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Highlights

1. Several molten fluoride pseudo-ternary salt system densities were estimated.

2. The estimation is based on Redlich-Kister expansion and Muggianu interpolation.

3. This method generally outperforms estimation by additive molar volumes.

4. Some unmeasured pseudo-binary system densities were also estimated.

Abstract

The development of next-generation molten salt reactors relies on accurate knowledge of the 

thermophysical properties of the candidate coolant and fueled molten salts. These thermophysical properties 

include density, viscosity, thermal conductivity, and heat capacity. Because of difficulties in measuring 
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thermophysical properties of molten salts, there are many gaps in the current state of thermophysical 

property knowledge of these salts, particularly those that contain actinides or beryllium. Therefore, 

leveraging modeling techniques to estimate unknown molten salt thermophysical properties and guide 

future experimental measurements has high value for the nuclear industry. In this study, the densities of 

molten fluoride pseudo-ternary salt systems, which are of interest to the nuclear industry, were estimated 

using Redlich-Kister expansion and Muggianu interpolation techniques. The pseudo-ternary systems 

considered for estimation in this study were NaF-LiF-ZrF4, LiF-BeF2-ZrF4, LiF-BeF2-ThF4, NaF-LiF-BeF2, 

NaF-KF-BeF2, NaF-ZrF4-UF4, and NaF-BeF2-UF4. This Redlich-Kister estimation approach accounts for 

nonideal mixing behavior based on pseudo-binary subsystem interaction parameters determined from 

experimentally measured pseudo-binary system density data sets. The Redlich-Kister estimation was 

compared with the method of additive molar volumes, which assumes ideal mixing. The Redlich-Kister 

approach was also used to determine previously unknown binary and ternary interaction parameters based 

on experimentally measured density data sets for select pseudo-ternary salt systems. The results of this 

study show improvement in density estimation using the Redlich-Kister approach for all systems considered 

compared with estimation by additive molar volumes. Furthermore, this analysis allowed for the estimation 

of nonideal density behavior in experimentally unstudied ZrF4-UF4 and BeF2-UF4, as well as the 

quantification of ternary interaction in NaF-LiF-ZrF4, NaF-BeF2-UF4, and NaF-ZrF4-UF4.

1. Introduction

Molten salts are of high interest for applications in the nuclear industry, solar industry, and energy 

storage technologies. Molten salts garner this interest because their thermophysical and thermochemical 

properties make them advantageous for heat transfer. They have high operating temperatures (>500°C), 

enabling functionality of high-temperature systems in which other standard heat transfer fluids would boil 

or degrade. They also have typically low vapor pressures, removing the need for high pressure containment 

systems that may be expensive and risky to maintain. Furthermore, molten salts have high heat capacities, 

allowing for more thermally efficient fluid flow systems and energy storage systems.



Fluoride salt systems are of interest for the nuclear industry, as highlighted by McMurray et al. [1, 

2]. Fluoride salts are attractive because they have versatile applications in fast and thermal spectrum reactor 

designs [3], they exhibit high thermodynamic stability at operating temperatures associated with numerous 

molten salt reactor designs [4], and they have high solubility with actinides and fission products [5]. 

Fluoride salt systems have been considered as the fuel and the coolant salts in nuclear reactor applications 

[6]. Notable examples of coolant fluoride salt systems for reactor applications include LiF-BeF2 as a 

primary coolant in the advanced high-temperature reactor design [7] and the fluoride salt-cooled high-

temperature reactor design [8, 9], and LiF-NaF-KF as a heat transfer coolant in the very high-temperature 

reactor design [10]. Notable examples of fueled fluoride salt systems include LiF-ThF4-UF4 in the molten 

salt fast reactor design [11], LiF-BeF2-ThF4-UF4 in the molten salt breeder reactor design [12], and LiF-

BeF2-ZrF4-UF4 in the Molten Salt Reactor Experiment [13].

While the advantages of these fluoride salt systems for the nuclear industry are apparent, the 

thermophysical properties of these salts are not well known for many of the fluoride salt systems of interest 

because of a lack of thermophysical property measurement data in the literature. The thermophysical 

properties of particular interest include density, viscosity, thermal conductivity, and heat capacity. 

Thermophysical property data are particularly lacking for pseudo-ternary and pseudo-quaternary fuel-

bearing salt systems [1]. Moreover, if data are available for these higher order systems based on 

experimental measurements, they are typically for only one (often the eutectic) or a handful of compositions 

of a particular system, providing little knowledge of how the thermophysical properties may change as 

functions of component concentrations and temperature. Not only is there a general lack of thermophysical 

property data for fluoride salts, but some of this thermophysical property data have insufficient uncertainty 

quantifications or poorly characterized measurement techniques. A primary reason for the lack of these 

thermophysical property data is the inherent difficulty in taking experimental measurements with fluoride 

salts, which tend to have high melting points, high corrosivity and reactivity with oxygen and moisture 

(leading to salt impurities), and potentially high volatility for some pure compound molten salts and 



mixtures rich in particular compounds (leading to specimen mass loss or undesirable condensation effects).  

Because of the gaps in molten salt thermophysical property data, accurate thermal modeling of molten salt 

reactor designs is challenging, and safety evaluations to license these designs may come with too high a 

degree of uncertainty. 

One way to increase the thermophysical understanding of these fluoride salt systems is by using 

estimation techniques. The benefits of using estimation techniques include (1) rapid characterization of a 

salt system over a range of temperatures and compositional makeups; (2) general avoidance of experimental 

measurements that may be costly and time-consuming because of the hazards associated with the fueled 

salt components; (3) an improved understanding of how the salt components interact to guide experimental 

measurements; and (4) straightforward implementation of semi-empirical estimate equations into thermal 

modeling codes. Of course, the benefits of an estimation technique are only valid under the assumption that 

it may provide accurate thermophysical property data. 

Considering molten salt density specifically, estimation by additive molar volumes has been 

considered [10, 14, 15, 16], which provides a simple and fast way to estimate the density of a salt system. 

However, the method of additive molar volumes is only effective if the salt components combine as an 

ideal mixture, and significant nonideality has been observed in the densities of numerous fluoride salt 

systems [17, 18, 19]. To provide accurate predictions in the presence of nonideal mixing behavior, 

interaction between the salt system components must be considered. 

Given the current state of the literature, the experimentally acquired density data of pseudo-binary 

fluoride salt systems has far fewer gaps than higher order systems. Therefore, consideration of an estimation 

technique that accounts for fundamental binary interaction would be beneficial, such that higher order 

system densities could be estimated based on the pseudo-binary subsystems. Research has shown that 

predicting properties of higher order systems based solely on binary interactions has been sufficient for 

predicting phase diagrams of organic and inorganic mixtures [20], metal alloy mixtures [21], and, of most 

relevance, multicomponent fluoride salt systems [22]. One method to quantify the pseudo-binary system 



interaction as it relates to salt density is use of a Redlich-Kister (RK) expansion [23], which allows for the 

determination of binary interaction parameters. Then, use of a Muggianu interpolation method allows for 

higher order system density to be predicted based on the binary interaction parameters determined via the 

RK expansion [24]. This method of property estimation for ternary mixtures has been investigated for 

estimation of Gibbs energies [25, 26] and, more relevantly, of chloride molten densities of NaCl-KCl-UCl3 

and NaCl-KCl-YCl3 [27]. 

The choice to use an RK formalism for density estimation of molten salts has basis because excess 

molar volumes, which are directly related to density, have been commonly modeled using RK expansions 

[28, 29, 30, 31, 32]. Furthermore, the Muggianu interpolation method allows for simple and straight-

forward density estimation of higher-order systems, because the binary interaction parameters are readily 

input into closed-form solutions for higher-order systems. 

It is recognized that the RK formalism does not explicitly account for short range ordering, which 

can potentially be accounted for by use of a modified quasi-chemical model [33, 34], (although, short-range 

ordering may be indirectly captured by interaction parameters within the RK model, particularly when 

higher order expansions are applied). However, regarding the modified quasi-chemical model, accounting 

for short range ordering is still only possible if there is accurate knowledge of the salt structure (namely, 

mole fractions of single nearest neighbor pairs [35]). This information may be able to be deduced by the 

optimization involved with the modified quasi-chemical model itself, or could be obtained experimentally 

perhaps via X-ray absorption fine structure analysis [36, 37], or computationally via ab-initio molecular 

dynamics [38, 39, 40]; this detailed information is scarce for higher-order systems, and thus any estimation 

technique could have challenges accurately accounting for short-range ordering directly, even if it is built 

into the formalism. 

In this study, the RK expansion and Muggianu interpolation method was used to estimate densities 

of pseudo-ternary fluoride salt systems of interest to the nuclear industry, for which density data exist, to 

assess the effectiveness of the overall method for fluoride molten salts. The method was compared with the 



method of additive molar volumes to demonstrate how consideration of binary interaction parameters may 

improve the estimation of a given fluoride salt density if it were otherwise unknown. Additionally, this 

analysis allowed for the determination of unknown binary and ternary interaction parameters for particular 

pseudo-ternary salt systems with sufficient experimental data sets. 

2. Methods

To assess the validity of using the RK expansion and Muggianu interpolation method, the densities 

of seven psuedo-ternary fluoride salt systems—NaF-LiF-ZrF4, LiF-BeF2-ZrF4, LiF-BeF2-ThF4, NaF-LiF-

BeF2, NaF-KF-BeF2, NaF-ZrF4-UF4, and NaF-BeF2-UF4—for which experimental measurement data exist 

were considered. For these pseudo-ternary salt systems, the existing pure and pseudo-binary density data 

were extracted from literature, as well. A series of scripts was written in Python (version 3.9.7) to utilize 

this experimental data, generally propagating from pure salt data to higher order systems. Estimation of 

ideal density relies on density data from pure salt components, and any pseudo-binary or pseudo-ternary 

system density can be estimated by molar additivity from pure component data. Estimation of pseudo-

binary salt density accounting for nonideality relies on the use of an RK expansion fitted to experimental 

data of these pseudo-binary salt systems. Estimation of pseudo-ternary salt density accounting for 

nonideality relies on the use of a Muggianu interpolation method that accounts for the interaction 

parameters of the pseudo-binary subsystems, as calculated using the aforementioned RK expansion. In 

cases in which experimental data of one of the pseudo-binary subsystems of a pseudo-ternary salt system 

are nonexistent, ideality is assumed (e.g., interaction parameters are effectively zero). In cases in which a 

pseudo-ternary salt system has sufficient density data across compositions and temperatures, ternary 

interaction parameters may be determined, as well as pseudo-binary subsystem interaction parameters if 

they are initially unknown. The flow chart in Figure 1 exhibits how the Python scripts use the data for this 

density estimation study. These scripts utilize the following libraries and version numbers: NumPy 1.21.2 

for array initialization, interpolation, and general mathematical functions; SciPy 1.7.1 for curve fitting (via 



the scipy.optimize package); Matplotlib 3.5.1 for plotting of binary systems; Plotly 5.3.1 for plotting of 

ternary systems; and Pandas 1.3.3 to set up data frames for ternary plots.

Figure 1: Diagram of the process by which density is estimated via experimental measurements, assumption 

of ideal mixing, or use of an RK expansion and Muggianu interpolation. Orange boxes represent 

experimental datasets, blue ovals represent calculational processes, and the final result (in green) is 

estimation of a pseudo-ternary system.

2.1. Ideal Density

In an ideal mixture of 𝑖 components, one assumes that the molar volume of the mixture, 𝑉𝑚, is a 

weighted sum of the molar volumes of the components [41]:

𝑉𝑚 = (∑𝑖 𝑥𝑖𝑀𝑖)/𝜌𝑖𝑑 , (1)

where 𝑥𝑖 is the molar concentration of the 𝑖𝑡ℎ component, 𝑀𝑖 is the molar mass of the 𝑖𝑡ℎ component, and 

𝜌𝑖𝑑 is the ideal density of the mixture. By rearranging Eq. (1), and assuming that molar volumes are additive 

as per 



𝑉𝑚 = ∑𝑖
𝑥𝑖𝑀𝑖

𝜌𝑖
 , (2)

where 𝜌𝑖 is the density of the 𝑖𝑡ℎ component, 𝜌𝑖𝑑 can be calculated as

𝜌𝑖𝑑 = (∑𝑖 𝑥𝑖𝑀𝑖)/∑𝑖
𝑥𝑖𝑀𝑖

𝜌𝑖
 . (3)

Equation (3) is valid under the assumption that the enthalpy of mixing is zero, which may or may 

not be representative of a particular mixture. If the components of a given mixture contain different 

molecule sizes or dissimilar polarities, then one may expect that the intermolecular forces between the 

molecules in a mixture of these components will be of a different magnitude than those between the 

molecules of the pure components themselves [42]. Therefore, the mixing of two fluids may result in an 

increase or decrease in the average attractive forces between the individual molecules, and thus, the process 

may be exothermic or endothermic, respectively, resulting in a nonzero enthalpy of mixing. Additionally, 

Eq. (3) is dependent on temperature, and density of molten salts decrease linearly as a function of 

temperature [43].

The assumption of ideal mixing to estimate the density of molten salt systems has had varied 

success in the literature. Agca and McMurray have demonstrated that chloride pseudo-binary mixtures of 

NaCl-KCl, NaCl-YCl3, and KCl-YCl3 exhibit good agreement between experimental data and estimation 

based on the ideal density assumption, but KCl-UCl3 and NaCl-UCl3 exhibit discrepancies nearing 10% 

[27]. Van der Meer and Konings have highlighted that fluoride pseudo-binary systems such as LiF-BeF2 

and LiF-ThF4 exhibit good agreement between experimental data and estimation based on the ideal density 

assumption [44], but as discussed in Section 3, experimentally measured densities of NaF-ZrF4 [45] and 

LiF-ZrF4 [18] exhibit significantly nonideal densities. Because of these cases in which measured molten 

salt mixture densities deviate from estimations based on ideality, a general mathematical framework for 

density estimation that accounts for interaction between the components is desirable.



2.2. RK and Muggianu Estimation

To account for nonideal mixing of a molten salt system, the density of the mixture, 𝜌𝑚𝑖𝑥, is given 

as

𝜌𝑚𝑖𝑥 = 𝜌𝑖𝑑 + 𝜌𝑒𝑥 , (4)

where 𝜌𝑒𝑥 is an excess density term to account for differences in the average interaction energies of two 

mixed components, resulting in nonideality. For a pseudo-binary system, an RK expansion allows for 

nonideality consideration via

𝜌𝑒𝑥 = 𝑥1𝑥2∑𝑛
𝑗=1 𝐿12

𝑗 (𝑥1 ― 𝑥2)𝑗―1 , (5)

where 𝑥1 and 𝑥2 are the molar concentrations of components 1 and 2, respectively, 𝑛 is the total order of 

the RK expansion for which 𝑗 is an index, and 𝐿12
𝑗  is the 𝑗𝑡ℎ order interaction parameter between 

components 1 and 2. 𝐿12
𝑗  is defined as

𝐿12
𝑗 = 𝐴12

𝑗 + 𝐵12
𝑗 𝑇 , (6)

where 𝐴12
𝑗  and 𝐵12

𝑗  are the zeroth and first order constants, which define the temperature-dependent nature 

of 𝐿12
𝑗 . As it relates to Eq. (5), in some cases, first order RK expansion (n = 1) is sufficient, such as for 

pseudo-binary salt systems in this study, for which 𝐴12
𝑗  < 0.5. For cases in which 𝐴12

𝑗  ≥ 0.5, a second order 

RK expansion is used. Constants 𝐴12
𝑗  and 𝐵12

𝑗  are determined by fitting Eq. (5) to experimentally acquired 

data over a range of compositions and temperatures. 

For a pseudo-ternary salt system of components 1, 2, and 3, ignoring the possibility of ternary 

interaction parameters, the excess density term can be determined by the Muggianu geometric model:

𝜌𝑒𝑥 = 𝑥1𝑥2∑𝑛
𝑗=1 𝐿12

𝑗 (𝑥1 ― 𝑥2)𝑗―1 + 𝑥1𝑥3∑𝑛
𝑗=1 𝐿13

𝑗 (𝑥1 ― 𝑥3)𝑗―1 + 𝑥2𝑥3∑𝑛
𝑗=1 𝐿23

𝑗 (𝑥2 ― 𝑥3)𝑗―1 . (7)



In the event in which 𝐿12
𝑗 , 𝐿13

𝑗 , and 𝐿23
𝑗  for a particular pseudo-ternary salt system are known but the density 

of this pseudo-ternary salt system has not been experimentally measured, the use of Eq. (7) in Eq. (4) may 

allow for a better estimation of the density of the pseudo-ternary salt system, as opposed to the use of 

Eq. (3), assuming ideality. In the event in which the density of a pseudo-ternary salt system has been 

measured over a sufficient range of compositions and temperatures, one may add a ternary interaction term 

to the right-hand side of Eq. (7) as per

𝜌𝑒𝑥 = … + 𝑥1𝑥2𝑥3𝐿123 , (8)

where

𝐿123
𝑗 = 𝐴123 + 𝐵123𝑇 . (9)

The ternary interaction term described in Eqs. (8) and (9) only uses a first order expansion, under the notion 

that binary interaction should dominate the interactions.

For pseudo-ternary or even higher order systems, a general framework for using pseudo-binary 

subsystem interaction parameters and ignoring ternary and higher system order interaction terms, can be 

described. Considering a system with 𝑆 components, the excess density term is described as

𝜌𝑒𝑥 = ∑𝑆―1
𝑎=1 ∑𝑆

𝑏=2 ∑𝑛
𝑗=1 𝐿𝑎𝑏

𝑗 (𝑥𝑎 ― 𝑥𝑏)𝑗―1        for 𝑎 < 𝑏, (10)

where 𝑥𝑎 and 𝑥𝑏 are the molar concentrations of components 𝑎 and 𝑏, and 𝐿𝑎𝑏
𝑗  is the interaction parameter 

associated with a pseudo-binary subsystem between components 𝑎 and 𝑏. Although the analysis herein is 

limited to pseudo-ternary systems, presenting this general framework shows how this analysis may be 

extended to higher order systems. 

2.3. Summary of Data Considered

The density estimation analysis contained herein requires the use of experimentally measured 

densities of ternary systems, along with the experimentally measured densities of the pseudo-binary 



subsystems and pure components that make up those systems. The experimental data used in this analysis 

are described in this subsection.

2.3.1. Pure Components

Table 1 provides the experimental density data for the compounds that act as the pure components 

for pseudo-ternary systems of interest. Seven compounds were examined in this study. RbF is a compound 

that has been considered as relevant to molten salt reactors [10, 46], but is not included in this study because 

McMurray et al. have not indicated that this compound is of current interest to industry in their roadmap 

that outlines base systems of interest to developers [1]. Also, UF3 is a compound of interest because of the 

UF4/UF3 ratio being used to control the redox potential of the fueled fluoride salt systems [47, 48]. However, 

the density of pure UF3 has not been measured, likely because of its extremely high melting point of 

1,495°C.

Table 1: Experimental density data for pure fluoride molten salts used in pseudo-ternary systems 

of nuclear interest

Compound 𝑎 (g/cm3) 𝑏 ×  104 (g/(K cm3)) Validity range (K) Reported 
accuracy (%)

Reference

NaF 2.755 6.36 1,280–1,370 ±1 [49]
LiF 2.358 4.90 1,149–1,320 ±0.5 [50]
KF 2.646 6.52 1,154–1,310 ±0.5 [51]

BeF2 1.972 0.15 1,073–1,123 ±0.5 [52]
ThF4 7.108 7.59 1,393–1,651 ±3 [53]
ZrF4 5.368 12.33 1,200–1,280 ±1.5 [45]
UF4 7.784 9.92 1,200–1,280 ±2 [53]

The density of molten salts typically exhibits a linear relationship with respect to temperature, 

which was shown in various studies [43]. Therefore, the experimentally measured density of a given salt is 

given by

𝜌𝑚𝑖𝑥(𝑇) = 𝑎 + 𝑏𝑇 , (11)



where 𝑎 and 𝑏 are determined by fitting Eq. (11) to the experimentally measured 𝜌𝑚𝑖𝑥 over a range of 

temperatures. The valid ranges of these equations are provided in Table 1, and the lower limit of these 

ranges is typically close to the melting point of the given molten salt. The reported accuracies for NaF, LiF, 

KF, BeF2, ThF4, and UF4 have been determined based on the assessment of the underlying literature by 

Janz [43]. Such an assessment is not provided by Janz [43] for ZrF4, so the accuracy was taken from 

Artemov et al., who reported an accuracy of 1.5% [45] using the method of maximum pressure in a gas 

bubble. Notably, ZrF4 is a highly volatile molten salt, so measurements of pure ZrF4 may be subject to 

experimental errors relating to a high vaporization rate; it is unclear what measures Artemov et al. took to 

ensure that the bubble pressure measurement was not affected by a rapidly vaporizing salt.

2.3.2. Pseudo-Binary Systems

Table 2 summarizes the extent of the experimental density data for the pseudo-binary salt systems 

that act as the pseudo-binary subsystems of pseudo-ternary systems of interest. In total, 14 pseudo-binary 

salt systems are of interest, but experimental data only exist for 10 of these systems. Furthermore, the data 

for BeF2-UF4 are limited to a single composition at a single temperature, and therefore, the binary 

interaction parameters can only be determined for nine of these pseudo-binary systems. 



Table 2: Experimental density data for pseudo-binary fluoride molten salt systems used in the modeling 

of pseudo-ternary systems of nuclear interest

System Data in 
literature

Number of 
compositions 

considered

Percentage of primary 
component considered (mol %)

Assumed/reported 
accuracy

Reference

NaF-LiF Yes 11* 0, 10, 20, 30, 40, 50, 60, 70, 80, 
90, 100

±1% [54]§

NaF-KF Yes 7* 0, 12, 25, 40, 60, 80, 100 ±3% for 12 mol 
% and 25 mol % 

NaF, 
±1% otherwise

[17]

NaF-ZrF4 Yes 9* 0, 30, 40, 50, 60, 70, 80, 90, 
100

±1.5% [45]

LiF-ZrF4 Yes 21† 30, 40, 50, 60, 70, 75, 77.6, 80, 
81.1, 84.1, 85, 86.6, 88.7, 90, 
90.6, 92.3, 93.8, 95.1, 96.3, 

98.3, 100

±1% [18]

NaF-BeF2 Yes 10‡ 39, 46, 50, 52, 52.9, 58, 60, 64, 
66.7, 70

±0.32% [19]

LiF-BeF2 Yes 4‡ 10.8, 25.1, 49.8, 66 ±0.3% [52], [14]
KF-BeF2 No — — — —

BeF2-ZrF4 No — — — —
LiF-ThF4 Yes 7* 0, 18.64, 20, 40, 60, 80, 100 ±1% [50]
NaF-ThF4 Yes 9† 0, 20, 30, 40, 50, 60, 70, 80, 90 ±1% [55]
BeF2-ThF4 No — — — —
NaF-UF4 Yes 4† 40, 46, 58, 76 ±0.32% [19]
BeF2-UF4 Limited 1‡ 65 (only at 1,073 K) ±0.32% [19]
ZrF4-UF4 No — — — —

*Including compositions consisting of only the primary or secondary component
†Including composition consisting of only the primary component, but excluding composition consisting of only the 
secondary component 
‡Excluding compositions consisting of only the primary or secondary component
§Data are referenced in [54] as Maliasovsky, K., Private communication, 1968 

Many of these data sets can be found from Janz [43]. However, unlike data sets associated with the 

pure components, recommended accuracy values were not given for the pseudo-binary systems studied by 

Janz [43]. Therefore, the accuracies must be considered on a case-by-case basis. For NaF-LiF, the data were 

presented by Janz et al. [54], but the accuracy values were not reported. The displacement (Archimedean) 

technique was used to acquire the NaF-LiF density data set. Fortunately, within the NaF-LiF density data 

set studied by Janz et al. [54], pure component densities were considered, and these densities values agreed 

within 0.5% of the NaF and LiF density values from Paucirova et al. [49] and Hill et al. [50]. Therefore, 



the accuracy of the NaF-LiF data set reported by Janz et al. [54] is assumed to be ±1%, which is equivalent 

to the accuracy of the density data for NaF measured by Paucirova et al. [49].

For NaF-KF, Porter et al. [17] did not report an overall accuracy, but standard deviations were 

provided for each composition. For the NaF-rich systems (80 and 60 mol % NaF), the standard deviations 

are ~0.1%, but for the KF-rich systems (25 and 12 mol % NaF), the standard deviations are ~1%. The 

increase in the standard deviations for KF-rich systems suggests that some systematic error is introduced 

in the measurement of KF-rich NaF-KF systems. Section 3 describes that the KF-rich systems deviate from 

the density trend as a function of mole fraction NaF such that they are lower than expected. Because of the 

potential error involved in the measurement of these KF-rich systems, an accuracy of ±3% is assigned to 

them. For the other systems, ±1% is assumed. 

For NaF-ZrF4, an accuracy of ±1.5% is assumed, as reported by Artemov et al. [45]. The density 

data for NaF-ZrF4 come from the same reference from which density data were acquired for pure ZrF4, in 

which the method of maximum pressure in a bubble was used. The same method was used to acquire the 

density data for LiF-ZrF4 by Katyshev et al. [18], as well as the density data for NaF-ThF4 by Desyatnik 

et al. [55], in which an accuracy of ±1% is reported for both studies. 

The density data for NaF-BeF2, NaF-UF4, and BeF2-UF4 were measured by Blanke et al. [19], who 

provided a more thorough estimation of measurement accuracy (or “error,” as reported) in comparison to 

the other references for density data. Blanke et al. measured density of the salt systems using the 

Archimedean method, and in their calculation of measurement accuracy, they account for mass loss of the 

sample, uncertainty in the dimensions of the platinum cylinder and wire, uncertainty in the depth of 

immersion, and uncertainty of the weight of the melt in the crucible, along with other less significant sources 

of error. Blanke et al. reported a final accuracy of ±0.32%.



The density data for LiF-BeF2 were taken by Cantor et al. [14, 52]. A Ni dilatometer was used to 

acquire the LiF-BeF2 density data. Cantor et al. reported an accuracy of ±0.3%, noting that the primary 

sources of error are the surface tension of the melt and the immersed bob weight [52].

The density data for LiF-ThF4 were taken by Hill et al. [50] using the Archimedean method. 

Although an explicit value for the accuracy of the data was not provided, Hill et al. compared their density 

measurements of pure LiF with those of Jaeger [56] and those of Yaffee and van Artsdalen [51], for which 

they agree within 0.61% and 0.11%, respectively. As a result of the agreeance in this cross-comparison, the 

accuracy of the measurements by Hill et al. are assumed to be within ±1%. 

2.3.3. Pseudo-Ternary Systems

Table 3 summarizes the extent of the experimental density data for the pseudo-ternary salt systems 

of interest. Seven pseudo-ternary salt systems have available data. This list excludes LiF-NaF-KF, a 

commonly considered coolant salt, because an RK model was already generated and assessed by Gallagher 

et al. [57]. Some of these pseudo-ternary systems have a data set that spans over a wide compositional 

range, whereas others consist of a strict range of compositions (in two cases, only one composition). On 

one extreme, Blanke et al. provide temperature-dependent density data for 93 compositions of 

NaF-BeF2-UF4 [19]; on the other extreme, Cantor provides temperature-dependent density data for only 

one composition of LiF-BeF2-ZrF4 [58].



Table 3: Experimental density data for pseudo-binary fluoride molten salt systems used in the modeling 

of pseudo-ternary systems of nuclear interest

System Number of 
compositions 

considered

Compositions considered (mol % primary/ 
mol % secondary/ mol % tertiary)

Assumed/reported 
accuracy

Reference

NaF-LiF-ZrF4 10* (40.0/60.0/0), (37.5/56.3/6.3), 
(36.1/54.2/9.7), (34.8/52.1/13.1), 
(33.6/50.4/15.9), (31.0/46.5/22.5), 
(25.0/37.5/37.5), (20.0/30.0/50.0), 

(10.1/15.2/74.7), (5.1/7.7/87.2)

±2% [59]

LiF-BeF2-ZrF4 1 (64.7/30.1/5.2) ±0.3% [58]
LiF-BeF2-ThF4 3 (70.0/15.0/15.0), (70.0/18.0/12.0), 

(70.1/23.9/6.0)
±0.3% [58]

NaF-LiF-BeF2 2 (53/24/23), (49/36/15) ±5% [60]
NaF-KF-BeF2 1 (49/15/36) ±5% [60]
NaF-ZrF4-UF4 5 (46/50/4), (50/46/4), (65/15/20), (53/43/4), 

(56/39/5)
±5% [60]

NaF-BeF2-UF4 93 See Appendix A ±0.32% [19]

*Including a pseudo-binary mixture of the primary and secondary components

The accuracy of the density data must be evaluated for these pseudo-ternary systems on a case-by-

case basis because an assessment such as the one by Janz for pure components [43] does not exist for these 

pseudo-ternary systems. For NaF-LiF-ZrF4, the density data were measured by Mellors and Senderoff [59], 

and an accuracy of the measurement is not reported. Mellors and Senderoff did reference a secondary 

publication [61] that describes the method with which the NaF-LiF-ZrF4 was acquired (the Archimedean 

method). In that publication [61], while a specific measurement accuracy is not provided, efforts were taken 

to minimize errors in the measurement, such as providing time for melt homogenization, ensuring thermal 

equilibrium, and minimizing surface tension effects. Given the knowledge of typical accuracies associated 

with the Archimedean method, and this error-reducing information, a conservative estimate of ±2% is 

assumed.

Cantor [58] measured LiF-BeF2-ZrF4 and LiF-BeF2-ThF4 by use of a Ni dilatometer. Cantor 

reported an accuracy of ±0.3%, listing sources of error such as vessel creep, bubble volume, and salt 

condensation in the vessel. This accuracy was informed by comparing Cantor’s measurement of KNO3 

density with that of Bloom et al. [62]; both measurement results differ by 0.15%.



Powers et al. measured NaF-LiF-BeF2, NaF-KF-BeF2, and NaF-ZrF4-UF4 by the Archimedean 

method [60]. Powers et al. reported a surprisingly low accuracy of ±5%, without providing extensive 

reasoning for this comparatively low accuracy relative to other references. Powers et al. noted that the 

experimental values were correlated within ±5% of predicted values.

Blanke et al. measured the density data for NaF-BeF2-UF4. [19] Additionally, Blanke et al. provided 

density data for pseudo-binary mixtures of NaF-UF4 and BeF2-UF4, as summarized in Table 2. As discussed 

in Section 2.3.2, Blanke et al. reported an accuracy of ±0.32%.

3. Results

Here, the results of the density estimation analysis of the fluoride salt systems of interest are 

presented. First, the calculated binary interaction parameters for the pseudo-binary systems, which act as 

subsystems for the higher order systems of interest, were examined, along with the statistical measurands 

that define how well a particular estimation method (RK expansion or ideality assumption) represent the 

underlying experimental data set. Second, the densities of pseudo-ternary systems with experimental 

density data were estimated via the assumption of ideality, and by using the RK expansion and Muggianu 

interpolation method with calculated binary interaction parameters. The two estimation methods were 

compared by statistical measurands to identify which estimation method, in general, represents the 

experimental data more closely. Finally, the excess ternary interaction terms, as well as unknown binary 

interaction terms, were determined for pseudo-ternary systems with sufficient data to obtain more accurate 

density estimation equations for these pseudo-ternary systems. 

3.1. Binary Interaction Parameters

The calculated binary interaction parameters for the pseudo-binary systems of interest in this study 

are summarized in Table 4. 𝐴𝑗 and 𝐵𝑗 were used to determine the excess density term via Eqs. (5) and (6). 

The fitting methods and algorithms used to determine each of these interaction parameters are also provided 

in Table 4. In general, the application of the Levenberg-Marquardt algorithm [63] to the method of least 



squares was used for all the experimental data sets, except for NaF-KF, which has significant outliers in the 

data for KF-rich compositions. Because of the existence of these outliers, the Broyden-Fletcher-Goldfarb-

Shanno algorithm [64] was applied to the least absolute residual method to weigh the outliers less heavily 

in the fit. 

Table 4: Interaction parameters and fit information for pseudo-binary systems of interest

System 𝐴1 (g/cm3) 𝐵1 ×  104 
(g/(K cm3))

𝐴2 (g/cm3) 𝐵2 ×  104 
(g/(K cm3))

Fitting 
method

Fitting 
algorithm

NaF-LiF −0.0701 0.109 0 0 Least 
squares

Levenberg-
Marquardt

NaF-KF −0.410 2.69 0 0 Least 
absolute 
residual

Broyden-
Fletcher-
Goldfarb-
Shanno

NaF-
ZrF4

−1.19 2.11 −0.208 4.72 Least 
squares

Levenberg-
Marquardt

LiF-
ZrF4

−1.28 −4.69 0.752 2.32 Least 
squares

Levenberg-
Marquardt

NaF-
BeF2

0.785 −7.85 −1.60 1.54 Least 
squares

Levenberg-
Marquardt

LiF-
BeF2

0.893 −8.96 0.378 −1.16 Least 
squares

Levenberg-
Marquardt

LiF-
ThF4

1.05 −8.79 −1.22 7.41 Least 
squares

Levenberg-
Marquardt

NaF-
ThF4

0.705 −9.52 −2.41 12.6 Least 
squares

Levenberg-
Marquardt

NaF-
UF4

−0.276 −4.85 0 0 Least 
squares

Levenberg-
Marquardt

The statistical measurands 𝑅2, average error (between the fit and the experimental data) 𝜀𝑎𝑣𝑔, and 

maximum error 𝜀𝑚𝑎𝑥 were considered to assess the statistical differences between assuming ideality, and 

using an RK expansion, to estimate the density of these pseudo-binary systems. These measurands were 

calculated relative to the underlying experimental data sets. The measurands in Table 5 are color-coded 

based on the extent to which they indicate good or bad agreement between the estimation method and the 

experimental data. For 𝑅2, green is used for 𝑅2 > 0.9; yellow is used for 0.9 ≥ 𝑅2 > 0.75; and red is used 

for 𝑅2 < 0.75. For 𝜀𝑎𝑣𝑔, green is used for 𝜀𝑎𝑣𝑔 < 1.5%; yellow is used for 1.5% ≥ 𝜀𝑎𝑣𝑔 > 3%; and red is 

used for 𝜀𝑎𝑣𝑔 >3%. For 𝜀𝑚𝑎𝑥, green is used for 𝜀𝑚𝑎𝑥 < 2%; yellow is used for 2% ≥ 𝜀𝑚𝑎𝑥 > 10%; and red 



is used for 𝜀𝑚𝑎𝑥 > 10%. For every pseudo-binary system, the use of the RK expansion resulted in an 𝑅2 

closer to unity, a lower 𝜀𝑎𝑣𝑔, and a lower 𝜀𝑚𝑎𝑥 than assuming ideality. This result is not surprising because 

the interaction parameters in the RK expansion were determined by fitting to the experimental data, whereas 

assuming ideality is entirely uninformed by the experimentally measured pseudo-binary density data sets.

Table 5: Statistical measurands for fits to determine binary interaction parameters in Table 4

System 𝑅2 (ideal) 𝑅2 
(RK expan.)

𝜀𝑎𝑣𝑔 (ideal) 𝜀𝑎𝑣𝑔 
(RK expan.)

𝜀𝑚𝑎𝑥 (ideal) 𝜀𝑚𝑎𝑥 
(RK expan.)

NaF-LiF 0.96 0.995 0.59% 0.18% 0.89% 0.56%
NaF-KF 0.58 0.71 1.2% 1.0% 5.9% 5.3%

NaF-ZrF4 0.84 0.997 5.4% 0.69% 9.6% 1.8%
LiF-ZrF4 0.68 0.994 7.8% 1.1% 18.4% 7.8%
NaF-BeF2 0.77 0.94 1.5% 0.67% 5.5% 4.4%
LiF-BeF2 0.75 0.997 1.5% 0.15% 3.9% 0.59%
LiF-ThF4 0.998 0.9992 0.89% 0.70% 2.3% 1.9%
NaF-ThF4 0.98 0.9997 3.0% 0.30% 5.9% 1.2%
NaF-UF4 0.97 0.995 3.6% 1.2% 10.4% 4.5%

Table 5 indicates which pseudo-binary systems are close to being ideal mixtures, and which 

systems exhibit significant nonidealities. Of these pseudo-binary systems, NaF-LiF is the closest to being 

an ideal mixture as per the considered statistical measurands. However, NaF-KF is more difficult to assess 

because of the apparent outliers in the experimental data set, leading to low 𝑅2 values for both the ideal and 

RK expansion density estimations; NaF-KF may be closer to ideal than these statistical measurands 

indicate. Furthermore, the KF-rich mixtures of NaF-KF tend to deviate most significant from ideality for 

temperatures close to the melting point. Additional experimental measurements with NaF-KF are 

recommended to validate this peculiar density behavior. 

The ZrF4-bearing pseudo-binary salts, NaF-ZrF4 and LiF-ZrF4, exhibit high nonideality in all 

regards, indicating the importance of considering interaction when estimating densities of these ZrF4-

bearing pseudo-binary salts. The BeF2-bearing salts, NaF-BeF2 and LiF-BeF2, exhibited generally low 𝑅2; 

it can be seen in Appendix B in Figures B.5 and B.6 that the ideal estimates do not capture the higher-order 



non-linearity of the densities as functions of temperature. However, because of the similar densities of the 

pure components of these systems, the 𝜀𝑎𝑣𝑔 associated with assuming ideality is reasonably low. 

For the fuel-bearing pseudo-binary salts, LiF-ThF4, NaF-ThF4, and NaF-UF4, LiF-ThF4 is closer to 

ideality than NaF-ThF4, which is closer to ideality than NaF-UF4. This trend suggests that NaF may have a 

more significant interaction with actinide fluoride compounds than LiF. The corresponding plots (Figures 

B.1–B.9) associated with the data in Table 5 are provided in Appendix B. 

3.2. RK Estimation of Pseudo-Ternary Systems

The binary interaction parameters determined for the pseudo-binary salt systems of interest from 

Table 4 were used to estimate the densities of the pseudo-ternary systems in Table 3. These estimates 

involve the application of the previously discussed Muggianu geometric model using the binary interaction 

parameters from an RK expansion. Hereafter, this estimation method will simply be referred to as an RK 

expansion estimate. Only binary interaction parameters were considered in these RK expansion estimates 

in this subsection. The RK expansion estimates of density were compared with ideal density estimates to 

assess the extent to which consideration of binary interaction parameters may improve estimates of a 

pseudo-ternary salt density.

3.2.1. NaF-LiF-ZrF4

The estimated and measured density of NaF-LiF-ZrF4 as a function of mole fraction ZrF4 for a 2:3 

molar ratio of NaF-LiF is shown in Figure 2. The 1% error bars exist for the measured density values on 

the plot as per the measurement accuracy reported by Mellors and Senderoff [59]. On this density scale, 

because of the significant difference in the density of pure ZrF4 and a 2:3 molar ratio mixture of NaF-LiF, 

the measurement error is rather small. The estimate of density based on an assumption of ideality resulted 

in an overprediction of the density, which was also the case for the ZrF4-bearing pseudo-binary subsystems. 

Interestingly, the RK expansion estimate underpredicts the density, suggesting that the interaction between 

the three components is not as significant as the binary interaction parameters would predict. 



Figure 2: Measured [59] and estimated density of NaF-LiF-ZrF4. Data are for a constant molar ratio of 2:3 

NaF-LiF. Estimations were calculated by assuming ideality as per Eq. (3) and using binary interaction 

parameters as per Eq. (7).

Regarding statistical measurands, the 𝑅2 for the RK expansion estimate is 0.94, which is reasonably 

greater than the 𝑅2 for the ideal estimate, which is 0.89. The 𝜀𝑎𝑣𝑔 for the RK expansion is 3.8%, which is 

similar to the 𝜀𝑎𝑣𝑔 for the ideal estimate, which is 3.9%. The 𝜀𝑚𝑎𝑥 for the RK expansion estimate is 5.9%, 

which is reasonably smaller than the 𝜀𝑚𝑎𝑥 for the ideal estimate, which is 8.3%. Overall, the RK expansion 

estimate of density outperforms the ideal estimate of density for NaF-LiF-ZrF4. However, the 𝜀𝑎𝑣𝑔 and 

𝜀𝑚𝑎𝑥 are still somewhat high for this pseudo-ternary system, making the use of the data in Figure 2 desirable 

for determining a ternary interaction term for a further reduction of 𝜀𝑎𝑣𝑔 and 𝜀𝑚𝑎𝑥.

3.2.2. LiF-BeF2-ZrF4

The estimated and measured density of LiF-BeF2-ZrF4 for a 64.7, 30.1, and 5.2 mol % composition 

of these respective components as a function of temperature is shown in Figure 3. The 0.3% error bars exist 

for the measured density values on the plot as per the measurement accuracy reported by Cantor [58]. The 



RK expansion estimate in Figure 3 assumes no interaction between BeF2 and ZrF4 because of the lack of 

experimental data from which these interaction parameters could be determined. 

Figure 3: Measured [58] and estimated density of LiF-BeF2-ZrF4. Data are for 64.7 mol % NaF, 

30.1 mol % LiF, and 5.2 mol % ZrF4. Estimations were calculated by assuming ideality as per Eq. (3) and 

using binary interaction parameters as per Eq. (7).

Regarding statistical measurands, the 𝑅2 for the RK expansion estimate is 0.85, which is reasonably 

greater than the 𝑅2 for the ideal estimate, which is 0.79. The 𝜀𝑎𝑣𝑔 for the RK expansion is 0.79%, which is 

equal to the 𝜀𝑎𝑣𝑔 for the ideal estimate. The 𝜀𝑚𝑎𝑥 for the RK expansion estimate is 0.98%, which is 

reasonably smaller than the 𝜀𝑚𝑎𝑥 for the ideal estimate, which is 1.7%. The slope of the RK expansion 

estimate more closely matches the measured data than the ideal estimate, which signifies that the coefficient 

of thermal expansion is more accurately represented by the RK estimate. Overall, the RK expansion 

estimate of density outperforms the ideal estimate of density for LiF-BeF2-ZrF4, but in general, the 𝜀𝑚𝑎𝑥 

and 𝜀𝑎𝑣𝑔 values are rather low for both estimates, indicating that LiF-BeF2-ZrF4 is close to ideality, at least 

for this composition. For more ZrF4-rich compositions of LiF-BeF2-ZrF4, the system likely becomes more 



unideal because of the significant nonideality observed in LiF-ZrF4 density as the ZrF4 mol % approaches 

~50%.

3.2.3. LiF-BeF2-ThF4

The estimated and measured density of LiF-BeF2-ThF4 as a function of the molar ratio between 

BeF2 and ThF4, with LiF held constant at 70.0 mol %, is shown in Figure 4. Technically, the composition 

with approximately a 4:1 molar ratio of BeF2-ThF4 has a LiF concentration of 70.1 mol %. The 0.3% error 

bars exist for the measured density values on the plot as per the measurement accuracy reported by Cantor 

[58]. On this density scale, because of the significant difference in the density of BeF2 and ThF4, the 

measurement error is rather small. The RK expansion estimate in Figure 4 assumes no interaction between 

BeF2 and ThF4 because of the lack of experimental data from which these interaction parameters could be 

determined. Figure 4 shows that both the RK expansion estimate and the ideal estimate generally 

underpredict the density of LiF-BeF2-ThF4 over this compositional range, but to a lesser extent for the RK 

estimate. 



Figure 4: Measured [59] and estimated density of LiF-BeF2-ThF4. Data are for a constant 70 mol % LiF. 

Estimations were calculated by assuming ideality as per Eq. (3) and using binary interaction parameters as 

per Eq. (7).

Regarding statistical measurands, the 𝑅2 for the RK expansion estimate is 0.992, which is 

reasonably greater than the 𝑅2 for the ideal estimate, which is 0.98. The 𝜀𝑎𝑣𝑔 for the RK expansion is 0.85%, 

which reasonably lower than the 𝜀𝑎𝑣𝑔 for the ideal estimate, which is 1.5%. The 𝜀𝑚𝑎𝑥 for the RK expansion 

estimate is 1.6%, which is reasonably lower than the 𝜀𝑚𝑎𝑥 for the ideal estimate, which is 2.6%. Overall, 

the RK expansion estimate of density outperforms the ideal estimate of density for LiF-BeF2-ThF4, even 

with the assumption that the interaction between BeF2 and ThF4 is null. The assumption of ideality may be 

reasonable for LiF-BeF2-ThF4 over this compositional range, but the 𝜀𝑎𝑣𝑔 and 𝜀𝑚𝑎𝑥 may be too high 

depending on the desired estimate accuracy. 

3.2.4. NaF-LiF-BeF2

The estimated and measured densities of NaF-LiF-BeF2 for two specific compositions are shown 

in Figure 5. The 5% error bars exist for the measured density values on the plot as per the measurement 

accuracy reported by Powers et al. [60]. These error bars may be conservative, considering the significantly 

improved accuracy reported in all other literature considered in this study. Both the RK expansion estimate 

and the ideal estimate tend to overpredict the density, although the RK expansion estimate agrees with the 

experimental data for the higher temperature range. 



Figure 5: Measured [60] and estimated density of NaF-LiF-BeF2 for two specific compositions as 

specified in the legend (% mol primary, % mol secondary, % mol tertiary). Estimations were calculated 

by assuming ideality as per Eq. (3) and using binary interaction parameters as per Eq. (7).

Regarding statistical measurands, the 𝑅2 for the RK expansion estimate is -0.19, which is 

reasonably worse than the 𝑅2 for the ideal estimate, which is 0.16. These 𝑅2 are far from unity because the 

density of LiF-BeF2-ThF4 is not particularly dependent on temperature or composition over the ranges 

considered in Figure 5; all the experimental data in Figure 5 are relatively close to the average. The 𝜀𝑎𝑣𝑔 

for the RK expansion is 2.2%, which is somewhat lower than the 𝜀𝑎𝑣𝑔 for the ideal estimate, which is 2.9%. 

The 𝜀𝑚𝑎𝑥 for the RK expansion estimate is 4.5%, which is slightly higher than the 𝜀𝑚𝑎𝑥 for the ideal 

estimate, which is 4.2%. Overall, the RK expansion estimate of density somewhat outperforms the ideal 

estimate of density for NaF-LiF-BeF2, although for temperatures close to the melting point of NaF-LiF-

BeF2, for the compositions considered in Figure 5, the RK expansion estimate and ideal estimates perform 

similarly.



3.2.5. NaF-KF-BeF2

The estimated and measured density of NaF-KF-BeF2 for 49 mol % NaF, 15 mol % KF, and 

36 mol % BeF2 as a function of temperature is shown in Figure 6. The 5% error bars exist for the measured 

density values on the plot as per the measurement accuracy reported by Powers et al. [60]. As with the 

NaF-LiF-BeF2 data, these error bars may be conservative. The RK expansion estimate in Figure 6 assumes 

no interaction between KF and BeF2 because of the lack of experimental data from which these interaction 

parameters could be determined. A similar trend for NaF-KF-BeF2 can be observed as for NaF-LiF-BeF2, 

which is that the RK expansion estimate tends to improve as temperature increases.

Figure 6: Measured [60] and estimated density of NaF-KF-BeF2. Data are for 49 mol % NaF, 15 mol % 

KF, and 36 mol % BeF2. Estimations were calculated by assuming ideality as per Eq. (3) and using binary 

interaction parameters as per Eq. (7).

Regarding statistical measurands, the 𝑅2 values for both the RK expansion estimate and the ideal 

estimate are negative (−0.61 and −1.3, respectively), which indicates that the experimental data varies less 

significantly from the temperature average of the experimental density data than from the estimated density 

values. The density does not change significantly as a function of temperature, leading to the negative 𝑅2 



values. The 𝜀𝑎𝑣𝑔 for the RK expansion is 3.6%, which is somewhat lower than the 𝜀𝑎𝑣𝑔 for the ideal 

estimate, which is 4.6%. The 𝜀𝑚𝑎𝑥 for the RK expansion estimate is 5.0%, which is slightly higher than the 

𝜀𝑚𝑎𝑥 for the ideal estimate, which is 4.9%. Overall, the RK expansion estimate of density somewhat 

outperforms the ideal estimate of density for NaF-KF-BeF2, and notably for higher temperatures. In general, 

both estimates lead to somewhat high 𝜀𝑎𝑣𝑔 and 𝜀𝑚𝑎𝑥 values, but the interaction between KF and BeF2 is not 

considered because of the lack of experimental data; the interaction between KF and BeF2 would likely 

have to be considered to have an improved estimate of the density. Furthermore, the interaction parameters 

between NaF and KF were determined from data with potentially erroneous measurements within the 

experimental data set.

3.2.6. NaF-ZrF4-UF4

The estimated and measured densities of NaF-ZrF4-UF4 for two specific compositions are shown 

in Figure 7. The 5% error bars exist for the measured density values on the plot as per the measurement 

accuracy reported by Powers et al. [60]. As with the NaF-LiF-BeF2 and NaF-KF-BeF2 data, these error bars 

may be conservative. The RK expansion estimates in Figure 7 assume no interaction between ZrF4 and UF4 

because of the lack of experimental data from which these interaction parameters could be determined. 

Both the RK expansion estimate and the ideal estimate tend to overpredict the density by a significant 

margin, although the RK expansion overpredicts the density to a lesser extent. This overprediction comes 

from accounting for the interaction between NaF and ZrF4, and NaF and UF4, which predict a reduction in 

density from ideality. 



Figure 7: Measured [60] and estimated density of NaF-ZrF4-UF4 for five specific compositions as 

specified in the legend (% mol primary, % mol secondary, % mol tertiary). Estimations were calculated 

by assuming ideality as per Eq. (3) and using binary interaction parameters as per Eq. (7).

Regarding statistical measurands, the 𝑅2 values for both the RK expansion estimate and the ideal 

estimate are negative (−1.8 and −6, respectively), which indicates that the experimental data varies less 

significantly from the temperature and compositional average of the experimental density data than from 

the estimated density values. The 𝜀𝑎𝑣𝑔 for the RK expansion is 13%, which lower than the 𝜀𝑎𝑣𝑔 for the ideal 

estimate, which is 20%. The 𝜀𝑚𝑎𝑥 for the RK expansion estimate is 14%, which is lower than the 𝜀𝑚𝑎𝑥 for 

the ideal estimate, which is 22%. Overall, the RK expansion estimate of density outperforms the ideal 

estimate of density for NaF-ZrF4-UF4, but the errors are still high. Consideration of the missing binary 

interaction between ZrF4 and UF4, and/or of the ternary interaction between all three components, is 

necessary for accurate determination of the density of NaF-ZrF4-UF4. 

3.2.7. NaF-BeF2-UF4

The measured [19] densities of NaF-BeF2-UF4 for 93 specific compositions are shown in Figure 8. 

The percent discrepancy between the measured density data and the RK expansion estimates is shown in 



Figure 9a. The percent discrepancy between the measured density data and the ideal estimates is shown in 

Figure 9b. Figures 8 and 9 also include data from experimental and modeled densities of NaF-BeF2 and 

NaF-UF4, also based on the measurements by Blanke et al. [19]. The reported measurement accuracy of the 

experimental density data in Figure 8 is ±0.32% [19]. The RK expansion estimates in Figure 9 assume no 

interaction between BeF2 and UF4 because of the lack of experimental data from which these interaction 

parameters could be determined. Both the RK expansion estimate and the ideal estimate tend to overpredict 

the density, but the RK expansion estimate overpredicts the density to a lesser extent. 

Figure 8: Measured [19] density of NaF-BeF2-UF4 at 1,073 K for 93 specific compositions as indicated in 

the ternary plot. 



(a) (b)

Figure 9: Percent discrepancies between the measured [19] density of NaF-BeF2-UF4 at 1,073 K and 

(a) estimated density calculated by assuming ideality as per Eq. (3), and (b) using binary interaction 

parameters as per Eq. (7).

Regarding statistical measurands, the 𝑅2 for the RK expansion estimate over the entire 

compositional domain is 0.995, which is reasonably greater than the 𝑅2 for the ideal estimate, which is 

0.98. The 𝜀𝑎𝑣𝑔 for the RK expansion is 2.0%, which lower than the 𝜀𝑎𝑣𝑔 for the ideal estimate, which is 

3.7%. The 𝜀𝑚𝑎𝑥 for the RK expansion estimate is 5.6%, which is lower than the 𝜀𝑚𝑎𝑥 for the ideal estimate, 

which is 8.2%. Overall, the RK expansion estimate of density outperforms the ideal estimate of density for 

NaF-BeF2-UF4. Consideration of the missing binary interaction between BeF2-UF4, and/or of the ternary 

interaction between all three components, may allow for a more accurate determination of the density of 

NaF-BeF2-UF4. 

For an improved understanding of how the estimates of density perform across the compositional 

range of NaF-BeF2-UF4 considered by Blanke et al. [19], comparisons of estimated and measured densities 

of NaF-BeF2-UF4 compositions with low (4 mol %), medium (12 mol %), and high (47 mol %) UF4 

concentrations are shown in Figure 10. For NaF-BeF2-UF4 with 4 mol % UF4 in Figure 10a, the RK 



expansion estimation shows only a small improvement in the agreement between the estimated and 

measured values in comparison with the ideal estimation. However, for NaF-BeF2-UF4 with 12 mol % UF4 

in Figure 10b, and NaF-BeF2-UF4 with 47 mol % UF4 in Figure 10c, the RK expansion estimate exhibits 

better agreement with the experimental measurements as UF4 concentration increases. This general trend is 

exhibited in Figure 9a, as well. 

                           

                                                       (a)

                         

(b) (c)



Figure 10: Measured [19] and estimated density of LiF-BeF2-ThF4. Data are for (a) a constant 4 mol % 

UF4, (b) a constant 12 mol % UF4, and (c) a constant 47 mol % UF4. Estimations were calculated by 

assuming ideality as per Eq. (3) and using binary interaction parameters as per Eq. (7).

The analysis using experimental measurements by Blanke et al. suggests that the reported accuracy 

of ±0.32% is not sufficiently conservative. Clusters of data points can be observed in Figure 9 of very 

similar NaF-BeF2-UF4 compositions with percent discrepancies between estimated and measured values, 

which vary by 1%–3%. Additionally, the plot of density as a function of mole fraction NaF for NaF-BeF2 

in Figure B.5 of Appendix B, which has errors bars of ±0.32%, exhibits clearly higher variance than the 

error bars would suggest. 

3.2.8. Summary of Pseudo-Ternary System Density Estimation

The reported statistical measurands associated with estimation analysis of pseudo-ternary salt 

systems in Table 3 are summarized in Table 6. The color scheme used in Table 6 is identical to that of 

Table 5. The data sets in Table 3 have vastly differing density spans as functions of temperature and 

composition. For example, the data set associated with NaF-LiF-BeF2 spans from 1.82 to 1.98 g/cm3 (for a 

total range of 0.16 g/cm3), and the data set associated with NaF-LiF-ZrF4 spans from 1.95 to 3.48 g/cm3 

(for a total range of 1.53 g/cm3). Because these data sets have significantly different spans, listing the 𝑅2 

values for the estimations in Table 6 would present a distorted comparison between the different systems 

because the fits for each system have significantly different total sums of squares. Therefore, Table 6 only 

indicates whether the RK estimation, or the ideal estimation, provides a higher 𝑅2 value. 



Table 6: Statistical measurands for estimates of pseudo-ternary system densities relative to experimental 

data sets summarized in Table 3

System Estimate with 
higher 𝑅2

𝜀𝑎𝑣𝑔 (Ideal) 𝜀𝑎𝑣𝑔 
(RK expan.)

𝜀𝑚𝑎𝑥 (Ideal) 𝜀𝑚𝑎𝑥 
(RK expan.)

NaF-LiF-ZrF4 RK estimation 3.9% 3.8% 8.3% 5.9%
LiF-BeF2-ZrF4* RK estimation 0.79% 0.79% 1.7% 0.98%
LiF-BeF2-ThF4* RK estimation 1.5% 0.85% 2.6% 1.6%
NaF-LiF-BeF2 RK estimation 2.9% 2.2% 4.2% 4.5%
NaF-KF-BeF2 RK estimation 4.6% 3.6% 4.9% 5.0%

NaF-ZrF4-UF4* RK estimation 20% 13% 22% 14%
NaF-BeF2-UF4* RK estimation 3.7% 2.0% 8.2% 5.6%

*Only two out of the three pseudo-binary subsystems were considered to have nonzero interaction parameters for 

the RK estimation because of the lack of pseudo-binary subsystem experimental data.

Table 6 is not necessarily an indication of whether a particular system is well characterized; for 

example, the statistical measurands for LiF-BeF2-ZrF4 in Table 6 are only associated with a single 

composition. Therefore, Table 6 should be assessed in conjunction with Table 3 to determine whether a 

system is well characterized.

3.3. Determination of Unknown Binary and Ternary Interaction Parameters

Thus far, RK estimations of the pseudo-ternary system densities have considered only binary 

interaction parameters for pseudo-binary subsystems with experimental density data in literature. However, 

the 𝜀𝑎𝑣𝑔 and 𝜀𝑚𝑎𝑥 values in Table 6 indicate that for some of the pseudo-ternary systems, these RK 

estimations could be improved if the missing ternary and binary interaction parameters were used. 

Therefore, the missing binary and ternary interaction parameters were determined for the pseudo-ternary 

systems with sufficiently large data sets, and which exhibit somewhat to considerably large 𝜀𝑎𝑣𝑔 and 𝜀𝑚𝑎𝑥 

values. These systems are NaF-LiF-ZrF4, NaF-ZrF4-UF4, and NaF-BeF2-UF4. 

3.3.1. NaF-LiF-ZrF4

For NaF-LiF-ZrF4, Figure 2 shows that consideration of solely the binary interaction parameters 

results in too significant of a deviation between the experimental and RK-estimated density values. 

Therefore, inclusion of a ternary interaction term and fitting to the experimental data is expected to allow 



for determination of a more accurate analytical expression of the temperature- and composition-dependent 

density of NaF-LiF-ZrF4. 

Figure 11 shows the result of fitting Eq. (8) to the experimental data based on the least squares 

method and the Levenberg-Marquardt algorithm. The determined ternary interaction parameters, via the 

mathematical formalism of Eq. (9), are 𝐴123 = −1.98 g/cm3 and 𝐵123 = −0.0060 g/(cm3 K). Considering 

these ternary interaction parameters, the 𝑅2 is 0.995, the 𝜀𝑎𝑣𝑔 is 1.1%, and the 𝜀𝑚𝑎𝑥 is 2.1% for this RK 

estimation. In general, consideration of both the binary and ternary interaction parameters results in good 

agreement between the RK estimation and the experimental data, but that is somewhat expected given that 

the ternary interaction parameter was determined based on fitting to the ternary data itself. 

Figure 11: Measured [59] and estimated density of NaF-LiF-ZrF4. Data are for a constant molar ratio of 

2:3 NaF-LiF. Estimations were calculated by assuming ideality as per Eq. (3) and using binary and 

ternary interaction parameters as per Eqs. (7)–(9).



3.3.2. NaF-ZrF4-UF4

In this study, NaF-ZrF4-UF4 was the pseudo-ternary system for which the highest 𝜀𝑎𝑣𝑔 and 𝜀𝑚𝑎𝑥 

values were observed in the RK-estimated densities considering the binary interaction between NaF-ZrF4 

and NaF-UF4. Clearly, considerable interaction between ZrF4 and UF4, and/or considerable ternary 

interaction, is occurring in this system. Therefore, determination of binary interaction parameters for ZrF4-

UF4 (𝐴23 and 𝐵23), as well as ternary interaction parameters (𝐴123 and 𝐵123), is desirable.

Likely because of the existence of four unknowns and the potential erroneousness of the 

experimental data, direct application of the least squares method and the Levenberg-Marquardt algorithm 

resulted in poor convergence. Therefore, a custom scheme was used to determine 𝐴23, 𝐵23, 𝐴123, and 𝐵123. 

First, realistic intervals were determined for 𝐴23 and 𝐵23 based on the binary interaction parameter data in 

Table 4 and the Molten Salt Thermophysical Property Database (MSTDB-TP) [65]; it is assumed that 

neither |𝐴23| nor |𝐵23| can be greater than the largest observed |𝐴1| or |𝐵1| values in Table 4, or the fluoride 

pseudo-binary salt systems in the MSTDB-TP. Thus, |𝐴23| ≤ 3.123 g/cm3 and 

|𝐵23| ≤ 2.29 × 10−3 g/(K cm3). After determination of these intervals, 𝐴23 and 𝐵23 were iteratively varied 

at a fidelity of 1% over these intervals to use as guess values, and for each of these guess value pairs, the 

least squares method and the Levenberg-Marquardt algorithm were used to determine 𝐴123, 𝐵123, and the 

associated 𝑅2 for this fit. After iteratively testing each of these guess values of 𝐴23 and 𝐵23, the pair that 

resulted in the highest 𝑅2 was identified. 

From this fitting scheme, the binary interaction parameters for ZrF4-UF4 were determined to be 

𝐴23 = −0.53 g/cm3 and 𝐵23 = −2.29 × 10−3 g/(K cm3), and the ternary interaction parameters were 

determined to be 𝐴123 = −33.3 g/cm3 and 𝐵123 = 8.48 × 10−3 g/(K cm3). Considering these deduced binary 

and ternary interaction parameters, the 𝑅2 is 0.72, the 𝜀𝑎𝑣𝑔 is 3.7%, and the 𝜀𝑚𝑎𝑥 is 5.6% for this RK 

estimation. In general, these statistical measurands exhibit significant improvement in the RK estimation 

when considering these additional interaction parameters, as opposed to solely considering interaction 



between NaF-ZrF4 and NaF-UF4. Figure 12 shows the resultant comparison between the RK estimation and 

the experimental data, considering all binary and ternary interaction parameters. 

Figure 12: Measured [60] and estimated density of NaF-ZrF4-UF4 for five specific compositions as 

specified in the legend (% mol primary, % mol secondary, % mol tertiary). Estimations were calculated 

by assuming ideality as per Eq. (3) and using binary and ternary interaction parameters as per Eqs. (7)–

(9).

𝐵23 was determined to be equivalent to its interval bound, which indicates that higher values of 

𝐵23 can result in higher 𝑅2 values. However, the sensitivity of this parameter on the quality of the fit is 

very low. Varying 𝐵23 from its determined value of −2.29 × 10−3 g/(K cm3) by ±100% only results in a 

1.8% change in the 𝑅2 value. Thus, 𝐵23 was limited to its previously allocated interval. Also, the 

experimental uncertainty in the underlying NaF-ZrF4-UF4 data set is high, leading to the increased 

possibility of deducing potentially nonphysical higher order fit terms, such as 𝐵23.

Figure 13 shows the estimated density as a function of composition and temperature for ZrF4-UF4 

based on the assumption of ideality and using the deduced binary interaction parameters based on the 

NaF-ZrF4-UF4 data. Data are shown for valid temperatures based on liquidus temperatures measured by 



Barton et al. [66]. The nonideality observed in the RK-estimated curve, such that the ZrF4-UF4 density is 

expected to by lower than ideal density, is logical; Figure 7 indicates that non-inclusion of the ZrF4-UF4 

binary interaction parameters resulted in a significant overprediction of density by the RK estimate. 

Notably, the RK-estimated density curve in Figure 13 was deduced from a data set that had a high reported 

uncertainty and did not extend into particularly high UF4-rich systems. 

Figure 13: Estimated density of ZrF4-UF4. Estimations were calculated by assuming ideality as per Eq. (3) 

and using deduced binary and ternary interaction parameters based on measured [60] NaF-ZrF4-UF4 data. 

3.2.3. NaF-BeF2-UF4

Last, NaF-BeF2-UF4 was considered for determination of unknown binary and ternary interaction 

parameters. When only considering interaction between NaF-BeF2 and NaF-UF4, the RK estimate had 

somewhat large values of 𝜀𝑎𝑣𝑔 and 𝜀𝑚𝑎𝑥, as highlighted in Table 6. Therefore, although this RK estimate 

was reasonable, further improvement via determination of the interaction between BeF2-UF4 and ternary 

interaction could further improve the estimation. Also, the experimental data set for NaF-BeF2-UF4 is 

particularly expansive, which is helpful for validation of the estimation over the full compositional range 

of this salt system.



An identical fitting scheme was used for the NaF-BeF2-UF4 system as for the NaF-ZrF4-UF4 system 

to determine 𝐴23, 𝐵23, 𝐴123, and 𝐵123. From this fitting scheme, the binary interaction parameters for 

BeF2-UF4 were determined to be 𝐴23 = 0.95 g/cm3 and 𝐵23 = 5.0 × 10−5 g/(K cm3), and the ternary 

interaction parameters were determined to be 𝐴123 = −0.14 g/cm3 and 𝐵123 = −4.8 × 10−3 g/(K cm3). 

Considering these deduced binary and ternary interaction parameters, the 𝑅2 is 0.998, the 𝜀𝑎𝑣𝑔 is 1.1%, and 

the 𝜀𝑚𝑎𝑥 is 4.0% for this RK estimation. In general, these statistical measurands exhibit significant 

improvement in the RK estimation when considering these additional interaction parameters, as opposed to 

solely considering interaction between BeF2-UF4 and NaF-UF4. Figure 14 shows the resultant discrepancy 

between the RK estimation and the experimental data, considering all binary and ternary interaction 

parameters.

Figure 14: Percent discrepancies between the measured [19] density of NaF-BeF2-UF4 at 1,073 K and 

estimated densities using binary and ternary interaction parameters as per Eqs. (7)–(9).

Figure 15 shows the estimated density as a function of composition and temperature for BeF2-UF4 

based on the assumption of ideality and using the deduced binary interaction parameters based on the 

NaF-BeF2-UF4 data. Data are shown for valid temperatures based on liquidus temperatures measured by 



Thoma et al. [67]. The nonideality observed in the RK-estimated curve, such that the BeF2-UF4 density is 

expected to by lower than ideal density, is logical; Figure 10 shows that non-inclusion of the BeF2-UF4 

binary interaction parameters resulted in an overprediction of density by the RK estimate.

Figure 15: Estimated density of BeF2-UF4. Estimations were calculated by assuming ideality as per 

Eq. (3) and using deduced binary and ternary interaction parameters based on measured [19] 

NaF-BeF2-UF4 data.

4. Conclusion

In this study, RK expansion and Muggianu interpolation were used to estimate densities of pseudo-

ternary fluoride salt systems of interest to the nuclear industry. This estimation technique was compared 

with the method of additive molar volumes (i.e., assumption of ideality) with the understanding that the RK 

approach captures nonideal behavior and is expected to provide a more accurate density estimate. For seven 

pseudo-ternary salt systems for which experimental data exist, the two estimation techniques were assessed 

based on statistical measurands dictating the closeness between the experimental and estimated density 

data. Considering only pseudo-binary subsystem interaction parameters, the RK approach showed 

reasonable to significant improvement as an estimation technique compared with the method of additive 



molar volumes. The RK approach, instead of the method of additive molar volumes, can confidently be 

used for estimation of densities of pseudo-ternary fluoride salt system compositions with no experimental 

data. The binary interaction parameters reported in this research, as well as those contained in the MSTDB-

TP [65], may be used for these estimations.

A secondary output of this study was the determination of previously unknown binary and ternary 

interaction parameter of specific salts by using the RK approach with experimental ternary density data 

sets. Regarding binary interaction parameters, the nonideal behavior of ZrF4-UF4 and BeF2-UF4 were 

estimated by using the experimental densities of NaF-ZrF4-UF4 and NaF-BeF2-UF4, respectively. 

Regarding ternary interaction parameters, the ternary interaction in NaF-LiF-ZrF4, NaF-ZrF4-UF4, and 

NaF-BeF2-UF4 was estimated, allowing for the development of more accurate analytical expressions of 

density for these salts.

While this study shows that the RK approach provides an improved estimation method of the 

density of these salts, which allows for the determination of nonidealities between different pseudo-binary 

and higher order salt systems, it also highlights cases with high errors when certain binary and ternary 

interaction parameters are unknown. For example, the estimation of NaF-LiF-ZrF4 requires inclusion of 

ternary interaction parameters to accurately estimate density, but these parameters would be otherwise 

unknown if the underlying experimental data set did not exist. Thus, certain gaps are identifiable from this 

study for future experimental density measurements, or perhaps ab initio modeling. Regarding pure salts, 

knowledge of the temperature-dependent density of UF3 is required for an understanding of how addition 

of this component may affect densities of higher order systems. For pseudo-binary systems, Table 2 

indicates which salt systems do not have experimental data; furthermore, UF4-ThF4, as well as any 

UF3-bearing salt, does not have any published experimental density data. Additionally, the NaF-KF 

experimental data set contains questionable values. For pseudo-ternary systems, there is a general lack of 

understanding of the compositional dependence on density, and density measurements compositions 

containing KF and ThF4 are particularly lacking.



This research represents an assessment of density estimation of fluoride salt systems that are of 

nuclear interest. Future research may involve assessment of this same technique for density estimation of 

chloride salts of nuclear interest. Additionally, both fluoride and chloride salt systems can be assessed for 

RK estimation of other thermophysical properties, such as viscosity, heat capacity, and thermal 

conductivity. Finally, it is recognized that the RK estimation technique represents only one method of 

thermophysical property estimation of these molten salt systems; other empirical and theoretical approaches 

for estimating thermophysical properties, such as those outlined by Coutinho et al. [68], may be assessed 

in future research to identify an optimal manner by which these molten salt thermophysical properties may 

be accurately predicted.
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Appendix A: Compositions of NaF-BeF2-UF4 Considered in this Study

The compositions of NaF-BeF2-UF4 considered in this study, which were measured for their 

temperature-dependent densities by Blanke et al. [19], are listed in the format of (% mol NaF, % mol BeF2, 

% mol UF4) as follows:

(1/41/58), (1/52/47), (2/46/52), (2/49/49), (2/52/46), (2/58/40), (2/64/34), (2/68/30), (2/70/28), (2/76/22), 

(2.54/66.67/30.74), (3/39/58), (3/52/45), (4/46/50), (4/48/48), (4/52/44), (4/56/40), (4/58/38), (4/64/32), 

(4/66/30), (4/70/26), (4/76/20), (4.72/66.67/28.61), (6/30/64), (6/40/54), (6/46/48), (6/47/47), (6/52/42), 

(6/54/40), (6/58/36), (6/64/30), (6/70/24), (6/76/18), (8/46/46), (8/52/40), (8/58/34), (8/62/30), (8/64/28), 

(8/70/22), (8/76/16), (8.1,65.9/26), (8.26/66.67/25.07), (10/46/44), (10/50/40), (10/52/38), (10/58/32), 

(10/60/30), (10/64/26), (10/70/20), (10/76/14), (11.02/66.67/22.31), (12/46/42), (12/48/40), (12/52/36), 

(12/58/30), (12/64/24), (12/68/20), (12/70/18), (12/76/12), (13.22/66.67/20.1), (14/46/40), (14/76/10), 

(15/42.5/42.5), (15/70/15), (15/76/9), (18/76/6), (20/40/40), (20/70/10), (22/58/20), (24/30/46), (24/38/38), 

(24/46/30), (24/56/20), (24/58/18), (24/66/10), (24/70/6), (32/58/10), (34/46/20), (35/10/55), (35/20/45), 

(35/32.5/32.5), (35/35/30), (35/45/20), (35/46/19), (35/55/10), (35/58/7), (40/30/30), (44/46/10), 

(47/26.5/26.5), (47/33/20), (47/37/16), (47/43/10), (47/46/7)



Appendix B: Density and Discrepancy Plots for Binary Systems

(a) (b)

Figure B.1: (a) Measured [54] and estimated density of NaF-LiF. (b) Temperature-averaged discrepancies 

between the estimated and measured density values. Estimations were calculated by assuming ideality as 

per Eq. (3) and using binary interaction parameters as per Eq. (5).

(a) (b)

Figure B.2: (a) Measured [17] and estimated density of NaF-KF. (b) Temperature-averaged discrepancies 

between the estimated and measured density values. Estimations were calculated by assuming ideality as 

per Eq. (3) and using binary interaction parameters as per Eq. (5).



(a) (b)

Figure B.3: (a) Measured [45] and estimated density of NaF-ZrF4. (b) Temperature-averaged 

discrepancies between the estimated and measured density values. Estimations were calculated by 

assuming ideality as per Eq. (3) and using binary interaction parameters as per Eq. (5).



(a)

(b)

Figure B.4: (a) Measured [18] and estimated density of LiF-ZrF4. (b) Temperature-averaged discrepancies 

between the estimated and measured density values. Estimations were calculated by assuming ideality as 

per Eq. (3) and using binary interaction parameters as per Eq. (5).



(a) (b)

Figure B.5: (a) Measured [19] and estimated density of NaF-BeF2. (b) Temperature-averaged 

discrepancies between the estimated and measured density values. Estimations were calculated by 

assuming ideality as per Eq. (3) and using binary interaction parameters as per Eq. (5).

 

(a) (b)

Figure B.6: (a) Measured [52], [14] and estimated density of LiF-BeF2. (b) Temperature-averaged 

discrepancies between the estimated and measured density values. Estimations were calculated by 

assuming ideality as per Eq. (3) and using binary interaction parameters as per Eq. (5).



(a) (b)

Figure B.7: (a) Measured [50] and estimated density of LiF-ThF4. (b) Temperature-averaged 

discrepancies between the estimated and measured density values. Estimations were calculated by 

assuming ideality as per Eq. (3) and using binary interaction parameters as per Eq. (5).

(a) (b)

Figure B.8: (a) Measured [55] and estimated density of NaF-ThF4. (b) Temperature-averaged 

discrepancies between the estimated and measured density values. Estimations were calculated by 

assuming ideality as per Eq. (3) and using binary interaction parameters as per Eq. (5).



(a) (b)

Figure B.9: (a) Measured [19] and estimated density of NaF-UF4. (b) Temperature-averaged discrepancies 

between the estimated and measured density values. Estimations were calculated by assuming ideality as 

per Eq. (3) and using binary interaction parameters as per Eq. (5).


