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What is Important? — Thermophysical and Thermochemical Properties
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Flow rate of the salts/distances
Unstable isotopes have complex influences
Delayed neutrons emitted outside the reactor core
Other neutrons may be released after emitters circulate
Composition of the salt evolves spatially and temporally
\ Influences reactor behavior and source terms

)

General Atomics SmartState Center for
Transformational Nuclear Technologies

W2
N

=3
=)

el



http://www.ne.doe.gov/genIV/documents/gen_iv_roadmap.pdf

Chemistry Databases Provide Properties to Reactor Simulations

Approach is for database to have two components
* Thermochemical: Free energy models & values

Atmospheric Atmospheric
Fuel InPUt Contaminants
U, Pu, Th

Redox Control
F- source input

* Thermophysical: Phenomenological relations

* Will maintain consistent, accurate set of values and
models for all elements/materials of interest

* Include temperature and compositional st Heat Exchanger and Coolant Loop
dependence to allow coupling with time dependent RS G o e ol

behavior

* Can beincorporated in reactor simulation codes for
accurate representation of reactor/fuel
performance

Clean-Up/ Off-Gas

Fission and corrosion products,

transuranics removal

* Provide basis for reliable prediction of behavior
outside empirical data envelope
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Thermochemical Database Component: MSR-Related Example

Corrosion potential:

Fluorine activity vs. redox (ratio of U[IV] to U[lIl])
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Liquidus Temperature (*C)

Computed liquidus projections for UF ,-LiF-ThF,
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Framework for a Molten Salt Reactor Thermochemical Database,
Formalisms, and Tabulated Systems of Interest

Tasks

* |dentify salt systems and compositions that constitute the fundamental constituents of a
thermochemical database.

* |dentify important, common non-fuel or coolant constituents (e.g., fission products, transuranics,
contaminant oxygen and nitrogen, corrosion products chromium, nickel...).

 Utilizing the Chemsage thermochemical database as a framework for a stand-alone Molten Salt
Thermochemical Database (MSTDB), generate an example database populated with sufficient
constituents to demonstrate capability.

 Recommend a set of internally consistent thermochemical models to effectively describe the
liquid salt systems, gas phase, and relevant solids expected under operating, accident, and ex-situ
reactor fuel processing.
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Development of Molten Salt Thermodynamic Database (MSTDB)
Considers Inventory and Disposition of Constituents

Isotope Half-life Fraction
aays 4.
90 Sr 28.1 years 1 6.43 5.77 221
91 Y 59 days (1.0) 557 5.81 243
55 7 &5 days 10 505 630 757 Stable salt seekers Zr-95, Ce-144, Nd-147 Negligible [f.ssmn - Negligible
25 b SOy ) Ll e 7 Stable salt seeke Sr-89, Cs-137, Ba-140,Y-  Variable/T,), of Negligibl L Variable/T,, of
59 Vo hr 10 380 506 510 able salt seekers r-89, Cs-137, Ba-140, Y- ariable/T,, of gas egligible ow fariable/T,, of gas
(noble gas 91
103 Ru 39.5 days 10 1.80 3.00 567 o
106 Ru 368 days 1.0 0.24 0.38 4.57 Noble gases Kr-89, Kr-01, Xe-135, Xe-  Low/Typ; of gas Negligible Low High/T,, of gas
109 Ag Stable (91 b + resonance) | 0.044 0.030 1.40 137
110 Ag(m) 253 days Noble metals Nb-95, Mo-99, Ru-106, 1-20 5-30 5-30 Negligible
111 Ag 7.5 days 1 0.0242 | 0.0192 0.232 Ag-111
125 Sb 2.7 years 1 0.084 0.021 0.115 Tellurium, antimony ~ Te-129, Te-127, Sb-125 1-20 20-90 5-30 Negligible
127 Te(m) 100 days 0.22 0.60 013 039
129 Te(m) 34 days 0.36» 2.00 0.80 2.00 lodine 1-131,1-135 50-75 <1 < Negligible
132 Te 3.25 days 10 440 424 5.10
131 1 8.05 days 1.0 2.90 2.93 3.78
133 Cs Stable (32 b +resonance)| 5.78 6.61 6.53
134 Cs 750 days
137 Cs 29.9 years 1 6.58 6.15 6.63 o o .
140 55 12.8 days 1 5740 685 556 Fission Product Behavior in the Molten Salt Reactor Experiment
141 Ce 32.3days T 6.49 6.40 501 ORNL-4865— Molten Salt Reactor Technology
144 Ce 284 days 1 461 5.62 393
147 Nd 11.1 days : 1.98 2.36 2.07
147 Pm 2.65 years 1 1.98 2.36 2.07
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NEA Database Thermodynamics for Advanced Fuels-International
Database (TAF-ID) as Model for MSTDB

Opening page Selecting system data

TAF-ID : Thermodynamics of Advanced Fuels - International Database

Introduction

Introduction
Thermodynamic models

Phases described

usual name

Models Phases Systems

To support the development of Generation 4 reactors (SFR, SCWR, GFR, LFR, MSR, VHTR) and to contribute to
lifetime , safety imp and safety analysis for Generation 2 & 3 systems (PWR, BWR, PHWR),
there is a need to make available a comprehensive, internationally recognized, and quality-assured
thermodynamic database. For this reason, a joint Project between 10 organizations representing 7 member states
coordinated by the OECD-Nuclear Energy Agency (NEA) was started in 2013 with an initial 3 years period. The
objective of the project titled Thermodynamics of Advanced Fuels - International database (TAF-ID) is to develop

TAF-ID : Thermodynamics of Advanced Fuels - International Database

Home

Elements

Models

Phases

4

Click an element to select/unselect it

database name a thermodynamic database using the Calphad method to perform thermodynamic calculations on different types Assessed binaly systems s
prototype of fuels (oxide, metallic, nitride, carbide) including minor actinides (Am, Np), fission products (Cs, I, Ba, Sr, Mo, B
StrukturBericht 2Zr, lanthanides, metallic fission products) and structural materials (steel, Zr alloy, B4C, SiC, concrete). Assessed ternary systems
=0 Thermodynamic properties of fuels versus temperature and composition (with fission products and minor 12 12
able actinides) will be provided. The inclusion of structural materials will allow the prediction of fuel/cladding chemical 3 "9 Al
interactions under normal and off-normal conditions. The database will be generated and regularly updated by ngher order systems L=
Assessed systems
merging existing and developing databases from the various participating organizations. The database will be Syst ith A Al A A 20 2 || 24 26 »
elements available in both Thermo-Calc and FACTSAGE usable formats. YSU8MS Wi g, LA ) Ca ViCr Fe Ni
vl it B. Ba, C; Ca, Ce, Cr.Cs, e | 4t |[a2 |[aa ][ aa ][ a5 ][ 4e |[
ternary systems =
periodic table : 4 ,’\"; “ﬂ‘ Fe, Gd, H, He, I, La, Mg, Sr Nb | Mo|| Te | Ru JRh Pd||Ag
= 3* ‘ Mo, N, Nb, Nd, Ni, NF{. o, % |56 | s |[7e |[ 75
T Pd, Pu, Re, Rh, Ru, Si, Sr, Cs|/Ba Ta!| W | Re

Members of the Programme Review Group:

Ta, Tc, Te, Th, Ti, U, V,
W, Zr

Country Signatory Representative Alternate member

Canada CNL, RMCC, uoIT M. Piro E.C. Corcoran Periodic table
France CEA C. Guéneau (Chair) J.C. Dumas

Japon JAEA, CRIEPI M. Kurata T. Ogata

Netherlands TU Delft A. Smith

Rep. of Korea KAERI B.-O. Lee J.-H. Kim

United Kingdom NNL M. Bankhead

USA DOE T. Besmann (Vice-Ch.) P. Turchi

N. Dupin, Calcul Thermodynamique, France

Consultant:
¢ OECD-NEA (D. Costa)
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MSTDB Adopted ChemSage Format: FactSage® and Thermochimica

T 5w _ « Accommodates envisioned phase thermochemical models
! 238.?289;0003 . . F6 18.99840320 s 6.94100000 °o Gaseous
6 1 2 3 4 5 6 . .
B IC_quwdl talli
ue o 4 » Complex crystalline
6000.90000‘6 —35;.281.57.0 37.443358 -35.397917 -.93533200E-03 . p . ry
ura T TETeT 0 ose0R0ee * Uses inclusive phase models
1 1 1.0 4.0 0.0 ] . . . .
JPo0.00e0 16399528 30321185 -103.62600  -.47745080E-o2 * Modified quasi-chemical in quadruplet assumption
LIQUsoln
e (molten salt_) S
L « Two sublattice ionic liquid
ezgee?eeaee’e ;51%39@.2;'6 386.90980 -64.182999  ©.00000000 4 RegUIar and SUbregUIar (meta”lc I|qU|dS and SOIldS)
JLoeeee d.eeeee o o o « Sublattice (complex solid solutions based on site
ezéae?eaeal ° l;13&%2756.3'6 1054.9383 -174.74000 0.00000000 OCCU pa n C|eS)
i,OOOBO 4.é0090 0. Q. 0.
A . + Data format
1.o0000  4.00000 Fixed-term heat capacity equation = a+bT+cT2+d/T?
1.00000 (Extends up to a 6 additional terms: Variable powers of T)
1 2
1 1
223 ) clommmm oo Lamaam oo Gibbs energy format of 6 fixed-term and 6 extended values
s s s e e e ' ’ G=A+BT+CTInT+DT?2+ET3+F/T+
0.00000000 1.00 0.00000000 1.00 0.00000000 1.00 GT+HT+ITk+JT+KTm+ L Tn
0.00000000 0.00 0.00000000 0.00 0.00000000 0.00
[} 0 -16108.400 0. 0. 0.
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Progress in MSTDB Content Development: Fluoride Systems Status
Pseudo-Ternary Systems in MSTDB

Pseudo-Binary Systems

LiF-NaF-LaF; LiF-KF-NaF
LiF-NaF-RbF LiF-KF-CsF
LiF-NaF-PuF; LiF-KF-RbF
LiF-CsF-PuF; LiF-KF-CaF,

NaF-BeF,-ThF, LiF-CaF,-LaF,

NaF-BeF,-UF, LiF-CeF4-ThF,
NaF-BeF,-PuF; NaF-CaF,-LaF,
NaF-UF,-ThF, BeF,-UF,-ThF,

NaF-KF-CaF,

Remaining in literature

NaF |BeF,| KF | RbF |CaF,| ZrF, | ThE, PuF;| UF, | UF; | CsF | CeF;| LaF; | StF, [MgF, LiF-BeF,-UF,
1LiF v v v v v v v v v v v v v v v LiF-Ber-ThF4
NaF v v v v v v v v v v v v v i

LiF-BeF,-NaF
|BeF, v v v v
| T LiF-BeF,-PuF,
KF v v v v v v v
e » > = LiF-NaF-UF,
|CaF, v v v LiF-ThF,-PuF,
ZrF, v LiF-CaF,-ThF,
| ThF, |V Vi LiF-UF,-PuF,
| PuFs ’ ’ ’ LiF-LaF,-CsF
| UF, v
UF;
CsF v
|CeF;
| LaF,
Stk v

v

“ | In MSTDB

In Literature

UNIVERSITY OF
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LiF-MgF,-CaF,
LiF-SrF,-CaF,
NaF-CaF,-SrF,
NaF-MgF,-CaF,
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MSTDB Content for Fluoride Systems Available for Use in MSR
Modeling and Simulation

« Current components: LiF-BeF,-NaF-KF-CaF,-UF;-UF,-ThF,-PuF,-RbF-LaF,-CsF-CeF,

While a substantial number of constituents are already incorporated in MSTDB, not all
of their potentially important cross interactions have been modeled — Example: UF,-
UF, relations remain unmodeled

* Where information is available these need to be incorporated

* Where information is incomplete, original experimental/computational work is
needed

General Atomics SmartState Center for
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Complex Fluoride Phase Equilibria Computed From MSTDB

o

LiF |5 mol% UF,

T(min) = 317.07 °C, T(max) = 964.30 °C | 1000

Four-Phase Intersection Peints with LIQUsoln

BeF2_solid2(s2) / LIQUsoin#2 / UF4_solid(s)
BeF2 solid2 52 iU4F1 7Li_S1 (s)a’EFFs sohd(s)
LiF sohcl(s}f ), NaF_Vilkaumite_(NaCl(s)
LIZBeF-i;s leF snlld :)g.l’ U5F31L S1(8)
NaU4F17_S1(sj7 LMF i_S1(s)/ UF4 sulnd(sl :
NaU2F9_51(s)/ NaU4F17_S1(s}/ U4FTTLi S1(s
Na2BeF3_gamma(s3) / NaU2F S1($}J’U4'F17Lr S1(s)
Na2BeF4_ gammagsSF} JU4F1TLC S1$s IUEF31L7 S1(s)
LiF_solid(s) / Na2BeF4 rnrnns) S1is)
NaBeF3_| eta(sZ)fUatF Li S1(s).fUF4 solrdl’s}
NaBeF3_; ag és}!NaBeFS “beta(s2) / USF17LI 51(3)
BeF2_solid2(s2) / NaBeF3_alpha(s) / U4F1TLI_S1(s)

A =LiF, B=NaF, C=BeF2, c S ;
292 0.14385 0.7432 :g?.ss 600

900

800

N SB0ND N AW -

700

t

A1
20.12016 0.14539 0.73345 49459
30.14649 0.63961 0.21390 44860

0.64778 0.06086 0.29136 412.96
50.01185 0.57456 0.41359 406.78 1 4 so0
60.01233 0.57968 0.40799 402.40 &
70.02191 0.59026 0.38783 391.75
80.09355 0.54956 0.25690 386.86
90.21360 0.47744 030396 2330, L
100.01639 0.44689 0.53672 348. 400
110.01996 0.43626 0.54378 344.
120.04706 0.37070 0.58224 317

12
300

NaF : Npap o o _ BeF2
UF A mole fraction NaBeF3

Na,BeF, (s3) Liquid #2

/ERSITY OF General Atomics SmartState Center for

'@ SOUIH CAROLINA Transformational Nuclear Technologies




Progress in MSTDB Content Development: Chloride Systems
All subsystem pseudo-binaries are defined for NaCl-MgCl,-PuCl;-UCI;,

Pseudo-Binary Systems

NaCl |MgCl,| KCI | RbCl | CaCl, | CsCl | PuCl, | UCI, | ZnCl, | MnCl, | FeCl, | CoCl, | NiCl, SrCIZ‘
LiCl v v v v v v v
NaCl | - M M A R Pseudo-Ternary Systems In Literature
MgCl, v v v v v v v v v v
Kl v B P v NaCl-KCI-MgCl, NaCl-CoCl,-NiCl,
RbCI | NaCl-KCI-FeCl, LiCI-KCI-MgCl,
CaCl, M I I A B NaCl-MgCl,-FeCl, LiCl-KCI-CaCl,
CsClI
> NaCl-MgCl-KCl LiCI-NaCl-CaCl,
PuCl, v .
uc, NaCl-RbCl-CaCl, LiCI-RbCI-CaCl,
ZnCl, v v v v KCI-CaCl,-FeCl,
MnCl, v v v
FeCl, v v
CoCl, - “ |In MSTDB
NiCl, +  In Literature
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Complex Chloride Phase Equilibria Computed From MSTDB

NaCl
TC
Four-Phase Intersection Points with MSsoin T(min) = 413.34 °C, T{max) = 841.71 °c 500
1: NaCl_S1(s)/PuCI3_S1(s)/UCI3_S1(s) o e |
A=NaCl, B=UCI3, C=PuC]3 f |
Xg\} X(B) XiC) C g
10.58428 0.10893 0.30579 413.35 @ 200
| 700
600
500
400

A A¥s i i A A

ucl,

mole fraction
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MSR Efforts Relate to EURATOM I-NERI

Development of a Thermochemical Database Structure, Models, and

Values for Molten Salt Reactors
W

4
Participants: Tl

U. S. DOE: T. M. Besmann UNIVERSITY OF
University of South Carolina SOUTH CAROLINA

Euratom: O. Benes and R. Konings
JRC-Karlsruhe

Collaborating: J. W. McMurray

European

Oak Ridge National Laboratory Commission
Period: Jan. 2018 — Dec. 2021 %OAK RIDGE
National Laboratory
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I-NERI Outcomes that Support DOE MSR Program

» Round robin evaluation of salt thermochemical properties
» Assure shared data are consistent with sufficient accuracy
+ Identify any issues in measurement techniques/instruments

+ JRC-Karlsruhe activities measurements and generated models for subsystems within
+ NaCl-MgCl,-UCI;-PuCl,
« Example: Measurements to sufficiently determine eutectic composition for NaCl-UCl,
 LiF-ThF,-UF,- PuF,
+ Example: PuF;-ThF, novel experimental data

* Informal access to JRC thermochemical database, JRCMSD to support development of the DOE
database MSTDB

UNIVERSITY OF General Atomics SmartState Center for
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Thermodynamic Modeling Framework and Data

« CALPHAD (CALculation of Phase Diagrams) method MQM Formalism

+ Semi-empirical Gibbs energy models based on the physical (A—A) + (B — B)=2A — B): Ag,s
and chemical properties of represented phases '

» Uses all available validated data generated from

G = (n,gy + nggp) — TAScontie + (ny5/2) Agup

experiments or supplied from computation. AS<ie = — R (n, InX, + 1, InXy)
* Models can be extrapolated with high degree of confiaence — R [ny, (X, /Y2) + nyp In(Xps/Y3)
+ Two sublattice modified quasichemical model (MQM) should N A

be used for the melt

» Already used extensively within the CALPHAD community for
molten salt and other systems

+ JRC-Karlsruhe has substantial experimental data and database

for fluoride and chloride systems modeled using the MQM
» Sublattice models will be used for crystalline phases following i
Compound Energy Formalism approach

o

-2l

-a2

)
T
!

-84
_20} .

Ahm (kJ/mOI)

Olideal)
-21

50 —
a2

+ Significant data needs remain as experimental
thermodynamic data is lacking, particularly for chloride T e
systems AT

2.5

Bs, ( T/ mol-K)
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Data from Phase Equilibria and Thermochemical Measurements

!:‘t e <FA'CT>
DSC curves of the ternary NN R ——.
. _ eutectic chloride salt e N st ~
 X-ray diffraction and ceramography of i1\ =R e
quenched samples S Y AR L. VL
Gn s v i n e T
. 2 PR ‘ﬂ: “‘4— b —a—4 m[ g §
« Thermal analysis methods Dol et e TGADSCat e
. . . . ‘ ——o Y/ . por pressure/species
+ Differential Scanning Calorimetry (DSC) i oy v multiple labs , —
- Differential Temperature Analysis (DTA) e 2 oMb
. . . Temperature (C) . s o i04 06 28
« Thermogravimetric analysis (TGA) 7y ¢ il i
* Mass spectrometry (MS) Electrochemical Cells Z ORNL Skimmer
Pt LUCI,-UCl;; melt || AgCl; melt LAg(s) ~ & 2.
U(s) LUCl; melt || AgCl; melt L Ag(s) g o —
i U(s) LUCI,; melt || melt; Cly(g) L C(s) > LN —
. Thermochemlgal data of the form of el o metlmels Cilo) Lt ( Wﬁﬁ{,,
 Phase relations TR o
» Reaction enthalpies 1 ‘% 7 High Temperature XRD
» Transition temperatures 4 & e\
» Vapor pressures l {
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Using Pyroprocessing Simulation Results to Guide Thermochemical
Measurements

Historical and Simulated Thermochemical Measurements

« Example s_hown is based on the Process Modeling Of Simulated Solts
pyrochemical treatment of used

EBR-Il and FFTF driver fuels at

16 550 1

the INL Fuel Conditioning HitoicDat | Projected ata b1s0
Facility “ oty coneentaon 8125  8les v
- Salt system is within the Mk-IV S e
electrorefiner. It is a LiCI-KCI B0 BiEik R o 3 - e
eutectic salt with actinides and O T S — ® s L e— g
fission product loading. £’ L 2T gt .
g P @ 400 81 . 04
« The operating temperature is - - N . L5
500°C. Study determined the =4 o . 8
effect of liquidus temperature of , i eneee - N e _
the salt during future ' / . T -
p rOCeSSi ng . ’ 0 ’ 500 1000 1500 2000 2500 3000 3500 . 0 500 1000 1500 2000 2500 3000 3500 -ICOOO

Cumulative Uranium Processed, kg Cumulative Uranium Processed, kg
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Computational Determination of Thermochemical Values

* First-principles calculations performed using density functional theory (DFT) with the Vienna Ab-
initio Simulation Package (VASP) code can be valuable for obtaining (0 K) values for crystalline
phases

* Vibrational, configurational, and mixing entropies from the phonon density of states calculations
provide entropy (finite temperature) behavior

 Obtaining similar values for the melt is a greater challenge for ab initio calculations

 First principles molecular dynamics has had some success
—o o—t=o A

NbF NbF: NbF; NbF4

Geometrical configuration of Nb-F gas species using DFT. Capelli ][ :E ; J‘Ec ;E

and Konings. Journal of Fluorine Chemistry 208 (2018) 55-64
NbFs Nb:F1o NbsFis
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Development of Thermophysical Database Initiated
» Define the functional needs of the salt chemistry database

* Proposed standardized methods and protocols for molten salt
property measurements

» Developed framework for thermophysical properties database that
identifies activities (FY19) needed to develop and populate
database

* Documented findings from literature review on methods and
standards for salt properties measurements

« Compiled initial properties database and initiated critical review of
data and methods

UNIVERSITY OF General Atomics SmartState Center for
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Example Assessment of Existing Thermophysical Databases

Predictive Model
Accurate Approximate | Information Gap
Existing Database
Melting Point
Accurate Density Vapor Pressure
Viscosity
Data Gap:
Standard Measurement Heat Capacity
Method Exist
Data Gap: Thermal
Difficult to Measure Conductivity

Qualitative assessment of the thermophysical properties database and predictive
modeling methods for high temperature coolant salts by Williams et al., 2006 (adapted).

UNIVERSITY OF General Atomics SmartState Center for
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Example Database Table

Salts (mol%) MP | BP | Vapor Density | Heat Viscosity [ Thermal Volumetric
(°C) | (°C) [ Pressure |(g/cm3) | Capacity | (cP) Conductivity | expansion
(mm Hg) (cal/g °C) (W/mK) (1/°C)

Alkali Fluorides

LiF-KF (50-50)

LiF-RbF (44-56)

LiF-NaF-KF (46.5-11.5-42) i . . .

LbeL o (470 |ldentify and acquire data required to quantify key
rF, Salts .

LiF-2ZrF, (51-49) salt properties.

NaF-ZrF, (59.5-40.5)

RbF-ZrF, (58-42)

S o Critical review of existing data and identification

alnd of gaps for experimental work — link to standard
aF-BeF, =

LiF-NaF-BeF, (31-31-38) methods work.

Chlorides

LiCl-KCl (59.5-40.5)

LiCI-RbCl (58-42)

T [ e Propose standardized methods and protocols for
KOl MeCl, [68:32) molten salt thermochemical and physical

Fluoroborate Salts .

NaF-NaBF, (8-92) properties measurements.
KF-KBF, (25-75)

RbF-RbBF, (31-69)

MSR Breeder Fuel Salts

LiF-BeF2-ThF4-UF, (73-16-10.7-0.3)

LiF-BeF2-ThF4-UF, (72-21-6.7-0.3)

LiF-BeF2-ThF4-UF, (68-20-11-7-0.3)

LiF-BeF2-ThF4-UF, (63-25-11.7-0.3)

General Atomics SmartState Center for
Transformational Nuclear Technologies



Example Data Set: Viscosity Li-BeF,-ThF,

Method Data tables Correlations/Uncertainties
. 17
e — E:i T . o 5% uncertainty envelopes
Visc.1 | Visc.2 | Visc.3 16 '.\\ 0
Gas Inle T(°C) | (cP) (cP) (cP) o\ O
e 553 | 141 | 143 | 141 15 o \ LiF-BeF.-ThF
555 | 155 | 165 | 16.1 \ X 2 4

(72.7-15.7-11.6)

572 13.4 13.3 14.1

.® o
LiF-BeF,ThF, . &\,

9 - N NGE \
(70.1-23.9-6.01) \- \
8 )

Visc.4 | Visc.5 | Visc.6
T(°C) | (cP) (cP) (cP)
526 | 15.39 | 16.53 | 16.05

—
82 2 3 3 8
5 124 | 134 | 1 . b/T
588 | 13.4 | 135 | 134 o \ 8 o8 V =ae /
613 | 114 [ 112 | 111 o 13 - o\
622 | 115 | 115 | 11.4 ] s\\z &
638 | 9.74 | 9.56 | 9.47 c 12 \$
()] i L Y N\,
649 | 921 | 9.79 | 9.22 O % \e\g
673 | 7.74 | 7.75 | 7.74 - K g
> 11 i ° e
- = ¥ N
LIF  BefF, [ThF, by N\ \
7011 P3.88 .01 |Mole % o 10 v \
(8]
w

547 | 141 | 139 | 1415
557 | 12.59 | 12.69 | 11.85 8 - V= aebT N

567 | 12.35 | 1256 | 12.35 1

579 | 11.06 | 1092 | 10.91 ¢ | | :

508 | 9.87 | 9.87 | 9.8

603 | 9.69 | 1019 | 9.96 525 575 625 675
633 | 892 | 897 | 881 Temperature (°C)

653 7.3 7.06 7.06
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Examples of relations for representing thermophysical

properties — need experimental validation

X;M;
Density B = ZZX—I;(TL") Williams et al., 2006
ivi
X;N;
Heat Capacity C, = 33.49 gXlMl Williams et al., 2006
L
B
Viscosity u=AeT Williams et al., 2006
. . 1 3 . .
Viscosity 8 i = Z(Xl #l/ ] Williams et al., 2006
Thermal TR0 Uy Cornwell, 1971
Conductivity k=0.119 (M /n)t167
Thermal ) 32.0 Ignatiev et al., 2002

Pmixture - density of the molten salt mixture (g/cm3), X; - mole fraction of component i, M; - molecular weight of component i
(g/mole), V;(T) - molecular volume of component i at temperature T, N; - number of atoms per salt component i, u - dynamic
viscosity in centipoise (cP), A and B are empirical constants, k - thermal conductivity in watt/m K, T, - salt mixture melting point in K,
v - molar of the salt (cm3/mol), M - average formula weight of the salt, n - number of ions per salt formula.

Nz : »
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Recommendations for Future Activities

« Database: Thermochemical (MSTDB) Component
« Establish thermochemical database with protocols
* ORNL-hosted website
» Staff responsible for maintenance and control of data inclusion/modification
» Board of technical experts provide oversight
 All potential models/data additions undergo assessment
» Control of access to database (e.g., open?, as for RSICC?)
 Prioritized efforts on generating and expanding salt systems
« Data mining and assessment
« First principles/data analytics computation
* Measurements
» Evolutionary expansion of thermochemical database
» Can be immediately available
» Continually accessible with growing content

UNIVERSITY OF General Atomics SmartState Center for

'M’. SOUTH CJ‘\ROUNA Transformational Nuclear Technologies ¢’>'



Recommendations for Future Activities

» Database: Thermophysical Component
« Select salt compositions to be included in thermophysical database

» Populate database with critically reviewed data, determine
analytical functions for interpolation

» Determine efficient data format and query structure

 Identify data gaps

« Collaborative experimental program to fill data gaps using
standard methods and practices

» Salt compositions

* Melting Points

« Density

 Viscosity

» Heat Capacity

» Thermal Conductivity
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