198

Chapter 6 Fluid Phase Equilibria of Ternary Mixtures

The fluid phese behaviour of many two-component mixtures has been
comprehensvely studied (Schneider, 1978 & 1991; Brunner, 1988 & 1990) over a wide
range of both pressure and temperature. In contrast, the experimenta study of three or
more-component mixtures is typicdly limited to isothermd and isobaric measurements
ather a, or near amospheric conditions. This absence of data can be partly atributed to
the great increese in resources that are required to comprehensvey invedigate
multicomponent phase equilibria  Consegquently, the bess of our knowledge of
multicomponent mixtures is largely confined to observaions of two-component phase
equilibria typicdly involving only two phesss. It is in this context that the caculation of
citical propeties has a vaduable role in ducidating multicomponent phese equilibria A
citicd trandtion occurs when dl of the physcd propeties of coexiding phases
become identicd. The nature of the critical trangtion is a good indicator of the globd
nature of the phase behaviour of the fluid, as exemplified for binary fluid mixtures, by
the work of van Konynenburg and Scott (1980) which is discussed in Chapter 5.

The phase behaviour of binary mixtures provides a useful but limited indgght
into the nature of the phase behaviour of multicomponent fluid mixtures in generd. It is
probable tha phenomena exhibited by ternary mixtures are more representetive of
multicomponent  fluid-phase  equilibria then binary fluid behaviour. Although the
complete experimenta characterisstion of a ternary mixture is a daunting undertaking,
comprehensve cdculations of the ternary criticd surface ae feadble These
cdculaions can be of vdue in ducddating the different types of phase equilibria
exhibited by ternary mixtures, thereby, providing a window on the phase behaviour of
multicomponent fluids

6.1 Phase Behaviour of Ternary and Multicomponent Mixtures

In generd, it is often assumed that the phase behaviour of ternary and
multicomponent sysems will be a rdatively draightforward extenson of the equilibria
of binary mixtures. This view is probably judified if the component binary mixtures are
completdly miscible in dl proportions. From the perspective of practicd goplications,

this would conditute a very rae and fortuitous occurrence. In redity, the phase
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behaviour of mogt ternary and other multicomponent systems is unlikdy to be o
gmple. Ternary mixtures are likdy to exhibit some phase trangtions which are without
counterpart in binary fluids The phase behaviour of binary mixtures is digtinguished
from pure component equilibria by the effect of unlike interactions By contrad,
equilibriaiin ternary mixtures are influenced by different competing unlike interactions.

A ocondderable diversty of criticd equilibria can be potentidly observed in
ternary mixtures. Sadus (1992, 1993) has reported the following types of criticd
trangtions based on a phenomenologicd interpretation of critica caculations.

@ Class 1. Multiphase criticd points (i.e, tricriticd, tetracriticd etc.) involving
three or more phases undergoing a Smultaneous trangtion to produce a sngle
homogeneous phase. In the case of a tricriticd point, the two menisci sgnifying
the phase boundaries disgppear smultaneoudy.

(b) Class 20 Lower criticd solution phenomena (LCST) and gas-liquid criticd
trangtion meet a a reaively low temperaiure. A criticd trangtion occurs
transforming the twophese liquidHliguid equilibium into a twoephase gas-liquid
equilibrium. Tha is the meniscus between the two liquid phases becomes
critical smultaneoudy with the formation of a gas-liquid meniscus.

(©) Class 3a A region of lower criticd solution temperature (LCST) and upper
criticd  solution temperature (UCST) meet. The resulting critica trangtion is
between the different twophese liquidliquid equilibriaz That is the lower
solution meniscus  disgppears with the dmultaneous formation of an  upper
critical solution meniscus.

(o) Class 3b: There is a trandtion between two different twophase upper criticd
olution menisai.

In this chapter, we will discuss the phase behaviour of two ternary systems
cabon dioxide + ethylene + hdium and water + benzene + carbon dioxide ternary
mixtures. For the carbon dioxide + ethylene + hdium ternary mixture, we will present
the predicted critical trangtions results in comparison with experimenta data. For water
+ benzene + carbon dioxide ternary mixture, we will show the prediction of the phase
equilibria properties. In the last section, we will present some results from a theoretical
Study of ternary mixtures of equa Size components.
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6.2 Critical Transitions of the Carbon Dioxide + Ethylene + Helium Ternary

Mixture

Experimentd data for the critical trangtions of ternary mixtures are extremely
rare and typicaly confined to the vapour-liquid critica trangtion. A compilaion of the
gasliquid criticd trandtions of approximately 60 ternary mixtures measured between
the years 1945 and 1991 is avaldble (Sadus, 19924). The data of Tsklis et d. (1970) for
the carbon dioxide + ehylene + hdium mixture are of paticulaly interest. They
reported critical trangtions of this tenary sysem over a dgnificant range of
composgtion, temperature and pressure. The objective of the work in this pat is to
determine the criticd surface for carbon dioxide + ethylene + hdium and to compare
the cdculations with the avalable experimentd daa in order to verify both the accuracy
of theory and, where posshble, the exigence of some of the above podulated critica
trandtions. The Guggenhem (1965) and Helig-Franck (1989) equations of date are
usad in thiswork.

A feature of our cdculation of ternarymixture critical properties is that the
required experimentd inputs are limited to the criticd propeties of the individud
component fluids and the binary interaction parameters (x; and z;;) obtained from the

andyss of the three binary sub-systems. In this case, we must firs consider the phase
behaviour of the binary carbon dioxide + ehylene, hdium + carbon dioxide and hdium
+ ethylene sub-systems.

The phase behaviour of carbon dioxide + ethylene is reativey draghtforward.
Rowlinson et d. (1958) reported a continuous critical curve linking the critical points of
cabon dioxide and ethylene corresponding to Type | behaviour in the van Konynenburg
and Scott (1980) dasdfication scheme In contrast, binary mixtures containing helium
(Temkin, 1969) typicdly exhibit so-cdled "ges-ges' immiscibility of the firg kind
(Schneider, 1978, McGlashan, 1985, Rowlinson and Swinton, 1982). The criticd locus
commencing from the criticd point of the component with the highest criticd
temperature extends directly to dill higher temperatures and pressures without first
passing through a temperature minimum. The phenomenon of "gas-gas' immiscibility
of the fird kind has been reported for both the hdium + ethylene (Tsiklis 1953) and
hdium + cabon dioxide (Tsklis 1952) systems to the extraordinary pressure of 800
MPa.
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The comparison of theory with experiment for the three binary sub-systems is
illusrated in Fg. 6.1 and the resulting interaction parameters are summarised in Teble
6.1. The bes fit vadues of x and z were obtained by repeatedly cdculating the criticd
locus with different values of the adjustable parameters until optima agreement was
obtained with the experimentd p-T data Good agreement was aso obtained for the p-x
and T-x behaviour of the carbon dioxide + ethylene mixture It is probable judging by
previous work (Sadus, 1994) that the p-x and T-x behaviour of the remaning binary
ab-sysems is dso predicted with a reasonable degree of accuracy. However, there is
insufficient experimental data to confirm this and it is likdy that the predictions a very
high pressure are less rdiable than results obtained a low to moderate pressures. The
Guggenhem (1965) and Halig-Franck (1989) equations of Sae are of equa accuracy
for the criticd locus of the carbon dioxide + ethylene mixture. Smilarly, caculations by
means of these equaions of date for both the hdium + carbon dioxide and heium +
ghylene sysems are dso in good agreement with experimenta data In view of the
smilar accuracy of both eguations of dtate for the binary mixture properties, the smpler
Guggenheim equation was adopted in preference to the Hellig-Franck equation for dl
subsequent ternary mixture caculaions.

Table 6.1. Interaction parameters obtained from the analysis of binary mixtures using

the Heilig-Franck and Guggenheim equations of state

X12 Zy

Binay Mixture  Halig-Franck  Guggenheim  Hallig-Franck  Guggenheim
He+ CO, 1850 1.685 1.015 1012

He+ C,H, 1570 1.250 1.064 1.050
CO, + C,H, 0.960 0.962 0.940 1.000
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Fig. 61  Compaison of cdculaions usng the Helig-Frandk (----) and Guggenheim
(—) equations of date with experimenta deta for the binary mixtures carbon dioxide +
ethylene ©; Rowlinson et d., 1958), hdium + ethylene @; Tsklis 1953) and hdium +
cabon dioxide (? ; Taklis, 1952) mixtures. The criticd pants () of carbon dioxide and
ethylene aredso illugtrated.
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Tsklis et d. (1970) have reported experimenta phase behaviour messurements
and some criticd trandtion data for the carbon dioxide + ehylene + hdium ternary
mixture. They reported a patid criticd surface for the mixture and isothermd critica
properties a 286.15, 293.15, 31315, 33315 and 34315 K. The phase behaviour a
286.15 K is of paticular interest. Beow 20 MPa, only a single two-phase region
gemming from the helium + carbortdioxide binary mixture is goparent. So cdled "gas-
ges' immiscibility in the hdium + ehylene sysem commences & 20 MPa, and
thereefter two digtinct heterogenous regions are obsarved emanating from the hdium +
cabon dioxide and hdium + ehylene binay sub-systems. At 30 MPa these two
heterogeneous regions have a common criticd point and a single, large twoephase
region is crested.

As we discussed in the previous chepters, the complete phase diagram of a
binry mixture can be deermined by solving the criticd conditions for various
increment of compostion between a mole fraction of O and 1. However the additiona
dimenson introduced by the third component in a temay mixture generates a
compogtion surface. This can be illudrated by the familiar equilaterd triangle. Each
goex represents one of the three pure components, the Sdes denote the condituent
binary mixtures and the ternary mixture is represented by the interior pace. More
details are given by Sadus (1992a).

To obtain the criticd surface of the carbon dioxide + ethylene + hdium ternary
mixture, severd different dices were caculated corresponding to different fixed carbon
dioxidelethylene compogtion raios. These varying crosssectiond profiles form  the
bess of the criticd surface illustrated in Fig. 6.2. The ternary criticd surface is bounded
on three sdes by the criticad lod of the binary sub-systems. The region of "gasges'
immiaibility evident in the hdium + cabon dioxide and hdium + ethylene binary
mixtures is not as extensve in the ternary sysem. The addition of a third component
increases the miscibility of the sysem. The shape of the ternary surface is &kin to a
billowing sal. Commencing from the carbon dioxide + ehylene criticd locus the
ternary critical surface extends to initidly lower temperaures, before passng through a
temperature-pressure minimum and proceeding to higher temperatures and very high
pressures. The cdculated criticd surface is condstent with the experimentd data
reported by Tsikliset d. (1970).
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Fig. 62 The cdculated criticd surface of the carbon dioxide + ethylene + hdium
ternary mixture. The labels indicate he contribution from the various crosssectiond
profiles & a condant carbon dioxidelethylene ratio. Cdculaions for reios < 1 are
illusrated by the unlabeled broken lines. The criticd properties of the binary sub-
sysems () and the cricd points () of ethylene and cabon dioxide ae dso
illustrated.
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A comparison of theory with the experimental data of Tsklis et d. for the
critical  isotherma-compogtion behaviour of the ternary mixture is illusrated in Hg.
6.3. The ternary cdculations are genuine a priori predictions without any reliance on
experimentd ternary data It should be noted that Tsklis et d. (1970) directly messured
the critical temperature and pressure but they only estimated the criticd compostion. A
"double critical point” was reported a 286.15 K. The cdculaions confirm the existence
of such a trandtion a this temperaure but there is a digpaity in the corresponding
criticl  pressure and  compostion (the predicted coordinates are: X, =0.158,
X, =0.474, x,,=0368, V°=5410cm®xmal*, p°=40.54MPa). It is apparent
from Fig. 6.3 that theory and experiment a 286.15 K are only in quditative agreement.
The predicted onephase region is subdanttidly greaster then that observed
exparimentdly. The cdculaions are ds0 in quditative agreement with experiment at
20315, 31315 33315 ad 34315 K but the discrepancy between theory and
expeariment is less serious. At 31315 K and 33315 K, the accuracy of the ternary
andyss is hampered by the inaccuracy of the cdculaed criticd compodtion for the
binary mixtures.
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Fig. 6.3 Comparison of cdculations () with the experimentd data of Tsklis et d.
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mixture carbon dioxide + ethylene + hdium & various temperaiures. The podtion of a
double criticd point at 286.15 K isindicated ().
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6.3 Phase Behaviour of the Water + Benzene + Carbon Dioxide Ternary Mixture

Brandt (1987) reported experimentd phase equilibria curves of ternary mixture
water + benzene + carbon dioxide over a large range of pressure and temperature. In
this part, we will predict the phase equilibria curves of this ternary mixture and discuss
the results. The Guggenheim and Heilig-Franck equations of Sate are used.

6.3.1 Critical Transition of the Water + Benzene + Carbon Dioxide Ternary Mixture

As we discussed in 6.2, before the phase behaviour of the water + benzene +
cabon dioxide ternary mixture can be cdculated, the phase behaviour of the binary
mixtures water + benzene, water + carbon dioxide and benzene + carbon dioxide sub-
sysems must be consdered. Hicks and Young (1975) listed the experimentd data for
these three binary mixtures. The phase behaviour of benzene + cabon dioxide
corresponds to Type | behaviour in the van Konynenburg and Scott (see Chepter 5)
clasdfication scheme because it has a continuous criticadl curve linking the criticd
points of two components benzene and carbon dioxide. For the phase behaviour of
binary mixtures containing water, Type Ill behaviour is showed. For the water +
benzene binary mixture, the critica curve sarts from the critical point of water, passes
through a temperaiure minimum and repidly goes to high pressure. This phenomenon
corresponds to so-cdled "gas-gas' immiscibility of the second kind (Schneider, 1978,
McGlashan, 1985, Swinton, 1982). For water + carbon dioxide, the criticd curve dso
dats from the criticd point of water, passes through a temperature minimum
(Todheide and Franck (1963) reported at 539 K and 245 MPa) and moves to very high
pressure. The comparison of theory with experiment made by usng the Guggenhem
and Helig-Franck equations of date for these three binary sub-systems is presented in
Fg. 64 and the resulting interaction parameters are summarised in Table 6.2. It is
goparent from Fig. 6.4 that the critical curves predicted by these two equations of date
are in good agreement with experimenta data.



400

- H,O + CO,
350 —

300 —

=== —pP= - - —pD - - -

250 —

200 —

p/MPa
D

N —

150 —

[

- = ==

100 —

7COo CeHgt+ CO,

I L L L
300 350 400 450 500 550 600 650
T/IK

Figure 6.4 Comparison of cdculdions usng the Halig-Frank (—) and Guggenheim
(----) equations of date with experimenta data for the binary mixtures water + carbon
dioxide (? ) (Hicks and Young, 1975), water + benzene (&) (Hicks and Young, 1975)
and benzene + cabon dioxide (O) (Hicks and Young, 1975, Kay and Kreglewski,
1983). The criticd points (1) of water, benzene and carbon dioxide are dso illustrated.
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Table 6.2. Interaction parameter s obtained from the analysis of binary mixtures using

the Heilig-Franck and Guggenheim equations of state

X12 z 12

Binary Mixture Helig-Franck Guggenheim  Helig-Franck  Guggenhem

H,0 + CO, 0.802 0.79%5 0925 0.940
H,0 + C¢Hq 0.772 0.750 0.940 0940
CeH, + CO, 0.800 0.800 1.000 1000

Brandt (1987) reported experimentd criticd curves of the water + benzene +
cabon dioxide ternary mixture a condant water, benzene or carbon dioxide rdio
without tabulated experimentd data By using the same idea, we present the caculated
critical curves of the water + benzene + carbon dioxide mixture & constant ratio of
compogtion of water (Fig 6.5), benzene (Fig. 6.6) and carbon dioxide (Fig. 6.7). The
Guggenhem equation of date is used in cdculaions. The labds for example 20, 30,
40, 70, 93 ec, indicate the contribution from the various cross-sectiond profiles at
condant retio of compostion of water (Fig 6.5), benzene (Fig. 6.6) and carbon dioxide
(Fg. 6.7). Ovedl thexe three diagrams, each diagram conssts of two different parts of
critica trangtion regardless fixed ratio of compostion. The firg part is in the region of
higher temperature (greater than the critical temperature of pure component benzene
and less than the critical temperature of water) and higher pressure (minimum pressure
is @out 15 MP4). The second part is in the range of lower temperature (less than the
citica temperature of pure component benzene and grester than the criticd
temperature of carbon doxide) and lower pressure (grester than the criticd pressure of
benzene and maximum pressure is about 15 MPa).

Because of the lack of experimentd data, the cdculated critical curves (Fig 6.5,
6.6 and 6.7) can only be compared with Brandt's (1987) grgphicd results (Fig. 56, Fig.
57, Fg. 58 in Brandt's (1987) thess). Generdly the agreement between caculation and
Brandt's results is quantitatively good. However, it is noticesble tha there is a

difference for the critica curve at lower critica temperatures.
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The critical trandtion of this ternary mixture is interesting. Fg 6.5, Fig 6.6 and

Fig 6.7 show the caculated critica curves of the water + benzene + carbon dioxide
ternary mixture at different ratios of compostion of water (Fig 6.5), benzene (Fig. 6.6)
and carbon dioxide (Fig 6.7). According to the behaviour of critical curves a different

perspective, we can group dl cdculaed citicd trangtions into liquicHliquid (lower

pressure part) and vapour-liquid (higher pressure part) trangtions. For example, when

the ratio of compogtion of waer is fixed, we can summaise the criticd behaviour of

this ternary mixture as follows

@

()

Liquid-liquid trangtions when the fixed ratios ae less than 70, the criticd
behaviour of ternary mixture behaves like liqudliquid surfaces The criticd
curves start a the Sde close to the critical point of benzene, extend to the lower
temperaures and dop a end point curve. The tendency of these critica curves
is dmilar with the criticd curve of binary mixture benzene + carbon dioxide
When the fixed reio of water is greater than 70 and less than about 81, there are
two pats of criticad curves. One pat is liqud-liquid surfaces. Another part
behaves vapour-liquid trangtion. When the fixed raio of water is great than 80
ad les then aout 90, the liquid-liquid trangtion disgppears as the raio
increasesfrom 80.

Vepour-liquid trandtions this pat dats from the citicd curve of binay
mixture water + carbon dioxide, moves to the lower temperature and goes
rgpidy to high pressure. When the fixed ratios are great then 80, the vepour -
liquid curve begins from the criticd curve of binary mixture weter + carbon
dioxide, goes to lower pressure and lower temperature, passes a minimum
pressure and rises directly to very high pressure. The tendency of this critica
behaviour is of the same as that of binary mixture water + benzene. As the fixed
ratios increese from 90, the criticd curves of this ternary mixture become
dmple. They dat from the criticd curve of binary mixture waer + carbon
dioxide and end a the criticd curve of binay mixture water + benzene
Obvioudy, when the ratiio doses to 100, the citicd curve of this ternay
mixture becomes one point, the critica point of water.
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Fig. 65 The caculated critical curves §4) of the water + benzene + carbon dioxide
ternary mixture. The labes indicate the contribution from the various crosssectiond

profiles a a congtant water ratio (H,O fixed). The criticd end-point curve (% ---), the
criticd properties of the binary sub-systems ¢ - -) and the citicd points () of water,

benzene and carbon dioxide are d=0 illustrated. Estimated curves can dso be found in
Fig. 57 of Brandt’s (1987) thesis.
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Fig. 6.6 The caculated critical curves ¢4) of the water + benzene + carbon dioxide
ternary mixture. The labels indicate the contribution from the various crosssectiond

profiles & a congant benzene ratio (C H, fixed). The critical end-point curve (3% ---),
the criticd properties of the binay sub-systems (- - -) and the criticd points (I) of

water, benzene and cabon dioxide are dso illustrated. Estimated curves can dso be
found in Fg. 56 of Brandt s (1987) thesis.
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Fig. 6.7 The cdculated criticd arves ¢4) of the water + benzene + carbon dioxide
ternary mixture. The labels indicate the contribution from the various crosssectiond

profiles & a condant carbon dioxide retio (CO, fixed). The critical end-point curve (¥
---), the critical properties of the binary sub-systems ¢ - -) and the critical points () of

water, benzene and carbon dioxide are dso illustrated. Estimated curves can dso be
found in Fg. 58 of Brandt s (1987) thesis.
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6.3.2 Phase Equilibria of the Water + Benzene + Carbon + Dioxide Ternary Mixture

Brandt (1987) reported experimenta phese behaviour for waer + benzene +
cabon dioxide ternary mixture over a large range of temperaiure and pressure.
However, much of the expeimentd data was not tebulated but only presented
graphicaly. Therefore, we can only quditativdly compare our results with the
experimental curves reported (Brandt, 1987). The adjustable binary parameters for the
water + benzene, water + carbon dioxide and benzene + carbon dioxide (Table 6.2)
were used without modifications to predict the phase behaviour of this ternary system.

The predicted ternary compostion diagrams of this mixture a  different
temperatures and a fixed pressure of 22.1 MPa is shown in Fg. 6.8. The s0lid lines
correspond  to  predictions made by the Guggenhem equetion of state at different
temperatures. The overal results show tha the cdculations are in quditative agreement
with experimentd curves (Brandt, 1987) and the discrepancy between theory and
experiment is less serious compared to Brandt's (1987) results. At T = 323 K, the phase
equilibria line of the ternary mixture connects two phase equilibrium points of binary
mixtures water + benzene and water + @bon dioxide. As temperature is increased, the
tendency of the line is changed. Theoreticdly, the two curves could meet a a tricriticd
point a temperature between 555 K and 558 K and then separate to different directions.
Findly, only one pat is left whch darts and ends a the binary mixture water + carbon
dioxide It is gppaent from Fg 6.8 that the cdculdaion fals for some points for
exanple T = 558 K and T = 563 K. This may be because the compostions of two
phases are very close to each other.

The predicted ternary compostion diagrams of this tenary mixture a fixed
pressures of 65 MPa, 108 MPa and 300 MPa and different temperatures are aso shown
in Fig. 69, Fg. 610 and Fg. 6.11, respectivdy. Apat from the common lower
temperature behaviour (from T = 323K to T = 523 K for Fig. 6.9), the behaviour & T =
53747 K and T = 53749 K in Fig. 6.9 is of interest. At T = 537.47 K, bath liquid-liquid
equilibria lines, which both connect the binary mixtures water + benzene and water +
cabon dioxide, gpproach esch other but they do not mest and suddenly change to
different directions. However, a T = 53749 K, these two lines meet a a possble
tricritical point of the ternary mixture. As the temperature is increased, the tendency of
these two lines change their direction. In contrast to Fig 6.8 p = 22.1 MPa), the pat
which dsarts and ends a the binary mixture weater + carbon dioxide disappears first and
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only the part which starts and ends a the binary mixture water + benzene exists. Since
the compodtion of two phases are not very cdose to each other, the complete
cdculaions ae fully implemented for p =65MPa. Comparison with Brandt's (1987)
grephicad  experimentd  results, the cdculations are in quditaive agreement  with
experiment and the discrepancy between theory and experiment is less serious. For
example, & p = 65 MPa two phase equilibria curves meet & T = 543 K from
experimenta results, the cdculation (Fig. 6.9) shows that they meet & 53749 K.
Smilar results have obtained for p = 108 MPa (Fig. 6.10) and p = 300 MPa (Fg. 6.11)
but no experimental meeting points were reported for these two pressures.
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Figure 6.8 Predicted ternary diagrams for water + benzene + carbon dioxide a
p = 22.1MPaand various temperaures.
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Figure 6.9 Predicted ternary diagrams for waer + benzene + carbon dioxide a
p = 65 MPa and various temperatures.
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Figure 610 Predicted ternary diagrams for water + benzene + carbon dioxide a
p =108 M Paand various temperatures.
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Figure 611 Predicted ternary diagrams for water + benzene + carbon dioxide a
p = 300 MPaand various temperatures.
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6.4 Theoretical Study of Ternary Mixtures of Equal Size Components

The phase behaviour of binary mixtures depends on the rddive size of the
conforma parameters (h and f ) between the component molecules. The theory of
conformal  solutions was discussed in Chapter 2. Mixtures with  components  with
identicd or smilar conformd parameters exhibit Type | behaviour wheress liquid-
liquid phenomenon is observed when there is a subgtantid difference in the conforma
paameters. Genegrdly, the f conforma paranmeer plays the dominant role in
determining the phase behaviour.

The link between the canforma parameters and the phase behaviour type dlows
us to condruct ternary mixtures of different binary phase behaviour types governed
soldy by the ratio of the conforma parameters and assuming the following combining
rulesfor the unlike interaction (see Chapter 3)

f1o = Tuufa (N

The complexity of the binary mixtures can be smplified by usng molecules of equd
Sze. For the equd dSze cese, h,=h,, =h, =1 and the propeties of mixture are
determined solely by the f conformal parameter.

The first step in the analysis is to determine the values of f,; and f,, which will
result in the different types of phase behaviour. Cdculations were performed with
Guggenhem equetion of dae a different vaues of f,and f,,. The results are
summarised in Table 6.3.
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Table 6.3 The parameters of binary mixtures

Mixture Phase behaviour f, fa
Type
A I 0% 10
B I 085 10
C I 065 1.0
D I 10 085
E I 065 085
F I 085 049
G I 0.5 0485
H I 065 043
I I 0.5 043
J I 045 025
K I 0485 10
L I 0.5 1.0
M I 10 0485
N I 10 049
O I 10 0.5
P I 095 0485
Q I 085 043
R I 0.5 025
S I 045 022
T Il 045 10
U Il 10 043
Vv Il 10 025
W Il 10 022
X Il 0% 043
Y Il 0.5 022
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Table 6.4 Possible combinations of binary mixture typesin a ternary mixture *

14 Sub binary 2nd Subbinay  3rd Sub binary Is the combination of binary
mixture mixture mixture mixtures possble?
0 D () E (1) Yes
I I Il No
I I 1] No
B (1) N (1) F(l) Yes
A M (1) P(I) Yes (Ternary mixture 1)
I [l 1 No
[oX()) U (I11) H (1) Yes
B (1) U (111 QI Yes
A U (I11) X (1) Yes (Ternary mixture 2)
K (1) o (I G(l) Yes
[l [l [l No
I I 1] No
L (I1) U (1) (1) Yes
L (1) v (1) R(I) Yes
L (1D W (I11) Y (1) Yes (Ternary mixture 3)
T (1) A(I)) J(1) Yes
T (1) W (I11) SY(U) Yes
Il Il 1] No

* The phase type of the sub binary mixtureis given in brackets

Only Type I, Il and 11l phase behaviour types could be generated by varying the
f parameter. To obtain the same type or different type of criticad behaviour of binary
mixture, different f,, or f,, can be used (Table 6.3). For example, to obtain Type Il

behaviour, f,, =0.43 is used for binary mixture U wheress f,, =0.22 is used for

binary mixture W dthough both binary mixture U and W are of Type Il behaviour.

From Type I, Il and Il phase behaviour of binay mixtures 18 possble
combinations of the ternary mixtures could be formed and these combinations liged in
Table 6.4. The firg column in Table 6.4 is the firg sub binary mixture for which the
criticdl curve is obtained by usng vaying f,, oly (f,, =1.0). The second column is
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the second sub binary mixture for which the critica curve is obtained by vaying f,,
only (f,, =1.0). The third column is the third sub binary mixture for which the critica
curve is obtaned by usng f,, and f,,which directly come from the first and the second

sub binary mixtures. For example, for the ternary mixture 1 (Table 6.4), the firg sub
binary mixture is binary mixture A with f, =095 and f,,=1.0 and the second sub

binary mixture is binary mixtue M with f,, =1.0 ad f,,=0.485. Therefore, the f

parameters of the third sub binary mixture directly come from the first and the second
sub binary mixture. That is why we used f,;; =095 ad f,,=0.485 for Mixture P.
Because the parameter f,; of the firs sub binary mixture and f,, of the second sub
binary mixture were used to form the third sub binary mixture, the third binary mixture
is not dways possble. In other words, a related ternary mixture is not aways possble.
Our cdculations show only 12 combinations result in a vigble third sub binary mixtures
The posshility of the combination of third sub binary mixtures is indicated by the
fourth column in Table 6.4, "Yes' means that the type of third sub binary mixture can
be obtained by using the same f,; and f,, which come from the first and the second sub
binary mixtures.

It is hard to presat dl detals for 12 possble ternary mixtures. In this section,
we report three of twelve ternary mixtures, mixture 1, mixture 2 and mixture 3. They
ae dso identified in Table 6.4. As we mentioned in 6.2, before the phase behaviour of
ternary mixture 1, mixture 2 and mixture 3 can be cdculated, the phase behaviour of the
sub binary mixtures must be consdered.

The criticd curves of sub binary mixtures (mixture A, M, P, U, X, L, W, Y) in
p-T (reduced pressure p = p/pg, and reduced temperature T =T/ To;) Projection are
given in Fg. 6.12. It is noticegble from Fig. 6.12 thet the scale of temperature of binary
mixture A is from 08 to 1.0 and the others from 0.0 to 10. That is because the
temperature range of binary mixture A isvery smdl from 0.95to 1.0.
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of pure components are dso illudtrated.

o
~

-— 2.0 2.0
] Mixture A 1.8 Mixture M 18 3 MixtureP
_- Type I, f 1= 095,f,,=10 o] Type I\,f1 1710, f22: 0.485 s _— Type I, fn: 0.95, 122: 0485
] 1.4 14—_
. 1.2 1.2—-
J —° § 104 51.0—-
] 0.8 0.0
] 0.6 06]
—- 0.4+ 0,4—-
] 0.2 0.2-]

T 1 T 1 0.0 T T LI 1 0.0 T T T T 1
0.® 0.8 088 092 096 100 00 02 04 06 08 10 00 02 0.4 0.6 08 10

T T T
Binary mixtures composing ternary mixture 1

- 20
—- Mixture A 184 Mixture X
b Type I,f) 1= 095,1, = 10 o] Type ll, f; 4= 095, f)= 0.43
—- 14 -
] 124
J —° § 104
] 08 0.8
—- 06 {( 0.5—-
] 04 04]
] 02 02

T 1 1 1 % T T T 1 1 0.0 T T T T 1
0.® 0.8 088 092 096 100 00 02 0.4 0.6 08 10 00 02 0.4 0.6 08 10

T T T
Binary mixtures composing ternary mixture 2

— 2.0 2.0
—- Mxtre L 184 Mixture W 1.8—- Mixture Y
E Tyell,f) 1= 05,1,,= 1.0 o] Type Il f;,= 10, f,= 022 ] Type ll, f; 1= 0.5, = 0.22
. 1.4 14_-
_- 1.2+ 1.2—-
—- p 104 51.0—-
] 0.8 0.0
_- 0.6 7] 06—-
—- 0.4+ 0.4—-
. 0.2 . 0.2-] 4

— 1 1 1T 1 00 1 T T 1 T T 7T T T T 1
00 02 0.4 0.6 08 10 00 02 04 06 08 10 00 02 0.4 0.6 08 10

it

Binary mixtures composing ternary mixture 3

Fig. 612 Criticd curves (%) in p-T projection of the condituent binary
mixtures which composed the ternary mixtures dudied in this work. Criticd points ©)
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The phase behaviour of ternary mixtures is studied and the results are showed in
Fig 6.13 (mixture 1), 6.15 (mixture 2) and 6.18 (mixture 3). The Guggenheim equation
of dsate is usad for both binary and ternary cadculations. The conforma parameters of

three ternary mixtures are given in Table 6.5.

Table 6.5 Conformal parameter sof ter nary mixtures studied in detail *

Ternary mixture Sub binary f.. 1, faa fi fis fos
mixtures
1 A, M, P 10 095 048 0975 06% 0679
2 AU X 10 09 043 0975 06%6 0639
3 L,W,Y 10 05 02 0707 0469 0332

* The h conformal parametersareidentical h;, =h, =h,, =h, =h,=h,,=1

Fg. 6.13 gives the isothermd-compostion behaviour of the ternary mixture 1 a
various temperaiures. Binary mixture A is represented by mixturel + 2, binary mixture
M is represented by mixture 1 + 3 and binary mixture P is represented by mixture 2 + 3.

From Fig. 6.13, when p=0.9, there ae two critical curves, one is the liquid-liquid
aitica line (Mg, P,) ad another is liquid-vapour critical curve (M,,P;). When p =
1.01, the another sde of liquid-vapour critica line (M, P,) aopears and then forms to a
complete one curve (M,, M, when p=11). Eventudly, & p=1.138 the liquid-liqud
(M;;, B) ad liquid-vapour (M,,M,) curves meet together a point M, ad M,;.
The points M;, M,, ..., M;; ad B, P,, ..., Rin Fg 6.13 indicate the criticdl points
of binary mixturesM and P.

For convenience, we present the critical properties of binary mixtures A, M and
P in p-x projection (Fig. 6.14). In Fg. 6.14, the left hand sde shows the whole picture
for these three mixtures (binary mixture A, M and P) with the compostion from O to 1

and the reduced pressure from 0 to 2. The right hand sde of Fig. 6.14 shows a particular
range of reduced pressure from 0.8 to 1.2 in which the criticd properties of ternary

mixture are examined. Comparing the points M,, M,, ..., M, ad B, P,, ..., P in
Fig. 6.14 and Fig. 6.13 shows that they are identicd .
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Fig. 6.13 The isothermacompostion criticd behaviour of ternary mixture 1 (binary
mixture A is mixture 1-2, binary mixture M is mixture 1-3, binary mixture P is mixture
2-3) a various temperatures. M,, M,, ..., Mj;ad B, P,, ..., P, aethe criticd points
of binary mixturesM and P.
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binary mixtures A, M, P in p-x projection. Criticd

points (O) of pure components and selected range () are dso illudrated.
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By usng a smilar idea, Fig. 6.15 gives the isotherma-compostion behaviour of

ternary mixture 2 a various temperatures. Binary mixture A is represented by mixturel
+ 2, binay mixture U is represented by mixture 1 + 3 and binay mixture X is
represented by mixture 2 + 3. We choose 6 different pressures to look a the critica
behaviour of ternary mixture 2. In Fg. 6.15 when p=1.0, there is oy ore liquid-
vapour critical curve. As the pressure is incressed, the liquid-liquid criticd line (U,
X,) eppeas and the liquid-vepour criticd line changes dightly. When p=1.19, the
ligud-liqud and liquid-vapour curves merge together, form one complete curve and
show the continuity of vepour-liquid and liquid-liquid phenomena Findly, a& p=1.33
the liquic-liqud and liquid-vapour curves meet together a a possble tricritical point. At
p=14, oly liqud-liquid criticd curve is left. In Fig. 6.16, the left hand sSde shows
the whole picture of three binary mixtures (binary mixture A, U and X) with the

compogtion from O to 1 and the reduced pressure from O to 2. The right hand sde
shows a paticular range of reduced pressure from 0.8 to 15 in which the criticd

properties of ternary mixture are examined. So, comparing the U, U,, ..., U, and X,
X,, ..., X4in FQ. 616 and Fig. 6.15 shows that they are identical . The binodd curves
of this ternary mixture is dso showed in Fg. 6.17 to highlight the continuity of vapour-
liquid and liquid-liquid phenomena



é""ZL'"'5'0“3"72""1;03 2. % e L3
p=1.0 p=11
Ql\éo
& U
8 23
I N

,\IQ o (=]
[ TTr T T |X8I T T TrTTTT [T T T T T T T 1T |Xg| T T T T TTT
2 0 25 50 75 100 3 2 0 25 50 7 100 3
p=133 p=14

Fig. 6.15 The isotherma-compogtion criticd behaviour of ternary mixture 2 (binary
mixture A is mixture 1-2, binary mixture U is mixture 1-3, binary mixture X is mixture

2-3) a vaious temperatures. U,, U,, ..., Ug and X, X,, ..., X, ae the criticd
points of binary mixtures U and X.
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Fig. 6.16 Critica curves (%) of binay mixtures A, U, X in p-x projection. Critica
points (O) of pure components and selected range () are dso illustrated.
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Fg 6.17 The binodd (%) and criticd equilibria (34) of ternary mixture 2 (binary
mixture A is mixture 1-2, binary mixture U is mixture 1-3, binary mixture X is mixture

2-3) at various temperatures.
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Fig. 6.18 gives the isothermalcompostion behaviour of ternary mixture 3 a
vaious temperaures. Binary mixture L is represented by mixture 1 + 2, binary mixture
W is represented by mixture 1 + 3 and binary mixture Y is represerted by mixture 2 +
3. In Fig. 618, when p=0.9, the curve started from L, exhibits the vapour-liquid
(curve VL1) behaviour and the curve dated from L, exhibits the liquid-liquid
behaviour. These two curves meet a a possble tricritical point. This shows continuity
between vapourigud ad ligud-liquid equilibria Another curve dated from Y, is
vapour-liquid (curve VL2) critical curve which is not completed because the limitation
of cdculation. As the pressure is increased, the curve VL2 changes dightly, but the end
of aiticd point of liquid-liquid critical line goes to binary mixture W. When p=15
and p=2.0, the VL1 and liquid-liquid curves connect smoothly and show a continuous
vgpour-igud ad liqud-liquid trandgtion. In Fg. 6.19, the left hand dde shows the
whole picture of these three mixtures (binary mixture L, W and Y) with the compodtion
from O to 1 and the reduced presaure from O to 2. The right hand side shows a particular
range of reduced pressure from 0.8 to 20 in which the criticd properties of ternary
mixture 3 are examined. So, comparing the points, L, L,, ..., L, W,, W,, W, and Y;,

Y,,.... Y, inFig. 6.18 and Fig. 6.19 shows thét they are identicdl.
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Fig. 6.18 The isotherma-compostion criticd behaviour of ternary mixture 3 (binary
mixture L is mixture 1-2, binary mixture W is mixture 1-3, binary mixture Y is mixture

2-3) a various temperatures. L, L,, ..., L;, W, W,, W, and Y}, Y,, ..., Y,are the
critica points of binary mixturesL, W, Y.
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