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Abstract

Lead-bismuth eutectic (LBE) is chosen as coolant for the future MYRRHA reactor. Aerosols formed in
nuclear reactors during operations can jeopardize human health and plant operations in case of accidents.
Aerosol models are available for water, - and sodium based reactors, but not for LBE. Therefore, this
thesis presents a pilot study on the most important aerosol formation mechanism in MYRRHA:
impingement of LBE droplets on surfaces.

A ‘SPLAT setup’ is built in which LBE droplets are dispensed and impinge on liquid and solid surfaces.
Impingement is characterized with a high-speed camera; the resulting aerosol particle size distribution
(PSD) was determined with a wide range aerosol detector. Liquid impingement is studied for large (&@:
1.5 — 3 mm) and small droplets (& < 1.5 mm) with velocities between 1.82 — 2.53 m/s. Recordings of
the liquid surface show splashing, which increases with increasing droplet diameter and impact velocity.
Dry solid surface impingement shows droplet spreading. Successive LBE droplets (d: 2.90 £ 0.02 mm),
impacting a liquid surface generate aerosol particles with diameters < 250 nm. The PSD maximum is
located at 100 nm. On a dry solid surface, diameters up to 100 nm are recorded, with the PSD peak at
28 nm.

The results of this thesis show that liquid impingement of LBE droplets can pose a safety hazard as
significant amounts of sub pm aerosol particles are generated. While most splashing is observed with
the liquid surface, dry solid surface impingement generates the smallest aerosols.






Abstract in Dutch

Lood bismut eutecticum (LBE) is gekozen als koelmiddel voor de toekomstige MYRRHA reactor.
Aerosols die tijdens de exploitatie van de reactor gevormd worden, kunnen de menselijke gezondheid
en de werking van de reactor bedreigen. VVoor water,- en natrium reactoren zijn aerosolmodellen
beschikbaar, maar niet voor LBE. Daarom omvat deze thesis een pilootstudie naar een van de
belangrijkste aerosol bronnen in MYRRHA: inslag van LBE druppels op een oppervlak.

In de SPLAT setup worden LBE druppels gevormd die inslaan op een vast of vloeibaar oppervlak. De
druppelinslag werd bestudeerd met een hogesnelheidscamera en de gevormde aerosol deeltjesverdeling
(PSD) met een breed bereik aerosol detector. De inslag werd bestudeerd voor grote (&: 1.5 — 3 mm) en
kleine LBE druppels (@ < 1.5 mm) met snelheden tussen 1.82 — 2.53 m/s. Opnames van het vloeibaar
oppervlak tonen toenemende spatvorming met toenemende druppelgrootte en valsnelheid. Inslag op een
vast oppervlak resulteert in uitspreiding van de druppel. Impact van opeenvolgende druppels (&: 2.90
mm) op een vloeibaar oppervlak vormt aerosolen met diameter < 250 nm, met de PSD piek bij 100 nm.
Impact op een vast oppervlak genereert deeltjes tot 100 nm diameter, met de PSD piek bij 28 nm.

De resultaten van deze thesis tonen aan dat de inslag van LBE druppels op een oppervlak een
veiligheidsrisico kan omvatten wegens de vorming van substantiéle hoeveelheden van sub pm
aerosoldeeltjes. Terwijl ‘spatten’ voornamelijk werd waargenomen tijdens de inslag op een vloeibaar
oppervlak, genereert de inslag op een vast oppervlak de kleinste aerosols.






INTRODUCTION

1 INTRODUCTION

1.1 Context

SCK CEN is the Belgian nuclear research center situated in Mol. It is a global leader in the field of
nuclear research, services and education. SCK CEN focuses on different topics in nuclear physics,
namely: medical and industrial applications of radiation; nuclear safety and radiation protection; nuclear
decommissioning and nuclear reprocessing [1].

This master thesis is performed in the Chemistry and Conditioning Program (CCP) unit of the Advanced
Nuclear Safety (ANS) institute of SCK CEN. The topic ‘Aerosol formation from liquid impingement in
liquid metal cooled nuclear reactor systems’ is part of the MYRRHA project.

MYRRHA stands for Multi-purpose hYbrid Research Reactor for High-tech Applications. It is a novel
type of fast nuclear research reactor which is scheduled to start operating in 2036 at SCK CEN in Mol,
Belgium. MYRRHA is a unique reactor in that it consists of a high-energy — high-current proton
accelerator coupled to a sub-critical core, which is cooled with a liquid metal coolant. The high-energy
protons generate fast neutrons through spallation of the coolant to sustain the nuclear chain reaction in
the core. Unlike classical reactors, the reactor core is not cooled with water but with a liquid metal
mixture of lead and bismuth named lead-bismuth eutectic (LBE) [1]-[3]. Despite the advantages of this
cooling agent, some drawbacks remain. One of these drawbacks is the formation of aerosols by the LBE
coolant in MYRRHA.

Before finishing the construction of MYRRHA, SCK CEN wants to identify the LBE aerosol source
terms that could occur in the reactor. The formation and subsequent behavior of these aerosol particles
need to be evaluated, as plant operations and public health may be affected by their presence inside the
reactor. This study characterizes one of the most important LBE aerosol source term mechanisms in
future lead-bismuth cooled reactor systems as MYRRHA; LBE aerosol formation by liquid
impingement [2], [3].

1.2  Problem statement

LBE will be chosen as one of the possible coolants for future gen 1V nuclear systems. This LBE coolant,
which will be used in MYRRHA, can cause formation of aerosols during reactor operation. Aerosols
and more specifically LBE-aerosols entail harmful effects on human health due to their characteristics.
On top of health effects, LBE aerosols jeopardize plant operations. The risks related to LBE aerosols
are further explained in chapter 2.4.

Experience using LBE in experimental installations at SCK CEN has shown that LBE aerosols are
formed when gas interacts with LBE (called ‘entrainment’) during operation of the installation. LBE
aerosol particle deposition was observed on valves, filters and openings, illustrated in Figure 1 [4], [5].

Figure 1: Presence of LBE aerosol particles in an experimental installation at the SCK CEN which
uses LBE. From left to right: deposition on viewports, on filters, and in piping systems.



Aerosols have been studied extensively in water based nuclear systems. Modelling tools for assessing
the impact of aerosols in various accident scenarios are available [2], [6]. Also for Sodium reactors
reports, data and modelling tools are available [7]. But for LBE, quasi nothing regarding aerosols exists
as these aerosol formation mechanisms, aerosol behavior and splashing forms characteristics have not
yet been investigated [4].

Therefore, SCK CEN started a research program to study the formation and dynamic behavior of LBE
aerosols. The aim is to obtain the relevant aerosol source terms that can be used to assess the risks related
to radioactive release of these particles, for example during leakages or nuclear accidents. This is
important to perform a hazard analysis for employees and public health under accident conditions
involving LBE related aerosols and will allow modifying the reactor’s design to mitigate these hazards
if needed [5].

In light water reactors (LWR) and Sodium Fast reactors (SFR) aerosols can be formed along various
pathways, such as coolant evaporation, fission gas release under accident conditions, chemical reactions
(e.g. reaction of sodium with air) and formation of aerosols due to interactions of solids or gasses with
the coolant. Coolant evaporation and fission product release will only occur under accident conditions
and will not be considered here. Under normal operation conditions, 5 types of aerosol generation
mechanisms are identified in LWR and SFR systems, referred to as ‘entrainment source terms’. Namely
liquid impingement, bubble burst, wave undercut, roll wave and bulge disintegration [2], [3]. These 5
aerosol formation mechanisms are also expected to occur when using LBE as coolant in MYRRHA.

From a confidential safety study performed at SCK CEN, one of the most important LBE aerosol source
term mechanisms for MYRRHA was identified to be liquid coolant impingement. This thesis will
therefore focus on this mechanism, namely: on characterizing liquid impingement of impacting LBE
droplets on different surfaces under conditions expected as in MYRRHA and on characterizing the
resulting aerosol particle size distribution.

The study is unique in that the results will be the first obtained on LBE liquid impingement within the
framework of LBE aerosol formation. The results and conclusions obtained in this thesis work will be
used as a starting point for further studies regarding the LBE aerosol’s dynamic behavior inside
MYRRHA. This will aid in assessing the impact and risks of LBE aerosols for plant operation and for
employees and public health during accidents in MYRRHA.

This work is subdivided into 6 chapters. Chapter 2 discusses and compares the MYRRHA reactor with
existing reactor designs. Furthermore, the advantages and disadvantages of LBE as cooling agent and
the aerosol formation mechanisms are discussed. This theoretical chapter is followed by the description
of the design of the SPLAT setup in chapter 3. Chapter 4 provides information about the applied methods
and materials in the ex-situ and in-situ experiments. The results of the generated droplets with the
dispenser, the appeared technical difficulties, the results of the high-speed camera experiments and the
aerosol particle size distributions are discussed in chapter 5. Finally, the thesis ends with the drawn
conclusions.



THEORETICAL BACKGROUND

2 THEORETICAL BACKGROUND

This chapter starts with an overview of the generations of nuclear reactors to frame the MYRRHA
project. Hereafter, the MYRRHA reactor and the role of LBE within MYRRHA are explained in section
2.2 and 2.3. The next section discusses the drawbacks of using LBE. Section 2.5 explains aerosol
formation and splashing. In the last section of chapter 2, the relevant parameters within the framework
of liquid impingement are addressed.

2.1 Nuclear reactor generations

Nuclear reactor designs are categorized by ‘generations’; generation I, I, 111, 1+, 1V, illustrated in
Figure 2. The generations differ mainly in cost-effectiveness, safety, security, nonproliferation features,
grid appropriateness, licensability, and management of the fuel cycle [8].

The first man-made nuclear reactor was the Chicago Pile 1, built by Enrico Fermi in 1942 as part of the
Manhattan program. The reactor consisted of 40 ton natural uranium and 385 ton graphite as moderator.
The core was not cooled, nor was there a containment. Generation | reactors, built in the early 50’s, were
the first to produce civilian nuclear power. They are referred to as ‘early prototypic reactors’. A prime
example is the BR1 reactor at the SCK CEN which started operating in 1956. Generation Il reactors are
also known as commercial reactors, designed to increase safety and decrease risks associated with
accidents. Examples are the pressurized water reactors (PWR) and boiling water reactors (BWR); both
types are referred to as light water reactors (LWR). Generation Il reactors use active safety features
involving electrical or mechanical operations that can be initiated by the reactor’s operators. The first
commercial and generation Il reactor built in Belgium was the BR3 reactor at SCK CEN in Mol. BR3
started operating in 1962 and was shut down in 1987. It is currently used as pilot project to achieve
information about dismantling [9]. To advance safety, a new generation of advanced light-water
generation Il reactors were conceived. These generation Il designs incorporate passive safety systems
into the reactor structure. Additionally, generation 111+ reactor offer significant improvements in safety
certified by NRC 1990 [8]. MYRRHA belongs to the generation IV nuclear reactor designs, which are
required to be highly economical, to provide elevated safety, to produce minimal waste and to be
proliferation resistant [10].

Generation IV

Revolutionary ~
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Generatllll Evolutionary Designs

) Generation Il
Generation | [ |
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Figure 2: Nuclear reactor generations [10].

The generation IV forum identifies 6 ‘next generation’ reactor concepts: gas(-cooled) fast reactors
(GFS), lead(-cooled) fast reactors (LFR), molten salt reactor (MSR), sodium(-cooled) fast reactor (SFR),
supercritical water(-cooled) reactor (SCWR) and very high temperature reactor (VHTR) [10].



2.2 The MYRRHA reactor

The Belgian Federal Government gave in 2018 approval for the MYRRHA project, to be built at the
SCK CEN site in Mol. MYRRHA is a novel research reactor that will be used for the study of new
nuclear fuel, the production of medical radioisotopes, fundamental physics research and research on
nuclear waste and fusion. It will replace the current BR2 reactor, which is situated at the nuclear site of
the SCK CEN since 1962. BR2 has a capacity of 125 MW and is mainly used for the production of
medical radioisotopes for diagnostics, cancer therapy and neutron trans-mutation doped silicon for
industrial purposes and material research [11], [12].

MYRRHA distinguishes itself from other classical reactors as it is the first full scale implementation of
an Accelerator Driven System (ADS). In this concept, a sub-critical core is coupled to a high-power
accelerator that acts as an external neutron source. The core of the MYRRHA reactor is designed to be
sub-critical, and as such it does not contain enough fissile material to maintain the neutron chain
reactions. Hence, the reactor core must continuously be fed by neutrons which are generated by
bombarding a liquid metal spallation target with a high-current (~mA) of high-energy (600 MeV)
protons, delivered by the accelerator. This results in the generation of high-energy neutrons through a
nuclear spallation reaction that will sustain the fission chain reaction [8], [12], [13].

A second novelty is that the reactor is cooled by a low moderating liquid metal coolant (LBE), which
also acts as the spallation target. Due to the high-energy spectrum of the neutrons produced by spallation,
MYRRHA'’s design is referred to as ‘fast’ reactor. This fast reactor design does not require a moderator
but requires fuel rich in fissile material [8], [12], [13]. The LBE coolant only operates as spallation target
in the reactor’s subcritical regime. MYRRHA can also work with a critical core, without accelerator
[11], [14].

These novelties provide many benefits. For instance, the use of the accelerator will allow transmutation
of long-lived actinides, thereby considerably reducing the volume and lifetime of the reactor’s
radioactive waste. A second advantage of the accelerator is that the nuclear core reactions are safe to
control: if the accelerator is turned off, the chain reaction stops [11], [12].

MYRRHA will be constructed in 3 phases. The construction of the particle accelerator started in 2018
and should be finished in 2026. SCK CEN is planning to start building the reactor itself in 2026; the
reactor in combination with the particle accelerator will then start operating in 2036 [12].

2.3 Lead-bismuth eutectic as cooling agent in MYRRHA

MYRRHA’s cooling agent is Lead-Bismuth eutectic. An eutectic signifies a homogeneous mixture that
melts at a single temperature that is lower than the melting temperatures of the constituents. The melting
temperatures of pure lead and pure bismuth are 600.6 K and 544.4 K, while LBE melts at 397.7 K [2].
Due to this low melting temperature, LBE is favorable for many ADS-systems as it allows to decrease
the operational temperatures, which results in lower corrosion rates of structural steels and facilitates
maintenance. Besides its low melting temperature, LBE has —in comparison to other cooling agents such
as Sodium, — significantly higher boiling temperatures (Tp Lee 1944.15 K). This means that the reactor
can operate under normal pressure conditions without the risk of over pressure due to coolant boiling.
Furthermore, because of the high density (p Lse 41315 k 10,548 kg/m?®), high cooling capacities can be
reached in a compact volume.

LBE consists of 44.5 % lead and 55.5 % bismuth. Heavy elements such as lead and bismuth have a low
moderation (045 .gr = 0.0014 barn) with the result that the neutrons are not thermalized but retain a
significant energy, sufficient to facilitate fission of otherwise non-fissile elements [4]. Furthermore, LBE
does not show the violent reaction with water and oxygen or air as Sodium does. Moreover, lead and
bismuth are also excellent radiation shields, blocking gamma radiation. Due to these reasons, LBE is a
suitable candidate as coolant in fast reactors such as MYRRHA. Besides the use of LBE as a coolant,
LBE is also used for neutron generation as it acts as spallation target in the accelerator [4].
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2.4 Drawbacks of LBE for MYRRHA

Despite the advantages of LBE as coolant, disadvantages remain, such as corrosion of structural
materials, formation of oxides and the creation of aerosols. In addition, the use of LBE poses risks to
human health.

2.4.1 OXIDE FORMATION

During normal operation, a major contamination source for an ADS will be hydrogen from the
accelerator and impurities coming from corrosion of structural steels or from spallation reactions in the
target (LBE). Spallation reactions create a whole plethora of radioactive isotopes, ranging over almost
the whole periodic system and thereby leading to activation of the coolant. Besides their radiological
hazards, these impurities can also react with dissolved oxygen and therefore pose a problem for long
term operation with regards to e.g. pipe clogging [4].

Corrosion and oxide formation from other impurities are also issues that need to be tackled. Both are
connected with the solubility of most elements in LBE, including steel alloying elements (such as Fe,
Ni, Cr) and oxygen [4]. Dissolution of steel alloying elements in LBE may lead to local changes in
structure and properties of structural materials, which may result in reduced performance or
malfunctioning of reactor components. This would result in more repair work leading to increased shut-
down periods [8]. A further issue is oxide formation when LBE comes into contact with air or oxygen
containing gas [15], as oxygen readily dissolves in LBE. During any restart, maintenance or repair,
oxygen will be the largest contamination source for lead alloy systems. When oxygen dissolves in LBE,
it will react with dissolved impurities to form stable oxides or stay in LBE as dissolved oxygen. This
process can continue until the oxygen solubility limit is reached and the coolant itself starts to oxidize,
causing lead monoxide (PbO) to precipitate. As the formed oxides are solid in the temperature range
foreseen in MYRRHA, they are difficult to remove.

Corrosion is being tackled by lowering the operational temperatures and the development of corrosion
resistant alloys or coatings. Beside the use of inert cover gas to minimize oxygen dissolution, active
oxygen control methods are being researched and implemented to mitigate the effects of oxide formation
or coolant oxidation (at too high dissolved oxygen contents) and steel corrosion (at too low dissolved
oxygen contents) by adjusting the dissolved oxygen content [4].

24.2 AEROSOL FORMATION

A less familiar drawback may be the formation of LBE aerosols, further discussed in the next section
2.5. LBE aerosols will be formed inside the MYRRHA reactor wherever a gas flow comes in contact
with a liquid (e.g. LBE) or solid (e.g. deposits) or due to nucleation and growth of particles from an
oversaturated LBE vapor. Due to the various formation mechanisms involved, aerosol particle sizes
ranging from about 50 nm (freshly formed nuclei) to well over 100 pm (due to entrainment or
coagulation) are expected [4]. On top of the effects of corrosion and oxides, the aerosol particles also
jeopardize plant operations since they can form deposits, as shown in Figure 1, and potentially block
critical orifices [3].

Furthermore, the lead and bismuth nuclides present in the radioactive coolant pose potential radiological
risks. Bismuth has a low toxicity to humans but forms the alpha emitting Polonium-210 by beta decay
[51, [6], [11], shown in decay formula 1 below.

*83Bi ~ 33P0 + _3B ©)



Additionally, due to the spallation reaction of the coolant, many other radioactive isotopes are formed
inside the LBE pool. The formed LBE aerosols could therefore act as carriers of hazardous
radionuclides, such as polonium. If radioactive material can escape from a nuclear reactor during
accidents or leakages it shall do this in the form of aerosols. Thus, LBE aerosols could be potential
source terms for release of lead, polonium-210 or other radioactive elements to the environment.

Besides the disadvantages for the nuclear reactor, the aerosol particles entail health effects for the human
body. The particles have small dimensions and are therefore able to penetrate deep into the human body
[4]. Particles with a diameter of 10 microns or less, (< PMio) can penetrate and deposit deep inside the
lungs. The even more health-damaging particles are those with a diameter of 2.5 microns or less, (<
PM.5). PM2s can penetrate the lung barrier and enter the blood system. Chronic exposure to particles
contributes to the risk of developing cardiovascular and respiratory diseases, as well as of lung cancer
[16].

Moreover, the lead-containing aerosols entail a significant risk of lead poisoning [7], [8]. Heavy metal
poisoning is the accumulation of heavy metals in toxic amounts in the soft tissues of the body. Lead can
enter the human body through inhalation, ingestion or absorption. The heavy metal is distributed to the
brain, liver, kidney and bones. Lead poisoning occurs when lead builds up in the body. The symptoms
differ depending on the amount and where the buildup occurs and vary depending on the age of the
individual. Overexposure to lead may cause high blood pressure, kidney diseases, anemia, brain damage
and damage to reproductive organs. Other symptoms include fever, headaches, fatigue, vomiting,
incoordination, hallucinations, seizures and altered consciousness [4], [11].

2.5 Aerosol formation from liquid impingement

25.1 LBE AEROSOL SOURCE TERMS

LBE aerosols are already proven to be present in experimental reactors as could be deduced from Figure
1. Concerning the discussed risks related to LBE aerosols in previous section 2.4, it is necessary —from
a safety point of view— to analyze the formation and transportation characteristics of these liquid metal
aerosols formed in MYRRHA.

Aerosols can be formed in nuclear reactors during normal operations due to interactions of solids or
gasses with the coolant or under accident conditions because of e.g. coolant evaporation, fission gas
release or chemical reactions. This thesis focuses on aerosol formation under normal operating
conditions. The mechanism of interest is aerosol formation due interaction of the coolant with the gas
flowing through the reactor cover gas space.

Aerosols are created when the liquid phase is entrained in the gas phase. This takes place on the gas-
liquid interface and is influenced by the exchange of mass, momentum and energy between the liquid
film and the gas stream [18]. The state-of-the-art report on nuclear aerosols (2009) written by the
Nuclear Energy Agency and the Committee on the Safety of Nuclear Installations indicates that in light
water reactors (LWR) and Sodium fast reactors (SFR) 5 types of gas entrainment mechanisms, referred
to as ‘source terms’ occur under normal operations. Figure 3 illustrates these entrainment source terms,
namely: liquid impingement, bubble burst, wave undercut, roll wave and bulge disintegration [2], [3].
Similar aerosol generation mechanisms can be expected for MYRRHA under normal operation.
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Figure 3 Entrainment source term mechanisms in LWR and SFR [19].

Liquid impingement occurs when a liquid droplet collides on a liquid, wet solid or dry solid surface.
Due to splashing, the droplet breaks up after the collision with the surface. Secondary droplets are
formed and ejected and may be entrained in the gas phase above the surface.

Bubble burst occurs at the liquid surface of a coolant pool when bubbles injected into the liquid rise to
the surface and collapse. Bubbles can be generated by gas injection into the liquid pool for example
during gas bubbling for oxygen conditioning or when fission gas is released from fuel elements under
accident conditions. Bubbles will rise from the pool to the surface and secondary droplets generated
from the burst create aerosols above the liquid pool [20].

Under certain conditions i.e., near pumping systems, extreme deformation on the gas-liquid interface
can occur, resulting in the formation of waves, which can break up into several liquid droplets. Wave
undercut and roll wave source terms are examples of this phenomenon, occurring near pumps creating
turbulence [18]. Bulge disintegration occurs when large volumes of gas travel upwards surrounded by
a ‘wall’ liquid. Because of the motion between the downwards moving liquid and the rising gas, droplets
are created and dragged upwards.

A confidential safety study performed at SCK CEN identified the various source terms relevant for
MYRRHA. Of these, the most important LBE aerosol source term mechanisms for MYRRHA deemed
to be liquid coolant impingement. This thesis will therefore focus on this mechanism and more
specifically on characterizing liquid impingement of impacting LBE droplets on different surfaces under
conditions expected as in MYRRHA and determine the resulting aerosol particle size distribution.

2.5.2 SPLASHING

Splashing provokes aerosol formation when droplets impact on a surface (liquid impingement). When
a leak would occur in pipes containing LBE, droplets would be created whose form and size will depend
on the size and shape of the leak and of the LBE pressure at the leak. High pressure leaks can lead to a
spray of LBE droplets, resulting in pl-droplets. Another possible event to happen is when fuel rods are
taken out of the LBE pool in MYRRHA. During this event, large LBE droplets will splash back into the
LBE pool from the dripping fuel rod.

For these reasons, the surfaces to analyze are determined to be a liquid surface and a dry solid surface.
Splashing on both surfaces is elaborated in following paragraphs. This study also specifically analyses
two impinging droplet types; small, sub-mm droplets and large droplets, with a diameter of order of
millimeters, to cater for the expected droplet sizes in MYRRHA.
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There are several possible splashing outcomes when a droplet impinges on a surface. Examples are
prompt splash, crown splash, receding breakup, rebound, partial rebound of deposition [21]. Only
prompt and crown splash are considered in this study as they are the only ones that create aerosols, as
illustrated in Figure 4 [21]. During prompt splash, a drop breakup occurs immediately after impact as
the liquid droplet spreads out over the surface. Droplets are directly released from the breakup of the tip
of the advancing spread-out liquid film, also called the lamella. During crown splash, the lamella
deforms and rises from the surface, forming a high crown-like structure which breaks up into fine
droplets [22].
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Figure 4: Splashing forms due to liquid impingement.

Impingement and splashing forms have been researched for a whole plethora of liquids. The findings
and outcomes are summed in the following sections, since they are also expected to occur with LBE.

2.5.2.1 Affecting parameters

From Figure 4, it can be derived that the 2 splashing phenomena (prompt and crown splash) create
secondary droplets and thus lead to the generation of aerosols. Whether a droplet will splash, spread or
rebound depends on properties of the droplet, the surface and the fluid through which the droplet moves
[23].

For example, the shape of a droplet will be determined by liquid properties, by the initial conditions
upon release and the interaction of the droplet with its surroundings. While most calculations within the
framework of aerosol formation assume a spherical falling droplet, the shape can vary widely from
spherical to deformed to oscillating. The shape of a droplet moving through a fluid can change due to
aerodynamic forces and oscillations. The latter can be caused by friction between the droplet surface
and the surrounding fluid [23]. Furthermore, the droplet diameter is known to have major impact on
impingement outcomes. Larger drops will generate higher impact energy and thus yield splashing.
Moreover, droplet surface tension, density and viscosity also need to be considered.

The impacting surface can be a liquid, a wet solid surface or a dry solid surface. Liquid surfaces are
assumed to be deep compared to the impacting droplet’s size, i.e. the depth of the pool is an order of
magnitude larger than the droplet’s size. In this case, the bottom nor the walls of the tank influence the
liquid, in contrast with a wet solid surface, which consist of a thin layer of liquid. For dry solid surfaces,
roughness and elasticity are important parameters to determine the behavior of the impacting droplet. In
this work, a polished smooth dry solid surface is used. Next to the surface type, the elasticity of the
surface could affect the impingement outcomes [23], [24]. Lastly, the temperature of the solid surface
can cause different splashing outcomes, as in case of e.g. a cold solid surface, the droplet may solidify
upon impact.
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Furthermore, the surrounding fluid affects droplet impacting. Dry solid surface impingement is mostly
expected to generate a spreading droplet instead of a splashing droplet, further discussed in 2.5.2.2.
However, Xu Lei et al (2005) wondered how it is possible to observe splashing on a dry smooth surface.
As the liquid momentum at the surface points horizontally outwards and as there is no layer of fluid to
push against, then how does the expanding liquid layer gain a momentum in the vertical direction? In
their experiments with ethanol, they proved that the presence of a surrounding gas is essential for a
crown splash to occur on a dry smooth surface. It was observed that reducing the air pressure could
reduce the crown splash completely. In e.g. industrial applications of surface coatings, a vacuum
atmosphere or a gas with a low molecular weight is used to control splashing [29]. In our case, this
parameter is not considered, as we will be working in an inert gas atmosphere of ambient pressure.

2.5.2.2 Dry solid surface impingement
Liquid impingement with a dry solid surface is expected to result in droplet bouncing, spreading or
splashing, as illustrated in Figure 5 [23], with spreading expected to be the dominant mechanism.
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Figure 5: Impact of a droplet on a solid surface: bouncing, spreading, splashing [23].

During the impact of a droplet with a solid surface, a contact zone with a certain radius will be formed
on the surface by the contact between the lower part of the droplet and the upper part of the surface. The
liquid spreads out over the solid surface. The smooth movement of the liquid over the surface results in
the formation of a thin disc-shaped liquid film bordered by a thicker rim [25]. The disc shaped spread-
out is called a lamella. Figure 6 shows an actual spread out LBE droplet on a dry solid surface. Around
the lamella, ejected secondary droplets can be observed.

Figure 6: lamella on a dry solid surface.

The lamella reaches its maximum radius when the kinetic energy is transformed to surface energy.
Afterwards, the lamella is known to shrink due to capillary forces and to expand due to kinetic energy
[26]. The amount of contractions and expansions depends on the impact energy [27]. Eventually the
droplet reaches an equilibrium shape.

In some instances, the recoil of the lamella can make the liquid film separate from the surface, i.e. “lift-
off”. At high impact energies, the lift-off motion can cause splashing because droplets break apart from
the lamella. The lamella of viscous liquids is in several previous studies observed to lift away from the
surface, ‘gliding’ on a sheet of air. Instead of the whole lamella lifting off the surface, it is also possible
that only the tip of the lamella rises.
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This phenomenon is defined by viscosity and air pressure, according to Thoroddsen et al (2010) [22].
But, recent theories still have not found the exact mechanisms behind the lamella lift-off. During
impingement on rough surfaces, it is stated that a droplet impacting a solid surface entraps an air bubble
under its center under atmospheric conditions. When the droplet makes contact with the surface, the air
exits from underneath the spreading droplet by creating a thin air film. The lift-off is in this case
explained by ‘the floating of the lamella on the thin air layer’ [22].

As can be deduced from Figure 6, disturbances can be seen at the rim of the lamella, called ‘fingers’ or
‘radial arms’. At high impact velocities, these fingers break up into droplets and hereby converting
spreading into splashing [23]. The finger-pattern itself depends on the surface properties as the
wettability of the surface and the texture [22].

2.5.2.3 Liquid surface impingement

Liquid impingement of a droplet with a liquid surface is mostly expected to generate splashing, but
could also result in spreading. During spreading, the droplet disappears in the liquid pool with practically
no secondary droplet formation.

In the case of splashing, the liquid surface is disturbed [22]. Impingement studies with other liquids than
LBE illustrated that the impacting droplet forms a crater in the liquid surface, followed by the formation
of a liquid column which rises out of the center of the crater. The rising liquid column is called a crown,
illustrated in Figure 4. This crown-shaped splashing form can exceed the original level of the liquid
surface. The maximum height to which a crown can rise is a function of the impact energy. If the crown
is unstable, small droplet can separate from its rim causing splashing. When these secondary droplets
reenter the surface liquid, they bounce or spread since their impact velocity is small. The crown is mainly
composed of target liquid but also contains droplet liquid. In the last stage, the cavity and the crown
decreases. The crown thickens and the crater collapses. A central rebound column is formed out of the
middle of the collapsed cavity. The bouncing is stated to be dependent on the droplet diameter, the
impact velocity and the surface tension, which are encapsulated in the Weber number as elaborated in
the next section. Bouncing and spreading are expected to occur at low impact energies (i.e. low Weber
numbers), while splashing is expected at larger Weber numbers [23] [28]. The threshold from spreading
to splashing is determined for water. The boundary is not sharp, nor certain. Increasing the impact
velocity and droplet diameter increase the chances of splashing [29].

2.5.3 WEBER NUMBER

The previous sections indicate that other parameters next to the droplet size, impacting surface, and
surrounding fluid properties have a major impact on impingement outcomes, namely: the impact energy
and the impact velocity of the droplet. In sum, results of water within the framework of aerosol formation
show that high impact energies yield splashing. This indicates the importance of the kinetic droplet
energy.

The parameter used to quantify the impact energy is the Weber number [24], [30], [31]. This
dimensionless quantity describes the ratio between the inertial forces of the liquid to the surface tension
as shown in formula (2), with (p) the LBE density in [kg/m®], (v) the impact velocity of the droplet in
[m/s], (d) the droplet diameter in [m] and (o) the surface tension in [N/m].

We :pvzd (2)

g

The impact velocity (v) and the diameter (d) are to be determined in this study. Afterwards, the Weber
number for the impinging droplets can be determined. The final aim is correlating LBE droplets with
certain Weber numbers to their resulting splashing forms and aerosol characteristics, as is already
documented for water impingement phenomena [26], [27], [32], [33].
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The density of LBE at 160 °C is 10,522 kg/m? and the surface tension is 0.41 N/m [34]. For a similar
sized drop with a given velocity, the Weber number for an LBE droplet will then be + 1.87 times that of
a water droplet [35]. Several experiments with water and other fluids prove that the higher the value of
the Weber number, the larger the droplet deformations during impact [24], [32]. As will be shown further
on, for asimilar droplet size, an LBE droplet will also have a greater impact velocity than a water droplet.
All these observations already indicate that splashing and the secondary droplet formation may occur
more readily in LBE than in water.

2.5.3.1 Impact velocity
As can be seen in equation (2), the impact velocity is required to calculate the Weber number. The

impact velocities can be derived from high-speed camera recordings, which are mainly used to
characterize falling droplets and their impact mechanism. To determine which type of high-speed
camera is required to record the fast-falling droplets, the impact velocities are first estimated with
following equations. Afterwards, the actual impact velocities and Weber numbers are determined after
MATLAB processing of the recorded high-speed camera footage. This will allow to make predictions
of which splashing forms and which aerosol characteristics LBE droplets with a certain Weber number
can generate.

Calculations of the velocity of a droplet starts by considering the forces acting on the droplet. A droplet
falling in a gravity field in a medium is accelerated by the gravitational force which is counteracted by
buoyancy (due to the density difference between medium and droplet) and a drag or resistance force
(related to the relative velocity of the droplet with respect to the medium).

The general resistance force (Fr) on a spherical object of radius r [m] is described as in equation (3):
with (C,) drag coefficient, (p,,) density of the medium in [kg/m®], (v) the velocity of the medium in
comparison to the object in [m/s] and with (A) the projected surface area of the object in [m?].

E =Cy4 % pm V2A 3

A falling object at high velocity experiences a resistance force upwards. When the total force becomes
zero, the droplet reaches a constant velocity called the terminal velocity. At this point the resistance
force (F.) of the medium on the object is equal to the gravity force (E,) minus the buoyant force (Fp).
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From this the velocity of the droplet can be calculated as
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This equation (4) represents the terminal velocity, i.e. the maximum velocity a falling sphere can reach
in a medium with (g) gravitational acceleration 9.81 m/s?, (d) diameter in [m], (p.5¢) density of LBE in
[kg/m?], (p,,) density of the medium (argon) in [kg/m®] and (C,) the drag coefficient [24], [36].
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2.5.3.2 Drag coefficient
To calculate the droplet’s terminal velocity, the drag coefficient (Cq) from equation (4) is required. Cq

is influenced by fluid flow phenomena; shape resistance and friction resistance. The shape resistance
occurs when an object flows through a medium. Turbulence occurs behind the object at considerable
flow velocities. The pressure in this turbulent zone is smaller than the pressure before the falling droplet.
Because of this pressure difference, a force arises opposite to the direction of the movement. For this
reason, the shape drag is also called the pressure drag. The other frictional force is described by the
Reynolds number, illustrated in formula (5) with (p) the density of the medium in [kg/m?], (v) the
velocity of the medium in [m/s], (I) the length of the object in [m], () the dynamical viscosity of the
medium in [Pa-s]. The Reynolds number (Re) is a dimensionless parameter from flow theory, used to
determine whether a flow is turbulent or laminar.

Re = prl (5)
n

The influence of both shape and friction drag is described as the drag coefficient C,. For low Reynolds
numbers i.e. for laminar flow, the drag coefficient for a sphere is derived from the Stokes law. For higher
Reynolds numbers, the drag coefficient is derived from empirical formulas [24], which are based on the
Stokes law, the Oseen law or the Goldstein law:

Cq = % (Stokes) (6)
24 3
Ca = - (14 Re) (Oseen) @)
— 24 3p,_ 19 p2 71 3 30719 4, ]
Ca= %o (1 t e Re~ 30Re” ¥ 20280 "€ ~ 3aaoea00 K€ T ) (Goldstein) (8)

In this work we use the formula derived by Yang et al [24], based on the Oseen law, as this allows
calculating the drag coefficient for Reynolds numbers up to 2.10°:

24 3 0.635 5 . (9)
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As previously stated, the drag coefficient combines the friction drag and the shape or pressure drag. It
is assumed that the first part of equation (9) indicates the friction drag Cs and the second part represents
the pressure drag C, [24], [36]:

C,=Ci+ Gy
With ¢, = %(1 + %Re)°'635cos3a = Cyy cos’a (10)
And C, = 0.468 sin’a (11)

& Cq = Cpo cos*a + 0.468 sin*a (12)

The equations are assuming that the falling object has a spherical shape. As already discussed, this is
not always the case.
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2.5.3.3 Impact time
As the impact of a droplet on a surface is a complex event, it is difficult to predict what time scale to

expect. As a first estimate, the impact time during which an elastic colliding droplet is in contact with a
surface is used as described by formula (13) with (p) the LBE density in [kg/m?], (r) the droplet’s radius
in [m], (o) the surface tension in N/m [30].

3
pr
T = ()"

(13)

The impact time (s) is thus not affected by impact velocity but by droplet radius.
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THE SPLAT SETUP

3 THE SPLAT SETUP

3.1 SPLAT setup design

As discussed in chapter 2, when a leak would occur in LBE piping systems inside MYRRHA or in one
of the LBE carrying auxiliary system, LBE droplets will be released. The relevant surfaces to analyze
are a liquid LBE surface and a dry smooth solid surface. Furthermore, two impinging droplet types are
studies; small (sub-mm sized) droplets and large (> mm sized) droplets to cater for the expected droplet
sizes in MYRRHA.

To determine the characteristics of formed LBE aerosols, a specific ‘liquid impingement setup’ was
designed and built at SCK CEN. The ‘SPLAT setup’ is designed to study the impact of LBE droplets
on the surfaces and their formed aerosols within a gas tight chamber, which allows mimicking the gas
conditions prevailing in MYRRHYA.

To generate droplets in a well-controlled fashion, it was decided to implement a dispenser in the SPLAT
setup. To characterize the impact, a high-speed camera was considered to allow visualization of the
phenomenon and to quantify the impact velocity. The requirements for this high-speed camera are based
on the results of a parametric survey as discussed in the following section 3.2. In addition, to quantify
the LBE aerosols arising from the liquid impingement, a scanning mobility particle sizer (SMPS) and
an optical particle detector (OPC) are used. A schematic overview of the SPLAT setup is shown in
Figure 7.
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Figure 7: Schematic overview of the SPLAT setup.

The setup starts at the top with the droplet dispenser, inserted in a home-made enclosure. A close-up of
the leak tight SPLAT impact chamber is illustrated in Figure 8. The droplet dispenser is connected
through a vertical drop shoot to the impact chamber of the setup. As drop shoot, a simple pipe is used
with a length of 1 m up to 5 m, which is the maximum relevant height foreseen in the reactor and its
auxiliary systems [12]. It is also possible to perform experiments without drop shoot. Then, the distance
between the dispenser outlet and impacting surface is 40 cm.

The enclosure consists of a 6 way ISO-K 200 cross-piece [37]. The top flange is used for the drop shoot.
Of the side flanges, 2 are capped by viewports and 2 are capped by gas inlet, - and outlet parts. The latter
flanges are related to the gas flow system and are capped by conical flanges to avoid turbulence when
injecting or extracting gas into or out of the chamber through these flanges.
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The left cone is connected to a mass flow controller which ensures the creation of a desired constant gas
flow in the chamber. The right cone is connected to the SMPS, the OPC detector and to the vent through
a custom designed 3-way splitter. Inside the chamber, the bottom flange houses the impact surface,
adaptable in height with a laboratory jack. The surface is perfectly aligned to the center of the chamber
to ensure the generated droplet hits the surface in its middle and to maximize the camera field of view.
The bottom flange is computer controlled and can be moved up and down to open or close the setup, to
change the impact surface or to clean the chamber.

Figure 8 also shows 2 angled half-nipples at the top of the chamber. The right one accommodates a
second vent system. The vent flow is sent through an impact filter followed by a HEPA filter before a
central gas —exit system. The other nipple is used to flush the chamber with argon or nitrogen gas to
create an inert atmosphere. It is also possible to create a vacuum atmosphere in the setup.

Figure 8: Cross section of the SPLAT 6-way cross-piece with the dispenser at the top.

3.2 Parametric survey

Prior to building the SPLAT-setup, an experimental parametric survey was performed to estimate what
to expect of liquid LBE impingement with respect to impact velocities and impact time. This is important
in order to determine which camera specifications were required to ensure capturing the falling droplet
and the impact on the surface with sufficient resolution.

To get an idea of the time frames in which the impingement occurs, the impact velocity of LBE droplets
of 0.5 and 1.5 mm diameter were estimated for the fall heights relevant for the SPLAT setup. From this,
the Weber number and impact times were calculated. These results will allow to make predictions of
what framerates are required and how long the camera needs to record. In addition, these parameters are
also calculated for water droplets. This way, this section provides an overview of the expectations of
LBE compared to water, for which many references are available.
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3.2.1 IMPACT VELOCITY
The velocities for LBE and water droplets of 0.5 mm and 1.5 mm diameter as a function of the fall

height were calculated through equation (4) and equation (12) in section 2.5.3.1 and 2.5.3.2. The results
are illustrated in the graphs in Figure 9 and Figure 10.
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Figure 9: Estimated velocities of falling LBE and water droplets of 0.5 mm and 1.5 mm diameter in
function of the travelled droplet distance.
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Figure 10: Estimated velocities of LBE and water droplets of 0.5 and 1.5 mm diameter, impacting
from 0 - 5 m height.

Figure 9 illustrates the relation between the velocities of similar sized water and LBE droplets as a
function of the fall height. The dotted lines illustrate the velocities of falling LBE droplets and the solid

lines show the velocity for similar falling water droplets.

The droplet velocities are iteratively calculated by first choosing a random initial velocity. For this initial
velocity the Reynolds number and the auxiliary parameters x and o, and the drag coefficients Cfo, Cq are
calculated as explained in section 2.5.3.1 and 2.5.3.2. An initial velocity vo = 0 was chosen as starting

point.
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After all parameters are calculated, the acceleration for step i can be calculated and from that the velocity
for step i+1 is calculated using formula (15):

a(t;)) = —\(glpo—p —nd’ ——=md*p,, v:°Cd (v;
¢ my 0 6 8 t ¢

av(t) _ vi—Vig
dc At

© Vig1 = Q At + Vi (15)

Figure 9 illustrates that the velocities of falling water and LBE droplets increase with increasing distance
travelled and with increasing droplet size. When comparing LBE droplets with water droplets, it can be
seen that the LBE droplets (dotted lines) reach higher velocities than water droplets (solid lines) at a
given travel distance. This can be explained by the higher density of LBE. The velocity values reach a
plateau after a certain fall height: this is the ‘terminal velocity’ of a falling droplet. At the terminal
velocity, the downward gravity force of the droplet is equal to the upwards buoyancy and drag forces.
LBE droplets of 1.5 mm diameter start levelling out when falling from + 33 m height. LBE drops with
0.5 mm diameter reach their terminal velocity of + 9.6 m/s at + 16 m distance travelled. Water droplets
of 0.5 and 1.5 mm diameter have lower terminal velocities of 2 m/s and 5.6 m/s, which is reached after
a travel distance of £ 1 m and = 10 m, respectively.

In brief, these findings illustrate the influence of fluid density, fall height and droplet size on the velocity
of a falling droplet.

The heights to consider in MYRRHA are a few cm up to maximum 5 m. The green box in the graph of
Figure 9 delimits the considered travel distances in this study. Figure 10 zooms into the velocities of
LBE and water droplets, impacting from a height of 40 cm up to 5 m to offer a clearer view. It is clear
that for MYRRA a typical droplet will never reach its terminal velocity. In the study presented in this
thesis, the impingement experiments are performed at only 40 cm height. The impact velocity at this
travel distance is estimated to be + 2.65 m/s for an LBE droplet of 0.5 mm diameter and + 2.73 m/s for
an LBE droplet of 1.5 mm diameter.

Through iteration, the exact impact velocities for LBE and water droplets, falling from a height of 40
cm, 1 mand 5 m are determined and listed in Table 1 and in Table 2.

Table 1: Impact velocities of LBE droplets with 0.5 and 1.5 mm diameter at 40 cm, 1 m and 5 m
height.

Impact velocities of LBE droplets (m/s)

Droplet diameter (mm)
Distance travelled (m) 0.5 15
0.40 2.65 2.73
1.00 4.05 4.31
5.00 7.50 9.24

Table 2: Impact velocities of water droplets with 0.5 and 1.5 mm diameter at 40 cm, 1 mand 5 m
height.

Impact velocities of water droplets (m/s)

Droplet diameter (mm)
Distance travelled (m) 0.5 15
0.40 1.81 2.54
1.00 2.05 3.70
5.00 2.08 5.52
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When comparing Table 1 and Table 2, it is clear that the impact velocities increase with increasing fall
height and with increasing droplet diameter and that LBE droplets reach higher terminal velocities than
water droplets. The difference is due to the higher density of LBE compared to water. For LBE, the
travel distance is the dominant parameter.

This impacting velocity plays a key role in the impact of droplets on a surface: as the impact energy
increases, also the amount of splashing increases.

3.2.2 WEBER NUMBER
Table 3 and Table 4 illustrate the Weber number for LBE and water droplets, calculated with the above-
discussed impact velocities.

Table 3: Weber number estimations for LBE at 140 °C.

Weber numbers for LBE droplets
Diameter (mm)
Velocity
(m/s) 0.1 0.5 1 1.5 2 2.5 3
1| 2.55E+00 | 1.27E+01 | 2.55E+01 | 3.82E+01 | 5.10E+01 | 6.37E+01 | 7.65E+01
2 | 1.02E+01 | 5.10E+01 | 1.02E+02 | 1.53E+02 | 2.04E+02 | 2.55E+02 | 3.06E+02
3| 2.29E+01 | 1.15E+02 | 2.29E+02 | 3.44E+02 | 4.59E+02 | 5.73E+02 | 6.88E+02
4| 4.08E+01 | 2.04E+02 | 4.08E+02 | 6.12E+02 | 8.16E+02 | 1.02E+03 | 1.22E+03
Table 4: Weber number estimations for water at 20 °C.
Weber numbers for water droplets
Diameter (mm)
Velocity | 4 0.5 1 15 2 25 3
(m/s)
1| 1.43E+00 | 7.14E+00 | 1.43E+01 | 2.14E+01 | 2.86E+01 | 3.57E+01 | 4.29E+01
2 | 5.71E+00 | 2.86E+01 | 5.71E+01 | 8.57E+01 | 1.14E+02 | 1.43E+02 | 1.71E+02
3| 1.29E+01 | 6.43E+01 | 1.29E+02 | 1.93E+02 | 2.57E+02 | 3.21E+02 | 3.86E+02
4| 2.29E+01 | 1.14E+02 | 2.29E+02 | 3.43E+02 | 4.57E+02 | 5.71E+02 | 6.86E+02

The Weber number for the first value of Table 3 is calculated for an LBE droplet with a temperature of
140 °C as in equation (2) from section 2.5.3.1:

v3d
We = P

o

10,548. 1. 0.1 1073
0.41

o We = =2.55

From the results of Table 1, it can be seen that LBE droplets falling over a distance of 40 cm are
estimated to impact the surface at a speed of order 2.7 m/s. Therefore, the row displaying the Weber
number at a velocity of 3 m/s in Table 3 is expected to be the closest to the actual results of the high-
speed camera experiments. When comparing LBE and water, the Weber number for LBE is almost 80
% higher than for similar water droplets, falling under similar conditions.

In brief: in view of this theoretical study, LBE is expected to yield more extensive splashing than water
during liquid impingement because of the liquid metal’s high density and impact velocities. It is
expected that, owing to this, LBE droplet impingement will generate more secondary (ejected) droplets
and thus more aerosols than water droplets. To prove this statement, there is need for experimental LBE
liquid impingement values.
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3.2.3 IMPACT TIME

Table 5 shows the impact times in ms for LBE droplets at 140 °C for several droplet radii from 0.1 up
to 4 mm as calculated with equation (13). Table 6 also shows the impact times but for water droplets
instead of for LBE droplets.

Table 5: Impact times of LBE droplets with varying size

Radius (mm) 0.1 ] 05 1 15 2
Impact time (ms) 04 |12 |22 | 33| 46

Table 6: Impact times of water droplets with varying size

Radius (mm) 01 ]05] 1 |[15] 2
Impact time (ms) 03|09 |16 )| 25| 35

The time during which a droplet is in contact with the surface is observed to be about 35% higher for
LBE droplets than for water. Table 5 and Table 6 illustrate the short time frames in which the droplet is
in contact with the surface. To record the splashing phenomenon, a camera device which can record
these short impact time frames is required. From the impact velocities, calculated in with equation (15),
the time between release and impact can be calculated. For a fall height of 40 cm, a drop reaches the
point of impact after 0.28 seconds, which is orders of magnitude larger than the impact time. The frame
rate is usually chosen is such a way that it is 10 x higher than the time frame of the phenomenon, so that
the phenomenon can be recorded in enough detail. A complication is that ‘long recording times’ (i.e.
several times the impact time) will be required to record sufficient time before and after the impact.
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3.3 SPLAT setup components

The results of the experimental parametric survey enable to specifically determine which specifications
are required for the high-speed camera and other SPLAT setup components to study liquid impingement
and aerosol formation of LBE. This section elaborates on section 3.1 and section 3.2 and provides a
description of the parts of the SPLAT setup.

3.3.1 DISPENSER

As shown in Figure 9 and Figure 10 above, the SPLAT setup starts with a non-contact piezo dispenser
(Vermes Micro dispensing GmbH, Holzkirchen, Germany), functioning as a droplet generator. Micro
dispensing systems are used for car electronics, for car door coverings, in the LED industry to dispense
silver adhesives to chips, to dispense conductive paste onto thermocouples and so on [38].

The micro dispenser components are shown in the exploded view in Figure 11.

Connection for compressed air
Explosion View MDV 3280 v

Cartridge
Cable connection:
- Actuator (red)

Cartridge holder with set of screws
- Sensor (yellow)

. Connections for compressed air for
Connector for heating cable valve cooling (use optional)
Cartridge base CHI

with integrated
Luer-Lock connector

: Tappet rod + Tappet centering screw BY
* + Tappet spring
!\
Isolation body (optional) ——M

Nozzle insert
- e
Nozzle fixation nut ="

Tightening screw Tappet sealing PE + Tappet

Connector BY centering piece

Fluid box body + O-ring \ Fluid box

. MDFH-48-CHI-
Heater 48-BY BY

Figure 11: Exploded view of the Vermes micro dispenser's parts [39].

LBE is applied to the system by filling the dispenser’s cartridge inside the cartridge holder. The cartridge
is connected to the cartridge base, which are both heated with the multi-functional controller (MFC) to
ensure hotmelt dispensing. The cartridge top is closed with a compressed air adaptor. The applied supply
pressure moves the fluid in the cartridge downwards in direction of the cartridge base [39].

The blue box in Figure 11 is the valve body. It accommodates the electronics module, the piezo actuator
system, the adjust screw and the tappet, which is located in the fluid box body. The valve is connected
with the micro dispensing controller (MDC). An inside view of the valve is illustrated Figure 12. It can
be seen that the fluid box body is inserted in the bottom opening of the valve.
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Figure 12: Overview of the fluid box body in the valve.

Imagine the dispenser’s fluid box body as ‘two halves’. The upper halve of the fluid box body consists
of a tappet with a tappet rod and a tappet spring. This upper part of the fluid box body is inserted at the
bottom of the valve to ensure the connection with the piezo through a lever; the piezo moves the lever,
and thus the tappet back and forth inside the fluid box body [40]. The fluid box body’s upper part is
divided from the lower part through tappet seals.

The lower halve of the fluid box body is inserted in a mounting body, heated with the MFC to ensure
hotmelt dispensing. In the lower part of the fluid box body, the LBE assembles to be dispensed by the
downward motion of the tappet. Lastly, the conical shaped nozzle insert is foreseen at the bottom end
of the fluid box body. The nozzle openings used in this study are 150 pum and 1000 pm.

3.3.1.1 Piezo technology

The used micro dispensing system is based on non-contact piezo technology. Non-contact dispensing is
sometimes referred to as “jetting” because it involves ejecting liquid. Piezo technology points out to the
dispenser’s piezo actuator which is composed of two stacks of ceramic disks of crystalline material.
When an electrical signal is applied to the valve, a mechanical deformation is provoked due to expansion
or contraction of the ceramic [41]-[43]. When applied to the Vermes micro dispenser, this results in the
movement of the tappet. The piezo is electronically driven by the MDC. Because the tappet is
surrounded by a spring, the movement of the piezo is transferred to the spring by the lever. The
movement of the tappet results in the movement of the liquid through the fluid chamber. During
contraction of the piezo ceramic, the lever moves upwards, forcing the tappet to move in the same
direction. LBE is forced to flow from the cartridge to the cartridge base. Hereafter, LBE is sucked from
the cartridge base to the fluid box through the upward tappet movement. During the expansion of the
piezo, the lever moves down. The tappet moves downward, ‘pushing’ the assembled fluid through the
nozzle insert opening. The tappet movements are part of the dispensing parameters [43].

As already mentioned, the dispenser is controlled with 2 control units. The MFC is applied to control
the temperatures of the cartridge, the fluid box and the valve. The MFC ensures hotmelt dispensing with
maximum temperatures of 180 °C. The MDC is connected to the valve. It controls the piezo actuator
and thus the tappet.
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3.3.1.2 Dispensing parameters
The dispensing parameters to install in the MDC are listed and described in Table 7.

Table 7: Micro dispensing parameters.

Parameter Unit | Range Description
Rising time (RT) | ms | 0.24—-300ms | During RT, LBE is sucked by the up moving tappet

Opentime (OT) | ms | 0-3000ms During OT, the valve remains open. LBE can run
through the fluid channel under cartridge pressure.
Falling time (FT) | ms | 0.08—-300ms | FT indicates the closing motion of the tappet in which
LBE is forced to move from the lower halve of the fluid
box body through the nozzle opening.

Delay ms | 0.1 -1000 ms | Delay indicates the time in between two cycles.

Number of pulses 1 —infinite Number of pulses are the number of dispensing cycles

Needle lift (NL) | % 0-100 % NL means the stroke of the tappet

Supply pressure | bar | 0—7 bar The pressure assures a continuous flow of the liquid
through the micro dispensing system.

Nozzle °C |1-180°C Temperature of the nozzle opening inside the mounting

temperature body

Cartridge °C 1-180°C Temperature of the cartridge inside the cartridge holder

temperature

All parameters affect the droplet that is being dispensed [39]. However, this study is only interested in
droplets with a specific size. Therefore, the latter parameters “NL”, “supply pressure”, “nozzle
temperature” and “cartridge temperature” were kept constant because not all parameters are required to
obtain the desired outcome. Two types of LBE droplets are desired: namely small (ul) droplets and large
(ml) droplets, both within millimeter diameter range.

3.3.2 HIGH-SPEED CAMERA

To obtain records of the liquid impingement phenomenon, a Photron SA3 (Photron Deutschland GmbH,
Reutlingen, Germany) high-speed camera is used. The camera is chosen for its frame rate, based on the
estimated impact velocities and impact times in section 3.2. The camera is positioned in front of the
viewport of the SPLAT setup. From the recordings of the splashing of LBE droplets, qualitative
information (i.e., droplet shape and splashing forms) and quantitative information (impact velocity and
droplet size) can be derived. The height of the impacting surface inside the chamber is raised to align
the surface with the camera’s lens. At the opposite viewport, a LED light is foreseen.

Figure 13 illustrates the main camera components, namely: the camera’s lens; the CMOS sensor which
converts incoming photons to a digital value; the image signal processor and the interface input/output.

Figure 13: CMOS high-speed camera components [44].
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First, the incoming light is absorbed by the camera’s lens and focused onto the sensor by a lens focusing
mechanism which moves the lens closer or further from the sensor [45].

The applied high-speed camera is equipped with a Complementary Metal-Oxide Semiconductor
(CMOS) — type sensor [46]. The CMOS sensor consists of an array of pixels, made of light sensitive
elements, micro lenses and micro electronical components. The CMOS converts the charge, created by
the incoming light photons onto the sensor’s photosensitive pixels, to a voltage (through the photodiode
at the pixel site).

The signal is multiplied using an amplifier and converted into a digital value using an analogue to digital
convertor (ADC). The CMOS chip contains an ADC for each pixel column, which allows higher frame
rates compared to standard sensor chip-types which only have 1 ADC for all pixels [44], [45], [47]-
[49].

The resolution of the camera refers to the details of the image and is expressed in terms of pixels. The
highest number of pixels for the high-speed camera used in this study is 1024 x 1024. The frame rate
indicates the amount of video frames per second being captured, expressed in frames per second (fps).
At full resolution, the Photron provides 1000 fps. A high resolution means more pixels per image, so
more pixels per frame rate. A higher frame rate therefore implies a reduction in resolution and vica-
versa [46], [47], [50]. To record the impacting LBE droplets, a compromise between sufficient details
and significant frames per seconds is thus required. The required frame rate is thus dependent on the
velocity of the falling droplet.

3.3.3 SCANNING MOBILITY PARTICLE SIZER AND OPTICAL PARTICLE COUNTER

After a flow of well-controlled droplets have impacted the surface in the impact chamber of the SPLAT
setup, aerosols are formed due to liquid impingement. The aerosol particle size and amount (referred to
as ‘aerosol particle size distribution” or PSD) resulting from the impact will be analyzed using a
Scanning mobility particle sizer (SMPS) and an Optical Particle Counter (OPC). The results of both
complementary detectors will be merged to cover the entire size range due to the large range of particle
size that are is expected (50 nm -100 um). The mass flow controller at the left conical- shaped side of
the SPLAT chamber generates a continuous laminar flow rate. The flow forces the generated aerosols
to move towards the detector openings at the opposite cone.

3.3.3.1 Scanning Mobility Particle Sizer

The smallest aerosol particles are counted using a GRIMM SMPS condensation particle counter type
5416 with Vienna Rieschl type DMA electrostatic classifier (GRIMM Aerosol Technic Ainring GmbH,
Ainring, Germany).

The working principle is based on the mobility of charged particles in an electric field. When the aerosol
particles enter the SMPS, the particles are forced to pass an impactor filter to filter the oversized
particles. The particles which are not filtered out are able to pass through a bipolar neutralizer. This
neutralizer is a radioactive Am-241 source with an activity of 3,7 MBq and generates positive and
negative ionized aerosol particles [51]. The charged particles then enter a Differential Mobility Analyzer
(DMA) which classifies the charged particles in fixed size bins, based on their electrical mobility. The
classified particles then pass from the outlet of the DMA towards the SMPS’ internal condensation
particle counter (CPC).

The SMPS’ DMA is illustrated in Figure 14. It consists of a cylinder of two electrodes. The outer
electrode is kept at ground potential while the center electrode has a high negative voltage. The
difference in voltage between the center electrode rod and the tube generates an electric field. The main
flow through the center of the DMA is particle-free ‘sheath’ air. The SMPS operates at a flow inlet rate
of 0,3 L/min and a sheath flow rate of 3 L/min. The aerosol particle flow is injected between the center
rod and the outer tube and drawn toward the bottom of the column of the DMA. The particles move
downwards through the cylinder. Negative particles are pushed towards the outer wall. Particles with a
positive charge move across the sheath air towards the central negative electrode.
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Particles with a higher electrical mobility are drawn towards the inner rod at a faster rate than those with
a lower electrical mobility. Since the particles flow toward the bottom of the DMA tube, the electrical
mobility of a particle together with the strength of the electric field and the sheath air flow determines
where the particle will impact the center electrode. There is an exit foreseen near the end of the central
rod. Particles leave through the exit where they would normally impact the electrode. For a given
voltage, only particles with a certain electrical mobility will exit through the slit [51]-[54]. Thus, in
brief, a DMA is used to categorize aerosol particles based on electrical mobility since the voltage on the
central electrode can be directly related to the electrical mobility of the particles exiting the DMA.
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Figure 14: Schematic overview DMA [55].

This allows the SMPS to provide information about the amount of particles within the DMA pre-set size
range [52], [54], [56], [57]. The classified charged particles are counted by the internal condensation
particle counter (CPC) of the SMPS. The working principle is visualized in Figure 15.
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Figure 15: SMPS’ CPC working principle [61].
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To visualize the particles by the optical techniques of the CPC, the nanoparticles need to be enlarged.
For this reason, size classified particles exiting the DMA are first enlarged by sending the flow through
a heated saturator tube (Figure 15) where it is mixed with iso-butanol vapor. Hereafter, the particles pass
a cooled condenser. This ensures growth by condensation of the iso-butanol vapor upon the surface of
an existing particle. This increases the particles sizes so that they can be sensed by a photodetector as
they pass through a laser beam. The optical detection is based on light scattering. The droplet enters the
laser chamber and generates scattered light by passing the laser beam, which is collected at a scattering
angle of 90 °C with a mirror onto a photodiode. The photodiode of the OPC detects and counts aerosol
particles [52], [58]-[60].

3.3.3.2 Optical particle counter

A second detector used is a PALAS optical particle counter (OPC) (PALAS GmbH, Karlsruhe,
Germany) to extend the counting range of the LBE aerosol particles with a diameter of 0.1 um and up.
The OPC contains a laser illuminated optical system which ensures single particle detection. An inlet
flow, generated inside the SPLAT enclosure, arrives in the PALAS WELAS aerosol sensor. The
particles pass through a Xenon light source. The passing particles create scattered light [62]. The
scattered light signals are collected by a photosensitive detector: a photomultiplier. The photodetector
electric signal is amplified. The amplitude of the detected scattering signal pulses is a function of the
particle size. The scattered light pulses are converted to a corresponding size category, based on the
pulse height. Since each scattered pulse corresponds to 1 particle, which is sorted to a size category; a
particle concentration is obtained. In contrast to the SMPS, which is only able to count the particles
within pre-set size ranges, the OPC can count and measure the size of aerosol particles with a minimum
diameter of 0.1 um [63], [64].
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EXPERIMENTAL SETUP AND PROCEDURES

4 EXPERIMENTAL SETUP AND PROCEDURES

4.1 Droplet generation with a micro dispenser

To generate LBE droplets, the SPLAT setup is equipped with a Vermes MDS 300 (VERMES,
HOLZKIRCHEN, GERMANY) micro dispensing system. The MDS is controlled with an MFC 3000
multi-functional controller and an MDC 3280 micro dispensing controller. The MFC 3000 is used to
ensure hotmelt dispensing because LBE melts at 125 °C.

411 PREPARATIONS

4.1.1.1 Filling the dispenser cartridge

To fill the dispenser cartridges, the conditioning LBE tank at the SCK CEN is heated to 150 °C 48 h
upfront. When the tank reaches the desired temperature, the cartridges are filled with clean LBE up to
80 % of their capacity. To avoid the expansion of the cartridges due to solidification of LBE, the
cartridges are inserted in a custom-made stainless-steel holder. The inner diameter of the holders is the
same as the outer diameter of a fitting cartridge. The cartridges rely on a rubber stopper to close them.
The cartridges are filled by letting LBE flow from the tank’s tap into the cartridge. When approximately
80 % of the cartridge is filled, the tap of the LBE tank is closed.

4.1.1.2 Dispenser commissioning

The cartridge is inserted in the cartridge holder and screwed into the CHI-HT cartridge base. Then, the
cartridge base, hollow screw connector and lower part of the fluid box body are inserted in mounting
body which is heated to ensure hotmelt dispensing.

The fluid box body is provided with a TTF tungsten carbide tappet rod. The tappet rod with tappet spring
is fixed in a stainless-steel tappet centering screw. The tappet is provided with a PE tappet sealing and
a PEEK tappet centering piece.

To generate droplets, a N11-150 (150 pum opening) and N11-1000 (1000 pum opening) nozzle are used.
One of the nozzles is screwed onto the fluid box body. Regarding the ‘troubleshooting’ section, no
supply pressure is applied to the compressed air adapter of the cartridge, nor to the valve. Figure 16
illustrates the exploded view of the components of the dispenser.

Figure 16: Dispenser commissioning components.
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4.1.1.3 Initial adjust
Before dispensing or after every decommissioning, an adjust procedure is required to position the tappet

inside the fluid box body correctly in relation to the nozzle. The adjustment procedure starts with a
completely assembled dispenser and an empty cartridge. First, the cartridge and fluid box are heated to
the same temperature as applied during the dispensing, namely 160 °C for the cartridge and 170 °C for
the fluid box. After the temperatures are reached, the micro dispensing controller (MDC) is turned on.
To adjust the tappet, the adjust screw on top of the valve is screwed counterclockwise with a torque until
the screw cannot be rotated any further. Next, the adjust screw needs to be screwed completely open
again. Hereafter the adjust screw is screwed inwards again until a value between 0 % and 1 % is reached.
The tappet is now positioned correctly relative to the nozzle and a green light appears on the MDC. The
adjustment is confirmed by pressing enter on the MDC display.

4.1.2 DISPENSING LBE DROPLETS

After the adjust procedure, the dispensing can start. First, the cartridge is inserted in the dispensing
system and the MFC 3000 is turned on. The MFC 3000 consists of 4 channels. Depending on how the
connections are connected, the channels can be used to heat or cool the components of the dispenser. In
this setup; channel 1 is used as cartridge heater; channel 2 refers to the fluid box heater and channel 4 is
the piezo cooler. Channel 1 is heated to 160 °C, channel 2 is set to 170 °C and channel 4 is cooled to 60
°C. After the channels have reached their temperatures, the MDC is switched on. No supply pressure is
applied to the cartridge nor the valve. To dispense droplets, several parameters need to be installed as
desired. The dispensing parameters are: open time, rising time, falling time, needle lift, delay, number
of pulses, cartridge temperature and nozzle temperature.

4.1.2.1 Determination of droplet size

To analyze the correlation between the parameters and the generated droplet, the varying parameters are
one by one set to their minimum and maximum, while the parameters needle lift, cartridge temperature,
fluid box temperature and supply pressure are kept constant. The observations are written down. The
parameters cartridge temperature and nozzle temperature are kept constant at 160 °C and at 170 °C, as
well as the parameter needle lift at 70 % during the droplet diameter determination experiments.

Droplets are dispensed onto an aluminum tray positioned 5 cm under the nozzle. After dispensing with
every parameter-set, the dispensed droplets are allowed to cool to room temperature and solidify. The
solidified LBE droplets are then collected with tweezers and are weighed with an Alfa Mirage SD-200L
analytical balance (ALFA MIRAGE, OSAKA, JAPAN). For every parameter-set, the weight of the
dispensed droplet is noted.

To determine the dispenser’s reproducibility or standard deviation, specific parameter-sets are dispensed
eight times in succession. An average of the eight droplets weights and the standard deviation is
determined.

4.1.3 CLEANING THE DISPENSER

Because LBE solidifies at room temperature, it is necessary to avoid cooling the dispenser system. But,
if the nozzle needs to be changed or if the micro dispenser system is cooled down due to occurring
dispensing problems, the cartridge base, the hollow connecting screw, the fluid box body, the tappet
seals and the nozzle need to get cleaned to remove stuck LBE and LBE oxides. After cooling to room
temperature, the dispenser is disassembled as much as possible. It is possible that due to the solidification
and due to the oxides, the components are impossible to disassemble. This can be solved by heating the
components using a heat gun set to 180 °C. until the stuck LBE flows out. The components can now be
disassembled, using a suitable multi-functional tool of Vermes. Because oxides do not melt at 180 °C,
LBE leftovers and oxides are removed from the components using LBE cleaner liquid, consisting of
acetic acid, peroxide and water in a 1:1:1 ratio. Under a fume hood, a measuring cylinder is filled first
with 20 ml demi water, followed by 20 ml 96 % acetic acid and 20 ml peroxide. The dispenser
components are placed in a cup. The LBE cleaner is poured over them. The components are left to rest
next 30 minutes. After 30 minutes, the components are flushed five times with demineralized water.
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After flushing, the parts are further cleaned by hand using a nozzle insert cleaning tool, fluid box
cleaners, cleaning rods and fluidic brushes of Vermes. The nozzle is cleaned by placing it on the nozzle
insert cleaning holder. With a nozzle cleaning wire of the same diameter as the opening, the nozzle insert
opening is removed from blocking parts. Lastly all parts are air dried. The parts may now be assembled
again. Before starting dispensing, it is necessary to perform the adjust in 3.2.1.3 again since the nozzle,
tappet and adjust screw were disassembled.

It is also possible to skip the time-consuming heating step by flushing the dispensing system while
operating. For this purpose, a ADHESIQ PUR hotmelt cleaner is inserted in an empty cartridge. The
cartridge temperature is increased to 180 °C with the MFC. In order to move the fluid through the
system, a supply pressure of 1 bar is applied to the compressed air adapter. Hereafter the ‘F1” button on
the MDC is pressed to move the tappet upwards, to flush the dispenser. After flushing the complete
dispenser, all parts are flushed with demi water after they are cooled to room temperature. The above-
mentioned manual cleaning and dry steps were repeated.

4.2 Liquid impingement analysis

To determine the Weber numbers of dispensed impacting LBE droplets and to determine the
impingement forms, a high-speed camera is implemented in the SPLAT setup.

421 HIGH-SPEED CAMERA COMMISSIONING

To record the liquid impingement phenomenon, a Photron fastcam SA3 (Photron Deutschland GmbH,
Reutlingen, Germany) in combination with an AF micro NIKKOR 60 mm lens is used. The high-speed
camera is positioned on the item undercarriage of the SPLAT setup in front of the viewport using a
height adjustable tripod in combination with railings. The high-speed camera is positioned in line with
the surface to impact in the gas tight intersection SPLAT chamber. At the opposite viewport, a LED
light is fixed on the item undercarriage, aligned with the camera’s lens. The dispenser is directly inserted
in an inert enclosure on top of the SPLAT chamber without cartridge inserted. Figure 17 illustrates the
experimental setup.

Figure 17: Experimental setup of the high-speed camera.

After all connections are checked, a solidified LBE cartridge is placed into the cartridge holder. The
cartridge holder is closed off from the environment by screwing the compressed air adapter lid onto it.
The compressed air hose is blocked with a fitting plug to create an under pressure. For the first series of
experiments the 1000 pm nozzle was used. During the second experiment, a 150 pm nozzle insert is
used. The high-speed camera is calibrated by imaging an object with well-known dimensions. The
camera’s installed frame rate is 15,000 fps. The applied resolution is 640 x 288. The shutter speed is
1/35000 sec. These settings provide 11,377 saved frames per 0.758 seconds.
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4.2.2 IMPACTING SURFACES

The high-speed camera experiments are performed with two different surfaces. The liquid surface entails
a 3 cm high round heated stainless steel tray filled to the top with LBE. To keep the LBE liquid, the
surface is heated to 135 °C with a heating band. The temperature is measured with a type-K
thermocouple. The temperature is maintained at the desired temperature by a PID controller. The liquid
surface is raised to align it with the camera’s lens using a laboratory jack. The other used impacting
surface refers to a dry solid polished steel tray. Inside the tray, a polished plate is inserted perpendicular
under the nozzle opening. The plate has the same height as the inner height of the inox tray. Otherwise,
the high-speed camera would not have been able to perceive the surface. To align it with the camera’s
lens, a laboratory jack is placed underneath the tray as well. The dry solid surface is not heated. Figure
18 illustrates the impacting surfaces, which are inserted in the SPLAT chamber.

Figure 18: The impacting surfaces: liquid surface (left) and dry solid surface (right).

423 HIGH-SPEED CAMERA RECORDINGS

4.2.3.1 Liquid impingement with 1000 ym nozzle

To generate droplets, the MFC is switched on. The valve cooling channel 4 (depending on the
connections) is set to 60 °C and the fluid box heater is set to 145 °C. After 10 minutes, the cartridge
heater is set to 140 °C. After 20 minutes, the MDC is turned on. To decrease the leaking frequency, the
cartridge temperature is lowered to 139 to 140 °C and the fluid box body temperature to 143 to 144 °C
during the experiments. The installed dispensing parameters in the MDC are: 5ms RT, 1 ms FT, 5 ms
OT, 70 % needle lift, 100 ms delay and 4 number of pulses. Afterwards, the button ‘trig’ is pressed to
dispense the required droplets. At the same time the ‘trig’ button is pushed, the camera is asked to record.
By playing the recordings on the Photron software, the time frame of the phenomenon is selected and
this time frame is saved. The surfaces were switched in between from liquid to dry solid.

To clean the dry solid surface in between the recordings, a cone of the SPLAT enclosure is removed.
By the time the surface was cleaned from the solidified droplets on the surface by lowering the lower
surface flange, a new leaking droplet arrived already. By opening the cone, the surface is easy to reach
and thus rapidly cleaned. The surface is cleaned in between high-speed camera recordings by pushing
off the impacted leaking droplets using a spoon and a piece of paper. Afterwards, the dispenser is
requested to dispense. Simultaneously the camera is asked to record once again.

4.2.3.2 Liquid impingement with 150 um nozzle

A 150 pm nozzle is used to analyze the impingement of smaller droplets. The dispensing parameters
are: 1 msRT, 0,6 ms FT, 1 ms OT, 70 % needle lift, 100 ms delay and 4 number of pulses. The cartridge
was heated to 139°C and the fluid box to 143°C. Then, the impingement is recorded similarly to 4.2.3.1.
At the end, the droplet diameters and velocities were processed using MATLAB.
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4.3  Aerosol particle size distribution analysis

To determine the particle size distribution (PSD) of aerosols, generated by liquid LBE impingement, a
SMPS and an OPC are implemented in the SPLAT setup.

43.1 SMPS AND OPC COMMISSIONING

To determine the PSD of the formed LBE aerosols, the SPLAT setup is flushed with an inert gas using
a mass flow meter controller (Bronkhorst high tech b.v., Ruurlo, The Netherlands) with a maximum
flow rate of 30 I/min. The mass flow controller was connected to the left cone of the SPLAT enclosure
and provided with 2 bar argon gas.

The opposite right cone of the SPLAT setup is connected to the vent system, the inlet of the GRIMM
SMPS condensation particle counter type 5416 with Vienna Rieschl type DMA electrostatic classifier
(GRIMM Aerosol Technic Ainring GmbH, Ainring, Germany) and with the inlet of the PALAS OPC
2000 H with Palas welas aerosol sensor (Palas GmbH, Karlsruhe, Germany) with a 3 way-splitter.

To generate LBE droplets, the micro dispenser is positioned on top of the enclosure and equipped with
a 1000 um nozzle. The lid of the dispenser’s chamber is closed, as well as all other flanges and lids of
the setup.

The experiments are performed with a liquid and a dry solid surface. The liquid LBE surface is heated
during the experiment to 135 °C. The dry solid surface is not heated.

4.3.2 PARTICLE SIZE DISTRIBUTION

Before starting the experiments, the SMPS device is switched on using the SMPS GRIMM nano 181
software to prepare the condensation and saturation of the device. After the SMPS has reached its
temperatures, the enclosure is flushed with 2,6 I/min argon using the computer controlled mass flow
controller.

Next, the dispenser’s MDC is installed. The cartridge temperature is set to 139 °C and the fluid box
temperature to 143 °C. The dispenser was requested to dispense an infinite number of LBE droplets,
generated with 5 ms RT, 1 ms FT and 5 ms OT. During the impingement of the LBE droplets on the
surface, the SMPS and the OPC are requested to measure the aerosol particle distribution using the
device’s software.

The results are gathered by the device’s software in graphs.
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RESULTS AND DISCUSSION
5 RESULTS AND DISCUSSION

This chapter discusses the results of the experiments starting with the droplet generation results, which
are discussed in section 5.1. Next section 5.2 deals with the technical difficulties that occurred, in order
to facilitate further research. Liquid impingement (i.e. Weber numbers and splashing forms) of LBE
droplets is studied in section 5.3. Finally, the PSD of the aerosols, resulting from the impact of LBE
droplets is determined in section 5.4.

5.1 Dispensed LBE droplets results

5.1.1 CORRELATION OF DISPENSER PARAMETERS AND DISPENSED DROPLETS

Table 8 and Table 9 show the correlation of the dispenser parameters and the generated droplets. Only
the varying parameters were inserted in in column 1 to 5 from Table 8. The cartridge temperature was
kept constant at 160 °C, nozzle temperature at 170 °C, valve cooling at 60 °C and needle lift at 70 %.
The last column of Table 8 shows the observations about the dispensed droplets. The bold outlined
columns indicate the applied method to visualize the relationship between dispenser parameters and
generated droplets, namely by setting all parameters one by one to their minimum, intermediate and
maximum value. Table 8 shows the dispensed droplets when the dispenser was equipped with a 150 um
nozzle. Table 9 shows the results for a larger nozzle opening of 1000 pum.

The parameters in the first row of Table 8 were set at ‘random’ values to have a starting point to compare
with. In the first row, the parameters rising time (RT), falling time (FT), open time (OT) and delay were
therefore all set to 100 ms. Number of pulses is related to the Delay time, which is the time in between
2 dispensing cycles. Because most of the time only 1 droplet was instructed to dispense, the delay time
had no influence. After dispensing using the first ‘random’ parameters in row one of Table 8, it was
assumed that because the ‘number of pulses’ parameter was set to 1, only one droplet would be
dispensed. Instead, two droplets were dispensed. A possible explanation can be that rising time or open
time were set too high. A significant amount of liquid LBE was ‘assembled’ to dispense during the time
in which the valve remained open. The dispensing volume was too much to dispense in a single droplet.

Row 2, 3 and 4 show the results of the varying values of RT while FT was kept constant at 100 ms and
OT at 50 ms. When RT was set to its maximum value of 300 ms, 3 or 4 droplets were dispensed while
when RT was set to its minimum value of 1 ms, only 2 small droplets were generated. It was expected
that when increasing RT, the dispensing volume would increase and showing as large droplets being
dispensed. It was not possible to see by the naked eye whether the droplets were larger than the previous.
However, it was possible to see that more droplets were dispensed when RT was set to a high value in
comparison with a low RT.

After experimenting with rising time, this parameter was set back to a constant value of 100 ms and FT
was varied. When FT was set to its maximum of 300 ms, a flow rather than separated droplets were
observed. This indicates that the falling time took too long to ‘cut’ separate droplets. The tappet moved
‘to slow’ downwards. During a falling time of 300 ms and a falling time of 150 ms no difference was
observed. This can indicate that the falling time does not have a large influence or that the difference
was not visible by the naked eye. When installing the downward motion of the tappet to 1 ms, only 1
droplet was dispensed. This indicates the ability of the tappet; being able to cut the fluid stream in
droplets.
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Table 8: Installed dispenser parameters and observations when dispensing was performed with a 150
pUm nozzle. The bold outlined columns indicate the applied method, namely the parameters are set to a
minimum, an intermediate and a maximum value.

RT FT oT Delay | Number . .
(ms) (ms) (ms) (ms) of pulses Observations dispensed outcome
100 100 100 100 1 2 droplets in quick succession
300 100 50 100 1 3 or 4 droplets in succession
150 100 50 100 1 2 droplets in quick succession
1 100 50 100 1 2 very small droplets in quick succession
100 300 50 100 1 + 6 droplets in succession. Rather a flow
100 150 50 100 1 * 6 droplets in succession. Rather a flow
100 1 50 100 1 1 droplet
100 100 3000 100 1 Flow of uncountable droplets
100 100 1000 100 1 ;:Iolv?/ droplets in succession. Rather a
100 100 1 100 1 2 small droplets in succession
100 100 50 1000 5 ﬁ ettl Vrv::nztﬁ(iesgecr;scelcisdroplets with time in
1 1 1 100 1 1 very small droplet
1 0,6 1 100 1 1 very small droplet
300 300 3000 100 1 Flow of uncountable droplets

Table 9: Installed dispenser parameters and observations when dispensing was performed with a 1000
pUm nozzle. The bold outlined columns indicate the applied method, namely the parameters are set to a
minimum, an intermediate and a maximum value.

(Ir?n:) (Fm-g) ((r31-|s-) II()ﬁ:gy (l)\:‘uprﬂlbsirs Observations dispensed outcome
5 1 5 100 1 1 very small droplet
5 5 5 100 1 1 small droplet
5 10 5 100 1 1 droplet
50 2 50 100 1 1 droplet
70 2 50 100 1 1 droplet
50 5 50 100 1 1 droplet
50 2 70 100 1 1 droplet
100 100 100 100 1 Flow of uncountable droplets
50 15 50 100 1 1 droplet
100 4 100 100 1 1 very thick droplet

38



Next, OT was first set to its maximum value of 3000 ms. This parameter-set resulted in an LBE flow. It
was not possible to observe separate dispensed LBE droplets. When OT was decreased to 1000 ms,
separate droplets instead of a flow were observed. It was not possible to count the number of separate
droplets. This suggests that by decreasing open time, the dispensing volume decreases. When OT was
set to its minimum of 1 ms, 2 small separate droplets in succession were observed.

Afterwards, delay was increased to 10 x the initial value. Differences in the dispensed droplets could
only be observed when simultaneously increasing the number of pulses to 2, since delay is the time in
between dispensed cycles. Increasing delay means increasing the time in between dispensed cycles.

The last three rows show results when RT, FT and OT first were all set to 1 ms, then all to their minimum
values and lastly to their maximum values. When RT, FT and OT were all set to one and when RT and
OT were set to 1 ms and FT to 0,6 ms, no difference could be seen with the naked eye. When all
parameters were set to their maximum, a flow of uncountable droplets was dispensed because the droplet
volume would probably have been too high to dispense in just one droplet. Also falling time was
presumably not able to cut droplets out of the high dispensing volume.

Table 9 shows observations about the dispensed droplets with a 1000 um nozzle opening. Setting RT to
5ms, FT to 1 ms and OT to 5 ms resulted in one very small droplet being dispensed. When FT was
increased to 5 ms and then to 10 ms, droplet sizes appeared to increase with increasing FT.

Next, RT was set to 50 ms, FT to 2 ms and OT to 50 ms. This parameter-set led to the dispensing of one
LBE droplet. When RT was increased from 50 ms to 70 ms while the other parameters were kept the
same, again, one single droplet was dispensed. Afterwards RT was set back to 50 ms and FT was raised
from 2 ms to 5 ms. The parameters generated one LBE droplet. Lastly one droplet was dispensed again
by decreasing FT back to 2 ms and by increasing OT from 50 to 70 ms. No difference between these
generated droplets could be observed by the naked eye.

Because it was not possible to observe differences in the dispensed droplets, the RT, OT and FT were
all together set to 100 ms. Now, a flow was observed instead of separate droplets. The falling motion of
the tappet was not able to cut droplets out of the voluminous liquid metal jet.

Afterwards RT and OT were set to 50 ms and FT was set to 15 ms. This parameter-set contributed the
dispensing of one LBE droplet. When lastly increasing RT and OT to 100 ms and setting FT to 4 ms,
one very thick droplet was dispensed.
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5.1.2 DROPLET SIZE DETERMINATION

For every parameter-set of Table 8 and Table 9, the dispensed volume was weighed. The parameter data
of Table 8 are copied to Table 10 and of the parameter-sets of Table 9 to Table 11 and the columns
droplet weight, droplet volume and droplet diameter are added.

Table 10: LBE droplet sizes for every parameter-set, dispensed with a 150 um nozzle.

Remark: the deviation on the droplet mass is constant (= 0.0001 g).

RT FT oT Madroplet Vroplet ddroplet
(ms) (ms) (ms) (9) (ml) (mm)
100 100 100 0.0110 0.00105 £ 0.00001 | 1.26 +£0.02
300 100 50 / / /
150 100 50 0.0180 0.00171 £0.00001 | 1.48+0.01
1 100 50 0.0093 0.00088 + 0.00001 | 1.19+0.02
100 300 50 / / /
100 150 50 / / /
100 1 50 0.0152 0.00145 £ 0.00001 | 1.40+0.01
100 100 3000 / / /
100 100 1000 / / /
100 100 1 0.0112 0.00106 + 0.00001 | 1.26 £0.02
100 100 50 0.0139 0.00132 £ 0.00001 | 1.36 +£0.01
1 1 1 0.0007 0.00007 £ 0.00001 | 0.50+0.10
1 0,6 1 0.0102 0.00097 +£0.00001 | 1.23+0.02
300 300 3000 / / /
Min 0.50
Max 1.48

/" indicates that no separate droplets could be observed and therefore the average weight could not be calculated.

Table 11: LBE droplet sizes for every parameter-set, dispensed with a 1000 pum nozzle.

Remark: The deviation on the droplet mass is constant (+ 0.0001 g)

RT FT oT Madroplet Vdroplet ddroplet
(ms) (ms) (ms) (9) (ml) (mm)
5 1 5 0.0203 0.00193 + 0.00001 | 1.54 +0.02
5 5 5 0.0621 0.00590 + 0.00001 | 1.83 +0.03
5 10 5 0.1026 0.00975 + 0.00001 | 2.65+0.04
50 2 50 0.4137 0.03933 £ 0.00004 | 4.22 £0.06
50 5 50 0.4357 0.04142 + 0.00004 | 4.29 £0.06
70 2 50 0.4607 0.04379 + 0.00004 | 4.37 £0.06
50 2 70 0.5251 0.04991 + 0.00005 | 4.57 +0.06
100 100 100 / / /
50 15 50 0.4136 0.03931 + 0.00005 | 4.22 £0.04
100 4 100 0.9596 0.09122 + 0.00009 | 3.87 £0.05
Min 1.83
Max 4.57

/" indicates that no separate droplets could be observed and therefore the average weight could not be calculated.
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For parameter-set that generated more than one droplet, the mass of the dispensed volume was divided
by the amount of counted droplet to obtain the average mass of the droplets. As previously mentioned,
sometimes it was not possible to count separate droplets. For these droplets, the average weight could
not be calculated.

The droplet volume was calculated through the weight and the density of LBE. Equation (17) was
used to determine the droplet volume.

y=_m (7)

PLBE

The density of LBE [4] at 160 °C was calculated as following:
pLge = 11096 — 1.323 T
< prpe = 10,522 kg/m3

Lastly, the radius of the dispensed droplets was calculated by the volume of the dispensed liquid.
Herefore, the equation (18) of the volume of a sphere was used, assuming the droplets have a spherical
shape.

4
Vsphere = 3 mrd (18)

Applying these equations to the first row or Table 3:

p= T oy = 2002000019 _ 406105+ 0.00001 cm?
PLBE 10.52 + 0.01 g/cm3

The uncertainty [65] was calculated using the formula below:

0.0001
0.0110

)2+ (s=-)? = 0.00001

8, = 0.00105\/(

The droplet diameter is obtained from its volume:
V=23
3
0.00105 £ 0.00001 = § 7 73
& r=0.06305 = 0.0008 cm and thus d = 1.26 + 0.02 mm

The uncertainty on the radius was calculated with:

0.00001
0.00025

3(==) © 6, =0.0008

The uncertainty on the diameter was calculated with:

’ 0.0008

The LBE droplet dispensed with the parameter-set in row 1 of Table 10, namely; cartridge temperature
160 °C, nozzle temperature 170 °C, valve cooling 60 °C, needle lift 70%, RT 100 ms, FT 100 ms, OT
100 ms, delay 100 ms, number of pulses 1 has a diameter of 1,26 £ 0.02 mm.

All other diameters were calculated likewise. The smallest dispensed droplet with a 150 pum nozzle was
generated by setting parameters RT, FT and OT to 1 ms. The droplet has a diameter of 0.50 + 0.10 mm.
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The largest separate dispensed droplet with a 150 pm nozzle was obtained by setting RT to 150 ms, FT
to 100 ms, OT to 50 ms and has a diameter of 1.48 + 0.01. This parameter-set generated two small
droplets in succession. The weight of the total dispensed volume was determined. The weight reported
is that averaged over the number of droplets, namely 2.

Parameter-set (1 ms RT, 0.6 ms FT and 1 ms OT) led to a droplet with 1.23 + 0.02 mm diameter, much
larger than expected using these small parameter values. It is unclear why the dispensed droplet was not
smaller.

The observations made about the dispensed droplets in Table 8 can be supported by the droplet weights.
It was assumed that increasing open time OT increased the dispensed droplet volume. Using RT = 150
ms generated droplets with a (separate) diameter of 1.48 + 0.01 mm, while 1 ms RT led to a droplet with
1.19 + 0.02 mm diameter. When the parameter FT was decreased, it could be observed that the tappet
was able to create more separate droplets. But no uniform effect of the falling time on the droplet size
can be made. For the other parameter-sets, the observations could not be correlated with the measured
droplet sizes as the droplet diameters could not be determined.

Table 11 illustrates the dispensed droplet’s weight, volume and diameter when dispensing with a 1000
Um nozzle, using the parameter data of Table 9. The same equations as above were used to calculate the
size of the droplets. In the first three rows, the results of the droplet weight can be seen when varying
FT from 1 ms to 5 ms and finally to 10 ms. The droplet diameter increases with increasing FT. Keeping
RT and OT at 5 ms, while increasing FT from 2 ms to 5 ms leads to an increase in the droplet size. These
results are contractionary to the previous. Also, when comparing the row displaying RT-FT-OT 50-5-
50 to the penultimate row displaying 50-15-50, the diameter decreases 66 % with increasing FT.

The smallest generated droplet with a 1000 um nozzle was dispensed by setting RT to 5ms, OT to 5 ms
and FT to 10 ms. The droplet has a size of 1.83 £ 0.03 mm.

The largest dispensed droplet was 4.57 + 0.06 mm and was obtained by setting RT to 50 ms, OT to 2
ms and FT to 70 ms with a nozzle opening of 1000 pm.

The parameter-set with an RT, FT and OT of 100 ms generated an LBE flow instead of separate droplets.
Therefore, no average weight could be calculated.

5.1.3 PRECISION OF THE DISPENSER

The precision of the dispenser is calculated to see whether it is possible to repeat precise parameter-sets
for future experiments in this thesis. The precision of the dispenser device is a measure of how widely
the droplet weight values are distributed around the average weight. It is determined from repeated
dispensed droplets, obtained by using the same parameter-set. The spread is caused by accidental errors,
characteristic for the dispenser device [65]. The standard deviation of the Vermes dispenser was
determined by dispensing droplets using a parameter-set with high values (300 ms RT, 3000 ms OT,
300 ms FT) and a set with low values (1 ms RT, 1 ms OT, 1 ms FT). For every parameter-set, 8 droplets
were dispensed in succession. The mass of every droplet is shown in Table 12.
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Table 12: Precision of dispensed LBE droplets

RT-FT-0OT mdroplet (g) Vdroplet (ml)
1-1-1 0.0008 0.00008 + 0.00001
0.0008 0.00008 + 0.00001
0.0007 0.00007 + 0.00001
0.0007 0.00007 + 0.00001
0.0009 0.00009 + 0.00001
0.0005 0.00005 + 0.00001
0.0005 0.00005 + 0.00001
0.0007 0.00007 + 0.00001
Average | 0.0007
stdev.s | 0.0001
CV | 143 %

Remark: The deviation on the droplet mass is constant (+ 0.0001 g)

RT-FT-0OT Mdroplet (g) Vdroplet (ml)
300 - 300 - 3000 0.5541 0.0527 + 0.00005
0.5590 0.0531 + 0.00005
0.5462 0.0519 + 0.00005
0.5522 0.0525 + 0.00005
0.5577 0.0530 + 0.00005
0.5604 0.0533 + 0.00005
0.5568 0.0529 + 0.00005
0.5531 0.0526 + 0.00005
Average | 0.5549
stdev.s | 0.0016
CV | 0.29%

Remark: The deviation on the droplet mass is constant (+ 0.0001 g)

The uncertainty of the volume in row 1 was calculated with:

8, = 0.00008 J (Sooo)? + (722 =0.00001

Precision is determined by a statistical method: the standard deviation, calculated by formula (19) [65].

B G = ) ()
N-1

The droplet, obtained by the smallest parameter-set (1 ms RT, 1 ms FT and 1 ms OT) resulted in a
droplet with an average weight of 0.0007 £ 0.0001 g. This corresponds with a coefficient of variation
(CV) of 14.1 % and indicates that the range of the analytical balance available was rather high for such
small droplets. The CV decreases to 0.29 % when a parameter-set with higher parameter values is used
[65].
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5.2 Troubleshooting

Several technical difficulties occurred during the liquid impingement experiments with the high-speed
camera. To determine the particle size distribution of aerosols formed by LBE droplet splashing, a
properly functioning setup generating reproducible droplets is required. This was not the case; the
obstacles encountered are discussed here to help solving these issues to facilitate further research.

52.1 CARTRIDGE EXPANSION

Before starting the dispensing cycle, the dispenser’s cartridge needs to be filled with the desired
dispensing fluid. As the cartridges are open at the bottom, a rubber stopper is used to seal the bottom
during filling. The cartridge is filled with liquid LBE by opening the tap of the HELIOS3 LBE tank.
After filling, the cartridges are left to cool to room temperature to solidify. After a day, the cartridge is
ready to be inserted into the dispenser’s cartridge holder.

However, due to expansion of the LBE during solidification, the walls of some of the cartridges were
pushed outwards and thereby preventing the insertion into the dispenser’s cartridge holder. This was
overcome by fitting the cartridges in a home-made stainless-steel holder during filling and cooling. The
inner diameter of the holder is the same as the outer diameter of a fitting dispenser cartridge. The holder
is illustrated in Figure 19.

Figure 19: Cartridge holder.

5.2.2 BLOCKED FLUID BOX BODY COMPONENTS

Before dispensing, the device requires an adjust procedure. During the adjust, the tappet is positioned
correctly relative to the nozzle. To perform the adjust, an LBE cartridge is placed into the cartridge
holder of the dispenser and heated to 160 °C. After 20 minutes, the cartridge and fluid box were assumed
to have reached their temperatures. To adjust the dispensing system, first the adjustment screw needs to
be screwed completely open and then screwed inwards from value ’-40 %” to in between 0 % and 1 %.
The value fluctuated up and down from -40 % to -38 % but did not go further towards 0 %. The
adjustment screw felt completely fixed. For this reason, the dispenser’s components (except for the
valve) and the MDC were sent back to the company and spare parts were sent in return.

According to the error rapport of the company, the tappet was unable to move inside the fluid box body
because it got blocked by solidified LBE. Figure 20 shows pictures of the stuck dispenser components.
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Figure 20: Dispenser parts blocked with solidified LBE. From left to right: LBE stuck in the opening
of the lower part of the fluid box body; in the cartridge base; in the nozzle opening.

The company pointed out the necessity to clean the complete system from LBE after every cool down
or switch off action. For this research work, dispensing was to be performed with 2 nozzle openings.
Therefore, every time the nozzle needs to be replaced, the dispenser needs to be cooled and cleaned.
This also means that the device requires an adjust after every cleaning process.

Knowing this, it was attempted to empty the dispenser components from LBE by reheating the
assembled dispenser to 160 °C and forcing the tappet to open by pressing the ‘F1° button on the MDC.
It is still unclear why, but after waiting 1 hour still no LBE was dispensed. Therefore, the dispenser was
cooled down and completely disassembled. It was possible to disassemble the large parts, but it was not
possible to disassemble the nozzle, the sealing nor the tappet from the fluid box manually.

The first attempt to remedying this was to submerge the complete fluid box, cartridge base and hollow
screw in LBE cleaner liquid. Even after submerging all parts a second time in ‘fresh’ cleaner liquid, it
was still not possible to disassemble the parts. This meant that the cleaner was not able to handle great
amounts of LBE or its associated deposits. After flushing the particles with demineralized water, the
second attempt implied using a heat gun set at 180 °C to heat all deposits manually to liquefy the LBE.
After some time, the stuck LBE dripped out. By pushing stuck LBE out using an ear stick, it was
eventually possible to disassemble the dispenser. The components were submerged once again in the
LBE cleaner to erase the remaining LBE particles and oxides from the components. This time, the
cleaner was able to clean all remaining stuck LBE. Finally, the components were flushed with
demineralized water and air-dried before re-assembly.

Considering the time-consuming manual cleaning procedure, it would be more convenient to flush the
dispenser while assembled. Because the LBE cleaner cannot be heated, PUR hotmelt cleaner -
recommended by Vermes - was purchased and found to be a suitable candidate. For this cleaning
method, first the LBE cartridge needs to be taken out of the heated and assembled dispenser and switched
with a PUR hotmelt cleaner cartridge. Since liquid LBE can flow freely out of the open end at the bottom
of the cartridge, the latter needs to be cooled to 120 °C to solidify its content. During this procedure, the
connection from cartridge to fluid box, i.e., the cartridge base solidified most of the time as well.
Therefore, when the PUR hotmelt cleaner cartridge was inserted in the system and heated to 170 °C, the
PUR cleaner could not flow through because of the blocked cartridge base. This meant the dispenser
needed to be disassembled and cleaned anyway by the above-mentioned manual cleaning procedure.
The latter method is therefore preferred. When the LBE cartridge is empty, it can easily be taken out of
the cartridge holder using safety gloves and replaced by a PUR hotmelt cleaner cartridge. The cartridge
was heated to 170 °C and compressed air (0.5 bar) was connected to the cartridge. After some waiting
time, the ‘F1° valve opening button on the MDC was pressed. The PUR hotmelt cleaner flowed through
the system and dissolved the stuck LBE.

Cleaning can thus be done using PUR hotmelt cleaner only for empty LBE cartridges. In all other case,
the manual cleaning procedure needs to be used.
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5.2.3 LEAKING DISPENSER

The correlation between droplet diameter and dispenser parameter-settings (section 5.1) was analyzed
while the dispensing system was assembled and placed ex-situ from the experimental SPLAT setup.
During the ex-situ tests, the dispenser functioned as desired.

To determine the Weber number and splashing forms of the impinging droplets with a high-speed
camera, the dispenser needs to be placed into its custom-made enclosure, located at the top of the SPLAT
setup. From this stage on, the dispenser started to show leaking problems, which greatly hindered the
remainder of the experiments. In this part we try to describe the steps undertaken to solve this problem.

To mount the dispenser on the SPLAT setup, the dispenser was turned off and cooled down and moved
from the table to the top of the setup. After mounting, when the dispenser was instructed to dispense, no
droplets were dispensed. According to the dispenser’s manual, this problem could be caused by a broken
sealing. To check this, the dispenser was left to cool down to room temperature, disassembled and
cleaned using a heat gun instead and LBE cleaner instead of the PUR cleaner. After cleaning, the
components were air-dried and the dispenser was assembled again. No damage to the components was
observed.

Before testing the dispenser in the SPLAT setup a second time, the adjust procedure was performed on
the ex-situ setup. The dispenser was then moved from the table to the top of the SPLAT setup again.
This time, the cartridge was not cooled before moving it, thus the LBE was liquid. While the dispenser
was moved from the table to the setup, the dispenser started leaking. The entire cartridge content leaked
out. Hereafter, the dispenser was cooled and cleaned again. It was assumed that the leak is caused by
the inability of the tappet to prevent the moving LBE from entering the dispensing chamber, due to the
fluid motion. But it seems odd that the dispenser would not be able to bear movements since the
dispenser is used on a fast-moving x-y stage in several industrial applications.

To avoid any fluid motion, the dispenser was assembled and inserted directly on top of the SPLAT setup.
The dispenser was fitted with a 1000 um nozzle opening. First, the MFC was turned on. The cartridge
and fluid box heater were heated to 160 °C and the piezo was cooled to 60 °C. The supply pressure was
turned on to 3 bar. The LBE started flowing out again. This indicated the presence of a leak or that the
tappet was not closing properly. The tappet is controlled by the MDC, which is a 'normally open’
system. This means that when the MDC is switched off, the tappet is in an upward position. Knowing
this, the MDC was switched off and on to make the tappet move from up to down to stop the leakage.
Contrary to the expectations, this did not happen. The dispenser continued leaking. This indicated that
the tappet was not able to move inside the fluid box body. But, when the dispenser was instructed to
dispense droplets, the requested droplets were dispensed in between the leaking droplets. This indicated
that the tappet was able to move up and down and was not stuck. In view of these observations, it was
assumed that the tappet was not able to completely close the nozzle or that the MDC signals were not
received by the piezo.

To check the second assumption, all the dispenser’s connections were checked. This trial and error
showed that the compressed air connections of the dispenser were connected incorrectly. The gas supply
was connected to the flow control valve. The output of the flow control valve was connected to the
cartridge lid instead of to the compressed air adapters on the valve to cool the valve. Thus, this indicated
that the 3 bar argon gas supply pressure was sent to the cartridge content. It was assumed that this forced
the LBE to move towards the dispensing chamber. The tappet would not have been able to hold back
the LBE flow, arriving at the nozzle opening with 3 bar pressure. But this explanation could not be
correct as it turns out that the flow control valve requires 6 bar pressure to open. This means that no
pressure arrived at the cartridge lid at all. Because of the incorrect connections, the valve was thus not
cooled. The temperature of the valve was set to 60 °C using the MFC. When the valve would reach
temperatures over 60 °C, the flow control valve gets a signal to open and the 6 bar argon gas then arrives
at the flow control valve. But even without cooling, the piezo’s temperature never exceeded 61 °C, as
indicated by the MFC’s display.
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As the piezo can handle temperatures up to 80 °C, 61 °C could not pose a problem and cooling of the
valve is not required for our application. For these 2 reasons, the wrongly connected connections cannot
be the cause of the leaking problem.

LBE’s high density is a second reason why the incorrect connections could not cause the leakage. LBE’s
viscosity is low (0.0030 Pa-s at 140 °C) and LBE’s density is high (10,548 kg/m? at 140 °C). According
to the micro dispenser’s manual, low viscosity fluids require 0.5 bar cartridge supply pressure. Due its
high density, LBE will be able to move downwards by itself and thus not require any supply pressure to
move downwards towards the nozzle fluid box body.

A further assumption was that the tappet was not able to seal the nozzle insert against the pressure,
exerted by the LBE column in the LBE cartridge. To counteract this, the cartridge’s gas supply
connection was blocked using a plug to create an under pressure. The leaking continued but was
observed to slow down in time. At last, the leakage stopped when the cartridge was only filled up to 20
%. When the MDC was now instructed to dispense a droplet, the dispenser seemed able to dispense the
requested droplets. During the high-speed camera test, an under pressure was reached when the cartridge
was 80 % empty. From the results it is observed that during these experiments, the droplet diameter
decreased owing to the under pressure.

During the high-speed camera experiments, it seemed that the temperature had an influence on the
leakage as well. To decrease the frequency with which droplets were released due to leakage, the
cartridge base and fluid box body were lowered degree by degree. After some time, the leakage slowed
down. Altogether, the cartridge temperature was lowered from 160 °C to 139 °C and the fluid box
temperature was decreased from 170 °C to 143 °C. The leakage remained but the frequency lowered to
a workable frequency. This may point to the influence of the liquid’s viscosity, plotted in function on
temperature in Figure 21.

3,20E-03

3,10E-03 \
@' 3,00E-03 J39°C

\\143 °C

(Pas

2,90E-03

2,80E-03

N
2,70E-03
’ \\170 °C

2,60E-03
120 130 140 150 160 170 180

viscosity

Temperature (°C)

Figure 21: Viscosity of LBE in function of temperature.

The viscosity of LBE increases from 2.79E-03 Pa-s at 160 °C to 3.02E-03 Pa-s at 139 °C (cartridge
temperatures) and from 2.68E-03 Pa:s to 2.97E-03 Pa-s (fluid box temperatures) [4]. Such small
differences are not expected to significantly affect the viscosity of the liquid LBE.

As the leaking frequency was observed to be better controllable when the temperatures of the dispenser
were lowered, the cartridge box and fluid box temperatures were lowered to 140 °C and to 145 °C.
Furthermore, the 1000 pm nozzle was replaced with a 150 pm nozzle, as decreasing the nozzle diameter
should show a favorable impact on the leaking if it was LBE weight related. When dispensing with a
150 um nozzle, no leakage was observed from the start. During previous experiments with the 1000 um
nozzle insert, leakages already occurred while dispensing had not started yet.
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When the MDC was now instructed to dispense droplets, the droplets were indeed dispensed. However,
they were accompanied by a flow of residual LBE. The temperature of the cartridge was lowered to 138
°C and the fluid box to 140 °C to stop the leakage. At some point, the leakage stopped but no droplets
could be dispensed. Since the nozzle has an opening of only 150 pm, it was assumed that the nozzle was
blocked. To get rid of the blockage, the fluid box temperature was increased from 140 °C to 143 °C, to
145 °C and eventually to 150 °C. When the dispenser was instructed to dispense again, at some point an
LBE flow developed all at once. It was assumed that the blockage was removed and that the assembled
LBE poured out all at once. This blocking — unblocking process happened repeatedly.

When Vermes was contacted about the problem, they asked about the condition of the tappet. A
microscope was used to see if micro cracks were present. These images are shown in Figure 22. Neither
the 1000 pm, nor the 150 pm nozzle showed damage, according to our observations. The tappet tip
seemed not greatly damaged at first. Some damage was observed in the middle of the tappet, near the
location of the seals. However, according to the company, the small damages at the tip were causing the
problem. The damaged tappet tip was in their view not able to ensure the tightness between nozzle and
tappet. According to the company, the tappet was heavily used. The tappet was however used for only
a limited amount of test. Therefore, it seems odd that the tappet was already damaged after
approximately 8 to 10 dispensing cycles.

Figure 22: Microscopy images of the tappet rod tip.

To confirm whether the leaking was caused by the damaged tappet, a new tappet and nozzle were
assembled. The dispenser continued leaking.

Regarding the fact that most dispenser components were replaced with new components, except for the
valve, it could be possible that the lever or piezo are causing the leaking. But this was not possible to
check within the time scale of this thesis work.

Altogether, it is not possible to give one unambiguous cause for the leaking dispenser. Presumably, the
leaking is caused by a combination of several factors such as the high density of LBE and the sensitivity
of the dispenser at high temperatures. Since the differences in viscosity between the applied
temperatures are insignificant, the viscosity of LBE is not considered as contributor to the leakage. To
confirm whether the valve is causing the leakage, the valve should be sent back to the company for
further research.

To conclude, we were unable to solve the cause of the dispenser leakage in the time frame of this thesis
work. However, we managed to device a procedure that reduced the leakage sufficiently to allow
performing the high-speed camera experiments and PSD measurements, presented in the next sections.
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5.3 High-speed camera results of liquid impingement

Because leaking appeared, it was not possible to reproduce the preconceived parametrical study in
section 3.2, nor the conditions as applied in all previous experiments in 5.1. During previous
experiments, a cartridge temperature of 160 °C and a fluid box body temperature of 170 °C were applied,
while lower temperatures were used during this high-speed camera study. For the current experiments
in this section, it was attempted to decrease the leaking frequency during the experiments by creating an
under pressure. It was therefore not possible to reproduce the predefined droplet sizes, since no under
pressure was created then. Deviations from the experimental survey can thus be explained by the
technical difficulties that appeared during the current experiments compared to the parametric study.

53.1 WEBER NUMBERS AND IMPACT VELOCITIES
Table 13 and Table 14 list the results of the liquid impingement study, for a 1000 um (Table 13) and a
150 um nozzle (Table 14), analyzed with a high-speed camera.

Liquid impingement was first studied with LBE droplets using a 1000 um micro dispenser nozzle,
colliding onto two surfaces. To generate the droplets, the same parameter-set was used for all, namely
5msRT,1msFT,5msOT, 70 % needle lift, one single pulse, + 140 °C cartridge temperature (varying),
* 145 °C fluid box temperature (varying). This parameter-set is estimated to generate an LBE droplet
of 1.54 mm diameter, based on section 5.1. Every droplet in Table 13 is provided with an ID number
(experiment number - nozzle, surface), illustrated in column 1. In column 2, the impacting velocity is
given, while in column 3-5, the diameter of each drop is shown. The velocity and diameter are derived
by MATLAB processing of the high-speed recordings. Because not all droplets were spherical, the
droplet size could not be determined precisely with MATLAB. Therefore, a droplet diameter range was
calculated instead. The Weber number is calculated through equation (2) and noted in column 6.
Additionally, a screenshot of the impact is added in the last column with a short description. The
descriptions are based on the video recordings of the high-speed camera. When secondary ejected
droplets or clear crown or prompt splash forms were seen, ‘splash’ was noted since secondary ejected
droplets indicated splashing. When no visible secondary droplets were observed on the video recordings,
or when a clear spread-out droplet was observed, ‘splash’ was added as image-description. The orange
bordered images are further discussed in this section and in section 5.3.2.

As can be seen in Table 13, the impact velocity of the droplets impinging the liquid and dry surface
using a 1000 pum nozzle is in between 2.45 and 2.53 m/s. The most common velocity is 2.48 m/s. The
impact velocities are slightly lower than expected in the experimental parametric survey section 3.2.
Droplets with a diameter of 1.5 mm diameter were expected to have a velocity of 2.73 m/s at 40 cm fall
height; for a droplet of 3 mm diameter this was 2.74 m/s. The difference between the expected velocity
and the actual impact velocities can be explained by the effective travelled distance and by the droplet
shape. During the experiments, both the liquid and solid impacting surface were raised to align the
camera’s lens with the surface. For this reason, the travel distance of the droplet is lower than the
travelled distance used in the equations of the velocity estimations. Moreover, the droplet shape
influences the drag between the droplet and the fluid through which the droplet travels. Another
explanation for the deviating impacting velocities may be the applied under pressure during these
experiments to solve the leaking. This may impact the shape of the dispensed droplets and thus also the
drag coefficient.

The first droplet (1-1000L) of Table 13 is determined to have a diameter between 1.38 and 1.90 mm
diameter. This droplet 1-1000L is the smallest generated by the parameter-set with an average diameter
of 1.64 + 0.37 mm, compared to the other droplets in Table 13. As already explained, owing to the
deviating droplet shapes, no accurate droplet size could be determined.
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Table 13: High-speed camera results using the dispenser with a 1000 um nozzle. The orange bordered
images indicate tests that will be further discussed.

daverage *

D Vimpact | Omin Omax stdev Weber + Impact image and description
(m/s) | (mm) | (mm) (mm) stdev (splash or spread: type)
Liquid surface impingement
1- 164+ Splash:
1000L 248 | 1.38 1.90 0.37 260 + 58 unclear
2- 3.16 + Splash:
1000L 248 | 2.73 3.59 0.61 499 + 98 crown
3- 2.82 Splash:
1000L 248 | 2.82 2.82 0.00 445+ 11 m
4- 2.85+ Splash:
1000L 249 | 2.68 3.02 0.24 454 + 41 crown
5- 2.62 + Splash:
1000L 250 | 256 2.69 0.10 424 + 19 crown
6- 244 + Splash:
1000L 248 | 2.34 2.53 0.14 386 + 24 crown
7- 2.75 % Splash:
1000L 245 | 252 2.99 0.33 425+ 53 crown
Dry solid surface impingement
8- 2.36 = Spread:
1000D 253 | 2.36 2.36 0.00 389+ 10 lamella
9- 2.60 = Spread:
1000D | 293 | 248 | 271 | “5qq | 429%28 lamella
10- 2.56 = Spread:
1000D 253 | 249 2.62 0.99 423 +19 lamella
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The falling droplets were not spherical and the MATLAB code was not able to correct for this deviation.
Some falling droplets showed “’arms’’ while others are spherical, as shown in Figure 23. Furthermore,
it may also be that for some drops the “’arm’’ was visible at the back of the drop in relation to the camera.
The “’arm’’ was in this case not visible on the recordings and therefore not included in the count. In this
case, the calculated size will deviate from the real drop size.

Figure 23: Images of specific falling droplets with deviating drop shapes.

The calculated diameters of the droplets obtained in the SPLAT setup differ from the ones obtained by
weighing the droplets (section 5.1) ex-situ when using the same parameter-sets. This is related to the
troubles with leakages that had to be dealt in the SPLAT setup, as described in section 5.2.3.

The first droplet with diameter 1.64 + 0.37 mm has a similar impact velocity as the other droplets, but
as it has the smallest diameter this also leads to the smallest Weber number as calculated with equation

(2):

10.55 + 0.01cmL3. 2.482m/s. 1.64 + 0.37 mm

=260 £+ 58
0.41+ 0.01 N/m

o We =

The uncertainty is calculated with:

— 00142 037y2 4 (001y2 _
Owe = 260\/(10.55) + (1.64) + (0.41) =58

Because the Weber number of the 1-1000L droplet is lower than the other Weber numbers in Table 13,
this droplet is expected to show less splashing than others. The other droplets in Table 13 showed higher
Weber numbers from 386 up to 499. The second droplet 2-1000L with diameter 3.16 + 0.61 mm shows
a high Weber number of 499 + 98, but had a similar impact velocity as droplet 1-1000L.

The impact images illustrate that the first 1-1000L drop generates secondary ejected droplets but is not
clear whether prompt of crown splash occurs. Droplet 2-1000L till 7-1000L all generate splashing and
more specific crown-splash. Because droplets 1-1000L and 2-1000L are outliners (i.e. the smallest
droplet and the largest droplet of Table 13), these high-speed camera images are discussed further and
are therefore marked with a dashed line. Recording 4-1000L will also be further discussed as
‘intermediate’ to compare with.

The three last rows of Table 13 illustrate the results of dry solid surface impingement with a 1000 pm
nozzle. During these tests, the same parameters were used and therefore no changes in Weber number
are expected. As can be seen in Table 13, the Weber numbers of the LBE droplets indeed also lie around
389 up to 429. According to the parametric survey (5.1), the Weber numbers of LBE droplets with 2.5
mm diameter were expected to be between 255 when falling with a speed of 2 m/s and 573 when falling
with a speed of 3 m/s. The Weber number of the impinging droplets are thus within expectations.

The droplets impacting the dry solid surface show spreading instead of splashing. Droplets 8-1000D
shows a hollow-formed lamella, while 9-1000D and 10-1000D show flat lamellae. The high-speed
camera video recordings showed that lamella 9-1000D and 10-1000D separated from the surface. All 3
dry solid surface droplet impact images are bordered as they will be discussed in section 5.3.2.
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Table 14 illustrates similar high-speed camera results as Table 13 but using a 150 pm nozzle instead of
a 1000 um nozzle. All droplets are generated with the same dispenser parameter-set; 1 ms RT, 0.6 ms
FT, 1 ms OT, one single pulses, 138 °C cartridge temperature (varying), 144 °C fluid box (varying), 70
% needle lift. The velocity, diameter and Weber number are calculated analogue as those of Table 13.

Table 14: High-speed camera results, using the dispenser with a 150 um nozzle. The orange bordered
images indicate tests that will be further discussed.

D | Vimpact | dmin dmax fzvteaagf/ Weber + Impact image and description
(m/s) | (mm) | (mm) _(mm) stdev (splash or spread: type)
Liquid surface impingement
1- 1.02+ Splash:
150L 2.44 0.96 1.08 0.09 156 + 14 unclear
2- 091+
150L 2.44 0.88 0.94 0.04 1397 No splash
3- 132+ Splash:
150L 243 | 0.93 1.72 0.56 201 +85 unclear
4 0.94 + Splash:
150L 2.46 | 0.92 0.96 0.03 146 + 6 unclear
5- 121+ Splash:
150L 241 0.94 1.48 038 181 =58 unclear
6- 1.00+ Splash:
150L 2.44 0.84 1.15 0.22 152 £ 34 unclear
7- 091+
150L 2.41 0.81 1.00 013 135+ 20 No splash
8- 0.98 = Splash:
150L 2.40 0.85 1.10 018 144 + 27 unclear
9- 0.79 = Splash:
150L 2.38 0.81 0.78 0.02 115+14 unclear
10- 112
150L 2.43 0.84 1.39 0.39 170 £ 60 No splash
11- 0.96 = Splash:
150L 2.39 0.82 1.10 0.20 140 + 29 unclear
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(D | Vimpact | Cmin Armax f;‘f&agf/ Weber + Impact image and description
(m/s) | (mm) | (mm) _(mm) stdev (splash or spread: type)

12- 103+ Splash:
150L 2.42 0.95 112 0.12 156 +18 unclear

13- 0.95=+ Splash:
150L 241 | 0.83 1.08 017 142 + 26 unclear
Dry solid impacting surface

1- 153+ Leakage
150D 2.49 1.35 1.71 0.25 244 + 40 built-up

2- 117+ Spread:
150D 2.52 1.13 1.20 0.05 189+9 lamella

3- 145+ Spread:
150D 2.00 1.29 1.61 0.23 150 £ 24 lamella

4- 141+ Leakage
150D 2.44 1.21 1.60 0.28 216 £43 built-up

5- 1.08 + Leakage
150D 1.82 1.07 1.08 0.00 912 built-up

13 liquid impingements on a liquid surface and 5 on a dry solid surface were performed and measured
in the SPLAT when using the 150 um dispenser’s nozzle. The impact velocity of the droplets should be
quite similar for the liquid and dry solid surface collisions, since only the surface has changed. The
impact velocity of the droplets of Table 14, which are dispensed with 1 ms RT, 0.6 ms FT and 1 ms OT
using a 150 pm nozzle, vary from 1.82 to 2.52 m/s. The most occurring velocity is 2.44 m/s. According
to the parametric survey (section 3.1), LBE droplet of 0.5 mm diameter falling from 40 cm height were
expected to have impact velocities of 2.65 m/s and 2.73 m/s for droplets of 1.5 mm diameter. The impact
velocities are again less than expected. This can also be explained by deviations of the spherical shape
- induced by conditions under which the droplets are released from the dispenser — and of the effective
travel distance — which is related to the alignment of the camera and the impact surface.

Section 5.2.3 illustrated that the created under pressure in the cartridge was not reached from the
beginning but was reached over time, when the cartridge was only + 30 % full. During the high-speed
camera experiments of Table 14, the dry solid surface results were recorded first (i.e. droplet 1-150D —
5-150D). The droplet diameters for the dry solid surface are higher than the droplet diameters of the
latter liquid surface experiments (1-150L-13-150L). During the experiments, one LBE cartridge was
sufficient to do all the measurements. Thus, when the experiments started, the cartridge was full. Over
time, the cartridge emptied because of the dispensing. When replacing the dry solid surface with a liquid
surface, the leaking continued. Thus, the cartridge emptied even further.
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By the time the liquid surface experiments started, it is presumed that the under pressure was achieved.
The difference in droplet diameter between the dry solid and liquid surface can therefore be explained
by the under pressure, making it harder for the LBE to flow through the system.

The Weber numbers for the 150 pm LBE drops range from 91 up to 244. According to section 5.1,
droplets of 1 mm diameter were expected to have Weber numbers of 102 when falling with an impact
velocity of 2 m/s and a Weber of 229 when falling with a velocity of 3 m/s. The experimental Weber
numbers thus agree with the expected Weber numbers. Because the Weber numbers of droplets
dispensed with a 150 um nozzle are lower than the Weber numbers of droplets dispensed with a 1000
um nozzle, less splashing is expected.

The impacting velocities of the droplets is Table 13 (1000 pum nozzle) and Table 14 (150 um nozzle)
are quite similar to each other. This indicates that the differences in parameter-sets used for the 1000
pum nozzle (5 ms RT, 1 ms FT, 5 ms OT) and for the 150 um nozzle (1 ms RT, 0.6 ms FT and 1 ms OT)
do not have great influence on the droplet velocity.

When secondary ejected droplets were seen on the camera’s video recordings, ‘splash’ was noted next
to the high-speed camera images in Table 14. The splashing form was not always clear since the surface
could not always be seen in sufficient detail. For this reason, some images are described as ‘unclear’,
since the impacting form could not be determined exactly.

Droplet 2-150L, 7-150L and 10-150L showed no visible created secondary droplets. The Weber
numbers for droplet 2-150L and 7-150L are both below 140, namely 139 + 7 and 135 + 20 and their
diameters are 0.91 + 0.04 mm (2-150L) and 0.91 £+ 0.13 mm (7-150L). It was therefore assumed that
these droplet parameters could indicate a threshold. But, droplet 9-150L has an even lower Weber
number (115 £ 4), lower diameter (0,79 + 0.02 mm) and lower velocity (2,38 m/s) and did generate
secondary droplets. Moreover droplet 10-150L with 2,43 m/s impacting velocity, 1,12 + 0.39 mm
diameter and Weber number 170 £ 60 showed, contrary to the expectations, no splashing or ejected
particles. Therefore, it may be assumed that the splashing for some droplets, like 2-150L, 7-150L and
10-150L are not recorded with the high-speed camera, possibly because the liquid surface did not reach
the edge of the stainless-steel tray. Droplet 3-150L has the highest Weber number and highest diameter
of all droplets of Table 14. This droplet showed the clearest crown-splash form. This points out to the
influence of the Weber number on splashing.

The recorded droplets 3-150L and 6-150L are further discussed in section 5.3.2 as droplet 3-150L has
the highest Weber number of the droplets in Table 14.

The droplets impacting the dry solid surface showed no visible splashing, nor visible secondary ejected
particles. The results of droplet 1-150D, droplet 4-150D and droplet 5-150D are not recorded from
dispensed drops but are records from the uncontrolled leaking droplets. 4-150D is further discussed.
Drop 2-150D and drop 3-150D show results of dispensed droplets. A spread-out lamella was observed.
From these 2, only droplet 2-150D is further discussed.
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5.3.2 HIGH-SPEED CAMERA IMPACTING IMAGES
This section elaborates on the high-speed camera images from specific droplets of Table 13 and Table
14. The images are snapshots of the high-speed camera video recordings of the liquid impingement
experiments. Section 5.3.2.1 discusses liquid surface and dry solid surface impingement of droplets,
dispensed with a 1000 um nozzle. Section 3.5.2.2. illustrates images of liquid and dry solid surface
impingement of droplets generated with a 150 um nozzle.

5.3.2.1 1000 pm nozzle
5.3.2.1.1 Liquid surface impingement

Figure 24 shows the high-speed camera images of LBE droplet 1-1000L, colliding onto a liquid LBE
surface. The cartridge temperature was 140 °C and the fluid box body temperature was 145 °C. The
images of the 1-1000L droplet are discussed because the Weber number of the droplet was an outlier
compared to the other results of Table 13. The Weber number of the droplet is determined to be 260 +
58, while other Weber numbers vary from 386 — 499. This small Weber number is due to the 1-1000L
droplet’s size; the droplet is the smallest of his series, with a diameter of only 1.64 + 0.37 mm.

Droplet 1-1000L: @ = 1.64 + 0.37 mm, v = 2.48 m/s, We = 260 * 58

Figure 24: Images A-G illustrate snapshots from the high-speed camera recordings of droplet
1-1000L, impacting a liquid surface.

Figure 24A of falling LBE droplet 1-1000L illustrates that the droplet is not spherical. The droplet
impacts the liquid surface during Figure 24B. The impact almost immediately generates secondary
particles, as can be seen in Figure 24C. A ‘finger’ can be observed at the right of the image 24C. This
‘“finger’ can be an arm of a crown-formed splash. Also, a round shape in focus can be seen in the middle
of Figure 24D.



It is not clear to say whether crown splash occurs or not, since the camera was not positioned perfectly
perpendicular in line with the surface. The liquid surface was not observed. Due to this reason, it is not
possible to say whether the Weber number 260 + 58 could be a threshold for crown splashing for the
specific conditions. Figure 24E and 24F show a fluid jet rising from the impacted spot. This phenomenon
is called rebound. The rebound rises from the liquid surface. During this rebound motion, no secondary
droplets are observed. The rebound exceeds the initial liquid layer, as shown in Figure 24F. At the end,
the liquid surface returns to an equilibrium state without rebounding droplets.

Figure 25 (page 57) illustrates droplet 2-1000L impacting a liquid surface. Droplet 2-1000L’s large
diameter and thus Weber number were outliers compared to the other 1000 um nozzle results (Table
13).

Falling droplet 2-1000L has a deviating droplet shape, illustrated in Figure 25A. The droplet impinges
the liquid LBE surface in Figure 25B. Secondary droplets are almost immediately ejected. Figure 25C-
E illustrate the rising liquid column; a clearly formed ‘crown’ splash. Many secondary droplets are being
ejected from the rim of the crown. The crown’s fingers become less pronounced and fade (Figure 25E-
I). The crown collapses and decreases (251). When the liquid level of the surface is reached again, a
rebound is created at the impact location. The rebound exceeds the original liquid layer and even the
height of the crown. Almost no visible secondary droplets are created during the rebound. Eventually,
the liquid surface reaches its original shape.

When comparing these results of droplet 2-1000L to the previous results of droplet 1-1000L (Figure
24); the crown of droplet 2-1000L in Figure 25E is clearly visible, while droplet 1-1000L almost showed
no crown. Both LBE droplets had the same impact velocity (2.48 m/s). Droplet 1-1000L has a smaller
diameter and thus also a lower Weber number (1-1000L: We = 260 + 58, 2-1000L: We =499 + 98) than
2-1000L. More secondary droplets are ejected during the crown splash of droplet 2-1000L.

Figure 26 (page 58) shows LBE droplet 4-1000L impacting a liquid LBE surface. The collision almost
immediately generates secondary particles being ejected, which can be seen in Figure 26C-E. Figure
26E shows the formation of a splashing pattern, namely a crown splash which is rising from the impact
spot.

Compared to droplet 2-1000L (Figure 25), the crown of droplet 4-1000L (Figure 26) is less pronounced.
Also, the crown does not reach the same large height but continues to expand radially during the axial
fading of the crown. It could be possible that due to the leaking, the liquid surface was disrupted when
droplet 4-1000L impacted. After the crown form fades and the initial liquid layer is reached, a rebound
rises from the impacting location. The rebound exceeds the crown’s height. After the rebound is faded,
in Figure 261, a second rebound is formed which can be seen in Figure 26K.
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Droplet 2-1000L: @ = 3.16 + 0.61 mm, v = 2.48 m/s, We = 499 + 95

Figure 25: Images A-N illustrate snapshots from the high-speed camera recordings of droplet
2-1000L, impacting a liquid surface.




Droplet 4-1000L: @ = 2.85+ 0.24, v = 2.49 m/s, We = 454 + 41

Figure 26: Images A-N illustrate snapshots from the high-speed camera recordings of droplet
4-1000L, impacting a liquid surface.




5.3.2.1.2 Dry solid surface impingement
Following splash recordings in Figure 27 show droplet 8-1000D, impacting a dry smooth surface.
Droplet 8-1000D impacts a previously solidified droplet on the dry surface with 2.53 m/s. The droplet
diameter is 2.36 mm and the Weber number is 389 + 10. Droplet 8-1000D seems to have a spherical
shape. The droplet impacts an already solidified fallen drop, i.e., a circular shaped lamella. This
increases surface roughness, which is expected to increase the occurrence of splashing [22].

Droplet 8-1000D: @ = 2.36 mm, v = 2.53 m/s, We =389 + 10

Figure 27: Images A-G illustrate snapshots from the high-speed camera recordings of droplet
8-1000D, impacting a dry solid surface.

The droplet 8-1000D seems to coalesce with the already present lamella in Figure 27C and Figure 27D.
The liquid droplet radially expands over the former lamella. No splashing or secondary droplets are
observed. This may indicate that the Weber number is not sufficiently large to generate secondary
droplets or that the secondary events are too fast to be recorded or to be seen. In Figure 27E, the
combination of both lamellae seems to separate from the surface through a lift-off due to the impact of
the collision.

When other droplets fell on the lamellae, high stacking shapes were created due to the fast solidification
and the aligned impingement, shown in Figure 28. The shapes are easy to remove from cold metal
surfaces as the LBE does not wet the surface. The leaking droplets kept falling on top of each other.
This way, high piles were formed on the cold solid surface. When the height increased, the shape broke
and fell.



Figure 28: Pile of stacked 8-1000D droplets on a dry solid surface.

The right picture of Figure 28 is taken inside the SPLAT chamber. Secondary particles, formed due the
collision, can be seen on the dry solid surface around the pile.

Figure 29 shows droplet 9-1000D impacting a dry solid surface.

Droplet 9-1000D: @ = 2.60 + 0.16, v = 2.52 m/s, We = 429 + 28

Figure 29: Images A-F illustrate snapshots from the high-speed camera recordings of droplet
9-1000D, impacting a dry solid surface.

The impact of the droplet shows an immediate coalescence in Figure 29B. The contact edge between
the drop and the surface radially expands, spreading the liquid out over the surface in Figure 29C and
29D. The spreading liquid film results in the formation of a thin disc-shaped lamella, bordered by a
thicker rim (Figure 29E). The lamella has typical finger shapes. This liquid film radially expands due to
the kinetic energy and then retracts due to capillary forces. It is not possible to see the expansion and
contraction of the droplet on the images, but they were visible on the video recordings of the
phenomenon. When the lamella reached its maximum radius, the recordings showed the solidification
of the droplet through the fading of the ‘gloss’ of the lamella.
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Hereafter, the lamella seemed to separate from the surface. This can be observed in Figure 29F, where
the right finger of the lamella rises from the surface. This lift can be due to volume changes due to
solidification. Other references state that during the impact, the droplet entraps a small air bubble under
its center. During the ‘flatting’ into the lamella shape, the air bubble breaks and escapes. Due to this
escaping air underneath the lamella, it seems like the lamella is ‘skating on a film of air’ [22]. However,
this rather typical for rough surfaces. The liquid impingement of droplet 9-1000D was performed on a
smooth solid surface. As already mentioned, the surface was cleaned in between recordings to get rid of
solidified leaking droplets. This cleaning was performed by ‘pushing’ previous solidified droplets away
with a tissue. It may be possible that due to this simple cleaning procedure, the surface was not cleaned
sufficient and therefore became rougher.

The images in Figure 30 illustrate droplet 10-1000D.

Droplet 10-1000D: @ = 2.56 + 0.99, v = 2.53, We = 423 + 19

Figure 30: Images A-F illustrate snapshots from the high-speed camera recordings of droplet
10-1000D, impacting a dry solid surface.

Droplet 10-1000D spreads over the dry solid surface after impact. The result is in agreement with the
other dry solid surface impacting images of droplet 8-1000D and 9-1000D. The impingement shows no
visible secondary ejected droplets but a spread disc-shaped lamella instead. Figure 30E shows the
lamella separating from the surface through a lift-off. This is due to volume changes of solidification.
When comparing 8-100D, 9-1000D and 10-1000D, the impacting velocity nor the Weber number seem
to affect the impingement outcome since all dry solid surface recordings were similar.

Figure 31 illustrates droplet 10-1000D after impact on the dry solid surface inside the SPLAT chamber.

Figure 31: Lamella of droplet 10-1000D on a dry smooth solid surface..
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The solidified droplet shows a thin disc-shaped liquid film bordered by a thicker rim with ‘fingers’. The
impacting surface, i.e., the metal plate seems clean of LBE secondary droplets around the lamella. The
lamella is not completely in contact with the surface but shows a hollow shape. This is due to the volume
change of LBE after solidification, which also was the case during the expansion of the solidified
droplets inside the cartridge (section 3.3.1).

5.3.2.2 150 um nozzle
The next images show recordings of impacting LBE droplets, dispensed with a 150 um nozzle.

5.3.2.2.1 Liquid surface impingement

Figure 32 shows images of droplet 3-150L, impacting a liquid surface. Droplet 3-150L is chosen to
discuss since it showed the clearest splashing compared to other droplets in its series. The droplet has a
diameter of 1.32 + 0.56 mm, an impact velocity of 2.43 m/s and a Weber number of 201 + 85. Droplet
3-150L strongly deviates from the expected spherical shape. As mentioned in section 2.5.2.1, the
droplet’s shape is determined by liquid properties, by the initial conditions upon release and by the
interaction of the droplet with its surroundings. Moreover, oscillations and the medium through which
the droplet falls may affect the droplet shape. Since numerous parameters influence the droplet shape,
it is not possible to explain the deviating shape of the droplet.

Droplet 3-150L: @ = 1.32 £ 0.56, v = 2.43, We = 201 + 85

Figure 32: Images A-H illustrate snapshots from the high-speed camera recordings of droplet
3-150L, impacting a liquid surface.
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When droplet 3-150L impacts the liquid LBE surface, splashing is immediately observed in Figure 32C
and 32D. The crown-shapes of the splashing form seem to be formed above the surface in Figure 32C-
E. The crown fades in Figure 32F. Lastly, the initial surface layer is retrieved, followed by the formation
of a rebound in Figure 32H. The splashing form is hard to determine since the surface cannot be
sufficiently seen. The crown splash is less pronounced and smaller than during impingements with a
1000 um nozzle. This is line with the assumptions, namely splashing increases with increasing Weber
number.

Droplet 6-150L is discussed in Figure 33. Droplet 6-150L shows a very deviating drop shape.

Droplet 6-150L: @ =1.00 £ 0.22, v = 2.44, We =152 + 34

Figure 33: Images A-G illustrate snapshots from the high-speed camera recordings of droplet
6-150L, impacting a liquid surface.

It is not clear to see on the images of Figure 33, but the video recordings of the droplet showed secondary
droplets being ejected. In Figure 33D-F, fingers are observed. Because it is not possible to clearly see
the surface, it is not clear to say which splashing form occurs. Droplet 6-150L has a diameter of 1.00
0.22 mm and a Weber number of 152 + 34.

The previous droplet (3-150L) in Figure 32 has a higher Weber number (i.e., 201 + 85) and is larger (i.e.
1.32 £ 0.56 mm). When comparing the two droplets, both generate splashing instead of spreading.
Secondary droplets are ejected in both cases. The ‘crown splash fingers’ of drop 3-150L reach larger
heights than those of droplet 6-150L. The splashing is more extensive and more secondary drops are
observed. These differences can be explained by the lower Weber number and diameter of droplet 6-
150L.



When comparing the previously discussed results of liquid LBE impingement on a liquid surface using
a 1000 pum nozzle (5.3.2.1) with the results of this section (150 um nozzle), it can be noted that more
splashing occurred for the larger droplet, ejected from the 2000 um nozzle. All 1000 pm-nozzle droplets
showed splashing and - except for one -, all droplets displayed clear crown splashes. This is contrast to
the liquid impingement with the smaller nozzle and thus with smaller droplets, indicating that higher
droplet diameters (i.e. higher Weber numbers) have a major impact on splashing.

Increasing the droplet’s Weber number favors splashing, in line with the expectations. A higher impact
velocity should also benefit splashing. However, in this research study, the differences in velocities are
assumed to be too small to observe significant and clear differences in impact outcomes.

5.3.2.2.2 Dry solid surface impingement
Figure 34 shows the pictures of impinging droplet 2-150D onto a dry solid surface.

Droplet 2-150D: @ =1.17 £ 0.05, v =2.52 m/s, We =189 + 9

Figure 34: Images A-F illustrate snapshots from the high-speed camera recordings of droplet
2-150D, impacting a dry solid surface.

The droplet spreads out after impacting the smooth solid surface in Figure 34B and C. A circular lamella
is formed (Figure 34E-F). The typical lamella finger shapes are not observed. The recordings also
showed no expansion and contraction, nor a lift-off of the lamella. When comparing to the 1000 um
nozzle results, almost all lamellae showed lift-off, fingers, contraction and expansion. The difference
again can be attributed to the lower Weber number, mainly related to the smaller diameters of the
droplets dispensed with the 150um nozzle.
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Figure 35 shows recordings of leaking LBE droplets in succession. No dispenser parameters were
installed to obtain these droplets. The droplet is identified as 4-150D.

Leaking droplet 4-150D

Figure 35: Images A-J illustrate snapshots from the high-speed camera recordings of leaking droplet 4-
150D, impacting a dry solid surface.

The images of Figure 35 firstly show why the leaking falling droplets were easy to distinguish from the
on demand requested dispensed droplets. The leaking droplets showed a long tail, illustrated in Figure
35A and 35B. This deviating shape can be linked to the immobile state of the tappet. During dispensing,
the fluid jet is ‘cut’ into droplets by the downward movement of the tappet, characterized by the falling
time. During the leakage, the drops are not ‘cut’, since no signal is given to the tappet.

When the leaking drop impacts the surface (Figure 35A), the drop spreads over the surface. The ‘tail’
of the droplet reaches the surface at a later stage than the droplet itself, this can be derived from Figure
35B till Figure 35E. The lamella is not clear to see on the images since the dry solid surface was not
cleaned before the leakage was recorded. But, the lamella formation could be seen during the
performance of the experiments. The lamella in Figure 35G shows a tail as well.

(o))
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This could be due to the delay in which the droplet’s ‘tail” arrives. When a second leaking droplet
impacts onto the previous solidified lamella (Figure 35F), the lamella shows again a sharp tail. During
the impingement, no secondary droplets are observed to be created nor ejected. It is possible that the
secondary droplets were ejected to fast to be recorded with the high-speed camera. When the leaking
continued, a stacking of droplets is created. Because of the droplet’s tail, the stack has sharp spines,
illustrated in Figure 36.

Figure 36: Pile of stacked leaking LBE droplets on a dry solid surface.

The formation of a pile was already the case for droplets generated with a 1000 um nozzle, as can be
seen in Figure 28. The stack of solidified leaking droplets is sharp since the leaking droplets have ‘a
tail’, in contrast to dispensed droplets. The left image of Figure 36 shows a pile being formed after a
previous pile broke off and fell. Since a leak could occur anywhere at any time in MYRRHA, the
stacking of these oddly formed LBE droplets (Figure 28 and Figure 36) are in truth real-world realistic
and possible outcomes. The sharp pines are expected to cause significant deformation (i.e. splashing) of
impacting droplets on the pile.
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5.4 Aerosol particle size distribution results
This section discusses the results of the PSD measurements of the formed LBE aerosols.

Because of the leaking dispenser, it was not possible to perform the particle size distribution (PSD)
experiments as initially planned. For this reason, the experiments were simplified. The PSD was
measured of impacting droplets leaking uncontrollably from the dispenser instead of from droplets
generated with parameter-set 5 ms RT, 1 ms FT and 5 ms OT. The leaking frequency altered during the
experiments and varied between £ 1 droplet every second to = 1 droplet every 5 seconds.

Because the characteristics of the leaking droplets are unknown, several leaking droplets were collected
and weighted to determine their size. The results can be seen in Table 15.

Table 15: Size of leaking LBE droplets (with a 1000 um nozzle).

mdroplet (g) ddroplet (mm)
0.1228 2.81
0.1372 2.92
0.1359 291
0.1371 2.92
0.1421 2.95

Average 2.90 £ 0.02

The leaking droplets with a 1000 um nozzle opening have an average diameter of 2.90 + 0.02 mm
diameter.

5.4.1 SMPS AND OPC RESULTS
Before liquid impingement was performed, the SPLAT enclosure was flushed with 2.6 I/min argon gas.
From this gas flow, the PSD is measured as reference and illustrated in 2D in Figure 37.
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Figure 37: Reference: PSD of argon gas.

Through the results of Figure 37, it can be stated that the measured aerosols in following graphs (Figure
38, 39 and 40) are actual LBE aerosols.

Following Figure 38 and Figure 39 provide a 3D overview of the PSD experiments. Figure 38 shows
the PSD of liquid impingement on a dry solid surface and Figure 39 shows the PSD of liquid
impingement on a liquid surface, both in 3D. The graphs were obtained by merging the SMPS (< 100
nm) and OPC (> 100 nm) results.
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From Figure 38, it can be observed that most generated aerosol particles, due to impingement of LBE
droplets on a dry solid surface, are located in the area of the SMPS (i.e. 20 nm < d < 100 nm). The
concentration of small particles is higher than the concentration of large particles. The peak
concentration of LBE particles is situated near an equivalent particle size of 25 nm. The shape of the
curve suggests that a significant amount of particles smaller 20 nm will be present, but these are not
visualized on Figure 38 due to the lower particle size limit of the SMPS. Also, it can be observed that
similar PSDs are recorded with each scan, i.e. ‘a steady state’ is reached.

The width of the PSD of the liquid surface (Figure 39) exceeds that of the solid surface (Figure 38). The
aerosol particles due to liquid surface impingement have diameters up to 140 nm, with a distribution
maximum in the 60-80 nm range.

Figure 40 provides a 2D graph of the PSD of the liquid and solid surface. The graph is obtained by
averaging the previous 3D scans (Figure 38 and Figure 39).
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Figure 40: 2D graph of the PSD of dry solid and liquid surface impingement.

Figure 40 indicates that the aerosol particle distribution shifts to larger particle size bins during liquid
surface impingement compared to dry solid surface impingement. The impact of LBE droplets in
succession with an average diameter of 2.90 + 0.02 mm on a dry surface, generates aerosol particles
between * 20 and £+ 105 nm diameter. The sharp decline in particle concentration near 20 nm is most
likely indicating that the SMPS cannot detect particles below this size range. The PSD maximum (i.e.
6.10° particles/cm3) is located at + 28 nm diameter. Hereafter, the particle concentration of the solid
surface graph decreases with particle size.

From Figure 40, it can be derived that the aerosol particle sizes from liquid surface impingement range
from = 20 nm till up to 250 nm. The distribution peaks at approximately 100 nm. The concentration at
this point is + 6.9.10° aerosol particles/cm3.
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The dry solid surface altered during the experiments, starting with a clean and smooth surface, followed
by the formation of a rough surface (pile) and finally even a pseudo-liquid surface (dimple). A pile of
stacked droplets was built by the impacting droplets in succession. Because the frequency of the leaking
droplets was high, the pile became heated. After some time, a dimple was formed at the top of the pile
of stacked droplets, illustrated in Figure 41. In this dimple, the LBE droplets did not solidify immediately
but remained liquid.

Figure 41: Pile of stacked solidified droplets with a pseudo-wet dimple at the top.

From the dry solid surface and viewports (Figure 41), it can be seen that significant amounts of
secondary droplets were formed by the impact.
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CONCLUSIONS AND PERSPECTIVES

6 CONCLUSIONS AND PERSPECTIVES

In this thesis, we have studied the formation of aerosols resulting from the impact of liquid lead-bismuth
eutectic droplets on various surfaces. This chapter summarizes the results, from which conclusions are
drawn and from which an outlook for further studies is retrieved.

6.1 Experimental parametric survey

This section provides an overview of the theoretical expected differences between liquid impingement
with water droplets and with LBE droplets regarding impact velocity, impact energy (characterized by
the Weber number) and impact time.

It can be concluded that the 1) Weber numbers for LBE droplets will exceed those for water droplets
with an expected factor of + 1.8 for droplets of the same diameter and impact velocity. 2) Falling LBE
droplets will reach higher impact velocities for a given fall height than similar water droplets due to
LBE’s higher density (10,548 kg/cm3 at 140 °C versus 998 kg/cm3 for water at 20 °C). 3) The impact
velocities are observed to increase with fall height and droplet diameter. Since impact velocity is squared
in the Weber number equation, it will have a significant affect. The Weber number for an LBE droplet
will thus be at least 1.8 times higher than for a same sized water droplet, falling over the same distance.

Overall, LBE is expected to generate significant splashing and thus significant amounts of aerosols.
Therefore, from a safety-point of view within the framework of aerosol formation, LBE is less preferred
than water since aerosol generation due to liquid impingement is expected to be more extensive.

6.2 Droplet generation with a micro dispenser

6.2.1 CORRELATION OF DISPENSER PARAMETERS AND DISPENSED DROPLET

It was decided to generate LBE droplets with a micro dispensing system, in which droplets are dispensed
by a downward moving tappet. The dispensing cycle is characterized by several parameters such as
“rising time”,” open time”, “falling time”, “needle lift”, “number of pulses”, “delay”, “supply pressure”,
“cartridge temperature” and “fluid box temperature”. The latter four were kept constant during this

parametric study.

Rising time is observed to affect the dispensed volume. Increasing rising time results in increasing
dispensed droplet diameter and increasing dispensed volume. Open time shows similar effects. When
rising time and open time are increased, the number of dispensed droplets increases since more fluid is
sucked in and since more fluid flows through the fluid box during the time in which the valve remains
open. The droplet diameter increases as well. Falling time refers to the time in which the tappet moves
down and pushes the fluid out the nozzle insert. A high falling time results in generation of multiple
droplets since the fluid jet is not ‘cut’ sufficiently by the tappet. Since all parameters are observed to
influence one another, the number of pulses cannot simply be equated to the number of dispensed
droplets. When number of pulses is set to 1 but rising time and open time are set to high values, more
than one droplet or even a flow may be ejected. When falling time, rising time and open time are set to
rather low values to decrease their influence, the number of pulses may be equated to the number of
dispensed droplets.

From this study, a parameter-set (RT, OT, FT) was derived that allowed reliable dispensing one droplet
per pulse.

6.2.2 DROPLET SIZE DETERMINATION

The dispensing experiments were performed with a 150 pm nozzle and a 1000 pm nozzle to ensure an
analysis of a wide range of dispensed LBE droplet diameters. With the 150 um nozzle, LBE droplets
from 0.50 + 0.10 mm diameter up to 1.48 + 0.10 mm diameter could be dispensed by varying the RT,
OT and FT parameters. With the 1000 pm nozzle, LBE droplets from 1.83 + 0.03 mm diameter up to
4.57 = 0.06 mm diameter were obtained.
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6.3 Troubleshooting

After moving the dispenser from ex-situ to the top of the SPLAT setup, the dispenser started leaking. It
is assumed that the leaking problem is a combination of several factors. While the cause of the leakage
could not be established within the time frame of this thesis work, the frequency with which droplets
leaked out could be sufficiently lowered by lowering the micro dispensing system temperatures and by
creating an under pressure in the dispenser’s cartridge.

To perform further studies within the framework of aerosol formation due to liquid impingement, a
properly functioning micro dispensing system is required. For this purpose, the dispenser will be sent
back to the company to inspect the valve.

6.4 Liquid impingement with high-speed camera

Due to technical difficulties, it was not possible to perform the liquid impingement experiments with
the conditions as expected from the parametrical study nor the parameters applied during the previous
dispensing experiments.

To diminish the dispenser leakage to an acceptable level, the cartridge temperature and fluid box
temperature were lowered as compared to previous applied temperatures and an under pressure was
applied to the dispensing system. Therefore, the high-speed camera results deviate from the pre-
calculated conditions, showing larger droplet diameters and lower impact velocities, but the Weber
numbers derived were in line with the calculated expected values. In addition, many falling droplets
showed non-spherical shapes, sometimes with pronounced liquid tails. The applied MATLAB code did
not correct for these non-spherical shapes, leading to a second deviating factor on the droplet diameter
results.

6.4.1 1000puM NOZZLE

Liquid impingement onto a liquid surface is performed with a 1000 um nozzle opening. Droplets ranging
from 2.44 mm to 3.16 mm diameter were generated. The Weber numbers range from 386 to 499 and the
impact velocity from 2.45 m/s to 2.53 m/s, except for one outliner droplet with a diameter of 1.64 + 0.37
mm diameter and We = 260 + 58. This outliner droplet generated secondary droplets, being ejecting
after impact onto the liquid surface but it was not clear whether prompt or crown splash occurred. All
other droplets showed clear crown splash impacting forms. The droplet diameter was observed to
influence the splashing.

Dry solid surface impingement was performed with a 1000 um nozzle as well. Droplets of 2.36 mm to
2.60 mm diameter, with Weber numbers from 389 to 429 and with 2.53 m/s impact velocity were
dispensed. The impingement on the dry solid surface of the LBE droplets provoked no splashing. A
spreading lamella was observed, which solidified in time. When droplets in succession impacted on each
other, a pile of stacked solidified droplets was created on the dry solid surface. The stack of solidified
droplets in succession can easily be cleaned since LBE shows no adhesion to metallic surfaces. This
stack is a realistic outcome of when a leakage inside the MYRRHA reactor would occur. The Weber
number and droplet size do not affect the outcome of impingement with dry solid surfaces, since all dry
solid surfaces showed the formation of a lamella and a lift-off. It is possible that the Weber number can
be correlated to the radius of the lamella or the lift-off, but these were not measured.

6.4.2 150 uM NOZZLE

The liquid impingement with the smaller nozzle, and thus smaller LBE drops, showed similar results as
with the 1000 pm nozzle. Droplets with a diameter between 0.79 mm and 1.32 mm, a Weber number
between 135 and 201 and an impact velocity between 2.38 m/s and 2.46 m/s were generated. Most
impingements onto the liquid LBE surface formed splashing. It was not possible to determine which
splashing (crown or prompt) occurred, since the surface did not came clear into view. The high-speed
camera recordings of droplet 2-150L (v: 2.44 m/s; @: 0.91 + 0.04 mm; Weber: 139 + 7), droplet 7-150L
(v: 2.41 m/s; @: 0.91 £ 0.13 mm; Weber: 135 + 20) and droplet 10-150L (v: 2.43 m/s; @: 1.12 + 0.39
mm; Weber: 170 + 60) showed no generation of visible secondary droplets.
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However, other droplets with smaller Weber numbers and diameters did show splashing. A possible
explanation is that the splashing of the three mentioned droplets was not captured because the liquid
surface was out of the field of view of the camera.

When comparing the liquid surface impingement results of the 150 pum nozzle with the results of the
1000 um nozzle, it can be concluded that crown splashing is more pronounced for larger droplets.
Therefore, it can be concluded that larger droplets generate higher Weber numbers and more splashing.
The results are in line with the literature and the expectations.

Dry surface liquid impingement performed with the 150 um nozzle did not provoke visible splashing.
The impact resulted in the formation of a lamella. In contrast to the previous dry solid surface collision
performed with the 1000 pm-nozzle, the fingers of the lamella nor the lift-off are visible at the 150 um
nozzle recordings. This may be due to the smaller Weber number. Furthermore, recordings of the leaking
droplets in succession with the 150 um nozzle onto a dry smooth surface, show the buildup of the
solidified drops, resulting in a stack. The stack is more needle-like when compared to the previous 1000
um stack, owing to the ‘tail’-shapes of the leaking drops. This stack is a realistic outcome of when a
leakage inside the MYRRHA reactor would occur.

In order to be able to make precise claims about liquid LBE impingement, more influencing parameters
should be considered. As mentioned, the influence of the gas flow, of the roughness of the dry solid
surface, of the temperatures of the surfaces, of the fall height, etc. are not considered in this study. In
addition, to see a significant influence of the velocity (and Weber) on splashing, it is necessary to look
at a wider range, i.e. larger fall heights. For the short travelled distance of 40 cm as applied in this thesis,
the impact energy (and thus Weber number) of the LBE droplets is mainly determined by the mass of
the droplets.

To be able to make a matrix for predictions about splashing forms based on Weber numbers, as is
available for water, more data and more droplet diameters need to be studied to achieve uniform
threshold values for splashing. Furthermore, for subsequent studies, a properly functioning dispenser is
required. In addition, the applied Photron SA3 fastcam resolution and frame rate were sufficient to
determine these ‘first’ results of LBE within the framework of liquid impingement and aerosol
formation. However, for further studies, a high-speed camera with higher resolution would be preferred
to generate more detailed images. Also, the impacting would have been easier to describe if the high-
speed camera was tilted or if the surface layer of the liquid and the dry solid surface came better into
view. Lastly, regarding the non-spherical shape of the falling droplets, a MATLAB code or processing
software which is able to correct for this deviation, may be required for further investigation.

6.5 Aerosol particle size distribution

Using a wide range aerosol detection system, the amount and size of aerosol particles, resulting from
impinging LBE droplets, could be determined for the first time.

The PSD results of impingement on a liquid surface generates particles with diameters between 20 —
250 nm. The PSD peaks with 6.9.10° particles/cm3 at 100 nm diameter. Impingement of LBE droplets
on a dry solid surface generates aerosol particles up to 100 nm. A PSD maximum (6.10° particles/cm3)
is located at 28 nm diameter. The shape of the PSD curve suggests that a significant amount of particles
smaller than 20 nm will be present, but these cannot be recorded due to the lower particle size limit of
the SMPS.

The results indicate that the PSD shifts to larger particle size bins during liquid impingent on a liquid
surface as compared to impingement on a dry solid surface. However, both types of impingement lead
to the formation of significant amounts of sub pum particles, which can pose a hazard as they are difficult
to filter out and may mitigate deep into the human body.

To be able to make precise statements about the particle size distribution of LBE aerosols formed by
liquid impingement, more PSD measurements are required. Additionally, a properly functioning
dispenser is required so that precise well-known LBE droplets can be used as starting point.
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