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Abstract

One of the main challenges today is meeting the global energy demand while pursuing
the carbon neutrality goals set by the Paris Agreement (COP21) and confirmed by the
more recent COP28. Several successful energy scenarios by the International Energy
Agency (IEA) depend on expanding the role of nuclear energy in electricity genera-
tion, which inherently increases nuclear waste production. A promising approach to
address this challenge is nuclear waste transmutation, achievable through advanced
fourth-generation reactors. A leading project in this field is MYRRHA (Multi-purpose
hYbrid Research Reactor for High-tech Applications), a pool-type, fast-spectrum re-
search reactor being developed at the Belgian nuclear research center, SCK CEN.
MYRRHA employs lead-bismuth eutectic (LBE) as its primary coolant, which con-
tributes to both its safety and operational efficiency.

Currently, the thermohydraulic behavior and modeling of liquid metals like LBE
remain uncertain, especially in low-velocity regimes such as mixed and natural con-
vection, which correspond to the accident conditions of the reactor. Addressing this
issue requires accurately estimating the turbulent heat flux, which represents the heat
transfer due to turbulence characterized by fast fluctuations of temperature and ve-
locity in the fluid. While numerical simulations provide reliable estimates for fluids
like water or air, validation data for low-Prandtl-number fluids, such as liquid metals,
remain scarce. Consequently, new experiments are essential to establish a reference
database for model validation. This PhD project thus aims to develop an advanced
experimental technique capable of simultaneously measuring velocity and temperature
fluctuations, i.e., the turbulent heat flux, in liquid metals.

Ultrasound Doppler Velocimetry (UDV) and Hot Film Anemometry (HFA) were
selected for velocity measurements, while sheathed type K thermocouples (TC) and
fiber Bragg gratings (FBGs) were used for temperature measurements. After initial
calibration and characterization tests in liquid metals, these measurement techniques
were applied in a differentially heated cavity used as a natural convection setup. The
experimental results generally reached a good agreement with RANS and DNS simu-
lations in terms of average fields for both fluids used, water and Galinstan. Neverthe-
less, velocity fluctuation measurements in Galinstan presented significant challenges,
yielding results that reflect such uncertainties and limited the feasibility of directly
quantifying turbulent heat flux values. Despite this, the experimental and numerical
findings in this study provide valuable insights into the characteristic trends of liquid
metal flows under natural convection conditions.
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Chapter 1

Introduction

This Chapter introduces the context in which this thesis is developed and the main
objectives of the research. Following an overview explaining the background of the
work in Section 1.1, Section 1.2 examines the current approaches to addressing tur-
bulence in liquid metals, identifying the challenges that this work aims to address
to further understand the mechanics of turbulence in such �ows. Subsequently, the
limitations of this research are outlined in Section 1.4, establishing the boundaries
and speci�c focus areas. The main objectives of the research are then presented in
Section 1.3. Finally, Section 1.5 provides an outline of the thesis structure, including
a brief description of each Chapter.

1.1 Context

One of the greatest challenges currently faced is meeting the increasing global energy
demand while adhering to carbon neutrality targets and the maximum 1:5 � C tem-
perature increase limit set for 2050 [1�3]. July 2023 set a new record as the hottest
month ever recorded, followed closely by August 2023 as the hottest August on record.
Additionally, in 2022, global carbon dioxide (CO2) emissions from the energy sector
reached an unprecedented high of 37 billion tonnes (Gt), surpassing pre-pandemic
levels by 1%. Although both CO2 emissions and fossil fuel demand are expected to
peak this decade (with fossil fuels accounting for approximately80 % of the global
energy supply), further e�orts are necessary to achieve the1:5 � C target by 2050 [2, 3].

The International Energy Agency (IEA) has identi�ed several key measures to
realize the Net Zero Emission (NZE) Scenario, including an increase in renewable ca-
pacity, accelerated electri�cation, reduction of methane emissions, and investment in
technologies like carbon capture, hydrogen, and energy infrastructure. While renew-
able sources are expected to dominate, contributing over70 % of the global energy
supply in the NZE, nuclear energy is anticipated to play a signi�cant role, increasing
its share from 5 % to 12 % and doubling installed power capacity from 413 GW in
2022 to 812 GW by 2050 [2, 4].

The recent COVID-19 pandemic and invasion of Ukraine by Russia have under-
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scored the value of a diverse mix of non-fossil and domestic energy sources. Conse-
quently, several countries, such as the United Kingdom, France, China, Poland, and
India, have announced energy strategies that feature pivotal roles for nuclear power,
while others, including Belgium and Korea, have recently revised plans to phase out
existing nuclear plants [4].

However, the anticipated increase in nuclear power installation will lead to a cor-
responding increase in nuclear waste production. A promising solution to this issue is
transmutation, i.e. the transformation of nuclear waste, speci�cally minor actinides,
into shorter-lived waste to facilitate disposal. This process can be achieved by Liq-
uid Metal Fast Reactors (LMFRs) of the fourth generation, utilizing fast neutrons
[5]. This technology has garnered signi�cant attention in recent years, leading to the
initiation of various international research projects, such as SESAME [6], MYRTE
[7], and PATRICIA [8]. These projects focus particularly on supporting the design
of MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications),
a groundbreaking accelerator-driven pool-type fast-spectrum research reactor under
development at SCK CEN, the Belgian nuclear research center [9�11]. The primary
objectives of MYRRHA are as follows:

ˆ Addressing the nuclear waste issue: MYRRHA will be the �rst reactor of its
kind to incorporate an accelerator-driven system that enables the use of fast
neutrons for transmuting minor actinides and long-lived �ssion products. By
reducing their radiotoxicity, this technology could potentially reduce the volume
of high-level radioactive waste by99 %and the storage time required to just 300
years [10].

ˆ Providing a proof of concept and technology platform: MYRRHA can operate
in subcritical mode, avoiding a self-sustaining chain �ssion reaction by coupling
with a high-energy proton accelerator, which produces the necessary primary
neutrons in the reactor core via spallation reactions. This design ensures re-
activity control during minor actinide burning and o�ers the additional safety
feature of immediate shutdown upon stopping the accelerator. The reactor is
also equipped to operate in critical mode, with residual decay heat removal
achieved through natural circulation without active systems or intervention.

ˆ Serving as an irradiation facility: MYRRHA will support fusion material testing
with its fast neutron environment, providing irradiation conditions similar to
those of a fusion reactor. Additionally, the reactor will facilitate the production
of novel therapeutic radioisotopes for targeted cancer treatment and advance
research in nuclear physics, atomic physics, fundamental interactions, and solid-
state physics [9�11].

Among its distinguishing characteristics, MYRRHA employs lead-bismuth eutec-
tic (LBE) as the primary coolant. The choice of LBE was motivated by several
factors:

ˆ Its low melting temperature (125� 1� C [12] at normal atmospheric pressure)
enables a reduced core inlet temperature (around270� C), decreasing corrosion
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risk and allowing for an increased core temperature di�erence. Furthermore, its
high boiling temperature (1654� 16� C [12]) permits operation of the primary
circuit at atmospheric pressure, enhancing safety and improving plant thermal
e�ciency.

ˆ LBE exhibits favorable heat transfer properties, with a speci�c heat capacity
of � 146:5 J=(kgK) and a density of � 10 500 kg=(m3) measured at the working
temperature of the reactor (see Appendix C. This combination results in a
thermal capacity comparable to other typical nuclear reactor coolants, such as
water or molten salts. However, LBE also has a high thermal conductivity,
ranging from 10 W=(mK) to 15 W=(mK) as a function of temperature. This
value is approximately one order of magnitude higher than that of water or
molten salts. These favorable properties enable e�cient heat removal from the
core and contribute signi�cantly to enhancing the passive safety of the reactor,
even under accident conditions.

ˆ When protons collide with the LBE target, a high yield of neutrons is produced
via spallation [9�11] thanks to its high atomic number, supporting the chain
reaction in the subcritical core.

ˆ LBE has a low neutron absorption cross-section, rendering it virtually transpar-
ent to neutrons. This is a signi�cant advantage in fast reactors where neutrons
are kept at high energies rather than slowed down (thermalized), as high-energy
neutrons are essential for sustaining fast �ssion reactions. This property is re-
lated to the high atomic number of LBE.

ˆ The chemical stability of LBE precludes hazardous reactions upon contact with
water or air, a signi�cant advantage over other coolants such as liquid sodium.
This enhances the safety of the coupling between the primary (LBE) and sec-
ondary (water) cooling circuits. However, a physical interaction between LBE
at lower pressure and water at higher pressure can induce sudden boiling of
the water, potentially leading to violent reactions. These potential interactions
must be carefully assessed during the reactor design phase.

ˆ Radiation shielding: LBE e�ectively attenuates 
 radiation, contributing to the
intrinsic safety of the reactor.

However, LBE also presents challenges, such as causing erosion or corrosion to
structural materials in contact with it [10] and posing uncertainties regarding the
behavior of mechanical components submerged in it, such as bearings, gears, and
electrical cables [13]. In fact, the primary challenges in the development of MYRRHA
are particularly associated with using liquid lead-bismuth eutectic as reactor coolant
[10]. Several aspects of LBE use must therefore be addressed:

ˆ Chemistry and conditioning

ˆ Corrosion of materials

ˆ Testing of components in LBE
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ˆ Development of instrumentation compatible with LBE

ˆ Thermal hydraulics

This PhD research is primarily focused on the last two points, aiming to develop
instrumentation capable of addressing thermohydraulic aspects of liquid metals. For
the design and safety evaluation of MYRRHA, it is essential to predict the temper-
ature of the primary coolant and reactor core components during normal operation
(forced convection) as well as under accident scenarios (mixed and/or natural con-
vection). Ensuring the removal of decay heat solely by natural circulation, without
relying on external auxiliary systems, is crucial for reactor safety under accidental
conditions [10]. Consequently, this PhD research is focused on studying natural con-
vection regimes, particularly related to reactor accident scenarios.

1.2 Turbulence in liquid metals

Turbulence remains one of themost important unsolved problems of classical physics
[14], and it is be expected that addressing this phenomenon in liquid metals intro-
duces further complexities. Currently, experiments and Direct Numerical Simulations
(DNS) serve as methodologies for obtaining reference data, as they do not require
modeling assumptions.

In contrast, Reynolds-Averaged Navier-Stokes (RANS) simulations approach the
turbulence problem expressing local quantities as a combination of a mean value�
and the �uctuations around the mean �

0
as shown in Equation (1.1) for the generic

quantity � .

� = � + �
0

(1.1)

The advantage is that is not necessary to model the �uctuations�
0

in detail, but it
is important to consider their in�uence on the mean values� . Applying this approach
to both the local velocity ( � = U) and temperature (� = T), the RANS momentum
and energy balance equations are given by Equations (1.2) and (1.3), where� , � , cp,
and k represent the primary thermophysical properties of the �uid: density, dynamic
viscosity, heat capacity, and thermal conductivity, respectively. Additionally, Ui de-
notes the i -component of velocity and u0

i its �uctuations, T the temperature, and p
the pressure.
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The full derivation of the equations is explained in detail in all �uid mechanic
textbooks, see e.g. [15], and more details are also reported in this thesis in Chap-
ter 4. Several terms are identi�ed on the left- and right-hand sides of Equations (1.2)
and (1.3). In the momentum equation (Equation (1.2)), a term known as the Turbu-
lent Momentum Flux (TMF) or Reynolds Stress Tensor (RST) is introduced, arising
from the product of velocity �uctuations as a result of the averaging process. Similarly,
the Turbulent Heat Flux (THF) in Equation (1.3) is associated with the �uctuations
u

0
and T

0
. The THF represents a convective heat transfer mechanism linked to rapid

turbulent �uctuations in the local �uid velocity and temperature. For clarity, the
formulation of these terms is presented again in Equations (1.4) and (1.5).

TMF = � u0
i u

0
j (1.4)

THF = �c P u0
i T0 (1.5)

Note that the Turbulent Momentum Flux (TMF, or Reynolds Stress Tensor) and
Turbulent Heat Flux (THF) are both vector quantities arising from the product of
velocity and temperature �uctuations. Over recent decades, various closure laws
have been developed and validated for modeling the TMF [16]. The most common
approach assumes a linear relationship between this term and the mean rate of strain
tensor, Sij , which represents the rate of deformation of �uid elements due to velocity
gradients [15]. Consequently, the constitutive relation involving the turbulent (or
eddy) viscosity, � t , as expressed by Equation (1.6), is introduced.

u0
i u

0
j / � t Sij (1.6)

This quantity, in turn, is evaluated as a function of other turbulent parameters,
such as the turbulent kinetic energy, k, and its dissipation rate, � (or its speci�c
equivalent, ! ), which are computed in RANS simulations. Conventionally, a similar
approach is adopted for the closure of the THF term. However, relatively limited
progress has been made in developing these closures, especially for �ows with non-
unity Prandtl numbers [16]. In its most common formulation, the THF is expressed
as a function of the turbulent thermal di�usivity, � t , according to Section 1.2
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u0
i T0 / � t

@T
@xi

To retrieve the value of � t , the Reynolds analogy is typically applied, assuming
similarity in the turbulent transport characteristics of momentum and heat. The
relationship between the molecular momentum di�usivity � (kinematic viscosity) and
the thermal di�usivity � is generally expressed by the (molecular) Prandtl number,
commonly de�ned as in Equation (1.7)

Pr =
�
�

(1.7)

It is therefore possible to apply the same de�nition at a turbulent level, therefore
de�ning the turbulent Prandtl number Pr t as in Equation (1.8) relating the turbulent
viscosity � t and the turbulent thermal di�usivity � t .

Pr t =
� t

� t
(1.8)

The closure problem is therefore shifted to �nding the unknown proportionality
factor, 1=Pr t , between� t and � t [17].

However, the application of the Reynolds analogy to close the THF term for �uids
with non-unity molecular Prandtl numbers has well-known limitations. The value of
Pr signi�cantly a�ects the similarity assumption between turbulent momentum and
heat transfer, as illustrated in Figure 1.1.

Figure 1.1 - Representative comparison of the viscous (� v ) and thermal (� t ) bound-
ary layers with varying Prandtl numbers. U0 and T0 are respectively the free stream
velocity and temperature andTw > T 0 is the temperature of the wall.
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Liquid metals are characterized by low Prandtl numbers, resulting in a signi�cantly
larger thermal boundary layer compared to the momentum (viscous) boundary layer.
The absence of similarity between thermal and momentum boundary layers explains
why thermal closures based solely on momentum statistics lack a robust justi�cation
in this framework. It is reasonable to assume thatPr t will not be constant, but will
depend on various �ow features. Consequently, many di�erent closures have been
proposed for this problem:

ˆ Constant Pr t : A constant value is assigned toPr t . This value, commonly
set to approximately 0:85 � 0:9 for commercial software, has been set to2 for
liquid metals. However, DNS data have shown that such a value is strongly
dependent on the local �ow features, thereby not providing satisfactory results
when treated as constant [16].

ˆ Flow-dependent Pr t : Pr t is expressed as a function of integral �ow features,
such asRe and Pe. However, these models have proven to be highly tuned to
the reference data and require a priori knowledge of integral �ow parameters
[16].

ˆ Algebraic closures: The THF is directly related to the TMF and the temperature
gradient, resulting in both implicit [18] and explicit [19] models.

ˆ Second-order closures: The three components of the THF are solved using three
di�erent transport equations. This approach leads to a high-complexity model
consisting of up to 7 equations and 18 empirical parameters that must be tuned
[20].

It is clear that this issue can be discussed and complicated to a great extent. How-
ever, as the model becomes more complex, it becomes easier to lose the physical sense
of the problem, risking the tuning of parameters for a given �ow condition without a
solid physical foundation. For this reason, experiments are still considered paramount
for obtaining a general and reliable estimation of the THF. Several European Projects
[21, 22] have already provided an overview of available experimental and numerical
datasets and clear need for additional data was identi�ed. In particular, natural and
mixed convection in low Prandtl number �uids have been identi�ed as areas lacking
the most, primarily due to the additional e�ort required to simulate these �ows, owing
to the coupling of the momentum and energy equations.

Thus, experiments are critically needed in this �ow regime, which corresponds to
the accidental conditions of the reactor. Despite the existence of several measurement
techniques for the velocity and temperature in liquid metals, the issue of the simulta-
neous measurements of their fast �uctuations is still open. Therefore, turbulent heat
�ux sensors are essential tools for obtaining a quantitative and reliable estimation of
the thermal behavior of liquid metals.
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1.3 Objectives

Considering the scenario previously described, the main objective of this thesis can
be considered twofold:

1. Develop an advanced experimental technique EPICURUS (ExPerImental teCh-
nique for tURbUlence in liquid metalS) suitable for the measurement of the
turbulent heat �ux in liquid metals, i.e., for the simultaneous measurement of
the fast velocity and temperature �uctuations in harsh environments.

2. Provide reference data for the study of natural convection in liquid metals,
especially focusing on the transitional and turbulent regime. These data will be
used as a valuable reference dataset as well as for the improvements of numerical
models.

In particular, these achievements will be a consequence of the following:

ˆ Evaluate the state-of-the-art of the measurement techniques.

ˆ Characterize all the chosen techniques when used in liquid metals.

ˆ Design and develop a natural convection setup and the related procedures where
liquid metals can be used and controlled under di�erent conditions.

ˆ Conduct numerical simulations to elucidate their limitations and identify the
conditions under which experimental approaches may provide useful insights.

ˆ Conduct experimental tests to evaluate the thermo-hydraulic behavior of low-
Prandtl number �uids and compare the experimental results with numerical
simulations.

1.4 Scope of the work

The primary objective of this work is to develop an experimental technique capable
of measuring turbulent heat �ux in liquid metals. Given the necessity for operation
in harsh environments, the conditions that the sensor must withstand has to be well
de�ned and taken into account. This work will conduct tests in natural convection
using two di�erent �uids:

ˆ Water : This �uid is utilized for benchmark tests, to evaluate the setup, its de-
sign, and procedure, as well as to assess the comparability between experimental
and numerical results.

ˆ Galinstan (GaInSn) : This eutectic alloy is composed of Ga67In20.5Sn12.5
(wt%), with a melting temperature of approximately Tm � 10 � C [23], mak-
ing it liquid at ambient temperature. At T = 50 � C, its Prandtl number is
Pr GaInSn = 0 :022, which is very similar to Pr LBE = 0 :025. This similarity
guarantees thermohydraulic similarity with LBE while simplifying its use due
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to the possibility to operate at ambient temperatures. Detailed information
about its properties, applications, and associated challenges will be provided in
Chapter 3.

With this background, the experimental activities presented in this work are con-
�ned to the following conditions:

ˆ The sensor will be employed in water and GaInSn, therefore high-temperature
applications (i.e., above T = 80 � C for the purposes of this thesis) are not
prioritized. However, considerations regarding the adaptability of the sensors
for LBE conditions will be noted, and recommendations for future use will be
provided at the end of the work.

ˆ The sensors will not be used directly in MYRRHA or any other nuclear reactor
but only in facilities supporting their design. For this reason, the e�ect of
neutron �uxes and radiation on the sensors is not taken into account.

ˆ The chemical composition, purity, and properties of the liquid metal alloy
GaInSn are not measured, and literature properties are assumed. Variability
in metal composition or impurities is not examined in this work.

ˆ The wetting issue of liquid metals is not addressed. Despite being sometimes a
key concern in sensing, analyses on the wetting of the probes are not carried out.
However, precautions to minimize non-wetting e�ects are taken and described.

1.5 Thesis structure

This thesis is structured into nine Chapters, as summarized in Figure 1.2. Each
Chapter provides a brief introduction to the topic addressed, outlines the core devel-
opments of the work, presents the innovative �ndings, and concludes with a summary
of the results obtained in that Chapter and key points relevant for proceeding with
the reading of the thesis.

A brief overview of each Chapter is presented as follows:

ˆ Chapter 1 introduces the general topic and the framework of the project. It
particularly addresses the current approaches to turbulence in liquid metals
as treated in the literature, emphasizing the importance of understanding the
available turbulent models and their underlying assumptions to contextualize
the thesis.

ˆ Chapter 2 reviews the state of the art in instrumentation for measurements
in liquid metals. It evaluates the characteristics of turbulence in liquid metals
relevant to this work. By integrating these two aspects, the Chapter analyzes
various techniques to identify suitable methods for the present research.

ˆ Chapter 3 details the experimental setup and the procedures developed for
managing GaInSn in the laboratory. This Chapter provides signi�cant insights
necessary for constructing the complete experimental campaign.
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ˆ Chapter 4 presents a detailed description of the numerical setup adopted,
highlighting the strengths, di�erences, and limitations of the two approaches
utilized: Direct Numerical Simulations (DNS) and Reynolds-Averaged Navier-
Stokes (RANS). A comparison of the results obtained from both approaches is
also included.

ˆ Chapter 5 focuses on the characterization of temperature sensors (thermo-
couples and Fiber Bragg Gratings), with particular attention to the static and
dynamic calibration of these sensors and their response when used in liquid
metals.

ˆ Chapter 6 discusses the characterization of the Ultrasonic Doppler Velocimetry
(UDV) sensor in various experimental setups. It addresses challenges related to
�ow seeding, optimization of parameters, and uncertainty analysis in detail.

ˆ Chapter 7 concentrates on the characterization of the hot �lm sensor. Similar
to previous Chapters, static and dynamic calibration are emphasized, along with
results obtained from its use in di�erent experimental setups.

ˆ Chapter 8 builds upon the chosen and characterized techniques as well as the
experimental and numerical setups established, presenting all relevant results
obtained for natural convection in a di�erentially heated cavity with water and
GaInSn. The Chapter highlights the most signi�cant �ndings related to the
measurement of turbulent heat �ux and �uctuations characteristics.

ˆ Chapter 9 summarizes the main conclusions drawn from this work, addressing
both the feasibility and limitations of turbulent heat �ux measurements in liq-
uid metals, as well as insights gained regarding the natural convection regime.
Recommendations for future work are also provided, particularly focusing on
potential adaptations of the sensors for use in Lead-Bismuth Eutectic (LBE)
environments.

ˆ Additionally, publications and other materials produced during this project are
included in the appendix.
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Chapter 2

Selection process of the
measurement techniques

Chapter 1 introduced the topic of turbulence in liquid metals and outlined the moti-
vations behind this work. Building on this, the current Chapter starts to address this
issue in more practical terms, quantifying the phenomena related to temperature and
velocity in liquid metals. Such work is carried out with a combination of literature
review, theoretical calculations and DNS numerical simulations in Section 2.1. The
requirements for a reliable turbulent heat �ux sensor are therefore retrieved and com-
pared with the state-of-the-art sensors in Section 2.2 where temperature and velocity
measurements are treated separately. Following this analysis, the measurement tech-
niques chosen for this work are presented in Section 2.3. To conclude, Section 2.4 is
sepci�cally dedicated to the issue of measuring the turbulent heat �ux, focusing on
the synchronization and the positioning of the sensors.

2.1 Requirements of the sensor

To accurately measure the fast temperature and velocity �uctuations that produce
the Turbulent Heat Flux (THF), the Turbulent Heat Flux Sensors (THFSs) must
meet speci�c requirements in terms of:

ˆ spatial and temporal resolution,

ˆ temperature and velocity measurement range and sensitivity,

ˆ capability of withstanding harsh environments, such as high temperatures and
strong chemical corrosion.

These characteristics must be translated into physical speci�cations that the sen-
sor must satisfy to reliably perform measurements in liquid metals. As mentioned
in Chapter 1, this work involves two primary working �uids: water and GaInSn.
Furthermore, the ultimate goal of the project, beyond the scope of this PhD, is to
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conduct measurements in Lead Bismuth Eutectic (LBE). In general, the measurement
conditions in liquid metals (especially in LBE) are considered more challenging and
demanding compared to those in water. As this Chapter will show, the requirements
for spatial and temporal resolution are generally met in water if they are also satis-
�ed in liquid metals. Therefore, the liquid metal environment serves as the reference
for sensor selection. However, a distinction is still made between low-temperature
environments (primarily for GaInSn) and high-temperature environments (mainly for
LBE) as well as for natural convection and forced convection �ows. Since this work
does not involve high temperature or forced convection measurements, the main focus
is on GaInSn compatibility, with attention given to LBE adaptations as described in
Section 9.3.

First, it is crucial to understand what needs to be measured, speci�cally the char-
acteristics of temperature and velocity �uctuations that occur in liquid metals. Fig-
ure 2.1 provides a schematic overview of these �ow features, still separating di�erent
type of �ows.

Figure 2.1 - Summary of liquid metal �ow characteristics relevant to the EPICU-
RUS requirements. The �ow regimes are categorized into natural convection (NC)
and forced convection (FC), and high temperature (HT) and low temperature (LT)
conditions.

The expectedfrequencies of the temperature and velocity �uctuations in liquid
metals range between10 Hzto 100 Hzin the natural convection regime and may exceed
100 Hz in the forced convection regime [12, 24�29]. Table 2.1 presents a summary
of the �uctuation characteristics observed in the DNS simulations performed with
GaInSn in natural convection [30], whose details are elaborated in Chapter 4.

The reported frequency represents the maximum frequency observed in the turbu-
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Table 2.1 - Characteristics of �uctuations in GaInSn as predicted by DNS simula-
tions [30]

Variable Max frequency Amplitude Reference value
Temperature 60 Hz 10 %of reference value Tmax � Tmean

Velocity 30 Hz 16 %of reference value Umean

lence spectrum, beyond which all the turbulent vortex energy is dissipated into heat.
Overall, the results align well with previous studies in the literature. Given that the
�ow regime can cause the target quantities to change up to 60 times per second, it
is crucial to set the sampling frequency to at least twice the physical frequency to
avoid aliasing e�ects and maintain signal integrity. Therefore, strict time response
requirements for the sensor are imposed (ideally below10 ms) to ensure it can cap-
ture �uctuations even in the fastest cases. This also translates into a need for a small
sensor size to satisfy spatial resolution constraints.

The smallest turbulence scale of interest sets the requiredspatial resolution ,
which is directly linked to the sensor size. In DNS simulations, the Kolmogorov
scale, i.e. the smallest scale in turbulent �ows where viscous forces dominate and
kinetic energy dissipates as heat, is estimated to be approximately10� 4 m to 10� 5 m
for GaInSn in natural convection [30]. Although these scales are too small to be
resolved experimentally, focusing on larger turbulent structures, such as the Taylor
scale, provides a reasonable compromise. This leads to the recommendation of a
sensor spatial resolution on the order of0:5 mm3 to 1 mm3, su�cient to yield valuable
insights into �ow characteristics [25, 30].

The amplitude of the �uctuations is another important factor. Lower frequencies
are generally easier to capture, but smaller amplitudes can pose challenges due to the
higher accuracy and sensitivity required by the instrumentation. Velocity �uctua-
tions in liquid metals can vary according to the regime, but for natural convection
typical values about 15 % to 20 % of the absolute velocity can be assumed in �rst
approximation. The expected velocities range are of severalcm=s [12, 24, 26�30] for
GaInSn (but down to mm=s for water [31, 32]), meaning that �uctuations are likely
in the mm=s range. DNS results summarized in Table 2.1 align with prior literature
values. For temperature, the experimental range in this work spans20 � C to 80 � C,
with previous studies reporting temperature �uctuations around 10 % to 15 % of the
non-dimensionalized temperature [12, 27�30, 33]. Using water could result in lower
�uctuation amplitudes (at a given Gr number), potentially making measurements
more challenging.

The general turbulence characteristics of a �ow can also be roughly estimated using
theoretical calculations [34, 35]. Knowing the characteristic length of the domainL c

and the temperature di�erence � T driving the �ow in natural convection, it is possible
to calculate the characteristic velocity Uc as in Equation (2.1), assuming a balance
between buoyant and viscous forces in the �ow.

Uc =
p

g� � TLc (2.1)
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In the case of this work, with L c = 60 mm, � T = 60 � C (see Chapter 3) and
assuming GaInSn as working �uid, Uc = 0 :056 m=s. Assuming a turbulent intensity
(TI) of 16 % as retrieved from the DNS simulations in Table 2.1, it is possible to
estimate several important turbulence length scales:

ˆ Integral length scale l : the range in which the turbulence is produced. It is
also characterized by the frequency of the integral scalef l .

ˆ Taylor length scale � T : the inertial subrange, where turbulence is transported
to smaller scales still without dissipation. It is the limit scale where the struc-
tures still have the memory of the characteristics of the parent average �ow and
tend to isotropic behaviour.

ˆ Kolmogorov scale � : the dissipation scale where the small turbulent structures
are dissipated in the form of heat.

Assuming the setup characteristics mentioned before and GaInSn as working �uid,
the integral length and time scales of turbulence can be estimated as in Equations (2.2)
to (2.4), passing through the rms value of velocityu0

rms that represents the amplitude
of the �uctuations around the mean.

u0
rms = U � TI = 9 � 10� 3 m=s (2.2)

l = L c � TI = 9 :6 � 10� 3 m (2.3)

f l =
u0

rms

l
= 6 Hz (2.4)

With these values, the turbulent Reynolds number can be calculated as in Equa-
tion (2.5) where � = 2 :841� 10� 7 m2=s is the kinematic viscosity of GaInSn at 50 � C.

Ret =
u0

rms � l
�

� 300 (2.5)

Using the relationships between the integral and Kolmogorov scales, the smallest
turbulence scale� and the associate frequencyf � can be estimated through Equa-
tions (2.6) and (2.7).

� = l
�

Re
� 3

4
t

�
= 1 :3 � 10� 4 m (2.6)

f � =
u0

rms

�
= 68 Hz (2.7)

The results of these theoretical calculations are summarized in Table 2.2.
Interestingly, these values are of a similar order of magnitude as those calculated

from DNS simulations (Table 2.1), con�rming consistency between theoretical esti-
mates, DNS results, and literature data on the turbulence characteristics, at least in
a �rst approximation. While Kolmogorov scales are too small to be resolved with
current instrumentation, turbulence can be analyzed via frequency and spectrum
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Table 2.2 - Turbulence characteristics in GaInSn as predicted by theoretical calcula-
tions [34, 35]

Turbulence scale Frequency Length
Integral 6 Hz 9:6 � 10� 3 m
Kolmogorov 68 Hz 1:3 � 10� 4 m

analysis, as the turbulent frequencies are within the range of the sensors. The spatial
resolution will likely only capture the larger turbulent structures, within the inertial
subrange.

Though no equivalent calculation exists speci�cally for thermal �uctuations, in
low Pr number �uids, the thermal �uctuation frequency can be expected to be higher
than the velocity frequency, according to what predicted by DNS results in Table 2.1
[30].

2.2 State-of-the-art overview on measurement tech-
niques for liquid metal �ows

This Section gives an overview of the state-of-the-art techniques used to measure ve-
locity and temperature in liquid metals. The development of a turbulent heat �ux
sensor (THFS) will be a direct consequence of the selection of the most suitable in-
struments currently available. Therefore, this section analyzes and compares existing
measurement techniques through their advantages and disadvantages when used in
liquid metals. Characteristics and suitability of each sensor will then be analyzed and
consequent choices will be made in Section 2.3. An overview of all the techniques
considered is given in Table 2.3.

For each measurement technique considered, the best values found in the literature
for their spatial and temporal resolution are reported, along with their applicability
to the THF measurements conducted in this work. More details and references are
given in the following Sections of this Chapter.

2.2.1 Temperature measurement techniques

In this section, the temperature measurement techniques evaluated for this work
are introduced. Each technique is explained brie�y, followed by a summary of its
performance and limitations as reported in the literature, particularly in the context
of liquid metals.

ˆ Infrared camera : it measures temperature by detecting infrared radiation
emitted by the surface of objects. The camera converts this radiation into a
thermal image where temperature variations are displayed as di�erent colors
or intensity levels, making it non-invasive and ideal for surface temperature
mapping [36]. When applied in liquid metals, infrared cameras �nd most of
their application for industrial processes involving liquid metal fusion [37�40].
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2.2 State-of-the-art overview on measurement techniques for liquid metal
flows

Despite the existence of some commercial devices able to record at a rate of
up to 100 kHz with spatial resolution of 20µm [39], their main liability lies in
their relatively high uncertainty [38] ( � 10 %) related to the fact that their
measurement range is often wide and focused on high temperature applications
(750� C to 4000� C). Even if this value can be improved with the use of a more
complex setup and two-color techniques [38, 40], their measurements are limited
to the surface temperature of the metal and it is therefore not interesting for
the local measurements goal that is targeted in this work.

ˆ RTD (Resistance Temperature Detector) : RTDs operate based on the
principle that the electrical resistance of metals, such as platinum, increases in a
linear way with temperature. The resistance change is measured and correlated
with temperature, o�ering high accuracy and stability over a wide range of
temperatures (� 260� C to 1000� C) [36]. Standard sensors can be as small as
1 mm of diameter [36], but nowadays customized commercially available sensors
can arrive down to 0:5 mm of diameter. Despite their small dimensions and wide
measurement range, the current applications of these sensors in liquid metals
are primarily limited to bulk temperature measurements [32, 60]. This is due to
the continued dominance of thermocouples for local measurements, particularly
because of the relatively slow time response of RTDs, typically exceeding0:3 s
[36].

ˆ Thermocouples : these sensors consist of two di�erent conductors, i.e., metals
with a di�erent Seebeck coe�cient, joined at one end to form a junction. When
there is a temperature di�erence between this junction and the other ends of
the wires (the reference junction), a voltage is generated along the wires. This
voltage is then used to determine the temperature at the measurement point
[36]. Their extensive use in all applications, from industrial processes to scien-
ti�c research for an extremely wide range of temperatures, makes it di�cult to
provide an exhaustive reference list. The need of sheathed sensors for the use
in liquid metals is now acknowledged by the work of several authors [52, 61�63]
and the type K is normally preferred because of their constant Seebeck coef-
�cient over a wide range of temperatures [12, 36]. However, di�erent types
have also been used in harsh environments [58, 64]. Commercially available
sheathed type K thermocouples can be as small as80µm of external diameter
and the literature addressing their time response is very vast, addressing sensors
with response time from 2 ms to 3 ms [41, 65, 66] to10 s [67], strongly depend-
ing on the characteristics of the sensor chosen. In fact, several studies have
successfully utilized thermocouples for measuring �uctuations in liquid metals,
including type E chromel-constantan thermocouples with a diameter of300µm
[68, 69] and ungrounded type K thermocouples with a diameter of250µm [52].
On the other hand, they only allow pointwise measurements and being an in-
trusive sensor, perturbations of the �ow are inevitable. Despite of that, their
robustness, versatility and wide temperature range make them the most com-
mon instrument used in liquid metals for temperature measurements. For this
reason, the research nowadays is focused on much more detailed aspects of their
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use in liquid metals like measurement accuracy, secondary e�ects, e.g. the ones
due to positioning and bending, and calibration drift phenomena [61].

ˆ Distributed �ber sensors : Distributed �ber optic sensors measure physical
changes like temperature and strain along the length of an optical �ber by de-
tecting variations in backscattered light. When light travels through the �ber,
impurities and molecular-level structural variations cause scattering. These
scattering events produce a unique backscatter pattern for each �ber. Phys-
ical changes, such as temperature shifts or strain, alter this backscatter pattern
in a predictable manner, enabling the �ber to function as a sensor. By moni-
toring these changes, temperature variations along the �ber can be accurately
measured [70]. Optical �ber technologies, widely used in telecommunications
[71], have found growing applications in sensing due to their lightweight nature,
resistance to corrosion, and immunity to electromagnetic interference [70]. Af-
ter over 40 years of development, distributed �ber-optic sensing has advanced
in terms of measurement range, spatial resolution, and sensitivity. These quali-
ties make this technology a candidate for applications in this work. Distributed
�ber-optic sensing primarily uses three types of scattering phenomena:

� Rayleigh scattering: an elastic scattering phenomenon where light is scat-
tered by inhomogeneities in the �ber. Rayleigh scattering is sensitive to
strain but also responds to temperature changes. The Optical Time Do-
main Re�ectometry (OTDR) technique monitors the time and intensity of
the backscattered light, which changes with temperature, enabling indirect
temperature measurement. A calibration process is required to di�erenti-
ate temperature e�ects from strain.

� Raman scattering: in Raman-based distributed sensors, temperature is de-
termined by the temperature dependence of the spontaneous Raman scat-
tering process. This occurs due to thermally-driven molecular vibrations,
producing two frequency-shifted components from the incoming light. The
intensity of the anti-Stokes component increases with temperature, while
the Stokes component remains relatively unchanged. By comparing these
two components, distributed temperature sensing can be achieved.

� Brillouin scattering : an inelastic scattering process where light interacts
with acoustic waves within the �ber. Brillouin scattering is sensitive to
changes in thermodynamic quantities like temperature and density, making
it useful for sensing both temperature and strain.

Although all three scattering e�ects are widely used in various sensing appli-
cations [70, 72], Rayleigh scattering is the only method reported in literature
for temperature sensing in liquid sodium environments [42, 43, 73, 74], includ-
ing nuclear reactors [75], making it the most relevant technique for this work.
Rayleigh-based sensors have been applied in extreme environments up to400� C,
achieving spatial resolutions of5:12 mm and time constants between7:1 ms to
8:9 ms [42, 43]. However, these applications typically use stainless steel-coated
�bers, which increase sensor size and degrade time response. Additionally, the
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focus in literature is on distributed measurements over long distances (typically
greater than 1 m, sometimes up to the km) and longer time scales (hours to
days), making them unsuitable for the high temporal resolution required in this
work.

ˆ Fiber Bragg Gratings (FBGs) : FBGs are optical sensors inscribed within a
�ber where periodic variations in the refractive index cause selective re�ection
of speci�c wavelengths of light centered on the so-called Bragg wavelength. As
the temperature varies, the spacing between these gratings shift and the e�ec-
tive refractive index of the core changes, altering the wavelength of the re�ected
light. This shift can be correlated almost linearly with temperature, provid-
ing accurate localized temperature readings [70]. They are currently applied
since several years for monitoring of structures, temperature, pressure, and vi-
brations measurements in di�erent environments and biomedical applications
[70, 76, 77]. In more recent times, they have also found applications in more
harsh environments like nuclear reactors, for instance for �ow-induced vibra-
tions in LBE [78], and for temperature [79, 80] or strain [81] measurements. In
fact, one of their characteristics is the fact of being sensitive to both strain and
temperature and for this reason one of the main challenges addressed in litera-
ture is the di�erentiation between the e�ects given by strain and temperature
[82�84]. A part of the intrinsic advantages of the �bers already listed before,
these sensors can be inscribed for a length <1 mm over a �ber with an external
diameter of 125µm, therefore giving a total measurement volume smaller than
1 mm3 [70]. Their small size is also associated with short response times, which
can vary depending on the application and potential coating, within a range
from 4:8 ms to 9 s [85�89]. This particular aspect has also been the focus of two
publications by the author [44, 45]. Some applications even use the sensors with
a similar principle to the one of the hot wire for the measurement of velocity in
�uids [90, 91] but this application is not considered in the current work.

The main �ndings of this section are summarized in Table 2.3 to ease the com-
parison among the di�erent techniques. Section 2.3 will present more in depth the
techniques chosen and the main reasons that led to their choice.

2.2.2 Velocity measurement techniques

This section examines all the techniques considered for measuring velocity �uctuations
in liquid metals. Several experimental methods, which have been well-established for
use in air and water, were excluded due to their incompatibility with liquid met-
als. For instance, Particle Image Velocimetry (PIV) and Laser Doppler Velocimetry
(LDV) necessitate optical access, which is unfeasible because of the opacity of liquid
metals. However, some techniques originally developed for water or air measurements
can be adapted for the liquid metals environment; these adaptations are presented
herein. Subsequently, speci�c techniques designed explicitly for use in liquid metals
are evaluated.
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ˆ Lorentz Force Velocimetry (LFV) : originally born as a �ow meter typically
used for integral velocity measurements, this sensor bases the measurement of
the bulk velocity through the direct measurement of the mechanical force in-
duced on an external permanent magnet by the liquid metal �ow [92]. Such
force will be proportional to the velocity of the liquid and its �ow rate can
therefore be calculated. It is a non-intrusive technique but mostly adopted in
forced convection applications, e.g., pipe �ows, and mainly for bulk measure-
ments [93, 94]. In principle, the technique can be made local by the use of a
permanent magnetic much smaller than the vortical structures of the �ow and
by accepting to be able to measure only in regions very close to the walls [47, 95]
due to the limitations given by the power of the magnet. In this con�guration
a spatial resolution of 1 cm3 and a temporal resolution of 1 Hz are achieved
[46, 47].

ˆ Eddy current �owmeters : the basic design of the detector consists in three
coils, one excitation coil fed by an AC current and two detection coils. The
sensor has to be placed inside the �ow and it is able to measure the �ow rate
in a certain volume around the sensor itself depending on the frequency of the
injected current and on the electrical conductivity of the �uid and therefore
the temperature. The information about the velocity can be related to both
the voltage and the phase di�erence between both detection coils [96, 97]. Fur-
ther development of the technique led to the transient eddy current �ow meter
(TECF) [48], that can reduce the sensitivity to changes of the electrical conduc-
tivity of the �uid, reaching temporal resolutions in the order of the ms [98]. On
the other hand, the sensor still results to be relatively big with an outer diam-
eter of 10:6 mm [48] and therefore very intrusive and not adapt for the current
work.

ˆ Ultrasound Doppler Velocimetry (UDV) : In this technique, UDV trans-
ducers send a pulsed ultrasonic signal into the liquid metal, which is re�ected by
microscopic particles, such as oxydes or impurities. The position and velocity
of these particles are determined by measuring the transit time of the ultra-
sound and the phase shift of the echo from subsequent pulses. This allows the
beam-parallel velocity distribution along the ultrasonic beam to be calculated
[50, 99]. The UDV technique has become an established method for velocity
measurements in opaque �uids and has been widely used in various experimen-
tal setups and applications [49, 100�104].Being fully non-intrusive, the sensor
can be �ush-mounted on the wall of the facility, with its spatial and tempo-
ral resolutions depending on the sensor dimensions, setup, and chosen settings.
Axial resolutions up to 0:1 mm are commonly reported [50, 102]. However,
the transversal resolution is primarily limited by the diameter of the piezo-
sensor, resulting in a signi�cantly larger measurement volume in this direction.
This spatial inhomogeneity within the measurement volume necessitates careful
consideration when applying this technique. Speci�cally, it may be necessary
to account for spatial averaging e�ects during data processing and subsequent
comparison with other measurement techniques. Previous studies indicate ac-
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quisition rates up to 60 Hzare achievable [49, 51]. The main advantages of UDV
are its suitability for opaque �uids, non-intrusive nature, and distributed mea-
surement capabilities along the sensor axis. However, its success in liquid metals
is not always consistent, with in�uencing parameters such as sensor wetting (for
good acoustic coupling, particularly in high-temperature applications) and the
optimal characteristics of scatterers in the �uid still not fully understood [51].

ˆ Pitot tube : it is another well-established technique for the velocity measure-
ments based on a di�erential measurement between dynamic and static pressure
in a �ow. It has been used for water and air measurements for decades, also
coupled with temperature sensors to allow the simultaneous measurement of
velocity and temperature [105]. The probe is generally simple, robust and accu-
rate and depending on the pressure sensor used it can also reach high acquisition
frequency. Its use in liquid metals has been exploited with moderate success up
to reaching an accuracy of5 mm=s with an acquisition rate of up to 1 kHz when
combined with piezo-resistive transducers [51, 62, 63, 106]. The spatial reso-
lution depends on the size of the ori�ces, with diameters ranging from1 mm
to 2 mm having been adopted in liquid metals [62]. Naturally, the probe must
be larger than the ori�ce itself, making it a highly intrusive measurement tech-
nique. Moreover, due to the high surface tension of liquid metals, the pressure
di�erence required to �ll the tubes ori�ces increases signi�cantly with the degree
of miniaturisation. Some authors also highlight that the use of these sensors
in liquid metals can be signi�cantly a�ected by electromagnetic forces. These
forces can induce additional losses in �uid kinetic energy, making the pressure
readings no longer a direct indicator of �uid velocity [103, 107].

ˆ Permanent Magnet Probes (PMP) : it consists of a ringshaped permanent
magnet with radial magnetization direction and thermocouples. When the mag-
net is placed in a liquid metal �ow with a certain velocity, an electro-motive
force (EMF) is induced according to Faraday's law of induction. If two elec-
trodes are placed within the induced electric �eld, a potential can be measured
and if it is measured by thermocouples instead of regular wires, information
about the temperature can also be retrieved. [52, 108]. The technique is one
of the most promising and recently developed among the ones here reported
and successfully allowed simultaneous temperature and velocity measurements
in liquid metal �ows [52, 53, 107, 109]. Similar to a Pitot, its spatial resolution
is given by the diameter of the tip and the most recent found in the literature
reported a value of1:6 mm [52, 53]. The sampling rate mainly depends on the
acquisition system and can be up to5000 Hzbut in literature a realistic probe
frequency cuto� has been calculated to be154 Hz, therefore limiting the acqui-
sition rate to this value. The probe showed good accuracy and the possibility
to measure a wide range of velocities but the voltages induced are in the order
of few �V therefore good care should be taken to minimize the electromagnetic
noise, select a suitable acquisition system and correct the measurements in post-
processing. Some authors also mention wetting of the probe as a possible issue
in liquid metals [52].
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ˆ Flow Mapping Techniques :

� Contactless Inductive Flow Tomography (CIFT): In this technique, the
three dimensional behaviour of the �ow can be reconstructed by measuring
the �ow-induced perturbation of a magnetic �eld [110]. A static magnetic
�eld is imposed outside of the liquid metal container and an electric current
is generated inside the melt because of its relative motion in comparison
with the magnetic �eld. This electric current, in turn, generates a magnetic
�eld that is measurable outside of the facility. Through the resolution of a
linear inverse problem, it is possible to retrieve the three-dimensional �ow
structure inside the vessel. This technique is part of the techniques speci�-
cally developed for liquid metal �ows since it relies on the electromagnetic
properties of the �ow itself. The interest of the scienti�c community in its
application grew recently [54, 55, 111] since it has shown good results in
Rayleigh-Bénard setup at very low velocities of about20 mm=s [29] with
sampling frequency up to1 Hz and spatial resolution in the order or 5 mm
to 10 mm. This technique is a promising technique for the acquisition
of the entire 3D velocity �eld at once without any perturbation of the
�ow. On the other hand, it is extremely susceptible to external electro-
magnetic intereference and suitable countermeasure must be taken into
account. Moreover, it is not meant to be a local measurement technique
and it is therefore not considered suitable for the turbulent measurement
applications of this thesis.

� Neutron Radiography: this imaging technique is based on the general prin-
ciple of radiography, allowing the visualization of the structure of an object
by measuring the di�erences in attenuation rates of rays passing through
the various materials that constitute the object [112]. Originally developed
for the study of multiphase �ows, neutron radiography requires tracers for
�ow visualization when used for velocity measurements [56, 112, 113]. Ac-
quisition rates up to 100 Hzand spatial resolutions below1 mm have been
achieved in previous applications [56, 57]. In principle, neutron particle
image velocimetry (NeuPIV) could be implemented [113], following sim-
ilar principles to PIV. However, the requirement for specialized facilities
complicates the experimental setup. For completeness, X-rays could be
considered as an alternative to neutrons, but their high attenuation coef-
�cient in liquid metals signi�cantly limits their use in large facilities. In
fact, while neutron attenuation depends on the material, X-ray attenuation
increases with atomic number [112].

ˆ Hot Wire Anemometry (HWA) : it is based on the cooling e�ect of a �ow
on a heated body, usually a cylindrical wire. The wire is connected to one arm
of a Wheatstone bridge and heated by an electrical current. In the Constant
Temperature Anemometry (CTA), the temperature of the wire remains constant
through the whole measurement and thus, the current �owing through the wire
(i.e., the heating power) changes to maintain the temperature constant. The
voltage measured across the wire can therefore be related to the velocity of the
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�ow. The technique has been used for decades for turbulence measurements
and spectral analysis in di�erent types of �ows, mostly in air [114, 115]. Its �rst
application in water dates back to the beginning of the 20th century [116], but
only in the 1970s the technique started to be reliable and widely used due to the
technological advancements that allowed the development of coated wires and
hot-�lm probes [117, 118]. At the same time, some �rst attempts were made for
the use of these same probes in liquid metals, very often combined with ther-
mocouples for temperature measurements and corrections [119�121]. Velocities
comparable to those observed in natural convection, in the range of1 cm=s to
12 cm=s, were successfully measured [119, 122]. Further advancements in tech-
nology allow to exploit the potential of the probe reaching good repeatability
and accuracy [58, 64] but to the knowledge of the author their use for turbu-
lence measurement in liquid metals has not been explored thoroughly in recent
times even if attempts have been made previously [123]. The main focus was
on the retrieval of non-dimensional correlations [119, 121�123] and only a few
authors performed a spectral analysis [124, 125] of the signal. Thanks to their
working principle, typical cut-o� frequencies of the probe for use in conductive
�uids are in the order of 10 kHz [59] and their sampling rate is only limited by
the acquistion system used. The probe itself can be very small, with an active
length on the order ofmm and a diameter in the range of7µm to 100µm, allow-
ing for measurement volumes smaller than1 mm3. However, the entire support
structure and prongs can be highly intrusive in the �uid. The probe is also
generally very fragile, requiring extreme care during calibration. These factors
present signi�cant challenges when using the probe in liquid metals, where the
harsh environment and high temperatures can not only damage the probe but
also impact the repeatability of the measurements [58, 119].

The main �ndings of this section are summarized in Table 2.3 to facilitate com-
parison among the di�erent techniques. Section 2.3 will present a more in-depth
discussion of the techniques selected and the rationale behind their choice.

2.3 Choice of measurement techniques

Based on the considerations outlined in Section 2.1, this Section identi�es the most
suitable techniques for turbulent heat �ux measurements within the scope of this work.
The requirements established in Tables 2.1 and 2.2 are compared with the capabilities
of the measurement techniques summarized in Table 2.3. This analysis leads to the
selection of speci�c techniques for temperature and velocity measurements, which are
subsequently summarized in Figure 2.2.

Two techniques for the velocity measurements (Ultrasound Doppler Velocimetry
and Hot Film) and two techniques for the temperature measurements (Thermocouples
and Fiber Bragg Gratings) were chosen. The following sections outline the rationale
behind the chosen equipment, with a focus on the selected sensors, acquisition systems,
and the complete measurement chain utilized for the experiments. Additionally, the
reasons for discarding alternative techniques are discussed.
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Figure 2.2 - Overview of the selected techniques. Clockwise from the top left: Ultra-
sound Doppler Velocimetry (UDV), Hot Film (HF), Thermocouple (TC), and Fiber
Bragg Grating (FBG).

Regarding temperature measurement techniques, the infrared camera was consid-
ered out of the scope of this work, being more suited for surface imaging than for
local measurements. Similar considerations were made for distributed temperature
sensing with optical �bers. Despite the potential for local measurements, their main
�eld of application lies in long-distance measurements, discouraging their use for local
�uctuation measurements. The RTD did not have many prior studies supporting its
use for local �uctuation measurements, likely due to its relatively slow response time,
and was also discarded.

Eventually, two temperature sensors were chosen for this work: thermocouples
and Fiber Bragg Gratings (FBGs). Thermocouples have been successfully used in
liquid metals for years, and once material compatibility issues are resolved, they are a
suitable candidate for temperature �uctuations measurements in GaInSn or LBE, in
terms of temporal and spatial resolution, and measurement range, as highlighted by
the comparison between Tables 2.1 and 2.3. FBGs o�er advantages in terms of cost-
e�ciency, lightweight design, corrosion resistance, and immunity to electromagnetic
interference. Previous studies have shown that FBGs can often replace and outper-
form thermocouples in many applications, o�ering similar or smaller dimensions and
fewer material compatibility issues. The growing �eld of optical �ber sensing also
presents an opportunity for this work to contribute to the use of FBGs in liquid
metals. Details about the chosen thermocouples and FBG sensors are provided in
Section 2.3.1 and Section 2.3.2.
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Regarding velocity measurement techniques, after discarding optical techniques
due to their inapplicability in liquid metals, several alternatives were still considered.
Flow mapping techniques were considered out of scope for this thesis due to their
focus on visualizing structures in opaque �uids rather than local measurements. Lo-
cal Lorentz Force Velocimetry (LFV) was examined in greater detail but ultimately
discarded due to setup complexity and insu�cient spatial resolution. However, the
author believes that local LFV could be a promising candidate for future local and
fast measurements in speci�c setups.

Despite being a suitable candidate for simultaneous local velocity and tempera-
ture measurements, the Pitot tube was not selected for this work. It is challenging
to reduce the sensor size below1 mm while maintaining the desired temporal reso-
lution, particularly in liquid metals, where material compatibility issues arise. The
high surface tension of liquid metals could also hinder the �lling of the Pitot tube up
to the sensitive part, compromising measurement reliability. Additionally, the sub-
stantial post-processing corrections necessary to account for the e�ects of viscosity,
turbulence, velocity gradients, and the proximity of walls for accurate velocity mea-
surements in liquid metals diminish the simplicity that characterizes this technique
[62]. Lastly, the predicted velocities in natural convection �ows like the one studied
here are incompatible with the sensitivity of the Pitot tube, which requires relatively
high velocities to function properly in liquid metals.

The last technique discarded was the PMP sensor. While the technique has proven
suitable for this kind of measurement, it has not yet been fully applied to THF
measurements. However, the required know-how in sensor production, expertise in
its use, and the lack of available setup led to its exclusion from this work.

Ultimately, the hot �lm anemometer and Ultrasound Doppler Velocimetry (UDV)
were selected as the most suitable techniques for this experiment. This selection was
based on an analysis presented in Section 2.2.2, which highlighted their general com-
patibility with the requirements while also acknowledging their respective limitations.
The hot �lm has already passed the proof-of-principle stage and has proven applicable
in liquid metals. The choice of a hot �lm over a hot wire lies in its greater mechani-
cal strength and its possibility of being electrically isolated from the �ow [126]. The
main challenges will be �nding a suitable probe and calibration setup and exploit-
ing the technique to its full potential for turbulence measurements in liquid metals.
The intrusiveness of the support and prongs can be mitigated through careful facil-
ity design and probe selection, without signi�cantly a�ecting the spatial resolution,
which is mainly determined by the sensor dimensions. UDV has proven to be one of
the best techniques for velocity measurements when optical access is unavailable. Its
temporal resolution is in principle compatible with the sensor requirements. On the
other hand, careful consideration must be given to its spatial resolution, which can
exhibit signi�cant inhomogeneity in all three dimensions. If the axial resolution is
infact respecting the requirements of Section 2.1, the radial resolution is bigger, re-
quiring careful assessment of the measurements volume. However, prior studies in the
literature provide a solid foundation for further improvement. Moreover, its ability
to measure along a line is a desirable feature in environments where non-pointwise
measurements are di�cult. Additionally, previous in-house experience and the avail-
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ability of sensors make UDV a promising technique for further exploration. The main
limitations are likely to arise from low velocities and environmental conditions, which
cannot be fully predicted in advance. Nevertheless, there is no reason to believe these
challenges cannot be overcome. To the knowledge of the author, UDV has never been
used for turbulent measurements, and this work could provide an opportunity to push
the capabilities of the sensor to their limits. Details about the selected sensors are
provided in Section 2.3.4 and Section 2.3.3.

Once the sensors are chosen, an appropriate acquisition system must be paired
with them. Beyond intrinsic limitations set by the Nyquist theorem, no special con-
siderations are needed for the acquisition systems. A wise choice of commercially
available systems should su�ce. The following sections also present the acquisition
systems selected for each sensor.

2.3.1 Thermocouple (TC)

The selected thermocouple is a Type K sheathed thermocouple with a diameter of
250µm and a total length of 500 mm, supplied by TC Direct (code 406-477), as shown
in Figure 2.3(a).

(a) Sheathed type K TC, Ø 250µm (b) NI9212

Figure 2.3 - Sensor and acquisition system chosen for the temperature measurements
(TC).

The sheathed design was chosen due to its increasing standardization for use in
liquid metals, as well as its compatibility with higher-temperature applications such
as LBE without requiring further adaptations. To optimize both spatial and temporal
resolution, the smallest commercially available size by TC Direct was selected. An
even smaller Type K sheathed thermocouple (100µm) was initially tested but proved
too fragile, breaking during operation. As a result, it was deemed unsuitable for fur-
ther testing and replaced by the more robust250µm version. For data acquisition, the
NI9212 acquisition card from National Instruments, shown in Figure 2.3(b), was se-
lected. The system includes an isothermal terminal block, which allows for a declared
measurement accuracy of up to0:29 � C [127], and o�ers a maximum acquisition fre-
quency of95 Hz. Although faster thermocouple acquisition systems are available, the
decision to use this particular system was mainly driven by the ability to synchronize
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data acquisition via the software con�guration. The acquisition card is connected to
a NI9178 Compact DAQ chassis, which provides a plug-and-play USB interface that
can be directly connected to a PC and controlled through a custom LabView routine.

The �nal con�guration used for the measurements, in combination with the FBG
sensor, is shown in Figure 2.9, with more details about the complete measurement
chain provided in Section 2.4.

2.3.2 Fiber Bragg Gratings (FBG)

The FBG sensor utilized in this study was custom-made by the University of Mons
by lateral illumination of interfering ultraviolet laser beams. This fabrication tech-
nique allowed for precise customization of sensor dimensions and accurate positioning
of the sensitive grating. The sensor was constructed using SM1500 (4.2/125) bend
insensitive, photosensitive silica optical �ber obtained from Fibercore Ltd., featuring
a diameter of0:125 mmand an acrylate coating. The sensor is shown in Figure 2.4(a).

(a) FBG, Ø 0:125 mm (b) Benchtop Bayspec WaveCapture interrogator

Figure 2.4 - Sensor and acquisition system chosen for the temperature measurements
(FBG).

The grating was inscribed at the tip of the uncoated �ber aligned parallel to its
edge, intentionally designed to be as short as feasible to achieve the best possible
spatial resolution, resulting in a �nal total length of less than 1 mm. The distance
between the grating and the end of the �ber is therefore ideally zero. The �ber was
left uncoated, as the grating is expected to remain undamaged up to temperatures of
300� C. Nonetheless, preliminary tests were conducted to con�rm its durability under
these conditions.

Signal acquisition was performed by the Bayspec WaveCapture interrogator, en-
abling data acquisition up to a frequency of5 kHz and allowing a wavelength resolution
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of 1 pm [128]. The acquisition system was connected to a PC through a USB con-
nector and the acquisition was carried out through the software BaySpec Sense 2020
[129].

The �nal con�guration used for the measurements, in combination with the TC
sensor, is shown in Figure 2.9, with more details about the complete measurement
chain provided in Section 2.4.

2.3.3 Ultrasound Doppler Velocimetry (UDV)

For the UDV measurements, two sensors were chosen because of their di�erent emit-
ting frequency, the TR0805LS and the TR1005LS commercial sensors from Signal
Processing. A picture of TR1005LS is shown in Figure 2.5(a).

(a) TR1005LS sensor (b) DOP4000 acquisition system

Figure 2.5 - Sensor and acquisition system chosen for the velocity measurements
(UDV).

Their main characteristics are also reported in Table 2.4.

Table 2.4 - Main characteristics of the UDV sensors used for this work

Parameter Value

Emitting US frequency 8 MHz-10 MHz
Piezo element diameter 5 mm
Case diameter 8 mm
Case material Stainless Steel 316L
Case length 90 mm
Front material Epoxy
Impedance � 50 

Cable RG174
Connector type BNC
Max. pressure 5 bar
Insertion loss 16 dB-12 dB

30



2.3 Choice of measurement techniques

In general, the higher the ultrasound (US) frequency, the smaller the averaging
volume, leading to improved spatial resolution. However, higher frequencies also
increase signal attenuation as the US waves travel through the metal. In this case,
due to the small dimensions of the setup, it was possible to select the highest available
US frequency without signi�cant drawbacks. More details regarding the physical
mechanisms behind this are provided in Section 6.1.

The acquisition was performed using the DOP4000 system from Signal Processing,
shown in Figure 2.5(b), chosen for its ease of use, sensor compatibility, and the ability
to synchronize with external devices [130]. The positioning and use of the sensor in the
various setups are described in Section 3.1.1 and Chapter 6, with further information
on the complete measurement chain available in Section 2.4.

2.3.4 Hot Film Anemometry (HFA)

The sensor chosen for the tests is a particular probe made for measurement in water
developed by DANTEC. Di�erent providers were considered as main suppliers, e.g.,
AREMCO, BUKO, TSI, but DANTEC was considered the best in terms of quality-
price, customer support, and reliability. The speci�c DANTEC probe chosen is the
55R14, reported in Figure 2.6(a).

(a) 55R14 hot �lm probe (b) StreamLine DANTEC system 90CN10/C10

Figure 2.6 - Sensor and acquisition system chosen for the velocity measurements
(HF).

As shown in Figure 2.7, the probe consists of three layers, with the sensitive part
being the middle one consisting of a thin �lm from which the name is derived.

In fact, �ber-�lm probes have cylindrical thin �lm sensors and may be used as a
substitute for wire probes in liquids or in gas applications where probes more robust
and less sensitive to contamination are needed.

The sensor has a core of quartz �ber with a diameter of70µm and it is 3 mm
long in total. It is covered by a nickel-thin �lm of approximately 0:1µm in thickness
obtained by cathode sputtering providing an e�ective sensitive length of 1:25 mm.
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Figure 2.7 - Dimensions of the hot �lm used for this study

With this technique, the �lm forms in a continuous process and results in a homoge-
neous thin �lm of high purity and good adherence to the substrate. The �lms have
high-temperature coe�cients of resistance and possess high mechanical and electrical
stability.

Above this, another layer of quartz with a thickness of2µm is sputtered to provide
electrical insulation and oxidation protection, increasing the robustness of the probe.
The ends are copper and gold plated and the �ber is soldered onto the prong ends.
Being made for water applications (i.e., for conductive liquids), the joints and the
prongs are lacquer-coated soldered to obtain perfect electrical insulation from the
surroundings [59]. A summary of this information is reported in Table 2.5.

The particular 90� geometry was considered the best to be coupled with the tem-
perature sensors in the cavity. In fact, the sensor is turned90� , making the probe
suitable for measurements in places that are not easily accessible otherwise. On the
other hand, the probe will be used with the prongs perpendicular to the main �ow
direction, which is not recommended due to the potential for prong vibrations that
could a�ect the measurements. However, the low velocities encountered in the cavity
are not expected to pose a problem in this regard. Moreover, the manual states that
the most important point is that the calibration and the measurements are performed
with the same relative orientation between prongs and �ow [59]. The probe is de-
clared to be suitable for measurements in conductive liquids up to150� C, from low
to high velocities, and capable of measuring mean and �uctuations values [59]. The
support used was the 55H21 from Dantec, with a length of235 mm and a diameter
of 4 mm from which a BNC cable of approximately 0:8 m connects the probe to the
anemometer where the voltage signal is read [59].

As mentioned in 2.2.2, the output voltage of the hot �lm is obtained through
the balancing of a Wheatstone bridge. The necessary circuitry and electronics are
contained in the StreamLine DANTEC system 90CN10/C10 [131] and the acquisi-
tion was carried out by a National Instrument acquisition card NI9215 [132]. To
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Table 2.5 - Main characteristics of the Hot Film sensor used for this work

Parameter Value

Sensor material nickel and quartz
Wire diameter Dw 70µm
Wire length L w 1:25 mm
Thickness of quartz coating 2µm
Sensor resistance at20 � C 7:715 

Temperature coe�cient of resistance 0:38 %=°C
Max ambient temperature 150� C
Min. velocity 0:01 m=s
Max. velocity 10 m=s [a)]

Frequency limit (63% response) 30 kHz
Designed for Water

a) The minimum velocity given here is the one recommended by the manufacturer for the use of
the probe in water [59]. However, it is also declared that if a probe is calibrated and used under
the same orientation with respect to the gravity �eld, it may be used at even lower velocities. ,
which is the case for this work. Moreover, such limitation is given by the onset of natural
convection, therefore depending by several external parameters, e.g., the �uid used and the
sensor over temperature. Calculations in this sense are extensively performed in Chapter 7.

run the measurements and set the correct parameters for the hot �lm, the software
StreamWare Pro by DANTEC was used [131].

2.4 Turbulent heat �ux measurements

Once suitable techniques for a speci�c application are selected, the additional chal-
lenge posed by the turbulent heat �ux (THF) measurements is the need for simultane-
ous acquisition of velocity and temperature �uctuations at the same spatial point. As
discussed in the previous sections, the various sensors not only have di�erent intrinsic
physical characteristics but also employ distinct acquisition systems to capture their
respective signals. This necessitates a synchronization system that is precise enough
to ensure that synchronization is maintained over the duration of acquisition (min-
imizing jitter). Additionally, the positioning of the sensors is crucial, as they must
measure temperature and velocity at "the same point." This means they need to be
su�ciently close to resolve meaningful turbulence structures, while also being spaced
apart enough to prevent interference during measurements.

For this reason, this section reviews literature that examines velocity and tem-
perature measurements in various �uids and setups. A summary of their main char-
acteristics is presented in Table 2.6, highlighting the aspects most relevant to this
work.

First, the table presents the �uid and experimental setup used in each study.
Following that, the measurement techniques employed for velocity and temperature,
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2.4 Turbulent heat flux measurements

along with their respective acquisition frequencies, are outlined. The last two columns
focus on critical aspects of this section: the synchronization between velocity and tem-
perature measurements, as well as the spatial distance between the two sensors. It
is important to note that not all columns can be �lled with data from the literature
due to various reasons. For instance, some studies focus on examining both tempera-
ture and velocity �elds with varying objectives, such as average �eld characterization
[32, 133, 134], analysis of boundary layer features [135], wall heat �ux measurements
[136, 137], and development of non-dimensional correlations [50, 138]. In such cases,
detailed information on acquisition frequencies or sensor positioning may not be re-
quired.

2.4.1 Synchronization

Focusing on the synchronization aspect, it is noted that other authors interested in
�uctuations or root mean square (rms) values either do not report details regard-
ing sensor synchronization [139, 144] or utilize speci�c probes that can acquire both
temperature and velocity through the same acquisition system, thereby simplifying
the issue but not providing insights for the current study [142, 145�147, 149�151].
Some studies mention addressing synchronization issues in post-processing without
specifying how [148]. The author believes that the synchronization issue should be
resolved as much as possible during the setup and acquisition phase, with only minor
re�nements made in post-processing. Only one study has been identi�ed that explic-
itly addresses this issue, using two di�erent techniques (PMP and TC) for velocity
and temperature measurements. However, a de�nitive solution has not been achieved,
and thus the �nal calculation of turbulent heat �ux remains incomplete [52]. In con-
clusion, the synchronization issue is not adequately addressed in the literature. For
this reason, a speci�c measurement chain has been developed in this work, with its
conceptual scheme presented in Figure 2.8. An external signal generator provides a
5 V signal that triggers both the UDOP system of the UDV and the NIcDAQ9178 sys-
tem, which connects to the NI9212 (thermocouple) and NI9215 (hot �lm) acquisition
cards. Once the signal is received, the acquisition starts, and each sensor operates in-
dependently until it is stopped manually or automatically, such as when a prede�ned
number of samples is reached. Simultaneously, the FBG sensor is also acquiring data;
however, due to limitations in the available hardware version, it was not possible to
trigger the acquisition of this system externally (neither as a master nor a slave).
Consequently, the FBG acquisition is initiated separately, and synchronization with
the thermocouple signal is achieved post-acquisition using the cross-correlation func-
tion. While this method is not ideal, it was the only feasible option with the available
equipment. Additionally, it is essential to consider two phenomena that could a�ect
synchronization:

ˆ Delay at Start: The fact that all systems are triggered simultaneously does
not guarantee that the acquisitions begin concurrently. The inherent delays in
both the electronics and software must be accounted for.

ˆ Jitter in Frequency Acquisition: Jitter refers to small, unwanted variations
or �uctuations in the timing of data sampling, which occur when the time
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2.4 Turbulent heat flux measurements

Figure 2.8 - Scheme of the synchronization of the sensors. The thermocouple, the
UDV and the hot �lm are triggered by the same external signal generator that allows to
start the measurements all together. In particular, the thermocouple and the hot �lm
also share the same acquisition software written in LabView. The FBG is working on
a completely independent measurement chain and its signal is therefore synchronized
in post-processing.

intervals between consecutive samples deviate from their expected values. These
variations can be caused by hardware imperfections, noise, or synchronization
issues. In frequency acquisition, jitter can degrade the quality of measurements,
leading to errors such as phase noise or signal distortion, which complicate
the accurate reconstruction of the original signal or the execution of precise
measurements.

When discussing synchronization, it is essential to compare these values with the
required precision to evaluate their potential impact on the overall measurements. To
illustrate this, a conceptual experiment has been conducted.

1. Consider a temperature signal and a velocity signal, both represented as sinu-
soidal functions: T(t) = B sin(! 1t) and U(t) = A sin(! 2t).

2. The resulting Turbulent Heat Flux (THF) can be estimated using the relation
THF = �c P u0T 0 where u0 = U(t) � Umean and T

0
= T(t) � Tmean .

3. The value obtained from this calculation is considered the true value.

4. Next, a delay is introduced in one of the two signals, and the THF is recalculated
to compare it with the "real" value. An estimation of the error resulting from
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2.4 Turbulent heat flux measurements

this process as a function of the delay between the two signals is presented in
Table 2.7.

Table 2.7 - Delay and associated error on the THF value.

Delay [ms] Error [%] THF � THF delay

THF

0 0
1 14
3 42
5 70
10 140

This means that if the two signals are delayed by, for example,3 ms due to one of
the aforementioned e�ects, the resulting error in the THF will be approximately 14%.
Therefore, an investigation into the start delay and jitter e�ect of each acquisition
system was conducted. The �ndings are summarized in Table 2.8.

Source Delay [ms]

UDOP start delay < 10� 3 [152]
UDOP jitter Variable but negligible

NI start delay � 10� 3 [127, 132]
NI jitter 50 ppm [127, 132]

BaySpec start delay Unknown
BaySpec jitter Variable but negligible

Table 2.8 - Delay and jitter values for di�erent sources.

It is important to note that the values reported without a reference were obtained
through direct meetings or email exchanges with the hardware provider. Based on
these values, it was possible to estimate the accumulated delay after a certain number
of samples. Assuming an acquisition frequency of100 Hz, which is consistent with the
requirements outlined in Section 2.1 and the limitations of the equipment, the cumu-
lative delays listed in the table would phase out the signals by5 � 10� 3 Hz with each
sample. This indicates that a total delay of1 msaccumulates after approximately 2000
samples, which corresponds to20 s of acquisition time, setting a maximum continu-
ous time of acquisition. It should be noted that this calculation is quite approximate,
as some delays depend on the speci�c PC used for the acquisitions and cannot be
accurately estimated a priori. Nonetheless, this simple calculation provides a rough
estimation of the e�ect.
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2.4 Turbulent heat flux measurements

2.4.2 Positioning

The positioning of the sensors has been approached di�erently by various authors.
Some studies did not focus on obtaining local measurements of the �ow and con-
sequently did not address the issue at all [32, 133, 134]. Many of the papers men-
tioned employ optical techniques for velocity measurements, such as PIV or LDV
[136, 139, 140, 142, 145, 148]. For these techniques, the positioning of the probe is
not a concern; instead, it is essential to establish the correct �eld of view and the
addition of a temperature sensor does not pose any problems.

Scienti�c publication describing the use of two separate probes for temperature
and velocity measurements typically report distances ranging from0:35 mm to 2 mm
[52, 143, 144, 148�151]. Some of these studies do not provide insights into their chosen
distances [143, 144], while many others indicate that their choices were constrained
by manufacturing limitations [148�151]. Notably, only one paper addresses the issue
more rigorously, o�ering considerations about the distance between probes and the
turbulence scales that can be resolved with such a setup [52], employing similar cal-
culations as those presented in Section 2.1. It is important to note that the distances
reported in the literature cannot be directly translated to the requirements for the
present work.

In this study, the temperature sensors were positioned with their sensitive elements
located at the very tip, as illustrated in Figure 2.9(a). The sensors were secured within
a ceramic support tube, as schematized in Figure 2.9(b).

The ceramic tube, purchased fromfrIatec, was selected for its thermal properties,
which do not a�ect the time response of the sensors and e�ectively insulate them from
one another. Additionally, its chemical inertia makes it suitable for use with liquid
metals. Moreover, it also acts as a mechanical support for the FBG reducing possible
bending e�ects along the �ber while keeping the sensitive part outside without inter-
ference. The tube features two holes with a diameter of0:5 mm to accommodate the
two sensors. The external diameter of the tube is2 mm, with the sensors positioned
1 mm apart. The length of the exposed tip is 2 mm, which has been shown to pre-
vent any secondary e�ects while still reliably measuring the temperature [153]. When
combined with the Hot Film sensor, the setup is illustrated in Figure 2.10(a).

The sensors were positioned as close together as possible to meet the spatial res-
olution requirements outlined in Section 2.1. This close placement was facilitated by
the speci�c design of the sensors, such as the 90-degree bend of the hot wire. How-
ever, placing the sensors too closely can lead to mutual interference, a concern that is
explored in detail in Chapters 5 and 7. As a �nal remark, it is noteworthy that, regard-
less of the distance between sensors, the literature lacks discussion on the potential
disturbing e�ects one probe may have on another. This issue is speci�cally addressed
in this work in Section 7.6. Similarly, the acquisition frequencies of the two sensors
are also a critical consideration. If the sensors operate at di�erent frequencies, the
method for combining these signals to calculate the �nal value of the turbulent heat
�ux must be carefully considered. In this study, undersampling the higher frequency
signals has been implemented as a viable solution. While this approach does result in
a loss of information, oversampling the lower frequency signal through interpolation
would have led to unacceptable approximations and extrapolation errors.
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2.5 Conclusions

(a) FBG (top) and TC (bottom) glued inside the ceramic tube. Picture
taken by the author before the start of the experimental campaign.

(b) Schematic of the two sensors in the ceramic tube

Figure 2.9 - Positioning of the temperature sensors during the measurements with a
schematic showing the key dimensions.

2.5 Conclusions

To conclude this Chapter, this Section provides a summary of the key �ndings. Firstly,
turbulence phenomena were investigated in Section 2.1 through a comprehensive lit-
erature review, DNS simulations, and theoretical calculations, which demonstrated
overall good agreement among the various estimations. The characteristics of the tar-
geted turbulence �uctuations have been gathered and are summarized in Table 2.9.
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2.5 Conclusions

(a) HF+TC+FBG (b) Schematic of the con�guration

Figure 2.10 - Sensor positioning of the hot �lm, TC and FBG on the same support.
The key dimensions and distances are highlighted in the schematic.

Table 2.9 - Turbulent structures characteristics

Variable Frequency Amplitude Dimension

Temperature � 60 Hz 0:5 � C to 1 � C � mm
Velocity 30 Hz to 60 Hz � mm=s � mm

It is crucial to note that these values represent estimations that may not be pre-
cise. However, they serve as a valuable foundation for understanding the targeted
phenomena. Based on these estimations, sensors that are theoretically suitable for
the measurements have been selected, and the choices are summarized in Table 2.10.

It is important to emphasize that these values should not be interpreted as de�ni-
tive truths but rather as indicative of the capabilities of the equipment and its inherent
limitations.

Additionally, in Section 2.4 a general assessment was performed concerning the
positioning of the sensors and the synchronization of their measurements. All sensi-
tive parts of the sensors were placed within a volume< 1 mm3 to meet the spatial
resolution requirements. Furthermore, the error caused by non-synchronization and
sensor jitter limited the maximum continuous acquisition time to approximately 1 min.
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Table 2.10 - Summary of the sensors and acquisition systems chosen with their
spatial (� x) and temporal (� t) resolution

Sensor Model Acquisition �x �t

TC Sheathed
type K,

Ø0:250 mm

NIcDAQ9178 +
NI9212

� 0:02 mm3 � 10 ms

FBG in-house
made,

Ø0:125 mm

BaySpec
WaveCapture
Interrogator

� 0:05 mm3 < 10 ms

UDV TR0805LS
-

TR1005LS

DOP4000 2 mm3 to 16 mm3 � 15 ms

HF 55R14 NIcDAQ9178 +
NI9215

StreamLine
90CN10/C10

� 0:02 mm3 5 kHz to 10 kHz

After this duration, the sensors should be stopped and restarted to restore synchro-
nization. This procedure allows to maintain e�ective synchronization while accurately
measuring the targeted phenomena.

The selected approaches are expected to e�ectively address the measurement ob-
jectives. Although challenges may arise during the process, the proposed methods
should be adequate for capturing the necessary data. The actual performance of the
various sensors in di�erent environments, as well as the true characteristics of the phe-
nomena observed in liquid metal �ows, will be evaluated in the subsequent Chapters
aiming at the characterization of the di�erent techniques.
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Chapter 3

Experimental setup and
procedures

Following Chapter 2, where the selected measurement techniques were presented, in
this Chapter a detailed description of the experimental setup used for the investiga-
tion is provided in Section 3.1, including the main design choices. The procedures
developed and adopted for its operation are then described in Section 3.2, with a par-
ticular focus on the attentions needed for the use of GaInSn in the lab in Section 3.3.
Eventually, a detailed analysis of the experimental boundary conditions is reported
in Section 3.4. Natural convection was selected as the primary �ow regime due to
the scarcity of validated turbulent models for natural convection and the critical need
for experimental data in this regime, as exposed in Chapter 1. Additionally, natural
convection o�ers advantages in terms of lower expected turbulent frequencies and op-
erational simplicity [12]. In literature, mainly two types of heated cavities have been
used for natural convection studies:

ˆ Di�erentially heated cell: one vertical side of the cell is maintained at a constant
higher temperature compared to the opposite side, while all other sides of the
cell are adiabatic or subjected to constant heat �ux. Gravity is considered and
parallel to the active walls. [154�156]

ˆ Rayleigh-Bénard convection cell: the bottom side of the cavity is maintained at
a constant higher temperature compared to the top side with the gravity vector
perpendicular to the active walls [33, 155, 157]

The �ow features are di�erent between the two cases, and the former setup has been
chosen for the current experiment. Given the relatively limited research on this con-
�guration [30, 155, 158] and the potential for novel �ndings on transitional Gr and
Ra numbers, 3D turbulence patterns and boundary layer development, the author
believes that a focused investigation in this area has signi�cant potential to advance
scienti�c knowledge. Moreover, this setup is more relevant to real-world engineering
and industrial applications, such as natural ventilation in buildings, nuclear reactor
safety, crystal growth, and geophysical �ows [154, 155, 159].
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3.1 Setup design

3.1 Setup design

The di�erentially heated cavity employed in this study is presented in Figure 3.1
together with a schematic useful to highlight some of its main characteristics. This

(a) Stainless steel cavity used as main ex-
perimental setup

(b) Schematic of the experimental setup

Figure 3.1 - On the left, the cavity used for the experiments. One of the two copper
plates used as active wall is visible. On the right, a schematic of the di�erentially
heated cavity where the origin of the reference system is indicated by the green dia-
mond. The left side (red) is kept at a hot temperatureTh while the cold side (blue) at
the cold temperatureTc. The established temperature di�erence in the cavity initiates
a buoyancy-driven natural convection �ow. The characteristics of the �ow strongly
depend on the regime and the �uid employed.

con�guration usually results in a �ow with characteristics similar to the isothermal
vertical plate on its active walls, and for this reason, it is also referred to as vertical
convection (VC) in some literature [50]. Inside the cavity, the imposed temperature
di�erence triggers a natural convection loop rotating in the direction from the warmer
side towards the colder side [154] with secondary oscillatory �ows that can appear in
the corners [155]. The �ow inside the cavity can go through laminar and stable regimes
to unsteady and turbulent, strongly depending on the working �uid, the geometry of
the setup and the imposed �ow regime [27, 28, 154, 155]. In all cases the main
features of the �ow are driven by the following non-dimensional numbers as de�ned
in Equations (3.1) to (3.3):

Pr =
�
�

(3.1)

Gr =
g� � TL3

c

� 2 (3.2)

Ra = Gr Pr =
g� � TL3

c

��
(3.3)
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ˆ Prandtl Number Pr : it characterizes the relative thickness of the velocity bound-
ary layer to the thermal boundary layer. It is de�ned as the ratio of momentum
di�usivity (kinematic viscosity) to thermal di�usivity.

ˆ Grashof NumberGr : it represents the ratio of buoyancy forces to viscous forces
within the �uid. It is a key parameter in natural convection problems, indicating
the strength of the buoyancy-driven �ow. Higher values of Gr signify stronger
buoyancy forces relative to viscous forces, leading to stronger natural convection
therefore promoting instabilities and leading to fully turbulent �ows.

ˆ Rayleigh number Ra: it is closely related to buoyancy-driven natural convec-
tion �ows and is used to characterize the �ow regime. When below a certain
critical threshold, the �ow remains laminar, and heat transfer is dominated by
conduction. Once this threshold is exceeded, the �ow becomes turbulent, and
convection takes over as the primary mode of heat transfer. Consequently, for a
speci�c �uid with a �xed Pr , the Gr can also be used as a threshold indicator
for the onset of convection.

Previous studies in mercury and low Prandtl number �uids have shown a critical
Ra of about 105 to 107 where the transition to turbulence in buoyant �ows in natural
convection driven cavities is expected [27, 28, 160, 161]. Moreover, this range of non-
dimensional numbers is also relevant for the MYRRHA reactor, particularly for the
mixing and strati�cation phenomena in the three-dimensional upper plenum [162].

Within the framework of this PhD thesis, experimental investigations were con-
ducted in a cubic cavity made of 316L stainless steel, with an internal edge length of
60 mm as illustrated in Figure 3.1(a) and Figure 3.1(b). An aspect ratio of unity was
chosen for this study to minimize experimental complexity and ensure predictable
�ow behavior. Previous research has shown that signi�cant variations in the physical
phenomena leading to the quasi-steady state of the �ow can occur as the aspect ratio
approaches a value of 3 [155]. The selection of the60 mm edge length was primarily
driven by the desire to create a compact and easily manageable experimental setup.
Moreover, this dimension, in combination with the imposed temperature di�erence,
allowed for the achievement of relevant non-dimensional parameters, as discussed fur-
ther. However, it is important to acknowledge that other cavity dimensions could be
considered for future investigations, as discussed in Chapter 9. The thickness of the
stainless steel external walls was15 mm, 15 mm and 13 mm respectively in the x, y
and z direction. Figure 3.2 shows the full setup as it is used during the tests. The
increased complexity of the setup, necessary to address all design and practical issues,
is evident. Each part indicated in Figure 3.2 will be explained in detail in the follow-
ing sections. Tests were performed with the use of two di�erent working �uids, water
and Galinstan. An overview of the main parameters of the setup in the two cases
is reported in Table 3.1. Natural convection was established through heated/cooled
Peltier elements from Laird Thermal Systems [164] capable of reaching a maximum
heating power of800 W and a maximum cooling power of340 W supplied by an EA-
PSI 9000 2U [165]. Cooling systems were added in contact with the Peltier elements
to avoid overheating. On the hot wall, a fan supplied with 12 V in DC was installed
(component number 6 in Figure 3.2) while on the cold wall, the water cooling system
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Figure 3.2 - Natural convection setup: 1) Chariot for temperature instrumentation
and hot �lm probe moved by an electrical Maxon Motor 110209 [163]; 2) TC + FBG
+ Hot Film access; 3) Valve to feed the �uid; 4) Valve to feed the inert gas; 5) Cavity
6) Fan; 7) UDV access; 8) Valve to empty the cavity; 9) Support; the whole setup is
mounted on a optical table to ensure stability and precision during the measurements.

shown in Figure 3.3 was chosen. This choice was made because the power dissipated
on the cold side was much higher than on the hot side, due to the cooling system
being in contact with the hot face of the Peltier element.

The two elements were positioned oppositely on each side of the cell in contact
with two copper plates inserted in place holders in the cavity and supported by a
Te�on structure visible in white in Figure 3.1(a). The high thermal conductivity of
copper (390 W=(m K) , one order of magnitude higher than the one of the stainless
steel and the GaInSn) was enough to guarantee the desired isothermal conditions on
the opposed walls as shown in Appendix B.1. The copper walls were coated with
a 1µm carbon coating deposited through magnetron sputtering at the University of
Namur to ensure material compatibility during future tests with liquid metals (see
Section 3.3.1). The following characteristics mainly led to its choice:
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Table 3.1 - Characteristics of the setup for the two di�erent �uids used

Parameter Water Galinstan
L c (Characteristic length) 60 mm 60 mm
� (Thermal di�usivity) 1:56� 10� 7 m2=s 1:24� 10� 5 m2=s
� (Thermal expansion coe�cient) 0:000 457=K 0:000 123=K
� T (Temperature di�erence) 50 K 42 K
� (Kinematic viscosity) 5:27� 10� 7 m2=s 2:84� 10� 7 m2=s
Pr (Prandtl number) 3.4 0.021
Gr (Grashof number) 1:8 � 108 1:4 � 108

Ra (Rayleigh number) 6 � 108 3 � 106

ˆ Max temperatures reachable: for this application, no more than100� C is needed
but this coating can withstand up to 400� C.

ˆ Thermal conductivity: the added layer will increase the thermal resistance of
the wall. However, due to its small thickness, it has been calculated that the
thermal resistance of the layer will be in the order of 10� 6 K=W and when
compared to the one of the copper10� 2 K=W it will reasonably give negligible
e�ects on the heat transfer properties of the wall.

ˆ Electrical insulation: the chosen solution is not electrically conductive.

ˆ Wettability: previous studies say that wetting is an issue with GaInSn but there
is no reason to think that this particular coating should worsen the situation
[166, 167].

The working �uid (either water or GaInSn) was fed through an opening on the
top wall controlled by a ball-valve directly linked to a container �lled with the �uid
(component number 3 in Figure 3.2). Another ball-valve placed on the bottom of the
cell was instead used to empty the cavity (component number 8 in Figure 3.2). One
last ball-valve was used to feed Nitrogen used to work in low-oxygen environment
during the liquid metal experiments (component number 4 in Figure 3.2) and this
inlet was directly connected to a Nitrogen tank. More details about the procedures
implemented for the use of all these valves are given in the following Sections.

3.1.1 Access for instrumentation

An important aspect of the experiment design was ensuring access for the instrumen-
tation, as shown in Figure 3.2. In such a small setup, �nding the optimal compromise
between the available space and the ideal locations for the sensors is challenging, and
practical implementation and manufacturing can be complex even once the best com-
promise is identi�ed. Access for the instrumentation was meticulously designed based
on previous Direct Numerical Simulations (DNS) performed in GaInSn [30], with de-
tails provided in Chapter 4. The simulations showed that the higher intensities in
terms of THFs are concentrated close to the active walls, in particular in the upper
part of the hot plate and and the lower part of the cold plate in a range of5 mm from
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Figure 3.3 - Water cooling circuit for the cold side Peltier element: 1) Water reser-
voir and water pump; 2) Controller and power supply 3) Fans for a max dissipation
power of 1000 W 4) Hollow alluminium plate to allow the �ow of water. This part is
in direct contact with the hot face of the Peltier element; 5) Water pipes connecting
the plate (4) and the fans (3); 6) Control knob for the pump and the fans; 7) Wood
support. The fan on the right side was replaced with this system.

the hot/cold wall, as shown in Figure 3.4(a). The same distribution can be retrieved
for the temperature �uctuations.

It is clear that close to the active walls the turbulent phenomena are more accen-
tuated and the higher amplitudes reached by temperature and velocity are also easier
to measure. Therefore, these are the most interesting zones where the sensors should
be placed. Figure 3.4(b) gives a better overview of the four di�erent locations where
measurements of velocity and temperature are possible. Thex and z coordinates of
the measurements are limited to 4 combinations while they direction is in princi-
ple fully accessible by all the sensors. The experimental access points were therefore
placed in this range, in particular at x = 4 mm and x = 56 mm, i.e., at a 4 mm distance
respectively from the hot and cold wall. Such a distance was chosen as a compromise
between the suggestions from the DNS simulations�which indicated that the most
interesting phenomena were occurring within5 mm of the active walls�and practi-
cal constraints. In fact, the UDV sensor described in Section 2.3.3 had an external
diameter of 8 mm. To avoid overlap between the sensor and the wall, which would
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(a) Section z = 12 mm (b) Schematic of the setup and the 4 instrumentation
access points.

Figure 3.4 - On the left, a section of the turbulent heat �ux �eld as calculated by
the DNS [30] is shown. The two visible instrumentation access points are highlighted
by the green lines. More details about these simulations are given in Section 4.3 On
the right, a 3D schematic of the natural convection setup is reported. The green dot
indicates the origin of the reference system whose axes are shown on the bottom left.
The hot and cold walls are respectively indicated with red and blue colors. The four
green lines represent the locations where measurements are possible, meaning that
every sensor has access to every point on each line. The distance from the hot/cold
wall of each green line is4 mm, while the distance from the insulated walls is12 mm

have negatively impacted the measurements, it was necessary to position the sensor
at this distance. Consequently, the entire setup was designed to allow all sensors to
measure at this same distance. Moreover, the space from the adiabatic wall, i.e., the
z coordinate, was chosen to ensure that the �ow was not a�ected by the presence of
the wall themselves. In particular, z = 12 mm and z = 48 mm were chosen, i.e., a
12 mm distance from the two opposed adiabatic walls.

For the sake of clarity, a picture of the inside of the cavity with the temperature
sensors is shown in Figure 3.5.

The access for the temperature sensors (TC and FBG) and the hot �lm was
guaranteed from the top, while the UDV was �ush-mounted on the bottom wall. In
this way, the UDV could acquire the pro�le of the y-component of the velocity while
the other sensors could move along the vertical line through the moving chariot. At
the same time, the UDV is placed such that the axis of the cylindrical sensor (i.e.
the center of the ultrasonic beam) is in correspondence with the temperature sensor
tip so that the last meaningful point of the velocity pro�le measured by the UDV
coincides with the point where the temperature sensors acquire data. In this way,
the theoretical need of measuring temperature and velocity at the same location to
obtain the THF was satis�ed the best way possible. The vertical movement of the
probes is ensured by a Maxon stepper Motor 110209 [163] placed on the top of the
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Figure 3.5 - On the left, a section of the cavity with the temperature sensors inside
and the UDV �ush-mounted in the bottom. The hot �lm probe is attached to the same
support as the temperature sensors but it is not shown in this �gure. On the right, a
schematic of the same setup with the hot �lm included.

cell. The motor is controlled by a control system developed in the VKI and controlled
by a LabView software. The system allow the vertical movement of the probes with
a resolution lower than 1µm. Since four ingresses were provided in the bottom of the
cavity but only two UDV sensors were available, the other two ingresses had to be
closed. For this purpose, a stainless steel bar with a thermocouple glued inside was
used. This setup allowed the bar to be �ush-mounted on the cavity �oor, providing
the evolution of temperature in the stainless steel, which corresponded to the zero
point of the temperature pro�le acquired inside the cell.

3.2 Filling procedure and leaks

As discussed in Section 3.3.2, maintaining the purity of GaInSn, speci�cally ensuring it
remains free of oxides, necessitated additional modi�cations to the cavity. To achieve
a low-oxygen environment, it was decided to operate within a nitrogen atmosphere
at a pressure slightly above ambient (approximately1:2 bar). This con�guration was
chosen to allow any potential leaks to expel and prevent the ingress of oxygen into
the setup.

To ensure the e�ectiveness of this approach, it was crucial to �rst verify the leak-
tightness of the setup. A preliminary test was performed using water at20 � C, during
which no liquid leaks were detected from the cavity. Given that the surface ten-
sion of water at 20 � C is 72:8 mN=m and the surface tension of GaInSn at58:5 � C is
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590 mN=m, it can be con�dently assumed that no leaks of GaInSn will occur during
operation. Additionally, the dynamic viscosity of GaInSn at 58:5 � C is 1:85 mPa s,
while the dynamic viscosity of water at 20 � C is 1:0518 mPa s. Therefore the leak rate
in GaInSn is expected to be slower than in water [168].

Ensuring gas tightness proved to be signi�cantly more challenging. The cell is
equipped with three separate access points for valves, which can be utilized for either
gases or liquids. Among these, one top access was designated for introducing and
removing the inert gas (Nitrogen). The initial step involved creating a low-oxygen
environment. This was achieved by evacuating the air from the cell using a vacuum
pump and subsequently re�lling it with Nitrogen at a pressure of 1:2 bar. This process
was repeated at least three times to ensure the lowest possible oxygen concentration.
Following this, it was crucial to assess how gas leaks might impact the pressure within
the cavity. For this purpose, the pressure decay equation was used as a reference, as
expressed in Equation (3.4) [168]:


 = V
� p
� t

(3.4)

Here, the leak rate 
 mbar L =s is related to the pressure drop� p, the volume V ,
and the duration of the test � t. Various approaches can be taken with this equation
depending on the chosen parameters as inputs and outputs. In this case, the target
pressure for the experiments was set at1:2 bar inside the cavity. The pressure evo-
lution was monitored over time with samples taken every30 min. Given the cavity
volume of 0:216 L, the gas �ow rate was estimated to be approximately1� 10� 3 mL/s,
which also provided an estimate of the gas consumption. Additionally, the test indi-
cated that it would take nearly 5 h for the pressure to drop from 1:2 bar to ambient
pressure (1 bar). This duration is su�cient for conducting a complete experiment
without the need for gas re�lling during the test. The whole procedure and the
outcome is discussed in more details in Appendix B.2.

Another important step in preparing the setup for operations was �lling the cav-
ity. Water did not pose any issues; however, transferring GaInSn from its original
container to the experimental setup required careful handling to minimize exposure
to air. The liquid metal was �rst transferred to a syringe, ensuring the suction point
was not too close to the free surface where oxides had already started forming. The
syringe was then connected to the top valve, and GaInSn was introduced into the
cavity by slowly pushing it out of the syringe to avoid to incorporate air bubbles that
could damage the instrumentation. To remove GaInSn from the cavity, the same
syringe was connected to the bottom valve, which, when opened, allowed the GaInSn
to �ow naturally into the syringe.

It is to be noticed that all the instrumentation accesses described in Section 3.1.1
were proven to be leak-tight in order to sustain vacuum and the consequent nitrogen
�lling at 1:2 bar. The sealing was maintained also during the vertical movement of the
instrumentation thanks to nitrile butadiene rubber (NBR) O-rings with speci�c diam-
eters. While a measurement was performed, all the other 3 non-used instrumentation
ingresses on the top were kept closed with a plastic cap.
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3.3 Galinstan

While the preliminary tests of the project were carried out with distilled water, the
following and most important ones used GaInSn as working �uid foreseeing LBE as
future and �nal stage of the project. This low melting point liquid metal (LMPLM)
is liquid at ambient temperature, presenting properties similar to mercury but with
the big advantage of being not toxic and therefore not presenting major safety issues
[169]. Thanks to its characteristics, it is often used in scienti�c works concerning
liquid metals and electronics [170�172] and therefore reliable papers have been found
addressing its properties [23, 173, 174] and general behaviour [175]. Its thermophysical
properties calculated for an average temperature of50 � C are reported in Table 3.2
and Appendix C but full relationships as function of temperature are available in
literature [23, 173].

Table 3.2 - Main thermophysical properties of Galinstan at50 � C

Property Value
Thermal conductivity 25:9 W=(m K)
Dynamic viscosity 1:86 mPa s
Surface tension 586 mN=m
Density 6329 kg=m3

Speci�c heat 331 J=(kg K)
Thermal expansion coe�cient 0:000 123=K
Thermal di�usivity 1:24� 10� 5 m2=s
Prandtl number (Pr) 0:021

It is particularly interesting to notice that its Pr number is extremely close to the
targeted Pr of LBE Pr = 0 :025.

3.3.1 Galinstan compatibility

Another factor to consider when working with liquid metals is the harsh environment,
which is often exacerbated by the high temperatures required to maintain the liquid
state. These conditions can lead to chemical corrosion and embrittlement phenomena.
Even though working at low temperatures, i.e. <100� C, typically simpli�es material
selection since chemical reactions are less likely to occur or intensify, previous studies
have identi�ed some incompatibilities between GaInSn and other materials that still
need attention[176, 177]. Compatibility with 316L stainless steel has been proved up
to 200� C [176]. Since the cavity is made of stainless steel 316L, no major compatibility
problems arise for the walls of the cavity. The main issue is the use of copper plates
as conductive materials for the active walls since even at ambient temperature copper
tends to be corroded for an exposure time in the order of hours [176]. Several works
solved the problem by coating the copper with nickel-chromium of di�erent thickness
[160, 177]. For instance, layers of20µm of NiP12 and 2µm of chromium to prevent
the material from dissolving in the GaInSn has been used [177], con�rming previous
�ndings that guaranteed compatibility between GaInSn and Ni Cr up to 200� C.
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Unfortunately, in the cited studies, this layer was made by a local Swiss company
whose name was not traceable anymore and therefore the same solution could not be
adopted in this work. Other studies have addressed similar issues in mercury using
50µm nickel-plated copper plates [160]. However, due to the di�erent properties of
the working �uid, this exact solution cannot be directly applied to GaInSn. Many
companies have been contacted in order to ask for possible solutions. A summary
of the possibilities taken into account is reported in Appendix A.1. In the end, as a
compromise between cost and availability, the solution proposed by the University of
Namur based on a carbon coating deposited through magnetron sputtering has been
adopted (Section 3.1).

For the sake of completeness, a more general overview on material compatibility
with GaInSn is also discussed here. Brass (CDA230), copper (CDA122), and alu-
minum (AL1100) cannot be used as they are corroded by GaInSn [176]. Additionally,
gold, indium, nickel, platinum, and silicon should be avoided, with general corro-
sion increasing with temperature. Suitable coating layers for these metals include
chromium, silver, or silicon carbide. Previous works have used graphene layers to
separate GaInSn from Al. Similarly, layers of Cr Cpoor (the most e�ective), Zr C,
and Cr Crich have successfully protected Al, whereas Ti C and Nb C did not [176].
On the other hand, stainless steel (E-brite ferritic and austenitic), nickel-chromium
alloys (inconel and hastelloy), titanium, and tungsten are compatible up to 200� C.
Regarding non-metal materials, they generally exhibit good compatibility. Specif-
ically, acronitrile butadiene styrene (ABS), nitrile rubber (Buna N), and polyvinyl
chloride (PVC) remain unchanged after GaInSn exposure at25 � C, while acrylic,
nylon, and Te�on remain unchanged after exposure at100� C [176]. Although pre-
vious studies were skeptical about compatibility with PTFE (and generally, plastics
containing �uorine) [166], more recent studies (including this one) have proven com-
patibility at least up to 100� C. The experimental setup used in this work employs
316L stainless steel for the main structure of the cavity, copper (coated) for the active
walls, Te�on for the copper plate supports, and nitrile butadiene rubber (NBR) for
the O-rings. All these materials were in direct contact with GaInSn for over 1000 h
at temperatures reaching up to80 � C and showed no signs of deterioration. Another
issue worth mentioning with GaInSn is its wettability with various materials, which
refers to its ability to maintain contact with a solid surface [166]. This behavior is
governed by the balance between the adhesive forces between the liquid and solid,
and the cohesive forces within the liquid. In the context of this thesis, wettability is
particularly important for sensing, as proper coupling between the sensors and the
�uid is essential for accurate measurements [178, 179]. Three main factors in�uencing
wetting have been identi�ed [166]:

ˆ Surface tension : Higher surface tension of the liquid makes coupling with the
solid more di�cult, which is why wetting is often a challenge with liquid metals.

ˆ Solid surface : High roughness or chemical interactions leading to oxidation of
the solid surface can impede or worsen the wetting process.

ˆ Temperature : Increasing the temperature generally facilitates the wetting
process. Therefore, preheating the equipment is recommended when feasible.
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In the framework of this thesis, it was not possible to adjust parameters like surface
tension (since the liquid metal was predetermined) or solid surface (as probe charac-
teristics were �xed by their design). Additionally, the setup and instrumentation were
not designed to exceed100� C, limiting the ability to use temperature as a variable.
As a result, the instrumentation was either lightly scrubbed with the liquid metal
[166] or left in contact with the metal for several hours before use [58], both methods
shown to be successful in previous studies.

3.3.2 Galinstan oxidation

A major issue with GaInSn is its fast oxidation that happens even with oxygen con-
centration below 1 ppm [175, 180�182] and in time ranges below1 min [183]. Too
many oxides can in fact a�ect the metal properties [167], the �uid behaviour [181]
and ruin the instrumentation so their level must be kept as low as possible. On the
other hand, some techniques like the UDV could even bene�t from the presence of
these oxides that seed the �ow (see Chapter 6). Moreover, many studies in literature
deal with microelectronics application of GaInSn therefore working with droplets of
�uid and reasonably having big di�erences in �uid behaviour when too many oxides
are present due to the high surface/volume ratio [175, 181]. Figure 3.6(a) shows
the status of the setup after one full campaign where GaInSn was used. The oxides
formed tend to adhere to the walls, making it impossible to continue testing without
cleaning the setup. Fortunately, a 3 % solution of Mucasol© diluted in water e�ec-
tively loosens the oxides. Simply �lling the cavity with the solution and waiting a few
hours allows the oxides to detach and be easily removed. For an even better result,
cleaning with ethanol can be used as it evaporates more e�ectively than water. The
chemical composition of the oxides is also still not fully clari�ed in literature. It is
believed that most of them come from the oxidation of Gallium, therefore generat-
ing Ga2O3 and Ga2O [171, 182] since other compounds like SnO2 and In2O3 are not
thermodynamically stable [182]. Some studies provide an empirical but e�ective de-
scription of gallium oxides, de�ning the oxide skin as a layer ranging from0:5 nm to
2 nm [171, 181, 184, 185]. This oxide layer is visually indistinguishable from the pure
�uid when the oxygen concentration exceeds1 ppm [171, 186] and its formation is
regulated by an irreversible di�usion process across the liquid surface a�ected by the
presence of impurities in the liquid [185]. The thickness and aspect of such layer has
not been seen to change when the oxidation was taking place at temperatures until
300� C [184] while other studies conducted in Ga0.93:Hg0.07 seem to disagree �nding
thicker layers for temperatures between83 � C to 122� C [187]. Wetting issues were
also addressed saying that the oxide skin can prevent the complete removal of liquid
gallium alloys surfaces because it strongly adheres to most surfaces and does not allow
the high surface tension of the liquid to keep the �uid intact [167, 188].

In previous literature studies, the best solution to this problem seem to be ob-
tained with so�sticated gloveboxes capable of keeping oxygen and moisture levels
below 1 ppm [175, 185]. Mainly because of time and budget limitations, it has been
decided to adopt �rst cheaper and faster solutions trying to deal with the small amount
of oxides that could form. For this reason, it has been decided to limit as much as
possible the contact between GaInSn and air (i.e. oxygen). Some papers underline
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