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Accelerating Advanced Reactors Demonstration & Deployment.m
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Some Challenges

Chemistry Challenges

Gaps in thermophysical and
thermochemical properties of
molten salts, Actinide fluoride and
chloride bearing mixtures.
Irradiation studies on chloride fuel
salt .

CI-37 Enrichment and separation

Molten Salt Clean-up, Processing
on-line, in-line, at-line, off-line

Purification from salt contaminants (fission
products, corrosion products, lanthanides....)

Recovery of valuable material

Fuel Salt Processing: The online processing
of liquid fuel salts to extract fission products
and manage the chemistry of the salt mixture
is one of the most promising aspects of
MSRs. However, this area needs further
investigation and demonstration to ensure
reliability and efficiency.

Off Gas Management Monitoring
and development of sensors

Integrated off gas system with
adequate capture

Understanding aerosol, bubbles
formation

Material Challenges

Finding materials that can withstand this
harsh chemical environment, resist
corrosion, endure high temperatures, and
tolerate neutron fluxes over long periods
remains a significant challenge. This
includes testing and qualifying new alloys,
composites, and coatings that can meet
the demanding conditions of MSR
operation.

Safety Demonstration and
Regulation

Novel Designs and Fuel Cycles: MSRs
employ innovative designs and fuel cycles,
necessitating thorough safety
demonstrations and regulatory approval.
Developing safety cases and regulatory
frameworks for MSRs is a key condition for
its success.

Scale-up and Commercialization

Scaling Up Technology: Transitioning from
experimental or small-scale models to full-
scale commercial reactors involves
significant challenges in scaling up the
technology and demonstrating its economic
viability at a commercial level.
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SALT CHEMISTRY
Thermophysical and
Thermochemical Properties of
Molten Salts —

Expenmental and Computational
t purification and synthesis

TECHNOLOGY DEVELOPMENT

Off-Gas Management
Radionuclide Release Monitoring,
Sensors & Instrumentation

Iﬁ SL; SAAF

Salt Loops: LSTL & FASTR; MSTTE;

NATIONAL AND INTERNATIONAL
MSR SAFETY
Guidance on reasonable
approaches to demonstrating safe
and economic commercial
type molten salt reactors.

Mission: Develop the technological
foundations to enable MSRs for safe
and economical operations while
maintaining a high level of
proliferation resistance.

1) MSRs can provide a substantial
portion of the energy needed for
the U.S. to have energy security,
energy independence.

2) Thereis a need for an abundant
energy forthe foreseeable future
for data centers, desalination,
process heat, hydrogen
production...

@

@@

SALT IRRADIATION

Fuel salt irradiation and post
irradiation examination capabilities
NRAD, ATR

-Under Advanced Fuel Cycle

MODELING & SIMULATION

NEAMS Tools & MELCOR utilized for
Species Tracking
Accident Scenario
Mechanistic Source Term...

-

MSR RADIOISOTOPES

Developing new Technologies to
separate Radioisotopes of Interest

WMSR Community.

Molten Salt Reactor
P R O G R A M
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MSR Program — Chemistry Expertise B x[-/g :
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- Development of synthesis and purification of molten salts A thomessrdsacion
(C) Connection to the rotational stage

« Determination of thermal properties of molten salts

. Density Automated calibration system

* Heat Capacity L T & \ et

+ Viscosity RIS

system behind furnace

* Vapor pressure
* Thermal conductivity

* Thermal diffusivity Rolling Ball Viscometer
« Salt fluid inclusion characterization Development at ORNL
I

» Using Ab Initio Molecular Dynamic to extrapolate thermophysical
properties data of molten salt

NaF-UF4 (22.2mol%)

« Measurement Uncertainty and the Effect of Impurities on Molten Salt
Properties

« Two Databases
« MSTDB TP and MSTDB-TC

» Development of enrichment and separation capability for Cl-37
production (100g to 1 kg scale)



AIMD and MLIP to determine Thermal properties of PuCl;,-AmCIl;-NaCl
(31 mol% PuCl; and 14 mol% AmCI,)

* First evaluation of the thermophysical properties of AmCI;-PuCl;-NaCl, which is relevant to fast
spectrum molten salt Reactors.

 Calculated will be compared with experimental data being determined at Idaho National Laboratory

® MLIP-MD
3.8 1.00 |
E €
o £ o0}
| @ MLIP-MD 0.25 F
3800 950 1100 1250 140 - (b)
T(K) 0.00

Simulation box with Cl in green, Na in yellow, Pu in 8(I)0 ' 10'00 ' 12'00 ' 14'00
orange, and Am in grey. Temperature dependence of density T(K)
Temperature dependence of viscosity
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Molten Salt Thermal Propertles DataBase MSTDB

&OAK RIDGE me About Thermophysical (TP) v Thermochemical (TC) v Publications New Teamn

National Laboratory

 The Molten Salt Thermal Properties
Database-Thermochemical (MSTDB-
TC) and Molten Salt Thermal
Properties Database-Thermophysical .
(MSTDB-TP) databases are available gr%I;Z?tiS:slth;EL?:; - v
via the ORNL/ITSD Gitlab Server. MSTDB Pseudo-ternary Systems

FLUORIDES

¢ MSTDB-TC Contains Gibbs energy mOdels The Molten Salt Thermal Properties I?atabase—Thermochemica! (MSTDB-
and values for molten salt components and s ot e . G NE S =
related SySte mS Of |nterest Wlth respect to MSTDB-TC contains Gibbs energy: m‘odelnsand.valuesfor molten salt R .

components and related systems of interest with respect to molten salt

m O I te n S a It re aCtO r teCh n 0 I Og y reactor technology. MSTDB-TP consists of tabulated thermophysical
- o . TERNARY RECIPROCAL SALT SYSTEMS v

properties and relations for computing properties as a function of

- MSTDB-TP consists of tabulated S her-Order Sverome
thermophysical properties and relations for d Y

Pseudo-binary Systems

FLUORIDES v

CHLORIDES

FLUORIDES

computing properties as a function of
temperature or composition.

News Archives

. . AGper, (T) at 1 atm A
M T D B h > 2 I Publications — _ i oo D
as users currentily - . — 4
MSTDB Reference e "
. . O
Documents/Publications i
THERMODYNAMIC MEASUREMENTS AND ASSESSMENTS FOR THE LICL-NACL-KCL-UCL3 SYSTEMS . : e - -
T Temperawrs (k) T Nole fracton of ety
. THERMODYNAMIC ASSESSMENTS OR REASSESSMENTS OF 30 PSEUDO-BINARY AND -TERNARY SALT
Ava I Ia ble SYSTEMS NEW RELEASE: Molten Molten Salt Thermal Previous MSTDB
Salt Thermal Properties Properties Working workshop content
APPLICATION OF THE REDLICH-KISTER EXPANSION FOR ESTIMATING THE DENSITY OF MOLTEN FLUQ Data base' Group Hosts MSTDB publicly aVailab]e

PSUEDO-TERNARY SALT SYSTEMS OF NUCLEAR INDUSTRY INTEREST .
Thermochemical Workshop

h ttps " // Std b " O rn I " g OV DEVELOPMENT AND APPLICATION OF A THERMOCHEMICAL DATABASE (MSTDB-TC) FOR MODELING (MSTDB-TC) Ver. 3.0 The Molten Salt Therma p Jperties

CORROSION IN MOLTEN SALT REACTORS

of KCI-CrCI2

Example pk

e MS DB rtually on

OI ‘ K THERMODYNAMIC ASSESSMENT OF LITHIUM HALIDE RECIPROCAL SALT SYSTEMS FOR ENERGY
ID GE MODELING METALLIC HALIDE LOCAL STRUCTURES IN SALT MELTS USING A GENETIC ALGORITHM
National Laboratory
DEVELOPMENT OF THE MOLTEN SALT THERMAL PROPERTIES DATABASE -~ THERMOCHEMICAL (MST|

EXAMPLE APPLICATIONS, AND LICL-RBCL AND UF3-UF4 SYSTEM ASSESSMENTS

v )
\/\/ EMPIRICAL ESTIMATION OF DENSITIES IN NACL-KCL-UCL3 AND NACL-KCL-YCL3 MOLTEN SALTS USIN
,jc @ @ REDLICH-KISTER EXPANSION

UNIVERSITY OF A J CORRELATIONAL APPROACH TO PREDICT THE ENTHALPY OF MIXING FOR CHLORIDE MELT SYSTEMS

South Carolina Molten Salt Reactor

Densi.




Thermal diffusion isotope
separation system for
enrichment of 37Cl

» Concern to Reactor Longevity:

« The 3°Cl(n,p)3°S reaction, which decays back to 3°ClI.
Accordingly, yields of sulfur will accumulate in the
salt. For a properly reduced fuel salt, the likely form
of the sulfur would be S%-. A few thousand ppm S (as
S%-, S% are corrosive to Ni, Mo and additionally react
with fertiles. UCIl; +S = U,S, y PuCl; +S =

UxSy (ppt)

« The 3°Cl(n,a)3?P produces radio-phosphorus (t,,,=
14d) that also decays to more sulfur. P can interact
with these MOCs as PCI; or more reduced forms of
phosphorous

B. McNamara, IAEA/NEA MSR Fuel cycle workshop, 3-7 NOV 2025
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The off-gas serves as the pressure boundary, required for
safety and licensing. Its role will be determined by the
configuration of the reactor and associated processesx»

T
T purge flow to other pumps |

A L
< {1 accumulator surge | gas cleanup
from other tank | & monitor

separators —»

A

l to other bubble generators

] | compressor A . . . .
dpime | Liquid fueled versus liquid cooled
siphon break <E_:_°>
Ly and venturi %Ig
= >a ORNL-DWG 70-11959R . . « e,
7 - gt Salt circulation and definition of
uel-salt as Q'l A
s . | ‘ pressure boundary
pump «& |
\bubble generator I : #cm
partic e.trap .. .
St 7 I Salt composition: chloride versus
e i fluoride
! y
|

compressor A
accumulator surge | chem. tra . °
€ o FA s Reactor materials: graphite, alloys,

moderator

Joanna McFarlane, MSR Annual Workshop 18-20 NOV 2025 Molten Salt Reactor 44



rFor each type or reactor, must assess oOf1r1-

gas requirements.
Define the requirements (temperature/pressure/flow rate) of the complete

off-gas system, including auxiliary units, & needed redundancy

 Define loading — He, trace impurities, particulates, vapor pressures
of salt species (ICl, IFx, T), daughter production, revolatilization

 Assess decay heat handling

« Share commonalities where possible

m Advanced Fuel Cycle Off-Gas Pyroprocess Off-Gas

No cooling Cooled fuel >5 years Cooled fuel >5 years
Continuous operation over several years Batch process Batch process

Low carrier gas flow rate (He) Carrier gas will be air/fH2O/NO2 Inert gas (Ar) — stagnant?
Salt aerosols, volatile FP, acidic gases, Kr85,1-129, C-14,H-3 in gas phase Low FP load in gas phase

noble metal particles, H-3

% Onk Ripce  Joanna McFarlane, MSR Annual Workshop 18-20 NOV 2025 AT FROCGRAM

National Laboratory
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Technology Development and Demonstration
Multi-faceted approach to investi

ation of technoloi iesfor MSR off-ias sistems
. Radionuclide .. .
Component Testing Identification/Speciation Gas/Liquid Interface Sensors/Salt Chemistry

Bubble Measurement Engineering Scale Salt Salt Composition
Large Scale Test Loop Raman Spectroscopy Accident Analysis Facility Redox
Primary containment ::«:‘ﬂ;’-::n Sa lt Level

i

o,
condensabion’
deposition

405 nm 532nm  671nm

Salt AerosolConcentration
an Size Measu

Laser Induced Breakdown
Spectroscopy

Panticulate
Monftoring

Xe/Kr separationin MOF

Source Term Modeling

£ o

Bulk Gas | Liquid
Gas Film | Film ol
Pi P c} °
pressure K
el =pH
p; =ci/H O inietine :‘“
-] Sampling ne

] Qi'N.I. OAK H?’/// Il 1 Molten Salt Reactor
agoned  INL - @losalamos  FRIGE  paccnorimes AL - R 575 R
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Salt Loops supportmg MSR R&D

MSTTE — Molten Salt Tritium
Transport at INL
FY 2025 Deuterium- FLiNaK
salt

6 ft

Actinide Salt Loop at ANL

Discharge line

I
L

Return line

Discharge line

Return line

future goal

FASTR -Facility to Alleviate

LSTL - Liquid
Salt Technology Risks — Salt Test Loop at
ORNL ORNL
NaCl-KCI-MgClI2 N - FLiNaK — 700C
725C ' 80L

154L



Tandem use of Raman, LIBS, and redox probes,
flow sensors demonstrated in FASTR AUG 2025?

o at ®)

A iPNNba NL "g)%f'"‘{‘ .
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Online Monitoring: Molecular Approach through Raman

* On-line monitoring using optical
spectroscopy for:

* |dentification and quantification of target species

* Oxidation state information
* Molecular and elemental species

* Goalto design sensors to:

* Survive harsh conditions (high temperature,
corrosive, and radioactive environments)

* Improve sensitivity

* Making smart sensors

* Build autonomous tool kits to identify and
quantify species using spectral data

* Building tools to support efficient
development and cost-effective
deployment of off-gas treatment
systems

Heather Felmy, heatherfelmy@pnnl.gov

THE JiL 1}:‘-..'-‘.“[. 0OF
PHYSICAL
CHEMISTREY

Hughey, K. D.; Bradley, & M_;
Tonkyn, R. G.; Felmy, H. M;
Blake, T. A.; Bryan, 5. A;
Johnson, T. 1.; Lines, & M.,
Absolute Band Intensity of the
lzdine Monochloride
Fundamental Maode for Infrared
Sensing and Cuantitative
Analysis. ! Phys Chem A 2020,
124 (45), 95T78-9588.

Felmy, H. M.; Clifford, A 1.;

Medina, A. 5.; Cox, R. M.; Wilson,

1. M; Lines, A M_; Bryan, 5. A,
On-Line Monitoring of Gas-Phase
Malecular lodine Using Raman
and Fluorescence Spectroscopy
Paired with Chemometric

Analysis. Environ Sci Technoi 2021,

53, 6, 3895-3908.

Felmy, H. M.; Cox, R. M_; Espley,
A F_; Campbell, E. L; Kersten, B.

R.; Lackey, H.E.; Branch, 5. D_;
Bryan, 5. A; Lines, A, WL
Quantification of Hydrogen
Isotopes WHilizing Raman
Spectroscopy Paired with
Chemometric Analysis for
Application across Multiple
Systems. Anolytical Chemistry
2024 DOI:

10.1021/acs.analchem. 4o00802.
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Adan Schafer Medina, Heather M.
Felmy, Maolly E. Vitale-Sullivan, Hope
E. Lackey, Shirmir D. Branch, Samuel
A, Bryan, and Amanda M. Lines

ACS Omega 2022 7 (44), 40456-
A0465. DOI:

10.1021/acsomega. 2005522
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Schematic of
FASTR with
Raman probe
locations
indicated in
orange (not to
scale)

Photos of locations where Raman probes were
incorporated into the FASTR loop are shown in

- B) Salt Storage Tank
* C) pump tank,
* D) top of the manifold

Felmy et al, PNNL-38277, SEP 2025
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Onsite Demonstration of Raman at ORNL-FASTR

« Successfully deployed Raman system at
ORNL in August 2025

« Monitored multiple locations in FASTR loop

e S ——— — e — _ e g
HD BT e S itgm— Oy - Y g~
- - - - - i - ’ -
- b o - - - - — - o - il -
- — - P
P s -

R >

- - . 4
A, T <
- 4 -
- - ——- - - -~
wd . -

* Detected D,, H,, and HD in gas phase above
salt storage tank

* |In tandem with LIBS and RGA

« Continuing data analysis and collaboration

Improved limits of detection (LOD)

Peak
Intensity

Flow Rate,

U.S. DEPARTMENT OF Off’ce Of
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Rapid Elemental
Analysis using
Laser Induced
Breakdown
Spectroscopy

LIBS is being developed as an
analytical monitoring tool for
molten salt reactor (MSR) systems.

A mobile LIBS platform was
configured on a small-scale salt
vessel (~100 g of salt) and then
transported 0.6 km to successfully
monitor an engineering-scale
pumped salt loop (~100 kg of salt).

Andrews et al., ORNL/TM-2025/4115, September 2025

Why LIBS?

« Sensitivity across the periodic table

« Capable of remote measurements
« Customizable to the application

« Can monitor solids, liquids, gases, and mixfures

» Elemental (occasionally isotopic) technique

How can LIBS be used?

: Applied.
, &5 Spectroscopy

« Rapid analysis E=E

» Frozen salt analysis
- As procured, purified, and post testing

uuuuuu

uuuuu

* Investigating salt - material interactions
— Graphite, structural materials

rrrrrrr

e Online monitoring ™™
- In-situ salt analysis, off-gas monitoring 20000 '

* Real-time isotopic composition




Mobile LIBS platform and molten salt aerosol sampling
deployed at ORNL-FASTR

Sparge In

Sweep In 1

EEEEEEEEEEEE Office Of

"@ Molten Salt Reactor ENERGY NUCLEAR ENERGY
Hunter Andrews, andrewshb@ornl.gov LA@ J oo 20



"8 Pump Bowl ampling N

|

(a) FASTR storage tank with LIBS cart in the front left and DEMON spectrometer in the front right.
(b) FASTR loop with the salt direction shown in red and the pump bowl sampling location indicated.

U.S. DEPARTMENT OF Offlce Of
N Molten Salt React ‘
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Andrews et al., ORNL/TM-2025/4115, September 2025



Quantification of H isotopes in FASTR with LIBS

* Mobile LIBS cart successfully deployed after 0.6
km transit

+ Elemental detection of H and D from H, and D,
gases in storage tank and pump bowl

* LIBS complements the molecular information from
Raman with enhanced sensitivity

0.5
'C 656.6 0.3
>\0.4- < . 0.4
56.
+J e
O C 656.2 I
£0:2 3 0.2
= 656.0
0.1 g 01
0.0 655.8

655.5 656.0 656.5 657.0 0 100 200 300
Wavelength (nm) Time (minutes)

Andrews et al., ORNL/TM-2025/4115, September 2025

in transit

LOD <10 ppm

0.8 A

0.6 A

0.4 A

LIBS Peak Area

0.2 A

0.0 A

D

R? = 0.9975

RMSEC = 0.015%
LOD = 0.00055%

— Fitted curve

95% Prediction Band
Data

0.0 0.2
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Molten Salt Reactor
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Time Evolution of (a) Kr and (b) Xe was recorded on the

Ar-swept FASTR storage tank

0.03 @) 5 0.20 ) "

. ' o] e Time evolution of (a) Kr and (b) Xe
3 K recorded during the noble gas test
Y o« | x on the FASTR storage tank as

0-025_5.0 ?5‘?.5 ?66.0 ?6I2.5 ?6I5.0 '.-"EI?.S 0‘003-20 8é2 82|4 8526 BéB 830 measured on the broad band MCSI

Wavelength (nm) Wavelength (nm)

IR —w«| The Xe and Kr peak area trends over
8,0 o T time are shown in (c), where the Kr
P / L peak area is multiplied by 10 to

N e account for the magnitude of

o2 e e e 0w e concentration difference.

1 Molten Salt Reactor L2t "2y ice o
Andrews et al., ORNL/TM-2025/4115, SEP 2025 " Molten Salt Resctor iy | Ofesot o



Aerosols are a major pathway for radionuclide transport

from MSRs
* LIBS plasma identified salt — L .
aerosols in Ar generated in 1° b o J\J\
FASTR under pumped flow ol il 23—;2,,,..,4,,1\,...334,.,/\ s
* Indicative of salt composition H-JL b JL

Wavelength {nm)

Andrews et al., ORNL/TM-2025/4115 (Sept 2025)
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Molten Salt Tritium Transport Experiment

« MSTTE is a semi-integral tritium transport
experiment for flowing fluoride salt systems

 Location: Safety and Tritium Applied Research
facility

 Objectives
(1) Safety code validation data
(2) Test stand for tritium control technology

« Major equipment
- Copenhagen Atomics Salt Loop: salt tank, pump, & flow
meter

- External Test Section: hydrogen injection, permeation,
& plenum

- Phased approach
 Phase I: FLiNaK and D, - 2025/2026
* Phase ll: FLiBe and D, - 2026/2027
- Phase llI: FLiBe and T, - 2027/2028

Courtesy Thomas Fuerst, INL



MSTTE - May 2025

a@r
Measure ts
,_i. N

|T°:’f°'?,5?~" AN Courtesy Thomas Fuerst, INL 26



MSR Gas and Particle Transport Phenomena

Vapor Condensation (um)

Film ooo ¢ Jet
Droplets oo (»] Droplets
(um) (mm) GasIn

Deposition /
Agglomeration

* The gas, particle behavior p—
and gas-  particle RN [
interactions are complex HHE Swil.
phenomena — ° e
Off-Gas i
System

e Experimental
measurements in
prototypic environments
requires careful planning

HX

Deposition
/ Intrusion

nd Pr

Salt Drain ess Tanks

Ill 8

N/ Molten Salt Reactor  pmp g =g "\ Office of
welien saiteaciel  Goyrtesy Daniel Orea, ORNL .@. 2 P RoGR A ENERGY NUCLEAR ENERGY 27
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Molten Salt Visualization Apparatus

/'\f‘
e

Bubble
Injector

Krypton Bubble Injection

=

Glass/Graphite
Seal

Courtesy Daniel Orea, ORNL 28
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Bubble Behavior in Molten Salt

Helium @ nitrogen ) Argon @ «rypton
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D. Orea, K. Robb, J. McFarlane, “Comparative Study Between Experimental Measurements and Model
Predictions of Bubble Rise Velocity in Molten LiCl-KCl", Nuclear Engineering and Design (2025)

' 3 —e— LiClKCl
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- =k —- 2LiF-BeF2
-~ —- LiF-NaF-KF

550 600 650 700 750 800
Temperature (°C)
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Advanced Reactor Licensing and Accident Analysis

 U.S. Nuclear Regulatory Commission (NRC) Regulatory
Guide 1.233 provides a modernized licensing framework
for advanced reactors

— ldentify and evaluate the consequences of postulated accidents

— Use validated models to predict accident progression and the mechanistic
source term for expected radiological release

* All MSR developers will likely evaluate an
unintended release of fuel salt

* Experimental data on the key processes that influence
the safety-affecting outcomes of fuel salt release
accidents are limited

Conduct
integrated
process tests
at laboratory
scale

Conduct
individual
process tests
at laboratory
scale

«w|Courtesy S. Thomas, ANL initiated

Interaction with stakeholders
(model developers and MSR vendors)

initiated |

Aerosol

Vessel of molten generation
fuel salt
\\\‘ Flow rate
Splatter Vaparization and
MNatural condensation
-._ L
convection - ——1
Radiation i

]

EP  FE
L g&j’ﬁ * Bubble
' bursting

Conduction
Corrosion/warping

/penetration

Catch pan

Build
apparatus
and conduct
engineering-
scale tests

Design
engineering-
scale tests

31

initiated



Argonne test stand for real-time salt aerosol characterization

* Laboratory-scale test stand to generate and characterize
salt aerosols in real-time developed in FY24

— Real-time size and concentration (optical light scattering)
— Bulk elemental composition of particles collected on filters (ICP-MS)
— Elemental composition of single particles (SEM-EDS)

+ Motivation for developing Argonne salt aerosol test stand:

— Addresses data gaps significant to accident conseguence (formation of
radionuclide-bearing aerosols)

— Generates data on aerosol formation from molten salt systems through
systematic and controlled testing

— Provides salt aerosol measurement experience and method validation
prior to use in Salt Accident Analysis Facility

* Designed for molten salt environments and a range of gas
atmospheres:
- Withstands corrosive and high temperature gas streams

- Maintains measurement accuracy when gas compaosition and
temperature change

Thomas, Sara (2024) “Method for Real-Time Salt Aerosol Concentration and Size Measurements for

1 U5 DEFARTMENT
) Molten Salt Reactor o of ENERGY
A4/14/2025  Molten Salt Beactor Safety Assessments.” Argonne National Laboratory Report AML/CFCT-24/25.
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Real-Time Characterization of Salt ., | @)
Aerosols Generated from Static
and Sparged Molten Salt

Tests were conducted within the
Argonne Salt Aerosol Test Stand to
generate salt aerosols from static and |
sparged molten salts and measure —

Gas inlet —, Condensatiol

—
To aerosol i

their size and concentration in real- — " " samping chamber —

e
s A A

'

time.

The results provide insight into salt
aerosol formation by the vapor
condensation and bubble bursting

meChanismS and inform the potential Furnace Furnace
radiological consequences of aerosol
formation from molten fuel salt. For a static molten salt (no Generating salt aerosols from

: sparging), this system setup sparged salt is accomplished by
The dat? V\_”” be used to develop enables the analysis of salt bubbling pre-heated gas into
mechanistic source term and aerosol formation by solely the molten salt by using a custom
accident progression models for vapor condensation mechanism sparging apparatus fed through
MSRs. the vessel lid

(@X U.S. DEPARTMENT
&) s ENERGY

Office of Nuclear Energy 3 3

S. Thomas and A. O'Brien,NL, Real-Time Characterization of Salt Aerosols
Generated from Static and Sparged Molten Salt ANL/CFCT-25/18
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Modeling and Simulation

[ MELCOR: nuclear accident simulation code at SNL ]

Significant strides within the last few years to increase model
accuracy for molten salt reactors (MSRs). It is the primary code
developed for the

« Assessment and evaluation of safety for a broad range of
reactor concepts, notably including MSRs.

« MSR model development has been focusing on improving
chemistry and fission product transport mechanisms

* Workina with MSR campaian to fill knowledae aaps

Molten Salt Tritium
Transport Experiment

Integrated
Experiments
Phenomenology
Experiments MSR
Simulation

Liquid Salt
Test Loop

Molten Salt Reactor
P R O GRAWM

| NEAMS Tools at INL ]

Coupling between:
« Neutronics (multi-fidelity + spatial depletion),
« Thermal-Hydraulics (coarse-mesh CFD),

« Thermomechanics (thermo-elasto-plasticity with irradiation and
thermal swelling and creep),

«  Thermochemistry (speciation, mass accountancy, and corrosion)

» Species tracking in MSRs

« Tracking the depletion chain of *'Br

91 ty;, = 0.543s 91 tij, = 857s tyz = 58.2s

t12 = 9.65h ti, = 58.51d
N 91 L2 7O 91y, /27 27 91
Br Kr gle —8r - TY A
T T
| | | iy o
Fission: Fission: Fission: Fission: Fission: Fission:

y = 6.3954E — 4 y=1178E -2 y =293761F —2 y =9.669884E — 3 y = 1.88654e — 4 y=168E—-6

Neutronics Thermal-Hydraulics
o Power Source 2 ~N Key outputs:
Key outputs: * 'w < :I'e\n/'lplera.l(ture
« Power 1 5 - elocity
+ Reactivity Velocity for DNP &8 - o Pressure
* Besr advection - + Void
Feedback i distribution
Temperature l -
Depletion
\ Source
Power Reflector Modified / Thermophysical Velocity
Source Displacement Isof Properties Temperature
Feedback sotops
Inventory
¢/ Temperature

Key outputs: B
« Deformation JB8 Material

Corrosion

« Stresses
* Plastic
deformation
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Standard Development for Oxygen Analysis in Molten Salts

ANS 20.3 Working Group
Est. May 2025
Significance to industry developments:
* No existing standard oxygen analysis method
« Support MSR commercialization and licensing
» Need for accreditation and qualification for salt quality

Goals: ——ilee A
» Develop a standardized protocol for measuring oxygen concentration A S|

in molten salts using inert gas fusion analysis. Calibration  Inert Gas Fusion
 Establish accurate and repeatable analytical methods through optimized Analyzer

sample preparation and detailed procedures.

« Ensure compatibility and reliability across different analyzers.

» Create a universal guideline to enable consistent and comparable oxygen
measurements across different facilities.

Current Status:

* Protocol development

« Salt acquisition Sample

Types of salts included in the standard: Participating institutions: Preparation
 FLiNaK Y . SLP ANL, CFS, CNL, INL, MilliporeSigma, ORNL, TAMU, USC, VT
« NaCI-KClI L

« UF, For more information, contact:

- UCI, Amanda Leong aleongsw@vt.edu
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Molten salt corrosion and mass transport capabilities at UW-Madison
(Adrien Couet / MaDCoR) - Adrien Couet <couetOQwisc.edu>

A large suite of chloride & fluoride (including FLiBe) molten salt static corrosion capabilities

One 1,891 sq.ft lab with 4 molten salt glovebox:
"Regular” long-term static corrosion test (https://doi.org/10.1016/j.apmt.2023.101850)
* High-throughput molten salt droplet test (https://doi.org/10.1016/j.matt.2024.05.004)

« Natural convection loop equipped with in-situ mass transport / corrosion tracers (https://doi.org/10.1038/s41467-024-
47259-8 / https://doi.org/10.1016/].corsci.2025.113383)

* In-operando spectroscopy (in-situ UV-Vis / LIBS / surface tension / XAS)
* In-operando electrochemistry (10.1149/1945-7111/ac/a66)
In-situ ion irradiation effects on molten salt corrosion:
*  UW-lon Bean Laboratory, a DOE Nuclear Science User Facility (https://doi.org/10.1016/].corsci.2025.113385)

One glovebox to handle uranium and minor-actinide salts for corrosion and thermophysmal measurements
(Characterization of Low Irradiated Materials — CLIM laboratory) | N

Faraday cup

Aperture g7

Glove box with High temperature furnace
arrangement

Proton beam

- 2 9 e, 7 — g i tank )
N — = SR ) | X
High-speed valve = - sl ] 38
Testing Coupons loading
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Flowing Molten Salt Corrosion Experiments at The University of Michigan — Stephen Raiman
sraiman(@umich.edu

« 316H Stainless loop
« 316H samples

« Hydrofluorinated FLiNaK Salt Hydrofluorination
F 500 ppm Zr redox control additive to produce
Wl « 700°C Max, 600°C Min minimally
* 1000 hours corrosive fluoride
127 salts
Ng 1.07 Cold Leg Samples
?0 i
é 0.5+ *e * L 4 Hot Leg Samples
> | oo enm .
%% 00‘_ ~600°C HE .
A -0.5 L.
s |
Qﬁ) -1.04 Deposited layer ~700°C
g |
é-l.s—
N
-2.0-

Cold Leg

M NUCLEAR ENGINEERING AND RADIOLOGICAL SCIENCES

UNIVERSITY of MICHIGAN ® COLLEGE of ENGINEERING
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Center for Advanced Small Modular
and Micro Nuclear Reactors

Texas ASM Enginesning Expeniment Station

Molten Salt Research at TAMU

@ Ultrasonic Flowmeter
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Thermophysical Properties

UF, 10 wit in FLINGK

Density 1 o rr—
Archimedes = : ""?‘i{::‘_gj:_}_‘_h :':
method ’ : ]

UF -FLiMaK Heat Capacity

Heat Capacity ‘-@

Differential
scanning
calorimetry

Viscosity

Rotating copper
cup viscometer

Thermal Conductivity __ __ _ . T

Needle probe o _FI.‘N ;:“'
1Na

method

Surface Tension O

Temapetrature (]

Sessile drop

Electrochemistry .

Reference Electrodes T
For both e - l £ e
Cland F s ; .
salts B e, =1 e

phase e e

Salt Purification
Filtration and electrorefining
to remove impurities,
including O and H

[ cawo,+6e—W+30+cad |
T D02 1

Impurity Detection

Electrochemical detection
of oxygen and metallic

Impurities 003 ||

=004
0.2 oA

Electrorefining and Chlorination e

Currant Dansity | (& em7]
=
8

Chlorination and chloride volatility
potentially purifies rare earths and
actinides with less radioactive waste
(i.e., no solvent waste)

Cerium
anode

BRIGHAM YOUNG UNIVERSITY

Troy Munro, Matthew Memmott, Devin Rappleye




NC STATE UNIVERSITY

Molten salt Ultrafast Spectroscopy
Characterization Laboratory
MUSCL

Development of optical sensors and characterization tools
for extreme nuclear environments

ainaire avis Bryars, Hayden Bland,
I\Tnumtm* Jahan, and Kyle Rizzuto

o

NC STATE UNIVERSITY

Department of Nuclear Engineering
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Thermophysical Property Measurements:

—  Viscosity via Brownian motion (video tracking and DLS) W o - auk ' ‘
|

—  Thermal conductivity via fiber optic frequency domain
thermoreflectance %

Wavelength {mm)

Ultrafast Molten Salt Experiments: I e | — -

—  The life and death of solvated electrons L

™
Waneleagth (nm) Warvelength (nes)

CILIK-Cr 1 kiek = AT e

— Advancing fundamental molten salt modeling using p 11 S
ultrafast spectroscopy (THz) nﬁI L l I |

415 41 417 48 419

Online Material Quantification of Molten Salts: | .../ s

—  Submerged plasma for isotopic detection and elemental m“ T ‘[ N
resolution (SPIDER probe) | T e
—  MiniTIG: Online material quantification of metals o CHEnd

4HE 490 454 L]

a2
Wavelength (mm)

ok CILiK-Ce
-'=|

£ S6E 2&f 5T ol 572
Wavelength {mam)

‘-I".-;

Figure 4. Molten salt specira. (a) Full UV-VIS spectrum of
CILiK. (b}, {c) Specific s — p transitions of Li and K. The Li | line
at 670.79 nm dominated the emission across all salt spectra. (d)
Chromium emission normalized to Li [{670.79 nm). (e) Center
and FWHM of the 427.5 nm Cr | peak. Although the Echelle
spectromeler limited the resolution of this line, the Fabry-Perot
elalon spectrometer resolved it. {f). (g). (h) Emission spectra of
Fe, MNd, and Ce. Fe emission was an order of magnitude weaaker
than Cr, while both rare-earth matals emitted an order of
magnitude less than Fa,




Experience Building a Molten-Salt Forced-Circulation
Loop at the MIT Reactor (IRP-20-22026)

C. W. Forsberg'!, D. M. Carpenter?, A. |. Hawari?, R. O. Scarlat3, M.
A. Borrello3, H. Williams? and K. Robb?#

"Massachusetts Institute of Technology
?Texas A&M University
SUniversity of California at Berkeley
“Oak Ridge National Laboratory

o Maccachucetic Charles Forsberg
I I I I Institute of NC STATE .
Technology UNIVERSITY B DCLKCIC cforsber(@mit.edu
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MIT Has Designed and is Constructing a
Flowing Salt Loop at MIT Reactor

* Goal l is forced circulation salt loop for the MIT reactor (6 MWt)
— Neutron & gamma irradiation
— Heated and cooled
— Fully instrumented
— Initially clean salt but capable of operating with uranium dissolved in salt

 Goal ll is to transfer lessons learned to accelerate loop
construction at other university and DOE reactors

* Partners: U.C. Berkeley, North Carolina State University and
Oak Ridge National Laboratory

We would like to thank the U.S. Department of Energy that provided funding through the DOE Office of Nuclear Energy's

Nuclear Energy University Program, IRP-20-22026.
45



Why Build Flowing Salt Test Loops?

Require * Testing instrumentation
Development  Understanding fission product transport
and Testing and plate out
with * Test tritium control systems
Irradiated

) * Understand / Test fission gas removal
Flowing Salt

to Provide
Short-lived » Measuring fissile materials production

Radionuclide - Safeguards

 Corrosion testing

C. Forsberg, D. Carpenter, A. I. Hawari, R. O. Scarlat and K. Robb, Applications of Flowing Molten Salt Loops with

Neutron Irradiation, Transactions American Nuclear Society Winter Meeting, Orlando, Florida, November 17-21,
2024. 46



Salt Reactors May Enable a Revolution in Instrumentation
Using Gamma Rays to Measure Many Radionuclides

* Velocity and mass flow by decay
of short-lived radionuclides
« Total burnup ('3’Cs)

* Fissile materials production rate
o U-238 + neutron — Np-239 Exchanger

o Np-239 decays to Pu-239 ~ Loop |

 Measure Xenon in salt—
efficiency of off-gas removal - -

system
Can Measure Flow with
11 Second F-20, 1633 KeV

C. Forsberg et. al. Measuring Flow Rates and Compositions in Salt Reactors with Gamma Spectroscopy, Transactions of the American Nuclear Society,
American Nuclear Society Annual Meeting, Las Vegas, June 16-19, 2024 47

External Heat




Instrumentation: University of California, Berkeley
Developed On-Line Redox and Chemistry Sensors for Loop

Required to know in-situ Salt Chemical Environment




Conclusion

« Several programs in the
United States are supporting
MSR technology development

 The MSR program serves as
the hub for efficiently and
effectively addressing, in
partnership with other
stakeholders, the technology
challenges for MSRs to enter
the commercial market.

« MSR concepts are on a fast
track, and we need to continue
this momentum.

L " Molten Salt Reactor ELEi ey | Offceor
https://gain.inl.gov/doe-molten-salt-reactor-program/ =42 » 7 0 6 7 A WM NUCLEAR ENERGY 49
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Reports FY 2025 - MSR Program

Samuel Walker, Mauricio Tano, INL, Complete Initial Engineering Framework for Species Tracking in MSRs involving Fuel Salt and Structures

D. Zhang, T. Birri, B. Smith, M. Williamson, V. Glezakou , ORNL, Accelerating Property Prediction and Interfacial Understanding in Molten Salt
Reactors Using Al and Advanced Simulations

T.M. Besmann, J. Schorne-Pinto, et al, ORNL, ORNL, Optimization of the thermochemical models for MgCl12-BaCl2, -SrCl2; BaCl2-Bal2; SrCl2-Srl2
N. Shaheen, A. Polke, D. Johnson, N. Hoyt, ANL, Installation of Molten Salt Flow Loop with Chemistry Monitoring and Control System
K. Makovsky, M. Harris, J. Seo, K. Detrick, et al, PNNL, Proposed Strategy for Mitigation of Fluid Inclusions in Molten Salt Precursor Materials

K. Makovsky, M. Harris, J. Seo, K. Detrick, et al, PNNL, Experimental Investigation into Select Thermophysical Properties of the Potassium-
Magnesium Chloride Salt System for Molten Salt Reactors

S.Thomas and A. O'Brien,NL, Real-Time Characterization of Salt Aerosols Generated from Static and Sparged Molten Salt ANL/CFCT-25/18
M. Christian, T. Haskin, D. Luxat, SNL, MELCOR Deposition Models Applied to Noble Metals

T. Karlsson, T. Trowbridge, A. Poole, et al, INL, Preliminary Report Summarizing the Initial Investigations into an Irradiated Fuel Salt and Capsule (
INL/RPT-25-85239 )

C. Downey, T. Karlsson, F. Gleigher, et al, INL, Initial Design of SABRE Fueled Molten Salt Experiment Irradiation Vehicle (INL/RPT-25-87142)

P RO GURAM
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Reports FY 2025 - MSR Program
(Cont.)

Bruce McNamara et al, PNNL, Chlorine isotope separations using thermal diffusion (PNNL-38411)

Bryn Merrill, Marisa Monreal et al., LANL, Drop Calorimetry of Actinide-Bearing Chloride Salts

Heather Felmy et al., PNNL, Demonstration of Optical Spectroscopic Flow Cell Design for Molten Salt Reactor Off-
Gas Streams (PNNL-38277)

Hunter Andrews et al, ORNL, Analysis of Off-Gas Streams from Small- and Large-Scale Sparging Salt Vessels using
Laser-Induced Breakdown Spectroscopy (ORNL/TM-2025/4115)

L Gardner and M Rose, ANL, Uncertainty Analyses of Molten Salt Property Measurements (ANL/CFCT-25/5)

L. Gardner, M Rose et al., ANL, Property Measurements of LiF-NaF-KF Molten Salts Doped with Corrosion Products
and Oxygen (ANL/CFCT-25/22)

Manh Thuong nGuyen, PNNL, Computational investigation of thermophysical and structural properties of molten
NaCl-PuCI3-AmCI3 (PNNL.38386)

Keerthana Krishnan, Praveen Thallapally et al, PNNL, Radiation Stability of MOFs for Noble Gas Capture and
Separation - Gamma radiation study on CaSDB and CuBTC MOFs (PNNL-37418)

Scott Parker, Marisa Monreal et al, LANL, Analysis of Retained Voids in Molten Salts by Novel Image Processing
Techniques (LAUR 25-23337)
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MSR Campaign Website:

—

The breadth of the MSR design space presents a substantial challenge to the MSR Annual Gampaign Review https '//gal n.inl g ov/doe-molten-salt-reacto r-progra m/

completeness and broad applicability of any technology development planning « April 22-24, 2025
activity. Dozens of design concepts are currently in some state of development, April 16-18, 2024

nearly all have been introduced in the past decade, and it is not currently possible to « May 2-4, 2023
reasonably evaluate which designs will eventually be successful. Nevertheless, « April 26-27, 2022
MSRs have common characteristics and many technology development issues are « June 17. 2021

broadly applicable to most MSRs

MSR Course
Contacts

Federal Manager (Acting) W@G AN st INDUSTRY SUPPORT v OURWORK v RESOURCES v NEWS v ABOUT v Q

Innovation in Nuclear

Janelle Eddins
Email: janelle.eddins@nuclear.energy.gov
Office NE-52

Molten Salt Reactor Reports

Announcements CHEMISTRY
- — .
Synthesis and Thermophysical Property Determination of NaCI-PuCI3 Salts INL/RPT-22-69181 2022
Engineering-Scale Batch Purification of Ternary MgCl2-KCI-NaCl Salt Using Thermal and Magnesium Contact Treatment - ORNL/TM-2022/2554 2022 31
An Overview of the Molten Salt Thermal Properties Databasel Thermophysical, Version 2.1.1 (MSTDB-TP v.2.1.1) - ORNL/TM-2023/2955 2023 25
FY23 Progress Report on Viscosity and Thermal Conductivity Measurements of Molten Salts - ORNL/TM-2023/3048 2023 31
Experimental Plan for Synthesis of an Americium- and Plutonium-Containing Salt - INL/RPT-24-80052 2024 18

Thank you
Teresa Krynicki, INL SREEN - %




Next MSR Campaign Review in New Mexico, hosted by SNL
20-24 April 2026

IAEA/NAE/JRC MSR Fuel Cycle #3 June 2027

Webinar #9 https://www.gen-4.org/resources/webinars/education-and-training-series-9-molten-salt-reactors-msr

Webinar #8 https://www.gen-4.org/resources/webinars/education-and-training-series-8-fluoride-salt-cooled-high-temperature-reactors
Webinar #35 https://www.gen-4.org/resources/webinars/education-and-training-series-35-czech-experimental-program-msr-technology
Webinar #42 https://www.gen-4.org/resources/webinars/education-and-training-series-42-comparison-16-reactors-neutronic-performance
Webinar #44 https://www.gen-4.org/resources/webinars/education-and-training-series-44-molten-salt-reactor-safety-evaluation-us

Webinar #73 https://www.gen-4.org/resources/webinars/education-and-training-series-73-molten-salt-reactors-taxonomy-and-fuel-cycle
Webinar #88 https://www.gen-4.org/resources/webinars/education-and-training-series-88-multiphysics-depletion-chemical-analyses-molten
Webinar #97 https://www.gen-4.org/resources/webinars/education-and-training-series-97-overview-and-update-msr-activities-within-gif
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