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Base salt SYStemS From Roadmap for thermal property
measurements of Molten Salt Reactor

Current Program Roadmap pres

Fast spectrum: Chloride systems

NaCl-MgCl,-UCl;-UCl,-PuCl,,
NaCl- ZrCl,-UCl;-UCl,-PuCl;,
NaCl-AlCl,;- UCI;-UCI,-PuCls,
NaCl-KCI-MgCl,-UCl;-UCl,-PuCls,,
NaCl-KClI-zrCl,-UCl;-UCl,-PuCls,
NaCl-KCI-AICl;-UCI;-UClI,-PuCls,
NaCl-ThCl,-PuCl,

Thermal spectrum: Fluoride systems
LiF-BeF,-UF,-UF,-ZrF,
NaF-BeF,-UF,-UF,-ThF,
LiF-NaF-ThF,
NaF-BeF,-UF,-UF,-ThF,

Solely heat transfer medium
 NaF-BeF,

- LiF-BeF, L
. LicknaClmgel, | BLAN

)
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Thermodynamic Modeling Requires an Accurate, Consistent and
Extensive Gibbs Energy Database

« Database consists of Gibbs energy relations for each phase and gas species
« Gibbs energy relations for (stoichiometric) compounds are obtained from

« Directly from accurate reported values

« Assessment of reported data and/or measurements

« Solid and liquid solutions need to be represented by models that provide Gibbs energy relations
at specific temperature, pressure, and composition (gas typically an ideal solution)

 Directly from accurate reported values consistent with basic database phase values, or

« Reassessment of reported models using new data and consistent base values, or

« Full assessment from reported values/new measurements using consistent base values
* Resource is the Molten Salt Thermal Properties Database — Thermochemical (MSTDB-TC)
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™~ Models and Documentation

MSTDB-TC - Structure

& Data Packages

™~ Documentation

« Hosted by Oak Ridge National Lab (ORNL) on

Code.ornl GitLab repository as a series of files
and directories. ® MSTDB-TC V1.2 Documentation.docx

MSTDB-TC All Compounds + Refs.xlsx

 Download entire database, or individual files MSTDB-TC V1.2 QA Diagrams.pdf

» Native GitLab Readme documentation for each © readme.md

directory [ MSTDB-TC_V1.2.dat

©® readme.md

B readme.md

Pseudo-binary and Pseudo-ternary Data Packages

Data packages have been generated for each modeled subsystem of the MSTDB-TC as a reference. The data packages are excel files with
separate sheets for Compounds, Liquid Solution, Solid Solutions, and References. A reference number is provided for each piece of non-original
data used in the subsystem. Clicking the "Link" next to each piece of data will bring you to the full reference in the References sheet. The
pseudo-binary and pseudo-ternary data packages are found in their respective directories.
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MSTDB-TC - Modeling

{? FactSage 8.0: Solution
File Edit Units Options Tools Help

« Performed following the CALPHAD
method

Function Mame | MSBEsoln MSFLXss(Li; Thi/F)

=¥ MSFL (98-2) (SUBD) g¥ Binary term

. . . . +- Sublattices QAEXAA){EE
 Liquid (melt) solutions use the Modified +- End Members (16) 520 ; g0 also called Ags,

. . . Mixahles (D)
Quasi-chemical Model in the Quadruplet s Non-Default Quads (49) e e e e

. ] Ternary Interpolations () A Li
ApprOXImatlon (MQMQA) = Interactions (170) B: Tj:"«,.
1 Li.Be[IV)HF

Li:Be (V)P ijo j V_
Li;lLId+4F
Li;LI4+4F

 Solid solutions modeled using the single !
3
) L4+ F
R
b
7

(0
(

. . (
sublattice polynomial model or Compound (
Energy Formalism (CEF) E
(

(

(

(

(

g, [oee3

B[] U4+/fF
BelV];Ud+}F

) Li B[V U4+/F

(&) Li: Thy/F

9) Li:Thy/F

109 L Thy/F

1) Be[W ThifF v

>

Ch\Fact5agedMSTDBYMSBESoln.sin
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MSTDB-TC - Assessments Fit Model Parameter to Reproduce
Phase Equilibria and Thermodynamc Properties

. - %MSTDBTCQQ
. Published models __ KC-CrCl,system M.,
e Seifert and Klatyk (1964)

* |f compatible, input as-published

 Reassessments
 Affected by changes to other systems
 Different models or pure compound values
* New data, errant values, etc.

Temperature (°C)

e o
° Reported melting points,

P | T : EH#3 cyq. 2750 2700 .
 Original assessments _ EH1: 475", 470" and 473°C

K,CrCl,: 481°, 478° and 490°C
E#2: 467°, 462° and 464°C

 Novel SyStemS ' KCrCly: 495°, 494° and 501°C
| E#3:472°, 474° and 466°C__

. Use of multi-coordination endmembers "1 02 03 04 05 06 07 08 09 1
Mole fraction of CrCl,
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System U-F-Li
3 2 2

MSTDB-TC Format is Open and Directly ‘......

6 1 2

Usable by Equilibrium Calculation Codes .. ..°

IDMX
LiF
1 1 0.0 1.0 1.0
6000 .0000 -351581.57 37.443358 -35.397917 -.93533200E-03

« MSTDB-TC Follows the FactSage ASC Il Format (.dat) sra | ETEST B-banaE%e

. 6;06?090@1‘6 —1252992.2'0 343.21185 -103.82600 -.47745000E-02
[} Database prOVIdeS L?éﬁgiiiBBBE-06 510660.00
- Thermodynamic functions readable by FactSage™ and open- .

source code Thermochimica Li//F

11 0.0 1.0 1.0

» Pseudo-binary and higher order system data oocooeoon  o.covometn e

1.00000 1.00000 ©.000000 0.000000 0.000000

» Reference values from literature with sources U/ /F

11 1.0 4.0 0.0

« Original measurements including uncertainties oocotomon  o.oco00nn o oo
. . . . . . 1.00000 4.00000 0.000000 0.000000 0.000000
« Detalls of function fitting and uncertainties 21 |
Fl.eeeee 4.00000

« All systems validated via reproduction of accepted phase equilibria Q2
« Verified via examination of all systems by third-party (ORNL) '

3 3 6.0000000 6.0000000 6.0000000 6.0000000
3 3 6.0000000 6.0000000 1.5000000 1.5000000
3 3 2.0000000 6.0000000 1.7142857 1.7142857

1 2 3 3
00000000 1.
00000000 0.
@0 0 -16108.400

G e 0 o o
0. 00 0.00000000 1.00 0.00000000 1.00
0. 00 0.00000000 0.00 0.00000000 0.00
0.00000000 0.00000000 0.00000000
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MSTDB-TC V1.2 Content

94 Pseudo-binary systems * Fluorides:

37 Pseudo-ternary systems » 51 pseudo-binary

42 Solid Solutions * 26 pseudo-ternary
e 26 solid solutions

201 Stoichiometric compounds
« Chlorides:
« 43 pseudo-binary
« 11 pseudo-ternary
16 solid solutions
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MSTDB-TC Fluoride Systems Content: Be-Ca-Ce-Cs-K-La-Li-Na-

Ni-Nd-Pu-Rb-Th-U-F

Pseudo-ternary and higher order systems

BeF2-LiF-NaF

BeF2-LiF-PuF3 *

BeF2-LiF-ThF4
BeF2-LiF-UF4

BeF2-NaF-PuF3’
BeF2-NaF-ThF4*
BeF2-NaF-UF4 °
BeF2-ThF4-UF4

CaF2-KF-NaF

CaF2-LaF3-LiF °
CaF2-LaF3-NaF°*

W,
'@.

CaF2-LiF-KF
CaF2-LiIF-ThF4
CeF3-LiF-ThF4
CsF-LaF3-LiF
CsF-LiF-KF
CsF-LiF-PuF3
LaF3-LiF-NaF
LiF-KF-NaF
LiF-KF-RbF
LiF-NaF-CeF3
LiF-NaF-PuF3
LiF-NaF-RbF

LiF-NaF-ThF4
LiF-NaF-UF4
LiF-PuF3-ThF4
LiF-PuF3-UF4
LiF-ThF4-CaF2
LiF-NaF-BeF2-

ThF4-PuF3-UF4

LiF-NaF-BeF2-
KF-PuF3-UF4
LiF-NaF-KF-
CsF-ThF4-PuF3

General Atomics SmartState Center for
Transformational Nuclear Technologies

Matrix of pseudo-binary systems

v | InMSTDB-TC

v | Data Published |

NS N N N N N IS RN

NIES R RN RN RN RN RN RSN RS RN N RN NN

South Carolina




MSTDB-TC Chloride Systems Content: Al-Ca-Ce-Cs-Fe-K-Li-
Mg-Na-Ni-Pu-Rhbh-U-CI

Pseudo-ternary and higher order systems Matrix of pseudo-binary systems

CeCI3-KCI-LiCl

CeClI3-KCI-MgCI2
CeCI3-KCI-NaCl
CeCI3-LiCI-MgCI2

KCI-LiCI-UCI3
LiCI-NaCl-MgCl2-KCI-PuClI3-UCI3
LiCI-NaCl-MgClI2-KCl-CeClI3

v | In MSTDB-TC |
v~ Data Published

NEN RN RN RN RS S RS N SN NN
<lafalalalalalalala]a]a]sa]s

0 N N N N N N N N N 0 N N RN

&

ol
a
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MSTDB-TC Sources Vary From Values Directly Extracted From
Publications to Derived From Original Measurements

All values traceable to original sources via

pr o Vi ded da t a p a Ck ag es ; ‘ 4 _Icumc.:;:: ::;:i: t;j;;llgiu;;1;;111lds

Pure substance, single cation phase values from
tabulated sources, e.g., NIST, SGTE via FactSage™

T ermodynamic modelling of LiF-

Melt, solid solution, or complex compound models and

values/parameters are

Obtained as is from published papers/reports

Determined in assessments/reassessments using
values from published papers/reports

Computed for compounds obtained using ab initio\ IGUFs
. . K3UF7
modeling & used in assessments KnUsFas

HPOK (eV)

400 500 600 700 800 900 1

Temperature (K)

H20K (J/mol)

-3.643
-3.523

-3.858

-3163464.3
-3739095.7

-4466884.5

Obtained using measurements for assessments
from original experimental efforts

600

| South Carolina
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Linked Data Packages for All Included Values

« Excel files for each
modeled pseudo-binary
and —ternary system:

« Pure compounds
Liquid solutions
Solid solutions
Linked references

Reassessed and
Original values

1

2

4

A

Ref. Number

A

D

E F

Pseudo-binary Liquid Interaction Parameters

Species A

Species B

Ref. # Ref Link

Comments

LiF

KF

Link

Changed to (-7200 +4.8*T -0.0014*TA2)

LiF

KF

Link

Changed to (-1200)

NaF

KF

Link

NaF

KF

Link

LiF

Link

Changed to (-2639.4 +0.921*T)

LiF

Link

Setto O

2
3
4
5
6
7
8
9

LiF

Link

Changed to (50)

B
Authors

D
Title

E
Publication

F G
Issue/Chapter Pages

H
ORNL Doc #

1

E. Capelli, O. Benes,
R.J.M Konings

Thermodynamic assessment of the
LiF-NaF-BeF2-ThF4-UF4 system

Journal of Nuclear
Materials

449 111-121

0. Benes, R.J.M Konings

Thermodynamic evaluation of the
MF-LaF3 (M = Li, Na, K, Rb, Cs)
systems

Calphad-Computer
Coupling of Phase
Diagrams and
Thermochemistry

121-128

0. Benes, R.J.M Konings

Actinide burner fuel: Potential
compositions based on the
thermodynamic evaluation of MF-
PuF3 (M = Li, Na, K, Rb, Cs) and LaF3-
PuF3 systems

Journal of Nuclear
Materials

449-457

General Atomics SmartState Center for
Transformational Nuclear Technologies
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31: CsF-ThF4

Testing for Reproducibility With
g y Fig. 31a - Calculation saved in C:\FactSage80'MSTDB'PD Macro'BMPs Fig 31b - Published figure from R“ﬂ?] saved in
- - C:'\FactSageS8OMSTDB'PD Macro'Lit
Res pect to P u b I I s h ed D I a g ra m S CsF - ThF, Please see Excel data package for this system for additional information.
1 atm

Gatthge'

1400
//-

» Each release version of the MSTDB-TC A | / S . e=F
undergoes an ORNL evaluation ‘ /o e

w1000

800

* Primary criteria is reproduction of modeled phase | - | w
diagrams. ] e

ThF /(CsF+ThF,) (mol/mol) 0 02

« MSTDB-TC computed diagrams provided side- 103: LiF-NaF-PuF3

Fig. 103a - Calculation saved in C:'\FactSage80\MSTDB'PD Macro'BMPs Fig. 103b - Published figure from Ref[3] saved in

by-side with published versions

PuF, - LiF - NaF Please see Excel data package for this system for additional information
Projection (MSFL), 1 atm &dhge' PuF,

0.4 06
X (ThF,) / (mol/mol)

PuF,

[/\\ Timin) = 888,58 K, Tima) = 1898.65 K I 7% 4
N 1800 L
ATAN - o0y

» Calculated phase diagram for all modeled systems

« Compared against published diagrams 2

Tsp04

» Notes section for discussion of selected systems / .
* Provided in pdf with MSTDB-TC documentation
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@‘ Transformational Nuclear Technologies " South Carolina




MSTDB-TC V1.2 Public Release

* First public version has been completed, tested, and made available at
https://code.ornl.gov/neams/mstdb/

» Obtain cost-free after registering an ORNL XCAMS account and access approval
« Create an account at https://xcams.ornl.gov
« Email MSTDB@ornl.gov with subject ‘MSTDB Access Request’ and
 Your XCAMS ID

» A brief summary of the purpose of your access

* You will receive an email from code.ornl.gov indicating your MSTDB-TC access
has been granted and a link to the project page

* Permits access to MSTDB-TP as well

¥, OAK RIDGE

National Laboratory
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https://xcams.ornl.gov/

N IENIE NN

MSTDB-TC Future Updates

« Additional system assessments in-progress

» Published models not yet added

N N RN RN N RN RN N IRN

« Corrosion products (Fe, Ni, Cr)

IRV N EN EN RN EN RN ENEN N RN RN RN RN EN

<<

« Multi-coordination systems

h
SN
Zz
&

» Systems key for safety analysis (Cs, I...)

v | InMSTDB-TC |
v Data Published |

 Versions will be posted every few months with
additional assessments/reassessments

 New added systems

* Revisions based on new information

NIENENIEN SN RN N RN RN RN RN RN N RN

v

z
ENEN NN EN RN EN RN RN RN RN RN RN N N N RN

aCl,| CsCl | PuCl; | UCl; | ZnCl, [MnCl,| FeCl, | CoCl, CeCl; | AICI;

970 General Atomics SmartState Center for ot
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General Atomics Center Researchers and Students

> We are looking for new post-docs to join us! <
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Molten Salt Thermal Properties Database -
Thermophysical (MSTDB-TP)

N Sooay
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Jake McMurray, Can Agca,
Shane Henderson, Robert Lefebvre
Tony Birri, and Dianne Ezell

Oak Ridge National Laboratory

ORNL is managed by UT-Battelle, LLC for the US Department of Energy




Vision/Mission

L« Measurements
e |iterature

) Salt Systems

\ * Redlich-Kister
* Extrapolations

Modeling |

 The Molten Salt Thermal Properties Database (MSTDB) is a
database of models and model parameters that will
represent salt solution thermal property behavior as a
function of temperature and composition

- Thermochemical division is designated MSTDB-TC
— Thermophysical properties division is designated MSTDB-TP

%OAK RIDGE

National Laboratory




Molten Salt Thermophysical Database 1.0

« MSTDB-TP Version 1.0 finalized (open access soon to be
available)

e Type of data (along with references and uncertainty)

> Melting temperature > Viscosity

> Boiling temperature » Thermal Conductivity
> Density » Heat capacity

e 62 enftries currently: 27 pure, 8 binaries, 10 ternaries & 5
qguaternaries

%OAK RIDGE

National Laboratory




Molten Salt Thermophysical Database 1.0

« MSTDB-TP Version 1.0 finalized (open access soon to be
available)

e Type of data (along with references and uncertainty)

> Melting temperature > Viscosity
> Boiling temperature » Thermal Conductivity

> Density » Heat capacity

e 62 entries currently: 27 pure, 8 binaries, 10 ternaries & 5
qguaternaries
> Thermal conductivity needs data through either experiments or
theoretical studies

%OAK RIDGE

National Laboratory




Thermophysical Characterizations

Archimedes Bob I_)ensity Measurement Apparatus

Variable Gap Dial Indicato

TC Apparatus

r

Variable Angle Test Stand

Viscosity

Equivalent to falling-ball
optical measurements

8- adjusting screws

Temperature (°C)

Ba]ance Density Dynalene MS-1
2200
> SRR S 3
. . .
2 1500 hd *' . o, r ;
~— £ Th | Resi Change in temperature across gap
< 1600 erma esistance =
P E heat flux (D
(n £ 100 0.80
@MS-1 Datasheet ‘ ‘
C 1200 ©ORNL System = 070
£ O
1000
200 250 300 350 400 450 500 S50 60O = 060
q) Crucible Temperature (°C) 2 - -
0.50 a E
, ) —
il Pt Plummet 5 040 4
Q Furnace z ¥
| l S 030 i Z ________ S— N presres —
. U I_H FUPTTRL LEL e PETERELL L ) \ °
Salt Specimen Alternate methods: E 020 X Ms-1Variable Gap —_—
@
. H lium Variable Gap
Optical dilatomet = *
Furnace p . ry 0.10 ®m  MS-1(Dynalene Inc.) <
X-ray dilatometry oo L L, bl (ST
200 300 400 500 600
Temperature (C)
Rotating Ball Drop FLiNaK melt
S6 15.X Degrees C/)
Detector Plate 017 3 ++++This work heating (SS crucible)
3 ««++This work heating (glassy carbon crucible)
Test Crucible mummmm 0.15 2.5 — -This work cooling (glassy carbon crucible) U
— O O Rogers et al.
Q o
g 013 o 060 ——MSTDB model
S 2-
g o1 gas outlet valve >
g 3 - thermocouple g
§ 0.09 . 1 - hoisting device g
—o—Run 15.0 degrees —o—Run 15.0 degrees _ 1 4 - heating element <
0.07 ~ B
§ —e—Run 15.0 degrees _2 ‘5 — e
© 0.05 5-sample carrier [ *
© 5 10 3 & —
5 Image Interval 6- protective tube 0.5 O
m R
> 7 - radiation shield E 0
g
>'< 525 575 625 675 725 775 I

%OAK RIDGE

National Laboratory




Pure salts of intferest in MSR campaign

The pure salts of interest with their melting
temperatures for thermophysical properties

ORNL/SPR-2020/1865

Roadmap for thermal property

Salt |Melting T (°C)| Salt |Melting T (°C) i
CeCl, 822 CeF, 1432
CsCl 645 CrF, 1404
LiCl 610 CsF 703
MgCl, 714 KF 858
NdCl, 758 || LiIF | 848
PuCl, 767 NaF 995
SrCl, 873 NdF., 1377
ThClI 770 PuF, 1426 .
841 SrF, 1473 iy
590 ThE 110 M Jake W., et al. Road for th |
437 1 495 prgrg:rr’rry??/ﬁegsaerﬁeen’rgéf I?/\%Ifgr?gol?kggcr:r’rg?
Csl 634 910 Nationa Lab. ORNL), Oak Ridge. 1N (United States),
548 2021.

Orange: Immediate godl
Yellow: Near term godl

LOMR White: Long term goal
K RIDGE

National Laboratory




Binary salt characterizations

Key

. A.: Densi’(y
C h|Or|d e ?:ﬁ?ﬂg conductivity

. D: Heat capacit

e Binary molten salt systems o [N o
help with modeling of vt SR N WENENEM WG
higher order systems ur4 At | A [
ZrF4 A A B, D

BeF2 |KF LiF NaF [ThF4 UF3 UF4

e« Molten salts of from tables

are impactful for reactor Fluoride

de\/elopers kel [A®
LiCl A |A B, D

. MgCI2 A, B,D|A B
» Experimental or molecular Nac

dynamics studies needed mols || AL L LA
ucCi4 A B | A A [AB
ZrCl4 A

AICI3 KCI LiCl IMgCI2 [NaCI [PuCI3 ThCl4 |UCI3 ucCi4

%OAK RIDGE
National Laboratory McMurray, J. et al., 2021. ORNL/SPR-2020/1865.




Thermophysical Modeling

* Provides multicomponent data for reactor modeling

Redlich-Kister expansion density, viscosity and thermal conductivity:

XAMW g+xpMW
Pmix = fAwa,+x§MWBB + xAxB(Ll + (x4 — xp)Ly + (x4 — xp)* L3+ )

PA PB

log tnix = x4log py + xglog ug + xAxB(L1 + (x4 —xg)L, + (x4 — xp)% L3+ )

Amix = Xpqdg +xgAp + xpxg(Lq + (x4 — xg)Ly + -++)

Li =Al+BlT

%OAK RIDGE : :
National Laboratory ReC”ICh, O, Kister, A. T.. Ind. Eng Chem. 1948, 40 (2), 345-348.




LIF-ThF, Molten Salt Resulfs

6.5 T T T T 0 T T T T
e 173K ' ® 910K
61| e 1213k ’ ? ® 1010K
® 1373K s 05F| ® 1110K o
551 | e 1473K ; 1 ® 1210K
1573 K . 1310 K o
5 ° 1673K ! - Sl e 1410k »
) —_ ®
East ; E o oy
) o ®
- 4 = 151 C e ’ T
= e ® ° ¢ o
‘s : 5 .,
o > o [ ] ® ® PY L
o 2+ o o o ° . -
3r ¢ ® e ® ° @
o ot o o °
2571 ¢ : 2 o ¢
' 25 = -
2 s
1-5£ 1 1 1 1 _3‘ 1 | 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Mole Fraction of ThF Mole Fraction of ThF,
LiF-ThF, molten salt system density model LiF-ThF, molten salt system viscosity model
%OAK RIDGE Hill, D. G. et al. J. Inorg. Nucl. Chem. 1967, 29 (1), 241-243.

National Laboratory Chervinskii, Y. F. et al. I. Zhurnal Fiz. Khimii 1982, 56 (8), 1946-1949.




MgCl,-NaCl Molten Salt Results

1.75 . . 2.6 [ . .
@® 1017K ® 973K
@ 1055K 24r| W 1032K
17+ & 10%4K § 1092K
A 132K 22r| & 1151K )
X 170K x 1210K
1650
£ —
S -
2
2> 1.6
)
c
)]
0 155
1.5
1.45 : : : : 0.6
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Mole Fraction of MgCI2 Mole Fraction of MgCI2
MgCl,-NACI molten salt system density model MgCl,-NACI molten salt system viscosity model
%OAK RIDGE Bondarenko, N. V., and Strelets, Kh. L., J. Appl. Chem. (USSR), 38, 1254 (1965).
National Laboratory

Lillebuen, B., Ph.D. Thesis, The Technical University of Norway, Trondheim, Norway, (1969).



Density of NaCI-KCI-YCI; Molten Salts Results

[ @ 943k W 1033K @§ 1123K A 1213K X 1303K Ideal

1.65 : : : : 2.6 2.6
1.6 24t 2471
155 —22F1 - 22 XSS el
§ § § 4
‘E 1.5 E oL E
14 16 1al
135 ' : : : 14 i ' ' 12 ' : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Mole Fraction of NaCl Mole Fraction of NaCl Mole Fraction of KCI
NaCl-KCI molten density: ideal NaCl-YCI; molten density: RK 15 KCI-YCI; molten density: RK 15
behavior within 1% order order

« YClywell-known rare-earth fission products in MSRs

o All three binary liguid mixtures behave close-to-ideal in density

Agca, C.; McMurray, J. W. Chem. Eng. Sci. 2022, 247, 117086.

Mochinaga, J., Irisawa, K., 1974. Bull. Chem. Soc. Jpn. 47, 364-367.
%OAK RIDGE 9 P
National Laboratory

Van Artsdalen, E.R., Yaffe, I.S., 1955. J. Phys. Chem. 59, 118-127.



Density of NaCI-KCI-YCI; Molten Salts Results

« Muggianu interpolation from [
binary molten salt inferaction 24 ; g
parameters P
£
» Good agreement within 2-3% 2
» |deal-like behavior for
engineering design purposes
o v’ M(?Ii Frac(:)t.?on ofOIY5CI3 (xoicﬁ)(();m) v v
Pex = XaXp ijl L]-(xA —xg) 1+ XaXc ijl L]-(xA — xc)f—l + XpX( ijl Lj(xB — xc)f—l
Agca, C.; McMurray, J. W. Chem. Eng. Sci. 2022, 247, 117086.
%gégllgjggg Muggianu, Y.-M. et al., 1975. J. Chim. Phys. 72, 83-88.

Mochinaga, J., Irisawa, K., 1974. Bull. Chem. Soc. Jpn. 47, 364-367.



Density of NaCI-KCI-UCI; Molten Salt Results
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Agca, C.; McMurray, J. W. Chem. Eng. Sci. 2022, 247, 117086.
%OAK RIDGE Desyatnik, V. N. et al. Sov. At. Energy 1975, 39 (1), 649-651.
National Laboratory Desyatnik, V. N. et al. Zhurnal Fiz. khimii 1976, 50 (10), 2522-2525.




3D visualization of the Density of NaCI-KCI-UCl;,
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« NaCI-KCI-UCI; system at 1000 K shows a good agreement with Katyshev et
al. (1983)

%OAK RIDGE Agca, C.; McMurray, J. W. Chem. Eng. Sci. 2022, 247, 117086.
National Laboratory Katyshev, S.F. et al. 1983. J. Appl. Chem. USSR 56, 2000-2002.




Optical Property Library Development

Application of Cauchy's Equation

 To make accurate thermal conductivity measurements of Isothermal Rl versus Wavelength for FliNaK (Measured
molten salts, knowledge of the salts optical properties must y and Extrapolated)
be known or approximated 3 778 K (Messured)

« A library of molten salt optical properties is being developed

1.36

1.34 \ 818 K (Measured)
to provide a user with a measured or approximated value of £\ a5 K (Measared)
refractive index (RI) or absorption coefficient 112: W T - e o
' ) Extrapolation

- So far, a significant amount of RI data has been added to the library 1.26 LN, 818 K (2-term Cauchy
1.24

Refractive Index

~~‘~__—_

___________ Extrapolation)
----- 858 K (2-term Cauchy

 Methods of approximating Rl values relevant to radiant 12 Wavelength (nm) 4000 Extrapolation)
heating are being investigated
- Most measured values of Rl have been taken in the visible range Application of Lorentz-Lorenz equation
- These Rl values are wavelength dependent, so obtaining accurate Rl AgNO3-NaNO3 Rl vs. Mol% NaNO3 for Various
values for the blackbody spectrum requires adjustments to measured Temperatures
data
® 320degC (Exp)
- Cauchy’s transmission equation has been utilized for these corrections 17 o 325 degC(Bxp
w165 O o8 - X
« Approximating the Rl of a salt mixture can be achieved by s ol T 330 deg C Exp)
use of the Lorentz-Lorenz equation assuming the pure salt Ris g . o B20degClorent
are known & 1.45 \A\\d - - - - 325deg C (Lorentz-
Lorenz)
14 0 50 100 330de)gC(Lorentz—
Lorenz
OAK RIDGE Mol% NaNO3

%
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Molten Salt Density Calculations

 The work is being tfransferred and consolidated
from MATLAB intfo Python

Binary
Interaction

— Closed-source to open-source Parameters

Pure Salt
Data

— Several scripts to one script
- Enables higher user-friendliness

e The python code has been validated for several
salt mixtures; it provides identical outputs as the
MATLAB scripts

* More ternary salts are being idenftified to
validate the use case of the estimation method One user-friendly script

— These salts are of interest to industry

— Currently investigating NaF-LiF-ZrF4 as the necessary data has
been identified

— Data on these ternary salts for method validation is limited

%OAK RIDGE

National Laboratory




Molten Salt Thermophysical Properties AP

Shane Henderson, Robert Lefebvre

Under active development

Provides a stable C++ interface for obtaining supported properties
(density, viscosity, heat capacity, and thermal conductivity)

— Can be extended to provide access to alternate and/or additional data models
without affecting client codes.

« Seeks to provide results which mirror experiment while being robust in the
absence of data.

— Falls back on ideal mixing

o Support for standalone use provided via python bindings
- Could be extended to additional bindings

%OAK RIDGE
Nat

ional Laboratory

Henderson, S. et al. Saline: An API for Thermophysical Properties, ORNL/TM-2021/2239; 2021.



Conclusions and Future Work

o A framework has been developed and path forward proposed
for multicomponent salt thermal property modeling

« Fundamental pure component and binary mixture data are
used as inputs to populate the MSTDB

e Key data gaps have been identified and systems for
computational and experimental studies have been selected

 An APl has been developed for coupling the MSTDB-TP o

NEAMS and other codes for multiphysics modeling and
simulation

%OAK RIDGE
National Laboratory
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