed of sound measurements for n-alkanes,
shorter than n-hexadecane. During the same period, Daridon et al. (2000, 2002) and Dutour et al.
(2000, 2001a, 2001b, 2002) systematically measured the speed of sound in n-alkanes up to n-
hexatriacontane. The pressure dependence of the speed of sound in n-dodecane, n-octadecane, n-
tetracosane and n-hexatriacontane at 373.15K is plotted in Figure 5.3. It can be seen that the speed
of sound in n-alkanes increase as the chains get longer, and show qualitatively similar functions of
pressure, which makes it possible to use a generalized expression to correlate the speed of sound as

a function of chain length [Khasanshin et al. (2000, 2001), Padilla-Victoria et al. (2013)].
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Figure 5.3 The speed of sound in liquid nC12, nC18, nC24 and nC36 at 373.15K. Data are taken
from Khasanshin et al. (2003) and Dutour et al. (2000, 2001b, 2002).
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The speed of sound measurements have high degree of accuracies, which can be seen from high
reproducibility of the experimental results from different groups. It is, however, not always true.
Figure 5.4 presents that the speed of sound in n-hexadecane at 373.15K measured by Ball et al.
(2001) deviate from other three sets [Boelhouwer (1967), Khasanshin et al. (2001, 2009)] under
elevated pressures, which suggest that careful selections or evaluations of experimental data should

be undertaken when more than one data sets are available.
5.2.1.2 Cyclohexane, Benzene and Toluene

Cyclohexane, benzene and toluene are common constituents of petroleum fluids. Cyclohexane and

toluene are important solvents, while benzene is one of the most elementary petrochemicals.

Sun et al. (1987) measured the speed of sound in cyclohexane in the temperature range from 283.15
to 323.06 K and pressure range up to 85 MPa. Takagi et al. (2002) reported the speed of sound in
cyclohexane at temperatures between 283.15K and 333.15K and pressures up to 20 MPa. The speed
of sound in cyclohexane at three temperatures is plotted in Figure 5.5 (a) together with the data
calculated from NIST [REFPROP (2010)] reference equation of state. It shows again that the NIST
[REFPROP (2010)] reference equation of state does not perform very well for cyclohexane from the

qualitative point of view, especially for those above room temperature.

Bobik (1978) measured the speed of sound in benzene at temperatures between 283K and 463 K
and pressures from the coexistence region up to 62 MPa. Takagi et al. (1984, 1987, 2004c¢) reported
the speed of sound in benzene in temperature ranges 283.15-333.15K and pressure ranges 0.1-
170MPa in three works. Sun et al. (1987) also reported the speed of sound in benzene in
temperature range from 283.143 to 323.125 K and pressure up to 170 MPa in the same work in
which they published the data for cyclohexane. In Figure 5.5 (b), it can be seen that the
experimental data from different groups are consistent to each other, and NIST [REFPROP (2010)]

reference equation of state gives perfect description of the speed of sound in benzene.

Hawley et al. (1970) reported the speed of sound in nine liquids, in which the data of toluene were
measured at temperatures 303 to 348 K and pressures between 0.1 to 522 MPa. Takagi et al. (1984)
measured the speed of sound in toluene at temperatures 293.15K, 298.15K and 303.15K and in the
pressure range from 0.1 to 160 MPa. Muringer et al. (1985) measured the speed of sound in toluene
up to 263.5 MPa and at temperatures from 173.18 to 320.3 K. Comprehensive speed of sound

measurements in toluene were carried out very recently by Meier et al. (2013) at the temperatures
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between 240 and 420 K with the pressure range from 0.1 to 100 MPa, in which they summarized

the reference of experimental works on speed of sound measurements for toluene. Figure 5.5 (c)

shows the data from different groups and NIST [REFPROP (2010)] reference equation of state.
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Figure 5.5 (a) The speed of sound in cyclo-C6. Data are taken from Sun et al. (1987) and Takagi et
al. (2002). (b) The speed of sound in benzene. Data are taken from Sun et al. (1987), Bobik (1978),
and Takagi et al. (1987). (c) The speed of sound in toluene. Data are taken from Takagi et al. (1984),
Hawley et al. (1970), Muringer et al. (1985), and Meier et al. (2013). Lines are data from NIST

[REFPROP (2010)].

5.2.1.3 1-Alcohols

1-Alcohols are important biologically and industrially amphiphilic additives in the oil production

and petrochemical industries [Abida et al. (2003), Dubey et al. (2008c)]. They are also very good

candidates to investigate the association phenomena.
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There were some systematic investigations on acoustic properties of monatomic saturated alcohols.
Wilson et al. (1964) measured the speed of sound in four primary alcohols, i.e. methanol, ethanol,
1-propanol and 1-butanol, at temperatures from 273.15 to 323.15 K and pressures up to 96.5 MPa.
Sun et al. (1988, 1991) measured the speed of sound in methanol and ethanol, respectively, at
temperatures from 274.74 to 332.95 K and from 193.4 to 263.05 K up to 280 MPa. Khasanshin et al.
(1992) proposed a correlation expression for the speed of sound in the series of normal alcohols
from C4 to the higher homologs in the region of liquid state within temperatures range 303-405K
and pressures below 100 MPa. The speed of sound in methanol, 1-butanol and 1-octanol was
reported in the temperature range from 303.15 to 373.15 K and pressure range up to 50 MPa by
Plantier et al. (2002b), which data was used to determine the nonlinear acoustic parameter. In their
systematic work of thermodynamics properties of organic liquids using the acoustic methods,
Dzida et al. (2000, 2007, 2009a, 2013) reported the speed of sound data for 1-propanol, 1-pentanol

to 1-decanol in the temperature range from 293 to 318 K and pressures up to above 100 MPa.

The speed of sound in 1-alkanols, from methanol to 1-decanol, at 313.15K are presented in Figure
5.6 (a). It can be seen that a similar trend is obtained as the speed of sound in n-alkanes. The speed
of sound, on one hand, shows a simple and smooth function of temperature and pressure, and on the
other hand, the slower the speed of sound increases as the chains get longer. Figure 5.6 (b) shows
that the NIST [REFPROP (2010)] reference equation of state represents the speed of sound in

methanol with a perfect accuracy.
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Figure 5.6 (a) The speed of sound in 1-alkanols at 313.15K. Data are taken from Sun et al. (1988),
Marczak et al. (2000), Plantier et al. (2002b), Dzida et al. (2005, 2007, 2009a, 2013 ); (b) The speed
of sound in methanol. Data are taken from Sun et al. (1988), and Plantier et al. (2002b). Lines are
data from NIST [REFPROP (2010)].
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5.2.2 Binary systems

The investigation on physical and transport properties of binary mixtures are of considerable
interest to fundamental researches and industrial applications. On one hand, the experimental excess
properties (deviations from ideal mixing) provides information about intermolecular interactions,
e.g. packing efficiencies taking place when mixing the pure compounds into a solution, effects of
temperature and pressure, and changes with respect to composition. The phase behavior information,
on the other hand, can be used to validate the predictive capabilities of thermodynamic models or
adjust the binary interaction parameters for engineering applications [Dubey et al. (2008a, 2008c¢),

Dzida et al. (2008)].

There is no ideal mixing concept for speed of sound, but in order to analyze the limit of the speed of

sound in mixtures, the following equation is used for representing the ideal limit (ideal mixing):

n
uld = inui (5.1)

where x and u are the molar fraction of and speed of sound in the pure compound i. In the meantime,
the concepts of positive and negative deviations from this ideal limit will be introduced for binary

and ternary mixtures.
5.2.2.1 Hydrocarbon + hydrocarbon

Thermodynamic and acoustic properties of binary hydrocarbons mixtures are very important to
petroleum industries. Meanwhile binary mixtures of hydrocarbons, especially alkanes, are very
important systems to investigate the impacts of temperature and pressure on the thermodynamic
properties through the effects of short-range interactions, such as dispersion force, chain length and

mixing behaviors of asymmetric molecules, from a theoretical point of view.

A summary of temperature range, pressure range and references of the experimental speed of sound
data in binary hydrocarbons mixtures, available in our data base, is given in Appendix C, Table C.2.
The impacts of temperature, pressure and molecular asymmetry on speed of sound will be

investigated through the discussions of speed of sound for some typical systems.

Figure 5.7 presents the speed of sound in two gaseous binary systems dominated by methane at

three temperatures [Lagourette et al. (1994)]. It can be seen that the speed of sound curves at low
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pressure regions are intersecting each other or having a minimum against pressure, which is because
the gaseous mixtures are moving from a vapor-like state to a liquid-like state. This behavior might

introduce difficulties in correlating speed of sound as a function of pressure by a universal form.

Figure 5.8 presents the speed of sound in binary series of n-hexane with moderate (n-heptane) to
long chain (n-hexadecane) normal alkanes at 298.15 K and atmospheric pressure [Tourino et al.
(2004), Bolotnikov et al. (2005)]. The speed of sound in these systems show positive deviations
from ideal limit, and as expected, the deviations increase as the asymmetry of the corresponding

pure compounds become larger.
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Figure 5.7 The speed of sound in gaseous binary systems of (a) {0.8998 methane + 0.1002 propane}
and (b) {0.98 methane + 0.02 nC8}. Data are taken from Lagourette et al. (1994).
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Figure 5.8 The speed of sound in binary systems of n-hexane + n-heptane, n-nonane, n-dodecane or
n-hexadecane at 298.15K and atmospheric pressure. Data are taken from Tourino et al. (2004) and
Bolotnikov et al. (2005). Lines are from equation (5.1).
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In order to investigate the impacts of temperature, pressure and compound asymmetry on deviation
from ideal limit, three speed of sound data sets are presented in Figure 5.9 for each binary system,
(a) methane + n-hexadecane at 298.15K [Ye et al. (1992b)], (b) n-hexane + n-hexadecane at
323.15K [Ye et al. (1992b)], (c) n-hexane + n-hexadecane at 10 MPa [Ye et al. (1992b)], and (d) n-
heptane + n-dodecane at 298.15K [Dzida et al. (2008)]. It can be known from these figures that
asymmetry plays a better important role than temperature and pressure on deviations from ideal
limit, which are positive and become smaller as temperature and/or pressure increase. The ideal
limit gives satisfactory description of the speed of sound in the binary mixture of n-hexane and n-
hexadecane at high temperature and pressure, as shown in Figure 5.9 (b) and (c). It performs very
well for the speed of sound in the binary mixture of n-heptane and n-dodecane, as seen from Figure
5.9 (d). These results tell us that, for such kinds of binary systems, good prediction results can be

obtained if correlations of speed of sound in the corresponding pure fluids are available.
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Figure 5.9 The speed of sound in binary systems (a) methane + n-hexadecane at 313.25K; (b) n-
hexane + n-hexadecane at 323.15K; (c) n-hexane + n-hexadecane at 10MPa; (d) n-heptane + n-
dodecane at 298.15K. Data are taken from Ye et al. (1992b), Bolotnikov et al. (2005) and Dzida et
al. (2008). Lines are from equation (5.1).
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Figure 5.10 (a) presents the speed of sound in binary mixtures of n-hexane + cyclohexane at
303.15K [Oswal et al. (2002)] and n-hexane or cyclohexane + benzene or toluene at 313.15K
[Calvar (2009a, 2009b)]. All measurements are made at atmospheric pressure. The speed of sound
in these binary systems shows negative deviations from the ideal limit. The negative deviations in
the binary mixture of n-hexane and cyclohexane are smaller than those in the systems with benzene
or toluene, which compounds have similar performance on the systems when they are mixing with
n-alkanes or cyclohexane. The speed of sound in binary series of benzene with n-hexane to n-
nonane is shown in Figure 5.10 (b), which indicates that the deviations from ideal limit become

more negative when the normal alkane gets heavier.
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Figure 5.10 (a) The speed of sound in binary systems of n-hexane + cyclohexane at 303.15K and n-
hexane or cyclohexane + benzene or toluene at 313.15K and atmospheric pressure. Data are taken
from Oswal et al. (2002) and Calvar et al. (2009a, 2009b). (b) The speed of sound in binary systems
of benzene + n-hexane, n-heptane, n-octane and n-nonane at 313.15K and atmospheric pressure.
Data are taken from Calvar et al. (2009b). Lines are from equation (5.1).

5.2.2.2 Hydrocarbon + 1-alcohol

Systematic studies have been made extensively on binary mixtures of 1-alkanols with hydrocarbons,
especially with alkanes. This is mainly because binary mixtures of alcohols and alkanes, as pointed
by many researchers [Nath (1998b), Dubey et al. (2008c, 2008d), Dzida (2009b)], are convenient
model systems for studying association phenomena, solvation and nonspecific physical interactions,
which are essential for developing and testing of advanced general theoretical models, such as
SAFT models [Chapman et al. (1988, 1990), Jackson et al. (1988)], considering intermediate range

forces, e.g. hydrogen bonding, in an explicit way.
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During their systematic investigations on the volumetric properties of binary mixtures of 1-alkanol
+ n-alkane, Benson and co-workers [Kiyohara et al. (1979), Benson et al. (1981), Handa et al.
(1981)] measured the speed of sound in binary mixtures of methanol to 1-hexanol, 1-octanol and 1-
decanol with n-heptane, in binary mixtures of 1-hexanol with n-pentane, n-hexane, n-octane and n-
decane, and in binary mixtures of 1-decanol with n-pentane, n-hexane, n-octane, n-decane and n-
hexadecane, over the whole molar composition range at 298.15K and atmospheric pressure. In their

measurements, special attention was paid to the high dilute regions with respect to 1-alkanols.

In their systematic studies on thermodynamics of alcohol + alkane binary mixtures by measuring
scarcely available physical and transport properties, such as dielectric constants, refractive indices
and viscosities, Sastry et al. (1996a, 1996b) reported the speed of sound in binary mixtures of 1-
propanol or 1-butanol + n-heptane at 298.15K and 308.15K, and 1-heptanol + n-hexane or n-
heptane at 303.15K and 313.15K, all at atmospheric pressure.

During the continuous work series of the program on thermodynamic properties and phase behavior
of binary and ternary nonelectrolyte systems related to homogeneous and heterogeneous extractive
distillation, Orge et al. (1995, 1999) reported the speed of sound, as a function of mole fraction, in
binary mixtures of (benzene or cyclo-hexane) with 1-pentanol at 298.15K, (methanol, ethanol or 1-
propanol) with (n-pentane, n-hexane, n-heptane or n-octane) at 298.15K, and (methanol or ethanol)
with (hexane, heptane or octane) at temperatures from 303.15 to 318.15 K. All are at atmospheric
pressure. Recently, new speed of sound data in binary mixtures of ethanol with (n-hexane, n-
heptane, n-octane or n-nonane) at temperatures from 288.15 to 323.15K over the whole composition

range was reported by Gaycol et al. (2007), with co-authors of the works presented above.

Oswal et al. (1998) measured the speed of sound in ten binary mixtures of ethanol to 1-decanol, and
1-dodecanol with cyclo-hexane over the whole composition range at temperature 303.15K and

atmospheric pressure.

To study intermolecular interactions predominated by hydrogen bonding, chain length and
temperature dependence of excess thermodynamic properties, Nath (1997, 1998a, 2000, 2002a,
2002b) carried out systematic measurements on the speed of sound in binary mixtures of (1-butanol,
1-hexanol, 1-heptanol and 1-octanol) with (n-pentane to n-octane) at temperature range from 288.15

to 303.15K and atmospheric pressure.
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The speed of sound in binary mixtures of 1-pentanol and n-nonane was reported at temperature

from 293.15 to 313.15K over the whole composition range by Gepert et al. (2003)

Recently, along with density and viscosity, speed of sound in binary mixtures (1-butanol, 1-hexanol,
1-octanol or 1-decanol) with (n-hexane, n-octane or n-decane), and (1-butanol or 1-octanol) with (n-
hexadecane or squalane) were measured at temperatures 298.15K, 303.15K and 308.15K and
atmospheric pressure in the series of work by Dubey et al. (2008a-f). They adopted the Redlich—
Kister type mathematical formula to correlate the excess properties, and used the Prigogine-Flory-
Patterson (PFP) theory to analyze excess volume and to estimate the speed of sound and the

isentropic compressibilities in these systems.

Experimental speed of sound data of 1-alkanol and alkanes binary mixtures at high pressures is
rather scarce. To fill this gap and to provide a way to calculate properties such as density and heat
capacity at high pressures, Dzida et al. (2003, 2005, 2009b) measured the speed of sound in binary
systems of (ethanol, 1-propanol and 1-decanol) with n-heptane at the temperatures from 293 to
318K and pressures up to over 90MPa. These experimental results provide valuable information to
study both the temperature and pressure dependence of excess properties and to test theoretical

models [Dzida et al. (2003)].

The speed of sound in binary mixtures of, respectively, methanol + n-hexane at 298.15K, 308.15K
and 318.15K at atmospheric pressure, and 1-propanol + n-heptane at 298.15K at 0.1MPa, 46MPa
and 101MPa pressures are presented in Figure 5.11. It could be seen that these systems show

negative deviations from ideal limit, and temperature and pressure do not show significant impacts.
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Figure 5.11 The speed of sound in binary system of (a) methanol + n-hexane at 298.15K, 308.15K
and 318.15K and atmospheric pressure; (b) 1-propanol + n-heptane at 298.15K under 0.1MPa,
46MPa and 101MPa pressures. Data are taken from Orge et al. (1997, 1999) and Dzida et al. (2003).
Lines are from equation (5.1).
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The speed of sound in binary systems of, respectively, 1-butanol + (n-hexane, n-decane, n-
hexadecane or squalane) at 298.15K, n-heptane + (ethanol, 1-propanol, 1-heptanol or 1-decanol) at
293.15K, and cyclo-hexane + (ethanol, 1-propanol, 1-heptanol or 1-dodecanol) at 303.15K is
presented in Figures 5.12 (a), (b) and (c), all at atmospheric pressure. These figures all show that the
deviations of the speed of sound in 1-alkanol + hydrocarbon binary systems change from negative
to positive as the chain differences become larger. Figure 5.12 (d) presents the speed of sound in
binary systems of 1-pentanol with benzene or cyclo-hexane at 298.15K and atmospheric pressure,

which shows similar negative deviations.
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Figure 5.12 The speed of sound in binary systems of (a) 1-butanol + n-hexane, n-decane, n-
hexadecane or squalane at 298.15K; (b) n-heptane + ethanol, 1-propanol, 1-heptanol or 1-decanol at
293.15K; (c) cyclo-hexane + ethanol, 1-propanol, 1-heptanol or 1-dodecanol at 303.15K. All are at
atmospheric pressure. Data are taken from Dubey et al. (2008b, 2008c¢). (d) The speed of sound in
binary systems of 1-pentanol and benzene or cyclo-hexane at 298.15K and atmospheric pressure.
Data are taken from Orge et al. (1995). Lines are from equation (5.1).
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5.2.2.3 1-Alcohol + 1-Alcohol

The speed of sound measurements in binary mixtures containing only 1-alkanols are scarce, at least
not as extensive as other mixtures presented above. Gepert et al. (2003, 2006) reported the speed of
sound in binary mixtures of 1-pentanol with 1-octanol at temperature from 293K to 313K, binary
mixtures of 1-propanol with 1-hexanol, 1-pentanol with 1-nonanol, and 1-pentanol with 1-decanol

at 298.15K, all over whole composition range, which are shown in Figure 5.13.
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Figure 5.13 The speed of sound in the binary 1-alcohols. Data are taken from Gepert et al. (2006).
5.2.3 Multicomponent systems
5.2.3.1 Ternary mixtures

It is a common and economically attractive practice to add a new compound in azeotropic mixture
separations. To study the capability of using 1-pentanol as such a candidate for benzene and
cyclohexane mixture, Orge et al. (1995) measured different properties, including speed of sound,

for this ternary system at 298.15K over wide composition ranges.

To explore molecular interactions in ternary liquid mixtures using empirical, semi-empirical and
statistical theories, Rai et al. (1989) measured the speed of sound in ternary mixtures of (n-pentane
+ n-hexane + benzene), (n-hexane + cyclohexane + benzene), and (cyclohexane + n-heptane +
toluene) at 298.15 K and atmospheric pressure. Later, Pandey et al. (1999) adopted these theories
to predict the speed of sound in ternary mixtures of (toluene + n-heptane + n-hexane), (cyelohexane
+ n-heptane + n-hexane) and (n-hexane + n-heptane + n-deeane), which were compared with their

experimental results.
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In order to possess experimental information covering the temperature and pressure conditions
encountered at all stages in petroleum production, Daridon, Lagourette and their co-workers carried
out systematic acoustic measurements for synthetic mixtures in wide temperature and pressure
ranges. They measured the speed of sound in ternary mixtures of (0.88methane + 0.10propane +
0.02n-octane) at the temperatures from 293.15 to 373.15K and pressures from 25 to 100MPa
[Lagourette et al. (1995)]. They also measured the speed of sound in ternary mixtures of (carbon
dioxide + methane + n-hexadecane) in the temperature range 313.15 to 393.15K and pressure up to
70MPa for three composition {0.12, 0.10, 0.78}, {0.10, 0.46, 0.44} and {0.44, 0.11, 0.45} [Daridon
et al. (1996a)]. Later, they reported the speed of sound in four synthetic systems which were
representative of distillation cuts with high bubble points in even wider temperature and pressure
ranges. The speed of sound data, together with the density data at atmospheric pressure, were used
to calculate densities and isentropic and isothermal compressibilities under evaluated pressures.

[Daridon et al. (1998b, 1999)]

It is not easy to show the deviations from ideal limit in a two-dimension figure for a ternary system,
so the average relative deviations of some typical systems are calculated and reported in Appendix
C (Table C.3). It can be seen that the ideal limit can describe well for systems consisting of similar
compounds, such as n-hexane, n-heptane and cyclo-hexane, but it gives unsatisfactory results for

some other systems depending on the composition, temperature and pressure.

Figure 5.14 shows the speed of sound in ternary systems of methane + propane + n-octane with
fixed composition {0.88, 0.10 and 0.02} as a function of pressure, which shows similar behaviors in

the low pressure region as those in binary mixtures predominated by methane in Figure 5.7.
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Figure 5.14 The speed of sound in a ternary mixture {0.88 methane + 0.10 propane + 0.02 n-octane}
as a function of pressure at 293.15K, 323.15K, 343.15K and 363.15K. Data are taken from
Lagourette et al. (1995).
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5.2.3.2 Oils and gases

To fill the void of experimental data of acoustic properties in crude oils, Wang et al. (1990)
measured the speed of sound in three light oils, two refined oils, five heavy oils and one live oil,
covering a wide API gravity range from 5 to 62 degrees, in wide temperature and pressure ranges.
They made correlations between speed of sound, temperature, pressure and API gravity, so

empirical equations were available to calculate the speed of sound in oils with known API gravities.

To meet the challenges from the increasing number of hyperbaric oil reservoirs, Daridon and co-
workers [Labes et al. (1994), Daridon et al. (1996b, 1998c¢), Barreau et al. (1997), Lagourette et al.
(1999), Plantier et al. (2008)] made systematic studies on the thermodynamic properties and fluid
behaviors of reservoir fluids by speed of sound measurements in the wide ranges of temperature,
pressure and petroleum fluid types. They conducted a series of systematic acoustic measurements
on pure, binary, ternary and other synthetic hydrocarbons mixtures, as discussed above, and also
they measured the speed of sound in reservoir fluids from condensate gases to heavy oils. The
composition, temperature and pressure information of the speed of sound measurements in oils,

available in our data base, is summarized in Appendix C (Table C.4).

Figure 5.15 (a) presents the speed of sound in one condensate gas, one hyperbaric oil and one heavy
oil as a function of pressure at 313.15K, which shows that the speed of sound in heavy oil are
higher, but they show a similar trend versus pressure from the qualitative point of view. Figure 5.15
(b) presents the speed of sound in two extremely heavy oils, which show very close values above

room temperature, but they get diverged at low temperatures.
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Figure 5.15 (a) The speed of sound in a condensate gas, a hyperbaric oil and an under-saturated
heavy oil as a function of pressure at 313.15K. Data are taken from Daridon et al. (1998c). (b) The
speed of sound in two very heavy oils. Data are taken from Plantier et al. (2008).
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5.3 Correlations

In order to interpolate and extrapolate experimental data to given conditions, and also for compact
and smooth representations, it is a common practice to correlate the measured speed of sound data
to mathematical expressions. This also makes it possible for people to compare their own data with
the published values at the exactly same conditions, i.e. temperature, pressure and/or composition.
Depending on the number of free variables, different mathematical expressions are used to correlate

the experimental data, among which the combination of polynomials are most popular.

Equation (5.2) is a general expression for one free variable situation.

n

u= Z a; Q! (5.2)

i=0
where Q is temperature, pressure or concentration in binary mixtures, and a; are coefficients.

This equation can be used to represent the speed of sound as a function of temperature along
isobaric or co-existence lines, a function of pressure along isothermal lines for pure fluids or
mixtures with fixed composition, or a function of the concentration of one compound in binary
mixtures at constant temperature and pressure [Del Grosso et al. (1972), Straty (1974), Bobik
(1978), Oswal et al. (2002)]. Oakley et al. (1991) used this type expression up to third degree for the
speed of sound as a function of pressure for 68 different organic liquids. Wang et al. (1991) even
correlated the speed of sound as a linear function of temperature for 26 pure hydrocarbons samples
at atmospheric pressure with satisfactory accuracy. It is also common to express the pressure as a

function of speed of sound using the same type formula [Sun et al. (1987), Muringer et al. (1985)].

Besides equation (5.2), many researchers [Nath (1997), Oswal et al. (2002), Dzida et al. (2003),
Dubey et al. (2008e)] have expressed the speed of sound deviation from the ideal limit as a function
of concentration, which makes it clear to show the non-ideality of the binary mixtures from the

viewpoint of speed of sound.

n

(u—u)=x(1-x) z a; (2x — 1) (5.3)
i1

uld = x; XUy +x, XUy (5.4)

where x could be molar composition or volume fraction.
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Several mathematical formulas were proposed by different researchers to express the speed of
sound in pure fluids or mixtures with fixed composition as a function of temperature and pressure.
The most popular one is the following equation [Wilson (1959), Bobik (1978), Niepmann et al.
(1987), Takagi et al. (1992, 1997), Zak et al. (2000), Khasanshin et al. (2002)]:

n; nj

w =" ay(P = P) (T = Tp) (5.5)
i=0 j=0
where a;; are correlation coefficients, and 7 and Py are arbitrarily chosen independent constants. 7'
and P could be absolute or reduced variables over critical values or some given constants, such as
1000 for temperature and 100 for pressure. Normally the exponent factor of speed of sound a is 1,

while -2 was used by Zak et al. (2000) for the speed of sound in water.

As done for the one variable situation, Sun, Biswas and their co-workers [Marczak et al. (2000),
Sun et al. (1987, 1988, 1991)], Dzida and co-workers [Dzida et al. (2003, 2005, 2008, 2009b)] have

extensively used the following expressions to correlate the experimental speed of sound data.

n; nj

P — P, =22aij(u—u0)iTj (5.6)

i=0 j=0

where Py normally is an arbitrarily chosen constant, but the most common one is 0.1MPa, and u is

the corresponding speed of sound.

A more complex expression, ratio of two polynomials, was adopted by Lainez, Zollweg and their
co-workers [Lainez et al. (1989, 1990), Guedes et al. (1992)], Takagi et al. (2002, 2004a-c).

(5.7)

(u )“ _ 2o Z;-lio a;j(P — P)(T — Ty)/

Uo ook a (P — Po)Y(T — Tk

where the meanings of symbols are the same as those in equation (5.5) , while o could be 1 or 2. If

a is chosen to be 2, uy would usually be set to 1.

The same idea of equation (5.7) was adopted in the works of Daridon, Lagourette and their co-
workers [Daridon et al. (1998a, 1998b, 2000, 2002), Dutour et al. (2000, 2001), Lagourette et al.
(1999)], but the cross terms of temperature and pressure were not considered and only linear terms

were in the denominator. This expression could lead to a straightforward and analytical form of the
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integral of 1/, which is useful when calculating the density and/or heat capacity under high

pressures.
n nj

u?= ZaiTi+ijPf /(1+c><T+d><P) (5.8)
=0 j=0

where a;, bj, c and d are adjustable coefficients.

Recently, the following more complex expression, not a combination of pure polynomials anymore,
was adopted by Khasanshin et al. (2006, 2009) to correlate the speed of sound in 1-hexadecene and

n-hexadecane, in which it was used to calculate other properties under high pressures as well.

10° B D

—=A 5.9
w2 At crp/100 TE+P/100 (59
T a
_ - 5.10
C co+cl(100) (5.10)
D=d +d(T) (5.11)
— 70T M\100 ‘
E=eo+ <TC_T>+ (TC_T)V (5.12)
“ T {00 ) " T100 '

where 4, B, ¢y, ¢1, dy, di, ey, €1, e; and a, v are adjustable coefficients.

In order to calculate the speed of sound in binary mixtures of ethanol or 1-decanol + n-heptane at
atmospheric pressure for any given temperature and composition, equation (5.3) were extended by

Dzida et al. (2005, 2009) to include temperature dependence in a straight forward way.

n;

(u—u)=x(1 —x)ZZaij(Zx— 1iTI (5.13)

i=1j=0

Hasanov (2012) successfully correlated the speed of sound in the binary mixture of n-heptane and
n-octane in wide ranges of temperature and pressure, over the whole composition range by the

following equation.

u= iii a;jx P1(100x)/T* (5.14)
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Khasanshin et al. (1992, 2000, 2001) attempted to develop generalized correlations to predict the

speed of sound in n-alkanes and 1-alkanols.
In(w) = In(uy) + A X N* (5.15)
where In(u) and A4 is expressed by equation (5.5), N is carbon number and a is -1 or -1/2.

Very recently, Padilla-Victoria et al. (2013) proposed the following Tait type expression to correlate

the speed of sound in normal alkanes and their binary mixtures with carbon number >5.

u_uo

E+P)

) (5.16)

=D x log (
D is a function of temperature, pressure and carbon number, while E is a function of temperature

and carbon number only. The detailed mathematical expressions will not be duplicated here.
5.4 Conclusions

The experimental speed of sound data of pure hydrocarbons, pure 1-alcohols, binary mixtures,
ternary systems, oil and gas mixtures have been reviewed and analyzed. The results have shown
that the speed of sound measurements have high accuracy, and the speed of sound in binary
mixtures to some extent are good candidates to show the deviations from ‘ideal solution’, even

though there is no real ideal mixing or excess property concept for speed of sound.

The empirical correlations for the speed of sound data have been collected as well, most of which
are suitable for fixed composition or simple binary mixtures. The only one that is used to correlate
the speed of sound, composition, temperature and pressure simultaneously for the binary mixture of
nC7 and nC8 needs 90 coefficients. These results indicate that it is not very realistic to use speed of
sound to build general equations of state for predictive purpose over wide ranges of compounds,

temperature and pressure.

Based on equation (5.8), the correlations for the speed of sound in pure normal hydrocarbons up to
nC36, cyclo-hexane, benzene, toluene and 1-alcohols are developed. The coefficients are given in
Appendix C (Table C.5), and the corresponding temperature and pressure conditions and statistics

are given in Appendix C (Table C.6).
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Chapter 6. Modeling speed of sound

Within the thermodynamics framework, speed of sound is directly related to the density or volume,
heat capacities, and isothermal compressibility. As a second-order derivative property, it is one of
the most demanding tests to check the performance limits for a thermodynamic model. The speed of
sound, on one hand, is a valuable property for thermodynamic model developments as a supplement
property or a discriminating reference quantity, since it can be measured to a high degree of
accuracy, even in high pressure regions. On the other hand, an EOS model that can describe the
speed of sound for a wide range of mixtures accurately would be very helpful on in-situ
characterization of the research objects, for example, in the petroleum industry, by combining the

acoustic measurements and seismic data analysis.

The purposes of this work are (1) to compare SRK, CPA and PC-SAFT on modeling speed of
sound in pure substances; (2) to propose approaches to improve the speed of sound description
within the PC-SAFT framework; (3) to evaluate the performance of the new approach on predicting
speed of sound in a wide range of mixtures; (4) to investigate the possibility or cost of simultaneous
modeling phase behavior and speed of sound; (5) to study the association term of the PC-SAFT

framework using pure 1-alcohols and 1-alcohol + hydrocarbon binary systems as research objects.
6.1 Introduction

The calculation of speed of sound needs first and second order derivatives of Helmholtz free energy
with respect to both temperature and total volume, so it is a second-order derivative property. As
pointed out by Gregorowicz et al. (1996), the precise description of the second derivative properties
is a challenge for any EOS model. For instance, most of the classical EOS, such as SRK [Soave
(1972)] and PR [Peng and Robinson (1976)], fail in describing speed of sound reliably in wide
temperature and pressure ranges [Gregorowicz et al. (1996), Ye et al. (1992b), Faradonbeh et al.
(2014)]. This may be due to the intrinsic nature of these EOS, usually applied only to phase
equilibria calculations, to the se