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Abstract
In lead-bismuth cooled transmutation systems, oxygen, dissolved in the coolant at defined quantities,
is required for stable long-term operation by assuring the formation of protective oxide scales on
structural steel surfaces. Extracted oxygen must be permanently delivered to the system and distributed in
the entire core. Therefore, coolant chemistry control involves detailed knowledge on oxygen mass
transport. Beside the different flow regimes a core might have stagnant areas at which oxygen delivery can
only be realised by diffusion. The difference between oxygen transport in flow paths and in stagnant zones
is one of the targets of such experiments.
To investigate oxygen mass transport in flowing and stagnant conditions, a dedicated facility was
designed based on computational fluid dynamics (CFD). CFD also was applied to define the position of
oxygen sensors and ultrasonic Doppler velocimetry transducers for flow measurements.
This contribution will present the test facility, design relevant CFD calculations and results of first
tests performed.
Introduction
In order to reduce the volume and the decay time of nuclear waste, the strategy of partitioning and
transmutation in critical and/or sub-critical fast spectrum transmuters (ADS) has been recognised as
promising. One of the designs foresees the use of heavy liquid metals like PbBi as coolant and spallation
target of such ADS system. The MYRRHA reactor planned to be built at SCK-CEN in Mol, Belgium, is one
of the most prominent projects for this technology at time [1]. PbBi as a coolant has several safety related
benefits, but compatibility problems with potential structural materials like 316l type steels require adequate
and continuous liquid metal chemistry control. The solubility of steel alloying elements is the major driving
force for steel corrosion and finally disintegration. Such corrosion process can be controlled and mitigated by
adding and controlling appropriate amounts of oxygen into the liquid metal and by surface engineering the
steels to be employed [2-4]. In a real reactor the liquid metal flow is due to the inserts highly complex and
even stagnant areas might exist. Therefore, oxygen addition and transport and interaction with impurities are
of interest for operating such type of reactors. The total demand of oxygen and the required supply rate have
been discussed already [5,6]. The control, mass transport and the interaction of oxygen, metallic and nonmetallic impurities with the coolant Lead-Bismuth Eutectic (LBE) was not addressed explicitly.
A vessel-type experimental device containing about 200 kg molten LBE is designed and used at the
Karlsruhe Institute of Technology to investigate mainly absorption of oxygen from the cover gas of the
liquid metal and its transport within the flowing LBE. Quantitative experimental investigations include
local oxygen concentration measurements as well as Doppler ultrasonic velocimetry of the fluid flow.
This presentation introduces simulations based on computational fluid dynamics (CFD) as a support
for the design of the experimental device from a fluid mechanical point of view. CFD helps to elaborate
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and evaluate design variants based on fluid mechanical aspects by identifying main flow regimes and
patterns and by optimising the position of oxygen sensors and ultrasonic Doppler velocimetry transducers
for flow velocity measurements. Based on the simulations the design and construction of the experimental
facility is presented and 1st experiments and obtained results will be discussed.
Design supporting computational fluid dynamics
One major strategy adopted during the design process and the accompanying CFD is to force an
asymmetry of the flow field by the choice of the vessel design (geometry and boundary conditions). This
strategy avoids to rely on the existence of large scale symmetric flow patterns which can be destroyed
either by an intrinsic instability of the symmetric flow field itself or by inaccuracies and deviations in
fabrication and assembly of the vessel parts.
Computational setup
A sketch of the computational domain is shown in Figure 1 (left). The cylindrical vessel includes a
quasi-stagnant flow region used to separate convective and diffusive transport of dissolved oxygen.
Oxygen concentration sensors inserted from the top of the vessel are considered in the numerical model.
The treatment of the free liquid surface is simplified by imposing a slip wall condition at the top of the
computational domain. The flow driving unit consists in a vertical tube with three radial orifices at the top.
The spatial region containing the axial impeller and flow guiding and conditioning parts (perforated plates
and guiding sheets) can be modelled and simulated separately (Figure 1, right).
Figure 1
Sketch of the computational domain
with main dimensions and boundary conditions

Computational domain (with surface mesh)
of the impeller region

The fluid Lead-Bismuth Eutectic (LBE) is treated as an incompressible fluid with constant properties
(density, viscosity) at T=400°C. The simulations are performed with the commercial CFD software STARCCM+® [7] which uses Finite-Volume spatial discretisation. Automatic polyhedral meshing is employed.
A segregated flow model that solves the conservation equations in a sequential way is used, with pressurevelocity coupling achieved by the SIMPLE algorithm. A second order upwind scheme is used as
convection scheme.
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The Reynolds-Averaged Navier-Stokes equations with a Boussinesq approximation for Reynoldsstresses are solved. The eddy viscosity is determined by a realisable k-ε-model. A two-layer (all y+) wall
treatment is employed. The rotation of the impeller blades is modelled by assigning a constant rigid
rotating motion to the spatial region containing the impeller blades and solving for a steady state solution.
The momentum conservation equations are formulated in absolute velocity components. The rotating
motion of the impeller region thus introduces an additional grid flux in all convective terms and one
additional body force in the momentum equations.
The results presented here have been obtained with a simplified representation of the flow driving
unit. The spatial region containing the flow driving unit (green cylinder in Figure 1, left) is not part of the
main computational domain of the vessel. Instead, the lower boundary of the flow driving unit is treated as
a constant pressure outlet condition whereas a velocity inlet condition is assigned to the upper boundary.
Results
The main structure of the resulting flow field is shown in Figure 2, where the left part visualises the
existence of a low-speed core region in the vessel. The right part of Figure 2 shows the main
circumferential flow structure resulting from the asymmetric distribution of three jets exiting the radial
orifices in the vertical flow driving unit.
Figure 2
Visualisation of ‘low-speed core region’
Fast jets from vertical flow driving unit and
(computational cells with velocity magnitude large scale circumferential flow pattern visualised
lower than 4 mm/s are shown) in the main vessel
by stream lines

The left part of Figure 3 shows the location of three measurement paths (UDV1-UDV3) for ultrasonic
Doppler velocimetry in the main vessel. The measurement line of UDV3 points in radial direction and
enters one of the three radial jets. The measurement line of UDV1 covers three main flow regions in the
vessel, which can also be identified in the normal velocity profiles in the right diagram in Figure 3. The
origin of the normal coordinate is situated at the height of the liquid surface (upper boundary of
computational domain). The measurement line first enters the region of the fast radial jet below the liquid
surface (Part a in diagram), then crosses the low speed core region of the vessel (part b) and finally reaches
the outer region (part c) with the large circumferential flow pattern near the wall of the vessel. The location
of the measurement line of UDV2 follows a similar strategy as UDV1. Both lines cross in one point in the
low core speed region.
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Figure 3
Location of three measurement lines
for ultrasonic Doppler velocimetry
within the main vessel

Velocity profile (normal velocity component in
the direction of the measurement line over
normal coordinate) from numerical simulations
on measurement line UDV1

In order to study the absorption of oxygen from the cover gas as well as the transport of dissolved
oxygen in the flowing LBE, oxygen sensors are placed at different locations of the flow field (Figure 1,
left). Figure 4 shows the simulated temporal evolution of a passive scalar representing the dissolved
oxygen concentration at the measurement locations of the oxygen sensors. At t=0s, the passive scalar value
is set instantaneously to the value 1 at the upper boundary of the computational domain representing the
free surface of the flowing LBE. The curves in Figure 4 show clearly distinguishable and characteristic
time signals at the different locations.
Figure 4: Temporal evolution of signals at selected probing locations of a passive scalar representing
the concentration of dissolved oxygen.
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Experimental setup
The MiNIPOT (Modular mINI reactor Pool for Oxygen Transport measurements) has three different
vessels (Figure 5). The total inventory of liquid PbBi is about 200 kg. The conditioning vessel is used for
storage and conditioning the PbBi, the smallest vessel depicted on figure 5 is employed for Ni dissolution
and transport experiments and the main vessel for the oxygen transport and interaction tests. All vessels are
equipped with type K thermocouples and at least one oxygen sensor. All three vessels are heated by a
bottom heating plate and by heating rods placed circumferential around the vessel. The maximum
temperature in the conditioning and main vessel is limited to 550°C and to 650°C in the small vessel with
the sacrificial Ni electrode. To ensure and speed up the mixing and by that conditioning of the PbBi a
simple impeller is installed in the conditioning vessel. Due to the stringent requirements regarding oxygen
partial pressure in the gas phase, the feed through is realise using a magnetic coupling. The main vessel
(Figure 5 right) is equipped with five different oxygen sensors that are placed at positions derived from the
design supporting CFD calculations (Figure 1 left). One of the sensors is placed in the pocket that should
avoid any interaction with the main flow and represents a quasi stagnant zone. All oxygen sensors are
accompanied by a thermocouple to have the actual temperature at each of the sensors positions. The pump
was constructed from stainless steel (1.4571) after the design recommendations from the CFD simulations.
Like for the conditioning container a magnetic coupled feed through is selected to transfer the rotation
movement to the pump impeller. To measure the velocity distribution two UDV sensors are placed at two
of the three ports at the main vessel. One is attached to the left port at the main vessel and the other at one
of the two ports (UDV1, UDV2) that are located on the lateral area of the cover of the vessel. The gas
conditioning is done via the gas phase using a defined H2/H2O ratio provided by an oxygen control system
described in previous publications [Mueller 2003]. The gas phase oxygen partial pressure is measured after
leaving the main vessel employing an oxygen sensor by ZIROX company.
Figure 5
Experimental setup consisting of the main vessel (left)
a conditioning vessel (right) and an additional vessel
for sacrificial probes (left, in the background)

Zoom of main vessel
showing the oxygen probes (top of vessel)
and one UDV sensor (left side)

Data acquisition is realised employing the TMX module from Astro-med having dedicated
thermocouple measurement ports. The oxygen sensor signals are measured using zero amplification
modules that simulate a high impedance to assure the correct measurement of the signals.
First experiments and results
The experiments were all performed in a similar way. The PbBi was conditioned in the conditioning
chamber. The H2/H2O ratio was about 0.0166, which corresponds to an oxygen content in the melt at
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400°C of about 2.6x10-8wt% and an oxygen partial pressure at 750°C according to a Zirox reading of ~800 mV. The gas from the oxygen control system is continuously purged over the liquid metal interface.
When the oxygen sensor located in the conditioning vessel shows the expected value the PbBi is pumped at
a temperature of 300°C via gas overpressure into the main vessel, which was purged beforehand with
Ar+5%H2.
Typical experiments are done the following way: at constant oxygen partial pressure in the gas phase
the temperature of the liquid PbBi was increased or decreased or the pump was stopped or at constant
temperature the oxygen partial pressure in the gas phase was increased or decreased. To understand the
time scale of the response of the oxygen sensors on changes in the gas phase one has to consider the
volume of the gas phase (about 7l) and the flow rate of the gas (100 cm³/min). One full exchange of the
cover gas volume requires about 70min (4200s).
Typical measured data of the 5 oxygen sensors and of two of the thermocouples are depicted in
Figure 6. On the left abscissa the voltage reading of the oxygen sensors and on the right abscissa the
temperature reading of the thermocouple in °C and the oxygen partial pressure at 750°C (Zirox reading) in
mV are given. The temperature signals of both sensors are overlapping indicating that the temperature
distribution in the main container is very homogenous. The signals of the oxygen sensors are beside the
one of sensor number 2 also pretty close to each other after about 20 000 s at a temperature of 390°C.
Figure 6: Typical measured data of a test done using the MiniPot facility

A further increase of temperature to 420°C results in some not yet understandable behaviour. Some
sensors show an increase some no changes or a decreasing voltage. A sudden reduction of the oxygen
partial pressure (Zirox reading is dropped to -977mV) is followed by a slowly increase of oxygen sensor
voltage. After ~85000s the gas phase composition was changed back and the sensor response is at least
qualitatively as expected.
A more detailed investigation of the oxygen sensor response on the increasing oxygen content in the
gas phase is depicted in Figure 7.
The oxygen sensors 1 to 4 show an almost immediate response to the increase of the oxygen partial
pressure. All 4 sensors react with decreasing voltage. Instead, the sensor No. 5 that is located in the quasi
stagnant zone of the PbBi flow does show a decreasing voltage. Such behaviour clearly indicates the
differences in convective and diffusion transport of oxygen and the necessity to understand and quantify
both transport processes.
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Figure 7: Details of figure 5 at time when oxygen content of gas phase was increased again
test April 10 to 11
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A gas phase modification in the opposite direction, decreasing the oxygen content, was also
performed in another experiment. It also shows qualitatively the expected response of the oxygen sensors
on a changing oxygen partial pressure in the gas phase. The time scales are off-course quite different
compared to the one derived from the CFD simulation (Figure 4). This can be easily explained regarding
the real exchange time of the cover gas (4 200 s) and the comparing that with the instantaneous step that
was used for the simulation.
As reported a pump is used to assure a stable PbBi flow in the main container of the MiNIPot.
Unluckily the UDV sensors foreseen to measure the flow profile did not give a reliable signal so far. This
problem is actually discussed with the supplier and might be explained by the required use of the
waveguide design. However, the functioning of the pump itself could be tested by switching the pump off
at constant temperature conditions (the PbBi is at this stage still to be reduced). The temperature of the
PbBi was set to 400°C and the oxygen partial pressure in the gas phase was kept constant at reducing
values of -1 300 mV (Figure 8). The pump was running for the first 7000s and was than switched off and
switched on again after 11000s.
Figure 8: Oxygen sensor response at constant temperature and recuing conditions

As expected all the sensors show an increasing voltage in the first period. After 7000s, when the pump
was switched off, the sensors 1 to 4 basically do not show any further increase. A plateau was more or less
reached. Switching the pump on again resulted in an increasing of the voltage signal. A slight different
behaviour can be seen at sensor 5 that is located in the dead zone area. Here the difference in inclination of
the voltage signal between pump on and off is less significant than for the other sensors.
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One very specific course of the oxygen sensor signal is depicted in Figure 9. Here at constant
temperature in air ingress was simulated.
Figure 9: oxygen sensor response on an air ingress in the cover gas

All the sensors react almost immediately on the increased oxygen content and show a sharp drop in
voltage. At 76000s a sudden increase of voltage is observed that is reversed after some time and the
expected drop of voltage continues. No temperature effect and flow differences can be considered for this
behaviour. One possible explanation is the oxidation of dissolved impurities. One can assume that
dissolved metallic impurities like Fe, Cr, Ni getter the increasing amount of oxygen and than after all
impurities are oxidised the dissolving of oxygen in the PbBi continuous. At this oxygen activity most likely
Ni is oxidised.
Conclusions and outlook
Computational fluid dynamics have been employed to support the design process of an experimental
vessel for liquid LBE from a fluid mechanical point of view. A design leading to large scale asymmetric
flow structure has been chosen. The positions of sensors for oxygen concentration and for ultrasonic
Doppler velocimetry have been selected in order to obtain unambiguous and strong measurement signals.
The fabrication and assembly of the experimental device is finished and the first experiments performed
are presented. One problem still to be solved is the UDV measurement of the velocity profile.
The temperature distribution during the experiments was very homogenous. No stratifications are
observed. The response of the sensors on changing oxygen activity was at least qualitatively as expected.
The sensor in the quasi stagnant zone, which is almost totally separated from the PbBi flow, shows a
distinct different behaviour compared to the other oxygen sensors. Diffusion transport is much slower than
the convective oxygen transport. This was clearly supported when the pump was switched off and all
oxygen transport does relay on diffusion. One difficulty for measuring the oxygen activity is associated
with metallic impurities dissolved in the PbBi. Such impurities might significantly alter the free oxygen
that can be considered for steel surface oxidation. This phenomena and especially the quantification of all
observed results is one of the objectives for future work.
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