International Journal of Thermophysics, Vol. 14, No. 4, 1993

Corresponding States Correlation for the Thermal
Conductivity of Molten Alkali Halides!

Y. Nagasaka® and A. Nagashima?
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The principle of corresponding states has been applied to the thermal-conduc-
tivity data for molten alkali halides which have been obtained by recent forced
Rayleigh scattering measurements. The theory, which was developed by Harada
et al. for the transport properties of uni-univalent molten salts, is based on the
fluctuation-dissipation theorem with the pair interaction between ions composed
of core repulsive and Coulombic potentials. Four characteristic parameters
specific to each salt have been used to reduce the thermal conductivity and
temperature. It has been found that the thermal conductivity of molten
alkali halides is adequately correlated by the corresponding-states correlation
(A* oc 1/T*) within experimental accuracy. By employing the correlation, the
thermal conductivity of molten alkali fluorides, which could not be measured by
the forced Rayleigh scattering method, is predicted.

KEY WORDS: alkali halides; correlation; corresponding states; molten salts;
thermal conductivity; thermal diffusivity.

1. INTRODUCTION

In recent publications [1-3], we reported the results of new thermal
diffusivity and thermal-conductivity determinations on 13 kinds of molten
alkali halides in the temperature range from 937 to 1441 K at atmospheric
pressure. The measurements have been carried out in the forced Rayleigh
scattering instrument described in earlier publications [4-9]. Using this
new optical technique, we have found that most of the previous experimen-
tal data for the thermal conductivity of molten alkali halides obtained by
conventional steady-state methods contain significant systematic errors due
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to radiative and convective heat transfer in the sample salts which are
inevitable at high temperatures. We have made the same observations in
the case of molten NaNO,; and KNO; [10]: the maximum systematic
error is about 30% at 720 K. In contrast to molten alkali halides above
1000 K, these systematic errors grow up to 400 to 500 % at the maximum.

Even though our new results have revealed correct behavior of the
thermal conductivity of molten alkali halides, we have not succeeded in
applying the forced Rayleigh scattering method to molten alkali metai
fluorides such as LiF and KF, because of their strong corrosiveness against
quartz and sapphire. cells. Even in the case of LiCl near its melting point
[1], the quartz glass cell turned slightly opaque (devitrification
phenomena) during the course of measurements, which significantly
increased the scattered light of the probing laser in the detected signals.
Such an increase in scattcred-light signals deteriorate the reproducibility.
Morecover, fluoride salts completely corrode a sapphire glass. This problem
may be experimentally solved by controlling the gas atmosphere around
the high-temperature samples, or by using a diamond cell window, or by
applying the levitation technique. Those solutions, however, seem to be dif-
ficult to apply for our present experimental setup. It should be mentioned
that these fluoride salts are the most promising phase-change materials for
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Fig. 1. Thirteen kinds of measured molten
alkali halides by the forced Rayleigh scattering
method of the 20 salts in total.
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the solar receiver/thermal energy storage system in space due to their high
latent heat of fusion per unit mass [11]. Therefore, reliable thermo-
physical-properties data, especially thermal conductivity, of fluoride salts
arc of practical importance.

If we remamber that we have systematically determined the thermal
conductivity of 13 molten alkali halides of 20 salts in total as shown in
Fig. 1, and thesc salts have the simplest molecular structure among other
molten salts, which simplifies the theoretical treatment, it may be possible
to correlate the measured data by means of the law of corresponding states
[12]. Thus we shall be able to predict the thermal conductivity of fluorides
and other salts for which no reliable experimental data are available.

2. LAW OF CORRESPONDING STATES FOR MOLTEN SALTS

2.1. Introduction

It is well-known that the principle of corresponding states is a useful
tool for estimating the thermodynamic and transport properties of gases
and liquids [13]. The principle was originated by van der Waals and is
based on the reduction of the variables with the critical constants. The
theoretical basis of the existence of corresponding states relationship for
thermodynamic properties can be derived in casc of the gases whose
molecules arc spherical and nonpolar. In other words, the intermolecular
pair potential ¢(r) for these molecules can be represented by some univer-
sal function f with two scaling parameters ¢ and ¢ in the form

¢(r)=¢f (r/o) (1)

For the transport properties of dilute gases, Kestin and his
collaborators [14] proved that the collision integrals for all potentials of
Eq. (1) are universal functions of the reduced temperature (T* =kTJe)
through the experimental data for monatomic gases. Moreover, Kestin’s
group has been able to show that this universality can be extended for the
interactions between several quite complicated nonpolar molecules and
some weakly polar molecules and for the interactions of the molecules with
monatomic species [ 15, 16]. By using this extended law of corresponding-
states correlation, it is possible to calculate the viscosity, diffusion coef-
ficient, and thermal conductivity of gases and gas mixtures at low density
with good accuracy [17]. _

With respect to the transport properties of polyatomic liquids, we no
longer have the principle of corresponding states in the same sense of rigor
as for filute gases. However, if we confine ourselves to the same group of
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substances such as normal alkancs and tolerate some loss of accuracy, it
has been proved that a unified correlation scheme based on consideration
of the exact hard-sphere theory is valid for the thermal conductivity,
viscosity, and self-diffusion coefficient [18, 19].

Considering the above-mentioned facts, the question may arise as to
whether or not a law of corresponding states can be applied for more com-
plicated systems such as molten salts. In view of the predictive power of the
law of corresponding states for the practical applications, we recognize that
the law should be extended to much more complicated substances and
extreme physical conditions even with sacrificing some degrec of exactness.
The first attempt of this extension was developed by Reiss et al. [20] for
the vapor pressure, surface tension, and melting point for molten alkali
halides. White and David [21] showed a corresponding-states correlation
for the thermal conductivity of molten alkali nitrates. Unfortunately, there
were almost no reliable experimental data for the thermal conductivity at
that time. Young and O’Connell [22] proposed an empirical corre-
sponding-states correlation for the density, viscosity, thermal conductivity,
ionic diffusivity, and specific conductivity of uni-univalent molten salts.
There was, however, no theoretical background for their characteristic
parameters. On the other hand, Abe and Nagashima [23] applied the prin-
ciple of corresponding states for the viscosity of alkali halides and their
binary mixtures. They further confirmed that their universal equation is
applicable to alkali nitrates, liquid metals, hydrocarbons, and rare gases.

2.2. Harada’s Corresponding States Correlation for Thermal
Conductivity of Uni-Univalent Molten Salts

In this section, we briefly summarize the corresponding-state theory
proposed by Harada and his co-workers [24-27]. Only the outline of the
theory will be introduced here: for more details the reader should consult
the original papers. According to the fluctuation-dissipation theorem
[28, 291, the thermal conductivity 4 of isotropic liquid is expressed as

1 © .
A= —->s A(0) A(r) > dr 2
b= | <A A @)
Here V is the volume of a system, k the Boltzmann’s constant, 7 the
absolute temperature, and ¢ the time. The dynamical quantity 4 can be
represented by the following equation.

_ r
A(t)_zi:rix [2 + Z ¢u:| (3)

m; j>i
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and

. d4
Shinis 4
A=— (4)

where r,., p;,, and m, indicate the x component of thc position, the
momentum, and the mass of the ith ion, respectivcly, while ¢ is the pair
interaction potential between ion 7 and ion j. The advantages of the above
time-correlation function formulas are that (1) they are quite general in the
sense that they do not depend on the details of any particular density
region and (2) they give us exact expression for the thermal conductivity
that can be used as a starting point for approximations [29]. Thercfore, we
can employ Eq. (2) as the basic formula for the evaluation of the thermal
conductivity of molten salts. Since no direct methods exist for the evalua-
tion of the time-correlation functions for dense fluids, they are usually
calculated by molecular dynamics simulations [17]. It is alternatively
possible to derive the corresponding states corrclation by expanding the
time-correlation function of the dynamical quantities for the thermal
conductivity with the mass difference between the anion and the cation.

In the case of molten salts, the pair interaction between i and ; ions
of the separation distance r; is expressed by the sum of the core-repulsive
and the Coulombic potentials as

Gy(ry) =y exp(—rij/pij)+zizje2€/rij (%)

where ; and p; denote the potential parameters of repulsion between i
and j ions. The second term in Eq. (5) represents the Coulombic potential
between i and j ions with the valences z; and z;, and e is the electronic
charge; ¢ is a parameter specific to the salt species, which incorporates the
effects of the weak long-range potential and the dielectric constant.

In the case of molten alkali halides the intcraction potential between
anion and cation dominates the ion configuration; accordingly the values
of ¥ and p for unlike ion pair can be used for any ion pairs. The pair
potential can be reduced as

ox(r¥)=¢,(r¥)A=exp[—d(r} —1)/p] +z,z,*¢/(Adr} (6)
A=y exp(—dJp) (7)
rk=ryld (8)

where d denotes a characteristic separation distance between the unlike ion
pair. The momentum of the ith ion is also reduced to the following form:

p¥=pi/(Am)? )
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where #1;, is an arbitrary mass. By employing the above reduced
parameters, Egs. (6) to (9), the Hamiltonian for molten alkali halides and
the Liouville operator can be also reduced. Since molten alkali halides are
composed of anions and cations with different masses m, and mc, an
unique mass which characterizes the salt is needed for obtaining the
reduced form of the thermal conductivity. If we choose this characteristic
mass properly, the perturbed Hamiltonian due to the mass difference
disappears. The selected characteristic mass mg can be expressed as follows:

ms=[2(mamc)"?/(mi> + md?)]? (10)

By using this characteristic mass as a reference, the thermal conductivity of
molten salts can be expressed as the sum of the thermal conductivity for
the reference system of the anion and cation with a unique mass and of
perturbation terms with respect to the mass difference. The final expression
is written in the reduced form:

IX(T*) = 2d?[k(Afms)'*] = 23(T*) + i SEAT*) e (11)

n=1

ps = (m> —m)(m> + m? (12)
Here, the reduced temperature T* is given by the following equation:
T*=kTd/(e*¢) (13)

In Eq. (11), A is the reduced thermal conductivity of the reference mass
system and the second. term indicates that the effect of mass difference
between unlike ion pairs on the thermal conductivity is described in terms
of a series of the mass difference of ug. S* denotes the reduced coefficient
of the nth term in perturbation expansion of thermal conductivity. It was
found that when we select the characteristic separation distance between
the unlike ion pair d appropriately, the thermodynamic properties (molar
volume, vapor pressure, and surface tension [25]) and the transport
properties (electrical conductivity, viscosity, and self-diffusion coefficient
[26]) can be well described by the law of corresponding states. Therefore,
we expect that the reduced from of the thermal conductivity of molten
alkali halides along the saturation line would mainly depend on the
reduced temperature 7*. The values of the parameters  and p for alkali
halides are taken from Tosi and Fumi [30], and the d is calculated from
the following equation [26]:

djp = ([0.4069 +0.9075 In(W/kT) + 6042 x 10~ "(y/kT)]  (14)
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Table 1. Interionic Potential Parameters y, p, &, and { for Alkali Halides [26]

¥ P
(10717 1) (10~ m) & ¢
LiF 267 299 0.827 0970
NaF 417 330 0.867 0929
KF 839 338 0.893 0931
RbF 15.5 328 0.905 0947
CsF 98.5 282 0.867 0.960
LiCl 378 342 0.801 0988
NaCl 20.1 317 0947 0974
KCl 286 337 1.010 0.963
RbCl 726 3.18 0982 0.959
LiBr 441 353 0.845 1.005
NaBr 164 340 0.948 0972
KBr 447 335 1014 0.967
RbBr 64.7 335 0.989 0956
Lil 1.90 430 0.858 0982
Nal 9.79 386 0.959 0967
KI 438 3.55 1.024 0.968
RbI 108.0 337 1.038 0.967

where the values of £ and ( are presented in Ref. 26. Table I ists all these
potential parameters for alkali halides.

The advantages of this corresponding states correlation for uni-
univalent molten salts are summarized as follows: (i) the theoretical
foundation of the correlation scheme is clear; (ii) the correlation can be
applied for both thermodynamic and transport properties with a consistent
manner; and (iii) the characteristic parameters involved have theoretical
basis and are not adjustable valuables depending on the properties. For the
thermal conductivity, the validity of this corresponding states correlation
has not yet been confirmed owing to lack of the reliable experimental data.

3. CORRESPONDING-STATES CORRELATION FOR THERMAL
CONDUCTIVITY OF MOLTEN ALKALI HALIDES

Table II summarizes the temperature range, the accuracy, and the
optimum values of coefficients in Eq.(16) for molten alkali halides
obtained by our forced Rayleigh scattering experiments. In order to prove
that these systematically measured thermal conductivities can be correlated
with the aid of the corresponding-states law described in the previous
section, Fig. 2 shows the relation between A* and 1/T*. There are 322 data

840714/4-21



Nagasaka and Nagashima

930

45 pur d jo Kommoor parewnss Furpnpur (Hdp =) K11AnONPUOd [RULISY) PoYISAUOD Y} JO AdRINIDY ,

68 80— 6110 ozF o1+ Cl LTTI-LE6 8D
€16 L0— 9e10 SI+ 9F 1€ 9TC1-£96 94
856 (U8 g 0s10 6+ SF 8T PEC1-696 ™
Se6 £0— 9070 I+ L¥ 4t 6601-196 IeN
606 00— 6r10 61+ n+ §T Pie1-8p6 Ig5D
€56 I'n— €020 ST+ LF Y4 9CE1-1€01 g9
L001 yo— 8120 LF £€F ¥C SYTI-S£01 L2
0z01 80— 0ze0 ST+ L+ 144 L9TT-0S01 IgeN
816 71— 6020 81+ 6+ 33 09€1-096 108D
066 rr— 6¥C0 ST+ 9F 8¢ I+ 1-9¥01 0
P01 L= 68¢°0 8+ SF 194 SEET-9501 18)- |
¥L01 81— 6150 8F v+ 143 IvP1-0L11 [OEN
£88 67— 9790 ocF I+ |14 I2€1-L96 Dr1
oD G- W My, 01) (¥ _W- M) ot 4 sjutod ejep D
“r q “y JO IoquInN afuey
(%,) AorInooy amjeredwo],

(91) ‘b w1 syuenIge0 21} Jo anjea wnwndQ

POy Sunaneog YSoiey padio] oY) Aq paInseS SSpHRH

ey usijo jo (91) "bg ur sjuatoreo)) a1 Jo senjep umwpndQ pue ‘Koeinooy ‘efuey osimjeradwa] oyJ I dqEL



Thermal Conductivity of Molten Alkali Halides 931
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Fig. 2. Corresponding-states correlation for the thermal conductivity of
molten alkali halides measured by the forced Rayleigh scattering method.
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Fig. 3. Deviations of the experimental thermal conductivity data of
molten alkali halides from Egq. (15).
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points of 10 kinds of molten alkali halides. Since CsCl, CsBr, and Csl have
different crystal structures (CsCl type) from the other alkali halides (NaCl
type) so that the potential parameters are not obtained, these cesium
halides are omitted in the present correlation. The relation between A* and
1/T* can be correlated by the following equation:

A¥= —0473 +6.457 x 10%(1/T*) (15)

Equation (15) reproduces the entire body of experimental data within a
standard deviation of 14% as depicted in Fig. 3. By taking into account
both the estimated accuracies for the experimentally determined thermal
conductivity and this standard deviation, it can be concluded that the
thermal conductivity of molten alkali halides is adequately correlated by
the corresponding-states correlation within experimental accuracy. In
addition, it may be worth mentioning that recent molecular-dynamic
calculations for the thermal conductivity of molten NaCl and KCl [31]
reasonably agree with the present corresponding-states correlation.

4. PREDICTION OF THERMAL CONDUCTIVITY OF MOLTEN
ALKALI METAL FLUORIDES AND I0DIDES

It seems reasonable from the following reasons that we can predict the
thermal conductivity of molten alkali fluorides and iodides, which we have
not been able to determine by the forced Rayleigh scattering experiment,
with the aid of the universal relationship given in Eq. (15). (i) This corre-
sponding-states correlation for molten alkali halides has been proved to be
valid for both thermodynamic and transport properties except for thermal
conductivity. (ii) Equation (15) has been correlated on the basis of satis-
factory number of reliable data points. (iii) The standard deviation of the
experimental data from Eq. (15) is consistent with the estimated accuracy.
Figure 4 shows the thermal conductivity of molten alkali fluorides
calculated from Eq. (15) in the temperature range about 200 K above their
melting points [32]. The predicted temperature dependencies of the
thermal conductivity exhibit all weak negativities. The predicted results are
also represented by the simple linear equation:

A=A +6(T—-T,) (16)

The coefficients in Eq. (16) predicted by the corresponding-states correla-
tion are listed in Table III, in which LiBr and Lil are also included. The
accuracy of the predicted results is estimated to +15 to +20%.

Since the thermal conductivity of molten LiF is of practical impor-
tance, Fig. 5 displays the comparison of the present predicted values with
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Table IHL.  Coefficients in Eq. (16) Predicted by the Law of Corresponding States
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Fig. 4. Thermal conductivity of molten alkali
metal fluorides estimated from the corresponding-
states correlation of Eq. (15).
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Ao b T,
W-m=" K-  (10*W-m~'-K~2) (X) [321
LiF 1276 ~3.08 1121
NaF 0.785 —203 1268
KF 0.563 ~173 1131
RbF 0419 —143 1068
CsF 0356 138 986
LiBr 0458 ~149 823
Lil 0.384 —128 723




934 Nagasaka and Nagashima

2.2
LiF

'-'¥ 2.0r .
T LX) 0y
;E 1.8 e W
z
= 1.6r
3]
ju ]
2
s 1.4} Im%
T“ \
E 12 ..o
s
o
-

-
o
T

L

0.
1100 1200 1300 1400 1500
Temperature, K

Fig. 5. Comparison of the present estimation with
other experimentally determined thermal conductivity
data for molten LiF: &, Sreenivasan [337; ,
Smirnov et al. [347; ----, Golyshev et al. [35], ——,
present prediction.

other previous experimentally determined data for LiF. The data of
Sreenivasan [33] obtained by the quasi-steady-state concentric cylinder
method are about 60 % larger than our prediction. This difference may be
mainly due to radiative and convective effects because of a large tem-
perature difference (4T =24 to 13.6 K) and a large gap between cylinders
(1.6 to 3.2 mm). Smirnov et al. [34] also measured the thermal conduc-
tivity of molten alkali halides systematically by the steady-state concentric
cylinder method and their values agree with our prediction near the
melting point, but they show a strong positive temperature dependence.
The data of Golyshev et al. [35] obtained by the steady-state concentric
cylinder method (molybdenum wall; gap, 2.5 mm) with a correction of
about 10 to 20% for radiation agree with the present correlation within the
claimed accuracy, but again, the temperature coefficient is positive.

We conclude that the thermal conductivity of molten alkali halides can
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be adequately correlated by the principle of corresponding states proposed
by Harada. The prediction scheme for the thermophysical properties
described in the present paper, which is a combination of systematically
conducted experiment with correlation procedure based on a rigorouos
theory, will become more important under extreme conditions. Further
studies will be needed for mixtures and molten salts other than
uni-univalent.
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