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Objectives of Gen3 CSP Program
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Thermophysical Property Measurements of

Heat Transfer Media
(e.g., molten salts)

Containment Materials
(e.g., high temperature alloys)

&
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Immersion 
Electrothermal Probe

Advanced Photo-
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Measurement Accuracy @
High Temperatures in Corrosive Environments



energy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-office
5

Project Objectives – The Technology’s Critical Path

The overall objective of this project is to gather thermophysical property
data—specifically, thermal conductivity, thermal diffusivity, and specific
heat—of heat transfer medias (HTMs) and containment materials (CMs)
used in Topic Area 1 and 2A at high temperatures (>700 °C)
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gen3csp.gatech.edu
Homepage

• Main access to thermophysical 

properties of 25+ HTM and CMs

• Access to pages:

1. Compare Materials
2. Measurement Criteria
3. Uncertainty Analysis
4. About
5. People

• Information about:

• Gen3 CSP program
• Measurement tools

• SETO information

• Acknowledgement
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gen3csp.gatech.edu
Individual material page

(Showing Inconel 740H as an example)

• Temperature dependence plots:

i. Thermal conductivity

ii. Specific Heat

iii. Thermal diffusivity

• Toggle switch for turn on/off error 

bands

• Data (.xlsx) download link

• Experimental parameters

• Reference(s)
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gen3csp.gatech.edu
Compare Materials

• (i) Choose the materials, and (ii) 

choose the interested 

thermophysical property

• Toggle switch for turn on/off error 

bands

• Up to 10 materials for comparison
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gen3csp.gatech.edu
Measurement Criteria

• Our guideline in doing the 

measurements & reporting 

datasets in the database

• This document was peer-

reviewed by experts from the 

appropriate Heat Transfer 

community (with DOE 

endorsement)

★ It was submitted to osti.gov:

OSTI ID: 1719141 
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gen3csp.gatech.edu
Uncertainty Analysis

• This online document describe 

the detailed uncertainty 

analysis and error propagation 

methodology used by Georgia 

Tech.

★ It was submitted to osti.gov:

OSTI ID: 1719142 
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gen3csp.gatech.edu
About

Information about measurement 

tools:

• Thermal conductivity and 

specific heat of molten salts HTM

(Electrothermal Immersion 

Technique)

• Thermal diffusivity of CMs

(LFA 467 HT Hyperflash)

• Specific heat capacity of CMs 

(STA 449 F3 Jupiter)

11
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• Carbo HSP 40/70 is different than Silica Wedron 410 particles, which 
experience a phase change in crystalline structure (from alpha-quartz to 
beta-quartz) at ~573 °C.

There are differences between materials 
within the same class of particulate HTMs

Maskalunas, J., “High-temperature thermal properties of particles for concentrated solar power and thermal-
Energy storage system”, Master’s Thesis, Univ. Wisconsin-Madison 2020 (advisor: Nellis & Anderson)
https://sel.me.wisc.edu/publications/theses/maskalunas20.zip

https://sel.me.wisc.edu/publications/theses/maskalunas20.zip
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Different (DSC) setup/protocols may result
in different cp measurements

13

• Difference due to a sapphire disc placed underneath a DSC crucible, which 
is a common practice to prevent the crucible from sticking onto the 
sample holder, during high-temperature measurement cycle.

• To test this hypothesis, we measured the cp of Netzsch’s standard (pure) 
sapphire and compared it with the measurements.

~15% lower cp
than expected
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• Measurement uncertainty is still >15%
• Netzsch’s LFA is not designed to measure thermal diffusivity of particles 

accurately

Not all LFAs can measure particles thermal 
diffusivity accurately
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cp does not vary with form-factor of the 
particles (up to 800 °C)

• cp does not vary with form-factor of the particles

• Carbo HSP 40/70 is in line with Carbobead CP
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Inconel 740H

Ni-based alloy often exhibit high-temperature phase transition that are 
not previously captured in supplier’s spec sheet

Haynes 230
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There are differences between materials within 
the same class



energy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-office
18

SR-99
Duro Type II

HD45

Clipper DP

Korundal XD

WAMBLG

Graphite

PBN

Measured data substantially different from supplier’s spec sheet

No Previous Data Available

We have filled the knowledge gap for high temperature 
containment materials
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Cermets remain challenging to work with and 
measure

(Left) Bubbles formed on surface 
of ZrC/W cermet post testing

(Right) ZrC/W samples sintered 
to Pt crucible
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Final Design of Immersion Probes
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Final Immersion Probes Setup
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Accuracy of immersion sensors at elevated temperature
Sensor capable of measuring k of standard >800°C with <10% difference from literature†

• k measurement of Ar between

26-550°C and 775-825°C is <10% 

accurate

• The 3-𝜔 measurement at 825°C 

were repeated three (3) times

• Accuracy varied between probes, 

which may be caused by variation 

during fabrication

• Accuracy of CP of the ceramic core 

is very important for phase-fitting 

(based on sensitivity analysis)

Most k measurements are 10% accurate. If our measurement of standard (Ar gas) at elevated temperature is 
<10% accurate, it qualifies our immersion probe technique (i.e. it is on-parr or better than the SoA)

†Chen & Saxena, Molecular Physics, 29 (2), pp.455-466, 1975
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Lessons learned

23

• High temperature molten salts are very challenging
• Corrosive nature, unexpected volatility, material mismatch (in everyway 

imaginable), special skill sets and equipment requirements, and data analysis 

non-trivial

• Cermets are non-stable composites

• Ni alloys exhibit high temperature phase transitions not previously 

captured in supplier spec sheets

• Oxidation, corrosion, or sublimation of high temperature materials 

(e.g., graphite foams) limit use

• Data discrepancies with material supplier spec sheets

• Filled the knowledge gap of high temperature data

• Confident in measuring CM properties accurately and precisely
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Raw data from 3 measurements 
with 3 different samples (from 3 
different location on the same 

block of CM material)

Pool average (marker) with 95% 
uncertainty (error bars) estimated 

from
Uncertainty Analysis*

We are using shaded error 
bars/band on the website
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†Gunawan, “Uncertainty Analysis and Error Propagation Methodology for Reporting Thermophysical 
Properties Measurement of Gen3 CSP Materials”, OSTI ID: 1719142

*Figliola & Beasley, “Theory and Design for Mechanical Measurements”, 5th Ed., Wiley 2010 (Chapter 5)
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Uncertainty Analysis at 95% Confidence Level:†
Thermal Diffusivity Measurement with LFA
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• The mean value (at each temperature) from 3 different 
samples are averaged to yield a mean thermal diffusivity 
(𝛼) of the bulk material using pooled averaging (Ch. 4*)

"𝛼 =
1
3 &
!"#

$

"𝛼! = 4.464 mm2/s

• Errors for the LFA measurement are due to (1) instrument 
error, (2) spatial variation errors, and (3) temporal 
variation errors.  

• First, consider the instrument error.  The instrument 
error is assigned a systematic uncertainty (only) based on 
the manufacturer’s (Netzsch’s) statement of ± 3% of the 
reading, which is assumed to be stated at 95% 
confidence.  The standard uncertainties are assigned as

𝑏!" # =
0.03 × 4.464

2
= 0.067 mm2/s 𝑠!" # = 0
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This approach adhere to the American National Standard Institute/American Society of Mechanical Engineers 
(ANSI/ASME) Power Test Codes (PTC) 19.1 Test Uncertainty (2), which is the U.S. engineering test standard* 

Uncertainty Analysis at 95% Confidence Level:†
Thermal Diffusivity Measurement with LFA (cont’d)

†Gunawan, “Uncertainty Analysis and Error Propagation Methodology for Reporting Thermophysical 
Properties Measurement of Gen3 CSP Materials”, OSTI ID: 1719142

*Figliola & Beasley, “Theory and Design for Mechanical Measurements”, 5th Ed., Wiley 2010 (Chapter 5)
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*Figliola & Beasley, Theory and Design for
Mechanical Measurements, 2011 (Chapter 5)

26

Uncertainty Analysis at 95% Confidence Level:†
Thermal Diffusivity Measurement with LFA (cont’d)
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• Consider next the spatial error contribution to the 
estimate of the mean thermal diffusivity "𝛼. This error 
arises from the spatial uniformity in the bulk material. An 
estimate of spatial 𝛼 distribution within the bulk material 
can be made by examining the mean 𝛼 of the 3 measured 
samples from 3 different location in the bulk material. 
The mean 𝛼 within the bulk material show a standard 
deviation of

𝑠% =
∑!"#$ "𝛼! − "𝛼 &

2
= 0.065 mm2/s

Thus, the random standard uncertainty of the 𝛼 is found 
from:

𝑠'% & =
𝑠%
3
= 0.038 mm2/s

with degrees of freedom, 𝜈 = 2. We do not assign a 
systematic uncertainty to this error, so 𝑏'% & = 0.
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Uncertainty Analysis at 95% Confidence Level:†
Thermal Diffusivity Measurement with LFA (cont’d)

†Gunawan, “Uncertainty Analysis and Error Propagation Methodology for Reporting Thermophysical 
Properties Measurement of Gen3 CSP Materials”, OSTI ID: 1719142

*Figliola & Beasley, “Theory and Design for Mechanical Measurements”, 5th Ed., Wiley 2010 (Chapter 5)
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• Time variation error in 𝛼 output during each of the 3 
flashes at each temperature (for each sample) cause data 
scatter. Such time variations are caused by random local 
𝛼 variations as measured by the LFA sensor, sensor 
resolution, and furnace temperature control variation 
during fixed operating conditions. Since we have 
insufficient information to separate these, they are 
estimated together as a single error. The pooled standard 
deviation is

𝑠% =
∑!"#$ ∑("#$ "𝛼!( − "𝛼 &

𝑀(𝑁 − 1)
=

1
𝑀
&
!"#

$

𝑠%$
& = 0.038 mm2/s

to give a random standard uncertainty of

𝑠'% $ =
𝑠%
9
= 0.013 mm2/s

with degrees of freedom, 𝜈 = 6. We assign 𝑏'% $ = 0.

28
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Uncertainty Analysis at 95% Confidence Level:†
Thermal Diffusivity Measurement with LFA (cont’d)

†Gunawan, “Uncertainty Analysis and Error Propagation Methodology for Reporting Thermophysical 
Properties Measurement of Gen3 CSP Materials”, OSTI ID: 1719142

*Figliola & Beasley, “Theory and Design for Mechanical Measurements”, 5th Ed., Wiley 2010 (Chapter 5)
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• The measurement systematic standard uncertainty is

𝑏'% = 𝑏'% #
& + 𝑏'% &

& + 𝑏'% $
& #/& = 0.067 mm2/s

and the measurement random standard uncertainty of

𝑠'% = 𝑠'% #
& + 𝑠'% &

& + 𝑠'% $
& #/& = 0.040 mm2/s

with degrees of freedom are found using:

𝜈 =
∑*"#+ 𝑠'%& * + 𝑏'%& *

&

∑*"#+ ⁄𝑠'%, * 𝜈* + ∑*"#+ ⁄𝑏'%, * 𝜈*
= 36

Note that when the 𝜈 in the systematic uncertainties are 
large, the second term in the denominator is small.

• The combined standard uncertainty in the mean 𝛼 is

𝑢% = 𝑏'%& + 𝑠'%&
#/&

= 0.078 mm2/s
• Assigning 𝑡$-,/0 = 2.021 (from Table 4.4*), the best 

estimate of the mean 𝛼 with 95% confidence is

𝛼1 = "𝛼 ± 𝑡&/,/0 𝑏'%& + 𝑠'%&
#/&

= 4.464 ± 0.158 mm2/s (< 15% )
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Uncertainty Analysis at 95% Confidence Level:†
Thermal Diffusivity Measurement with LFA (cont’d)

†Gunawan, “Uncertainty Analysis and Error Propagation Methodology for Reporting Thermophysical Properties Measurement of Gen3 CSP Materials”, OSTI ID: 1719142

*Figliola & Beasley, “Theory and Design for Mechanical Measurements”, 5th Ed., Wiley 2010 (Chapter 5)

†Gunawan, “Uncertainty Analysis and Error Propagation Methodology for Reporting Thermophysical 
Properties Measurement of Gen3 CSP Materials”, OSTI ID: 1719142

*Figliola & Beasley, “Theory and Design for Mechanical Measurements”, 5th Ed., Wiley 2010 (Chapter 5)
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• To estimate thermal conductivity, 𝑘 = 𝛼 × 𝑐2 × 𝜌, once we have

• 𝛼% = 0𝛼 ± 𝑡&,()𝑢"
• 𝑐*% = 𝑐* ± 𝑡&,()𝑢+!
• 𝜌 = constant

here we assume a negligible systematic and random errors in 𝜌
• The random and systematic standard uncertainties propagate through to the result 

(𝑘), calculating about the operating point as stablished by the mean values for 𝛼 and 
𝑐2. That is, 

𝑠3* =
𝜕𝑘
𝜕𝛼 𝑠'%

&
+

𝜕𝑘
𝜕𝑐2

𝑠4,

& #/&

and

𝑏3* =
𝜕𝑘
𝜕𝛼

𝑏'%
&
+

𝜕𝑘
𝜕𝑐2

𝑠4,

& #/&
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Propagation of Uncertainty (at 95% Confidence Level) to a Result:†

Thermal Conductivity Best Estimation

†Gunawan, “Uncertainty Analysis and Error Propagation Methodology for Reporting Thermophysical 
Properties Measurement of Gen3 CSP Materials”, OSTI ID: 1719142

*Figliola & Beasley, “Theory and Design for Mechanical Measurements”, 5th Ed., Wiley 2010 (Chapter 5)
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• The degrees of freedom in the 𝑘 is determined by

𝜈 =

𝜕𝑘
𝜕𝛼 𝑠'%

&
+ 𝜕𝑘

𝜕𝑐2
𝑠4,

&
+ 𝜕𝑘

𝜕𝛼 𝑏'%
&
+ 𝜕𝑘

𝜕𝑐2
𝑏4,

& &

H𝜕𝑘
𝜕𝛼 𝑠'%

,
𝜐5- + J𝜕𝑘

𝜕𝑐2
𝑠4,

,
𝜐5., + H𝜕𝑘

𝜕𝛼 𝑏'%
,
𝜐6- + J𝜕𝑘

𝜕𝑐2
𝑏4,

,
𝜐6.,

• The best estimate of the thermal conductivity, using 𝑡7,/0, can be reported as

𝑘′ = "𝑘 ± 𝑡7,/0 𝑏3*
& + 𝑠3*

& #/&
(95%)

• We can calculate the % measurement uncertainty:

% =
𝑢*
"𝑘
=
𝑡7,/0 𝑏3*

& + 𝑠3*
& #/&

"𝑘
< 15%
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Propagation of Uncertainty (at 95% Confidence Level) to a Result:†

Thermal Conductivity Best Estimation

†Gunawan, “Uncertainty Analysis and Error Propagation Methodology for Reporting Thermophysical 
Properties Measurement of Gen3 CSP Materials”, OSTI ID: 1719142
✣Yee & Gunawan, “Measurement Acceptance Criteria for Reporting Thermophysical Properties Measurement 

of Gen3 CSP Materials: Standards, Principles, and Required Documentation”, OSTI ID: 1719141

*Figliola & Beasley, “Theory and Design for Mechanical Measurements”, 5th Ed., Wiley 2010 (Chapter 5)

✣
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Round Robin Data from UCSD & Georgia Tech
using Netzsch LFA 467 HT HyperFlash®

32

Metal

Ceramic CerMet

H230 SS316

WAM-BLG SR-99 ZrC/Mo
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Additional slides



energy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-officeenergy.gov/solar-office

CM#2 Haynes 233 – comparison

35
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CM#12 Stainless Steel 316 – comparison

36
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CM#4 WAM®-BLG – comparison (standard model)

37
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CM#11 SR-99 – comparison
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CM#X ZrC/Mo – comparison

39
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✣Wingert, Zhao, Kodera, Obrey, Garay, Rev. Sci. Instrum., 91(5), 2020 (https://doi.org/10.1063/1.5138915)

*Zhao, Wingert, Garay, ACS J. Chem. Eng. Data., 2021 (https://dx.doi.org/10.1021/acs.jced.0c00621)

Wang, Rincon, Li, Zhao, Vidal, ASME J Sol. Energy Eng., 143(4), 2020 (https://doi.org/10.1115/1.4049253)

*✣

sulfur

High-temperature molten salts are challenging to measure

https://doi.org/10.1063/1.5138915
https://dx.doi.org/10.1021/acs.jced.0c00621
https://doi.org/10.1115/1.4049253
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Design of Immersion Probes
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Immersion Probe Modification
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Probe

Muffle furnace

3-omega setup

4-point electrical
connection 

Inside muffle furnace

Immersion Probes Setup
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MIT’s graphite foam samples
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Molten Salt Measurements, December 2020

First test with molten salt 

• Cured and annealed probe (at 825°C) with salt in quartz crucible beneath it

• Held for measurement at 700°C

• Saw salt depositions on all parts of probe in oven, all over crucible, on top 

of oven
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CM#4 WAM®-BLG – comparison (transparent 
model)

47
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Figliola & Beasley, “Theory and Design for Mechanical Measurements”, 5th Ed., Wiley 2010

CM#2 Haynes 233 – One-sided student’s t-test
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CM#12 Stainless Steel 316 – One-sided student’s t-test
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CM#4 WAM®-BLG – One-sided student’s t-test
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CM#11 SR-99 – One-sided student’s t-test
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CM#X ZrC/Mo – One-sided student’s t-test
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