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1 Abstract 

A series of experiments were conducted to measure various FLiBe and FLiNaK 

thermophysical properties, quantify supercooling behavior, and provide solidification 

modeling validation data. Both fluoride salt purities and compositions were characterized using 

ICP-MS elemental analysis. DSC analysis was conducted to measure specific heat capacity, 

latent heat of fusion, and solidification temperature for both FLiBe and FLiNaK using ASTM 

standard methods. The specific heat capacity measurement was unsuccessful based on the non-

physical negative heat flow measurements. The latent heat measurements for FLiBe and 

FLiNaK were 424.7±6.2 kJ/kg and 412.5±3.3 kJ/kg. The solidification temperature 

measurements for FLiBe and FLiNaK were 460.8±0.1°C and 465.9±0.1°C respectively. The 

Density Measurement Experiment was conducted to measure the temperature-dependent 

density of molten FLiBe and FLiNaK using the Archimedean principle of buoyancy. The 

density correlation for FLiBe from solidification (~460°C) to 700°C was determined to be 𝜌 =

2241.6 − 0.42938 ∗ 𝑇  in kg/m3 with an error of ±0.22%. The density correlation for FLiNaK 

from solidification (~460°C) to 700°C was determined to be 𝜌 = 2485.8 − 0.69451 ∗ 𝑇 in 

kg/m3 with an error of ±2.7%. 

The Static Solidification Experiment was designed to characterize FLiBe and FLiNaK 

supercooling behavior, measure the solidification front propagation, and collect solidification 

model validation data. It required heating a fluoride sample in a stainless-steel flask to a 

uniform starting temperature, then transferring it into a cooling control bath. The multi-point 

thermocouple in the sample then collected spatial temperature data as the sample solidified. 

Due to significant experimental difficulties like heating element failure and nitrate salt vapor 
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pressure in the glovebox, only two experimental trials were conducted. The degree of 

supercooling was measured as 1.8±0.1°C and 1.9±0.1°C during the two runs. Multiple trials 

under the same conditions may be necessary to account for the stochastic nature of 

supercooling. The experimental trials indicated that an isothermal condition for the sample 

cannot be reached with the current experimental setup. 

A COMSOL solidification model was developed to conduct pre-predictions of the 

Static Solidification Experiment and compare to experimental data. The model was developed 

to include laminar flow, buoyancy, conduction, radiative heat transfer, and phase change 

physics with appropriate initial and boundary conditions. A mesh refinement study was 

conducted to determine the optimal mesh size, and a radiative heat transfer sensitivity study 

was conducted to determine the effect of including radiative heat transfer physics. Phase 

change and radiative heat transfer benchmarking exercises were performed independently to 

validate the solidification model accurately implemented the necessary physics. The pre-

predictions of the Static Solidification Experiment trials were conducted, which emphasized 

the inability to reach the expected initial experimental conditions.  
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8 Introduction 

Molten salt reactors (MSRs) offer many technical advantages over traditional light 

water reactors (LWRs). The high-temperature coolants allow greater thermodynamic 

efficiencies and offer flexible uses for the heat such as hydrogen production or high-

temperature chemical processing. They have greater flexibility in fuel cycle choice, allowing 

consideration of advanced fuel cycles such as reprocessing or thorium fuel cycles. Because of 

the improved heat transfer characteristics of molten salts, passive safety systems can be easily 

designed in MSRs. A variation of the MSR design known as the Fluoride-Salt-Cooled, High-

Temperature Reactor (FHR) uses tristructural-isotropic (TRISO) fuel elements and 2LiF-BeF2 

(FLiBe) salt coolant. The Mark-1 Pebble Bed FHR (PB-FHR) designed at the University of 

California, Berkeley (UCB) uses TRISO fuel pebbles, allowing for online refueling. 

The PB-FHR has some design issues that must be addressed before commercialization. 

One significant issue is coolant solidification. If the coolant solidifies in the heat exchangers, 

the flow may be obstructed and core cooling may be diminished. Therefore, fluoride salt 

solidification phenomena must be characterized to be able to conduct safety analysis on reactor 

shutdown scenarios and overcooling transients. Of interest is characterizing supercooling, a 

behavior exhibited by fluoride salts in which the molten salt cools below the solidification 

temperature before nucleation occurs. Due to the possibility of dendritic solidification and 

increased flow obstruction, supercooling behavior in fluoride salts and its dependency on 

cooling rate and sample size must be quantified. Additionally, the molten fluoride salt 

thermophysical properties must be measured to the solidification point to be able to model 

solidification accurately. Finally, the thermal hydraulic similitude between FLiBe and eutectic 
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LiF-NaF-KF (FLiNaK) for solidification experiments must be explored. 

A series of experiments were conducted to measure various FLiBe and FLiNaK 

thermophysical properties, quantify supercooling behavior, and provide solidification 

modeling validation data. These experiments were conducted in an argon-filled glovebox to 

keep the fluoride salt exposure to oxygen and moisture low and to contain the toxic beryllium-

containing dust. The experiments used a National Instruments (NI) data acquisition (DAQ) and 

control system that included a LabVIEW program to record data and control the experiment. 

High-purity FLiBe was supplied from another research group at the University of Wisconsin, 

Madison (UW) from Brian Kelleher’s thesis work. FLiNaK was manufactured using the 

constituent fluoride salts. Both fluoride salt purities and compositions were characterized using 

inductively-coupled plasma mass spectroscopy (ICP-MS) elemental analysis. 

Differential scanning calorimetry (DSC) analysis was conducted to measure specific 

heat capacity, latent heat of fusion, and solidification temperature for both FLiBe and FLiNaK 

using American Society of Testing and Materials (ASTM) standard methods. The salts were 

tested in hermetically-sealed gold sample pans loaded in the glovebox. A sapphire sample was 

also prepared for specific heat calibration. The Density Measurement Experiment was 

conducted to measure the temperature-dependent density of molten FLiBe and FLiNaK using 

the Archimedean principle of buoyancy. The experiment was designed to be set up inside the 

glovebox using the ceramic oven already inside. The experiment used a Nickel 200 bobber 

with its volume calibrated using ethanol and de-ionized (DI) water. The Static Solidification 

Experiment was designed to characterize FLiBe and FLiNaK supercooling behavior, measure 

the solidification front propagation, and collect solidification model validation data. It required 
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heating a fluoride sample in a stainless-steel flask to a uniform starting temperature, then 

transferring it into a cooling control bath. The multi-point thermocouple in the sample then 

collected spatial temperature data as the sample solidified. 

A COMSOL solidification model was developed to conduct pre-predictions of the 

Static Solidification Experiment and compare to experimental data. Laminar flow, buoyancy, 

conduction, radiation, and phase change physics were included in the model. The geometry of 

the Static Solidification Experiment was used as well as the known temperature-dependent 

properties of FLiBe and FLiNaK. Sensitivity studies were conducted along with benchmarking 

exercises to develop the solidification model.  



4 

9 Background Information 

This section presents the current level of knowledge on the FHR design, the motivation 

to conduct a fluoride salt freezing study, and the design parameters relevant to the fluoride salt 

freezing study. The FHR design is based on work conducted at UCB, and the Mark-1 design 

will be specifically considered [1]. 

The FHR design builds upon several previous technologies, most prevalently MSR 

technology. Molten salts were originally explored as a reactor coolant during the Aircraft 

Reactor Experiment (ARE), which was designed to determine whether a reactor that could 

power an aircraft was possible. MSR research continued in the Molten Salt Reactor Experiment 

(MSRE), a fluoride salt cooled reactor with liquid fuel and graphite reflectors. This experiment 

generated valuable data regarding the technical challenges to overcome in MSRs, including 

the issues of fission product processing, significant tritium generation, and coolant 

solidification which are relevant to the FHR. It was found that the MSRE could recover from 

partial solidification events, though the reactor power was significantly lower than that of a 

commercial-scale reactor [2]. Other technologies that have contributed to the FHR design are 

TRISO fuel elements used in high-temperature gas reactors (HTGRs), modular construction 

techniques such as those used by the AP1000 reactor from Westinghouse, and combined cycle 

gas turbines used in natural gas electricity generation [1]. 

The PB-FHR is a small, modular 236 MWth reactor design. Its core consists of pebbles 

containing TRISO fuel elements embedded in a graphite matrix. The reactor coolant is molten 

2LiF-BeF2 salt, colloquially known as FLiBe. Electricity is generated by a secondary loop that 

uses a nuclear air-Brayton combined cycle (NACC) to generate 100 MWe using only nuclear 
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heat for baseload power and can increase the power output to 242 MWe when combining gas 

co-firing with the nuclear heat to generate peaking power. This cycle employs a gas turbine for 

the topping Brayton cycle and a steam turbine for the bottoming Rankine cycle. The levelized 

cost of electricity (LCOE) for this system has not yet been accurately estimated. The PB-FHR 

was designed to make nuclear power more flexible, to make the construction more economical, 

to greatly improve thermal efficiency, and to improve the inherent safety over current LWR 

technology [1]. 

Figure 1 depicts the flow diagram of the PB-FHR. During normal operation, the 

primary loop operates at 600-700°C, reaching the minimum temperature in the coiled tube air 

heater (CTAH) [1]. The solidification point of FLiBe is approximately 459°C, so the margin 

to solidification is significant to safety during ordinary operation. Should the system suffer an 

overcooling transient during operation, it is possible that the temperature may decrease 

sufficiently in the CTAH for solidification to occur. This would lead to an increase in the 

pressure drop across the CTAH, possibly the blockage of some or all the heat exchanger pipes, 

and reducing or eliminating the removal of heat from the core. Thus, overcooling transients 

pose a safety concern for the PB-FHR, and an understanding of freezing phenomena is 

necessary to conduct safety analysis for an overcooling transient event. 
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Figure 1. PB-FHR flow diagram [1] 

Figure 2 depicts a scale diagram of a single direct reactor auxiliary cooling system 

(DRACS) loop in the PB-FHR. During an emergency shutdown when the normal shutdown 

cooling system is not functional, the three redundant DRACS loops can remove 1% of nominal 

power (2.36 MWth) each. Once the emergency shutdown is initiated, the salt flowing through 

the core would slow down and then reverse direction through the fluidic diode in line with the 

DRACS heat exchanger (DHX), allowing the DRACS loops to begin removing heat via natural 

circulation. They operate at 526-608°C when there is a head load of 2.36 MWth each, reaching 

the minimum temperature in the thermosiphon-cooled heat exchanger (TCHX) [1]. In this state 

of operation, the margin to solidification is even more significant to safety. If the heat load 

decreases sufficiently as the decay heat reduces, it is possible that the temperature may 

decrease sufficiently in the TCHX for solidification to occur. This would lead to an increase 
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in the pressure drop across the TCHX, possibly the blockage of some or all the heat exchanger 

pipes, and reducing or eliminating the removal of heat from the core. Thus, emergency heat 

removal using the DRACS poses a safety concern for the PB-FHR, and an understanding of 

freezing phenomena is necessary to conduct safety analysis for an emergency shutdown event. 

 
Figure 2. Single DRACS loop scale diagram [1] 

To facilitate the design of fluoride salt solidification experiments that will provide 

information relevant to the PB-FHR design, design parameters of the PB-FHR must be 

examined in reactor systems where fluoride salt solidification is relevant.  

Table 1 enumerates all the design parameters of the PB-FHR that are relevant to 

fluoride salt solidification [1]. These values such as the low temperatures in the CTAH and the 

TCHX, the flow rates, and the system dimensions define the scales over which fluoride salt 

solidification require exploration. 
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Table 1. PB-FHR design parameters relevant to fluoride salt solidification [1] 

System Parameter Value Unit 

PB-FHR Reactor thermal power 236 MWth 

CTAH Air mass flow rate 418.5 kg/s 

CTAH Air heater inlet temperature 418.59 °C 

CTAH Air heater outlet temperature 670.00 °C 

CTAH Salt mass flow rate 480.2 kg/s 

CTAH Salt inlet temperature 700.0 °C 

CTAH Salt outlet temperature 600.0 °C 

CTAH Air heat transfer coefficient 637.9 W/m2°C 

CTAH Salt heat transfer coefficient 831.2 W/m2°C 

CTAH Tube outside diameter 6.350 mm 

CTAH Tube wall thickness 0.889 mm 

CTAH Tube length 18.47 m 

CTAH Number of tubes 13680 - 

CTAH Total tube surface area 5041 m2 

CTAH Slope of tubes 0.010 - 

DRACS Heat load 2.36 MWth 

DHX Primary salt inlet temperature 700.0 °C 

DHX Primary salt outlet temperature 600.0 °C 

DHX Primary salt mass flow rate 9.77 kg/s 

DHX DRACS salt inlet temperature 526 °C 

DHX DRACS salt outlet temperature 608 °C 

DHX DRACS salt mass flow rate 11.91 kg/s 

DHX Tube outside diameter 12.7 mm 

DHX Tube inside diameter 10.9 mm 

DHX Tube length 2.5 m 

DHX Number of tubes 984 - 

DHX Heat transfer area 98 m2 

DHX Overall heat transfer coefficient 291 W/m2°C 

TCHX Salt inlet temperature 608 °C 

TCHX Salt outlet temperature 526 °C 

TCHX Salt mass flow rate 11.91 kg/s 

TCHX Salt tube outside diameter 12.7 mm 

TCHX Salt tube inside diameter 10.9 mm 

TCHX Salt tube length 24.0 m 

TCHX Number of salt tubes 234 - 

TCHX Water temperature 100 °C 

TCHX Water mass flow rate 1.05 kg/s 

TCHX Water tube outside diameter 12.7 mm 

TCHX Water tube inside diameter 10.9 mm 

TCHX Water tube length 2.5 m 

TCHX Number of water tubes 2050 - 

TCHX Heat transfer area 224 m2 

TCHX Overall heat transfer coefficient 22.6 W/m2°C 
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10 Literature Review 

This section presents studies of available literature on the topics of fluoride salt 

solidification, thermophysical properties of fluoride salts, and the phenomenon of supercooling 

in molten salts. These literature reviews form the basis of knowledge on which all the 

experimental and computational work conducted in this fluoride salt solidification study was 

designed. 

10.1 Fluoride Salt Solidification Studies 

Here is detailed the available literature pertaining to fluoride salt solidification studies. 

Literature on the solidification of FLiBe is given, as well as that of another fluoride salt mixture 

known as FLiNaK which has been used as a FLiBe simulant fluid. Because FLiBe contains 

beryllium, which is a toxic respiratory hazard and carcinogen, experimentation using FLiBe is 

considerably more difficult. If it can be found that the solidification behavior of FLiNaK has 

similitude to that of FLiBe, then future fluoride salt solidification experiments can be 

significantly simplified by using FLiNaK as a simulant fluid for FLiBe. Therefore, all 

experiments in this fluoride salt solidification study will be repeated for both FLiNaK and 

FLiBe, allowing experimental design iteration to be simplified using FLiNaK and similitude 

between the two salts to be explored to determine whether it is valid for solidification studies. 

10.1.1 Phase Diagram Studies 

In preparation for the MSRE at Oak Ridge National Laboratory (ORNL), FLiBe and 

many other fluoride salts had their solidification behavior characterized and reported in phase 

diagrams. Figure 3 depicts the most accurate known phase diagram of the binary system of 

LiF-BeF2, as determined by data from previous experimental studies [3,4,5]. As can be seen, 
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the composition of FLiBe is not at the 0.531 eutectic point, but was instead selected to be near 

the 0.3280 composition eutectic. This composition of FLiBe was selected due to the 

significantly higher viscosity associated with compositions containing more of the glass-like 

BeF2 [3,6]. Thus, the solidification point of FLiBe is approximately 459°C (732K) instead of 

the 363.5±0.5°C eutectic temperature. Based on this diagram, FLiBe is expected to solidify 

congruently into Li2BeF4 [3]. 

  
Figure 3. LiF-BeF2 binary system phase diagram [3] 

Figure 4 depicts the most accurate known phase diagram of the ternary system of 

LiF-NaF-KF, as determined by data from previous theoretical and experimental studies [3,7,8]. 

As can be seen, the eutectic of LiF-NaF-KF occurs at a composition of 46.5-11.5-42 molar 
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percent, a composition known as FLiNaK. The solidification point of this mixture is 

approximately 454°C (727K), where it is expected to solidify congruently [3]. 

 
Figure 4. LiF-NaF-KF ternary system phase diagram [3] 

10.1.2 Fluoride Salt Solidification Related Studies 

One experimental study by Yamada et al. explored the static solidification behavior of 

a wide variety of molten salts including nitrates, carbonates, sulfates, chlorides, and others. 

Absent from this study is the solidification of any fluoride salts. Figure 5 and Figure 6 depict 

the experimental apparatus and test cell detail respectively. The experiment controlled the 
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temperature of the salt sample using an oven with a thermocouple connected to a proportional-

integral-derivative (PID) controller. The data measured from the experiment was from a 

thermocouple inserted into the center of the salt sample. To determine the solidification 

temperature, the plateau of the cooling curve caused by the release of latent heat during phase 

change was used. Table 2 enumerates the liquefaction temperatures given by the study and 

reference values to which to compare. The study reports that convection may be occurring in 

the molten salt sample, indicating that the flow pattern is essential to understanding 

solidification. This study also explored supercooling that occurs in some of the salts, which 

will be detailed in a subsequent section [9]. 

 
Figure 5. Yamada et al. study experimental apparatus [9] 
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Figure 6. Yamada et al. study test cell [9] 

Table 2. Various molten salt liquefaction points [9] 

 Liquefaction Point (°C) 

Sample Present Data Literature A Literature B Literature C 

NaNO2 281 - 285 271 

LiNO3 252 253±2 254 - 

NaNO3 305 307±1 310 306.8 

KNO3 334 337±1 337 333 

LiCl 604 610±1 610 605 

NaCl 800 800±2 800 801 

KCl 768 770±1 768 770 

Li2CO3 725 723±3 735 725 

Na2CO3 860 858±1 854 851 

K2CO3 903 893±3 895 891 

KSCN 175 - - 173 

CaCl2 773 782±5 - 772 

BaCl2 962 962±5 - 962 

LiBr 548 552±3 - - 

Li2SO4 854 859±3 - - 

Na2SO4 886 884±2 - 884 
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Other molten salt solidification studies explored pipe flow solidification. Le Brun et al. 

developed a thermal hydraulic model to simulate transient solidification in complex piping 

systems. In this study, a system of non-linear partial differential equations (PDEs) that coupled 

flow-rates and temperatures over spatial and temporal dimensions in the DRACS loop and 

reactor core were solved simultaneously using MATLAB. After validating against previous 

experimental data from numerous studies, the model was applied to the DRACS loop and 

reactor core. The results of the study indicated that the DRACS system is indeed susceptible 

to solidification in the heat exchangers, leading to a reduction in flow and further solidification. 

The resulting unstable solidification leads to flow blockage within 20 minutes and reactor 

temperatures above 900°C within 4 hours in a 0.2 MW reactor. To evaluate designs, the study 

recommends the use of the wall temperature as a conservative criterion and to assume a lower 

decay heat load [10]. 

While not directly applicable to the safety of a PB-FHR during operation, the 

computational study by Lu et al. in which the cold-filling of a pipe was explored exemplifies 

the effect of solidification in forced pipe flows. The pressure loss increases rapidly during the 

early phase of the filling process once solidification initiates on the walls, then decreases as 

the molten salt flow begins to liquefy some of the solidified salt from the walls. Due to the 

competing effects of the decrease in pressure loss as more liquefaction occurs with increased 

flow velocity and the increase in pressure loss from friction with increased flow velocity, the 

pressure loss experiences a maximum at a moderate flow velocity [11]. 

The phase diagrams for LiF-BeF2 and LiF-NaF-KF help to guide the selection of the 

compositions of the salts of interest, and the associated solidification points provide a guide 
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for experimental design [3,6]. The experimental study by Yamada et al. provides some 

important guidance for designing a static solidification experiment [9]. The studies of molten 

salt solidification in pipe flows motivate a molten salt solidification study, and may provide 

guidance on future pipe solidification studies that may utilize the results of this static 

solidification study [10,11]. 

10.2 Fluoride Salt Thermophysical Properties 

Here is detailed the available literature pertaining to fluoride salt thermophysical 

properties. Once again, literature pertaining to both FLiNaK and FLiBe is examined in detail 

to build a knowledge base that can guide experiments capable of exploring similitude between 

FLiNaK and FLiBe. Most of the available literature on the thermophysical properties of 

FLiNaK and FLiBe has been consolidated into an Idaho National Laboratory (INL) report [12] 

and a Massachusetts Institute of Technology (MIT) report [13]. 

10.2.1 FLiNaK Properties 

Table 3-Table 6 show the most accepted literature results for the molten FLiNaK 

density, dynamic viscosity, thermal conductivity, and specific heat capacity. The results shown 

are the most commonly used correlations for the density, dynamic viscosity, and thermal 

conductivity. In the case of the specific heat capacity, there is not a consensus whether there is 

temperature dependence and how it is best represented. In general, the correlations reported 

with the lowest error and with a specific temperature range are used as the literature 

correlations for comparison to experimental results. 

Table 3. Molten FLiNaK density correlations in kg/m3 

Correlation Error Temperature Range Reference 

2729.29 − 0.73 ∗ 𝑇 ±5% 940 –  1170𝐾 [14,15,16] 

2579.3 − 0.624 ∗ 𝑇 ±2% 940 –  1170𝐾 [17,18,19] 
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Table 4. Molten FLiNaK dynamic viscosity correlations in Pa*s 

Correlation Error Temperature Range Reference 

4.0 ∗ 10−5 exp(4170/𝑇) ±10% 773 –  1073𝐾 [20,21,22] 

2.487∗ 10−5 exp(4478.62/𝑇) ±2% 773 –  1173𝐾 [17,23] 

 

Table 5. Molten FLiNaK thermal conductivity in W/m*K 

Correlation Error Temperature Range Reference 

0.43482 + 5.0 ∗ 10−4 ∗ T - - [24,25] 

0.36 + 5.6 ∗ 10−4 ∗ T ±0.012 790 − 1080K [26] 

 

Table 6. Molten FLiNaK specific heat capacity in J/kg*K 

Correlation Error Temperature Range Reference 

976.78 + 1.0634 ∗ 𝑇 ±10% - [16] 

1884.06 ±10% 973𝐾 [16] 

 

Table 7 summarizes the thermophysical properties and their correlations for molten 

FLiNaK used in this thesis. As can be seen in the data, the temperature range of the density 

correlation does not approach the solidification temperature [17], and therefore must be 

confirmed over the range of 727-940K to model solidification. The estimated value for the 

density of the molten salt at the solidification temperature is 2152 kg/m3 [27], which indicates 

that the correlation given for 940-1170K is accurate to within 2% over the range of 727-940K. 

The dynamic viscosity and thermal conductivity are also not correlated to the solidification 

temperature [17,26]. In the case of viscosity especially, these correlations must be expanded 

to adequately model solidification. While specific heat capacity has been estimated over a 

broad temperature range, the error associated with this correlation is substantial [16]. Using 

modern calorimetry techniques, this error can be significantly reduced. Appendix A details the 

method used to estimate the absorption coefficient.  
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Table 7. Molten FLiNaK thermophysical properties summary 

Property Correlation Error Units 
Temperature 

Range 

Density [17] 2579.3 − 0.624 ∗ T ±2% kg/m3 940 − 1170K 

Dynamic 

Viscosity [17] 
2.487 ∗ 10−5 exp(4478.62/T) ±2% Pa ∗ s 770 − 970K 

Thermal 

Conductivity [26] 
0.36 + 5.6 ∗ 10−4 ∗ T ±0.012 W/m ∗ K 790 − 1080K 

Specific Heat 

Capacity [16] 
1884.06 ±10% J/kg ∗ K 973𝐾 

Latent Heat 

of Fusion [17] 
187.7 ±2% kJ/kg - 

Solidification 

Temperature [3] 
727 - K - 

Absorptivity 5 - 𝑚−1 - 

 

The density of solid FLiNaK is 2315 kg/m3 at the solidification temperature and 

2561 kg/m3 at room temperature (293K) to within 1% error [27]. If it is assumed that the 

density varies approximately linearly with temperature, then the correlation for the density of 

solid FLiNaK in units of kg/m3 is given in Equation 1 below. While this is likely not precise, 

it is a reasonable estimate for solid heat transfer modeling. Thermal conductivity and specific 

heat capacity for solid FLiNaK are not presently well-characterized for a solid heat transfer 

model. 

 𝝆 = 𝟐𝟕𝟐𝟕 − 𝟎. 𝟓𝟔𝟕 ∗ 𝑻 (1) 

10.2.2 FLiBe Properties 

Table 8-Table 11 show the most accepted literature results for the molten FLiBe 

density, dynamic viscosity, thermal conductivity, and specific heat capacity. The results shown 

are the most commonly used correlations for the thermophysical properties. In general, the 

correlations reported with the lowest error and with a specific temperature range are used as 

the literature correlations for comparison to experimental results. 
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Table 8. Molten FLiBe density correlations in kg/m3 

Correlation Error Temperature Range Reference 

2329 − 0.42 ∗ 𝑇 ±2% 600 − 1200𝐾 [28,29] 

2413 − 0.4884 ∗ 𝑇 - 800 − 1080𝐾 [23,30] 

2415.6 − 0.49072 ∗ 𝑇 - 732.2 − 4498.8𝐾 [31] 

 

Table 9. Molten FLiBe dynamic viscosity correlations in Pa*s 

Correlation Error Temperature Range Reference 

1.18 ∗ 10−4 exp(3624/T) ±20% 773 − 1073K [20,32] 

1.16 ∗ 10−4 exp(3755/T) ±20% 873 − 1073K [16,28] 

 

Table 10. Molten FLiBe thermal conductivity in W/m*K 

Correlation Error Temperature Range Reference 

1.0 ±10% - [6,16,28] 

1.1 ±10% 732 − 883𝐾 [6,24] 

 

Table 11. Molten FLiBe specific heat capacity in J/kg*K 

Correlation Error Temperature Range Reference 

2415.78 - 973𝐾 [16] 

2386 ±3% - [28] 

 

Table 12 summarizes some accepted thermophysical properties and their correlations 

for molten FLiBe. As can be seen in the data, the temperature range of the density correlation 

does not approach the solidification temperature [23], and therefore must be confirmed over 

the range of 732-800K to model solidification. The estimated value for the density of the 

molten salt at the solidification temperature is 2056 kg/m3 [27], which indicates that the 

correlation given for 800-1080K is accurate to within 2% over the range of 732-800K. The 

dynamic viscosity, thermal conductivity, and specific heat capacity are also not correlated to 

the solidification temperature [16,33]. In the case of viscosity especially, these correlations 

must be expanded to adequately model solidification. Appendix A details the method used to 

estimate the absorption coefficient.  
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Table 12. Molten FLiBe thermophysical properties summary 

Property Correlation Error Units 
Temperature 

Range 

Density [23] 2413 − 0.488 ∗ T - kg/m3 800 − 1080K 

Dynamic 

Viscosity [16] 
1.16 ∗ 10−4 exp(3755/T) ±20% Pa ∗ s 873 − 1073K 

Thermal 

Conductivity [24] 
1.1 ±10% W/m ∗ K 732 − 883𝐾 

Specific Heat 

Capacity [28] 
2386 ±3% J/kg ∗ K 973K 

Latent Heat 

of Fusion 
𝐻 ≈ 𝑇𝑓𝑢𝑠(𝐶𝑝,𝑙 − 𝐶𝑝,𝑠) = 449 - kJ/kg - 

Solidification 

Temperature [3] 
732 - K - 

Absorptivity 10−5 - 𝑚−1 - 

 

The density of solid FLiBe is within 2% above 2056 kg/m3 at the solidification 

temperature and 2168 kg/m3 at room temperature (293K) to within 1% error [27]. If it is 

assumed that the density varies approximately linearly with temperature, then the correlation 

for the density of solid FLiBe in units of kg/m3 is given in Equation 2 below. While this is 

likely not precise, it is a reasonable estimate for solid heat transfer modeling. The thermal 

conductivity of solid FLiBe in units of W/m*K is given in Equation 3 below for the temperature 

range of 500-650K with no error reported [16]. The temperature range of the thermal 

conductivity correlation does not approach the solidification temperature, and therefore must 

be confirmed over the range of 650-732K to model solid heat transfer. Specific heat capacity 

for solid FLiBe is not presently well-characterized for a solid heat transfer model. 

 𝝆 = 𝟐𝟐𝟒𝟑 − 𝟎. 𝟐𝟓𝟓 ∗ 𝑻 (2) 

 𝒌 =  𝟎. 𝟔𝟐𝟗𝟔𝟗𝟕 +  𝟎. 𝟎𝟎𝟎𝟓 ∗ 𝑻 (3) 
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10.3 Supercooling Phenomenon 

Here is detailed the available literature pertaining to supercooling, both the general 

phenomenon and its relevance to molten salts. While there exists little literature studying 

supercooling in molten salts, there is ample literature studying supercooling in water. 

Therefore, literature on supercooling in water will form the basis of understanding the general 

phenomenon. 

10.3.1 General Phenomenon 

A substance is defined as supercooled when it is in liquid state after its temperature 

falls below the solidification point. This must be distinguished from substances in which the 

solidification point is depressed by addition of a solute or other contaminants. Once 

crystallization is initiated in a supercooled liquid, energy stored in the heat of fusion is released. 

This immediately increases the temperature to the solidification point, after which normal 

solidification at the solidification point resumes until the entire substance reaches a solid state 

[34]. Supercooling is defined by the amount the temperature is decreased below the 

solidification temperature before crystallization initiates, and the minimum temperature is 

defined as the “supercooling point”. The difference between the supercooling point and the 

solidification point is called the “degree of supercooling”. 

The degree of supercooling is affected by those parameters which determine the 

initiation of crystallization. Crystallization requires a nucleation site to initiate, one in which 

the microstructure of the nucleus matches that of the solid crystal microstructure. 

Homogeneous nucleation occurs when the microstructure is formed by temporarily stable 

aggregates of liquid molecules arranged into the necessary crystalline structure. Heterogeneous 
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nucleation, alternatively, occurs when a catalyst (either the wall or suspended particles) 

organizes liquid molecules into the necessary crystalline structure [34]. In water, 

heterogeneous nucleation tends to dominate due to natural impurities and surface effects [35]. 

In molten salts used as nuclear reactor coolant, this may not be the case. 

There is significant research that indicates the quantity of a substance can determine 

the degree of supercooling possible. The relationship between substance sample size and 

degree of supercooling can be deduced by considering simple statistics. In a smaller size 

sample of the supercooled substance, there will be fewer aggregates of molecules or impurities 

in the crystalline structure required for nucleation, as well as fewer nucleation sites at the 

boundary. It is therefore less likely in a smaller sample that nucleation will occur and 

solidification will initiate at a given supercooled temperature. The liquid therefore has a greater 

opportunity to cool and reach higher degrees of supercooling before homogeneous or 

heterogeneous nucleation occur and solidification initiates. Based on this, one can conclude 

that the liquid sample size is inversely related to the degree of supercooling. It can also be 

assumed that supercooling is stochastic in nature due to the random nucleation behavior, so 

different degrees of supercooling may be observed in identical situations [36]. Figure 7 depicts 

this inverse behavior with stochastic variation [37]. In substances where homogeneous 

nucleation or heterogeneous nucleation around particulates dominates, degree of supercooling 

is expected to be inversely proportional to the sample volume. In substances where 

heterogeneous nucleation at the boundary dominates, degrees of supercooling is expected to 

be inversely proportional to the sample surface area. 
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Figure 7. Solidification initiation probability distributions for various sample radii [37] 

Experimental evidence further corroborates that substance sample size and degree of 

supercooling are inversely related. Figure 8 and Figure 9 depict such data from studies on the 

supercooling of water using various purities of water with negligible difference in results, both 

indicating that homogeneous nucleation or heterogeneous nucleation around particulates 

dominated [36,37,38]. It is worth noting that the results for water indicate that tens of degrees 

of supercooling can occur at the centimeter scale. 
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Figure 8. Mean supercooling point as a function of water droplet diameter [36,37] 

 
Figure 9. Mean supercooling point as a function of water droplet diameter [38] 

Another variable that influences the degree of supercooling is the rate of cooling, 

though the exact relationship in water is debated. The dependence of supercooling on cooling 
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rate is seen experimentally in Figure 10 [35]. The super-cooling in this experiment decreases 

approximately linearly as cooling rate is increased with water droplets 5mm in diameter. 

Cursory results from another study indicate that cooling rate and degree of supercooling are 

directly related with water droplets 1mm in diameter [38]. It is possible that the effect that the 

rate of cooling has on supercooling is different depending on the size regime, but there is not 

enough data available to make an accurate conclusion. 

 
Figure 10. Degrees of supercooling as a function of water cooling rate [35] 

Supercooling is relevant to safety analysis due to its impact on pipe flow solidification. 

Figure 11 depicts different ice formation modes in pipe flows with various degrees of 

supercooling [39]. In general, annular solid growth caused by normal solidification without 

supercooling is the ideal solidification mode with the lowest pressure drop over pipe length. 

This will cause an unstable reduction in the flow rate in a natural circulation system, but can 

typically be corrected in a forced circulation system. When supercooling occurs, dendritic 
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solidification results in increased pressure drop over the pipe length, increasing likelihood of 

pipe blockage and flow stoppage. This kind of solidification is significantly more severe, even 

in forced circulation systems, and may lead to loss of flow in severe enough solidification 

scenarios. Substantial supercooling therefore represents a significant safety concern for forced 

circulation systems, despite its delayed initiation. If safety analysis including solidification is 

to be performed, modeling tools that include supercooling may be necessary. One such 

algorithm has been developed, in which the phase change material can exist in solid or 

supercooled liquid phases between the supercooling and solidification points. Figure 12 depicts 

this methodology in graphical format [40]. 

 
Figure 11. Ice formation modes in pipe flows [39] 
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Figure 12. Supercooling simulation methodology [40] 

10.3.2 Molten Salt Supercooling 

Only one rigorous experimental study has been conducted that explores the 

supercooling behavior of molten salts, the study by Yamada et al. detailed in Section 10.1.2. 

Figure 13 depicts the supercooling point as a function of CaCl2 cooling rate [9]. As can be 

seen, the supercooling point increases (the degree of supercooling decreases) as the cooling 

rate increases in CaCl2 salt. The study reports similar results in KSCN salt [9]. These results 

are like those for water, indicating that supercooling behavior in molten salt may be generally 

like that in water. There is no research available on molten fluoride salt supercooling behavior, 

nor any indicating the relationship between the degree of supercooling and molten salt sample 

size. 
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Figure 13. Supercooling point as a function of CaCl2 cooling rate [9] 

Unpublished data from work conducted at UW indicates that supercooling is significant 

in both FLiNaK and FLiBe [41]. Figure 14 and Figure 15 depict supercooling behavior in 

FLiNaK and FLiBe respectively. This data was not taken under controlled conditions, 

however, and therefore a controlled experiment that explores supercooling behavior in molten 

fluoride salts is necessary to quantify the dependency on cooling rate and sample size. The 

experimental study by Yamada et al. provides some important guidance for quantifying 

supercooling from static solidification experimental data [9]. 
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Figure 14. Unpublished data observed during FLiBe handling operations at UW [41] 

 

 

 
Figure 15. Unpublished data observed during FLiNaK handling operations at UW [41]  
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11 Pre-Experimental Work 

This section details the pre-experimental work that was done to prepare for the 

experimentation performed including the argon-filled glovebox setup, the DAQ and control 

system setup, the fluoride salt preparation, and ICP-MS of the test salts. 

11.1 Glovebox Setup 

To protect fluoride salts from exposure to oxygen or water, they must be kept in a 

chemically inert atmosphere. Additionally, FLiBe contains toxic beryllium which can pose a 

respiratory hazard to laboratory personnel. All work involving FLiBe therefore required 

isolation from laboratory personnel. These outcomes were achieved by conducting all salt 

handing work inside an LC Technology argon-filled glovebox. This work included fluoride 

salt preparation, DSC sample loading, the Density Measurement Experiment fluoride salt 

trials, and the Static Solidification Experiment fluoride salt trials. 

Figure 16 depicts the argon-filled glovebox in the laboratory, and Appendix B depicts 

the glovebox design drawings and the argon gas flow diagram. All LC Technology gloveboxes 

are designed with a gas circulation system, oxygen and moisture removal system, oxygen and 

moisture sensors accurate to 0.1ppm, interior pressure control system, and computer interface 

system to control these various functions. Figure 17 depicts the computer interface system used 

to control all glovebox functions. The glovebox was additionally custom designed with four 

pairs of gloves at four separate windows, two antechambers for transferring materials in and 

out, a variety of feedthrough ports for customized feedthroughs, two 120VAC power strip 

feedthroughs, two suspended shelves for equipment storage, two depressed wells to contain 

ceramic ovens, a 3kW water-cooled heat exchanger to maintain safe operational temperatures, 
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and a thermocouple for interior temperature measurement. 

 
Figure 16. LC Technology argon-filled glovebox 

 
Figure 17. LC Technology glovebox computer interface system 
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To operate the glovebox, 99.999% purity argon supply was used. Additionally, 5% 

hydrogen gas with argon remainder was used to operate the filter regeneration cycles as 

necessary. Both gases were controlled with a pressure regulator and a flowrate controller. 

Figure 18 depicts the supply gases used for the glovebox. Glovebox maintenance included a 

filter regeneration cycle when the steady-state oxygen or moisture levels exceeded 5ppm, 

vacuum pump oil changes after regeneration cycles, High-efficiency particulate air (HEPA) 

filter changes every three months, and glove changes when punctures occurred or every three 

months. 

 
Figure 18. LC Technology glovebox argon (right) and 5% hydrogen supply gases (left) 

A variety of feedthroughs were installed on the glovebox to facilitate experimentation. 

All feedthroughs were custom design by and purchased from LDS Vacuum Technology. 14-

gauge wire feedthroughs were used to supply 120VAC power from the DAQ and control 

system to power heating elements in the experiments. A Nicrosil wire feedthrough was used 

to connect N-type thermocouples to the DAQ and control system, while a KX wire feedthrough 

was used to connect K-type thermocouples to the DAQ and control system. These feedthroughs 
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were all connected to consolidated jack panels inside the glovebox to connect to the 

experimental systems. Figure 19 depicts the feedthroughs and jack panels inside and outside 

the glovebox. 

 
Figure 19. LC Technology glovebox feedthroughs and jack panels 

11.2 DAQ and Control System 

To instrument experiments inside the glovebox, a DAQ and control system was 

designed and constructed. Figure 20 depicts the DAQ and control system cabinet interior, and 

Appendix C depicts the system circuit diagram. The system was controlled by a CRIO-9067 

from National Instruments which interfaced with a computer via USB connection. The controller 

was powered by a NI PS-16 that supplied 24VDC, 10A electricity. The controller had the NI 9214 

thermocouple module and the NI 9264 voltage output module installed for input/output functions. 

The NI 9214 module was connected to the thermocouple feedthroughs, and the NI 9264 module 

was powered by the NI PS-16 and connected to CRYDOM solid-state relays (SSRs). 
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Figure 20. DAQ and control system cabinet interior 

120VAC power was supplied to the NI PS-16 and to Allied Electronics power 

distribution blocks. The hot wire was connected to Bussman 10V fuse blocks, then to Omega 

over-temperature controllers, then to the SSRs. The over-temperature controllers were 

connected to individual thermocouple feeds, and were programmed to only pass 10A if the 

temperature read was below the set point. The SSRs only passed 10A if a digital 10VDC signal 

was received from the CRIO. The SSRs were connected to the 14-gauge wire feedthroughs, 

and the return connections were connected to the neutral power distribution blocks. 

Additionally, the cabinet was grounded to the wall ground and outfitted with cooling fans 

powered by the NI PS-16. 

The DAQ and control system was operated from the computer using LabVIEW 

software from National Instruments. The control program is written using a block diagram and 
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logical loops and functions. The program is also able to write input data to a file for later 

analysis. The user interface can be customized and optimized to user preference. Figure 21 

depicts the Static Solidification Experiment LabVIEW program interface. 

 
Figure 21. Static Solidification Experiment LabVIEW user interface 

11.3 Fluoride Salt Preparation 

FLiBe used for experimentation was originally mixed and purified for Brian Kelleher’s 

PhD thesis at UW [42]. The liquid FLiBe was transferred into a nickel transfer vessel then 

inside an argon-filled glovebox into a custom pure nickel tray and 99% nickel crucibles to be 

allowed to solidify and cool. Figure 22 depicts the FLiBe transfer into the nickel tray. The salt 

may have been exposed to minimal corrosion products during the transfer due to rapid cooling 

in the nickel crucibles. The salt was broken apart into chunks to be transferred to the 

experimental glovebox detailed in Section 11.1. After experimentation, ICP-MS analysis was 

conducted to determine if salt contamination occurred. 
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Figure 22. Nickel FLiBe transfer tray with liquid FLiBe (left) and solid FLiBe (right) 

FLiNaK used for experimentation was made by mixing the constituent fluoride salts 

from Sigma-Aldrich to form the eutectic composition. Table 13 enumerates the FLiNaK 

manufacturing parameters used to make a 150g batch of FLiNaK. The crucible used for melting 

and mixing the constituents is a GAT 32 from Sigradur, a 320mL straight crucible. Glassy 

carbon was selected due to its common usage as a molten salt crucible material and its minimal 

wetting to fluoride salts. Figure 23 depicts the glassy carbon crucible used for FLiNaK 

manufacture and later the Density Measurement Experiment. The balance used to weigh the 

constituents is a Sartorius Entris Balance. This model has a maximum capacity of 820g and a 

precision of 10mg. The crucible was cleaned with ethanol before each manufacture, and baked 

at 300°C for thirty minutes to remove any residue. The balance was zeroed with the empty 

crucible, then a salt constituent was added to its weight. The scale was then re-zeroed, and the 

next constituent was added until all 150g of material were added. 

Table 13. FLiNaK constituent manufacturing parameters 

Parameter LiF NaF KF 

Purity (%) 99.0 99.0 99.5 

Mol (%) 46.5 11.5 42.0 

Mass (%) 29.21 11.69 59.09 

Mass (g) 43.82 17.54 88.64 
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Figure 23. FLiNaK manufacture and Density Measurement glassy carbon crucible 

The ceramic oven used was manufactured by DS Fibertech. The oven has a 1kW 

heating capability, a max temperature of 1200°C, a 4” (10cm) inner diameter, and a 10” (25cm) 

inner height. It was designed with a mullite tube through the side to insert a thermocouple for 

oven temperature reading. Figure 24 depicts the ceramic oven used for FLiNaK manufacture 

and later the Density Measurement Experiment, as well as the thermocouple used to instrument 

it. The glassy carbon crucible and its contents were heated to approximately 850°C to initiate 

liquefaction, then the temperature was held at approximately 600°C until complete liquefaction 

was achieved. The system was then allowed to solidify and cool, and the FLiNaK was removed 

from the crucible and broken into chunks to be used in experimentation. If the salt had large 

amounts of pink coloration or graphite contamination, it was rejected to be used for other work 

requiring lower purity FLiNaK. If the salt appeared white and mostly clean of graphite, it was 
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accepted into the clean FLiNaK supply. Figure 25 depicts dirty and clean FLiNaK for 

comparison. Several 150g batches were made, resulting in almost 900g of clean FLiNaK 

supply. ICP-MS analysis was conducted on a sample of the clean FLiNaK to characterize the 

FLiNaK used. 

 
Figure 24. FLiNaK manufacture and Density Measurement ceramic oven 

 
Figure 25. Dirty (left) and clean (right) FLiNaK supply 
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11.4 ICP-MS Analysis 

ICP-MS elemental analysis was used to characterize the elemental composition and 

purity of both FLiBe and FLiNaK. The analysis was conducted by the UW Trace Element 

Research Group. Digests were diluted 1:3 and 1:100 for analysis, and the results were 

averaged. 52 metallic elements were reported, and all elemental results were adjusted for the 

natural abundance based on measurements of the most abundant isotope. FLiBe was 

characterized after experimentation, while FLiNaK was characterized after manufacture and 

experimentation. Table 14 enumerates the post-manufacture clean FLiNaK ICP-MS analysis 

results, and Table 15 enumerates the post Density Measurement Experiment FLiNaK ICP-MS 

analysis results. As can be seen, the salt is approximately 99.96% pure on a metallic mass basis 

in both measurements, which is significantly purer than any of the constituents were rated. 

However, the composition appears to be significantly off-eutectic. The mixture appears to be 

low in LiF and high in NaF and KF post-manufacture, and high in LiF and low in NaF and KF 

post-experiment compared to the desired theoretical FLiNaK. It is worth noting that the error 

in the post-experiment results is high enough that the mixture may be nearly eutectic, short 

only a small amount of NaF. Per Figure 26, the post-manufacture mixture may experience 

incongruent solidification at a temperature of approximately 500°C, and the post-experiment 

mixture may experience incongruent solidification at a temperature below 500°C. The ICP-

MS analysis results indicate the salt may be heterogeneous so that different samples may 

provide different results. It is also possible that the errors on the ICP-MS analysis measurement 

have been underestimated, indicating that the analysis is inappropriate for composition 

measurement. Appendix D gives the ICP-MS results for all impurities. 
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Table 14. Post manufacture clean FLiNaK ICP-MS analysis results 

Quantity Li (Li-7) Na (Na-23) K (K-39) Other Metals 

Mass (μg/g) 74962±761 69065±772 459970±3215 224.04 

Metal Mass (%) 12.41±0.13 11.43±0.13 76.13±0.53 0.037 

Mol (%) 41.98±0.43 11.77±0.13 46.23±0.32 - 

 

Table 15. Post Density Measurement FLiNaK ICP-MS analysis results 

Quantity Li (Li-7) Na (Na-23) K (K-39) Other Metals 

Mass (μg/g) 85034±2136 65039±2124 413434±20688 253.48 

Metal Mass (%) 15.08±0.38 11.54±0.38 73.34±3.67 0.045 

Mol (%) 47.50±1.19 11.06±0.36 41.45±2.07 - 

 

 
Figure 26. FLiNaK ICP-MS results on phase diagram 

Before After 
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Table 16 enumerates the post Density Measurement FLiBe ICP-MS analysis results. 

As can be seen, the salt is approximately 99.53% pure on a metallic mass basis. Some 

impurities may be present due to handling the molten salt prior to use in these experiments in 

an impure nickel crucible, which may have led to some corrosion products in the salt. The 

composition is 67.43-32.57 LiF-BeF2 with a ±1.50% error determined from the maximum of 

the constituent errors. Per Figure 27, the composition may be slightly high in LiF and low in 

BeF2 compared to FLiBe. The solidification temperature measurement can function as a good 

verification of FLiBe mixture. Appendix D gives the ICP-MS results for all impurities. 

Table 16. Post Density Measurement FLiBe ICP-MS analysis results 

Quantity Li (Li-7) Be (Be-9) Other Metals 

Mass (μg/g) 147764±2387 91750±4236 1130.90 

Metal Mass (%) 61.40±0.99 38.13±1.76 0.47 

Mol (%) 67.43±1.09 32.57±1.50 - 

 

 
Figure 27. FLiBe ICP-MS results on phase diagram  
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12 DSC Analysis 

This section details the work conducted using DSC analysis to determine the specific 

heat capacity, latent heat of fusion, and solidification point of FLiNaK and FLiBe. These 

thermophysical quantities are crucial to modeling heat transfer and solidification, and must 

therefore be quantified from 100°C (the temperature of the water portion of the TCHX) to 

600°C (the maximum temperature of the machine). The methodology follows ASTM standards 

for DSC measurement. All equipment used is detailed, and the results for the specific heat 

capacity, latent heat of fusion, and solidification point for FLiBe and FLiNaK are given. 

12.1 Methodology 

Specific heat capacity in fluoride salts has been estimated by assuming an equal 

contribution from each atom in the mixture based on the total number of moles, as well as 

measured using calorimetry techniques at ORNL during the 1950s. These techniques were only 

accurate to ±20% and ±10% respectively. Using modern calorimetry techniques, much more 

accurate measurements can be achieved [16]. DSC analysis is a thermoanalytical technique 

that measures the difference in the heat applied to a sample inside a sample pan and an empty 

reference pan to maintain a constant heating or cooling rate on both. The difference in heat 

applied can be used to determine the specific heat capacity of the sample or the latent heat of 

a phase change. Additionally, the onset of a peak in the heat trace can be used to determine the 

phase change temperature. It has been used to determine latent heat of fusion for fluoride salts 

previously by using sealed gold and open graphite sample pans [43] as well as to measure the 

specific heat capacity of molten salts [44]. All DSC methods detailed in the following sections 

are based on ASTM E1269-11, ASTM E793-06, and ASTM E794-06 for measuring specific 
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heat capacity, latent heat of fusion, and liquefaction temperature respectively [45,46,47]. 

12.1.1 Specific Heat Capacity [45] 

The measurement of specific heat requires comparison of the heat traces for the test 

samples to that of a sapphire reference. First, a heat trace is conducted on the sapphire sample 

without a pan against an empty chamber as the reference at a heating rate of 20°C/min. An 

identical heat trace is then conducted on the test sample in a sample pan against an empty 

reference pan. The following equation can be used to determine the calorimetric sensitivity of 

the DSC machine at any given temperature: 

 𝑬(𝑻) =
𝒃

𝟔𝟎 ∗ 𝑫𝒔𝒕
∗ 𝑾𝒔𝒕 ∗ 𝑪𝒑,𝒔𝒕 (4) 

where 𝐸 is the dimensionless calorimetric sensitivity of the DSC machine, 𝑇 is the sample 

temperature in °C, 𝑏 is the heating rate in °C/min, 𝐷𝑠𝑡 is the vertical displacement between the 

empty chamber and sapphire standard DSC heat traces in mW (depicted in Figure 28), 𝑊𝑠𝑡 is 

the mass of the sapphire standard in mg, and 𝐶𝑝,𝑠𝑡 is the specific heat capacity of the sapphire 

standard in J/g-K. 

 
Figure 28. Sapphire standard and test sample specific heat capacity heat traces [45] 
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Using the calorimetric sensitivity, the specific heat capacity of the test sample at any 

given temperature can be calculated using the following equation: 

 𝑪𝒑,𝒔(𝑻) =
𝟔𝟎 ∗ 𝑬(𝑻) ∗ 𝑫𝒔

𝑾𝒔 ∗ 𝒃
−
∆𝑾 ∗ 𝑪𝒑,𝒄

𝑾𝒔
 (5) 

where 𝐶𝑝,𝑠  is the specific heat capacity of the test sample in J/g-K, 𝐷𝑠  is the vertical 

displacement between the empty reference pan and test sample DSC heat traces in mW 

(depicted in Figure 28), 𝑊𝑠 is the mass of the test sample in mg, ∆𝑊 is the difference in mass 

between the empty reference pan and the test sample pan in mg, and 𝐶𝑝,𝑐 is the specific heat 

capacity of the sample pans in J/g-K. 

Combining Equation 4 and Equation 5, the following equation can theoretically be used 

to calculate the specific heat capacity of the test sample: 

 𝑪𝒑,𝒔(𝑻) =
𝑾𝒔𝒕

𝑾𝒔

𝑫𝒔

𝑫𝒔𝒕
𝑪𝒑,𝒔𝒕 −

∆𝑾

𝑾𝒔
𝑪𝒑,𝒄 (6) 

By conducting error propagation on Equation 6, the following equations can be used to 

determine the systematic error in all specific heat capacity measurements: 
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 (8) 

where 𝜎𝐶𝑝 is the error of the specific heat capacity measurement, 𝜎𝑊𝑠 is the error of the test 

sample mass, 𝜎𝑊𝑠𝑡  is the error of the sapphire standard mass, 𝜎∆𝑊 is the error of the mass 



44 

difference between the empty reference pan and the test sample pan, 𝜎𝐷𝑠 is the error of the 

vertical displacement between the empty reference pan and test sample DSC heat traces, 𝜎𝐷𝑠𝑡 

is the error of the vertical displacement between the empty chamber and sapphire standard 

DSC heat traces, 𝜎𝐶𝑝𝑠𝑡 is the error in the specific heat capacity of the sapphire standard, and 

𝜎𝐶𝑝𝑐 is the error in the specific heat capacity of the sample pans. 

12.1.2 Latent Heat of Fusion [46] 

The measurement of the latent heat of fusion and the solidification point requires a 

single heat trace conducted on the test sample in a sample pan against an empty reference pan 

at a heating rate of 10°C/min from at least 50°C below the solidification point to until the 

baseline is reestablished above the liquefaction endotherm. Figure 29 depicts the liquefaction 

endotherm peak used for calculating the latent heat of fusion. The latent heat of fusion is 

calculated by integrating the observed endotherm peak as a function of time, then by dividing 

the integral by the weight of the sample as in Equation 9 below: 

 

Figure 29. Latent heat of fusion liquefaction peak [46] 
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 𝑯 =
∫(𝑫𝒔 − 𝑩𝒔)𝒅𝒕

𝑾𝒔
 (9) 

where 𝐻 is the latent heat of fusion in kJ/kg, 𝐷𝑠 is the vertical displacement between the empty 

reference pan and test sample DSC heat traces in mW (depicted in Figure 28), 𝐵𝑠 is the baseline 

interpolation in mW, and 𝑡 is the time in seconds. By conducting error propagation on Equation 

9, the following equations can be used to determine the experimental error in all latent heat of 

fusion measurements: 

 𝝈𝑯
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)
𝟐
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𝟐

(𝑫𝒔
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+
𝝈𝑾𝒔
𝟐

𝑾𝒔
𝟐
+
𝝈𝒅𝒕
𝟐

𝒅𝒕𝟐
 (11) 

where 𝜎𝐻 is the error of the latent heat of fusion measurement, 𝜎𝐵𝑠 is the error of the baseline 

interpolation, 𝜎𝑑𝑡  is the error of the time step, 𝐷𝑠̅̅ ̅  is the time average of the vertical 

displacement between the empty reference pan and test sample DSC heat traces, and 𝐵𝑠̅̅ ̅ is the 

time average of the baseline interpolation. 

12.1.3 Solidification Point [47] 

The solidification point is determined by observing the onset of the endothermic peak. 

Figure 30 depicts the solidification and liquefaction temperatures for pure crystalline material. 

The onset is determined by extending the steepest tangent line of the peak down to where it 

intersects the baseline, and the temperature where the intersection occurs is reported as the 

solidification point. This method is illustrated by the analyzed heat trace curves in Appendix 

F. 
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Figure 30. Solidification and liquefaction temperature for pure crystalline material [47] 

12.2 Experimental Equipment 

The machine used is the DSC 8000 from PerkinElmer. Figure 31 depicts the DSC 

machine and cooler used for thermal analysis, and Appendix E gives the calibration 

information. The machine was calibrated for use up to 600°C. The temperature calibration was 

conducted with two reference materials, indium and zinc. The calibration results were used to 

adjust all temperature readings from the DSC machine to the appropriate values assuming a 

linear fit using the two data points, given in Equation 12 below. The heat flow calibration was 

conducted with indium liquefaction as the reference endothermic reaction. The calibration 

results were used to adjust all heat flow readings from the DSC machine to the appropriate 

values using Equation 13 below. The latent heat of zinc was calculated to be 116.0 kJ/kg using 

this calibration. The DSC software was used for all peak area and onset calculations used to 

determine latent heat of fusion and solidification point respectively. 
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Figure 31. PerkinElmer cooler (left) and DSC 8000 (right) used for thermal analysis 

 𝑻 = 𝟏. 𝟎𝟎𝟐𝟕𝟒𝟕 ∗ 𝑻𝒎 − 𝟎. 𝟓𝟑𝟎𝟑𝟖𝟎 (12) 

 𝑯 = 𝟏. 𝟎𝟕𝟓𝟏𝟐𝟕 ∗ 𝑯𝒎 (13) 

Both open graphite and sealed gold pans were considered for use as sample pans. After 

conducting preliminary testing on a TA Instruments DSC Q100 machine using FLiNaK in both 

pan types, it was determined that sealed gold pan heat trace exhibited fewer artifacts and more 

Gaussian solidification and liquefaction behavior. This may indicate fewer possible chemical 

reactions, less sample contamination, and/or less interaction with the cover gas in the sealed 

gold pan. Figure 32 depicts the DSC machine and cooler used for preliminary testing, and 

Appendix F depicts the preliminary heat traces for FLiNaK in an open graphite and sealed gold 

pan respectively. The gold hermetically-sealed pans used for thermal analysis were supplied 

by TA Instruments. Figure 33 depicts the hermetically-sealed gold pans selected for thermal 

analysis. 
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Figure 32. TA cooler (left) and DSC Q100 (right) used for preliminary testing 

 
Figure 33. Hermetically-sealed DSC analysis gold pans 

The balance used for weighing the test salts and their pans was a Sartorius Entris 90mm 

Analytical Balance. This model has a maximum capacity of 220g and a precision of 0.1mg. 
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Figure 34 depicts the analytical balance used for DSC test sample preparation in the glovebox. 

The balance used for weighing the empty reference pan and verifying all weights remained 

unchanged during the DSC runs is a Mettler-Toledo XS105 Analytical Balance. This model 

has a maximum capacity of 120g and a precision of 0.01mg, though the readings only stabilized 

to a precision of approximately 0.1mg. A TA DSC hermetic press was used to hermetically 

seal the gold pans. Figure 35 depicts the hermetic press and the analytical balance used for test 

sample preparation. The pans were weighed before loading and after loading to determine the 

pan and sample masses. Salt test sample preparation including weighing, loading, and sealing 

was conducted inside the glovebox. The sapphire standard and empty reference pan were 

prepared in atmosphere, and all DSC samples were weighed in atmosphere. The sapphire 

standard used was a 97.78mg white sapphire standard from TA Instruments. Figure 36 depicts 

the sapphire standard used for thermal analysis. 

 
Figure 34. Sartorius Entris 90mm analytical balance 
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Figure 35. TA DSC hermetic press (left) and Mettler Toledo analytical balance (right) 

 
Figure 36. Sapphire DSC analysis standard 

For analysis of the results of the DSC trials, the specific heat capacity of sapphire was 

acquired from ASTM E1269-11 [45]. To conduct calculations on the DSC heat traces, a closed 

form representation of the specific heat capacity was approximated using a fourth order 

polynomial given in the following equations: 
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 𝑪𝒑,𝒔𝒕 = 𝑨𝟏𝑻
𝟒 + 𝑨𝟐𝑻

𝟑 + 𝑨𝟑𝑻
𝟐 + 𝑨𝟒𝑻 + 𝑨𝟓 (14) 

 𝑨𝟏 = −𝟐. 𝟕𝟎𝟕𝟕𝒙𝟏𝟎−𝟏𝟐  

 𝑨𝟐 = 𝟓. 𝟔𝟏𝟗𝟎𝒙𝟏𝟎−𝟗  

 𝑨𝟑 = −𝟒. 𝟕𝟒𝟖𝟎𝒙𝟏𝟎−𝟔  

 𝑨𝟒 = 𝟐. 𝟏𝟖𝟕𝟓𝒙𝟏𝟎−𝟑  

 𝑨𝟓 = 𝟕. 𝟑𝟎𝟗𝟏𝒙𝟏𝟎−𝟏  

 

where 𝐶𝑝,𝑠𝑡 is given in J/g-K and 𝑇 is given in °C. This representation of the specific heat 

capacity has a standard error of less than 0.0001 J/g-K from the given specific heat capacity 

from ASTM E1269-11 [45][48]. The specific heat of gold is given in the following equation 

[49]. 

 𝑪𝒑,𝒄 = 𝟎. 𝟏𝟐𝟕𝟓 ± 𝟎. 𝟎𝟎𝟏𝟏 + 𝟐. 𝟔𝟑𝟔𝒙𝟏𝟎−𝟓 ∗ 𝑻 (15) 

where 𝐶𝑝,𝑐 is given in J/g-K and 𝑇 is given in °C. The error given in Equation 15 is determined 

by the difference between the DSC measurement made and previous literature [49]. All weight 

measurement errors can be cited as 0.1mg, the approximate precision of the balances. The error 

of the time step on the DSC machine is 0.02ms. The errors associated with the heat trace curve 

are estimated based on the standard errors of fitting to the experimental data. 

Table 17 enumerates the sources of systematic error in the DSC analysis. These sources 

of error are used with Equation 8 and Equation 11 to calculate the systematic error of the 

experimental results. 

Table 17. DSC analysis error sources 

Error Source Value Units 

Specific Heat Capacity of Sapphire Standard 0.0001 J/g-K 

Specific Heat Capacity of Sample Pans 0.0011 J/g-K 

Test Sample Mass 0.1 mg 

Sapphire Standard Mass 0.1 mg 

Difference in Sample Pans’ Mass 0.1 mg 

Time Step 0.02 ms 
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12.3 Results 

Table 18 enumerates the measured mass values for DSC analysis. All measurements 

taken after experimental trials indicated no mass change within measurement error. Neither 

salt test sample exhibited any visual sign of hermetic seal failure. 

Table 18. DSC analysis mass measurements 

Measured Quantity Value Units 

FLiBe Sample Mass 13.1 mg 

FLiNaK Sample Mass 15.4 mg 

Sapphire Standard Mass 97.78 mg 

FLiBe Pan Mass 0.3691 g 

FLiNaK Pan Mass 0.3871 g 

Empty Reference Pan Mass 0.3795 g 

 

All DSC data sets can be found here. Figure 77, Figure 81, and Figure 85 in Appendix 

F depict the complete heat traces for FLiBe, FLiNaK, and sapphire respectively. Heat traces at 

40, 20, 10, and 5°C were conducted on FLiBe and FLiNaK after a single homogenization heat 

trace at a high heating/cooling rate to allow the salt to form a consistent droplet form inside 

the sealed pan. The FLiBe, FLiNaK, and sapphire heat traces at 20°C/min to be used to 

determine specific heat capacity exhibited negative heat flows. This prompted a trial with no 

samples in either DSC chamber to be conducted to determine if there is a difference in the two 

DSC chambers’ baseline heat flow. Figure 86 in Appendix F depicts the heat trace for the 

baseline test. Even using this baseline to correct the DSC data, negative heat flows were still 

present in the FLiBe and FLiNaK heat traces. Because this provided a non-physical negative 

value at many temperatures for the specific heat capacity calculated using Equation 8, the 

results for specific heat capacity for FLiBe and FLiNaK were rejected. The cause of the DSC 

machine reading negative heat flows during heating is unclear. It has been theorized that the 

long heat trace conducted by the DSC allowed the heat flow measurement to drift over time, 

http://heatandmass.ep.wisc.edu/chapdelaine-thesis-supplemental-data/
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which might be able to be corrected by heating in increments of 25°C with five-minute 

isothermal holds between. This method has been proven effective for measuring the specific 

heat capacity of other molten salts [50]. 

A drift in the baseline heat flow should not affect the latent heat of fusion measurement, 

which is an integral of the peak above the baseline. Figure 37 and Figure 38 depict the results 

for the latent heat of fusion and solidification point for FLiBe and FLiNaK respectively. The 

latent heat of fusion measured is 456.6539kJ/kg for FLiBe and 443.4559kJ/kg for FLiNaK. 

There is no literature value to compare with FLiBe results, while FLiNaK results differ by 

almost a factor of three from the literature value [17]. The cause for this discrepancy in the 

FLiNaK latent heat of fusion measurement is unclear. It has been theorized based on the 

FLiNaK ICP-MS analysis in Section 11.4 that the mixture is not eutectic FLiNaK, and 

therefore experiences incongruent solidification causing the latent heat of fusion discrepancy 

observed. The measurement error is taken as the average difference of the 5°C/min and 

20°C/min trials’ results (given in Appendix F) from the 10°C/min trial’s results. The systematic 

error is calculated using Equation 11. The total error is taken as the sum of the squares of the 

measurement and systematic error. Table 19 enumerates all experimental error for DSC 

analysis of the latent heat of fusion. The FLiBe latent heat of fusion measurement has a total 

error of 1.613%, and the FLiNaK latent heat of fusion measurement has a total error of 0.944%. 
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Figure 37. DSC analysis FLiBe heat trace, liquefaction point at 10°C/min heating rate 

 

 
Figure 38. DSC analysis FLiNaK heat trace, liquefaction point at 10°C/min heating rate 
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Table 19. DSC analysis latent heat of fusion measurement summary of error 

Error (kJ/kg) FLiBe FLiNaK 

Measurement 6.6121 3.5600 

Systematic 3.2434 2.6796 

Total 7.3648 4.8159 

 

Correcting for thermocouple calibration, the measured solidification point is 

460.8±0.5°C for FLiBe and 465.9±0.1°C for FLiNaK. While the FLiBe solidification point 

measurement is reasonably close to the expected value of 459°C, the FLiNaK measurement 

differs significantly from the expected value of 454°C [3]. The cause for this discrepancy in 

the FLiNaK solidification point measurement is unclear. It has again been theorized based on 

the FLiNaK ICP-MS analysis in Section 11.4 that the mixture is not eutectic FLiNaK, and 

therefore experiences incongruent solidification causing the solidification point discrepancy 

observed. The measurement of the FLiBe solidification point as close to the eutectic 

solidification point indicates that the FLiBe is a eutectic mixture, providing further evidence 

of the inaccuracy of ICP-MS analysis when measuring composition. 

Supercooling measurements are possible using DSC analysis, but unreliable due to the 

forced cooling rate being reversed once nucleation occurs. Supercooling measurements in DSC 

can provide some qualitative understanding of the phenomena. Figure 77 in Appendix F 

generally suggests that the degree of supercooling in FLiBe increases as the cooling rate is 

increased, though the 40°C/min heat trace exhibits a lower degree of supercooling than the 

20°C/min heat trace. Figure 81 in Appendix F suggests less dependency on cooling rate, and 

fewer degrees of supercooling in the FLiNaK sample than in the FLiBe sample. These results 

are only speculative, and conclusions should only be drawn from more rigorous 

experimentation such as the Static Solidification Experiment. 
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Table 20 summarizes the results of DSC analysis. The specific heat capacity 

measurements were rejected based on the non-physical negative heat flows recorded for FLiBe 

and FLiNaK. The FLiBe latent heat of fusion and solidification point were both measured with 

good agreement between the measured and literature values of the solidification point, while 

the FLiNaK latent heat of fusion and solidification point were measured with significant 

discrepancies from literature values. 

Table 20. DSC analysis results summary 

Thermophysical Property FLiBe FLiNaK 

Specific Heat Capacity - - 

Latent Heat of Fusion 456.7±7.4 kJ/kg 443.5±4.8 kJ/kg 

Solidification Point 460.8±0.1°C 465.9±0.1°C 
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13 Density Measurement Experiment 

This section details the design and implementation of the Density Measurement 

Experiment conducted to determine the temperature-dependent density of liquid FLiBe and 

FLiNaK. The temperature-dependency of the density is particularly important to modeling 

natural convection, and the density must be fully characterized down to the solidification point. 

The methodology used utilizes the Archimedean principle of buoyancy for measurement of 

liquid densities. All equipment used is detailed, and the results for the temperature-dependent 

density of liquid FLiBe and FLiNaK are given along with experimental uncertainty. 

13.1 Methodology 

When measuring the temperature-dependent density of liquids, various techniques can 

be used. Gas pycnometry can be used for determining the density of liquids or solids [27], but 

is limited in temperature range depending on the machine. For measuring the density of high-

temperature liquids, the Archimedean principle of buoyancy is commonly used. This method 

has been employed to measure the density of molten nitrate salts [51] as well as to measure the 

density of chloride salts [44]. 

The Archimedean principle of buoyancy states that the weight of an object immersed 

in a fluid of given density will be reduced by the weight of the fluid displaced. Assuming full 

immersion, the following expression can be used to determine the buoyancy force: 

  𝑭𝒃𝒖𝒐𝒚 = 𝑾𝒇𝒍𝒖𝒊𝒅𝒈 = 𝝆𝒇𝒍𝒖𝒊𝒅𝑽𝒐𝒃𝒋𝒆𝒄𝒕𝒈 (16) 

where 𝐹𝑏𝑢𝑜𝑦 is the buoyancy force on the object, 𝑊𝑓𝑙𝑢𝑖𝑑 is the weight of the fluid displaced, 

𝜌𝑓𝑙𝑢𝑖𝑑 is the density of the fluid, 𝑉𝑜𝑏𝑗𝑒𝑐𝑡 is the volume of the object, and 𝑔 is the gravitational 

acceleration constant. By applying this principle to a high-density metal bobber suspended in 
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a fluid by a wire hanging from a balance, the following assumptions regarding the wire tension 

and bobber volume can be made: 

 𝑭𝒕𝒆𝒏𝒔𝒊𝒐𝒏 = 𝑾𝒃𝒖𝒐𝒚𝒈 = 𝑴𝒃𝒐𝒃𝒈 − 𝝆𝒇𝒍𝒖𝒊𝒅𝑽𝒃𝒐𝒃𝒈 (17) 

 𝑽𝒃𝒐𝒃 = 𝑽𝟎(𝟏 + 𝟑𝜶(𝑻 − 𝑻𝟎)) (18) 

where 𝐹𝑡𝑒𝑛𝑠𝑖𝑜𝑛 is the tension force on the wire, 𝑊𝑏𝑢𝑜𝑦 is the buoyant weight of the submerged 

bobber, 𝑀𝑏𝑜𝑏 is the mass of the bobber, 𝑉𝑏𝑜𝑏 is the volume of the bobber, 𝑉0 is the volume of 

the bobber at the reference temperature, 𝛼 is the linear coefficient of thermal expansion of the 

bobber, 𝑇 is the temperature of the system, and 𝑇0 is the reference temperature. Combining 

and rearranging Equation 17 and Equation 18, the following equation can be used to determine 

the temperature-dependent density: 

 𝝆𝒇𝒍𝒖𝒊𝒅 =
𝑴𝒃𝒐𝒃 −𝑾𝒃𝒖𝒐𝒚

𝑽𝟎(𝟏 + 𝟑𝜶(𝑻 − 𝑻𝟎))
 (19) 

By conducting error propagation on Equation 19, the following equations can be used 

to determine the experimental error in all density measurements: 
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where 𝜎𝜌 is the error of the density measurement, 𝜎𝑀 is the error of the mass of the bobber, 𝜎𝑊 

is the error of the buoyant weight of the bobber, 𝜎𝑉 is the error of the reference volume of the 

bobber, 𝜎𝛼 is the error of the coefficient of thermal expansion of the bobber, and 𝜎𝑇 is the error 

of the temperature of the system. Additionally, the error of the temperature of the system 

constitutes an error in the temperature associated with each density measurement. 
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13.2 Experimental Setup 

Figure 39 depicts the Density Measurement experimental diagram, and Figure 40 

depicts the experimental setup outside and inside the glovebox. The entire experiment takes 

place in a glovebox to minimize fluoride salt exposure to oxygen and water as well as to contain 

the toxic beryllium in the FLiBe. The balance used is a Mettler-Toledo XS104 Analytical 

Balance. This model has a maximum capacity of 120g and a precision of 0.1mg. It was also 

selected for its capability to measure weight using a bottom-loading hook underneath, which 

is essential to the experiment. The balance was calibrated using 50g and 100g NIST-traceable 

weights and ASTM E898-88 to quantify the hysteresis before each set of experimental trials 

[52]. The results of the balance calibration are given in Appendix G. Figure 41 depicts the 

analytical balance used in the experiment. 

 
Figure 39. Density Measurement diagram 
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Figure 40. Density Measurement setup, outside (left) and inside glovebox (right) 

 
Figure 41. Density Measurement analytical balance  
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The bobber used was manufactured from Nickel 200 alloy purchased from 

OnlineMetals.com, which is at least 99% nickel. Nickel 200 was selected due to the inert 

behavior of nickel in molten fluoride salts and its sufficiently large density to displace molten 

fluoride salt. The density of nickel at commercially pure nickel (99.2% pure) is 8.85±0.03g/cm3 

at 20°C [53]. The 1.0” (2.54cm) diameter bar was machined into a 4cm long bobber of 

96.7601g. Figure 42 depicts the bobber used in the experiment before and after experimental 

trials. While the surface exhibits significant damage from the corrosive environment, the mass 

of the bobber remains approximately constant after experimental trials. The wire used to 

suspend the bobber in the salt is 0.02” (0.508mm) diameter 316L stainless steel wire purchased 

from McMaster Carr. 

       
Figure 42. Density Measurement nickel bobber, before (left) and after (right) 

The crucible used is the 320mL straight glassy carbon crucible used for FLiNaK 

manufacture detailed in Section 11.3. This crucible is of sufficient size to completely contain 

the nickel bobber and approximately 200mL salt to cover it. The ceramic oven used is the one 

used for FLiNaK manufacture detailed in Section 11.3. The lid was designed with a large center 
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hole for the wire and two additional mullite tubes for a thermocouple inserted into the salt 

crucible. The oven was placed inside the oven well in the glovebox with its top level with the 

glovebox floor, and the crucible was placed inside on a pedestal to center it in the heating 

chamber. 

The support structure was made from 1” (2.54cm) square carbon steel tubing, four 

threaded 0.5” (1.27cm) diameter and 18” (46cm) long carbon steel rods, and ½-20 locknuts 

purchased from McMaster Carr. The pan used to hold the scale was a stainless-steel kitchen 

pan purchased from Katom Restaurant Supply. The entire support structure was manufactured 

to be able to be assembled inside the glovebox. It was also designed to be adjustable to increase 

the distance between the oven lid and balance if the temperature near the balance was too 

elevated. Figure 43 depicts the support structure of the experiment, as well as the hanging 

bobber configuration. The entire support structure is 33cm wide, 46cm deep, and up to 46cm 

tall. In the final configuration used, the bottom of the pan was adjusted to approximately 16cm 

above the top of the lid, and the overall height of the entire experimental setup is approximately 

55cm tall above the floor of the glovebox. Including the ceramic oven which was placed in a 

well below the glovebox floor, the entire setup is approximately 85cm tall. 



63 

 
Figure 43. Density Measurement support structure 

The thermocouples used are N-type thermocouples from Omega. They are 12” 

(30.5cm) in length and 1.6mm diameter. They are ungrounded and have a proprietary nickel-

chrome based sheath, which was found to perform best in a fluoride salt environment. They 

are connected to the DAQ and control system detailed in Section 11.2, and their data is 

recorded using a LabVIEW program. The LabVIEW program uses the oven thermocouple to 

control the oven power using a PID method, and records the salt thermocouple output. Any 

weight measurements taken are read from the balance and commented into the LabVIEW 

output file manually. Future development will allow the weight to be automatically measured 

in real time through a cable connection to the control computer, allowing automation of the 

experiment. 

The initial volume of the abnormally-shaped bobber was determined by calibrating the 

system to fluids of known densities. Table 21 enumerates the calibration data from ethanol and 

water. The initial mass reading of the bobber was taken before every individual fluid density 

measurement, thus assuring that the difference between the bobber mass measurement and the 

weight on the balance of the suspended bobber is exclusively caused by the buoyancy force. 
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The known density and calculated volume are given at the measured temperature. Equation 18 

is used to relate the volumes of the bobber at different temperatures to a value for the reference 

volume of the bobber at a reference temperature of 20°C, using a value of 13.3x10-6 for the 

coefficient of thermal expansion [53][54]. Averaging the results of ethanol and water, the 

reference volume of the nickel bobber is 11.136±0.0059cm3 at a reference temperature of 

20°C. 

Table 21. Density Measurement calibration data 

Calibration Fluid Ethanol [55] DI Water [56] 

Temperature Measurement (°C) 24.3 24.6 

Initial Mass Measurement (g) 98.7601 98.7601 

Weight Measurement (g) 90.0030 87.6595 

Known Density at Measured Temperature (kg/m3) 785.81 997.146 

Volume at Measured Temperature (cm3) 11.144 11.132 

Reference Volume at 20°C (cm3) 11.142 11.130 

 

To conduct each set of trials, the crucible and bobber were first cleaned with ethanol 

and baked at 800°C for 30 minutes. The bobber was then weighed and lowered into the 

crucible. Approximately 200mL of salt was added to the crucible and heated until liquefaction. 

The thermocouple was then inserted into the salt, and the salt was visually verified to cover 

the bobber completely. The oven was set to the lowest temperature for the first data point, and 

allowed to equilibrate for at least thirty minutes and until the temperature and weight 

measurement remained steady. At this temperature, the isothermal behavior of the molten salt 

was tested by measuring the temperature at various positions in the crucible. The weight 

measured by the balance and the temperature measured by the thermocouple in the crucible 

were recorded for the first data point. The oven was then set to the next data point, and allowed 

to equilibrate for 30 minutes (which was found to be sufficient to reach quasi-steady state). 

The weight and temperature measured were again recorded, and the process was repeated until 
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the data had been collected over the entire temperature range from the solidification point to 

700°C. This process was repeated for both FLiBe and FLiNaK. Figure 44 depicts the wire 

hanging into the oven while the Density Measurement Experiment is in progress. 

 
Figure 44. Density Measurement in progress 

A couple sources of error affect the weight measurements. The balance has a 

measurement accuracy of 0.1mg, which constitutes one of these sources of error on both the 

mass of the bobber and the buoyant weight of the bobber. Another source of error on both 

values is the hysteresis measured using ASTM E898-88, which was a maximum of 0.2mg 

when the procedure was repeated three times and averaged. Finally, surface tension on the wire 

from the salt is a source of error for the buoyant weight of the bobber. Based on the 0.508mm 

diameter wire, the maximum surface tension of 0.199 N/m for FLiNaK at 455°C, and a contact 

angle of 0° or 180° (so the force is parallel to the wire), the error of the suspended weight of 

the bobber due to surface tension on the wire is ±32.3mg conservatively. This makes the total 
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error of the mass of the bobber ±0.235mg and the total error of the buoyant weight of the 

bobber ±32.4mg by summing the squares of the errors. 

Another source of error is the submerged wire volume. If unaccounted for, the 

submerged wire changes the buoyancy effect creating an error in the weight measurement. 

Based on the 0.508mm diameter wire and the assumption that approximately 2cm will be 

submerged, the volume of the submerged wire is approximately 4mm3. This error in the total 

bobber volume will be added to the uncertainty of the reference volume of the bobber as a 

conservative approach. This makes the total error of the reference volume of the bobber 

±7.1mm3 by summing the squares of the errors. 

The next source of error in this experiment is the uncertainty in the thermal expansion 

of nickel. Any error in this value affects the volume change calculation, which affects the final 

calculated value of salt density. The coefficient of thermal expansion varies between 450°C 

and 700°C [53]. Table 22 enumerates the average coefficient of thermal expansion from 20°C 

to various temperatures relevant to the Density Measurement Experiment [53][54]. By using 

these values, a third order polynomial is used to approximate the coefficient of thermal 

expansion, given in Equation 22 below. An uncertainty of ±0.3x10-6/K is used for error 

calculation to account for any uncertainty in the approximated coefficient of thermal 

expansion. Additionally, this uncertainty captures the difference between the nickel used to 

determine these values and the commercially pure nickel used for Density Measurement [54]. 

Table 22. Pure nickel average coefficients of thermal expansion [53][54] 

Temperature Range Coefficient of Thermal Expansion 

20°C to 400°C 15.0x10-6/K 

20°C to 500°C 15.2x10-6/K 

20°C to 600°C 15.5x10-6/K 

20°C to 700°C 15.7x10-6/K 
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 𝜶 = 𝟏𝟗. 𝟐𝒙𝟏𝟎−𝟔 − 𝟐. 𝟕𝟏�̅�𝒙𝟏𝟎−𝟖 ∗ 𝑻 + 𝟓. 𝟓𝒙𝟏𝟎−𝟏𝟏 ∗ 𝑻𝟐 − 𝟑. �̅�𝒙𝟏𝟎−𝟏𝟒 ∗ 𝑻𝟑 (22) 

The final source of error in this experiment is the error in the thermocouple 

measurement error. The thermocouples have a measurement error of ±0.1°C. Additionally, the 

temperature is not necessarily isothermal in the salt and the bobber. By measuring the 

temperature of the salt at different elevations in the crucible during tests, it was determined 

that the FLiBe was isothermal to approximately 1°C and the FLiNaK was isothermal to 

approximately 5°C. These isothermal measurements are taken as a conservative error of the 

temperature of the system. 

Table 23 enumerates the sources of systematic error in the Density Measurement 

Experiment. These sources of error are used with Equation 21 to calculate the systematic error 

of the experimental results. 

Table 23. Density Measurement error sources 

Error Source Value Units 

Bobber Mass 0.235 mg 

Bobber Buoyant Weight 32.4 mg 

Reference Volume 7.1 mm3 

Bobber Thermal Expansion 0.3x10-6 K-1 

Measured Temperature (FLiBe) 1 K 

Measured Temperature (FLiNaK) 5 K 

 

13.3 Results 

Measured quantities from the Density Measurement Experiment are tabulated in 

Appendix H. Figure 45 and Figure 46 depicts the density results for FLiBe and FLiNaK 

respectively, with the literature correlations given in Section 10.2 shown.  The FLiBe data is 

highly linear and exhibits strong agreement with the literature correlation [23]. The FLiNaK 

data exhibits significant non-linearity in both experimental trials, but there is fair agreement 
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with the literature correlation within error [17]. The reason the FLiNaK data at temperatures 

below approximately 500°C exhibit such high variance between trials is unclear. One 

possibility is that during FLiNaK Trial A, the system shut down between the 495°C and 500°C 

data points and solidified. This may have un-zeroed the balance by overloading, leading to the 

discontinuity in the data at that point. The cause of the reverse of this discontinuity observed 

in FLiNaK Trial B is unclear. It has also been theorized based on FLiNaK ICP-MS analysis 

that the mixture is not eutectic FLiNaK, and therefore experiences incongruent solidification 

causing the non-linearities observed. Equations 23-25 below give the correlations for FLiBe 

and FLiNaK based on a fit of the experimental results. 

 
Figure 45. Density Measurement FLiBe results, literature correlation shown 
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Figure 46. Density Measurement FLiNaK results, literature correlation shown 

 𝝆 = 𝝆𝟎 − 𝜷 ∗ 𝑻 (23) 

 𝝆𝑭𝑳𝒊𝑩𝒆 = 𝟐𝟐𝟒𝟏. 𝟔 − 𝟎. 𝟒𝟐𝟗𝟑𝟖 ∗ 𝑻 (24) 

 𝝆𝑭𝑳𝒊𝑵𝒂𝑲 = 𝟐𝟒𝟖𝟓. 𝟖 − 𝟎. 𝟔𝟗𝟒𝟓𝟏 ∗ 𝑻 (25) 

where 𝜌  is the temperature-dependent density correlation in kg/m3, 𝜌0  is the density 

correlation at a temperature of 0°C, 𝛽 is the temperature-dependency of the density correlation 

in kg/m3K, 𝜌𝐹𝐿𝑖𝐵𝑒 is the density correlation of FLiBe from liquefaction to 700°C in kg/m3, 

𝜌𝐹𝐿𝑖𝑁𝑎𝐾 is the density correlation of FLiNaK from liquefaction to 700°C in kg/m3, and 𝑇 is the 

temperature of the salt in °C. The adjusted R2 is 0.99941 for the FLiBe correlation and 0.82858 

for the FLiNaK correlation. The error bars shown in Figure 45 and Figure 46 were calculated 

using the following equations by summing the squares of the density systematic errors 

determined from Equation 21 and Table 23 and without accounting for the correlation fit error: 
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 𝝈𝒐𝒇𝒇𝒔𝒆𝒕 = 𝝈𝑻 ∗ 𝜷 (26) 

 𝝈𝒃𝒂𝒓 = √𝝈𝝆𝟐 + 𝝈𝒐𝒇𝒇𝒔𝒆𝒕
𝟐 = 𝝈𝑻√𝟏 + 𝜷𝟐 (27) 

where 𝜎𝑜𝑓𝑓𝑠𝑒𝑡 is the density error caused by associating with the incorrect temperature in kg/m3 

and 𝜎𝑏𝑎𝑟 is the total measurement error given as the error bars. Table 24 enumerates the density 

correlation fitting parameter errors and the total errors associated with both correlation fits. By 

squaring the sum of the measurement error with the correlation fit error, the total error was 

determined. Table 25 enumerates all experimental errors. The FLiBe density correlation has a 

total error of 0.21595%, and the FLiNaK density correlation has a total error of 2.69563%. 

Table 24. Density correlation fitting parameter errors 

Fluoride Salt 𝝆𝟎 Error 𝜷 Error Total Error at 700°C (kg/m3) 

FLiBe 1.15175 0.00201 2.55915 

FLiNaK 23.7738 0.0414 53.05187 

 

Table 25. Density Measurement error summary 

Error (kg/m3) FLiBe FLiNaK 

Systematic 3.28593 3.34215 

Measurement 3.31386 4.81960 

Correlation Fit 2.55915 53.05187 

Total 4.18700 53.26988 

 

Table 26 summarizes the results of the Density Measurement Experiment. The FLiBe 

density measurements exhibited strongly linear behavior, and the correlation is given with low 

error and good agreement with literature. The FLiNaK density measurements exhibited non-

linear behavior, and the correlation is given with high error and fair agreement with literature. 

Table 26. Density Measurement results summary 

Thermophysical Property FLiBe FLiNaK 

Density Correlation (kg/m3) 𝜌 = 2241.6 − 0.42938 ∗ 𝑇 𝜌 = 2485.8 − 0.69451 ∗ 𝑇 

Correlation Error (%) 0.21595% 2.69563% 
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14 Static Solidification Experiment 

This section details the design and implementation of the Static Solidification 

Experiment conducted to determine the supercooling behavior FLiBe and FLiNaK. The 

supercooling dependency on cooling rate and sample size is significant to modeling system 

transients for safety analysis, and the experiment was designed to quantify the relationship 

between these parameters in a static environment. In this experiment, the term “static” indicates 

there is no forced convection. Natural circulation may occur due to temperature gradients in 

the salt sample and due to the high effectiveness of molten fluoride salts to establish natural 

convection. To determine the relationship between velocity and supercooling, a subsequent 

pipe solidification experiment will be required. The data from the Static Solidification 

Experiment can be used as verification data for future solidification models. 

The study by Yamada et al. detailed in Section 10.1.2 guided the primary approach to 

this experiment [9]. The fluoride salt was placed in a sample container to be heated or cooled. 

Subsequent experimental trials were to use different sizes of containers to investigate the 

sample size parameter. The sample was heated to an equilibrium initial condition. The cooling 

rate then applied to the sample was controlled by the heat sink temperature. Subsequent 

experimental trials applied different heat sink temperatures to investigate the cooling rate 

parameter. Both FLiBe and FLiNaK were to be investigated using this experiment. The Static 

Solidification Experiment was also designed to collect spatial temperature data that could be 

used to reconstruct a solidification front propagation through the sample for solidification 

model verification. 

Assuming a uniform initial temperature profile, the solidification front was predicted 
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to propagate from the cooled outer surface of the sample towards the center. The exact profile 

was expected to depend significantly on the cooling rate, as the top of the sample experienced 

constant heat loss across all experimental trials while the remainder of the outer surface was 

cooled at various controlled rates. Figure 47 depicts an example pre-prediction of the freezing 

front propagation, temperature profile, and velocity profile in the Static Solidification 

Experiment. 

  
Figure 47. Static Solidification example pre-prediction 

Hypothetically, the supercooling behavior in FLiBe and FLiNaK was expected to 

follow the same trends observed in water and in other molten salts. The degree of supercooling 

was expected to increase as the cooling rate decreased like in water, CaCl2, and KSCN [9][35]. 

The degree of supercooling was expected to increase as the sample size decreased like in water 

[36][37][38]. 

14.1 Experimental Setup 

Figure 48 depicts the Static Solidification Experimental diagram of the fluoride salt test 

sample and one of the control baths, and Figure 49 depicts the experimental setup inside the 
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glovebox. The entire experiment takes place in a glovebox to minimize fluoride salt exposure 

to oxygen and water as well as to contain the toxic beryllium in the FLiBe. The two 

stirring/heating plates used are 7”x7” (17.8x17.8cm) ceramic hot plate stirrers from Thomas 

Scientific. They are capable of heating to temperatures up to 500°C and stirring at speeds up 

to 1600rpm. Figure 50 depicts a stirring/heating plate used in the experiment. Borosilicate-

coated aluminum-nickel-cobalt alloy (AlNiCo) stir bars were used to be able to stir the control 

bath salt, selected for their high Curie temperature of approximately 800°C. The borosilicate 

coating failed after a few hours of operation time, either shattering or dissolving into the control 

bath salt. The stirring capability was retained after the borosilicate failed. Underneath both 

stirring/heating plates were stainless-steel kitchen pans purchased from Katom Restaurant 

Supply. This was done to contain any salt spillage from the control baths. 

 
Figure 48. Static Solidification diagram, one control bath shown 
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Figure 49. Static Solidification setup inside glovebox 

 

 
Figure 50. Static Solidification stirring/heating plate 
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The stainless-steel vessels used are 1.2L and 2.0L stainless steel beakers from Fisher 

Scientific for the heating and cooling control baths respectively. The 1.2L beaker was 9.2cm 

in diameter and 15.2cm in height, and the 2.0L beaker was 12.4cm in diameter and 18.1cm in 

height. Borosilicate glass was used in early iterations, but the thermal stresses caused by the 

heating tapes against the glass caused failure in the form of cracking and salt leakage. The 

electric heating tapes used were either Heavy Insulated Mono-Tapes (high power density) from 

Amptek or High Temperature Heavy Insulated Heating Tapes from O.E.M Heaters. Both 

heating tape types are 0.5” (1.27cm) wide, 96” (244cm) long, are rated to 760°C, supplied 

120V power, and about 624W. The molded plug option was typically bought to connect to the 

DAQ and control system and other power systems flexibly. One tape was required for the 

heating control bath, and two tapes were required for the cooling control bath for complete 

vessel coverage. The first insulation layer used was Kaowool Blanket from Lynn 

Manufacturing. It is rated for continuous use to 1093°C, and has a thermal conductivity of 

0.12W/m-K at 538°C. The second insulation layer used was Pyrogel UltraGard Aerogel Pipe 

Wrap from Pacor Incorporated. It is rated for a maximum temperature of 650°C, and has a 

higher thermal resistance than the Kaowool. By using the Kaowool against the heating tape 

and multiple layers of Pyrogel over the Kaowool, good thermal insulation was achieved 

without exceeding the temperature limits of the two insulation materials. The control baths 

were instrumented with N-type thermocouples from Omega identical to those used in the 

Density Measurement Experiment described in Section 13.2 to measure the bath salt 

temperature and the heating tape temperatures. Aluminum wire from McMaster Carr was used 

to secure the insulation and thermocouples to the control baths. Finally, the bath was loaded 
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with Dynalene MS-1 salt. This mixture of NaNO3 and KNO3 has a solidification temperature 

of 225°C and a maximum temperature rating of >590°C. This temperature range means it can 

be used as a heat transfer fluid to liquefy FLiBe and FLiNaK as well as to solidify them to 

temperatures as low as approximately 250°C. Figure 51 depicts the cooling control bath used 

for the Static Solidification Experiment. 

 
Figure 51. Static Solidification cooling control bath  

The stainless-steel flasks used were manufactured by Alloy Welding Incorporated. 

They were manufactured by forming the two 304 stainless steel hemispheres of the spherical 

body (top and bottom) and welding them together upon completion. The 304 stainless-steel 

neck and lip were subsequently welded onto the spherical body. Table 27 enumerates the 

various sizes of stainless steel flasks manufactured, and Appendix I depicts the engineering 

drawings used to manufacture the flasks. All the flasks have 1.000” (2.54cm) outer diameter 

necks and 1.375” (3.50cm) outer diameter lips. Duplicate flasks of each size were 
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manufactured to conduct FLiBe and FLiNaK trials. Figure 52 depicts two of these flasks to be 

used in the experiment. A 316 stainless-steel cap was manufactured from 1.25” (3.175cm) 

diameter bar from McMaster Carr to fit with minimal gap in the neck of the flask. A 0.125” 

(0.3175cm) hole through the center of the cap was drilled for the thermocouple array to pass 

through. 

Table 27. Static Solidification stainless-steel boiling flask size parameters 

Flask ID Outer Diameter (in) Outer Diameter (cm) Volume (mL) 

1 2.0 5.08 46.7 

2 2.5 6.35 98.98 

3 3.0 7.62 180.4 

4 3.5 8.89 297.3 

 

       
Figure 52. Static Solidification 46.7mL (left) and 297.3mL (right) stainless-steel flasks 

The thermocouple array used was a custom 6-point K-type thermocouple array 

manufactured by Omega. It was 1/8” (0.32cm) in diameter, used 316 stainless steel for the 

sheath, and had an ungrounded junction. The six thermocouple positions were spaced 1.27cm 

apart starting at the probe tip. Figure 53 depicts the thermocouple array used in the experiment. 
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The outer flask thermocouple used was an N-type thermocouple from Omega identical to those 

used in the Density Measurement Experiment described in Section 13.2. They are connected 

to the DAQ and control system detailed in Section 11.2, and their data is recorded using a 

LabVIEW program. The LabVIEW program uses the control bath thermocouples to control 

the control bath power using a PID method, and records the thermocouple array and outer flask 

thermocouple output as a function of time. 

 
Figure 53. Static Solidification thermocouple array 

The lab clamp used was a stainless steel two-prong clamp purchased from VWR. This 

clamp was used to support the sample flask and the thermocouple array, as well as the outer 

flask thermocouple curved around the flask outside to measure the temperature on the bottom 

of the flask. It was attached to a 1/2" (1.27cm) lab support stand. This allowed it to be raised 

and lowered and swiveled between the two control baths. Figure 54 depicts the sample flask, 

thermocouple array, outer flask thermocouple, lab clamp, and lab support stand used for the 

Static Solidification Experiment. 
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Figure 54. Static Solidification flask, thermocouple array, clamp, and lab stand  

Before experimental trials, preliminary testing was conducted to determine the 

capability of the control baths to remain isothermal. The temperature of the salt inside each 

control bath was measured at several pre-specified locations at different elevations and radii 

within the bath. This was done with the stirring turned on and off and the heating plate turned 

on and off while the heating tape power was held steady with the bath temperature at 

approximately 500°C. The isothermal ability of each bath is reported as the greatest 

temperature difference between any two points measured in a test. Once the greatest isothermal 

case was determined, that test was repeated with a flask of nitrate inserted into the control bath 

to disrupt the control bath salt flow. Table 28 enumerates the results of the preliminary testing, 

which determined that the control baths had the best isothermal behavior when the stirring was 

turned on and heating turned off. 
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Table 28. Static Solidification preliminary testing results 

Test Heating Bath Cooling Bath 

Mixing Off, Heating On 15.9°C 6.8°C 

Mixing Off, Heating Off 13.3°C 7.1°C 

Mixing On, Heating On 7.8°C 13°C 

Mixing On, Heating Off 2.7°C 2.3°C 

Flask w/ Nitrate Submerged 3°C 14°C 

 

To conduct each trial, the fluoride salt was first loaded into the flask. The heating and 

cooling control baths were set to their initial temperature and heated until liquefaction. Stirring 

was then engaged, and the control baths were heated to their initial temperatures. The flask 

was immersed in the heating control bath until the fluoride salt sampled liquefied. The flask 

was filled until the molten fluoride salt sample filled the flask to the bottom of the neck. The 

stainless-steel lid and thermocouple array were then inserted. The sample was heated until 

equilibrium temperatures were observed. The LabVIEW program data recording was then 

engaged, and the flask was quickly transferred into the cooling control bath. Data was collected 

and the trial continued until all the thermocouple array readings reached the cooling control 

bath temperature. Trials were planned for FLiNaK then FLiBe, the four flasks described in 

Table 27, and for six cooling bath temperatures from 250°C to 450°C. 

14.2 Results 

All Static Solidification Experimental data sets can be found here. Figure 55 and Figure 

56 depict the Static Solidification Experimental results for FLiNaK in a 46.7mL flask 

equilibrated in a heating control bath set to 500°C and immersed into a cooling control bath 

set to 450°C and 250°C respectively. Array 1-3 thermocouple measurements are arranged from 

the flask bottom to top. While all three thermocouple array measurements are within the salt, 

the flask does not reach an isothermal initial condition based on the top thermocouple (Array 

http://heatandmass.ep.wisc.edu/chapdelaine-thesis-supplemental-data/


81 

3) measuring a significantly lower temperature at initial equilibrium. This is likely due to a 

large heat loss from the top of the flask due to the active glovebox cooling system cooling the 

stainless steel outside the control bath. To use for the solidification model, the heat transfer 

coefficient at the top of the sample was calculated from Equation 28 below and Array 4 and 5 

data to be approximately 135±5 W/m2K for an ambient temperature of 25°C (the approximate 

temperature of the glovebox). Array 2 appears to have a solidification plateau when cooled in 

the 450°C control bath, but has no solidification plateau in the 250°C control bath. This 

indicates that the solidification front can be tracked more easily at lower cooling rates when it 

is moving relatively slower. 

 
Figure 55. Static Solidification FLiNaK results with a heat sink of 450°C 
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Figure 56. Static Solidification FLiNaK results with a heat sink of 250°C 

 𝒒" = −𝒌
∆𝑻

∆𝒙
= 𝒉(𝑻 − 𝑻𝟎) (28) 

where 𝑞" is the heat flux across a surface in W/m2, 𝑘 is the thermal conductivity of stainless 

steel at 400°C (~27.3W/m-K) [58], ∆𝑇 is the difference in temperature between Array 4 and 5 

(~28.9°C), ∆𝑥 is the difference in position between Array 4 and 5 (1.27cm), ℎ is the effective 

heat transfer coefficient (~135W/m2K), 𝑇 is the temperature at Array 2 (~485°C), and 𝑇0 is the 

ambient glovebox argon temperature (~25°C). Figure 57 and Figure 58 depict a zoom of the 

results from the trials for the cooling control bath set to 450°C and 250°C respectively. The 

supercooling observed in the 450°C and 250°C cooling control bath trials were 1.8±0.1°C and 

1.9±0.1°C respectively. These values are within measurement error, and the stochastic nature 

of supercooling makes any inferences based on these two data points alone inconclusive. 
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Figure 57. Static Solidification FLiNaK zoomed results with a heat sink of 450°C 

 
Figure 58. Static Solidification FLiNaK zoomed results with a heat sink of 250°C 
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Many more experimental trials were planned, but experimental difficulties arose which 

prevented further experimentation. Use of the nitrate salt as the control bath heat transfer fluid 

resulted in a significant vapor pressure of nitrates in the glovebox atmosphere, and an oxygen 

vapor pressure of up to approximately 170 ppm when the heating control bath was operating 

at 500°C. Additionally, the heating tapes proved unable to operate for more than a few test 

hours at steady state before electrically shorting out. It was hypothesized that the nitrate salts 

were responsible by forming a thin film that traveled up the wall of the vessel and then down 

into the heating tapes along the vessel wall, causing a short circuit upon contact with the 

heating tapes. An attempt was made to use FLiNaK as the heat transfer fluid in the heating 

control bath, but the heating tapes were unable to liquefy the FLiNaK in the bath before 

exceeding their maximum temperature of 760°C and failing. Due to these difficulties, 

experimental trials were halted until the Static Solidification Experiment could be re-designed 

with a different heat transfer fluid in the control baths. Therefore, other cooling control bath 

temperatures between 250°C and 450°C were not tested, no other flask sizes were tested, and 

no FLiBe trials were conducted. Supercooling in FLiBe and FLiNaK and its dependency on 

cooling rate and sample size therefore remains to be quantified.  
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15 Solidification Modeling 

This section details the development of the COMSOL solidification model and its 

capability. The modeling methodology is described first. The solidification model components 

including geometry, input parameters, physics, initial conditions, and boundary conditions are 

given. The sensitivity studies and benchmarking exercises conducted are then given. Finally, 

the solidification model pre-prediction results for the Static Solidification Experimental trials 

are given and compared to the experimental results. All COMSOL results data sets can be 

found here. 

15.1 Modeling Methodology 

To consolidate the results of experimental studies, a solidification model was 

developed using COMSOL Multiphysics 5.2a. COMSOL allows the selection of required 

physics modules and the corresponding multiphysics coupling modules. The finite-element 

computation can then describe a transient or steady-state solution in any chosen geometry to 

the coupled multiphysics problem. This software was used to develop a two-dimensional 

axisymmetric model of the transient Static Solidification Experimental trials using both 

FLiNaK and FLiBe. The Computational Fluid Dynamics (CFD) and Heat Transfer modules 

(with Heat Transfer in Solids, Radiative Heat Transfer, and Phase Change submodules) were 

used in the solidification model. 

15.1.1 Model Components 

To model the Static Solidification Experiment, an axisymmetric two-dimensional 

geometry was used. Figure 59 depicts the geometry used. The large central region is the 

fluoride salt, either FLiBe or FLiNaK. 304 stainless-steel is modeled along the central axis to 

http://heatandmass.ep.wisc.edu/chapdelaine-thesis-supplemental-data/


86 

approximate the thermocouple. The flask around the curved outer edge is modeled as 304 

stainless-steel. The region above the fluoride salt is modeled as argon gas. 

 
Figure 59. Solidification model geometry (cm) 

Table 29 enumerates the parameters that are required to model fluid flow, heat transfer, 

and solidification. The material parameters are required for both salts, and many are required 

in duplicate for the liquid and solid phases. Some of the material parameters are required for 

304 stainless-steel and argon for heat transfer. Some of the parameters are not based on 

material, but are instead experimental or modeling parameters like the bath temperatures or the 

temperature transition zone respectively. Table 30 enumerates the material parameter values 

and temperature-dependent correlations defined in the solidification model for FLiBe, 

FLiNaK, 304 stainless-steel, and argon. 
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Table 29. Solidification model input parameters  

Input Parameter Symbol Units 

Initial Temperature 𝑇ℎ K 

Heat Sink Temperature 𝑇𝑐 K 

Ambient Temperature 𝑇∞ K 

Effective Heat Loss Coefficient ℎ W/m2-K 

Temperature Transition Zone Half Width ∆𝑇 K 

Solidification Temperature 𝑇𝑠 K 

Latent Heat of Solidification 𝐿 kJ/kg 

Specific Heat Capacity of Liquid Phase 𝑐𝑝,𝑙 J/kg-K 

Specific Heat Capacity of Solid Phase 𝑐𝑝,𝑠 J/kg-K 

Density of Liquid Phase 𝜌𝑙 kg/m3 

Density of Solid Phase 𝜌𝑠 kg/m3 

Thermal Conductivity of Liquid Phase 𝑘𝑙 W/m-K 

Thermal Conductivity of Solid Phase 𝑘𝑠 W/m-K 

Dynamic Viscosity 𝜇 Pa-s 

Absorptivity 𝜅 m-1 

Scattering Coefficient 𝜎𝑠 m-1 

 

 

Table 30. Solidification model material parameter definitions (temperature in K) 

Material Parameter Value Units 

Liquid 

FLiBe 

Density 2413.22 − 0.488 ∗ 𝑇 kg/m3 

Specific Heat Capacity 2416 J/kg-K 

Thermal Conductivity 0.9971 W/m-K 

Dynamic Viscosity 0.00855996 exp(−0.0061447(𝑇 − 873)) Pa-s 

Solid 

FLiBe 

Density 2056.4188 kg/m3 

Specific Heat Capacity 1997.85 J/kg-K 

Thermal Conductivity 1.39 W/m-K 

FLiBe 

Latent Heat of Fusion 447.688 kJ/kg 

Solidification Temperature 732.15 K 

Absorptivity 10-5 m-1 

Liquid 

FLiNaK 

Density 2729.3 − 0.73 ∗ 𝑇 kg/m3 

Specific Heat Capacity 1906 J/kg-K 

Thermal Conductivity 0.8024 + 0.00056(𝑇 − 790) W/m-K 

Dynamic Viscosity 0.00835029 exp(−0.0083091(𝑇 − 770)) Pa-s 

Solid 

FLiNaK 

Density 2199.2105 kg/m3 

Specific Heat Capacity 1906 J/kg-K 

Thermal Conductivity 0.00835029 exp(−0.0083091(𝑇 − 770)) W/m-K 

FLiNaK 

Latent Heat of Fusion 1660 kJ/kg 

Solidification Temperature 727.15 K 

Absorptivity 132 m-1 

304 

Stainless- 

Steel [58] 

Density 8003 kg/m3 

Specific Heat Capacity 500 J/kg-K 

Thermal Conductivity 9.4 + 0.006 ∗ 𝑇 W/m-K 
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Argon [59] 

Density 1.60251402 kg/m3 

Specific Heat Capacity 20.8 J/kg-K 

Thermal Conductivity 0.017715 W/m-K 

 

The solidification model was developed to include laminar flow, buoyancy, 

conduction, radiative heat transfer, and phase change physics. The laminar flow equation 

applied to the fluoride salt region is defined as follows: 

 𝝆(
𝝏�⃗⃗� 

𝝏𝒕
+ �⃗⃗� ⋅ 𝛁�⃗⃗� ) = −𝛁𝒑 + 𝛁 ⋅ (𝝁(𝛁�⃗⃗� + (𝛁�⃗⃗� )𝑻)) + 𝝆�⃗⃗�  (29) 

 𝛁 ⋅ �⃗⃗� = 𝟎 (30) 

where �⃗�  is velocity, 𝑝  is pressure, 𝐹  is the force tensor, 𝜌  is density, and 𝜇  is dynamic 

viscosity. It is first assumed that the fluid is Newtonian [13]. While no literature found 

rigorously proves that FLiNaK and FLiBe are Newtonian fluids, experience working with these 

materials has shown them to behave qualitatively as Newtonian fluids. No shear-thinning or 

shear-thickening was observed during the FLiBe transfer process detailed in Section 11.3, 

which leads one to assume that FLiBe behaves as a Newtonian fluid. Second, the mass 

continuity equation assumes a quasi-steady state in which density varies negligibly with time 

and space. For an incompressible fluid with thermal expansion behavior, this assumption holds. 

The velocity changes for FLiBe and FLiNaK due to thermal expansion are approximately 0.3% 

and 0.5% respectively. The primary heat transfer equation applied to all model components is 

defined as follows: 

 𝝆𝒄𝒑
𝝏𝑻

𝝏𝒕
+ 𝝆𝒄𝒑�⃗⃗� ⋅ 𝛁𝑻 + 𝛁 ⋅ �⃗⃗� = 𝑸𝒓 (31) 

 �⃗⃗� = −𝒌𝛁𝑻 (32) 

where 𝑇 is temperature, 𝑞  is heat flux, 𝑄𝑟 is volumetric radiative heat generation/removal, 𝑐𝑝 
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is specific heat capacity, and 𝑘 is thermal conductivity. Laminar flow is not considered in the 

stainless-steel 304 and argon regions, where the velocity is zero. In the fluoride salt sample 

region of the model, both radiative heat transfer and phase change occur. The following 

equations are used to model radiative heat transfer: 

 𝑸𝒓 = 𝜿(𝑮 − 𝟒𝝅𝑰𝒃) (33) 

 𝛁 ⋅ (𝑫𝒑𝒍𝛁𝑮) + 𝜿(𝑮 − 𝟒𝝅𝑰𝒃) = 𝟎 (34) 

 𝑫𝒑𝒍 =
𝟏

𝟑(𝜿 + 𝝈𝒔)
 (35) 

where 𝐺  is the scalar radiative heat flux, 𝐼𝑏  is the blackbody radiation intensity, 𝜅  is the 

absorptivity, 𝜎𝑠  is the scattering coefficient, and 𝐷𝑝𝑙  is the radiation diffusion coefficient. 

Radiative heat transfer in participating media is modeled under the assumption of an effective 

radiation diffusion coefficient that account for both wavelength-averaged temperature-

dependent absorptivity and wavelength-averaged scattering of the fluid. A zero-scattering 

coefficient was assumed in the model inputs as a simplification. The following equations are 

used to model phase change: 

 𝝆 = 𝜽𝝆𝝓𝟏 + (𝟏 − 𝜽)𝝆𝝓𝟐 (36) 

 𝒄𝒑 =
𝟏

𝝆
(𝜽𝝆𝝓𝟏𝒄𝒑,𝝓𝟏 + (𝟏 − 𝜽)𝝆𝝓𝟐𝒄𝒑,𝝓𝟐) + 𝑳

𝒅𝜶𝒎
𝒅𝑻

 (37) 

 𝒌 = 𝜽𝒌𝝓𝟏 + (𝟏 − 𝜽)𝒌𝝓𝟐 (38) 

 𝜶𝒎 =
𝟏

𝟐

(𝟏 − 𝜽)𝝆𝝓𝟐 − 𝜽𝝆𝝓𝟏

𝜽𝝆𝝓𝟏 + (𝟏 − 𝜽)𝝆𝝓𝟐
 (39) 

 𝜽 =
𝑻 − (𝑻𝒔 − ∆𝑻)

𝟐∆𝑻
 (40) 

Not included in the preceding equations is a phase change equation for viscosity. The 
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density, specific heat capacity, and thermal conductivity were modeled in such a way to 

smoothly transition the thermophysical properties for the numerical approximation of phase 

change. To model the solidified fluoride salt sample region, an arbitrarily high viscosity was 

assumed for the solid phase. This has the effect of forcing the velocity to zero in the solid 

phase, and thus effectively models solidification without changing the defining equations. The 

viscosity was therefore modeled as follows: 

 𝝁 = 𝝁𝝓𝟏 +𝑯(𝜶𝒎) ∗ (𝝁𝝓𝟐 − 𝝁𝝓𝟏)  (41) 

where 𝐻(𝛼𝑚) is the smoothed Heaviside function. This function serves as a smooth step 

function in which the transition region and arbitrarily high solid viscosity were tuned until the 

numerical model converged. Table 31 and Table 32 summarize the solidification model initial 

and boundary conditions respectively. 

Table 31. Solidification model initial conditions 

Region Parameter Constraint 

Fluoride Salt 

𝑢 0 

𝐺 0 

𝑇 𝑇ℎ 

304 Stainless-

Steel 
𝑇 𝑇ℎ 

Argon 𝑇 𝑇ℎ 

 

 

Table 32. Solidification model boundary conditions 

Boundary Figure 59 Label Parameter Constraint 

Fluoride Salt on 

304 Stainless-Steel 
A 

𝑢 0 

𝐺 0 

𝑇 continuous 

𝑑𝑇/𝑑�⃗�  continuous 

Fluoride Salt on Argon B 

𝑑𝑢/𝑑�⃗�  0 

𝐺 0 

𝑇 continuous 

𝑑𝑇/𝑑�⃗�  continuous 
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304 Stainless-Steel on 

304 Stainless-Steel 
C 

𝑇 continuous 

𝑑𝑇/𝑑�⃗�  continuous 

304 Stainless-Steel 

on Argon 
D 

𝑇 continuous 

𝑑𝑇/𝑑�⃗�  continuous 

304 Stainless-Steel Centerline E 𝑑𝑇/𝑑�⃗�  0 

304 Stainless-Steel Curve F 𝑇 𝑇𝑐 
304 Stainless-Steel Top G 𝑞" ℎ(𝑇 − 𝑇∞) 

Argon Top H 𝑞" ℎ(𝑇 − 𝑇∞) 
 

15.1.2 Sensitivity Studies 

A mesh sensitivity study was conducted to determine the appropriate mesh size to 

eliminate meshing errors and to optimize calculation time. Figure 60 depicts the final mesh 

selected for the solidification model, a triangular mesh with elements approximately 0.4mm in 

size. A rectangular mesh was found to struggle to converge and produce artifacts when it ran, 

so a triangular mesh was selected. This size mesh is the smallest mesh that can converge on a 

solution, and was found in a mesh sensitivity study to minimize the model numerical error.  
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Figure 60. Solidification model mesh 

A radiative heat transfer sensitivity study was conducted to determine whether radiative 

heat transfer plays a qualitatively significant role in the solidification model. Figure 61 depicts 

preliminary solidification model results with and without radiative heat transfer physics 

enabled. The moment shown occurs at the same time of 1000s, and all other things are held 

equal. The color fill depicts the temperature distribution, the solid black line depicts the 



93 

solidification front, and the arrows depict the velocity field. As can be seen, the flow pattern is 

affected significantly at this moment in time by the radiative heat transfer. The addition of a 

thermocouple to the centerline of the geometry in the final model likely increases the role of 

radiative heat transfer in the model due to radiation from the thermocouple to the flask. 

                       
Figure 61. Solidification model with (left) and without (right) radiative heat transfer 

15.1.3 Benchmarking Exercises 

A one-dimensional steady-state natural convection benchmarking exercise was used to 

determine whether the solidification model correctly implemented buoyancy-driven flow 

physics. The case of two parallel plates held at different temperatures was considered, in which 

flow is laminar and parallel to the plates. In this case, the one-dimensional steady-state energy 

conservation equation, boundary conditions, and solution are given in the following equations: 
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 𝟎 =
𝐝𝟐𝑻

𝐝𝐱𝟐
 (42) 

 𝑻(𝟎) = 𝑻𝑳 (43) 

 𝑻(𝒅) = 𝑻𝑯 (44) 

 𝑻(𝒙) = 𝑻𝑳 + (𝑻𝑯 − 𝑻𝑳)
𝒙

𝒅
 (45) 

The temperature-dependent density must be factored into the momentum conservation 

equation. The temperature-dependent density takes the form of the following equation: 

 𝛒 = 𝛒𝐋 − 𝜷(𝑻 − 𝑻𝑳) = 𝛒𝐋 − 𝜷(𝑻𝑯 − 𝑻𝑳)
𝒙

𝒅
 (46) 

The steady-state momentum conservation equation can be simplified by assuming low 

Reynolds number (creeping flow) behavior. In this case, the density gradient is dominated by 

the average gravitational pressure head, allowing the pressure term and the non-temperature-

dependent gravitational terms to cancel. In this case, the one-dimensional steady-state 

momentum conservation equation, boundary conditions, and solution are given in the 

following equations: 

 𝟎 = −
𝐝𝐏

𝐝𝐲
+ 𝛍

𝐝𝟐𝒗𝒚

𝐝𝐱𝟐
− 𝝆𝒈 (47) 

 
𝐝𝐏

𝐝𝐲
≈ −(𝛒𝐋 −

𝜷(𝑻𝑯 − 𝑻𝑳)

𝟐
)𝒈 (48) 

 
𝐝𝟐𝒗𝒚

𝐝𝐱𝟐
=
𝜷(𝑻𝑯 − 𝑻𝑳)𝒈

𝝁
(
𝟏

𝟐
−
𝒙

𝒅
) (49) 

 𝒗𝒚(𝟎) = 𝟎 (50) 

 𝒗𝒚(𝒅) = 𝟎 (51) 



95 

 𝒗𝒚(𝒙) =
𝜷(𝑻𝑯 − 𝑻𝑳)𝒈𝒅

𝟐

𝟏𝟐𝛍
(−𝟐

𝒙𝟑

𝒅𝟑
+ 𝟑

𝒙𝟐

𝒅𝟐
−
𝒙

𝒅
) (52) 

Equation 52 can be non-dimensionalized using the non-dimensional variables given in 

the equations below into the form below. Figure 62 depicts the analytical solution to the natural 

convection benchmarking exercise. 

 𝒗𝒚
∗ = 𝒗𝒚 ∗

𝟏𝟐𝛍

𝜷(𝑻𝑯 − 𝑻𝑳)𝒈𝒅𝟐
=
𝒗𝒚

𝒗𝟎
 (53) 

 𝒙∗ =
𝒙

𝒅
 (54) 

 𝒗𝒚
∗ (𝒙∗) = −𝟐𝒙∗𝟑 + 𝟑𝒙∗𝟐 − 𝒙∗ (55) 

 
Figure 62. Natural convection validation, analytical solution 

For the COMSOL solution, a two-dimensional geometry was created. The geometry 

was made with a 25:1 aspect ratio to simulate a one-dimensional problem. Inside the region, 

the Laminar Flow and Heat Transfer in Fluids modules were used. On each long side of the 

region, constant temperature and no-slip boundary conditions were used. This COMSOL 

simulation has consistently generated eddy flows instead of the expected analytical solution, 
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indicating that a new approach may be necessary to validate the buoyancy-driven flow physics. 

A one-dimensional steady-state radiative heat transfer benchmarking exercise was used 

to determine whether the solidification model correctly implemented radiative heat transfer 

physics. For the analytical solution, a one-dimensional plane with black-bounding surfaces 

held at two different temperatures was considered. The P1-Approximation is used to calculate 

the analytical solution [60]. The radiative heat transfer equation is described in the following 

equations: 

 
𝒅𝑰𝜼

𝒅𝝉𝜼
= −𝑰𝜼 + (𝟏 − 𝝎𝜼)𝑰𝒃𝜼 +

𝝎𝜼

𝟒𝝅
∫ 𝑰𝜼(�̂�𝒊)𝚽𝜼

 

𝟒𝝅

(�̂�𝒊, �̂�)𝒅𝛀𝒊 (56) 

 𝝎𝜼 =
𝝈𝜼

𝝈𝜼 + 𝜿𝜼
 (57) 

where 𝐼𝜂  is the spectral intensity, 𝜏𝜂  is the optical thickness, Φ𝜂  is the phase function for 

scattering, 𝜔𝜂  is the albedo, 𝜎𝜂  is the scattering coefficient, and 𝜅𝜂  is the absorption 

coefficient. It is assumed no scattering occurring in the salt, therefore 𝜎𝜂 and 𝜔𝜂 will be zero. 

This simplifies the radiation heat transfer equation and its solution to the following equations 

respectively: 

 
𝒅𝑰𝜼

𝒅𝝉𝜼
= −𝑰𝜼 + 𝑰𝒃𝜼 (58) 

 𝑰𝜼(𝒔) = 𝑰𝜼(𝟎)𝒆
−𝝉𝜼 + 𝑰𝒃(𝟏 − 𝒆−𝝉𝜼) (59) 

The radiative heat flux is defined by the following equation: 

 �⃗⃗� =  ∫ ∫ 𝑰𝜼(�̂�) ∙ �̂� ∙ 𝒅𝛀
 

𝟒𝝅

∞

𝟎

𝒅𝜼 (60) 

where 𝑞  is the vector radiative heat flux. For a one-dimensional or axisymmetric system, an 

integral over the azimuthal angles can be conducted to simplify Equation 60. This is given 
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along with the radiative heat flux scalar in the following equations: 

 𝒒 = �̂� ∙ 𝟐𝝅∫ 𝑰(𝜽) 𝐬𝐢𝐧(𝜽) 𝐜𝐨𝐬(𝜽)𝒅𝜽
𝝅

𝟎

 (61) 

 𝑮 = 𝟐𝝅∫ 𝑰(𝜽) 𝐬𝐢𝐧(𝜽) 𝐜𝐨𝐬(𝜽)𝒅𝜽
𝝅

𝟎

 (62) 

where 𝐺 is the scalar radiative heat flux. The gradient of the heat flux can then be taken to 

obtain a volumetric heat source/sink given by the following equation: 

 𝐐 = 𝛁 ∙ 𝒒 = 𝜿𝜼(𝟒𝝅𝑰𝒃𝜼 − 𝑮𝜼) (63) 

By homogenizing the absorption coefficient over all wavelengths, Equation 63 may be 

transformed using the Stefan-Boltzmann law into the following equation: 

 𝐐 = 𝛁 ∙ 𝒒 = 𝒌(𝟒𝝈𝑻𝟒 − 𝑮) (64) 

Analytical solutions to the radiative heat transfer equation are only available in simplified 

cases. There is no closed form solution, so a solution for non-dimensional emissive power 

given in the equation below is used as the analytical solution. Figure 63 depicts the analytical 

solution to the radiative heat transfer benchmarking exercise [61]. 

 𝚽𝒃(𝝉) =
𝑻𝟒(𝝉) − 𝑻𝟐

𝟒

𝑻𝟏
𝟒 − 𝑻𝟐

𝟒
= 𝚽𝒃(𝝉) =

𝟏

𝟐
[𝑬𝟐(𝝉) + ∫ 𝚽𝒃(𝝉

′)𝑬𝟏(|𝝉 − 𝝉′|)𝒅𝝉′
𝝉𝑳

𝟎

] (65) 
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Figure 63. Radiative heat transfer validation, analytical solution [61] 

For the COMSOL solution, a two-dimensional geometry was created. The geometry 

was made with a 10:1 aspect ratio to simulate a one-dimensional problem. Inside the region, 

the Radiation in Participating Media submodule with no scattering was used. On each long 

side of the region, constant temperature and black body boundary conditions were used. Six 

different cases with varying absorption coefficient were run to match to the analytical solution. 

Figure 64 depicts the COMSOL solution to the radiative heat transfer benchmarking exercise, 

which is nearly identical to the analytical solution except for the artifacts near the boundaries. 

 
Figure 64. Radiative heat transfer validation, COMSOL solution 
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A one-dimensional transient phase change benchmarking exercise was used to 

determine whether the solidification model correctly implemented phase change physics. The 

case of two parallel plates and a heat transfer region between starting at an initial temperature 

𝑇𝑖  above the solidification point 𝑇𝑓  before one plate drops instantaneously to a new 

temperature 𝑇0 below the solidification point is considered. In this case, the one-dimensional 

steady-state energy conservation equation in both phases, boundary conditions, and solution 

are given in the following equations: 

 
𝛛𝐓𝟏
𝛛𝐭

(𝒙, 𝒕) = 𝜶𝟏
𝛛𝟐𝐓𝟏
𝛛𝐱𝟐

(𝒙, 𝒕),          𝟎 < 𝒙 < 𝒔(𝒕) (66) 

 
𝛛𝐓𝟐
𝛛𝐭

(𝒙, 𝒕) = 𝜶𝟐
𝛛𝟐𝐓𝟏
𝛛𝒙𝟐

(𝒙, 𝒕),          𝒔(𝒕) < 𝒙 < 𝟏 (67) 

 𝑻𝟐(𝒙, 𝟎) = 𝑻𝒊 (68) 

 𝑻𝟏(𝟎, 𝒕) = 𝑻𝟎 (69) 

 
𝝏𝑻𝟐
𝝏𝒙

(𝟏, 𝒕) = 𝟎 (70) 

 𝒔(𝟎) = 𝟎 (71) 

 𝑻𝟏(𝒔, 𝒕) = 𝑻𝟐(𝒔, 𝒕) = 𝑻𝒇 (72) 

 𝒌𝟏
𝝏𝑻𝟏
𝝏𝒙

(𝒔, 𝒕) − 𝒌𝟐
𝝏𝑻𝟐
𝝏𝒙

(𝒔, 𝒕) = 𝝆𝑳
𝒅𝒔

𝒅𝒕
 (73) 

where 𝑇𝑛 is the temperature, 𝛼𝑛 is the thermal diffusivity, 𝑠(𝑡) is the phase interface position, 

𝑘𝑛 is the thermal conductivity, 𝜌 is the density, 𝐿 is the latent heat of fusion, and 𝑛 refers to 

the solid (1) and liquid (2) phases. The following equations can be introduced as dimensionless 

variables: 



100 

 𝜽𝟏 =
(𝑻𝟏 − 𝑻𝟎)

(𝑻𝒇 − 𝑻𝟎)
 (74) 

 𝜽𝟐 = 𝟏 +
(𝑻𝟐 − 𝑻𝒇)

(𝑻𝒊 − 𝑻𝒇)
 (75) 

 𝒚 =
𝒙

𝒍
 (76) 

 𝑭𝟎 =
𝜶𝟏𝒕

𝒍𝟐
 (77) 

 𝜶𝟐𝟏 =
𝜶𝟐
𝜶𝟏

 (78) 

 𝝀 =
𝒔

𝒍
 (79) 

 𝑺𝟏 =
(𝑻𝒇 − 𝑻𝟎)𝑪𝟏

𝑳
 (80) 

 𝑺𝟐 =
(𝑻𝒊 − 𝑻𝒇)𝑪𝟐

𝑳
 (81) 

where 𝑆𝑛 is the Stefan number and 𝐶𝑛 is the specific heat capacity. Equations 66-73 can be 

rewritten in dimensionless form as the following equations: 

 
𝛛𝛉𝟏
𝛛𝐅𝟎

(𝒚, 𝑭𝟎) =
𝛛𝟐𝛉𝟏
𝛛𝐲𝟐

(𝒚, 𝑭𝟎),          𝟎 < 𝒚 < 𝝀(𝑭𝟎) (82) 

 
𝛛𝛉𝟐
𝛛𝐅𝟎

(𝒚, 𝑭𝟎) = 𝜶𝟐𝟏
𝛛𝟐𝛉𝟐
𝛛𝐲𝟐

(𝒚, 𝑭𝟎),          𝝀(𝑭𝟎) < 𝒚 < 𝟏 (83) 

 𝜽𝟐(𝒚, 𝟎) = 𝟐 (84) 

 𝜽𝟏(𝟎, 𝑭𝟎) = 𝟎 (85) 

 
𝝏𝜽𝟐
𝝏𝒚

(𝟏, 𝑭𝟎) = 𝟎 (86) 

 𝝀(𝟎) = 𝟎 (87) 
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 𝜽𝟏(𝝀, 𝑭𝟎) = 𝜽𝟐(𝝀, 𝑭𝟎) = 𝟏 (88) 

 𝑺𝟏
𝝏𝜽𝟏
𝝏𝒚

(𝝀, 𝑭𝟎) − 𝑺𝟐
𝝏𝜽𝟐
𝝏𝒚

(𝝀, 𝑭𝟎) =
𝒅𝝀

𝒅𝑭𝟎
 (89) 

By taking the finite sine transform of Equation 82, applying the boundary conditions 

given in Equations 85 and 88, and solving for Equation 83 applying the remainder of the 

conditions, the solution for non-dimensional phase interface position to be used as the 

analytical solution can ultimately be determined and is given in the equation below. Figure 65 

depicts the analytical solution to the phase change benchmarking exercise in black [62]. 

 

𝝀(𝑭𝟎) = ∫ [𝑺𝟏∑
(−𝟏)𝒏𝒏𝝅

𝝀(𝑭𝟎)
�̅�𝟏(𝒏, 𝑭𝟎)

∞

𝒏=𝟏

𝑭𝟎

𝟎

−
𝜶𝟐𝟏𝑺𝟐
𝟐

∑
(𝟐𝒏 − 𝟏)𝝅

(𝟏 − 𝝀(𝑭𝟎))
�̅�𝟐(𝒏, 𝑭𝟎)

∞

𝒏=𝟏

] 𝒅𝑭𝟎 

(90) 

 
Figure 65. Phase change validation, analytical (black) and COMSOL (color) [62] 
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For the COMSOL solution, a one-dimensional geometry was created. Figure 65 depicts 

the COMSOL solution to the phase change benchmarking exercise in color, which is 

qualitatively and quantitatively different from the analytical solution. There are some 

numerical artifacts in the phase interface position which likely result from the phase transition 

region required to apply numerical phase change. Additionally, the two trends for the different 

thermal diffusivity ratios diverge at lower time and position in the COMSOL solution than in 

the analytical solution. The COMSOL solution non-dimensional position is as low as 50% of 

that of the analytical solution at low non-dimensional times. The reason for this discrepancy is 

unclear, though it may also be related to the phase transition region in the model. Overall, this 

benchmarking exercise indicates that the numerical results have significant discrepancies from 

the analytical solution, and further refinement of the phase change physics is warranted. 

15.2 Results 

Figure 66 and Figure 67 depict the two-dimensional and one-dimensional solidification 

model results respectively for the Static Solidification Experimental trial with the cooling 

control bath at 450°C. The color fill depicts the temperature distribution, the solid black line 

depicts the solidification front, and the arrows depict the velocity field for the two-dimensional 

results. At this low cooling rate, heat loss from the sample top is predicted to be significant. 

Additionally, a consistent flow pattern develops over the first 2000 seconds and then continues 

until solidification occurs. The one-dimensional results can be directly compared to the 

experimental results in the 450°C trial. The model predicted a much longer time before 

complete solidification than was observed experimentally. Additionally, the bottom array point 

(Array 1) was expected to solidify first, but was observed experimentally to solidify last. Most 
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importantly, the experimental result had a much lower starting temperature for Array 3 and 

higher. This suggests that the heat loss from the sample top must be reduced to be able to 

accurately predict the experimental results using modeling, as the starting temperature 

distribution is unclear if this criterion is not met. 

 
Figure 66. Solidification model 2D results for Static Solidification, 450°C trial at 4000s 

TC 1 

TC 2 

TC 3 

TC 4 

< 1 µm/s 
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Figure 67. Solidification model 1D results for Static Solidification, 450°C trial 

Figure 68 and Figure 69 depict the two-dimensional and one-dimensional solidification 

model results respectively for the Static Solidification Experimental trial with the cooling 

control bath at 250°C. The color fill depicts the temperature distribution, the solid black line 

depicts the solidification front, and the arrows depict the velocity field for the two-dimensional 

results. At this high cooling rate, the heat loss from the sample top is predicted to be minimal 

compared to the controlled heat loss from the flask wall. Furthermore, the model predicts the 

solidification front to move primarily upwards from the bottom following the largest 

temperature gradient. Additionally, a consistent flow pattern develops over the first 50 seconds 

and then continues until solidification occurs. The one-dimensional results can be directly 

compared to the experimental results in the 250°C trial. The model predicted a much longer 

time before complete solidification than was observed experimentally. Additionally, the 

TC 1 

TC 4 

TC 2 

TC 3 
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bottom array point (Array 1) was expected to solidify first, but was observed experimentally 

to solidify last. Most importantly, the experimental result had a much lower starting 

temperature for Array 3 and higher. This suggests that the heat loss from the sample top must 

be reduced to be able to accurately predict the experimental results using modeling, as the 

starting temperature distribution is unclear if this criterion is not met. 

 
Figure 68. Solidification model 2D results for Static Solidification, 250°C trial at 50s 

= 76.8 µm/s 
TC 1 

TC 2 

TC 3 

TC 4 
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Figure 69. Solidification model 1D results for Static Solidification, 250°C trial  

TC 1 

TC 2 

TC 3 

TC 4 
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16 Conclusions 

A series of experiments were conducted to measure various FLiBe and FLiNaK 

thermophysical properties, quantify supercooling behavior, and provide solidification 

modeling validation data. DSC analysis was conducted to measure specific heat capacity, latent 

heat of fusion, and solidification temperature using ASTM standard methods. The Density 

Measurement Experiment was conducted to measure the temperature-dependent density using 

the Archimedean principle of buoyancy. The Static Solidification Experiment was designed to 

characterize supercooling behavior, measure the solidification front propagation, and collect 

solidification model validation data. The COMSOL solidification model was developed to 

simulate solidification front propagation and evaluate the Static Solidification Experiment. 

16.1 Summary of Outcomes 

DSC analysis was intended to measure the specific heat capacity, latent heat of fusion, 

and solidification points of FLiBe and FLiNaK. The specific heat capacity measurement was 

unsuccessful based on the non-physical negative heat flow measurements, especially at higher 

temperatures. This was likely caused by measurement drift in the experimental apparatus, and 

might be solved by measuring the specific heat capacity over smaller intervals. The latent heat 

measurements for FLiBe and FLiNaK are 424.7±6.2 kJ/kg and 412.5±3.3 kJ/kg. FLiBe does 

not have a literature value to compare, and FLiNaK has a literature value of 187.7 kJ/kg, ±2%. 

The source of the discrepancy in the FLiNaK latent heat measurement is unclear. The 

solidification temperature measurements for FLiBe and FLiNaK are 460.8±0.1°C and 

465.9±0.1°C respectively. The literature values for FLiBe and FLiNaK are 459°C and 454°C 

respectively. The source of the discrepancy in the FLiNaK solidification temperature 
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measurement is unclear. In summary, the FLiBe latent heat measurement of 424.7±6.2 kJ/kg 

and solidification temperature measurement of 460.8±0.1°C are the only results from DSC 

analysis that may be reliable based on literature comparison. 

The Density Measurement Experiment was intended to measure the temperature-

dependent density of FLiBe and FLiNaK. The density correlation for FLiBe from solidification 

(~460°C) to 700°C was determined to be 𝜌 = 2241.6 − 0.42938 ∗ 𝑇  in kg/m3 with an error 

of ±0.22%. This is a low error result compared to the 2% errors typical of density 

measurements and aligns closely with the literature density correlation. This new density 

correlation should be used when in the temperature range shared with the literature correlation. 

The density correlation for FLiNaK from solidification (~460°C) to 700°C was determined to 

be 𝜌 = 2485.8 − 0.69451 ∗ 𝑇 in kg/m3 with an error of ±2.7%. This is a high error result, but 

aligns with the literature density correlation within its error. The non-linearities present in the 

results indicate that the density measurement results may not be reliable, and contributed to 

the large experimental error in the linear correlation. The cause of the non-linearities in the 

FLiNaK density measurement is unclear. 

The Static Solidification Experiment was intended to quantify the degree of 

supercooling in FLiBe and FLiNaK and provide solidification model benchmarking data. Due 

to significant experimental difficulties like heating element failure and nitrate salt vapor 

pressure in the glovebox, only two experimental trials were conducted. To conduct further 

trials, a new control bath design may be necessary. The FLiNaK trials both used the same 

sample size but used different cooling control bath temperatures of 450°C and 250°C. The 

degree of supercooling was measured as 1.8±0.1°C and 1.9±0.1°C respectively, which is not 
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statistically significant to infer any kind of supercooling relationship. Multiple trials under the 

same conditions may be necessary to account for the stochastic nature of supercooling. The 

experimental trials indicated that an isothermal condition for the sample cannot be reached 

with the current experimental setup. To reach an isothermal starting condition, a new sample 

transfer setup may be necessary. 

A COMSOL solidification model was developed to conduct pre-predictions of the 

Static Solidification Experiment and compare to experimental data. The model was developed 

for the Static Solidification Experimental geometry using known and estimated salt material 

properties, experimental parameters, and modeling parameters. The model was developed to 

include laminar flow, buoyancy, conduction, radiative heat transfer, and phase change physics 

with appropriate initial and boundary conditions. A mesh refinement study was conducted to 

determine the optimal mesh size, and a radiative heat transfer sensitivity study was conducted 

to determine the effect of including radiative heat transfer physics, which were qualitatively 

significant. Phase change and radiative heat transfer benchmarking exercises were performed 

independently to validate the solidification model accurately implemented the necessary 

physics, and a natural convection benchmarking exercise was attempted unsuccessfully. The 

pre-predictions of the Static Solidification Experiment trials were conducted, which 

emphasized the inability to reach the expected initial experimental conditions. 

16.2 Future Work 

DSC analysis must be repeated using different techniques to measure the specific heat 

capacity of FLiBe and FLiNaK. Measuring the specific heat capacity for smaller temperature 

intervals or using another machine that has been calibrated to not drift in heat flow 
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measurements may yield better results. DSC analysis of a better-mixed and characterized 

supply of FLiNaK to more accurately measure the latent heat of fusion and solidification 

temperature should be conducted. Differential thermal analysis (DTA) may also be considered 

to measure the enthalpy of FLiBe and FLiNaK. 

FLiBe density measurement at temperatures from 700°C to 1000°C should be 

conducted to reduce the error on the current density correlations. FLiNaK density measurement 

must be repeated with a better-mixed and characterized supply of FLiNaK to more accurately 

measure the density correlation with less error and ideally fewer non-linearities. FLiNaK 

density measurement can also be extended to 1000°C to compare with current density 

correlations. The temperature-dependent density of other fluoride salts can now be 

characterized using the Density Measurement Experiment. To facilitate experimentation, the 

experiment should be automated to equilibrate for longer times without intervention. 

The Static Solidification Experiment must be redesigned with a new control bath 

system. Cooling control may be able to be achieved using a different fluoride salt mixture with 

a lower solidification temperature or another variety of salt with a low solidification 

temperature and low vapor pressure as the heat transfer fluid, requiring minimal redesign of 

the experimental setup. Alternatively, liquid metals such as lead, Pb-Bi eutectic (LBE), 

sodium, potassium, or NaK eutectic may be used as the control bath heat transfer fluid. While 

these metals offer ideal characteristics like their solidification and vaporization temperatures 

and high thermal conductivities, they will likely be unable to be stirred. The ability of the heat 

transfer fluid to maintain an isothermal bath must be verified. Heating control can be achieved 

with the same heat transfer fluid as cooling control if the vaporization point is significantly 
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higher than 500°C, or it can be achieved with a ceramic oven designed with a lid than encloses 

the sample and sample transfer setup. The sample transfer setup should be redesigned with a 

clamp that grips the boiling flask from above, allowing more complete insertion into the 

heating control bath or oven. Upon completion of this redesign, the Static Solidification 

Experiment must be conducted for various sample flask sizes and cooling control bath 

temperatures for FLiBe and FLiNaK. All experimental trials must be repeated several times to 

determine the distribution of supercooling behavior at each condition. 

The COMSOL solidification model must be updated to include accurate material 

properties as experimental results are measured. A grid search algorithm that perturbs 

thermophysical property inputs like thermal conductivity, dynamic viscosity, and absorptivity 

can also be performed to estimate these quantities by comparing simulation results to 

experimental results. An algorithm to implement supercooling in the model must be developed 

to approximate the supercooling behavior of fluoride salts. The static solidification model must 

be developed into a pipe solidification model that can serve as a two-dimensional simulation 

of solidification in a pipe, which may need further experimental results for benchmarking. This 

model can be used for verification of a one-dimensional system model that simulates 

overcooling transients in the FHR and other MSRs for safety analysis.  
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18 Appendix A: Absorption Coefficient Calculation 

Figure 70 depicts a FLiBe absorbance spectrum that was estimated by using the LiF-

KF spectrum [63]. The values used to represent the LiF-KF spectrum can be found here. The 

FLiNAK absorbance spectrum was estimated using an ab initio simulation of the constituent 

salts [64]. 

 
Figure 70. LiF-KF absorbance spectrum [63] 

The wavenumber was converted to a wavelength and the absorbance was 

dimensionalized by using Equation 91. A Planck wavelength distribution was calculated using 

Equation 92 at the temperature of 650K, the average of the FLiBe or FLiNaK during the static 

solidification experiment. The weighted average of the absorption coefficient was then 

calculated using the Planck wavelength distribution as the weight parameter as given in 

Equation 93 [65]. The result is an averaged absorption coefficient to be used as the input to the 

solidification model. 

 𝛼 = 𝜅 ∙
4𝜋

𝜐
 (91) 

http://heatandmass.ep.wisc.edu/chapdelaine-thesis-supplemental-data/
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 𝐵𝜆(𝜆) =
2ℎ𝑐2

𝜆5
∙

1

exp (ℎ𝑐 𝜆𝑘𝑏𝑇) − 1⁄
 (92) 

 𝛼𝑝 =
∫ 𝐵𝜆 ∙ 𝛼 ∙ 𝑑𝜆
𝜆2
𝜆1

∫ 𝐵𝜆 ∙ 𝑑𝜆
𝜆2
𝜆1

 (93) 

where 𝛼 is the absorption coefficient in m-1, 𝛼𝑝 is the mean absorption coefficient in m-1, 𝜅 is 

the non-dimensional absorbance, 𝐵𝜆 is the Planck wavelength distribution in W/sr-m3, 𝜐 is the 

wavenumber in m-1, 𝑇 is the temperature in K, and 𝜆 is the wavelength in m. The results for 

the absorptivity were 10-5m-1 for FLiBe and 5m-1 for FLiNaK.  
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19 Appendix B: Glovebox Design and Flow Schematic 

 
Figure 71. LC Technology glovebox isometric drawing 
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Figure 72. LC Technology glovebox orthogonal cutaway drawing 
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Figure 73. LC Technology glovebox flow diagram  
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20 Appendix C: DAQ and Control System 

 
Figure 74. DAQ and control system wiring diagram   
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21 Appendix D: ICP-MS Impurity Results 

Table 33. ICP-MS mass percentages of impurities 

Impurity 
FLiNaK 

(post-manufacture) 

FLiNaK 

(post-experiment) 
FLiBe 

Li - - - 

Be unknown 7.71E-05 - 

B 1.3971E-06 1.93E-06 6.87E-07 

Na - - 1.08E-03 

Mg 3.3413E-05 1.77E-05 6.27E-04 

Al 1.9366E-05 1.52E-04 1.14E-04 

P 1.8490E-05 8.56E-06 6.06E-06 

S 1.1592E-04 9.82E-05 2.47E-04 

K - - 1.80E-03 

Ca 8.4537E-05 4.55E-05 5.45E-04 

Sc 8.1959E-08 1.53E-08 3.28E-07 

Ti 1.4444E-06 1.86E-06 2.50E-05 

V 2.5602E-07 1.75E-07 2.31E-06 

Cr 7.9196E-07 3.63E-06 6.57E-05 

Mn 3.2579E-07 7.68E-07 1.93E-05 

Fe 6.5328E-06 7.51E-06 2.73E-05 

Co 1.6561E-08 1.04E-08 7.10E-09 

Ni 7.5481E-07 1.81E-06 1.07E-06 

Cu 1.8304E-07 2.51E-07 3.15E-07 

Zn 4.7613E-07 9.43E-08 8.60E-07 

As 4.1176E-06 7.45E-07 2.55E-08 

Rb 3.3802E-05 2.31E-05 9.00E-06 

Sr 4.3482E-06 1.53E-06 2.03E-05 

Y 1.4591E-07 3.74E-08 1.70E-06 

Zr 4.0467E-05 4.44E-06 3.86E-05 

Nb 1.7203E-08 3.34E-08 6.44E-08 

Mo 2.1479E-07 3.46E-07 3.37E-08 

Rh 7.2427E-10 1.17E-09 2.72E-09 

Pd 1.4740E-07 2.40E-08 1.40E-06 

Ag 3.3948E-08 6.06E-08 7.59E-08 

Cd 1.0143E-07 1.01E-08 1.76E-08 

Sn 9.9349E-08 7.30E-08 1.49E-07 

Sb 3.6566E-08 1.79E-08 2.08E-08 

Cs 2.2374E-08 1.59E-08 3.89E-06 

Ba 2.4754E-06 9.65E-07 4.95E-05 

La 1.6220E-08 1.25E-08 1.17E-07 

Ce 7.5492E-08 5.14E-08 2.86E-07 

Pr 3.4928E-09 1.94E-09 1.50E-08 

Nd 1.3402E-08 9.39E-09 6.05E-08 

Sm 4.8822E-08 2.25E-09 1.20E-08 

Eu 3.1742E-09 7.40E-10 3.28E-08 

Dy 7.0595E-09 4.77E-09 1.81E-08 

Ho 2.2943E-09 1.12E-09 5.14E-09 

Yb 1.5545E-08 6.88E-09 4.26E-08 

Lu 2.1764E-09 1.39E-09 8.51E-09 

W 9.7089E-08 8.23E-08 7.64E-07 

Pt 1.5949E-08 2.56E-07 3.76E-06 

Hf 2.5748E-07 4.76E-09 2.61E-08 

Tl 3.6165E-09 7.45E-10 2.45E-08 

Pb 5.4013E-08 2.91E-08 9.27E-08 

Th 1.6655E-07 1.12E-07 4.27E-07 

U 2.5074E-09 3.33E-09 7.31E-06 
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22 Appendix E: Perkin Elmer DSC 8000 Calibration Information 

 DSC8000 SAMPLE TEMPERATURE CALIBRATION VALUES: 

Date: 10/25/2016 3:21:48 PM 

Reference Method Expected (°C) Measured (°C) Weight (mg) Scan rate (°C/min)   

Indium      156.600 156.700 5.749  10.0                   

Zinc        419.470 418.850 3.041  10.0                   

 

 DSC8000 FURNACE TEMPERATURE CALIBRATION VALUES: 

Minimum  -25.000 °C 

Maximum  600.000 °C 

 

 FURNACE CALIBRATION COMPUTED RESULTS: 

Date: 10/25/2016 3:47:01 PM 

Set points (°C) Boundaries (°C)  y'' 

-25.000  -23.609  0 

53.125   54.516   -0.00010897 

131.250  133.141  -5.0797e-005 

209.375  212.162  -6.6983e-005 

287.500  291.587  -6.2107e-005 

365.625  371.412  -5.603e-005 

443.750  451.604  -4.9697e-005 

521.875  532.158  -7.1977e-005 

600.000  613.091  0 

 

 DSC8000 HEAT FLOW CALIBRATION VALUES: 

Reference Temp(°C) Expected(J/g) Measured(J/g) Weight(mg) Scan rate(°C/min) 

Indium     156.600 28.450  26.462  5.749  10.0 

 

DSC8000 HEAT FLOW CALIBRATION COMPUTED RESULTS: 

Date: 10/25/2016 3:52:21 PM 

K(Ts) = (0)Ts^3 + (0)Ts^2 + (0)Ts + (1.0751)  
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23 Appendix F: DSC Heat Trace Curves 

 
Figure 75. Preliminary DSC FLiNaK heat trace in open graphite pan 

 
Figure 76. Preliminary DSC FLiNaK heat trace in sealed gold pan 



124 

 
Figure 77. DSC FLiBe heat traces at various heating/cooling rates 

 

 
Figure 78. DSC FLiBe heat trace, liquefaction point peak at 40°C/min heating rate 
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Figure 79. DSC FLiBe heat trace, liquefaction point peak at 20°C/min heating rate 

 

 
Figure 80. DSC FLiBe heat trace, liquefaction point peak at 5°C/min heating rate 
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Figure 81. DSC FLiNaK heat traces at various heating/cooling rates 

 

 
Figure 82. DSC FLiNaK heat trace, liquefaction point peak at 40°C/min heating rate 
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Figure 83. DSC FLiNaK heat trace, liquefaction point peak at 20°C/min heating rate 

 

 
Figure 84. DSC FLiNaK heat trace, liquefaction point peak at 5°C/min heating rate 
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Figure 85. DSC sapphire heat trace for at 20°C/min heating/cooling rate 

 

 
Figure 86. DSC baseline heat trace at 20°C/min heating/cooling rate 
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Figure 87. DSC indium calibration heat trace 

 

 
Figure 88. DSC zinc calibration heat trace  
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24 Appendix G: ASTM E898-88 Scale Calibration 

Table 34. Scale hysteresis calibration data following ASTM E898-88 procedure [52] 

Date Location Initial (g) W1 (g) W2 (g) W1' (g) Z (g) Hysteresis 

17-02-20 Air 0.0000 50.0001 99.9999 50.0001 0.0000 0.00E+00 

17-02-20 Air 0.0000 50.0003 100.0001 50.0004 0.0000 -5.00E-05 

17-02-20 Air 0.0000 50.0002 100.0000 50.0001 0.0000 5.00E-05 

17-02-24 Argon 0.0000 50.0008 100.0013 50.0014 0.0013 3.50E-04 

17-02-24 Argon 0.0000 50.0002 100.0004 50.0003 0.0000 -5.00E-05 

17-02-24 Argon 0.0000 50.0001 100.0002 50.0003 0.0000 -1.00E-04 

17-03-08 Argon 0.0000 49.9999 99.9996 50.0002 0.0008 2.50E-04 

17-03-08 Argon 0.0000 49.9996 99.9991 49.9998 0.0004 1.00E-04 

17-03-08 Argon 0.0000 50.0002 100.0005 50.0005 0.0005 1.00E-04 
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25 Appendix H: Density Measurement Experimental Values 

Table 35. Density Measurement FLiBe measured values, Mbob=99.2977g 

Time and Date 
Oven Set 

Temp (°C) 

Measured 

Oven Temp (°C) 

Measured 

Salt Temp (°C) 

Suspended Bobber 

Weight (g) 

3/14/2017 10:19 460 460.1 461.4 76.066 

3/14/2017 10:50 465 465 466 76.0846 

3/14/2017 11:20 470 470 470.9 76.1048 

3/14/2017 11:50 475 475.1 475.9 76.125 

3/14/2017 12:21 480 480 480.9 76.1449 

3/14/2017 12:53 485 485.1 485.9 76.1649 

3/14/2017 13:23 490 490.1 490.9 76.183 

3/14/2017 13:53 500 499.6 500.7 76.2195 

3/14/2017 14:23 510 510 510.9 76.2556 

3/14/2017 14:58 520 520 520.8 76.2901 

3/14/2017 15:31 530 530 530.7 76.326 

3/14/2017 16:03 540 540 540.7 76.361 

3/14/2017 16:34 550 550 550.7 76.3956 

3/14/2017 17:05 560 560 560.6 76.43 

3/14/2017 17:37 570 569.9 570.6 76.4701 

3/14/2017 18:12 580 580 580.6 76.5076 

3/14/2017 18:42 590 590 590.6 76.5447 

3/14/2017 19:13 600 600 600.5 76.5824 

3/14/2017 19:43 610 609.9 610.5 76.6189 

3/14/2017 20:15 620 620 620.5 76.6551 

3/14/2017 20:45 630 630 630.4 76.6912 

3/14/2017 21:15 640 640.1 640.4 76.7296 

3/14/2017 21:45 650 650.1 650.4 76.7698 

3/14/2017 22:15 660 660 660.3 76.8109 

3/14/2017 22:47 670 669.9 670.3 76.8551 

3/14/2017 23:17 680 680 680.3 76.9037 

3/14/2017 23:47 690 689.9 690.2 76.9533 

3/15/2017 0:18 700 700 700.2 76.9936 

 

Table 36. Density Measurement FLiNaK (trial A1) measured values, Mbob=98.7616g 

Time and Date 
Oven Set 

Temp (°C) 

Measured 

Oven Temp (°C) 

Measured 

Salt Temp (°C) 

Suspended Bobber 

Weight (g) 

2/24/2017 15:27 455.0 455.2 460.7 74.7190 

2/24/2017 15:52 460.0 460.2 461.5 74.6838 

2/24/2017 16:27 465.0 465.1 466.6 74.6454 

2/24/2017 17:03 470.0 470.2 471.9 74.6710 

2/24/2017 17:30 475.0 475.1 476.8 74.6868 

2/24/2017 17:59 480.0 480.1 481.9 74.7030 

2/24/2017 18:31 485.0 485.1 487.0 74.7226 

2/24/2017 18:59 490.0 490.1 491.9 74.7647 

2/24/2017 19:31 495.0 495.1 496.1 74.7840 

 

Table 37. Density Measurement FLiNaK (trial A2) measured values, Mbob=98.7666g 

2/25/2017 10:31 500.0 500.1 502.7 74.5259 

2/25/2017 11:00 510.0 510.1 512.2 74.5656 

2/25/2017 11:31 520.0 520.0 522.1 74.6102 

2/25/2017 11:59 530.0 530.1 532.0 74.6502 

2/25/2017 12:33 540.0 540.1 541.9 74.6943 
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2/25/2017 13:01 550.0 550.1 551.8 74.7413 

2/25/2017 13:30 560.0 560.0 561.7 74.7828 

2/25/2017 14:00 570.0 570.0 571.6 74.8655 

2/25/2017 14:30 580.0 580.1 581.6 74.9382 

2/25/2017 15:01 590.0 590.1 591.5 74.9964 

2/25/2017 15:33 600.0 600.0 601.5 75.0882 

2/25/2017 16:04 610.0 610.0 611.4 75.1869 

2/25/2017 16:35 620.0 619.9 621.4 75.2478 

2/25/2017 17:05 630.0 629.9 631.3 75.3171 

2/25/2017 17:36 640.0 640.1 641.3 75.3840 

2/25/2017 18:07 650.0 650.1 651.2 75.4603 

2/25/2017 18:39 660.0 660.0 661.2 75.5242 

2/25/2017 19:15 670.0 670.0 671.1 75.5879 

2/25/2017 19:44 680.0 680.1 681.1 75.6703 

2/25/2017 20:13 690.0 690.1 691.1 75.7232 

2/25/2017 20:48 700.0 700.0 701.0 75.7855 

 

Table 38. Density Measurement FLiNaK (trial B) measured values, Mbob=99.2880g 

Time and Date 
Oven Set 

Temp (°C) 

Measured 

Oven Temp (°C) 

Measured 

Salt Temp (°C) 

Suspended Bobber 

Weight (g) 

3/9/2017 13:15 460.0 460.0 467.3 74.1910 

3/9/2017 13:45 465.0 465.0 473.5 74.2245 

3/9/2017 14:15 470.0 470.0 478.6 74.2399 

3/9/2017 14:46 475.0 475.0 483.6 74.2455 

3/9/2017 15:15 480.0 480.0 488.5 74.2759 

3/9/2017 15:45 485.0 485.0 493.5 74.3060 

3/9/2017 16:45 490.0 490.1 498.5 74.6090 

3/9/2017 17:18 495.0 495.0 503.5 74.6843 

3/9/2017 17:48 500.0 500.0 508.5 74.7998 

3/9/2017 18:18 510.0 509.8 518.4 74.9500 

3/9/2017 18:48 520.0 520.0 528.5 75.0941 

3/9/2017 19:18 530.0 530.0 538.4 75.1452 

3/9/2017 19:48 540.0 540.0 548.3 75.2867 

3/9/2017 20:18 550.0 550.0 558.3 75.3350 

3/9/2017 20:48 560.0 560.0 568.2 75.3955 

3/9/2017 21:18 570.0 569.9 578.1 75.4319 

3/9/2017 21:48 580.0 580.0 588.1 75.4633 

3/9/2017 22:18 590.0 590.0 598.0 75.5070 

3/9/2017 22:48 600.0 600.1 607.9 75.5695 

3/9/2017 23:18 610.0 609.9 617.9 75.6083 

3/9/2017 23:48 620.0 620.0 627.8 75.6531 

3/10/2017 0:18 630.0 630.0 637.7 75.7230 

3/10/2017 0:48 640.0 640.0 647.6 75.7583 

3/10/2017 1:18 650.0 650.0 657.6 75.8556 

3/10/2017 1:48 660.0 659.9 667.5 75.9698 

3/10/2017 2:18 670.0 670.0 677.4 76.2229 

3/10/2017 11:05 680.0 680.0 687.2 76.4304 

3/10/2017 11:35 690.0 690.0 697.2 76.4872 

3/10/2017 12:05 700.0 700.0 707.2 76.5478 
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26 Appendix I: Stainless Steel Boiling Flask Engineering Drawings 

 
 

 
 

Figure 89. Static Solidification stainless-steel boiling flask engineering drawings (inch) 
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