Agenda
Training/Workshop for the

Molten Salt Thermal Properties Databases

Molten Salt Thermal Properties Working Group

University of South Carolina
Virtual, April 25, 2023

All times are EDT

Dianne Ezell, ORNL

development of the Kairos Power FHR.

10:00 am Introductions Ted Besmann, USC
: : Chris Stanek, NEAMS
10:05 am DOE programs supporting databases development Natl. Tech. Director
Creation and application of MSTDB-Thermochemical Ted Besmann, USC
10:25 am MSTDB-TC development Juliano Sl(jgcgne-Pmto,
. . Max Poschmann,
10:45 am MSTDB-TC quality assessment Ontario Tech/CNL
11:05 am Using MSTDB-TC with Factsage and examples Ted Besmann, USC
. . o Markus Piro
11:25 am Use of MSTDB-TC with Thermochimica and examples Ontario Tech
) Using MSTDB-TC with a MOOSE-based Model of Corrosion | . .
11:45am of Structural Materials by Molten Salt at the Mesoscale Mike Tonks, U. Florida
12:10 pm Break
12:30 pm MSTDB-TC: Molten salt chemistry applications for Jake McMurray, Kairos

Creation and application of MSTDB-Thermophysical

Dianne Ezell, ORNL

1.00 pm | MSTDB-TP development, expansion, and control processes Tony Birri, ORNL
1:20 pm Demonstration of a user interface for MSTDB-TP Nick Termini, ORNL
1:40 pm MSTDB-TP applications with Saline and examples Shanegslgﬁerson,
1:55 pm | Applications of MSTDB-TP in NEAMS for modeling of MSRs Bob Salko, ORNL

. Sensitivity analysis of thermophysical properties of molten
2:15pm salts using a MSDR model in TRANSFORM Sarah Creasman, UTK
2:35 pm General Discussion & Wrap-up

3:00 pm

Adjourn
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GONTENT

* Reliable thermal properties are required for the entire operating
temperature range and potential overtemperature for MSRs

* These properties are often dependent on both composition and temperature

 In particular, the ability to compute the behavior of the solid, liquid, and
vapor phase for multi-component systems is essential for describing the
chemical behavior of molten salts in applications

f«p General Atomics SmartState Center for .
Transformational Nuclear Technologies 2/14 SC. SOUth CarOllna




THE CALPHAD METHOD

Principle:
« Computational method for calculating multicomponent
phase diagrams

« Phase diagram is a graphical representation of
thermodynamic properties

 Thermodynamic equilibrium at temperature (7),
pressure (p), number of moles (N) is calculated by
minimizing the total Gibbs energy (G) of the system

Requiring extensive set of Gibbs Energy
functions for each component of a system and
its interaction with other components stored in a
database

. A-B-C-D

ﬁ.

|aB-C| ABD| ACD |BCD|

ﬁ

a8 [Ac AD| BC [BD CD

Need use a code to compute
minimum total G of a system

T Thermo-Calc
thtsage Software

Thermochimica
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THE CALPHAD METHOD

Phases with fixed composition (stoichiometric):

Cp,(T)
ur

T T

AG;(T) = AH;98.15(i) + j
298.15

Cp (T)dT —T (Ségg.ls(i) + j
2

 AH,q545(i) is the standard enthalpy of formation

98.15

* S,9515(i) is the standard entropy

. C;i(T) is the isobaric heat capacity

Phases with variable composition (solution): -

AGg,r, (T) at 1 atm

‘1500 1750
Temperature (K)

LiF-NaF system T=750°C

1000

n 900

Liquid

/

/

n
AG, (T) = Z x;AG; (T)|+ RT Z x;In(x;)| HAGYS (T)
=1

i=1

Temperature (°C)

Excess

800
il LiF, ~__~
600
500
LiF g + NaF

“T=750°C
- NaFg,

\ LiFqs _ /
Solid NaFg,

] QUUU /
\ ( (LiFss *\ quu:d/( Lig + NaF,
-4000L

i Lig Lig~

Glbbs energy (J/mol)

Reference |deal e ' | ‘
300 0 I]‘.1 IJI.2 0‘.3 IJI.nl 0‘.5 IJI.S I]I.7 I]I.S I]I.S 1 0 01 I]‘ 2 0‘3 0.4 0‘5 I] 6 I] 7 I] 8 I] 9 1
Mole fraction of NaF Mole fraction of NaF

Adjusted to obtain the best

'% General Atomics SmartState Center for representation of the
G&D Transformational Nuclear Technologies experimental data
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MOLTEN SALT THERMAL PROPERTIES DATABASE - THERMOCHEMICAL

MSTDB-TC consists of a library of Gibbs energy functions within relevant
solution models for salt systems including compounds, solid solutions, salt

melt, and vapor species

Constant revisited and updated, increasing the number of evaluated systems:

Fluorides

Chloride

lodides

Alkali metals LiF, NaF, KF, RbF, CsF

Alkaline earth metal BeF,, CaF,, SrF,, BaF,
Transition metals NiF,, CrF,
Other metals YF;, ZrF,

Lanthanides LaF;, CeF;, NdF;, PrF,
Actinides ThF,,UF;, UF,

LiCl, NaCl, KCI, RbCl, CsCl
MgCl,, CaCl,
CrCl,, CrCl;, FeCl,, FeCls;, NiCl,
AICl,

CeCl,, LaCl,
UCl,, UCI,, PuCl,

Lil, Nal, KI, Csl
Bel,, Mgl,

Ul,, Ul,

Pseudo-binary 53 systems (v.2) / ~70 systems (v.3)
Pseudo-ternary 25 systems (v.2) / ~30 systems (v.3)

60 systems (v.2) / ~70 systems (v.3)
22 systems (v.2) / ~27 systems (v.3)

10 systems (v.2) / ~30 systems (v.3)
None (v.2) / ~15 systems (v.3)

"ép General Atomics SmartState Center for
&=B) Transformational Nuclear Technologies

5/14 South Carolina




METHODOLOGY FOR GENERATING ACGURATE THERMODYNAMIC VALUES

Exhaustive data mining for phase equilibria and thermodynamic data, including
Non-English literature

.
‘GRNL-2548
Temisiy = Gensrol

“TIDAS00 (15ifed)

PHASE DIAGRANS OF NUCLEAR REACTOR NATERIAL

7 RUE: Thome, Editer

S — NIST PHASE EQUILIBRIA DIAGRAMS
N . wgnct D 3l

Phase equilibria

PHASE
EQUILIBRIA
IN

BINARY
HALIDES

V. I. Posypaiko ang
E. A. Alekseeva

OE/IEPAJILHOE ATEHTCTBO [10 OBPA30BAHMIO
TOCYIAPCTBEHHOE OBPA3OBATEJIBHOE YUPEXIEHUE
BBICIIEIO [IPO®ECCHOHAJIBHOIO OFPA3OBAHUS

CAMAPCKMIA FOCY JAPCTBEHHBII TEXHUYECKHI{ YHUBEPCUTET

Ha npasax pysonucu

04200850194

JIBOPSIHOBA Exatepuna Muxaiinopua

DUMKO-XUMUYECKOE B3AUMO/IEHCTBHE
B CHCTEMAX C VYACTHEM ®TOPHJIOB U HOJMAOB WEJIOYHBIX
METAJLIOB

02.00.04 — usmicoxas xums
02.00.01 - seopranieckas xiis

uccepTaus
Ha COHCKAHWE YHCHON CTENCHM KaHMIATS XMMHHCCKHX HayK

ayubIli pyKOBOTHTEIIb:
KaNATIAT XMMUECKHX HayK,

H.M. Kouapatio

HaysHbii KOHCY TBTaHT:

sacayxentbiit feaTean Hayku PO
JIOKTOp XHMHUCCKHX HayK, npodeccop

HLK. Papicyuun

CAMAPA 2008 1.

Phase Equilibria in the Alkali Fluoride—Uranium Tetra-
fluoride Fused Salt Systems: |1, The Systems
LiF-UF, and NaF-UF,

by C. J. BARTON, H. A. FRIEDMAN, W. R. GRIMES, H. INSLEY, R. E. MOORE, and R. E. THOMA
‘Chamry Oveion, Ook Ridge Natnal Lboraory, Ook Bidge, Tomanss

Contants lss available a SciencaDirect
Journal of Alloys and Compounds

Journal homapage: http://www.slsavier.com/locate/jalcom

Experimental investigation and thermodynamic modelling of LiF-
NdF3-DyF; system

A. Abbasalizadeh ", S. Sridar °, Z. Chen *, M. Sluiter *, Y. Yang *, ). Sietsma °,

S. Seetharaman , K.C. Hari Kumar

Tchio. D 2625 0, e N
J Tehmobey Madres heml 600

Contens s avalabe 2 ScceDies Erre—
; CALPHAD: Computer Coupling of Phase Diagrams and {
3 Thermochemistry P

journal homepage: www.slsevier.com/locate/calphad s

Experimental investigations and thermodynamic modelling @
of KCI-LiCI-UCl; system
Suddhasattwa Ghosh *°, B. Prabhakara Reddy*, K. Nagarajan *, K.C. Hari Kumar "™

e o it Eginein, o e of Chene 600 036 T Nod Il

Ph.D. Thesis

Articles

ORNL reports Compilations
*All MSTDB-TC Values Traceable to Original Sources

General Atomics SmartState Center for
Transformational Nuclear Technologies
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METHODOLOGY FOR GENERATING ACGURATE THERMODYNAMIC VALUES

Exhaustive data mining for phase equilibria and thermodynamic data, including
Non-English literature

Thermodynamic properties of pure compounds

CONTRIBUTIONS TO THE DATA ON
THEORETICAL METALLURGY

X. High-Temperature Heat-Content, Heat-Capacity,
and Entropy Data for Inorganic Compounds

By
K. K. KELLEY

Ihsan Barin

Thermochemical Data

of Pure Substances

Bulletin 677

Thermodynamic Data for Mineral Technology

By L. B. Pankratz, J. M. Stuve,
and N. A. Gokcen

TEPMOJAVMHAMUNYECKHUE

CBOVICTBA
VIH/IUBU/IYAJILHBIX
BEIIECTB

Tom IV
SJIEMEHTBI
Cr, Mo, W, V, Nb, Ta, Ti, Zr, Hf, Sc,
Y, La, Th, U, Pu, Li, Na, K, Rb, Cs
U UX COEJMHEHUA
Kunra 1

BBIYUCJIEHHE
TEPMO/IMHAMUYECKHX CBOVICTB

8

M3/IATE/ILCTBO «HAVKA» MOCKBA 1982

Compilations
*All MSTDB-TC Values Traceable to Orlginal Sources

Journal of
Physical and
Chemical
Reference Data

Monograph No. 9

NIST-JANAF Thermochemical Tables
Fourth Edition
Part |, Al-Co

Malcolm W. Chase, Jr.

National Institute of Standards and Technology
Gaithersburg, Maryland 20899-0001

Published by the American Chemical Society
and the American Institute of Physics for

the National Institute of Standards and Technology

Mixtures

B.H. Munvienxo, H.B. Kopayw, E.C. bunaron u .

ENTHALPIES OF MIXING OF LIQUID ALKALI FLUORIDES

S Bnar e}

aH(7750K), kDB mons
I8 3§

©
N

o2 Mol s o, mm:m m.m:{ummmmm ; bl 425 25 475 Nail
Natl, mon. aon.

HUT)-H(298.15 1), Kl o

and RUF by the simple liquid-Tiquid method. However,
mong thee sysems we stuied the LIF-CSF binary
i s deail ¢ TS by means of s iid (513 P . Tomrspns s pacuaso Loy + Nocl,
and dilution experiments.
el she preented i graphicl fom in Figs. -
0.3 For the the bnary sysirs whch were sl i
i Gl by i i, he i (g . Mot i b i G
2-4) ,w”avm both or hc ‘molar enthalpy nlm\\my o st SR
B and o  parameir 1
F, Fig aprmms memmm v«hm of Douglas & m Dcvcr' (6470 cal/mole). The corrected
i, o e by L

Puc.1 Puc.2

Kpwnie 1 - 3 coorsercrayior 0,75 LaCly + 025 NaCl (1), 0.5 LaCly + 0.5 NaCl (2) 025 LaCly +

b account the small ifrence in he ty between
uares method topalynomialsof the g and I i between TS15C and the . \16): B 0GOMX CAYHARX OHa OliCHE!
(a+bN,+eViX:). The solid lines  melting point, $47°C. In Fig. 3, which gives our results 3 ocTeil aRTaTbHil Ha TeMIEpa e
kbl KOHLCHTPALHORHBIE HIMEN
o e ]
Wit [6], B HCCTEAYEMOM CHCTEME OTCYTCTRYIOT ThE

| YMEHBILICHHE ONBITHAIX IHTATBIM OTHOCHTEALHO HX THHEHHOTO X0/ (PHC. 2) MOKCT
] CHATAMO TOALKO C MPOIECCOM PACTROPEHHS KOMIOHEHTOB B AKMAKOH pase. B TaG. 2
, NPHBEACHbL SHTATLIIN CMelIeHNA pacnanon Azs 1150 K, pacCuNTaNHBIE W3 SKCrepi
, W Mo ypaskeHino (1). OHM COMOCTABIAIOTCS € THTEPATYPHBINI
it npavsine MeToo (7] mpit 1173 K. Tenonbie speexTi n3amyoro

wr pacr \mpwm\ KOMIIOHCHTOR B HALLIX OMLITAX HEGOAbIIME  COCTaRTNOT O 3.3 10 7,1% (e
a x owacHt SHTATLIH paciiaron. Tew He NeHee HabaiotacTes

ator | Kux/wu

5. C POCTOM TeNTIEPATYpb 01 YOWIBAIOT.
HCCTElOBANNBIX PACTLIABOB MOXHO TIONYSHTS MyTeM Aichche
aswcwuii (1) u (2). B omwom cayuac oma Gyzer

TIOCTONKHO BEAHMMHOR, B parypoit

- Cp=B+2CT-DT? €

Bo seex wanmx C, coaeit cuuaetes
5 ot el o a1 2
. 5 ot coblpos of mising o sl ik ot pus i
. i 5 Mol nthlpie of mixing o an o TIOCTORHHO B LIMPOKIN HNTCpRATAX TeMTEPATY. BOAMOXINO, 3T0 FOROPIT O TOM, UT0 €lic
s eltel e o f Dongas e Devs T HAREA LI SKCIEPINETETIN YCTIOROK, 03BOTAIOUU TOTHO INCPITY e

i ot g o i a1 P i o ko Suoride P AauMBIC IO ITOMY Bonpocy
o e i ol aad 7. L. Devr, ). Ar. .S, 70, 4826 cKopee Beero, l\mucnunmm AIULLIL KAYCCTREHHYIO KAPTHHY YKA3aHHOM 3aKOHOMEPHOCTI!
(193, B nacTostueit paGore Mbl TAKKe [e/1aeM NONBITKY GOEE TOYHOTO AHATHIA TEMIICPATYDHOR

Articles
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CHALLENGES IN BUILDING A LARGE DATABASE

Stoichiometric compounds including pure salts
* Not all thermodynamic data available
» Discrepancies often observed in the tabulated thermodynamic data
« Evaluation is necessary to obtain self consistent set of Gibbs Energy parameters
» Changes in values for basic components can affect numerous systems

Mixed salts

 Limited data at high-temperatures for vapor pressures and excess thermodynamic
properties (e.g., enthalpy of mixing)

* Few intermediate compounds have reported experimental heat capacity
» Larges discrepancies can be found in reported phase equilibria
 Listed experimental uncertainties are rarely realistic

jzwll General Atomics SmartState Center for :
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METHODOLOGY FOR GENERATING ACGURATE THERMODYNAMIC VALUES

Lithium fluoride — C,**
Analysis of pure salts (gas & liquid phase) M= 11198 K

Lithium fluoride — P, Lithium fluoride — Residual**

T (K) T (K)
2000 1667 1429 1250 1111 1000 909 833 769 2000 1667 1429 1250 1111 1000 909 833 769
100 4—— v Uy v b 1w b by by 1
in=1993.8K Experimental: L Bp=1993.8K i

(@)
(&)

b E
T

; —— This work
i — — Glushko (1982)
i - Chase (1998)
| O Douglas and Dever (1954)
! X Voskresenskaya et al. (1956)
i /\ Macleod (1973)
|
I
|
|
I
I

Wartenberg and Schulz (1921) [
Ruff et al. (1922) 75 [
Sense et al. (1957)
Pugh and Barrow (1958)
Evseev et al. (1959) L
Hildenbrand et al. (1964) 50 ¢
Alikhanyan et al. (1972) F
Ewing and Stern (1974)
Topor (1976)
Yamawaki et al. (1982)
Capelli et al. (2015)
Bonnell et al. (1988)

Cp (J/mol.K)
(2]
o

+ Filatov-Thesis (1985)
M Minchenko et al. (1999)

Benes etal. (2009) + 2.08 J/mol.K

COEBPIAER X+ AO

log,,(P/atm)
Residual*100

L L T T T T T T T T T T T T T T
Computed: ; r E?Eitfx:;k 1100 1200 1300 1400 1500
T Pl (this work) - — —Glushkoetal (1982) | Mp = 1119.8 K Temperature (K)

- - - Chase (1998)

i
|
T fzzhactal 22y Internal work from MSTDB-TC: Same

—--Yaws
i [ SGPS analysis for LiF, NaF, KF, BeF,, ZrF,, UCl,,

Mp = 1119.8/K - FactPs _
i - UCl,, Lil, Nal, Kl, Csl, Bel,, Mgl,, Ul;, Ul,

S Nt WS N : .
05 06 07 08 09 10 1. : 05 06 07 08 09 10 11 12 13 .
1000/T (K) 1000/ (K) Ongoing: NaCl, KCI, MgCl,, CsClI

* Aziziha & Schorne-Pinto et al. (2022). Journal of Molecular Liquids, 364, 119973.

£ : " . . . ;
<) General Atomics SmartState Center for ** Schorne-Pinto et al. (ongoing paper) - A Comprehensive Thermochemical Study Uof .
(&) : : iqui i i Fluorides: i 8/14 South Carolina

) of Liquid and Gas LiF, NaF, and KF Alkali Fluorides: How Accurate Are Their SCN
Q Transformational Nuclear Technologies g i e =25 0 Lo " e




METHODOLOGY FOR GENERATING ACGURATE THERMODYNAMIC VALUES

XRD
Experimental determination of key values Rigaku Smartiab XRD (RT-1100 °C)

« DSC for phase transitions, AHg, and heat capacity (up to 1200°C)
« XRD for phase identification (RT up to 1100°C)

Composmon ICP-OES DSC 404 F3 Pegasus®

Py IS .
ecific heat (J/g.K)

Sp

This work - sapphire
=

K NIST - sapphire

DSC crucibles

8:
rature (K)

Della Gatta, G., Richardson, M. J., Sarge, S. M. & Stglen, S. (2006). Pure and

9l General Atomics SmartState Center for Applied Chemistry. 78, 1455-1476 Uof
'@‘ TransformatlonalNuclearTechnologles Piro, M. H. A,, Lipkina, K. & Hallatt, D. (2021). Thermochimica Acta. 699, 178860. 9/ 14 SOUth CarO].lna




METHODOLOGY FOR GENERATING ACGURATE THERMODYNAMIC VALUES

OoQMD MP CALPHAD

. . . . iF (Fm-3m) -607.9 -610.9 -616.9
First principles calculations o !

ZrF, (P4,/3) -1910.9 -1930.7 -1911.3
» Determining energy of formation for crystalline phases LiZrFs (P31m) 31704 31965  -318838

« Coordination numbers to improve molten salt models Reaction 437 449 mall

Correlations to estimate enthalpy of mixing and excess heat capacity

Enthalpy of mixing for NaCl-Ln/AnCl; at SRO = 0.459 mol% Excess heat capacity for NaCl-PuCl, at the eutectic composition

©
1

-6000

©
1

—-7000 +

~
1

(e
1

-8000

-9000

N
1

NaCl-UCl,

Predicted: -7299 + 350
Experimental: -7290 + 437

w
1

NaCl-PuCl,

Predicted: 6.49
Experimental: 7.4 £+ 4.9

-10000

Enthalpy of mixing (J/mol)

Excess heat capacity (J/mol.K)
N (6]

-11000

N
1

T T T T T T T T T T T
-0.003 0.002 0.007 0.012 0.017 5 6 7 8

Size parameter 5, - Enthalpy of mixing (kJ/mol)

Schorne-Pinto & Yingiing et al. (2022). ACS Omega, 7(1), 362-371.
'é' General Atomics SmartState Center for Yingling & Schorne Pinto et al. (2023). The Journal of Chemical Thermodynamics, 179, 106974.
4 D
)

Transformational Nuclear Technologies Matsuura et al. (2002). J. Nucl. Sci. Technol. 39, 632- 634 10/14 South Car()lina
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METHODOLOGY FOR GENERATING ACGURATE THERMODYNAMIC VALUES

Calphad assessments

Assessment of all available data, including | I
evaluatIOn Of experlmental errors Parameter evaluation, New experimental

least squares fit data
Reduced model degrees of freedom in order Vodek-parameer Weighting o
to prevent overfitting

constraints data
O t' . t' . t I II I—» Comparisog bet\évelgn Iexpl'etr_imental data —<—|
p Imizaton USIﬂg OO0Is Oor manuailly | one mote caoree _ .
adjusted (depending on the system's | W [ ffremonoramesocon |
complexity)
Ver.iﬁcation (.)f the descriptionls quality t.)-ased Analysis of the extrapolation behavior Re-evaluation of description
on |tS CapaC|ty to reprOduce phase eqU|||br|a to higher-order systems of lower-order system
and thermal properties
Plot up to 5000 K to verify if any unreal
immiscibility gap is formed Optimized description
High-order extrapolation for parameter Schematic diagram of the Calphad assessment method,

validation extracted from from Lukas et al. (2007) — Computational
Thermodynamics: The Calphad method

pd
Q
g
N
=
[
o
o
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CONCLUSIONS

« A thermodynamic database for molten salt applications can provide valuable
information for its technical development

« Such a database is MSTDB-TC, which is now publicly available

« Gibbs energy functions/models in MSTDB-TC continue to be refined and
expanded to describe relevant salt systems

{‘1’ General Atomics SmartState Center for .
Transformational Nuclear Technologies 12/14 SC. SOUth CarOllna
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Context * Supplementary (independent) validation
This work was funded by the U.S. Department of Energy’s was commissioned
Nuclear Energy Advanced Modeling and Simulation program.

N , * Two components:
e MISTDB-TC validation available to users

* Qualitative assessment of available

currently takes the form of phase experimental data and database
diagram comparisons * Quantitative comparison
e Goals:

1001: LiF-NaF
| | | * Provide confidence to users
F}g. 1001a-C al?ulation saved m . 51%1: ll)t(;lb _Sﬂl\ﬂ()‘lllSheg ﬁgthFﬁoEl Rig@%)m&ed ?11 Bl . L.
C:\FactSage81\ChemSage\§ |FwfuncV2\PD Macro F\BMPs!\ Pieasg : eaeg]éxcel 5:11; pﬂa%i oz }zr ]tllllfs et fc:;?;?iaitioxllal ° | d e ntlfy SySt ems re q uirin g f u rt h er
iF - Na mformation. .
Fom Gocte i . . . . experimental assessment
* Provide tools to automate validation

* Flag issues with assessed systems

/1« INL/RPT-22-69782 “Development of 2
\

12401

1080

X
~

T(K)

920

Gibbs Energy Minimiser for the MOOSE-
1 based Corrosion Modelling App

\ Yellowjacket and Validation of MSTDB”

| e | published

Qe . . .
- Canadian Nuclear | Laboratoires Nucléaires
/l Laboratories Canadiens



https://www.osti.gov/biblio/1963894

Qualitative Assessment

e Each assessed pseudo-binary
subsystem was evaluated on:

e Comprehensiveness of
experimental data

* Confidence in
experimental data

* High/medium/low ratings were
provided

e This evaluation identified good
candidates for future
experimental campaigns

Qe . . .
- Canadian Nuclear | Laboratoires Nucléaires
/’ Laboratories Canadiens

High Comprehensiveness
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800Rm s o Morozov etaf™ v Borokovaetal™ _ ..
R, " Setveiteta™ v Igarashietal™
g we + Menge™ e Qiaoetal™ i
@ 700} v¥g o Scholich™ 30
i %a o Landsberry eta™ v
g g <
% 600 v
= N
' 7
500 & NaCI. BRAVAYS- R \Viv W r'._.“ ° (.g-a S
. 504
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Mole fraction CaCl,
1800
a
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1400} o W
LA .
x . ~ )
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3 Pk
1000 - S Sl @
8oor @ .i L] '... 3 ..... L]
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1000 ¢
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Low Comprehensiveness
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2 solid solutions
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Fluoride Systems Ratings

NaF

BEF2

RbF
CaF;
ThF,
PuF3

UF4

UF3

CsF
CeFs
LaFs
NdF3

NiF;

S

Fluoride Comprehensiveness Rating

”““”"".

Med-High Med-High|

.. e

Medium Medium Medium

... o
. - ...

. e .. ..

Med-High Medium Med-High

Medium Med-High

Medium . Med-High Medium
- . . | .
. -

Med-High Med-High Med-High

o« \\\a‘(’ %e_('m & (.ED(’ Ko< ?\}(’3 RLEE o oK \9?3 \@(—3
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Chloride Systems Ratings

NaCl
MgCl;
Kel
RbCI
CaCl;
CsCl
PuCls
uCls
FeCl;
NiCl,
CeCls
AICl3
FeCls

CrClz

S

Chloride Comprehensiveness Rating
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Medﬁigh..

Med-High Medium

Med-High Med-Low Medium

Med-High

Med-High

. - .. -

Med-High

Medium

Medium Med-High
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Qualitative Assessment Outcomes

e Candidates identified for future
experimental campaigns:

* Many PuF; binaries are missing (BeF,, KF)
or sparsely populated (LiF)

* Many CsCl phase diagrams with low
confidence

» Specific regions within other systems
flagged, e.g. LiF-BeF, with x(LiF) > 0.85
e Possible additions to database:

* Binaries: CsCl-CeCl;, CeCl;-RbCl, CsF-LaF;,

* Ternaries: LiCI-KCI-MgCl,, NaCl-KCI-MgCl,

Qe . . .
- Canadian Nuclear | Laboratoires Nucléaires
/l Laboratories Canadiens

“The other four binary phase diagrams
(KF—PuF;, RbF—PuF3, CsF—PuF; and LaF ;—~PuF,)
presented in this study have been estimated
based on the data from the proxy systems
containing LaF,.”
— 0. Benes and R. Konings (2008)
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Quantitative Assessment

 Thermochimica used to automate
comparisons between MSTDB-TC and
experimental data

* Three types of experimental data points:

* Vapor pressures
 Solubility limits
* |nvariant transitions

e Goals:

* Provide confidence that MSTDB-TC (with
Thermochimica) is working as intended

* Compile experimental reference data
e Automate validation

Qe . . .
- Canadian Nuclear | Laboratoires Nucléaires
/’ Laboratories Canadiens

" Selfort
- Sperenskayam

Invariant ot — ke bt et - ety temp.
point LiF BeF: UFy (°C) Phases present Type of equilibrium
A 72 5.5 22.5 480 LiF-7LiF - 6UF,—4LiF - UF, Lower stability limit for 4LiF- ULy
B 69.5 22.5 8 427 LiF-2LiF - BeF.-7LiF -6 UF, Ternary eutectic
C 65 29 6 438 2LiI - BeFo-TLiF-6UF, Maximum poiat on boundary
D 48 51.5 0.5 350 2LiF  BeFy-BeFo-7LiF - 6UF, Ternary eutectic
E 45.H 54 0.5 381 BeFy-LiF 4UF,-7LiF - 6UF, Ternary peritectic
F 30.5 69 .5 483 Bel's—UFLiF-4UF, Ternary peritectic

1 Experiment: Smith, Ferris, and Thompson (1969)
2 Pelton and Chartrand (2001)

3 Jones et al. (1962)



Example Solubility Limits Test: KCI-N1Cl,

7

Temperature ,°C

S

7

800t— Run
equilibrium
N calculation
x here
7001—

-/

4

| THERMOCHIMICA RESULTS

- -655
@
600
500
i S
B b
- =
400 1 & | | | | |
0 20 40 80 80

Seifert and Thiel (1982)

Laboratories Canadiens

NiCl?_ ) mole %/

Canadian Nuclear | Laboratoires Nucléaires

B.59486 mol MSCL
Cation fractions:
{ B.796083
+ 0.28397
Anion fractions:
{ 1.00888
+ B.00000

B.24513 Moles of pairs
Pair fractions:
. 79603
AR2E-11
.20397
.1804E-09

|+ -
B &= @

Quadruplet fractions:

{ ©.58958
.4578E-02
.47584
.B133E-26
.9657E-16
.4863E-21
.4371E-13
.3812E-09
.6434E-11

+ 4+ o+ o+ o+t
[T, [ S N N I e S s |

+ ©.75487 mol KC1 Sylvite(s)

Ni }

cl
Va }

KCl

K

MiCl2
N1 }

K-K-Cl-Cl
Mi-Ni-C1-C1
K-Ni-C1-Cl
K-K-Va-Va
Ni-Ni-Va-Va
K-Ni-Va-Va
K-K-Cl-Va
Ni-Ni-Cl-Va
K-Ni-Cl-Va }

Check NiCl,
concentration of
liquid at
equilibrium

Check solid and
liguid phases are
present



"seifert-1982":
Test Database and Automation b s L
]

"url": "https://link.springer.com/article/16.10€

* Experimental data compiled (with "title”: “Thermal

"authors": "H. 1.

metadata) in JSON test database tetses (o
"solubility limits": {
y Python Scripts tO: "H"I]IIH;J;L-];:;” chloride",
. "composition™: {
* Read experiments from test database e
"Ni": 0.85,
* Run tests in Thermochimica | Teuts L.es

e Compare results error”: 0.1,

"temperature unit": "C",
. "phase": "MSCL",
e Update JSON with test results - fraction type* “endmembers*,
"enabled": "true",
"samples": {

e Can query/run tests based on: e g
* Publication ID 2 1
o Test status =

“temperature”: 630.8481590833766,
"fractions":

* ConStItuent elements "NiCl2": 0.20876438142133424

 Most tests run in <1 second "Status®: "pass”,

"results":

"NiCl2": 8.20397092195622482

S . . A
- Canadian Nuclear | Laboratoires Nucléaires
4 Laboratories Canadiens



Current Status

. 1168 validation tests from 88 experimental sources have been compiled

. 47 pseudobinary fluorides, 42 pseudobinary chlorides,
24 pseudoternary fluorides, and 10 pseudoternary chlorides tested

. Liquid-focused: all tests involve either MSFL or MSCL ligquid phases

. Interactive dashboard to view validation results has been created

Sample Status Series Status Series Type Database

pass fail incomplete pass fail partial incomplete phase transitions solubility limits vapor pressures | heat ca, pacities =~ | fluoride @ chloride
Elements Reset

F Cl Li Be Ma Mg Al K Ca Ccr Fe i Rb Zr Cs La Ce MNd Th u Pu Samples/Series Elements All

MSTDB Tests

@

USIEANNIIY

N\
: Canadian Nuclear | Laboratoires Nucléaires
/l\ Laboratories Canadiens

&ﬂd

gl

AW ~g “o_T{J’



Quantitative Assessment Outcomes

e MSTDB-TC v1.3 shown to match
experimental data within tolerance in
vast majority of test cases

* Convergence issues for small group of
stoichiometric chloride salts identified

Note: it is neither possible nor desirable
to match every available experimental
datapoint.

Laboratoires Nucléaires
Canadiens

Qe |
- Canadian Nuclear
4 l Laboratories

Table 3: Status of quantitative validation for ternary fluoride subsystems included in MSTDB-TC V1.3.

Subsystem Invariant Transitions | Solubility Limits | Vapor Pressures References

BeF - LiF - PuF3 40/40 [16]
BeF - LiF - ThF, 6/6 515 4/6 [11, 16, 24]
BeF - LiF - UF,4 10/11 111 [11,23,24]
BeF - NaF - Pulz 20/20 [10]
BeF - NaF - UFy 213 [57]
BeF - ThF, - UFy 6/6 [24]
CalF; - KF - LiF 112 [26]
CalFs - KF - NaF 212 [35]
CaF; - LaF; - LiF 6/6 [15]
CaF; - LaF; - NaF 6/6 [15]
CalFa - LiF - ThFy 0/1 [29]
CeFs - LiF - NaF 212 [22]
CeF3 - LiF - ThFy 8/8 [51]

CsF - KF - LiF 1/2 [27]

KF - LiF - NaF 111 [21]

KF - LiF - RbF 0r1 [15] See note (a)
LiF - NaF - Lal; 3/3 [15]
LiF - NaF - PuF3 117 [10]

LiF - NaF - RbF 111 [15]
LiF - NaF - ThF,4 213 [201]
LiF - NaF - UF,4 1/3 [ 19]
LiF - PuFs - ThFy 515 [16]
LiF - PuF; - UFy See note (b)
LiF - ThF, - UF,4 6/6 [24]
NaF - ThFy - UFy 0/4 [12]

Notes: (a) MSTDB-TC references [~ ], which states "the peritectic invariant point was not observed”, and
thus it is not included in the assessment. However, this is the only available experimental data point suitable
for evaluation in the current validation scheme. (b) LiF-PuF;-UFy: MSTDB-TC references | 55]. LiF-PuFs-
UFy is absent from the experimental reference Table 3. No experimental data points are plotted in figures
either. The descriptions of the experimental references make no mention of this subsystem. Possibly fit
entirely by using other systems as analogs.



Quantitative Assessment:
Recommended Future Work

* New test classes could leverage existing
experimental data:
e Chemical potential/emf
* Enthalpy/entropy of mixing

* Expand tests on higher-order systems
* Comparisons to experiment
e Consistency checks

e Dashboard release to users

* Allow users to specify tolerances

Qe . . .
- Canadian Nuclear | Laboratoires Nucléaires
/’ Laboratories Canadiens
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Thermodynamic Source Experimental/ Ab-initio Database

(TSEAD)

 OECD/NEA collaboration intended to

compile and curate available
thermodynamic reference data

e Relational database format
* Intended to assist:

* Accessibility of data (searchable)

* Thermodynamic database
optimization/re-optimization

* Validation

e Quality assurance

* Tracking of data origins
* Uncertainty quantification

Future applications

e Contact max.poschmann@cnl.ca

N\
: Canadian Nuclear | Laboratoires Nucléaires
/l\ Laboratories Canadiens

] author v ] author_topic v : !
author_id INT | ¢ author_id INT : | topic ¥ |

> first_name VARCHAR(255) —i—%‘ 1 topic._id INT N—‘_H_‘ topic_id INT

» middla_nama VARCHAR(255) >

» last_name VARCHAR(255) X 4 >

» email VARCHAR(255)
» author_weight DOUBLE

» topic_name VARCHAR(255)

>

' : ] paper v
paper_id INT
» paper_name VARCHAR(255)
A : » paper_date DATE
"] author_paper ¥ - paper_weight DOUBLE mi c_paper ¥

? author_id INT > | 1 topic_id INT
) g / | 1 paper_id INT
I paper_id INT T

»> E .
] dataset =
| variable v dataset_id INT
variable_id INT ¥ paper_id INT
 variable VARGHAR(255) » datasel_name VARCHAR(255)
) units VAHCHAH.:%S) » instances INT
> dataset_weight DOUBLE
' ] datapoint ¥
datapoint_id INT
1 dataset_id INT
j ' aDOUBLE
1 variable_id INT |
I dataset_id INT

Figure 6: Schematic relational database structure.
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Using MSTDB-TC with FactSage and Examples
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Molten Salt Reactor Experiment 1965-71

Contents

Accessing MSTDB-TC

Applicable FactSage modules/capabilities

Installing database/conversion to internal format

Caveats in application of MSTDB-TC models

Examples
Computing phase equilibria and species concentrations
Drawing liquidus projections
Vapor pressure calculations
Corrosion product concentrations from salt equilibration with alloy

Salt behavior during burnup — computing change in liquidus
temperature

South Carolina

"éy General Atomics SmartState Center for
8 Transformational Nuclear Technologies




MSTDB-TC and -TP Available via DOE GitLab Site

Email: mstdb@ornl.gov
URL: code.ornl.gov/neams/mstdb-tp

Update to CLAK V2 714f5047 [
Ard, Johnathon authored 1 month ag

Name Last commit Last update

%OAK RIDGE B gitlab/issue_templates Adding new-data-package checklist issue template. 1 year ago

¥ National Laboratory

B models Update to CLAK V2 1 month ago

Molten Salt Thermal Properties Databases

The Molten Salt Thermal Properties Database-Thermochemical (MSTDB-TC) and
Molten Salt Thermal Properties Database-Thermophysical (MSTDB-TP) databases are AT C " -~ A
now available for public use. MSTDB-TC contains G%ﬁhs energy models and values for @ README.md U pdate README.md for MSAX-CLAK 1 month ago
molten salt components and r_e\ated systems of interest w1(h respedlq molten sa\t_reaclor Sess Request” as subject
technology. MSTDB-TP consists of tabulated thermophysical properties and relations for Urpose for your request
computing properties as a function of temperature or composition.
innot be sold all or in part.
MSTDB-TC thermodynamic information resides in files in the “Chemsage” .dat (ASC Il) # of Nuclear Energy Molten
format for use with the FactSage® commercial package of thermodynamic codes and Imulation Program, and @ READM E.IT'ICI
compatible with the open-source equilibrium code Thermochimica. jpartment of Energy MSR-
« Separate files are provided for chloride- and for fluoride-based systems.
* Changes by FactSage® developers have resulted in the need to provide files
readable by FactSage® Ver. 8.0 or lower and FactSage® Ver. 8.1 or higher, as F“—eau)
noted in the documentation that will accompany the database download. 9ov)
Additional files include those for tracing all data sources and a library of published M ST D B
phase diagrams together with companion MSTDB-TC-computed phase diagrams
to allow the user to compare model results with those previously reported.

MSTDB-TP contains sets of referenced values and relations for thermophysical

properties including density, thermal conductivity, viscosity, heat capacity, and related . P

optical properties. The database is maintained as a csv file of the salt systems ThE‘ molten Salt ‘[hermochemlca\ database LMSTDB}
thermophysical property data, uncertainty (when available), and literature references.

Accessing MSTDB: The databases and associated documents are hosted on a publicly
accessible, permission-protected server at Oak Ridge National Laboratory (ORNL):
https://code.orml.gov/ineams/mstdb/. Access requires an ORNL XCAMS account and an

MSTDB membership, which ance granted will allow downloading of all files. systems of interest with respect to molten salt reactor technology. These include fuel or coolant salts, consequential fission product and

MSTDB will be a publicly available database of thermodynamic models and values for fluoride and chloride molten salt components and related

* XCAMS acoount creaton transuranic elements, contaminants such as air and moisture, and likely corrosion product elements such as nickel and chromium. Phases will
. o to https://xcams.oml.gov

+ Select "I need an account” include gas/vapor, liquids (e.g., molten salts, noble metals), and solid compounds. The database will consist of one or more files constituting the
+ Read and acknowledge the User Agreement

Enter your email address and username following the guidelines on the page. entire developed database in the "Chemsage” format accessible with the FactSage® commercial package and compatible with the open

+ Enter "Personal Information" and "Contact Information” per the guidelines

+ Create an XCAMS password according to the guidelines provided on the page. T . . . .
+ Onthe final step, nole the aciivation sequence box at mid-page. Wait unti each source equilibrium code Thermochimica (i.e., in the .dat format).

action item tums green and the box heading reads "Transactions Complete”
Log into https://code ornl.gov using your new XCAMS username and password

The models and values provided within MSTDB will be obtained through combinations of literature-reported information, first principles
calculations, and experimental measurements. These will be used to a greater or lesser extent as needed in assessments for binary, ternary, and
higher order systems. A system is said to be assessed when sufficient experimental and theoretical data are available to optimize adjustable
thermochemical values and parameters for each model and species so as to represent each phase in that system. In essence, a system is
assessed when models and values appropriately reproduce the phase equilibria (phase diagram) and attendant values such as heat capacity and

South Carolina

vapor pressures.

General Atomics SmartState Center for
Transformational Nuclear Technologies



mailto:mstdb@ornl.gov

MSTDB-TC Databases Use With FactSage Allow Performance
of a Variety of Calculations

‘?FactSage 8.2 X ’
i MOdUleS Can Compute Information Programs Tools Add-ons About

» Specific reaction energetics
Predominance diagrams

Complex, multicomponent equilibria
(including vapor pressures) Manipulate

Binary and ternary phase diagrams

including
« Liquidus and solidus projections e
 EpH

* Isopleths for higher order systems

Additional databases can be used -
together to model behavior with | : Viscosiy

 Structural alloy (corrosion)
* Noble metal alloy
« Other

USC Department of Mechanical Eng.

Quit

General Atomics SmartState Center for
“ “ Transformational Nuclear Technologies

South Carolina




t‘." Egudils - Reactanis

Fle Edt RFunMacro Table Urits  Dats Search t Help

Installing MSTDB-TC Ver. 2 Files in

Cipen _. Chrd+ 0

FactSage

Chembage files » Infarmation ...
TOB files L] Translaste ChemSage file to FactSage format ...

Iekascit: prcscissin 3 Saurramar ool ChemSage et o \ChemSage ...

Download ASC Il (.dat) files from GitHub

Install using FactSage “Equilib” module
* Fluorides: MSBF.dat generates
» FactSage format elements/compounds files: MSBFBASE.xx
« FactSage format for solutions files: MSBFsoln.yyy
* Chlorides: MSTE.dat generates
. FactSage format elements/compounds file: MSTEBASE.xxx Qs Gt SOTE msmen  Private Databases
« FactSage format for solutions: MSTEsoln.yyy Offess Dro Ostms i | 0o Dews 0o
O

[J FTsulf [ SGTE [ coms [J EXaM O HoLL

[ FTsalt [ SGsold Clear All O LHA O uas 0 Mooy
[ FTmisc O MSBE [ MSBF  [J MSBG
[ FThall

OO MsTE [ Mo O NaKU

« Follow directions in FactSage to add a database to the library of D Froace ey, Lumemedso| Osetea Qseres O sou

[JFTitz  [JELEM  [] SGnobl [ Solu [Jucns  [J UNFU

. [ FThelg [] SpMCBN O unNTF  QJupct [ UuPOC
avallable databases \ [ Frpulp [ FTlite  [] TDmeph g O uzrx [ ZucN

[ Frdemo [ FTnuel [ TDnucl

Information -

Options - search for product species

.‘é" General Atomics SmartState Center for {g" A
=B Transformational Nuclear Technologies

ies )
[ limited dats compounds (25C) Minimum solution components: O 1 © 2 epts




MSTDB-TC Ver. 2.0 Assessed Systems

Pseudo-binary Systems

Fluorides

BeF,-CaF,
BeF,-KF
BeF,-LiF
BeF,-NaF
BeF,-PuF,
BeF,-ThF,
BeF,-UF,
CaF,-KF
CaF,-LaF,
CaF,-LiF
CaF,-NaF
CaF,-ThF,
CeF,-LiF
CeF;-NaF

CeF;-ThF,
CsF-Csl
CsF-KF
CsF-LiF
CsF-NaF
CsF-RbF
CsF-ThF,
CsF-UF,
CsF-UF,
KF-KI
KF-LaF,
KF-LiF
KF-NaF
KF-NiF,

Pseudo-ternary Systems

KF-RbF
KF-UF,
LaF;-LiF
LaF;-NaF
LaF;-RbF
LiF-Lil
LiF-NaF
LiF-NdF;
LiF-NiF,
LiF-PuF,
LiF-RbF
LiF-ThF,
LiF-UF,
LiF-UF,

NaF-Nal
NaF-NdF,
NaF-NiF,
NaF-RbF
NaF-ThF,
NaF-UF,
NaF-UF,
PuF;-ThF,
PuF;-UF,
ThF,-UF,
UF;-UF,

Chlorides

AICI;-KClI
AICI5-LiCl
AICI;-MgCl,
AICI;-NaCl
CaCl,-CeCl,
CacCl,-CsCl
CaCl,-KCl
CaCl,-LiCl
CaCl,-MgCl,
CaCl,-NacCl
CaCl,-RbCl
CeCl;-KCl
CeCl,-LiCl
CeCl;-MgCl,
CeCl;-NaCl

CrCl,-KCl
CrCl,-MgCl,
CrCl,-NaCl
CrCl,-UCl,
CrCl;-KCl
CrCl;-MgCl,
CrCl;-NaCl
CsClI-Csl
CsCI-KCl
CsCI-LiCl
CsCI-NacCl
CsCI-PuCl,
CsCI-RbCI
FeCl,-FeCl,
FeCl,-KClI

Caveats on Computing Equilibria in Melt

FeCl,-MgCl,
FeCl,-NaCl
FeCl,-NiCl,
KCI-KI
KCI-LiCl
KCI-MgCl,
KCI-NaCl
KCI-NiCl,
KCI-RbCI
KCI-UCl,
KCI-UCl,
K-KClI
LiCI-Lil
LiCI-MgCl,
LiCl-NaCl

Calculations can be performed for any
combination of components, however
accuracy is not assured if the system is
not listed as assessed

Regardless, results of calculations for
components not assessed together are
expected to be sufficiently accurate
* Major components have been assessed
together (next release more complete)
» Interactions among dilute concentration
components will not be significant

Fluorides Chlorides

LiF-NaF-RbF
LiF-NaF-ThF,
LiF-NaF-UF,
LiF-PuF,-ThF,
LiF-PuF,-UF,
LiF-ThF,-UF,
NaF-ThF,-UF,

BeF,-LiF-PuF;
BeF,-LiF-ThF, CeFs-LiF-NaF
BeF,-LiF-UF,  CeF;-LiF-ThF,
BeF,-NaF-PuF; CsF-KF-LiF
BeF,-ThF,-UF, CsF-KF-NaF
CaF,-KF-LiF KF-LiF-NaF
CaF,-KF-NaF  KF-LiF-RbF
CaF,-LaF;-LiIF LaF;-LiF-NaF
CaF,-LaF;-NaF LiF-NaF-PuF,

"ég General Atomics SmartState Center for BeF,-LiF-ThF,-UF, AICI,-KCI-LiCI-NaCl
N

1 1 LiF-NaF-ThF,-UF, CeCl;-KCI-LiCl-NaCl
Transformational Nuclear Technologies A

CaF,-LiF-ThF, AICI;-KCI-LiCl

AICI-KCI-NaCl

CeCl;-KCI-NaCl
CeCl;-LiCI-MgCl,
AICI;-LiCl-NaCl CrCl,-KCI-MgCl,
CaCl,-CeCl;-LiICI  CrCl,-KCI-NaCl
CaCl,-CeCl;-MgCl, CrCl,-MgCl,-NaCl
CaCl,-CeCl;-NaCl FeCl,-KCI-NaCl
CeCl;-KCI-LiCl FeCl,-MgCl,-NacCl
CeCl;-KCI-MgCl,  KCI-LiCI-NaCl
Higher Order Systems

KCI-LiCI-UCl,
KCI-MgCl,-NaCl
KCI-MgCl,-NiCl,
KCI-NaClI-NiCl,
KCI-NaCI-UCl,
KCl-NaCl-UCl,

Individual halide component heat
capacities are accurate, however,
computed heat capacities for mixtures
may not be accurate due to temperature
dependence formalism — Utilize
MSTDB-TP for complex system values

South Carolina




Examples: Computed NaCIl-KCI-CrCl, and
NaCIl-KCI-UCIl, Systems

NaCl-KCl Section
K,CrCl,-NaCl uy < u ‘
2 4 o ] 20m 0 I % U CI 4 sc‘s,@:sraa—r%@

% MSTDB-TC &
% &
ousous” Wouroyl”

Dilute CrCl, activity coefficient

it Ther,
&% i

&
of

|
—
Lh

0--0--0--0--0—0 00070

O  Desyatnik et al. 1973 G——QW

O  Belorukova et al. 1987
— KCl
-=-=-- NaCl-KClI eutectic
O Tumidajski and Flengas

log(vcrcy,)
|

|
o
oy

1080 1100 1120 1140 1160
Temperature / K

Dilute UCI, activity coefficient

Melt+KCl

@]
o Melt + K, UCI
NaCl+Melt

Melt+Sol.Soln

N

KCrCly+Sol.Soln+Melt Melt + Na, UClg A
+NaCl 0.780, 785.0 K

90.129, 699.4 K
Melt+NaCl

K,CrCl,+Melt l 0
e 0.697, 686.9 K +K,UCl,

K, CrCl;+KCrCl;+Sol.Soln NaCl+Na, UCI+K,UCI,
580

0.4 0.6 0.8 . 0.0 0.2 0.4 0.6
Mole fraction NaCl Mole fraction KCl
- Q50 [0 1050 100 [150

T/K

General Atomics SmartState Center for = )
Transformational Nuclear Technologies South Carolina

NaCl + KCI + K, UCI,

— Model
O Flengas 1961

0.0 0.2




Example: Liquidus Projections for Complex Phase Equilibria

LiF - BeF, - UF, - UF,
Projection (MSFL), UF/(LiF+BeF,+UF,+UF,)(mol/mol)=0.1, thtsage"‘

1 atm

1: U4F17Li_S1(s)/ UF34soln / UF4_solid(s)

diagrams are easily computed

XA  XB) XC) K
1:  0.30357 051185 0.18458 949.91

L] I S O p | eth S aS pS e u d O —te rn ary Four-Phase Intersection Points with MSFL T(min) = 865.02 K, T(max) = 1369.05 K

- Example is the LiF-BeF,-UF,
liquidus projection where all
compositions contain 0.1 mol
fraction UF,

« Eutectic point and univariant lines
are displayed, with first-
precipitating phases identified ’ oSS

2023-04-23 2m65s

_ BeF,
mole fraction

97 General Atomics SmartState Center for o _
@‘ Transformational Nuclear Technologies South Carolina




Applications: Computing Vapor Pressures Over Salt Melt

Required for predicting transport 1 g.g11°%9K 1400K

1200K 1100K 1000K
I

I
« Gas spaces KCl

* Within noble gas bubbles

Necessary for source terms for

accident analysis

« Cesium and iodine species
of most concern

Calculation realistic in that

« Chlorine potential fixed by
UCI;:UCI, ratio

 Cesium > iodine content

Vapor Pressure (bar)

Example observations
« Alkali chlorides have
appreciable vapor pressures
« CsCl and KI dominant
cesium and iodine species 0.67 0.72

"éy General Atomics SmartState Center for
8 Transformational Nuclear Technologies

Mol% in 50:50 NaCl:KClI
ucl, 1

ucl, 0.1
CsCl  0.01
Csl  0.005

0.82 0.87 0.92 0.97 1.02
Reciprocal Temperature (K1)

South Carolina




Applications: Computing Equilibria for Modeling Corrosion

Using equilibrium calculations to assess corrosion requires applying appropriate constraints
Simple computing of the solubility of a corrosion product halide in salt melt is not of value (it will be large)
Computing alloy-salt equilibria is required to get the limit of corrosion product concentration in melt
Computing individual metal equilibria can be reasonably accurate, however use of alloy models and thus
accurate component activities in the alloy is best (separate alloy database required, e.g., SGTE?)
Results meaningful only if halide potential is fixed, e.g., ratio UCI;:UCI,
0

Eutectic KCI-MgCl,-5 mol% UCI; with 316SS _ — CrCl, —FeCl, —NiCl,

« Databases
« MSTDB-TC Ver. 1.3
« SGTE

« Computed Cr, Fe, Ni concentrations
« Higher UCl,/content relative to UCI; increases MCl,
concentrations and thus corrosion rate
* CrCl, dominant, but FeCl, can be significant Concontrations in order
of mole fraction of UCI,

« Surprisingly constant CrCl, with temperature ] 005

0.01

(also seen experimental in fluoride systems) 0005

Log molar concentration
L} L]

0.001

900 1000 1100 1200
Temperature (K)

=9l General Atomics SmartState Center for . )
.‘@" Transformational Nuclear Technologies *Alloy thermodynamic models from South Carolina

Scientific Group Thermodata Europe




Example: Molten Salt Fast Reactor Salt Behavior

Under Burnup

« MSFR Serpent depletion calculations for
fresh fuel composition (mol fraction)
e LiF: 0.7750
 ThF,: 0.1988
.« UF,: 0.0263

« At 80 GWd/t burnup (surrogate elements
used in absence of data in MSTDB-TC)

Atom
Element Fraction

F 62.26528
Li 28.80787
Th 7.40335

U 1.12814
Sr 0.12658
Ba 0.06685
Cs 0.06590
Rb 0.05771
Nd 0.00010
Ce 0.00005
La 0.00004
Pu 0.00002

General Atomics SmartState Center for
Transformational Nuclear Technologies

G Equilib - Menu: X
File Units Parameters Help

D | T(K) Platm) Enerayld] Quantity(mol) Vollire) M S ™

Reactants [12)
2.?i2E+D4F + 1.26E+04 Li + 323E+03 Th + 479E+02 U + 445E+401 Sr +  232E+001 Cs  +  231E+C
»

4

Products

Compound species Solution phases Custom Solutions
] + ] Base-Phase | Full Name 0 fired activities

F gas (¢ ideal " eal 41 = MSEBE-MSFL MSFL 0 ideal solutions

|7 aqueous 1] MSBE-SSac 5Sacsaln Pseudonyms .

[ pure fiquids 0 MSBE-SSad SSadsaln apply - __Edt..

[+ pure solids 63 MSBE-SSae SSaesoln Yolume and physical prop data
MSBE-SSaf S5 afsoin e assume molar volumes of

. solids and liguids = 0
MSBE-5Sab S5ab " use only molar volume data

MSBE-UF34 UF34s0ln " useV & phys. property data

- MSBE-SS5am SSamsaln j [ paraequilibrium & Grmin  edit |
Transitions - temperature Legend . . : o
¥ Show ™ all " selected

Yirtual specie J
Number of +-selected 12 Total Species [max 7000] 147

species: 110

solutions: 12

transitions: |4l h species: 7 Select Total S olutions [max 200
T

Final Conditions

P —
o & [ K Yelam)  ~|[Product iy ~]

[ 700100025 | [ C hansitdgs only
IT steps I 13+ calculations - no time limit™

FactSage 8.2

&3 Equilib - Results 700 K (page 1/19)
Output Edit Show Pages Final Conditions

= D et @ T(K) Platm] Energyl)) Quantity(mol] Vol(litre)
m SK| 900K | 925K | 950K | 975K | 1000K |
Ela#fk | 750K | 754.58K | 775K | 776.92K | 800K | 807.28K | 816.88K | 817.49K | 825K | 850K |

FactSage 8.2

STREAM CONSTITUENTS AMOUNT/mol
2.7200E+04




Precipitation Conditions For Fission = =

Li

Products at 80 GWd/t &

Sr
Cs
Ba
Rk
Ce

Transitions option finds the points at L
which phase assemblages change .

EQUIL AMOUNT MOLE FRACTION FUGACITY
PHASE: gas_ideal mol atm

For fresh fuel, the first transition from the =

melt is at 790.5K where LiF precipitates o Langos-os z:;:.;zgziii 2:2325;22251;
For the burnup composition, the first Sl

transition from the melt is at 867.9K where 14272402
the (Li,Rb,Cs)F solid solution phase

precipitates

Burnup has therefore raised the Ea
temperature for the first precipitation of a e oo ‘;:m:““i_"f% Ty

W W e e
ow - @ - ono .

U LAli:-_+: l 0ss l

salt phase by 87K =

Ce

7.
3;
.18

[T
il dJd

La
Ba

3 J’-W'F

O oo 0D o
= DDDDuDL =]

Sr
MOLE FRACTION

@3 General Atomics SmartState Center for

P
&8l Transformational Nudlear Technologies




Questions in the Chat or by Email After the
Workshop

Acknowledgements:
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Department of Energy under contract DE-ACO5-000R2275
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Outline

What is Thermochimica and how does it work?

What can you do with Thermochimica + MSTDB-TC?

How do you know it’s right (QA)?

Related peripheral activities




What is Thermochimica?

e.g., MSTDB-TC

« Open-source thermodynamics software. /

* Input: Temperature, pressure, composition, database.
« Output: Phases, phase speciation, thermodynamic properties.

o Software:

* Written mainly in F90 with Python and C++ wrappers.
» Requires LAPACK libraries.
* Maintained on github.

» Supports almost all major classes of models.

https://nuclear.ontariotechu.ca/piro/thermochimica/



https://nuclear.ontariotechu.ca/piro/thermochimica/

How does Thermochimica Work?

Gibbs energy equations are empirically derived.

* The integral Gibbs energy of a system is: / /

A Q
G=> mgi+ > nug
A=1 w=1

« Taylor series expansion yields:

L=G— I‘q5 ¢; = ZZ”i(A)W,j + Z”w’/w,j — b,
A 7 w

VL6 = —VL



Yes, experimental validation data.

Case Study #1: Phase Diagram Generation

A GUI was recently created, which can generate phase diagrams (among other things).

These models were developed by Ontario Tech for the MSTDB-TC.

NaCl — BaCl; phase diagram

BaF, — NaF phase diagram

liquid

NaF_solid(s)+BaF2_alpha(s)

® Grube
¥ Bergman & Banashek

liquid+NaF_solid(s)

1000
® Belyaev & Sholokhovich 1400 1
950 - v Gemsky liquid
< Lamplough liquid+Ba17/Beta
LeChatelier 1300 4
900 + Mateiko et al.
Mishihara et al. liquid}BaF2_bety(s2)
U 850 Nagornyi & Zimina T 1200
";. Semenstova & Bukhalova % PS
s A \Vortisch £ 5
E 800 Zakharchenko & Aslanov © 1100 1
a 8
G 5
& 7507 F 1000
L) liaui
700 A iquid+BacCl2_alpha(s)
liquid+NaCl_S1(s) ¢ L) 900 A
- - Yy v vod\ - - Y ., wvw . . liquid+BaF2_alpha(s)
NaCl_S1(s)+BaCl2_alpha(s) 800 - b
600 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2

Mole fraction BaCl;

M. Poschmann, M.H.A. Piro, “Thermodynamic Assessments of the Pseudo-Binary {Ba,Sr}-{Na,K}
Fluoride and Chloride Salt Systems”, Ontario Tech, Oshawa, Canada (2022).

0.4

0.6
Mole fraction NaF

0.8 1.0



No experimental validation data.

Case Study #2: Salt/Gas Speciation

H. Patenaude (UNLV) performed analyses of irradiated salt (FLiBe + fuel + FPs) using
MSTDB-TC and predicted phase equilibria and gas partial pressures.

SOLID LIQUID GAS
1.0
0.8 1

Y 08
]
& —e— gas_ideal: F
2 'g’ 061 o gas_ideal: F2
‘ﬂ&; 06 o —— gas_ideal: LiF
GE‘ g —+— gas_ideal: Li2F2
w a gas_ideal: Li3F3
s E 0.4 gas_ideal: BeF2
§ 04 ‘g ~+— gas_ideal: LiBeF3
g g —e— gas_ideal: UF5
‘; —e— gas_ideal: UF6
> 0.2
s 0.2

0.0 0.0 1 =

600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
Temperature [K] Temperature [K]

S Disclaimer: These simulations should be viewed as demonstrations of capability development. 6
H.K. Patenaude, “Thermodynamic predictions of irradiated molten fluoride salts”, UNLV, Las Vegas, USA (2022).



No experimental validation data.

Case Study #3: Precipitate Filtration

TRANSFORM system code

X_bypass data_PHX saltHeatlnput
b ( Y length
— - b
N — ]
k=0.1 period=9500 s
p_gas m_flow_pump_P...

p_start_gasp

ta_PH...
p— |

alpha

precipitate ®

:

alphaM[]
fill(0.001, ...

i

Disclaimer: These simulations should be viewed
as demonstrations of capability development.

¥ OAKRIDGE

National Laboratory

Temperature [ ° C]

Precipitate Filtration Removal

14
300 __\\ —-—- Temperature
N —— Mass of F. L 12
490 4 AN ——— Mass of Li
N —— Mass of Na
AN —— Mass of K 10
480 - AN —— Mass of U
—— Mass of Pu
-8
4701 N M __
)
401 FLiNaK T,
e — e — — — — — — — —_—————,
450 A
-2
440 A
T T T T T T T 0
0 2500 5000 7500 10000 12500 15000 17500 20000
Time [s]

M. Poschmann, M.H.A. Piro, M.S. Greenwood, Nucl. Eng. Des., 390 (2022) 111695.

Precipitate Mass Removed [kg]




Case Study #4: Loss of Flow Accident

TRANSFORM system code Off-gassing Removal

[ summ... data ... data ..
ssi==h=s
ecipt... O data ... data ... data ...

=== - =

data .. S
N
A
710 “ N 6 35
N e r1ne 2
o g
o ] --- Temperature ~—— MassofK | g 3
o £
5 Mass of F Mass of U S
® 6901 —— Mass of Li —— Mass of Pu «
g —— Mass of Na —— MassofCs 10710
< =
:
£

~ [ 102
670 | ©
r L 10—14

T T T T 1016
0 20000 40000 60000 80000 100000

Time [s]

650

Disclaimer: These simulations should be viewed as demonstrations of capability development.

Q #OAKRIDGE 8

National Laboratory M. Poschmann, M.H.A. Piro, M.S. Greenwood, Nucl. Eng. Des., 390 (2022) 111695.



No experimental validation data.

Case Study #5: Severe Accident Analyses

« A previous project in partnership with Sandia National Labs coupled
MELCOR with Thermochimica, including MSR applications.

» Predict fission product speciation, which can feed into source term
calculations.

« Simulations of severe accident behaviour has high value to industry and
regulator for safety and licensing applications.

Sandia
Il'l National F. Gelbard, B.A. Beeny, L.L. Humphries, K.C. Wagner, M. Poschmann, M.H.A. Piro, Nucl. Sci. Eng., in-press.

Laboratories
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Quality Assurance: Benchmarking

LWR Corium Benchmark (TAF-ID) Vapour Pressure Benchmark with Experiments

10°

Total pressure

Pressure / Pa

1100 1200 1300
T/K

Computed with FactSage

ThermoCalc Site Fraction Values

0.0 T T T T

0.0 0.2 0.4 0.6 0.8 1.0

Thermochimica Site Fraction Values

B. Breeden, MASc Thesis, Ontario Tech University, Oshawa, ON (2021).

Pressure [Pa]

—— gas_ideal: FLi
—— gas_ideal: CsF
10' { — gas_ideal: ThF4

109 4

1000 1050 1100 1150 1200 1250 1300
Temperature [K]

Computed with Thermochimica

10



Quality Assurance: Unit Test Validation

* 1168 tests from 88 experimental sources have been compiled.

+ See Max Poschmann’s presentation for more details.

SeriesType . Database

llllllll

© © 16

A ATIAUATMIHTAL




Quality Assurance: Integral Test Validation

* Integral tests to validate codes and models related to MSR behaviour are
sparse.

12



Peripheral Activities: Computational

* Another PhD student (N. Scuro)

iIs working on OpenFOAM +
Thermochimica coupling for
MSR applications.

* Knowledge gap identification in

databases, driven by
stakeholder needs.

« Discussed by M. Poschmann earlier.

M. Piro, P. Bajpai, M. Poschmann, Idaho National
Laboratory, INL/RPT-22-69782, Idaho, US (2022).

Fluoride Confidence Rating

-

CaF ed igh Medium .

ThF4 ium Med-High ediut

PuF NoData NoData No Data ata

13




Peripheral Activities: Experimental

« On-going experimental work at
Ontario Tech:

* Focusing on fuel + FPs.

* Provides validation data for
material models.

14




Conclusions

* Thermochimica + MSTDB-TC are like peanut butter and jam.

* One can use Thermochimica to generate phase diagrams from the
MSTDB-TC, perform calculations related to in-reactor behaviour, or
couple with multi-physics codes.

- Both are freely available.

» Several scenarios being simulated have not been validated.

- Recommend government agencies to fund more experimental
campaigns to validate models/codes (esp. integral experiments).
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. RLE

MSTDB-TC applications and use in phase field
modeling

Chaitanya Bhave, Michael R. Tonks, Kumar Sridharan, Adrien Couet,

Markus Piro, Parikshit Bajpai

POWERING THE NEW ENGINEER TO TRANSFORM THE FUTURE




Acknowledgements

HENEAMS

NUCLEAR ENERGY ADVANCED MODELING & SIMULATION PROGRAM

JNL i

» Los Alamos
ldaho National Laboratory £ST.1943

NATIONAL LABORATORY

Tonks Research Group

1 OntarioTech

UNIVERSITY

Nuclear Energy
University Program

N
‘NEU>
\J [

U.S. Department of Energy

OAK RIDGE

National Laboratory




Tonks Research Group

Impact of molten salt corrosion on microstructure

Cr EDS scan of cross section of FLiNaK exposed Inconel alloy after exposure to molten fluoride
Incoloy-800H [1] salt high in HF [2]
1. Olson, L. (2009). Materials Corrosion in Molten LiF-NaF-KF Eutectic Salt. Ph.D. University of Wisconsin-Madison.
2. Manly, W. et al. (1987). Aircraft Reactor Experiment - Metallurgical Aspects. ORNL-2349. [online] Available at:

https://www.osti.gov/servlets/purl/4227617 [Accessed 30 Oct. 2019].



We have developed a mesoscale model of alloy corrosion by
molten salt using the MOOSE framework

300

250 +

200 ~

150 +

100 H

50

0

0

T T ‘
50 100 150

0.0561

0.05

0.04



Tonks Research Group

In this presentation, | will start by demonstrating our model and
then show how we take advantage of the MSTDB-TC

= Phase-field model demonstration = Using MSTDB-TC with the phase-field model

Conserved current (CC)

Phase-field
model




Tonks Research Group

In this presentation, | will start by demonstrating our model and
then show how we take advantage of the MSTDB-TC

= Phase-field model demonstration m

Conserved current (CC)




Tonks Research Group

We developed an electrochemical mesoscale model for corrosion
of Ni-Cr alloys in molten FLiBe

= Uses the phase field method solved using MOOSE Conserved current (CC)
= Physical phenomena:

= Materials

- GB enhanced
Diffusion mass transport SHRGHEEE S
1dl ‘j!,tzl




Tonks Research Group

1D simulations make quantitative mass loss predictions

107 - 0.5
———— =
S ! I RN % 0.4 T
g 107 F ! \ E ™ « ¥
3 : ' ]
- - . Ni-5Cr allo FLiBe
: I Cr alloy g 0.3 * *
g 107 F i T £ .
o g I a *
— R .
Q { | Corrosion depth § «
< > 0.1
110 120 130 140 150 160 :
0.0 | | | |
X (um) 1 100 200 300 400 500

w——= 1 hour === 500 hours Time (hours)

Line scan of Cr atomic fraction in Ni-5Cr Mass loss in Ni-5Cr during corrosion
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2D simulations can capture selective Cr depletion along GBs

300

0.0561 ) v -
250 1 0.05 . > &
200 - 0.04 . .
150 - 0.03 EBSD
0.02 50 0.22
100 - 40 - 0.18
0.01 30 A 0.12
50 20 H
0.0008 10 - 0.06
50 100 150

0 T T 0.0
0 50 100 150

Cr

Cr

EBSD Simulation Simulation

Cr depletion in Ni-5Cr alloy Cr depletion in Ni-20Cr alloy
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We also simulated Ni-5Cr corrosion in 3D

CE 3
o w (o)} (o]
Grain OPs

50 um

r

50 um

o N w w
o W o b
X 10_2ACCr

3D microstructure Cr depletion

DREAM.3D

BlueQuartz Editic
ﬂ : 10

B
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Validation using Ni-5Cr experimental data

0.6 — 0.06
1D volume - -
= - = 1D Hart -
Vv — * _:‘
) 3D ” + 0.04
£ 0.4 ©
S L
0 £
o 0.2 S
o T 0.02
} '
g 0.1 o
0.0 I 0.0 l l l l
0 200 400 600 800 1000 100 110 120 130 140 150
Time (hours) X (um)

Mass loss comparison Cr depletion line plot

11
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Cr mass loss is proportional to average grain size at surface

-~ 0.5 —~>
NE % 3D simulations 7
9 - =- Linear trend ///
o %
E ;/
7)) 0-3 - //
g -
”
- »
”
© PR
0.0 0.03 0.07 0.1
G Y(um™1)

Mass loss at 1000 hours vs inverse of projected grain size

12
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See our paper for more information

Journal of Nuclear Matenals 574 (202 15414

Contents lists available at ScienceDirect

NUCLLAR MATIRIALS

¢ Journal of Nuclear Materials

journal homepage: www.elsevier.com/locate/jnucmat

An electrochemical mesoscale tool for modeling the corrosion of n
structural alloys by molten salt A

Chaitanya Vivek Bhave®, Guigiu Zheng”, Kumar Sridharan¢, Daniel Schwen®,
Michael R. Tonks*

* University of Florida, 1698 Gale Lemerand Dr, Gainesville, FI, 32603, United States

b Massachusetts Institute of Technology, 77 Massachusetts Ave, Cambridge, 02139, MA, United States
¢ University of Wisconsin-Madison, Madison, W1, United States

4 ldaho National Laboratory,ldaho Falls, ID, United States

13
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We have also applied the model to investigate the impact of
coatings and added activity gradient corrosion

0
=
30 269 g
HE 134 4 Ni-Cr alloy FLiBe Pure Ni
0 -1 g. 0.25
f - c
0 50 100 150 £ § ool -
- * N
2 \
o \
I HE 01 & —
0 . . 0.0 g 0.1 - M
0 50 100 150 - I\
® 0.05 |- AN
G Lo
a 0.0 | | | I
30 300 § 0 50 100 150 200 250 300 350
N s X Gum)
0 -1 & = Without Ni, t=0 —— With Ni, t=0
0 50 100 150 190 = — = Without Ni, t=1000 hrs  —-- With Ni, t=1000 hrs
30 0.2 Cr atomic profile during activity gradient corrosion
0 T T 0.0
0 50 100 150 190

14
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In this presentation, | will start by demonstrating our model and
then show how we take advantage of the MSTDB-TC

" = Using MSTDB-TC with the phase-field model

Phase-field
model

15



Tonks Research Group

Our model predicts the corrosion by minimizing the overall free
energy of the system

= Free energy of the salt = Free energy of the alloy
) ~ —20
. . . o * T=700K ®* T=900K
" Ey;/yiz+ @and EQ, .2+ are oxidation potentials £ j6| # T=800K & T=lo00K
i : : . " B e . St At
= Eg, /- is the fluoride potential (or Cl potential) 3 - ': .
. . . .. < IR S i i
= Changes with redox potential, which is impacted by B 1 fo-*-*
impurities in salt 2 R i
= Chemical potentials -l PP S L
6 _Sor 1 | 1 1
= 0.90 0.92 0.94 0.96 0.98 1.00

Mole fraction of Ni (Ni-Cr)

Cr, Ni, Vac

16
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There are various approaches for using the MSTDB-TC with our
phase field model, with varying difficulty and computational cost

Manually fit simpler model to  Fit model to data from Directly couple MOOSE to

MSTDB-TC data ThermoChimica with MSTDB-TC ThermoChimica with MSTDB-TC

= Computationally efficient = Medium efficiency = Very computationally expensive

= Time intensive for each system = Output new data when the system = System changes require no
change changes additional work

= Qur current primary approach = Preliminary example complete

x10*
12 T T T

T
—— Metal
—#*— Nernst

—y
o
I

G(J/mol)

& & b o N & O ®

X 17
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The data available now in the MSTDB-TC and that will be added in
the future will enable the expansion of our model

= Additional salts beyond FLiBe

= Direct representation of impurities

GB enhanced mass

UallSpPOoIL

18
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Tonks Research Group

C lusi

Gioup

oup

We developed an electrochemical mesoscale model for corrosion

of Ni-Cr alloys in molten FLiBe Validation using Ni-5Cr experimental data

* Uses the phase field method solved using MOOSE e p—) 0.6 — 0.06
| condion === 1D volums - RV wa X
- - - =4 - A
*  Physical phenomena: T o5 | MoHar _-- e Y VALY T A M
E 20 - ° + TN,
* Free energy of the alloy = — 30 e b % 0.0a - \! \ & N
E o4 - 8 i
* Free energy of the salt = R & u o
* Interface energy 8 oal JRad E N
*+  Electric potential » s ® 0.02 [~ ;: Y
oo o = - \
* Bulk and GB diffusion in alloy £ oat- 2 ¥} .
. S
* Alloy microstructure -=- EDS
0.0 T I 0.0 1 1 1 1
) 200 400 600 800 1000 100 110 120 130 140 150
* Materials Time (hours) X (um)
FLiBe ) . -
. Mass loss comparison Cr depletion line plot
* Ni-Cr alloys

w Herbert Wertheim College of Engineering POWERING THE MEW ENGINEES TO TRANSFORM THE FUTURE
We have also applied the model to investigate the impact of The data available now in the MSTDB-TC and that will be added in
coatings and added activity gradient corrosion the future will enable the expansion of our model
g * Additional saits beyorn
g mlg o Nt _rite e mmremre i
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~
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T

* Direct representation of impurities
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-
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The chemical driving force is defined by alloy and salt free
energies taken from CALPHAD databases

=20

= Free energy of Ni, Cr and vacancies in metal phase
from ideal solution fit to CALPHAD free energy

Angr,Ni = Angr, rcc + Ger

* T=700K * T=900K

26 * T=800K % T=1000K e
b=k ==k

= Free energy of Ni?+ and Cr?* in molten FLiBe =a& b e ——— ===k
uses a dilute solution energy function (MSTDB-TC) 18
GI(\)/i2+ = GI(\)IL —+ nFE](\),i/Ni2+ .__*__*——*——*——*——*_-*_-*—_*__
-44

Gibbs energy (x103 J/mol)

r--*--*—-*——*--*--*--*-—*—-*—

-50 1 1 1 1
0.90 0.92 0.94 0.96 0.98 1.00

Mole fraction of Ni (Ni-Cr)

Least-squares fit of Gibbs energy of
Ni-Cr system from CALPHAD assessment
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Kairos Power 4 m|SS|on is yo enable the World S tran5|t|on to clean energy,
with the ultimate goal of dramatically i |mprovmg ‘people’s quality of life
while protectmg the‘,e”f--*\/:[;fonment |

In order to achleve th ,_-.m"|55|on we must prlorruze our efforts to focus on a clean
energy technology ’that is affordableand safe.



Fluoride Salt-Cooled High-Temperature Reactor (FHR)
Technology Basis

Coated Particle Fuel Liquid Fluoride Salt Coolant
TRISO Flibe (2LiF-BeF,)

Copyright © 2022 Kairos Power LLC. All Rights Reserved.
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Primary Heat Transport System : I_:_w::r::r;iﬂa;;*::;t . HOW KP_FH R
Primary s, technology works

Salt Pump

Intermediate
Salt Pump

Steam

Turbine Generator

Intermediate Heat

Reactor Exchanger

Condenser

Feedwater
Heat Train Feedwater
Pump
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A Paradigm Shift in Nuclear Development

The K(]II'OS Power User Facility Reactor Demonstration Unit

(non-nuclear)

& glterahve Approach ..IH )

Commercial
o . Hermes Low-Power Deployment
Engineering Test Unit Demonstration 140 MWe,/Unit
Engineering Test Unit  (non-nuclear, Flibe) Reactor

Demonstrafion ST SR
Experiment AL, I:llu-'gll_lL{f_lflllllLll |

(non-nuclear, water)

Copyright © 2022 Kairos Power LLC. All Rights Reserved.
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. Construction complete / hot commissioning in progress ' N == ETU Control Room =
(SigReCer 20d8 : " AP RNAY Albuquerque, NM [

i o | T 2 P i " e . -
. \\ - . E ~ e ____:_‘ A b : > . - < = 5 b —al =
ey, . = g - b " N J =" : —f '

Argos Remote Control Room

Alameda, CA
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Hermes Demonstration Reactor

Heritage Center K-33 Site / Oak Ridge, TN

Hermes will ultimately demonstrate the U.S. aptitude to license an advanced reactor in a timely manner

Copyright © 2022 Kairos Power LLC. All Rights Reserved.
No Reproduction or Distribution Without Express Written Permission of Kairos Power LLC.




How we use MSTDB

t They/,
e“gal 0’6(0

Provides multicomponent thermodynamic properties: 0\’" ’:%

> chemical potentials Q\ [}

> species activities UOf Lé‘

> chemical state At Kairos Power, we use SC Q,b

° vapor pressures IS i i e

O hp p sure this mf.ormatlor.\ in our Y MSTDB-TCQQ‘?

phase equilibria modeling and simulation 99 o°
» Etc. and processing Jourrayl

Copyright © 2022 Kairos Power LLC. All Rights Reserved.
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Kairos Power Commissions MSPP to Produce Coolant
for High-Temperature Molten Salt Reactors

* Kairos Power has commissioned the Molten Salt ,d,'..\‘ FI\

Purification Plant (MSPP) in partnership with L p Kairos Power MATERION

'

Materion Corporation

l e

* MSPP will produce large quantities of high-purity
fluoride salt coolant (Flibe) for the Engineering Test
Unit and future hardware demonstrations

* Confirms process to produce Flibe at industrial scale
and establishes commercial production

* Reduces risk in a critical path workstream to achieve
cost certainty for KP-FHR technology

* Largest Flibe production facility ever built

i [P

9 MSPP is located at the Materion Campus in ElImore, Ohio

Copyright © 2022 Kairos Power LLC. All Rights Reserved.
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MSTDB-TC to support Flibe (0.667LiF-0.333BeF,) production:
The LiF-BeF, phase diagram

BeF, - LiF
1 atm $Gactiog'
1000 , . . | .
900
800
o MSFL
)
= 600 [ 4
[_|
500 /
L :q =
L]
[un ]
300 ot
=
E ]
200 . ] ) A L | : 1.1 sec® 1
0 0.2 0.4 06 0.8 "
BeF,/(BeF,+LiF) (mol/mol)
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Thermodynamic inputs for design and safety case

Equation 2.16 from the MELCOR Computer
Code Manuals Vol 2: Reference Manual

* Inputs for safety models

> Vapor pressures drive gas phase |
release These are the two 1 DfuelRT

— big fundamental — =
things I’'m looking at my AfuelNuDk,gaSPk,eq

o Chemical state determines vapor
pressure

* Processing

Equation 62 from Non-Proprietary version of
the KP-FHR Mechanistic Source Term
Methodology Topical Report

* Performance and margins

hip;A
RT

W; =
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Current status of MSTDB-TC for the fluorides

NaF | Some gaps to be filled
- BeF2-LiF-NaF  « CaF2-LiF-ThF4 BeF,| ¥ | ¥
KF | v | v | «
° BeF2-LiF-PuF3 =« CeF3-LiF-ThF4 - LiF-NaF-UF4 o B v ¥ | InMSTDB-TC
T 5 v | Data Published
* BeF2-LiF-ThF4  * CsF-LiF-KF * LiF-PuF3-ThF4 | | Being Assessed
Z1F,
- BeF2-LiF-UF4 - LaF3-LiF-NaF * LiF-PuF3-UF4 ThE,| ¥ | ¥ | ¥ v
. . PuF;| v v v v v
- BeF2-NaF-PuF3 - LiF-KF-NaF L e e R ——
° BeF2-NaF-UF4 - LiF-KF-RbF - LiF-NaF-BeF2-  |UR| « | © ’
ThF4-PuF3-UF4 | cse| v | v | v v | v
° BeF2-ThF4-UF4 - LiF-NaF-CeF3 w717 BB v v
* LiF-NaF-BeF2-KF- —————— T - —
- CaF2-KF-NaF * LiF-NaF-PuF3 PuF3-UF4 :
StF, | v | v v v
- CaF2-LaF3-LiF  « LiF-NaF-RbF * LiF-NaF-KF-CsF-  |Mgp,| « |« v v v
ThF4-PuF3 NdE,| v v
- CaF2-LaF3-NaF - LiF-NaF-ThF4 o ! -~
* CaF2-LiF-KF NiFa | Y ’
LiF | NaF |BeF, | KF | RbF | CaF, | ZiF, | ThF, | PuF; | UF, | UF; | CsF | CeF; | LaF; | StF, |MgF, | NdF; | FeF,

Copyright © 2022 Kairos Power LLC. All Rights Reserved.

No Reproduction or Distribution Without Express Written Permission of Kairos Power LLC.



Vapor pressure of Flibe

Flibe total equilibrium pressure BeF, vapor pressure
1.00E-04 1.00E-04
1.00E-05 1.00E-05
s 1.00E-06 & 1.00E-06
=2 =2
e o
2 2
g ——Olander et al. 9
e 1.00E-07 s 1.00E-07
——ORNL ——0Olander et al.
——Zaghloul et al. ——Zaghloul et al.
1.00E-08 1.00E-08
Mk MSTDB
1.00E-09 1.00E-09
460 500 540 580 620 660 700 460 500 540 580 620 660 700
Temperature (°C) Temperature (°C)
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Fundamental aspects of molten salt chemistry

-5.0E+05 -~ .r-cm
-6.0E+05
-7.0E+05
-8.0E+05
-9.0E+05
-1.0E+06
-1.1E+06

fFe + F, = FeFy

2K+F,=2KF
~2Na+F,=2 NaF

~2/3Cm +F,=2/3CmF,;

RT In pg,

600 700 800 900 1000 1100
Temperature (°C)
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PaLiro

9.31 12.31 15.31 The Oxo-acidity

0 | 4.64
I L]
| diagram
|
|
-1 i 3.64
|
I Univariant reactions
|
) : Fe F3 2.64 Fe+F,=FeF,
|
Fe,O I v
L 273 @ FeF,+1/2F,=FeFs
a I &
w -3 | 1.64 Q Fe+BeO+F,=FeO+BeF;
(%))
_______________ Lo e L e e S e e e e e e e e e e e e o e o - - -
; ———————————————— T T T T 100pp [FeF;] ~ ’ ————————————————— g FeO+1/3BeO+1/3F,=1/3Fe;04+1/3BeF,
! lepm[FeF,] 2 OXIDIZING AGENT >
4 : (@) SELLECTILPELIIED o 0.64 ——1/3Fe;04+1/6Be0+1/6F,=1/2Fe,0s+1/6BeF,
| ADDITION OF OXIDES y REDUCING AGENT
- | 6 FeF2+4/3Be0+4/3F2=1/3Fe304+4/3BeFz
-5 | FeBe, formation theoretical potential
Sl —— FeF,+3/2Be0+3/2F,=1/2Fe,03+3/2BeF,
5 31 -0.36
8| Fe
g, FeF3+3/2Be0+3/2F,=1/2Fe,0s+3/2BeF,
N
ol
6 %: 136 FeF,+BeO=FeO+BeF,
0 1 2 3 4 5 6 7 - - ~FerFa=(FeR]
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Enabling the world’s transition to clean energy

improving people's quality of life and protecting the environment

Our Commitment to Environmental Justice
«  Mission driven ey
Alameda, CA

§ KP Southwest
.| Albuguerque, NM

v

* Engaging and supporting local communities
* Diversity, equity and inclusion program

* Priority in building on brownfield sites

* High energy density / low land use

Al
©= lo'o'

Oak Ridge, TN
1 fuel pebble =4 tons of coal
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MSTDB-TP Overview

The Molten Salt Thermal Property Database— Thermophysical (MSTDB-TP) contains empirical
relations for the following properties:

— Melting and boiling points

— Density

— Viscosity

- Heat Capacity

- Thermal Conductivity

As per the current version release (v2.1) There are 448 entries, including:
- 33 pure compounds
— 243 pseudo-binaries
- 166 pseudo-ternaries
- 6 pseudo-quaternaries

Each property entry in the database includes a margin of experimental error
- Determined on a case-by-case basis (more on this later)

This list is constantly expanding. The data is based on the outputs of 140+ independent
experimental studies in literature.

S_QOAK RIDGE

National Laboratory




Experimental Measurement Techniques Considered:
Density

%OAK RIDGE

Density: Archimedean
method, dilatometry
method of maximum
bubble pressure

Viscosity: falling or rolling

ball method, Rotational
viscometry, coaxial cylinder
technique, capillary
viscometry

876 °C

1022 °C

Viscosity

(d]
o

- Bl

Thermal conductivity:
variable gap technique,
coaxial cylinder technique,
transient hot wire method,
laser flash method

Heat Capacity: DSC, drop

Thermal
Conductivity

calorimetry

National Laboratory

Heat Capacity

Thermistor

[10]

Thermocouple(CA)
ik
Silica stopper
Tammann
[ tube
—— Molten salt
Furnace

” ['1 Thermal insulting sheet

| Water

lic diagram of




MSTDB-TP Expansion Efforts

%

MSTDB-TP has undergone 2 major
expansion efforts:

- 1.010 2.0 (68 entries to 273 entries)
- 2.0to 2.1 (273 entries to 448 entries)

These expansions incorporate
replacements of old datasets as well

- E.g.recent literature has suggested
UCI3 and relevant mixtures has a lower
thermal expansion coefficient than
previously understood

MSTDB-TP is being expanded for later
releases

- This includes new pseudo-binary and
higher order system data that exist in
literature and need evaluated

- MSTDB-TP will also include new data of
new systems as it is published

MSTDB-TP is intending on including
surface tension data in the future

- There is a significant body of literature
already evaluated and tabulated

OAK RIDGE

National Laboratory

Pure:

Salt Measurements
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Salt Measurements
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Quaternary:

Salt Measurements
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Redlich-Kister Density Models

« Motivation: We can only make measurements across the national laboratories so fast
- Time and funding is finite
- There are countless possible pseudo-ternary+ systems which may be of interest, we cannot measure them all

« We therefore need estimation techniques to predict thermophysical properties of higher-order
systems
- Implementing Redlich-Kister framework with Muggianu extrapolation
- We have validated the success of this technique with available density literature

e This is just one of many estimation techniques: we have chosen this technique specifically for rapid

characterization of salt mixtures in the scope of MSTDB-TP S
Pseudo-ternary estimation example

RK Estimated Density of LiF-NaF-KF at 953.0 K

Pseudo-binary estimation examples

. . Measured and Modeled Density of LiF-BeF2 LiF
Measured and Modeled Density of LiF-UF4 ty 2.066
2.0 2.053
61
- 2.040
s —e— Measured (1000 K) 1.9 A —+— Measured (798 K)
i —— Measured (1102 K) Measured (893 K) +2.026
z ¢~ Measured (1204 K) g 7 Measured (987K) -
2 Measured (1307K) 5 ;5| Measured {1082 K) L2013 §
L) ~— A
}_’ 4 Measured (1409 K) B Measured (1177 K) 5
E —&— Measured (1511 K) g &~ Measured (1272 K) L 2.000 g
a —#— Measured (1614 K) A —*— Measured (1367 K) @
=== Ideal 174 === Ideal .
ey —— RK Expansion —— RK Expansion -1.986
1.6 1973
2 4
1.960
0.0 02 04 0.6 08 10 0.0 0.2 0.4 0.6 0.8 10 Leas

Mole Fraction of LiF Mole Fraction of LiF




Redlich-Kister Density Models: _—_—
Accessibility

« Redlich-Kister polynomials are temperature composition
dependent, and follow a general formulation

- lIdeal term (based on additive molar volumes)

Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

Application of the Redlich-Kister expansion for estimating the density of | @)
molten fluoride psuedo-ternary salt systems of nuclear industry e
interest ™

Anthony Birri**, Ryan Gallagher?, Can Agca®, Jake McMurray ", N. Dianne Bull Ezell*

*Nuclear Energy and Fuel Cycle Division, Oak Ridge National Laboratory, 1 Bethel Valley Rd, Oak Ridge, TN 37830, USA
" Materials Science and Technology Division. Oak Ridge National Laboratory, 1 Bethel Valley Rd. Oak Ridge, TN 37830, USA

- Non-ideal terms (interactions between each constituent)

HIGHLIGHTS

« Several molten fluoride pseudo-ternary salt system densities were estimated.

» The estimation is based on Redlich-Kister expansion and Muggianu interpolation.
+ This method generally outperforms estimation by additive molar volumes.

« Some unmeasured pseudo-binary system densities were also estimated.

e Interaction terms are tabulated and stored in the MSTDB-TP
Gitlab project

— Can be used as input in Saline to generate RK models

Chemical Engineering Science 247 (2022) 117086

Contents lists available at ScienceDirect

« Details about use of polynomials in previous publications

Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

RK Parameters Generated for:
Empirical estimation of densities in NaCl-KCl-UCl; and NaCI-KCI-YCl; ﬂ

Fl uo ri d es C h | O ri d es molten salts using Redlich-Kister expansion
LiF-BeF2, LiF-KF, LICI-KCI, KCI- e e i
NaF-KF, NaF-LiF, MgCI2, KCI-

HIGHLIGHTS GRAPHICAL ABSTRACT

salts were modeled.

N F T h F 4 L. F « Density of NaCl-KCI, Na€l-YCls, KCl-
O - ’ I - O ’ - ’ YCls, NaCl-UCl; and KCI-UCl; molten
ition

ThF4, NaF-ZrF4, LiCl
NGF-UF4
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Density Data for KF

[ ] ° °
L] —— Yaffe 1956 (Archimedean)
n O I n O r U O I O n I n S —— Porter 1966 (Archimedean)
¢ 4 2.04 — Mellors 1964 (Archimedean)
—— Darienko 1988 (MPB)

Methodology Assessment SN

~—— Smirnov 1982 (MPB)
1.9 4

« The MSR Campaign is funding the application of quality ~
rankings to data in MSTDB-TP as well as duplicate data T

— Increased confidence in recommended data sets TRl

174

Density (g/cc)

— Better characterization of uncertainty

- Improved visibility about data selection process

1100 1150 1200 1250 1300 1350
Temperature (K)

« This ranking process will require tabulation and A
comparison of all duplicate data Argonne

- When complete, these tabulations will be made available to
database subscribers

Report ANL/CFCT-22/26

» This effort will secondarily enable an assessment of Quality Ranking System for Molten Salt Thermal
. . Property Data
methodologies used for thermophysical property
measurement

Chemical and Fuel Cycle Technologies Division
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Ongoing Effort: Viscosity Estimation

« This FY we are tackling the challenging problem of creating estimation tools for viscosity
estimation

« This is proving to be more challenging than density
- Multiple manners by which one may model ideal or non-ideal terms

— Ideal mixing: Gambill

method, Grunburg-Nissan Results of some tests from Grunburg-Nissan
rule, Katti-Chaudhri rule Ideal mixing with RK interaction terms
- Non-ldeal terms: RK, e ] S
modified Grunburg-Nissan
—— Measured (906 K) 10° —— Measured (866 K)
« We are investigating ALL e Mooy | T et one)
possible methods and - alvwninyiits) S B
different orders of fit to find S S oot £ 1 e oo
a consistent, generalizable " o Nemeie | & - Mozt
method ’ o R v Messued (1365 1)
—$ || R Bsin | = A Bgaasin
« The ultimate goal is to 3 ’
validate extrapolative e E .
Copobi"_l_ies Wi'l'h higher- Mole Fraction of LiCl 0.0 0.2 Molz.?racﬁong.fﬁNaF 0.8 1.0
order systems
X QAKRIDCE




How to get Access

 The databases and associated documents are hosted on a publicly accessible,
permission-protected server at Oak Ridge National Laboratory (ORNL):
https://code.ornl.gov/neams/mstdb/. Access requires an ORNL XCAMS account and an
MSTDB membership, which once granted will allow downloading of all files.

« XCAMS account creation

« Go to https://xcams.ornl.gov

« Select "l need an account."

* Read and acknowledge the User Agreement
Enter your email address and username following the guidelines on the page.
Enter "Personal Information" and "Contact Information" per the guidelines
Create an XCAMS password according to the guidelines provided on the page.
On the final step, note the activation sequence box at mid-page. Wait until each
action item turns green and the box heading reads "Transactions Complete”
* Log into https://code.ornl.gov using your new XCAMS username and password

*» Request MSTDB membership
» Send an email to mstdb@ornl.gov with “MSTDB Access Request” as subject
* Include your XCAMS ID and brief summary of the purpose for your request

S_QOAK RIDGE
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User/Modeler Accessibility through GUI or AP

« MSTDB-TP is a large, difficult to

navigate .csv file f omaridpe
Data Selection | Plotting
. o Mumber of end-members Salt search term |900 | 1 2]
« We have developed accessibility A g | e —rr
options that will work for a variety of S | Composiion (Ma%) [6v035s—oseres
- Melting Temp. (K) |913.0 [731.0
users Ej;{?ss ; : : : Boiling Temp. (K) |— [1673.0
0406 % X X X Measured Ran?ge;p U;; Imsu.mmu.u I737.7_1093.5
. . = P Cm 1.748+1 0% 1.97121.0%
[ SGllne IS The MSTDB_TP API B Measured R[anﬁf t.rln(g; I_ IETB.D-WTB.U
M imiTs — 7.503+15.0%
- Provides a stable C++ interface for ||| MessndRaectd - s
obtaining supported properties L o C, WK mo) | =
(density, viscosity, heat capacity, and e - | Remove | Remoue
Thermgl CondUCTiViTY) Minimurn Temp (K) Mazxirmurm Temp (K) &l Il
. ) ) ) 700 | [110d |
— Designed for integration with other Plot
NEAMS COdeS I Disable Auto Temperature Plotting
e The MSTDB-TP GUI allows for easier

navigation and visualization of the
data
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Questions?
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MSR modeling needs

o Liquid-fueled MSR designs pose uniqgue modeling and simulation
challenges

« NEAMS is developing new capabilities to model MSR designs with
emphasis on:

— Fuel depletion and composition

- Tracking of delayed neutron precursors and impact on neutronic behavior
— Generation and transport of fission products in the system

— Behavior of entrained gas bubbles

o Specific NEAMS tools developed for MSR modeling include:
— Mole: Mass transport
- SAM: 1-D thermal-hydraulic behavior and gas transport
— Giriffin: Neutronics

- Pronghorn: Porous media/Subchannel Thermal hydraulics and gas transport
— NEKS5000: High-fidelity CFD

%NOAK RIDGE
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Mole

 Mole solves mass fransport

(COHVGCTiOﬂ/dlfoSjOﬂ) of . Time rate of change of
system of species/isotopes in  speciesiin phase k Species diffusion
the MSR system
e Species can exist in liquid or Species advection by
gas phgse phase velocity u
e Species sources include: /
~ Production from fission ac; i
— Production from radioactive —[+|V - (uc;)|—|V - (DVCi k) =
decay dt '

— Transfer between liquid/gas and

liquid/solid surfaces N
« Mole will be couﬁed to SAM to Rije|=|AiCii|— kia(ci,k — Ci) k)

obtain required T/H

N\
parameters for mass transport [ Removal
calculation from decay

Production from

fieg Mass transfer between
% OAK RIDGE ission and decay gas/liquid or liquid/solids
ationa al oratory




SAM

« SAM Is a system-scale thermal-
hydraulic modeling tool written
using the MOQOSE framework and
developed by ANL

e Solution of mass, momentum, and
energy equations on 1D mesh

e Targeted applications include
single-phase flow and heat transfer
IN advanced reactor systems

e Prediction of velocity, temperature
INn fluilds and solids, and pressure
during steady-state and transients ———— _ ,

Temperature distribution predicted by SAM in

#OAK RIDGE the Advanced Burner Test Reactor

National Laboratory




SAM gas transport model

* Presence of non-condensable gas
phase in some MSR designs plays an
Important role in MSR behavior
- Facilitates removal of fission gasses which

can impact operational efficiency and
safety (e.g., xenon and tritium)

- Noble metals can affect heat exchanger
efficiency and material corrosion and
can also inferact with entrained gases

« Model added to SAM to capture gas
transport and local behavior

e Results in prediction of local gas void,
bubble velocity, and bubble
diameter/interfacial area

%NOAK RIDGE

ional Laboratory

dlap
(apy) + V- (apguy) =S
ot
Gas conservation equation added

to SAM

U, = Coup + uy;

Gas velocity calculated using drift-flux
model, where gas distribution is dependent
on salt viscosity and drift velocity is
dependent on surface tension

piuid

We =
o

Bubble diameter d depends on surface
surface tension and impacts interfacial
area calculation



Saline integration

« Gas and species fransport models
depend on accurate thermophysical
and thermochemical properties with
quantified uncertainties

» Saline provides C inferface to MSTDB-TP ‘type = Salinelnterface
poroperties for many salt compositions o g, 4650 115-0.42"
that is easily incorporated info SAM, /]

Mole, and other MOQOSE-based codes

» Saline integrated into the MOOSE fluid >qinelnieriace can be

Ip\)/\rg%esrl’ges rgodule for use by all object in SAM with
coqges both salt composition
specified

e Option for using Saline added to SAM
and Mole

%OAK RIDGE
National Laboratory




Molten Salt Reactor Experiment (MSRE) modeling

« MSRE was operated at Oak Ridge
National Laboratory from 1965-1969

« Operation led to insights related to e v
fission product behavior, migration, LLLLLEY X
and impact of gas entrainment I
— Fission products include "salt-seekers”, \1 b »
which stay in solution, and noble metals, L. . 8.
which migrate to graphite and metal - )
surfaces as well as the gas phase ]
— Noble gases like Kr and Xe migrate to

offgas system
» This system was modeled in both ¥
Mole and SAM . o
Schematic of the MSRE facility

%OAK RIDGE

Na 1 Labor:



MSRE modeling

4.500

4.000 ]
« SAM model provides R o
prediction of gas velocity and N
gas surface area distribution o T —
INn the system Lo Core
 Analyfical model proposed m; e a
by Kedl assumes constant Location
Intferfacial area based on
assumed bubble diameter Lo00
and system gas holdup § o j
- Phase slip and local pressure P —
can lead to changes in £
interfacial area and mass ) L I oC
transfer S

%NOAK RIDGE
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102 = S :

MSRE modeling
* Mole predicts steady-state
concentration of noble $ 10
metals of interest in MSRE " o
e Current results assume
Interfacial area predicted by PheT e e e o
Ked| (no’[ ye’[ Coup|ed to No transfer to wall or gas
SAM)
« Prediction will be used to
determine fission product T R
deposition and removal from $ 10
the system
%OAK RIDGE 10-° 10~* 10—T2ime (daysl)o 10 10

National Laboratory Transfer to wall/gas enabled




Conclusion

« NEAMS is developing tools for multiphysics simulation of
advanced reactor systems including MSRs

« SAM and Mole are being developed for modeling of the mass
transport problem unique to liquid-fueled MSR designs

« A gas transport model was added 1o SAM to provide Mole
interfacial area data for the mass transport solution

e Saline was infegrated infto MOOSE and made available to both
SAM and Mole

« A demonstration was performed for MSRE mass transport
showing the importance of capturing local T/H behavior and
consideration of gas and solid mass transport

%OAK RIDGE
National Laboratory




Future work

« SAM and Mole will be coupled for prediction of mass transport
iIN MSRE and other designs

 The SAM gas transport model is being further validated against
available data

¢ As new data becomes available, new models may be

developed to capture bubble dynamics (e.g., breakup,
dissolution)

 Mole is developing off-gas system for high volatile gas

%OAK RIDGE
National Laboratory
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Outline

» Goals

* Property Perturbations
» Methodology

* Results

» Conclusion
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Goals

* Investigate uncertainties in molten salt thermophysical
properties that could be a risk to licensing

— Density, thermal conductivity, heat capacity, and viscosity
— Steady state and transient scenarios

» Determine uncertainty values for all four thermophysical
properties

* Determine if measurements need to be refined

» Determine if thermophysical properties need to be known
with less uncertainty

TENKESE




Perturbation of Properties

Property Nominal Value/Equation Uncertainty Intermediate
Perturbations

Density (kg/m?3) 3785-0.373x T(K) 10% 5%

Viscosity (kg/(s'm)) 1.09¢ *xexp(4090/T(K)) 30% 20%, 10%

Heat Capacity 1340 25% 15%, 5%

(J/(kg-K))

Thermal Conductivity 1.3 30% 20%, 10%

(W/(m*K))
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Methodology

* Modelica
* TRANSFORM
» Dymola
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Model Information

- 750 MW,

- LiF-BeF,-ThF,-UF,
— (71.5-16.0-12.0-0.5 mole%)

* LiF-BeF, (67-33 mole%)
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TRANSFORM Model

|
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Results

- Steady State

— Plots of temperature and percent difference
 Reactivity Insertion
* Buildup
» Varying Two Properties at a Time
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Steady State Results

+ PHX Inlet A Core Outlet © PHX Outlet Core Inlet 865 - 956
863.7 o}
955.1 2
A 863.6 y
9549 @ Y
< A <
< A g635 864 A . N A 955 g
> + A A 2
® 863.4 A ’ N + T 5
g 9545 ) o A N ¥ 2
€ 863 + : 954 ©
2 9543 . 863.3 + - =
o)
954.1 + 863.2 %
o
953.9 T 8631 862 953
-10% -5% 0% 5% 10% -30% -20% -10% 0% 10% 20% 30%
Percent Change of Density Percent Change of Thermal Conductivity
865 956
939 4 ® 875
958 T )
® 870
957 A A
—_— A V) —
< + 6 864 955 X
- 956 865 A : v °
8 (5] A A v —
2 ° T 3 A 2
g 955 @ A 860 + n . A g
o + A ¥ o
g 94 863 - " + 954 5
s ® + 855 % + K
953 a &
N 850 T
952 A

953
THE UNIVERSITY OF

15% -5% 5% 15% -20%  -10% 0%  10%  20%  30% TENNESSEE T

Percent Change of Cp Percent Change of Viscosity KNOXVILLE




+ PHX Inlet O PHX Outlet Core Inlet
0.04

A

@

0.02

0.00 b

Percent Difference (%)
B ¢

-0.02

-0.04
-10% -5% 0% 5%
Percent Change of Density

15

1.0

0.5

0.0 A& p
05

-1.0

Percent Difference (%)

-1.5

2.0 @
-25% -15% -5% 5%
Percent Change of Cp

Steady State Results

A Core Outlet

15%

0.20

0.15

0.10

@ 0.05
0.00
-0.05

. -0.10

-0.15
-30%  -20%  -10% 0% 10% 20% 30%

Percent Change of Thermal Conductivity

0.08
0.06

0.04

0.02

& 0.00

. A -0.02
-0.04

-0.06

& -0.08

-30% -20% -10% 0% 10% 20%

Percent Change of Viscosity

Percent Difference (%)

Percent Difference (%)

THE UNIVERSITY OF

TENNESSEE T

KNOXVILLE




Results

- Steady State

 Reactivity Insertion
— Plots of temperature and percent difference

* Buildup
» Varying Two Properties at a Time
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Reactivity Insertion Results
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Reactivity Insertion Results
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Results

- Steady State
 Reactivity Insertion
* Buildup

— Plots of property perturbations
» Varying Two Properties at a Time
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Buildup Results
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Results

- Steady State
 Reactivity Insertion
* Buildup

» Varying Two Properties at a Time
— Contour Plots
— Largest temperature for all perturbations
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Results

- Steady State
 Reactivity Insertion
* Buildup

» Varying Two Properties at a Time

— Contour plots
— Largest temperature for all perturbations
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Two at a Time Results

Property Largest Perturbation
Temperature (K) Value
Density 954.6 -10%
Thermal Conductivity 954.5 +30%
Heat Capacity 958.2 -25%
Density and Thermal Conductivity 954.8 -10%/+30%
Density and Heat Capacity 958.5 -10%/-25%
Heat Capacity and Thermal Conductivity 958.5 -25%/+30%
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Conclusions

» Varying heat capacity had the most affect on the temperature by a
wide margin

- Changes in temperature seen, but will not affect safe operation

 Current uncertainty of the four thermophysical properties are well
within the bounds of safe operation

* Measurement techniques are adequate
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