Chapter 1 Introduction

Phase equilibrium thermodynamics is one of the most important fundamenta
stiences for process development in the chemicd indudry and fluid phase equilibria
play an important role in phase equilibria thermodynamics. Over the lad decades, the
results achieved by many research workers have led to a profound change in predicting
flud phase equilibia This thess deds manly with the prediction of fluid phese
equilibria, incdluding critical properties and phese equilibria of binay and ternary fluid

mixtures.

1.1 The Role of Phase Equilibria of Binary and Ternary Mixtures

Although the phase behaviour of pure substances is important from both a
practicd and theoreticd point of view, it only represents the limiting behaviour of
multicomponent  mixtures. Interactions  between  dissmilar  molecules  in
multicomponent mixtures generate a wide variety of phase trandtions which are not
observed in pure fluids. Therefore, the phase behaviour of binary and ternary systems is
more important in the practical Stuation because more components coexist. The wedth
of phenomena diglayed by binary and tenary sysems is illudrative of the complexity
of multicomponent phase equilibria

The use of physcd propety modes in process development is more economic
than the process development which is based on experiments. However, this depends on
the avalability of physcd propety modeds In our work, eguations of dae ae
invedtigated with regpect to the prediction of fluid phese equilibrium in binay and
ternary fluid mixtures There are two goas to be achieved in this work. One is the
comparison of predicted binary and ternay phase behaviour with experimenta data
Ancther one is that our results can provide an indght into the generd fluid phase
behaviour of multicomponent systems and the complicated world of phase behaviour.

The phase behaviour of flud mixtures is very diverse and depends on the
charecteristics of the individua components and their respective interactions. For binary
mixtures, the shgpe of the criticd curves can be used to classfy phase equilibria The
most commonly used systematic classfication was proposed by van Konynenburg and
Scott (1980). They based their work on the andyss of the van der Wads equation of
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stete usng the one-fluid mixing rules. Their results were summarised in a globa phase
diagram, which was projected onto the pressure-temperature (p-T) projection. For
ternary systems, a completely diagrammatic representation of the effects of pressure,
temperaiure and compostion is consderably more complicated. Waas (1985) discussed
the phase behaviour according to the numbers and kinds of presented phases Sadus
(1992) reported the some types of criticd trangtions based on a phenomenologicad
interpretation of critica caculations.

1.2 Progressin High Pressure Prediction Fluid Phase Equilibria

Mogt of the experimentd and theoreticd work has concentrated on binary
mixtures (see Chapter 5). The sudy of binary mixtures is vaduable in understanding the
behaviour of multicomponent mixtures because it ducidates the role of interactions
between unlike molecules. The theoreticd andyss of binay mixtures is wel
documented (Sadus, 1992, 1994) and condderable effort has been made to predict the
critical Sate and phase equilibria behaviour.

The ealies atempts to predict criticd properties (Grieves and Thodos, 1962,
Redlich and Kiger, 1962, Rowlinson, 1969) involved ether empiricd corrdations or
goproximate solutions of the criticd conditions. The usefulness of this approach was
redricted to the gas-liquid criticd properties and even the quantitative andyds of many
of these mixtures was unsatisfactory. Deters and Swaid (1984) attempted to caculate
liguicHliquid properties by extending the criteria for eguilibrium between homogeneous
phases to the criticd State. However, a generd solution is required to cdculae al
posshle aspects. Around the same period, various perturbation (Fischer and Lago,
1983), lattice gas (Andersen and Wheder, 1979), ad hoc (Deiters and Schneider, 1976)
and the conformd solution theory (Hicks and Young, 1975) modds were developed.
The conformd solution theory is possbly the most widdy used modd for phese
equilibria cdculaions, particularly a high temperatures and pressures (Sadus, 1992).

An equation of dae is dmog invaiadly incorporated into the chosen modd.
The firgd "theoreticd” equation based on the pressure-volume-temperature properties to
predict the coexigence of vapour and liquid was proposed by van der Wads.
Subsequently, better models were devdoped by Redlich and Kwong (1949), Soave
(1972), Guggenhem (1965), Candhan and Saling (1969) and others. Adjustable

parameters are a common festure of most equations of state. The parameters, for
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theoretical equations of dae, usudly represent some physica property of the fluid, like

molecular volume, shape and atractive forces Because the prediction of pure
component properties is the naturd sarting point for the devdopment of an equation of
dae, techniques must be developed to extend it to mixtures. This is most commonly
achieved by proposng mixing rules and combining rules for the adjustable parameters.
Therefore, the prediction of phase eguilibrium behaviour is limited by both the accuracy
of the eguation of state and the method used to obtain its adjustable parameters for the
mixing and combining rules. Over the last decades, vaious equaions of dae and
mixing rules have been being well developed. For details refer to Chapter 3.

The work of Spear e d. (1969) represents, possbly, the firg attempt to
rigoroudy cdculate critica equilibria with redigic equaions of date. Hicks and Young
(1977) deveoped a robugt dgorithm for cdculating equilibria of binay sysems Van
Konynenburg and Scott (1980) showed that the van der Wads equation could be used to
quditatively predict most aspects of the phase behaviour of binay mixtures and a
gmilar andyss was made for the RedlichKwong equation (Deters and Pegg, 1989).
Since then, based on different equations of date and mixing rules, various predictions of
citicd trandtion and phase equilibria behaviour have been reported. Vidd (1984) and
Elliot and Daubert (1987) reported thet the Soave equetion of dState can adequatdy
predict the gasliquid criticd propertties of binary mixtures containing hydrocarbons.
Manwaing et d. (1988) goplied both the Guggenhem (1965) and the Deters (1981)
equation of dae in conjunction with conforma solution theory, the van der Wads one-
fluid mixing rules and the Lorentz combining rule to the prediction of the gas-liquid
criticd properties of 46 binary mixtures. Sadus et d. (1988) reported a smilar andyss
of the gasliquid criticd propeties of 61 binay mixtures usng the Guggenhem
equation and the hard convex body (HCB) eguation of state of Svegda and Kohler
(1983). Chrisou e d. (1989, 1991a 1991b) cdculaed the gasliquid citicd
temperatures of weekly polar hdocarbons + hydrocarbon and 26 1-dkandl + n-akane
mixtures and compared the results with experiment. Comprehensive reviews on the
progress achieved in cdculaing the citica trandgtions of both binay and ternary
mixtures are available (Sadus, 1992, 1994).

Recently, effort has been devoted to caculating criticd and phase equilibrium
properties by using the various improved equations of state and mixing rules. Van Nhu
and Kohler (1995) and Van Nhu and Deters (1996) goplied a genedized van der
Wads eguation of dae (Van Nhu e d. 1993) with improved mking rules to 30
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nonpolar binary mixtures and reported good agreement for vapour-ligud and liquid-
liquid equilibria over a large temperaure range. Economou and Tsonopoulos (1997)
have used three different equations of dtate (Associated Perturbed Anisotropic Chan
Theory --- APACT, Statigtica Associating Fuid Theory --- SAFT and RedlichKwong-
Joffe Zudkevitch --- RKJZ) to obtain an accurate description of water/hydrocarbon
phase equilibria. In Cadier and Sandler's (Cadtier and Sandler, 1997) work, the Stryjek
and Vea verdon (Stryjek and Vera, 1986) of the Peng-Robinson equdion of date
(Peng and Robinson, 1976) and the modified NRTL modd (Huron and Vidd, 1979)
were combined usng the Wong-Sender (Wong and Sendler, 1992) mixing rules.
Cagir and Sandler (1997) compared their criticd point cdculations results with
expaimentd data for some highly non-ided binary mixtures, such as n-dkane + 1-
dkandl, npentane + acetone, carbon dioxide + water, water + ndodecane and methane
+ nhexane. The resdts showed that this combination was able to quantitatively predict
the criticd behaviour of some highly non-ided binary sysems Blas and Vega (1998)
goplied their modification verson of SAFT eguation of sae (Blas and Vega, 1997) to
predict thermodynamic propaties as wdl as liquid-vapour equilibria, of binary and
ternary mixtures of hydrocarbons. Comparing their results with experimenta deta, they
concluded that their verson of SAFT equation of date can correctly predict the phase
behaviour of binary and ternary mixtures.

1.3 Outline of Thesis

The theory of fluids is of fundamenta importance to the prediction of fluid
phase equilibria. In chapter 2, a review for conforma solution theory and perturbation
theory will be given. The van der Wads one-fluid and multi-flud modds will be
discussed in detall. The Barker-Henderson (Barker and Henderson, 1967) and Weeks-
Chandler-Andersen (Weeks & d., 1971) and their modified perturbation theories will be
reviewed. Perturbation theory for associating fluids is dso reviewed.

It is wdl known tha eguations of dae play a centrd role in chemicd
engineering design. Vaious equations of date will be detaled in chepter 3, including
equaions of dae for ample molecules chan molecules and asxociaing fluids. An
equation of date is commonly used in conjunction with a fluid theory. Mixing and
combining rules are d <o reviewed in this chepter.
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Chepter 4 deds with the criteria of phase equilibrium for binary and ternary
mixtures. Detals of the Newton-Rgphson method and the Hicks-Young dgorithm used
in this work to cdculate both binodd and criticd equilibria for binary and ternary
mixtures are discussed.

In Chapter 5, detalls of the phase equilibria cdculations of some binary sysems
(ammonia + dmple gases or ndkanes, hdium + non-polar gas and water + 5 noble
gas=s) will be presented. The unlike interaction parameters of the van der Wads one-
flud mixing rules for binay mixtures will be obtaned by compaing experimenta
critical data with caculdion results usng the van der Wads, Guggenhem and Heilg-
Franck equations of date. These interaction parameters and equations of date will be
used to predict a priori ether vgpour-liquid, liqudliquid or sacdled gas-gas equilibria
and produce a series of binodd diagrams The predicted critical curves in p-T projection
and binodd diagrans in p-x or T-x projections will be given and compared with
experimenta data for awide range of pressures, temperatures and compositions.

Chapter 6 will discuss some results for ternary mixtures about critica trandtions
(CO, +C,H,+He) ad phese equilibia behaviour (H,0+CH,+CO,). The
purpose of the andyss is to illusrae how the cdculation of ternary criticd trangtions
and phese equilibria behaviour can prove an indght into the generd fluid phese
behaviour of multicomponent mixtures. A theoreticad study of ternary mixtures of equa
Size components are a'so reported.

Findly, in Chapter 7 condusions and an outlook on the possible future research
in rdaed subjects will be given.
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