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Abstract

Lithium rich ceramic pebbles are required for tritium breeding in future fusion reactors. The pebbles will be
installed in the form of pebble beds in the wall of the reactor and upon irradiation, will generate tritium to be used
as a fuel for the fusion reaction. A melt-based process has been developed at the Karlsruhe Institute of
Technology, which produces pebbles from the break-up of a molten jet. Synthesis powders are heated in a
platinum alloy crucible to approximately 1400 °C, after which a pressure is applied to the system, forming a jet
through a nozzle on the underside of the crucible. The jet then breaks up while entering a cooling tower, where
the droplets are solidified using a liquid nitrogen spray system. The produced pebbles generally have sizes
ranging from 250 to 1250 pm.

Recent research has focused on the optimisation of the jet break-up stage of the production process. An image
processing algorithm (specifically written for this process) was used in conjunction with a high-speed camera to
determine various jet and droplet characteristics shortly after ejection from the nozzle. Initial studies focused on
the effects of the operating pressure and more recently, a method for applying desired frequencies to induce the
jet break-up at high temperatures was developed. It has been shown that under controlled conditions, it is
possible to produce a monodisperse break-up of the jet as well as change the droplet size and spacing. These
studies resulted in a higher degree of monodispersity as well as a higher production yield.
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Introduction

Currently, fusion energy is being developed as a sustainable energy source for future generations. Reactors aim
to safely deliver abundant energy from almost inexhaustible sources while producing very limited amounts of
long-term radioactive waste (as well as no carbon dioxide). Of the two fuel components, deuterium can be
extracted from sea water, while tritium will need to be generated on-site in order to guarantee the self-sufficiency
of the reactor, allowing it to operate in a steady-state mode [1].

In order to generate the required tritium, lithium rich ceramic pebbles are to be installed into the wall of the fusion
reactor in the form of pebble beds in so-called solid breeder blankets [2]. Upon neutron irradiation (from neutrons
generated by the tritium-deuterium reaction in the reactor core), the lithium decays into helium and tritum. The
tritium is then extracted from the blanket, processed and rerouted into the reactor core to take part in the fusion
reaction, thereby completing the fuel cycle.

Currently, many processes are being developed around the world for the fabrication of the lithium rich ceramic
pebbles (for example [3 — 5]). At the Karlsruhe Institute of Technology, a melt-based process named KALOS
(Karlsruhe Lithium OrthoSilicate) has been developed, which produces ceramic breeder pebbles consisting of a
primary phase of lithium orthosilicate (LOS - LisSiO4) with a secondary strengthening phase of lithium
metatitanate (LMT — Li;TiO3) [6, 7]. Synthesis powders are heated in a platinum alloy crucible until a melt is
formed, after which a pressure is applied to the system to force the melt through a small nozzle on the underside
of the crucible, thereby forming a molten laminar jet. The jet breaks up into droplets which enter a cooling tower
where they are solidified, resulting in the formation of pebbles, which are then collected at the base of the tower.

It is important to keep the produced pebbles within the desired size range for the breeding blanket, namely
between 250 and 1250 um, to ease the filling process and to achieve a high packing factor of the pebbles. One of
the most important steps of the process, greatly influencing both the yield and the size distribution of the product,
is the break-up of the jet. Plateau-Rayleigh instabilities grow on the surface of the jet until the surface tension
forces overcome the viscous forces, causing a droplet to break off [8, 9]. In general, random ambient disturbances
cause the instability growth, resulting in an irregular break-up of the jet with random droplet sizes and spacings.
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Droplets with different momentums are able to catch up to other droplets and coalesce due to the low surface
tension, forming larger oversized droplets and ultimately oversized pebbles. It is therefore desired to influence
process parameters so as to lead to a stable regular break-up of the jet, resulting in equal droplet sizes and equal
spacings between the droplets. In order to quantify the regularity or the stability of the jet break-up, the normalised
standard deviation of the droplet spacing is used in this report. This value is also referred to as the coefficient of
variation (CV) and can be compared to other experimental set-ups. The lower the number, the more stable and
regular the jet break-up is.

In theory, instabilities with a minimum wavelength equal to the jet's circumference will grow on its surface [10].
However, before this discovery was made, Plateau described the presence of an optimum wavelength which will
grow the fastest on the jet, thereby supressing other disturbances and leading to a monodisperse break-up [11].
Rayleigh built on Plateau’s work and took the jet dynamics into account to mathematically show that the optimum
wavelength is roughly 9 times the size of the jet radius [10]. As volume is conserved during the break-up, this
results in droplets with a diameter approximately twice the size of the nozzle and jet.

Much work has been carried out to successfully apply desired frequencies to induce the break-up of jets often by
using piezo-ceramic oscillators [12 — 15], but also by applying instabilities acoustically to the system [16, 17]. Due
to complications caused by the high temperatures involved in the KALOS process, initial tests aimed to control the
stability of the jet break-up by controlling the operating pressure and therefore indirectly the speed of the jet. The
wavelengths of the instabilities on the surface of the jet were then determined by the jet speed. Later, equipment
was developed for applying desired frequencies to the pressure system acoustically and tested at room
temperature before being transferred to the KALOS process.

Material and methods

In order to obtain recordings of the break-up of the jet, a viewing port was cut in the wall of the oven and a high-
speed camera was employed with a telecentric lens. Actively cooled infra-red absorbing glass was placed in the
viewing port to protect the lens from the high thermal radiation. To provide sufficient contrast between the
jet/droplets and the background, an air cooled block was installed in the oven behind the jet (see Figure 1). By
continuously streaming air through the block, the surface was kept at a cooler temperature than all other
components in the oven and provided the required contrast for the automatic identification of the jet and droplets
in the analysis step. In order to later quantify the break-up of the jet, an image processing algorithm was applied
to the high-speed camera recordings [18]. The algorithm automatically resolves the droplets and jet and derives
multiple characteristics, which can be used to quantify the jet break-up including the coefficient of variation.
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Figure 1. High-temperature KALOS production experimental set-up.

In order to test the effects of the operating pressure on the molten jet break-up, a standard batch was prepared.
Synthesis powders (LiOH:-H,0, SiO, and TiO,), were pre-reacted to form LOS with 30 mol% LMT. The pre-
reacted powders were then filled into a platinum alloy crucible and heated up to the processing temperature of
1400 °C to form a melt. A jet was then formed by applying a gas pressure of 400 mbar to the air-tight crucible
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system via the filling pipe to force the melt through a 300 um diameter nozzle on the underside (see Figure 1).
The pressure was reduced until the jet collapsed, after which the pressure was again increased until a jet was
formed at about 60 mbar. Simultaneously, the high-speed camera recording was started (3500 frames per
second) and the pressure was increased to 700 mbar. The recording was subsequently evaluated offline using
the image processing algorithm. A batch of pebbles was then fabricated using the newly derived optimum
operating pressure and the size distribution was determined.

Initial investigations into controlling the break-up of the jet were performed using a replica process set-up at room
temperature with a steel crucible and a water-glycerine mix to imitate the melt. A frequency generator consisting
of a mid-range speaker and a silicone membrane was developed for applying vertical instabilities directly to the
air-tight pressure system within the crucible and was attached at the top of the crucible inlet. A pressure of
70 mbar was used to form a jet through a 300 um diameter nozzle and then various frequencies from 600 to
1400 Hz were applied to the system while recording with the high-speed camera. Again, the obtained recording
was analysed offline.

As the top of the platinum crucible inlet is located outside of the oven and is a cooler part of the air-tight system
(T <100 °C), it was possible to set-up the frequency generator directly in the KALOS process. Additional air
cooling was installed to ensure that the device remained at an operational temperature. A standard batch was
then prepared as previously described and a pressure of 325 mbar was applied to the system to form a jet on the
underside of the crucible. A frequency ramp from 0 — 2000 Hz was then applied to the system while recording with
the high-speed camera at 3500 frames per second, after which the recordings were evaluated offline with the
image processing algorithm.

Results and discussion

The effect of the operating pressure on the molten jet stability and the droplet generation frequency can be seen
in Figure 2a). According to the theory, at a specific operating pressure, the velocity of the jet will result in the
optimum wavelength being applied to the system from ambient disturbances. At 325 mbar, the droplet generation
frequency is at its highest, indicating that the optimum wavelength is being applied to the system resulting in the
fastest growth of instabilities and leading to the fastest break off of droplets from the jet. At the same operating
pressure, the CV value is at its lowest with a value of just above 0.4. These results indicate that the most
desirable operating pressure without a controlled excitation of the jet is 325 mbar for generating a stable break-
up. The size distribution of the pebbles produced in the subsequently fabricated batch using the determined
optimum operating pressure can be seen in Figure 2b). The initial peak is at 625 pm, corresponding well to
Rayleigh’s theory, which predicts droplets to have roughly twice the diameter as the jet at the optimum driving
frequency. It is assumed that any size changes upon solidification of the droplets are negligible and that the jet
diameter is approximately equal to the nozzle diameter. However, it can also be seen that many oversized
pebbles were formed during the production, which are a consequence of the coalescence of droplets with differing
sizes. Still, the fabricated batch had a yield of 90 mass% (pebbles between 250 and 1250 pm).
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Figure 2.a) Effect of the operating pressure on the jet stability and the droplet generation frequency b) Size distribution of
pebbles produced at 325 mbar.
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Figure 3 shows the appearance of the water-glycerine jet with different driving frequencies applied to the system
at room temperature. In this case, the operating pressure (and hence the jet velocity) was kept constant, meaning
that the only effect on the instability wavelength was the change in the driving frequency. It was found that it was
possible to generate a very regular, monodisperse break-up of the jet by applying a frequency of 1042 Hz to the
system. It can be seen that all the generated droplets have equal sizes and spacings at this frequency. At
1000 Hz, the break-up of the jet also appears to show a degree of regularity, however many undesirable smaller
droplets appear between the main droplets which could be due to the formation of satellite droplets [19, 20]. At all
other driving frequencies, almost no differences can be discerned when compared to the jet without any
excitation.

No Excitation 1000 Hz 1042 Hz 1100 Hz 1200 Hz 1300 Hz 1400 Hz

Figure 3. Effect of the driving frequency on the appearance of water-glycerine jets with constant velocities.

Figure 4 shows the results computed by the image processing algorithm after being applied to the jets shown in
Figure 3. The jet length is defined as the distance from the nozzle to the point where the droplets break off from
the jet [21]. This value fluctuates greatly during the break-up of the jet, leading to the use of the average value.
The jet length reaches a minimum at approximately 1040 Hz, which agrees with the jet images in Figure 3. The
shortest jet length indicates that the optimum wavelength is being applied to the system as the instabilities grow
the fastest, causing the jet break-up in the shortest amount of time [22]. These results agree with the effect of the
driving frequency on the CV value (also shown in Figure 4), which also shows a minimum amount of variability
between the droplet spacings at a frequency of about 1040 Hz.
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Figure 4. Effect of the driving frequency on the jet length and break-up stability for water-glycerine jets.
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Figure 5 shows the effect of the driving frequency on the break-up stability of the molten KALOS process jet. It
can be seen that the frequency has an effect on the CV value between approximately 400 and 1250 Hz with
minimums at about 685 and 900 Hz. Compared to the tests at room temperature, it is clear that the frequency has
a larger range of influence for the KALOS process. Between the two minimums, an increase in the CV value can
be seen, which is not predicted by Rayleigh’'s theory. It has been postulated that this could be the effect of
resonances within the system as have been detected in similar processes, for example [23]. Further studies will
be required to confirm their presence in the KALOS system and how exactly they affect the break-up of the jet.
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Figure 5. Effect of the driving frequency on the break-up stability of the molten jet.

The appearance of the jet at various driving frequencies is shown in Figure 6. The driving frequencies, from which
the images were chosen, were selected based on the coefficient of variation values as shown in Figure 5. The jets
at 685 and 1025 Hz both have CV values below 0.1 and each shows a highly regular monodisperse break-up.
Both the droplet sizes and the spacings between the droplets are extremely even. The jets with driving
frequencies of 555, 850 and 1135 Hz have CV values of approximately 0.2. In this case it can be seen that the
jets still display a regular break-up when compared to the jet without excitation. However, instances of
coalescences are visible (for example at the beginning of the break-up of the 850 Hz jet), which will result in
oversized pebbles. When comparing the jets at 685 and 1025 Hz (both with CV values below 0.1), it can also be
clearly seen that the driving frequency has an effect on the droplet size and spacing, leading to smaller droplets
and spacings with higher frequencies.

1025 Hz 1135 Hz
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Figure 6. Effect of the driving frequency on the appearance of the molten jet.

Figure 7 shows the pebble size distribution of a batch fabricated using a driving frequency of 1070 Hz (which
according to Figure 5 results in a CV of approximately 0.1) to induce the jet break-up. An insert of the produced
pebbles is also displayed in the figure. It can be seen that almost half the pebbles have a size of 700£50 pum.
Again, the initial peak agrees well with Rayleigh’s theory. The second peak at 875 um corresponds to the volume
of two coalesced droplets with a diameter of 700 um. The peaks at 1025 and 1125 correspond to the volume of
three and four of the initial droplets respectively. The pebbles with sizes smaller than the first peak can be formed
either due to satellite droplets or due to the break-up of droplets due to shear forces below the field of view of the
high-speed camera [24]. As the pebble size distribution is highly discrete compared to previously obtained
distributions [6, 18, 25], it can be assumed that the droplets being formed are of uniform size when breaking off
from the jet. However, other forces within the process, such as turbulence in the cooling tower, result in some
extent of droplet coalescence leading to the production of the oversized pebbles. Nevertheless, 94 mass% of the
produced pebbles had sizes between 250 and 1250 pm.
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Figure 7. Pebble size distribution for a batch fabricated with a driving frequency of 1070 Hz.

Summary

Experiments were conducted examining the effects of the operating pressure on the molten jet break-up
characteristics of the KALOS process. Following these initial tests, a method for applying desired instabilities
acoustically to the air-tight system was developed at room temperature using a steel replica crucible and a water-
glycerine mix to imitate the melt. The system was tested and then successfully transferred to the high-
temperature process.

In order to quantify the break-up stability, the coefficient of variation was used where lower values indicate less
variation between the droplet spacings. By choosing a specific operating pressure, it was possible to reduce the
CV of the jet break-up to approximately 0.4. A further reduction was attained by applying selected instabilities to
the system, reducing the CV to a minimum of 0.05 with a driving frequency of 685 Hz. In general, all jets with a
CV value below 0.1 showed a highly monodisperse break-up. Subsequently, a batch was fabricated using a
driving frequency with a corresponding CV value of 0.1 resulting in an increased yield as well as a more discrete
size distribution of the product compared to previously fabricated batches. However, oversized pebbles are still
being formed, most likely due to droplets coalescing outside the field of view of the camera. Future work will focus
on identifying resonances within the high-temperature system and minimising the coalescence of droplets.
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