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Abstract

With world-wide energy demands ever increasing and global warming posing ever greater problems to human
habitation on Earth, new, renewable energy sources are in great demand. Often excluded from this list of gashouse-
emission free energy sources is nuclear energy. Nuclear energy is generated from the fission reaction of fis-
sile materials, most commonly Uranium-235. To expand the range of materials usable for nuclear fission, the
SAMOSAFER (Severe Accident MOdelling and Safety Assesment for Fluid-fuel Energy Reactors) project is
working on the development of a Generation-IV reactor called the Molten Salt Fast Reactor (MSFR). The project
is connected to a great many universities, research groups, institutions and companies world-wide. The great ob-
jective is to have the MSFR operational by 2050.

In this research, the aim is to investigate one aspect of the MSFR, namely the removal of solid reaction prod-
ucts from the fuel salt, to avoid the poisoning of the reaction and corrosion of the reactor core. The removal of
the noble metal nanoparticles and gaseous fission products is done through helium bubbling. In this research,
a simulant fluid with similar viscosity to the fuel salt and fluorescent nanoparticles will be used to measure the
particle extraction rate in a bubble column using three different extraction methods. The measurements are done
using the Laser Induced Fluorescence (LIF) technique, where a laser is formed into a sheet, which illuminates a
single layer of the bubble column. The fluorescent particles in this layer absorp the laser light and emit another
wavelength, which is then led through a selective filter to a time-gated camera and formed into an image. The
images are processed and calibrated to determine the particle concentration before, during and after bubbling.

The results show that none of the three used extraction methods, the evaporation of particles at the fluid-air
interface, the use of a Hallimond tube and the use of filter paper, is effective in neither water nor the simulant
aqueous glycerol as no significant decrease in particle concentration could be found. However, it was found that
it is possible to correct images taken while bubbling for the reflections of fluorescent light, which enables the
comparison between images taken while bubbling and images taken while the fluid is at rest.
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Introduction to the experiment

The introductory chapter of this report is divided into three parts. First, some background information about
nuclear energy is given in Chapter . Secondly, in Chapter the operation of the reactor under investigation is
explained. Lastly, Chapter concludes the introduction by discussing the speci c topic of this research, helium
bubbling.

1.1. Nuclear energy

The rst nuclear reactor was built only 4 years after the discovery of nuclear ssion by Otto Hahn in 1938.

In December 1942, Enrico Fermi and his team initiated the rst self-sustaining nuclear chain reaction made by
humans in what he himself described as "a crude pile of black bricks and wooden timbers"[1]. Since then, much
research has been done to promote ef ciency and safety of nuclear reactors. This section will discuss the physics
of nuclear energy and its environmental impact.

1.1.1. Nuclear physics
The starting point of the most commonly used nuclear ssion is an isotope of uranium, U-235. Its ssion reaction
is as follows:

Z5yAnt X+YAen (1.1)

Reaction products X and Y emerge from the reaction with high kinetic eri&rgyhich is transformed into heat

as the reaction products are slowed down by colliding with other particles in the reactor fuel [2]. The high-energy
neutrons that emerge from the reaction should be suf cient to sustain the chain reaction, however, not every neu-
tron causes a new ssion, which makes it dif cult to keep a stable chain reaction going.

The natural sources of uranium contain mostly non- ssile uranium-238. Less theof the world's uranium
is the ssile uranium-235. Uranium only becomes a good nuclear fuel if it has arougtl Bdnium-235. The
uranium therefore needs to be enriched to increase the percentage of U-235[3]. For ssile products, the higher
the energy of a neutron, the lower the probability that a ssion reaction will take place. Therefore, reactors use
a moderator to slow down the neutrons and increase heat production[4]. These slowed-down neutrons are called
thermal neutrons.

1.1.2. Environmental impact
Even though its environmental impact is low compared to fossil fuels, nuclear power is usually not listed as an
environmentally friendly energy source. The accidents in the reactors at Chernobyl in 1989 and at Fukushima
in 2011 have raised strong public opinions against nuclear power regarding population health and surrounding
environment[5]. The safe storage of radioactive waste is a concern, as well as the mining of the fuel source.
The mining of uranium is not environmentally friendly, with open-pit mining leaving radioactive waste scattered
around the mining site and underground mining exposing mine workers to high levels of radiation[6]. Additionally,
the building costs of a reactor are high and nuclear power is a long-term investment.

Even though there are many concerns, nuclear energy has low carbon emission (usually in the range of 6-10
g CO2/KW h[7], which is 45 times less than coal[8]). It also requires less land to operate than other clean energy

1



sources, as wind farms require 360 times more land area to produce the same amount of electricity and solar
photovoltaic plants require 75 times more[9]. Furthermore, the resources that are accessible with current mining

are suf cient for reactors to run more than 100 years at current rates of consumption [10]. To summarise: nuclear

power can be an attractive long-term investment if current obstacles can be overcome.

1.2. Molten Salt Reactor

The Molten Salt Reactor (MSR) was rst proposed in the 1960's and is a thorium based breeding reactor where
the fuel is dissolved in the uoride salt moderator. Chapter 1.2.1 will shortly discuss the history of the molten
salt reactors, and chapter 1.2.2 will discuss the Molten Salt Fast Reactor, which is the reactor currently under
development.

1.2.1. History of Molten Salt Reactors

Construction of the rst molten salt reactor, called the Molten Salt Reactor Experiment (MSRE) was started in
1962 at Oak Ridge National Laboratory, and worked until 1969. The MSRE had a thermal power of 8 MW and
operated either with U-233, U-235 or Pu-239. However, the fuel salt did not contain any thorium. The experience
that was gained during the MSRE was used to design the Molten Salt Breeder Reactor (MSBR). The MSBR
had a large core to reduce neutron leakage and a low power density to reduce irradiation damage to the graphite
moderator. However, the MSBR was never built [11].

1.2.2. The Molten Salt Fast Reactor

The Molten Salt Fast Reactor is the Gen-1V reactor this research pertains to. Itis part of the SAMOSAFER(Severe
Accident MOdeling and Safety Assessment for Fluid-fuel Energy Reactors) project of the European Union re-
search and innovation programme Horizon 2020. The project started October 1, 2019 and is connected to many
universities, institutions and companies all over the world, including the Nuclear Research and consultancy Group
(NRG) and the Delft University of Technology (TUD). The grand objective is to ensure that the MSR can comply
with all expected regulations in 30 years.

The main difference between the MSRE reactor and the MSFR developed by SAMOSAFER is that the MSFR
has a single salt mixture acting both as a fuel and as a coolant. By using a graphite moderator neutrons will be
slowed down to be thermal, while otherwise a fast neutron spectrum would result[11].

Figure 1.1 gives an overview of the MSFR. The ssion reaction takes place in the "Primary Fuel Circuit",
which contains the reactor core including the blanket, primary pumps, and heat exchangers for power production.
The "Emergency Drain System" is where the fuel salt will be stored in case the reactor overheats or in case of
manual interruption. The ssion chain reaction will then be stopped. The "Fuel Treatment Unit" is where ssion
products will be removed from the fuel salt and to keep the Redox potential of the salt in the right range to reduce
corrosion. The heat from the reactor is transported to a turbine in the "Energy Conversion System" which drives a
generator to produce electrical energy[11].

Figure 1.1: Overview of the Molten Salt Fast Reactor[11]



The ssion reaction products formed in the MSFR need to be removed in order to avoid processes like corro-
sion of the reactor core. The elements formed in the MSFR are shown in gure 1.2. The yellow elements form
uorides and remain dissolved in the fuel salt. The elements shown in blue are gaseous ssion products (GFP's).
The purple elements are noble metals, which need to be removed from the fuel salt before they deposit on the
cold parts of the PFC (e.g. on the heat exchanger) to prevent corrosion. The GFP's can be removed by helium
bubbling, and the aim of this research is to see whether helium bubbling can also remove the noble metal particles
of sub-micron size.

Figure 1.2: Overview of the elements formed in the fuel salt. Yellow elements remain dissolved in the fuel salt. The noble metals (purple) and
GFPs (blue) removed from the fuel salt via helium bubbling and/or uorination [11].

1.3. Aim of the research
Research into removal of micron-scale particles has been conducted by Capelli as part of her Post-Doc. She used
molybdenum and iron particles to study the removal of micron-sized particles by bubbling [12]. Rozing planned
on continuing and extending her work for his master's thesis, but due to the outbreak of Covid-19 in the spring
of 2020, he had to fall back on off-campus research. He used a two phase Euler method to model the helium
bubbling process in OpenFOAM, an open-source computational uid dynamics program [13]. The on-campus
research that was planned by Rozing was in the end carried out by Lakerveld, who worked on the removal of
sub-micron particles by bubbling. Lakerveld set up the working process and did research into the behaviour of the
polystyrene nanoparticles in a bubble column, as well as researching the effectivity of the Hallimond tube [14].

This Bachelor's Thesis has continued and extended the research done by Lakerveld, while working on the
same setup. It uses uorescent nanoparticles to simulate the behaviour shown by nano-sized solid ssion products
in the MSFR and tried o extract them from the bubble column. The experimental part of this research has taken
place at the Reactor Institute Delft (RID), details regarding the experimental setup will be discussed in chapter 3.
The results of the research will also be used by NRG to test numerical methods.

The main research questions that | will try to answer during this thesis are:

« How can the measurement method be optimised?
« What are ef cient methods for particle collection in the top of the bubble column?

The rst question arises from the discussion of the results of Lakerveld, who encountered several unexplained
results. Investigated are the temperature of the column in time while bubbling, the effect of bubbling on the mea-
sured particle concentration and the accuracy of the gas ow rate. The results of these measurements can be found
in chapter 4.

A number of parameters make it dif cult to answer the second question, the temperature, pressure, parti-
cle/bubble size and velocity, density, viscosity, contact angle, surface tension, hydrophobicity, gas holdup, column
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geometry and possibly more may all contribute to the particle extraction ef ciency [13]. Itis important to separate
the material properties from the ow properties. The gas ow rate may also play a large role, as it determines
the ow regime, and each regime has different processes that govern the particle extraction. The type of simulant
uid is of interest because an experimental setup including the fuel salt composition in the MSFR that operates at
temperature T = 900 K is not available. The measurements are done using both water and a water-glycerol solu-
tion, which is a suitable substitute for the fuel salt [13] [12]. Three different types of particle extraction methods
are investigated on the aspect of particle extraction ef ciency. The results of the extraction measurements can be
found in chapter 4.



Theory

To properly understand and conduct experiments on particle otation, a thorough understanding of underlying
physical processes is required. The purpose of this chapter is to get a better understanding of the context in
which the research is conducted and which factors are of signi cance. Section 2.1 discusses the modelling of
multiphase ows, section 2.2 goes into detail about the bubble-particle attachment model, and section 2.4 describes
the difference in the behaviour of nanopatrticles to micron-sized particles.

2.1. Multiphase ows

Gas bubbles in a liquid can transport from 20 up to 50 times more particles than an average suspension of just
particles in a liquid [15]. The adhesion of particles to the bubble surface enables the bubbles to transport particles
in the direction of the bubble ow. However, as three different phases are present, the ow becomes quite dif cult
to model. Two methods for determining the ow regime and the in uence of important parameters are given in
this section.

One way to de ne different ow patterns is by Reynolds number, given by the ratio of inertial forces to viscous
forces within a uid. It helps predict ow patterns in different uid ow situations. The bubble Reynolds number

Re, is de ned in equation 2.1:

Re, £

Yavpdp
SCALE (2.2)

wherel; is the uid density,vy is the bubble rising velocitydy, is the bubble diameter aridis the uid
viscosity. With the help oRe,, three regimes can be discerned:

!
72 Rey¢ 1 Stokes ow

0.2GRe, G100 Intermediate ow (2.2)
Re,E100 Potential ow

Typical bubble Reynolds numbers encountered for the sizes of bubbles employed during otation fall in the
intermediate ow regime [16], which places certain bounds on the uid viscosity.

Another way to de ne ow characteristics is by looking at the ow pattern. This indicates the visible distribu-
tion or structure between the gas and the liquid. Figure 2.1 shows the different ow patterns as a function of the
gas velocityvsg and the liquid velocity in a vertical column. Figure 2.1 also shows visually the different ow
patterns. The desired ow pattern is bubbly ow, which occurs at low gas velocities where very small bubbles rise
in rectilinear motion. Larger bubbles rise on randomized trajectories and may form even larger bubbles [17]. The
formation of larger bubbles results in a relatively smaller total surface area compared to smaller bubbles so that
particles have a lower probability of interacting with the bubbles, and therefore a lower collection ef ciency [14].
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Figure 2.1: Flow pattern map for a 72-mm inner diameter vertical pipe ow of air and water according to the model of Taitel et al. (1980) [18].

2.1.1. Temperature and viscosity

As discussed above, the viscosity of the uid can greatly in uence the behaviour of the gas bubbles. The viscosity
of a uid can be in uenced by the temperature of the uid. Generally: the higher the temperature of the uid, the
lower the viscosity. There can be found several relations for viscosity and temperature, but they are only applicable
in speci ¢ cases and temperature ranges [19] and shall not be discussed here.

2.2. Bubble-particle interactions

The central process in froth otation is the capture of particles by rising bubbles [20]. This capture, the collection
ef ciency, is de ned as:

E AE.E,Es, (2.3)

whereE; is the collision ef ciency,E, is the attachment ef ciency anHs is the stability ef ciency of the
bubble—particle system. This division of the collision ef ciency was proposed by Derjaguin and Dukhin [21], and
divides the collision process where, in order, hydrodynamic interactions, interfacial forces and bubble—particle
system stability dominate. These zones are not discrete, rather, they grade into one another. The divistion of the
different zones is illustrated in gure 2.2.



Figure 2.2: Hydrodynamic (1), interceptive (2) and surface force (3) zones of interaction between a bubble and a particle [21]. The rst two
zones are the zones where the collision process takes place, whereas in the third zone, the attachment of particle to bubble occurs.

In the rst zone, the hydrodynamic forces are dominant. The drag force on the bubble forces the particle to
follow the streamlines around the bubble. The larger the viscosity of the uid and thus the more resistance the
particle has in moving through the uid, the slower the particle moves along these streamlines and the more time
they spend near the bubble, the more time inertial and gravitational forces have to drive the particle towards the
bubble surface. This zone is part of the collision process [14].

In the second zone, a strong electric eld is present due to the non-equilibrium distribution of ions around the
bubble. This either attracts or repels the particle from the bubble surface, depending on the ion distribution and
the charge of the particle. In addition to these electrophoretic forces, diffusional forces are present in the second
zone. For sub-micron particles the diffusional and electrophoretic forces are stronger than the gravitational and
inertial forces and must not be neglected. This zone is also part of the collision process [22].

The third zone is where surface tension forces become of in uence and where particle-bubble attachment takes
place. Depending on the sign of the total force, the thin liquid Im between the particle and the bubble surface may
become thinner more quickly, more slowly or not at all, and therefore, the attachment of particles to the bubble
surface may be promoted or prohibited [23].

Now that the different divisions of particle-bubble attachment in equation 2.2 have been explained, an expres-
sion for the otation recovery can be formulated. The otation recoveng given by equation 2.2 [20]:

RAR®a (1 eli ktb), (2.4)

whereRe is the maximum particle otation recoverty, is the bubbling time ankl is the otation rate constant
given by equation 2.2,

3Qg EcEakEs

2dp Ac

where the volumetric gas ow rat@g is a prede ned value depending on the desired ow, aqds the cross-
sectional area of the bubble column. The particle diamktés a property that can be determined experimentally.

From equation 2.2, a recovery curve is expected that rises quickly when the bubbeling is commenced, then
reaches an asymptote at the value of maximum recavery

: (2.5)

2.3. Interaction of bubbles with a lter

When using a lter in a uid reservoir, pressure can build up at one side of the Iter. Surface tension forces hold
water in the pores of the lter, such that no gas can pass through. The point at which the pressure is high enough
to force air through the largest pores in the lIter is called the bubble point. At pressures below the bubble point,
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gas passes across the Iter only by diffusion, but when the pressure is high enough to dislodge liquid from the
pores, bulk ow begins and bubbles will be seen [24].

2.4. Behaviour of nanoparticles

It has long been known that particle otation is effective for particles in the 1022@Gsize range [25][26][27].
However, for ner particles, the collision rate and encounter ef ciency is signi cantly lower, and thus the particle
otation is far less effective. However, for particles in the size range 10-100 nm, Brownian diffusion enhances the
collection of these particles by bubbles [28], and the particle collection ef ciency by Brownian diffusion increases
with decreasing particle size.

As shown by Nguyen, George and Jameson, the collection ef ciency has a minimum at the particle size in the
order of 100 nm, see gure 2.3 [29]. They concluded that for particles larger than this transition size of 100 nm, the
inertial forces dominate in particle collection by bubbles, while below this size limit, the diffusion forces control
particle collection.

Figure 2.3: Percentage particle number distributions for the Snowtex ZL pulp taken at different otation time as recorded by Nguyen et al
[29]. There is a clear minimum in the particle recovery around 100 nm.

Little information is known about the expected size of ssion product particles in the MSFR, but previous
experience with MSRs suggests particle diameters approx. betde®and10' ®m should be expected [30][31],
so expectedly the particles will fall into the size range of particles researched by Nguyen, George and Jameson.
It must be noted that if nanoparticles are smaller than 100 nm, they can become airborne, and possibly be
dangerous to human health if they end up in the respiratory system [32].



Methodology

3.1. Selection of simulant materials

As the use of actual molten fuel salt (FLiNak) was impossible for this experiment, simulant materials with prop-
erties as close to the fuel salt as possible are chosen.

Firstly, the otation process is only weakly in uenced by the used gas due to its low density compared to the den-
sity of the uid [33]. In this setup, air is used because of the conveniency, as pressured air was already available in
the laboratory. In a MSFR, an inert gas like helium must be used to avoid processes like oxydation, as the molten
salt is very reactive [12].

The most important parameters to take into account for the particle selection are the density, particle size and par-
ticle hydrophobicity. As there are a variety of particles in the MSFR and their size (ranging from a few angstroms
to a few microns) is still a matter of discussion [34], particles with different size and density have been considered.
The choice for the polystyrene particles used in this experiment was made for their hydrophobic behaviour, which
is close to the behaviour of the metallic particles in the MSFR, and their uorescent ability, which makes them
ideal to track. The used particles are 250 nm in size and have a density dfgl 5.

Lastly, the simulant uid must behave similarly to a molten salt when looking at the otation mechanism and par-
ticle collection by bubbles. Important uid parameters for this are the uid motion and velocity elds around the
bubbles. These parameters are, amongst others, dependent on the dynamic viscosity of the lidgnde, the

chosen simulant uid is 41.6 wi glycerol, because it closely approximates the dynamic viscosity of the fuel salt
(FLiNaK). The bubble formation process can however still be very different because of other properties, namely
the liquid density4 and the surface tensién play a role due to the temperature differences in the fuel salt [12].

3.2. Experimental setup

In this section, the different parts of the setup used to do the measurements are explained. These three parts are
the bubble column, the laser unit and the detection unit. Further, the absorption and emission spectra of the used
particles are given.

3.2.1. Bubble column
The cylindrical bubble column gives a way to visually observe the light of the uorescent particles. The column
is made of polymethyl methacrylate (PMMA) or Perspex®. Lakerveld observed that using a cylindrical glass
column gave much distortion of the image at the edges of the cylinder [14]. The current column is square on the
outside and has a separate cylindrical column on the inside. The square column is lled with demineralised water,
and the cylindrical column with the simulant uid. Lakerveld observed that perspex-water interface between the
water and the cylindrical column gives far less distortion because of smaller differences in refractive index. No
distortion was present in the measurement area, whereas when using a single cylindrical column distortion was a
major issue at the edges of the column.

The gas needed for the experiment is provided by the compressed air system in the laboratory. A mass ow
controller (Bronkhorst ELFlow Select) is used to control the gas ow from 10 to 500 sccm Ymém([35] with
0.5% accuracy. The gas is led into a pressure chamber underneath the column, and the bubbles are then formed by
a bubble sparger (metal sintered Iter, SIKA-R3 with 26 mm diameter, a thickness of 3 mm and a 3 um average
pore size [13]).
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