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Safeguards and Process Monitoring for Molten 
Salt Reactors

The dissolved actinides within fuel salts make MSRs 
a challenge for safeguards

• High temperatures and corrosive salts make it 
difficult to design sensors with sufficient 
longevity, stability, and accuracy

• Simple flush-out accountancy is difficult to 
implement

• Rapid detection of concentration or salt level 
changes needed to identify diversion

• Operator readable sensor output necessary to 
detect anomalies

The goal of the Advanced Reactor Safeguards 
project is to develop technologies that will enable 
MSR vendors to meet broad NRC licensing 
challenges for materials accountancy.

DOE Gen4 Road Map (downloaded from:

http://www.ne.doe.gov/genIV/documents/gen_iv_roadmap.pdf)
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Safeguards and Process Monitoring for Molten 
Salt Reactors

MSR Process Monitoring and Safeguards Instrumentation Assessment Sheet

We have assessed MSR-relevant process 
monitoring and safeguards sensors to 
understand their technical maturity and 
potential for impact.

Examples of relevant measurements include:
• Salt composition

• Isotopics

• Salt volume

• Flow rates

• Redox state

• Particulates

• Off-gas

• etc.

Many crucial sensors are still at an insufficient 
technology readiness level to permit 
installation in an MSR
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Introduction

Monitoring and Control of Molten Salt Systems

To address these gaps, Argonne has demonstrated monitoring for a variety of molten salt equipment including thermal 
convection loops, salt purification equipment, and process vessels. Deployable sensors for composition, redox state, 
particle concentrations, etc. have been created.

1MgCl2-KCl-NaCl thermal convection loop run at ORNL (Bruce Pint)
2Funded by DOE NE MPACT  3Funded by EERE-SETO

Monitoring of Precipitated Particles3
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Electrochemical Monitoring of 
Salt Composition1

Windowless Optical Monitoring 
of Salt Composition2

Automated Salt Sampling2
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Electrochemical Sensors for MSRs

Molten Salt Monitoring

Typical multielectrode array sensors for 

installation into flow loop vessels

Argonne has operated electrochemical sensors for years-long durations in fuel reprocessing equipment and thermal 
convection loops. However, none of these previous probes were specifically designed be directly installed in flowing 
conditions.
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Sensor measurement of actinide bearing salt

[1] B. Kersten, K. Hawthorne, M. Williamson, R. Akolkar, C.E. Duval, The Future of Nuclear Energy: Electrochemical 
Reprocessing of Fuel Takes Center Stage, Electrochem. Soc. Interface. 30 (2021) 45. https://doi.org/10.1149/2.F06213F.

[1] 

https://doi.org/10.1149/2.F06213F


Modular Flow Instrumentation Testbed (MFIT)

A modular safeguards instrumentation 
testbed was constructed to develop and 
assess a variety of molten salt sensors in 
flowing conduits

• Enables rapid assessment of new sensor designs

• Sensors installed in tanks and in the transfer line 

• Supports radiological and non-radiological salts

• Supports a wide variety of instrumentation

• Permits rapid salt changes (chlorides, fluorides)

• Flow rates (0.01 to 1 L/s) and transfer line sizes 
(1/4″ to 1″)  to achieve conditions 
representative of bypass lines, sampling lines, 
and flow conduits

• Non-radiological operations: 3 months in total

• Radiological operations: >13 months in total
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In-Well Mini-MFIT Flow System

A miniaturized in-well MFIT was also built to increase sensor 
development throughput

• Operated remotely using fully automated control panel

• Enables rapid assessment of new sensor designs:
• Low flow rate (<2 SLPM) FEES sensors

• Salt level and flow rate sensors.

• Crucible (drain tank) chemistry sensors.

• Fits into furnace well for ease of disassembly/salt change
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In-well Mini-MFIT flow system for safeguards sensor development
In-well Mini-MFIT flow 
system in operation



Automation of Measurements and Analysis

During FY22 and FY23, complete 
automation of the MFIT was completed

• Automated salt transfers and sensor data 
acquisition.

• Real time display of system parameters (T, 
P, etc.)

• Remote-operation improves safety and 
accelerates sensor assessments

This safeguards sensor framework is 
being developed to enable complete 
multi-modal monitoring for molten salt 
systems
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Salt level & flow rate sensor digital read out



Actinide Measurements in Flowing Salts

Argonne conducted actinide measurement campaigns in FY22 and FY23. Experiments involved 4 kg of MgCl2-KCl-
NaCl-UCl3 salt. FY23 experiments featured improved salt chemistry control and increased replicates of individual 
experiments.

Salt transfer tank (left) and flow-enhanced electrochemical sensor 
installed into transfer line (right)

Theoretical (left) and actual (right) current response for soluble-
soluble reaction

In-line sensor response to soluble-soluble reactions

start-up period

𝑖~𝛽𝑄𝑛𝑐𝑈

theoretical response actual response
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Concentration is 
proportional to current



Actinide Measurements in Flowing Salts

The flowing conditions enable electrochemical approaches such as long-duration staircase voltammetry waveforms. These 
extended waveforms allow for discrimination and quantification of multiple soluble-soluble reactions

U3+/U4+ current response to staggered potential 

holds during a single salt transfer.
Current response of multiple potential holds during a single flow experiment 
using the FEES. UCl3 concentration was 0.5 wt% (a) and 1.5 wt% (b, c, and d)
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Accelerated Measurements

• Repeatability of the automation 
system was tested with a series of 
repeated transfers and measurements

• Series of 80 transfers completed over 
the course of four days

• Low error associated with the 
measurements (1.642±0.008 wt%)

• Significant improvement in consistency 
of transfer intervals

Average UCl3 concentration 1.642±0.008 wt% 

Repeated transfers using automated MFIT



Repeatability over Extended Testing

Sensor measurements were found to be 
highly repeatable across multiple salt 
transfers.

• Statistical analyses showed low standard 
deviation within single runs and a relative 
standard deviation of 0.54% vs 0.97% in 
FY22 

• Measurements confirmed the robustness 
of the sensor design
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 Transfer #1 Transfer #3 Transfer #6 Transfer #9 

Mean Current (mA) 26.96 27.14 26.30 25.83 

Standard Deviation 

(mA) 
0.87 0.91 0.95 0.66 

Confidence Interval 

(99.0%) (mA) 
0.182 0.192 0.199 0.139 

 
Metric Value from Repeated Transfers 

Mean Current (mA) 26.40 mA 

Relative Standard Deviation 0.54% 

Confidence Level (99.0%) (mA) 0.370 mA 

 



Current Response to Flow Conditions

The sensor response with respect to flow rate has 
been found to vary in a manner consistent with 
standard mass transfer correlation (i.e., Sherwood 
numbers)

These Sherwood number correlations allows for 
accurate concentration measurements

Constant potential measurements at various observed flow 
rates. Measurements taken at six UCl3 concentrations (0.5, 
1.0, 1.5, , 2.0, 2.5 and 3.0 wt%) in MgCl2-KCl-NaCl at 500°C. 

𝑖 = 𝛽𝑄𝑛∆𝐶

𝛽 =
Τ𝜋 4 1−𝑚𝑑𝐷𝑖𝑧𝐹𝑘𝑆𝑐

Τ1 3

𝜌

𝜌

𝜇𝑑0

𝑚

𝑆ℎ = 𝑘𝑅𝑒𝑚𝑆𝑐 Τ1 3
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Concentration Measurements

Uranium concentration measurements 
have been found to closely follow the 
expected parity line.

• Mean absolute relative error in 
measurements was 3.1% in FY23 compared 
to 5.6% in FY22

• Most measurements were within ±5% of process 
knowledge

• Measurement precision was improved vs. 
FY22 results

• Low concentration measurements affected 
by residual impurities in salt 

• Reaction of impurities leading to UO2 formation led 
to underpredictions

U concentration measured with flow sensor vs. U concentration from 
process knowledge. Dotted lines are parity ± 5%.
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In-line Sensor Deployment

• Two FEES sensors installed at a 
partner institution’s flow loop

• Sensor design updates were made 
to enable safe FLiBe operations

• Enable operation in fluoride salts

• Improved sealing outside of glovebox 
environment

• Sensors installed at different 
points on flow circuit

• Will study salt at same flow 
conditions but different temperatures

• Planned 1000 hour flowing test in 
FY24

FEES sensors deployed at industrial partner’s engineering scale forced convection 
FLiBe experiment (left). FEES sensor installed in industrial partner’s flow loop (right).



Conclusions

• During FY23, the MFIT was fully automated and 
additional safeguards-relevant measurement 
campaigns were carried out

• Capabilities for simultaneous control over the flow 
system and multiple sensors

• In-line sensor accuracy improved 
• Mean absolute relative error in measurements was 3.1% 

in FY23 compared to 5.6% in FY22

• Upgraded electrochemical sensors were shown to have 
good accuracy even across a wide range of flow 
conditions

• New level sensor & flow rate measurement devices 
were developed in parallel using the Mini-MFIT system.

• High concentration UCl3 measurements are 
planned for FY24
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