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water using GCA-EOS and non-ideal diffusional driving force in binary
mixtures
Francisco A. Sáncheza, Ping He b,c,� , Ahmed F. Ghoniemc, Selva Peredaa,d
a ������ ������ �	 
��	��	�
� ��
���� �����
��
�� ��	����� �����		���� �	�����	��� ����	������ �������� �	�  �� ��� � ! �"�
��#� ������ �� ����������� $� %�
&'''(� (��
� (������ ���	�����
b �	�����	�� �) *	�������� �����		����� ����� ����	����+� (	������� #,� %%%-'� ����	�  ���	�
c �	�����	�� �) *	�������� �����		����� *��������	��� 
�������	 �) #	�������+� ���.����	� *�� '/-01� ����	�  ���	�
d



1. Introduction

Supercritical fluid (SCF) technologies, such as supercritical fluid
extraction, supercritical water oxidation, supercritical water reforming
and gasification, etc., show advantages because of the singular physi-
cochemical properties exhibited in SCFs. Because of the strong coupling
of thermodynamics, transport phenomena, and chemical kinetics (for
reacting systems), modeling high pressure operating units has been a
continuing challenge in this field. Mass transfer models are normally
based on the Fick’s law or the Maxwell-Stefan (MS) expressions. Curtiss
and Bird [1] proved that the generalized forms of the Fick’s law and the
MS expressions were equivalent, giving the same relation that defines
the dependency of the mass flux on the diffusive driving forces but in
different forms. Nonetheless, MS expressions are simpler in multi-
component systems. The driving forces can be calculated using the ideal
fluid assumption, that is c xi (wherec is the concentration, and xi is
the mole fraction of species i). This ideal driving force has been com-
monly used in diffusion studies. However, when non-ideal fluid beha-
vior becomes important, Krishna et al. [2] proposed, without deriva-
tion, a formulation of the non-ideal diffusive driving force. Recently,
Bird et al. [1,3] re-derived the same formulation based on a thorough
theoretical analysis using the molecular theory of gases and liquids
(MTGL) [4]. The non-ideal driving force depends not only on the con-
centration gradient, but also on the gradients of partial fugacities.

Most prior studies [5–16] used the ideal fluid model to compute the



correlation of the phase behavior near the critical loci of water + �-
alkane binary mixtures. Finally, the results achieved with GCA-EOS are
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In a previous work, we proposed a sharp interface method using
mixed finite difference/volume approach to model the mixing of par-
tially miscible fluids [27]. The same method is used in this paper. A



type of phase behavior of aromatic compounds. In this regard,Fig. 2
compares the experimental critical loci and three phase lines for binary
systems of water + benzene or naphthalene calculated using the soft-
ware GPEC [50]. As can be seen, the model is able to predict with a fair
degree of accuracy the UCST and also the type of phase behavior for
this mixture. It overestimates the UCST at 24MPa by approximately
15 K and 5 K for benzene and naphthalene binaries, respectively, which
is still acceptable. Furthermore, pure naphthalene critical point is
slightly underestimated, although this is related to the pure AC group
parameters, <AC and � AC, reported in the original GC-EOS work [51],
and not to the binary interaction parameters. In summary, the GCA-EOS
predicts qualitatively well both binaries phase behavior and repar-
ameterization of pure groups is beyond the scope of this work.

On the other hand, the interaction parameters between H 2O and
aliphatic groups (CH>) provided by Soria et al. [52] reproduce correctly
the mutual solubility, though the critical locus reproduction is less sa-
tisfactory. Consequently, based on the premise of this work, we revisit
the interaction parameters between H 2O and CH> groups in order to
improve the reproduction of the critical loci in the vicinity of the water
critical point.
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for �-decane +water binary for comparison. Additionally, the #> pro-
jection of the critical lines for each binary system are shown as a thick
violet line. It is worth noting that the critical lines of each binary system
are not at constant pressure, as evident from Figs. 2 and 4. Moreover,
Fig. 7d shows a peculiar behavior of the mutual solubility of water + �-

triacontane binary mixture. Nonetheless, this behavior is simply due to
the fact that this system exhibits VLE up to pressures of 25.6MPa, ac-
cording to GCA-EOS predictions in Fig. 4.

InFig. 7, the phase envelope marks the single-phase and two-phase
regions: the single-phase region is outside the envelope; and the two-

Fig. 6. Normalized mixing time, tW, of the binary systems under stady at 24MPa and different#W0 values. Symbols: simmulation data for (a) (+) benzene, (��)
naphthalene, (�) �-decane, (О) 1-decylnaphthalene, and (b) (�)�-triacontane (The lines are meant only as a guide to the eye).

Fig. 7. Departure coefficient of the driving force, d̃, contour chart for model HC + H 2O binary systems at 24MPa from the GCA-EOS. Black circles: experimental
mutual solubility data. Black solid lines: mutual solubility at 24MPa calculated with the GCA-EOS. Thick violet dashed lines:#> projection of the critical loci
predicted by the GCA-EOS; violet square: predicted critical end-point. (a) benzene; (b) naphthalene; (c)�-decane; (d)�-triacontane. (For the color reference of d̃, the
reader is referred to the electronic version of this article.).
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phase region is inside. There are sub-regions with negative and positive
d̃ in the two-phase region. Because d̃ in the two-phase region does not
affect mass transfer in the bulk, the non-ideal diffusion process is only
influenced by d



ideal region starts at . As a result, water diffusion into the
droplet should be delayed mostly during the last moments of
mixing.

Results shown so far have depicted how the phase equilibria, both
mutual solubilities and critical loci, may influence to an appreciable
extent the mixing process. Thus, the analysis of the global phase be-
havior of these systems could provide clues regarding these effects. As
shown in Figs. 2 and 3, three phase behavior types have been predicted



similar to water + �-triacontane (i.e., highly size asymmetrical), whose
ideal region (d̃ 1) is large as shown inFigs. 7d and 11a.

5. Conclusions

Because of the strong coupling of thermodynamics, transport phe-
nomena, and chemical kinetics in SCF processes, modeling their dy-
namics and mixing has been the subject of a sustained effort. In this
work, the mixing of model hydrocarbons in NCW and SCW is studied at
constant pressure using the GCA-EOS. This work includes �-decane, �-
triacontane, benzene, naphthalene and 1-decylnaphthalene as model
compounds. The effect of the non-ideality of the mixture over the dif-
fusion driving force is studied, with emphasis on the description of the
chemical potential near the critical point. To do so, the H 2O + alkyl

group binary interaction parameters were revisited to properly describe
mutual solubility of alkanes and mixture critical points near the tem-
perature and pressure ranges of interest.

Similar to our previous work using a different EOS, simulation re-
sults show that using the non-ideal driving force, the mixing is sig-
nificantly delayed by factor of 1.6 to 2.4 for the systems under study.
Based on the predicted conditions of the binary mixture critical point, it
is shown that this is a natural result, as the non-ideal driving force is
proportional to composition derivatives of the chemical potential,
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