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Kurzfassung

Das benötigte Tritium eines Fusionskraftwerks wird durch Neutronenbeschuss
von Lithium im sogenannten Breeding Blanket (BB) erzeugt. Flüssige Konzepte
von BB bestehen aus eutektischem Pb-Li. Das erzeugte Tritium wird aus dem
flüssigen Metall bei dem Tritium Extraction and Removal System (TERS) extrahiert.
Die Vacuum Sieve Tray (VST) Technologie wird für TERS für das europäische
Demonstrationskraftwerk (DEMO) vorgeschlagen, welche eine Extraktionseffizienz
von mindestens 80% erfordert. Diese Technik besteht in der Erzeugung kleiner
oszillierenden Tröpfchen, die in eine Vakuumkammer fallen.

Im Rahmen der vorliegenden Arbeit wurde eine mit Deuterium betriebene VST-
Versuchsanlage aufgebaut. Um die Extraktioneffizienz zu bewerten wurden Versuche
durchgeführt, die aus zwei Phasen bestehen. Zuerst wird Deuterium in das flüssige
Metall (in einer oberen Kammer aus Edelstahl) gelöst und anschließend aus den
fallenden Pb-Li-Tröpfchen (in einer unteren Edelstahlkammer unter Vakuum) ex-
trahiert. Die Experimente wurden durch einen entwickelten fluiddynamischen Sim-
ulationscode und eine Hochgeschwindigkeitskamera, um die Größe und Bewegung
der Flüssigmetalltröpfchen zu analysieren, unterstützt.

Die gemessene Menge gelöstes Deuteriums im Pb-Li beträgt (8.9±1.5)×10−4 und
(4.4± 1.4)×10−4 mol D2 für Lösedrücke von 1000 bzw. 500mbar. Diese Ergebnisse
werden durch eine sorgfältige Auswertung des in die Struktur verlorenen Deuteriums
bestimmt und entsprechen einer Sieverts-Konstanten von (8.5±1.9)×10−3 molD m−3

Pa−0.5.
Die Menge an D2, die aus Tröpfchen mit einem Durchmesser von etwa 1.2 ±

0.2mm innerhalb einer Fallhöhe von ≈ 0.5m extrahiert wird, ist geringer als 8×
10−6 mol. Dieses Ergebnis impliziert eine Extraktionseffizienz von ≤ 1.2%, die
wesentlich niedriger als der erwartete Wert ist, der auf der Diffusion von Deuterium
zur Oberfläche der Tröpfchen beruht. Die erhaltenen Ergebnisse legen entweder
einen Stoffübergangskoeffizienten von etwa 5×10−12 m2 s−1 oder einen oberflächen-
begrenzten Extraktionsprozess nahe.
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Abstract

The tritium needed to fuel a fusion power plant will be produced in the so-called
Breeding Blanket (BB) by neutron bombardment of lithium. Liquid concepts of
BB are composed of eutectic Pb-Li and rely on a Tritium Extraction and Removal
System (TERS) to extract the generated tritium from the liquid metal. The Vacuum
Sieve Tray (VST) technique is proposed as TERS for the European Demonstration
power plant (DEMO), which requires a minimum extraction efficiency of 80 %. This
technique consists in extracting the tritium dissolved in Pb-Li by generating small
oscillating droplets, which fall in a vacuum chamber.

Within the present work, a VST experimental facility operated with deuterium
has been assembled and qualified. Experiments consisting in dissolving deuterium
into the liquid metal (in a stainless-steel upper chamber) and subsequently extracting
it from the falling Pb-Li droplets (in a stainless-steel lower chamber under vacuum)
have been carried out in order to evaluate the extraction efficiency. The experiments
have been assisted with a developed fluid-dynamics simulation code and a high-speed
camera to analyse the size and motion of the liquid-metal droplets.

The measured amount of deuterium dissolved into the Pb-Li is (8.9 ± 1.5)×
10−4 and (4.4± 1.4)×10−4 mol of D2 for dissolving pressures of 1000 and 500mbar,
respectively. These results have been determined with a careful evaluation of the
deuterium lost into the structure and correspond to a Sieverts’ constant of (8.5 ±
1.9)×10−3 molD m−3 Pa−0.5.

The amount of D2 extracted from droplets of about 1.2±0.2mm diameter within
a falling height of ≈0.5m is lower than 8×10−6 mol. This result implies an extraction
efficiency of ≤ 1.2%, which is substantially lower than the expected value relying
on diffusion of deuterium towards the surface of the droplets. The obtained results
suggest either a mass transfer coefficient of about 5×10−12 m2 s−1 or a surface-limited
extraction process.
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δpp Pressure loss due to friction along the pipe (mbar)
δpp-n Pressure loss due to change in section pipe-to-nozzle (mbar)
δpv Pressure loss inside the valve (mbar)
P Permeability (molm−1 s−1 Pa−1/2)
P0 Temperature-independent pre-exponential factor of permeability

(molm−1 s−1 Pa−1/2)
Q Pb-Li volumetric flow (m3 s)
R Ideal gas constant: 8.314 JK−1 mol−1 or 83.14 l mbar K−1 mol−1

S Solubility or Sieverts’ constant (molD m−3 Pa−1/2)
S0 Temperature-independent pre-exponential factor of solubility

(molD m−3 Pa−1/2)
t Time (s)
tfall Falling time of a droplet (s), defined in eq. (2.4)
tfall Average tfall along the extraction experiment (s)
tsh Opening time of the shutter (of the high-speed camera) (s)
T Temperature (K)
T1,2,3,4 In Chapter 5: Temperature of the various wall sections of the upper

chamber (K), as defined in Fig. 5.2, b; 1: upper flange, 2: upper part
of the vertical wall, 3: lower part of the vertical wall, 4: lower flange

TA,B,C,D,E Temperature of the various sections of the lower chamber (K), as
shown in Fig. 6.1; A: top surface, B: middle of the chamber, C:
surface of the Pb-Li, D: vacuum sensor, E: flexible tube

THeater Temperature of the heater (K)
TPbLi Temperature of the Pb-Li (K)
v Speed (m s−1)
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vc Speed of the Pb-Li droplets at hc in the lower chamber (m s−1)
vn Speed of Pb-Li at the exit of the nozzle (m s−1)
vn Average vn along the extraction experiment (m s−1)
V Volume (m3 or l)
Vgas(lc)0,f Initial and final volume of gas, respectively, in the lower chamber

during the extraction phase (l)
Vlc Volume of the lower chamber (l)
VPbLi(lc)0,f Initial and final volume of Pb-Li, respectively, in the lower chamber

during the extraction phase (l)
VPbLi(uc)0,f Initial and final volume of Pb-Li, respectively, in the upper chamber

during the extraction phase(l). Note that VPbLi(uc)0 also corresponds
to the volume of Pb-Li in the upper chamber during dissolution

Vuc Volume of the upper chamber (l)
x Longitudinal coordinate, in the flux direction (m)
xi General variable (with i = 1, 2...)
y Vertical coordinate, in the direction of the falling droplets (m)
δy Vertical elongation of the falling droplets due to tsh (m), defined in

eq. (4.12)
δ Rarefaction parameter (-), defined in eq. (6.4)
δavg Average rarefaction parameter (-), defined in eq. (6.6)
ε Thickness (mm)
ηexp Experimental efficiency (- or %), defined in eq. (2.15)
ηtheo Theoretical efficiency (- or %), defined in eq. (2.3)
ηtheo Average ηtheo along the extraction experiment (- or %)
µ Dynamic viscosity (Pa s)
νsh Speed of the shutter (of the high-speed camera) (s−1)
ρ Density (kgm−3)
σ Surface tension (Nm−1)
τch Characteristic time of a diffusion process (s), defined in eq. (2.8)
τdiss Time to reach steady-state in the Pb-Li (s), obtained from the

definition of τch in eq. (2.8)
τ Duration of the extraction experiment (s)
χtop Fraction of D2 permeated through the top surfaces of upper cham-

ber (lined blue in Figure 5.2, b) (%), defined in eq. (5.3)
Ψ2 Dimensionless deviation function (-), used to evaluate the deviation

between the fluid-dynamic simulation and the experimental results,
defined in eq. (4.7)
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Chapter 1

Introduction

1.1 Tritium self-sufficiency: a requisite in fusion re-

actors

Nuclear fusion has been investigated for decades with the aim to provide low-
carbon baseload electricity, which is needed in a sustainable energy mix. Fusion
Power Plants (FPPs), made of low-activation materials, will supply continuous elec-
tricity to the grid relying on the energy obtained from the fusion of light nuclei.

Among the possible fusion reactions, the one occurring between deuterium (2H
or D) and tritium (3H or T) has, by far, the largest cross-section at the lowest tem-
perature (maximum at about 60 keV≈ 7×108 K), as shown in Figure 1.1. Therefore,
the main stream of research in fusion is based on the D-T reaction:

D+ T −→ 4He (3.5 MeV) + n (14.1 MeV). (1.1)

Deuterium is widely available, with a relative abundance of 0.0115 at.% (related
to the hydrogen content in fresh water) [1]. It can be obtained from the water of
the oceans, by electrolysis. Tritium, however, is extremely rare in nature. The
balance between its natural production (by cosmic rays) and its radioactive decay
(around 5% per year) results in a constant atomic concentration of 1 × 10−18 in
natural hydrogen [2]. The primary sources of tritium are the fission Heavy-Water-
Moderated Reactors (HWMRs), which produce 0.21−0.26 kgT/GWe/fpy. Currently,
the available tritium inventory from HWMRs is about 60 kg [3]. However, a FPP
of 1000MWe is expected to consume 167.4 kg of tritium per year [4]. Therefore, a
FPP would be only feasible if it produces its own tritium, which formulates one of
the main challenges of the fusion research [5].
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Figure 1.1: Cross-section of fusion reactions as a function of kinetic energy (from [6]).

1 keV≈ 1.2×107 K.

1.2 Tritium production in liquid breeding blankets

In a future FPP, tritium is generated relying on the bombardment of lithium
atoms with the neutrons released from the fusion plasma (see equation (1.1)). Two
reactions are possible [7]:

6Li + n −→ T + 4He + 4.8MeV, (1.2)

7Li + n −→ T + 4He + n− 2.5MeV. (1.3)

For thermal and slow neutrons, equation (1.2) is the predominant reaction [8].
Thus, the lithium used in a FPP must be enriched with 6Li (up to 90% [9])1.

Tritium production occurs in the so-called Breeding Blanket (BB), which is a
wall module placed at the reactor, surrounding the fusion plasma (see Figure 1.2).
The BB contains the enriched lithium and a neutron multiplier (e.g. Be or Pb) to
improve the reaction yield. The breeding blanket has three main functions:

(i) It must shield the neutrons that come from the plasma in order to minimize the
damage that they would cause to the reactor components, mainly the vacuum
vessel and the superconducting magnets, which are components that cannot
be replaced during the entire reactor lifetime.

1The natural abundance of 6Li is 7.59 at.% [1]
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Figure 1.2: Basic scheme of a fusion power plant relying on a liquid breeding blanket.

(ii) By stopping the neutrons from the plasma, the BB also collects most of the
energy from the fusion reactions. As seen in equation (1.1), the neutrons carry
80% of the energy produced in the plasma2. This kinetic energy is converted
into thermal energy in the BB, which is extracted from the blanket by the
cooling system. In the heat exchanger, the heat of the coolant is transferred
to a secondary loop (with typically water), in which steam is produced. At
the power conversion system, the heat from the steam is transformed into
electricity by means of turbine generators, as in a conventional power plant.

(iii) As mentioned above, the neutrons are also used to produce the tritium neces-
sary to fuel the plasma. The tritium generated in the BB is recovered by the
Tritium Extraction and Removal System (TERS) and processed in the tritium
plant.

There are solid and liquid concepts of BB under research. Solid concepts are
typically composed of pebbles of lithium ceramics (Li4SiO4 or Li2TiO3) and beryl-
lium as neutron multiplier. Liquid BBs typically use an eutectic alloy of Pb-Li
(15.8 at.% Li), relying on lead as neutron multiplier [10, 11]. The liquid breeders
have several advantages compared to the solid ones: (i) it is easier to transport
the breeder material outside the blanket for tritium recovery, as well as for main-
tenance (e.g. breeder replacement); (ii) the material is not damaged by neutron
irradiation; (iii) tritium diffusivity is larger, which is important to extract the tri-

2The remaining 20% of the fusion energy, carried by the helium nuclei, is normally recovered
through the divertor. The divertor is an important component of the first wall, conceived to receive
the exhaust particles from the plasma, from where they will be pumped out.

3



Table 1.1: Main characteristics of liquid breeding blanket concepts under research for

the European DEMO [12–21].

Characteristic HCLL WCLL DCLL

Coolant He H2O Pb-Li+He
Coolant temperature range (◦C) 300 – 500 295 – 328 300 – 548
Pb-Li total mass flow (kg s–1) 890 956 29 527
T concentration in Pb-Li (molT m–3) 2×10−2 4×10−2 5.6×10−4

tium from the BB, and (iv) they have higher thermal conductivity, which is essen-
tial for both cooling of the materials and the energy extraction. However, liquid
breeders face several disadvantages: a continuously flowing liquid metal is subject
to Magnetohydrodynamic (MHD) effects. They not only cause pressure losses in
the BB loop, but also have to be electromagnetically isolated to prevent large-scale
electric current circulation in the conducting structure material, which could lead to
excessive Lorenz forces into the structure in case of a plasma disruption. In addition,
the flowing Pb-Li at high temperature is highly corrosive.

Three concepts of liquid BB have been investigated for the European Demonstra-
tion power plant (DEMO), with designs based on different coolants (see main char-
acteristics in Table 1.1). The Helium Cooled Lithium Lead (HCLL) and the Water
Cooled Lithium Lead (WCLL) use the conventional concept, in which a coolant loop
(helium or water, respectively) transfers the heat from the BB to the heat exchanger.
In the Dual Coolant Lithium Lead (DCLL) concept, however, the Pb-Li itself is used
as primary coolant and its loop passes through the heat exchanger (additionally, a
helium loop is used to cool down the first wall and supporting structures). Because
of that, a higher speed of the liquid metal is required in DCLL, with the conse-
quent increased MHD effects and corrosion. In the frame of the European blanket
design strategy for DEMO, the water cooling concept, WCLL, is regarded as the
most promising and, thus, chosen as baseline. The HCLL concept is maintained as
a back-up and DCLL is regarded as a more-advanced future solution [22].

The designers of the BBs and the tritium fuel cycle, as a whole, face a big
challenge. The tritium inventory in the FPP has to be minimized due to safety
regulations, but hydrogen isotopes present a high diffusivity through metals at the
foreseen operation temperatures. This, in addition to the extremely low concentra-
tion of tritium in the Pb-Li, makes the development of a TERS with an excellent
efficiency absolutely necessary.

However, the experimental research of TERS technologies is not straightforward.
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Operating with Pb-Li and hydrogen isotopes requires an environment free of oxygen
and water (i.e. good leak-tightness), high temperatures, and materials and equip-
ment compatible with Pb-Li (due to galvanic corrosion). In addition, the solubility
of hydrogen isotopes in eutectic Pb-Li is unknown: experimental values in literature
show discrepancies of several orders of magnitude [23, 24]. Therefore, both quali-
fying an experimental facility and quantifying the hydrogen dissolved in the liquid
metal to evaluate the extraction technologies is very challenging.

The minimum extraction efficiency currently considered for the dimensioning of
the TERS of the European DEMO is 80% [12, 25]. Different TERS technologies are
under study to achieve this goal. However, none of them has been yet experimentally
demonstrated to match this efficiency requirement. This work is focused on the
investigation of one of the TERS technologies proposed for liquid BB: the Vacuum
Sieve Tray (VST). This technique consists in inducing the formation of small Pb-
Li droplets by letting the liquid metal fall in a vacuum chamber. The increased
surface-to-volume ratio, in addition to a mass movement caused by oscillations of
the droplets, likely facilitates the extraction of tritium, which is recovered by means
of a pumping system.

1.3 Objectives and structure of this work

The present work is based on the development and experimental results of a
small-scale VST facility operated with D2 for the investigation of the extraction
process of deuterium from the liquid metal. The experiment requires at first the
dissolution of deuterium into the liquid metal and the quantification of the amount
dissolved. This is a crucial step in the investigation, due to the unknown solubility
of hydrogen in Pb-Li. Then, the evaluation of the extraction phase is divided into
two distinct parts: the fluid dynamics of the falling droplets and the quantification
of the gas extracted. Thus, with the information of gas dissolved and extracted
and the Pb-Li fluid dynamics, the proposed model of extraction efficiency (shown
in Section 2.2) can be assessed. Consequently, the potential of the technology for a
reactor-scale VST-TERS can be evaluated.

The objectives of this thesis are defined as follows:

1. Qualification of the experimental facility for dissolution of deuterium

in Pb-Li and its extraction with the VST method. This includes guar-
anteeing the satisfactory performance of the Pb-Li fluid dynamics and its mon-
itoring: no solidification in the loop, formation of liquid jet and droplets, mon-
itoring the level (volume) of Pb-Li in both dissolution and extraction chambers
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and the fluid dynamics of the falling droplets.

2. Simulation and experimental validation of the Pb-Li fluid dynam-

ics. Crucial parameters of the extraction model are the falling time and the
diameter of the droplets. Theoretical assessment of the latter and simulations
of the former shall be compared with experimental observations. Additionally,
oscillations in the droplet shape must be observed in order to analyse their
potential impact on the extraction efficiency.

3. Evaluation of the deuterium dissolved in the Pb-Li. A static method of
dissolution is tested, relying on Sieverts’ law. In addition to the assessment of
the method, the quantification of deuterium dissolved includes the evaluation
of the deuterium lost into the structure of the dissolution chamber.

4. Assessment of the deuterium extracted. This includes experiments with
one nozzle (one line of falling droplets), performed under varying conditions
of amount of deuterium dissolved and falling time.

5. Evaluation of the extraction efficiency and assessment of the viabil-

ity of the VST technique for further development. The evaluation of
the extracted deuterium and its relation to the fluid-dynamic parameters of
interest allows to carry out a scale-up study and assess the feasibility of the
technology for DEMO.

This thesis is structured as follows: Chapter 1 provides an introduction to the
present work in the context of fusion and liquid breeding blankets. Chapter 2 cov-
ers the state of the art of the Vacuum Sieve Tray, among other technologies for
tritium extraction from liquid Pb-Li. In this chapter, the literature and theoretical
information required to understand the present work research is also provided.

In Chapter 3, the experimental facility is described and the experimental strategy
(including matrix of experiments) is presented. The experimental results and their
analysis are divided into three main blocks: Chapters 4, 5 and 6.

Chapter 4 is dedicated to the Pb-Li fluid dynamics. First, the code VST-
experiment is presented (Section 4.2), which is used to simulate the fluid dynamics of
one typical run. The experimental results are then fitted with the VST-experiment
simulation. In Section 4.3, the fitting method is explained and the output Pb-Li vol-
umes and uncertainties are given. The last part of the chapter (Section 4.4) discusses
the observations and analysis of the droplets, where the results of the simulations
are validated and the size and oscillations of the droplets are characterized.
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Chapter 5 comprises the evaluation of deuterium dissolved in the Pb-Li during
the dissolution phase. The analysis is based on a mass balance (explained in Sec-
tion 5.1) evaluated at the time at which steady-state is reached. Section 5.3 shows
the total amount of D2 gas depleting in the gas volume of the chamber (diffused into
Pb-Li and walls); then, Section 5.4 shows the evaluation of deuterium loss through
the walls, and finally, Section 5.5 gives the resulting deuterium dissolved into the
Pb-Li.

The amount of deuterium extracted is evaluated in Chapter 6. First, the gas
accountancy method in the lower chamber is explained and validated (Section 6.1).
Then, the evaluation of deuterium extracted in two representative runs is given
(Section 6.2). Last, the obtained experimental extraction efficiency and its impact
on the following steps of the research and on the viability of the technology for
DEMO are discussed in Section 6.3.

In Chapter 7, the conclusions of the present work and perspectives based on the
obtained results are summarized.
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Chapter 2

The Vacuum Sieve Tray (VST) technique:

tritium extraction from liquid Pb-Li

2.1 Techniques of tritium extraction from liquid Pb-

Li. State of the art

Several Tritium Extraction and Removal System (TERS) technologies are under
study for the liquid Breeding Blanket (BB) concepts of the European Demonstra-
tion power plant (DEMO). The current baseline is the Permeator Against Vacuum
(PAV), which relies on the permeation properties of tritium through metals. The
lithium-lead flows along membranes, through which the tritium permeates due to
a partial pressure difference. On the permeate side the tritium is pumped out and
routed to the tritium plant. Calculations show that a feasible size of a PAV-TERS
for DEMO is expected to provide the required efficiency of 80% [19, 26]. However,
the technology is still under experimental demonstration. PAV demands membrane
materials with high tritium permeability, as well as compatibility with Pb-Li due
to corrosion (candidate materials are V, Nb and Ta) [27]. Additionally, because the
partial pressure of tritium that will be dissolved in the lithium-lead is difficult to
estimate, the level of vacuum needed at the permeate side to achieve the permeation
is also unknown. If the tritium partial pressure is very low, forcing its permeation
out of the Pb-Li may be technologically very challenging [19].

Other technologies are still under research, such as Gas-Liquid Contactors (GLCs),
also named packed columns. A gas with low solubility in Pb-Li, typically helium or
argon, flows in counter-current through the falling liquid metal. In this process, bub-
bles are formed and the gas acts as a carrier gas, extracting the tritium dissolved in
the lithium-lead. A second step is needed to remove the tritium from the carrier gas.
Experimental results have demonstrated extraction efficiencies from the Pb-Li up
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to 30 – 31% [28, 29], which may be improved by an optimization of the extraction
loop and/or implementing a GLC cascade. This technology will be tested in the
experimental reactor ITER, with a foreseen extraction efficiency of ≈ 44% [30]. It
should be clarified that the reported values of efficiency are evaluated at the lithium-
lead and without including the next step of removing the tritium from the carrier
gas. Although this efficiency is far from meeting the requirements, GLCs have the
advantage above other techniques of being more mature and technologically proved.

Regenerable Getters (RGs) can also be used to extract tritium from Pb-Li. They
rely on the affinity of tritium for some metals like vanadium. The liquid metal flows
along solid getters, which trap the tritium in form of tritides (loading phase). Then
the tritium can be released by heating the getters (regeneration phase). Even though
this method exhibits high extraction efficiency, the disadvantage of not working in
continuous mode has decreased the interest in this technology. Yet studies on the
compatibility of getter materials with Pb-Li have been performed. Nevertheless,
further research is still necessary, e.g. in the stability of the getter performance due
to impurities [31–34].

A fourth extraction technique under consideration is the Vacuum Sieve Tray
(VST). It consists in letting the Pb-Li fall through thin nozzles into a chamber
under vacuum. The liquid metal falls in form of oscillating droplets that release the
tritium gas, which is recovered with a pumping system. This method relies not only
on a greater surface-to-volume ratio to increase the diffusion of tritium out of the
liquid metal, but also on the convection of the Pb-Li in the falling droplets, which
is likely to favour the release of tritium. Since the 1980s, the VST technology has
been considered to extract tritium from liquid BB because of its simplicity [35]. In
the last decade, VST extraction experiments (with deuterium) were performed at
the University of Kyoto [36–38] reporting a coefficient of mass transfer which is two
orders of magnitude greater than diffusion. The enhanced mass transfer has been
explained by the mass movement of the Pb-Li induced by a cyclic deformation of the
droplets while falling [38]. Based on the reported results, high extraction efficiencies
would be expected and a VST-TERS for DEMO would match the required efficiency
of 80% [39].

2.2 VST functional principle and theoretical extrac-

tion efficiency

When the Pb-Li falls through a thin nozzle, it forms a liquid jet. Small per-
turbations intrinsic in the stream, in addition to the surface tension, originate the
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so-called Plateau-Rayleigh instability [40, 41]. The radius of the liquid column fluc-
tuates with increasing sinusoidal oscillations until a critical point is reached and the
liquid jet breaks into droplets. The theoretical equivalent diameter of the formed
droplets, dd, is given by equation (2.1) as a function of the nozzle diameter, dn (see
Appendix A for mathematical derivation):

dd ≃ 1.89 dn. (2.1)

However, the falling droplets are not perfect spheres. Instead, their shape os-
cillates from an oblate to a prolate ellipsoid (in the ideal case). The fundamental
frequency, f , of this oscillation in a liquid droplet falling in vacuum is described
by [40, 42]:

f =

√
8

3

σ

πρV
, (2.2)

where σ denotes the surface tension of the droplet, ρ its density and V its volume.
Inside the falling Pb-Li droplets, the tritium is dissolved in atomic form. The

mass transport mechanisms that occur during the extraction process are:

1. Inside the droplet: mass transfer of the atomic tritium from the interior to the
surface of the droplet by diffusion and convective transport of the liquid metal
due to the droplet oscillations.

2. At the liquid-vacuum interface: recombination of the tritium atoms to form
T2 molecules and desorption from the liquid metal surface.

3. In the vacuum continuum: migration of the T2 molecules inside the chamber
in the vacuum phase and their recovery by the pumping system.

Since the mean free path of tritium molecules in the vacuum continuum is much
larger than the one of tritium atoms inside the liquid metal, step 3 is not considered
a limiting process in the tritium recovery. However, whether the migration inside
the liquid or the recombination at the surface is the limiting process is a more
complicated question. In the absence of literature data for recombination rates of
hydrogen at liquid Pb-Li–vacuum interfaces, the approach followed is to assume
that step 2 occurs faster than step 1. This assumption is based on the fact that the
solubility of hydrogen atoms in Pb-Li is likely endothermic (see Figure 2.3, later in
Section 2.3.3). In systems involving diatomic gases with endothermic solution, the
recombination process during outgassing is exothermic. Therefore, these systems are
typically bulk-controlled [43]. Then, step 1 is assumed to be the limiting process.
Nevertheless, at the end of this research work, the experimental results can be
evaluated to check this assumption.
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Concerning the migration of tritium inside the droplet, extensive investigations
have been performed in the field of liquid droplets falling in a liquid medium. Several
models have been developed for mass extraction (see Appendix B). Depending on
the droplet fluid dynamics, they can be divided into three categories: (i) droplets
without internal circulation, treated as rigid spheres [44, 45], (ii) droplets with
internal (laminar) circulation [44, 46], and (iii) oscillating droplets (typically with
the formation of vortices leading to turbulent regimes) [47–49].

The mass extraction from droplets of types (ii) and (iii) was experimentally
proved greater than the one from rigid droplets. The internal circulation in the
droplets has been observed with trace impurities but it has not been yet fully un-
derstood. Some of the conclusions are: every system that exhibited oscillations
showed deformed or completely damped circulation; the oscillations seem to be
maintained by the vortex discharge behind the moving droplets; and the oscillations
were not from full prolate to full obleate ellipsoids, but instead from nearly spherical
to obleate form [50–54].

These conclusions were made for liquid-liquid systems and are most likely related
to the friction resistance of the continuous phase. In the case of droplets falling in
vacuum, the continuous phase would not impose friction forces. Therefore, the
fluid dynamics in the droplets should be different and the described models do not
perfectly apply. Due to the lack of investigation in liquid–vacuum systems, and for
simplicity, a first approach to evaluate the extraction efficiency is to use the model
of the rigid sphere, with a possible enhanced mass transfer due to internal movement
of the Pb-Li.

From the mathematics of diffusion, a substance leaving (or entering) a sphere
of diameter dd, with diffusivity D , during a time t, can be described by [45] (see
Appendix B):

ηtheo =
mt

m∞
= 1− 6

π2

∞∑
n=1

1

n2
exp

(
−4D n2 π2 t

d2d

)
, (2.3)

where mt and m∞ are the total mass of diffusing substance that has left (or entered)
the sphere at time t and ∞, respectively, and n is the index of summation. In the
application to VST, equation (2.3) describes the theoretical extraction efficiency of
one droplet during its falling time, t = tfall, which is given by:

tfall =
−vn +

√
v2n + 2 g hfall

g
, (2.4)

where vn is the initial speed of the droplet (at the exit of the nozzle), g is the
gravitational acceleration and hfall is the falling height.
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Table 2.1: Values of diffusivity of deuterium in Pb-Li at 400 ◦C, mass transfer co-

efficient* reported in previous VST experiments at the same temperature; theoretical

extraction efficiency, calculated with equation (2.3) for droplet diameter dd = 1.2 mm,

initial droplet speed vn=4 m s−1, at two falling heights: hfall=0.5, 5 m.

D (m2 s−1) ηtheo (hfall=0.5m) ηtheo (hfall=5m)

1.23×10−9 [55] 6.5% 15.6%
5.04×10−9 [56] 12.8% 30.2%
3.4×10−7* [37] 78.0% 99.9%

The extraction model based on a rigid sphere has been used in previous inves-
tigations of the VST technology [35, 37]. At the University of Kyoto, experiments
were performed with deuterium and nozzle diameters between 0.4 – 1mm. Using
the rigid sphere model, presented in equation (2.3), they reported a mass transfer
coefficient, which is two orders of magnitude greater than the diffusion coefficients
available in literature. These results support the assumption that the extraction
process from the droplets is bulk-controlled.

Table 2.1 shows diffusivity values of deuterium in Pb-Li at 400 ◦C, reported
by Reiter [55] and Edao et al. [56], and the enhanced mass transfer coefficient ob-
tained by Okino et al. [37]. Additionally, extraction efficiencies calculated with equa-
tion (2.3) are shown for two relevant scenarios, at experimental scale (hfall = 0.5m)
and at reactor scale (hfall = 5m). The values displayed in Table 2.1 show that if the
tritium extraction is only based on diffusivity and the volume-to-surface ratio of the
droplet formation, the VST technique does not match the efficiency requirements
for DEMO. However, if the internal movement of Pb-Li leads to a substantial en-
hancement of the mobility of tritium atoms, as reported in [37], the VST technique
has a great potential for a reactor-scale TERS.

2.3 Transport of hydrogen in metals for experimen-

tal application

2.3.1 Conceptual background

The three isotopes of hydrogen are: protium (1H or H), deuterium (2H or D)
and tritium (3H or T). Since tritium is (β−–decay) radioactive, at laboratory scale
it is preferred to perform experiments with H and/or D and to prove the principle
with T only in an advanced phase of the research. Additionally, since hydrogen is
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a light (the lightest) element, it migrates easily through metals. The present work
includes experiments with dissolution of deuterium into eutectic Pb-Li and its later
extraction, both performed in stainless-steel (316L) chambers. Thus, the transport
of hydrogen through metals has to be understood.

The first step in the interaction of hydrogen gas with a metal is the surface
adsorption. The diatomic gas molecule can either be adsorbed via van der Waals
forces (physisorption), or it can be attached to the metal surface by chemical bond-
ing (chemisorption). If, in the latter, a dissociation of the hydrogen molecule is
produced; then, the hydrogen atoms can enter the lattice and diffuse through the
metal. The diffusion of the hydrogen atoms inside the metal is described by Fick’s
laws of diffusion:

J = −D ∂C

∂x
, (2.5)

∂C

∂t
= D ∂2C

∂x2
, (2.6)

where J is the flux of diffusing atoms (molH m−2 s−1), D is the diffusion coefficient
(m2 s−1) and C is the atomic concentration (molH m−3). The diffusion flux is pro-
portional to the gradient of concentration, as shown in equation (2.5).

At the beginning of the diffusion process, when hydrogen atoms start migrating
into the metal, the concentration increases with time due to their accumulation.
This non-stationary regime is described by equation (2.6).

In the general case of an instantaneous plane source of a diffusing substance, the
concentration profile, obtained from (2.6), can be expressed as follows [45]:

C(x, t) =
n

2
√
πD t

exp

(
− x2

4D t

)
, for −∞<x<+∞ and t>0, (2.7)

where n is the total amount of substance (mol) inserted in the system at x=0, t=0,
which diffuses in 1D into both directions −∞ and +∞. The characteristic time
scale of the diffusion process, τch, can be determined by maximising equation (2.7)
over time at the position x=L:

∂C(x=L, t)

∂t
= 0 −→ τch =

L2

2D , (2.8)

where L is the length of the diffusion system. Note that the result is independent
of the total mass of diffusing substance, and therefore it can be directly applied to
a system with diffusing substance in only one direction (0<x<L), as is the case of
a membrane with thickness L. Then, τch can be used to estimate when the steady-
state of the diffusion process inside the metal is achieved. (An alternative method to
determine the characteristic time scale given in equation (2.8) is developed by [57].)
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Steady-state is achieved once the metal is saturated with the diffusive substance.
At this point, since no more atoms can be dissolved, the flux through the metal is
stationary. The saturation is given by the solubility of the substance in the metal,
which, in the case of a diatomic gas, is governed by Sieverts’ law :

C = S√
p, (2.9)

where p is the partial pressure in the gas phase (Pa) and S is the solubility coefficient
(molH m−3 Pa−1/2), also called Sieverts’ constant. Note that C refers to atomic
concentration. The steady-state permeation flux is then calculated from equations
(2.5) and (2.9), and can be written as:

J = P (
√
pb −

√
pa)

A

L
, (2.10)

where L is the thickness of the metal (in the permeation direction), A is the area
of the surface and pa and pb are the partial pressures of the gas at both sides of
the metal (note that the square-root dependency, from Sieverts’ law, applies only
to diatomic gases). P is the permeability constant (molm−1 s−1 Pa−1/2), which is a
function of the diffusivity and the solubility:

P = D S . (2.11)

All three rate coefficients, P , D and S , follow an Arrhenius dependency on
temperature:

D = D0 e−
ED
RT , (2.12)

S = S0 e−
ES
RT , (2.13)

P = P0 e−
EP
RT , (2.14)

where ED , ES and EP are the corresponding activation energies and R is the ideal
gas constant. The expressions shown in equations (2.12), (2.13) and (2.14) are
characteristic of the diffusing substance and the metal, and are empirically obtained.

2.3.2 Diffusivity and permeability in stainless steel

Figure 2.1 shows diffusivity values of hydrogen (protium) and deuterium in stain-
less steel 316L. Additionally, Table 2.2 shows the coefficients of permeability of
deuterium in stainless steel for similar temperature ranges. Both diffusion and per-
meation of hydrogen in steel are thermally activated processes, i.e. the corresponding
activation energies are positives (ED and EP in equations (2.12) and (2.14)). Con-
sequently, the diffusivity and permeability of hydrogen isotopes in stainless steel
increase with temperature (as observed in Figure 2.1).
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Figure 2.1: Diffusivity, D , of hydrogen (H) and deuterium (D) in stainless steel 316L

as a function of the temperature. [58, 60–62].

Table 2.2: Permeability coefficients, P0, and activation energies, EP , reported in

literature for deuterium in stainless steel 316 [59] and 316L [58] for the given temperature

ranges, T .

P0 (molmm−2 s−1 Pa−0.5) EP (Jmol−1) T (K) Reference

3.54×10−7 67300 623–973 [59]
4.56×10−7 71200 623–1123 [58]

As a reference, the reported values for deuterium at 400 ◦C (which is the op-
eration temperature of the setup) are: D =4.73×10−11 m2 s−1, reported by Lee et
al. [58] and the permeability values P =2.10×10−12 molm−1 s−1 Pa−0.5 from Shiraishi
et al. [59] and P =1.35×10−12 molm−1 s−1 Pa−0.5 from Lee et al. [58].

2.3.3 Diffusivity and solubility in eutectic Pb-Li

The lead-lithium alloy considered for the liquid breeding blankets is the eutectic
mixture, which has the melting point at 235 ◦C [63]. The composition used as eutec-
tic had been for years 17 at.% Li and 83 at.% Pb. However, there was a reassessment
of the phase boundaries and the composition in the last studies has been updated
to 15.7 at.% Li and 84.3 at.% Pb [64].

Table 2.3 shows the main temperature-dependent thermo-physical properties of
the eutectic Pb-Li in its liquid form. At 400 ◦C, its density is 9720 kgm−3, dynamic
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viscosity: 1.5×10−3 Pa s, surface tension: 0.446Nm−1 and vapour pressure: 2.5×
10−5 Pa.

Figure 2.2 shows the reported diffusivity values of hydrogen isotopes in Pb-Li
as a function of the temperature. Note that the values reported for deuterium (D)
by Edao et al. and Reiter at 400 ◦C are the ones given in Table 2.1. Similarly
to the case of stainless steel, the diffusivity of hydrogen in Pb-Li also increases
with temperature. However, in the case of Pb-Li, there is one order of magnitude
scattering in the reported values. These deviations are presumably a consequence of
the different measuring methods and setups (note that the experimental errors are
not reported). Another possible reason for the scattered values is small variations
in the composition of the Pb-Li used in the different experiments. However, since
no verification of the Pb-Li composition is normally reported, it is not possible to

Table 2.3: Properties of eutectic Pb-Li (T in K) and range of application.

Parameter Value T (K) Ref

Density, ρ (kgm−3) ρ = 1.052×104 − 1.19 T 508–880 [65]
Dynamic viscosity, µ (Pa s) µ = 1.87×10−4 exp

(
1400
T

)
521–900 [66]

Surface tension, σ (Nm−1) σ = 0.52− 1.1×10−4 T 520–1000 [65]
Vapour pressure, pv (Pa) pv = 1.5×1010 exp

(−22900
T

)
550–1000 [65]

Figure 2.2: Diffusivity of hydrogen isotopes in eutectic Pb-Li as a function of the

temperature. Experimental results from Terai et al. [67], Fauvet et al. [68], Reiter [55]

and Shibuya et al. [69] were obtained with desorption methods; and results from Edao et

al. [56], Maeda et al. [70] and Okitsu et al. [71] were obtained via permeation methods.
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study the influence of the Pb-Li composition on the scattered values.
Nevertheless, comparing Figures 2.1 and 2.2, the diffusivity of hydrogen isotopes

in Pb-Li is around two orders of magnitude larger than in stainless steel at similar
temperatures. Therefore, when using stainless steel as a structural material for
experiments involving dissolution/diffusion of hydrogen isotopes in Pb-Li, the gas
lost into the structure has to be carefully quantified and considered in the results.

Figure 2.3 shows the Sieverts’ constant reported for hydrogen isotopes in eutec-
tic Pb-Li as a function of the temperature. Some solubility values increase with
the temperature (see Aiello et al. [73], Maeda et al. [70], Chan et al. [75], Okitsu et
al. [71]), while others show almost no dependency of the temperature (see Wu [74]
and Reiter [55]). This could be due to slightly different compositions (Wu [74] tested
various Pb-Li compositions and reported a transition from exothermal to endother-
mal dissolution that occurs at around 17 at.% Li).

Additionally, a scatter of two orders of magnitude is observed among the pub-
lished solubility results. The large discrepancy among the values is currently under
discussion. Possible reasons include: (i) the methodology used for each experimental

Figure 2.3: Solubility of hydrogen isotopes in eutectic Pb-Li as a function of the

temperature. All values are experimentally obtained, except for the value reported for

tritium, which is theoretically extrapolated. The results from Katsuta et al. [72], Fauvet

et al. [68] and Reiter [55] were obtained with desorption methods; the values from Aiello

et al. [73], Wu [74] and Chan et al. [75] were obtained with absorption methods; and the

results from Edao et al. [56], Maeda et al. [70] and Okitsu et al. [71] were obtained via

permeation methods.
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result (i.e. absorption, desorption or permeation, shown in the caption of Figure 2.3);
(ii) assumptions made in the determination (e.g. neglecting the permeation through
the walls of the container), which could lead to large experimental errors, or (iii)
variations in the fraction of lithium in the Pb-Li alloy (among the reported values,
the Li concentration varies from 15.7 at.% to 17 at.%). Note that the great difference
in atomic mass between Pb (207.2 gmol−1) and Li (6.94 gmol−1) leads to a mixture,
which is very sensitive in atomic composition (in weight percentage, the fraction
of Pb in the two mentioned eutectic mixtures is ≈ 99.32 – 99.38wt.%). Thus, the
manufacturing of the alloy must be very finely done and later composition analyses
to check the eutectic mixture are essential (which are normally not reported in the
references shown in Figures 2.2 and 2.3).

The effect of fine variations in the Pb-Li eutectic composition in both diffusivity
and solubility of hydrogen isotopes in the liquid alloy remains still unknown and is
further discussed in the present work (in Sections 3.1.4, 5.6.1, 6.3.1).

2.4 The problem of the unknown solubility in Pb-Li

In the experimental research of TERS techniques for Pb-Li, typically two pro-
cesses are needed: firstly, the hydrogen isotope, e.g. deuterium, is dissolved in the
liquid metal and, secondly, it is extracted with the corresponding technique. Then,
the extraction efficiency, ηexp, can be experimentally determined with the amount
initially dissolved in the Pb-Li, nD2 diss, and the amount extracted, nD2 ext, as follows:

ηexp =
nD2 ext

nD2 diss
. (2.15)

Typically, the amount of deuterium dissolved, nD2 diss, can be evaluated using
Sieverts’ law (equation (2.9)). However, in the case of eutectic Pb-Li, as shown in
Figure 2.3, there is a huge disagreement in the reported values of Sieverts’ constant.
Thus, the intrinsic challenge to assess the extraction efficiency, ηexp, is to precisely
determine the quantity of deuterium dissolved in the liquid metal, nD2 diss. This is
a critical issue, which affects all the technologies under research for the TERS of
liquid breeding blanket concepts.

Since the amount of deuterium dissolved cannot be calculated with values of
solubility, it has to be either directly measured or indirectly determined from ex-
periments. Hydrogen sensors to measure the concentration of hydrogen isotopes in
the liquid metal are under development, based on two different physical principles:
permeation sensors [76, 77] and electrochemical sensors [78].
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Permeation sensors consist in a hollow capsule immersed in the liquid lithium-
lead, through which hydrogen permeates. In steady-state, the partial pressure of
hydrogen in both the capsule and in the liquid metal equal each other. However,
these sensors rely on the knowledge of the Sieverts’ constant to determine the con-
centration of hydrogen. Thus, permeation sensors are reasonable to determine a
concentration profile, but not to measure absolute values of concentration.

Electrochemical sensors consist of an electrode immersed in the liquid metal and
a reference electrode immersed in an electrolyte with a known H-concentration. The
potential difference between the two electrodes gives the relative hydrogen concentra-
tion. This principle allows measuring the concentration of hydrogen without relying
on solubility values. However, electrochemical sensors are so far only available for
pure liquid lithium or other lead eutectic alloys, such as Pb-Bi [78, 79].

Since there is currently no reliable method to directly measure the concentration
of hydrogen inside the lithium-lead, in the present work, nD2 diss is determined by
means of a mass balance during the dissolution phase (discussed in Chapter 5),
which requires to evaluate a set of secondary experimental data.
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Chapter 3

The VST facility and experimental strategy

3.1 Description of the facility

An experimental facility, operated with D2, was built at the Tritium Laboratory
Karlsruhe (TLK) to investigate the Vacuum Sieve Tray (VST) technique. Its as-
sembly and commissioning are part of the present work. The facility aims to meet
two main objectives: (i) evaluation of the deuterium dissolution and VST extraction
processes, (ii) using tritium and Pb-Li compatible components in order to test the
functionality and gain know-how with the liquid metal for a future experimental
set-up operated with tritium.

3.1.1 The Pb-Li loop

Figure 3.1 shows the Pb-Li loop, which consists of two chambers made of stainless
steel (316L): the upper chamber (UC), in which the dissolution occurs, and the
lower chamber (LC), in which the deuterium is extracted. The lower chamber has
four ports: two with windows assembled, one with a flexible tube connected to
the pumping system, and a last one that is sealed with a blind flange. The two
chambers are connected by a short pipe with an automatic valve and ending in
the nozzle (0.6mm diameter), through which the Pb-Li falls to the lower chamber.
Additionally, there is a transfer line to rise the Pb-Li back from the lower chamber
to the upper chamber.

Seven independent heaters are installed along the Pb-Li loop to maintain the
metal at the desired temperature. They consist of resistance wires and are covered
by rock-wool and glass-fiber insulation. In the upper chamber, the heater is placed
at the bottom surface, in order to force buoyant convection in the liquid and enhance
the dissolution of deuterium. In the lower chamber, the heaters are placed at the
top and bottom, since the windows (of borosilicate with kovar frame) withstand
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Figure 3.1: Pb-Li loop with main dimensions given in mm. The heated zones, to

maintain the Pb-Li liquid, are divided by independent electrical heaters (EH). They are

listed in Table 3.1 with their respective operation temperature.

Table 3.1: Operation temperature of the heaters in the Pb-Li loop.

Reference Location Temperature (◦C)

EH01 Upper chamber 400
EH02 Short pipe (automatic valve) 435
EH03 Transfer line 450
EH04 Lower chamber (bottom) 360
EH06 Lower chamber (top flange) 455
EH07, EH08 Lower chamber (side-top) 445

a maximum of only 350 ◦C. The operation temperature of each heater is given in
Table 3.1. The set temperatures of heaters EH02, EH06 and EH07 are higher than
400 ◦C to ensure the desired temperature at the nozzle (which cannot be directly
covered by a heater). On the other hand, the Pb-Li in the lower chamber, heated
by EH04, had to be maintained at 360 ◦C in order to limit the evaporation rate of
Pb-Li, which slowly was covering the windows. The heater of transfer line, EH03,
also had to be maintained at a higher temperature (than 400 ◦C) to avoid Pb-Li
solidification in critical points (specifically at the valve HV204 at the outlet of the
lower chamber).

22



3.1.2 Gas inlet, evacuation and analysis

The facility has three gas inlets: D2, H2 and Ar (the latter is also adapted to
provide He or N2, if necessary). Mainly D2 is used for the dissolution experiments
and Ar is used to lift the Pb-Li to the upper chamber by pressurization of the lower
chamber. Occasionally, He is used for experimental tests that require an inert gas
with low solubility in metals but similar thermal conductivity as D2.

Figure 3.2 shows the experimental facility (note that the Pb-Li loop is covered
by insulation). The evacuation of the two chambers is done via a pumping system,
which consists of a turbo-molecular pump followed by a fore pump. To protect the
turbo-molecular pump from possible Pb-Li vapours, a cold trap is placed at the inlet.
The cold trap consists of several steel meshes, at room temperature, to condense
any possible metal vapour.

Originally, the setup was designed to collect the extracted gas in a collecting
tank, placed at the outlet of the fore pump (located behind the pump in Figure 3.2).
However, during the commissioning phase, it was observed that the background gas
collected with the pumping system was much larger than expected and the pressure
in the collecting tank would easily exceed its maximum during an experiment. Ad-
ditionally, tests were performed to determine the pumping efficiency (gas collected
vs extracted) and no repeatability was demonstrated in the measurements. These
results were explained by possible internal cavities in the pumping system that re-
tain gas and release it slowly, acting as virtual leaks. Because of these two reasons,
it was decided to measure the extracted gas directly in the lower chamber.

A Quadrupole Mass Spectrometer (QMS) is also assembled next to the collecting

Figure 3.2: Laboratory configuration of the experimental setup.
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tank, with connection to the chambers. It is used to analyse the composition of the
gas (e.g. after the vacuum test in the upper chamber to identify if the background
is due to leak or outgassing from previous experiments).

Monitoring and control of the experiment is realized via a LabVIEW program.
The software records the experimental data with a minimum sampling time of 1 s
and also has safety features to protect the QMS and vacuum sensors from high
pressure.

3.1.3 Measuring devices and uncertainty assessment of the

experimental data

3.1.3.1 Amount of gas and its uncertainty assessment

The deuterium dissolved in the Pb-Li is determined from the evolution of the
amount of gas in the upper chamber. Likewise, the D2 extracted is determined from
the evolution of the amount of gas in the lower chamber. They are both calculated
by means of the ideal gas law, which relates the amount of gas, n, in a closed volume,
V , with its pressure, p, and temperature, T :

n =
pV

RT
, (3.1)

where R≃ 83.14 lmbarK−1 mol−1 is the ideal gas constant. The assessment of the
uncertainty is determined following the general equation for error propagation [80]:

δf(xi)
2 =

N∑
i=1

(
∂f

∂xi

)2

δx2
i , (3.2)

in which f is a function of independent variables xi (with i = 1, ...N), and δ denotes
uncertainty. The application of equation (3.2) to (3.1) leads to:

δn =

√(
∂n

∂p

)2

δp2 +

(
∂n

∂V

)2

δV 2 +

(
∂n

∂T

)2

δT 2. (3.3)

In this section, the main characteristics of the measuring devices and a first
assessment of the uncertainty calculations are presented. A few relevant examples
(using similar conditions to the experiments performed, shown in Chapters 5 and 6)
are considered to gain a first insight into the accuracy and limitations of the mea-
sured gas in both chambers. Further calculations of error handling and propagation
are given in Appendix K.
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3.1.3.2 Upper chamber

Figure 3.3 shows a cross section of the upper chamber with its main dimensions
(in mm) and measuring devices. The chamber was designed with a large diameter to
favour the dissolution of D2 into the liquid Pb-Li (i.e. large gas–liquid interface). It
has a sampling port (left of the figure) and a conic bottom in order to facilitate that
all Pb-Li flows down to the lower chamber during the extraction experiment. It has a
pressure sensor (RP010) located at a cold finger, since the sensor does not withstand
the operation temperature of the chamber (400 ◦C), with a thermocouple (RT014)
next to it to measure the temperature of the gas at the sensor. Additionally, there
are four thermocouples (RT010, RT011, RT012, RT013) to measure the temperature
of the gas in the chamber (when there is no Pb-Li). With Pb-Li, RT012 and RT013
are used to measure the temperature of the liquid metal and check its level (whose
maximum is around 23mm).

The main characteristics of the pressure sensor (RP010) are given in Table 3.2.
The sensor has a full scale of 3 bar to cover the operation range of the experiments,

Figure 3.3: Cross section of the upper chamber with dimensions given in mm. RP010

is the pressure sensor, located at the cold finger. The thermocouple RT014 measures the

temperature of the gas at the pressure sensor. The thermocouples RT010, RT011, RT012,

RT013 measure the gas temperature in the chamber. Additionally, RT012 and RT013

measure the Pb-Li temperature (and level). The total volume of the upper chamber is

4.88±0.02 l.
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Table 3.2: Main characteristics of the pressure sensor in upper chamber, RP010.

Parameter Value

Model: PTA227, EFE
Full Scale (F.S.): 3 bar
Non-linearity and hysteresis: ±0.016%F.S.: 0.48mbar
Non-repeatability: ±0.02%F.S.: 0.60mbar
Thermal zero and sensitivity shifts: ±0.02%F.S./◦C: 0.60mbar/◦C
Maximum operating temperature: 125 ◦C

500–1500mbar. However, since the variations of pressure during the dissolution
phase are expected to be small (several millibar), the accuracy of the sensor has to
be carefully regarded. From its sensitivity to variations of temperature shown in
Table 3.2, the uncertainty in the pressure measurement can become, as an example,
±4.08mbar for a variation of 5 ◦C. This is not admissible for the analysis of the
experimental results. However, it has been observed that the variation of the sensor
signal with the temperature of the sensor is linear (at constant pressure). Therefore,
a calibration was done to improve the accuracy of the sensor. From this calibration,
shown in Appendix G, a correction factor of −1.2mbar/◦C was obtained for the
range 17.4−22.4 ◦C. The measurements performed with the pressure sensor RP010
are corrected with this factor, which allows to have a more accurate pressure mea-
surement and a constant minimized uncertainty of ±1.08mbar (since the error due
to temperature shifts can be neglected).

The total volume of the upper chamber is 4.88±0.02 l (which was measured
by combinations of gas expansions with a dedicated high-accuracy equipment [81]).
However, the volume of the Pb-Li has to be measured/determined for each exper-
iment. This is a limiting factor in the accuracy of the results, which affects both
the total gas dissolved and its concentration. The volume of Pb-Li in the cham-
ber can be determined with the three level thermocouples (RT011, RT012, RT013).
The distance between them, 10mm, is however too large, i.e. using them as level
sensors results in an uncertainty of ±0.25 l of Pb-Li (which corresponds to ≈±7%

and ≈ ±20%, relative to the volume of gas and Pb-Li, respectively). In order to
improve this uncertainty, the code developed to simulate the fluid dynamics during
the extraction phase has been used to determine the volume of Pb-Li by fitting the
experimental results with simulations, as explained in Chapter 4. With this method,
the uncertainty is minimized to ±0.03 − 0.04 l (which corresponds to ≈±1% and
≈±3%, relative to the volume of gas and Pb-Li, respectively).
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Since the maximum Pb-Li height is expected to lie between RT011 and RT012,
the temperature of the gas is measured with RT010 and RT011, when all the Pb-Li
is in the upper chamber, and with RT010 and RT013, when there is no Pb-Li. The
temperature of the gas is then calculated with equation (3.4), assuming that it is only
due to radiation from top and bottom (infinite) surfaces with constant temperatures
Ta and Tb, respectively (both in K), given by the corresponding above-mentioned
thermocouples:

T =
4

√
T 4
a + T 4

b

2
. (3.4)

All the thermocouples are Ni-Cr K-type and have an uncertainty of ±2.2 ◦C or
±0.75% (in ◦C), whichever is greater. The uncertainty is propagated with equa-
tion (3.2).

Table 3.3 shows the uncertainty contributions for an example case (representative
of the dissolution experiments). The value of n and its uncertainty are calculated
with equations (3.1) and (3.3). The error from the volume (±1.2%) limits the global
uncertainty of n (which is minimized to ± 1.3%). During the dissolution experiments
in the upper chamber, V is constant, T variations are within uncertainty (thus, T
is effectively constant), and the variation of p is measured. I.e. the detection limit
to measure the variation of the amount of gas (due to diffusion into the Pb-Li and
walls) corresponds to 1.08mbar, which has been minimized with the calibration of
the pressure sensor.

In the treatment of the uncertainty, special attention is paid to the type of error.
The uncertainty contribution from the pressure sensor is of random type or due to
instrumental limitations. This type of error can be decreased by averaging values
measured under the same conditions. On the other hand, the error contributions
from volume and temperature are of the type systematic or offset. The type of
uncertainty has been considered in the error propagation to avoid an overestimation
(or underestimation) of the final uncertainty of the results.

Table 3.3: Uncertainty assessment of the amount of gas in the upper chamber for a

typical example case.

Variable Example value Uncertainty Type of uncert.

Gas pressure, p (mbar) 1000 1.08 (0.1%) random
Gas volume, V (l) 3.68 0.04 (1.2%) systematic
Gas temperature, T (◦C) 380 2.85 (0.4%, in K) systematic

Amount of gas, n (mol) 6.78×10−2 8.78×10−4 (1.3%) combined
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3.1.3.3 Lower chamber

Figures 3.4 and 3.5 show the cross section of the lower chamber with its main
dimensions (in mm) and its measuring devices. This chamber also has a sampling
port and a conic bottom (similar to the upper chamber), as seen in Figure 3.5. It
has assembled one pressure sensor (RP041) and two vacuum sensors (RP040 and
RP042), all placed at cold fingers to protect them from the high temperatures (with
RT042 measuring the gas temperature at the sensor RP041). Two thermocouples
measure the temperature of the nozzle (RT040 and RT041) and RT043 measures the
temperature of the gas at the top of the chamber. Eight thermocouples are placed
at the bottom of the chamber to measure the level of the Pb-Li and its temperature.

Figure 3.4: Cross section of the lower chamber with main dimensions given in mm.

The pressure sensor RP041 and the vacuum sensors RP040 and RP042 are placed at

cold fingers. RT042 measures the temperature of the gas at RP041. The thermocouples

RT040 and RT041 measure the temperature of stainless-steel surface next to the nozzle,

RT043 measures the temperature of the gas. See zoom of the bottom of the chamber in

Figure 3.5. The total volume of the lower chamber is 27.3± 0.1 l (note that it includes

the flexible down to the shutter valve, shown in Figure 3.2).
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Figure 3.5: Cross section of the bottom of the lower chamber with dimensions given

in mm. The eight thermocouples RT044, RT045, RT046, RT047, RT050, RT051, RT052,

RT053 are placed at the given positions to detect the Pb-Li level and measure its tem-

perature.

The total volume of the lower chamber is 27.3± 0.1 l (which was measured with
the method presented in [81], as in the upper chamber). During extraction, the
Pb-Li level increases from RT044 to almost RT053 (≈ 1.2 l). Thus, applying Boyle’s
law (which describes a closed system at constant temperature: p1V1 = p2V2), the
increase of pressure in the lower chamber due to only the change in volume of Pb-Li
during the whole extraction experiment is ≈ 5% (e.g. from 0.150 to 0.157mbar).
Therefore, if the amount of gas extracted from the droplets is in this range, the
change in volume of the Pb-Li must be very finely assessed in the calculations in
order to assess the amount of D2 extracted. From the fluid-dynamics simulation,
which fits the experimental results (explained in Chapter 4), the volume of Pb-Li in
the chamber at every instant is obtained, with an uncertainty of ±0.01−0.02 l.

The temperature of the gas in the lower chamber is, however, a more intricate
issue, due to its geometry and large temperature gradients. The top and bottom
of the chamber are at 455 ◦C and 360 ◦C, respectively (see Table 3.1), the windows
(middle of the chamber) are colder and the flexible tube is at room temperature.
Therefore, for the evaluation of the amount of gas, the chamber is divided in three
sub-volumes and equation (3.4) is used to determine the temperature of the regions
with temperature gradient. The approach is further explained in Chapter 6.

The pressure sensor RP041 is similar to the one in the upper chamber (same
characteristics as in Table 3.2). It is used to measure the pressure of argon when
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Table 3.4: Characteristics of the vacuum sensors in lower chamber (F.S.: full scale,

M.P.: measuring point)

Parameter RP040 RP042

Model: 422, MKS CTR100N, Leybold
Type: cold cathode capacitance diaphragm
Range (mbar): 1.3×10−11−1.3×10−2 1.3×10−3 − 13.3

Resolution: 2 significant digits 0.003%F.S.: 4×10−4 mbar
Accuracy: ±5%M.P. ±0.25%M.P.
Max. operating temperature: 250 ◦C 50 ◦C
Temperature effect on zero: (-) ±0.005%F.S./◦C
Gas dependency: yes no

transferring the Pb-Li to the upper chamber.
To measure the D2 extracted from the Pb-Li during the extraction phase, two

vacuum gauges are installed to cover a wide range of vacuum (from 1.3×10−11 to
13.3mbar). Their main characteristics are given in Table 3.4. Due to the gradients
of temperature in vacuum regime, the actual pressure inside the chamber has to be
determined with rarefied gas theory (with the corresponding increase of uncertainty).
This is explained in Chapter 6.

Table 3.5 shows a simplified assessment of the uncertainty contributions of p, V ,
T in the lower chamber for two relevant cases:

– Case #1: p = 1.1×10−3 mbar (read by the sensor RP040). The total amount
of gas obtained is n = (1.01 ± 0.06)×10−6 mol. This example is taken from
the calculation of the beginning of run#13.

– Case #2: p = 0.153mbar (measured by the sensor RP042). The total amount
of gas obtained is n = (1.21 ± 0.08)×10−4 mol. This example is taken from
the calculation of the beginning of run#14.

As mentioned above, the total amount of gas is evaluated from the division
into three sub-volumes. Thus, for simplicity, the p, V , T uncertainty values shown
in Table 3.5 are averages from the three regions. With this, an overview of the
contributions can be observed.

In both example cases, the major contribution to the uncertainty is given by the
pressure. Specifically in case #2, the uncertainty of the pressure measurement is
of ±0.4%, but it is highly increased by the calculations due to the gas (transition)
regime. The final relative uncertainty of n is very similar in the two cases. However,
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Table 3.5: Uncertainty contributions of the amount of gas in the lower chamber for

two example cases. Case #1: p = 1.1×10−3 mbar (RP040), n = (1.01± 0.06)×10−6 mol;

case #2 p = 0.153mbar (RP042), n = (1.21± 0.08)×10−4 mol.

Variable
Avg. relative uncertainty Type of
Case #1 Case #2 uncertainty

Gas pressure, p ±7.6% ±5.0% random
Gas volume, V ±4.4% ±4.4% systematic
Gas temperature, T ±1.4% ±1.4% systematic

Total amount of gas, n ±5.7% ±6.2% combined

the detection limit is very different: ≈6×10−8 mol in case #1 and ≈8×10−6 mol in
case #2.

Additionally, the type of uncertainty (random vs systematic) and its treatment in
the error propagation varies depending on the region. For example, in the gas region
close to the Pb-Li, the volume and temperature of the gas vary. Therefore, the ad-
vantage normally intrinsic to systematic error (when subtracting two values) cannot
be used. Appendix K is dedicated to the error propagation of the calculations.

3.1.4 Pb-Li used in the experiments

A total of 21.6 kg of eutectic mixture of Pb-Li (99.95% purity, 15.7 at.% Li) was
supplied by the company CAMEX, spol. s r. o., Czech Republic, in form of ingots.
From this amount, 15.10 kg of Pb-Li were inserted in the facility (which at 400 ◦C
occupy 1.55 l). The surface of the ingots was cleaned mechanically with a file.
Then, the ingots were weighted and introduced in the upper chamber. From the
moment the upper chamber was closed until the first experiment, the Pb-Li was
under evacuation during four weeks at 180 ◦C and the subsequent three weeks at 400–
440 ◦C, with intermediate flushing of helium and argon during the commissioning
of the setup. This procedure is assumed to have removed any possible oxides still
present in the metal after the mechanical abrasion of its surface. Additionally,
during the decommissioning of the facility (with all the Pb-Li solidified in the lower
chamber), the upper chamber was opened and found clean and without any visual
indication of oxides. This supports the assumption above.

The composition of the Pb-Li was analysed before and after the experimental
campaign by the Chemical Analysis group in IAM-AWP, KIT, with inductively
coupled plasma atomic emission spectroscopy (ICP-AES). The full results of the
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Table 3.6: Comparison of the Pb-Li composition from samples taken before and after

the experimental campaign. Only the main impurities are shown, for extended informa-

tion see full analysis in Appendix E.

Element Before (wt.%) After (wt.%)

Pb 99.1 98.8
Li 0.490 0.592
Fe <0.0002 0.00103
Ni <0.0002 0.00422
Cu <0.0001 0.00130

analysis, which include Li, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Ag, Sn, Sb, Pb and Bi, are
given in Appendix E.

Table 3.6 shows the main results of the composition (in weight percentage) of the
Pb-Li samples analysed before and after. The concentration of lithium was found
to be inhomogeneous in the analysis of the first sample. Thus, the unexpectedly
low concentration of initial lithium, 0.490wt.% (corresponding to 12.9±0.6 at.% Li),
is attributed to a not fully homogeneous mixture provided. Note that, given the
low atomic concentration of Li and the large difference of atomic mass with respect
to Pb, obtaining a homogeneous eutectic Pb-Li mixture is challenging. The final
concentration of Li, 0.592wt.% (15.2±0.2 at.%), which is assumed to be the real
concentration, from a better homogenisation after the experimental campaign, is
still lower than the expected one (15.7 at.%). This deviation from the composi-
tion reported by the manufacturer can be a consequence of the inhomogeneous Li
concentration, since not all the Pb-Li acquired was used (6.5 kg were not inserted
in the facility). Additionally, the experimental melting point, ≈ 238 – 240 ◦C, is in
agreement with the atomic concentration 15.2 at.% Li, from the Pb-Li phase diagram
reported by Hubberstey et al. [64].

It is important to note that a small deviation in the atomic concentration of
lithium (and inhomogeneity) seems to be a common issue in the manufacturing of
eutectic Pb-Li. E.g., the lithium fraction in a batch of eutectic Pb-Li previously
provided by another manufacturer was analysed to be 18.4± 0.6 at.%. Frequent
small deviations in composition are attributed to the very small mass fraction of
lithium in the eutectic mixture (≈0.62wt.%Li), which shows the importance of
analysing the composition of the Pb-Li (and its homogeneity) to be used in an
experimental campaign.

The Pb-Li was in liquid state inside the setup during six months (at 360–400 ◦C).
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The appearance of impurities in the composition is due to the dissolution of elements
from the structural metals in contact with the Pb-Li caused by a difference of chem-
ical potential between the solid and the liquid metals [13] 1. Fe and Ni are from
the chambers and pipes, made of stainless steel 316L (traces of Cr and Mn also
appeared, not shown in Table 3.6), and the dissolved Cu is from the gaskets used.

3.2 Experimental procedure

A typical run consists in the following steps (summarised in Table 3.7): First,
the Pb-Li is transferred to the upper chamber (UC) through the transfer line. For
that, the lower chamber (LC) is pressurized with argon (up to ≈ 1 bar), which has
a negligible solubility in Pb-Li [83, 84].

Once the Pb-Li is in the UC, its volume is measured (step #2) by injecting
a known amount of argon in the upper chamber, estimated with the mass flow
controller. This method is used to double check the simulations performed in Chap-
ter 4, which provide a higher accuracy. Similarly, the volume of Pb-Li in UC is also
measured after the extraction (step #8).

Step #3 consists in setting the operation temperature of the experiment (given
in Table 3.1) very slowly (1 ◦C/min) to avoid fast expansions or contractions of the
metals that can lead to air leaks at the connections. Once the UC is thermalised,

Table 3.7: Steps of a typical experiment (UC: upper chamber, LC: lower chamber).

Step Duration

#1: Transfer Pb-Li to UC 20 min
#2: Measure Pb-Li volume in UC 10min
#3: Thermalisation operation temperature 6 h
#4: Vacuum test in UC 16 h
#5: Gas analysis with QMS and evacuation UC 1 h
#6: D2 dissolution in Pb-Li 48 h
#7: D2 extraction in LC 30min
#8: Measure Pb-Li volume in UC 10min
#9: Bake-out and evacuation of the setup 4 days

1Electronegativity values of the elements shown in Table 3.6 are Li: 2.65 V, Pb: 3.9V, Fe: 4.93V,
Ni: 5.35V, Cu: 4.6 V [82]. The potential difference between the Pb-Li and the structure elements
causes the electrochemical corrosion.
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a vacuum test is performed (step #4), which consists in monitoring the pressure
increase in the closed chamber (during 16 h) previously evacuated. This test is
crucial to control the initial state of the Pb-Li and chamber before the dissolution.
In addition, the small amount of gas resulting from the vacuum test is analysed
with the QMS to determine if it is from a leak or outgassing of D2 (remaining in
the metals from the previous experiment). The result of this vacuum test must be
similar for all the experiments (and below the uncertainty or detection limit) to
ensure that they are comparable.

The dissolution phase (step #6) consists in inserting D2 in the UC up to a
given pressure and, with the chamber closed, recording the pressure decrease and
temperature during 48 h. The duration of this phase has been chosen to be long
enough to ensure steady state.

The extraction phase (step #7) starts by recording pressure and temperature in
the closed lower chamber during at least 40 min to evaluate the background. This
is performed in parallel with the end of the dissolution phase in the upper chamber,
so that the droplets start falling right after 48 h dissolution. In the upper chamber,
the D2 gas left from dissolution phase remains in the chamber to maintain the con-
centration of D inside the Pb-Li during the extraction phase. In some experiments
(runs #15, #17 and #18, see Table 3.8), the gas pressure in the upper chamber
has to be increased to vary (decrease) the falling time of the droplets. This is done
by adding Ar in the UC, so that the partial pressure of D2 does not change. Then,
the automatic valve is opened and the falling Pb-Li droplets are recorded with the
high-speed camera. Pressure and temperature are monitored until the last droplet
of Pb-Li falls and gas from the upper chamber enters the lower chamber (which is
seen by a sudden increase of the pressure in the LC).

When the experiment finishes, the upper chamber is slowly set to the bake-out
temperature (440 ◦C) and the whole setup is evacuated during 4 days in order to
release the deuterium trapped in the metal walls of all structures (step #9).

3.3 Experimental matrix

Pressure and temperature are the two main parameters that can be varied in the
experiments. The temperature has a major influence in the diffusion of deuterium in
metals, affecting (i) the amount of deuterium permeated through the walls, (ii) the
deuterium dissolved in the Pb-Li and (iii) the deuterium extracted from it. Addi-
tionally, the volume, the viscosity, and the surface tension of the liquid Pb-Li have a
dependency on temperature (see Table 2.3), which affects its fluid dynamics. There-
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fore, in order to limit the degrees of freedom of the research in the first campaign,
the temperature of the liquid metal, TPbLi, is kept constant for all the experiments.

The partial pressure of D2 during the dissolution phase, puc, diss, influences di-
rectly the amount of deuterium dissolved into the Pb-Li (described by Sieverts’ law
in equation (2.9)). However, during the extraction phase, the total pressure of the
gas in the upper chamber, puc, ext, affects the speed of the falling liquid metal and,
thus, the falling time of the droplets. As stated above, this pressure is adjusted by
adding argon in the UC (before the extraction) in runs #15, #17 and #18.

Table 3.8 shows the matrix of experiments performed during the experimental
campaign. puc, diss and puc, ext are varied to separate the two effects: (i) the amount
of deuterium dissolved and (ii) the droplets falling time, respectively.

The optimization of the experimental matrix was crucial because of two main
reasons: firstly, the Pb-Li was slowly condensing at the windows, which results in
the loss of visibility over time that impedes the recording of the droplets with the
high-speed camera. Secondly, the high temperatures in addition to the presence of
Pb-Li can worsen the conditions of the setup over time. This was learned from a
previous campaign, in which increasing leakages were found after several switches
of temperature (between operation temperature and bake-out). In addition, some
valves were damaged after a prompt solidification of the Pb-Li due to a safety
shutdown of the heaters. The setup had to be rebuilt after an eruption due to
the reaction of Pb-Li to an air-leak through the damaged valve. This experience

Table 3.8: Experimental matrix. puc, diss: gas pressure during dissolution phase (D2),

puc, ext: gas pressure in the upper chamber during extraction (D2+Ar), plc, ext: initial gas

pressure in the lower chamber during extraction, TPbLi: temperature of the Pb-Li.

In grey: experiments without D2.

Run puc, diss (mbar) puc, ext (mbar) plc, ext (mbar) TPbLi (◦C)

Run#12 - (He) 500 10−3 400
Run#13 1000 1000 10−3 400
Run#14 1000 1000 0.15 400
Run#15 1000 1500 0.15 400
Run#16 - (Ar) 1000 10−3 400
Run#17 500 1000 0.15 400
Run#18 500 1500 0.15 400
Run#19 1000 1000 0.15 400
Run#20 - (He) 1000 (He) 0.15 400
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shows how sensitive the handling of the liquid metal is and the need to optimise the
campaign to obtain the most valuable results in the least time possible.

The experimental matrix was optimized to vary puc, diss and puc, ext between two
values: 500 vs 1000mbar and 1000 vs 1500mbar, respectively. These values have
been chosen to be as high as possible in order to minimize the uncertainty of the
results. Since the falling time also varies during one run, the relation between the
falling time and the extraction efficiency is also investigated throughout each run.

The extraction phase of run#13 was performed with the lower chamber initially
evacuated. Due to the unexpected small amount of deuterium extracted, for the
next runs it was decided to strategically record the background with a given initial
amount of D2 (see Chapter 6). Therefore, run#14 was performed under the same
conditions of run#13 (deuterium dissolved and falling time), for their results to be
comparable.

The last experiment, run#19, is a repetition of run#14 to prove the repeatability
of the experiments, and to check that there is no variation in the results over time
(after several weeks of operation of the facility).

Table 3.8 also shows three experiments marked in grey (runs #12,#16 and #20),
which were carried out without D2, using either Ar or He, which have negligible
solubility in Pb-Li [83, 84]. Run#12 was performed to test the fluid dynamics of the
Pb-Li and to prove that the configuration of the high-speed camera and the extra
light used to record the droplets were adequate to obtain analysable frames (e.g.
without blurry effect due to the falling speed). Run#16 and run#20 were necessary
to check the evolution of pressure and temperature in the lower chamber only due
to the falling Pb-Li (with no extraction).

In order to evaluate the amount of deuterium dissolved in the Pb-Li, the amount
that is lost through the walls of the upper chamber has to be considered. For that,
several experiments were done in the upper chamber without Pb-Li, summarized in
Table 3.9. They are referred to as permeation experiments, whereby the gas lost into
the walls is measured (no Pb-Li). This is to differentiate them from the dissolution
phase of the runs shown in Table 3.8, which are performed under similar conditions,
but with Pb-Li (they are later also called dissolution experiments).

Previous tests were performed with helium, to achieve the closest temperature
profile of the gas and chamber with and without Pb-Li. Helium was used due to its
similar heat conductivity to the one of D2 and to maintain the metals free from the
hydrogen isotope. From these tests, it was found that the temperature of the heater
needs to be set at 411− 411.5 ◦C, depending on the gas pressure, when there is no
Pb-Li (see Table 3.9).
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Table 3.9: Permeation experiments in upper chamber. puc, diss: pressure of D2 (similar

to dissolution phase), Theater: temperature of the heater EH#01

Experiment puc, diss (mbar) Theater (◦C)

Perm#24 1000 411.5
Perm#25 1000 411.5
Perm#26 500 411

The permeation experiments not only had to be performed under the same con-
ditions of pressure and temperature as the dissolution phase, but also complying
with similar evacuation and bake-out times. Therefore, the steps shown in Table 3.7
were mimicked, i.e. each experiment took, as a whole, one week. This procedure
was used to prove that the defined bake-out time is enough to remove the D2 from
the walls to obtain repeatable measurements. For this reason, the permeation ex-
periments were performed previous to the main experiments, and the first one was
at the highest pressure and repeated (perm#24 = perm#25).

3.4 Experimental requirements and technical limi-

tations

The main experimental requirements and technical limitations of the facility are
summarised into the following points:

– Since hydrogen is a combustible gas (it reacts exothermically with oxygen
under certain conditions of relative concentration), the facility must be leak-
tight. Following regulations of the laboratory, the leak rate at each connection
has been checked to be ⩽ 10−9 mbar l s−1.

– Every section of the Pb-Li loop must be above the melting temperature (235 ◦C)
in order to prevent its solidification. However, the heaters cannot exceed the
maximum allowed temperature of the loop components (450 and 500 ◦C).

– The upper chamber is designed to maximise the contact surface of the liquid
metal with the D2 gas to favour dissolution.

– In the lower chamber, the extraction efficiency increases with the droplet falling
height (see equations (2.3) and (2.4)). However, the height of the chamber is
limited by the Pb-Li transfer between experiments. In order to avoid using a
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liquid metal pump, the Pb-Li is lifted to the upper chamber by gas pressuriza-
tion of the lower chamber. The limit is set by the maximum pressure allowed
in a non-pressurized facility: 1.5 bar. From Bernoulli equation (shown in next
chapter, equation (4.1)), the maximum Pb-Li elevation height is ≈ 1.57m.
Considering the geometry of the facility and a margin of safety (to allow for
flexibility in case of experiments with a larger Pb-Li volume), the effective
maximum droplet falling height in the lower chamber is ≈ 0.53m.

– In both dissolution and extraction phases, the pressure must be monitored.
However, since the pressure and vacuum sensors do not withstand the high
temperatures required for the Pb-Li, they had to be placed in a distant, cooler,
position.

– Additionally, the pressure sensor in the dissolution chamber must be able
to measure small variations of pressure (∼ 1mbar) at high absolute values
(∼ 1 bar). This has been achieved by means of a calibration of the sensor.

– The use of a high-speed camera to record the falling droplets is necessary to
analyse their size, shape and dynamic evolution. A minimum of 50 000 fps
(frames per second) is required to provide acceptable uncertainty of the size
of the droplets, due to blurring effect (later discussed in Section 4.4). For
the camera and the needed extra light (required to compensate for the short
opening time of the shutter), the extraction chamber is designed to have two
windows.

– Lastly, the evaporation of Pb-Li (which is a function of pressure and tem-
perature) in the lower chamber must be minimized to avoid damaging the
turbo-molecular pump with Pb-Li vapours and their condensation on the win-
dows that impedes visibility into the chamber. The former has been prevented
by installing a cold trap and the latter has been controlled by maintaining the
Pb-Li in the lower chamber at a maximum temperature of 360 ◦C.
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Chapter 4

Pb-Li fluid dynamics: simulation and

experimental results

4.1 Strategy to evaluate the fluid dynamics

4.1.1 Influence of the fluid dynamics on the extraction effi-

ciency and its evaluation strategy

The fluid dynamics of the falling Pb-Li droplets have a great impact on the
extraction efficiency. The model of a stagnant droplet, shown in equation (2.3), is
regarded as a first approach due to its simplicity.

ηtheo = 1− 6

π2

∞∑
n=1

1

n2
exp

(
−4D n2 π2 tfall

d2d

)
(2.3*)

In addition, an enhancement of the efficiency due to mass movement of the Pb-Li
in the droplets can be evaluated. The extraction efficiency should be influenced by:

(i) the droplet falling time, tfall, which is the finite time that the deuterium atoms
have to leave the droplet;

(ii) the droplet diameter, dd, which establishes the volume-to-surface ratio of the
liquid metal medium and the maximum distance that each D atom needs to
navigate to exit the droplet;

(iii) mass movement of the Pb-Li, such as oscillations of the droplet shape or inter-
nal circulation of the fluid within the droplet, which can enhance the migration
of the deuterium atoms towards the droplet surface.

The falling time depends on the falling height, hfall, and the speed of the Pb-Li at
the exit of the nozzle, vn, as shown in equation (2.4), tfall=(−vn+

√
v2n+2 g hfall)/g.

The falling height, hfall, decreases during the experiment, since the height of Pb-Li

39



in the lower chamber, hPbLi(lc), increases with the falling liquid metal. The speed
of the Pb-Li at the exit of the nozzle (see Figure 4.1) is obtained by the Bernoulli
equation, which describes the conservation of energy between two points in a flowing
liquid, as follows:

ρgh1 + p1 +
1

2
ρv21 = ρgh2 + p2 +

1

2
ρv22 + δp, (4.1)

where h1 and h2 are the heights of the fluid at the points 1 and 2, respectively; v1
and v2 are the speeds of the fluid at the given points; ρ is the density of the fluid; g
the gravitational acceleration; p1 and p2 are the pressures at the given points, and
the term δp includes all the pressure losses between 1 and 2.

The continuity equation of the incompressible flow in the upper chamber leads
to:

Q = A1v1 = A2v2, (4.2)

where Q is the Pb-Li flow rate, and A1 and A2 are the cross-sectional areas at the
points 1 and 2. As shown in Figure 4.1, in the present case, 1 is at the surface of
Pb-Li in the UC and 2 is at the exit of the nozzle in the LC. Since A1/A2 ∼ 105, the
speed of Pb-Li at the top surface, v1, can be neglected in equation (4.1). Likewise,
during the experiments, the ratio of gas pressure is p1/p2 ≥ 103, thus p2 can also be
neglected. Therefore, equation (4.1) can be simplified to:

ρghPbLi(uc) + puc −
1

2
ρv2n − δp = 0. (4.3)

The first term of equation (4.3) corresponds to the hydrostatic pressure, the
second to the gas (static) pressure, the third to the dynamic pressure and the fourth
corresponds to the pressure losses. The pressure losses, δp, include friction losses at
the walls of the pipe (δpp), losses due to change in section (chamber to pipe, δpc-p,
and pipe to nozzle, δpp-n), and losses inside the valve (δpv):

δp = δpc-p + δpp + δpv + δpp-n. (4.4)

The calculation of the various pressure losses is shown in Appendix F.
vn, hfall and, thus, tfall vary throughout one experiment, and are simulated with

the code described in Section 4.2. vn is also experimentally determined from the
frames recorded with the high-speed camera (see Section 4.4).

The expected droplet diameter, dd, as a function of the nozzle diameter is given
by equation (2.1), dd ≃ 1.89 dn. In the typical case of a non-perfectly-spherical
droplet, dd is the equivalent diameter of a sphere of the same volume. The size of
the droplets is experimentally determined from the frames recorded with the high-
speed camera. Additionally, the evolution of the droplet shape due to oscillations
can be inferred from the frames. The results are described in Section 4.4.
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Figure 4.1: Scheme of the geometry and fluid-dynamics variables used in the simulation

(geometrical parameters are not scaled). UC: upper chamber, LC: lower chamber, AV:

automatic valve, TL: transfer line, SP: sampling port. h′PbLi(uc) and h′PbLi(lc) show the

heights of Pb-Li in the same coordinate system as the experimental results (same as

Figures 3.3, 3.5). On the right, the Pb-Li level intervals Ui and Li (with their absolute

magnitudes) are used in the code to determine the Pb-Li level in each chamber (step (iv)

in Figure 4.2).

4.1.2 Determination of the Pb-Li volume for analysis of the

experimental data

The amounts of gas both dissolved and extracted (into and from the Pb-Li) are
determined with the volume of the gas in the respective chamber. Therefore, as
explained in Section 3.1.3, an accurate determination of the volume of the Pb-Li
in both chambers during the experiments is necessary. This is done by fitting the
experimental results (i.e. data from Pb-Li level thermocouples and duration of the
run) with simulations. The description of the method and the results are given in
Section 4.3.

4.2 Code VST-experiment : simulation of fluid dy-

namics

A code to simulate the fluid dynamics of the Pb-Li during one experiment has
been developed in Matlab. It is based on the principles of a previous simulation
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Table 4.1: Inputs and outputs of the code VST-experiment. f(t) specifies that the

variable f evolves with time.

Inputs Outputs

Nozzle diameter, dn Pb-Li volumetric flow, Q(t)

Initial gas pressure in UC, puc0 Pb-Li pressure losses, δp(t)
Pb-Li temperature, TPbLi Gas pressure in UC, puc(t)

Initial volume in UC, VPbLi(uc)0 Pb-Li height in UC, hPbLi(uc)(t)

Final volume in UC, VPbLi(uc)f Pb-Li height in LC, hPbLi(lc)(t)

Standard height step (similar to Pb-Li speed at exit of the nozzle, vn(t)

time step), ∆hst Extraction efficiency, η(t)
Duration of the experiment, τ

tool [39], which was developed with a different geometry and objectives.
The present code, adapted to the experimental setup used in this work, is used

to simulate the height of the Pb-Li in both chambers, the speed at the exit of
the nozzle and, with these, to compute the theoretical extraction efficiency. It
includes the geometrical parameters of the facility: heights/lengths, diameters and
surface roughness of chambers, pipes and nozzle; as well as the conic bottom of both
chambers (designed to prevent Pb-Li adherences) and the position and dimensions of
the sampling ports. Figure 4.1 shows, schematically, the geometry of the chambers.
On the right, different intervals are depicted, attending to the changes in geometry.
They are used by specific functions to determine the height of Pb-Li in each chamber
(with the Pb-Li volume inside the chamber as input).

Table 4.1 summarizes the inputs and outputs of the code. The main inputs are
the initial gas pressure in the upper chamber, puc0 , the temperature of the Pb-Li,
TPbLi, and the initial volume of the liquid metal in the upper chamber, VPbLi(uc)0 .
With these inputs and the geometry of the setup, the code computes the height of
Pb-Li in both chambers and all fluid-dynamics parameters necessary to determine
the falling time at one time step (i.e. one iteration). Then, the time step is recal-
culated and the next iteration is computed. One iteration of calculations (at time
t = ti) consists in the following steps (see scheme in Figure 4.2):

(i) Equation (4.3) is solved by an iterative method in order to obtain the Pb-Li
flow that exits the nozzle, Qi = vni

An, and its speed vni
.

(ii) With vni
and the falling height computed in the previous iteration, hfalli−1

, the
falling time, tfalli , is calculated with equation (2.4).
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Figure 4.2: Calculations during one iteration of the code. Dashed line means it updates

in the next iteration.

(iii) The extraction efficiency, ηtheoi , is computed with equation (2.3), with the
calculated tfalli , the droplet diameter, dd, obtained with equation (2.1) and the
diffusion coefficient reported by [37] (D = 3.4× 10−7 m2 s−1).

(iv) The volume of Pb-Li that is transferred from the upper chamber to the lower
chamber, ∆Vi, is calculated with the current time step, ∆ti, as follows:

∆Vi = Qi∆ti. (4.5)

Then, the Pb-Li volumes in both chambers are updated and the heights
hPbLi(uc)i and hPbLi(lc)i are recalculated with two specific functions, attending
to the different geometry sections (intervals) in Figure 4.1.

(v) The effect of ∆Vi in the accuracy of the simulation depends on the interval in
which the Pb-Li surface lies. For example, a better accuracy (smaller ∆Vi) is
needed when hPbLi(uc)i is in the tube than when it is inside the chamber (see
intervals U5 and U3 in Figure 4.1). Therefore, the time step is recalculated
at the end of every iteration in order to optimize accuracy vs computing time.
The new time step is determined with:

∆ti+1 = min

(
∆hst APbLij

Qi

)
j=uc, lc

, (4.6)

where APbLij is the area of the Pb-Li surface in each of the chambers (j = uc, lc)
and ∆hst is the so-called standard height step, which is given as input when
running the simulation. Similar to the concept of time step in a simulation
tool, ∆hst corresponds to the desired (maximum) change in Pb-Li height for
each iteration. A typical value used for ∆hst is 0.2 mm.
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The program ends when the Pb-Li volume in the upper chamber reaches the
given input value: final volume in upper chamber, VPbLi(uc)f . If this value is zero,
the program ends when all the Pb-Li has fallen into the lower chamber.

Figure 4.3 shows the terms of the Bernoulli equation (4.3) for a typical example
case in which the initial pressure in the upper chamber is 1000mbar. The figure
shows the magnitude of the different terms acting in the resulting speed of the Pb-
Li. First, it is worth to note the proportion of the pressure losses due to change of
section at the nozzle (δpp-n). This is relevant for the dimensioning of a scaled-up
VST extraction system: the larger the pressure drop (slower falling droplets), the
higher the efficiency.

In the simulated case, the Pb-Li level in the upper chamber decreases down to
the tube of the nozzle (interval U5 in Figure 4.1) after 16min. Hence the hydrostatic
pressure and, consequently, the speed at the exit of the nozzle (and dynamic pressure
term) decrease much faster in the last 40 s.

The two terms favouring the Pb-Li falling (positive terms in equation (4.3)) are
the gas pressure (puc) and the hydrostatic pressure (ρghPbLi(uc)). The hydrostatic
pressure (given by the Pb-Li height) is similar for all the experiments. Therefore, the
gas pressure in the UC is the experimental variable that is used in the experimental

Figure 4.3: Terms of Bernoulli equation (4.3) simulated with dd = 0.6mm, puc0 =

1000mbar, TPbLi = 400 ◦C, VPbLi(uc)0 = 1.2 l, VPbLi(uc)f = 0 l, ∆hst = 0.2mm. The terms

corresponding to hydrostatic pressure (ρghPbLi(uc)) and gas pressure (puc) favour the Pb-

Li fall, while the dynamic pressure (12ρv
2
n) and pressure loss due to cross-sectional area

change at the nozzle (δpp-n) oppose it. The rest of the pressure losses (in equation (4.4))

are <10−1 mbar.
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campaign to vary the speed of the Pb-Li at the exit of the nozzle, vn.
Table 4.2 shows simulated results for the two values of initial gas pressure (puc0)

defined in the experimental matrix (Table 3.8), 1500 and 1000mbar. Since 1500mbar
is the maximum pressure allowed in the facility, the first row also corresponds to
the experimental limit of the setup. The last row shows the percentage variation
expected between the two sets of experiments: the falling time of the droplets is
expected to increase by 13% and the extraction efficiency should increase by 4%,
when decreasing puc0 from 1500 to 1000mbar.

Figure 4.4 shows the evolution of vn and hfall during the simulated example
case (puc0 =1000mbar). Since both parameters decrease over time, the falling time
remains almost constant during the experiment (until t=16min), as shown in Fig-

Table 4.2: Simulated results for the two experimental values of gas pressure in UC

(with dd =0.6mm, TPbLi =400 ◦C, VPbLi(uc)0 =1.2 l, VPbLi(uc)f =0 l, ∆hst =0.2mm, and

D from [37]). vn, tfall and ηtheo are the average speed at the exit of the nozzle, falling

time and extraction efficiency, respectively, along the experiment and τ its duration.

puc0 (mbar) vn (m s−1) tfall (s) ηtheo (%) τ (min)

1500 4.92 0.091 76% 14.3
1000 4.24 0.103 79% 16.6

difference: -14% 13% 4% 16%

Figure 4.4: Speed at the exit of the nozzle and falling height simulated for the example

case of puc0 =1000mbar, TPbLi=400 ◦C, VPbLi(uc)0 =1.2 l and VPbLi(uc)f =0 l.
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Figure 4.5: Falling time and extraction efficiency simulated for the example case of

puc0 =1000mbar, TPbLi=400 ◦C, VPbLi(uc)0 =1.2 l and VPbLi(uc)f =0 l.

ure 4.5. Only at the end of the experiment tfall increases, because the droplets
are substantially slower (Pb-Li level in UC is within the pipe: intervals U5–U6 in
Figure 4.1).

Figure 4.5 also shows the theoretical extraction efficiency. As expected from
equation (2.3), it follows a similar tendency to the falling time. It is important to
note that, even if at the end of the experiment the extraction efficiency increases
drastically (due to the slower droplets), this does not influence much the average
(integrated) efficiency during the whole experiment: ηtheo =79%, from Table 4.2.
This is due to that the last portion of Pb-Li falling (after t=16min) corresponds to
a very small volume (≈2.5% of the total volume).

4.3 Fitting experimental results with simulation

4.3.1 Method

As previously shown in Table 4.1, the initial and final volumes of Pb-Li in the
upper chamber are inputs of the VST-experiment code, used to simulate the fluid
dynamics. However, in practice, the initial volume is not accurately known. In
addition, occasionally, some Pb-Li was observed to remain in the upper chamber at
the end of the experiment (e.g. run#14).

Therefore, the method used to obtain accurate simulations (that describe the
actual experimental results) and to determine accurately the Pb-Li volumes is to fit
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the experimental data with the VST-experiment code.
The experimental data from the extraction runs used to fit the experiments with

the simulation are:

– The time at which the Pb-Li reaches each level thermocouple in the upper and
lower chambers: t(h′

PbLi(uc) =h′
i) and t(h′

PbLi(lc) =h′
j), with i, j being the level

thermocouples in the respective chamber (shown in Figures 3.3 and 3.5) 1.

– The total duration of the experiment, τ . It starts when the first Pb-Li droplets
fall and it ends when the gas from the upper chamber enters the lower chamber
(right after the last droplet falls).

The variables to be optimized with the fitting procedure are:

– The equivalent nozzle diameter, deq
n . This variable is restricted to ≤ 0.6mm.

It allows the possibility of a partial decrease of the nozzle cross-section due to
some solidification.

– The initial volume of Pb-Li in the upper chamber, VPbLi(uc)0 . From the ex-
periments, this is only known with a large uncertainty (given by the distance
between the level thermocouples). VPbLi(uc)0 is necessary for the analysis of the
dissolution phase.

– The final volume of Pb-Li in the upper chamber, VPbLi(uc)f . This variable is
normally zero (since all the Pb-Li should fall to the lower chamber). It is
specifically added to the fitting procedure of run#14, in which some Pb-Li
remained in the upper chamber.

A scheme of the functions involved in the fitting procedure is shown in Figure 4.6.
It works as follows:

(i) An initial guess of the variables dn, VPbLi(uc)0 and VPbLi(uc)f is given to the
optimize function. This is a minimization function, which iteratively runs the
function deviations until the difference between the output value, Ψ2, from
two iterations is below the convergence criterion of 10−4.

(ii) The function deviations contains the experimental values to fit: the time at
which the Pb-Li has reached each thermocouple and the duration of the exper-
iment, as mentioned above. It also contains the initial gas pressure, puc0 , and

1Note that the prime in h′ and h′
PbLi denotes the coordinate system starting at the base of the

chambers (see Figure 4.1).
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Figure 4.6: Scheme of the functions used to fit the experimental data with the simu-

lation.

Pb-Li temperature, TPbLi. The output of the function deviations is the value
of Ψ2 given by equation (4.7), which is a dimensionless measurement of the
deviations between the experimental and simulated parameters to be fitted:

Ψ2 =f1

N∑
i=1

(
h

′ exp
PbLi(uc)i

− h
′ sim
PbLi(uc)i

)2
+ f2

M∑
j=1

(
h

′ exp
PbLi(lc)j

− h
′ sim
PbLi(lc)j

)2
+

+ f3
(
τ exp − τ sim)2 .. (4.7)

The superscripts ‘exp’ and ‘sim’ refer to the experimental and simulated values,
respectively, the counters i and j correspond to the level thermocouples in the
upper and lower chambers, respectively, (depicted in Figures 3.3 and 3.5) and
the weighting factors are functions of the experimental error of the parameters,
as follows:

f1 =

(
1

δh
′exp
PbLi(uc)

)2

, f2 =

(
1

δh
′exp
PbLi(lc)

)2

, f3 =

(
1

δτ exp

)2

, (4.8)

where the symbol δ denotes the uncertainty of the variable.

(iii) The function deviations obtains the simulated values by calling the code VST-
experiment (explained in Section 4.2) with the corresponding inputs.

The output values of the function optimize (shown in blue, in Figure 4.6): dn,
VPbLi(uc)0 and VPbLi(uc)f correspond to the scenario in which the simulation matches
best the experimental results (minimum deviations). Therefore, they are later used
as inputs of VST-experiment to simulate the corresponding run.
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4.3.2 Results from simulation: Pb-Li volume and falling time

Figure 4.7 shows the resulting fitting curve for run#13 of the Pb-Li level in both
chambers. The experimental data, depicted with dark-blue symbols, correspond
to the experimental results (at which time the Pb-Li reached each thermocouple).
The error bars are given by the uncertainty of the position of the thermocouples.
The light-blue curves show the evolution of the Pb-Li height simulated with VST-
experiment with the values obtained from the fitting procedure.

After all the Pb-Li falls into the LC, gas from the UC passes through the nozzle
and enters the LC. Thus, the rapid pressure increase in the LC is an indication that
all the Pb-Li has fallen. This was the case for all the runs, except for run#14, in
which some Pb-Li remained in the UC. Therefore, the fitting procedure for run#14
includes the variable VPbLi(uc)f . For the rest of the runs, VPbLi(uc)f is set to zero and
only dn, VPbLi(uc)0 is included in the fitting.

Table 4.3 shows the experimental parameters (initial pressure in the upper cham-
ber, puc0 , and duration of the run, τ) and the results of the fitting procedure for all
runs. Unexpectedly, the duration of run#14 is 30 % longer than the one of run#13,
while they are performed under the same conditions: similar initial gas pressure and
volume of Pb-Li in the upper chamber. This is likely originated by a partial ob-
struction of the nozzle due to some solidification at the nozzle during run#14, which
is supported by the observations with the high-speed camera: while the droplets in
run#13 follow a well defined vertical line, the droplets of run#14 tend to deviate

Figure 4.7: Evolution of Pb-Li height in the upper chamber (left) and the lower

chamber (right) during run#13. Experimental data (data points) and simulation (solid

line) with input values from fitting: dn = 0.59mm, VPbLi(uc)0 = 1.23 l (puc0 = 939.7mbar,

TPbLi = 400 ◦C, VPbLi(uc)f = 0 l).
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Table 4.3: Experimental parameters: initial pressure in UC, puc0 , and duration of the

experiment, τ ; and results from fitting procedure: equivalent nozzle diameter, deq
n , initial

and final volume of Pb-Li in UC, VPbLi(uc)0 and VPbLi(uc)f . Runs with no dissolution,

extraction of deuterium marked in grey.

Run puc0 (mbar) τ (min) deq
n (mm) VPbLi(uc)0 (l) VPbLi(uc)f (l)

Run#12 491.6 34.0 0.50 1.37 -
Run#13 939.7 18.2 0.59 1.23 -
Run#14 933.4 26.0 0.46 1.18 0.09
Run#15 1454.0 15.6 0.57 1.20 -
Run#16 940.0 17.7 0.59 1.20 -
Run#17 939.8 17.3 0.59 1.19 -
Run#18 1452.5 19.7 0.52 1.24 -
Run#19 937.0 19.1 0.58 1.25 -
Run#20 1022.0 18.6 0.57 1.20 -

and no straight (vertical) line is observed (see Figure 4.9). This effect is also ob-
served to a small extent in runs#12 and #18. For this reason, the diameter of the
nozzle has been included as a variable in the fitting procedure (instead of constant
dn=0.6mm). Therefore, the column deq

n in Table 4.3 shows the equivalent diameter
of a (non-circular) nozzle cross-section An, defined as follows:

An =
π

4
(deq

n )2. (4.9)

Note that the initial volume of Pb-Li in the UC, VPbLi(uc)0 , corresponds to the
Pb-Li in the UC during the dissolution phase. Thus, the values shown in Table 4.3
are the ones used in the calculations of deuterium dissolved in Chapter 5.

Table 4.4 shows the deviations parameter Ψ2 (defined in equation (4.7)), which is
a direct quantification of the quality of the fits. The first three columns (terms h′

uc,
h

′

lc and τ) correspond to the three terms of equation (4.7), which added to each other
result in Ψ2. They show that the fits adapt very well to the total duration of the
experiments (τ), while the major contribution of the deviations are from matching
the level thermocouples (see example run#13 in Figure 4.7).

Table 4.4 also shows the deviation of the fitting curves (simulation vs experiment)
in the two axes: ∆τ is the deviation in the duration (x-axis in Figure 4.7), and
std(h′

PbLi) is the standard deviation of the height of Pb-Li (y-axis in Figure 4.7).
std(h′

PbLi) is calculated for the total amount of thermocouples in both chambers
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Table 4.4: Results from function deviation with the inputs from Table 4.3: the three

terms of equation (4.7) and Ψ2; the deviation in duration of the experiment: ∆τ =

τ exp − τ sim; and standard deviation of the height of Pb-Li, std(h′
PbLi), calculated with

equation (4.10).

Run Termh
′
uc (-) Termh

′

lc (-) Term τ (-) Ψ2 (-) ∆τ (s) std(h′

PbLi) (mm)

Run#12 1.46 2.29 0.03 3.78 1.7 1.23
Run#13 1.00 6.06 0.26 7.33 5.1 1.90
Run#14 5.22 3.36 0.01 8.59 -1.1 1.63
Run#15 1.93 10.25 0.87 13.07 9.5 2.48
Run#16 2.06 8.24 0.67 10.97 8.2 2.24
Run#17 0.97 6.40 0.41 7.79 6.4 1.95
Run#18 0.99 6.17 0.42 7.58 6.5 1.91
Run#19 3.08 4.71 0.26 8.05 5.1 1.77
Run#20 6.90 4.37 0.15 11.42 3.8 1.87

(n=8) with:

std(h
′

PbLi) =

√∑n
j=1(h

’ exp
PbLij − h’ sim

PbLij)
2

n− 1
. (4.10)

Since the deviation of τ is very small for all runs (∆τ ≤ 0.85%), the deviation in
time (x-axis) has been neglected in the calculation of the uncertainty. Therefore, the
uncertainty of the Pb-Li height has been calculated from the std(h′

PbLi) as follows:

δh
′

PbLi =
std(h′

PbLi)√
n

. (4.11)

The resulting uncertainty of the Pb-Li height for each run, δh′

PbLi, is given in
Table 4.5. When multiplying these values by the cross-section area of the chambers,
the uncertainty of the Pb-Li volume in each chamber is obtained: δVPbLi(uc) and
δVPbLi(lc). These uncertainties, given in Table 4.5, are used in the calculations of the
following chapters.

From the fitting results shown in Tables 4.3 and 4.5, the volume of Pb-Li in
the upper chamber during the dissolution phase is known with an uncertainty be-
tween 2.4−3.6% for all runs. This is one order of magnitude smaller than the
experimental uncertainty, calculated with the distance between the level thermo-
couples shown in Figure 3.3 (δVPbLi(uc) = 0.25 l). In the lower chamber (extraction
phase), most important is the improvement of the uncertainty in the falling height
(inversely proportional to the Pb-Li height). The experimental uncertainty varies
between ±2.5−10mm (distance between thermocouples in Figure 3.5 is 5−20mm).
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Thus, with the simulations, this uncertainty has been also improved by one order of
magnitude (see δh

′

PbLi values in Table 4.5).
Figure 4.8 shows the falling time of all the extraction experiments, obtained

from the fitting procedure (values from Table 4.3). The runs depicted in solid lines
share a similar gas pressure in the upper chamber: puc0 ≈ 1000mbar. In these runs,
the droplets fall more slowly than in the runs depicted in dashed lines, in which
puc0 ≈ 1500mbar. At the end of each experiment, there is normally a rapid increase
of the falling time, due to the last portion of Pb-Li that is in the tube (note that

Table 4.5: Resulting uncertainties used in the calculations of deuterium dissolved and

extracted (Chapters 5 and 6).

Run δh
′

PbLi (mm) δVPbLi(uc) (l) δVPbLi(lc) (l)

Run#12 0.4 0.02 0.01
Run#13 0.7 0.03 0.01
Run#14 0.6 0.03 0.01
Run#15 0.9 0.04 0.02
Run#16 0.8 0.04 0.01
Run#17 0.7 0.03 0.01
Run#18 0.7 0.03 0.01
Run#19 0.6 0.03 0.01
Run#20 0.7 0.03 0.01

Figure 4.8: Falling time simulated with the values shown in Table 4.3. Runs starting

at puc0 ≈1000mbar are depicted with solid lines and puc0 ≈1500mbar with dashed lines.
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inside the tube, the Pb-Li level and, consequently, the hydrostatic pressure decrease
much faster). In the case of run#14, this effect is not seen because the experiment
stops before all the Pb-Li falls (the Pb-Li level in the UC does not reach the tube).

4.4 Observations with high-speed camera

4.4.1 Overview

A high-speed camera, Memrecam HX-3 (with software HXLink SP-642), has
been used to record the falling droplets. For each run, shots of duration ∼10−1 s are
taken every minute. A LED module of 9W (with an intermediate diffuser) is used
to light the lower chamber from the window opposite to the camera, to maximize
the contrast of the droplets. The camera can take up to 1.3×106 fps (frames per
second). However, in practice, the maximum frequency of the frames and, more
specifically, the opening of the shutter are limited by the amount of light.

From equations (2.1), dd ≃ 1.89 dn, and (2.2), f =
√
8σ/(3πρV ), the expected

droplet diameter and expected oscillation frequency (for a nozzle diameter of 0.6mm)
are 1.134mm and 196Hz, respectively. Therefore, 2000 fps are sufficient to analyse
the possible oscillations. The opening time of the shutter, tsh, however, is restricted
to a shorter time, in order to minimize the blurring (elongation) effect of the captured
droplets in the falling direction (an example is given in Appendix H). The relation
between the blurring effect and the speed of the shutter is calculated as follows: The
displacement of a droplet, δy, which is falling with speed v, during the time that
the shutter is open tsh, is given by:

δy = v tsh =
v

νsh
, (4.12)

where νsh is the shutter speed (expressed in s−1). For example, the image of a droplet
falling at v=4ms−1 and recorded at νsh =50k s−1 is elongated by 0.08mm (7% of
its diameter). The elongation δy is considered during the analysis of the images as
a correction in the determination of the size (diameter), and as a source of error in
the determination of the speed.

In the experiments, the shutter speed of the frames has been varied from 10k to
100k s−1. The maximum shutter speed used during each run is given by the light
inside the chamber, which was decreasing with every run due to the progressive
condensation of Pb-Li at the windows. This can be observed in Figure 4.9, which
shows frames of runs #13 (a), #14 (b) and #17 (c), all taken at 50k s−1. The three
runs are done under the same conditions (similar gas pressure in the upper chamber).
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(a) Run#13 (b) Run#14 (c) Run#17 (d) Enhanced (c)

Figure 4.9: Frames of falling liquid Pb-Li droplets taken with νsh =50k s−1. (d) is a

modified version of the frame (c), after increasing the gain, gamma and enhance of the

picture.

However, while in runs #13 and #17 (see enhanced picture (d)) the droplets fall
following a vertical line, in run #14 the droplets fall at varying angles. This indicates
that in run#14, the Pb-Li is not passing through an orifice with perfect vertical
walls. This observation, in combination with the longer duration of the experiment,
as shown in Table 4.3, suggests that there is some partial obstruction of the nozzle
in run#14 (for example, some small particle or solidification at the nozzle), which
also increases the pressure losses. This should decrease the size and speed of the
falling droplets, which are analysed in the following sections (4.4.2 and 4.4.3).

For the analysis of the frames, a pixel-to-mm conversion is used, which is based
on pictures taken of a ruler placed in the center of the chamber (more information
in Appendix H). The obtained conversion factor is 7.047 ± 0.205pxmm−1 (for the
focal length of 43.2 cm, measured from the base of the camera to the center –z-axis–
of the lower chamber). The given uncertainty is calculated for ±1 cm in the normal
direction to the picture plane, due to possible deflection of the droplet chain.

4.4.2 Droplet diameter and oscillations

The formation of a liquid jet that breaks into droplets has been confirmed for
the runs #12 and #14 and assumed to exist for the rest of the runs. Therefore, the
theoretical droplet diameter and oscillations is estimated from the Plateau-Rayleigh
instability shown in Section 2.2.
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The size of the droplets has been analysed with the image-processing software
ImageJ. With this program, the 2D area of each droplet in one frame is obtained
(only the droplets that present enough contrast with respect to the background). If
there are some areas wrongly identified (e.g. two droplets identified as one object, or
areas corresponding to the darker background at the top and bottom of the frame),
they are manually removed from the analysis. Then, the diameter of the droplet,
dd, is calculated with

Ad =
π

4
dd(dd + δy), dd =

−δy +
√
δy2 + 16

π
Ad

2
, (4.13)

where Ad is the 2D area identified as one droplet and δy is the elongation due to the
shutter speed defined by equation (4.12). By this approach, the derived diameter,
dd, assumes radial axis-symmetry.

Figure 4.10 shows the droplet diameter distribution for a sample of n = 206

droplets from run#13. The mean droplet diameter is 1.18±0.15mm. The uncer-
tainty includes the error due to sharpness of the picture (±2 px), the error of the
distance camera–droplets (±1 cm) and the statistical error (std/

√
n). The result is in

accordance with the theoretical diameter, calculated with equation (2.1), 1.134mm.
In addition, the size of about 200 droplets per run has been analysed for the runs

#12 and #14. The rest of the runs are not considered for this analysis, due to net
picture quality arguments (not enough contrast between droplets and background).
Figure 4.11 shows the resulting droplet diameter as a function of the equivalent

Figure 4.10: Distribution of the equivalent droplet diameter evaluated with a sample

of 206 droplets from run#13. Mean value: 1.18 mm, std: 0.24 mm.
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Figure 4.11: Relation between the diameter of the droplets obtained with the analysis

of the HS-camera frames and the diameter of the nozzle obtained from simulation (data

points); theoretical relation from equation (2.1) (solid line).

nozzle diameter shown in Table 4.3 (data points). The expected droplet diameter,
calculated with equation (2.1), dd ≃ 1.89 dn, is depicted with a solid line. The
experimental data seem to match the theoretical expectations: (i) the agreement
between data points and theoretical curve is within error bars and (ii) without
considering the error bars, an increasing tendency of the droplet diameter with
the nozzle diameter is observed, which is due to that smaller average droplets are
originated from orifices with smaller cross-sectional area.

During the analysis of the frames, it has been observed that some droplets co-
alesce along their falling path. This effect has been observed for two, three and
sometimes even four droplets. They start falling as single small droplets and end
their path as one bigger droplet. This phenomenon occurs due to a slightly differ-
ent initial speed from the droplet formation at the liquid jet in combination with
a short distance between them. The existence of merging droplets explains that
the obtained mean value of droplet diameter (Figures 4.10 and 4.11) is consistently
larger than the one theoretically evaluated.

Additionally, a variation of the shape of the droplets is observed in all cases.
Oscillations from oblate to prolate shape are commonly recognized and, sometimes,
the observed movement indicates an additional rotation of the droplet. As an ex-
ample, Figure 4.12 shows the shape oscillation of one droplet during 6ms. The
oblate shape in (a) turns spherical (b), then prolate (d), spherical (f) and oblate
again (g). From the evaluation of the ratio dy/dx (vertical diameter/horizontal di-
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(a) 0 ms (b) 1 ms (c) 2 ms (d) 3 ms (e) 4 ms (f) 5 ms (g) 6 ms

Figure 4.12: Shape evolution of one droplet (extracted from run#13) during 6 ms.

Dimensions and the vertical position, y, are given in mm. The vertical position is given

with reference to the nozzle (y = 0). Frames taken with opening of the shutter νsh =

50k s−1.

ameter), it is observed that a full cycle (oblate-prolate-oblate) completes in almost
6ms. With the equivalent diameter of the droplet, dd = 1.37±0.15mm, and its
volume, V = 1.34±0.44mm3, the theoretical frequency of oscillation is calculated
with equation (2.2) to be is 170.3Hz (one oscillation period: 5.87 ms). Thus, the
oscillation observed in Figure 4.12 (≈ 6ms) is in agreement with the fundamental
frequency of oscillation described by the Plateau-Rayleigh instability theory.

4.4.3 Droplet speed

The speed of the droplets was analysed with the manual tracking option of
ImageJ. Runs #13–#19 2 were analysed at t=1 and 15min. Each sample consists of
50 droplets, whose position was evaluated in four consecutive frames. Only droplets
close to the center of the chamber (in horizontal line with the camera) were analysed,
in order to minimize the error produced by the angle of observation. The resulting
average speed of each sample (evaluated at the center of the chamber), vc, was
extrapolated to the speed at the nozzle, vn, with:

vn =
√

v2c − 2(hn − hc)g, (4.14)

where (hn − hc) is the distance between the nozzle and the center of the chamber,
and g is the gravitational acceleration.

Table 4.6 shows the resulting speed at the nozzle, vn, for each sample (see columns
‘Experiment’). The uncertainty of the values includes the accuracy of the tracking
point (±2−8 px, depending on the quality of the frame), the error due to elongation
(δy = 0.04−0.47mm), the error of the distance camera–droplets (±1 cm) and the
statistical error (std/

√
n). The columns ‘Simulation’ show the simulated speed at

2Unlike the analysis of the droplet diameter, image processing of the frames was not considered
to influence the results of the evaluation of the speed, since the position of each droplet was
evaluated at its center.
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Table 4.6: Speed at the exit of the nozzle, vn. ‘Experiment’: experimental values

obtained from the analysis of the frames; ‘Simulation’: values simulated with the inputs

of Table 4.3; ‘Deviation’: difference between the simulated and experimental values.

Run
vn at t=1min (m s−1) vn at t=15min (m s−1)

Experiment Simulation Deviation Experiment Simulation Deviation

Run#13 4.72± 0.37 4.39 0.33 4.38± 0.37 4.02 0.36
Run#14 3.97± 0.41 4.38 0.41 3.74± 0.41 4.14 0.40
Run#15 5.41± 0.37 5.13 0.28 4.68± 0.37 4.64 0.04
Run#17 4.69± 0.72 4.37 0.32 4.35± 0.71 4.02 0.33
Run#18 5.33± 0.68 5.13 0.20 4.82± 0.68 4.72 0.10
Run#19 4.64± 0.66 4.37 0.27 4.25± 0.67 4.03 0.22

the given time with the inputs from Table 4.3. As shown at the columns ‘Deviation’
(difference between the experimental and simulated values), the agreement between
the experimental results and the simulation is within the experimental error. Addi-
tionally, the deviation remains within 1–11% of the experimental value. With this,
the simulation code and the fitting method presented in the previous sections of this
chapter are validated.

In conclusion, the code VST-experiment predicts the fluid dynamics, including
the speed of the droplets, their falling time and monitoring of the volume of Pb-Li
in both chambers with a high accuracy. Moreover, the droplet diameter has been
measured and high-frequency oscillations of the droplets shape are observed. The
frequencies extracted correspond to those predicted and observed in other exper-
iments. Thus, all essential fluid-dynamics parameters to evaluate the extraction
efficiency are confirmed by the experiments.
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Chapter 5

Evaluation of the amount of deuterium

dissolved

5.1 Methodology

During the dissolution phase, the amount of gas D2 initially inserted in the
upper chamber decreases with time due to its diffusion into the liquid Pb-Li and
stainless-steel walls, as shown in Figure 5.1 (a). At steady state, the amount of
deuterium dissolved in the Pb-Li, nD2[PbLi], cannot be calculated with the Sieverts’
law (equation (2.9)), since the solubility of D2 in Pb-Li is uncertain (literature values
disagree by several orders of magnitude). Therefore, in the present work, the amount
of deuterium dissolved in the Pb-Li is determined with a mass balance evaluated at
the gas phase, as follows:

−∆nD2 = nD2[ss] + nD2[PbLi], (5.1)

where −∆nD2 refers to the variation of D2 in the gas phase in the upper chamber, as
shown in Figure 5.1 (b); nD2[ss] is the amount of D2 lost through the stainless steel,
and nD2[PbLi] is the amount of D2 dissolved into the Pb-Li 1.

The amount of deuterium dissolved in the Pb-Li, nD2[PbLi], is determined follow-
ing four main steps:

(i) Evaluation of the time at which steady state is reached inside the Pb-Li (τdiss).
This is considered as the dissolution time, since after τdiss the Pb-Li is saturated
(i.e. the net flux is zero: atoms that enter the liquid metal, also leave it through
the lower walls). Therefore, the mass balance to determine the deuterium

1Note that, although deuterium enters a metal in atomic form, in this work all the quantities
and/or calculations are generally expressed in moles of D2, in order to avoid confusion. This is
also convenient since all experimental evaluations are made within the gas phase.
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(a) Scheme of dissolution phase (b) Evolution of gas D2 in the chamber

Figure 5.1: Scheme of the dissolution phase in the upper chamber. (a) Amount of D2

gas in the chamber (nD2); deuterium lost through the stainless steel (nD2[ss]); deuterium

dissolution into the Pb-Li (nD2[PbLi]). (b) Schematic evolution in time of D2 gas in the

chamber, with −∆nD2 being the total amount of gas that has entered the metals until

τdiss.

dissolved has to be evaluated at τdiss. This approach assumes that before τdiss

no D2 (or negligible amount) escapes the liquid metal, since it is considered to
be dissolved.

(ii) Evaluation of the total amount of gas lost into the metals until τdiss (∆nD2).
With the evolution of pressure and temperature of the gas inside the chamber
and its volume, the curve nD2(t), as in Figure 5.1 (b), is obtained with the
ideal gas law (equation (3.1)). ∆nD2 is the difference between the initial point
nD2(t0) and nD2(τdiss).

(iii) Evaluation of the amount of gas permeated through the walls (nD2[ss]). It
consists in the following intermediate steps:

(a) Experimental determination of the D2 that permeates through the whole
chamber under the same conditions of p and T but without any liquid Pb-
Li, as depicted in Figure 5.2 (a). For this purpose, three permeation ex-
periments (with no Pb-Li) are performed. Note that the obtained amount
nD2[ss*] is marked with an asterisk to denote permeated through all the
walls (in order to differentiate it from nD2[ss], which denotes permeation
only through the Pb-Li–free walls).

(b) With the dimensions of the chamber, the thicknesses of the walls and
their temperature profile, as shown in Figure 5.2 (b), the percentage of
deuterium permeated through the upper surfaces (shown in lined blue
patterns), corresponding to the Pb-Li–free walls, is theoretically calcu-
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(a) Permeation experiment (b) Wall temperature and thickness in calculations

Figure 5.2: Schemes of the upper chamber used in the determination of D2 permeated

through the steel walls. (a) Scheme of permeation experiment (without Pb-Li). nD2[ss*]

denotes the deuterium that permeates through all the walls. (b) Scheme of the tem-

perature profile used in the theoretical calculation of the fraction of D2 that permeates

through the upper walls (shown in lined blue patterns). The walls surfaces covered by

Pb-Li during a dissolution experiment are shown in dotted yellow patterns. ε denotes

thickness.

lated using the literature data of permeability for stainless steel.

(c) The theoretical percentage from the above point (b) applied to the experi-
mental total value nD2[ss*] from (a) gives the amount of D2 that permeates
through the Pb-Li–free walls in the dissolution experiments, nD2[ss].

(iv) Determination of the amount of deuterium dissolved in the Pb-Li (nD2[PbLi]),
with equation (5.1).

The simplified version of the chamber, a cylinder as shown in Figure 5.2, is used
to facilitate the calculations of permeation. This assumption neglects the sampling
port and feedthroughs, which are mainly in the coldest part of the chamber (e.g. the
tube of the pressure sensor is at room temperature, thus, the permeation through
it is several orders of magnitude lower than through the heated surfaces).

The next sections show the results of the above-mentioned steps. The colours
of the figures are in accordance with the schemes shown in Figures 5.1 and 5.2 to
facilitate visual association.

5.2 Evaluation of the dissolution time (τdiss)

The dissolution time, defined as the time to reach steady state (τdiss) in the Pb-
Li, is evaluated with equation (2.8), τch = L2 / 2D , assuming the atoms of deuterium
only diffuse in the vertical direction, L=h′

PbLi(uc) (note that h′
PbLi(uc)≈22mm, while

61



Table 5.1: Height of Pb-Li in the upper chamber during dissolution (h′PbLi(uc)) and dis-

solution time (τdiss) calculated with equation (2.8) and diffusivity D = 3.14×10−9 m2 s−1.

Run h′
PbLi(uc) (mm) τdiss (min, (h))

Run#13 22.9± 0.7 1392 (23.2)
Run#14 21.9± 0.6 1274 (21.2)
Run#15 22.3± 0.9 1320 (22.0)

Run#17 22.1± 0.7 1297 (21.6)
Run#18 23.1± 0.7 1417 (23.6)

Run#19 23.1± 0.6 1417 (23.6)

the diameter of the chamber duc = 250mm). The value of diffusivity used is an
average between the values in literature for deuterium at 400 ◦C (see reported by
Edao et al. [56] and Reiter [55] in Figure 2.2): D = 3.14×10−9 m2 s−1. The results
are shown in Table 5.1. Note that the values vary from each other due to the small
variations of the Pb-Li height in each run. The calculations shown in the following
sections are evaluated at τdiss, since afterwards no more deuterium is assumed to be
dissolved into the Pb-Li.

It must be highlighted that, within the frame of this work, simulations have
been performed using the diffusion equations to evaluate the deuterium dynamics
through the Pb-Li and stainless-steel walls of the chamber. However, the theoretical
results are not conclusive to evaluate the deuterium dissolved in the Pb-Li, given
the broad combination of values of diffusivity and solubility in stainless steel and
Pb-Li available in literature. For this reason, in this work the amount of deuterium
dissolved is experimentally evaluated with a mass balance at τdiss.

5.3 Amount of D2 gas decrease during dissolution

(∆nD2): diffused into both Pb-Li and steel walls

Figure 5.3 shows the evolution of pressure, p, and temperature, T , of the gas
in the upper chamber during the dissolution phase of run#13, as an example. p

decreases due to diffusion into the Pb-Li and the stainless-steel walls. Additionally,
its slope decreases with time as the concentration of deuterium increases in the liquid
and the walls. At around τdiss = 1392min (steady state in the Pb-Li) the pressure
tends to a constant decrease. Note that the saturation of the top flange is estimated
to take longer than 103 h (evaluated with D from Figure 2.1 and equation (2.8)).
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Figure 5.3: Temporal evolution of gas pressure (p) and gas temperature (T ) measured

during the dissolution phase in run#13.

Therefore, steady state is not reached in the entire stainless-steel walls during the
experiment. Furthermore, it is important to note that, even when the metals are
fully saturated, the gas pressure continues decreasing due to permeation. Then, a
pseudo steady state is continuously (slightly) varying in time.

The values of initial pressure, p0, and the pressure decrease until τdiss, −∆p, of
all runs are shown in Table 5.2. Each experimental value of p is determined with an
average over 10 data points (corresponding to 10 s and 10 min of recorded data, at
t0 and τdiss respectively).

The gas temperature, T , is calculated with equation (3.4), T = 4
√
(T 4

a + T 4
b )/2,

with Ta and Tb being the experimental values from thermocouples RT010 and RT012
(at the top of the chamber and surface of Pb-Li, respectively, see Figure 3.3). The
thermalization of the gas takes around 4 h after its injection into the chamber, as
seen in Figure 5.3. However, since the variation in temperature is only of 1.5 – 2K
(in all runs), in comparison with the uncertainty (about ±8K), the temperature is
considered constant during the whole experiment. The average value (during each
run) is given in Table 5.2.

The volume of the gas, Vgas, is calculated by subtracting the volume of the upper
chamber (4.88± 0.02 l) and the volume of the Pb-Li (Tables 4.3 and 4.5). The
resulting values of Vgas are given in Table 5.2. Note that Vgas remains constant
during each dissolution phase.

With the presented values of p, T and V , the amount of gas is computed using
the ideal gas law (equation (3.1)). Figure 5.4 shows the resulting curve for run#13.

63



Table 5.2: Experimental values during dissolution phase: initial pressure of the gas

(p0), pressure variation until τdiss (−∆p), average temperature of the gas (T ), volume of

the gas (Vgas), amount of gas diffused into the liquid metal and the steel walls until τdiss

(−∆nD2).

Run p0 (mbar) −∆p (mbar) T (K) Vgas (l) −∆nD2 (mol)

Run#13 1023.4± 1.1 52.3± 1.5 654.1± 8.2 3.65± 0.04 (3.51± 0.12)×10−3

Run#14 1025.2± 1.1 46.7± 1.5 652.8± 8.2 3.70± 0.03 (3.18± 0.12)×10−3

Run#15 1023.4± 1.1 50.0± 1.5 651.7± 8.1 3.68± 0.05 (3.39± 0.12)×10−3

Run#17 514.4± 1.1 29.6± 1.5 651.9± 8.1 3.69± 0.04 (2.02± 0.11)×10−3

Run#18 516.0± 1.1 30.5± 1.5 652.4± 8.1 3.64± 0.04 (2.05± 0.11)×10−3

Run#19 1026.1± 1.1 56.2± 1.5 653.5± 8.2 3.63± 0.04 (3.76± 0.12)×10−3

The uncertainty is calculated with equation (3.3), which includes the errors in p, T
and V , resulting in ±1.6% (with respect to the absolute value n). One may observe
in Figure 5.4 that, since the rate of decrease is very small (n decreases throughout
the experiment in only ≈ 7.6%, with respect to its initial value), the uncertainty of
the measurements seem to be relatively large. Nevertheless, it should be noted that
about 93% of the total error corresponds to the uncertainty of V and T , which are
considered constant during each experiment and, thus, reflect on offset error. The
amount of gas lost until τdiss, −∆n, is calculated as follows:

−∆n = (n0 − nf) =
(p0 − pf)V

RT
=

−∆pV

RT
. (5.2)

The resulting values of −∆n are given in Table 5.2. The obtained uncertainties
are in the range of 3.2 – 5.4%. The experimental data of all runs and the error
calculations are given in Appendix I and K, respectively.

The results shown in Table 5.2 can be divided into two groups (separated by
the dotted lines): the runs starting at p0 ≈ 1000mbar (runs#13, #14, #15 and
#19) and the runs at p0 ≈ 500mbar (runs#17 and #18). Runs#13, #14, #15 and
#19 present similar results, although vary slightly from each other due to minor
deviations in the experimental p, V , T conditions. Run#17 and run#18 present
smaller values of −∆n, due to their lower dissolving pressure (p0 ≈ 500mbar).
The similar results obtained for similar initial conditions (of p, V , T ) show the
repeatability of the experiments. From the total variation of the amount of D2

(−∆nD2), the fraction lost into the walls (nD2[ss]) and the fraction dissolved into the
Pb-Li (nD2[PbLi]) are evaluated in the next sections.
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Figure 5.4: Temporal evolution of amount of gas in the upper chamber (gas phase)

measured during the dissolution phase in run#13.

5.4 Evaluation of D2 lost through the walls (nD2[ss])

5.4.1 Permeation experiments

Previous to the runs performed with Pb-Li, three permeation experiments have
been done in the upper chamber with two main objectives: (i) to test the repeatabil-
ity of the process, i.e. to check that the bake-out time is enough to unload the walls
of deuterium to start the next experiment, and (ii) to determine experimentally how
much deuterium diffuses through the walls of the chamber.

The permeation experiments consist in reproducing the same process of the dis-
solution phase, but without Pb-Li in the upper chamber. This includes the same
conditions of pressure, temperature and duration. All the steps from a typical run
(including a four-day evacuation period, a vacuum test, etc., as shown in Table 3.7)
are also followed, except for transferring the Pb-Li between chambers (steps #01
and #07). With this, the times of evacuation and the corresponding temperatures
are respected and repeatability is evaluated.

Figure 5.5 shows the evolution of pressure and temperature of the gas during the
first permeation experiment, perm#24. The temperature of the gas is calculated
with equation (3.4), T = 4

√
(T 4

a + T 4
b )/2, in which the temperature of the top surface,

Ta, is given by the thermocouple RT010 (see Figure 3.3) and the bottom surface, Tb,
is determined from the average between RT013 and the temperature of the heater.
In Figure 5.5, it is observed that the variation of temperature is about 2.5K, far
below the uncertainty (≈ ±8K). This also applies to the other two permeation
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experiments. Thus, the temperature is treated as constant, as in the calculations of
the previous section.

Figure 5.6 shows the evolution of amount of D2 in the gas phase (determined with
the ideal gas law) during the permeation experiment perm#24 and its repetition,
perm#25. The agreement between the results shows that for the maximum amount
of gas (p0 ≈ 1000mbar), the deuterium remaining in the walls from the previous
experiment is negligible in comparison with the experimental uncertainty. Hence,

Figure 5.5: Temporal evolution of gas pressure (p) and gas temperature (T ) measured

during the permeation experiment perm#24.

Figure 5.6: Temporal evolution of amount of gas in the upper chamber (gas phase)

measured during the permeation experiments perm#24 and perm#25.
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the bake-out time and temperature are proved to be sufficient.
For the second objective, it is important that the conditions of temperature in

the chamber with and without Pb-Li are as close as possible. With that purpose,
previous tests have been performed with helium to adjust the set point of the heater.
Helium is selected because its solubility in metals is negligible (to avoid contamina-
tion of the walls) and its thermal conductivity is similar to the one of deuterium.
From those tests, the set-point temperature of the heater has been defined as 411 ◦C
and 411.5 ◦C for the permeation experiments at p0≈500 and 1000mbar, respectively
(in contrast with 400 ◦C for the dissolution runs).

Figure 5.7 shows the temperature profile of the permeation experiments (no Pb-
Li), in green, and the dissolution runs (with Pb-Li), in purple, at p0 ≈ 1000mbar.
As seen in the figure, the profiles cannot be exactly the same with and without
Pb-Li. Nevertheless, the following temperature values should be as close as possible
between the permeation and dissolution runs:

(a) Effective temperature of the gas: The temperature of the gas in the region
between RT012 and RT010, calculated with equation (3.4), for perm#24 and
perm#26 is 653.1 ± 8.1K and 654.3 ± 8.1K, respectively. This is consistent
with the temperature of the gas in all the dissolution runs, shown in Table 5.2.

(b) Temperature of the stainless-steel walls: The temperature of the Pb-Li–
free surfaces, filled with lined blue patterns in Figure 5.2 (b), should be similar

Figure 5.7: Experimental values of temperature recorded in the upper chamber (aver-

age values) during permeation experiments (no Pb-Li) and dissolution runs (with Pb-Li)

at p0 ≈ 1000mbar.
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in both the permeation and dissolution experiments to be able to evaluate the
amount of deuterium that escapes through the walls.

The temperature of the upper wall, T2, is the average between RT010 and
RT012. The maximum difference of T2 between the permeation experiments
(perm#24 and perm#26) and the corresponding dissolution runs is: < 2K
for experiments at 1000mbar and < 3K for the ones at 500mbar. These
differences are <0.5% and within error bars.

The temperature of the top flange, T1, is given by RT010. The difference of T1

between the permeation experiments and their corresponding dissolution runs,
≤9.9K, is larger than the experimental uncertainties, ≈ 2.8K. This is due to
the different temperature profiles (with and without Pb-Li). Thus, T1 cannot
be adjusted without sacrificing the values of T2. The top flange is, however, the
stainless-steel surface through which the least deuterium permeates due to its
low temperature and large thickness. Therefore, the compromise adopted is to
enlarge the error bars of T1 of the permeation experiments in the calculations,
up to ±9.9K. (See all values of T1 and T2 in Appendix I.)

After verifying that the temperatures (gas and stainless steel) of the permeation
experiments and the dissolution runs are equivalent, it is concluded that the perme-
ation experiments are valid to evaluate the amount of deuterium lost through the
Pb-Li–free steel walls.

Table 5.3 shows the main results of the permeation experiments: initial gas pres-
sure, p0, variation of pressure, −∆p, temperature of the gas, T , and variation of
amount of gas, nD2[ss*], evaluated at τdiss of runs#13 and #17. nD2[ss*] is deter-
mined with equation (5.2), as in the previous section. In this case, this variation
corresponds to the amount of gas that permeates through all the walls of the up-
per chamber. The resulting values of nD2[ss*] for perm#24 and perm#26 have an

Table 5.3: Experimental values of the two permeation experiments used in the calcula-

tions. As example, only the values determined for (a) run#13 and (b) run#17 are given

in this table. Initial pressure of the gas (p0), pressure variation until τdiss (−∆p), average

temperature of the gas (Tgas), and variation of amount of gas until τdiss (nD2[ss*]), i.e.

diffused into all the walls of the chamber.

Experiment p0 (mbar) −∆p (mbar) Tgas (K) nD2[ss*] (mol)

Perm#24 1019.5± 1.08 48.9± 1.5 (a) 660.9± 8.1 (4.28± 0.16)×10−3 (a)

Perm#26 521.9± 1.08 29.2± 1.5 (b) 661.2± 8.1 (2.55± 0.14)×10−3 (b)
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uncertainty of 3.7% and 5.6%, respectively.
Comparing the results of Tables 5.2 (runs#13 and #17) and 5.3, the gas lost

during the permeation experiments (nD2[ss*]) is larger than the gas lost during the
dissolution runs (−∆nD2). This is because during the permeation experiments there
is a larger gas–metal interface (light dotted yellow in Figure 5.2 (b)), due to the
absence of Pb-Li. Additionally, the surface normally covered by Pb-Li (all dotted
yellow in Figure 5.2 (b)) is at a higher temperature, due to the adjusted temperature
of the heater during the permeation experiments.

In the next section, the gas that permeates only through the upper surfaces,
nD2[ss], (lined blue in Figure 5.2 (b)) is calculated.

5.4.2 Determination of permeation through the Pb-Li–free

walls (nD2[ss])

This step consists in a theoretical calculation of deuterium permeation through
the different surfaces of the chamber. For this purpose, a simplified version of the
upper chamber is used (as shown in Figure 5.2). The total permeation surface is di-
vided into various sections corresponding to different temperatures and thicknesses.
The vertical wall is additionally divided into two sections as a function of the height
of Pb-Li in each run. Table 5.4 shows a summary of the values used in the calcula-
tions related to run#13. The geometrical values are taken as exact, except for the
divided area of the vertical wall, which carries the uncertainty propagated from the
height of Pb-Li.

Table 5.5 shows the calculations performed for run#13. They consist in the fol-
lowing: (i) The upper and lower walls are divided with the Pb-Li height of run#13.
(ii) The theoretical permeation through each section is calculated with the two values
of permeability shown in Table 2.2 and equations (2.10), J = P

(√
pb −

√
pa
)
A/L,

and (2.14), P = P0 exp(−EP /RT ), and with the experimental temperatures and

Table 5.4: Surface area (A), thickness (ε) and temperature (T ) of the four sections of

perm#24 using the height of Pb-Li of run#13.

Section A (m2) ε (mm) T (K)

Upper flange 0.049 25 640.1± 9.9

Upper wall 0.057± 0.002 2 652.7± 2.0

Lower wall 0.018± 0.001 2 677.0± 2.9

Lower flange 0.049 20 688.7± 5.1
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Table 5.5: Theoretical calculations of D2 permeated in perm#24 during 1392 min, with

the permeability values, P , given in Table 2.2. The division between upper and lower

walls is done using the Pb-Li height from run#13. Fractions of D2 permeated through the

“in–run#13–Pb-Li–free” surfaces (blue) and “in–run#13–Pb-Li–covered” surfaces (yel-

low) are also given.

Section
Amount of D2 permeated (mol)

with P from [59]: with P from [58]:

Upper flange (6.0± 1.2)×10−5

(61±3)%
(3.7± 0.8)×10−5

(60±4)%
Upper wall (1.10± 0.05)×10−3 (6.9± 0.3)×10−4

Lower wall (5.7± 0.3)×10−4

(39±2)%
(3.7± 0.2)×10−4

(40±2)%
Lower flange (1.8± 0.2)×10−4 (1.2± 0.1)×10−4

Total (1.91± 0.07)×10−3 (1.21± 0.04)×10−3

pressure of perm#24 during the τdiss of run#13 (1392 min). The fraction of deu-
terium permeated through the upper surfaces is given in blue, and the deuterium
permeated through the lower surfaces, in yellow (as depicted in Figure 5.2 (b)). The
quantity of interest of these results is (iii) the percentage of D2 permeated through
the top surfaces, ≈ 60% (later used as χtop in equation (5.3)).

The results obtained with the two theoretical values of permeability (P from [59]
and [58]) are similar, since (i) the absolute values are in the same order of magnitude
and (ii) the relative values are in accordance with each other. In comparison, the
experimental result of perm#24, shown in Table 5.3 ((4.28 ± 0.16)×10−3 mol), is
also within the same order of magnitude, although slightly larger. This difference is
because the theoretical calculations refer to steady state (and, therefore, the fluxes
are smaller). It is assumed that in non-steady state the relative fraction of atoms
through the different surfaces is conserved. This assumption is based on the use of
the same geometry, temperature and material, and on the similarity between the
experimental and theoretical absolute values.

The fraction of deuterium permeated through the upper surfaces, χtop, is taken as
the average between the two theoretical results (blue percentages in Table 5.5), e.g.,
for run#13, χtop=(60±2)%. Then, the total amount of deuterium that permeates
through the Pb-Li–free walls during the dissolution runs, nD2[ss], is calculated as
follows:

nD2[ss] = χtop nD2[ss*], (5.3)

with nD2[ss*] being the amount of deuterium lost during the corresponding perme-
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Table 5.6: Experimental value of gas diffused through all the walls in the corresponding

permeation experiment (nD2[ss*]); theoretical fraction of deuterium diffused through the

upper surfaces (χtop); gas diffused through the Pb-Li–free walls (nD2[ss]), calculated with

equation (5.3). All values are evaluated at the corresponding τdiss.

Run nD2[ss*] (mol) χtop nD2[ss] (mol)

run#13 (4.3± 0.2)×10−3 (60± 2)% (2.6± 0.1)×10−3

run#14 (4.1± 0.2)×10−3 (61± 2)% (2.5± 0.1)×10−3

run#15 (4.2± 0.2)×10−3 (61± 3)% (2.6± 0.1)×10−3

run#17 (2.6± 0.1)×10−3 (62± 3)% (1.57± 0.07)×10−3

run#18 (2.6± 0.1)×10−3 (61± 2)% (1.60± 0.09)×10−3

run#19 (4.3± 0.2)×10−3 (60± 2)% (2.6± 0.1)×10−3

ation experiment. Table 5.6 shows the summary of the results for all runs, which
have a relative uncertainty of ± 4 – 6%. As expected, the values of nD2[ss] are very
similar among all runs with the same initial pressure, since the conditions of temper-
ature and surface of the metals are almost identical (the largest difference between
them is due to τdiss, which is different for every experiment).

5.5 Evaluation of deuterium dissolved in the Pb-Li

(nD2[PbLi])

The amount of deuterium dissolved in the Pb-Li, nD2[PbLi], is determined with
the mass balance presented in equation (5.1) (−∆nD2 = nD2[ss] + nD2[PbLi]) and the
obtained values of −∆nD2 and nD2[ss] shown in Tables 5.2 and 5.6, respectively. The
resulting values of nD2[PbLi] are given in the first column of Table 5.7. At this point,
it is noteworthy to observe the fractions of gas involved in the mass balance, by
comparing the obtained results. From the total amount of gas that has decreased
during each dissolution experiment at τdiss (−∆nD2), only 21 – 31% is dissolved into
the Pb-Li (nD2[PbLi]), while 69 – 79 % is lost through the stainless-steel walls (nD2[ss]).
This shows the importance of an appropriate evaluation of the gas lost through the
walls due to permeation in the accountancy of deuterium dissolved.

Additionally, the average concentration of atomic deuterium in the Pb-Li, CD [PbLi],
is calculated with:

CD [PbLi] = 2
nD2[PbLi]

VPbLi
. (5.4)

In the case of run#13, the resulting amount of deuterium dissolved at τdiss is
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Table 5.7: Amount of deuterium dissolved in the Pb-Li at τdiss (nD2[PbLi]) evaluated

with the mass balance (eq. (5.1)); amount of deuterium dissolved in the Pb-Li evaluated

at tend (nD2[PbLi](tend)) with eq. (5.5); average atomic concentration of deuterium in the

Pb-Li evaluated at tend (CD [PbLi](tend)), and obtained Sieverts’ constant (S ).

Run nD2[PbLi] (mol)
nD2[PbLi](tend) CD [PbLi](tend) S

(mol) (molD l−1) (mol m−3 Pa−0.5)

run#13 (9.3± 1.5)×10−4 (9.2± 1.5)×10−4 (1.5± 0.3)×10−3 (9.7± 1.6)×10−3

run#14 (6.8± 1.5)×10−4 (6.7± 1.5)×10−4 (1.1± 0.3)×10−3 (7.4± 1.7)×10−3

run#15 (8.2± 1.6)×10−4 (8.1± 1.6)×10−4 (1.4± 0.3)×10−3 (8.8± 1.7)×10−3

run#17 (4.5± 1.3)×10−4 (4.4± 1.3)×10−4 (7± 2)×10−4 (6.8± 2.0)×10−3

run#18 (4.5± 1.4)×10−4 (4.4± 1.4)×10−4 (7± 2)×10−4 (6.5± 2.1)×10−3

run#19 (1.2± 0.2)×10−3 (1.2± 0.2)×10−3 (1.9± 0.3)×10−3 (1.2± 0.2)×10−2

(9.3± 1.5)×10−4 molD2 , and the average concentration is (1.5± 0.3)×10−3 molD l−1.
However, from τdiss =23.2 h until the end of the dissolution phase (tend =48h), the
pressure of D2 continues decreasing, from 971.1 to 946.9mbar. Assuming perfect
mixing, the impact of the pressure decrease (from τdiss to tend) on the concentration
of deuterium in the Pb-Li is evaluated with the following relation:

nD2[PbLi](tend)

nD2[PbLi](τdiss)
=

CD [PbLi](tend)

CD [PbLi](τdiss)
=

√
pD2(tend)√
pD2(τdiss)

, (5.5)

from Sieverts’ law, assuming constant solubility. In the example case of run#13,
from equation (5.5), the deuterium dissolved at tend=48 h is ≈98.7% of the amount
evaluated at τdiss.

The results calculated at the end of each dissolution experiment (tend) with equa-
tion (5.5) are given in Table 5.7. Both, nD2[PbLi](tend) and CD [PbLi](tend), have a
relative uncertainty of ± 13 – 32%. The runs with similar dissolving pressure have
similar nD2[PbLi](tend) and CD [PbLi](tend).

The consistency between runs under different dissolving pressures is evaluated
with Sieverts’ law. With the assumption that steady state is reached in the Pb-
Li at τdiss, the concentration in the two sets of experiments (at 1000mbar and at
500mbar), assuming a linear concentration profile, follows the relation:

CD [PbLi](pD2 ≈500mbar)
CD [PbLi](pD2 ≈1000mbar)

≈
√
0.5, (5.6)

which is obtained from substituting the approximate dissolving pressure values of
the two sets of runs into Sieverts’ law (C = S√

p).
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The average concentration of the experiments at p0≈1000mbar is (1.5± 0.3)×
10−3 molD l−1. Therefore, from equation (5.6), the expected concentration for the
runs at p0 ≈ 500mbar is (1.0 ± 0.2)×10−3 molD l−1. This approximate value is in
accordance with the results of runs#17 and #18 shown in Table 5.7.

Furthermore, the solubility coefficient, S , is evaluated with the experimental re-
sults. Note that the Sieverts’ constant is referred to the (maximum) concentration at
the liquid–gas interface. Since the Pb-Li height is small, and under the assumptions
that (i) the liquid metal is saturated with deuterium and (ii) there is no convection,
the concentration profile is assumed linear in the vertical direction. Therefore, the
solubility coefficient, S , is determined with Sieverts’ law (C = S√

p), the dissolving
pressure at tend and the concentration at the interface liquid–gas, i.e. twice the aver-
age concentration. The resulting values of S are given in Table 5.7 and are depicted
in Figure 5.8 for comparison with the literature values already shown in Figure 2.3.
The presented results are in the same range as the values reported by Edao et al. [56]
and Chan et al. [75].

Figure 5.8: Experimental results of equivalent solubility coefficient from all dissolu-

tion runs obtained in this work (star data points in magenta); solubility coefficients of

hydrogen isotopes in eutectic Pb-Li from literature (in grey) [55, 56, 68, 70–75].
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5.6 Discussion of the obtained results in the scope

of fusion

5.6.1 Solubility of deuterium in Pb-Li and effect of the alloy

composition

In this work, solubility values of deuterium in Pb-Li have been obtained taking
into account the diffusion of deuterium through the walls and with a careful un-
certainty evaluation. The obtained values are consistent with each other (following
the dependency on the dissolving pressure from Sieverts’ law) and with literature
data. However, it must be remarked that the lithium content of the alloy used is
15.2± 0.2 at.%Li and during the experimental campaign some impurities have been
dissolved into the mixture. Therefore, the obtained results cannot be directly trans-
ferred to fusion applications without special care. This may be common to other
experiments with Pb-Li, as it is discussed subsequently.

The solubility of hydrogen in Pb-Li increases with the atomic fraction of lithium
in the alloy, as reported by Chan et al. [75]. They tested the solubility of hydrogen
(protium) in different mixtures of Pb-Li, varying the concentration of lithium from
20 at.% to 90 at.% (which, unfortunately, does not cover the eutectic composition).
Extrapolating their results, the solubility of H in a Pb-Li mixture with 17 at.%Li is
≈ 10% larger than the one in a mixture of 15.7 at.% Li (at 673 K). This deviation,
which is already considerable, could be expected in the works related to liquid
breeding blankets since one of the two above Li concentrations is typically used 2.

Moreover, as stated in Section 3.1.4, the composition of the Pb-Li used in the
present work differs from the one reported by the manufacturer: 15.2± 0.2 at.%
instead of 15.7 at.%, which is attributed to an inhomogeneous distribution of the
lithium atoms in the alloy. In the experimental works reporting solubility values for
H and/or D in the literature (Figure 5.8), no verification of the composition of the
Pb-Li is normally reported, i.e. only the eutectic mixture given by the manufacturer
is provided. Thus, as stated in [65], there is a possibility that the fraction of Li
is partially responsible for the discrepancy of the solubility values reported in the
literature. In addition, final analyses with possible impurities are not reported either.

In the perspectives of liquid breeding blankets, experimental studies have been
performed to test the corrosion of proposed structural materials (ferritic-martensitic

2Note that the eutectic mixture was formerly attributed to 17 at.% Li and, after a reassess-
ment of the phase boundaries by Hubberstey et al. [64], the eutectic definition was updated to
15.7 at.%Li.
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steels) caused by Pb-Li at operation temperatures and relevant speeds, which have
led to non-negligible corrosion rates (30 – 370µmy−1) [85–91]. However, the conse-
quences of the dissolved impurities in the liquid metal still need to be investigated.

All in all, given the small amount of lithium present in the eutectic Pb-Li mixture
(15.7 – 17 at.% Li, 0.62 – 68wt.%Li) and the corrosive nature of the alloy, in relative
terms, the variation of composition between alloys from different batches used in
different experiments, as well as the evolution of composition over time in a liquid
breeding blanket, may be significant. Thus, the influence of the atomic fraction of
lithium in the Pb-Li and the presence of impurities on the solubility (and diffusivity)
of hydrogen isotopes should be investigated in the range of fusion applications.

5.6.2 Mobility of deuterium in Pb-Li and stainless steel in

the perspectives of fusion

Regarding the dissolution experiments of the present work, the amount of deu-
terium lost through the 316L stainless-steel walls represents ≈ 69−79% of the total
gas decrease, −∆nD2 (into Pb-Li and walls of the chamber). Even though the Pb-
Li has been at a higher temperature than the steel walls, the relative amount of
gas (mol/surface area) lost through the walls is 1–1.7 times larger than the dissolu-
tion into the Pb-Li. This shows that the permeation of hydrogen isotopes through
stainless-steel containers or pipes is, not only far from being negligible, but larger
than the permeability of hydrogen isotopes in Pb-Li at similar temperatures 3. This
can have consequences on both experimental works and fusion reactors using Pb-Li
as discussed hereunder.

On the one hand, the gas lost through the structure may have an impact on the
disagreement of the results shown in Figure 5.8, depending on the methodology used
and the assumptions made in each experiment. For example, desorption methods
(used by Reiter [55], Fauvet et al. [68] and Katsuta et al. [72]) underestimate the
solubility, while absorption methods (used by Chan et al. [75], Aiello et al. [73] and
Wu [74]) lead to an overestimation of the solubility, if the gas lost into the structure
is not accurately estimated (in both methods). Even though this argumentation is
not conclusive (since different structural materials are used in the various setups
and e.g. both Katsuta et al. and Reiter used desorption methods and reported
very distant solubility values), it is possible that an underestimation of the gas lost
through the structure may be partially responsible for the substantial difference

3Note that permeability is the combination of diffusivity and solubility, as shown in equa-
tion (2.11): P = D S
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of the results. Thus, the gas lost through the structure must be very carefully
regarded, e.g. as performed here, in the experiments concerning the interaction of
hydrogen isotopologues with Pb-Li, including the research of TERS techniques for
liquid breeding blankets.

On the other hand, the large mobility of the hydrogen isotopes in steel-based
structural materials in a fusion reactor is a critical issue [92, 93], since the whole tri-
tium inventory must be limited and the recovery of tritium to fuel the plasma must
be maximized [25, 94]. Structural materials under investigation for DEMO are
Reduced Activation Ferritic/Martensitic (RAFM) steels, such as EUROFER [95].
These steels present hydrogen permeability and diffusivity one and two orders of
magnitude, respectively, higher than stainless steel 316L [96] (used in this work).
Thus, in order to restrict the diffusion of tritium into the structure, the develop-
ment of robust tritium-permeation-barrier (in addition to anti-corrosion) coatings is
crucial for DEMO [13, 97–106].
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Chapter 6

Evaluation of the amount of deuterium

extracted

6.1 Methodology

The main steps of the extraction phase are the following:

(i) Evacuation of the chamber: the lower chamber is evacuated between experi-
ments for approximately six days down to ∼10−4−10−3 mbar.

(ii) Inserting deuterium (only runs#14–#19): a certain amount of D2 (≈ 0.15mbar)
is set as the background pressure. This step does not apply to run#13, in which
the background measurement starts with the chamber evacuated.

(iii) Recording background: with the lower chamber completely closed, the pressure
and temperature are recorded during a minimum of 40 min.

(iv) Deuterium extraction: the automatic valve is opened and the Pb-Li droplets
fall in the lower chamber. The gas pressure and temperature recorded are used
to evaluate the amount of deuterium extracted from the Pb-Li.

The evolution of the amount of gas in the lower chamber (both during mea-
surement of background and D2 extraction) is computed with the ideal gas law
(equation (3.1)), with the pressure, temperature and volume of the gas. However,
the configuration of the chamber complicates the evaluation of the temperature and
pressure of the gas. The geometry of the lower chamber (as seen in Figures 3.2 and
3.4) consists of a six-way cross (to facilitate the placement of windows) attached
to a 1.5-m flexible tube, a smaller six-way cross, cold trap and small pipe lines all
conforming one closed volume (down to the shutter valve). Additionally, the main
body of the chamber (almost fully covered with insulation material) has heaters on
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its top and bottom surfaces (up to 455◦C, to maintain the Pb-Li liquid), but the
flexible tube is at room temperature.

Thus, in order to treat its geometry and temperature gradients, the lower cham-
ber is divided into three regions, as shown in Figure 6.1. The amount of gas in
each region is calculated separately and the total gas is the summation of all three
contributions as follows:

n = n1 + n2 + n3. (6.1)

being n1, n2 and n3 the amount of gas determined in each one of the three regions.
The evaluation of the temperature, pressure and volume of the gas in each region
is explained in the following sections. Then, the validation of the methodology is
shown with the analysis of a control experiment (run#20).

6.1.1 Evaluation of the gas temperature

The temperature of the various sections depicted in Figure 6.1 is evaluated as
follows:

– Section A: The temperature of this section corresponds to the one of the
heater EH06. During runs#13–#14: TA =445±3.3 ◦C, and during runs#15–
#20: TA=455±3.4 ◦C.

Figure 6.1: Simplified scheme of the lower chamber divided into three regions. (1)

and (2): upper and lower halves of the six-way cross, respectively; (3): flexible tube

and line ending at shutter valve; (4) and (4’) cold fingers to the vacuum sensors, RP040

and RP042, respectively. EH: electric heaters. A, B, C, D, D’, E: sections at which the

temperature is evaluated. Note that the scheme is a simplification of the geometry shown

in Figures 3.2 and 3.4.
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– Section B: The temperature is obtained from an average of seven measure-
ments at various points of the metal surface along Section B. TB=56.7±5.8 ◦C.
This temperature is much lower than the one of sections A and C because of
the absence of insulation to protect the windows from high temperature (see
Figure 3.2).

– Section C: This section corresponds to the Pb-Li surface. Therefore, it moves
upwards when the Pb-Li level increases. Its temperature is obtained from a lin-
ear fit with the measurements of the level thermocouples (RT044-047, RT050-
053). It varies over time and it is specifically calculated for each experiment.

– Sections D and D’: The temperature at the vacuum sensors is given by
RT042, placed at the cold finger next to the vacuum sensor RP042.

– Section E: The region (3) is at room temperature. Its value is taken as the
average between RT014 and RT054.

The temperatures of the gas in regions (1) and (2), in Figure 6.1, are calculated
with equation (3.4), T = 4

√
(T 4

a + T 4
b )/2, and the temperatures of the corresponding

upper and lower sections (A–B and B–C, respectively). The temperature of region
(3) is the one of section E.

6.1.2 Evaluation of the gas pressure

Since the vacuum sensors are placed at a cold finger, an evaluation at a micro-
scopic level is performed to verify if the pressure is constant along the whole volume
or if there is a pressure gradient to take into consideration (with respect to the
measured value).

In this evaluation, two experiments are initially considered: run#13 (in which
p ≈ 10−3 mbar) and run#14 (p ≈ 0.15mbar) as a representative of the rest of the
runs performed at the same p conditions.

First, the gas regime is characterized by means of the Knudsen number, Kn, with
the following definition [107]:

Kn =
2l̄√
πa

, (6.2)

in which a is the characteristic length of the system (e.g. pipe radius) and l̄ is the
mean free path of the gas molecules, defined as:

l̄ =
kBT√
2πpd2M

, (6.3)
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where kB is the Boltzmann constant, T is the temperature of the gas, p its pressure,
and dM is the molecular diameter. In the present calculations, the kinetic diameter
of D2 is assumed to be equal to the one of H2: dM = 2.89×10−10 m [108].

From the Knudsen number, the gas regime is characterized as follows: Kn< 0.01
corresponds to viscous regime, 0.5> Kn>0.01 to transition regime (or Knudsen
regime), and Kn>0.5 to molecular regime [107].

Table 6.1 shows the evaluation of l̄ and Kn at the different regions of the lower
chamber in runs#13 and #14. In run#13 (p≈ 10−3 mbar), the gas regime in the
whole chamber is molecular (Kn>0.5). In run#14 (p≈ 0.15mbar), the gas in the
chamber is within the transition regime (0.01<Kn <0.5). Since Kn in regions 1, 2,
3 is very close to the viscous limit, an approximation is applied in this case, which
simplifies the calculations. In both runs, the pressure in the different regions must
be determined with rarefied gas theory, since the gas flow in the cold fingers (at the
vacuum sensors) is either in molecular or transition regime.

For that, the rarefaction parameter, δ, defined as follows, is first calculated:

δ =
1

Kn
. (6.4)

The pressure in one region (j), in relation with the pressure of a contiguous
region (i) is calculated with equation (6.5), which describes a typical case scenario
in rarefied gas theory [107]. In this scenario, two vessels (i and j) under vacuum
are connected by a capillary. In this capillary a so-called thermomolecular pressure
effect occurs: molecules flow from one vessel to another due to the thermal creep,
which creates a pressure gradient with a consequent opposite flow. The relation
between pressure and temperature in the two vessels is described by:

pj = pi

(
Tj

Ti

)γ

, (6.5)

where the parameter γ depends on the rarefaction parameter in the capillary. In the
present case, equation (6.5) is applied to evaluate the pressure inside the chamber at

Table 6.1: Mean free path (l̄), Knudsen number (Kn) and gas regime evaluated for the

two representative cases: run#13 (p≈10−3 mbar) and run#14 (p≈0.15mbar).

Region d (mm)
run#13 run#14

l̄ (mm) Kn (-) Regime l̄ (mm) Kn (-) Regime

(1) top LC 150 227 3.4 molecular 1.5 0.02 ≈ viscous
(2) bottom LC 150 202 3.0 molecular 1.3 0.02 ≈ viscous
(3) flexible 63 110 3.9 molecular 0.7 0.03 ≈ viscous
(4), (4’) cold finger 9.4 112 26.9 molecular 0.7 0.18 transition
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the region where the cold finger is physically connected (i.e. 1 or 2 for the cold fingers
4’ and 4, respectively). Additionally, equation (6.5) is also used to relate contiguous
regions (e.g. 1–2 and 1–3), based on the principle that the thermomolecular pressure
effect is not intrinsically related to the existence of a capillary, but to the gas flow
regime (and its characteristic rarefaction parameter).

Between the different regions in the lower chamber, the temperature difference
Ti −Tj and thermal gradients are large, with a consequent non-linear thermomolec-
ular pressure effect. Therefore, an approximated γ is determined with an average
rarefaction parameter, δavg, defined as follows (as suggested in Section III of refer-
ence [109]):

δavg = δi
pavg

pi

Ti

Tavg
= δi

1 + (Tj/Ti)
γ

1 + (Tj/Ti)
. (6.6)

Then, the calculation of γ is performed following the instructions of Section II
of reference [109].

Table 6.2 shows the resulting parameters for the example case of a pressure
read by the sensor RP040 of 1.00×10−3 mbar (relevant scenario in run#13). The
first column (δ) shows the rarefaction parameter in each region calculated with
equation (6.4). The second column (i → j) shows from which region (i) are the
calculations made. For example, the pressure in region 2 (bottom of the lower
chamber) is calculated directly with the values from region 4 (cold finger), since the
cold finger is directly connected to region 2. The last column shows the resulting
pressure in each region. As seen in the table, for this case scenario, a 38% deviation
is obtained between the pressure in the top of the chamber and the pressure read by
the sensor. Note that, in comparison with the intrinsic uncertainty of the vacuum
sensor RP040 (± 6−14% for the range covered throughout run#13), such deviation
is substantial and has to be considered. These calculations vary with p and T , thus,

Table 6.2: Evaluation of pressure in example case 1: pressure read by the sensor RP040

(at the cold finger (4)) 1.00×10−3 mbar. Rarefaction parameter calculated for each region

(δ); direction of the calculation (i→j: from region i to j); average rarefaction parameter

(δavg) calculated with equation (6.6); coefficient γ between regions i, j (γij) calculated

following Section II of ref. [109], and pressure (p) calculated with equation (6.5).

Region δ (-) i→j δavg (-) γij (-) p (mbar)

(1) top LC 0.29 2→1 0.3 0.38 1.38×10−3

(2) bottom LC 0.33 4→2 0.03 0.47 1.32×10−3

(3) flexible 0.25 2→3 0.4 0.37 1.05×10−3

(4) cold finger 0.04 (-) (-) (-) 1.00×10−3
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Table 6.3: Evaluation of pressure in example case 2: pressure read by the sensor RP042

(at the cold finger (4’)) 0.150mbar. Rarefaction parameter calculated for each region (δ);

direction of the calculation (i→ j: from region i to j); average rarefaction parameter

(δavg) calculated with equation (6.6); coefficient γ between regions i, j (γij) calculated

following Section II of ref. [109], and pressure (p) calculated with equation (6.5).

Region δ (-) i→j δavg (-) γij (-) p (mbar)

(1) top LC 43.9 4→1 4.36 0.09 0.158
(2) bottom LC 49.6 (=1) (-) (-) 0.158
(3) flexible 38.1 (=1) (-) (-) 0.158
(4’) cold finger 5.6 (-) (-) (-) 0.150

they are performed throughout the experiment.
Table 6.3 shows the results for a case scenario of p=0.150mbar at the vacuum

sensor RP042, which is representative for runs #14–#20. In this case, the pressure in
regions 2 and 3 is assumed equal to the pressure in region 1, due to the approximation
to viscous regime in these three regions. In this scenario, the resulting pressure in
the chamber deviates about 6% from the value measured by the sensor. Note that
the vacuum sensor RP042 has an intrinsic error of ±0.4%. Thus, a 6% deviation
is also noticeable. The calculations (which vary with p and T ) are performed along
the whole extraction experiment(s).

An estimated error from the evaluation of the pressure in regions 1, 2, 3 with
the presented method is added. This error attempts to include the deviation from
the real value due to the linearisation of the rarefaction parameter. This deviation
is greater for larger δ and it is estimated based on results in [109]. From this
estimation, the uncertainty of the pressure is increased in ≈ 5% of the absolute value
in runs#14–#20, and ≈ 0.7%, 0.7% and 1.1% in regions 1, 2 and 3, respectively,
in run#13.

Extended information regarding rarefied gas theory and the model used in this
chapter can be found in the dedicated Appendix C and in references [107] (Chap-
ter 5), [110] (Chapters 10, 11) and [109].

6.1.3 Evaluation of the gas volume

The total volume of the chamber is Vlc = 27.30 ± 0.14 l. In order to apply the
ideal gas law to each of the three regions, the volume of each of them is estimated
as follows:
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Table 6.4: Initial and final volumes of Pb-Li in the lower chamber during the extraction

phase (determined with simulation, see Section 4.3).

Run VPbLi(lc)0 (l) VPbLi(lc)f (l)

run#13 0.19± 0.01 1.42± 0.01

run#14 0.21± 0.01 1.37± 0.01

run#15 0.20± 0.02 1.39± 0.02

run#17 0.18± 0.01 1.37± 0.01

run#18 0.12± 0.01 1.34± 0.01

run#19 0.10± 0.01 1.35± 0.01

run#20 0.13± 0.01 1.34± 0.01

– Region (3): This volume, which includes the flexible, a six-way cross and the
cold trap, is calculated from its geometry, resulting in V3 = 9.2±0.6 l.

– Region (1): This volume correspond to half of the chamber body. Therefore,
it is calculated by subtracting the volume of region (3) from the total volume,
Vlc, and dividing it into two. It results in V1 = 9.1±0.3 l. Note that V1 = V2

when there is no Pb-Li.

– Region (2): The volume of the gas in this region varies throughout one
experiment, since the volume of Pb-Li increases with the falling droplets. It is
calculated with V2 = V1−VPbLi (lc), where the volume of the Pb-Li, VPbLi (lc), is
simulated with the code (discussed in Chapter 4) for each run. As a reference,
Table 6.4 shows the initial and final volumes of Pb-Li in the lower chamber
during each run.

6.1.4 Experimental validation of the method with run#20

Run#20 is performed under the same conditions as run#14 (≈ 1000mbar in the
upper chamber and ≈ 0.15mbar in the lower chamber), but with helium instead of
D2 in both upper and lower chambers. I.e. run#20 is a control experiment, with
no gas extraction. Its experimental results are analysed to validate the plausibility
of the methodology to determine the amount of D2 extracted, which is described in
this section.

Figure 6.2 shows the evolution of pressure, p, in the lower chamber (evaluated
from experimental results as explained in 6.1.2) and the volume of the gas, V . At
time t = 0, the automatic valve opens, i.e. the data before (t < 0) correspond to
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Figure 6.2: Temporal evolution of pressure and volume of helium measured in the

lower chamber during the control experiment run#20. The steps in the pressure curve

are due to the resolution of the vacuum sensor RP042 (4×10−4 mbar).

the volume and pressure of the background He with the chamber completely closed.
During t>0, Pb-Li droplets are falling in the lower chamber, leading to a decrease of
the gas volume in the chamber. The last data points shown in the graph correspond
to the instant before all the Pb-Li falls and the gas from the upper chamber enters
the lower chamber. The pressure increases after t=0 essentially due to the change
in volume, since He is not absorbed by the metals (steel walls or liquid Pb-Li) and
the change in temperature is very slight (T is constant in regions 1 and 3 and its
variation in region 2 throughout one experiment is of ≈ 6K; thus, its net effect is
negligible). The relative error of the pressure is ≈± 5% and the one of the volume
≈± 0.5%.

Figure 6.3 shows the evolution of the gas in the chamber, determined with
the methodology previously explained in Section 6.1.2. The relative uncertainty
is ≈± 6%. This figure shows the expected results: the amount of helium remains
constant during the experiment. Therefore, it serves as a verification of the method-
ology. This means that the considerations taken in the calculations, as a whole
(determination of pressure, temperature, volume, and division in three regions), are
proved reliable to evaluate the extraction experiments in relative terms (comparing
evolution over time).

84



Figure 6.3: Temporal evolution of amount of helium in the lower chamber measured

during the control experiment run#20.

6.2 Evaluation of D2 extracted

6.2.1 Analysis of extraction run#13

Run#13 is the first extraction run of the experimental campaign. Figure 6.4
shows the evolution of pressure and gas volume in the lower chamber during the
extraction experiment, performed at the background pressure ∼ 10−3 mbar. The
four solid blue curves show the pressure measured by the vacuum sensor (psensor)
and the pressure calculated for the three regions (p1, p2, p3).

In this run, the lower chamber is evacuated until t ≈ −24min, at a constant
pressure of p ≈ 1.2− 1.6× 10−3 mbar (see constant p curves in Figure 6.4). At
t ≈ −24min the chamber is closed and the background (increasing) pressure is
recorded. At t = 0min the automatic valve is opened and Pb-Li droplets start
falling into the lower chamber. Consequently, the volume of the gas in the lower
chamber (dashed curve), which is constant during the background recording (t<0),
decreases after t=0. Additionally, the increase in pressure after t=0 is greater than
before (t<0), due to the change in gas volume and D2 extraction from the droplets.
The temperature variation of the gas in region 2 is only (545.0− 538.6)± 9K, while
in the other regions is constant (as explained in section 6.1.1).

Figure 6.5 shows the temporal evolution of the total amount of gas in the chamber
(solid curve). The background is evaluated by performing a linear fit to the slope of
the data points (with data sets of 2 min) between −24 < t < 0min, which has the
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Figure 6.4: Temporal evolution of gas pressure measured at the sensor and in regions

1, 2 and 3, and gas volume in the lower chamber during extraction run#13. The steps in

the pressure curve are due to the resolution of the vacuum sensor RP040 (two significant

digits).

Figure 6.5: Temporal evolution of the amount of gas measured in the lower chamber

during the extraction run#13 and evaluation of the background.

form:
δn

δt
= −2.50×10−10t+ 3.86×10−8, (6.7)

with n in mol and t in min. The resulting background curve for run#13, shown
in Figure 6.5 (dashed curve), is the integration of equation (6.7) throughout the
experiment. The uncertainty assigned to the background curve is calculated with
the standard deviation of the residuals, which is ± 2.76×10−8 mol.
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Subtracting the background curve from the total amount of gas, the evolution
of D2 extracted is obtained (nD2 ext), which is presented in Figure 6.6. As expected,
during t<0 the deuterium extracted equals zero and after the Pb-Li starts falling,
the amount of D2 extracted increases.

The extraction per unit volume of falling Pb-Li (nD2 ext/VPbLi) is also presented in
Figure 6.6 (dashed curve). This is calculated dividing the extraction rate (molmin−1)
by the flow of Pb-Li (lmin−1) along the experiment (for t>0). nD2 ext/VPbLi increases
over time due to two reasons:

(i) The speed of the droplets decreases due to the reduction of the hydrostatic
pressure in the upper chamber with time, as discussed in Chapter 4 (see ex-
ample in Figure 4.4). Thus, the extraction time increases.

(ii) The concentration of deuterium inside the Pb-Li droplets increases due to
the concentration profile in the upper chamber (concentration of deuterium is
maximum at the upper layers, i.e. the last droplets).

In order to analyse the contribution of the two parameters, (i) and (ii), they must
be separated. For this purpose, the results of runs#15 and #17 are needed, since
they vary the speed of the droplets and concentration, respectively, while keeping
the other parameter constant with respect to run#13. Nevertheless, the effect of
(ii) is foreseen to be the most significant, since the variation of concentration profile
is expected to be much larger than the variation in speed of the droplets.

At the end of run#13 (t= 18min) the total amount of D2 extracted is (3.7 ±
0.4)×10−6 mol (see solid curve in Figure 6.6). From Table 5.7 (in the previous

Figure 6.6: Evolution of the gas extracted in the lower chamber during run#13 (left

y-axis) and amount of D2 extracted per unit volume of Pb-Li (right y-axis).

87



chapter), the total amount of D2 dissolved in run#13 is (9.2±1.5)×10−4 mol. Thus,
the obtained extraction efficiency over the whole experiment is 0.40% (± 0.08%).
This is much less than the extraction efficiency expected for only diffusion inside
the droplets, ≈ 6.5 – 12.8% (see Table 2.1). This result gives rise to two possible
explanations:

– The limiting process of deuterium extraction from the droplets is not the
diffusion (or mass transfer inside the liquid phase), but the recombination at
the liquid–vacuum interface (surface of the droplets).

– At the experimental conditions (high temperature, chamber previously evac-
uated and slow rate of gas extracted), a non-negligible amount of deuterium
released from the droplets might be absorbed at the walls of the lower cham-
ber. In this case, the measured extracted gas and, thus, the obtained efficiency
is underestimated.

In order to dismiss the latter possibility, a new approach is applied in the fol-
lowing experiment, run#14.

6.2.2 Analysis of extraction run#14

Here, the experimental procedure is modified by inserting an initial amount of
D2 in the chamber right before recording the background. With this strategy, two
objectives are targeted:

(i) The walls of the chamber are already loaded with deuterium (at the given D2

pressure) by the time at which the extraction starts, minimizing the amount
of D2 extracted from the droplets that is lost through the walls.

(ii) The background measurement includes intrinsically the effect of the D2 flux
lost at the walls (which is expected to decrease with the loading of the walls).

The amount of deuterium initially injected in the lower chamber is set to 10%

of the total amount of deuterium dissolved. This corresponds approximately to the
expected amount of gas extracted in the case that diffusion inside the droplets is
the main and limiting process of the extraction. Therefore, run#14 is a repetition
of run#13, but with the calculated starting partial pressure of D2 in the chamber,
p≈0.15mbar.

Figure 6.7 shows the evolution of pressure and volume of the gas in the lower
chamber during the extraction run#14. The pressure in regions 1, 2, 3 is calculated
with the method explained in Section 6.1.2. Note that the uncertainty (≈ 5%) is
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Figure 6.7: Temporal evolution of gas pressure measured at the sensor and in regions 1,

2 and 3, and gas volume in the lower chamber during the extraction run#14. The steps in

the pressure curve are due to the resolution of the vacuum sensor RP042 (4×10−4 mbar).

much larger than in run#13 due to two factors: (i) the measuring vacuum sensor
is different (RP042), due to the pressure operation range; and (ii), as explained in
Section 6.1.2, the rarefaction parameter is in a range that increases substantially
the error of the pressure evaluation.

The background pressure is measured during 40min in order to saturate the walls
and have enough data to analyse the curve. During this time, the pressure of the gas
decreases due to the permeation of deuterium through the walls. At the beginning
the curve is steeper and then the slope decreases gradually, due to the dissolution
of the deuterium into the stainless steel. Between −4 < t < 0min, the pressure
increases slightly (≈ 0.002mbar) due to some technical problems encountered with
the valve opening and Pb-Li falling through the nozzle. The experiment is considered
to start at t=0min, when the Pb-Li droplets fall continuously and this small jump is
corrected later during the analysis. After t=0min, the volume of the gas decreases
and the pressure increases due to the droplets falling and consequent D2 extraction.
This experiment ends (at t = 26min) when no more droplets fall, although still a
small amount of Pb-Li remains in the upper chamber (as explained in Chapter 4).

Figure 6.8 shows the evolution of amount of gas in the chamber calculated as
explained in Section 6.1. The background is evaluated (in the range −43 < t <

−4min) following a similar methodology as in run#13. The slopes along the curve
are evaluated with linear fits applied to 8min-data sets. Then, a double exponential
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Figure 6.8: Temporal evolution of the amount of gas measured in the lower chamber

during the extraction run#14 and evaluation of background.

fit is performed to the slopes, which has the form:

δn

δt
= A exp(Bt) + C exp(Dt), (6.8)

with A = −1.67×10−9 molmin−1, B = −8.35×10−2 min−1, C = −2.61×10−8 molmin−1

and D = −3.19×10−2 min−1. The resulting background curve for run#14 (dashed
curve in Figure 6.8), is the integration of equation (6.8) along the experiment.
The error associated to the fit is given by the standard deviation of the residuals:
±9.7×10−8 mol.

Figure 6.9 shows the amount of D2 extracted, obtained by subtracting the two
curves of Figure 6.8 and correcting the jump at t=−4min. As seen in the figure,
no measurable amount of gas is extracted.

By comparing the uncertainty of Figure 6.9 (±7.7×10−6 mol) with the small
amount of D2 extracted in run#13 ((3.7 ± 0.4)× 10−6 mol), both results can be
considered consistent.

Two main conclusions are obtained from the results of runs#13 and #14:

(i) The D2 lost through the walls does not have an important effect on the gas ac-
countancy for relevant amounts of deuterium extracted, since the resulting ex-
traction efficiency is similar for the two runs (no considerably higher extraction
obtained during run#14). Additionally, Figure 6.8 shows that 2.2×10−6 mol of
D2 are lost at the walls during 20min of background measurement. This corre-
sponds to a possible deviation of only 0.3% (in absolute terms) in the resulting
efficiency, which is negligible for accepted values of extraction efficiency.
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Figure 6.9: Temporal evolution of the gas extracted in the lower chamber during

run#14.

(ii) The computed extraction efficiency in both runs is ≤ 1.2%. This maximum
value is computed for a maximum extraction in run#14 equal to the uncer-
tainty (7.7×10−6 mol).

The analysis of the following extraction runs (#15, #17, #18, #19) gives similar
results as run#14.

6.3 Discussion on extraction efficiency

6.3.1 Comparison of the extraction efficiency with expecta-

tions

Extraction efficiency values have been obtained with a careful uncertainty eval-
uation and taking into account:

– Mechanical cleaning of the Pb-Li and long bake-out period before the experi-
mental campaign to avoid oxides.

– Composition analysis before and after the experiments to check the fraction
of lithium and examine the appearance of impurities.

– Careful tracking of the Pb-Li volume in both dissolution and extraction phases
with simulations fitting experiments.

– Ensure periods of evacuation to unload the walls of the setup and achieve
repeatability, with a dedicated vacuum test before each experiment.
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– Evaluation of the deuterium dissolved in the Pb-Li with a mass balance, in-
stead of relying on values of solubility.

– Assessment of the deuterium lost due to permeation through the stainless-steel
walls of the chamber during the dissolution phase.

– Evaluation of the deviation of the pressure reading in the extraction chamber
due to large gradients of temperature in molecular and transition regimes.

– Loading of the walls of the lower chamber with deuterium at the expected
pressure to minimize the gas absorbed by the walls during extraction.

With all these considerations, repeatable results have been obtained. However,
the resulting extraction efficiency (<1.2%) is much lower than the initial expec-
tations (≈ 6.5 – 12.8%, computed with diffusivity values [55, 56], and ≈ 78%, com-
puted with the expected enhanced mass transfer reported by [37]).

The measured low extraction efficiency can be attributed to several reasons: (a)
the diffusion coefficient of D in Pb-Li is lower than the values reported in literature;
(b) the extraction model is not adequate to reproduce the mobility of the deuterium
atoms inside the droplet bulk; (c) the recombination of deuterium atoms at the
droplet surface is the limiting process in the extraction mechanism. These aspects
are individually discussed hereafter.

(a) For an extraction efficiency of 0.4% (as obtained during run#13), the mass
transfer coefficient of deuterium in the droplets is calculated to be1: 5×10−12 m2 s−1.
This value is three orders of magnitude lower than the diffusion coefficients reported
in literature (see Table 2.1). Additionally, internal mass movement of Pb-Li inside
the falling droplets is presumed, as seen with the high-speed camera that the droplets
rotate and oscillate. This mass movement, which is most likely turbulent (see more
information in Appendix B), increases the mass transfer of the deuterium atoms
inside the droplets. Therefore, the corresponding diffusivity of deuterium in liquid
Pb-Li should be even smaller than the obtained value 5×10−12 m2 s−1 (at ≈400 ◦C).
The reason for a diffusivity lower than the values reported in the literature may
originate from a different composition of the Pb-Li, since both Reiter [55] (1.23×
10−9 m2 s−1) and Edao et al. [56] (5.04×10−9 m2 s−1) used higher concentrations of
lithium: 16.6 at.% and 17 at.%, respectively, whereas 15.2± 0.2 at.% is used in the
present work. Note that the diffusivity values increase with the fraction of lithium.
As discussed in Section 5.6, the amount of lithium might have a substantial influence

1Value calculated with equation (2.3), average values of run#13: dd = 0.0012m, hfall = 0.49m,
vn = 3.8m s−1, and n = 500 (large number of terms, n, is required for accuracy at low efficiencies).
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in the properties of the eutectic Pb-Li, since Li is the main responsible for the
chemical activity of the alloy [65]. Therefore, further investigation is still needed
into the effect of fine variations of the lithium fraction on the physical-chemical
Pb-Li properties, at the concentrations of interest (eutectic mixture).

(b) The extraction model describes a substance diffusing towards the surface of a
perfect sphere. Since the shape of the droplets is not perfectly spherical and changing
in time, the model is taken as an approximation. It is assumed that the average path
of the dissolved deuterium atoms to the surface of the droplet equals the case of a
perfect sphere, since droplets have an ellipsoid shape oscillating between obleate and
prolate. Under this assumption, the only effect of the oscillations in the model is an
increased mobility (larger D ) due to the mass movement of the Pb-Li. In any case,
the spherical shape maximises the path of a deuterium atom to the closest point of
the droplet surface. This means that if the model approximation may deviate from
reality, it would never overestimate the efficiency (in a bulk-controlled mechanism).

(c) Based on the results from previous work on the VST technique (which
reported an enhanced mass transfer coefficient inside the droplets [37]), a bulk-
controlled extraction mechanism is assumed in the approach of this study. I.e. the
migration of deuterium atoms towards the droplet surface by means of diffusion
has been assumed the slowest process. This assumption is also supported by the
endothermic solubility of hydrogen isotopes in Pb-Li (see Figure 2.3). When the sol-
ubility of a diatomic gas in a metal has a positive enthalpy, the dissociation process at
the surface of the metal is endothermic. Correspondingly, the recombination process
during outgassing is exothermic, which means that it happens rapidly. Therefore, in
general terms, the extraction of hydrogen dissolved in Pb-Li should be naturally a
bulk-controlled process. However, since the obtained extraction efficiency is one or-
der of magnitude lower than expected, the possibility of a surface-limited extraction
process under the tested conditions must be considered.

Specific research of surface- vs bulk-controlled processes is found in the field of
membrane technology, including metal–vacuum systems with diatomic gases [43,
111–115]. However, in liquid metal–vacuum systems, and more specifically Pb-Li,
the research is scarce. Therefore, calculations to evaluate which is the limiting
process in the present work is not possible without a big degree of uncertainty.

Shipilevsky and Glebovsky [43] showed theoretically that at low concentrations
(under a critical number of dissolved monolayers), even in systems with endothermic
solubility, kinetics can be limited by recombination. In the case of droplets falling
in vacuum, the deuterium atoms dissolved migrate radially outwards. Then, there
are two extreme options: (i) the recombination rate is very slow (thus, the process is
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surface-controlled) and (ii) recombination and desorption happens very fast (then,
the concentration gradient inside the bulk decreases towards the surface). In option
(ii), the extraction process, which starts as bulk-controlled, can lead to a point
in which it turns into surface-controlled. Supporting the explanation of a surface-
controlled extraction, Kinjo et al. [116] performed experiments of hydrogen recovery
from liquid Pb-Li with Ar/H2 bubbling (GLC technique). They reported that at
low concentrations the hydrogen transfer from the liquid to the gas phase is not in
the diffusion-limiting regime.

In conclusion, two hypotheses are proposed to explain the obtained results: either
the diffusivity is much lower than expected (explained by a different composition of
the liquid metal) or the extraction process is surface-controlled at the experimental
conditions, i.e. concentration of deuterium dissolved and temperature.

As mentioned before, the obtained extraction efficiency is much lower than
the one expected from the most recent results on VST, published by Okino et
al. in 2013 [37], wherein they reported an enhanced mass transport coefficient,
3.4×10−7 m2 s−1 (two orders of magnitude larger than the diffusivity reported by
Reiter, 1.23×10−9 m2 s−1 [55]). This enhanced mass transport has increased the
expectations of the VST technique, which has been foreseen to reach theoretical
extraction efficiencies of 99% for a falling height of 5m, as shown in Table 2.1.

However, the efficiency obtained in the present work is in agreement with previ-
ous experiments reported by Okino et al. in 2012 [36]. They performed experiments
of deuterium extraction from Pb-Li with one nozzle of 1 mm diameter under similar
conditions of dissolving pressure (102 − 103 mbar) and temperature (400− 500 ◦C).
The reported extraction was one order of magnitude lower than the expected one
with the diffusivity reported by Reiter in [55]. Similarly, in the present work, the
extraction efficiency of run#13 is 0.4 %, while the expected efficiency with the diffu-
sivity reported by Reiter is ≈ 6.5% (see Table 2.1). It remains unclear why a greater
mass transfer was obtained in [37], where similar experimental conditions were used.

6.3.2 Application of VST to fusion

A sensitivity study based on the obtained experimental results has been con-
ducted to evaluate whether physical parameters compensate for such a small diffu-
sivity. For this study, a diffusion-limited extraction process with D =5×10−12 m2 s−1

(as the above-mentioned option a) is considered. The parameters evaluated are (i)
the VST chamber height, (ii) the nozzle diameter and (iii) the Pb-Li speed at the
nozzle, which can be adjusted by varying the number of nozzles considering a fixed
operation Pb-Li flow of the breeding blanket.
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Figure 6.10 shows the extraction efficiency calculated with equation (2.3), as a
function of the falling height, hfall, for different droplet diameters, dd.

ηtheo = 1− 6

π2

∞∑
n=1

1

n2
exp

(
−4D n2 π2 tfall

d2d

)
(2.3*)

Note that the falling time, tfall, depends on hfall and the speed of the Pb-Li at
the exit of the nozzles, vn. To simplify the study, the calculations are done for
a reference value of vn = 4ms−1 (solid lines in the figure) and the scenario with
highest efficiency is reproduced decreasing vn by one order of magnitude (shown as
dashed line). The biggest droplet diameter considered (1.2mm) is similar to dd in
the present experimental work. It is observed that even decreasing dd by one order
of magnitude (dd = 0.1mm), the theoretical extraction efficiency does not exceed
20% for falling heights lower than 20 m.

Additionally, Table 6.5 provides more information of the dimensions required for
the scenarios depicted in Figure 6.10. The nozzle diameter, dn, is calculated with
equation (2.1), dd ≃ 1.89 dn. The total number of nozzles, N , is determined with
the Pb-Li flow reported for the breeding blanket WCLL, 956 kg s−1 [18] at 400 ◦C
(with Q = NAnvn). The dimensioning of the diameter of the nozzle tray, dtray,
assumes one single circular tray with hexagonal configuration of nozzles 2, as used

Figure 6.10: Extraction efficiency calculated with equation (2.3) and D = 5×
10−12 m2 s−1 as a function of the falling height (hfall) and droplet diameter (dd). Solid

lines represent cases calculated with speed at the exit of the nozzle vn = 4m s−1 and

dashed line, vn = 0.4m s−1.

2For the dimensioning of the tray, the number of hexagons, Nhex, is calculated with the number
of nozzles, N , as follows: N = 3N2

hex + 3Nhex + 1.
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Table 6.5: Droplet diameter (dd), nozzle diameter (dn), speed at the nozzle (vn), total

number of nozzles (N) and diameter of the nozzle tray (dtray), corresponding to the five

cases depicted in Figure 6.10, calculated for a Pb-Li flow of 956 kg s−1 (WCLL [18]).

dd (mm) dn (mm) vn (m s−1) N (nozzles) dtray (m)

1.2 0.6 4 77,663 3.2
0.5 0.3 4 447,337 7.7
0.2 0.1 4 2,795,857 19.3
0.1 0.05 4 11,183,427 38.6
0.1 0.05 0.4 111,834,272 122.1

in reference [39], with a distance between nozzles of 10mm. The last two rows
presented in Table 6.5 (with dd=0.1mm) correspond to the two highest extraction
efficiencies depicted in Figure 6.10. They show that, in addition to hfall ≈ 20m,
0.05mm-diameter nozzles and a sieve tray diameter of 38.6 – 122.1m are needed to
achieve extraction efficiency values close to 20%. Given this low value, various stages
need to be considered to achieve the requirements of DEMO (≥ 80% [12, 25]). In
the case of dd =0.1mm, vn =4ms−1, hfall =20m and dtray =38.6m, the theoretical
efficiency of one stage is about ηtheo=18.5% (see darkest solid curve in Figure 6.10).
In this case, eight stages are required to reach a net extraction efficiency of 80.5%
and match the requirements of DEMO.

As mentioned before, this scaling-up study is based on the assumption that the
extraction process of the present experimental results is diffusion-limited (the above-
mentioned option a). If, on the contrary, the extraction process is surface-limited
(option c), more investigation is needed to understand under which conditions (i.e.
concentration of deuterium, temperature of the Pb-Li, size of the droplets, pressure
at the vacuum phase) the extraction process changes to a bulk-controlled regime.
Because, only in this regime the advantage of a possible mass transfer enhancement
due to Pb-Li movement can be profited and the VST extraction technique could be
promising for DEMO.
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Chapter 7

Conclusions and perspectives

The European Demonstration power plant (DEMO) needs a Tritium Extraction
and Removal System (TERS) with high extraction efficiency (≥80%) to recover the
tritium produced in the Breeding Blanket (BB) in order to limit the tritium losses to
the structure and to maximise the availability of the tritium produced. However, to
the best knowledge of the author, there are very few works in the European fusion
community that have experimentally studied the extraction of hydrogen isotopes
from Pb-Li. One of the main reasons is the complications that are intrinsic to an
experimental setup operating with liquid Pb-Li (in addition to hydrogen isotopes).
I.e. the compatibility of materials due to the corrosive properties of the liquid metal
and the high temperatures required, which also increase the permeation of hydro-
gen through the metal structural materials. Furthermore, the solubility of hydrogen
isotopes in Pb-Li is practically unknown, since literature shows two orders of mag-
nitude of scattered values, which adds considerable uncertainties in the design of
the experimental setups and analysis of the results. This whole picture complicates
substantially the quantification of hydrogen dissolved in the liquid metal, which is
needed for the experimental research of the TERS technologies. Previous results on
Vacuum Sieve Tray (VST) showed an enhanced mobility of deuterium leaving the
Pb-Li droplets, which was attributed to the oscillation of their shape [37, 38]. Ac-
cording to these data, extraction efficiencies above 80% are expected with a compact
setup [39], making the VST technique a promising candidate for DEMO.

During the present work, an experimental VST facility operated with deuterium
is assembled and qualified. This setup consists of two main chambers: an upper
chamber, where the dissolution of D2 is established (at 500 to 1000mbar), and a
lower chamber to extract D2 from the falling droplets under vacuum (≤ 0.15mbar).
The functionality of the setup to perform experiments of dissolution and extraction
is demonstrated.

A code to simulate the fluid dynamics of a VST extraction experiment (e.g. evo-
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lution of Pb-Li volume in both chambers, falling time of the droplets) is developed in
MATLAB. The code is validated using image analysis of the falling droplets recorded
with a high-speed camera. Experimental data (from Pb-Li level thermocouples and
the total duration of the Pb-Li falling) are used to fit each run with the simulations
and, with this, to obtain an accurate accountancy of the Pb-Li volume in the upper
and lower chambers.

The existence of a liquid jet at the outlet of the nozzle is observed with a high-
speed camera, which confirms that the droplet formation occurs in the Plateau-
Rayleigh instability regime. In addition, shape oscillations of the droplets, at ≈
170Hz, are observed as predicted by the Plateau-Rayleigh theory. Image analysis
of the droplets with ImageJ is used to measure the diameter of the droplets and
their falling speed. The average diameter of the droplets is 6% larger than the one
predicted by the Plateau-Rayleigh theory, which is explained by the coalescence of
some droplets along their falling path. The measured speed is in agreement with
the simulations.

For the dissolution of deuterium into the Pb-Li in the upper chamber, a static
method is pursued relying on the Sieverts’ law. The amount of deuterium dissolved
is determined with a mass balance evaluated at the time at which steady state for
dissolution into the Pb-Li is achieved (≈ 22 h). The measured amount of deuterium
dissolved into the Pb-Li is (8.9 ± 1.5)×10−4 and (4.4 ± 1.4)×10−4 mol of D2 for
dissolving pressures of 1000 and 500mbar, respectively. The average concentration
of atomic deuterium dissolved in the Pb-Li, at the same dissolving pressures, is
(1.5±0.3)×10−3 and (7±2)×10−4 molD l−1. These results are coherent with Sieverts’
law and are in the same range as the solubility values given by Edao et al. and Chan
et al. [56, 75]. The obtained values of solubility are determined taking into account
deuterium permeation through the walls of the chamber (often not considered in the
literature) and for a known composition of Pb-Li (15.2± 0.2 at.%Li).

The extraction experiments are performed with one nozzle of 0.6mm diameter
and a falling height of ≈ 0.5m. The total amount of D2 extracted is lower than
8×10−6 mol for each of all six experiments. The obtained extraction efficiency is
≤ 1.2%, which is around one order of magnitude lower than the expected efficiency
relying on diffusion of deuterium towards the surface of the droplets (i.e. without
enhanced mobility due to oscillation of the droplets).

Using the diffusion-limited model, such low extraction efficiencies suggest that
the mass transfer coefficient responsible for the mobility of deuterium towards the
droplet surface is only about 5×10−12 m2 s−1. In this case, the diffusion coefficient
must be more than three orders of magnitude smaller than the values reported by
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Reiter and Edao et al. [55, 56].
Another explanation for the low extraction efficiency is that the limiting process

of the extraction is not the migration of atoms towards the surface of the droplets,
but their recombination at the interface. Theoretical and experimental works have
demonstrated that at low concentrations, it is possible that the outgassing of hy-
drogen from the liquid Pb-Li can be surface-limited [43, 116].

A sensitivity analysis of the VST dimensioning parameters is conducted based
on the obtained extraction results and assuming a diffusion-limited model. It shows
that, for the Pb-Li flow of the breeding blanket WCLL (956 kg s−1 [13]), eight stages
with VST towers of 20m height and 38.6m diameter (with 107 nozzles of 0.05 mm
diameter) are needed to reach an extraction efficiency exceeding 80%.

Further research is required on the interaction of hydrogen isotopes with Pb-Li.
This includes the dependency of solubility and diffusivity on the composition of the
alloy, i.e. atomic fraction of lithium and presence of impurities. If the properties of
eutectic Pb-Li are highly sensitive to its composition (which could be one explanation
for the huge scattering in solubility values), it could be possible that the obtained
extraction results (limited by a low mass-transfer coefficient, ≈5×10−12 m2 s−1) may
be improved by e.g. varying the fraction of Li. This research is essential, not only in
regard to VST as tritium extraction technique, but also in the prospect of eutectic
Pb-Li as tritium breeder for DEMO. If the presence of impurities, or small changes
in the ratio of lithium, produce drastic variations in the properties of the liquid
metal, it may be challenging to control its chemistry with the Pb-Li purification
system planned for EU-DEMO [13].

Moreover, further investigation is needed into the outgassing process of hydrogen
from Pb-Li at the low concentrations expected in the breeder ≈2×10−5 molT l−1 [16]
and the conditions under which the extraction process is limited by diffusion or
recombination. This is crucial for the development of TERS techniques relying on
mass transport through an interface, such as VST (liquid–vacuum), GLC (liquid–gas
and recovery from the carrier gas) or PAV (liquid–solid–vacuum).
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Appendix A

Plateau-Rayleigh Instability

A.1 Introduction

When a liquid falls through a thin circular nozzle, a liquid jet is formed. The
inertia of the liquid tends to keep the column compact (in form of a cylinder),
while the acceleration due to gravity slightly elongates the stream (shrinking the
column). Small intrinsic perturbations (that can be represented by sinusoidal com-
ponents) are always present. Some of them will naturally decrease and disappear,
while others will grow. Additionally, the surface tension in a liquid is generated
by inter-molecular cohesive forces. The molecules close to the interface experience
an unbalanced cohesive force towards the interior of the liquid, which makes the
interface to contract energetically favourable.

The increasing perturbations under the presence of the surface tension generate
the Plateau-Rayleigh instability. A critical point is reached when the amplitude of
the perturbation equals the radius of the stream and the liquid column breaks into
droplets (achieving a lower energy state).

A.2 Mathematical description of Plateau-Rayleigh

Instability. Derivation of the droplet diameter

Given a falling liquid column of radius R0, density ρ, surface tension σ, the pres-
sure jump, ∆p, across its surface is described by the Young-Laplace equation (A.1).
This jump is proportional to the surface tension and the curvature of the surface (n
is the inward-directed surface unity vector).

∆p = σ ∇ · n. (A.1)

Assuming zero external pressures, the pressure inside the column, p0, is given
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by:
p0 =

σ

R0

. (A.2)

The Navier-Stokes equation, neglecting the gravitational force and any other
external forces, has the general form:

∂u

∂t
+ (u · ∇)u = −1

ρ
∇p+ ν · ∇2u, (A.3)

where u is the velocity of the fluid and ν is its kinematic viscosity; and the continuity
equation (mass conservation) follows:

∇ · u = 0. (A.4)

We can consider a perturbation on the surface of the stream with the form:

R̃ = R0 + ϵ eωt+ikz, (A.5)

where the amplitude of the perturbation ϵ ≪ R0, ω is the growth rate, and k is the
wave number in the z-direction (vertical). The wavelength is λ = 2π/k. Being ũr

and ũz the radial and axial components of the perturbation velocity, and p̃ the per-
turbation pressure; when substituting them into the Navier-Stokes equation (A.3),
the terms corresponding to (i.e. that are in the order of) the perturbation yield:

∂ũr

∂t
= −1

ρ

∂p̃

∂r
, (A.6)

∂ũz

∂t
= −1

ρ

∂p̃

∂z
. (A.7)

And substituting in (A.4), the continuity equation takes the form:

∂ũr

∂r
+

ũr

r
+

∂ũz

∂z
= 0. (A.8)

The perturbation terms of the form shown in equations (A.9) can be substituted
in equations (A.6), (A.7) and (A.8) and result in the momentum equations (A.10)
and (A.11) and the continuity equation (A.12).

ũr = R(r) eωt+ikz, ũz = Z(r) eωt+ikz, p̃ = P (r) eωt+ikz, (A.9)

ωR = −1

ρ

dP

dr
, (A.10)

ωZ = −ik

ρ
P, (A.11)

dR

dr
+

R

r
+ ikZ = 0. (A.12)
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From equations (A.10), (A.11) and (A.12), we can obtain the differential equation
for R(r):

r2
d2R

dr2
+ r

dR

dr
−
(
1 + (kr)2

)
R = 0. (A.13)

This is a modified Bessel equation of order 1, whose general solution can be
expressed in terms of the so-called modified Bessel functions:

R(r) = CI1(kr) + C ′K1(kr), (A.14)

where I1(kr) and K1(kr) are modified Bessel functions of the first and second kind,
respectively, and C and C ′ are arbitrary constants. The function of second kind
K1(kr) → ∞ when r → 0; thus, the general solution can be expressed as:

R(r) = CI1(kr). (A.15)

From equations (A.10) and (A.15) we can obtain the pressure P (r) by using the
Bessel function identity I ′0(ξ) = I1(ξ):

P (r) = −ωρC

k
I0(kr). (A.16)

In order to continuing solving the problem, two boundary conditions are applied:
(i) equation (A.17) shows the kinematic condition at the surface and (ii) (A.18) sets
the normal stress balance on the surface.

∂R̃

∂t
= ũ · n ≃ ũr, (A.17)

p0 + p̃ = σ ∇ · n. (A.18)

From equations (A.15) and (A.17), we obtain:

C =
ϵω

I1(kR0)
. (A.19)

If the curvature in (A.18) is expressed as ∇ · n = (1/R1 + 1/R2), where R1 and
R2 are the principal radii of the curvature of the stream surface derived from (A.5):

1

R1

=
1

R0 + ϵ eωt+ikz
≃ 1

R0

− ϵ

R2
0

eωt+ikz,
1

R2

= ϵk2 eωt+ikz, (A.20)

their substitution in (A.18) yields:

p0 + p̃ =
σ

R0

− ϵσ

R2
0

(1− k2R2
0) e

ωt+ikz. (A.21)

Then, substituting p0 from (A.2) into (A.21), the perturbation in pressure is
described by:

p̃ = − ϵσ

R2
0

(1− k2R2
0) e

ωt+ikz. (A.22)
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Now, from (A.16), (A.19) and (A.22), the dispersion relation is obtained:

ω2 =
σ

ρR3
0

kR0
I1(kR0)

I0(kR0)
(1− k2R2

0). (A.23)

The maximization of equation (A.23) yields:

kR0(ωmax) ≃ 0.697. (A.24)

Therefore, the fastest grow rate occurs for the following wavelength of the per-
turbation:

λmax ≃ 9.02R0, (A.25)

and the liquid jet is estimated to break up at the following characteristic time:

tbreakup ≃ 2.91

√
ρR3

0

σ
. (A.26)

In order to predict the characteristic diameter of the forming droplets, the volume
of one wavelength of the stream (πR2

0λmax) is equalled to the volume of one spherical
droplet (4/3πR3

d). With this, the equivalent diameter of the droplet formed from
the instability, dd, is obtained as a function of the diameter of the nozzle, d0.

dd ≃ 1.89d0. (A.27)

A.3 Droplet oscillation

The falling droplets are not perfect spheres. Instead, their shape oscillates from
oblate to prolate form. The frequency of oscillation of a liquid droplet (dispersed
medium) falling in another medium (continuum) is described by [42]:

f =
1

π

√
2σ

d3d

n(n+ 1)(n− 1)(n+ 2)

(n+ 1)ρd + nρc
, (A.28)

where σ is the surface tension, ρd and ρc are the densities of the dispersed phase
and continuum, respectively. The fundamental or first mode of oscillation, n = 2,
is the only one observed experimentally. Therefore, the frequency of oscillations of
a liquid droplet of volume Vd falling in vacuum (ρc → 0) is:

f =

√
8

3

σ

πρdVd
. (A.29)

References: [40–42, 117–119].
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Appendix B

Models of extraction from falling droplets

B.1 Introduction

The mass extraction from droplets in liquid-liquid systems has been extensively
investigated, which can be divided into three categories: (i) droplet without internal
circulation treated as rigid spheres, (ii) droplets with internal laminar circulation,
and (iii) fully oscillating droplets. Oscillating drops show a far greater rate of transfer
than any other type [48].

In the absence of investigation performed for liquid droplets falling in vacuum,
the models developed for a liquid continuum are reviewed in the following sections.
The extrapolation to vacuum can be estimated by assuming zero resistance or zero
density in the continuous phase. However, the shape of an oscillating droplet in
a medium with resistance is different from its behaviour in vacuum. Therefore, it
has to be noted that the extraction in vacuum cannot be not perfectly extrapolated
from these models.

B.2 Stagnant droplets. Diffusion in a sphere

Droplets without internal circulation can be represented as rigid spheres. Then,
the extraction rate can be derived from mathematics of diffusion in a perfect sphere
[45]. The radial diffusion of a substance, in spherical coordinates, is described by
equation (B.1), where C is the concentration of the substance, D the diffusion
coefficient, t the given time and r the radial position:

∂C

∂t
= D

(
∂2C

∂r2
+

2

r

∂C

∂r

)
. (B.1)

The solution of equation (B.1) can be simplified by substituting u = Cr:

∂u

∂t
= D

(
∂2u

∂r2

)
. (B.2)
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Given a sphere of radius a, with an initial distribution C(r, t = 0) = f(r) and a
constant concentration C(r = a, t) = Ca at the surface, the non-steady case can be
evaluated as follows:

r = 0, t > 0, u = 0.

r = a, t > 0, u = aCa.

0 < r < a, t = 0, u = rf(r).

If the sphere is initially at a uniform concentration C(r, t = 0) = C0 and the sur-
face concentration is maintained constant at Ca, the solution (at time = t) becomes:

C(r, t)− C0

Ca − C0

= 1 +
2a

πr

∞∑
n=1

(−1)n

n
sin
(nπr

a

)
exp

(
−D n2 π2 t

a2

)
. (B.3)

Integrating over r, the total amount of diffusing substance leaving (or entering)
the sphere is given by equation (B.4), in which mt and m∞ are the total mass of
substance that have left (or entered) the sphere at time t and ∞, respectively:

mt

m∞
= 1− 6

π2

∞∑
n=1

1

n2
exp

(
−D n2 π2 t

a2

)
. (B.4)

B.3 Droplet with internal laminar circulation

In liquid-liquid systems, the extraction from droplets with internal circulation
currents (caused by the viscous forces between the two fluids) has been found greater
than in stagnant droplets. The rate of extraction, derived from convection (assuming
laminar circulation) and diffusion, follows [46]:

mt

m∞
= 1− 3

8

∞∑
n=1

A2
n exp

(
−λn

16D t

a2

)
, (B.5)

where the first approximate eigenvalues and coefficients are λ1 ≃ 1.678, λ2 ≃ 9.83,
A1 ≃ 1.32, A2 ≃ 0.73 [46].

However, the assumption of laminar circulation is only valid for small Reynolds
numbers. In many cases this means that the size of the droplet has to be remarkably
reduced. In reality, it is much more common to have turbulent regimes inside the
droplets. And in those cases, this model cannot be applied. Note that in the present
work: ρ ≈ 9720 kgm−3, v ≈ 4ms−1, d ≈ 1.2 × 10−3 m, µ ≈ 1.5 × 10−3 kgm−1 s−1.
Thus, Re = ρvd/µ ≈ 31100 (turbulent regime).
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B.4 Oscillating droplets

In order to account for the oscillations of the droplets and internal turbulent
circulation patterns, a first approach was proposed by Handlos and Baron [47].
This model includes tangential motion due to internal circulation and random radial
motion due to eddy diffusivities in liquid droplets falling in a liquid medium:

mt

m∞
= 1− 2

∞∑
n=1

A2
n exp

− λn v t

128
(
1 + µD

µC

)
d

 , (B.6)

where v is the speed of the droplet, t is the falling time, d is the diameter of the
droplet, µC and µD are the continuous and disperse phase dynamic viscosity, and
An and λn are the coefficients and eigenvalues of the series. This model can clearly
not be extrapolated to vacuum, in which µC → 0.

Rose and Kintner [48] observed that the droplets do not oscillate fully from
obleate to prolate shape (likely due to the resistance of the continuum). Therefore,
they developed another model with oscillations from spherical to obleate ellipse,
and assuming all the resistance to transfer (in both media) in a thin zone near the
surface. The model is described by:

mt

m∞
= 1− exp

[
−2πDE

V

∫ tf

t0

1

f1(t)

((
3V

4π(a0 + ap | sinω′t |)2

)2

1

2α
ln

1 + α

1− α
+ (a0 + ap | sinω′t |)2

)
dt

]
,

(B.7)

with:

α2 =
(a0 + ap | sinω′t |)2 −

(
3V

4π(a0+ap|sinω′t|)2

)
(a0 + ap | sinω′t |)2

, (B.8)

where V is the volume of the droplet, a0 is the initial radius, ap is the amplitude,
ω′ = 0.5ω, with ω being the frequency of oscillation, and the effective diffusivity
DE = (fraction of resistance in dispersed phase) ·DD + (fraction of resistance in
continuous phase) ·DC . This model (B.7) seems to adjust better to experimental
results than the previously proposed (B.6). However, the complexity of the integral,
with the undefined f1(t) makes its application more inaccessible.

Angelo et al. [49] proposed another approach for oscillating droplets based on
the surface-time relation:

S(τ) = S0(1 + ϵ sin2 τ), (B.9)

where S is the area of the time-dependent surface, S0 is the characteristic reference
area for constant surface, ϵ is a dimensionless amplitude factor, and τ = t/t0 is
a dimensionless time variable, with t0 being a characteristic constant time of the
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system. For one cycle of oscillation, τ = π, the predicted mass transfer coefficient
follows:

KD =

√
4DAD ω (1 + ϵ0)

π

 1

1 +m
√

DAD

DAC

 , (B.10)

where the subscripts A, D, C and 0 refer to solute, disperse phase, continuous phase
and interface, respectively, so that DAD is the diffusivity of the solute inside the
droplet, ω is the frequency of oscillation, ϵ0 = ϵ+3/8ϵ2, and m = (ρA0−ρ∗A)D/(ρA0−
ρ∗A∞)C . For liquid droplets falling in vacuum, DAC → ∞, then:

KD =

√
4DAD ω (1 + ϵ0)

π
. (B.11)

B.5 Discussion

Several authors have performed experiments with liquid-liquid systems in order
to verify the existent theoretical models [44, 50–54]. The internal circulation in the
droplets has been observed with trace impurities but it has not been fully under-
stood. It has been observed that every system that exhibits oscillations shows de-
formed or completely damped circulation. It has also been found that the oscillations
are maintained by the vortex discharge behind the moving droplets. Additionally,
the oscillations are not from full prolate to full obleate ellipsoids.

These conclusions have been made for liquid-liquid systems and are most likely
related to the resistance of the continuous phase. In the case of droplets falling
in vacuum, the continuous phase would not impose resistance (no friction forces).
Therefore, the behaviour may be different and the described models do not perfectly
apply. Due to the lack of investigation in liquid-vacuum systems, and for simplicity,
a first approach to evaluate the efficiency is to use the model of the perfect rigid
sphere. Based on that model, the mass transfer can be assessed and compared
to known values of diffusivity, in order to quantify enhancement due to droplet
oscillations and internal circulation of the liquid.
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Appendix C

Rarefied gas

C.1 Characterization of a gas regime

The mean free path of the gas molecules in a gas is generally defined as:

l̄ =
kBT√
2πpd2M

, (C.1)

where kB is the Boltzmann constant, T is the temperature of the gas, p is its pressure,
and dM is the molecular diameter.

In the categorization of a rarefied gas is, however, the concept of equivalent free
path used [107]:

ℓ =
µcp

p
, (C.2)

where µ is the viscosity and cp is the most probable speed of the particles. The
viscosity is given by:

µ =
1

2
ρc̄l̄ =

4pl̄

πc̄
, (C.3)

with c̄ being the average speed of the molecules:

c̄ =

√
8kBT

πmM
=

√
8p

πρ
, (C.4)

where mM is the mass of one molecule. The most probable speed is given by:

cp =

√
2kBT

mM
=

√
2p

ρ
. (C.5)

With the definitions given above [107], substituting into equation (C.2), the
relation between ℓ and l̄ is:

ℓ =
2l̄√
π
. (C.6)

The flow regime is normally characterized by the Knudsen number, which is
defined as:

Kn =
ℓ

a
, (C.7)

123



where a is the characteristic dimension of a system (e.g. in the case of a pipe, a

would be its radius). Kn<0.01 corresponds to viscous regime, 0.5> Kn>0.01 to
transition regime (or Knudsen regime), and Kn>0.5 to molecular regime [107].

Additionally, the rarefaction parameter is defined as:

δ =
ap

µcp
=

a

ℓ
. (C.8)

Therefore, the above classification can also be done in terms of the rarefaction
parameter: δ≫1 denotes a viscous regime, while δ≪1 corresponds to a molecular
regime (as inversely proportional to Kn).

C.2 Capillary connecting two vessels

In the example case of a capillary connecting two vessels (1 and 2) under vacuum
at different temperatures, two opposing effects occur: molecules move from one
vessel to the other (cold to hot) due to the so-called thermal creep. As a consequence,
a pressure gradient occurs, resulting in a counter flow. This phenomenon is called
thermomolecular pressure effect. When the temperature difference is small, the
relation between the pressure in both vessels can be described by the general case:

p2
p1

=

(
T2

T1

)γ

, (C.9)

where the coefficient γ has the general form:

γ =
QT

QP

, (C.10)

with QT and QP being coefficients related to the two counter flows in the capillary,
due to thermal creep and pressure gradient, respectively:

Q = −QPv +QT τ, with v =
a

p

dp

dx
, τ =

a

T

dT

dx
. (C.11)

In equation (C.11), Q is the reduced flow rate along the capillary and x is the
longitudinal coordinate. Both coefficients, QT and QP , are dependent on the local
Knudsen number (or rarefaction parameter) and for small temperature and pressure
differences are constant along the capillary.

In the case of a large temperature ratio between the two vessels (T2/T1) and
large temperature gradient in the capillary, the thermomolecular pressure effect is
not linear (neither are QT and QP ). The coefficient γ can then be obtained from a
linear theory approximation using an average rarefaction parameter calculated with:

δavg = δ1
pavg

p1

T1

Tavg
= δ1

1 + (T2/T1)
γ

1 + (T2/T1)
. (C.12)
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Then,

γavg =
QT (δavg)

QP (δavg)
, (C.13)

This approximation is only valid for small values of δ1 (molecular regime), since
for large values of δ1 the deviation between the real value and the linear approxima-
tion increases considerably.

The calculation of the coefficients QP and QT can be performed as explained in
reference [109].

References: [107, 109, 110].
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Appendix D

Experimental facility

D.1 Summary of main characteristics

The aim of this section is to summarize the main characteristics of the elements
conforming the experimental facility. For reference, see the P&I diagram in Fig-
ure D.1.

D.1.1 Subassemblies and volumes

Table D.1 shows a summary of the main subassemblies and their volumes. The
column ‘delimitations’ shows the valves defining the closed volume (see Figure D.1).

Several volumes have been determined with the high-accuracy setup described
in [81] before the final assembly. Others have been determined with the facility
already assembled by gas expansion from other subassemblies with previously known
volumes.

Table D.1: Volumes of the subassemblies. Their delimitations are given by the valves

that close the volume (see Figure D.1). The method used for the determination: (1)

with specific facility shown in [81], (2) through gas expansion from another subassembly

already measured with [81].

Subassembly Volume (ml) Delimitations Method

Collecting tank 151.8± 0.5 HV430, HV440 (1)
Inlet line Ar 84± 1 HV201,HV042,HV043, HV050 (2)
Inlet line D2 64± 1 HV041,HV042,HV480, HV060,HV050 (2)
Lower Chamber (LC) 27 301± 142 AV114,HV230, HV340,HV204,HV201 (1)
Transfer line 120.9± 0.4 HV104, HV204 (1)
Upper Chamber (UC) 4 879± 20 HV050, SV110,HV120, AV114,HV104 (1)
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D.1.2 Pressure sensors

The pressure sensors installed at the facility are the model PTA227 from the
company EFE. They have been selected because of its resistance to high temperature
(although limited to 125 ◦C) and tritium compatibility (in views of testing them for
a future tritium facility). Tables D.2 and D.3 show the pressure sensors installed in
the facility and their main characteristics.

Table D.2: Pressure sensors installed at the facility, their full scale (F.S.) and the

non-linearity and hysteresis combined (δpn-l&h) from calibration by manufacturer.

Sensor Location F.S. (mbar) δpn-l&h (mbar)

RP001 Inlet line 3000 ±0.90

RP002 Collecting line 3000 ±0.45

RP004 Pumping train 3000 ±0.69

RP010 Upper chamber 3000 ±0.48

RP041 Lower chamber 3000 ±0.90

RP050 Collecting tank 1000 ±0.75

Table D.3: Characteristics common to all pressure sensors shown in Table D.2.

Parameter Value

Model: PTA227, EFE
Non-repeatability: ±0.02%F.S.
Thermal zero and sensitivity shifts: ±0.02%F.S./◦C
Max. operating temperature: 125 ◦C

D.1.3 Vacuum sensors

There are four vacuum sensors installed at the facility, as given in Table D.4.
Sensors RP003 and RP051 are of the model PKR251 from the company Pfeiffer.
They have mainly a safety function and are used more in a qualitative manner in
the operation of the facility, since they have a large measuring range but also large
uncertainty. The vacuum sensors installed in the lower chamber, however, are used
in the analysis of the experimental results. Their main characteristics are given in
Table 3.4.
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Table D.4: Vacuum sensors installed at the facility.

Sensor Location Range (mbar)

RP003 Pumping train 5×10−9 − 1000

RP040 Lower chamber 1.3×10−11−1.3×10−2

RP042 Lower chamber 1.3×10−3 − 13.3

RP051 QMS ionization chamber 5×10−9 − 1000

D.1.4 Temperature sensors

The thermocouples installed in the facility are of Ni-Cr K-type. Their uncertainty
is 2.2 ◦C or 0.75% (in ◦C), whichever is greater, of type offset. Their functionality
is divided into three categories:

(i) Thermocouples with control and safety functions. Each heater has one control
thermocouple that regulates the functioning with a given set point, and a
safety thermocouple which shuts down the heater if a certain temperature is
exceeded.

(ii) Temperature measurement of the gas, Pb-Li or metal surface.

(iii) Measurement of the Pb-Li level. These thermocouples are located at a certain
position and show that the Pb-Li reaches (leaves) that level with a sudden
increase (decrease) of the temperature.

The same thermocouple can also have several functions, for example the level
thermocouples in the upper chamber are used to measure not only the level of Pb-
Li, but also its temperature or the temperature of the gas when there is no Pb-Li.
Table D.5 shows a list of the thermocouples of the categories (ii) and (iii).

D.1.5 Mass flow controllers

There are three Mass Flow Controllers (MFCs), model GF80 from the company
Brooks Instruments, located at the gas feeding lines. Table D.6 shows their main
characteristics. The occasional input of helium and nitrogen is done through the
argon inlet line, so there is no dedicated MFC calibrated for these gases.

D.1.6 Quadrupole Mass Spectrometer

The facility has a quadrupole mass spectrometer (QMS) installed, used to analyse
the composition of the gas after the vacuum tests. This permits to determine if there
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Table D.5: List of temperature sensors with their location and function: measurement

of gas temperature (Tg), metal-surface temperature (Ts), Pb-Li temperature (TPbLi) or

Pb-Li level (hPbLi).

Sensor Location Measurement

RT010 Upper chamber Tg

RT011, RT012, RT013 Upper chamber hPbLi, Tg, TPbLi

RT014 Upper chamber (RP010) Tg

RT132 Upper chamber (outer surface) Ts

RT040, RT041 Lower chamber (nozzle) Ts

RT043 Lower chamber Tg

RT044–047, RT050–053 Lower chamber hPbLi, Tg, TPbLi

RT042 Lower chamber (RP041) Tg

RT133–137 Transfer line (outer surface) Ts

RT002 Collecting pipe Tg

RT054 Collecting tank Tg

Table D.6: Main characteristics of the mass flow controllers. F.S.: full scale, S.P.: set

point.

Parameter RF001 RF002 RF003

Fluid: Ar H2 D2

Maximum flow rate (l min−1): 5.0 2.0 2.0
Minimum flow rate (lmin−1): 2% F.S.
Flow accuracy (l min−1): ±1%S.P. (35–100%), ±0.35%F.S. (2–35%)
Temperature range (◦C): 5–50 5–50 5–50
Response time (s): <1 <1 <1

Table D.7: Main characteristics of the QMS detector.

Parameter Value

Mass range (amu): 1–100
Lowest detectable partial pressure (hPa): 10−14

Maximum operating pressure (hPa): 1×10−4

Operating temperature of the analyser (◦C): 150
Operating temperature of the electronics (◦C): 0–40

131



is outgassing from previous experiments or if there is any leakage (air entering the
facility).

The detector model is PrismaPlus QMG 220M with C-SEM detector from the
company Pfeiffer. Its main characteristics are given in Table D.7.

D.1.7 Other equipment

In each of the three gas feeding lines there is an ultrahigh-purity gas filter. They
have a maximum flow rate of 30 lmin−1 and maximum working pressure of 30 bar.

A cold trap is installed at the inlet of the main pumping train to protect the
turbo-molecular pump from possible Pb-Li vapours. It consists of several layers
of metallic grid at room temperature (cold in comparison with the Pb-Li melting
point). Any possible Pb-Li vapour is able to condense at the grid before reaching
the pumping train.

The main pumping train consists of a turbo-molecular pump and a fore pump
(VA302 and KP301 respectively in the P&I diagram, Figure D.1). Table D.8 shows
their main characteristics.

Table D.8: Characteristics of the main pumping train.

Parameter Value

Turbo-molecular pump (model: HiPace 80, Pfeiffer)
Rotation speed (RPM): 90000
Pumping speed for He (l s−1): 58
Pumping speed for H2 (l s−1): 48
Maximum inlet pressure for N2 (mbar): 22
Fore pump (model: ACP 15, Pfeiffer)
Pumping speed (l s−1): 3.88
Maximum continuous inlet pressure (mbar): 1 013
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Appendix E

Pb-Li composition analysis

E.1 Information referring to the Pb-Li used in the

experimental campaign

The Pb-Li used in the experiments shown in this document was supplied by
the company CAMEX, spol. s r. o. 21.6 kg of the eutectic lead-lithium alloy with
15.7 at% of lithium, with a reported purity of 99.95%, were provided in the form of
ingots. From the obtained Pb-Li, 15.1 kg have been used for the experiments. Two
composition analyses have been performed at the Institute for Applied Materials
(IAM-AWP), Karlsruhe Institute of Technology (KIT):

(i) The first test was performed before the experimental campaign, with a sample
extracted from of the Pb-Li provided at the same time of the insertion of the alloy
into the facility.

(ii) After the experimental campaign, all the Pb-Li was solidified in the lower
chamber. The second composition test was performed during the decommissioning
of the facility, with two samples of the Pb-Li taken from the top surface and bottom
(transfer line under the lower chamber).

Figures E.1 and E.2 show the results of the two composition analyses. The values
shown for each sample are the average among three tests performed at different
positions of each sample. In all analyses, inhomogeneity in the lithium and impurities
content is reported.

The first analysis (in Figure E.1) shows a considerable reduction of the Li con-
tent (0.490wt.%) with respect to the ordered eutectic mixture (0.620wt.% Li). This
is attributed to the inhomogeneity of the mixture. In the analyses performed af-
ter the experimental campaign (shown in Figure E.2), the average lithium content
(≈ 0.592wt.% Li, average between 0.621 and 0.563wt.%) increases with respect to
the first analysis due to a better homogenization of the Pb-Li alloy during the ex-
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Figure E.1: Results of the composition analysis of the Pb-Li inserted in the facil-

ity (13/11/2019), performed at the Institute for Applied Materials (IAM-AWP) at the

Karlsruhe Institute of Technology (KIT). BG: detection limit (from German Bestim-

mungsgrenze), MW: average value (from German Mittelwert), SD: standard deviation,

±: uncertainty of the measurement.

perimental campaign. However, the lithium fraction is still lower than the eutectic
one. This is presumably because not all the Pb-Li batch (21.6 kg) has been used in
the experiments, but 15.1 kg. This in addition to the Li inhomogeneity inside the
alloy is assumed to be the reason for the low lithium content.

Furthermore, impurities (such as Fe, Ni, Cr, Cu) are found in the analyses after
the experimental campaign. These are due to the dissolution of structural elements
(from the stainless-steel structure and Cu gaskets) into the liquid Pb-Li. The impu-
rities have to be considered because their presence may influence the solubility and
mobility of deuterium inside the liquid metal, e.g. acting as a deuterium trap.
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Figure E.2: Results of the composition analysis of the Pb-Li after the experimental

campaign (19/08/2020), performed at the Institute for Applied Materials (IAM-AWP)

at the Karlsruhe Institute of Technology (KIT). The sample 1 (Probe 1) was extracted

from the surface of the Pb-Li and the sample 2 (Probe 2) was taken from the Pb-

Li inside the transfer line, at the bottom of the lower chamber. BG: detection limit

(from German Bestimmungsgrenze), MW: average value (from German Mittelwert), SD:

standard deviation, ±: uncertainty of the measurement.
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Appendix F

Pb-Li fluid-dynamics simulations

F.1 Calculation of pressure losses in upper chamber

F.1.1 The Bernoulli equation

The flow of Pb-Li exiting the nozzle is calculated by applying Bernoulli equation
in two points: (1) the surface of the Pb-Li in the upper chamber and (2) the exit of
the nozzle:

ρgh1 + p1 +
1

2
ρv21 = ρgh2 + p2 +

1

2
ρv22 + δp. (4.1*)

Bernoulli equation describes the energy conservation between two points in a
liquid using a simplified stream filament theory. It consists of the following terms
(here given in units of pressure):

• The dynamic pressure (1
2
ρv2): is the kinetic energy per unit volume of the

fluid. It accounts for the pressure difference due to different speeds between
the two points.

• The hydrostatic pressure (ρgh): is the pressure exerted in a point of the fluid
in equilibrium by the column of fluid above it due to gravity.

• The static pressure (p): is the pressure at the given point associated not with
its motion, but with its state. In this case, it equals the pressure of the second
medium at the given point (i.e. p1 =gas pressure in the upper chamber, p2 =gas
pressure in the lower chamber).

• The pressure losses (δp): This term accounts for the irreversible losses along
the way between the two points.

As explained in Section 4.1, the speed at the surface, v1, and the pressure in the
lower chamber, p2, can be neglected.
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F.1.2 Pressure losses

The pressure losses, δp, that occur to the Pb-Li along its way until exiting the
nozzle are: friction losses at the walls of the pipe (δpp), losses due to change in
section (chamber to pipe, δpc-p, and pipe to nozzle, δpp-n), and losses inside the
valve (δpv). They are depicted in Figure F.1.

δp = δpc-p + δpp + δpv + δpp-n. (4.4*)

Figure F.1: Scheme of pressure losses.

F.1.2.1 Pressure loss due to cross-sectional area changes

The losses due to a contraction of the cross section (i) from chamber to pipe
(δpc-p) and (ii) from pipe to nozzle (δpp-n) are calculated with the following equation:

δpi−j = Kijρ
v2j
2

= Kijρ
Q2

2A2
j

, with Kij = 0.42

(
1− Aj

Ai

)
= 0.42

(
1−

D2
j

D2
i

)
,

(F.1)
where v is the speed, ρ is the Pb-Li density, Q is flow, A is cross-sectional area
and D is diameter, attending to the corresponding section (i being the larger cross
section: chamber or pipe, and j being the downstream smaller cross section: pipe
or nozzle). Kij is the loss coefficient relative to the ratio between the two changing
cross-sectional areas.

F.1.2.2 Pressure loss due to friction

The losses due to friction, also called viscous pressure losses, along the pipe (δpp)
are calculated as follows:

δpp = fD
Lp

Dp
ρ
v2p
2

= fDp

Lp

Dp
ρ
Q2

2A2
p
, (F.2)
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where L is the length of the pipe or nozzle, correspondingly, and fD is the Darcy
friction factor, which is calculated differently for laminar and turbulent flows. There-
fore, first, the Reynolds number, Re, has to be calculated:

Re =
ρ

µ
vD =

ρ

µ

Q

A
D, (F.3)

where ρ is the density of the liquid and µ is its dynamic viscosity.
For laminar regime (when Re < 2300), the Darcy friction factor is calculated

with:
fD =

64

Re
. (F.4)

For turbulent flow (Re > 2300)1, the Darcy friction factor is calculated with the
Colebrook-White equation:

1

fD
= −2 log

(
ε

3.7D
+

2.51

Re
√
fD

)
, (F.5)

where ε is the roughness of the surface of the corresponding tube (pipe or nozzle).
This equation is solved using the Serghide’s solution approximation, as follows:

A = −2 log

(
ε

3.7D
+

12

Re

)
, (F.6)

B = −2 log

(
ε

3.7D
+

2.51A

Re

)
, (F.7)

C = −2 log

(
ε

3.7D
+

2.51B

Re

)
, (F.8)

1

fD
= A− (B − A)2

C − 2B + A
. (F.9)

In the current work, typical values of Reynolds number within the pipe are:
Rep ≈ 400−1000 (laminar).

F.1.2.3 Pressure loss in the valve

The pressure loss when the liquid passes through the valve is calculated with the
following equation:

δpv = Kvρ
v2p
2

= Kvρ
Q2

2A2
p
, (F.10)

where Kv is the loss coefficient given by the manufacturer of the valve, and the index
p denotes characteristics corresponding to the pipe.

1For the purpose of simplification, Re = 2300 is commonly used as the delimiting value between
laminar and turbulent regimes. However, this is not an exact number (instead, there is a so-called
transition regime). If the Reynolds number is close to this value, the flow must be further studied.
But this is not the case in the simulations performed in the current work.
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F.1.2.4 Pressure losses in the case of several nozzles

The simulation code VST-experiment is also adapted to the case of simulating a
multi-nozzle array, with N nozzles. In this case, the Pb-Li flow through one nozzle
is Q/N .

The pressure loss due to change in section is defined by equation (F.1), indepen-
dently of the shape of the cross section of the nozzle (or its perimeter). Therefore,
the area of all the nozzles is taken as a whole in the coefficient Kp-n, as follows:

δpp-n (multi-nozzle) = Kpnρ
Q2

2(NAn)2
, with Kpn = 0.5

(
1− NAn

Ap

)
(F.11)

References of this section (F.1): [120–124].

F.2 Results of fitting simulations to the experiments

As an extension of Section 4.3.2 (Chapter 4), Figures F.2–F.9 show the resulting
fitting curves for all runs (#12–#20) of the Pb-Li level in both chambers. The
experimental data, depicted in dark blue, correspond to the experimental results
(at which time the Pb-Li reaches each thermocouple). The light-blue curves show
the evolution of the Pb-Li height simulated with the code VST-experiment with the
values obtained from the fitting procedure (explained in Section 4.3). The error
bars are given by the uncertainty of the position of the thermocouples. Two of
the thermocouples in the lower chamber, RT044 and RT053, are removed from the
fitting process because, in all runs, the Pb-Li is initially above the former and does
not reach the latter.
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Figure F.2: Temporal evolution of Pb-Li height in the upper chamber (left) and the

lower chamber (right) during run#12. Experimental data (dark blue) and simulation

(light blue) with input values from fitting: dn = 0.50mm, VPbLi(uc)0 = 1.37 l (puc0 =

491.6mbar, TPbLi = 400 ◦C, VPbLi(uc)f = 0 l).

Figure F.3: Temporal evolution of Pb-Li height in the upper chamber (left) and the

lower chamber (right) during run#14. Experimental data (dark blue) and simulation

(light blue) with input values from fitting: dn = 0.46mm, VPbLi(uc)0 = 1.18 l, VPbLi(uc)f =

0.09 l (puc0 = 933.4mbar, TPbLi = 400 ◦C).
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Figure F.4: Temporal evolution of Pb-Li height in the upper chamber (left) and the

lower chamber (right) during run#15. Experimental data (dark blue) and simulation

(light blue) with input values from fitting: dn = 0.58mm, VPbLi(uc)0 = 1.20 l (puc0 =

1454.0mbar, TPbLi = 400 ◦C, VPbLi(uc)f = 0 l).

Figure F.5: Temporal evolution of Pb-Li height in the upper chamber (left) and the

lower chamber (right) during run#16. Experimental data (dark blue) and simulation

(light blue) with input values from fitting: dn = 0.59mm, VPbLi(uc)0 = 1.20 l (puc0 =

940.0mbar, TPbLi = 400 ◦C, VPbLi(uc)f = 0 l).
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Figure F.6: Temporal evolution of Pb-Li height in the upper chamber (left) and the

lower chamber (right) during run#17. Experimental data (dark blue) and simulation

(light blue) with input values from fitting: dn = 0.59mm, VPbLi(uc)0 = 1.19 l (puc0 =

939.8mbar, TPbLi = 400 ◦C, VPbLi(uc)f = 0 l).

Figure F.7: Temporal evolution of Pb-Li height in the upper chamber (left) and the

lower chamber (right) during run#18. Experimental data (dark blue) and simulation

(light blue) with input values from fitting: dn = 0.52mm, VPbLi(uc)0 = 1.24 l (puc0 =

1452.5mbar, TPbLi = 400 ◦C, VPbLi(uc)f = 0 l).

143



Figure F.8: Temporal evolution of Pb-Li height in the upper chamber (left) and the

lower chamber (right) during run#19. Experimental data (dark blue) and simulation

(light blue) with input values from fitting: dn = 0.58mm, VPbLi(uc)0 = 1.25 l (puc0 =

937.0mbar, TPbLi = 400 ◦C, VPbLi(uc)f = 0 l).

Figure F.9: Temporal evolution of Pb-Li height in the upper chamber (left) and the

lower chamber (right) during run#20. Experimental data (dark blue) and simulation

(light blue) with input values from fitting: dn = 0.57mm, VPbLi(uc)0 = 1.20 l (puc0 =

1022.0mbar, TPbLi = 400 ◦C, VPbLi(uc)f = 0 l).
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Appendix G

Calibration of the pressure sensor in the

upper chamber, RP010, with temperature

G.1 Motivation

The signal of the pressure sensor located at the upper chamber, RP010, is found
to be temperature sensitive. As an example, Figure G.1 shows the measured data
recorded during a long evacuation of the upper chamber, performed with the cham-
ber at 400 ◦C. Since the chamber is continuously under evacuation, the pressure is
constant (= zero). Neglecting the offset to zero (which is an simple correction), in
this figure, one can easily see how the pressure output is varying as a function of the
temperature of the sensor (given by thermocouple RT014). The uncertainty shown
in the figure is calculated with the values reported by the manufacturer (given in
Table G.1). This uncertainty is so large (even under normal conditions) that is un-

Figure G.1: Measured pressure signal from RP010 (solid yellow) and temperature at

the sensor (dashed orange) recorded during constant evacuation of the upper chamber

(evacuation #1). The uncertainty of the pressure signal is calculated with the data

reported in Table G.1
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Table G.1: Main characteristics of the pressure sensor in upper chamber, RP010

(repetition of Table 3.2)

Parameter Value

Model: PTA227, EFE
Full Scale (F.S.): 3 bar
Non-linearity and hysteresis: ±0.016%F.S.: 0.48mbar
Non-repeatability: ±0.02%F.S.: 0.60mbar
Thermal zero and sensitivity shifts: ±0.02%F.S./◦C: 0.60mbar/◦C
Max. operating temperature: 125 ◦C

acceptable to analyse the results. Furthermore, the output pressure is so sensitive
to the sensor temperature that it impedes the analysis of small pressure changes
in the experiments. However, Figure G.1 also shows that the pressure signal varies
linearly with the temperature at the sensor.

Therefore, an analysis is performed with data of various evacuation periods,
similar to the one shown in Figure G.1, in order to find a correction factor that: (i)
rectifies the deviation of the output signal due to temperature and (ii) diminishes
the uncertainty of the measurements.

G.2 Temperature correction factor

Five different evacuation periods are analysed (see their relevant characteristics
in Table G.2). An iteration method is used to determine the correction factor as
follows:

1. A correction factor, X (mbar/◦C), is given.

2. The pressure signal is corrected with X (see solid blue in Figure G.2).

3. A linear fit is applied to the corrected pressure (dotted blue in Figure G.2).

4. The iteration follows until finding the factor X that minimizes the slope of the
linear fit. Note that since the gas pressure in the chamber is constant (and
zero)1, the slope of the linear fit has to be zero.

1During evacuations performed in the lower chamber (whose volume is about 5 times larger
than the one of the upper chamber), a vacuum in the order of ∼ 10−5 mbar is reached within
the first minutes and remains constant. Therefore, the vacuum achieved in the upper chamber is
assumed at least as good.
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From this analysis, the correction factor -1.2mbar/◦C is obtained. Figure G.2
shows the resulting corrected pressure (solid blue) for the evacuation #1, with the
new error bars: ±1.08mbar (neglecting the effect of temperature). The slopes of
the fits obtained with this factor for each experiment are given in Table G.2. The
factor is valid for the range of temperature at the sensor: 17.4−22.4 ◦C.

Figure G.2: Pressure output signal from RP010 (solid yellow) and temperature at the

sensor (dashed orange), idem as Figure G.1. In solid blue, pressure corrected with factor

-1.2 mbar/◦C, with uncertainty omitting the thermal effects. In dashed blue, linear fit of

the pressure corrected curve.

Table G.2: Characteristics of the evacuations periods, whose data are used for the

determination of the correction factor -1.2 mbar/◦C

Evacuation
Duration

(h)
Temperature variation

at the sensor (◦C)
Slope of the linear fit after

correction (mbar/min)

#1 (19.10.18) 66.4 17.4− 22.4 −1× 10−5

#2 (23.10.18) 16.3 20.1− 21.1 −3× 10−5

#3 (24.10.18) 16.8 20.2− 21.1 +8× 10−6

#4 (25.10.18) 17.6 20.1− 21.5 −1× 10−4

#5 (26.10.18) 65.2 17.7− 21.3 −1× 10−5
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Appendix H

High speed camera

H.1 Settings and overview

A high-speed camera, Memrecam HX-3 (with software HXLink SP-642), is used
to record the falling droplets. A LED module of 9W (with an intermediate diffuser)
lights the lower chamber from the window opposite to the camera, to maximize the
contrast of the droplets. The camera can take up to 1.3×106 fps (frames per second).
However, in practice, the maximum frequency of the frames and, more specifically,
the opening of the shutter are limited by the amount of light.

For every shot, the camera is placed at 24.5 cm from its base to the surface of
the window in the lower chamber (43.2 cm to the center of the lower chamber). The
frames are taken with the configuration shown in Tables H.1 and H.2. Decreasing
the aperture increases the range (depth) under focus, which is necessary in case the
line of droplets deviate from the center. However, it also decreases the amount of
light. Thus, the aperture is set to f/5.6, which maintains under focus a depth range
of around one centimeter. The GXC is a function of the camera to enhance the
sensitivity by combining four pixels into one, which can be seen as an equivalent to
increasing the amount of light (this option affects with a factor of two the pixel-to-

Table H.1: General settings of the high-speed camera used during all shots.

Parameter Value

Distance to window 24.5 cm
Focus 0.45
Opening 100%
Aperture f/5.6
GXC on (off in run#12)
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Table H.2: Configuration for each run.

Run # of shots Frame rate (fr s−1) Shutter speed (s−1)

Run#12 Testing high-speed camera
Run#13 14 2000 50k, 100k
Run#14 21 5000 50k, 100k
Run#15 18 5000 20k, 50k
Run#16 19 5000 10k, 20k, 50k, 100k
Run#17 21 5000 10k, 20k, 50k, 100k
Run#18 23 5000 10k, 20k, 50k, 100k
Run#19 23 5000 open, 10k, 20k, 50k
Run#20 No visibility

mm conversion).
During each run, shots are taken at around every minute at different shutter

speeds. Since the visibility inside the chamber is decreasing with time (with each
run), the shutter speed is also decreased to record frames with better quality. Frames
at higher speed are still taken in order to compare experiments relying on a possible
later enhancement of the images.

Figure H.1 shows two frames taken at different shutter speeds: (a) 1k and (b)
2k fps. Firstly, the difference in amount of light, and contrast in the images, can
be observed. In order to achieve quality images at higher shutter speed, a more
powerful light is used for the next campaign and it is placed at the window opposite
to the camera (in Figure H.1 the light source is placed at the left window). Secondly,
a blurry effect is observed in Figure H.1 (a) with respect to (b). This is due to the
time that the shutter is open capturing the image with respect to the speed of the
droplets. The droplets shown in Figure H.1 (b) appear elongated along their falling
line also due to this effect.

The image of a droplet falling at v = 4ms−1, recorded at νsh = 50k s−1, is
elongated by 0.08mm (7% of its diameter). Therefore, 50k s−1 is chosen as the
minimum shutter speed. However, since the visibility decreases, later shots are
taken at slower shutter speeds (as shown in Table H.2).

H.2 Focus and px-to-mm conversion

Since the objective of the camera cannot be focused directly on a moving object
(falling droplets), previous tests are performed to record the focus on the centre of
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(a) 1000 fr s−1 (b) 2000 fr s−1

Figure H.1: Frames of run#01 in previous campaign taken at different frame rates,

with the shutter speed open (equal to frame rate).

the chamber for different positions of the camera. This is achieved by means of a
ruler placed in the centre of the lower chamber before the assembly. Pictures of
the ruler are taken at various distances from the base of the camera to the window
of the lower chamber, from 30 cm to 70 cm. With the pictures of the ruler not
only the focus is calibrated, but also the pixel-to-millimetre conversion is obtained.
Figure H.2 shows the resulting conversion factor for each distance (data points). A
linear fit is performed (dashed line), to determine the pixel-to-millimetre conversion
for each distance. The conversion factor for 24.5 cm is: f = 0.1419mmpx−1.

The tests have been done with the GXC on and the px-to-mm conversion has
been checked to be constant and equal along the horizontal and vertical lines.

The uncertainty due to error in the distance camera–droplets is calculated with
the function f . The uncertainty corresponding to ±1 cm distance is ±0.0042mmpx−1.

H.3 Frames of the runs

Figures H.3, H.4, H.5 and H.6 show frames of runs #13–#19 at 1 and 15 min.
They are a sample of each shot that has been used to evaluate the speed of the
droplets in Section 4.4.3. In these figures, it is observed how the quality of the
images is gradually lost due to the condensation of Pb-Li at the windows. Many of
the frames shown (Figures H.4, H.5 and H.6) are processed in order to enhance the
quality of the image and facilitate the analysis. The image processing consists in
increasing the gain, the enhance and (in some of them) the gamma. The frames of
run#19 have the maximum enhancement possible with the program used, HX-link,
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Figure H.2: Pixel-to-millimeter conversion factor as a function of the distance of the

base of the camera to the surface of the window. Data points obtained from analysis of

the frames (data points), linear fit (dashed line): f = 0.0042 d+ 0.039, R2 = 0.999.

(the original pictures are completely dark). Figure H.6 (c) and (d) show the liquid
jet that exits the nozzle and breaks into droplets during runs#12 and #14.
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(a) Run#13 at 1 min,

νsh = 100k s−1

(b) Run#13 at

15 min, νsh = 100k s−1

(c) Run#14 at 1 min,

νsh = 100k s−1

(d) Run#14 at

15 min, νsh = 50k s−1

Figure H.3: Frames of runs #13 and #14. Original frames.

(a) Run#15 at 1 min,

νsh = 20k s−1

(b) Run#15 at

15 min, νsh = 50k s−1

(c) Run#16 at 1 min,

νsh = 20k s−1

(d) Run#16 at

15 min, νsh = 100k s−1

Figure H.4: Frames of runs #15 and #16. All frames are processed to enhance the

quality of the image.
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(a) Run#17 at 1 min,

νsh = 10k s−1

(b) Run#17 at

15 min, νsh = 20k s−1

(c) Run#18 at 1 min,

νsh = 50k s−1

(d) Run#18 at

15 min, νsh = 20k s−1

Figure H.5: Frames of runs #17 and #18. All frames are processed to enhance the

quality of the image.

(a) Run#19 at 1 min,

νsh = 10k s−1

(b) Run#19 at

15 min, νsh = 10k s−1

(c) Run#12, liquid

jet, νsh = 2k s−1

(d) Run#14, liquid

jet, νsh = 2k s−1

Figure H.6: Frames of run #19 and the liquid jet captured in runs #12 and #14. All

frames are processed to enhance the quality of the image.
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Appendix I

Additional experimental data of D2

dissolution

I.1 Dissolution experiments

Figure I.1 shows the temporal evolution of pressure and temperature of the gas in
the upper chamber during the dissolution phase of run#17, as representative of the
two experiments with initial dissolving pressure p0≈500mbar (runs #17 and #18).
Since the temperature only varies 1.5 − 2K (within the first hours) in comparison
with the uncertainty of about ±8K, the temperature is assumed constant.

The average values of Tgas for all runs are given in Table I.1. Note that the

Figure I.1: Temporal evolution of gas pressure (p) and gas temperature (T ) measured

during the dissolution phase in run#17.
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uncertainty cannot be decreased with the average, since it is of type offset.
The volumes of Pb-Li and gas in the upper chamber during the dissolution phase

for all runs are summarized in Table I.1. Additionally, the total amount of gas
diffused into the metals (Pb-Li and stainless-steel walls) is also given in Table I.1.

Figure I.2 shows the evolution of n (amount of gas) in run#13. The error bars
are divided into two colours to differentiate the contribution of the error in pressure
(dark purple), which is about 7% of the total resulting error.

Table I.1: Summary of experimental values used in calculations. Volume of the Pb-Li

(VPbLi), volume of the gas (Vgas), average temperature of the gas (Tgas) and total amount

of deuterium lost into the metals (−∆n). (See also Tables 4.3, 4.5 and 5.2.)

Run VPbLi (l) Vgas (l) Tgas (K) −∆n (mol)

Run#13 1.23± 0.03 3.65± 0.04 654.1± 8.2 (5.13± 0.13)×10−3

Run#14 1.18± 0.03 3.70± 0.03 652.8± 8.2 (4.94± 0.13)×10−3

Run#15 1.20± 0.04 3.68± 0.05 651.7± 8.1 (5.29± 0.14)×10−3

Run#17 1.19± 0.03 3.69± 0.04 651.9± 8.1 (2.95± 0.12)×10−3

Run#18 1.24± 0.03 3.64± 0.04 652.4± 8.1 (2.90± 0.11)×10−3

Run#19 1.25± 0.03 3.63± 0.04 653.5± 8.2 (5.67± 0.14)×10−3

Figure I.2: Temporal evolution of amount of gas measured in the upper chamber

during the dissolution phase in run#13. Error bars: contribution of p (dark error bars),

contribution of V and T (depicted in lighter colour).
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I.2 Permeation experiments

Figure I.3 shows the temporal evolution of pressure and temperature during the
permeation experiment (without Pb-Li) perm#26 (with p0 ≈ 500mbar).

Figures I.4 and I.5 show the temperature profile of the stainless steel (ss) used in
the calculations for the experiments p0 ≈ 1000mbar and p0 ≈ 500mbar, respectively.

Figures I.6 and I.7 show the temperature of the Pb-Li free surface: T1 (top
flange) and T2 (upper wall), respectively, as defined in Figure 5.2 (b). In Figure I.7,
the values shown are in accordance between each other (permeation vs correspond-
ing dissolution runs). However, in Figure I.6, the difference between the permeation
experiments and their corresponding dissolution runs is larger than the experimental
uncertainties. This is due to the different profiles, which cannot be adjusted with-
out sacrificing the other values (T2). The upper flange is the surface through which
less deuterium permeates due to its low temperature and large thickness. There-
fore, the compromise adopted is to enlarge the error bars of T1 in the permeation
experiments in the calculations. This way, the experimental results of the perme-
ation experiments can be used to evaluate the amount of deuterium lost through
the Pb-Li–free walls.

Figure I.3: Temporal evolution of gas pressure (p) and gas temperature (T ) measured

during the permeation experiment perm#26.
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Figure I.4: Temperature profile of the stainless steel (ss) used in calculations of per-

meation experiments (no Pb-Li) and dissolution runs (with Pb-Li) at p0 ≈ 1000mbar.

The error bars of permeation experiments at the top flange are artificially increased in

order to comply with requirements (see Figure I.6).

Figure I.5: Temperature profile of the stainless steel (ss) used in calculations of per-

meation experiments (no Pb-Li) and dissolution runs (with Pb-Li) at p0 ≈ 500mbar.

The error bars of perm#26 at the top flange are artificially increased in order to comply

with requirements (see Figure I.6).
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Figure I.6: Temperature of the top flange, T1, used in the calculations (values from

RT010) during experiments at 1000mbar (squares) and experiments at 500 mbar (circles).

The error bars of perm#24 and perm#26 are artificially increased in order to comply

with the corresponding temperatures of the dissolution runs.

Figure I.7: Temperature of the upper wall, T2, used in the calculations (average

between RT010 and RT012) during experiments at 1000mbar (squares) and experiments

at 500 mbar (circles).
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Appendix J

Additional experimental data of D2

extraction

J.1 Gas temperature in the lower chamber

Table J.1 shows the gas temperature in each region of the lower chamber during
the extraction runs. The division into regions of the lower chamber is shown in
Figure 6.1.

Table J.1: Gas temperature in each region of the lower chamber during the extraction

experiments. See regions in Figure 6.1.

Run T1 (K) T2 range (K) T3 (K) Tsensor (K)

run#13 610.5± 11 (545.0− 538.6)± 9 295.4± 2.2 301.6± 2.2

run#14 610.5± 11 (542.8− 539.5)± 9 295.7± 2.2 301.5± 2.2

run#15 618.7± 11 (544.7− 539.7)± 9 296.8± 2.2 302.5± 2.2

run#17 618.7± 11 (544.9− 539.2)± 9 295.6± 2.2 301.5± 2.2

run#18 618.7± 11 (544.3− 537.9)± 9 295.7± 2.2 302.3± 2.2

run#19 618.7± 11 (544.6− 538.1)± 9 297.4± 2.2 304.0± 2.2

run#20 618.7± 11 (545.6− 539.7)± 9 299.0± 2.2 305.0± 2.2

J.2 Evaluation of the background curves

The background curves (as shown in Figures 6.5 and 6.8) are calculated from
a fit of the slope of the background data points. The slope of the background of
run#13 is adjusted with a linear fit, resulting in:

δn

δt
= −2.50×10−10t+ 3.86×10−8, (J.1)
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with n in mol and t in min. The slope of the rest of runs (#14–#19) is fitted with
a double exponential with the following form:

δn

δt
= A exp(Bt) + C exp(Dt). (J.2)

The coefficients A, B, C, D are given in Table J.2 (with n in mol and t in min).
Run#19, as an exception, is fitted with a simple exponential (C,D = 0), since
the double exponential does not give a physically coherent result. The uncertainty
assigned to the background curves corresponds to one sigma of the residuals. I.e. the
standard deviation (std) of the experimental data with respect to the background
fit is calculated and assumed as the resulting error (plotted in the figures). The std
(assigned uncertainty) of each background curve is given in Table J.2.

Table J.2: Coefficients of the fits of the background slopes (δn/δt) corresponding to

equation (J.2) and standard deviation (std) of the residuals from the fit (converted to

n).

Run A (molmin−1) B (min−1) C (molmin−1) D (min−1) std (mol)

run#13 (see equation (J.1)) 2.76×10−8

run#14 −1.67×10−9 −8.35×10−2 −2.61×10−8 −3.19×10−2 9.67×10−8

run#15 −4.28×10−10 −8.70×10−2 −4.51×10−8 −5.70×10−3 8.90×10−8

run#17 −3.00×10−13 −1.92×10−1 −3.29×10−8 −1.78×10−2 9.17×10−8

run#18 −1.48×10−9 −7.65×10−2 −3.83×10−8 −1.21×10−2 1.10×10−7

run#19 −3.84×10−8 −1.77×10−2 (-) (-) 9.60×10−8
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Appendix K

Error handling

K.1 Introduction: General equation for error prop-

agation

This appendix contains the procedure followed in the error handling of the cal-
culations of the evaluation of gas in the present work. For this, first the primary
sources of error are introduced in Section K.2.

In the next sections, the assessment of uncertainty in the calculations is deter-
mined following the general equation for error propagation [80]:

δf(xi)
2 =

N∑
i=1

(
∂f

∂xi

)2

δx2
i , (3.2*)

in which f is a function of independent variables xi (with i = 1, ...N), and δ denotes
uncertainty.

Note that in the sections in which all quantities clearly refer to the gas, the
subscript ‘gas’ (or ‘D2’) is omitted for simplicity and clarity.

K.2 Primary errors

K.2.1 Pressure, p

In the upper chamber, the pressure sensor RP010 is used for the pressure mea-
surements during the dissolution and permeation experiments. The characteristics
of the sensor are shown in Table 3.2. With the calibration explained in Appendix G,
the uncertainty of the sensor is optimised to ±1.08mbar. This error is of type ran-
dom, since it is due to non-linearity, hysteresis and non-repeatability. No offset error
is regarded since the pressure sensor is zeroed (while the chamber is evacuated) be-
fore every experiment.
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In the lower chamber, two vacuum sensors, RP040 and RP042, are used to
measure the pressure during the extraction experiments. Their main characteristics
and uncertainties are shown in Table 3.4.

K.2.2 Temperature, T

The temperature sensors have an offset uncertainty of 2.2 ◦C or 0.75% (in
◦C), whichever is greater. This uncertainty is used for all thermocouples measuring
gas.

When measuring the temperature of the heaters, there are always two ther-
mocouples: one in charge of control, Th1, and another one in charge of safety, Th2.
They normally show different temperatures because one is placed next to the heat-
ing wire and the other a bit further from it. Therefore, the temperature of the
heater, Theater, is taken as the mean value between the two thermocouples. Its er-
ror is calculated including the standard deviation of the two values, std(Th1, Th2),
and the primary uncertainty of one thermocouple calculated over the mean value,
δTmean = 0.75%Tmean, as follows:

δTheater =

√(
std(Th1, Th2)√

2

)2

+ δTmean
2 . (K.1)

For example, in the dissolution phase, the two thermocouples at the heater EH01
are normally Th1 = 400 ◦C and Th2 = 408 ◦C. Then, the temperature of the heater
is calculated to be: Theater = 404± 5.02 ◦C.

K.2.3 Volume, V

The volume of the upper chamber is measured with a high-accuracy device [81]
during the pre-commissioning of the facility. Then, the volumes of the lower cham-

ber, inlet lines and rest of sub-assemblies are experimentally determined by gas
expansions from the upper chamber. The relevant volumes and uncertainties in the
error analysis are given in Table K.1.

Table K.1: Volume of the chambers and their uncertainties.

Container Volume (l) Uncertainty (l)

Upper chamber 4.879 ± 0.02
Lower chamber 27.3 ± 0.1

164



The uncertainties of the Pb-Li volumes in the upper and lower chambers that
are used in the calculations are summarized in Table K.2. The values are obtained
from the simulations fitting the experimental results (see Chapter 4).

Table K.2: Volume of Pb-Li in the UC during dissolution (VPbLi(uc) [diss]) and uncer-

tainty of the volume of Pb-Li in the UC (δVPbLi(uc)) and LC (δVPbLi(lc)).

Run VPbLi(uc) [diss] (l) δVPbLi(uc) (l) δVPbLi(lc) (l)

Run#12 - 0.022 0.008
Run#13 1.231 0.033 0.012
Run#14 1.178 0.028 0.010
Run#15 1.198 0.043 0.016
Run#16 - 0.039 0.014
Run#17 1.187 0.034 0.012
Run#18 1.240 0.033 0.012
Run#19 1.245 0.031 0.011
Run#20 - 0.032 0.012

K.3 Amount of gas in the upper chamber

K.3.1 Gas temperature, T gas

The temperature of the gas in a cylindrical chamber is calculated with:

Tgas =
4

√
T 4
a + T 4

b

2
, (3.4*)

where Ta and Tb (both in K) are the temperatures of the top and bottom surfaces.
This equation defines the temperature of a gas between two infinite plane surfaces
(at Ta and Tb, respectively), due to radiation. The uncertainty of Tgas is determined
by applying equation (3.2*) to (3.4*), which leads to:

δTgas = 2

(
T 4
a + T 4

b

2

)− 3
4
√

(T 3
a δTa)2 + (T 3

b δTb)2. (K.2)

The temperature of the gas in the upper chamber is calculated with equa-
tions (3.4*) and (K.2). The values of Ta and Tb used in the different scenarios
(with and without Pb-Li) are given in Table K.3. In both cases, the temperature
of the top surface, Ta, is assumed to be the one given by the thermocouple RT010
(only 6mm from the top).

The temperature of the bottom surface, Tb, is different with and without Pb-Li:
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Table K.3: Experimental values of Ta and Tb used to determine Tgas with equa-

tions (3.4*) and (K.2) in the upper chamber (positions of thermocouples in Figure 3.3)

Scenario Ta Tb

Dissolution phase (with Pb-Li) RT010 RT012

Permeation experiment (no Pb-Li) RT010
RT013 + Theater

2

• In the dissolution phase, the Pb-Li level reaches RT012, therefore, in this case,
Tb is given by this thermocouple.

• In the permeation experiments (without Pb-Li), the temperature of the bottom
surface of the chamber is assumed to be the average between the temperature
of the heater (placed at the lower part of the 20mm-stainless-steel flange) and
RT013 (which is 9mm above the surface). In this case, the uncertainty of Tb

is determined as follows:

δTb =

√(
δRT013

2

)2

+

(
δTheater

2

)2

, (K.3)

which is the result of applying equation (3.2*) to the expression shown in
Table K.3.

K.3.2 Gas volume, V gas

The volume of the gas in the chamber is determined with:

Vgas = Vuc − VPbLi(uc), (K.4)

where the subscript ‘uc’ refers to upper chamber. Then, the uncertainty is deter-
mined by applying equation (3.2*) to (K.4), which leads to:

δVgas =
√
δV 2

uc + δV 2
PbLi(uc), (K.5)

with the values δVuc and δVPbLi(uc) from Tables K.1 and K.2, respectively.

K.3.3 Amount of gas, n

The amount of gas in the chamber, n, is determined with the ideal gas law :

n =
pV

RT
, (3.1*)
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where p is the pressure, V is the volume of the gas, T is the temperature of the gas
and R is the ideal gas constant.

The application of equation (3.2*) to (3.1*) leads to:

δn =

√(
∂n

∂p

)2

δp2 +

(
∂n

∂V

)2

δV 2 +

(
∂n

∂T

)2

δT 2. (3.3*)

K.4 Amount of gas in the lower chamber

K.4.1 Gas pressure, pgas

As explained in Section 6.1.2 and Appendix C, the pressure inside the lower
chamber is evaluated with rarefied gas theory at the different regions depicted in
Figure 6.1. With this evaluation the uncertainty of the pressure measurements is
increased by ≈ 5% of the absolute value in runs#14–#20, and ≈ 0.7%, 0.7% and
1.1% in regions 1, 2 and 3, respectively, in run#13. This uncertainty is estimated
based on results observed in reference [109].

K.4.2 Gas temperature, T gas

The temperatures of the gas in regions 1 and 2 and their uncertainties are cal-
culated (as in the upper chamber) as follows:

Tgas =
4

√
T 4
a + T 4

b

2
, (3.4*)

δTgas = 2

(
T 4
a + T 4

b

2

)− 3
4
√

(T 3
a δTa)2 + (T 3

b δTb)2, (K.6)

where Ta and Tb (both in K) are the temperatures of the top and bottom surfaces
of each region (A and B for region 1, and B and C for region 2).

K.4.3 Gas volume, V gas

The uncertainty of the gas volume in region 3 (δV3) is calculated from the creased
surface of the flexible: δV = 2π(rmax − rmin)L/2, with the length L = 1.5m being
the length of the flexible when fully compressed (since the chamber is under high
vacuum) and rmax = 0.0335m, rmin = 0.0295m are the maximum and minimum
radii of the flexible (attending to the creased surface).

The uncertainties of V1 and V2 are calculated with the propagation of the corre-
sponding errors using equation (3.2*).
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K.4.4 Amount of gas, n

Applying the ideal gas law, in general, the total amount of gas in the lower
chamber is:

n = n1 + n2 + n3 =
p1V1

RT1

+
p2V2

RT2

+
p3V3

RT3

. (K.7)

Substituting V2 = V1 − VPbLi(lc), in the case of run#13, equation (K.7) takes
the form:

n = n1 + n2 + n3 =
1

R

(
p1V1

T1

+
p2(V1 − VPbLi(lc))

T2

+
p3V3

T3

)
. (K.8)

Additionally, in the case of run#14 and the rest of the runs, since p1 = p2 =

p3 = p, equation (K.7) is simplified to:

n = n1 + n2 + n3 =
p

R

(
V1

T1

+
(V1 − VPbLi(lc))

T2

+
V3

T3

)
. (K.9)

The uncertainty δn is calculated by applying equation (3.2*) to equations (K.8)
and (K.9).

K.5 Variation of amount of gas, na - nb

This section is used to explain the calculations followed in the error propagation
when subtracting two values of n. This occurs in two differentiated cases:

1. n0 − nf : In the upper chamber, both during the dissolution phase and the
permeation experiments, variations of the amount of gas over time −∆n =

n0 − nf are calculated.

2. n − nBG: In the lower chamber, the amount of deuterium extracted is calcu-
lated by subtracting the absolute amount of gas in the chamber n minus the
background curve nBG.

Both cases are described in separate sections, since the calculations are different,
due to the variables that are constant and the ones that are not.

K.5.1 Dissolution and permeation experiments in the upper

chamber

During the dissolution phase (and also during the permeation experiments), the
volume V and temperature of the gas T in the upper chamber remain constant.
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Therefore, the variation of the amount of gas, using the ideal gas law, is calculated
as:

(n0 − nf ) =
(p0 − pf )V

RT
. (5.2*)

The initial and final values of pressure, p0 and pf , are obtained from an average
of N = 10 experimental data (corresponding to an interval of 10 s), as follows:

pi =
N∑
j=1

pj
N

, with i = 1, 2. (K.10)

Even though the error of the pressure sensor is of type random, the error of the
average, pi, is maintained fixed pi = pj = 1.08mbar for conservative reasons. I.e.,
mathematically, the uncertainty of the pressure can be decreased considerably by
applying equation (3.2*) to (K.10) with a large-enough number of points. However,
in this case this is not physically realistic.

The propagation of error, applying (3.2*) to (5.2*), follows:

δ(n0 − nf ) =
1

R

√(
V

T

)2 (
δp20 + δp2f

)2
+

(
(p0 − pf )δV

T

)2

+

(
(p0 − pf )V δT

T 2

)2

.

(K.11)

K.5.2 Extraction experiments in the lower chamber

The amount of gas extracted in the lower chamber is determined by the variation
of amount of gas, as follows:

next = n− nBG (K.12)

where n is the calculated amount of gas in the chamber, given by equations (K.8)
and (K.9), and nBG is the calculated background evaluated at the same time. Then,
the uncertainty of the amount of deuterium extracted is calculated with:

δnext =
√
δn2 − δn2

BG, (K.13)

where δnBG is the uncertainty of the background, which is the standard deviation
of the fit.

K.6 Gas permeated through the Pb-Li–free walls in

the upper chamber

K.6.1 Temperature of the metal

In the determination of the fraction of deuterium permeated through the Pb-Li–
free walls, the surface of the upper chamber is divided into four sections, shown in
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Table K.4: Temperature of the stainless-steel surfaces used in the calculations, corre-

sponding to Figure 5.2 (b).

Section Temperature

Upper flange T1 = TRT010

Upper wall T2 =
TRT010 + TRT012

2

Lower wall T3 =
TRT010 + Theater

2

Lower flange T4 = Theater

Figure 5.2 (b). The calculated temperature of each surface is shown in Table K.4.
Since T2 and T3 are calculated with the average between two values, their uncer-

tainty is calculated as follows (applying equation (3.2*)):

δTi = 0.5
√

δT 2
a + δT 2

b , with i = 2, 3, (K.14)

where Ta and Tb are the corresponding temperatures of each average given in Ta-
ble K.4.

In the specific case of T1, the uncertainty is artificially increased to ±9.9K (see
explanation in Section 5.4.1 and experimental data in I.2).

K.6.2 Permeation flux

The permeation flux, Ji,j, through the section i is calculated for the four sections
with

Ji,j = Pj (
√
pin −

√
pout)

Ai

δi
, (2.10*)

where the subscript i = 1, 2, 3, 4 refers to the surface section and the subscript
j = 1, 2 refers to the two sets of permeability coefficients given in Table 2.2.

In equation (2.10*), pout≈0, pin is the pressure of the gas inside the chamber, Ai

is the area of the permeation surface i and δi its thickness. The permeability, Pj,
depends on the temperature of the metal as follows:

Pj = P0j e−
EP j
RT . (2.14*)

In the error propagation, the coefficients P0j and EP j are taken as perfect, since
there is no reported uncertainty. Therefore, the error of the permeability values is
calculated as follows:

δPj = Pj
EP j

RT 2
i

δTi. (K.15)
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where, as before, i = 1, 2, 3, 4 corresponds to the section and j = 1, 2 to the two
permeability values.

For the calculation of the uncertainty of the permeation fluxes, δJi,j, the thick-
ness δi is assumed perfect. The error of pin is also neglected for simplicity of the
calculations, since small variations in pressure do not have a relevant impact in the
permeability. The uncertainty of the surfaces A1 and A4 (the two flanges) are con-
sidered 0. However, A2 and A3 are defined as a function of the height of the Pb-Li,
h′

Pb-Li, in each run, as follows:

A2 = 2πruc(huc − h′
Pb-Li), (K.16)

A3 = 2πruch
′
Pb-Li, (K.17)

where ruc and huc are the radius and height of the upper chamber, respectively.
Therefore, the uncertainty of each section area is:

δAi =

0 for i = 1, 4,

2πruc δh
′
Pb-Li for i = 2, 3.

(K.18)

Then, the uncertainty of the permeation flux follows:

δJi,j =

√
pin

δi

√
(PjδAi)2 + (AiδPj)2. (K.19)

Note that in total, eight permeation fluxes are calculated (for each experiment),
which are the fluxes through each of the four sections with the two permeabilities
from Table 2.2.

K.6.3 Fraction of deuterium permeated through the top sur-

faces

The amount of deuterium permeated through each surface is calculated with the
flux as follows:

ni,j = Ji,j τ with i = 1, 2, 3, 4, and j = 1, 2, (K.20)

where τ = 48 h is the duration of the experiment. Since during the experiment the
pressure of the gas, pin, varies, equation (K.20) is an integral over time. However, it
has been verified that the result of an integral of 10 calculation steps gives the same
result as the simplified version shown in equation (K.20). Therefore, the later is used
in the propagation of error, since it decreases the obtained uncertainty considerably
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(in comparison with the integral calculation). Then, the uncertainty of the amount
of gas permeated through each surface is determined as follows:

δni,j = δJi,j τ with i = 1, 2, 3, 4, and j = 1, 2, (K.21)

assuming τ as a perfect value.
Then, the fraction that permeates through each section is calculated as follows:

χi,j =
ni,j∑4
i=1 ni,j

, (K.22)

and its uncertainty is calculated with equation (3.2*), which in the case of i = 1 is:

δχ1,j=

√√√√(∑4
i=1 ni,j − n1,j

(
∑4

i=1 ni,j)2

)2

δn2
1,j +

(
n1,j

(
∑4

i=1 ni,j)2

)2(
δn2

2,j + δn2
3,j + δn2

4,j

)
,

(K.23)
The fraction of deuterium permeation through the top surfaces is:

χtop,j = χ1,j + χ2,j, (K.24)

whose uncertainty follows:

δχtop,j =
√
δχ1,j

2 + δχ2,j
2. (K.25)

The final value of χtop is calculated with the average between the two values
calculated with both permeabilities, P1 and P2 (corresponding to the subscript j =
1, 2):

χtop =
χtop,1 + χtop,2

2
. (K.26)

Therefore, the uncertainty of the percentage fraction of deuterium permeated
through the Pb-Li top walls is:

δχtop = 0.5
√

δχtop,1
2 + δχtop,2

2. (K.27)

K.6.4 Gas permeated through the Pb-Li–free walls

Finally, the amount of deuterium that permeates through the Pb-Li–free walls
is determined with:

nD2[ss] = χtop nD2[ss*], (5.3*)

where nD2[ss*] is the total amount of deuterium permeated in the permeation exper-
iment.

The uncertainty of nD2[ss] is calculated applying equation (3.2*) as follows:

δnD2[ss] =

√(
nD2[ss*] δχtop

)2
+
(
χtop δnD2[ss*]

)2
. (K.28)
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