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Abstract

This paper presents a procedure for the simultaneous prediction of fluid–fluid and solid–fluid equilibria of
light gases–heavy hydrocarbons systems under pressure. The fluid phases behaviour is described by the
modified LCVM, an equation of state–G E model and the solid phase non-ideality is represented by the Wilson
equation using the predictive local composition concept.

This procedure was tested for several binary and ternary systems as well as multi-component systems leading
to a good representation of both fluid–fluid and solid–fluid equilibria with a typical average absolute deviation
of 1.5 K for the solid–fluid phase boundary of binary and ternary mixtures and of 0.5 K for multi-component
systems. The AAD% in the fluid–fluid phase boundary of multi-component systems is of 3.2%. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Heavy paraffins precipitation in crude oils is mostly caused by cooling effects during production or
during transport through pipelines traversing cold regions. So most of experimental works concerning
wax formation were restricted to the measurement of the wax appearance temperatures or to the study

w x w xof the temperature influence on wax content and composition in dead oil 1 , fuel 2–4 or synthetic
w xmixtures 5–7 under atmospheric pressure. In the same way, modelling studies have focused mainly

w x w x w xon degassed oil 8–11 , fuels 7,12 or synthetic systems 13,14 at atmospheric pressure.
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However, the presence of light gases in the live oil will greatly influence the phase behaviour of
paraffinic crudes. In particular, the dissolution of light gases such as methane, ethane as well as

w xcarbon dioxide enhances the solubility of high molecular weight paraffins in liquid solvents 15 .
Thus, gas pressurisation may decrease the wax appearance temperature by as much as 15 K from

w xatmospheric pressure condition to the saturation pressure 16,17 . These changes, caused by gas
dissolution and pressure effects, need to take into account both pressure and non-ideality of
light–heavy solutions for modelling them.

The pressure effect on the behaviour of the fluid phases should be well described using a classical
equation of state even in systems of compounds with large size differences. It is however well known
that in spite of the good description of VLE, LLE or VLLE that can be achieved by a cubic EOS,

w xthese are unable to provide a correct description of the fugacities of the phases in equilibrium 18 .
The good description is achieved because the fugacity deviations are identical in both fluid phases,
thus cancelling the error. But when a solid phase is introduced in the system, and a model other than a

Ž E .cubic EOS is used for its description an arbitrary G model for instance , the difference between the
fugacity coefficients of the fluid and the solid phases becomes important, leading to a poor

w xrepresentation of the fluid–solid transitions 19,20 . To overcome this problem, an EOS–GE model
was used in the description of the fluid phases. This approach removes the discrepancy in the
fugacities between the fluid and solid phases.

Several equations of state coupled with an excess Gibbs energy model have been proposed for the
w x w x w xprediction of vapor–liquid equilibria: Huron–Vidal 21 , MHV2 22 , LCVM 23 , Wong–Sandler

w x24 . . . However, it was found that the use of mixing rules from the LCVM model is able to describe
w xaccurately the liquid–vapor equilibrium for asymmetric systems 25 , whereas both mixing rules

Huron–Vidal and MHV2 leads, respectively, to an overvaluation and an underestimation of the
bubble point.

In this study, a predictive procedure based on the LCVM model was developed for predicting
solid–fluid and fluid–fluid phase equilibria at high pressures of synthetic systems containing light
gases and a heavy fraction of paraffins ranging from C to C .16 34

2. Procedure

Liquid–solid, liquid–vapor and liquid–vapor–solid phase equilibria under pressure may be de-
scribed by the equality of the fugacity of individual components in all the different phases:

f V T , P , xV s f L T , P , x L s f S T , P , xS is1,2, . . . , N 1Ž .Ž . Ž . Ž .i i i i i i

Using the liquid phase as the reference phase, the equilibrium ratios K V and K S can be defined as:i i

f L PŽ .iVK s 2Ž .i Vf PŽ .i

f L PŽ .iSK s 3Ž .i Sf PŽ .i
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where coefficients fV, f L and f S correspond, respectively, to the fugacity coefficients in the vapor,i i i

liquid and solid phase.

2.1. Fluid phase modelling

The evaluation of liquid and vapor fugacity coefficients is carried out by an EOSrGE model.
w xAmong the EOSrGE models available, the LCVM model 23 has been chosen because it yields a

satisfactory prediction of high-pressure vapor–liquid equilibria of asymmetric lightrheavy hydrocar-
w x w xbons systems 25 . The LCVM model is used with the SRK equation of state 26 :

RT a
Ps y . 4Ž .

Vyb V VybŽ . Ž .

For mixtures, the conventional mixing rule is kept for the parameter b whereas the a parameter is
related to the excess Gibbs energy according to the following relation:

a l 1yl GE 1yl b
as s q q x ln x a 5Ž .Ý Ýi i iž / ž /ž / ž /bRT A A RT A bv m m ii i

where A , A and l are constant. The excess Gibbs energy G E of the liquid mixture is calculatedm v

using the Modified UNIFAC group contribution method with interaction parameters on the following
form:

A qB Ty298.15Ž .i j i j
C sexp y . 6Ž .i j ž /T

w xThe parameters used were fitted by Boukouvalas et al. 23,25 for the Original UNIFAC and are used
here for the Modified UNIFAC. Although, rigorously, the interaction parameters should be refitted to

w xthe new combinatorial term, it was found, in agreement with other authors 27,28 , that the same
interaction parameters can be transferred between different UNIFAC versions where only the
combinatorial term is changed.

The Modified UNIFAC has been preferred over the Original UNIFAC because it provides better
w xresults for asymmetric systems 29 .

The critical properties required in the evaluation of the equation of state parameters come from the
w x w xcompilation of Reid et al. 30 for light gases whereas the Twu correlation 31 is used to predict the

critical properties of the pure heavy components.

2.2. Solid phase modelling

The variation of the fugacity with pressure during a process at constant temperature can be
evaluated by integration of the partial molar volume:

1 P
S S Sln f P s ln f P q V d P 7Ž . Ž . Ž .Hi i 0 iRT P0
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SŽ .where f P represents the solid fugacity at the reference pressure assumed to be the atmospherici 0
P Spressure and 1rRTH V d P the Poynting term correction.P i0

2.2.1. Solid fugacity at the reference pressure P0
Ž .The solid fugacity at pressure P from Eq. 7 can be evaluated in terms of activity coefficients:0

f S P sxSg S P f S0 P 8Ž . Ž . Ž . Ž .i 0 i i 0 i 0

where f S0 represents the fugacity of the pure solid at the same pressure and temperature.i
S0Ž .The fugacity f P of the component i in the pure solid reference state can be related to the purei 0

L0Ž .subcooled liquid fugacity f P from the change of energy between the pure solid and the liquid ati 0
w xtemperature T 32 . Assuming the contribution of specific heat terms is negligible, the change of

Gibbs energy can be expressed by:

f S0 P DGSL0 D H SL0 T D H tr TŽ .i 0
ln sy sy 1y y 1y 9Ž .L m trž / ž /0f P RT RT T RT TŽ .i 0

where T m and D H SL0 represent, respectively the fusion temperature and the enthalpy of fusion
whereas T tr is the transition temperature and D H tr the enthalpy of solid–solid transitions.

Ž .The activity coefficient of Eq. 8 that takes into account the deviation from the ideal behaviour is
w xcalculated using the Predictive Wilson equation 14,33 , which provides a good description of the

w xphase behaviour of waxy solutions 5 . For multi-component mixtures the activity coefficients are
evaluated from:

x Lk ki
lng s1y ln x L y 10Ž .Ý Ýi j i j x LÝ j k jj k

j

with:

l yli j ji
L sexp y 11Ž .i j RT

where the parameter l is estimated from the enthalpy of sublimation, D H SV, byii

2
SVl sy D H yRT . 12Ž . Ž .ii Z

Assuming that the binary interaction depends only on the contact surface between two molecules, the
w xparameter l is considered to be identical to the shorter molecule parameter l 14 .ij ii

2.2.2. Poynting term correction
When the solid phase is composed by only one pure paraffin the partial molal volume is identical

to the molar volume of the pure component:

S S0V sV 13Ž .i i

w xwhich can be taken proportional to the liquid molar volume 34 by the expression:

V S0 sb V L0 14Ž .i i
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Table 1
b value for multi-component solid phase

Average carbon number V pure V pure b for mixtures l

16 22.281 25.908 0.909
17 23.554 27.388 0.906
18 24.826 28.867 0.904
19 26.0985 30.347 0.902
20 27.371 31.827 0.900
21 28.6435 33.306 0.898
22 29.916 34.786 0.897
23 31.1885 36.266 0.895
24 32.461 37.745 0.894
25 33.7335 39.225 0.892
26 35.006 40.705 0.891
27 36.2785 42.184 0.890
28 37.551 43.664 0.889
29 38.8235 45.144 0.888
30 40.096 46.623 0.887
31 41.3685 48.103 0.886
32 42.641 49.583 0.890
33 43.914 51.062 0.889
34 45.186 52.542

with a proportionality coefficient b which is assumed pressure-independent and estimated to be equal
to 0.86 for pure paraffins from the average value of the volume change data in the solid liquid phase

w xtransition by Shaerer et al. 34 .
When the heavy fraction is made up by several n-alkanes, it is required to consider the excess

Svolume of the mixture in order to adequately describe the V in the Poynting term. One way toi

include this excess volume in the calculation is to quantify its influence in the Poynting term through
the value of b.

w xConsidering the study made by Chevallier et al. 35 , the difference in the crystal c parameter
between the pure compounds and a mixed crystal of equivalent average carbon number, calculated

Ž .from the Eq. 15 , is approximately equal to one excess carbon atom for mixtures of paraffins ranging
from C to C .20 42

c s0.2545n q0.3842 15Ž .i i

This allows a reestimation of the b parameter to include the influence of the excess volume. As
shown on Table 1 and Fig. 1, a value of bs0.90 is a good choice for the multi-component heavy

w xfraction. This explains why several authors 17,19,20,36 that dealt with this problem before found a
value of bs0.90 the optimal choice for this parameter without finding an explanation for the
discrepancy between the value required for mixtures and for pure compounds.

The Poynting correction can thus be rewritten in terms of pure liquid fugacity at the pressure P as:

b f L0 PŽ .P iL 0Poynting terms V dpsb ln . 16Ž .H i L 0RT f PŽ .P i 00
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Fig. 1. Calculated b parameter for multi-component heavy fraction.

Ž . Ž .Finally, by combining Eqs. 7–9 and 16 , the expression of the solid fugacity in the solid phase at
the pressure P is given by:

D H SL0 T D H tr T1yb bS L L0 0f P s f P f P exp y 1y y 1y 17Ž . Ž . Ž . Ž .Ž . Ž .i i 0 i m tr½ 5ž / ž /RT T RT T

which can be rewritten in terms of equilibrium ratio:
by1 yb 1ybL L L0 0f P f P f P PŽ . Ž . Ž .Ž . Ž .i i 0 iSK si S ž /g P PŽ .i 0 0

=
D H SL0 T D H tr T

exp 1y q 1y . 18Ž .m tr½ 5ž / ž /RT T RT T

2.2.3. Molar liquid Õolumes
The SRK equation of state is not satisfactory for liquid density calculations, and the Peneloux

w xvolume correction 37 is used to improve the prediction of liquid densities:

VsV X qC 19Ž .i

where V X represents the volume calculated from the SRK equation of state and C is the translationi
w xparameter estimated at atmospheric pressure from a group contribution method 37 . The previous

relation can be written in terms of fugacity coefficient:
C PiX LLlnf P s lnf P q 20Ž . Ž . Ž .i i ž /RT

XL Ž .in which f P represents the liquid fugacity coefficients calculated from the original SRK equationi

of state at pressure P.
Ž . Ž .Substitution of Eq. 20 into Eq. 18 will give the final liquid–solid equilibrium ratio of

component i of the heavy fraction.
by1 yb 1ybX L X L X L0 0f P f P f P PŽ . Ž . Ž .ž / ž /i i 0 iSK si S ž /g Pi 0

=
1yb C PyP D H SL0 T D H tr TŽ . Ž .i 0

exp q 1y q 1y 21Ž .mž /½ 5ž /RT RT T RT Ttr
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Table 2
Thermophysical properties used from correlation

tr m tr mŽ . Ž . Ž . Ž .Carbon number T K T K H Jrmol H Jrmol

16 277.3 289.2 9435.6 37,271.2
17 283.8 295.2 10,642.2 39,725.7
18 289.7 300.6 12,033.8 42,063.4
19 295.2 305.5 13,580.4 44,304.7
20 300.3 309.8 15,252.0 46,470.0
21 305.0 313.8 17,018.6 48,579.7
22 309.2 317.3 18,850.2 50,654.2
23 313.2 320.6 20,716.8 52,713.9
24 316.8 323.5 22,588.4 54,779.2
25 320.1 326.3 24,435.0 56,870.5
26 323.1 328.9 26,226.6 59,008.2
27 325.8 331.3 27,933.2 61,212.7
28 328.4 333.8 29,524.8 63,504.4
29 330.7 336.2 30,971.4 65,903.7
30 332.8 338.7 32,243.0 68,431.0
31 334.8 341.3 33,309.6 71,106.7
32 336.6 344.0 34,141.2 73,951.2
33 338.3 347.0 34,707.8 76,984.9
34 340.0 350.3 34,979.4 80,228.2

In this last expression the phase equilibrium ratio K S is calculated only from liquid fugacityi
Ž m tr SL tr SV .coefficients and from pure phase transition properties T , T , D H , D H , D H , b at low

Table 3
List of binary and ternary systems

Systems Heavy component Pressure range Number References
Ž .content range MPa of points

w xC –C 0.1–0.9 3–80 50 Glaser et al. 441 16
w xC –C 0.7–0.9 2–6 7 Puri and Kohn 451 20

w xC –C 0.15–0.9 6–96 63 van der Kooi 461 20
w xC –C 0.1–0.1 95–160 7 Floter et al. 54¨1 22
w xC –C 0.1–0.75 10–205 87 Floter et al. 47¨1 24

w xC –C 0.1–0.8 1–15 46 De Goede et al. 482 16
w xC –C 0.1–0.8 0.6–3 11 Puri and Kohn 452 20

w xC –C 0.1–0.9 0.5–11 78 Peters et al. 492 20
w xC –C 0.1–0.8 1–10 47 Peters et al. 502 22

w xC –C 0.1–0.65 1–4 6 Estrera and Luks 512 22
w xC –C 0.1–0.75 0.5–4 10 Estrera and Luks 512 23

w xC –C 0.1–0.9 0.5–5.5 11 Rodrigues and Kohn 522 28
w xC –C 0.1–0.4 1–12 26 Peters et al. 533 34
w xC –C –C 0.02–0.07 79–150 20 Floter et al. 54¨1 3 24

w xC –C –C 0.053–0.199 0.1–45 38 Daridon et al. 551 10 22
w xC –C –C 0.3–0.85 0.5–10 28 Cordeiro et al. 561 10 32

w xC –C –C 0.83–0.85 0.1–0.6 6 Tan et al. 572 10 32
w xC –C –C 0.03–0.1 95–175 106 Floter et al. 54¨1 22 24
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pressure. The liquid fugacity coefficients are calculated using the LCVM model whereas pure
w xthermophysical properties come from literature data 38 .

w xThe correlation proposed by Lindeloff 39 is used for the evaluation of melting and transition
temperatures and enthalpies. This correlation makes a distinction between the odd paraffins, crystallis-
ing in an orthorhombic lattice, and even paraffins in which the crystalline structure is triclinic or

w xmonoclinic. However, it is now evident 40–42 that in most cases the orthorhombic solid phase is the
dominant solid crystalline structures for multi-component systems of n-paraffins, even if the mixed

w xsolid contains only even alkanes 39 . Thus, the odd paraffin correlation is extended by extrapolation
to the ‘‘orthorhombic even properties’’ and, apart from pure even heavy fraction, only the odd
correlation is used for predicting the pure properties of the paraffins of the mixed heavy fraction.
Table 2 presents the thermophysical properties used in this work.

w xThe phase boundaries are calculated using a procedure developed by Lindeloff 19,20 and are
w xbased in the multiphase flash algorithm developed by Michelsen 43 .

3. Results and discussion

The proposed procedure allows both fluid–fluid and solid–fluid phase transitions calculation under
pressure. However, only fluid–solid phase equilibria have been tested on binary and ternary systems

Table 4
Ž .Deviation T yT between experimental and calculated wax appearance temperatures for binary and ternary systemscal exp

Systems Average deviation Absolute average deviation

Methane – heaÕy paraffin binary systems
C –C 1.18 1.21 16

C –C 0.27 1.131 20

C –C y1.61 1.611 22

C –C 1.38 2.021 24

Ethane – heaÕy paraffin binary systems
C –C 0.33 1.062 16

C –C 2.82 3.072 28

C –C 0.71 1.352 20

C –C 0.36 1.042 22

C –C 0.62 1.282 23

Propane – heaÕy paraffin binary systems
C –C 2.07 2.073 34

Mixed solÕent – heaÕy paraffin ternary systems
C –C –C 1.07 1.831 3 24

C –C –C 0.11 0.341 10 22

C –C –C 1.12 2.091 10 32

C –C –C y2.58 2.582 10 32

Methane – heaÕy paraffins ternary systems
C –C –C 1.46 2.141 22 24

Global average absolute deviation 1.54
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Fig. 2. Wax appearance temperatures calculated and measured for different compositions of the mixture C –C –C .1 10 22

in this study, since liquid–vapor calculation remains identical to those from the LCVM model leading
w xto a satisfactory description of vapor –liquid equilibria of light–heavy alkane systems 25 .

3.1. Light gas–heaÕy paraffin binary systems

We concentrate first on light gas–heavy paraffin binary systems in which the heavy paraffin
crystallises as a pure substance. These systems were used to test the ability of the EOSrGE model
approach to predict the high pressure fluid–solid equilibria in a situation where the deviations from
experimental data cannot be attributed to the errors in the description of the solid phase non-ideality
as g S s1. Specifically, the binary systems tested, which are listed in Table 3, include either methane,i

ethane or propane with paraffins ranging between C and C for which the fluid–solid phase16 34

Fig. 3. Phase envelope of the C –C –C .1 10 22
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Table 5
Ž .Feed composition mass % of the C qC qdistribution of paraffin systems1 10

Mix a Mix b Mix c Mix d

Full composition
% of methane 43.7 43.8 43.6 44.0
% of decane 46.1 45.9 46.15 45.8
% of heavy fraction 10.2 10.3 10.25 10.2

Composition of heaÕy fraction
% of n-C – 16.04 12.93 66.6718

% of n-C – 13.90 12.38 –19

% of n-C 32.02 12.18 11.30 –20

% of n-C 21.92 11.14 10.78 –21

% of n-C 15.04 8.81 10.13 –22

% of n-C 10.28 7.57 9.55 –23

% of n-C 7.04 6.53 9.00 –24

% of n-C 4.82 5.60 8.47 –25

% of n-C 3.31 4.85 7.95 –26

% of n-C 2.25 4.14 7.51 –27

% of n-C 1.54 3.56 – –28

% of n-C 1.06 3.05 – –29

% of n-C 0.72 2.63 – 33.3330

w xbehaviour was available 44–54 at pressures up to 200 MPa. The deviations from experimental data
Ž .are displayed in Table 4, which provides the average deviation AD and absolute average deviation

Ž .AAD for each binary system as well as for the full set of data tested. It can be shown that the
proposed approach, which rest on an equation of staterGE model developed primarily to calculate
liquid–vapor equilibria, gives a satisfactory representation of fluid–solid equilibria with an average
absolute deviation of 1.5 K. The method provides a good estimation of the slope of the melting line at
pressure above the bubble pressure, indicating that the pressure effects are well described by the
model.

3.2. Mixed solÕent–heaÕy paraffin ternary systems

Further comparisons have been performed on ternary systems made up of a mixed solvent and a
Ž . w xsingle heavy paraffin Table 3 . The first ternary system 54 included in the test is formed by a

Table 6
Ž .Deviation T yT between experimental and calculated wax appearance temperatures for multi-component systemscal exp

Systems Average deviation Absolute average deviation

Distribution A 0.18 0.20
Distribution B y0.10 0.14
Distribution C y1.05 1.05
Distribution D y0.53 0.53
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Fig. 4. Wax appearance temperatures measured and calculated from three different approaches of multi-component mixture
A.

Ž .mixture of two gases methaneqpropane plus various proportions of tetracosane, whereas the others
w x Ž . Ž .54–57 are made up of a gas methane or ethane with an intermediate solvent decane and a heavy
component. The results are presented in Table 4. They show that for these systems the results
obtained are similar to those obtained with binary mixtures, meaning that the nature and the number
of solvents does not influence the quality of the phase behaviour description. Again the pressure
dependence is well described by the model as it can be observed on Fig. 2 where only the fluid–solid
transition lines are represented for three different compositions of the system C –C –C .1 10 22

The phase envelope of one of the mixture of C –C –C is plotted in Fig. 3, including the1 10 22

liquid–vapor transitions as well as the fluid– solid transition.

Fig. 5. Wax appearance temperatures measured and calculated from three different approaches of multi-component mixture
B.
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Table 7
AD% and AAD% between experimental and calculated bubble points for multi-component systems

Systems Average deviation % Absolute average deviation %

Distribution A y0.73 3.25
Distribution B y3 4.00
Distribution C y1.3 2.99
Distribution D y2.39 2.70

3.3. Light gas–intermediate solÕent–multi-paraffin systems

A set of systems, where the heavy fraction is formed from several heavy components, has been
tested in order to study the capacity of the model for systems where the heavy fraction is not restricted
to one component. The fluid–solid equilibrium data come from phase boundary measurements carried
out up to 50 MPa on synthetic mixtures whose composition is close to those encountered in natural

w x Ž .fluids 58 . These complex systems Table 5 are mainly made up of a mixed solvent methaneqdecane
Ž .with a molar fraction of methane of about 50% and 10% of a distribution of heavy normal paraffins
centred around C with a molar concentration regularly decreasing from C to C .22 18 30

The model deviations in the prediction of the solid–fluid phase boundary for each of these systems
are presented in the Table 6. The results are remarkably good both below and above the bubble point
pressure. Maximum deviations appear at the triple point and are in all cases inferior to 1.5 K. A
comparison with the results obtained using the proposed model with two other modelling approaches
are presented in Figs. 4 and 5.

Firstly, a comparison has been made with a calculation based on a cubic equation of state with
classical quadratic mixing rules, coupled with the Wilson equation for the description of the solid

w xphase 19,20 . The deviations are as larger as 10 K, indicating that the fluid phase description used is
required to obtain a real continuity of the fugacity coefficients in the different phases in equilibrium.

The second comparison was done by assuming that the solid phase is ideal. The results show the
importance of an adequate description of solid phase non-ideality for paraffinic solutions.

Fig. 6. Measured and calculated phase envelope of the C –C –multi-paraffin system C.1 10
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Fig. 7. Measured and calculated phase envelope of the C –C –multi-paraffins system D.1 10

The model deviations in the prediction of the fluid–fluid phase boundary for each of these systems
are presented in the Table 7. In Figs. 6 and 7 the phase envelope, including the bubble point line, is
presented for mixtures C and D. Both fluid–fluid and solid–fluid phase boundaries are well described.

4. Conclusion

The results presented show that the proposed approach provides an excellent description of both
fluid–fluid and solid–fluid phase boundaries of paraffinic solutions. This is achieved by removing

Ž .two problems of previous approaches: 1 Using an adequate description of the solid phase
Ž .non-ideality; 2 guaranteeing the continuity of the fugacities between the solid and fluid phases using

an EOSrGE model instead of a cubic EOS with quadratic mixing rules. A rigorous introduction of
the excess volumes in the Poynting correction was also done. This provides an adequate representa-
tion of the effect of the pressure on the solid phase non-ideality.

List of symbols
a, b equation of state parameters
A mixing rule parameter
f fugacity
G Gibbs free energy
H enthalpy
K equilibrium ratio
P pressure
R ideal gas constant
T temperature
V volume
x mole fraction of ii
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Greek letters
b volume change parameter
f fugacity coefficient
g activity coefficient
l interaction parameters of Wilson equation
C interaction parameters of UNIFAC

Superscripts
E Excess
L liquid
m melting
tr transition
r reference phase
S solid
SL solid–liquid phase change
SV solid–vapor phase change
V vapor
X Properties calculated from the SRK equation of state
– Partial properties
Subscripts
i component
n carbon number
0 pure component
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