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Motivation – Limited data

• Large variability within 
the literature on 
measured properties

• Absence of data on 
multiple properties for 
many salt mixtures

• Thermal conductivity (𝑘) 
is difficult to measure 
and predict

• No standard 
measurement approach

• Debate about expected 
trend of 𝑑𝑘/𝑑𝑇

4

FLiNaK

MSTDB-TP (2.0)



Motivation – Limited data

• Large variability within 
the literature on 
measured properties

• Absence of data on 
multiple properties for 
many salt mixtures

• Thermal conductivity (𝑘) 
is difficult to measure 
and predict

• No standard 
measurement approach

• Debate about expected 
trend of 𝑑𝑘/𝑑𝑇

5



Motivation – Reliability of data 

for correlations
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Chliatzou, Ch.D., J. of Physical and Chem Ref Data, 2018



Necessary Conditions to Measure 

Thermal Conductivity/Diffusivity
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Simplification of Measurement 

Process

To measure the thermal properties of a solid, the following are 

needed:

1. A heat source

2. A temperature change

3. An accurate temperature sensor

4. Model relating temperature and heat 

transfer to property
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An absolute method is

one where theory and

experiment match so

well that no calibration

is needed.



Traditional Approaches in Solids
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Palacios, 2019, https://doi.org/10.1016/j.rser.2019.03.020 Zhao, 2016, doi: 10.1115/1.4034605



Measurement constraints not 

present when measuring solids

To measure molten salt thermal 
conductivity, the device needs to 
consider and deal with:

1. Electrical isolation from salt
2. Corrosion resistance
3. High temperatures
4. How to reduce convection
5. How to account for radiation
6. Sample volume
7. Measurement time
8. Glovebox compatiblity
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xkcd.com, #451



Key Problem

We are operating in a space where:

Standard techniques don’t exactly apply

and

Standard reference materials don’t exist
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What I want us to avoid
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Nanoparticle enhancement Spider Silk

Jiang, H., 2015, DOI: 10.1016/j.jtice.2015.03.037
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C. Xing, T. Munro, et al., Measurement Science and Technology, 2013.



Nano-fluids

Round-Robin testing

When ensuring experimental 

conditions matched theory, 

no large increase in 𝑘 was 

observed
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Buongiorno, Jacopo, et al. JAP, 2009, p. 094312.



Spider Silk
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Dragline
Reduced 

TET
Curve-Fit
Red. TET

Full TET

k

(W m-1 K-1)
1.2-191 

(Large error)
1.18 (25%) 1.23 (12%)

α

(mm2 s-1)
0.65-127 

(Large error)
0.63 (25%) 0.62 (12%)

ρcp

(MJ m-3 K-1)
– – –

3ω

1.24 (12%)

0.61 (15%)

2.0 (15%)

As Spun
Synth

k (W m-1 K-1)
– 0.29 (25%) 0.24 (13%) –

As Spun
Synth

α (mm2 s-1)
– 0.16 (25%) 0.17 (15%) –

Processed
Synth

α (mm2 s-1)
– 0.33 (25%) – –

–

–

Fluoro

–

–

–

0.3 (25%)

TET

When radiation 

heat loss was 

included to 

account for 

large surface 

area-to-volume 

ration, 

reasonable 

values of  𝑘
were observed

1.2 W/m K, 

instead of 

400 W/m K



Description of Methods
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Optical, electrical heating



Thermal Conductivity/Diffusivity 

Techniques

• Parallel plate method

– Variable gap 

• Concentric cylinders

• Forced Rayleigh scattering 

– Transient grating spectroscopy 
(TGS)

• Transient hot-wire (THW)

– Needle probe

– 3𝜔

• Laser flash (LFA)

• Modulated photothermal 
radiometry (MPR)

• Time domain thermoreflectance 
(TDTR)
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Institution Approach for 𝜶, 𝒌, 𝒆

ORNL Variable gap apparatus (𝑘)

ANL LFA (𝛼)

INL LFA (𝛼)

PNNL LFA (𝛼)

LANL LFA (𝛼)

CNL LFA (𝛼)

JRC LFA (𝛼)

Univ. of Ariz./ Georgia Tech LFA (𝛼)

Ural Rus. Aca. Sci. LFA (𝛼)

Huazhong U. Sci. Tech. LFA (𝛼)

NCSU TDTR (𝑘)

UCSD 3𝜔 (𝑘), MPR (𝑒)

MIT TGS (𝛼)

Univ. Rome Needle probe  (𝑘*)

BYU THW (𝑘), Needle Probe (𝑘)

*max 200 °C



Variable Gap Apparatus 

(variant of heat flow meter)

17

Operation
• Using heaters with known output and heat 

sinks, establish a temperature difference across 
a thin layer of the sample (𝐿 < 300 𝜇𝑚)

• Record the temperatures along the centerline 
above and below sample after reaching steady 
state

• Repeat at different thicknesses and analyzing 
using Fourier’s law, 𝑘 = (Δ𝐿/Δ𝑇) ∗ 𝑞"

Drawbacks
• Steady state can still result in convective heat 

losses (based on gap thickness)
• Requires careful design to minimize radial heat 

losses
• Requires calibration since heat flux is hard to 

directly measure
Zhao, Dongliang,et al. Journal of Electronic Packaging, 2016.
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Concentric Cylinders
19

Operation
• Create gap between cylinders of low emissivity material
• Using heaters with known output and heat sinks, establish a 

temperature difference across a thin ring of the sample
• Record the temperatures across the gaps after reaching steady state
• Fit using 𝑘 = (Δ𝐿/Δ𝑇) ∗ 𝑞“, and considers radiation

Drawbacks
• Steady state can still result in convective heat losses
• Difficult the ensure uniform gap
• Requires careful design to minimize axial heat losses
• Requires calibration since heat flux is hard to directly measure



Laser Flash

Operation
• Laser pulse into sample (or crucible)
• Resulting temperature rise on opposite side 

measured
• 𝛼 determined by half time to maximum intensity
Drawbacks
• Requires a 3-layer model to determine 𝛼

• To determine 𝑘 from 𝛼, also need 𝜌 and 𝑐𝑝
• Careful consideration is needed to eliminate 

convection or parasitic heat losses
• Relative method
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Forced Rayleigh Scattering/

Transient Grating Spectroscopy (TGS)
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Operation
• An interference pattern is created by splitting and 

then crossing modulated laser beams
• A probe beam is diffracted as function of time as the 

interference pattern stretches and shrinks
• 𝛼 is determined from the spacing of the grating and 

change in intensity of the probe as function of time

Drawbacks
• Highly dependent on absorption and transmission 

bands of the liquid (or added dopants)

• To determine 𝑘 from 𝛼, also need 𝜌 and 𝑐𝑝
• Sample size can impact the heat transfer model
• Optical access to salt is required (issues with window 

clouding)



Time Domain Thermoreflectance 

(TDTR)
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https://ne.ncsu.edu/ufsg/research/

Operation
• Salt is deposited onto a substrate with a thin metallic 

(often gold) film
• Pulsed lasers heat the surface and the temperature-

dependent change in reflectance of the film is 
captured with a modulated probe beam

• The delay between lasers is changed and the phase 
delay is fit to determine properties

Drawbacks
• Costly instrumentation
• Material compatibility issues
• Optical access to salt is required



Modulated Photothermal 

Radiometry (MPR)
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Operation
• Coatings are applied on the outside (black laser 

absorption and IR emission) and inside (Pt for 
corrosion protection) of an Inconel sheet welded 
onto a tube

• Modulated laser light heats the sheet and IR light is 
collected

• Thermal effusivity, 𝑒 = 𝑘𝜌𝑐𝑝 is determined by the 
amplitude of the IR light compared to the 
modulation frequency

Drawbacks
• Requires calibration

• 𝑒 = 𝑘𝜌𝑐𝑝 is measured, requiring 𝜌𝑐𝑝 to calculate 𝑘

• Requires larger amounts of salt



Transient Hot Wire
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Operation (with salts)

• Power is supplied to a thin, glass tube 
filled with mercury

• The resistance and temperature of the 
mercury is measured

Standard operation in elec. conductive 
fluids

• Power is supplied to a thin, centimeter 
long, oxidized tantalum wire 

• The wire is split between a long and a 
short section to remove edge effects

• A series of corrections is applied to the 
wire temperature to account for non-
ideal effects

• Termed “absolute method” requiring no 
calibration, and extensive theoretical 
background to determine 𝑘

• Gold standard identified by former 
IUPAC committee

Drawbacks

• Requires electrical isolation between 
“wire” and salt

• Temperatures limited by materials 
(oxide on tantalum wire up to 400 °C) 



3𝜔
26

Operation (with salts)

• Modulated current (1𝜔) is supplied to a 
thin, alumina coated platinum wire

• The voltage at the 3rd harmonic (3𝜔) is 
measured as a function of frequency

• Thermal model is fit to in- and out-of-
phase temperature to determine 𝑘

Drawbacks

• Current materials incompatible with 
fluoride salts

• Temperatures limited by coating/wire 
bonding during thermal expansion



Needle Probe – Modified Transient Hot Wire, 

combined with Concentric Cylinders

27

Operation
• A thin annulus of salt (~300 𝜇𝑚 thick) is melted 

between the probe and surrounding crucible
• Heat is applied to a thin wire within the probe, 

while a thermocouple measures the centerline 
temperature

• 𝑘 is calculated by fitting the transient temperature 
rise to a 3 layer thermal model

Drawbacks
• Most sensitive to probe-crucible concentricity
• Temperature limit of 750 °C
• Deviates from theory at short times due to lumping 

probe properties

Corradini, M., 2017, NEUP Report, Advanced 
instrumentation for transient reactor testing



Summary of Approaches

Technique Properties

Concentric cylinders Main: 𝑘

Variable gap Main: 𝑘

LFA Main: 𝛼 = 𝑘𝜌−1𝑐𝑝
−1

TGS/Rayleigh scattering Main: 𝛼 = 𝑘𝜌−1𝑐𝑝
−1

TDTR Main: 𝑘, Secondary: 𝜌𝑐𝑝

Modulated photothermal radiometry Main: 𝑒 = 𝜌𝑐𝑝𝑘

Transient hot wire Main: 𝑘, Secondary: 𝜌𝑐𝑝

3𝜔 Main: 𝑘, Secondary: 𝜌𝑐𝑝

Needle probe Main: 𝑘, Secondary: 𝜌𝑐𝑝

28



Summary of Approaches
29

Uncoated Transient hot wire – Ueki [116]

Concentric cylinders – Khokhlov [13];     Filatov [18];

Smirnov [108];

Variable gap – Gallagher [95];

Needle probe – Merritt [111];

LFA – An [106];    Yin [15];    Rose [58];     Rudenko [59];

TGS/Rayleigh scattering – Robertson [107];

LiF-NaF-KF (FLiNaK) 
measurements by method

Schorne-Pinto, J., Aziziha, M., Tisdale, H. B., Mofrad, A. M., Birri, A., 

Christian, M. S., ... & Besmann, T. M. (2024). Thermal Property Modeling 

and Assessment of the Physical Properties of FLiNaK. ACS Applied 

Energy Materials, 7(9), 4016-4029.



What We Are Doing
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Method – Needle Probe

• Modification of the transient hot wire 
method (ASTM D7896-19)

– the ASTM standard technique was 
used to quantify water as a standard 
reference liquid

– new thermal model and uncertainty 
analysis is needed

• To limit convection, we combine two 
measurement methods:

– the modified transient hot wire 
(the needle probe itself)

– a concentric cylinders device 
(the crucible)

31

Probe



Testing Process
32

1. Prepare salt 
composition for 
measurement

2. Electrically insulated 
thermocouple measures transient 

response to Joule heating in 
heater wire
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• Fitting is performed 

over most sensitive 

range for 𝑘𝑠𝑎𝑚𝑝𝑙𝑒

• Most sensitive 

parameter is thickness 

of the salt gap, 

followed by salt thermal 

conductivity

• We don’t see 

convection on the 

outside of the crucible

Fitting range

Method – Fitting to experiment

Merritt, B., et al., Int. J. of Heat and Mass Transfer, 189, 2022.



Results – Water and Nitrate Salts
34

RMSE: 0.046 W/mK 
(8.89%)

Uncertainty: 0.033 W/mK 
(5.83%)

RMSE: 0.026 W/mK (4.01%)
Uncertainty: 0.034 W/mK (5.22%)

RMSE: 0.068 W/mK (16.5%)
Uncertainty: 0.029 W/mK (6.06%)

Fresh SS316 After several

tests

Merritt, B., et al., Int. J. of Heat and Mass Transfer, 189, 2022.



Impact of Model Parameters
35

Concentricity of Probe Radiation Heat Loss



Fluoride and Chloride Salts
36

Merritt, B., et al., Int. J. of Thermophysics, 149, 2022.



Comparisons: Variable Gap @ ORNL

LFA @ Russian Academia of Sciences, Ural

37

Rudenko, A., et al., Int. J. of Thermophysics, 45, 2024.



Needle Probe - Limitations

• Modeling

– Have bi-directional heat transfer (axial and radial)

– Multi-layer system with lumped properties

– Analytical model requires accurate system geometry and properties

• Experiment

– Repeated use can cause probe deformation, cracked alumina, changes to lumped thermal properties

– Purity of sample (salt deposition can be difficult to remove)

– Highly sensitivity to concentricity of probe 

– Temperature limit of 1023 K (750 °C)

• Alumina electrical conductivity increases at high temperatures

• Nickel sheath yield strength limit

38

Isotherms



Future Outlook

39



Encapsulated Transient Hot Wire (THW)
40

FE model

Jaromir Bilek, “Sensors for Thermal Conductivity at High Temperatures,” PhD Dissertation, University of Southampton, 2006.



Initial Prototype
41

ceramic

refractory metal

Thanks and apologies to Toni



What makes it high fidelity
42

Assael, Marc J., et al. International Journal of 

Thermophysics 44.6 (2023): 85.



Summary
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Summary

• Thermal conductivity and thermal 
diffusivity are difficult to measure

– No standard measurement methods or 
reference liquids

– Data scatter is too much to decisively 
decide the 𝑑𝑘/𝑑𝑇 relationship

• Using a complement of techniques can 
begin to bound uncertainties and 
overcome challenges when no standards 
exist

– Experiments must match high-fidelity 
models to capture all heat transfer physics

• As a community, we’re starting to fill the 
gaps with some binary and ternary 
mixtures

– Unary salt properties are still needed as 
well as many other studies
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NOTE: NIST Thermodynamic Research Center 

(TRC)

• From NIST “the best service we could offer is 

collaboration with motivated authors to prepare 

machine-readable data publications, exposing 

them in the public domain, and gradual 

improvement of the infrastructure and 

procedures.”

• MSTDB-TP is great, but it contains correlation 

instead of raw data 

• This NIST database can be really complementary 

helpful because it presents the raw data

45

https://trc.nist.gov/

https://trc.nist.gov/


Thank You
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Specific sources of uncertainty

Our current uncertainty quantification involves 4 main 

sources of error: 

1) Goodness of fit error of the model to experimental data and other 

system biases.

2) Corrections based on measurements compared to standard 

reference materials (i.e. water) and FEM. 

3) Propagation of the uncertainty from every parameter in the 

analysis model. 

4) Variance in measurements.
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Curve Fitting

• Thermal conductivity and 

diffusivity values are varied 

and a non-linear least squares 

fit is used

• Evaluate 𝜒2 error



Correlated Parameters

Use Pearson coefficients to 

determine which model 

parameters are directly 

correlated 

50



Sensitivity Analysis

Merritt [3]



Radial compared to axial heat 

transfer

52



Propagation of uncertaion

ANALYTICAL MODEL REFINEMENT

RADIATION 
TERM

NEW GOVERNING 
EQUATION


