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BACKGROUND

Although liquid lead-bismuth eutectic (LBE) is a good candidate
for the coolant that can be employed in a subcritical transmutation
blanket, it is known to be very corrosive to stainless steel, the
material used in the containment structure. To mitigate this prob-
lem, trace levels of oxygen can be introduced into the system,
causing the formation of a protective oxide layer at the interface
between the LBE and steel. The proper formation of this oxide
layer largely depends on the accurate measurement and subse-
quent control of the oxygen concentration in liquid LBE.

Yttria Stabilized Zirconia (YSZ) oxygen sensors, using molten
bismuth saturated with oxygen as the reference, have been util-
ized to accurately measure the concentration of oxygen dissolved
in LBE. By measuring the voltage difference across the YSZ sen-
sor, the oxygen concentration in test solutions can be determined
relative to that in the reference solutions (the potentiometric
method). The theoretical model for calculating oxygen concentra-
tion based on voltage measurements from YSZ sensors in static
conditions is well understood. The real world performance of
these systems, however, is less predictable.

RESEARCH OBJECTIVES AND METHODS

The research objectives of this project were as follows:

e To generate calibration curves of voltage versus oxygen con-
centration for the YSZ oxygen sensor system under various
temperatures in liquid LBE.

o To determine the sensor characteristics of the YSZ sensor
system.

e To determine oxygen dissolving rates in LBE under different
temperatures in vitro.

o To study the effects of unwanted electrical conductivity, con-
tributed by the mobility of the electrons at high temperatures,
for more accurate oxygen measurement.

o To study alternative and promising oxygen measuring meth-
ods.

RESEARCH ACCOMPLISHMENTS

The first experimental set up consisted of a temperature con-
trolled U-shape container, gas supplies and exhaust, a residual gas
analyzer (RGA), a high-impedance electrometer, and a PC for
data acquisition. The container is tightly sealed from the outside
atmosphere using a conflat flange except for gas inlet and outlet,
and openings for insertion of thermocouple or RGA signal wire.
Flexible heating tapes around the container heated the liquid
metal to the required temperature under the control of a tempera-
ture controller. Meanwhile, the thermally insulated container is
placed on a rocker to provide fluid motion that promotes mixing
and homogenization of oxygen concentration in LBE.

Although some calibration results were obtained using this setup,
it had several shortcomings. For instance, it was impossible to
heat the system to reach the desired high temperature (up to 750
°C). In addition, direct injection of O,/H, method adopted in this
system is unlikely to produce a required extremely low oxygen
level (ppm to tens of ppb) in liquid LBE. These problems in part
were solved by developing a new apparatus. Some noticeable
features of this apparatus were:

o Instead of using a steel tube, this apparatus incorporates a
cylindrical crucible made of Magnesia Stabilized Zirconia
(MSZ), and the liquid LBE is contained in this MSZ crucible.
MSZ was chosen because of its desirable material properties.

e The MSZ crucible sits on a stainless steel beaker. The beaker
acts as a pressure boundary, and it can distribute the weight

of the molten metal and
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The first sensor calibration experimental setup.

crucible to the outer sup-
port. Back-up materials
are used to fill the gap
between the inner crucible
and beaker.

The crucible is tightly
sealed with a metallic
os ] flange, with only a few
openings left for gas inlets
and outlets.

e A stirring unit is em-
ployed in order to mix the
gases with the molten
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metal. The stirrer is made
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ceramic. Silicon Nitride
has high temperature
strength, creep resistance,




oxidation resistance, and it is not wetted by any molten
metal. On top of those, compared to many other ceramic
materials, Si3N, has good mechanical strength.

Oxygen Sensor Calibration Results

Calibration curves were obtained from two oxygen sensors. After
some initial transients, voltage-temperature curves first follow
constant oxygen concentration lines according to the Nernst equa-
tion, and then turn to the concentration saturation line.

The slopes of experimental and theoretical curves are almost
identical, ranging from 0.33 to 0.5. This indicates that the YSZ
sensors are of high sensing quality. Overlapping of the calibra-
tion curves for the two sensors indicates consistency in the sen-
sors of the same design.

Experimental results show that tantalum oxidizes at high tempera-
ture around 480°C after running for a certain amount of time. This
directly causes tantalum wires to lose electrical conductivity, and
consequently, the sensor fails to provide meaningful signal out-
put. This effect was demonstrated. In the first trial experiment
cycle, molybdenum, stainless steel (SS) and tungsten were tested
for this purpose. When introducing hydrogen and helium mixture
into the system to clean excessive oxygen in the LBE container, it
was found that Mo responds a little faster than SS.

It had been suspected that different combinations of Bi or Bi,O;
may have affected the sensor response. During Phase III of this
project, several experiments were performed and it was deter-
mined that there are no evident effects on the sensor response.
Experiment results further confirmed that even a small amount of
residual oxygen inside sensor tubes will be sufficient for Bi to be
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Schematic of the second sensor calibration experimental setup.

oxidized.

Commercial FEM (finite element method) software, FEMLAB
was used to simulate the oxygen dissolving process and the distri-
bution in liquid LBE for the new system under three different
boundary conditions. Simulation results show that the oxygen
concentration distributes evenly in the whole flow field due to the
strong convection flow in LBE. These simulation results with the
experimental measurements help to not only determine the oxy-
gen dissolving rate and the diffusion coefficient under different
temperatures, but also provide suggestions for better experimental
design.
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