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M Otivati O n fo r Measurements

Thermophysical Property I.II‘

Characterization
[3]

* The design, licensing, and operation of MSRs
requires an accurate understanding of fuel

and coolant salt thermophysical properties

* There are a broad range of potential salt mixtures
which have potential in MSRs

Thermal Models

* We still have limited understanding of certain [7]
properties for certain mixtures '
. T
* |n order to address this challenge, we need: (== e [7]

2 & 8
8
Temperature (K)

 Experimentstofill critical data gaps and target key
mixtures of interest

e AIMD to understand the relation to molecular
structure

* Predictive models to interpolate and extrapolate

for rapid compositional characterization
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Overview of Thermophysical Characterization

Efforts at ORNL

. Experimental Measurements ——

3. Predictive Modeling ——
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Thermophysical Property Measurement Capabilities at

[N}

ORNL
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Variable Gap Thermal
Conductivity System
Status

* The variable gap system is a direct
measurement of thermal conductivity
based on driven heat flux through the
sample

Axial Losses I

Radial Losses

Digital Vgriance
Indicator

>

* Our system is compatible with fluorides,
and chlorides, with and without actinides

* Not currently set up for Be

Bellows

e Calibration process with He to establish
true heat flux versus temperature
difference

Inner Containment

Outer Containment

* Consistently shown good agreement with
other experiments and models for various
salts

Variaple
Gap

 Automated data processing software, GUI

fOI’ data analyS|S l Molten Salt Reactor
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Comparisons of measurements

Fluorides Chlorides

Pa St a nd O ngOi ng with other studies and theory

Thermal Conductivity ~
Measurements N et e ancertainty
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Ball dropping mechanism

Rolling Ball Viscometer ®
g “ S

Development Status
e —3
* Based on the terminal velocity of o w /@/

a ball rolling through the molten

salt |
. . . (A) the measurement section
e Calibrated with various NIST (B) The loading section

I i C) C tion to the rotational st
standard oils and different ball (C) Connection to the rotational stage
dimensions

e Can make measurements with Automated calibration system
glass and steel alloys - I. Fumace 5  Gascontrol
. . > 2. Venti‘lation 6. Rota'Fion control
° WO rk|ng to |mprove accura Cy Of 3. Crucible 7. Heating/temperature
4. Backfill/ pressure control

maintenance 8. X-ray system (detector
system behind furnace
[1]

measurements in steel

* Automated systems for
calibration and x-ray triggering

* Our system is compatible with g ,
fluorides, and chlorides, with and ———
Without aCtinideS g% U.S. DEPARTMENT

NN of ENERGY
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X-ray measurement in salt

PaSt and ongOing Alkali Chloride Measurements
Viscosity Measurements jieasaaseeem

ou
approach
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Ongoing Study of Surrogate Fission Products

Effect on Transport Properties

* Need to understand how fission
products will affect thermophysical

properties

* We are considering a high-burnup

case

* Considering NaCl-UCls this FY

* Simultaneously running calculations for

NaF-UF4

 Caninput respective fast/thermal
fluxes into ORIGEN to calculate FP

inventories

* Only looking at salt seekers
 Thisis asimplified assumption because it

ignores removal terms

[1] ORNL/SPR-2020/1865
5/1/2025 [2] Wargon et. al (2023). Representative Neutronics Models of MCFR Reactors
[3] Hartanto et. al (2024). PHYSOR 2024, 2058-2067
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Surface Tension Measurement System Development

Gas out/Pressure Relief

Crucible

Furnace

SS Capillary

5/1/2025

Pressure Flow Controller
transducer

« CH

\ The surface tension, y, can be
obtained from the measured

/\ bubble pressure and radius
2y

, Pg =

. r
time n

Experimental Plan

Test system in water - Observe bubble formation
visually and compare to pressure transducer output.

2. Measure surface tension of nitrate and/or chloride

salts.

Measure surface tension of fluoride salts.

He, Ar, Kr gas

|
o

e

Air — Water
Capillary: 0.3 mm ID
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Whatis MSTDB?

* The Molten Salt Thermal Properties
Database-Thermochemical (MSTDB-TC) and
Molten Salt Thermal Properties Database-
Thermophysical (MSTDB-TP) databases are
available via the ORNL/ITSD Gitlab Server.

* MSTDB-TC contains Gibbs energy models and
values for molten salt components and related

systems of interest with respect to molten salt
reactor technology.

* MSTDB-TP consists of tabulated thermophysical
properties and relations for computing properties
as a function of temperature or composition.

* MSTDB has >320 users currently
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e
Current State of MSTDB-TP

* As perthe current version release (3.1) There are 820 entries, including:

e 33 pure compounds

* 380 pseudo-binaries

* 395 pseudo-ternaries

* 12 pseudo-quaternaries

* Each property entry in the database includes a margin of experimental error

* This listis constantly expanding. The data is based on the outputs of 180+ independent
experimental studies in literature.
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Predictive Modeling
with Redlich-Kister

In order to address gaps in the
database, predictive modeling with
the RK methodology canyield
CRUINEIGE

* This method has been developed for
density and viscosity [1,4,5]

This formalism uses experimental
data in MSTDB-TP to define non-ideal
binary interaction parameters

These can be used to interpolate or
extrapolate

Extensible to arbitrarily sized mixtures

Both Saline and the GUI have estimation
tools built into them

LiF-BeF2 NaF-BeF:

NaF-LiF

[1]

Binary Interaction
Calculation
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The Difficult Case of Thermal Conductivity
Prediction...

* We need a more fundamental model for thermal conductivity prediction

. . 1.4+
* Too little data to support RK, many endmembers uncharacterized
. . . . 1.2+
* Kinetic theory models have been shown to work well for alkali halides >
[1 ’2’3] §_ 107 .
. . . . . . . © g
* Modifications to deal with complexation in alkaline earth bearing melts ® g - %0 %
= )
. \ . . £ o
* Still, actinides are problematic 2 0.6 - e .
* Large molar mass throws off the model %0_4_ °
* Couaborating Wlth BYU to Identlfy a Strategy .. ® Salt Systems with no Actinides in MSTDB-TP
0.2 ® Salt Systems with Actinides in MSTDB-TP
Preliminary General Formalism 0o | [l |
NATl 1 . 0.0 0.2 0:4 _ 0..6 _ 0.8 1.0 12 14
K = K(l _ 6)kB (V(T )) CO (Tm) 1 — C((Tm) <y(Tm) + §> (T . Tm) Preliminary Kinetic Theory Model (W/mK)
/ m \
@ ®
5 ) %/. « \»o Q \ /’éo/ ’% [1] Gheribi, A. E., Torres, J. A., & Chartrand, P. (2014). Sol.
<. 2. ?o 5 2 = ’50 < ’% o, Energy Mater., 126, 11-25.
B, ‘Z,} % S 3, 2 =3 o S [2] Gheribi, A. E. & Chartrand, P. (2016). J. Chem. Phys., 144(8)
% % 7&;{ 92} ‘Ld}c ’%(‘ ’)g % '),5 % [3] Gheribi et al. (2022) Sol. Energy. Mater., 236, 111478
S ® o & ° 2 D, &
ST S S © i =%
0 . olten Salt Reactor Y
Q ®O % NMS pRo e R A :)){f;ce of Nuclear Energy 14
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# Data Helpe
Dats Selection | Plotting | Estimation |
|:”umbar of and-memberél Salt search term ‘_ ‘1000 ‘ -['1:’]‘0t -[i:c‘t .[illot X
| LelelxIS] 9 componnon uay fommrze—Trs o
| S e r n e r a c e S 32;05‘:29 : i i i Melting Temp. (K) [s03.0 10427 2800
04441 05559 X v X X Builing Temp. (K) |— 1688.0 —
043057 X v X X Measured Range p (K} |973.0-1273.0 1053.0-1213.2 873.0-1073.0
042058 v X X x| 2 p(gfcm3) [355:3.0% 1.55741.0% 2.06524.0%
0405 v v X X Measured Range p (K} |973.0-1173.0 1050.7-1180.9 873.0-1073.0
PR | NN ) o
o . 0.3017 0.6083 : K (W/m K)g — 0.39628.0% —
 Saline isthe MSTDB-TP API e e N i ... i
o . o . . Minimum TampSEIECt Sal:l'!aximum Temp L =
* Provides a stable C++ interface for obtaining supported properties | ml o - o X
i ; \ ‘ e Pt KF[26.0%]-NaF[46.5%]-UFA[27.5%]
(density, viscosity, heat capacity, and thermal conductivity) PR ——
Property Reference
* Designed for integration with other NEAMS codes e =
* There are two different classes which serve as data P i
P 00 Cohen 1957 [42] Copy
models .
. 5 mel): A+BT+CT*+D'T
* Default: allows for the extraction thermophysical data for . e e
compositions in database R

* RK: allows for arbitrary salt mixtures to be estimated

ﬁ

Estimated Density KCI-LiCl

* We also have a GUI which is backed by Saline for more o = B —
eaSy access to data LiCl §L‘55' B Estimated DensityLiCI-UCI4_ —
Saline API e =0

#include “default_data_store.hh”
#include “thermophysical_ properties.hh*

// Construct the default data store object

/f Initialize it with the data store

tp.initialize(Bd);

/f Pick a composition
[1] ORNL/TM-2021/2239 tp. setComposition({"LiF","NaF","KF"},{@.465,0.115,8.42});

// Obtain data using temperature in Kelvin

double density = tp.rho(98@);

double viscosity= tp.mu(98@);

double thermal_conductivity = tp.k(908);

double heat_capacity = tp.cp(90@); [1]

5/1/2025

1.45 -

1.40 -

Estimated Density KCI-UCI4

0.0 0.2 2.0-

Density g/cc

35 -

w
°

Default_Data_Store d; 8
)
#| €[5 wlal= B Zas
// Load the default data S Lo 5
a
d.load(); 00 02
2.0-
// Construct the thermophysical properties object &l €| PQl=
Thermophysical_Properties tp; 15-
00 02 04 05 08 10

KCl Mole Fraction

&l #la)= B

—— 900.0K
—— 1000.0K
~—— 1100.0K
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Ongoing Surface

Example data collected:

Pure
Component
LiF 9

Multi- # Studies
component (# Comps)

LiF-KF 1(4)
o o ol Surface Tension of LiF NaF 10 LiF-NaF 1(1)
Tension Addition T e s s sw
550 ‘».\.:\ ——- Hara 1989 (sample A) .
-3 —-- Hara 1989 (sample B) RbF 5 LiF-UF, 1(12)
.f\ ——- Ellis 1967
Effo rt T 240 *d- ~~- Katyshev 1987 CsF 4 LiF-ThF, 1(5)
2 .. e . —~—- Jaegar 1917
3 N === Holm 1971 BeF, 0 NaF-UF, 1(11)
e 230 N ~& ——- Mellors 1965
. g ~—- Yajima MgF 4 NaF-KF 1(1
e Collected pure and multi- - e &F2 : 0
. § RS CaF, 6 NaF-BeF, 2(3)
component surface tension data Pao] StF, 3 NaF-ZiF,  1(5)
for fluorides B BaF, 4 NaF-NaBF,  1(1)
. yurldyn/cm] = 343.92 — 0.09710 *T[K] ZrF, 2 KF-BeF, 1(9)
g Cth rldeS are the CLI rre nt effO rt 1100 1200 . 13'0(1 ” 1400 1500 LaF3 0 LiF-NaF-KF 4(1)
emperature
. . ThF, 1 LiF-NaF-CaF, 1(1)
* Evaluated data using ANL quality orface Tensionof L. oF. ) T
ranking system | A %, UF, : LFKEZiF,  1(10)
| == ¥ajima 1982, 50.0mol% LiF . .
. . ~— Yajima 1982, 33.0mol% LiF > UF 1 LiF-BeF,-UF 1 (1)
N ) » 6 2 a4
. . —— Detrick 2023, 66.6mol% LiF ~
This enabled reliable dataset Fue] . 2 T
selection E | eg B e “ e o NaF-BeF,-UF, 1 (1)
S e R ° o e
. Fol e 3\ ° e N NaF-ZrF,-UF, 1(1)
* Follow on effort involves: I SRR N NS
& 180 N *\.““OH o ThE
. 3 5 e ° -
 Reference correlation determinations e . i
Ly ] N, SiF-TieFFZ- 2(33)
* Development of predictive models | | . | e
800 900 1000 1100 1200

Temperature [K]
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Quality Rankings

MSTDB-TP Quality

Table 2. Quality Ranking of the Sources of Unary Fluoride Salt Density Data Compiled in MSTDB-TP V 2.1.0.
{ J { ]
LiF, NaF, rrg-al\:i:a“s::;ds :::;i:!w of :;I:‘Izﬂist‘cfljzz::rntenfur L;::l?:::;o;':zgﬁtr:ul of M- Reported accuracy :J;C::l?df: ::::t:rts
Jaegar, 1917 KF, RbF, M - Hydrostatic surface tension effect measurements of temperature or to two decimal places densities and a
[2) CsF u method quantified ~0.0001 gferg  composition atmosphere inerg correlation
® :V;EHYdurosr:ati:nou - No information
A N L h aS p Ut O Ut tWO re p O rtS [1 1 2] O n th e QA del‘arill S}’ld:::erminz':f |—Nl? information I - Salts |.~ere dried :]T::lide; on Ecnuntml of 1-No informaliun on 1- Nl? raw data
p rocess for MSTDB-TP 1501 s U ool “’_"“'" Eaibrations ommpteiton masic _atmaphere orecklon provided, _boreatononty
. . :r;:;‘;::srzzfcenolugn . ‘ ) ) I- Nul information ) ) :l-r;::i’dr:;.' :::)amrts a
* One detailing how the rankings work vatte, 1956 methods ety provdedon | sumammtekber  empesumor | wneeryor | stndont deviton
(4] LiF, KF,CsF U applied calibrations. analyses of salts. atmosphere precision provided. for the correlation.
* Another on application to pure fluoride compounds for oo, mevsanen . 1-Norawdaa
density and viscosity e, S e peiernaion mesrediabon st iy pordedteors
1960 [5] LaF;, CeFy u method calibrations. post-test K uncertainty of 2 K. and a correlation.
« The MSTDB-TP incorporates quality rankings
Into the dataset selection and uncertainty Dataset Comparison
characterization as updates are generated e R Ty T Iy =y Reference
- == Brown (1964) —d4 Jaegar (1917) -~ - Porter (1966)
. . . - « = Desyatnik (1981) 0Ogino (1980) « =+ Rolin (1971) H
« A continuation of this effort has enabled - Edwards 1953) Paucirova (1970) - - Smitmov (1962) Correlation
. . . —+#~- Fontana (1970) ° °
reference correlation determinations for o Determination
. . - N * 1 \A\ \_\
fluoride density and viscosity 194 .\; ...... = - een
. . . o TR Ry, 4.0 - =« NaF  —.— MgF;
« Journal manuscript in review for JPCRD £ 192 s G X snioum
= S ‘s = + RbF
D 1.901 S Mg s - o SIF;
> ; T A = BaF;
6 ANLICEGT=2346 6 Report ANLICFCT-22/26 § . 4 ‘\y E
Argonne 7™ Argonne %= 8 1861 .. v | 230!
1.84 - AP -
e
1.82 8 254+—"—-- e
1250 1300 1350 1400 1450 (o trobrobef it e —
Quality Ranking of Unary Fluoride Salt Property Data Quality Ranking System for Molten Salt Thermal Temperatire {K) 2.0 1 o e T [
in MSTDB-TP Property Data S e O ]
1000 1200 1400 1600 1800
Temperature (K)
Chemical and Fuel Cycle Technologies Division Chemical and Fuel Cycle Technologies Division
U.S. DEPARTMENT
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Summary

* ORNL is striving to meet the challenge of thermophysical property characterization for MSR relevant
salts with a multi-pronged approach

* Experimentally, we are focused on performing transport property measurements, primarily on
actinide-bearing salts

* We are also studying the effect of surrogate FPs

* From a modelling standpoint, we are developing predicative models for rapid characterization of
many salts, informed by experimental measurements

* We are collecting and assessing, as exhaustively as we can, thermophysical property data to
compile into MSTDB-TP

This work is directly funded by the
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