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Abstract — Liquid metal (LM) plasma-facing components (PFCs) (LM-PFCs) within next-generation
fusion reactors are expected to enhance plasma confinement, facilitate tritium breeding, improve
reactor thermal efficiency, and withstand large heat and particle fluxes better than solid components
made from tungsten, molybdenum, or graphite. Some LM divertor concepts intended for long-pulse
operation at >20 MW/m’ incorporate thin (~1 cm), fast-moving (~5 to 10 m/s), free-surface flows.
Such systems will require a range of diagnostics to monitor and control the velocity, flow depth,
temperature, and impurity concentration of the LM. This paper will highlight technologies developed
for the fission and casting/metallurgical industries that can be adapted to meet the needs of LM-PFC
research. This paper is divided into four major parts. The first part will look at noncontact flowmeter
technologies that are suitable for high-temperature alkali metal systems. These technologies include
rotating Lorentz-force flowmeters for bulk flow rate measurements and particle tracking techniques
for surface velocity measurements. Second, this paper will detail the operation of a new inductive
level sensor that can be used within free-surface LM-PFCs. This robust level sensor can be mounted
below the substrate that supports the LM, so it is simple to install and is protected from the damaging
conditions inside a fusion reactor. It has been shown that this level sensor can be calibrated using
either numerical or experimental techniques. Third, distributed temperature sensors based on fiber-
optic technologies will be discussed. This advanced measurement technique provides temperature data
with high spatial resolution and has recently been successfully tested in LM systems. Last, diagnostics
to measure impurity concentration, such as electrochemical cells, plugging meters, and spectroscopic
systems, will be addressed.
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I. INTRODUCTION AND BACKGROUND

Research and engineering efforts focused on liquid
metal (LM) technologies for fission power plants started
in the 1940-1950s. Liquid metals such as Na, NaK, Pb,
and PbBi have been studied as heat transfer fluids within
LM-cooled reactors due to their excellent thermal
characteristics, high operating temperatures, low vapor
pressures, and desirable neutronic properties.'*
Comparable research efforts for LM systems related to
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fusion power began during the 1970s with a focus on Li,
PbLi, Sn, and SnLi (3 through 6).

Because of the similarities between these two fields,
many LM technologies originally developed for fission
applications can be modified for fusion research. For
example, engineers designing LM plasma-facing
components (PFCs) (LM-PFCs) for next-generation fusion
reactors can leverage preexisting tools and methods (e.g.,
piping fabrication techniques, electromagnetic pumps and
flowmeters, impurity detection/removal devices, etc.) to
handle large quantities of molten, high-temperature alkali
metal. However, many new technologies must also be
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developed or adopted to address significant issues that are
specific to LM-PFCs, namely,

1. detection and removal of tritium, impurities, and
corrosion products from lithium systems

2. transient LM temperature measurements for
pulsed, nonuniform power profiles within
a reactor

3. characterization and control of free-surface, LM
flows.

This paper will highlight key LM technologies from
the fission and casting/metallurgical industries that can be
directly translated to fusion research. Recent advances in
LM diagnostics relevant to LM divertor operation will
also be described. The first part of this paper will look at
noncontact flowmeter technologies that are suitable for
high-temperature alkali metal systems. Second, this paper
will detail the operation of new inductive level sensors
that can be used for free-surface LM-PFCs. Third,
distributed temperature sensors utilizing fiber-optic
systems will be discussed. The final section will address
diagnostics that measure LM impurity concentration.

II. NONCONTACT FLOWMETERS

As previous work has calculated,” a fusion power
plant will require approximately 1.2 kg/s (2.4 L/s) of
flowing lithium to remove 1 MW(thermal) from
a reactor. Accurately and reliably measuring large flow
rates throughout the reactor and the associated piping
network will be a vital aspect of successful plant
operation. Unfortunately, this task will be complicated
by high operating temperatures, material compatibility
issues, safety concerns over leakage and/or tritium
containment, and challenges associated with installation
and calibration. Accordingly, different flowmeter types
will likely be required to handle the challenges unique
to different components or systems within a fusion power
plant. This section will briefly describe two different
flowmeters. The first flowmeter could be used on pipes
or tubes external to a fusion reactor to measure average
LM velocities. The second flowmeter is capable of
optically measuring the surface velocity of free-surface
LM flows within the reactor.

I.A. Rotating Lorentz-Force Flowmeters

Electromagnetic flowmeters have been used in high-
temperature, alkali metal systems since the 1940s (8, 9, and
10). In general, electromagnetic flowmeters operate by
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exposing electrically conductive fluids to a prescribed mag-
netic field and then correlating changes in localized voltage
or flux density measurements to fluid velocity.
Electromagnetic flowmeters are desirable in high-tempera-
ture alkali metal systems for two reasons. First, most elec-
tromagnetic flowmeters have no moving parts or seals in
contact with the LM, which greatly reduces the risk of
leakage and  minimizes material  compatibility
issues. Second, many electromagnetic flowmeters can be
installed external to a LM piping system, so there is
typically no need to breach containment or risk
contamination.

Rotating Lorentz-force flowmeters (RLFFs) are
a unique type of electromagnetic flowmeter consisting
of a circular array of permanent magnets that can spin
upon a central, low-friction bearing. When this disk is
placed next to a pipe filled with a flowing LM, the
Lorentz force resulting from the relative motion between
the magnet and the LM causes the flowmeter to rotate.
The angular velocity of the rotating disk can then be
correlated to the average velocity of the LM. This type
of flowmeter was originally pioneered by Shercliff in
1957 (11) and 1960 (12) but has recently seen renewed
interest in the past several years.'*”'” RLFFs could be
a useful diagnostic for future LM systems within fusion
power plants because they are inexpensive to produce
and simple to install.

I1.B. Particle Tracking Flowmeters

The velocity of free-surface LM flows within a reactor
can be challenging to measure because the flows are not
contained within a pipe or tube and the flow depth and
velocity profile may not be easily controlled.”'® Optical
techniques for lithium'® and galinstan® have been
developed to measure the surface velocity using particle
tracking techniques. Surface impurities were used as tracer
particles in both of the referenced studies. The matte
appearance of oxides and other impurities contrasts sharply
with the highly reflective surface of most LMs. Similarly,
differences in emissivity between LMs and impurities
allow this technique to be used with infrared cameras.

One major limitation of the particle tracking technique
is that cameras or other recording devices will likely need
line-of-sight access to the LM-PFC. Another shortcoming
of this method is that only surface velocities can be mea-
sured in opaque LMs. However, if the geometry of the
LM-PFC and the flow parameters (e.g., depth, mass flow
rate, etc.) are well known, it is possible that complete
velocity profiles for free-surface flows could be calculated
from known boundary conditions.
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IIl. LEVEL SENSORS

A variety of well-established level sensor designs
and measurement techniques can be used to determine
the depth or level of LM in a closed-loop system.'*'
Typically, level sensors are placed in expansion tanks
or dump tanks, which are large compared to the
connected piping system, so that gradual changes in
level can be tracked under quasi-static conditions. The
most commonly used LM level sensors operate by (a)
measuring the pressure differential between the bottom
of a tank and the gas space above the LM, (b) tracking
the location of thermal gradients, or (c) using an array
of electrical probes. Unfortunately, most of the
traditional methods require invasive instrumentation
to be submerged into a LM, which could disrupt the
fast-flowing surfaces found within LM-PFCs.

Under certain conditions, laser sheet diagnostics
can be used to measure the depth of free-surface LM
flows relevant to the casting industry*? and fusion
applications.'®?*2* This noncontact level-sensing tech-
nique optically tracks changes in the location of a laser
sheet impinging upon the surface of a LM to determine
changes in depth without causing any surface waves or
flow disturbances. However, like the particle tracking
flowmeter described in Sec. II, this diagnostic requires
line-of-sight access to the LM. Additionally, the per-
formance of the laser sheet level sensor can be strongly
affected by the presence (or absence) of matte oxides
or other impurities on the surface of the LM that pro-
mote diffuse reflection.

LA, Inductive Level Sensor

The aforementioned shortcomings of different
LM-PFC level sensors can be largely addressed by
using the noncontact, inductive level sensor depicted
in Fig. 1. This noninvasive level sensor can be
installed underneath or behind the substrate that
supports the LM, which protects the level sensor
from direct exposure to high-temperatures, corrosive
LMs, and damaging plasma interactions. The solenoid
within the level sensor is energized by an alternating-
current power supply with constant peak-to-peak
voltage. During operation, variations in LM thickness
change the inductance of the circuit in a predictable
way that can be numerically or experimentally
calibrated (see Sec. III.C). The magnitude of the
inductance change depends upon on the conductivity
of the LM and the geometry of the system.
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l11.B. Inductive Level Sensor Theory

The measured inductance of the circuit L is affected by
the presence of an electrically conductive LM. Under iso-
thermal or steady-state conditions, the electrical resistivity
of the LM and substrate will remain constant, so only
changes in LM depth should affect the inductance of the
circuit.

The level sensor shown in Fig. 1 can be analyzed as
a simple resistor-inductor circuit (RL-circuit). For this ana-
lysis, assume the function generator provides a sinusoidal
output with constant peak-to-peak voltage. The frequency
f of the function generator can be adjusted or optimized as
needed (see Sec. III.B.1). The magnitude of the current in
the circuit / can be calculated with Eq. (1):

AR

I = ;
Rg

(1)

where Rp is the known resistance of the shunt resistor and
AVy is the measured peak-to-peak value of the voltage
drop across the resistor. As depicted in Fig. 1, the value
of AVg can be experimentally determined by using the
oscilloscope to measure the voltage difference between
Channel 1 and Channel 2.

The voltage across the solenoid AV, can be measured
using Channel 2 of the oscilloscope. Using Eq. (2), one
can calculate AV7;:

AV, =17 , (2)
where Z is the impedance of the solenoid. More
specifically,

Zp = \/R} + X}
and

7, =\/R>+ nfL)?* , (3)

where X; is the inductive reactance of the solenoid
and R; is the resistance of the nonideal windings in
the solenoid. After some algebraic manipulation, it
can be shown that the inductance of the solenoid
L can be calculated as

L= : (4)
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Fig. 1. A depiction of the noncontact inductive level
sensor. All oscilloscope readings are referenced to
ground. The resistor has resistance Rz. The nonideal
solenoid has both resistance R; and inductance L. The
function generator produces a sinusoidal output with
a constant peak-to-peak voltage.

During operation, changes to the inductance of the level
sensor circuit can be attributed to changes of the LM
thickness or level. If the properties of the LM are well
known, the expected changes in inductance can be calcu-
lated using numerical techniques. If the properties of the
liquid are not known, the inductive level sensor can be
calibrated using other experimental techniques.”**'

IIl.B.1. Inductive Level Sensor Operating Frequency

An appropriate level sensor operating frequency should
be chosen such that the expected skin depth J; is larger than
any anticipated LM thickness. Skin depth, which is
a measure of how far induced eddy currents penetrate into
a conductor, can be approximated with Eq. (5):

[ Pe
o ~ , 5
Tf Hoh, ®)
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where

p, = electrical resistivity of the LM
1, = vacuum permeability constant (4m x 10~7 H/m)
L, = relative permeability of the LM.

The operating frequency of the level sensor must be
appropriately selected for a given system. At low
frequencies, changes to level sensor output may be too
small to detect or too sensitive to background noise. At
high frequencies, the time-varying signal may not
penetrate the full depth of the LM. When LM depths
are much greater than the skin depth, increasing LM
thickness may not appreciably affect the output of the
level sensor.

l1I.C. Numerical Calibration and Experimental Results

The solenoid, LM, and substrate depicted in Fig. 1 can be
modeled using an open-source finite element analysis
software package known as Finite Element Magnetic
Methods®® (FEMM). An example of the axisymmetric
FEMM model and output can be seen in Fig. 2. The
Dirichlet boundaries can be seen forming a hemisphere
around the entire model. The large multifaceted rectangle in
the center of the picture represents regions of “Galinstan,”
which is an alloy made from Ga-In-Sn that is liquid at room
temperature. The off-center rectangle represents an
axisymmetric cross section of the solenoid, and the lines
emanating from the center of the picture represent the
magnetic field lines.

In brief, the experimental setup consisted of
a Wavetek 164 function generator that was configured
to output a sinusoidal signal at 500 Hz. A Tektronix
TDS-2004B oscilloscope was used to collect and ana-
lyze voltage measurements. The shunt resistor had
a measured resistance of Rz = 2.772 + 0.003 Q. The
hand-wound solenoid consisted of approximately 394
wraps of 24 AWG wire. The coil had an outer radius of
2.76 = 0.025 cm, an inner radius of 1.40 + 0.025 cm,
a height of 1.50 £ 0.025 cm, and a measured resistance
of R, =4.779 £ 0.004 Q.

The prototype level sensor was used to measure var-
ious galinstan depths contained within a thin-walled plastic
container, and a comparison of the experimental and
numerical results can be seen in Fig. 3. The inductance
of the circuit was experimentally determined to be 5.41 +
1.54 x 1072 mH when there was no galinstan in the
container. As expected, the sensitivity of the level sensor
began to decrease near the calculated skin depth of
approximately 1.2 cm.
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Axisymmetry IV. DISTRIBUTED TEMPERATURE MEASUREMENTS

Measuring transient, spatially dependent temperature
profiles within free-surface LMs is an important aspect to
successful LM-PFC operation. For example, without
knowledge of real-time temperature profiles within flow-
ing LMs, it may be difficult to calculate LM evaporation
rates, power extraction, or local corrosion/deposition
rates within a fusion reactor. Single-point temperature
measurements using thermocouples or similar thermal
sensors provide only limited insight into the thermal
behavior of an LM-PFC. This limitation could be
partially addressed by using infrared temperature mea-
surements to image the entire surface of the LM.
However, infrared diagnostics can measure only surface
temperatures and will likely require line-of-site access to
the LM-PFC, and measurements can be challenging due
to the high reflectivity>> and low emissivity®® of the
many LMs.

Galinstan —_—

Solenoid —_—

A promising new temperature-measuring technique
using glass optical fibers has recently been adopted by
LM researchers. The distributed temperature sensor con-
sists of a single fiber-optic strand within a thin-walled
stainless steel sheath that can be installed onto
components or strung across LM-filled regions of
interest. Slight density variations within the glass provide
Fig. 2. FEMM output with 2 cm of galinstan. The magnetic a Rayleigh backscatter profile that is locally stretched. or
field lines generated by the solenoid can be seen penetrating compressed when the fiber is exposed to changing
the galinstan. temperature profiles. When the glass fiber is connected
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Fig. 3. Inductance of the level sensor versus galinstan height in a plastic (electrically insulating) container.
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to a tunable laser and an interrogator circuit, the mea-
sured shift of the backscatter frequency can be used to
calculate the semicontinuous temperature profile along
the fiber.

To date, this temperature sensor has been used to
study thermal striping in high-temperature sodium
systems.?” It has also been used to study gas temperature
profiles?® and the gas-liquid interface in high-temperature
molten salt systems.*® This technology has the potential to
provide high-resolution thermal data for LM-PFCs. In
turn, it is possible that high-fidelity experimental data
collected using this technique could be used to benchmark
computational fluid dynamics/magnetohydrodynamics
codes for next-generation fusion systems.

V. IMPURITY DETECTION

Similar to LM-cooled fast fission reactors, LM-PFC
systems will need to mitigate impurity and corrosion
issues due to interactions between high-temperature
LMs and the piping systems and/or substrates.
Moreover, LM-PFCs must also be able to accommodate
extra impurity collected by the LM within the reactor due
to intentional gas and fuel injections. Accurately
measuring and subsequently controlling impurity levels
within LM-PFCs has been identified as a major need for
fusion-related LM research.”® Beyond being able to
detect and control tritium concentrations within LM sys-
tems, next-generation fusion power plants must be able to
measure and limit oxygen or other impurities that could
cause unwanted plugging or accelerated corrosion.®'*?

Devices such as plugging meters™ are a robust and
reliable tool for determining impurity levels within LMs.
Plugging meters are commonly installed in small bypass
loops connected to the main piping system. The device
operates by cooling the LM flowing through it to tem-
peratures near its freezing point where the solubility of
impurities in the LM is reduced. If/when the LM becomes
supersaturated, impurity will precipitate out of solution
and adhere to a custom flow restriction. By monitoring
LM temperature and reductions in flow rate through
a plugging meter, the saturation temperature of impurities
can be determined. Using experimental data or other
correlations, the impurity concentration can then be
calculated using the measured saturation temperature.*®
However, plugging meters are indiscriminate and
generally cannot differentiate between different types of
impurities. Additionally, for some fusion-relevant LMs
like lithium, plugging meters may not be useful for low-
level hydride detection since the saturation concentration
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near freezing is ~400 atomic parts per million (appm)
(Ref. 35).

Electrochemical impurity sensors,’® which are
designed to specifically measure one impurity (e.g.,
oxygen), can supplement plugging meter measure-
ments. However, in alkali metal systems, ceramic
electrolytes can be hindered by material compatibility
issues and limited mechanical integrity. Additionally,
some electrochemical sensors have a very narrow
temperature band in which they can operate, so they
are not suitable for installation in all parts of the LM
system.

Laser-induced breakdown spectroscopy (LIBS) is
a promising technology that has recently been adapted
to LM research in the casting/metallurgical
industries.>”*® As its name suggests, LIBS uses a laser
to locally heat a small portion of the LM surface and
generate a localized plasma. (For some applications it
may be desirable to produce a similar excitation with an
electric arc using a spark gap.) The spectra from this
small plasma are then analyzed to determine the
composition of the LM and concentration of impurities.
Depending on the composition of the impurities within
the LM, sensitivities in the range of ~1 to 10 appm can be
achieved.

This diagnostic would likely need to be installed into
the gas space above the LM within a custom vessel.
Proper purging and venting with an inert gas may need
to be used to prevent LM vapor from collecting on the
spectrometer or other sensitive diagnostics. However,
despite these potential issues, this technology could be
useful as an on-demand, in situ diagnostic within a fusion
facility or as a means to calibrate other LM impurity
Sensors.

VI. DISCUSSION

This paper has identified several technologies that can
help address technical challenges facing the development
of LM-PFCs for next-generation fusion reactors. Many of
the diagnostics highlighted in this paper were originally
developed for the fission and casting/metallurgical indus-
tries but could be readily adapted to LM-PFC research.
Newer technologies, such as noncontact inductive level
sensors, distributed temperature measurement systems,
and spectroscopic impurity detection, were also discussed.
It is hoped that advances in LM diagnostics will continue
to be generated across multiple industries and fields of
research in order to help make fusion power technically
feasible and economically viable.
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