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ABSTRACT 

This report serves as the deliverable for Milestone M2RS-22AN0401062 that is part of Work Package RS-
22AN040106 (Flow Enhanced Sensors for MSRs – ANL). The goal of this milestone is to assess the 
capabilities of flow-enhanced electrochemical sensors (FEES) to quantify actinides in molten salt reactors. 
Flow enhanced electrochemical sensors are a type of electroanalytical sensor that has been developed at 
Argonne National Laboratory to be installed directly into MSR flow conduits in order to make 
measurements of the salt composition. These sensors represent a significant improvement in capabilities 
compared to earlier electroanalytical sensors that instead can only be operated in quiescent conditions. To 
support this work, Argonne constructed a molten salt flow system to serve as a testbed for the development 
of safeguards and process monitoring-relevant sensors in challenging molten salt flow conditions.   

Through extensive flow testing using UCl3-bearing salts, Argonne has been able to show that the FEES are 
able to make good measurements of salt composition. Concentration measurements with a mean absolute 
error of 0.09 wt% have been achieved for representative fuel salt mixtures across a range of UCl3 loadings. 
Repeatability was also good, with the relative standard deviation from repeated measurements being less 
than 1.0%. These sensors have also been shown to be able to measure the flow rate of the salt within the 
flow system’s transfer line. Although the accuracy of the sensors has been good, the sensors have thus far 
not been able to achieve performance good enough to satisfy the nuclear material accountancy requirements 
in 10 CFR 74. To do so, accuracy levels of 0.1% must be achieved; the FEES when operated in Argonne’s 
flow system have so far only been able to achieve relative errors of approximately 5.0%. Much of the error 
that has been observed at this stage is due to challenges in maintaining a stable salt composition in the 
molten salt flow system, and it is not believed that there are any inherent flaws in the sensor design. 
Nonetheless, the high degree of accuracy required by 10 CFR 74 represents a significant challenge, and 
further design evolution and integration of the sensors into multimodal sensing frameworks will likely be 
needed to push the measurement accuracy to the needed level. 
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Advanced Reactor Safeguards Program 

ASSESSMENT OF THE FLOW-ENHANCED SENSORS 
FOR ACTINIDE QUANTIFICATION IN MSRs 

 

1. INTRODUCTION  
In support of the Advanced Reactor Safeguards program, Argonne National Laboratory has developed 
advanced sensors and a modular flow instrumentation testbed applicable to liquid-fueled molten salt 
reactors (MSRs) and fluoride salt-cooled high-temperature reactors (FHRs). These reactors create 
challenging conditions that make it difficult to achieve successful operations of safeguards-relevant sensors. 
One of the most significant difficulties with sensor operations in MSRs are the high flow velocities that are 
present within the reactor’s primary and secondary fluid streams. These velocities can cause large 
distortions in measurements, particularly for electroanalytical sensors. As such, all of Argonne’s sensor 
designs prior to this project have been designed to be installed in quiescent zones using shrouds or other 
isolation approaches.  
 
Although Argonne has successfully demonstrated the use of shrouded electrodes over long-durations in 
thermal convection loops with flowing molten salts, this approach does have drawbacks. For example, the 
shrouding slows the mass transport of species from the bulk, lowering the response time of the 
measurements. Additionally, the lack of flow only permits intermittent, dynamic electroanalytical 
techniques to be used (e.g., voltage sweeps) as opposed to potentiostatic and galvanostatic measurements 
that fare better with respect to the extreme electrical noise induced in a reactor environment. To address 
these issues and provide optimized measurement capabilities that can meet challenging mass accountancy 
requirements, Argonne has developed flow-enhanced electrochemical sensors. The measurements from 
these sensors are based on the electrochemical response of electrodes immersed directly in the flow of the 
molten salt.  
 
To test and assess the performance of these sensors, Argonne designed and constructed a testbed for the 
operations of safeguards-relevant instrumentation within flowing salts. This system, called the Modular 
Flow Instrumentation Testbed (MFIT), can accommodate a wide variety of interchangeable sensor test 
sections to permit the testing of the sensors under a variety of conditions and configurations that are 
representative of full-scale MSR primary salt flows and of smaller-scale sampling loops and flow bypass 
channels. Multiple types of sensors may ultimately need to be deployed in these types of locations to provide 
sufficient mass accountancy for an MSR [1-7]. It is essential to test these sensors in all possible 
configurations in order to fully establish the optimal approach for safeguards. 
 
The goal of this work was to assess and confirm the performance of the flow enhanced electrochemical 
sensors over long-durations in a variety of representative coolant and fuel salts. Specific attention was paid 
to assessing the ability of the sensors to help reactor vendors achieve the regulatory requirements for 
material accountancy (10 CFR 74). This report includes details of the work that was conducted toward that 
end with special attention paid to work from February 1, 2022 through September 30, 2022. During this 
period, extensive testing of the flow system and sensors was conducted using uranium-bearing salts. This 
report serves as a standalone document that covers all work to date on this project and describes the 
applicability of flow enhanced electrochemical sensors for actinide quantification in MSRs and FHRs.  
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2. ELECTROCHEMICAL RESPONSE TO HYDRODYNAMIC 
CONDITIONS 

 

The flow-enhanced electrochemical sensor makes use of hydrodynamic electrochemical approaches to 
measure the concentrations of species in the molten salt. Electroanalytical methods for flow conditions 
require different applied signals and analysis approaches compared to traditional measurements conducted 
in quiescent conditions. In quiescent conditions, a dynamic electrical signal is typically applied to the 
working electrode which results in a dynamic current response from the salt [5]. Linear sweep voltammetry 
and normal pulse voltammetry are examples of this approach. Linear sweep voltammetry involves the 
application of a ramped voltage signal to the electrode. This ramped signal generates current peaks 
associated with dissolved species in the salt. These current peaks are dynamic and decay over time as the 
diffusion layer grows throughout the application of the applied waveform. Normal pulse voltammetry 
involves the application of short voltage pulses to the electrode. The current peaks generated by this 
approach similarly decay over time as the diffusion layer grows. For both of these voltammetric approaches, 
the presence of flow alters the evolution of the diffusion layer, which leads to alterations to the peak sizes. 
As such, these techniques are only accurate in quiescent salt conditions. 
 
Unlike results in stationary conditions, a constant current response results when constant voltage signals 
are applied to electrodes inserted directly into steady flow condition. This steady current output is possible 
because the flow continually delivers more reactant to the electrode surface. This creates a stable diffusion 
layer thickness that does not grow with time. The flow enhanced electrochemical sensor leverages the flow 
conditions through the installation of multiple electrodes into the steady stream, as shown in Figure 1. Four 
main electrodes are used, including an upstream working electrode (WE1), two quasi-reference electrodes 
positioned downstream and lateral to the flow direction (REF1 and REF2), and a second working electrode 
directly downstream of WE1 (WE2). A fifth electrode or the transfer tube itself may be used as the counter 
electrode. A schematic of the third-generation FEES is shown in Figure 1. Compared to earlier designs, this 
particular implementation included an extra insulator, fabricated out of Shapal Hi M Soft™ machinable 
aluminum nitride (AlN), that was positioned axially along the transfer line.   

 
Figure 1. Schematic and rendering of sensor design in center section of MFIT transfer line 

 
To use hydrodynamic electrochemical approaches we first needed to develop electroanalytical formulas 
specific to the sensor design. For the FEES, the current response is related to the mass flow rate to the 
electrode surface. This mass flow rate 𝑚 is represented by the following equation: 
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𝑚 ℎ𝐴∆𝐶 Equation 1.  

 
Here, h is the convective mass transfer coefficient, A is the exposed electrode area, and ∆C is difference in 
species concentration between the bulk fluid and the surface of the electrode. For limiting current conditions 
when the concentration at the electrode surfaces falls to zero, ∆C is equal to the bulk concentration of the 
species of interest. The convective mass transfer coefficient can be related to the Sherwood number, Sh, by 
the relationship h=(D Sh)/L. Here D is the diffusion coefficient of the species of interest, and L is the 
relevant length scale (e.g., the diameter of the electrode). The Sherwood number is dependent on the exact 
design of the sensor and the arrangement of the electrodes. In general, the Sherwood number typically takes 
the form shown in Equation 2. [8] 
 

𝑆ℎ 𝑘𝑅𝑒 𝑆𝑐 /  Equation 2.  
 
Here, Re is the Reynolds number of the flow, and Sc is the Schmidt number associated with the species of 
interest. k and m are values taken from mass transfer correlations associated with specific geometries. For 
common geometries, such as mass transfer to a flat plate, these values can be found in literature; for 
specialized geometries such as the FEES, the values are determined by fits to experimental data.  
 
Using Faraday’s law of electrolysis, the current associated with this mass transfer is equal to  
 

𝑖
𝐷
𝑑
𝑆ℎ

𝑧𝐹
𝑀
𝐴 Δ𝐶 Equation 3. 

 
Here, F is Faraday’s constant, z is the number of electrons associated with the charge transfer reaction, d is 
the electrode diameter, and M is molar mass of the species of interest.  
 
In our system, applying positive potentials to the electrode induces soluble-soluble reactions at the salt-
electrode interface. For these reactions, such as Cr2+/Cr3+ or U3+/U4+, time does not appear in Equation 2 
and the current response from the sensor is simply a constant value. The current response takes the 
functional form shown in Equation 4, and a plot of the theoretical current response to an applied constant 
voltage is shown in Figure 2. The response contains a start-up period with either an upward ramp or a peak, 
depending on the specific parameters used for the applied signal. Eventually though, the current will reach 
its steady-state plateau value. 

𝑖 𝛽𝑄 ∆𝐶 Equation 4. 
  

𝛽
𝜋/4 𝑑𝐷 𝑧𝐹𝑘𝑆𝑐 /

𝜌
𝜌
𝜇𝑑

 Equation 5. 

 
Unlike the application of positive potentials, the application of negative potentials to the electrode induces 
soluble-insoluble reactions at the salt-electrode interface. The deposition reactions, such as Cr0/Cr2+ or 
U0/U3+, result in an increasing electrode diameter (and surface area) over time, which complicates the 
analysis of the resulting current. This situation can be treated mathematically to create a different 
electroanalytical formula. To permit analysis of this situation, the size of the electrode must be tracked 
throughout the deposition process. This can be done by using Faraday’s law to create an ordinary 
differential equation describing the time evolution of the electrode diameter. This equation takes the form 
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𝑑𝑙
𝑑𝑡

Δ𝐶
𝜌

𝐷
𝐿
𝑘

𝜌 𝑈𝑙
𝜇

𝑆𝑐 / ,    𝑙 0 𝑑  Equation 6. 

 
 
Here, ρmetal is the density of the deposited metal, ρsalt is the density of the salt, µsalt is the dynamic viscosity 
of the salt, and d0 is the initial diameter of the electrode. By solving this equation and combining the result 
with Equation 4, the current vs. time relationship for a deposition process can be determined to be 
 

𝑖 𝑡
𝜋𝐹𝛿𝐷𝑘𝑧𝑆𝑐 / Δ𝐶

𝑀

⎝

⎜
⎛𝜌 𝑈 𝑑

𝑘𝐷 𝑚 2 𝑆𝑐 / Δ𝐶
𝜌

𝜌 𝑈
𝜇 𝑡

/

𝜇

⎠

⎟
⎞

 

 Equation 7.  
 
By linearizing this equation around t=0 s, a simplified equation akin to Equation 4 can be formulated for 
the soluble-insoluble reaction. This equation takes the form shown in Equation 8. Unlike the soluble-soluble 
case, the current for the deposition reaction grows with time as shown in Figure 3. 
 
 

𝑑𝑖
𝑑𝑡

𝛼 𝑘
𝜋𝑚𝑧𝐹𝛿
𝑀

𝐷𝑆𝑐 / Δ𝐶
𝑑

𝜌 𝑑 𝑈
𝜇

 Equation 8. 

 
 
The current responses generated by these different applied signals offer complementary ways of 
determining the concentrations of species within the salt. Ultimately though, the steady current output 
offered by the soluble-soluble approach offers higher quality measurements. For this reason, positive 
potential, soluble-soluble reactions have been the main focus of our current efforts. The soluble–soluble 
response is particularly advantageous in that it avoids the electrode area growth that can compromise 
measurements and complicate calculations when using soluble-insoluble approaches. 
 

  
Figure 2. Theoretical current response for soluble-

soluble reaction induced by applied positive potential  
Figure 3. Theoretical current response for soluble-

insoluble reaction induced by applied negative 
potential  
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3. EXPERIMENTAL SETUP AND OPERATIONS 
 
The modular flow instrumentation testbed is a forced flow system that has been specifically designed to 
support the development of the FEES and other safeguards-relevant sensors. Figure 4 shows the MFIT 
during bench-top fit testing. The system consists of two tanks connected by a transfer line. Tees in the 
center of the transfer line enables the installation of a variety of sensors directly in the molten salt flow. 
Installation of sensors within each of the tanks is also possible. A complete overview of the installed 
thermocouples, pressure transducers, flow meters, and electrochemical sensors is included in Figure 4. A 
flow enhanced electrochemical sensor (FEES) is installed on the transfer line while multielectrode array 
voltammetric sensors (MAVS) are used on each tank to confirm measurements made by the FEES. 
Electrochemical measurements were taken using a Gamry Interface 5000E connected to these sensors. 
 
The system was specifically designed for installation within a glovebox. Glovebox operations allow for 
simple operations with large quantities of radiological salts and enable rapid installation and modification 
of new sensor designs and configurations. A variety of transfer line diameters can be accommodated to 
create conditions representative of sampling lines, bypass lines, or the main coolant conduits on an MSR. 
The experimental results in this report were conducted in a 0.5″ diameter transfer tube.   
 
Pressurized argon is used to create the forced-flow conditions within the MFIT. This system was designed 
with careful consideration for operations, and numerous safety devices including relief valves, gas cut-off 
valves, a pneumatically actuated pressure relief valve, and a bubbler are included in the final construction. 
These features have allowed us to make hundreds of salt transfers over the past year without any significant 
operational issues.  
 
 
  

 

Figure 4. Picture of MFIT system during water shakedown testing including the location of sensors without 
insulation and heaters installed. 
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Figure 5 shows the MFIT installed in the inert atmosphere glovebox where all investigations have been 
performed. Significant work was performed to prepare the glovebox and bring it into operation. This 
included upgrading the electrical wiring for power feedthroughs to power the heaters on the MFIT. The 
glovebox can accommodate large quantities of chloride salts (including UCl3 and variety of surrogate 
fission products chlorides) and fluorides salts (including UF4 and a variety of surrogate fission product 
fluorides).  
 

 
Figure 5. Pictures of (a) MFIT complete with heater assemblies, sensors and insulation installed into an (b) inert 

atmosphere glovebox. 

Six heating zones were ultimately needed to provide a consistent temperature distribution within the flow 
system. There are four zones on the transfer line and one zone on each tank. Additionally, each 
electrochemical sensor has a dedicated thermocouple for local temperature measurements. Measurements 
of all these temperatures are vital for achieving accurate electrochemical measurements. The temperature 
of the glovebox is also continuously monitored using thermocouples mounted on the glovebox roof. These 
temperatures typically did not exceed 40 °C which poses no risk of adverse effects from heat loading. 
Glovebox gas purifier and auxiliary chiller systems that were brought online in of FY21 have continued to 
operate and maintain a stable glovebox environment.  
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3.1 In-well Apparatus for FEES Testing 

A smaller version of the MFIT was also designed and constructed in FY22 to ensure that sufficient data 
would be generated to complete the FEES assessment. Like the full-size MFIT, this system was designed 
for rapid, automated assessments of electrochemical sensors and investigation of flowing salt environments. 
The compact design was able to fit within an existing furnace well at Argonne in order to enable quick 
deployment. Pictured in Figure 6, the smaller MFIT flow system consists of a salt crucible, dip tube, salt 
tank, and vacuum line. This system is suspended from the furnace lid with vacuum line and additional 
sensors penetrating through the well’s heat shield assembly. A FEES was inserted into the flow path inside 
the dip tube. An additional level sensing electrochemical probe was inserted into the salt tank to monitor 
the level of the salt and provide an additional measurement of salt flow rate. This flow system can 
accommodate a maximum of 500 mL of salt which can easily be replaced or modified during testing.  
 

        

Figure 6. In-well MFIT (a) rendering and (b) assembly without the furnace lid. 

Flow in the in-well MFIT is driven by a vacuum system control panel. The vacuum system generates flow 
by drawing salt from a lower crucible upward into a salt tank. Once the crucible is emptied, the vacuum is 
removed from the tank, and the salt is released back into the crucible. The control panel for the flow 
operations is shown in Figure 7. This panel consists of a mass flow controller (MFC), solenoid valves, a 
1.5 L vacuum chamber, and a vacuum pump. To simplify the atmospheric control system, the vacuum unit 
is located entirely inside the glovebox and venting occurs directly into the glovebox. A Masterflex 
proportional flowmeter controller was used to control and monitor flow rates between 50 and 5000 mL/min 
as well as the pressure of the system.  
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Figure 7. In-well MFIT control panel. 

The vacuum system is controlled remotely via custom NI (formerly National Instruments Corp.) LabVIEW 
software that can be programmed to run sequences of tests over a range of flow rates to facilitate high 
throughput testing of FEES systems. The typical front end is shown in Figure 8a. Figure 8b shows the mass 
flow rate and the gas pressure as a function of time over a range of flow rates relevant to molten salt 
electrochemical sensor research. 
 
 

 
Figure 8. In-well MFIT (a) NI LabVIEW control interface and (b) Mass flow rate and gas pressure as a function of 

time. 
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The large-scale MFIT system ultimately proved able to support a sufficient number of flow experiments to 
complete the FEES assessment without the need for supplemental data from the smaller system. 
Nonetheless, this small system will be used in FY23 to support additional testing. Many of the automation 
and multimodal monitoring concepts that form the design basis of the in-well system will also be adopted 
by the full-scale MFIT to further improve its capabilities for rapid sensor testing.   
 
3.2 Fuel Salt Preparation  

Preparation for operations with UCl3-bearing fuel salts were initiated in Q2 FY22. This work involved the 
production of several kilograms of MgCl2-KCl-NaCl-UCl3 salt. To do so, a UCl3-NaCl fuel salt concentrate 
was prepared by chlorinating uranium dendrites using chemical oxidation (Figure 9a). The uranium 
dendrites were included in the reaction vessel in excess and mechanically mixed with NaCl and the 
oxidizing agent. The reaction mixture was then melted, and the mixture was held at temperature until all 
the oxidant was consumed by the reaction. The reaction mixture was then removed from the graphite 
crucible and a metal ingot containing excess uranium was separated from the UCl3-NaCl. The final salt was 
further purified via distillation.  
 

 
Figure 9. UCl3-NaCl production. (a) DU dendrites from electrorefining operations, (b) UCl3 after distillation and (c) 

UCl3 inside of stainless-steel crucible prior to closing MFIT pressure vessel. 
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The UCl3-NaCl was combined with 50-50 mol% MgCl2-KCl to obtain the correct 40-40-20 mol% MgCl2-
KCl-NaCl salt. MgCl2-KCl and all MgCl2-KCl-NaCl was purified using Mg metal contacting to remove 
any corrosive species prior to placing into the MFIT. During the purification process, some HCl was 
produced from initial hydration impurities in the salt. This HCl was collected using an off-gas system that 
allows us to safely purify large batches (2-5 kg) of salt without damaging any of the glovebox components 
with corrosive species.  
 
After completing the purification procedure, UCl3 was added to the salt to bring the concentration to 
0.5 wt%. Titration using the fuel salt concentrate was then performed throughout the testing campaign to 
increase the salt concentration to various desired levels. The titration procedure was dependent on an 
improved crucible design that was implemented in FY22 to enable salt additions without the need to cool 
or disassemble the MFIT. This new capability saved significant time and effort when making UCl3 
additions. Once the additions were made, the salt was homogenized by repeatedly transferring between the 
two tanks.  
 
3.3 Flow System Operations 

Initial shakedown testing of the MFIT with CrCl2-containing salt was conducted in late FY21 through Q1 
FY22. During this period, the system operated at temperature for three months, and approximately 150 salt 
transfer experiments were conducted. The operations with the CrCl2 salt served to provide a baseline for 
operations of both the flow system and the FEES prior to transitioning to salts containing UCl3. Several 
upgrades have been made to the system based on this early work including updates to the insulation to 
facilitate disassembly of the transfer line, relocation of the gas inlet to a larger bore tube to prevent salt 
vapor clogging, and replacement of thermocouples with more robust versions.  
 
With these updates, the MFIT has been able to operate successfully throughout the past year. Although the 
system is capable of higher temperatures, stable temperatures around 500 °C were typically maintained 
during transfer operations with the system. This ensures that salt transfers can be made without the risk of 
the salt freezing in the transfer line. Salt freezing in the lines does not pose a risk to the system; instead, 
frozen salt can readily be heated to its melting point and operations will then continue as normal. A thermal 
image of the glovebox during operations of the flow system is shown in Figure 10, along with an image of 
the heat exchanger system that was been implemented to cool the box. 
 

 
Figure 10. Heat load testing images of (a) glovebox and (b) dri-train and chiller system.  
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Repeatable flow conditions were able to be achieved using the MFIT when pressurized gas was applied to 
the system. This is an essential requirement for its use as a testbed for sensor development. Figure 11 shows 
the behavior of the tank pressures when the flow rate of gas was initiated. Although the gas flow was 
controlled by a mass flow controller with up to 50 L/min flow rate, in practice the system so far typically 
performed transfers up to roughly 10 L/min. Figure 11a shows typical pressure profiles with the pressure 
in tank A rising until salt reaches elbow B (ca. 100 s) and then dropping as a siphon effect occurs. The 
siphon effect ensures a relatively even flow rate for the duration of the transfer. The salt transfer in this case 
was finished after roughly 130 seconds and the subsequent pressure rise resulted from residual salt present 
in the transfer line.  
 
Salt transfers have been carried out across a variety of flow rates and conditions. Figure 11b shows how the 
transfer time decreases when we increase the MFC flow rate from 3.0 L/min to 5.0 L/min. These figures 
are representative of the transfer of approximately 1.0 L of salt, and longer run times are possible with 
increased salt volumes. Tests with uranium-bearing salts were generally completed using approximately 
2 L of salt. 
 

 
Figure 11. (a) Pressure transducer traces from tank A (black) and tank B (red) during a typical salt transfer at 

0.5 L/min. (b) Tank Pressure during salt transfers at 5.0 L/min (black) and 3.0 L/min (red) 

 

Figure 12. Anatomy of a single MFIT transfer measured with the FEES. Constant potential measurements at 0.5 V 
vs. W quasi-reference electrode in MgCl2-KCl-NaCl at 500 ˚C. 
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Figure 12 shows a typical current response from an electrode immersed in the salt during a single transfer 
experiment. At t=0 s, the flow of argon gas at 1.0 L/min was initiated. This started the pressurization of the 
salt tank which pushed the salt through the transfer line to the empty receiver tank. The FEES was installed 
in the middle of this transfer line. A sufficiently positive potential was applied to the working electrode 
throughout the transfer, and this applied potential in turn led to the oxidation of the U3+ that the salt flow 
brought to the electrode surface. The positive current at t=0 s is due to a thin film of salt present on the 
sensor from previous transfers. UCl3 in this film is quickly depleted and the current fell to near zero. At 
t=12 s the salt flow from the tank contacted the sensor, and the current rises to 2 mA. The initial contact 
current was followed by a current step at t=15 seconds that corresponded to the onset of a siphon in the 
downcomer tube. The current here slightly decreased over time because with the mass flow controller set 
to only 1.0 L/min the siphon pulled the salt faster than the tank was filled with argon gas. This flow 
continued until t=50 s when the current response became erratic. During this final phase, residual salt was 
blown through the transfer line. At 70 seconds the current returned to zero indicating that all of the salt was 
transferred.   
 
Due to the siphon effect and other thermal expansion artifacts, the actual flow rate of the salt differs from 
the flow rate of gas supplied by the mass flow controller. The salt flow rate, however, can be readily 
calculated by analyzing the length of time required for the total transfer process described above. A plot 
showing the conversion between the actual salt flow rate and the flow rate specified by the mass flow 
controller is shown in Figure 13. These converted flow rates were used for the sensor assessments in the 
following sections as these translated values are representative of the actual salt velocity within the transfer 
tube. 

 

Figure 13. MFC set flow rate vs. observed flow rate. Observed flow rate calculated from constant potential response 
of FEES. 
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4. RESULTS 
 
4.1 Shakedown Testing Using Cr-Bearing Salt 

Testing with an MgCl2-KCl-NaCl-CrCl2 salt was conducted prior to radiological salt experiments in order 
to establish the baseline procedures for operation of both the FEES and the MFIT. Parameters such as the 
sampling rates, wiring configurations, flow systems settings, etc. were all explored until results in line with 
the expected theoretical current responses were achieved. Positive and negative applied potentials were 
both considered in order to establish the best approach to achieve concentration measurements. Application 
of positive potentials to the electrodes induced the Cr2+/Cr3+ reaction which, as expected, resulted in a steady 
current response, as shown in Figure 14. Negative potentials were also used which resulted in the reduction 
of Cr2+ to Cr0 at the electrodes. The current responses showed linear increases versus time that, once again, 
matched the theoretical predictions. Results for several flow rates are shown in Figure 14 for this scenario. 
Metrics from fits to the positive and negative current responses were assessed, and the use of positive 
potentials with sampling at 10 Hz was ultimately adopted both for CrCl2 concentration measurements and 
for the subsequent uranium measurements.  

 

    
Figure 14. (a) Steady state Cr2+ reduction current from potentiostatic hold during hydrodynamic conditions at 

different flow rates. (b) Reduction current slope vs. salt flowrate. 

 
 
4.2 Uranium-Bearing Salt Flow Experiments 

Using the experience from the MgCl2-KCl-NaCl-CrCl2 experiments, extensive testing was performed on 
uranium-bearing salts to fully assess the safeguards-applicability of the FEES sensors. Salts containing 
UCl3 concentrations of 0.5, 1.0, 1.5, and 2.0 wt% were tested during this campaign. The salts were first 
assessed using the standard voltammetry sensors that were installed in the tanks of the MFIT. Typical results 
from these sensors are shown in Figure 15. Figure 15a shows a cyclic voltammogram (CV) taken after 
heating the salt to 475 °C and allowing the system to equilibrate. Similar CVs were obtained on four 
electrodes at staggered depths to enable calculations of the immersion depth and species concentration.  
 
The CV in Figure 15a confirmed the purity of the as prepared MgCl2-KCl-NaCl-UCl3. No peaks were found 
that indicated impurities present in the salt. The potential region between ca. 0.1 and 2.4 V only contained 
peaks that could be attributed to the U3+ to U4+ half reaction.  
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Using previously established approaches [5, 9], the readings from the tank sensor were analyzed to provide 
diffusion coefficient and salt depth measurements. The diffusion coefficient for UCl3 in the MgCl2-KCl-
NaCl salt is necessary for the calculation of the mass transfer coefficient, but prior to this work, its value 
was not well-established. To solve this issue, the Berzins-Delahay equation (Equation 9) was used to 
determine DU3+ in MgCl2-KCl-NaCl at 500 °C (4.82 ± 0.15 x10-6 cm/s). 
 

𝑖 0.6105 𝑛 𝐷 𝐶 𝜈    Equation 9 

 
Here ipeak is the current density (A/cm2), F is Faraday’s constant, R is the universal gas constant, T is the 
temperature (K), n is the number of electrons involved in the reaction Di is the diffusion coefficient of 
species i (cm/s), Ci is the concentration of species i (g/cm2) and υ is the scan rate (V/s).  
 
Tank sensors were used to monitor the condition and composition of the salt throughout the testing 
campaign. Figure 15c shows a CV taken several months after the measurement from Figure 15a. The CV 
now included several peaks including ones for UCl3 along with ones for corrosion products from the 
stainless steel used in the tanks and transfer lines. These peaks were due to Fe2+ and Cr2+ which do not 
affect FEES measurements because the half reactions are more negative of UCl3 oxidation. Iron and 
chromium can also experience soluble-soluble reactions (e.g., Fe2+/Fe3+ and Cr2+/Fe3+), but as these 
reactions both occur well-positive of the U3+/U4+ reaction the U3+ peak is unaffected by their presence. The 
lack of interfering peaks in the vicinity of the U3+/U4+ reaction is important because overlapping peaks from 
multicomponent species can create challenges for concentration determinations. We will show later in this 
report that direct additions of lanthanide fission surrogate species similarly did not affect FEES 
measurements for the same reason. 

 
Figure 15. (a) CV of UCl3 in MgCl2-KCl-NaCl salt at 500 mV/s (b) UCl3 peak height vs. electrode depth used to 

calculate the sensor depth in the salt. (c) CV taken using tank sensor showing the locations of U peaks and corrosion 
product peaks after several weeks and adding UCl3 to 1.5 wt%. Scan rate: 100 mV/s; MgCl2-KCl-NaCl at 500 °C.  
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4.3 Uranium Concentration Measurements Using FEES 

Uranium concentration measurement protocols were established for the FEES using testing across a broad 
range of flow rates and concentrations. The measurement procedure included a variety of electrochemical 
measurements and cleaning operations. Positive applied signals were mainly targeted due to the lack of any 
interfering peaks in the vicinity of the U3+/U4+ reaction. Although the testing with Cr2+ provided good 
baseline procedures for the FEES, optimal parameters for the U3+ were explored in order to achieve the best 
possible results for the actinide species. 
 
The extended flow conditions offered by the MFIT enabled testing of a variety of waveforms and 
parameters within a single salt transfer. For example, Figure 16 shows results where chronoamperometry 
holds at multiple applied potentials were conducted within a single transfer. The applied potential in this 
case was varied from 0.0 V up to 0.4 V vs a tungsten quasireference via a staircase waveform. Sharp current 
peaks occur immediately after the potential is increased, but this current rapidly decreases toward its steady-
state value as the diffusion layer is depleted and the interface is refreshed by the flow. The steps lasted for 
1.0 s each, which permitted enough time for the current to reach its steady-state value at each step. The 
resulting currents are exclusively associated with the U3+/U4+ reaction, but at lower applied potentials the 
U3+ concentration isn’t driven fully to zero at the electrode surface. As such, the resulting currents are 
smaller than the limiting current. When moving from 0.35 V to 0.4 V the current finally plateaus, indicating 
that the desired limiting current conditions have been achieved for the U3+ species. Applied potentials of 
+0.4 V were therefore used for subsequent current measurements. Higher applied potentials could also be 
used, but eventually alternate reactions such as O2-/O2 and Cl-/Cl2 would occur. 
 
Figure 17 shows the current response to staircase potential holds at different concentrations (0.5 and 
1.5 wt%) and flow rates. As expected, increases in species concentrations and flow rates result in higher 
current responses due to the increased flux of the reactive U3+ species to the electrode surface. For example, 
at 1.5 wt%, the increase in the flow rate of the salt from 3.5 to 5.3 to 6.6 L/min causes an increase in the 
observed current from 17 mA to 21 mA to 24 mA. The current was found to achieve well-defined steady-
state current plateaus for the full range of flow rates and concentrations when the +0.4 V signal was applied.   
 
Repeatability of the measurements is also crucial for any viable safeguards-relevant sensor. Repeatable 
measurements during our testing required consistent performance of both the sensors and the flow system. 
Typical plots of the U3+/U4+ current for four repeated tests are shown in Figure 18, and statistical 
characterization of the current response for the individual transfers is shown in Table 1. The current was 
sampled at 10 Hz for these tests. As shown, all the current responses overlap well. The standard deviation 
of sampled currents during the individual transfers was low (~3%), which indicates that the turbulence and 
electrical noise levels are manageable. By sampling the continuous signals over extended durations (e.g., 
>15 s), the confidence intervals for the mean current were able to be reduced to very low levels – for all 
transfers the 99% confidence intervals were found to be less than 0.8% of the mean current value.  
 
A combined analysis of the measured values taken across the four repeated transfers is shown in Table 2. 
The relative standard deviation from the four separate measurements was less than 1.0%, indicating that 
repeatability even across transfers was quite good. The variances associated with measurements during a 
single transfer were ultimately smaller than the uncertainty that arose in between salt transfers. The inter-
transfer uncertainty likely arises due to minor differences in mass flow controller operations, valve 
actuations, temperature variations, etc. during a given transfer. Although the amount of variance that results 
from repeated transfers was quite small, further improvements to the flow system may nonetheless be 
required to fully understand the repeatability of the sensors in isolation. 
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Figure 16. FEES current response (a) to multiple potential holds (b) during a single salt transfer. 

 

 

Figure 17. Current response of multiple potential holds during a single flow experiment using the FEES. UCl3 
concentration was 0.5 (a) and 1.5 (b, c, and d). Experiments were carried out under flowing conditions at 1 L/min (a 

and b), 3 L/min, and 5 L/min. 
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Figure 18. U3+/U4+ soluble-soluble current response for repeated 

transfers (MgCl2-KCl-NaCl-UCl3) 
Figure 19. Histograms of sampled 
currents during repeated transfers 

(10 Hz sampling rate) 

 
Table 1. Statistical properties of soluble/soluble current response during individual salt transfers  

(sampled at 10 Hz) 

 Transfer #1 Transfer #2 Transfer #3 Transfer #4 
Mean Current (mA) 10.28 10.15 10.36 10.12 
Standard Deviation (mA) 0.304 0.354 0.384 0.313 
Confidence Interval 
(99.0%) (mA) 

0.0653 0.0759 0.0823 0.0671 

 
Table 2. Statistical properties of soluble/soluble current response from repeated salt transfers  

(sampled at 10 Hz) 

Metric Value from Repeated Transfers 
Mean Current (mA) 10.23 mA 
Relative Standard Deviation 0.97% 
Confidence Level (99.0%) (mA) 0.23 mA 

 
With repeatability of results confirmed, data across the full range of concentrations and flow rates could be 
analyzed to extract the Sherwood number parameters from Equation 7. Figure 20 shows a plot of the these 
experimentally measured currents as a function of flow rate for each of the four concentrations (0.5 wt%, 
1.0 wt%, 1.5 wt%, and 2.0 wt%). Each of the experimental data points was carried out in triplicate and the 
average current from the three salt transfers is shown.  

The Sherwood number parameters were determined by a nonlinear surface fit to all of these data points. 
The extracted values from this fit are shown in Table 3, and the resulting current vs flow rate predictions 
are included as lines in Figure 20.  The predictions from Equation 7 are good with the exception of the 
0.5 wt% cases. In those instances, the fit parameters lead to larger predicted currents than what were 
measured. 
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Table 3. Sherwood number parameters for FEES 

Sherwood Number 
Parameter 

FEES Correlation 

β 4.155 
n 0.458 

 
Much of the difference between the fit curves and the experimental data was the result of unplanned 
variations in the salt composition throughout the testing campaign. These variations arose because 
maintaining a stable salt composition over long durations in the full-scale flow system proved to be 
challenging, with corrosion, alloying, and precipitation phenomena combining to cause the composition 
deviate from the process knowledge values. This was particularly an issue for the data points taken at 0.5 wt% 
UCl3 as those tests were conducted first, when the alloying and precipitation phenomena occurred most 
rapidly. Although salt samples were taken throughout the several months of UCl3 testing, the samples 
unfortunately were not contemporaneous with the electroanalytical measurements – by the time the samples 
were taken the salt compositions had changed. The main mechanism through which the salt composition 
deviated from process knowledge is believed to be the alloying of uranium with the flow system’s structural 
metals. Formation of uranium oxide particles was also likely an issue. For future testing, a much more rapid 
testing campaign with contemporaneous samples would be warranted to enable more accurate process 
knowledge of the uranium concentration. 
 
With this data, we created a parity plot (Figure 21) comparing the predicted concentrations to the process 
knowledge concentrations. This figure shows that most points fell within 5% of the parity line except for 
the measurements taken at 0.5 wt%. This amount of relative error is fair but is larger than what is observed 
for standard electroanalytical sensors when used in non-flowing equipment. Much of this discrepancy, 
again, is due to the evolution of the salt composition over time which meant that, for example, the salt that 
was actually measured by the FEES likely had a much lower concentration than intended during the 0.5 wt% 
tests. Nonetheless, even with these challenges related to controlling the salt composition, the mean absolute 
deviation for measurements across all of these tests was still only 0.09 wt%. 
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Figure 20. Constant current measurements at various observed flow rates. Measurements were taken at four 
concentrations of UCl3 (0.5, 1.0, 1.5, and 2.0 wt%) in MgCl2-KCl-NaCl at 500 °C. Solid lines represent predictions 

using Sherwood number parameters from Table 3. 

 

 

Figure 21. U concentration measured with flow sensor vs. U concentration from process knowledge. Dotted lines 
are parity plus or minus 5%. 
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4.4 Flow rate measurements using the FEES 

Alongside concentration measurements, the staggered electrode design of the FEES enables measurements 
of the salt flow rate. These measurements can be extracted by applying a variety of waveforms to the 
electrodes. The waveforms can include pulses, ramps, and other synthesized sequences of signals. Multiple 
types of waveforms were studied in FY22, and the most promising approach has been to use of a series 
rapid linear voltage sweeps (LSVs) applied to the FEES’s upstream working electrode. Figure 22 shows 
the current response that resulted when a sequence of these ramps were applied over a typical 5-10 s period 
during a salt transfer. 

 

Figure 22. FEES current response (a) to multiple potential sweeps (b) during a single salt transfer. 

Figure 23 shows the LSV responses from the FEES during flow tests across a range of different flow rates 
and UCl3 concentrations. LSVs were completed at high scan rates to obtain current peaks associated with 
the U3+ oxidation. As shown, measurements taken at scan rates below 2500 mV/s did not have peaks 
because the UCl3 concentration at the electrode surface is constantly being refreshed. At higher scan rates 
though, the sweep moves faster than the surface can be refreshed, and a peak is observed. By proceeding to 
extremely high sweep rates (e.g., up to 50,000 mV/s), the magnitude of the current peak can be made to be 
independent of the flow rate and only a function of the UCl3 concentration. In these instances, the flow rate 
independence arises because the speed of the sweep is faster than the time constants associated with flow 
past the electrode (i.e., the flow is essentially stationary during the measurement). As such, a ratio of this 
current peak to the plateau current taken from the chronoamperometry has no concentration dependence 
and is theoretically only a function of flow rate. 
 
Figure 24 shows this ratio of the peak current to the plateau current plotted as a function of the flow rate as 
determined using Figure 13. As can be seen, the current ratio curves show a clear dependence on the flow 
rate, although the dependence becomes lessened at high flow velocities. From these results a viable 
measurement range from approximately 30 cm/s to 90 cm/s was achievable, although a wider range may 
be possible. While these curves can likely form the basis of high-quality flow measurements in MSR-
relevant salts, full capabilities toward that end have not been completely established during FY22 as work 
directed toward accurate concentration measurements was a higher priority. Additional work toward the 
development and assessment of flow rate measurements will be done in FY23.  
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Figure 23. Multiple LSV sweeps during a single flow experiment using the FEES. Experiments were carried out 

using flowing salt at (a) 0.5 wt% and 1 L/min, 1.0 wt% and (b) 1 L/min, (c) 3 L/min, and (d) 5 L/min. 

 

Figure 24. Peak to plateau ratio vs flow rate at different LSV scan rates (20,000 black, 40,000 red, 50,000 blue). 
Measurements were taken with the FEES under flowing conditions in 2.0 wt% UCl3 eutectic MgCl2-NaCl-KCl. 
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4.5 In-Tank Sensor Measurements 

Salt height measurements were made using the tank sensors throughout the experimental campaign in order 
to confirm the success of individual transfers and also to understand how accurately the salt volume could 
be measured throughout the course of multiple transfers. Figure 25 shows the measured salt heights during 
multiple salt transfer operations. Overall, the sensor results are highly repeatable, with a relative standard 
deviation across the measurements of only 1.5%. Additionally, all measurements were within 0.24 cm of 
each other. The high degree of accuracy suggests that salt volumes as determined by accurate depth 
measurements (such as those provided by the electrode array voltammetry sensors) could be an important 
part of material accountancy for MSRs and other molten salt systems.   
 

 

Figure 25. Salt height measurements made with the MAVS during multiple transfer experiments using the MFIT 
system. 

 
4.6 Effect of Added Fission Product Surrogates 

Throughout operations, fission products will be continually formed within a molten salt reactor. The species 
will include noble metals as well as lanthanides. Corrosion products such as Fe and Cr will also accumulate 
in the salt over time, depending on how the salt redox potential is controlled. Given the wide array of species 
that will enter the salt, it is important to confirm that measurements of actinides such as U are not disrupted 
by peaks or current responses from other species. As shown earlier, the Fe2+/Fe3+ and Cr2+/Cr3+ redox 
potentials are much higher than the U3+/U4+ reaction, meaning that they will not interfere with uranium 
measurements, other than through any dilution that may occur. The noble metals are all typically present in 
a metallic state and will not affect the FEES, except through possible deposition onto the electrodes which 
can be addressed through periodic cleaning procedures. Most of the lanthanide fission products such as La, 
Ce, etc. do not possess higher valence soluble-soluble reactions and hence do not have any oxidative 
currents that could compromise the uranium measurements. To confirm that this is the case, an addition of 
LaCl3 was made to the uranium fuel salt to assess the extent to which repeatability would be affected.  
 
Results from these tests are shown below. Figure 26a shows the current response from applied constant 
potential measurements before and after the 0.25 wt% LaCl3 addition. As is evident, the curves show 
negligible changes before and after the lanthanide addition. Statistical analysis of current responses taken 
over 15 seconds of acquisition time are shown in Table 4. The U3+ oxidation current and the corresponding 
uranium concentration before and after the addition are both within the margin of error for the 
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measurements, indicating that La did not affect the response. The linear sweep voltammograms shown in 
Figure 26 indicate why the measurements have not changed: the presence of La3+, as expected, did not 
generate any new peaks in the region of UCl3 oxidation (ca. 0.0 V vs W) that would affect the FEES 
measurements.   
 

  

Figure 26. (a) Chronoamperometry using the FEES at 5.3 L/min before and after 0.25 wt% LaCl3 addition 
(overlapping). (b) LSVs taken with the MAVS before (black) and after (red) LaCl3 addition. Measurements were 

made in MgCl2-KCl-NaCl containing 2.0 wt% UCl3 

 
 

Table 4. Statistical characterization of FEES oxidation current and concentration measurements before and after 
LaCl3 addition 

 U3+/U4+ plateau current  
(average from 3× transfers) 

Measured Uranium Concentration 
(average from 3× transfers) 

Prior to LaCl3 addition 14.73±0.35 mA 1.65±0.04 wt% 
After LaCl3 addition 14.53±0.27 mA 1.63±0.03 wt% 
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5. DISCUSSION AND CONCLUSIONS  
 
During FY22 we made significant progress toward the development and assessment of the FEES for 
material accountancy measurements. Flow testing with UCl3-bearing salts showed that the FEES are able 
to make measurements of salt compositions even during challenging flow conditions. Concentration 
measurements with a mean absolute error of 0.09 wt% were achieved for flowing salts that contained a 
broad range of UCl3 loadings. Repeatability of the measurements was also found to be good, with relative 
standard deviations of less than 1.0% for concentration measurements taken during repeated salt transfers. 
Finally, the presence of surrogate fission products and corrosion impurities were found not to affect the 
measurements. 
 
Although the performance of the sensors has been good, the MC&A requirements listed in 10 CFR 74 
require extremely accurate measurements that the FEES were not able to achieve at this stage. 10 CFR 74 
requires the standard error of the inventory difference (SEID) to be less than 0.1% of the active inventory. 
The FEES has so far only been able to achieve relative errors of approximately 5.0% for concentration 
measurements. Most of this error resulted from loss of knowledge of the UCl3 concentration within the flow 
system due to corrosion, alloying, and other processes that lead to the conversion of UCl3 to non-
electroactive species (e.g., UO2 and U0). With better long-term control of the salt composition, it is expected 
that the accuracy can be improved considerably. Nonetheless, the 0.1% SEID criterion will likely be 
challenging to achieve. The use of multimodal sensors in concert with the FEES could help push the 
accuracy toward this needed level, and this approach will be investigated in FY23.   
 
Alongside concentration measurements, the FEES has also been shown to be able to make flow rate 
measurements for radiological salts. This capability has been demonstrated for moderate flow rates using a 
combination of potential sweep and potential hold techniques. Further development of this approach, 
however, is required to fully delimit the accuracy that can be achieved. 
 
Beyond the FEES assessment, the MFIT has shown itself to be an excellent testbed for material accountancy 
and safeguards sensor development. The operation of the system has been a success over the past year, and 
it has performed particularly well in the last nine months with two three-month periods of continuous 
operation at temperature. During this time, multiple upgrades to improve temperature sensing, sensor 
connectivity and insulation have been carried out. While there were challenges with getting the flow system 
up and running, the significant advantages that result from its location within a large-scale glovebox have 
been clearly demonstrated throughout the operational campaign. For example, we were able to easily make 
additions of UCl3 and LaCl3 to the salt without exposing the system to air or disassembly, and installation 
of new sensors also proved to be straightforward.  
 
Overall, it is expected that material accountancy for MSRs will remain a considerable challenge. However, 
a combination of new monitoring tools such as the FEES and other sensors currently under development 
via the ARS program will help to close the MC&A gaps and help to make MSR commercialization a reality.  
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