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Abstract

The extended corresponding states principle has been applied on the prediction of the surface tension of pure
molten alkali halides. The model uses liquid density and vapour pressure data of the salts of interest and of the
reference salt, chosen to be NaCl, as the input for the calculation of temperature-dependent equivalent substance
reducing ratios (ESRR). The model here described was already applied on the prediction of the viscosity and thermal
conductivity of pure molten alkali halides [High Temp.-High Pressures, 2000]. Calculations were also made using
the simple two-parameter corresponding states principle, with the melting temperature and corresponding density
as scaling factors. Agreement between calculated and experimental data is within 10-15% for most of the salts
studied. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Molten salts, alkali halides and their mixtures in particular, have industrially important characteristics,
in addition to a scientifically interesting behaviour, which justify the need for accurate thermophysical
property data and the development of theoretical models for these systems. The viscosity, thermal con-
ductivity and surface tension of high temperature melts, in general, are the most needed for industry
purposes and unfortunately still the most poorly established properties [2].

Although, considerable effort has been devoted in the past to the experimental measurement of these
properties at high temperatures, the existent data is still very limited due to experimental difficulties
related with some of the characteristics of these systems (e.g. strong chemical activity, high melting
points, etc.). With the complexity of these experimental measurements in mind, in addition to the great
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number of systems of interest existent, it becomes especially important to develop models capable of
predicting these properties given a minimum amount of information as input.

The corresponding states principle is still one of the most powerful tools in this respect and has already
been applied to equilibrium [3-9] and transport [1,8—15] properties prediction of pure molten salts and
their mixtures.

In this paper, the application of the extended corresponding states model on the prediction of the
surface tension of pure molten alkali halides is discussed. The model here described was already applied
on the prediction of viscosity and thermal conductivity for these molten salts [1]. It has then been
showed that agreement between predicted viscosity and thermal conductivity with experimental data
was within 10% for viscosity and within experimental accuracy in the case of thermal conductivity for
most of the salts studied. The present work seeks to understand the capability of the model on predicting
data for an equilibrium property for the same set of molten salts, thus complementing the previous
calculations, as a part of a more general attempt of implementation of a simple but still accurate extended
corresponding states approach for prediction of thermophysical properties of pure molten alkali halides
and their mixtures.

The basic idea of the extended corresponding states theory [16—19] results from the assumption that
the intermolecular potential parameters are not constants, but instead functions of the temperature and
density of the system, while the potential itself is conformal to the potential of some reference fluid.
This temperature and density dependence is then introduced in the equivalent substance reducing ratios
(ESRR) through the use of molecular shape factors. The accuracy of this approach lies in the accuracy
of the shape factors, which are used in the definition of the equivalent substance state point, and in the
accuracy of the data for the properties of the reference fluid, which will be used in the prediction of
the same properties for the fluids of interest. In addition, this approach eliminates the need for detailed
knowledge of the intermolecular potential.

In this work, as in the previous calculations for viscosity and thermal conductivity, saturation liquid
density and vapour pressure data were used for the reference salt, chosen to be NaCl, and for the salts of
interest. The ESRR were determined and found to be temperature dependent only. These ESRR along with
the use of a corresponding states relationship for the surface tension were then used to predict this property
for the salts under study. In addition, surface tension has been calculated using the simple two-parameter
corresponding states theory, through the use of the melting temperature and the corresponding density
as reducing parameters, thus permitting the observation of the effect of the use of shape factors in
the predicted surface tension. Despite of not being a true corresponding states point, the melting point
has been used as an approximation of the triple point, thus expecting the melting temperature and the
corresponding density to be similar to the corresponding triple-point values for the alkali halides. This
approach is justified by the non-existence of triple-point data for most of these salts.

2. Model description
2.1. The simple two-parameter corresponding states principle
The corresponding states principle for simple spherical fluids was first proposed by van der Waals in an

empirical form and later demonstrated by Pitzer [20] through dimensional analysis of the configuration
integral. The basic result is that if two pure fluids “j” and “0” are conformal (obey the same reduced
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intermolecular potential), it then becomes possible through the use of scaling arguments to show that

T.
AN(T;, pj) = iAL(To, po) = fiA] (71 pjhj> (1)
j
In this equation, A" = A(T, p) — A*(T, p) is the residual Helmholtz energy (the * indicates an ideal
gas value), p the molar density, T the absolute temperature, and f; and #; scale factors called equivalent
substance reducing ratios. The subscripts “j” and “o0” indicate a fluid of interest and a reference fluid,
respectively. The scaling arguments used in the derivation of Eq. (1) permit the determination of a
relation between the temperature and molar density of the fluid of interest “j” and the corresponding
values for the reference fluid “0”, namely 7', = T;/f; and p, = p;jh;. The equivalent substance reducing
ratios are related on a microscopic scale to the ratios of the intermolecular potential parameters, and
on a macroscopic scale to the critical parameters of the two fluids, namely, f; = ¢j/e, = 7}0 /T and

hj = aj3/ ol = p¢/ ,ojc. Here ¢ and o are the intermolecular potential energy and distance parameters,
respectively, and the superscript “c” denotes a critical point value. Alternatively, the triple point can be
used as the corresponding states point, thus making f; = T.'/T; and hj = p;/p;, where the superscript
“t” denotes a triple-point value.

2.2. The extended corresponding states principle

The simple two-parameter corresponding states principle, whose basic result was discussed above, is
only obeyed by spherically symmetric molecules whose intermolecular potentials are conformal. In an
attempt to extend the principle to other molecules, Leland et al. [16,17] proposed the use of shape factors
that are introduced in the equivalent substance reducing ratios and in principle are allowed to be functions
of temperature and density. As discussed earlier, the use of shape factors results from the assumption that
the intermolecular potential parameters are not constant but in fact may change with temperature and
density, while the potential is itself conformal to the potential of some reference fluid.

In the extended corresponding states principle, the equivalent substance reducing ratios become f; =
&(T, p)/eo = (T¢/T)O|(T, p) and hy = oi(T, p)/ad = (05/0)9i(T, p), where 6 and ¢ are called
shape factors. If the two fluids “j” and “0” are conformal, 6 and ¢ are unity, and the original equivalent
substance reducing ratios developed for the simple corresponding states principle are recovered. The as-
sumption that the potential parameters are temperature dependent, results originally from angle-average
calculations on non-spherical potentials [16], and permitted to join in the same class, in terms of corre-
sponding states, polar fluids and simple non-polar fluids. In the case of molten salts, the corresponding
states approach developed by Harada et al. [6] uses an effective diameter, determined by a perturbation
method which is temperature and density dependent, thus suggesting that this temperature and density
dependence of the shape factors is also correct for molten alkali halides. The shape factor approach has
the advantage of not having to use any potential parameters to scale the properties.

In the extended corresponding states principle, the basic thermodynamic relation, Eq. (1), found for
the simple corresponding states principle remains the same. It is found however that due to the density
and temperature dependence of the shape factors, other thermodynamic relationships between various
properties become more complex, becoming dependent on the derivatives of the equivalent substance
reducing ratios with respect to density and temperature.
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2.3. Equivalent substance reducing ratios calculation

Ideally, the shape factors 6 and ¢ could be calculated “exactly” for each molten salt of interest through
the use of high-accuracy equations of state for these salts and for the reference salt. Using any two thermo-
dynamic property corresponding states relationships between the two fluids “j” and “0”, in addition to the
critical temperature and density for each salt. Unfortunately, this critical data has not been measured yet,
nor has the experimental PVT data for these systems permitted the development of these high-accuracy
equations of state. Despite this limitation in terms of shape factors calculation, at least using any experi-
mental critical data, the properties of the salt “j” can be calculated once the equivalent substance reducing
ratios for that salt have been determined, given the knowledge of the same properties for the reference salt.

Most of the data that are available for molten alkali halides are for the saturation boundary, viz. vapour
pressures and saturated liquid densities. In this work, vapour pressure and saturation liquid density-fitted
equations, available in literature, have been used to calculate the equivalent substance reducing ratios.
Since the saturation boundary only depends upon temperature, density independent equivalent substance
reducing ratios are found. The vapour pressure and saturated liquid density of any salt of interest are
related to the reference salt properties through the equations

p(To) fi _ ra(Ti/f)fi

pi(T) = S 2)
s Po(To) _ po(Ti/f})
T = ~ 3)
e hi hi

Simultaneous solution of Egs. (2) and (3) provides the equivalent substance reducing ratios along the
saturation boundary.

The liquid density-fitted equations used in the calculation of the ESRR were taken from the NIST
database [21] for all the molten alkali halides, with the exception of NaCl whose density equation used
is available in the [28] (1982 and onwards). The vapour pressure-fitted equations were taken from Janz
[22] for LiF and NaF, Topor [23] for CsF, DIPPR database [28] for KCI and NaBr, Topor [24] for Nal,
and Lange [25] for all the other molten alkali halides.

Because of the limited temperature range of the density and vapour pressure correlation equations
available, these have been extrapolated in the calculation of f; and h;, thus increasing the uncertainty on
the estimated properties.

2.4. Surface tension prediction
The surface tension for each of the molten salts of interest “j”” has been calculated using the following
equation:
T\

Yi(T) = vo(To) = ¥o <?J) m “4)
where y is the surface tension. This equation can be derived from the equality of the reduced surface
tension y* = yo? /& for the molten salt of reference “0” and the molten salt of interest “j” at the same
reduced temperature, or alternatively through the statistical mechanical relation for surface tension using
the same type of argument which lead to Egs. (1)-(3).
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The following correlation equation has been used for the surface tension of NaCl (reference fluid):

)1.4978

T
y =0.20133 (1 — 5555

&)

where y is the surface tension (Nm~!) and T the absolute temperature. Eq. (5) is available in the [28]
(1982 and onwards). This equation, along with Eq. (4), have been used for the semi-theoretical estimation
of the surface tension of the molten alkali halides, using the simple two-parameter corresponding states
theory, with the melting temperature and the corresponding density [26] as scale factors. In addition, the
use of Egs. (2) and (3) permitted the calculation of shape factors, introduced in the equivalent substance
reducing ratios, thus trying to force the salts to conformity in an extended corresponding states approach.

3. Results

The surface tension data predicted with the two corresponding states schemes have been compared
with experimental data taken from the [28] (1982 and onwards) for NaF, the NIST database [21] for LiF,
KF, RbF and CsF, and [27] for all the other molten alkali halides.

Table 1 shows the average absolute percent deviation (AAD) and the average percentage error (BIAS)
for the predicted surface tension for each of the alkali halides obtained with the simple corresponding

Table 1
Average absolute percent deviation (AAD) and average percentage error (BIAS) values for surface tension of molten alkali
halides®

SALT (T—Ts) n AT (K) SCST ECST

AAD BIAS AAD BIAS
LiF (1121-1954) Correlation 1290.0-1533.0 9.8 -9.8 14.9 +14.9
NaF (1268-1977) 8 1290.0-1360.0 44 +4.4 72 +7.2
KF (1131-1775) Correlation 1185.0-1583.0 42 —42 2.7 —2.7
RbF (1068-1681) Correlation 1068.0-1218.0 7.1 -7.1 8.6 -8.6
CsF (986-1524) Correlation 1048.0-1253.0 5.6 -5.6 15.1 —15.1
LiCl (883-1655) 12 974.5-1194.8 16.2 ~16.2 0.83 +0.83
KCI (1043-1680) 15 1049.3-1185.6 4.8 —4.8 8.2 -8.2
RbCI (990-1654) 9 1057.3-1179.0 10.9 ~10.9 2.1 2.1
CsCl (918-1573) 12 943.3-1162.6 18.9 ~18.9 16.4 ~16.4
LiBr (823-1583) 10 931.0-1158.6 229 229 2.7 —27
NaBr (1020-1665) 16 1033.5-1184.1 3.8 3.8 53 -5.3
KBr (1007-1656) 13 1012.1-1193.2 9.0 9.0 9.9 -9.9
RbBr (953-1625) 15 974.0-1183.0 15.4 ~15.4 14.5 —145
CsBr (909-1573) 14 922.9-1185.0 20.7 —20.7 20.0 —20.0
Lil (723-1444) 4 893.7-984.2 26.7 —26.7 3.0 +3.0
Nal (935-1577) 12 944.1-1164.8 112 112 10.6 ~10.6
KI (958-1597) 15 969.9-1185.7 122 —122 15.8 —15.8
RbI (913-1577) 11 921.1-1125.2 212 212 17.8 ~17.8
Csl (894-1573) 9 983.3-1147.5 25.3 —253 11.4 114

# Calculated in the temperature range AT, using the simple corresponding states theory (SCST) and the extended corresponding
states theory (ECST), together with their melting (7},) and boiling (7},) temperatures.
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Fig. 1. Surface tension deviations calculated as a function of temperature for all the molten alkali halides studied.

states theory (SCST) and the extended corresponding states theory (ECST). The n represents the number
of experimental data points used for the comparisons. Fig. 1 shows a plot of the surface tension deviations
as a function of temperature for all the molten alkali halides.

In the case of the alkali fluorides (except for NaF), the estimated surface tensions have been compared
with the data calculated through the use of the correlation equations available in the NIST database [21],
using a temperature step equal to 1 K. It can be seen from Table 1 that the SCST fails completely on the
prediction of surface tension for the molten lithium and cesium halides (with the “exception” of LiF and
CsF), the smallest and largest cations, respectively, from the molten alkali halides set. The introduction
of shape factors on the ESRR seems to be capable of solving only the problem of the lithium halides
(with the exception of LiF). In addition, it introduces additional errors on the predictions for other molten
salts, thus becoming very difficult to establish a pattern that could suggest any possible corrections to the
model. In general, the ECST under-predicts the surface tension of the salts (Fig. 1), with the exception
of LiF, NaF, LiCl and Lil. The major sources of error of this model are the extrapolations of the vapour
pressure correlation equations used in the calculation of the shape factors.

4. Conclusions

The simple and the extended corresponding states have been applied to the semi-theoretical estimation
of the surface tension of molten alkali halides. The results showed that the scheme proposed works
satisfactorily only for some of the molten salts studied. The major uncertainty arose from the lack of
vapour pressure curves covering all the temperature ranges used.

The shape factors used were obtained empirically. Ideally, shape factors correlation equations in terms
of characteristic molecular parameters should be developed, thus permitting the use of the corresponding
states principle in a predictive form. In addition, it should then be possible to understand the way a
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corresponding states scheme would or would not fail for some of the molten alkali halides. However,
and because of the lack of experimental data for molten salts, these correlation equations are still very
difficult to develop. In general, a molecular approach of the corresponding states principle for molten
salts rises the problem of having to use some specific intermolecular potential model, for which it is still
very difficult to find parameters for all the systems of interest.
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